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Abstract This article reports world averages of mea-
surements of b-hadron, c-hadron, and t-lepton properties
obtained by the Heavy Flavor Averaging Group using results
available through summer 2016. For the averaging, common
input parameters used in the various analyses are adjusted
(rescaled) to common values, and known correlations are
taken into account. The averages include branching frac-
tions, lifetimes, neutral meson mixing parameters, CP vio-
lation parameters, parameters of semileptonic decays, and
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1 Introduction

Flavor dynamics plays an important role in elementary par-
ticle interactions. The accurate knowledge of properties of
heavy flavor hadrons, especially b hadrons, plays an essen-
tial role for determining the elements of the Cabibbo-—
Kobayashi-Maskawa (CKM) quark-mixing matrix [1,2].
The operation of the Belle and BABAR ete™ B factory exper-
iments led to a large increase in the size of available B-
meson, D-hadron and t-lepton samples, enabling dramatic
improvement in the accuracies of related measurements. The
CDF and DO experiments at the Fermilab Tevatron have also
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provided important results in heavy flavour physics, most
notably in the B? sector. In the D-meson sector, the dedi-
cated eTe™ charm factory experiments CLEO-c and BESIII
have made significant contributions. Run I of the CERN
Large Hadron Collider delivered high luminosity, enabling
the collection of even larger samples of b and ¢ hadrons,
and thus a further leap in precision in many areas, at the
ATLAS, CMS, and (especially) LHCb experiments. With the
LHC Run II ongoing, further improvements are keenly antic-
ipated.

The Heavy Flavor Averaging Group (HFLAV)! was
formed in 2002 to continue the activities of the LEP Heavy
Flavor Steering Group [3]. This group was responsible for
calculating averages of measurements of b-flavor related
quantities. HFLAV has evolved since its inception and cur-
rently consists of seven subgroups:

e the “B Lifetime and Oscillations” subgroup provides
averages for b-hadron lifetimes, b-hadron fractions in
7 (45) decay and pp or p p collisions, and various param-
eters governing BO—EO and BS—E? mixing;

e the “Unitarity Triangle Parameters” subgroup provides
averages for parameters associated with time-dependent
CP asymmetries and B — DK decays, and resulting
determinations of the angles of the CKM unitarity trian-
gle;

e the “Semileptonic B Decays” subgroup provides aver-
ages for inclusive and exclusive B-decay branching frac-
tions, and subsequent determinations of the CKM matrix
element magnitudes | V| and |V, |;

e the “B to Charm Decays” subgroup provides averages of
branching fractions for B decays to final states involving
open charm or charmonium mesons;

e the “Rare Decays” subgroup provides averages of branch-
ing fractions and CP asymmetries for charmless, radia-
tive, leptonic, and baryonic B-meson and b-baryon
decays;

e the “Charm Physics” subgroup provides averages of
numerous quantities in the charm sector, including
branching fractions; properties of excited D** and D,

mesons; properties of charm baryons; p°-D’ mixing,
CP, and T violation parameters; and D and D decay
constants f/, and ny.

e the “Tau Physics” subgroup provides averages for t
branching fractions using a global fit and elaborates the
results to test lepton universality and to determine the
CKM matrix element magnitude |V,|; furthermore, it
lists the t lepton-flavor-violating upper limits and com-
putes the combined upper limits.

! The group was originally known by the acronym “HFAG.” Following
feedback from the community, this was changed to HFLAV in 2017.

Subgroups consist of representatives from experiments
producing relevant results in that area, i.e., representatives
from BABAR, Belle, BESIII, CDF, CLEO(c), D0, and LHCb.

This article is an update of the last HFLAV preprint,
which used results available by summer 2014 [5]. Here
we report world averages using results available by sum-
mer 2016. In some cases, important new results made avail-
able in the latter part of 2016 have been included, or there
have been minor revisions in the averages since summer
2016. All plots carry a timestamp indicating when they
were produced. In general, we use all publicly available
results that are supported by written documentation, includ-
ing preliminary results presented at conferences or work-
shops. However, we do not use preliminary results that
remain unpublished for an extended period of time, or for
which no publication is planned. Close contacts have been
established between representatives from the experiments
and members of subgroups that perform averaging to ensure
that the data are prepared in a form suitable for combina-
tions.

Section 2 describes the methodology used for calculating
averages. In the averaging procedure, common input param-
eters used in the various analyses are adjusted (rescaled) to
common values, and, where possible, known correlations
are taken into account. Sections 3-9 present world aver-
age values from each of the subgroups listed above. A brief
summary of the averages presented is given in Sect. 10.
A complete listing of the averages and plots, including
updates since this document was prepared, are also avail-
able on the HFLAV web site: http://www.slac.stanford.edu/
xorg/hflav.

2 Averaging methodology

The main task of HFLAV is to combine independent but pos-
sibly correlated measurements of a parameter to obtain the
world’s best estimate of that parameter’s value and uncer-
tainty. These measurements are typically made by different
experiments, or by the same experiment using different data
sets, or sometimes by the same experiment using the same
data but using different analysis methods. In this section, the
general approach adopted by HFLAV is outlined. For some
cases, somewhat simplified or more complex algorithms are
used; these are noted in the corresponding sections.

Our methodology focuses on the problem of combin-
ing measurements obtained with different assumptions about
external (or “nuisance”) parameters and with potentially
correlated systematic uncertainties. It is important for any
averaging procedure that the quantities measured by exper-
iments be statistically well-behaved, which in this con-
text means having a (one- or multi-dimensional) Gaus-
sian likelihood function that is described by the central
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value(s) x; and covariance matrix V;. In what follows
we assume x does not contain redundant information,
1.e., if it contains n elements then n is the number of
parameters being determined. A x? statistic is constructed
as

N
@)= @-0TV ! x—x), (1

where the sum is over the N independent determina-
tions of the quantities x. These are typically from dif-
ferent experiments; possible correlations of the system-
atic uncertainties are discussed below. The results of the
average are the central values X, which are the values
of x at the minimum of x2(x), and their covariance
matrix

N

A—1

v o=> v 2
i

We report the covariance matrices or the correlation matrices
derived from the averages whenever possible. In some cases
where the matrices are large, it is inconvenient to report them
in this document; however, all results can be found on the
HFLAYV web pages.

The value of x2(%) provides a measure of the consis-
tency of the independent measurements of x after account-
ing for the number of degrees of freedom (dof), which is
the difference between the number of measurements and
the number of fitted parameters: N - n — n. The values
of x%(%) and dof are typically converted to a confidence
level (C.L.) and reported together with the averages. In cases
where x2/dof > 1, we do not usually scale the resulting
uncertainty, in contrast to what is done by the Particle Data
Group [6]. Rather, we examine the systematic uncertainties
of each measurement to better understand them. Unless we
find systematic discrepancies among the measurements, we
do not apply any additional correction to the calculated error.
If special treatment is necessary to calculate an average, or
if an approximation used in the calculation might not be
sufficiently accurate (e.g., assuming Gaussian errors when
the likelihood function exhibits non-Gaussian behavior), we
include a warning message. Further modifications to the aver-
aging procedures for non-Gaussian situations are discussed
in Sect. 2.2.

For observables such as branching fractions, experiments
typically report upper limits when the signal is not signifi-
cant. Sometimes there is insufficient information available to
combine upper limits on a parameter obtained by different
experiments; in this case we usually report only the most
restrictive upper limit. For branching fractions of lepton-
flavor-violating decays of tau leptons, we calculate combined
upper limits as discussed in Sect. 9.6.

@ Springer

2.1 Treatment of correlated systematic uncertainties

Consider two hypothetical measurements of a parameter x,
which can be summarized as

X1 + 3)(1 + Axl,l + Axl,z...
X2 £ 8x2 £ Axo1 £ Axap.. .,

where the 6x; are statistical uncertainties and the Axy;
are contributions to the systematic uncertainty. The simplest
approach is to combine statistical and systematic uncertain-
ties in quadrature:

x1+ Bx1®Ax, 1 ®AXI 2D )
0 F (@A ®An2®--),

and then perform a weighted average of x; and x» using their
combined uncertainties, treating the measurements as inde-
pendent. This approach suffers from two potential problems
that we try to address. First, the values x; may have been
obtained using different assumptions for nuisance parame-
ters; e.g., different values of the BY lifetime may have been
used for different measurements of the oscillation frequency
Amyg. The second potential problem is that some systematic
uncertainties may be correlated between measurements. For
example, different measurements of Am,; may depend on
the same branching fraction used to model a common back-
ground.

The above two problems are related, as any quantity y;
upon which x; depends gives a contribution Axy ; to the
systematic error that reflects the uncertainty Ay; on y;. We
thus use the values of y; and Ay; assumed by each mea-
surement in our averaging (we refer to these values as yi ;
and Ay ;). To properly treat correlated systematic uncertain-
ties among measurements requires decomposing the over-
all systematic uncertainties into correlated and uncorrelated
components. As different measurements often quote differ-
ent types of systematic uncertainties, achieving consistent
definitions in order to properly treat correlations requires
close coordination between HFLAV and the experiments.
In some cases, a group of systematic uncertainties must be
combined into a coarser description in order to obtain an
average that is consistent among measurements. Systematic
uncertainties that are uncorrelated with any other source of
uncertainty are combined together with the statistical error,
so that the only systematic uncertainties treated explicitly
are those that are correlated with at least one other mea-
surement via a consistently-defined external parameter y;.
When asymmetric statistical or systematic uncertainties are
quoted by experiments, we symmetrize them since our com-
bination method implicitly assumes Gaussian likelihoods (or
parabolic log likelihoods) for each measurement.
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(a)

Yi

Fig. 1 Tllustration of the possible dependence of a measured quan-
tity x on a nuisance parameter y;. The left-hand plot a compares the
68% confidence level contours of a hypothetical measurement’s uncon-
strained (large ellipse) and constrained (filled ellipse) likelihoods, using
the Gaussian constraint on y; represented by the horizontal band. The
solid error bars represent the statistical uncertainties o (x) and o (y;)
of the unconstrained likelihood. The dashed error bar shows the sta-

The fact that a measurement of x is sensitive to y; indicates
that, in principle, the data used to measure x could also be
used for a simultaneous measurement of x and y;. This is
illustrated by the large contour in Fig. la. However, there
often exists an external constraint Ay; on y; (represented by
the horizontal band in Fig. 1a) that is more precise than the
constraint o (y;) from the x data alone. In this case one can
perform a simultaneous fit to x and y;, including the external
constraint, and obtain the filled (x, y) contour and dashed
one-dimensional estimate of x shown in Fig. la. For this
procedure one usually takes the external constraint Ay; to be
Gaussian.

When the external constraints Ay; are significantly more
precise than the sensitivity o (y;) of the data alone, the addi-
tional complexity of a constrained fit with extra free param-
eters may not be justified by the resulting increase in sensi-
tivity. In this case the usual procedure is to perform a base-
line fit with all y; fixed to nominal values y; o, obtaining
x = xo % d8x. This baseline fit neglects the uncertainty due
to Ay;, but this error is subsequently recovered by repeat-
ing the fit separately for each external parameter y;, with
its value fixed to y; = y; 0 £ Ay;. This gives the result
x = Xo,; £ 6x as illustrated in Fig. 1b. The shift in the
central value Ax; = Xo; — xo is usually quoted as the sys-
tematic uncertainty due to the unknown value of y;. If the
unconstrained data can be represented by a Gaussian likeli-
hood function, the shift will equal

Axi Zp(x9 yl)%Ayl’ (3)

X

tistical error on x from a constrained simultaneous fit to x and y;. The
right-hand plot b illustrates the method described in the text of perform-
ing fits to x with y; fixed at different values. The dashed diagonal line
between these fit results has the slope p (x, yi)o (y;)/o (x) in the limit of
an unconstrained parabolic log likelihood. The result of the constrained
simultaneous fit from a is shown as a dashed error bar on x

where o (x) and p(x, y;) are the statistical uncertainty on x
and the correlation between x and y; in the unconstrained
data, respectively. This procedure gives very similar results
to that of the constrained fit with extra parameters: the central
values xg agree to O(Ay; /o (y; ))2, and the uncertainties §x ®
Ax; agree to O(Ay; /o (yi)*.

To combine two or more measurements that share system-
atic uncertainty due to the same external parameter(s) y;, we
try to perform a constrained simultaneous fit of all measure-
ments to obtain values of x and y;. When this is not practical,
e.g. if we do not have sufficient information to reconstruct the
likelihoods corresponding to each measurement, we perform
the two-step approximate procedure described below.

Consider two statistically-independent measurements,
x1 £ (6x1 ® Axy;) and xp £ (8x2 @ Axy;), of the quantity
x as shown in Fig. 2a, b. For simplicity we consider only one
correlated systematic uncertainty for each external parameter
vi. As our knowledge of the y; improves, the measurements
of x will shift to different central values and uncertainties.
The first step of our procedure is to adjust the values of each
measurement to reflect the current best knowledge of the
external parameters y. and their ranges Ay, as illustrated in
Fig. 2c, d. We adjust the central values x; and correlated sys-
tematic uncertainties Axy ; linearly for each measurement
(indexed by k) and each external parameter (indexed by i):

AXy i < )
/ ) /
X, = Xk + Vi — Yk “4)
g Xl: Ayri ' '
Ay(
Ax, = AXxp L 5
X Xk, i Ayi.i (5
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Fig. 2 TIllustration of the
HFLAV combination procedure
for correlated systematic
uncertainties. Upper plots a, b
show examples of two individual
measurements to be combined.
The large (filled) ellipses
represent their unconstrained
(constrained) likelihoods, while

horizontal bands indicate the
different assumptions about the

value and uncertainty of y; used
by each measurement. The error

bars show the results of the
method described in the text for
obtaining x by performing fits
with y; fixed to different values.
Lower plots ¢, d illustrate the
adjustments to accommodate
updated and consistent
knowledge of y;. Open circles
mark the central values of the )
unadjusted fits to x with y fixed; Yi

(b)

Yi;

these determine the dashed line

used to obtain the adjusted
values

This procedure is exact in the limit that the unconstrained
likelihood of each measurement is Gaussian.
The second step is to combine the adjusted measurements,
X = (Oxx © Axp; @ Axp, @ ---) by constructing the
goodness-of-fit statistic
; )T
1

_ 1 / / xl/c,i
/N 2
Vi —Y;
. 6
2 (") ©

We minimize this x 2 to obtain the best values of x and y; and
their uncertainties, as shown in Fig. 3. Although this method
determines new values for the y;, we typically do not report
them.

For comparison, the exact method we perform if the
unconstrained likelihoods Ly (x, y1, y2, ...) are available is
to minimize the simultaneous likelihood

»Ccomb(x’ YIy y27 ) = l_[ Ek(xa yla )729 ) l_[ £i(yi)a
k i

Xcz()mb(xi y17 y21 .. ')

(7
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(d)

Yi

N = DN/

X

Fig. 3 TIllustration of the combination of two hypothetical measure-
ments of x using the method described in the text. The ellipses represent
the unconstrained likelihoods of each measurement, and the horizontal
band represents the latest knowledge about y; that is used to adjust the
individual measurements. The filled small ellipse shows the result of the
exact method using Lcomp, and the hollow small ellipse and dot show
the result of the approximate method using Xczomb
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with an independent Gaussian constraint for each y;:

1 /yi—y\*
ci(y»:exp[—z(yAy{y’) } ®)

The results of this exact method agree with those of the
approximate method when the £ are Gaussian and Ay! <
o (y;). If the likelihoods are non-Gaussian,, experiments
need to provide Ly in order to perform a combination. If
o(y;) ~ Ay, experiments are encouraged to perform a
simultaneous measurement of x and y; so that their data will
improve the world knowledge of y;.

For averages where common sources of systematic uncer-
tainty are important, central values and uncertainties are
rescaled to a common set of input parameters following the
prescription above. We use the most up-to-date values for
common inputs, consistently across subgroups, taking val-
ues from within HFLAV or from the Particle Data Group
when possible. The parameters and values used are listed in
each subgroup section.

2.2 Treatment of non-Gaussian likelihood functions

For measurements with Gaussian errors, the usual estima-
tor for the average of a set of measurements is obtained by
minimizing

2
. (o)
K=y ~——~ ©)
k Ok

where xj is the kth measured value of x and akz is the vari-
ance of the distribution from which x; was drawn. The value
% at minimum x? is the estimate for the parameter x. The
true oy are unknown but typically the error as assigned by
the experiment o;™" is used as an estimator for it. However,
caution is advised when o;*" depends on the measured value
xi. Examples of this are multiplicative systematic uncertain-
ties such as those due to acceptance, or the /N dependence
of Poisson statistics for which x; & N and oy  +/N. Fail-
ing to account for this type of dependence when averaging
leads to a biased average. Such biases can be avoided by
minimizing

ZN (g — %)
s _

where oy (¥) is the uncertainty on x, that includes the depen-
dence of the uncertainty on the value measured. As an
example, consider the error due to acceptance for which
o (X) = (X/xx) x o*. Inserting this into Eq. (10) leads
to

N 3
k xk/(alfaw)z

f= =k TR TR 7
N 9
= /o

which is the correct behavior, i.e., weighting by the inverse
square of the fractional uncertainty o;*" /x. It is sometimes
difficult to assess the dependence of 0" on & from the errors
quoted by the experiments.

Another issue that needs careful treatment is that of cor-
relations among measurements, e.g., due to using the same
decay model for intermediate states to calculate acceptances.
A common practice is to set the correlation coefficient to
unity to indicate full correlation. However, this is not neces-
sarily conservative and can result in underestimated uncer-
tainty on the average. The most conservative choice of cor-
relation coefficient between two measurements i and j is
that which maximizes the uncertainty on x due to the pair of
measurements,

2 2.1 2
2 oi o (1= pjj)

o2 - ’ (11)
)= 62y o'jz —2pijoioj
namely
o Oj
Pij :min(—l,—J)- (12)
’ oj Oj

This corresponds to setting o}%(l.’j) = min(aiz, 0]2). Setting
pij = 1 wheno; # o canlead to asignificant underestimate
of the uncertainty on X, as can be seen from Eq. (11).

Finally, we carefully consider the various errors contribut-
ing to the overall uncertainty of an average. The covari-
ance matrix describing the uncertainties of different mea-
surements and their correlations is constructed, i.e., V =
Vitat + Visys + Vineory- If the measurements are from inde-
pendent data samples, then Vg, is diagonal, but Vys and
V theory may contain correlations. The variance on the aver-
age X can be written

Zi,j (Vl |:Vstat + Vsys + Vtheoryi| Vl)
2

2= (Zi,j ijl)z

= Oy + gy + O (13)

ij

This breakdown of uncertainties is used in certain cases, but
usually only a single, total uncertainty is quoted for an aver-
age.

3 Production fractions, lifetimes and mixing
parameters of b hadrons

Quantities such as b-hadron production fractions, b-hadron
lifetimes, and neutral B-meson oscillation frequencies have
been studied in the nineties at LEP and SLC (e e~ colliders at
/s = myz) as well as at the first version of the Tevatron (pp
collider at /s = 1.8 TeV). This was followed by precise
measurements of the B” and Bt mesons performed at the
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asymmetric B factories, KEKB and PEPII (e™e™ colliders
at /s = mras)), as well as measurements related to the
other b hadrons, in particular B‘?, BCJr and Ag, performed at
the upgraded Tevatron (y/s = 1.96 TeV). Since a few years,
the most precise measurements are coming from the LHC
(pp collider at \/s = 7 and 8 TeV), in particular the LHCb
experiment.

In most cases, these basic quantities, although interesting
by themselves, became necessary ingredients for the more
refined measurements, such as those of decay-time dependent
CP-violating asymmetries. It is therefore important that the
best experimental values of these quantities continue to be
kept up-to-date and improved.

In several cases, the averages presented in this section
are needed and used as input for the results given in the
subsequent sections. Within this section, some averages
need the knowledge of other averages in a circular way.
This coupling, which appears through the b-hadron frac-
tions whenever inclusive or semi-exclusive measurements
have to be considered, has been reduced drastically in the
past several years with increasingly precise exclusive mea-
surements becoming available and dominating practically all
averages.

In addition to b-hadron fractions, lifetimes and oscillation
frequencies, this section also deals with CP violation in the
BY and B? mixing amplitudes, as well as the CP-violating
phase ¢§55 ~ —2fs, which is the phase difference between
the BY mixing amplitude and the b — c¢s decay amplitude.
The angle 8, which is the equivalent of 8 for the B system,
is discussed in Sect. 4.

Throughout this section published results that have been
superseded by subsequent publications are ignored (i.e.,
excluded from the averages) and are only referred to if nec-
essary.

3.1 b-hadron production fractions

We consider here the relative fractions of the different b-
hadron species found in an unbiased sample of weakly decay-
ing b hadrons produced under some specific conditions. The
knowledge of these fractions is useful to characterize the
signal composition in inclusive b-hadron analyses, to predict
the background composition in exclusive analyses, or to con-
vert (relative) observed rates into (relative) branching frac-
tion measurements. We distinguish here the following three
conditions: 7 (4S) decays, 7 (5S) decays, and high-energy
collisions (including Z° decays).

3.1.1 b-hadron production fractions in T (4S) decays

Only pairs of the two lightest (charged and neutral) B mesons
can be produced in 7" (4S) decays. Therefore only the follow-
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ing two branching fractions must be considered:

[T =T(r@S) - BTB7)/Tia(Y (4S)), (14)
P =14s) - B°B%)/ N (Y (45)). (15)
In practice, most analyses measure their ratio
RF=/00 — f+= 00
=T(r4S) — B*B7)/T(r(4S) — B°BY),
(16)

which is easier to access experimentally. Since an inclusive
(but separate) reconstruction of B* and B 0 is difficult, exclu-
sive decay modes to specific final states f, BT — f and
B® — £ are usually considered to perform a measurement
of RT=/% whenever they can be related by isospin sym-
metry (for example Bt — J/¢ K+ and B — J/yKO).
Under the assumption that I'(BT — f+) = I'(BY — f9),
i.e., that isospin invariance holds in these B decays, the ratio
of the number of reconstructed BYt — f+ and B — f0
mesons, after correcting for efficiency, is proportional to

[T B(B* - fT)  fT (BT - fHT(BY)
FOBBO > f0) T fOT(BY > £9)7(BO)
(B
~ F90 7(B0)”

a7

where 7(B™) and 7(B°) are the BT and B lifetimes respec-
tively. Hence the primary quantity measured in these analy-
ses is RT=/00 ¢ (B+)/7(BY), and the extraction of Rt—/00
with this method therefore requires the knowledge of the
t(B1)/t(B?) lifetime ratio.

The published measurements of RT/% are listed in
Table 1% together with the corresponding assumed values
of (B1)/7(BY). All measurements are based on the above-
mentioned method, except the one from Belle, which is a
by-product of the B mixing frequency analysis using dilep-
ton events (but note that it also assumes isospin invariance,
namely I'(BT — ¢tX) = I'(B® — ¢7X)). The latter is
therefore treated in a slightly different manner in the follow-
ing procedure used to combine these measurements:

e cach published value of RT~/% from CLEO and BABAR
is first converted back to the original measurement of
RT=/% ¢ (B+)/(BY), using the value of the lifetime
ratio assumed in the corresponding analysis;

e a simple weighted average of these original measure-
ments of RT~/% ¢(B*) /7 (B®) from CLEO and BABAR
is then computed, assuming no statistical or systematic
correlations between them;

e the weighted average of RT=/% ¢(B*)/r(B?) is con-
verted into a value of R /% using the latest average of

2 Anold and imprecise measurement from CLEO [11] is not included
in Table 1 nor in the average.
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Table 1 Published measurements of the BT /B° production ratio in Y (4S) decays, together with their average (see text). Systematic uncertainties

due to the imperfect knowledge of T(B1)/t (BY) are included

Experiment, year References Decay modes Published value of Assumed value
or method RT=/00 = g4= /700 of T(BT)/t(B%)
CLEO, 2001 [7] J/YK® 1.04 £+ 0.07 £+ 0.04 1.066 + 0.024
CLEO, 2002 [8] D*tv 1.058 £+ 0.084 £ 0.136 1.074 + 0.028
Belle, 2003 [9] Dilepton events 1.01 + 0.03 £+ 0.09 1.083 £ 0.017
BABAR, 2005 [10] (cO)K® 1.06 & 0.02 + 0.03 1.086 & 0.017
Average 1.059 £ 0.027 (tot) 1.076 £0.004

the lifetime ratios, 7(B1)/7(B%) = 1.076 +0.004 (see
Sect. 3.2.3);

e the Belle measurement of RT/% is adjusted to the
current values of 7(BY) = 1.520+0.004 ps and
‘L’(B+)/‘L'(BO) = 1.076 £ 0.004 (see Sect. 3.2.3), using
the quoted systematic uncertainties due to these parame-
ters;

e the combined value of R*~/% from CLEO and BABAR
is averaged with the adjusted value of RT~/% from Belle,
assuming a 100% correlation of the systematic uncer-
tainty due to the limited knowledge on 7(B™)/ 7(BY);
no other correlation is considered.

The resulting global average,

e

R0 = L 1 059£0.027, (18)
fOO

is consistent with equal production rate of charged and neu-

tral B mesons, although only at the 2.2 o level.

On the other hand, the BABAR collaboration has per-
formed a direct measurement of the £ fraction using an
original method, which neither relies on isospin symmetry
nor requires the knowledge of 7(B™)/ 7(BY). Its analysis,
based on a comparison between the number of events where
a single B® — D*~¢*v decay could be reconstructed and
the number of events where two such decays could be recon-
structed, yields [12]

£ = 0.487 + 0.010(stat) & 0.008 (syst). (19)

The two results of Egs. (18) and (19) are of very differ-
ent natures and completely independent of each other. Their
product is equal to fT~ = 0.51640.019, while another
combination of them gives f+~ 4+ f% = 1.003 40.029,
compatible with unity. Assuming® f+~+ f% = 1, also con-
sistent with CLEQ’s observation that the fraction of 7" (4.5)

3 A few non-BB decay modes of the Y(4S) (Y(1S)wTx—,
T2S)m"x~, T(1S)n) have been observed with branching fractions
of the order of 10~* [13-15], corresponding to a partial width several
times larger than that in the eTe~channel. However, this can still be
neglected and the assumption f*~ + f% = I remains valid in the
present context of the determination of £+~ and £%.

decays to BB pairs is larger than 0.96 at 95% CL [16], the
results of Egs. (18) and (19) can be averaged (first converting
Eq. (18) into a value of % = 1/(RT~/% £ 1)) to yield the
following more precise estimates:

9 =0.486 +0.006,

ft
50 = 1.058 £0.024.
7

T =1-f%=0.514 £0.006,

(20)
The latter ratio differs from one by 2.4 0.

3.1.2 b-hadron production fractions in 1 (55) decays

Hadronic events produced in eTe™ collisions at the 7 (5S)
(also known as 7" (10860)) energy can be classified into three
categories: light-quark (u, d, s, ¢) continuum events, bb con-
tinuum events, and 7" (55) events. The latter two cannot be
distinguished and will be called bb events in the following.
These bb events, which also include bby events because of
possible initial-state radiation, can hadronize in different final

states. We define furfs) as the fraction of bb events with a

pair of non-strange bottom mesons (BB, BB*, B*B, B*B*,
BB, BB*r, B*Bw, B* B*r,and B Brr 7 final states, where
B denotes a B® or BT meson and B denotes a B® or B~
meson), fsT(SS) as the fraction of bb events with a pair of
strange bottom mesons (BYBY, BYB°, B:°B?, and B}*B;*
final states), and f ; (55 as the fraction of bb events without
any bottom meson in the final state. Note that the excited
bottom-meson states decay via B* — By and B0 — Bly.

These fractions satisfy

T (58 T (58
fad + 100+ 150V = 1.

(21)

The CLEO and Belle collaborations have published mea-
surements of several inclusive 7 (5S) branching fractions,
B(Y(5S) — DsX), B(Y(5S) — ¢X) and B(Y'(55) —
DYX), from which they extracted the model-dependent esti-
mates of fST >5) reported in Table 2. This extraction was
performed under the implicit assumption f ; 5 — 0, using
the relation
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Table 2 Published measurements of f;r(ss) , obtained assuming
f ; 9 — 0 and quoted as in the original publications, except for the

2010 Belle measurement, which is quoted as 1 — f, Zsss) with f:jfs)

from Ref. [17]. Our average of f_yr(ss) assuming fT(SS) = 0, given

on the penultimate line, does not include the most recent Belle result
quoted on the last line (see footnote 4)

Experiment, year, dataset

Decay mode or method

Value of j;T G5

CLEO, 2006, 0.42fb~ [18] T(58) — DsX 0.168 + 0.02670:9%7
T(58) — ¢X 0.246 £ 0.02970449
T(55) - BBX 0.411 + 0.100 + 0.092
CLEO average of above 3 O.21f8:8§

Belle, 2006, 1.86fb~! [19] T(55) — DX 0.179 £ 0.014 £ 0.041
T(58) — DX 0.181 + 0.036 + 0.075
Belle average of above 2 0.180 £ 0.013 £ 0.032

Belle, 2010, 23.6fb~! [17] T(58) - BBX 0.263 £ 0.032 £ 0.051%

Average of all above after adjustments to inputs of Table 3 0.2154+0.031

Belle, 2012, 121.4fb~! [20] T(55) — DyX, DX 0.172 £ 0.030

T (5S)

Table 3 External inputs on which the f§ averages are based

Branching fraction Value

Explanation and reference

B(B — DgX) x B(Dy — ¢m)

0.00374 4 0.00014

Derived from [6]

B(B? — D X) 0.92 £ 0.11 Model-dependent estimate [21]
B(Ds — ¢m) 0.045 £ 0.004 [6]

B(B — D°X) x B(D® - Kn) 0.0243 4+ 0.0011 Derived from [6]

B(B? — DYX) 0.08 + 0.07 Model-dependent estimate [19,21]
B(DY - Kn) 0.0393 £ 0.0004 [6]

B(B — ¢X) 0.0343 £ 0.0012 [6]

B(B? — ¢X) 0.161 + 0.024 Model-dependent estimate [18]

1
SBr(S) > DX) = Y69 « B(BY - DysX)

N

+<1 — £ - f}“”) x B(B = D,X), 22)

and similarrelations for B(Y' (58) — DX)and B(Y (55) —
¢ X). In Table 2 we list also the values of fST (S_S) derived from
measurements of fu}T;SS) = B(T(5S) - BBX) [17,18], as

well as our average value of fST(SS)

assumption f;(ss) =0.

, all obtained under the

However, the assumption f TGS — 0 is known to be

invalid since the observation of the following final states
in ete™ collisions at the 7(55) energy: T (1S)7 7™,
YRS)7 a~, YBS)ntx~ and Y(1S)KTK™ [22,23],
hy(1P)n+w~ and hy(2P)n 7w~ [24], and more recently
Y1870, v 28)7%7° and Y (3S)7%7° [25]. The sum
of the measurements of the corresponding visible cross-
sections, adding also the contributions of the unmeasured
TUSKKC, hy(1P)7°7° and h,(2P)7 70 final states
assuming isospin conservation, amounts to

¥ (ete™ — (bb)hh) = 13.2 + 1.4 pb,
for (bb) = Y(15, 28, 3S), hy(1P,2P) and hh = 77, KK.

@ Springer

We divide this by the bb production cross section, o (eTe™ —
bbX) = 337 + 15 pb, obtained as the average of the
CLEO [21] and Belle [20]* measurements, to obtain

B(Y'(55) — (bb)hh) = 0.039 £ 0.004,
for (bb) = T(15, 25, 3S), hp(1P, 2P) and hh = 7r, KK,
which is to be considered as a lower bound for f TGS,
Following the method described in Ref. [26], we perform
a x2 fitof the original measurements of the 7" (5S5) branching
fractions of Refs. [17—19],4 using the inputs of Table 3, the
relations of Egs. (21) and (22) and the one-sided Gaussian
TG5> B(r(58) — (bb)hh), to simultane-

constraint f B
ously extract fquS)’ ST(SS) and f ; 55), Taking all known

correlations into account, the best fit values are

TS .
£ = 07615007, (23)

u —

4 Belle updated the analysis of Ref. [19] with the full 7 (5S) dataset.
The resulting measurements of o (eTe™ — bbX) and fsr(ss), which
supersede those of Ref. [19], are quoted and used in Ref. [20]. However,
no details are given. Because of the lack of relevant information, this
measurement of fST(SS)

here.

cannot be included in the averages presented
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FTG9) = 0.20010.930, o

N

£ % = 00391000, (25)

where the strongly asymmetric uncertainty on f ;; ©9 s due

to the one-sided constraint from the observed (bb)hh decays.
These results, together with their correlation, imply

RO 115 = 0263058, (26)

in fair agreement with the results of a BABAR analysis [27],
performed as a function of centre-of-mass energy.”

The production of B? mesons at the 7" (55) is observed
to be dominated by the B°B¥ channel, with o(ete™ —
BB /g (eTem — BI'BYY) = (87.0 £ 1.7)% [28,
29]. The proportions of the various production channels for
non-strange B mesons have also been measured [17].

3.1.3 b-hadron production fractions at high energy

At high energy, all species of weakly decaying b hadrons
may be produced, either directly or in strong and electro-
magnetic decays of excited b hadrons. It is often assumed that
the fractions of these different species are the same in unbi-
ased samples of high-pr b jets originating from Z° decays,
from pp collisions at the Tevatron, or from pp collisions
at the LHC. This hypothesis is plausible under the condi-
tion that the square of the momentum transfer to the pro-
duced b quarks, Q2, is large compared with the square of
the hadronization energy scale, Q2 > AéCD. On the other
hand, there is no strong argument that the fractions at dif-
ferent machines should be strictly equal, so this assumption
should be checked experimentally. The available data show
that the fractions depend on the kinematics of the produced b
hadron. A simple phenomenological model appears to agree
with all data and indicates that the fractions are constant if
the b hadron is produced with sufficiently high transverse
momentum from any collider. Unless otherwise indicated,
these fractions are assumed to be equal at all high-energy
colliders until demonstrated otherwise by experiment. Both
CDF and LHCb report a pt dependence for Ag production
relative to B and B; the number of Ag baryons observed at
low pr is enhanced with respect to that seen at LEP’s higher
pt- Therefore we present three sets of complete averages: one
set including only measurements performed at LEP, a second
set including only measurements performed at the Tevatron,
a third set including measurements performed at LEP, Teva-
tron and LHC. The LHCDb production fractions results by
themselves are still incomplete, lacking measurements of the
production of weakly-decaying baryons heavier than Ag.

5 The results of Ref. [27] are not included in the average since no

numerical value is given for f,l ®%/f uréss) .

Contrary to what happens in the charm sector where the
fractions of D1 and DO are different, the relative amount
of BT and BY is not affected by the electromagnetic decays
of excited B** and B*" states and strong decays of excited
B*** and B*** states. Decays of the type B}*? — B®WK
also contribute to the BT and BY rates, but with the same
magnitude if mass effects can be neglected. We therefore
assume equal production of Bt and B° mesons. We also
neglect the production of weakly decaying states made of
several heavy quarks (like B and doubly heavy baryons)
which is known to be very small. Hence, for the purpose of
determining the b-hadron fractions, we use the constraints

Ju=fa and fu+ fa+ fs + foaryon = 1, 27

where fy, fa, fs and foaryon are the unbiased fractions of
B*, BY, B‘? and b baryons, respectively.

We note that there are many measurements of the pro-
duction cross-sections of different species of b hadrons. In
principle these could be included in a global fit to determine
the production fractions. We do not perform such a fit at the
current time, and instead average only the explicit measure-
ments of the production fractions.

The LEP experiments have measured f; x B(B? —
D¢ vX) [30-32], B(b — A)) x B(A) — AFL™9X)
[33,34] and B(b — &) x B(E, — E £ v¢X) [35,36]
from partially reconstructed final states including a lepton,
JSbaryon from protons identified in b events [37], and the pro-
duction rate of charged b hadrons [38]. Ratios of b-hadron
fractions have been measured by CDF using lepton+charm
final states [39-41]° and double semileptonic decays with
K*pp and ¢ final states [42]. Measurements of the pro-
duction of other heavy flavour baryons at the Tevatron are
included in the determination of fharyon [43-45]7 using the
constraint

fbaryon = ng +f;5}()) ‘f‘f_:;[; +fgz;

y <1+2f5” + fQ”) (28)
— Ag ng ng s

where isospin invariance is assumed in the production of E,?
and &, . Other b baryons are expected to decay strongly
or electromagnetically to those baryons listed. For the pro-
duction measurements, both CDF and DO reconstruct their
b baryons exclusively to final states which include a J /v
and a hyperon (Ag = J/YAES — J/YET and @, —
J/¥27). We assume that the partial decay width of a b

6 CDF updated their measurement of f Ag/fd [39] to account for a
measured pr dependence between exclusively reconstructed Ag and
BO [41].

7 DO reports fQ; /f foret We use the CDF+DO0 average of f - /f A9 to
obtain fQ; /f 29 and then combine it with the CDF result.

@ Springer
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Fig. 4 Ratio of production fractions f 29 /f4 as a function of pr of the

b hadron from LHCb data for b hadrons decaying semileptonically [46]
and fully reconstructed in hadronic decays [48]. The curve represents a
fit to the LHCb hadronic data [48]. The computed LEP ratio is included
at an approximate pr in Z decays, but does not participate in any fit

baryon to a J/¢ and the corresponding hyperon is equal
to the partial width of any other b baryon to a J/v and the
corresponding hyperon. LHCD has also measured ratios of b-
hadron fractions in charm+lepton final states [46] and in fully
reconstructed hadronic two-body decays B — D~ xt,
B? — Dyt and A) — Afn~ [47,48].

Both CDF and LHCb observe that the ratio f 29 /fa
depends on the pr of the charm+lepton system [41,46].8
CDF chose to correct an older result to account for the pt
dependence. In a second result, CDF binned their data in pt
of the charm+electron system [40]. The more recent LHCb
measurement using hadronic decays [48] obtains the scale for
R 29 = f 29 /fa from their previous charm + lepton data [46].
The LHCb measurement using hadronic data also bins the
same data in pseudorapidity (1) and sees a linear dependence
of R 49 Since 7 is not entirely independent of pr it is impos-
sible to tell at this time whether this dependence is just an
artifact of the pt dependence. Figure 4 shows the ratio R 40
as a function of pr for the b hadron, as measured by LHCb.
LHCD fits their scaled hadronic data to obtain

R 9 = (0.151 £ 0.030) +exp{ —(0.57 £ 0.11)
—(0.095 + 0.016)[GeV/c]~! x pT}. (29)

A value of R A9 is also calculated for LEP and placed at the
approximate pT for the charm+lepton system, but this value

8 CDF compares the pr distribution of fully reconstructed A2 —
AFm~ with B’ — D*rn, which gives f0/fa up to a scale fac-
tor. LHCb compares the pt in the charm+lepton system between A(b)
and B and B, giving R 40/2 = f40/(fu + fa) = f49/2fa-
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Fig. 5 Ratio of production fractions f;/fy as a function of prt of the
reconstructed b hadrons for the LHCb [47] and ATLAS [49] data. Note
the suppressed zero for the vertical axis. The curves represent fits to
the data: a linear fit (solid), and an exponential fit described in the text
(dotted). The pr independent value average of R, (dashed) is shown
for comparison. The computed LEP ratio is included at an approximate
pr in Z decays, but does not participate in any fit

does not participate in any fit.” Because the two LHCb results
for R A0 are not independent, we use only their semileptonic
data for the averages. Note that the pt dependence of R A9
combined with the constraint from Eq. (27) implies a com-
pensating pt dependence in one or more of the production
fractions, f,, fq, or f;.

LHCb and ATLAS have investigated the pt dependence
of fs/f4 using fully reconstructed B? and B® decays. LHCb
reported 30 evidence that the ratio Ry = f/f; decreases
with pr using fully reconstructed BA? and B decays and the-
oretical predictions for branching ratios [47]. Data from the
ATLAS experiment [49] using decays of B? and B to J /v
final states and using theoretical predictions for branching
ratios [50] indicates that Ry is consistent with no pr depen-
dence. Figure 5 shows the ratio Ry as a function of pt mea-
sured by LHCb and ATLAS. Two fits are performed. The first
fit, using a linear parameterization, yields Ry = (0.2701 +
0.0058) — (0.00139 + O.OOO44)[GeV/c]_1 X pt. A second
fit, using a simple exponential, yields Ry = exp {(— 1.304 +
0.024) — (0.0058 =+ 0.0019)[GeV/c]~! x pr}. The two fits
are nearly indistinguishable over the prt range of the results,
but the second gives a physical value for all pt. R; is also
calculated for LEP and placed at the approximate pt for the
b hadron, though the LEP result doesn’t participate in the fit.
Our world average for Ry is also included in the figure for
reference.

In order to combine or compare LHCb results with other
experiments, the pr-dependent f 29 /(fu+ fa) is weighted by

° The CDF semileptonic data would require significant corrections to
obtain the pr of the b hadron and be included on the same plot with the
LHCb data. We do not have these corrections at this time.
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Table 4 Comparison of average production fraction ratios from
CDF [40,41] and LHCD [46]. The kinematic regime of the charm+lepton
system reconstructed in each experiment is also shown

Quantity CDF LHCb

Is/(fu + fa) 0.224 + 0.057 0.134 £ 0.009
Tay/(fu+ fa) 0.229 + 0.062 0.240 + 0.022
Average charm+lepton pt ~13GeV/c ~7GeV/c
Pseudorapidity range -l<n<l 2<np<5

the pt spectrum. '? Table 4 compares the p-weighted LHCb
data with comparable averages from CDF. The average CDF
and LHCD data are in agreement despite the b hadrons being
produced in different kinematic regimes.

Ignoring pt dependence, all these published results have
been adjusted to the latest branching fraction averages [6]
and combined following the procedure and assumptions
described in Ref. [3], to yield f, = f; = 0.404 £0.006,
fs = 0.102£0.005 and fharyon = 0.090 +0.012 under the
constraints of Eq. (27). Repeating the combinations for LEP
and the Tevatron, we obtain f, = f; = 0.412+0.008,
fs = 0.088+0.013 and fharyon = 0.089 £0.012 when
using the LEP data only, and f, = f; = 0.34040.021,
fs = 0.101£0.015 and fparyon = 0.218 £0.047 when
using the Tevatron data only. As noted previously, the LHCb
data are insufficient to determine a complete set of b-hadron
production fractions. The world averages (LEP, Tevatron and
LHC) for the various fractions are presented here for com-
parison with previous averages. Significant differences exist
between the LEP and Tevatron fractions, therefore use of
the world averages should be taken with some care. For
these combinations other external inputs are used, e.g., the
branching ratios of B mesons to final states with a D or
D* in semileptonic decays, which are needed to evaluate the
fraction of semileptonic B? decays with a Dy in the final
state.

Time-integrated mixing analyses performed with lepton
pairs from bb events produced at high-energy colliders mea-
sure the quantity

X = fixa+ fi xs: (30)

where f) and f] are the fractions of B® and B? hadrons
in a sample of semileptonic b-hadron decays, and where x4
and x, are the B® and B? time-integrated mixing probabili-
ties. Assuming that all b hadrons have the same semileptonic
decay width implies f/ = f;R;, where R; = 1;/1; is the
ratio of the lifetime t; of species i to the average b-hadron

10 In practice the LHCb data are given in 14 bins in pr and 5 with
a full covariance matrix [46]. The weighted average is calculated as
DTC*IM/G, where 0 = DTC~'D, M is a vector of measurements,
C~! is the inverse covariance matrix and DT is the transpose of the
design matrix (vector of 1°s).

lifetime 7, = ), fi7;. Hence measurements of the mixing
probabilities X, x4 and x; can be used to improve our knowl-
edgeof fy, fu, fs and foaryon. In practice, the above relations
yield another determination of f; obtained from fyaryon and
mixing information,

i (I+rx-0- fbaryoanaryon)Xd
R; A +7r)xs = xa

where r = R,/Rs = t(BT)/t(BY).

The published measurements of ¥ performed by the LEP
experiments have been combined by the LEP Electroweak
Working Group to yield ¥ = 0.125940.0042 [51].!!
This can be compared with the Tevatron average, ¥ =
0.1474+0.011, obtained from DO [52] and CDF [53]. The
two averages deviate from each other by 1.8 ¢; this could be
an indication that the production fractions of b hadrons at
the Z peak or at the Tevatron are not the same. We choose
to combine these two results in a simple weighted aver-
age, assuming no correlations, and, following the PDG pre-
scription, we multiply the combined uncertainty by 1.8to
account for the discrepancy. Our world average is then
% = 0.1284 £ 0.0069.

Introducing the ) average in Eq. (31), together with
our world average yg; = 0.186040.0011 [see Eq. (67) of
Sect. 3.3.1], the assumption x; = 1/2 [justified by Eq.
(76) in Sect. 3.3.2], the best knowledge of the lifetimes
(see Sect. 3.2) and the estimate of fharyon given above,
yields f; = 0.118+0.018 (or f; = 0.111£0.011 using
only LEP data, or f; = 0.166£0.029 using only Teva-
tron data), an estimate dominated by the mixing informa-
tion. Taking into account all known correlations (includ-
ing that introduced by foaryon), this result is then combined
with the set of fractions obtained from direct measurements
(given above), to yield the improved estimates of Table 5,
still under the constraints of Eq. (27). As can be seen, our
knowledge on the mixing parameters reduces the uncer-
tainty on fs, quite substantially in the case of LEP data. It
should be noted that the results are correlated, as indicated in
Table 5.

fi=

: 3D

3.2 b-hadron lifetimes

In the spectator model the decay of b hadrons Hj is gov-
erned entirely by the flavour changing b — Wgq transi-
tion (¢ = c,u). For this very reason, lifetimes of all b
hadrons are the same in the spectator approximation regard-
less of the (spectator) quark content of the Hj,. In the early
1990’s experiments became sophisticated enough to start
seeing the differences of the lifetimes among various Hj

T We use the y average of Eq. 5.39 in Ref. [51], obtained from a
10-parameter global fit of all electroweak data where the asymmetry
measurements have been excluded.
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Table 5 Time-integrated mixing probability x (defined in Eq. (30)),
and fractions of the different b-hadron species in an unbiased sample
of weakly decaying b hadrons, obtained from both direct and mixing

measurements. The correlation coefficients between the fractions are
also given. The last column includes measurements performed at LEP,
Tevatron and LHC

Quantity Z decays Tevatron LHCb [47] All

Mixing probability X 0.1259 £ 0.0042 0.147+0.011 0.1284 £ 0.0069
Bt or BY fraction fu=fa 0.407 £ 0.007 0.344 +£0.021 0.404 £ 0.006
BY fraction fs 0.101 +0.008 0.115+0.013 0.103 £ 0.005
b-baryon fraction Soaryon 0.084 +£0.011 0.196 £ 0.046 0.088 £0.012
B?/B0 ratio fs/fa 0.249+0.023 0.333 +£0.041 0.256 £+ 0.020* 0.256 +0.013
o(fs, fu) = p(fs, fa) —0.629 +0.153 —0.143

o (foaryon, fu) = p(foaryons fa) —0.822 —0.959 —0.921

P (foaryon, fs) +0.074 —0.426 —0.254

 This value has been updated with new inputs by LHCbD to yield 0.259 + 0.015 [54]

species. The first theoretical calculations of the spectator
quark effects on Hj lifetime emerged only few years ear-
lier [55].

Since then, such calculations are performed in the frame-
work of the Heavy Quark Expansion (HQE) [55-57], using
as most important assumption that of quark-hadron dual-
ity [58,59]. Since a few years, possible quark-hadron dual-
ity violating effects are severely constrained by experi-
ments [60]. In these calculations, the total decay rate of an
H,, is expressed as the sum of a series of expectation val-
ues of operators of increasing dimension, multiplied by the
correspondingly higher powers of Aqcp/mp:

A n
[h, = |CKM]? ch( 2?) (Hp| Oy | Hp), (32)

n

where |CKM|? is the relevant combination of CKM matrix
elements. The coefficients ¢, of this expansion, known as
the Operator Product Expansion [61], can be calculated per-
turbatively. Hence, the HQE predicts Iy, in the form of an
expansion in both Agcp/mp and o (my). The precision of
current experiments requires an expansion up to the next-to-
leading order in QCD, i.e., the inclusion of corrections of
the order of o (mp) to the ¢, terms. The non-perturbative
parts of the calculation are grouped into the expectation val-
ues (Hp|Oy,|Hp) of operators O,. These can be calculated
using lattice QCD or QCD sum rules, or can be related
to other observables via the HQE. One may reasonably
expect that powers of Agcp/my provide enough suppres-
sion that only the first few terms of the sum in Eq. (32)
matter.

Theoretical predictions are usually made for the ratios
of the lifetimes (with 7(B?) often chosen as the common
denominator) rather than for the individual lifetimes, for this
allows several uncertainties to cancel. The precision of the
HQE calculations (see Refs. [62—67], and Refs. [68,69] for
the latest updates) is in some instances already surpassed by

@ Springer

the measurements, e.g., in the case of ‘C(B+)/‘L'(BO). More
accurate predictions are now a matter of progress in the eval-
uation of the non-perturbative hadronic matrix elements, in
particular using lattice QCD where significant advances were
made in the last decade. However, the following important
conclusions can be drawn from the HQE, even in its present
state, which are in agreement with experimental observa-
tions:

e The heavier the mass of the heavy quark, the smaller
is the variation in the lifetimes among different hadrons
containing this quark, which is to say that as m;, — oo
we retrieve the spectator picture in which the lifetimes
of all H) states are the same. This is well illustrated
by the fact that lifetimes are rather similar in the b sec-
tor, while they differ by large factors in the charm sector
(me < mp).

e The non-perturbative corrections arise only at the order
of AéCD / mi, which translates into differences among
Hy, lifetimes of only a few percent.

e It is only the difference between meson and baryon life-
times that appears at the AéCD / m,% level. The splitting
of the meson lifetimes occurs at the A%CD / mi level, yet

it is enhanced by a phase space factor 1672 with respect
to the leading free b decay.

To ensure that certain sources of systematic uncertainty
cancel, lifetime analyses are sometimes designed to measure
ratios of lifetimes. However, because of the differences in
decay topologies, abundance (or lack thereof) of decays of a
certain kind, efc., measurements of the individual lifetimes
are also common. In the following section we review the most
common types of lifetime measurements. This discussion is
followed by the presentation of the averaging of the various
lifetime measurements, each with a brief description of its
particularities.
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3.2.1 Lifetime measurements, uncertainties and
correlations

In most cases, the lifetime of an H}, state is estimated from a
flight distance measurement and a 8y factor which is used to
convert the geometrical distance into the proper decay time.
Methods of accessing lifetime information can roughly be
divided in the following five categories:

1. Inclusive (flavour-blind) measurements. These early
measurements were aimed at extracting the lifetime from
a mixture of b-hadron decays, without distinguishing the
decaying species. Often the knowledge of the mixture
composition was limited, which made these measure-
ments experiment-specific. Also, these measurements
had to rely on Monte Carlo simulation for estimating
the By factor, because the decaying hadrons are not fully
reconstructed. These were usually the largest statistics
b-hadron lifetime measurements accessible to a given
experiment, and could therefore serve as an important
performance benchmark.

2. Measurements in semileptonic decays of a specific Hp.
The W boson from b — Wc produces a fv; pair
(£ = e, ) in about 21% of the cases. The electron
or muon from such decays provides a clean and effi-
cient trigger signature. The ¢ quark from the b —
Wec transition and the other quark(s) making up the
decaying Hj, combine into a charm hadron, which is
reconstructed in one or more exclusive decay chan-
nels. Knowing what this charmed hadron is allows one
to separate, at least statistically, different Hp, species.
The advantage of these measurements is in the sam-
ple size, which is usually larger than in the case of
exclusively reconstructed Hj, decays. Some of the main
disadvantages are related to the difficulty of estimating
the lepton+charm sample composition and to the Monte
Carlo reliance for the momentum (and hence Sy factor)
estimate.

3. Measurements in exclusively reconstructed hadronic
decays. These have the advantage of complete recon-
struction of the decaying H state, which allows one
to infer the decaying species as well as to perform pre-
cise measurement of the 8y factor. Both lead to gener-
ally smaller systematic uncertainties than in the above
two categories. The downsides are smaller branching
ratios and larger combinatorial backgrounds, especially
in H, — H.m(wm) and multi-body H. decays, or in
a hadron collider environment with non-trivial underly-
ing event. Decays of the type H, — J/v H; are rela-
tively clean and easy to trigger, due to the J /¢ — £T¢~
signature, but their branching fraction is only about
1%.

4. Measurements at asymmetric B factories.Inthe T (45) —

BB decay, the B mesons (B or BO)are essentially at rest
in the 7" (4S) frame. This makes direct lifetime measure-
ments impossible in experiments at symmetric colliders
producing 7" (4S) at rest. At asymmetric B factories the
T (4S) meson is boosted resulting in B and B moving
nearly parallel to each other with the same boost. The
lifetime is inferred from the distance Az separating the
B and B decay vertices along the beam axis and from
the 7 (4S) boost known from the beam energies. This
boost is equal to By =~ 0.55 (0.43) in the BABAR (Belle)
experiment, resulting in an average B decay length of
approximately 250 (190) pm.
In order to determine the charge of the B mesons in each
event, one of them is fully reconstructed in a semilep-
tonic or hadronic decay mode. The other B is typically
not fully reconstructed, only the position of its decay
vertex is determined from the remaining tracks in the
event. These measurements benefit from large sample
sizes, but suffer from poor proper time resolution, com-
parable to the B lifetime itself. This resolution is domi-
nated by the uncertainty on the decay vertices, which is
typically 50 (100) wm for a fully (partially) reconstructed
B meson. With much larger samples in the future, the res-
olution and purity could be improved (and hence the sys-
tematics reduced) by fully reconstructing both B mesons
in the event.

5. Direct measurement of lifetime ratios. This method, ini-
tially applied in the measurement of t(B1)/t(BY), is
now also used for other b-hadron species at the LHC.
The ratio of the lifetimes is extracted from the proper
time dependence of the ratio of the observed yields of two
different b-hadron species, both reconstructed in decay
modes with similar topologies. The advantage of this
method is that subtle efficiency effects (partially) cancel
in the ratio.

In some of the latest analyses, measurements of two
(e.g., ©(B1) and 7(B1)/t(BY)) or three (e.g. t(B™),
T(B+)/T(BO), and Amg) quantities are combined. This
introduces correlations among measurements. Another
source of correlations among the measurements are the sys-
tematic effects, which could be common to an experiment or
to an analysis technique across the experiments. When cal-
culating the averages, such known correlations are taken into
account.

3.2.2 Inclusive b-hadron lifetimes
The inclusive b-hadron lifetime is defined as 7, = ) ; fiTi
where t; are the individual species lifetimes and f; are the

fractions of the various species present in an unbiased sam-
ple of weakly decaying b hadrons produced at a high-energy

@ Springer
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Table 6 Measurements of average b-hadron lifetimes

Experiment Method Data set 7 (ps) Refs.
ALEPH Dipole 91 1.511 £ 0.022 £+ 0.078 [70]
DELPHI All track i.p. (2D) 91-92 1.542 £+ 0.021 £ 0.045 [7172
DELPHI Sec. vtx 91-93 1.582 + 0.011 £ 0.027 [72]2
DELPHI Sec. vtx 94-95 1.570 £+ 0.005 £ 0.008 [73]
L3 Sec. vtx +i.p. 91-94 1.556 + 0.010 £ 0.017 [74]°
OPAL Sec. vtx 91-94 1.611 £ 0.010 £ 0.027 [75]
SLD Sec. vtx 93 1.564 £+ 0.030 £ 0.036 [76]
Average set 1 (b vertex) 1.572 +0.009

ALEPH Lepton i.p. (3D) 91-93 1.533 £ 0.013 £ 0.022 [77]
L3 Lepton i.p. (2D) 91-94 1.544 £+ 0.016 £ 0.021 [74]°
OPAL Lepton i.p. (2D) 90-91 1.523 £ 0.034 + 0.038 [78]
Average set2 (b — {) 1.537£0.020

CDFI1 T/ ¥ vix 92-95 1.533 £ 0.015709% [79]
Average set 3 (b — J/v) 1.533+£0.036

4 The combined DELPHI result quoted in [72] is 1.575 + 0.010 %+ 0.026 ps

b The combined L3 result quoted in [74] is 1.549 & 0.009 + 0.015 ps

collider.'? This quantity is certainly less fundamental than
the lifetimes of the individual species, the latter being much
more useful in comparisons of the measurements with the
theoretical predictions. Nonetheless, we perform the averag-
ing of the inclusive lifetime measurements for completeness
and because they might be of interest as “technical numbers.”

In practice, an unbiased measurement of the inclusive life-
time is difficult to achieve, because it would imply an effi-
ciency which is guaranteed to be the same across species. So
most of the measurements are biased. In an attempt to group
analyses that are expected to select the same mixture of b
hadrons, the available results (given in Table 6) are divided
into the following three sets:

1. measurements at LEP and SLD that include any b-hadron
decay, based on topological reconstruction (secondary
vertex or track impact parameters);

2. measurements at LEP based on the identification of a
lepton from a b decay; and

3. measurements at hadron colliders based on inclusive
Hp — J/¥ X reconstruction, where the J/y is fully
reconstructed.

The measurements of the first set are generally consid-
ered as estimates of 15, although the efficiency to reconstruct
a secondary vertex most probably depends, in an analysis-
specific way, on the number of tracks coming from the vertex,
thereby depending on the type of the Hj,. Even though these

12 In principle such a quantity could be slightly different in Z decays,
at the Tevatron or at the LHC, in case the fractions of b-hadron species
are not exactly the same; see the discussion in Sect. 3.1.3.
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efficiency variations can in principle be accounted for using
Monte Carlo simulations (which inevitably contain assump-
tions on branching fractions), the H;, mixture in that case can
remain somewhat ill-defined and could be slightly different
among analyses in this set.

On the contrary, the mixtures corresponding to the other
two sets of measurements are better defined in the limit where
the reconstruction and selection efficiency of a lepton or a
J /¢ from an Hj, does not depend on the decaying hadron
type. These mixtures are given by the production fractions
and the inclusive branching fractions for each Hj species to
give a lepton or a J /. In particular, under the assumption
that all b hadrons have the same semileptonic decay width,
the analyses of the second set should measure (b — £) =
0 f,-rf)/(zi fitl.z) which is necessarily larger than t, if
lifetime differences exist. Given the present knowledge on
7; and f;, (b — €) — 13, is expected to be of the order of
0.003 ps. On the other hand, the third set measuring t(b —
J /) is expected to give an average smaller than 7, because
of the B;” meson, which has a significantly larger probability
to decay to a J /v than other b-hadron species.

Measurements by SLC and LEP experiments are subject
to a number of common systematic uncertainties, such as
those due to (lack of knowledge of) b and ¢ fragmentation,
b and ¢ decay models, B(B — ¢), B(B — ¢ — {), B(c —
{), 7., and Hjp decay multiplicity. In the averaging, these
systematic uncertainties are assumed to be 100% correlated.
The averages for the sets defined above (also given in Table
6) are

T(b vertex) = 1.572 £0.009 ps,
(b — £) = 1.5374+0.020 ps,

(33)
(34)
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Table 7 Measurements of the BY lifetime

Experiment Method Data set 7(B%) (ps) Refs.
ALEPH D¢ 91-95 1.518 + 0.053 £ 0.034 [80]

ALEPH Exclusive 91-94 1257013 £ 0.05 (81]

ALEPH Partial rec. 777~ 91-94 1,490 1H0.08 [81]

DELPHI D®¢ 91-93 1611013 + 0.08 [82]

DELPHI Charge sec. vtx 91-93 1.63 &+ 0.14 + 0.13 [83]

DELPHI Inclusive D*¢ 91-93 1.532 £ 0.041 £ 0.040 (84]

DELPHI Charge sec. vtx 94-95 1.531 £ 0.021 + 0.031 (73]

L3 Charge sec. vtx 94-95 1.52 + 0.06 + 0.04 [85]

OPAL D™y 91-93 1.53 £ 0.12 + 0.08 (86]

OPAL Charge sec. vtx 93-95 1.523 4+ 0.057 4+ 0.053 [87]

OPAL Inclusive D*¢ 91-00 1.541 £ 0.028 £ 0.023 (88]

SLD Charge sec. vtx £ 93-95 1567013 £ 0.10 [89]2
SLD Charge sec. vtx 93-95 1.66 £ 0.08 £ 0.08 [89]°
CDFl1 D®¢ 92-95 1.474 + 0.03979:052 [90]

CDF1 Excl. J/y K*0 92-95 1.497 + 0.073 £ 0.032 [91]

CDF2 Excl. J/y K, J/yK*0 02-09 1.507 £ 0.010 =+ 0.008 [92]

DO Excl. J /¢ K*0 03-07 1.414 £ 0.018 £ 0.034 [93]

DO Excl. J /¢ K9 02-11 1.508 £ 0.025 £ 0.043 [94]

DO Inclusive D~ p* 02-11 1.534 £ 0.019 =+ 0.021 [95]

BABAR Exclusive 99-00 1.546 £ 0.032 £ 0.022 [96]

BABAR Inclusive D*¢ 99-01 1.529 + 0.012 £ 0.029 [97]

BABAR Exclusive D*¢ 99-02 1.52310024 + 0.022 (98]

BABAR Incl. D*, D*p 99-01 1.533 + 0.034 £ 0.038 [99]

BABAR Inclusive D*¢ 99-04 1.504 + 001375918 [100]
Belle Exclusive 00-03 1.534 %+ 0.008 =+ 0.010 [101]
ATLAS Excl. J /¢ K 2011 1.509 £ 0.012 £ 0.018 [102]
LHCb Excl. J /¢ K*0 2011 1.524 £ 0.006 £ 0.004 [103]
LHCb Excl. J/y K9 2011 1.499 £ 0.013 £ 0.005 [103]
LHCb K*n~ 2011 1.524 £ 0.011 =+ 0.004 [104]
Average 1.520 +0.004

2 The combined SLD result quoted in [89] is 1.64 + 0.08 + 0.08 ps

t(b — J/¥) = 1.533 £0.036 ps. (35)

The differences between these averages are consistent both
with zero and with expectations within less than 2 o.

3.2.3 B% and B lifetimes and their ratio

After a number of years of dominating these averages the
LEP experiments yielded the scene to the asymmetric B fac-
tories and the Tevatron experiments. The B factories have
been very successful in utilizing their potential — in only
a few years of running, BABAR and, to a greater extent,
Belle, have struck a balance between the statistical and
the systematic uncertainties, with both being close to (or
even better than) an impressive 1% level. In the mean-

while, CDF and DO have emerged as significant contrib-
utors to the field as the Tevatron Run II data flowed in.
Recently, the LHCb experiment reached a further step in
precision, improving by a factor ~2 over the previous best
measurements.

At the present time we are in an interesting position of
having three sets of measurements (from LEP/SLC, B facto-
ries and Tevatron/LHC) that originate from different environ-
ments, are obtained using substantially different techniques
and are precise enough for incisive comparison.

The averaging of 7(B™T), t(B®) and t(B*1)/t(B°) mea-
surements is summarized in Tables 7, 8, and 9. For t(B™)/
7(B%) we average only the measurements of this quan-
tity provided by experiments rather than using all available
knowledge, which would have included, for example, T (B™)
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Table 8 Measurements of the B lifetime

Experiment Method Data set 7(BT) (ps) Refs.
ALEPH DW¢ 91-95 1.648 £ 0.049 + 0.035 (80]

ALEPH Exclusive 91-94 158 01008 [81]

DELPHI D™y 91-93 1.61 £ 0.16 & 0.12 [82]2
DELPHI Charge sec. vtx 91-93 1.72 + 0.08 + 0.06 [83]2
DELPHI Charge sec. vtx 94-95 1.624 + 0.014 + 0.018 [73]

L3 Charge sec. vtx 94-95 1.66 &+ 0.06 £+ 0.03 [85]

OPAL D™y 91-93 1.52 + 0.14 + 0.09 [86]

OPAL Charge sec. vtx 93-95 1.643 £ 0.037 £ 0.025 (87]

SLD Charge sec. vix £ 93-95 L6170 £ 0.07 [891°
SLD Charge sec. vtx 93-95 1.67 £ 0.07 £+ 0.06 [891°
CDFI1 D¢ 92-95 1.637 £ 0.05870:033 [90]

CDF1 Excl. J/y K 92-95 1.636 + 0.058 4 0.025 [91]

CDF2 Excl. J/¥ K 02-09 1.639 £ 0.009 £ 0.009 [92]

CDF2 Excl. D7 02-06 1.663 + 0.023 £ 0.015 [105]
BABAR Exclusive 99-00 1.673 £ 0.032 4 0.023 [96]

Belle Exclusive 00-03 1.635 £ 0.011 £ 0.011 [101]
LHCb Excl. J/y K 2011 1.637 £ 0.004 4 0.003 [103]
Average 1.638 +0.004

4 The combined DELPHI result quoted in [83] is 1.70 £ 0.09 ps

Y The combined SLD result quoted in [89] is 1.66 & 0.06 £ 0.05 ps

Table 9 Measurements of the ratio T(B 1)/ 7(B%)

Experiment Method Data set Ratio t(B*)/7(B%) Refs.
ALEPH DW¢ 91-95 1.085 £ 0.059 + 0.018 [80]

ALEPH Exclusive 91-94 L2705 +00 [81]

DELPHI D™¢ 91-93 1.007917 + 0.10 (82]

DELPHI Charge sec. Vtx 91-93 1067013 + 0.10 (83]

DELPHI Charge sec. vtx 94-95 1.060 £ 0.021 + 0.024 [73]

L3 Charge sec. vtx 94-95 1.09 £+ 0.07 £ 0.03 [85]

OPAL D¢ 91-93 0.99 + 0.14+9%3 [86]

OPAL Charge sec. vtx 93-95 1.079 + 0.064 + 0.041 [87]

SLD Charge sec. vtx ¢ 93-95 1.03701% + 0.09 [89]2
SLD Charge sec. vtx 93-95 1017998 + 0.05 (8972
CDF1 D®)¢ 92-95 L.110 + 0.0567 (03 [90]

CDFI Excl. J/¥ K 92-95 1.093 + 0.066 + 0.028 [91]

CDF2 Excl. J /¢ K™ 02-09 1.088 =+ 0.009 + 0.004 [92]

DO D** . DO ratio 02-04 1.080 £ 0.016 + 0.014 [106]
BABAR Exclusive 99-00 1.082 £ 0.026 + 0.012 [96]

Belle Exclusive 00-03 1.066 + 0.008 £ 0.008 [101]
LHCb Excl. J/y K™ 2011 1.074 4 0.005 + 0.003 [103]
Average 1.076 £0.004

2 The combined SLD result quoted in [89] is 1.01 + 0.07 £+ 0.06
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and (BO) measurements which did not contribute to any of
the ratio measurements.

The following sources of correlated (within experi-
ment/machine) systematic uncertainties have been consid-
ered:

e for SLC/LEP measurements — D** branching ratio uncer-
tainties [3], momentum estimation of b mesons from
70 decays (b-quark fragmentation parameter (Xr) =
0.702 £+ 0.008 [3)]), B? and b-baryon lifetimes (see
Sects. 3.2.4, 3.2.6), and b-hadron fractions at high energy
(see Table 5);

e for B-factory measurements —alignment, z scale, machine
boost, sample composition (where applicable);

e for Tevatron/LHC measurements — alignment (separately
within each experiment).

The resultant averages are:

7(B%) = 1.520 £ 0.004 ps, (36)
7(BT) = 1.638 +0.004 ps, (37)
(B /t(B%) = 1.076 +0.004. (38)

3.2.4 B lifetimes

Like neutral kaons, neutral B mesons contain short- and
long-lived components, since the light (L) and heavy (H)
eigenstates differ not only in their masses, but also in their
total decay widths. Neglecting CP violation in B — B?
mixing, which is expected to be very small [60,107-110]
(see also Sect. 3.3.3), the mass eigenstates are also CP
eigenstates, with the light state being CP-even and the
heavy state being CP-odd. While the decay width differ-
ence AT’y can be neglected in the BY system, the B? Sys-
tem exhibits a significant value of ATy = Ty — [y,
where ['yp and Ty are the total decay widths of the
light eigenstate BA?L and the heavy eigenstate BA?H, respec-
tively. The sign of AT’ is known to be positive [111], i.e.,
B?H lives longer than BSL. Specific measurements of AT
and I'y = ([sL 4 I'sg)/2 are explained and averaged in
Sect. 3.3.2, but the results for 1/ 'y, = 1/(I's + Al's/2),
1/Tsg = 1/(I's — AT'y/2) and the mean Bg lifetime,
defined as T(BY) = 1/ T, are also quoted at the end of this
section.

Many B? lifetime analyses, in particular the early ones
performed before the non-zero value of AT’y was firmly
established, ignore AT’y and fit the proper time distribution
of a sample of B? candidates reconstructed in a certain final
state f with a model assuming a single exponential function
for the signal. We denote such effective lifetime measure-
ments [112] as rsingle(B? — f); their true values may lie a
priori anywhere between 1/ ', and 1/ I's i, depending on
the proportion of B?L and B?H inthe final state f. More recent

determinations of effective lifetimes may be interpreted as
measurements of the relative composition of BA?L and B‘?H
decaying to the final state f. Table 10 summarizes the effec-
tive lifetime measurements.

Averaging measurements of tsingle(B‘? — f) over sev-
eral final states f will yield a result corresponding to an
ill-defined observable when the proportions of B?L and B?H
differ. Therefore, the effective B? lifetime measurements are
broken down into several categories and averaged separately.

° B?—) D{ X decaysinclude mostly flavour-specific decays
but also decays with an unknown mixture of light and
heavy components. Measurements performed with such
inclusive states are no longer used in averages.

e Decays to flavour-specific final states, i.e., decays to final
states f with decay amplitudes satisfying A(B? — f) #
0, A(BY — f) #0, A(B? - f) = 0and A(B? —
f) = 0, have equal fractions of BA?L and B‘?H at time zero.
Their total untagged time-dependent decay rates ['s(t)
have a mean value fooo tTs()dt/ fooo [, (¢)dt, called the
Sflavour-specific lifetime, equal to [131]

rsingle(Bg — flavour specific)

2
AT,
_ /T +1/Ty 1 1+<2F“>

B l/FSL+ 1/FSH B Fs AT 2
- 2T,

(39)

Because of the fast B — BY oscillations, possible biases
of the flavour-specific lifetime due to a combination of
BSO / B? production asymmetry, CP violation in the decay
amplitudes (|A(B" — f)| # |AB" — f)), and
CP violation in B? — Bg mixing (lgs/ps| # 1) are
strongly suppressed, by a factor ~x3 (given in Eq. (75)).
The BS / B? production asymmetry at LHCb and the CP
asymmetry due to mixing have been measured to be
compatible with zero with a precision below 3% [132]
and 0.3% [see Eq. (83)], respectively. The correspond-
ing effects on the flavour-specific lifetime, which there-
fore have a relative size of the order of 10~ or smaller,
can be neglected at the current level of experimen-
tal precision. Under the assumption of no production
asymmetry and no CP violation in mixing, Eq. (39) is
exact even for a flavour-specific decay with CP viola-
tion in the decay amplitudes. Hence any flavour-specific
decay mode can be used to measure the flavour-specific
lifetime.

The average of all flavour-specific B? lifetime measure-
ments [95,104,116-122] is

rsingle(B? — flavour specific) = 1.516 £0.014 ps.
(40)
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Table 10 Measurements of the effective Bf,) lifetimes obtained from single exponential fits

Experiment Final state f Data set rsingle(B? — ) (ps) Refs.
ALEPH Dgh Il-defined 91-95 1.47 + 0.14 + 0.08 [113]
DELPHI Dsh I1l-defined 91-95 1.531046 + 0.07 [114]
OPAL Dy incl. Ill-defined 90-95 17250704015 [115]
ALEPH Dyt Flavour-specific 91-95 1.54701% + 0.04 (116]
CDF1 Dot Flavour-specific 92-96 1.36 + 0.0975 0% [117]
DELPHI Dy et Flavour-specific 92-95 1427013 £ 0.03 [118]
OPAL Dy et Flavour-specific 90-95 1507018 + 0.04 [119]
DO DS_;/,"'X Flavour-specific Run II 10.4 fb~! 1.479 £+ 0.010 4+ 0.021 [95]

CDF2 Dt (X) Flavour-specific 02-06 1.3 fb~! 1.518 £ 0.041 + 0.027 [120]
LHCb D7Dt Flavour-specific 11-12 3fb! 1.52 4 0.15 + 0.01 [121]
LHCb Dyt Flavour-specific 11 1fb~! 1.535 £ 0.015 & 0.014 [122]
LHCb atK— Flavour-specific 11 1.0 fb! 1.60 + 0.06 + 0.01 [104]
Average of above 9 Flavour-specific lifetime measurements 1.516+£0.014

CDFI Iy CP even+odd 92-95 1.34793 £ 0.05 (79]

DO Iy CP even+odd 02-04 1.44470:008 £+ 0.02 [123]
LHCb J/yé CP even+odd 11 1fb~! 1.480 + 0.011 + 0.005 [103]
Average of above 3 J /¢ lifetime measurements 1.479 £0.012

ALEPH DT pH- mostly CP even 91-95 1.27 &+ 0.33 + 0.08 [124]
LHCb KtK— CP-even 10 0.037 fb~! 1.440 £ 0.096 + 0.009 [125]
LHCb KtK~ CP-even 11 1.0 fb~! 1.407 £ 0.016 + 0.007 [104]
Average of above 2 KT K~ lifetime measurements 1.408 £0.017

LHCb D} Dy CP-even 11-12 3fb~! 1.379 £ 0.026 + 0.017 [121]
LHCb J /¥ CP-even 11-12 3fb! 1.479 £ 0.034 + 0.011 [126]
Average of above 2 measurements of 1/ I, 1.422+0.023

LHCb J/YK CP-odd 11 1.0 fb~! 1.75 £ 0.12 £ 0.07 [127]
CDF2 J /¥ fo(980) CP-o0dd 02-08 3.8 ! 1707517 £ 0.03 [128]
DO J /¥ £0(980) CP-odd Run II 10.4 fb~! 1.70 £ 0.14 £ 0.05 [129]
LHCb J/yrtn— CP-odd 11 1.0 fb~! 1.652 £ 0.024 + 0.024 [130]
Average of above 3 measurements of 1/ "5y 1.658 £0.032

° B?—) J /¥ ¢ decays contain a well-measured mixture of

CP-even and CP-odd states. There are no known corre-
lations between the existing B? — J /Y@ effective life-
time measurements; these are combined into the average
'csingle(B? — J/v¢) = 1.479+£0.012 ps. A caveat is
that different experimental acceptances may lead to dif-
ferent admixtures of the CP-even and CP-odd states, and
simple fits to a single exponential may result in inherently
different values of Tgngle (B — J/¥ ). Analyses that
separate the CP-even and CP-odd components in this
decay through a full angular study, outlined in Sect. 3.3.2,
provide directly precise measurements of 1/ 'y and ATy
(see Table 21).

Decays to CP eigenstates have also been measured, in the
CP-even modes B — D" D{~ by ALEPH [124],
BY — KK~ by LHCb [104,125], B — D} D; by
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LHCb [121]and B? — J /5 by LHCb [126], as well as
in the CP-odd modes B? — J/v¥ fo(980) by CDF [128]
and DO [129], B® — J/ym*7~ by LHCb [130] and
BY — J/yK g by LHCD [127]. If these decays are dom-
inated by a single weak phase and if CP violation can
be neglected, then Tgingie (B — CP-even) = 1/ 'y and
rsingle(BA? — CP-odd) = 1/ I'yy [see Eqgs. (70) and (71)
for approximate relations in presence of mixing-induced
CP violation]. However, not all these modes can be con-
sidered as pure CP eigenstates: a small CP-odd com-
ponent is most probably present in B? — Dg*HDS(*)*
decays. Furthermore the decays B’ — KTK~ and
BY — J/ ng may suffer from direct CP violation
due to interfering tree and loop amplitudes. The averages
for the effective lifetimes obtained for decays to pure
CP-even (D} Dy, J/yn) and CP-odd (J /v f(980),
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Table 11 Measurements of the B lifetime

Experiment Method Data set (B (ps) Refs.
CDFl1 J/e 92-95 0.11 fb~! 0.467018 + 0.03 [133]
CDF2 J/ e 02-04 0.36 fb~! 0.46310073 + 0.036 [134]
DO I/ 02-06 1.3 fb~! 0.448700%% + 0.032 [135]
CDF2 Iy 6.7 fb! 0.452 + 0.048 + 0.027 [136]
LHCb J/u 12 2fb~! 0.509 + 0.008 =+ 0.012 [137]
LHCb J/vr 11-12 3! 0.5134 =+ 0.0110 £ 0.0057 [138]
Average 0.507 +0.009

J /Yyt ™) final states, where CP conservation can be
assumed, are

'Csingle(B‘? — CP-even) = 1.422£0.023 ps, (41)
‘L’Single(B? — CP-odd) = 1.658 £0.032 ps. (42)

As described in Sect. 3.3.2, the effective lifetime averages
of Egs. (40), (41) and (42) are used as ingredients to improve
the determination of 1/ "y and ATI'y obtained from the full
angular analyses of B? — J/¢¥¢ and B? — J/YKTK™
decays. The resulting world averages for the B? lifetimes are

1 1
By — = —1.41340.006 43
[ VP Y P (89
1 1
BY ) — = —1.6094+0.010ps, (44
[ VT S VN P (49
1 2
BY= — = — ~—  —1.50540.005 ps. 45
T( S) Fs FsL + FsH ps ( )

3.2.5 B} lifetime

Early measurements of the B meson lifetime, from CDF
[133,134] and DO [135], use the semileptonic decay mode
B} — J/y €y and are based on a simultaneous fit to the
mass and lifetime using the vertex formed with the leptons
from the decay of the J/¢ and the third lepton. Correc-
tion factors to estimate the boost due to the missing neutrino
are used. Correlated systematic errors include the impact of
the uncertainty of the B pr spectrum on the correction
factors, the level of feed-down from 1 (2S) decays, Monte
Carlo modeling of the decay model varying from phase space
to the ISGW model, and mass variations. With more statis-
tics, CDF2 was able to perform the first B lifetime based
on fully reconstructed B — J/yrt decays [136], which
does not suffer from a missing neutrino. Recent measure-
ments from LHCb, both with Bf — J/yutv [137] and
B} — J/ymt [138] decays, achieve the highest level of
precision.

All the measurements are summarized in Table 11 and
the world average, dominated by the LHCb measurements,
is determined to be

T(B;) = 0.507 +0.009 ps. (46)

3.2.6 Ag and b-baryon lifetimes

The first measurements of b-baryon lifetimes, performed at
LEP, originate from two classes of partially reconstructed
decays. In the first class, decays with an exclusively recon-
structed A baryon and a lepton of opposite charge are
used. These products are more likely to occur in the decay
of Ag baryons. In the second class, more inclusive final
states with a baryon (p, p, A, or A) and a lepton have
been used, and these final states can generally arise from
any b baryon. With the large b-hadron samples available at
the Tevatron and the LHC, the most precise measurements
of b baryons now come from fully reconstructed exclusive
decays.

The following sources of correlated systematic uncer-
tainties have been considered: experimental time resolu-
tion within a given experiment, b-quark fragmentation dis-
tribution into weakly decaying b baryons, Ag polarisation,
decay model, and evaluation of the b-baryon purity in the
selected event samples. In computing the averages the cen-
tral values of the masses are scaled to M(Ag) =5619.51 £+
0.23 MeV/c? [6].

For measurements with partially reconstructed decays, the
meaning of the decay model systematic uncertainties and the
correlation of these uncertainties between measurements are
not always clear. Uncertainties related to the decay model are
dominated by assumptions on the fraction of n-body semilep-
tonic decays. To be conservative, it is assumed that these
are 100% correlated whenever given as an error. DELPHI
varies the fraction of four-body decays from 0.0 to 0.3. In
computing the average, the DELPHI result is corrected to a
value of 0.2 & 0.2 for this fraction. Furthermore the semilep-
tonic decay results from LEP are corrected for a Ag polar-
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Table 12 Measurements of the b-baryon lifetimes

Experiment Method Data set Lifetime (ps) Refs.
ALEPH Al 91-95 1.20 + 0.08 £ 0.06 [34]
DELPHI Al vix 91-94 1.16 + 0.20 £ 0.08 [139]
DELPHI Apip. 91-94 1107019 £+ 0.09 [1401°
DELPHI pt 91-94 1.19 + 0.14 £ 0.07 [1391°
OPAL Alip. 90-94 1217013 £ 0.10 [141]¢
OPAL Al Vix 90-94 1.15 + 0.12 £ 0.06 [141]¢
ALEPH AFe 91-95 1187013 + 0.03 (341
ALEPH ALt 91-95 1.30792¢ + 0.04 [34]
DELPHI AFe 91-94 L1158 + 0.05 (1391
OPAL AFe, ALet 90-95 1291923 + 0.06 [119]
CDFI Afe 91-95 1.32 £ 0.15 £ 0.07 [142]
DO Atu 02-06 1290701100061 [143]
Average of above 6 1.247+0.071-0.069

CDF2 Akm 02-06 1.401 + 0.046 =+ 0.035 [144]
CDF2 J/vA 02-11 1.565 %+ 0.035 £ 0.020 [145]
DO J/vA 02-11 1.303 + 0.075 £ 0.035 [94]
ATLAS J/vA 2011 1.449 + 0.036 £ 0.017 [102]
CMS J/vA 2011 1.503 % 0.052 £ 0.031 [146]
LHCb T/ A 2011 1.415 + 0.027 £ 0.006 [103]
LHCb J/¥pK (wrt. BY) 11-12 1.479 + 0.009 =+ 0.010 [147]
Average of above 7 Ag lifetime = 1.470 £ 0.010

ALEPH X 90-95 13570357013 35]
DELPHI B X 91-93 15707 £ 0.3 [14814
DELPHI E0X 92-95 1457033 + 0.13 (361
CDF2 J/pE~ 02-11 1.32 + 0.14 £ 0.02 [145]
LHCb J/VvE~ 11-12 1.5570:00 £ 0.03 [149]
LHCb E07~ (wrt. AY) 11-12 1.599 4 0.041 + 0.022 [150]
Average of above 3 &, lifetime = 1.571 4 0.040

LHCb EFn (wrt A)) 11-12 1.477 + 0.026 £ 0.019 [151]
Average of above 1 &9 lifetime = 1.479 +0.031

CDF2 J/v 02-11 166033 + 0.02 [145]
LHCb I/ 11-12 1.54%02% £+ 0.05 [149]
LHCb Qr~ (wrt. E)) 11-12 1.78 + 0.26 £ 0.05 % 0.06 [152]

Average of above 3

Q; lifetime = 1.6470 13

4 The combined ALEPH result quoted in [34] is 1.21 £ 0.11 ps

b The combined DELPHI result quoted in [139]is 1.14 + 0.08 =+ 0.04 ps

¢ The combined OPAL result quoted in [141]is 1.16 &+ 0.11 £ 0.06 ps
4 The combined DELPHI result quoted in [36] is 1.48f8:§? £ 0.12 ps

isation of —0.45f8:%2 [3] and a b fragmentation parameter
(xg)p = 0.702 £+ 0.008 [51].

The list of all measurements are given in Table 12. We
do not attempt to average measurements performed with
pl or AL correlations, which select unknown mixtures of
b baryons. Measurements performed with A2 or ALT¢~

correlations can be assumed to correspond to semileptonic
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Ag decays. Their average (1.247({ 8’60971 ps)) is significantly

different from the average using only measurements per-
formed with exclusively reconstructed hadronic Ag decays
(1.470 £0.010 ps). The latter is much more precise and
less prone to potential biases than the former. The discrep-
ancy between the two averages is at the level of 3.1 0 and
assumed to be due to an experimental systematic effect in
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the semileptonic measurements or to a rare statistical fluctu-
ation. The best estimate of the Ag lifetime is therefore taken
as the average of the exclusive measurements only. The CDF
Ag — J /¢ A lifetime result [ 145] is larger than the average
of all other exclusive measurements by 2.4 ¢. It is nonethe-
less kept in the average without adjustment of input errors.
The world average Ag lifetime is then

T(AY) = 1.47040.010 ps. (47)

For the strange b baryons, we do not include the mea-
surements based on inclusive & T£F [35,36, 148] final states,
which consist of a mixture of &, and Ez? baryons. Instead we
only average results obtained with fully reconstructed &,
E,? and €2, baryons, and obtain

1(8;) = 1.571£0.040 ps, (48)
T(8)) = 1.479£0.031 ps, (49)
T(2,) = 1.6475 15 ps. (50)

It should be noted that several b-baryon lifetime measure-
ments from LHCb [147,150-152] were made with respect
to the lifetime of another » hadron (i.e., the original mea-
surement is that of a decay width difference). Before these
measurements are included in the averages quoted above,
we rescale them according to our latest lifetime average of
that reference b hadron. This introduces correlations between
our averages, in particular between the &, and & 19 lifetimes.
Taking this correlation into account leads to

T(20)/T(E;) = 0.929+0.028. (51)

3.2.7 Summary and comparison with theoretical
predictions

Averages of lifetimes of specific b-hadron species are col-
lected in Table 13. As described in the introduction to
Sect. 3.2, the HQE can be employed to explain the hierar-
chy of T(B}) < 1(A)) < ©(BY) ~ t(B®) < t(BT), and
used to predict the ratios between lifetimes. Recent predic-
tions are compared to the measured lifetime ratios in Table
14.

The predictions of the ratio between the BT and B°
lifetimes, 1.06 £ 0.02 [65,66] or 1.04700) £+ 0.02 +
0.01 [68,69], are in good agreement with experiment.

The total widths of the B and B® mesons are expected
to be very close and differ by at most 1% [67-69,153,
154]. This prediction is consistent with the experimen-
tal ratio (BY)/t(B") = TI'y/Ty, which is smaller than
1 by (1.0+0.4)%. The authors of Refs. [60,107] predict
7(BY)/t(B%) = 1.00050 + 0.00108 + 0.0225 x &, where

Table 13 Summary of the lifetime averages for the different b-hadron
species

b-Hadron species Measured lifetime

Bt 1.638 +0.004 ps
B 1.520 £ 0.004 ps
BY /Ty = 1.505 £ 0.005 ps

By, 1/, = 1413 0.006 ps

By 1/Tg = 1.609 £ 0.010 ps
Bf 0.507 £ 0.009 ps
A} 1470 +0.010 ps
= 1.571 40.040 ps
&y 1.4794+0.031 ps
£ 1.6410:18

Table 14 Experimental averages of b-hadron lifetime ratios and Heavy-
Quark Expansion (HQE) predictions [68,69]

Lifetime ratio Experimental average =~ HQE prediction

(BY)/r(B%  1.076 £0.004 1047007 + 0.02 £ 0.01
(BY)/t(B%)  0.990+0.004 1.001 + 0.002
T(A)/T(B%  0.967 £0.007 0.935 + 0.054
T(&))/T(&;)  0.929+0.028 0.95 £ 0.06

8 quantifies a possible breaking of the quark-hadron duality.
In this context, they interpret the 2.5¢0 difference between
theory and experiment as being due to either new physics or
a sizable duality violation. The key message is that improved
experimental precision on this ratio is very welcome.

The ratio T(Ag) / 7(BY) has particularly been the source
of theoretical scrutiny since earlier calculations using the
HQE [55-57,155] predicted a value larger than 0.90, almost
2 o above the world average at the time. Many predictions
cluster around a most likely central value of 0.94 [159]. Cal-
culations of this ratio that include higher-order effects predict
a lower ratio between the Ag and BY lifetimes [65-67] and
reduce this difference. Since then the experimental average
is now definitely settling at a value significantly larger than
initially, in agreement with the latest theoretical predictions.
A recent review [68,69] concludes that the long-standing Ag
lifetime puzzle is resolved, with anice agreement between the
precise experimental determination of t (Ag) / 7(B?) and the
less precise HQE prediction which needs new lattice calcu-
lations. There is also good agreement for the t(E,?) /T(EL)
ratio.

The lifetimes of the most abundant b-hadron species are
now all known to sub-percent precision. Neglecting the con-
tributions of the rarer species (B, meson and b baryons other
than the Ag), one can compute the average b-hadron lifetime
from the individual lifetimes and production fractions as
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de(BO)Z + fuT(B+)2 + O-stT(BSH)z + 0~5fsT(B?L)2 =+ fbaryon"/'(Agb))2

fat(BO) + fut(BY) +0.5£,1(BY) +0.5£7(BY) + foaryonT(AY)

(52)

Using the lifetimes of Table 13 and the fractions in Z decays
of Table 5, taking into account the correlations between the
fractions (Table 5) as well as the correlation between t (Byy)
and 7 (B,) (—0.398), one obtains

75 (Z) = 1.566 £ 0.003 ps. (53)

This is in very good agreement with (and three times more
precise than) the average of Eq. (33) for the inclusive mea-
surements performed at LEP.

3.3 Neutral B-meson mixing

The B® — B® and BY — B? systems both exhibit the phe-
nomenon of particle-antiparticle mixing. For each of them,
there are two mass eigenstates which are linear combinations
of the two flavour states, Bg and BS,

|BJL) = pq|Bg) + aqlBy), (54)
|BJy) = pqlBY) — q41BY). (55)
where the subscript ¢ = d is used for the Bg (= BY) meson
and g = s for the B? meson. The heaviest (lightest) of these
mass states is denoted B((;)H (BgL), with mass m,y (m41) and
total decay width I'yg (I';1.). We define

Amy = mgy — myL,
ATy =Ty —Tyn,

xg = Amy/ Ty, (56)
yg = AT, /(2Ty), (57)

where I'y = (Cyp+T'4L)/2 = l/f(Bg) is the average decay
width. Amyg is positive by definition, and AT’y is expected
to be positive within the Standard Model.'3

There are four different time-dependent probabilities
describing the case of a neutral B meson produced as a flavour
state and decaying without CP violation to a flavour-specific
final state. If CPT is conserved (which will be assumed
throughout), they can be written as

’P(Bg — Bg) = %efr‘/’ cosh(%AFﬂ) +cos(Amqt)
i - : 2
P(B) — BY) = se ! cosh(%AFﬂ) - cos(Amqt> 44/ Pq
i _ : 5
79(32 — Bf{)) = %e_rq’ cosh(%AF,ﬁ) - cos(Amqt> Pqldq
’P(l_?g — l_?g) = %efr‘/’ cosh(%AFﬂ) +cos(AmqZ)
(58)

13 For reasons of symmetry in Egs. (56) and (57), AI" is sometimes
defined with the opposite sign. The definition adopted in Eq. (57) is the
one used by most experimentalists and many phenomenologists in B
physics.
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where 7 is the proper time of the system (i.e., the time interval
between the production and the decay in the rest frame of the
B meson). Atthe B factories, only the proper-time difference
At between the decays of the two neutral B mesons from the
7T (4S5) can be determined, but, because the two B mesons
evolve coherently (keeping opposite flavours as long as nei-
ther of them has decayed), the above formulae remain valid
if t is replaced with Ar and the production flavour is replaced
by the flavour at the time of the decay of the accompanying
B meson in a flavour-specific state. As can be seen in the
above expressions, the mixing probabilities depend on three
mixing observables: Am,, Al'y,and |g,/py |2, which signals
CP violation in the mixing if |q,/ pqy |2 # 1. Another (non
independent) observable often used to characterize CP vio-
lation in the mixing is the so-called semileptonic asymmetry,
defined as

g _ 1Pqg/aq1> —1aq/Pql®
Y U pg/ag? + lag/ gl

(39

All mixing observables depend on two complex numbers,
M7, and T'{,, which are the off-diagonal elements of the mass
and decay 2 x 2 matrices describing the evolution of the Bg —
Bfl) system. In the Standard Model the quantity |l"(112 /M f2| is

small, of the order of (mp/ m;)? where m;, and m, are the
bottom and top quark masses. The following relations hold,
to first order in [T,/ M, |:

Amy = 2|M;’2|[1 + O<|Fi’2/Mf2|2>], (60)
AT, =2|T'Y,| cos¢f2[1 + O<|F?2/M1qz|2>}, (61)

Afy = Im<rf2/Mf2> + O(|F?2/Mfz|2)

AT 5
= Ami tan 7, + 0(|r‘{2/Mf2| ) (62)
where
d)i’z = arg ( — M?Z/Fi’2> (63)

is the observable phase difference between —M 1q2 and F?Z
(often called the mixing phase). It should be noted that the
theoretical predictions for F‘l]2 are based on the same HQE
as the lifetime predictions.

In the next sections we review in turn the experimental
knowledge on the B® decay-width and mass differences, the
BY decay-width and mass differences, CP violationin B® and
B? mixing, and mixing-induced CP violation in B? decays.
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Table 15 Time-dependent measurements included in the Am, aver-
age. The results obtained from multi-dimensional fits involving also the
B (and B™) lifetimes as free parameter(s) [98, 100, 101] have been con-

verted into one-dimensional measurements of Am,. All the measure-
ments have then been adjusted to a common set of physics parameters
before being combined

1

1

Experiment and Refs. Method Amg in ps~ Amg in ps™

Rec. Tag Before adjustment After adjustment
ALEPH [163] ¢ Qjet 0.404 £0.045£0.027
ALEPH [163] ¢ ¢ 0.452 £0.039 £0.044
ALEPH [163] Above two combined 0.422 £0.032 £0.026 0.440 £0.032 0020
ALEPH [163] D* €, Qe 0.482 +0.044 0.024 0.482 +0.044 £0.024
DELPHI [164] ¢ Qjet 0.493 £0.042 £0.027 0.499 £0.042 £0.024
DELPHI [164] e Qjet 0.499 £0.053 £0.015 0.500 £0.053 £0.015
DELPHI [164] ¢ ¢ 0.480 £0.040 £0.051 0.495 £0.040 70012
DELPHI [164] D* Qjet 0.523 £0.072 +0.043 0.518 £0.072 +0.043
DELPHI [165] vix comb 0.531 £0.025 £0.007 0.525 £0.025 £0.006
L3 [166] ¢ ¢ 0.458 £0.046 £0.032 0.466 £0.046 +0.028
L3 [166] ¢ Qjet 0.427 £0.044 £0.044 0.439 £0.044 £0.042
L3 [166] ¢ €(IP) 0.462 £0.063 +0.053 0.470 £0.063 £0.044
OPAL [167] ¢ ¢ 0.430 £0.043 0028 0.466 £0.043 70017
OPAL [168] ¢ Ojet 0.444 £0.029 10020 0.481 £0.029 £0.013
OPAL [169] D*¢ Qjet 0.539 £0.060 £0.024 0.544 £0.060 +0.023
OPAL [169] D* ¢ 0.567 0.089 H00290.572 +0.089 10038
OPAL [88] e Qjet 0.497 £0.024 £0.025 0.496 £0.024 £0.025
CDFI [170] D¢ SST 0.471 0078 +0.053 0.470 10078 +0-052
CDF1 [172] n n 0.503 £0.064 £0.071 0.514 £0.064 0079
CDF1 [173] ¢ ¢, Qjet 0.500 £0.052 +0.043 0.546 £0.052 £0.036
CDF1 [174] D*¢ ¢ 0.516+0.099 0022 0.523 £0.099 0028
DO [175] Dy OST 0.506 £0.020 +0.016 0.506 +0.020 +0.016
BABAR [176] B ¢, K,NN 0.516+0.016 £0.010 0.521 £0.016 +0.008
BABAR [178] ¢ ¢ 0.493 £0.012 £0.009 0.487 £0.012 £0.006
BABAR [98] D*ev ¢, K,NN 0.492+0.018 £0.014 0.493+0.018 £0.013
BABAR [100] D*tv(part) ¢ 0.511 £0.007 £0.007 0.513 £0.007 £0.007
Belle [101] B°, D*tv comb 0.511 £0.005 £0.006 0.513 £0.005 £0.006
Belle [179] D*7 (part) ¢ 0.509 +0.017 £0.020 0.513+0.017 £0.019
Belle [9] ¢ ¢ 0.503 £0.008 £0.010 0.506 £0.008 0.008
LHCb [180] B° OST 0.499 £0.032 £0.003 0.499 £0.032 £0.003
LHCb [181] B° OST,SST 0.5156 £0.0051 £0.0033 0.5156 £0.0051 £0.0033
LHCb [182] Du OST,SST 0.503+0.011 £0.013 0.503+0.011 £0.013
LHCb [183] D®y OST 0.5050 £0.0021 £0.0010 0.5050 £0.0021 £0.0010

World average (all above measurements included)
— ALEPH, DELPHI, L3 and OPAL only
— CDF and DO only
— BABAR and Belle only
— LHCb only

0.5065 £0.0016 £0.0011
0.49340.011 +0.009
0.509+£0.017£0.013
0.509 +0.003 £ 0.003
0.5063 £0.0019 £ 0.0010

3.3.1 B mixing parameters ATy and Amy

A large number of time-dependent B°—B? oscillation anal-
yses have been performed in the past 20 years by the

ALEPH, DELPHI, L3, OPAL, CDF, DO, BABAR, Belle
and LHCD collaborations. The corresponding measurements
of Amg are summarized in Table 15. Although a vari-
ety of different techniques have been used, the individual
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Amg results obtained at different colliders have remark-
ably similar precision. The systematic uncertainties are
comparable to the statistical uncertainties; they are often
dominated by sample composition, mistag probability, or
b-hadron lifetime contributions. Before being combined,
the measurements are adjusted on the basis of a com-
mon set of input values, including the averages of the b-
hadron fractions and lifetimes given in this report (see
Sects. 3.1, 3.2). Some measurements are statistically cor-
related. Systematic correlations arise both from common
physics sources (fractions, lifetimes, branching ratios of
b hadrons), and from purely experimental or algorith-
mic effects (efficiency, resolution, flavour tagging, back-
ground description). Combining all published measure-
ments listed in Table 15 and accounting for all identi-
fied correlations as described in Ref. [3] yields Amy; =
0.5065 +0.001640.0011 ps~.

On the other hand, ARGUS and CLEO have published
measurements of the time-integrated mixing probability
Xxa [184,186,187], which average to yg; = 0.182+£0.015.
Following Ref. [187], the decay width difference AT'; could
in principle be extracted from the measured value of 'y =
1 /r(BO) and the above averages for Amy and x4 (pro-
vided that ATy has a negligible impact on the Am, and
7(B®) analyses that have assumed ATy = 0), using the
relation

LIRS
234+ 1)

However, direct time-dependent studies provide much stron-
ger constraints: |[ATy|/ Ty < 18% at 95% CL from DEL-
PHI [165], —6.8% < sign(ReAcp)ATy/Ty < 8.4% at
90% CL from BABAR [188], and sign(ReAcp)ATy/ Ty =
(1.7 = 1.8 £ 1.1)% [190] from Belle, where Acp =
(qa/ pd)(A_CP /Acp) is defined for a CP-even final state (the
sensitivity to the overall sign of sign(Re,cp) ATy / 'y comes
from the use of B® decays to CP final states). In addition
LHCb has obtained ATy /Ty = (—4.4 2.5+ 1.1)% [103]
by comparing measurements of the B — J/¥K** and
BY — J/tng decays, following the method of Ref. [191].
More recently ATLAS has measured AT'y/ Ty = (—0.1 £+
1.1 £ 0.9)% [192] using a similar method. Assuming
Reicp > 0, as expected from the global fits of the Uni-
tarity Triangle within the Standard Model [193], a com-
bination of these five results (after adjusting the DELPHI
and BABAR results to 1/ Ty = 7(B% = 1.52040.004 ps)
yields

Xd (64)

ATy/T'q = —0.002+£0.010, (65)

an average consistent with zero and with the Standard Model
prediction of (3.97 + 0.90) x 1073 [107]. An independent
result, AT';/ Ty = (0.50 & 1.38)% [195], was obtained by
the DO collaboration from their measurements of the single
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muon and same-sign dimuon charge asymmetries, under the
interpretation that the observed asymmetries are due to CP
violation in neutral B-meson mixing and interference. This
indirect determination was called into question [196] and is
therefore not included in the above average, as explained in
Sect. 3.3.3 (see Footnote 17).

Assuming AT; = 0 and using 1/T'y; = 7(B%) =
1.5204+0.004 ps, the Amg and x4 results are combined
through Eq. (64) to yield the world average

Amg = 0.5064 +0.0019 ps_l, (66)
or, equivalently,
xg =0.770£0.004 and xy; = 0.186040.0011. 67)

Figure 6 compares the Am, values obtained by the different
experiments.

The B° mixing averages given in Eqs. (66) and (67) and
the b-hadron fractions of Table 5 have been obtained in a fully
consistent way, taking into account the fact that the fractions
are computed using the x; value of Eq. (67) and that many
individual measurements of Am at high energy depend on
the assumed values for the b-hadron fractions. Furthermore,
this set of averages is consistent with the lifetime averages
of Sect. 3.2.

3.3.2 B‘? mixing parameters Ay and Amy

The best sensitivity to AT’y is currently achieved by the
recent time-dependent measurements of the BY — J /¢ (or
more generally B? — (cc)K+TK™) decay rates performed
at CDF [197], DO [198], ATLAS [199,200] CMS [201] and
LHCb [202,203], where the CP-even and CP-odd ampli-
tudes are statistically separated through a full angular anal-
ysis. These studies use both untagged and tagged B? can-
didates and are optimized for the measurement of the CP-
violating phase d)f‘_’s , defined later in Sect. 3.3.4. The LHCb
collaboration analyzed the BS — J/Yw KK~ decay, con-
sidering that the KK~ system can be in a P-wave or
S-wave state, and measured the dependence of the strong
phase difference between the P-wave and S-wave ampli-
tudes as a function of the K+ K~ invariant mass [111]. This
allowed, for the first time, the unambiguous determination of
the sign of AT'y, which was found to be positive at the 4.7 o
level. The following averages present only the AT’y > 0
solutions.

The published results [197-203] are shown in Table 16.
They are combined taking into account, in each analysis, the
correlation between AT’y and I'y. The results, displayed as
the red contours labelled “B? — (c¢¢) K K measurements” in
the plots of Fig. 7, are given in the first column of numbers
of Table 17.

An alternative approach, which is directly sensitive to
first order in AT/ T, is to determine the effective life-
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Fig. 6 The B-BO oscillation
frequency Amy, as measured by

the different experiments. The 3 :ﬁlla;lEls)e}sI)
averages quoted for ALEPH, L3 Y %
DELPHI

and OPAL are taken from the

original publications, while the (5 analyses)

ones for DELPHI, CDF, BABAR, (3 anal sLeg)
Belle and LHCb are computed Y
from the individual results listed I anglP I;Ié‘)
in Table 15 without performing Y ¥
any adjustments. The “ argll)l;}s)
time-integrated measurements Y
of x4 from the symmetric B (1 anal Is)l(s))
factory experiments ARGUS Y *
and CLEO are converted to a BABAR
. (4 analyses)
Amg value using *
7(B%) = 1.520 £0.004 ps. The BELLE
. (3 analyses)
two global averages are obtained X
after adjustments of all the LHCb
(4 analyses)

individual Am, results of Table

15 (see text)
Average of above
after adjustments

CLEO+ARGUS
(x4 measurements)

World avera%e
PDG 2017

"HFLAV average
without adjustments

Table 16 Measurements of Al'y and Ty using BY — J/¢¢, B® —
J/YKYK~ and B — (2S)¢ decays. Only the solution with
ATy > 0 is shown, since the two-fold ambiguity has been resolved

T
PDG 2017

H—e—H 0.446 +0.026 +0.019 ps™
F"—ﬂ 0.519 =0.018 =0.011 ps™
EE— 0.444 +0.028 0.028 ps™
P—°—"| 0.479 <0.018 =0.015 ps™
|_,_.__,_| 0.495 £0.033 =0.027 ps”
|_,_§_,_| 0.506 +0.020 +0.016 ps™
M 0.506 +0.006 +0.004 ps™*
F"{ 0.509 +0.004 +0.005 ps™
é 0.5062 =0.0019 =0.0010 ps™
ﬁ 0.5065 +0.0019 ps
|_.;| 0.498 +0.032 ps™
it 0.5064 =0.0019 ps™
| L | L | L | L

04 045 05 0.55

Am (ps'l)

in Ref. [111]. The first error is due to statistics, the second one to sys-
tematics. The last line gives our average

Exp. Mode Dataset AT (ps™h) Iy (ps™h) Refs.
CDF TV 9.6fb! +0.068 £ 0.026 + 0.009 0.654 % 0.008 =+ 0.004 [197]
DO J/ve 8.0fb~! +0.16379063 0.6937001% [198]
ATLAS J/¥¢ 4.9fb~" +0.053 £ 0.021 + 0.010 0.677 £ 0.007 =+ 0.004 [199]
ATLAS IV 14.3fb"! +0.101 £ 0.013 % 0.007 0.676 + 0.004 + 0.004 [200]
ATLAS Above 2 combined +0.085 £ 0.011 % 0.007 0.675 % 0.003 =+ 0.003 [200]
CMS J/v¢ 19.7fb~! +0.095 =+ 0.013 % 0.007 0.6704 =+ 0.0043 % 0.0055 [201]
LHCb JIYKTK™ 3.0fb~! +0.0805 £ 0.0091 + 0.0032 0.6603 =+ 0.0027 % 0.0015 [202]
LHCb Y (28)¢ 3.0fb~! +0.066T0001 £ 0.007 0.668 £ 0.011 =+ 0.006 [203]
All combined +0.084 % 0.007 0.6654 = 0.0022

time of untagged B? candidates decaying to pure CP eigen-
states; we use here measurements with BY — D} D [121],
BY — J/yn [126], BY — J/¥ f(980) [128,129] and
BY — J/ym*t 7~ [130] decays. The precise extraction of
1/ 'y and AT’ from such measurements, discussed in detail
in Ref. [112], requires additional information in the form
of theoretical assumptions or external inputs on weak phases
and hadronic parameters. If f designates a final state in which
both BY and BY can decay, the ratio of the effective B? life-

time decaying to f relative to the mean BE lifetime is [112]'#

tsingle(B? - f) . 1
T(BY) 1—y?

[1 =243y + 7

, (68)
I- A?Fys i|

14 The definition of A2T given in Eq. (69) has the sign opposite to that
given in Ref. [112].

@ Springer



895 Page 30 of 335

Eur. Phys. J. C (2017) 77:895

Contours of A(log £) = 0.5

—0.25

—

- HFLAV
2,

=

—
40.20

0.15 B? — J/yrm, J/ fy

Theory
0.10 Com d
Q o cCKK
0.05
BY— DDy, J/ym
00862 " oe6 070 074

[y[ps™]

Fig. 7 Contoursof Aln L = 0.5 (39% CL for the enclosed 2D regions,
68% CL for the bands) shown in the (I'y, ATl5) plane on the left
and in the (1/ sy, 1/ sn) plane on the right. The average of all
the B — J/y¢, BY — J/YKTK™ and BY — ¥(28)¢ results
is shown as the red contour, and the constraints given by the effec-
tive lifetime measurements of BS to flavour-specific, pure CP-odd and

Table 17 Averages of Al'y, I's and related quantities, obtained from
BY — J/p¢, B — J/YKYK™ and BY — ¢(28)¢ alone
(first column), adding the constraints from the effective lifetimes
measured in pure CP modes B — DfD;,J/yn and BY —

Contours of A(log £) = 0.5

=
2,
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pure CP-even final states are shown as the blue, green and purple
bands, respectively. The average taking all constraints into account is
shown as the grey-filled contour. The yellow band is a theory prediction
ATy = 0.088 £ 0.020 ps~! [60,107] that assumes no new physics in
BY mixing

J/ ¥ f0(980), J /W~ (second column), and adding the constraint
from the effective lifetime measured in flavour-specific modes B? —
D7 ¢TvX, Dy, Dy D7 (third column, recommended world aver-
ages)

BY — (c¢)K* K~ modes only
(see Table 16)

BY — (c&)K* K~ modes
+ pure CP modes

BY — (c¢)K* K~ modes + pure
CP modes + flavour-specific modes

Iy 0.6654 £0.0022 ps~! 0.6645 £0.0021 ps~! 0.6646 & 0.0020 ps~!

1/T 1.503 4 0.005 ps 1.505 4 0.005 ps 1.505 4 0.005 ps

1/ T 1.41440.007 ps 1.413 40.006 ps 1.413 4 0.006 ps

1/Tsn 1.60440.011 ps 1.61040.011 ps 1.609 4 0.010 ps

AT +0.084 £0.007 ps~! +0.086 £ 0.006 ps~! +0.086 £ 0.006 ps~!

AT /T +0.12640.010 +0.13040.009 +0.130 4 0.009

p(Ty, ATy) -0.286 -0.267 -0.210

where Aé};—even = cos ¢ and A é};_ odd = —cos #<%. Given
AT _ 2Re(Af) 69) the small value of ¢§C_“, we have, to first order in yy:
Fo T g

To include the measurements of the effective B? — D D
(CP-even), BY — J/¥ fo(980) (CP-odd) and B? —
J/ym T~ (CP-odd) lifetimes as constraints in the AT
fit,'> we neglect sub-leading penguin contributions and pos-
sible direct CP violation. Explicitly, in Eq. (69), we set

15 The effective lifetimes measured in BY — KK~ (mostly CP-
even) and B? — J/YyK g (mostly CP-odd) are not used because we
can not quantify the penguin contributions in those modes.
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Tsingle(B? — CP-even) =~

(L @y
oy (1 + > ), (70)

1 cCsy\2
Tuingle (B — CP-odd) ~ —<1 - M) (71)
' sy 2

The numerical inputs are taken from Eqs. (41) and (42)
and the resulting averages, combined with the B? —
J /W KT K~ information, are indicated in the second column
of numbers of Table 17. These averages assume ¢ = 0,
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Table 18 Measurements of Am

Experiment Method Data set Amg (ps") Refs.
CDF2 D& ety, DXt Do pt 1 fo-! 17.77 £ 0.10 % 0.07 [218]
LHCb Drnt, Dintn—at 2010 0.034 fb~! 17.63 + 0.11 + 0.02 [219]
LHCb D;utx 2011 1.0 fo! 17.93 + 0.22 + 0.15 [182]
LHCb Dt 2011 1.0 fb~! 17.768 £ 0.023 £ 0.006 [220]
LHCb J/Y KK~ 2011-2012 3.0 fb! 17.71175:93 £+ 0.011 [202]
Average 17.75740.020£0.007

which is compatible with the ¢A€E‘Y average presented in
Sect. 3.3.4.

Information on AT’y can also be obtained from the study of
the proper time distribution of untagged samples of flavour-
specific B? decays [131], where the flavour (i.e., B? or B?)
at the time of decay can be determined by the decay prod-
ucts. In such decays, e.g. semileptonic BSO decays, there is
an equal mix of the heavy and light mass eigenstates at
time zero. The proper time distribution is then a superpo-
sition of two exponential functions with decay constants
['sL and I'sg. This provides sensitivity to both 1/ and
(ATy/Ts)2. Ignoring AT and fitting for a single exponen-
tial leads to an estimate of Iy with a relative bias proportional
to (AT/ T )2, as shown in Eq. (39). Including the constraint
from the world-average flavour-specific Bg lifetime, given
in Eq. (40), leads to the results shown in the last column
of Table 17. These world averages are displayed as the grey
contours labelled “Combined” in the plots of Fig. 7. They cor-
respond to the lifetime averages 1/ 'y = 1.505 £ 0.005 ps,
1/ =1.413£0.006 ps, 1/ I'sy = 1.609 £0.010 ps, and
to the decay-width difference

ATy = +0.086+0.006 ps~! and
AT/ Ty = +0.130 £ 0.009. (72)

The good agreement with the Standard Model prediction
ATy = 0.088 £ 0.020 ps~! [60,107] excludes significant
quark-hadron duality violation in the HQE [204].

Estimates of AT’/ I'y obtained from measurements of the
BY — D D™ branching fraction [124,205-207] have
not been used, since they are based on the questionable [208,
209] assumption that these decays account for all CP-even
final states. The results of early lifetime analyses attempting
to measure Al'y/ Ty [79,85,114,118] have not been used
either.

The strength of B? mixing has been known to be large for
more than 20 years. Indeed the time-integrated measurements
of X (see Sect. 3.1.3), when compared to our knowledge of
Xa and the b-hadron fractions, indicated that yx; should be
close to its maximal possible value of 1/2. Many searches
of the time dependence of this mixing were performed by

ALEPH [210], DELPHI [114,118,165,211], OPAL [212,
213], SLD [214,215], CDF (Run I) [216] and DO [217] but
did not have enough statistical power and proper time reso-
lution to resolve the small period of the BY oscillations.

BY oscillations have been observed for the first time in
2006 by the CDF collaboration [218], based on samples
of flavour-tagged hadronic and semileptonic B‘? decays (in
flavour-specific final states), partially or fully reconstructed
in 1fb~! of data collected during Tevatron’s Run II. More
recently the LHCb collaboration obtained the most pre-
cise results using fully reconstructed B — Dzt and
BY — D mtm~wt decays at the LHC [219,220]. LHCb
has also observed B? oscillations with BY — J/yKTK~
decays [202] and with semileptonic B — D;u™X
decays [182]. The measurements of Amg are summarized
in Table 18.

A simple average of the CDF and LHCb results, taking
into account the correlated systematic uncertainties between
the three LHCb measurements, yields

Amg = 17.757 £0.020 +0.007 ps~!
= 17.7574+0.021 ps~! (73)

and is illustrated in Fig. 8. The Standard Model predic-
tion Amg = 18.3 £ 2.7 ps’1 [60,107] is consistent with
the experimental value, but has a much larger error domi-
nated by the uncertainty on the hadronic matrix elements.
The ratio Al's/Amg can be predicted more accurately,
0.0048 + 0.0008 [60,107], and is in good agreement with
the experimental determination of

ATs/Amg = 0.00486 £ 0.00034. (74)

Multiplying the Amy result of Eq. (73) with the mean B?
lifetime of Eq. (45), 1/ I'y = 1.505 £ 0.005 ps, yields

Xy = 26.72 +0.09. (75)

With 2y, = +0.130£0.009 [see Eq. (72)] and under the
assumption of no CP violationin BY mixing, this corresponds
to

X+ ¢

= 2 = 0.499304 £ 0.000005. (76)
22+ 1)

Xs
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Fig. 8 Published
measurements of Amg, together

with their average CDF2 hadr+semilept
(1™
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The ratio of the BY and B? oscillation frequencies, obtained
from Eqs. (66) and (73),

Amy

= 0.02852 +0.00011, 77)
mg

can be used to extract the following magnitude of the ratio
of CKM matrix elements,

Via
Vis

A BO
By Amam(By) _ o 5053 40,0004+ 0.0032.
Am, m(B)

(78)

where the first quoted error is from experimental uncertain-
ties (with the masses m (B‘?) and m (BY) taken from Ref. [6]),
and where the second quoted error is from theoretical uncer-
tainties in the estimation of the SU(3) flavour-symmetry
breaking factor £ = 1.206 £ 0.018 £ 0.006, obtained from
recent three-flavour lattice QCD calculations [221,222].
Note that Eq. (78) assumes that Am; and Amg only receive
Standard Model contributions.

3.3.3 CP violation in B® and B? mixing

Evidence for CP violation in B® mixing has been searched
for, both with flavour-specific and inclusive B decays, in
samples where the initial flavour state is tagged. In the case
of semileptonic (or other flavour-specific) decays, where the
final state tag is also available, the asymmetry

¢ NB(1)— T X) — N(B(t) > L1, X)
ST N(BO(t) — £HveX) + N(BO(t) — €5, X)

(79

has been measured, either in decay-time-integrated analyses
at CLEO [187,223], BABAR [224], CDF [225] and DO [195],
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or in decay-time-dependent analyses at OPAL [168], ALEPH
[226], BABAR [188,227,228] and Belle [229]. Note that
the asymmetry of time-dependent decay rates in Eq. (79)
is related to |q4/ pa| through Eq. (59) and is therefore time-
independent. In the inclusive case, also investigated and pub-
lished by ALEPH [226] and OPAL [87], no final state tag is
used, and the asymmetry [230,231]

N(B%(t) — all) — N(BY(r) — all)
N(B%(t) — all) + N(BY(r) — all)

A Amy t
:AgL[ij sin(Amdt)—sin2< ";" )] (80)

must be measured as a function of the proper time to extract
information on CP violation.

On the other hand, DO [232] and LHCDb [233] have stud-
ied the time-dependence of the charge asymmetry of B —
DW=ty X decays without tagging the initial state, which
would be equal to

N(DW~puty, X) — N(DP+ =5, X)
N(D®~ptv, X) + N(D®O+p=v,X)

_ A[;L 1 —cos(Amgt) 81
2
in absence of detection and production asymmetries.

Table 19 summarizes the different measurements'® of .A‘SJL
and |gq/pql: in all cases asymmetries compatible with zero
have been found, with a precision limited by the available
statistics.

A simple average of all measurements performed at
the B factories [187,188,223,224,227,229] yields .A[SIL =

16° A low-statistics result published by CDF using the Run I data [225]
is not included in our averages, nor in Table 19.
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Table 19 Measurements'® of CP violation in B® mixing and their aver-
age in terms of both A‘;L and |g4/ pa|. The individual results are listed
as quoted in the original publications, or converted'® to an AgL value.

When two errors are quoted, the first one is statistical and the second
one systematic. The ALEPH and OPAL results assume no CP violation
in B? mixing

Exp. and Refs. Method

Measured .A‘SIL Measured |qq/ pdl

CLEO [187] Partial hadronic rec.
CLEO [223] Dileptons
CLEO [223] Average of above two

BABAR [188]
BABAR [227]
BABAR [224]
Belle [229]

Average of above 6 B-factory results

DO [232] B — D®-ptux
LHCb [233] B —» D®—ptyx

Average of above 8 pure B results

Full hadronic rec.
Part. rec. D*X{v
Dileptons
Dileptons

DO [195] Muons and dimuons
Average of above 9 direct measurements
OPAL [168] Leptons

OPAL [87] Inclusive (Eq. (80))
ALEPH [226] Leptons

ALEPH [226]
ALEPH [226]

Average of above 13 results

Inclusive (Eq. (80))

Average of above two

Best fit value from 2D combination of .A‘éL and Ag; results (see Eq. (82))

+0.017£0.070+0.014
+0.013+0.05040.005
+0.014+£0.04140.006
1.029 +0.013 +0.011

+0.0006=£0.0017 90038 0.9997140.00084£0.00175
—0.0039-+£0.003540.0019

—0.0011 £0.0079 £0.0085  1.0005 £0.0040 £0.0043
—0.0019 = 0.0027 (tot) 1.0009 + 0.0013 (tot)
+0.0068 £0.0045 £0.0014

—0.0002 £0.0019 £0.0030

+0.0001 = 0.0020 (tot) 1.0000 £ 0.0010 (tot)
—0.0062:£0.0043 (tot)

-0.0010 £ 0.0018 (tot) 1.0005 = 0.0009 (tot)

+0.008 £0.028 £0.012
10.005 £0.055 £0.013
—0.037 £0.032 £0.007
10.016 £0.034 £0.009
—0.013£0.026 (tot)
-0.0010 £ 0.0018 (tot)
—0.0021 £ 0.0017 (tot)

1.0005 = 0.0009 (tot)
1.0010 = 0.0008 (tot)

—0.0019 £ 0.0027. Adding also the DO [232] and LHCb
[233] measurements obtained with reconstructed semilep-
tonic B decays yields .AgL = +40.0001 £0.0020. As dis-
cussed in more detail later in this section, the DO analysis
with single muons and like-sign dimuons [195] separates the
B%and Bg contributions by exploiting the dependence on the
muon impact parameter cut; including the A‘SJL result quoted
by DO in the average yields A‘SiL = —0.0010£0.0018. All
the other B analyses performed at high energy, either at
LEP or at the Tevatron, did not separate the contributions
from the BY and B? mesons. Under the assumption of no CP
violation in B? mixing (A, = 0), a number of these early
analyses [52,87,168,226] quote a measurement of A‘SIL or
|qa/ pal for the B® meson. However, these imprecise deter-
minations no longer improve the world average of AgL. The
latter assumption makes sense within the Standard Model,
since Ag; is predicted to be much smaller than A‘SZL [60,107],
but may not be suitable in the presence of new physics.

The Tevatron experiments have measured linear com-
binations of A% and A} using inclusive semileptonic
decays of b hadrons, AgL = 40.0015 & 0.0038(stat) =+
0.0020(syst) [225] and AgL = —0.00496 £ 0.00153(stat) £
0.00072(syst) [195], at CDF1 and DO respectively. While
the imprecise CDF1 result is compatible with no CP viola-
tion, the DO result, obtained by measuring the single muon

and like-sign dimuon charge asymmetries, differs by 2.8
standard deviations from the Standard Model expectation of
AZSM = (2.3 + 0.4) x 107* [195,208]. With a more
sophisticated analysis in bins of the muon impact parameters,
DO conclude that the overall deviation of their measurements
from the SM is at the level of 3.6 o. Interpreting the observed
asymmetries in bins of the muon impact parameters in terms
of CP violation in B-meson mixing and interference, and
using the mixing parameters and the world b-hadron frac-
tions of Ref. [234], the DO collaboration extracts [195] values
for A‘SIL and Ag; and their correlation coefficient, 17 a5 shown
in Table 20. However, the various contributions to the total
quoted errors from this analysis and from the external inputs
are not given, so the adjustment of these results to different

17 In each impact parameter bin i the measured same-sign dimuon
asymmetry is interpreted as A; = K/ Ag + KidA‘SJL + )»K}“‘Al“d/ T4,
where the factors K, K id and K™ are obtained by DO from Monte
Carlo simulation. The DO publication [195] assumes A = 1, but it has
been demonstrated subsequently that A < 0.49 [196]. This particular
point invalidates the AI'y/ 'y result published by DO, but not the A‘SiL
and A, results. As stated by DO, their AgL and Ag; results assume
the above expression for A;, i.e. that the observed asymmetries are due
to CP violation in B mixing. As long as this assumption is not shown
to be wrong (or withdrawn by DO0), we include the AgL and A, results
in our world average.
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Table 20 Measurements of CP violation in BS and B® mixing, together with their correlations p(AY AgL) and their two-dimensional average.
Only total errors are quoted

Exp. and Refs. Method Measured Ag; Measured A‘SIL p (A, AgL)
B-factory average of Table 19 —0.0019+0.0027
DO [232,235] B, — D) ptvx —0.0112 + 0.0076 +0.0068 £ 0.0047 +0.
LHCb [233,236] Bg) — Dg))_/frvX +0.0039 £ 0.0033 —0.0002 £ 0.0036 +0.13
Average of above +0.0016 £+ 0.0030 +0.0000 £ 0.0019 +0.066
DO [195] Muons and dimuons —0.0082 £ 0.0099 —0.0062 £ 0.0043 —0.61
Average of all above —0.0006+0.0028 —0.0021+£0.0017 -0.054
< 001 i1 p(AZ , AL ) = —0.054, (84)
3 ~ LHCb
< I ’ >B“) Dok where the relation between A‘éL and |g,/pyl| is given in
0 ™\ e Theory x 10 Eq. (59).'® However, the fit x> probability is only 4.5%.
~~~~ -...World average This is mostly due to an overall discrepancy between the DO
- and LHCb averages at the level of 2.2 o. Since the assump-
v tions underlying the inclusion of the DO muon results in the
-0.01= average!” are somewhat controversial [237], we also provide
i Do DY in Table 20 an average excluding these results.
muons N ||| Bly = DighX The above averages show no evidence of CP violation in
-0.02- ':Bg_m BO or B? mixing. They deviate by 0.5 o from the very small
HFLAV B le::l()ry predictions of the Standard Model (SM), A‘SILS Mo @7+
I e 0.6) x 10~* and ASM = +(2.22 + 0.27) x 1073 [60,107].
20.02 ' 2001 ' 0 ' 0.01 ' 0.02 Given the current size of the experimental uncertainties, there

A (B

Fig. 9 Measurements of Ag; and AISjL listed in Table 20 (B-factory
average as the grey band, DO measurements as the green ellipses, LHCb
measurements as the blue ellipse) together with their two-dimensional
average (red hatched ellipse). The red point close to (0, 0) is the Stan-
dard Model prediction of Refs. [60,107] with error bars multiplied by
10. The prediction and the experimental world average deviate from
each other by 0.5

or more recent values of the external inputs cannot (easily)
be done.

Finally, direct determinations of AgL, also shown in Table
20, are obtained by D0 [235] and LHCDb [236] from the time-
integrated charge asymmetry of untagged Bi,) — D;utvX
decays.

Using a two-dimensional fit, all measurements of Ay
and AgL obtained by DO and LHCb are combined with the
B-factory average of Table 19. Correlations are taken into
account as shown in Table 20. The results, displayed graph-
ically in Fig. 9, are

d
Ad = —0.0021+0.0017

< |qa/pal = 1.0010 4 0.0008, (82)
Ay = —0.0006 £ 0.0028
< Igs/ps| = 1.0003 £0.0014, (83)

@ Springer

is still significant room for a possible new physics contribu-
tion, in particular in the B? system. In this respect, the devia-
tion of the DO dimuon asymmetry [195] from expectation has
generated a lot of excitement. However, the recent AgL and
A‘SiL results from LHCD are not precise enough yet to settle
the issue. It was pointed out [238] that the DO dimuon result
can be reconciled with the SM expectations of .Ag; and AglL
if there were non-SM sources of CP violation in the semilep-
tonic decays of the b and ¢ quarks. A recent Run 1 ATLAS
study [239] of charge asymmetries in muon+jets ¢f events,
in which a b-hadron decays semileptonically to a soft muon,
yields results with limited statistical precision, compatible
both with the DO dimuon asymmetry and with the SM pre-
dictions. More experimental data, especially from Run 2 of
LHC, is awaited eagerly.

At the more fundamental level, CP violation in BY mixing
is caused by the weak phase difference ¢y, defined in Eq.
(63). The SM prediction for this phase is tiny [60,107],

¢TM = 0.0046 +0.0012; (85)

18 Early analyses and the PDG use the complex parameter ez =
(pg —4q)/(pq +qq) for the BY: if CP violation in the mixing is small,
AgL = 4Re(ep)/(1 + |ep|?) and the average of Eq. (82) corresponds
to Re(ep)/(1 + |eg|?) = —0.0005 & 0.0004.
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however, new physics in B? mixing could change this
observed phase to

Bl =01 + ol (86)
Using Eq. (62), the current knowledge of Ag; , ATy and Amy,

givenin Egs. (83), (72) and (73) respectively, yields an exper-
imental determination of d;fz,

Am
tan ¢, = A :

— = —-0.1£0.6, 87
SL'AT, 87

which represents only a very weak constraint at present.
3.3.4 Mixing-induced CP violation in B? decays

CP violation induced by B? — B mixing has been a field of
very active study and fast experimental progress in the past
few years. The main observable is the CP-violating phase
¢<*, defined as the weak phase difference between the BY —
B? mixing amplitude M3, and the b — c¢s decay amplitude.

The golden mode for such studies is B‘? — J/¥¢, fol-
lowed by J/¥ — pu*u~ and ¢ — KTK~, for which
a full angular analysis of the decay products is performed
to separate statistically the CP-even and CP-odd contribu-
tions in the final state. As already mentioned in Sect. 3.3.2,
CDF [197], DO [198], ATLAS [199,200], CMS [201] and
LHCb [202,203] have used both untagged and tagged B‘? —
J/¥ ¢ (and more generally Bg — (¢¢)K1TK™) events for
the measurement of ¢¢°. LHCb [240] has used B? —
J/ymTm~ events, analyzed with a full amplitude model
including several 7 *7r ~ resonances (e.g., f0(980)), although
the J/wm T~ final state had already been shown to be
almost CP pure with a CP-odd fraction larger than 0.977 at
95% CL [241].In addition, LHCb has used the BY — D" D
channel [242] to measure ¢§'5S

All CDF, DO, ATLAS and CMS analyses provide two mir-
ror solutions related by the transformation (AT, ¢§ES) —
(—ATls, w — ¢§‘_'S). However, the LHCb analysis of B? —
J/¥ KT K~ resolves this ambiguity and rules out the solu-
tion with negative AT’y [111], a result in agreement with the
Standard Model expectation. Therefore, in what follows, we
only consider the solution with A"y > 0.

We perform a combination of the CDF [197], DO [198],
ATLAS [199,200], CMS [201] and LHCb [202,203,240]
results summarized in Table 21. This is done by adding
the two-dimensional log profile-likelihood scans of ATl
and ¢¢° from all B — (c¢)K K~ analyses and a one-
dimensional log profile-likelihood of $¢¢ from the BY —
J/yrta~ and BY — D} D; analyses; the combined like-
lihood is then maximized with respect to AT’y and ¢¢°*.

In the B — J/¥¢ and B® — J/y K+ K~ analyses,
$<¢ and ATy come from a simultaneous fit that determines
also the B.? lifetime, the polarisation amplitudes and strong
phases. While the correlation between ¢¢ and all other

HFLAV

68% CL contours

(Alog £ =1.15)

CMS 19.7 fb!

DO 8 fb!

LHCb 3 fb!
ATLAS 19.2 fb!
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Fig. 10 68% CL regions in B? width difference ATy and weak phase

SCES obtained from individual and combined CDF [197], DO [198],
ATLAS [199,200], CMS [201] and LHCb [202,203,240,242] like-
lihoods of BY — J/y¢, B — J/yKTK~, B — ¥ (2S¢,
BY — J/ym ™ and BY — D} D samples. The expectation within
the Standard Model [60,107,193] is shown as the black rectangle

parameters is small, the correlations between AT’y and the
polarisation amplitudes are sizable. However, since the vari-
ous experiments use different conventions for the amplitudes
and phases, a full combination including all correlations is
not performed. Instead, our average only takes into account
the correlation between ¢¢“* and ATY.

In the recent LHCb B‘? — J/YKTK™ analysis [202],
the < values are measured for the first time for each
polarisation of the final state. Since those values are com-
patible within each other, we still use the unique value of
d)fES for our world average, corresponding to the one mea-
sured by the other-than-LHCb analyses. In the same analysis,
the statistical correlation coefficient between ¢Sc5s and |A|
(which signals CP violation in the decay if different from
unity) is measured to be very small (—0.02). We neglect
this correlation in our average. Furthermore, the statisti-
cal correlation coefficient between ¢< and AT is mea-
sured to be small (—0.08). When averaging LHCb results of
BY — J/yK*K~,B? - J/Yyntx and B — D} Dy,
we neglect this correlation coefficient (putting it to zero).
Given the increasing experimental precision, we have also
stopped using the two-dimensional ATy — ¢§55 histograms
provided by the CDF and DO collaborations: we are now
approximating those with two-dimensional Gaussian likeli-
hoods.

We obtain the individual and combined contours shown in
Fig. 10. Maximizing the likelihood, we find, as summarized
in Table 21:

ATy = 4+0.085 +£0.007 ps~ !, (88)
€ — _0.030 +0.033. (89)

S

The above AT's average is consistent, but highly correlated
with the average of Eq. (72). Our final recommended average
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Table 21 Direct experimental measurements of ¢, AT’y and I using
BY — J/yd, J/WKTK™, ¥ (2S5)¢, J/ym T~ and D D decays.
Only the solution with A"y > 0 is shown, since the two-fold ambiguity

has been resolved in Ref. [111]. The first error is due to statistics, the
second one to systematics. The last line gives our average

Exp. Mode Dataset ¢)§‘_'S AT (ps_l) Refs.
CDF TV 9.6fb~"! [—0.60, +0.12], 68% CL +0.068 + 0.026 £ 0.009 [197]
DO J/ve 8.0fb~! ~0.551038 +0.1631005 [198]
ATLAS J/ve 4.9~ +0.12 £ 0.25 + 0.05 +0.053 £ 0.021 + 0.010 [199]
ATLAS TV 14.3f6~! —0.110 £ 0.082 + 0.042 +0.101 + 0.013 =+ 0.007 [200]
ATLAS Above 2 combined —0.090 £ 0.078 % 0.041 +0.085 + 0.011 = 0.007 [200]
CMS TV 19.7f6~! —0.075 £ 0.097 + 0.031 +0.095 £ 0.013 % 0.007 [201]
LHCb J/WKYK~ 3.0fb~! —0.058 £ 0.049 % 0.006 +0.0805 + 0.0091 + 0.0032 [202]
LHCb Jyrtn 3.0fb7! +0.070 + 0.068 =+ 0.008 - [240]
LHCb Above 2 combined —0.010 £ 0.039(tot) - [202]
LHCb V(2S¢ 3.0fb7! +0.231028 £+ 0.02 +0.0661044 + 0.007 [203]
LHCb D} Dy 3.0fb! +0.02 + 0.17 £ 0.02 - [242]
All combined -0.030 £0.033 +0.085 £0.007

for AT is the one of Eq. (72), which includes all available
information on AT.

In the Standard Model and ignoring sub-leading penguin
contributions, ¢§Es is expected to be equal to —28,, where
Bs = arg[— (VisV}5) / (Ves V)] is a phase analogous to
the angle B of the usual CKM unitarity triangle (aside from
a sign change). An indirect determination via global fits to
experimental data gives [193]

(@)™ = —28, = —0.0370 £ 0.0006. (90)

The average value of ¢ from Eq. (89) is consistent with
this Standard Model expectation.

From its measurements of time-dependent CP violation
in B — KT K~ decays, the LHCb collaboration has deter-
mined the BY mixing phase to be =28, = —0.127(}3 [243],
assuming a U-spin relation (with up to 50% breaking effects)
between the decay amplitudes of B? — K*tK~ and B® —»
77, and a value of the CKM angle y of (70.1 £ 7.1)°.
This determination is compatible with, and less precise than,
the world average of ¢¢°* from Eq. (89).

New physics could contribute to ¢SC5S. Assuming that new
physics only enters in Mj, (rather than in I'{,), one can
write [208,209]

3% = <28+ o3 O1)
where the new physics phase q’)f’zNP is the same as that appear-
ing in Eq. (86). In this case

¢ty = oM 4 28, 4+ ¢ = 0.012 +£0.033, (92)

where the numerical estimation was performed with the val-
ues of Egs. (85), (89) and (90). Keeping in mind the approx-
imation and assumption mentioned above, this can serve as

@ Springer

a reference value to which the measurement of Eq. (87) can
be compared.

4 Measurements related to unitarity triangle angles

The charge of the “CP(t) and Unitarity Triangle angles”
group is to provide averages of measurements obtained from
analyses of decay-time-dependent asymmetries, and other
quantities that are related to the angles of the Unitarity Tri-
angle (UT). In cases where considerable theoretical input is
required to extract the fundamental quantities, no attempt to
do so is made. However, straightforward interpretations of
the averages are given, where possible.

In Sect. 4.1 a brief introduction to the relevant phe-
nomenology is given. In Sect. 4.2 an attempt is made to
clarify the various different notations in use. In Sect. 4.3 the
common inputs to which experimental results are rescaled
in the averaging procedure are listed. We also briefly intro-
duce the treatment of experimental errors. In the remainder
of this section, the experimental results and their averages
are given, divided into subsections based on the underlying
quark-level decays. All the measurements reported are quan-
tities determined from decay-time-dependent analyses, with
the exception of several in Sect. 4.14, which are related to
the UT angle y and are obtained from decay-time-integrated
analyses. In the compilations of measurements, indications
of the sizes of the data samples used by each experiment are
given. For the eTe™ B factory experiments, this is quoted in
terms of the number of BB pairs in the data sample, while
the integrated luminosity is given for experiments at hadron
colliders.
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4.1 Introduction

The Standard Model Cabibbo—Kobayashi—-Maskawa (CKM)
quark mixing matrix V must be unitary. The CKM matrix has
four free parameters and these are conventionally written by
the product of three (complex) rotation matrices [244], where
the rotations are characterised by the Euler mixing angles
between the generations, 612, 613 and 6»3, and one overall
phase §,

Vua Vus Vub
V= (Vcd Ves Vcb)
Via Vis Vb

n _8
C12€13 512€13 sj3e”"
i5 i5
= | —s12c23 — c12523513€'° 12023 — S12523513€"° 52313

512823 — €c12¢238513€0 —c12823 — s12623513€° C3013

(93)

where ¢;; = cosb;;, s;; = sing;; fori < j =1,2,3.

Following the observation of a hierarchy between the
different matrix elements, the Wolfenstein parametrisa-
tion [245] is an expansion of V in terms of the four real
parameters A (the expansion parameter), A, p and 5. Defin-
ing to all orders in A [246]

S12 = A,
523 = ANZ,
si3e” % = AN (p —in), (94)

and inserting these into the representation of Eq. (93), uni-
tarity of the CKM matrix is achieved to all orders. A Taylor
expansion of V leads to the familiar approximation

1—212/2 LA AV (p—in)
V= —A 1—22/2 AN?
AV (1 —p—in) —AN 1
+0(x4). 95)

At order 25, the obtained CKM matrix in this extended
Wolfenstein parametrisation is:

1— 32214 A

—A+ %AZAS[l —2(p+ in)} 1= 322 — 931 + 447 A2

=10,

0,0)

Fig. 11 The unitarity triangle

CP violation in the Standard Model. This is encapsulated in
a parametrisation-invariant way through the Jarlskog param-
eter J = Im (Vs Vep V5, V) [247].

The unitarity relation VTV = I results in a total of nine
expressions, that can be written as » ;_, ., ViVik = djk,
where d; is the Kronecker symbol. Of the off-diagonal
expressions (j # k), three can be transformed into the other
three (under j <> k, corresponding to complex conjugation).
This leaves three relations in which three complex numbers
sum to zero, which therefore can be expressed as triangles in
the complex plane, together with three relations in which the
squares of the elements in each column of the CKM matrix
sum to unity. Similar relations are obtained for the rows of
the matrix from VVT = I, so there are in total six triangle
relations and six sums to unity. More details about unitarity
triangles can be found in Refs. [248-251].

One of the triangle relations,

Vua Vi + Vea Vi + ViaVj, =0, 97)

is of particular importance to the B system, being specif-
ically related to flavour-changing neutral-current b — d
transitions. The three terms in Eq. (97) are of the same
order, O(k3), and this relation is commonly known as the
Unitarity Triangle. For presentational purposes, it is con-
venient to rescale the triangle by (V.4 VC’Z)’I, as shown in
Fig. 11.

Two popular naming conventions for the UT angles exist
in the literature:

AN (p —in)

+0 <A6>. (96)

A,\3[1 — (1 =50+ in)] —AM? + %Ak4|:1 —2(p+ in)} 1—$A%4

A non-zero value of 7 implies that the CKM matrix is not
purely real in this, or any, parametrisation, and is the origin of
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[ ViaVE
a=¢)=arg| — rd ’fi|,
Vuqub
[ Ve Vi;)
B=g¢ =arg| — —<Lcb |
: L ViV
[ Vudvu*b
= —arg| — —=|. 98
Yy =¢ g T Vv, (98)

In this document the («, 8, ) set is used. The sides R, and
R, of the Unitarity Triangle (the third side being normalised
to unity) are given by

Vud V*b /
R — u — —2 —2’
u Vod V;;] P-4+
Vld V;Z — —
= =1 =p)2+7% 99
= Ve (1-p)+7n 99)

where p and 77 define the apex of the Unitarity Triangle [246]

5T Vud Vi _ ViaVy,
VCchj;)

VCdV;Z
V1 —22(p+in)

= . (100)
VT = A2+ V1= 22424 (p + i)
The exact relation between (p, n) and (o, 77) is
V1 — A2\ (p +im
ptin = (o +in) 101)

N x2[1 — A4 (P + iﬁ)]

By expanding in powers of A, several useful approximate
expressions can be obtained, including

1
p=p (1 - Eﬂ) + 004,

n=n (1 — %kz) +00h,

Via = AN (1 =5 — i) + O(5). (102)

Recent world average values for the Wolfenstein parameters,
evaluated using many of the measurements reported in this
document, are [252]

+0.0066 +0.00042
A = 08227 —0.0136° )\, = 022543 —0.00031°

P =0.1504 700020, 7 =0.3540 TG 005 (103)

The relevant unitarity triangle for the b — s transition
is obtained by replacing d < s in Eq. (97). Definitions of
the set of angles («y, Bs, ¥s) can be obtained using equiv-
alent relations to those of Eq. (98). However, this gives a
value of B that is negative in the Standard Model, so that the
sign is usually flipped in the literature; this convention, i.e.
Bs = arg [—(V,S Vi) (Ves VC’Z)], is also followed here and in
Sect. 3. Since the sides of the b — s unitarity triangle are
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not all of the same order of A, the triangle is squashed and
Bs ~ A7,

4.2 Notations

Several different notations for CP violation parameters are
commonly used. This section reviews those found in the
experimental literature, in the hope of reducing the poten-
tial for confusion, and to define the frame that is used for the
averages.

In some cases, when B mesons decay into multibody final
states via broad resonances (p, K*, etc.), the experimental
analyses ignore the effects of interference between the over-
lapping structures. This is referred to as the quasi-two-body
(Q2B) approximation in the following.

4.2.1 CP asymmetries

The CP asymmetry is defined as the difference between the
rate involving a b quark and that involving a b quark, divided
by the sum. For example, the partial rate (or charge) asym-
metry for a charged B decay would be given as

(B~ — f)-TB"—> [

T T TB = H+TBr > ) (109

4.2.2 Time-dependent CP asymmetries in decays to CP
eigenstates

If the amplitudes for B® and EO to decay to a final state
f, which is a CP eigenstate with eigenvalue 7, are given
by Ay and A 7 respectively, then the decay distributions for
neutral B mesons, with known (i.e. “tagged”) flavour at time
At = 0, are given by

=111/ (BY) 2Im() )
r Ar) = in(AmAt
7 80 = T3 [ T Smaman
L= |as?
_WCOS(AMA[) s (105)
e~ 18M/T(BY) 2Im(% f)
r Ar) = - sin(AmAt
80— 7 (A1) = =) [ T g n(aman
1= |as?
+mcos(AmAt) . (106)
Here Ay = %ﬁ—; contains terms related to B-B" mixing

and to the decay amplitude (the eigenstates of the BOEO
system with physical masses and lifetimes are |By) =
p|BO> +gq |F0)). This formulation assumes CP T invariance,
and neglects possible lifetime differences between the two
physical states (see Sect. 3.3 where the mass difference Am
is also defined) in the neutral B meson system. The case
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where non-zero lifetime differences are taken into account is
discussed in Sect. 4.2.3.

The notation and normalisation used in Egs. (105)
and (106) are relevant for the eTe™ B factory experi-
ments. In this case, neutral B mesons are produced via the
ete™ — T (4S) - BB process, and the wavefunction of
the produced BB pair evolves coherently until one meson
decays. When one of the pair decays into a final state that
tags its flavour, the flavour of the other at that instant is
known. The evolution of the other neutral B meson is there-
fore described in terms of At, the difference between the
decay times of the two mesons in the pair. At hadron col-
lider experiments, ¢ is usually used in place of At since
the flavour tagging is done at production (¢ = 0); due to
the nature of the production in hadron colliders (incoher-
ent bb quark pair production with many additional asso-
ciated particles), very different methods are used for tag-
ging compared to those in ete™ experiments. Moreover,
since negative values of ¢ are not possible, the normalisation
is such that f0+OO(F§0_) #(0 + Do, p(0)dt = 1, rather

than f_Jroooo(F#)_)f(At) + Fpo_, p(AD)d(Ar) = 1, as in
Egs. (105) and (106).

The time-dependent CP asymmetry, again defined as the
difference between the rate involving a b quark and that
involving a b quark, is then given by

FEO_)f(At) — FB()_)f(At)

F§0—>f(At) + FBo_)f(At)

_ 2Im(Ay)
IREEE
1= Jayl?

IENYE

While the coefficient of the sin(Am At) term in Eq. (107) is
customarily'® denoted S:

.Af(At)

sin(AmAt)

cos(AmAL). (107)

2Im(% s)

— 108
1+ [As|? (108

Sy =
different notations are in use for the coefficient of the
cos(AmAt) term:

L—agl?

—_— 109
1+ |Aaz]? (10%)

Cr=—-Ar =
The C notation has been used by the BABAR collaboration
(see e.g. Ref. [253]), and is also adopted in this document.
The A notation has been used by the Belle collaboration
(see e.g. Ref. [254]). When the final state is a CP eigen-
state, the notation Scp and Ccp is widely used, including
in this document, instead of specifying the final state f. In

19 Qccasionally one also finds Eq. (107) written as Af(At) =
.A‘)‘}”‘ sin(AmAt) + A‘;}r cos(AmAt), or similar.

addition, particularly when grouping together measurements
with different final states mediated by the same quark-level
transition, the S, C notation with a subscript indicating the
transition is used.

Neglecting effects due to CP violation in mixing (by
taking |g/p| = 1), if the decay amplitude contains terms
with a single weak (i.e. CP violating) phase then [A 7| =1
and one finds Sy = —n7sin(Pmix + Pdaec), Cr = 0,
where ¢mix = arg(q/p) and ¢aec = arg(As/Ay). Note
that the B"-B" mixing phase ¢mix 1S approximately equal
to 28 in the Standard Model (in the usual phase conven-
tion) [255,256].

If amplitudes with different weak phases contribute to the
decay, no clean interpretation of Sy is possible without fur-
ther input. In this document, only the theoretically cleanest
channels are interpreted as measurements of the weak phase
(e.g. b — ccs transitions for sin(2f)), though even in these
cases some care is necessary. In channels in which the sec-
ond amplitude is expected to be suppressed, the concept of
an effective weak phase difference is sometimes used, e.g.
sin(28°M) in b — ¢¢s transition.

If, in addition to having a weak phase difference, the decay
amplitudes have different CP conserving strong phases, then
|Ar| # 1. Additional input is required for interpretation of
the results. The coefficient of the cosine term becomes non-
zero, indicating CP violation in decay.

Due to the fact that sin(AmAtr) and cos(AmAt) are
respectively odd and even functions of Az, only small cor-
relations (that can be induced by backgrounds, for exam-
ple) between S and C s are expected at an e™e™ B factory
experiment, where the range of At is —oo < At < +o0.
The situation is different for measurements at hadron col-
lider experiments, where the range of the time variable is
0 < t < +o00, so that more sizable correlations can be
expected. We include the correlations in the averages where
available.

Frequently, we are interested in combining measurements
governed by similar or identical short-distance physics, but
with different final states (e.g., B® — J/ ng and B® —
J/Y K 2). In this case, we remove the dependence on the CP
eigenvalue of the final state by quoting —» S y. In cases where
the final state is not a CP eigenstate but has an effective CP
content (see below), the reported —nS is corrected by the
effective CP.

4.2.3 Time-dependent distributions with non-zero decay
width difference

A complete analysis of the time-dependent decay rates of
neutral B mesons must also take into account the differ-
ence in lifetimes, denoted AT", between the mass eigenstates.
This is particularly important in the B? system, since a non-
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negligible value of AT’y has been established (see Sect. 3.3
for the latest experimental constraints). The formalism given
here is therefore appropriate for measurements of B‘? decays
toa CP eigenstate f as studied at hadron colliders, but appro-
priate modifications for B mesons or for the ete™ envi-
ronment are straightforward to make.

Neglecting CP violation in mixing, the relevant replace-
ments for Egs. (105) and (106) are [257]

e~ t/T(BY)

20(BY)
ATt
—Cy cos (Amst) + A?F sinh ( 25 >i|,

(110)

Fggqf(l‘) =N

ATt .
|:cosh (T) + Sy sin(Amgt)

and

e~/T(B)) ATt ,
Fngf(t) = NTBSO) |:cosh ( 5 ) — Sy sin (Amﬂ)

ATyt
+C; cos (Amr) + A4 sinh > )}
(111)

where Sy and C are as defined in Eqs. (108) and (109),
respectively, r(B?) = 1/T is defined in Sect. 3.2.4, and the
coefficient of the sinh term is2°

2Re(Ar)
AT f
=" 112
f L+ |apl? (112
With the requirement f0+°°[Fl§§)_)f(t) + FB?_”C Hldr =1,

the normalisation factor is fixed to AV = (1 — (%Trj)z) /(1 +

?FAFX

20
A time-dependent analysis of CP asymmetries in flavour-

tagged B? decays to a CP eigenstate f can thus determine
the parameters Sz, C s and A?F. Note that, by definition,

)‘21

(S))?+(Cp* + (A3 =1, (113)
and this constraint can be imposed or not in the fits.
Since these parameters have sensitivity to both Im(4 ¢) and
Re(MAy), alternative choices of parametrisation, including
those directly involving CP violating phases (such as f;),
are possible. These can also be adopted for vector-vector
final states.

20" As ever, alternative and conflicting notations appear in the literature.
One popular alternative notation for this parameter is Aar. Particular
care must be taken over the signs.

21 The prefactor ofN/Zr(BS) in Egs. (108) and (109) has been chosen
so that ' = 1 in the limit ATy = 0. In the e*e~ environment, where
the range is —00 < At < 00, the prefactor should be /\/'/41(8?) and

N=1-(5)

@ Springer

The untagged time-dependent decay rate is given by

e~ 1/T(B))

T(BY)

ATt ATt
x[cosh a —I—AJ%F sinh ! ]
2 2

Thus, an untagged time-dependent analysis can probe A f,
through the dependence of A?F on Re(Ar), when ATy #
0. This is equivalent to determining the “effective life-
time” [112], as discussed in Sect. 3.2.4. The analysis of
flavour-tagged B? mesons is, of course, more sensitive.

The discussion in this and the previous section is rel-
evant for decays to CP eigenstates. In the following sec-
tions, various cases of time-dependent CP asymmetries in
decays to non-CP eigenstates are considered. For brevity,
these will be given assuming that the decay width difference
AT is negligible. Modifications similar to those described
here can be made to take into account a non-zero decay width
difference.

P, () +Tpo s () =N

(114)

4.2.4 Time-dependent CP asymmetries in decays to
vector-vector final states

Consider B decays to states consisting of two spin-1 particles,
such as J/y K*(— K9n°), J/¥¢, D**D*~ and pTp~,
which are eigenstates of charge conjugation but not of par-
ity.?? For such a system, there are three possible final states:
in the helicity basis these can be written 2_1, hg, h41. The
ho state is an eigenstate of parity, and hence of CP, however
CP transforms h41 <> h_j (up to an unobservable phase).
In the transversity basis, these states are transformed into
hy= (hy1+h_1)/2and hy = (hy4y —h_1)/2.In this basis
all three states are CP eigenstates, and /1 has the opposite
CP to the others.

The amplitude for decays to the transversity basis states
are usually given by Ag |, with normalisation such that
[Aol> + |ALI> + |A|||2 = 1. Given the relation between
the CP eigenvalues of the states, the effective CP content
of the vector-vector state is known if |A | |* is measured.
An alternative strategy is to measure just the longitudinally
polarised component, |Ao|? (sometimes denoted by fiong)s
which allows a limit to be set on the effective CP since
|[A1]? < |ALI> + |Aj> = 1 — |Ag|*. The value of the
effective CP content can be used to treat the decay with the
same formalism as for CP eigenstates. The most complete
treatment for neutral B decays to vector-vector final states
is, however, time-dependent angular analysis (also known
as time-dependent transversity analysis). In such an analy-
sis, interference between CP-even and CP-odd states pro-

22 This is not true for all vector-vector final states, e.g., D** p¥ is
clearly not an eigenstate of charge conjugation.



Eur. Phys. J. C (2017) 77:895

Page 41 of 335 895

vides additional sensitivity to the weak and strong phases
involved.

In most analyses of time-dependent CP asymmetries in
decays to vector-vector final states carried out to date, an
assumption has been made that each helicity (or transver-
sity) amplitude has the same weak phase. This is a good
approximation for decays that are dominated by amplitudes
with a single weak phase, such B — J /UK 0 and is
a reasonable approximation in any mode for which only
very limited statistics are available. However, for modes
that have contributions from amplitudes with different weak
phases, the relative size of these contributions can be differ-
ent for each helicity (or transversity) amplitude, and there-
fore the time-dependent CP asymmetry parameters can also
differ. The most generic analysis, suitable for modes with
sufficient statistics, allows for this effect; such an analy-
sis has been carried out by LHCb for the B — J/yp°
decay [258]. An intermediate analysis can allow differ-
ent parameters for the CP-even and CP-odd components;
such an analysis has been carried out by BABAR for the
decay B — D**D*~ [259]. The independent treatment
of each helicity (or transversity) amplitude, as in the lat-
est result on BY — J/¥¢ [202] (discussed in Sect. 3),
becomes increasingly important for high precision measure-
ments.

4.2.5 Time-dependent asymmetries: self-conjugate
multiparticle final states

Amplitudes for neutral B decays into self-conjugate multi-
particle final states such as 7+ ~7?, K*K’Kg, ata~ Kg,
J/Yatrn~ or Dn® with D — K9n*7~ may be written
in terms of CP-even and CP-odd amplitudes. As above, the
interference between these terms provides additional sensi-
tivity to the weak and strong phases involved in the decay,
and the time-dependence depends on both the sine and cosine
of the weak phase difference. In order to perform unbinned
maximum likelihood fits, and thereby extract as much infor-
mation as possible from the distributions, it is necessary to
choose a model for the multiparticle decay, and therefore
the results acquire some model dependence. In certain cases,
model-independent methods are also possible, but the result-
ing need to bin the Dalitz plot leads to some loss of statis-
tical precision. The number of observables depends on the
final state (and on the model used); the key feature is that as
long as there are regions where both CP-even and CP-odd
amplitudes contribute, the interference terms will be sen-
sitive to the cosine of the weak phase difference. Therefore,
these measurements allow distinction between multiple solu-
tions for, e.g., the two values of 28 from the measurement of

sin(28).

‘We now consider the various notations that have been used
in experimental studies of time-dependent asymmetries in
decays to self-conjugate multiparticle final states.

B —» D®hO with D — K{ntm™

The states D%, D*70, Dy, D*n, Dw are collectively
denoted D™hY. When the D decay model is fixed, fits to
the time-dependent decay distributions can be performed to
extract the weak phase difference. However, it is experimen-
tally advantageous to use the sine and cosine of this phase as
fit parameters, since these behave as essentially independent
parameters, with low correlations and (potentially) rather dif-
ferent uncertainties. A parameter representing CP violation
in the B decay can be simultaneously determined. For con-
sistency with other analyses, this could be chosen to be Cy,
but could equally well be |A 7], or other possibilities.

Belle performed an analysis of these channels with
sin(2¢1) and cos(2¢;) as free parameters [260]. BABAR
has performed an analysis in which |A | was also deter-
mined [261]. Belle has in addition performed a model-
independent analysis [262] using as input information about
the average strong phase difference between symmetric bins
of the Dalitz plot determined by CLEO-c [263].23 The
results of this analysis are measurements of sin(2¢;) and

cos(2¢1).
B® —» D**D* K}

The hadronic structure of the B — D**D*~K g decay
is not sufficiently well understood to perform a full time-
dependent Dalitz plot analysis. Instead, following Ref. [264],
BABAR [265] and Belle [266] divide the Dalitz plane in
two regions: m(D**K9? > m(D*~KN? (ny = +1) and
m(D*TK9)? < m(D*K9? (ny = —1); and then fit to a
decay time distribution with asymmetry given by

J 2J
Ar(At) = ”yj_g cos(AmAr) — [ J;l

sin(28)

2J52
+ny J(;

cos(2,8)i| sin(AmAt) . (115)

The fitted observables are j—;’, 2;—(‘)' sin(2p8) and 2;—(‘]2 cos(2p),
where the parameters Jo, J., Js1 and Jyp are the integrals
over the half Dalitz plane 171(D*+I((S))2 < m(D*_Kg)2 of
the functions |a|? + |@|?, |a|? — |a|*, Re(aa*) and Im(aa*)
respectively, where a and a are the decay amplitudes of
B — D*tD*- Kg and B — D*FD*~ Kg respectively.
The parameter J> (and hence Jy2/ Jo) is predicted to be pos-

23 The external input needed for this analysis is the same as in the
model-independent analysis of B¥ — DK with D — K9nFm~,
discussed in Sect. 4.14.5.
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itive; assuming this prediction to be correct, it is possible to
determine the sign of cos(2).

B — J/yntn—

Amplitude analyses of B — J/yn 7~ decays [258,
267] show large contributions from the 0(770)° and £,(500)
states, together with smaller contributions from higher reso-
nances. Since modelling the f,(500) structure is challeng-
ing [268], it is difficult to determine reliably its associ-
ated CP violation parameters. Corresponding parameters
for the J /¢ pO decay can, however, be determined. In the
LHCDb analysis [258], Z,BEff is determined from the fit; results
are then converted into values for Scp and Ccp to allow
comparison with other modes. Here, the notation Scp and
Ccp denotes parameters obtained for the J /v p° final state
accounting for the composition of CP-even and CP-odd
amplitudes (while assuming that all amplitudes involve the
same phases), so that no dilution occurs. Possible CP vio-
lation effects in the other amplitudes contributing to the
Dalitz plot are treated as a source of systematic uncer-
tainty.

Amplitude analyses have also been done for the B? —
J/ymTa~ decay, where the final state is dominated by
scalar resonances including the f((980) [240,241]. Time-
dependent analyses of this BS decay allow a determination
of 28;, as discussed in Sect. 3.

BY > KTK— KO

Studies of B - K1t K~ K9 [269-271] and of the related
decay BT — K™K~ K™ [271-273], show that the decay is
dominated by a large nonresonant contribution with signif-
icant components from the intermediate K™ K~ resonances
¢(1020), f0(980), and other higher resonances, as well as a
contribution from 0.

The full time-dependent Dalitz plot analysis allows the
complex amplitudes of each contributing term to be deter-
mined from data, including CP violation effects (i.e. allow-
ing the complex amplitude for the BY decay to be inde-
pendent from that for EO decay), although one amplitude
must be fixed to serve as a reference. There are several
choices for parametrisation of the complex amplitudes (e.g.
real and imaginary part, or magnitude and phase). Similarly,
there are various approaches to include CP violation effects.
Note that positive definite parameters such as magnitudes
are disfavoured in certain circumstances (they inevitably
lead to biases for small values). In order to compare results
between analyses, it is useful for each experiment to present
results in terms of the parameters that can be measured in a
Q2B analysis (such as Ay, Sy, Cy, sin(28°), cos(28°),
etc.)
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In the BABAR analysis of the B — K+K~K° decay
[271], the complex amplitude for each resonant contribution
is written as

Af =cr(l+Dby)e' Pt

Ap=cr(l=bp)e@r=20, (116)

where by and 6 ¢ introduce CP violation in the magnitude
and phase respectively. Belle [270] use the same parametri-
sation but with a different notation for the parameters.2*
(The weak phase in B°~B mixing (2) also appears in the
full formula for the time-dependent decay distribution.) The
Q2B parameter of CP violation in decay is directly related
tob fs

_ —2by
- 2

Af ~ Cy, (117)
and the mixing-induced CP violation parameter can be used
to obtain sin(28°),

s ¥ 25" (118)
—Nfer 7 SIn(2pz),
l—l-bf

where the approximations are exact in the case that
lg/pl =1

Both BABAR [271] and Belle [270] present results for
cy and ¢y, for each resonant contribution, and in addition
present results for .4 and ,B;ff for ¢ (1020) K 0 fo(980)K 0
and for the remainder of the contributions to the Kt K ~K°
Dalitz plot combined. BABAR also present results for the
Q2B parameter Sy for these channels. The models used to
describe the resonant structure of the Dalitz plot differ, how-
ever. Both analyses suffer from symmetries in the likelihood
that lead to multiple solutions, from which we select only
one for averaging.

BY — rr+rc_K2

Studies of B® — mTw~KQ [274,275] and of the
related decay BT — nmtx KT [272,276-278] show
that the decay is dominated by components from inter-
mediate resonances in the K7 (K*(892), K;(1430)) and
ar (p(770), f0(980), f>(1270)) spectra, together with a
poorly understood scalar structure that peaks near m () ~
1300 MeV/c? and is denoted fx>° and a large nonreso-
nant component. There is also a contribution from the x.g
state.

The full time-dependent Dalitz plot analysis allows
the complex amplitudes of each contributing term to be
determined from data, including CP violation effects. In

% (¢,b,¢,8) < (a,c,b,d). See Eq. (120).

25 The fx component may originate from either the fo(1370) or
fo(1500) resonances, or from interference between those or other states
and nonresonant amplitudes in this region.
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the BABAR analysis [274], the magnitude and phase of
each component (for both B and EO decays) are mea-
sured relative to BY — f,(980)K Y, using the following
parametrisation

Ap=|Asle™AD A = |Aslel@eAn), (119)

In the Belle analysis [275], the B® — K**7~ amplitude is
chosen as the reference, and the amplitudes are parametrised
as

Af = af(l + Cf)ei(bf+df) Af = af(l — Cf)ei(bf_df).
(120)

In both cases, the results are translated into Q2B parameters
such as 2;6’;“, S¢, Cy for each CP eigenstate f, and param-
eters of CP violation in decay for each flavour-specific state.
Relative phase differences between resonant terms are also
extracted.
B - nta—n0

The B® — 7tz 7° decay is dominated by intermedi-
ate p resonances. Though it is possible, as above, to deter-
mine directly the complex amplitudes for each component,
an alternative approach [279,280] has been used by both
BABAR [281,282] and Belle [283,284]. The amplitudes for

-0 .
B? and B decays to w770 are written as

Azr = fHAL + f-A— + foAo,

Asz = f1Ay + f-A_ + foAo, (121)

respectively. The symbols A4, A_ and Ag represent the com-
plex decay amplitudes for B — p*n~, B® - p~mt
and B® — p°7° while A, A_ and A represent those for
EO — ptn—, EO — p~nt and EO — pO70 respectively.
The terms f4, f— and fj incorporate kinematic and dynam-
ical factors and depend on the Dalitz plot coordinates. The
full time-dependent decay distribution can then be written in
terms of 27 free parameters, one for each coefficient of the
form factor bilinears, as listed in Table 22. These parameters
are sometimes referred to as “the Us and Is”, and can be
expressed in terms of Ay, A_, Ao, Ay, A_ and Ay. If the
full set of parameters is determined, together with their cor-
relations, other parameters, such as weak and strong phases,
parameters of CP violation in decay, etc., can be subse-
quently extracted. Note that one of the parameters (typically
Ui) is often fixed to unity to provide a reference; this does
not affect the analysis.

4.2.6 Time-dependent CP asymmetries in decays to
non-CP eigenstates

Consider a non-CP eigenstate f, and its conjugate f. For
neutral B decays to these final states, there are four ampli-

Table 22 Definitions of the
Ref. [281]

U and I coefficients. Modified from

Parameter Description

U Coefficient of | f|?

Uy Coefficient of | fo|?

vt Coefficient of | f_|2

Uy Coefficient of |f()|2 cos(AmAt)

U- Coefficient of |f,|2 cos(AmAt)

7 Coefficient of | £ |> cos(AmAr)

Iy Coefficient of | fo|? sin(AmAfr)

I_ Coefficient of | f_|? sin(AmAr)

i Coefficient of | f, | sin(AmAr)
yim Coefficient of Im[ f4 £*]

Uk Coefficient of Re[ 4 f*]

U;’_Im Coefficient of Im[ f4 f*] cos(Am Ar)
U;’_Re Coefficient of Re[ fi f*]cos(AmAfr)
Ii"l Coefficient of Im[ f f*]sin(AmAt)
R Coefficient of Re[ f f*]sin(AmAt)
U:(‘)Im Coefficient of Im[ f4 f§]

Uik Coefficient of Re[ f; £;]

U™ Coefficient of Im[ £ f] cos(Am At)
U Coefficient of Re[ f f;]cos(Am A1)
I}r'{‘] Coefficient of Im[ f fi]sin(AmAt)
I+Rg Coefficient of Re[ f4 f;'1sin(AmAt)
U j'(’)lm Coefficient of Im[f_ £}

U f(’)Re Coefficient of Re[ f_ f;]

U:(')Im Coefficient of Im[ f_ fg‘] cos(AmAt)
U:(‘)Re Coefficient of Re[ f— f§]cos(AmAt)
1£"01 Coefficient of Im[ f_ f']sin(AmAt)
I_Rg Coefficient of Re[ f_ f;]sin(AmAt)

tudes to consider: those for BY to decay to f and f (Ar and

A 7 respectively), and the equivalents for FO (A fand A f-). If

CP is conserved in the decay, then A y = A 7 and A F= A f-

The time-dependent decay distributions can be written in

many different ways. Here, we follow Sect. 4.2.2 and define
_ .

Ap = %2—; and A7 = %A—é. The time-dependent CP asym-

metries that are sensitive to mixing-induced CP violation
effects then follow Eq. (107):

FEO—>f(At) — I_'Bo_)f(At)

Ar(At) =
f Cpo_ (A0 + T p(AD)
= Sy sin(AmAt) — Cycos(AmAt), (122)
A = Fgo_, 7(AD) = Tpo_, 7(AD)
f P, (A0 +Tgo_, 7(AD)
= S]: sin(AmAt) — Cf- cos(AmAt), (123)
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with the definitions of the parameters Cr, Sy, C 7 and S 7>
following Eqs. (108) and (109).
The time-dependent decay rates are given by

e~ 1A11/T(B)
FEOH‘f(Al) = W(l + <«4f~f>)
X [1 + Sy sin(AmAt) — Cy cos(AmAt)},
(124)
o—1A11/T(B%)
Lo, (A1) = W(l + (-Aff))
X |:1 — Sysin(AmAt) + Cy cos(AmAt)i|,
(125)
o~ |Atl/T(BY)
Pgo_, p(AD) = W(l — (A
X |:1 + Sf sin(AmAt) — Cf- cos(AmAt)i|,
(126)
o~ 1811/T(B%)
Fgo_, (A1) = W(l — (A7)

X |:1 — Sf sin(AmAt) + Cf- cos(AmAt)},
(127)

where the time-independent parameter (A £ 7) represents an

overall asymmetry in the production of the f and f final
states,®

(IAfI2 + |Zf|2> - (IAf‘I2 + |Xf|2>

(lAfI2 + |Zf|2> + (IAf-P + |Zf-|2>

(Aff'> =

(128)

Assuming |¢/p| = 1,i.e. absence of CP violation in mixing,
the parameters C y and C 7 can also be written in terms of the
decay amplitudes as follows:

AP — 1Ay

. AP = JARP
|A s>+ |Af|?

T NARR AR
(129)

giving asymmetries in the decay amplitudes of B and §O
to the final states f and f respectively. In this notation, the
conditions for absence of CP violation in decay are (A )=
Oand Cy = —C 7- Note that C¢ and C 7 are typically non-

zero; e.g., for a flavour-specific final state, A F=A ;= 0

26 This parameter is often denoted A ¢ (or Acp), but here we avoid this
notation to prevent confusion with the time-dependent CP asymmetry.
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(A = Zf— = 0), they take the values Cy = —C; = 1
(Cr=—-Cr=-1).

The coefficients of the sine terms contain information
about the weak phase. In the case that each decay amplitude
contains only a single weak phase (i.e., no CP violation in
decay as well as none in mixing), these terms can be written
as

_ _2|Af||zf| Sin(@Pmix + Pdec — 6]”)

Sy = and
' [Af|> + |Ag|?
—2|A 7||A 7| sin(pmix + Pdec + 87)
S = fATFT P mix T Pdee O (130)
A2+ 42

where § 7 is the strong phase difference between the decay
amplitudes. If there is no CP violation, the condition Sy =
—Sf- holds. If decay amplitudes with different weak and
strong phases contribute, no clean interpretation of Sy and
S 7 is possible.

The conditions for CP invariance Cy = —Czand Sy =
=S5 motivate a rotation of the parameters:

Sg+ S5 Sy =S5
Spp=——gr ASpp=———
Cr+Cy Cr—Cy
Cff = =T (131)

With these parameters, the CP invariance conditions become
Sff = 0 and Cff = 0. The parameter ACff- gives a mea-
sure of the “flavour-specificity” of the decay: AC fF= +1
corresponds to a completely flavour-specific decay, in which
no interference between decays with and without mixing
can occur, while ACff: = 0 results in maximum sensitiv-
ity to mixing-induced CP violation. The parameter AS fF
is related to the strong phase difference between the decay
amplitudes of the B® meson to the f and to f final states.
We note that the observables of Eq. (131) exhibit experi-
mental correlations (typically of ~ 20%, depending on the
tagging purity, and other effects) between S iF and ASg 7,
and between C i and AC i On the other hand, the final
state specific observables of Eqs. (124)—(127) tend to have
low correlations.

Alternatively, if we recall that the CP invariance con-
ditions at the decay amplitude level are Ay = A 7 and

A i= A f» we are led to consider the parameters [252]
o |Xf|2 —1As)?
I AR+ 14,12

_ _|Zf|2_|Af|2

=% 2"

|Af|? +|Af?
(132)

These are sometimes considered more physically intuitive
parameters since they characterise CP violation in decay in
decays with particular topologies. For example, in the case of
B? — p* ¥ (choosing f = ptw~and f = p~ ), A7
(also denoted A;ﬂ_ ) parametrises CP violation in decays in
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which the produced p meson does not contain the specta-
tor quark, while A if (also denoted A;; ) parametrises CP
violation in decays in which it does. Note that we have again
followed the sign convention that the asymmetry is the differ-
ence between the rate involving a b quark and that involving
a b quark, cf. Eq. (104). Of course, these parameters are not
independent of the other sets of parameters given above, and
can be written

A G (A IAC g
H L+ AC 7+ (A p)Cyf
po = T HCrp A IAC

rf —1+AC;;+ (A )Cf

(133)

They usually exhibit strong correlations.

We now consider the various notations used in experimen-
tal studies of time-dependent CP asymmetries in decays to
non-CP eigenstates.

BY — D** DT

The ((.Aff), Cyr, Sy, Cf, Sf) set of parameters was used
in early publications by both BABAR [285] and Belle [286]
(albeit with slightly different notations) in the D** D¥ sys-
tem (f = D** D™, f = D*~ D). In their most recent paper
on this topic Belle [287] instead used the parametrisation
(Ap*p, Sp*p, ASp+p, Cp+p, ACp+p), while BABAR [259]
give results in both sets of parameters. We therefore use the
(Ap+p, Sp*p, ASp+p, Cp*p, ACp+p) set.
B —» p*x¥F

In the p* 7T system, the ((Aff-), Cff-, Sff-, ACf];,
ASff-) set of parameters has been used originally by
BABAR [288] and Belle [289], in the Q2B approximation; the
exact names?’ used in this case are (A’g;, Con, Sprs ACpr,
AS,r), and these names are also used in this document.

Since p* 7 F is reconstructed in the final state 77~ 7°,
the interference between the p resonances can provide addi-
tional information about the phases (see Sect. 4.2.5). Both
BABAR [281] and Belle [283,284] have performed time-
dependent Dalitz plot analyses, from which the weak phase
« is directly extracted. In such an analysis, the measured
Q2B parameters are also naturally corrected for interference
effects.

B » DFTx* D*Fn* DFp*

Time-dependent CP analyses have also been performed
for the final states D¥n*, D*F7* and DFp*. In these
theoretically clean cases, no penguin contributions are pos-
sible, so there is no CP violation in decay. Furthermore, due

27 BABAR has used the notations A’g; [288] and A, [281] in place of
ALp.

to the smallness of the ratio of the magnitudes of the sup-
pressed (b — u) and favoured (b — ¢) amplitudes (denoted
Ry), to a very good approximation, Cy = —C i= 1 (using
f=D®"ht f=D"Wth=h =x,p),and the coefficients
of the sine terms are given by

Sf = _2Rf Sin(@mix + Pdec — Sf) and

S§ = —2Ry sin(mix + e + 87). (134)

Thus weak phase information can be cleanly obtained from
measurements of Sy and § 7 although external informa-
tion on at least one of Ry or §7 is necessary. (Note that
Gmix + Pdec = 2B + ¥ = 2¢1 + ¢3 for all the decay
modes in question, while Ry and 6 depend on the decay
mode.)

Again, different notations have been used in the litera-
ture. BABAR [290,291] defines the time-dependent proba-
bility function by

o—1A1/T

4t

£, An =

X [IZFS; sin(AmAt)FnCy cos(AmAt)],
(135)

where the upper (lower) sign corresponds to the tagging

meson being a B° (FO). The parameters n and ¢ take the val-
ues +1 and + (—1 and —) when the final state is, e.g., D nt
(DT 7). However, in the fit, the substitutions C: =1and
S¢ = aFnb; — nc; are made, where the subscript i denotes
tagging category. Neglecting b terms,

St =a—c and S_=a+c &
a=(Sy++S5-)/2 and

c=(S_—8.)/2, (136)

in analogy to the parameters of Eq. (131). These are moti-
vated by the possibility of CP violation on the tag side [292],
which is absent for semileptonic B decays (mostly lepton
tags). The parameter a is not affected by tag side CP vio-
lation. The parameter b only depends on tag side CP viola-
tion parameters and is not directly useful for determining UT
angles. A clean interpretation of the ¢ parameter is only pos-
sible for lepton-tagged events, so the BABAR measurements
report ¢ measured with those events only.

The parameters used by Belle in the analysis using par-
tially reconstructed B decays [293], are similar to the S;
parameters defined above. However, in the Belle conven-
tion, a tagging BY corresponds to a + sign in front of the
sine coefficient; furthermore the correspondence between the
super/subscript and the final state is opposite, so that S+
(BABAR) = —ST (Belle). In this analysis, only lepton tags
are used, so there is no effect from tag side CP violation. In
the Belle analysis using fully reconstructed B decays [294],
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Table 23 Conversion between the various notations used for CP violation parameters in the D * 7z ¥, D** 7F and D * pF systems. The b; terms

used by BABAR have been neglected. Recall that («, B, y) = (¢2, ¢1, ¢3)

BABAR Belle partial rec. Belle full rec.
Spta- —S-=—(a+c) - 2Rpx sin(2¢1 + ¢3 + px)
Sp-n+ St =—(a—c) - 2Rpy sin(2¢1 + ¢3 — Spx)
Sprtr- —S-=—(a+c) st —2Rpsx sin(2¢1 + ¢3 + Sprx)
Spr—n+ =Sy =—(a—q) N —2Rp#z sin(2¢1 + ¢3 — Sp*x)
Sp+p- —S_=—(a+¢) - -
Sp-p+ Sy =—(a—c¢) - -

Table 24 Translations used to convert the parameters measured by Belle to the parameters used for averaging in this document. The angular
momentum factor L is —1 for D*m and +1 for Dxr. Recall that («, 8, ) = (¢2, ¢1, ¢3)

D*m partial rec.

D® g full rec.

a —(ST+5857)

c (8§t -57)

%(—I)L+1 <2RD(*>7, Sin(2¢1 + @3 +0pe,) + 2Rpeoy, SN2t + ¢3 — Speoy)

%(—1)“rl (ZR[)(*)U sin(2¢1 + @3 + Spey) — 2R pe, sin(2¢1 + @3 — Spen )

)
)

this effect is measured and taken into account using D*{v
decays; in neither Belle analysis are the a, b and ¢ param-
eters used. In the latter case, the measured parameters are
2R peo 5 sin(2¢1+¢3 £ S pv,, ); the definition is such that N
(Belle) = —2Rp+ sin(2¢1 + ¢3 = Sp+7 ). However, the def-
inition includes an angular momentum factor (—=DL [295],
and so for the results in the D7 system, there is an additional
factor of —1 in the conversion.

Explicitly, the conversion then reads as given in Table 23,
where we have neglected the b; terms used by BABAR (which
are zero in the absence of tag side CP violation). For the
averages in this document, we use the a and ¢ parameters,
and give the explicit translations used in Table 24. It is to
be fervently hoped that the experiments will converge on a
common notation in future.

BY - DFK*

The phenomenology of B — DFK* decays is similar
to that for B — D?ni, with some important caveats.
The two amplitudes » — u and b — ¢ amplitudes have
the same level of Cabibbo-suppression (i.e. are of the same
order in A) though the former is suppressed by /p? + n2.
The large value of the ratio R of their magnitudes allows it
to be determined from data, as the deviation of Cy and C 7
from unity (in magnitude) can be observed. Moreover, the
non-zero value of AT’y allows the determination of additional
terms, A JACF and A;‘;F (see Sect. 4.2.3), that break ambiguities
in the solutions for ¢mix + ¢dec, Which for B‘? — DFK *
decays is equal to y — 28;.

LHCb [296] has performed such an analysis with BY —
DfK * decays. The absence of CP violation in decay is

@ Springer

assumed, and the parameters that are determined from the fit
are labelled C, A2, AAT | S, S. These are trivially related
to the definitions used in this section.

Time-dependent asymmetries in radiative B decays

As a special case of decays to non-CP eigenstates, let
us consider radiative B decays. Here, the emitted photon
has a distinct helicity, which is in principle observable, but
in practice is not usually measured. Thus the measured
time-dependent decay rates for B decays are given by
[297,298]

FEO»X)/(AI) = FEO»X)/L (an+ rﬁoaXyR (A1)
e—1Atl/T(BY)
= —[1+ (S + S in(AmAt
22(8Y) I+ (Sp + Sg) x sin(AmAt)

—(Cr + CR)cos(AmAL)],
1—‘B()—>X)/(At) = l—‘BO—>X)/L (Ar) + FBO—>XVR (An)
e—1Atl/T(BY)
47(BY)

(137)

|:1 — (81 + Sg) x sin(AmAr)

+(Cr + CR)cos(AmAt)i|, (138)

where in place of the subscripts f and f we have used L
and R to indicate the photon helicity. In order for interfer-
ence between decays with and without B°-B’ mixing to
occur, the X system must not be flavour-specific, e.g., in
case of B — K*Oy . the final state must be Kgnoy. The
sign of the sine term depends on the C eigenvalue of the
X system. At leading order, the photons from b — gy
(b — @y) are predominantly left (right) polarised, with
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corrections of order of m,/my, thus interference effects are
suppressed. Higher-order effects can lead to corrections of
order Agcp/myp [299,300], though explicit calculations indi-
cate that such corrections may be small for exclusive final
states [301,302]. The predicted smallness of the S terms in
the Standard Model results in sensitivity to new physics con-
tributions.

The formalism discussed above is valid for any radiative
decay to a final state where the hadronic system is an eigen-
state of C. In addition to K 2710)/, experiments have presented
results using B® decays to Kgm/, Kgpoy and Kggby. For
the case of the Kg 0"y final state, particular care is needed,
as due to the non-negligible width of the p° meson, decays
selected as B — K gpoy can include a significant contribu-
tion from K** 7 ¥y decays, which are flavour-specific and
do not have the same oscillation phenomenology. It is there-
fore necessary to correct the fitted asymmetry parameter for
a “dilution factor”.

In the case of radiative B? decays, the time-dependent
decay rates of Egs. (137) and (138) must be modified, in a
similar way as discussed in Sect. 4.2.3, to account for the non-
zero value of AT's. Thus, for decays such as BS — ¢y, there
is an additional observable, A;‘WF , which can be determined
from an untagged effective lifetime measurement [303].

4.2.7 Asymmetries in B — D™ K™ decays

CP asymmetries in B — D® K ® decays are sensitive to y.
The neutral D meson produced is an admixture of D

(produced by a b — ¢ transition) and D™ (produced by a
colour-suppressed b — u transition) states. If the final state

is chosen so that both D®0 and D" can contribute, the two
amplitudes interfere, and the resulting observables are sensi-
tive to y, the relative weak phase between the two B decay
amplitudes [304]. Various methods have been proposed to
exploit this interference, including those where the neutral D
meson is reconstructed as a CP eigenstate (GLW) [305,306],
in a suppressed final state (ADS) [307,308], or in a self-
conjugate three-body final state, such as K2n+71_ (GGSZ
or Dalitz) [309,310]. It should be emphasised that while each
method differs in the choice of D decay, they are all sensitive
to the same parameters of the B decay, and can be considered
as variations of the same technique.

Consider the case of BT — DK, with D decaying to a
final state f, which is accessible from both DY and 50 We
can write the decay rates for B~ and BT (I'z), the charge
averaged rate [[" = (I'_41"1)/2) and the charge asymmetry
(A=T_-—-T4)/(T- +T4),see Eq. (104)] as

(139)
(140)

Iy o r% + r123 + 2rprpcos (6p + dpFy),
I' r% + r,zj + 2rprpcos (g + dp) cos (y),

2rprp sin (8g + ép) sin (y)
ré + r% +2rprpcos (8 +8p)cos (y)’

A= (141)

where the ratio of B decay amplitudes®® is usually defined
to be less than one,

A(BT — DYK™)
A(B+ = D'K+)

}’B: =

’

AB~ — D'K™)
A(B— — DVK-)

(142)

and the ratio of D decay amplitudes is correspondingly
defined by

(143)

rp =

AD° = f)|
AD' > |

The relation between B~ and BT amplitudes given in
Eq. (142) is a result of their being only one weak phase con-
tributing to each amplitude in the Standard Model, which is
the source of the theoretical cleanliness of this approach to
measure y [311]. The strong phase differences between the B
and D decay amplitudes are given by 6 3 and § p, respectively.
The values of rp and §p depend on the final state f: for the
GLW analysis, rp = 1 and §p is trivial (either zero or 7 ); for
other modes, values of rp and d p are not trivial and for multi-
body final states they vary across the phase space. This can be
quantified either by an explicit D decay amplitude model or
by model-independent information. In the case that the multi-
body final state is treated inclusively, the formalism is modi-
fied by the inclusion of a coherence factor, usually denoted «,
while rp and 6 p become effectively parameters correspond-
ing to amplitude-weighted averages across the phase space.

Note that, for given values of rp and rp, the maximum
size of A (atsin(8p + 8p) = 1) is 2rgrp sin(y)/(ra +r3).
Thus even for D decay modes with small rp, large asym-
metries, and hence sensitivity to y, may occur for B decay
modes with similar values of rg. For this reason, the ADS
analysis of the decay BT — DxT is also of interest.

The expressions of Eqgs. (139)—(143) are for a specific
point in phase space, and therefore are relevant where both
B and D decays are to two-body final states. Additional
coherence factors enter the expressions when the B decay
is to a multibody final state (further discussion of multibody
D decays can be found below). In particular, experiments
have studied BT — DK*(892)%, B - DK*(892)" and
BT — DK™Tntm~ decays. Considering, for concreteness,
the B — DK*(892) case, the non-negligible width of the
K*(892) resonance implies that contributions from other

28 Note that here we use the notation rp to denote the ratio of B decay
amplitudes, whereas in Sect. 4.2.6 we used, e.g., Rpy, for a rather
similar quantity. The reason is that here we need to be concerned also
with D decay amplitudes, and so it is convenient to use the subscript
to denote the decaying particle. Hopefully, using r in place of R will
reduce the potential for confusion.
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B — DK decays can pass the selection requirements.
Their effect on the Q2B analysis can be accounted for with
a coherence factor [312], usually denoted «, which tends to
unity in the limit that the K *(892) resonance is the only signal
amplitude contributing in the selected region of phase space.
In this case, the hadronic parameters rp and § g become effec-
tively weighted averages across the selected phase space of
the magnitude ratio and relative strong phase between the
CKM-suppressed and -favoured amplitudes; these effective
parameters are denoted rp and 5p (the notations ry, 85 and
rs, g are also found in the literature). An alternative, and
in certain cases more advantageous, approach is Dalitz plot
analysis of the full B — DK phase space [313,314].

B — DWK® ywith D — CP eigenstate decays

In the GLW analysis, the measured quantities are the par-
tial rate asymmetry and the charge averaged rate, which are
measured both for CP-even and CP-odd D decays. The latter
is defined as

2I'(B* — DcpK™)

cp =
r(B+ — D'K+)

(144)
It is experimentally convenient to measure Rcp using a dou-
ble ratio,

r(B* — DepK*) /T (BT — D K™)
I(B* — Dcprt) /T(B — D'x+)

Rcp = (145)

that is normalised both to the rate for the favoured D’ =
K7~ decay, and to the equivalent quantities for BT —
Drt decays (charge conjugate processes are implicitly
included in Egs. (144) and (145)). In this way the constant
of proportionality drops out of Eq. (140). Equation (145) is
exact in the limit that the contribution of the b — u decay
amplitude to Bt — Dn™ vanishes and when the flavour-
specific rates I'(BT — 50h+) (h = 7, K) are determined
using appropriately flavour-specific D decays. In reality, the
decay D — K is used, leading to a small source of sys-
tematic uncertainty. The CP asymmetry is defined as

_ T'(B™ — DcpK™) —T'(B" — DcpK™)
" I'(B~— DcpK—)+T'(Bt — DcpK+)'

Acp

(146)

B — D®WK®™ with D — non-CP eigenstate two-body
decays

For the ADS analysis, based on a suppressed D — f decay,
the measured quantities are again the partial rate asymme-
try, and the charge averaged rate. In this case it is suffi-
cient to measure the rate in a single ratio (normalised to the
favoured D — f decay) since potential systematic uncer-
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tainties related to detection cancel naturally; the observed
quantity is then

(B~ = [f1pK)+T (B - [f1pK™)

(B~ — [ f1pK")+T(B* — [ f1pK*)’

Raps =
(147)

where the inclusion of charge-conjugate modes has been
made explicit. The CP asymmetry is defined as

F(B~ — [fIpK)—T(B* — [fIpK™)

LB~ = [ fIpK)+T(BY = [ f1pK*)’

AADs =
(148)

Since the uncertainty of Aaps depends on the central value
of Raps, for some statistical treatments it is preferable to use
an alternative pair of parameters [315]

T(B~ — [f1pK")
N'(B~ - [flpK™)
rB* - [flpk™)

M S TE S Ik .

R_ =

where there is no implied inclusion of charge-conjugate pro-
cesses. These parameters are statistically uncorrelated but
may be affected by common sources of systematic uncer-
tainty. We use the (Raps, Aaps) setin our compilation where
available.

In the ADS analysis, there are two additional unknowns
(rp and 8 p) compared to the GLW case. However, the value
of rp can be measured using decays of D mesons of known
flavour, and §p can be measured from interference effects
in decays of quantum-correlated DD pairs produced at the
¥ (3770) resonance. More generally, one needs access to two
different linear admixtures of D° and DY states in order to
determine the relative phase: one such sample can be flavour
tagged D mesons, which are available in abundant quantities
in many experiments; the other can be CP-tagged D mesons
from 1 (3770) decays or could be mixed D mesons (or could
be the combination of D° and D° that is found in B — DK
decays). In fact, the most precise information on both rp
and §p currently comes from global fits on charm mixing
parameters, as discussed in Sect. 8.1.

The relation of Aapg to the underlying parameters given
in Eq. (141) and Table 25 is exact for a two-body D decay.
For multibody decays, a similar formalism can be used with
the introduction of a coherence factor [316]. This is most
appropriate for doubly-Cabibbo-suppressed decays to non-
self-conjugate final states, but can also be modified for use
with singly-Cabibbo-suppressed decays [317]. For multi-
body self-conjugate final states, such as K 27r+n_, a Dalitz
plot analysis (discussed below) is often more appropriate.
However, in certain cases where the final state can be approx-
imated as a CP eigenstate, a modified version of the GLW
formalism can be used [318]. In such cases the observables



Eur. Phys. J. C (2017) 77:895

Page 49 of 335 895

are denoted AggLw and RygLw to indicate that the final state
is not a pure CP eigenstate.

B — DWW K® with D — multibody final state decays

In the Dalitz plot (or GGSZ) analysis of D decays to multi-
body self-conjugate final states, once a model is assumed for
the D decay, which gives the values of rp and §p across
the Dalitz plot, it is possible to perform a simultaneous fit
to the BT and B~ samples and directly extract y, rp and
8. However, the uncertainties on the phases depend approx-
imately inversely on rp. Furthermore, rp is positive definite
and therefore tends to be overestimated (unless o (rg) < rp),
which leads to an underestimation of the uncertainty on y that
must be corrected statistically. An alternative approach is to
extract from the data the “Cartesian” variables

(¥, y+) = (Re(rpe’ 8 £)) Im(rge' @ £7)y)

= (rpcos(dp £ y),rpsin(dp £ y)). (150)

These variables tend to be statistically well-behaved, and are
therefore appropriate for combination of results. The pairs of
variables (x4 , y+) can be extracted from independent fits of
the BT data samples.

The assumption of a model for the D decay leads to a
non-negligible, and hard to quantify, source of uncertainty. To
obviate this, it is possible to use instead a model-independent
approach, in which the Dalitz plot (or, more generally, the
phase space) is binned [309,319,320]. In this case, hadronic
parameters describing the average strong phase difference
in each bin between the suppressed and favoured decay
amplitudes enter the equations. These parameters can be
determined from interference effects in decays of quantum-
correlated DD pairs produced at the 1/(3770) resonance.
Measurements of such parameters have been made for vari-
ous different hadronic D decays by CLEO-c and BESIII.

If a multibody decay is dominated by one CP state,
there will be additional sensitivity to y in the numbers
of events in the B™ data samples. This can be taken
into account in various ways. One possibility is to per-
form a GLW-like analysis, as mentioned above. An alter-
native approach proceeds by defining z1 = x+ +iy+ and
xo = — [Re[f(s1,52) f*(s2, s1)]ds1dsa, where s1, 57 are
the coordinates of invariant mass squared that define the
Dalitz plot and f is the complex amplitude for D decay as a
function of the Dalitz plot coordinates.?® The fitted parame-
ters (p* , 6% ) are then defined by
£ ,i0*

(151)

1Y =Z+ — X0.

29 The xo parameter gives a model-dependent measure of the net CP
content of the final state [318,321]. It is closely related to the ¢; param-
eters of the model dependent Dalitz plot analysis [309,319,320], and
the coherence factor of inclusive ADS-type analyses [316], integrated
over the entire Dalitz plot.

Table 25 Summary of relations between measured and physical param-
eters in GLW, ADS and Dalitz analyses of B — D® K® decays

GLW analysis

Rep + 1 +r% =+ 2rp cos(8p) cos(y)
Acp+ +2rpsin(dp) sin(y)/Rep +
ADS analysis
Raps r3 +r + 2rprp cos(8g + 8p) cos(y)
AADS 2rprp sin(8p + dp) sin(y)/Raps

GGSZ Dalitz analysis (D — Knt7™)

X4 rpcos(ép £ y)
y+ rpsin(ép £ y)
Dalitz analysis (D — 77~ 70)
pE |2+ — xo]
o= tan~ ! (Im(z+ )/(Re(z+ ) — x0))

Table 26 Common inputs used in calculating the averages

©(BY) (ps) 1.520 + 0.004
Amg (ps™) 0.5064 =+ 0.0019
ATq/Tq —0.002 £ 0.010
|ALP(J /YK 0.209 + 0.006

Note that the yields of BT decays are proportional to
1 + (pT)? — (x0)?. This choice of variables has been used
by BABAR in the analysis of BY — DK™ with D —
ntn 70 [322]; for this D decay, and with the assumed
amplitude model, a value of xg = 0.850 is obtained.

The relations between the measured quantities and the
underlying parameters are summarised in Table 25. It must be
emphasised that the hadronic factors 5 and § g are different,
in general, for each B decay mode.

4.3 Common inputs and error treatment

The common inputs used for rescaling are listed in Table 26.
The BY lifetime (7 (BY)), mixing parameter (Amg) and rel-
ative width difference (AI'y/ ') averages are provided by
the HFLAV Lifetimes and Oscillations subgroup (Sect. 3).
The fraction of the perpendicularly polarised component
(JAL]?)in B — J/¥ K*(892) decays, which determines the
CP composition in these decays, is averaged from results
by BABAR [323], Belle [324], CDF [325], DO [93] and
LHCDb [326]. See also the HFLAV B to Charm Decay Param-
eters subgroup (Sect. 6).

At present, we only rescale to a common set of input
parameters for modes with reasonably small statistical errors
(b — cés transitions of B® mesons). Correlated systematic
errors are taken into account in these modes as well. For
all other modes, the effect of such a procedure is currently
negligible.
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Table 27 Results and averages for Sp_, .5 and Cp_, cs. The result marked (*) uses “hadronic and previously unused muonic decays of the J /.
We neglect a small possible correlation of this result with the main BABAR result [331] that could be caused by reprocessing of the data

—NSh—cés

Chscés

Experiment Sample size
BABAR [331] N(BB) = 465M
BABAR x0K? [274] N(BB) =383M
BABAR J/y¥ K§ (*) [332] N(BB) = 88M
Belle [333] N(BB) =772M

B factory average

Confidence level

0.687 =+ 0.028 =+ 0.012
0.69 & 0.52 + 0.04 £ 0.07
1.56 & 0.42 + 0.21 -
0.667 £ 0.023 £ 0.012
0.679 =+ 0.020

0.28 (1.20)

0.024 £ 0.020 + 0.016
—0.29 033 £ 0.03 £ 0.05

~0.006 £ 0.016 + 0.012
0.005 £ 0.017
0.47 (0.50)

ALEPH [334] N(Z — hadrons) = 4M

0.84 057 +0.16 -

OPAL [335] N(Z — hadrons) = 4.4M 32738 +05 -
CDF [336] fL£dt=110pb~! 0.79 0% -
LHCb [337] JLdt=3 fb~! 0.731 £ 0.035 £ 0.020 —0.038 £ 0.032 £ 0.005
Belle T (55) [338] JL£dt =121 fb~! 0.57 £ 0.58 £ 0.06 -
Average 0.691 £+ 0.017 —0.004 = 0.015
As explained in Sect. 1, we do not apply a rescaling factor Both BABAR and Belle have used the n = —1 modes

on the error of an average that has x?/dof > 1 (unlike the
procedure currently used by the PDG [327]). We provide a
confidence level of the fit so that one can know the consis-
tency of the measurements included in the average, and attach
comments in case some care needs to be taken in the inter-
pretation. Note that, in general, results obtained from data
samples with low statistics will exhibit some non-Gaussian
behaviour. We average measurements with asymmetric errors
using the PDG [327] prescription. In cases where several
measurements are correlated (e.g. Sy and Cy in measure-
ments of time-dependent CP violation in B decays to a par-
ticular CP eigenstate) we take these into account in the aver-
aging procedure if the uncertainties are sufficiently Gaussian.
For measurements where one error is given, it represents the
total error, where statistical and systematic uncertainties have
been added in quadrature. If two errors are given, the first is
statistical and the second systematic. If more than two errors
are given, the origin of the additional uncertainty will be
explained in the text.

4.4 Time-dependent asymmetries in b — ccs transitions

4.4.1 Time-dependent CP asymmetries in b — ccs decays
to CP eigenstates

In the Standard Model, the time-dependent parameters for
BO decays governed by b — cs transitions are predicted to
be Spces = —nsin(2B) and Cp e = 0 to very good
accuracy. Deviations from this relation are currently lim-
ited to the level of < 1° on 28 [328-330]. The averages
for —nSp—cés and Cp_czs are provided in Table 27. The
averages for —nSp_, .¢s are shown in Fig. 12.
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JIVKY, v (29K, x1 K2 and 1K, as well as J/¥ K?,
which has n = +1 and J/¥ K *0(892), which is found to
have 7 close to +1 based on the measurement of |A | (see
Sect. 4.3). The most recent Belle result does not use 7. K g
or J /¢ K*0(892) decays.’® ALEPH, OPAL, CDF and LHCb
have used only the J /¢ K 2 final state. BABAR has also deter-
mined the CP violation parameters of the B — Xcng
decay from the time-dependent Dalitz plot analysis of the
B® — 777~ K mode (see Sect. 4.7.2). In addition, Belle
has performed a measurement with data accumulated at the
7 (5S) resonance, using the J /¥ K 2 final state — this involves
a different flavour tagging method compared to the measure-
ments performed with data accumulated at the 7" (4S) res-
onance. A breakdown of results in each charmonium-kaon
final state is given in Table 28.

It should be noted that, while the uncertainty in the aver-
age for —nSp_ czs is still limited by statistics, the preci-
sion for Cp_,.zs 1s close to being dominated by the sys-
tematic uncertainty, particularly for measurements from the
ete™ B factory experiments. This occurs due to the pos-
sible effect of tag side interference [292] on the Cp_, s
measurement, an effect which is correlated between differ-
ent ete™ — T(4S) — BB experiments. Understanding of
this effect may continue to improve in future, allowing the
uncertainty to reduce.

From the average for —nSj_, .z above, we obtain the fol-
lowing solutions for § (in [0, 7 ]):

B=(219+0.7° or B=(68.1+0.7)°. (152)

30 previous analyses from Belle did include these channels [101], but
it is not possible to obtain separate results for those modes from the
published information.
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sin(2pB) = sin(2¢,)

Summer 2016
Summer 2016

BaBar

BaBar y,

Belle
ALEPH

OPAL

PRD 79 (2009):072009

Kei
PRD 80’ (3008):112001

BaBar J/y (hadronic) K
PRD 69 (2004):052001

PRL 108 (2012) 171802
PLB 492, 259 (2000)

EPJ G5, 379 (1998)

31
=
I
<
=

r

0.69 +£0.03 £ 0.01

0.69 +0.52 + 0.04 £ 0.07

——

1,56+0.4240.21

0.67 £0.02 £ 0.01
0.84 798 10.16

3.20 1180+ 0.50,

CDF : 0.79 %941
PRD 61, 072005 (2000)
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PRL 115 (2015) 031601 :
Belle5S : i 0.57 £ 0.58 + 0.06
PRL 108 (2012) 171801 ' —
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Fig. 12 (Left) Average of measurements of Sp_, .z, interpreted as sin(28). (Right) Constraints on the (p, 77) plane, obtained from the average of

—nSp—ces and Eq. (152). Note that the solution with the smaller (larger) value of B has cos(28) > 0 (<0)

Table 28 Breakdown of B factory results on Sp_, a5 and Cp—s 5

Mode N(BB) —1Spscés Cpscés

BABAR

J/Y K [331] 465M 0.657 £ 0.036 £ 0.012 0.026 £ 0.025 £ 0.016
J/YKY [331] 465M 0.694 £ 0.061 =+ 0.031 —0.033 =+ 0.050 + 0.027
J/WKO [331] 465M 0.666 + 0.031 £ 0.013 0.016 + 0.023 + 0.018
¥ (28)KQ [331] 465M 0.897 £ 0.100 £ 0.036 0.089 £ 0.076 £ 0.020
xe1K 9 [331] 465M 0.614 £ 0.160 £ 0.040 0.129 £ 0.109 =+ 0.025
K [331] 465M 0.925 + 0.160 + 0.057 0.080 + 0.124 £ 0.029
J/WK*(892) [331] 465M 0.601 + 0.239 + 0.087 0.025 + 0.083 =+ 0.054
All [331] 465M 0.687 £ 0.028 £ 0.012 0.024 £ 0.020 £ 0.016
Belle

J/WK? [333] 772M 0.670 + 0.029 £ 0.013 0.015 + 0.021 5923
J/YKY [333] 772M 0.642 £ 0.047 + 0.021 —0.019 £ 0.026 501
Y (28K [333] 772M 0.738 £ 0.079 + 0.036 —0.104 £ 0.055 75927
xe1 K9 [333] 772M 0.640 + 0.117 £ 0.040 0.017 + 0.083 5.2
All [333] 772M 0.667 £ 0.023 £ 0.012 —0.006 =+ 0.016 + 0.012
Averages

J/Y K 0.665 £ 0.024 0.024 £ 0.026

J/WK? 0.663 + 0.041 —0.023 £ 0.030
V(28K 0.807 % 0.067 —0.009 % 0.055

Xe1 K 0.632 % 0.099 0.066 + 0.074

In radians, these values are 8 = (0.382 £ 0.012), g =

(1.189 £+ 0.012).

This result gives a precise constraint on the (p, 77) plane, as
shown in Fig. 12. The measurement is in remarkable agree-

and with CP violation in the kaon system, in the form of the
parameter €g. Such comparisons have been performed by
various phenomenological groups, such as CKMfitter [252]
and UTFit [339] (see also Refs. [340,341]).

ment with other constraints from CP conserving quantities,
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Table 29 Averages from B — J /v K*? transversity analyses

Experiment N(BB) sin 2 cos 28 Correlation

BABAR [345] 88M ~0.10 + 0.57 + 0.14 3.321076 +0.27 -0.37

Belle [324] 275M 0.24 £ 0.31 £ 0.05 0.56 = 0.79 £+ 0.11 0.22

Average 0.16 =+ 0.28 1.64 £+ 0.62 Uncorrelated averages
Confidence level 0.61 (0.50) 0.03 (2.20)

Jhv K sin(2P) = sin(20,)

|Summer 2016

J K cos(2P) = cos(20,)

Summer 2016

BaBar
B
PRD 71, 032005 (2005)

-0.10£0.57 +0.14

Belle
PRL 95 091601 (2005)

,0.24+0.31£0.05
i

BaBar ) 3.32 38 +0.27,
H I o) al

PRD 71, 032005 (3005)

Belle , 0.56 +0.79 + 0.11

I 0 o)
PRL 95 091601 (2005)

Avéerage

Average 0.16 £ 0.28 1.64 +0.62
HFIAv HFIAv
1 08 -06 -04 -02 0 02 04 06 08 1 -0 1 2 3 4

Fig. 13 Averages of (left) sin(28) = sin(2¢1) and (right) cos(28) = cos(2¢;) from time-dependent analyses of B® — J /¥ K*0 decays

4.4.2 Time-dependent transversity analysis of
BY — J /Yy K*0 decays

B meson decays to the vector-vector final state J /v K** are
also mediated by the b — ccs transition. When a final state
that is not flavour-specific (K Ly ¢ 27{0) is used, a time-
dependent transversity analysis can be performed allowing
sensitivity to both sin(28) and cos(28) [342]. Such analyses
have been performed by both B factory experiments. In prin-
ciple, the strong phases between the transversity amplitudes
are not uniquely determined by such an analysis, leading
to a discrete ambiguity in the sign of cos(28). The BABAR
collaboration resolves this ambiguity using the known vari-
ation [343] of the P-wave phase (fast) relative to the S-wave
phase (slow) with the invariant mass of the K system in
the vicinity of the K*(892) resonance. The result is in agree-
ment with the prediction from s quark helicity conservation,
and corresponds to Solution II defined by Suzuki [344]. We
include only the solutions consistent with this phase variation
in Table 29 and Fig. 13.

At present the results are dominated by large and non-
Gaussian statistical errors, and exhibit significant correla-
tions. We perform uncorrelated averages, the interpretation
of which has to be done with the greatest care. Nonetheless,
it is clear that cos(28) > 0 is preferred by the experimental
data in J/¢Y K 0 (for example, BABAR [345] find a confi-
dence level for cos(28) > 0 of 89%).
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4.4.3 Time-dependent CP asymmetries in
BY — D*+D*_K(S) decays

Both BABAR [265] and Belle [266] have performed time-
dependent analyses of the B — D*+D*_Kg decay, to
obtain information on the sign of cos(28). More information
can be found in Sect. 4.2.5. The results are given in Table 30,
and shown in Fig. 14.

From the above result and the assumption that Jg» > 0,
BABAR infer that cos(28) > 0 at the 94% confidence
level [265].

4.4.4 Time-dependent analysis of BE decays through the
b — ccs transition

As described in Sect. 4.2.3, time-dependent analysis of
decays such as B? — J /vy ¢ probes the CP violating phase
of BY-BY oscillations, ¢;.3! The combination of results on
BY — J/y¢ decays, including also results from B? —
J/Yyrtrn~ and BY — D} D decays, is performed by the
HFLAV Lifetimes and Oscillations subgroup, see Sect. 3.

31 We use ¢y here to denote the same quantity labelled q)sm in Sect. 3.
It should not be confused with the parameter ¢1o = arg [—M12/T'12],
which historically was also often referred to as ¢;.
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Table 30 Results from time-dependent analysis of B — D** D*~ K 2

Experiment N(BB) 5—8 2}5‘ sin(2p) 2;32 cos(2p)
BABAR [265] 230M 0.76 £ 0.18 £+ 0.07 0.10 £+ 0.24 £ 0.06 0.38 £ 0.24 £+ 0.05

Belle [266] 449M 0.60 7053 £ 0.08 —0.17 + 0.42 %+ 0.09 0237097 £ 0.13
Average 0.71 + 0.16 0.03 + 0.21 0.24 + 0.22
Confidence level 0.63 (0.50) 0.59 (0.50) 0.23 (1.20)

3/ LAY
Y0

BaBar . N , 0.10+0.24+0.06 BaBar . N

¥ Ll ¥
PRD 74, 091101 (2006) PRD 74, 091101 (2006)

BaBar
PRD 74, 091101 (2006

, :0.76+0.18+0.07

) .38 +£0.24 £ 0.05
H H 1

Belle x ¢ 0.601335+0.08 Belle | | -0.17+0.42£0.09 Belle | N . -0.23 1343 +0.13
4 : f | H H
PRD 76, 072004 (2007 PRD 76, 072004 (2007) PRD 76, 072004 (2007)
Average 0.71+0.16 Average 0.03+0.21 Average 0.24+0.22
HFIAV HFIAV HFIAV
0.2 0.4 0.6 0.8 1 1.2 -1 08 06 -04 02 0 02 04 06 08 -1 -08 -06 -04 -02 0 02 04 06 08

Fig. 14 Averages of (left) (J./Jo), (middle) (2J51/ Jo) sin(2B) and (right) (2Js2/Jo) cos(28) from time-dependent analyses of BY — D**D**K(S)

decays

Table 31 Results from analyses of B — D™h0, D — CP eigenstates decays

Experiment N(BB) Scp

Ccp Correlation

BABAR and Belle [349] 1243M

0.66 £+ 0.10 £ 0.06

—0.02 + 0.07 £ 0.03 —0.05

4.5 Time-dependent CP asymmetries in colour-suppressed
b — cud transitions

4.5.1 Time-dependent CP asymmetries: b — cud decays
to CP eigenstates

Decays of B mesons to final states such as Drr” are governed
by b — cud transitions. If the final state is a CP eigenstate,
e.g. Dcpn?, the usual time-dependence formulae are recov-
ered, with the sine coefficient sensitive to sin(23). Since there
is no penguin contribution to these decays, there is even less
associated theoretical uncertainty than for b — ccs decays
suchas B — J/y K g. Such measurements therefore allow
to test the Standard Model prediction that the CP violation
parameters in b — cud transitions are the same as those in
b — ccs [346]. Although there is an additional contribution
from CKM suppressed b — ucd amplitudes, which have
a different weak phase compared to the leading b — cud
transition, the effect is small and can be taken into account
in the analysis [347,348].

Results are available from a joint analysis of BABAR and
Belle data [349]. The following CP-even final states are
included: D7® and Dy with D — K(S)Jro and D — Kga);
Dw with D — K'gno; D*70 and D*n with D* — DY

and D — K*K~. The following CP-odd final states are
included: D7°, Dy and Do with D — KK, D*7° and
D*n with D* — Dn®and D — K9x°. All B® - D®p"
decays are analysed together, taking into account the differ-
ent CP factors (denoted Dg}),ho). The results are summarised
in Table 31.

4.5.2 Time-dependent Dalitz plot analyses of b — cud
decays

When multibody D decays, suchas D — K gn+n ~areused,
a time-dependent analysis of the Dalitz plot of the neutral D
decay allows for a direct determination of the weak phase 2.
(Equivalently, both sin(28) and cos(28) can be measured.)
This information can be used to resolve the ambiguity in the
measurement of 28 from sin(28) [350].

Results of such analyses are available from both Belle [260]
and BABAR [261]. The decays B — Dn%, B — Dp,
B — Dw, B — D*7%and B — D*n are used. (This col-
lection of states is denoted by D™ 1Y) The daughter decays
are D* — Dn% and D — Kgrﬁn_. The results are given
in Table 32, and shown in Fig. 15. Note that BABAR quote
uncertainties due to the D decay model separately from other
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Table 32 Averages from B — D®h0 D — Kgrr+rr— analyses

Experiment N(BB) sin 28 cos2p [X]

Model dependent
BABAR [261] 383M 0.29 + 0.34 £ 0.03 £ 0.05 0.42 + 0.49 £ 0.09 £ 0.13 1.01 + 0.08 £ 0.02
Belle [260] 386M 0.78 + 0.44 £ 0.22 1.87 7049 +0-22 -
Average 0.45 £ 0.28 1.01 £ 0.40 1.01 £ 0.08
Confidence level 0.59 (0.50) 0.12 (1.60) -

Model independent
Belle [262] 772M 0.43 + 0.27 £ 0.08 1.06 + 0.33 7021 -

%

b—cud sin(2p) = sin(20,)

D“h° cos(2P) = cos(2¢,)

Summer 2016

b i World Average b 0.69+0.02
—CCS | HFLAV (Summer 2016) B T
| BaBar+Belle i 0.66+0.10+0.06 BaBar N " 042+0.49+0.09+0.13
o H . m [} L1}
< 1 PRens ey Tzie PRL 9D (2007) 231802
o | Average 0.66+0.12
! HFLAV :
........... Belle 4.g7 *040+022
i BaBar ) 0.29+0.34 +0.03 +0.05 : — 058 0‘.3?.
Sr=a i PRL 99 (2007) 231802 ) ; PRL 97 (2006) 08180t
+§ | Belle ¢ © 0.78+044+022
” | PRL97(2006) 081801 : ' Average 1.01 + 0.40
| H H
[a) 1 Averdge 0.45+0.28 :
! HFLA ; HFLAY
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 -04 -02 0 02 04 06 08 1 12 14 16 18 2 22

Fig. 15 Averages of (left) sin(28) and (right) cos(28) measured in colour-suppressed b — cid transitions

systematic errors as a third source of uncertainty, while Belle
do not.

Again, it is clear that the data prefer cos(28) > 0. Indeed,
Belle [260] determine the sign of cos(2¢;) to be positive
at 98.3% confidence level, while BABAR [261] favour the
solution of B8 with cos(28) > 0 at 87% confidence level.
Note, however, that the Belle measurement has strongly
non-Gaussian behaviour. Therefore, we perform uncorre-
lated averages, from which any interpretation has to be done
with the greatest care.

A model-independent time-dependent analysis of B® —
D™ R0 decays, with D — K (S)zr+71_, has been performed by
Belle [262]. The decays B — Dz®, B — Dn, B — Dy,
B - Dw, B® - D*7% and B — D*5 are used. The
results are also included in Table 32. From these results,
Belle disfavour the solution with the value of sin(2¢) from
b — ccs transitions but a negative value for cos(2¢;), at
5.1 o significance. The solution with the b — ccs value of
sin(2¢1) and positive cos(2¢;) is consistent with the data
at the level of 1.30. Note that due to the strong statisti-
cal and systematic correlations, model-dependent results and
model-independent results from the same experiment cannot
be combined.

@ Springer

4.6 Time-dependent CP asymmetries in b — ccd
transitions

The transition b — ccd can occur via either a b — c tree or
a b — d penguin amplitude. The flavour changing neutral
current b — d penguin can be mediated by any up-type
quark in the loop, and hence the amplitude can be written as

Apsa = F,Vip Vi + FeVep Ve + F Vi VY

= (Fu = F)Vup Vg + (Fr = FOVip Vi, (153)

where F), ., describe all factors except CKM suppression
entering each quark loop diagram. In the last line, both terms
are O(13), soitcan be seen that the b — d penguin amplitude
contains terms with different weak phases at the same order
of CKM suppression.

In the above, we have chosen to eliminate the F,. term
using unitarity. However, we could equally well write

Ap—sa = (Fy — Fr)Vup u*d + (Fe — Ft)vcbvcti

= (Fc — Fu)vcbvc*d + (Ft = F)Vip ;Z- (154)

Since the b — ccd tree amplitude has the weak phase of
Vep V3, either of the above expressions allow the penguin
amplitude to be decomposed into a part with weak phase the
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Table 33 Averages for the b — c&d modes, B — J/yx® and D* D~

Experiment Sample size Scp Ccp Correlation
J /O

BABAR [353] N(BB) = 466M —1.23 £ 0.21 £ 0.04 —0.20 £ 0.19 + 0.03 0.20

Belle [354] N(BB) =535M —0.65 + 0.21 £ 0.05 —0.08 £+ 0.16 £+ 0.05 —0.10
Average —0.93 + 0.15 —0.10 £ 0.13 0.04
Confidence level 0.15 (1.40)

D™D~

BABAR [259] N(BB) = 46TM —0.65 + 0.36 £ 0.05 —0.07 £ 0.23 £+ 0.03 —0.01

Belle [287] N(BB) =772M —1.06 fgﬂ + 0.08 —0.43 £ 0.16 £+ 0.05 —0.12

LHCb [355] [Ldt=3f"" ~0.547017 + 0.05 0.26 7018 + 0.02 0.48
Average —0.84 + 0.12 —0.13 £ 0.10 0.18
Confidence level 0.027 (2.20)

Table 34 Averages for the b — céd modes, J /v p°, D** D*~ and D** DT

Experiment N(BB) Scp Cep Ry

I/ "

LHCb [258] 3fb~! —0.66 7013 1009 —0.06 £ 0.06 7502 0.198 £ 0.017

D*+ D*—

BABAR [259] 467M —0.70 + 0.16 £+ 0.03 0.05 £ 0.09 + 0.02 0.17 £ 0.03
BABAR part. rec. [356] 471M —0.49 + 0.18 £ 0.07 £ 0.04 0.15 £ 0.09 + 0.04 -

Belle [352] 772M —0.79 + 0.13 £ 0.03 —0.15 + 0.08 £+ 0.02 0.14 £ 0.02 £ 0.01
Average —0.71 + 0.09 —0.01 + 0.05 0.15 £ 0.02
Confidence level 0.72 (0.40)

Experiment N(BB)  Scp+ Cep+ Scp— Ccp— Ry

D*t D*~

BABAR [259] 467TM —0.76 £ 0.16 = 0.04 0.02 £ 0.12 £ 0.02 —1.81 £ 0.71 £ 0.16  0.41 £ 0.50 £ 0.08 0.15 £ 0.03
Experiment  N(BB) S c AS AC A

D** D¥

BABAR [259] 467TM  —0.68 £ 0.15 £ 0.04 0.04 £ 0.12 £ 0.03

Belle [287] 772M  —0.78 + 0.15 £ 0.05 —0.01 & 0.11 £ 0.04
Average —0.73 £ 0.11 0.01 £ 0.09
Confidence level 0.65 (0.50) 0.77 (0.30)

0.05 £ 0.15 £ 0.02  0.04 & 0.12 £ 0.03 0.01 £ 0.05 £ 0.01
—0.13 £+ 0.15 £ 0.04 0.12 £ 0.11 & 0.03 0.06 & 0.05 + 0.02
—0.04 £ 0.11 0.08 £ 0.08 0.03 £ 0.04
0.41 (0.80) 0.63 (0.50) 0.48 (0.70)

same as the tree amplitude and another part with a differ-
ent weak phase, which can be chosen to be either B or y.
The choice of parametrisation cannot, of course, affect the
physics [351]. In any case, if the tree amplitude dominates,
there is little sensitivity to any phase other than that from
BO—EO mixing.

The b — ccd transitions can be investigated with studies
of various different final states. Results are available from
both BABAR and Belle using the final states J /¢ 7%, DY D,
D** D*~ and D** D¥, and from LHCb using the final states
J/yp® and DT D~ ; the averages of these results are given
in Tables 33 and 34. The results using the CP eigenstate

(n = +1) modes J/y7° and D D~ are shown in Fig. 16
and Fig. 17 respectively, with two-dimensional constraints
shown in Fig. 18.

Results for the vector-vector mode J /v p° are obtained
from a full time-dependent amplitude analysis of B® —
J/ymata~ decays. LHCb [258] find a J /v p? fit fraction
of 65.6 £ 1.9% and a longitudinal polarisation fraction of
56.7 £ 1.8% (uncertainties are statistical only; both results
are consistent with those from a time-integrated ampli-
tude analysis [267] where systematic uncertainties were
also evaluated). Fits are performed to obtain 28° in the
cases that all transversity amplitudes are assumed to have
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Fig. 16 Averages of (left) Sp—czq and (right) Cp— czq for the mode BY — J/1/f710
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Fig. 17 Averages of (left) Sy czq and (right) Cp_, czq for the mode B — D+ D~
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Fig. 18 Averagesoftwob — céd dominated channels, for which correlated averages are performed, in the Scp vs. Ccp plane. (Left) B® — J /yrm°
and (right) B° — Dt D~

the same CP violation parameter. A separate fit is per- The vector-vector mode D*T D*~ is found to be domi-
formed allowing different parameters. The results in the  nated by the CP-even longitudinally polarised component;
former case are presented in terms of Scp and Ccp in BABAR measures a CP-odd fraction of 0.158 4+ 0.028 +
Table 34. 0.006 [259] while Belle measures a CP-odd fraction of
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Fig. 20 Averages of (left) —1Sp—sczq interpreted as sin(2ﬂeff) and (right) Cp—czqa- The —nSp—s czq figure compares the results to the world average

for —nSp— s (see Sect. 4.4.1)

0.138 £ 0.024 4 0.006 [352]. These values, listed as R | ,
are included in the averages, which ensures that the corre-
lations are taken into account.>> BABAR has also performed
an additional fit in which the CP-even and CP-odd compo-
nents are allowed to have different CP violation parameters
S and C. These results are included in Table 34. Results using
D*t D*~ are shown in Fig. 19.

As discussed in Sect. 4.2.6, the most recent papers on the
non-CP eigenstate mode D** DT use the (4, S, AS,C, AC)
set of parameters, and we therefore perform the averages with
this choice.

32 Note that the BABAR value given in Table 34 differs from the value
quoted here, since that in the table is not corrected for efficiency.

In the absence of the penguin contribution (tree domi-
nance), the time-dependent parameters would be given by
Shb—cea = —nsin2p), Cp—cea = 0, S4— = sin(2B + §),
S_4+ = sin(2B —§8), C4— = —C_4 and A = 0, where
8 is the strong phase difference between the D** D~ and
D*~ D% decay amplitudes. In the presence of the penguin
contribution, there is no clean interpretation in terms of CKM
parameters; however, direct CP violation may be observed
through any of Cpc50 #0, C4— # —C_por Ay # 0.

The averages for the b — c¢cd modes are shown in
Figs. 20 and 21. Results are consistent with tree dominance,
and with the Standard Model, though the Belle results in
BY — Dt D~ [357] show an indication of CP violation in
decay, and hence a non-zero penguin contribution. The aver-
age of Sy czq in each of the J/y 7%, DT D~ and D*t D*~
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Fig. 21 Compilation of constraints in the —nSp_cz4, interpreted as
sin(28°M), vs. Cp_, czq plane

final states is more than 50 from zero, corresponding to
observations of CP violation in these decay channels. Possi-
ble non-Gaussian effects due to some of the inputs measure-
ments being outside the physical region (S%P + C %P <1
should, however, be borne in mind.

4.6.1 Time-dependent CP asymmetries in BS decays
mediated by b — ccd transitions

Time-dependent CP asymmetries in B? decays mediated by
b — céd transitions provide a determination of 28" where
possible effects from penguin amplitudes may cause a shift
from the value of 28, seen in b — ccs transitions. Results
in the b — ccd case, with larger penguin effects, can be
used together with flavour symmetries to derive limits on
the possible size of penguin effects in the b — ccs transi-
tions [358,359].

The parameters have been measured in B? —- J/YK 2
decays by LHCb, as summarised in Table 35. The results
supersede an earlier measurement of the effective lifetime,
which is directly related to AAT | in the same mode [127],
which is discussed in Sect. 3.

4.7 Time-dependent CP asymmetries in charmless
b — ggs transitions

Similarly to Eq. (153), the b — s penguin amplitude can be
written as

@ Springer

Aps = Fy Vubvu*s + FeVep V*cs + F; thV;;

= (Fy — Fo)Vup Vs + (Fr — F)Vip Vs, (155)
using the unitarity of the CKM matrix to eliminate the F,
term. In this case, the first term in the last line is O(A%)
while the second is O (12). Therefore, in the Standard Model,
this amplitude is dominated by V;, V%, and to within a
few degrees (|68 = |t — B| < 2° for B ~ 20°)
the time-dependent parameters can be written’? Spsqgs ™
—nsin(2B), Cp—4gs ~ 0, assuming b — s penguin contri-
butions only (¢ = u, d, s).

Due to the suppression of the Standard Model amplitude,
contributions of additional diagrams from physics beyond the
Standard Model, with heavy virtual particles in the penguin
loops, may have observable effects. In general, these contri-
butions will affect the values of S, 455 and Cp 4g5. A dis-
crepancy between the values of S, .5 and Sp_, 455 can there-
fore provide a clean indication of new physics [346,361—
363].

However, there is an additional consideration to take into
account. The above argument assumes that only the b — s
penguin contributes to the b — ¢ggs transition. For ¢ = s
this is a good assumption, which neglects only rescattering
effects. However, for ¢ = u there is a colour-suppressed
b — u tree diagram (of order O(1*)), which has a different
weak (and possibly strong) phase. In the case g = d, any light
neutral meson that is formed from dd also has a uii compo-
nent, and so again there is “tree pollution”. The B® decays to
70 Kg, pOKg and a)Kg belong to this category. The mesons ¢,
fo and n’ are expected to have predominant s5 composition,
which reduces the relative size of the possible tree pollution.
If the inclusive decay B — KTK~K° (excluding ¢ K°)
is dominated by a nonresonant three-body transition, an
Okubo—-Zweig-lizuka-suppressed [364—366] tree-level dia-
gram can occur through insertion of an ss pair. The corre-
sponding penguin-type transition proceeds via insertion of a
uu pair, which is expected to be favoured over the ss inser-
tion by fragmentation models. Neglecting rescattering, the
final state K 0K’ k0 (reconstructed as K 2 K g K 2) has no tree
pollution [367]. Various estimates, using different theoretical
approaches, of the values of AS = S, 455 — Sp—ces existin
the literature [368—381]. In general, there is agreement that
the modes ¢pK°, n’K° and K OfoK O are the cleanest, with
values of |A S| at or below the few percent level (AS is usu-
ally predicted to be positive). Nonetheless, the uncertainty is
sufficient that interpretation is given in terms of sin (2p°M).

33 The presence of a small (O(\?%)) weak phase in the dominant
amplitude of the s penguin decays introduces a phase shift given by
Sp—sqgs = —nsin(2B)(1 + A). Using the CKMfitter results for the
Wolfenstein parameters [252], one finds A >~ 0.033, which corresponds
to a shift of 28 of +2.1°. Nonperturbative contributions can alter this
result.
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Table 35 Measurements of CP violation parameters from B? — J/YyK 2

Experiment [ Ldt Scp

Cep AAF

LHCb [360] 3fb! 0.49 7077 + 0.06

—0.28 & 0.41 £ 0.08 —0.08 &= 0.40 & 0.08

4.7.1 Time-dependent CP asymmetries: b — qqs decays
to CP eigenstates

The averages for —nSp 455 and Cp_, 455 can be found in
Tables 36 and 37, and are shown in Figs. 22, 23 and 24.
Results from both BABAR and Belle are averaged for the
modes 'K 0 (KY indicates that both Kg and Kg are used)
KIKOK, nOK?and wK ) 3* Resultsonp K and K"K~ K
(implicitly excluding ¢ K 2 and foK 2) are taken from time-
dependent Dalitz plot analyses of K+ K~ KY; results on
,oOKg, K, fXKg and n*n*Kg nonresonant are taken
from time-dependent Dalitz plot analyses of 7 t7~ K 2 (see
Sect. 4.7.2). The results on fyK (S) are from combinations of
both Dalitz plot analyses. BABAR has also presented results
with the final states nonng and ¢Kgn0.

Of these final states, K Y, n' K9, JTOKg, pOK(S), a)Kg and
fng have CP eigenvalue n = —1, while ¢K?, n'K?,
KgKgK(S), fng, fQK(S), fXKO,ernOKg andn+rr_Kg non-
resonant have n = +1. The final state K T K~ K 2 (with o K 2
and fng implicitly excluded) is not a CP eigenstate, but
the CP-content can be absorbed in the amplitude analysis
to allow the determination of a single effective S parameter.
(In earlier analyses of the K + K~ KO final state, its CP com-
position was determined using an isospin argument [383]
and a moments analysis [384].) Throughout this section,
fo = f0(980) and f, = f>(1270). Details of the assumed
lineshapes of these states, and of the fx (which is taken to
have even spin), can be found in the relevant experimental
papers [270,271,274,275].

The final state ¢ K 27'[0 is also not a CP eigenstate but its
CP-composition can be determined from an angular analy-
sis. Since the parameters are common to the B — ¢ K 2710
and B® — ¢KTm~ decays (because only K7 resonances
contribute), BABAR perform a simultaneous analysis of the
two final states [391] (see Sect. 4.7.3).

It must be noted that Q2B parameters extracted from
Dalitz plot analyses are constrained to lie within the physical
boundary (Sép + C%P < 1) and consequently the obtained
errors are highly non-Gaussian when the central value is close
to the boundary. This is particularly evident in the BABAR
results for B — foK 0 with fo — wtm~ [274]. These
results must be treated with extreme caution.

34 Belle [382] include the 70K 2 final state together with 79K g in order
to improve the constraint on the parameter of CP violation in decay;
these events cannot be used for time-dependent analysis.

As explained above, each of the modes listed in Tables 36
and 37 has potentially different subleading contributions
within the Standard Model, and thus each may have a dif-
ferent value of —nSp_45s. Therefore, there is no strong
motivation to make a combined average over the differ-
ent modes. We refer to such an average as a “naive s-
penguin average”. It is naive not only because the theoreti-
cal uncertainties are neglected, but also since possible cor-
relations of systematic effects between different modes are
not included. In spite of these caveats there remains inter-
est in the value of this quantity and therefore it is given
here: (—1Sp—455) = 0.655 £ 0.032, with confidence level
0.77 (0.30). This value is in agreement with the average
—1Sp—ces given in Sect. 4.4.1. (The average for Cp_; 455
is (Cpsggs) = —0.006 £ 0.026 with confidence level
0.53 (0.60).)

From Table 36 it may be noted that the averages for
—NShqgs in 9K, n'KC, foK and KT K~ K? are all now
more than 5S¢ away from zero, so that CP violation in these
modes can be considered well established. There is no evi-
dence (above 2¢) for CP violation in any b — ¢gs decay.

4.7.2 Time-dependent Dalitz plot analyses:
B® > KK~ K%and B - ntn K|

As mentioned in Sect. 4.2.5 and above, both BABAR and
Belle have performed time-dependent Dalitz plot analysis
of B - KTK~K" and B — 7w~ K9 decays. The
results are summarised in Tables 38 and 39. Averages for
the BY — foK g decay, which contributes to both Dalitz
plots, are shown in Fig. 25. Results are presented in terms of
the effective weak phase (from mixing and decay) difference
BT and the parameter of CP violation in decay A (A =
—C) for each of the resonant contributions. Note that Dalitz
plot analyses, including all those included in these averages,
often suffer from ambiguous solutions — we quote the results
corresponding to those presented as solution 1 in all cases.
Results on flavour specific amplitudes that may contribute
to these Dalitz plots (such as K**7 ™) are averaged by the
HFLAV Rare Decays subgroup (Sect. 7).

For the B — KK~ K" decay, both BABAR and Belle
measure the CP violation parameters for the ¢ K°, foK°
and “other K+ K~ K% amplitudes, where the latter includes
all remaining resonant and nonresonant contributions to the
charmless three-body decay. For the B — 7tn~K 2 decay,
BABAR reports CP violation parameters for all of the CP
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Table 36 Averages of —1S,_. 455 and Cp_ 455 Where a third source of uncertainty is given, it is due to model uncertainties arising in Dalitz plot

analyses

Experiment N(BB) —NSh—qgs Ch—qgs Correlation
¢K°

BABAR [271] 470M 0.66 £ 0.17 £ 0.07 0.05 £ 0.18 £ 0.05 -

Belle [270] 657TM 0.90 1099 —0.04 £ 0.20 + 0.10 + 0.02 -

Average 0.74 ‘:8:}; 0.01 £ 0.14 Uncorrelated averages
n/KO

BABAR [385] 467M 0.57 £ 0.08 £ 0.02 —0.08 £ 0.06 £ 0.02 0.03

Belle [386] 772M 0.68 + 0.07 £ 0.03 —0.03 £ 0.05 + 0.03 0.03
Average 0.63 £ 0.06 —0.05 + 0.04 0.02
Confidence level 0.53 (0.60)

KSKgKs

BABAR [387] 468M 0.94 1020 + 0.06 ~0.17 £ 0.18 £ 0.04 0.16

Belle [388] 535M 0.30 £ 0.32 £ 0.08 —0.31 £ 0.20 £ 0.07 -

Average 0.72 £ 0.19 ~0.24 £ 0.14 0.09
Confidence level 0.26 (1.10)

70K0

BABAR [385] 467M 0.55 + 0.20 £ 0.03 0.13 + 0.13 £ 0.03 0.06

Belle [382] 657M 0.67 £ 0.31 £ 0.08 —0.14 £ 0.13 £ 0.06 —0.04
Average 0.57 + 0.17 0.01 + 0.10 0.02
Confidence level 0.37 (0.90)

,OOKg

BABAR [274] 383M 0.35103% £ 0.06 + 0.03 —0.05 £ 0.26 £ 0.10 + 0.03 -

Belle [275] 657TM 0.64 022 £ 0.09 £ 0.10 —0.03%023 £ 0.11 £ 0.10 -

Average 0.54 fgé? —0.06 £+ 0.20 Uncorrelated averages
a)K_(g)

BABAR [385] 467M 0.557935 + 0.02 —0.527933 + 0.03 0.03

Belle [389] 772M 0.91 £ 0.32 £ 0.05 0.36 £ 0.19 £ 0.05 —0.00
Average 0.71 £ 0.21 —0.04 £ 0.14 0.01
Confidence level 0.007 (2.70)

Jok?®

BABAR [271,274] - 0.74 012 0.15 + 0.16 -

Belle [270,275] - 0.63 1015 0.13 £ 0.17 -

Average 0.69 tgi}g 0.14 + 0.12 Uncorrelated averages
HKY

BABAR [274] 383M 0.48 £ 0.52 £ 0.06 £ 0.10 0.28 7035 + 0.08 + 0.07 -

fxK?

BABAR [274] 383M 0.20 £ 0.52 £ 0.07 % 0.07 0.13793% £ 0.04 £ 0.09 -

eigenstate components in the Dalitz plot model (p° K 2, foK?,
HK g, fxK (S) and nonresonant decays; see Sect. 4.2.5), while
Belle reports the CP violation parameters for only the p° K 2
and foK 2 amplitudes, although the used Dalitz plot model
is rather similar.

@ Springer

4.7.3 Time-dependent analyses of B® — ¢K27[0

The final state in the decay B® — ¢Kgrr0 is a mixture
of CP-even and CP-odd amplitudes. However, since only
¢ K*0 resonant states contribute (in particular, ¢ K*?(892),
¢K6“0(1430) and ¢K§‘0(1430) are seen), the composition
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Table 37 Averages of —1Sp_. 455 and Cp_ 455 (continued). Where a third source of uncertainty is given, it is due to model uncertainties arising in

Dalitz plot analyses

Experiment N(BB) —NSh—qgs Chqgs Correlation
0..0x0

T Ks

BABAR [390] 227M —0.72 £+ 0.71 + 0.08 0.23 + 0.52 + 0.13 —0.02

¢KIn°

BABAR [391] 465M 0.97*+9% —0.20 + 0.14 + 0.06 _

7 t7~ K nonresonant

BABAR [274] 383M 0.01 £ 0.31 £ 0.05 £+ 0.09 0.01 £ 0.25 + 0.06 £+ 0.05 -

KtK~K°

BABAR [271] 470M 0.65 + 0.12 £+ 0.03 0.02 £ 0.09 + 0.03 -

Belle [270] 657M 0.76 1018 0.14 £ 0.11 £ 0.08 £ 0.03 -

Average 0.68 tgi?g 0.06 + 0.08 Uncorrelated averages

can be determined from the analysis of B — ¢K Tz~
decays, assuming only that the ratio of branching fractions
B(K*0 — Kgno)/B(K*O — KTm ™) is the same for each
excited kaon state.

BABAR [391] has performed a simultaneous analysis of
B — ¢K(S)n0 and B — ¢K*+m~ decays that is time-
dependent for the former mode and time-integrated for the
latter. Such an analysis allows, in principle, all parameters of
the B — ¢ K*0 system to be determined, including mixing-
induced CP violation effects. The latter is determined to
be Agoo = 0.28 + 0.42 £ 0.04, where Agy is half the
weak phase difference between BY and FO decays to the
¢K6“0(1430) final state. As discussed above, this can also
be presented in terms of the Q2B parameter sin(Zﬁ&f)f) =
sin28 + 2A¢pp) = 0.97 fg:g%. The highly asymmetric
uncertainty arises due to the conversion from the phase to the
sine of the phase, and the proximity of the physical boundary.

Similar sin(28°T) parameters can be defined for each of
the helicity amplitudes for both ¢ K *0(892) and ¢ K 5°(1430).
However, the relative phases between these decays are con-
strained due to the nature of the simultaneous analysis of
BY — ¢K2n0 and B - ¢oKtn—, decays and therefore
these measurements are highly correlated. Instead of quot-
ing all these results, BABAR provide an illustration of their
measurements with the following differences:

sin2f — 2A80;) — sin(28) = —0.42 7930, (156)
sin(28 — 2A¢)1) — sin(2f) = —0.32 7933, (157)
sin(2B — 2A¢11) —sin(2f) = —0.30 7933, (158)

sin(2B — 2461 1) — sin(2B — 2A¢y1) = 0.02 & 0.23,
(159)

sin2f — 2A8p2) — sin(28) = —0.10 T35, (160)

where the first subscript indicates the helicity amplitude and
the second indicates the spin of the kaon resonance. For the

complete definitions of the A§ and A¢ parameters, please
refer to the BABAR paper [391].

Parameters of CP violation in decay for each of the con-
tributing helicity amplitudes can also be measured. Again,
these are determined from a simultaneous fit of B —
¢K'2710 and B — ¢K*m~ decays, with the precision
being dominated by the statistics of the latter mode. Mea-
surements of CP violation in decay, obtained from decay-
time-integrated analyses, are tabulated by the HFLAV Rare
Decays subgroup (Sect. 7).

4.7.4 Time-dependent CP asymmetries in B? — KtK~

The decay B? — KTK~ involvesab — uiis transition, and
hence has both penguin and tree contributions. Both mixing-
induced and CP violation in decay effects may arise, and
additional input is needed to disentangle the contributions
and determine y and ,Bfff. For example, the observables in
B® — 77~ can be related using U-spin, as proposed in
Refs. [392,393].

The observables are Anix = Scp, Adgir = —Ccp, and
Aar. They can all be treated as free parameters, but are phys-
ically constrained to satisfy Arznix + A(ziir + AzAr = 1. Note
that the untagged decay distribution, from which an “effec-
tive lifetime” can be measured, retains sensitivity to Aar;
measurements of the BY — KK~ effective lifetime have
been made by LHCb [104,125]. Compilations and averages
of effective lifetimes are performed by the HFLAV Lifetimes
and Oscillations subgroup, see Sect. 3.

The observables in B — KK~ have been measured
by LHCb [394], who do not impose the constraint mentioned
above to eliminate A ar. The results are shown in Table 40,
and correspond to evidence for CP violation both in the inter-
ference between mixing and decay, and in the BY — K+ K~
decay.

@ Springer



895 Page 62 of 335

Eur. Phys. J. C (2017) 77:895

sin(2B°™) = sin(2¢;") EE¥M

b—>ccs _ world ! 0.69£0.02
....... 8. BuBar et !
X Belle
< Average: : : : 74 013
o BaBar "rvTTTTTTTTTIT YT E 0BT E0.08£0.027
X Belle ! : ! 0.68+0.07+0.03
= _o_ Average: : ; : 0.63+0.06
T XUBEBar vt T > Lo 0.4 75 £ 0.067
> Bele . 0.30 +0.32 + 0.08
«»_ Average ! i 0.72+0.19
QTN BEBar T T HRR = = TT0B5'E0.20£0.037
> Belle ! : [ W ¢ 0674031008
B Average ; : i~ i 0.57 £0.17
""""" o BaBar v LI Rd ""'G.'35'fg_$§'£0’.06'£U.'03"
X Belle : 0.64 %952 £0.09 +0.10
o Average ! : : 0.54 ‘071
e S BABar <o P s S 0T G
X Belle H 0.91+0.32£0.05
3 Average ; : : 0.71+0.21
......... S - R AL < 074’815
X Belle ' - 0.63 TEHE
«°_Average' H = 0.69 '3
TS BaBar TR [ — 4B+ 052 0.06 £0.10°
o Average : — 0.48 +0.53
""""" & BEBar T T R T T 000 £ 0522 0.07 £0.077
& o Average | i b 0.20+0.53
O U BREBaE e g 072071 £0.08™
B o A : 0.72+0.71
g X TBaBar v B 097’gg§
Z % _Average — 0.97 Y055
";cb"é"'B'a'Bé'r """""""""""""""""" 001 £0:31'10.05£0.09
; Average : : 0.01+0.33
TR BaBar "vTTTTTTTTT HEE o085 0112 £ 0,03
& % Bele : H— 0.76 ‘018
+. Average: : — : 0.68 “g10
-2 -1 0 1 2
. eff . eff
Sln(ZB ) - Sln(zq)l ) Summer 2016
b—ccs  Warld Average : 0.69+0.02

7K Av{erage

KsKsKs Average | —
©K®  Avérage | @ —*
°Ks Average |
oKy Average | —
K Average i~
ke Average  H——*—

M 0747011

| | 0634006
—— | 072+0.19
el i 057017

K"K K® Avérage

M 068%%

H

-16 -14 12 -1 -08 -06 -04 -02

Fig. 22 (Top) Averages of (left) —1Sp— 4gs. interpreted as sin(2p°ff
and (right) Cp—s4gs- The —nSp— 435 figure compares the results to the
world average for —n S, cz5 (see Sect. 4.4.1). (Bottom) Same, but only

Interpretations of an earlier set of results [395], in terms
of constraints on y and 2f;, have been separately published

by LHCb [243].
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averages for each mode are shown. More figures are available from the
HFLAV web pages

4.7.5 Time-dependent CP asymmetries in B? — P¢

The decay BS — ¢¢ involves a b — sss transition, and
hence is a “pure penguin” mode (in the limit that the ¢ meson
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Fig. 23 Averages of four
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is considered a pure ss state). Since the mixing phase and the
decay phase are expected to cancel in the Standard Model,
the prediction for the phase from the interference of mixing
and decay is predicted to be ¢;(¢p¢p) = 0 with low uncer-
tainty [396]. Due to the vector-vector nature of the final state,
angular analysis is needed to separate the CP-even and CP-
odd contributions. Such an analysis also makes it possible to
fit directly for ¢ (¢¢).

A constraint on ¢, (¢¢) has been obtained by LHCb using
3.0fb~! of data [397]. The result is ¢s(ppp) = —0.17 =
0.15 £ 0.03 rad where the first uncertainty is statistical and
the second is systematic.

4.8 Time-dependent CP asymmetries in b — gqd
transitions

Decays such as BY — KgKg are pure b — ggd penguin
transitions. As shown in Eq. (153), this diagram has different
contributing weak phases, and therefore the observables are

0.8 1

1 i 1 1 1 1 1
02 0 02 04 06 08 1

cP Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof

CcP

sensitive to their difference (which can be chosen to be either
B or y). Note that if the contribution with the top quark in
the loop dominates, the weak phase from the decay ampli-
tudes should cancel that from mixing, so that no CP violation
(neither mixing-induced nor in decay) occurs. Non-zero con-
tributions from loops with intermediate up and charm quarks
can result in both types of effect (as usual, a strong phase
difference is required for CP violation in decay to occur).

Both BABAR [398] and Belle [399] have performed time-
dependent analyses of B” — K (s) K (S) decays. The results are
given in Table 41 and shown in Fig. 26.

4.9 Time-dependent asymmetries in b — sy transitions

The radiative decays b — sy produce photons which are
highly polarised in the Standard Model. The decays B® —

Fy and B S F y produce photons with opposite helicities,
and since the polarisation is, in principle, observable, these

@ Springer



895 Page 64 of 335 Eur. Phys. J. C (2017) 77:895

sin(2B™)—sin20™ vs C,., = -A @ =
1 cp = "cp 3 S
ummer 2016
Cop=-Acp H
[sa) o
T T T T T T T T (=) ()
0.8 ‘ S S
H A
0.6 2 = &
o (e o
HOH |
0.4 g T (&
<7 T |7
0.2
v
ol
_H
0 N -
2 i
-0.2 S o <
A S
Sl H H |
0.4 = Bl ol I
Sixl&a[& & ]
- =
0.6 g o
I KKK L S 3
-08 1 1 i_lnnll(SNRl 1 1 ] é —H
04 02 0 02 04 06 08 1 = g =
sin(2B°") = sin(205") £ T
Contours give -2A(In L) = Ay? = 1, corresponding to 39.3% CL for 2 dof % f\f] g} 8
—~ o (] (=]
Fig. 24 Compilation of constraints in the —1Sj_ 445, interpreted as § H H H o~
. off =] 0 o o ©
sin(28°"), vs. Cp—4gs plane <= IS s} IS
- = - =)
e <\ I [ | <
s | ©
E 3
final states cannot interfere. The finite mass of the s quark % X
introduces small corrections to the limit of maximum polari- o - 4
sation, but any large mixing-induced CP violation would be a S H
. . . . . B led | @ -+ ©
signal for new physics. Since a single weak phase dominates S+ o« |H
the b — sy transition in the Standard Model, the cosine term ‘M Llal| & Py Q
is also expected to be small. f «
Atwood et al. [298] have shown that an inclusive analy- M S
sis of K gnoy can be performed, since the properties of the OT 8 ﬁ
decay amplitudes are independent of the angular momen- ﬁ j S
tum of the K 27{0 system. However, if non-dipole operators = 2 g 2
contribute significantly to the amplitudes, then the Standard % j S j
Model mixing-induced CP violation could be larger than % 8 j S
the naive expectation S >~ —2(m,/my) sin (28) [299,300]. g <|T £ |7
In this case, the CP parameters may vary over the K (S)noy = <
Dalitz plot, for example as a function of the K gno invariant = g
mass. 8 ©
With the above in mind, we quote two averages: one for § :
K*(892) candidates only, and the other one for the inclu- § : S
sive K97r%y decay (including the K*(892)). If the Standard 2|l S
. . - . a
Model dipole operator is dominant, both should give the same § § §§Q 5 9 |3
quantities (the latter naturally with smaller statistical error). =
. . . o | =
If not, care needs to be taken in interpretation of the inclu- & 'gg = s
sive parameters, while the results on the K*(892) resonance § = E @ °
remain relatively clean. Results from BABAR and Belle are ~ = f
used for both averages; both experiments use the invariant ® g o~ ) %
. . . g - = e
mass range 0.60 < Myo,0 < 1.80 GeV/c? in the inclusive 2l g é 5 2 S g E
analysis. S8 @@ €0
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:O;. § - In addition to the K97%y decay, both BABAR and Belle
H H e 2 have presented results using the K g,oy mode, while BABAR
S5 H : (Belle) has in addition presented results using the Kgny
: : § o (Kgqﬁy) channel. For the Kg,oy case, due to the non-
o =~ <« H S negligible width of the p° meson, decays selected as B —
S S 3 fabss ;Hm K 2 0"y caninclude a significant contribution from K** 7 ¥y
j :': f ?;:' §§ decays, which are flavour-specific and do not have the same
2 s 2 S S oscillation phenomenology. Both BABAR and Belle mea-
<P ror < < < sure Serr for all B decay candidates with the po selec-
tion being 0.6 < m(ztm~) < 0.9 GeV/c?, obtaining
0.14 £ 0.25 7002 (BABAR) and 0.09 £ 0.27 7007 (Belle).
gn o o = These values are then corrected for a “dilution factor”, that
g SN a < is evaluated with different methods in the two experiments:
2 H e H H BABAR [400,401] obtains a dilution factor of —0.78 1019
E <X a N while Belle [402] obtains +0.83 *{)0. Until the discrepancy
§ j : i < between these values is understood, the average of the results
8 S oy O v & should be treated with caution.
g .. g ?f H o H g i The results are given in Table 42, and shown in Figs. 27
E E %l S o2 E Tga % 3 aqgl < and 28. No significant CP violation results are seen; the
~ ~ A~ ~ ~ . . .
3 i results are consistent with the Standard Model and with other
g S measurements in the b — sy system (see Sect. 7).
g g A similar analysis can be performed for radiative B?
5_:2 b - § decays to, for example, the ¢y final state. As for other observ-
g S < P H ables determined with self-conjugate final states produced in
g 2 : H 8 B.? decays, the effective lifetime also provides sensitivity, and
% =S — g : can be determined without tagging the initial flavour of the
2 H S H e decaying meson. The LHCb collaboration has determined the
3 SRS S0 S associated parameter Aar(¢y) = —0.98 J_rg'gg’ Jjg%g [407].
= S g3 S H . .
< (=R}
g A 5 5
%% <SS S & < g < g 4.10 Time-dependent asymmetries in b — dy transitions
|
R . i .
e The formalism for the radiative decays b — dy is much
4 I the same as that for » — sy discussed above. Assum-
2 N a § o ing dominance of the top quark in the loop, the weak
> o Vo) % . . cos
2 ; @ H % o phase in decay should cancel with that from mixing, so that
b o .. . . .
3 o H = § H the mixing-induced CP violation parameter Scp should be
é : o H | 2 very small. Corrections due to the finite light quark mass
c—% o H oo 2 H are smaller compared to b — sy, since my < myg, but
; 3 = 0 . .
z ﬁ 20 G » +, o QCD corrections of O (Aqcp/mp) may be sizable [299].
5 o N B‘ j v, !t ﬁ Large CP violation effects could be seen through a non-
g“ “|l%|2 8¢ CH R n S zero value of Cp_, 4, since the top loop is not the only
= contribution.
Q . .
2 Results using the mode B — p%y are available from
Q . .
_§~ . . . Belle and are given in Table 43.
I I 1
d | = = o) S| q =
E ~ o > ~ o ~ o
S| = & 8 = &= = . L -
g 4.11 Time-dependent CP asymmetries in b — uud
o ..
< transitions
2| = ¥ _ = g2 <3 The b — uiud transition can be mediated by either a b — u
el Q . . .
3| E % 8 g 5 £ % g % tree amplitude or a b — d penguin amplitude. These tran-
21 g s 2 E<E|2 S|2 & sitions can be investigated using the time dependence of B®
< ] < o > O > < ] < .. .
= lm M @< Ol@ -3 s M decays to final states containing light mesons. Results are

@ Springer



895 Page 66 of 335

Eur. Phys. J. C (2017) 77:895

Summer 2016

Merged b—qgs B(f Ky)

Merged b—qgs Ap(f)Ky) ﬂ

, BaBar i 36.0+9.8+2.1+2.1 , BaBar , , [:0.08+0.19+0.03+0.04
¥ PRD 80 (20G9) 112001 ¥ PRD 80 (2009) 1120p1 = |}
® : e :
+ Belle ; 12.783+28+33 + Belle , ,1i-0.06+0.17 +0.07 + 0.09
= PRD 79 (2009) Svzoot [ = PRD 79 (2009) 072004  [:
” BaBar ) : 18.0+6.0+ 4.0 ” BaBar | -0.28 +0.24 + 0.09
X PRD 85 (20%2) 112010 ; X PRD 85 (£072) 1120110 i
< : NS :
Y Belle : ) 31.3+90+34+4.0 Y Belle i-0.30+0.29+ 0.11 £ 0.09
PRD 82 (2010) 073011 ; o ' PRD 82 (2010) 0730111 v
b Naive avérage 22.0+4.3 b Naive average -0.14+0.12
—99 HFLAV A A A A A 495 HFLAV A A i A A A
-30 -20 -10 0 10 20 30 40 50 60 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

Fig. 25 Averages of (left) g = d)fff and (right) Acp for the B® — fng decay including measurements from Dalitz plot analyses of both

BY — K+K_K2 and B — ]T+JT_K2

Table 40 Results from time-dependent analysis of the B? — K1tK~ decay

Experiment Sample size Scp

Cep AAF

LHCb [394] [Ldt=3.0fb""

0.22 £ 0.06 + 0.02

0.24 £+ 0.06 £ 0.02 —0.75 £ 0.07 £ 0.11

Table 41 Results for B® — KgKg

Experiment N(BB) Scp Ccp Correlation
BABAR [398] 350M —1.28 T080 011 —0.40 + 0.41 £ 0.06 —0.32
Belle [399] 657M ~0.387057 + 0.09 0.38 £ 0.38 + 0.05 0.48
Average ~1.08 £ 0.49 —0.06 % 0.26 0.14
Confidence level 0.29 (1.10)
KS KS SCP Summer 2016 KS KS CCP |Summer2016
+0.80 +0.11 :
BaBar . . | §-1.28 1075 016 BaBar N A -0.40 + 0.41 + 0.06

b
PRL 97 (2006) 171805

Belle , L -0.3870%940.09
I [} T 1
PRL 100 (2008) 12160}t :
Average -1.08 +0.49
HFIAv correlated average
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PRL 100 (2008) 121601

0.38 £ 0,38 +0.05
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Average -0.06 + 0.26
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Fig. 26 Averages of (left) Scp and (right) Ccp for the mode B > K 2 K 2

available from both BABAR and Belle for the CP eigen-
state (n = +1) 7t 7~ final state and for the vector-vector
final state o™ p~, which is found to be dominated by the
CP-even longitudinally polarised component (BABAR mea-
sures fiong = 0.992 %+ 0.024 70029 [409] while Belle mea-
sures fiong = 0.988 & 0.012 & 0.023 [410]). BABAR
has also performed a time-dependent analysis of the vector-

@ Springer

vector final state po pO [411], in which they measure fiong =
0.70 £ 0.14 £ 0.05; Belle measure a smaller branching frac-
tion than BABAR for B® — p0p® [412] with corresponding
signal yields too small to perform a time-dependent analy-
sis; for the longitudinal polarisation they measure fiong =
0.21 Jjgég 4 0.13. LHCb has measured the branching frac-
tion and longitudinal polarisation for B — p°p°, and for
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Table 42 Averages for b — sy modes

Experiment N(BB) Scp(b — sy) Ccp(b — sy) Correlation
K*(892)y
BABAR [403] 467M —0.03 £+ 0.29 4+ 0.03 —0.14 £+ 0.16 + 0.03 0.05
Belle [404] 535M ~0.32703% + 0.05 0.20 £ 0.24 + 0.05 0.08
Average —0.16 £+ 0.22 —0.04 £ 0.14 0.06
Confidence level 0.40 (0.90)
K270 (including K*(892)y)
BABAR [403] 467TM —0.17 £ 0.26 + 0.03 —0.19 £ 0.14 + 0.03 0.04
Belle [404] 535M —0.10 £+ 0.31 + 0.07 0.20 £+ 0.20 + 0.06 0.08
Average —0.15 £ 0.20 —0.07 £ 0.12 0.05
Confidence level 0.30 (1.00)
K{ny
BABAR [405] 465M —0.18 704 + 0.12 ~0.327040 + 0.07 —0.17
K9p%
BABAR [401] 471M —0.18 £ 0.32 709 —0.39 £ 0.20 755 —0.09
Belle [402] 657M 0.11 £ 0.3370:03 —0.05 £ 0.18 %+ 0.06 0.04
Average —0.06 £ 0.23 —0.22 £ 0.14 —0.02
Confidence level 0.38 (0.90)
Koy
Belle [406] 772M 0.74 -2 039 —0.35 £ 0.58 7039 -
bost Ser ELAY ST
BaBar ' 0w -0.03%0.29 £ 0.03 BaBar : , [ -0.14£0.16£0.03
PRD 78 (2008) 071102 o} ; PRD 78 (2008) 07:1102 5 ;
= Belle : . -0.32 7038+ 0.05 = Belle : i | 40.20+0.24 +0.05
& PRD 74 (2006)11110F % 5 & PRD 74 (2006) 111104 S ol 5
Averal : : '016+022 ' : -oo4+01a
H\IéLA\Pcorrelated average_*_j' HFLA\PcorreIated ‘average X
R e """"""'—'0'1"7'4'0'261'0'63" R e "'cj'1'§'+"d'1’2i'+"0'6é"
> PRD 78 (2008) i o71102 > PRD 78 (2008) 071102
Se Belle : : 010 0.31 £0.07 Se Belle 0.20 £ 0.20 + 0.06
-, PRD 74 (2006) 111104( X ; <, PRD 74 (2006) 111104(R) :
X Avera\r;; : : :-0.15+0.20 X Averz-i]q -0.07 +0.12
HFLA correlated average [ A} HFLAV correlated: -average -G !
R s S (I et S ]
Z  PRD 79 (2009)-01 11 Z  PRD 79 (2009) 011102 H— 080~
o Avere%,q o Average : i -0.32+0. 40
X HFLA correlated avg X HFLAV correlated:average g
i g SIS i Sr 0'59'4'5'2'0"8'82"
= PRD % (2016)052013 >~ PRD 93 (2016) 052013
°o Belle : 0.11 +0.33 fg;gg © Belle : -0.05+0.18 + o.oe
;> PRL 101 (2008] 251601 : - PRL101 (2008) 251601 ;
X Avera rage E -0.06 +0.23 X erage -0.22+0.14
HFLA correlated average HFLA correlated ‘average g ;
R . E)"7'4"°7"'“’~ o R et L S T T o
S PRDB4 (201 1)'071 101 oy °9I; S PRD84 (2011) 0711'0'1—*—'—‘; ; 02
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Fig. 27 Averages of (left) Sp—5y and (right) Cp_,, . Recall that the data for K*y is a subset of that for K (S)rroy

the latter finds fiong = 0.745 T004% £ 0.034 [413], but has
not yet performed a time-dependent analysis of this decay.
The Belle measurement for fiong is thus in some tension with

the other results. BABAR has furthermore performed a time-

dependent analysis of the B® — af T decay [414]; further
experimental input for the extraction of « from this channel
is reported in a later publication [415].
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Fig. 28 Averages of three b — sy dominated channels, for which correlated averages are performed, in the Scp vs. Ccp plane. (Left) B — K*y,

(middle) B® — Kgnoy (including K *y), (right) B® — Kg,oy

Table 43 Averages for BO — ply

Experiment N(B B) Scp

Ccp Correlation

Belle [408] 657M —0.83 &£ 0.65 £ 0.18

0.44 £ 0.49 £ 0.14 —0.08

Results, and averages, of time-dependent CP violation
parameters in b — uud transitions are listed in Table 44.
The averages for 7T~ are shown in Fig. 29, and those for
ot p~ are shown in Fig. 30, with the averages in the Scp vs.
Ccp plane shown in Fig. 31 and averages of CP violation
parameters in B® — aft 7 F decay shown in Fig. 32.

If the penguin contribution is negligible, the time-depen-
dent parameters for B — 777~ and B — ptp~ are
given by Sp_yiiq = 1 sin(2e) and Cp_, 54 = 0. In the pres-
ence of the penguin contribution, CP violation in decay may
arise, and there is no straightforward interpretation of Sp—, ;774
and Cp_, ;4. An isospin analysis [419] can be used to disen-
tangle the contributions and extract «.

For the non-CP eigenstate pE T, both BABAR [281]
and Belle [283,284] have performed time-dependent Dalitz
plot analyses of the 7+~ 7 final state [279]; such analy-
ses allow direct measurements of the phases. Both experi-
ments have measured the U and [/ parameters discussed in
Sect. 4.2.5 and defined in Table 22. We have performed a full
correlated average of these parameters, the results of which
are summarised in Fig. 33.

Both experiments have also extracted the Q2B parame-
ters. We have performed a full correlated average of these
parameters, which is equivalent to determining the values
from the averaged U and I parameters. The results are given
in Table 45.3° Averages of the B? - p%7% Q2B parameters
are shown in Figs. 34 and 35.

3 The B® — p* 7T Q2B parameters are comparable to the param-
eters used for B — ali ¥ decays, reported in Table 44. For the

@ Springer

With the notation described in Sect. 4.2 (Eq. (131)), the
time-dependent parameters for the Q2B B — pT 7T anal-
ysis are, neglecting penguin contributions, given by

AC\? .
Spor =4/1— (T) sin(2a) cos(4)

AC\? .
ASpr =41 - (T) cos(2a) sin(8) (161)

and Cpy = AZp = 0, where § = arg(A_ A% _) is the
strong phase difference between the p~ 7 and p*7 ~ decay
amplitudes. In the presence of the penguin contribution, there
is no straightforward interpretation of the Q2B observables
in the B — p* 7 ¥ system in terms of CKM parameters.
However, CP violation in decay may arise, resulting in either
orbothof Cp; # Oand Aé’; # 0. Equivalently, CP violation
in decay may be seen by either of the decay-type-specific
observables .A;;T_ and A;;r , defined in Eq. (132), deviating
from zero. Results and averages for these parameters are also
given in Table 45. Averages of CP violation parameters in
B? — p* ¥ decays are shown in Fig. 36, both in .A/g; vs.
Cpr space and in A, F vs. A}~ space.

The averages for Sp—yiq and Cp_ 4 in BY > gtg—
decays are both more than 5S¢ away from zero, suggest-
ing that both mixing-induced and CP violation in decay are

well-established in this channel. The discrepancy between

Footnote 35 continued

B0 — ali 7T case there has not yet been a full amplitude analysis
of B - ntn—ntn-
available.

and therefore only the Q2B parameters are
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Table 44 Averages for b — uiud modes

Experiment Sample size Scp Ccp Correlation
atm~

BABAR [416] N(BB) = 46TM —0.68 + 0.10 £+ 0.03 —0.25 + 0.08 £+ 0.02 —0.06
Belle [417] N(BB) =772M —0.64 + 0.08 £+ 0.03 —0.33 & 0.06 £ 0.03 —0.10
Average —0.68 + 0.04 —0.27 + 0.04 0.14
Confidence level 0.88 (0.20)

pto

BABAR [409] N(BB) =387M —0.17 £ 0.20 7502 0.01 £ 0.15 £ 0.06 —0.04
Belle [410] N(BB) =712M —0.13 + 0.15 £+ 0.05 0.00 £ 0.10 &+ 0.06 -0.02
Average —0.14 + 0.13 0.00 £ 0.09 —0.02
Confidence level 0.99 (0.020)

p°p°

BABAR [411] N(Bé) = 465M 03 +0.7+£02 02+08+£03 —0.04
Experiment  N(BB) A¢Y Carn Ay ACun ASyn

ali at

BABAR [414] 384M

—-0.07 &£ 0.07 £ 0.02 —0.10 £ 0.15 &= 0.09 0.37 £ 0.21 &+ 0.07

0.26 £ 0.15 £ 0.07 —0.14 &£ 0.21 £ 0.06

Belle [418] 772M  —0.06 £ 0.05 & 0.07 —0.01 & 0.11 £ 0.09 —0.51 + 0.14 £ 0.08 0.54 £ 0.11 & 0.07 —0.09 £ 0.14 % 0.06
Average —0.06 & 0.06 —0.05 £+ 0.11 —0.20 £ 0.13 0.43 £+ 0.10 —0.10 £ 0.12
Confidence level 0.03 2.10)
Experiment N(BB) ALt A Correlation
BABAR [414] 384M 0.07 £ 0.21 £ 0.15 0.15 £ 0.15 £ 0.07 0.63
Belle [418] 772M —0.04 & 0.26 &+ 0.19 0.07 + 0.08 £ 0.10 0.61
Average 0.02 + 0.20 0.10 £ 0.10 0.38
Confidence level 0.92 (0.10)
TS + o
CcpP Summer 2016 T CCP Summer 2016
BaBar . -0,68 +0.10 + 0.03 BaBar . N -0.25 + 0.08 + 0.02
PRD 87 (2013) 052009 i PRD 87 (2013) 052009 . b
Belle , -0.64 + 0.08 + 0.03 Belle N L -0.33+ 0.06 £ 0.03
PRD 88 (2013) 092003 = " PRD 88 (2013) 092003 o
LHCb . . -0.68+0.06+0.01 LHCb . A -0.24 +0.07  0.01
LHCb-CONF-2016-018 ' LHCb-CONF-2016-018| " . '
Average -0.68 + 0.04 Average -0.27 +0.04
HFLAV correlated average HFLAV correlated average
-0.8 0.7 -0.6 -0.5 -0.4 0.3 -0.2 -0.1

Fig. 29 Averages of (left) Scp and (right) Ccp for the mode BY - gtg-

results from BABAR and Belle that used to exist in this
channel (see, for example, Ref. [420]) is no longer appar-
ent, and the results from LHCb are also fully consistent
with other measurements. Some difference is, however, seen
between the BABAR and Belle measurements in the aft T
system. The confidence level of the five-dimensional aver-

age is 0.03, which corresponds to a 2.1o0 discrepancy. As
seen in Table 44, this discrepancy is primarily in the values
of Su;, and is not evident in the A_ T vs. AL projection
shown in Fig. 32. Since there is no evidence of systematic
problems in either analysis, we do not rescale the errors of

the averages.
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Fig. 31 Averages of b — uud dominated channels, for which correlated averages are performed, in the Scp vs. Ccp plane. (Left) BY > gtg—

and (right) B — ptp~

In B — p* 7T decays, both experiments see an indica-
tion of CP violation in the Ag, parameter (as seen in Fig. 36).
The average is more than 3o from zero, providing evidence
of direct CP violation in this channel. In B — p*p~ decays
there is no evidence for CP violation, either mixing-induced
orindecay. The absence of evidence of penguin contributions
in this mode leads to strong constraints on @ = ¢;.

4.11.1 Constraints on o = ¢

The precision of the measured CP violation parameters in
b — uud transitions allows constraints to be set on the UT
angle = ¢». Constraints have been obtained with various
methods:

e Both BABAR [416] and Belle [417] have performed
isospin analyses in the 7w r system. Belle exclude 23.8° <
P2 < 66.8° at 68% CL while BABAR give a confidence
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level interpretation for o, and constrain o € [71°, 109°]
at 68% CL. Values in the range [23°, 67°] are excluded
at 90% CL. In both cases, only solutions in 0°~180° are
quoted.

Both experiments have also performed isospin anal-
yses in the pp system. The most recent result from
BABAR is given in an update of the measurements of
the Bt — p*p® decay [421], and sets the constraint
(92.4 fg:g)o. The most recent result from Belle
is given in their paper on time-dependent CP violation
parameters in B — ptp~ decays, and sets the con-
straint ¢p = (93.7 £+ 10.6)° [410].

The time-dependent Dalitz plot analysis of the B —
nt7 70 decay allows a determination of & without
input from any other channels. BABAR [282] present a
scan, but not an interval, for «, since their studies indi-
cate that the scan is not statistically robust and cannot be
interpreted as 1 —CL. Belle [283,284] has obtained a con-

o =
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A a+n AT vs AT % flavour symmetries (a; K and K7) [423]. This has been
— x x , x x x done by BABAR [415], resulting in the constraint « =
04 : BaBar (79 £ 7 £ 11)°, where the first uncertainty is from the
' ie“e analysis of B® — a3 7 that obtains °f, and the sec-
3 verage ; : eff ;
03 L | \\\\‘\‘\,\ | opd is due to th.e constraint on e — «af. Thls approach
\\\ gives a result with several ambiguous solutions; that con-
0o - A\X\’\\s i sistent with other determinations of o and with global fits
””:f§f§§§%$ to the CKM matrix parameters is quoted here.

0.1 - Kooad g The CKMfitter [252] and UTFit [339] groups use the
5 measurements from Belle and BABAR given above with
L N A A other branching fractions and CP asymmetries in B —
nw, prr and pp modes, to perform isospin analyses for

0.1 rF 7 each system, and to obtain combined constraints on «.
02 The BABAR and Belle collaborations have combined
e ‘ their results on B — nwr, nan® and pp decays to

* * * * : : : obtain [424]
-06 -04 -02 0 0.2 0.4 0.6
Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof A-+
a=¢r = (88 £ 5)°. (162)
Fig. 32 Averages of CP violation parameters in B® — ali 7Fin Agj,

vs. Al space

aymw

straint on « using additional information from the SU(2)
partners of B — pm, which can be used to constrain o
via an isospin pentagon relation [422]. With this analysis,
Belle obtains the constraint ¢ = (83 J_rég)o (where the
errors correspond to 1o, i.e. 68.3% confidence level).

The results from BABAR on BY — aljE nT [414]
can be combined with results from modes related by

Summer 2016

'’ U parameters

02310,03+0.02
0.29+005+0.04

125300730005
1.27+£0.13+0.09

0.04+0.05+0.03
0.15+0.11£0.08
. 0.050.05
-0.62+0.16 + 0.08
~ 037 £0.10
3 0.25+0.09 £0.07
0.23+0.15£0.07

TTrermrErmsmemrmrmeErers 007102610267
-=8-86 + 0.34

X 015033

078702570733
0.49+0.86 +0.52

............. e o
2.3241.74+091

Average
- BaBare—— -0.50 + 0.50 + 0.80
-1.18+1.61+£0.72

@
o i
T T T
Average
D Bz{Ba’rg ......................... T

!
Bl 1
|
t

leipimicimicieieieieie et imse i m e oy ol
= L 021307630717
e Belle _ 0574035051
..D...QQEB';QE. ......................... H o 0274022

0011071530719
0.29+0.50+0.35

e m e 005022
01610202045
0.41£1.00£047
o R 0085047

03010327038
2.37 £1.36 £ 0.60

P -0.05+0.47

AT o s e BB TR SRR . — . . <+ e oo 0367 0201 02r" |

-1.34£060 £ 047
-0.58+0.28

0.25+0.60+0.33
0.05£0.22

05330423052

0.02+1.31+0.83

Average

Fig. 33 Summary of the U and I parameters measured in the time-dependent B® — 7

-2 -1 0 1 2

The above solution is that consistent with the Standard
Model (an ambiguous solution shifted by 180° exists).
The strongest constraint currently comes from the B —
pp system. The inclusion of results from BY — ali T

does not significantly affect the average.

Note that methods based on isospin symmetry make exten-

sive use of measurements of branching fractions and CP
asymmetries, as averaged by the HFLAV Rare Decays sub-

Summer 2016

- 0
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+7 =70 Dalitz plot analysis
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Table 45 Averages of quasi-two-body parameters extracted from time-dependent Dalitz plot analysis of B — 77~

0

Experiment ~ N(BB) Ag, Con

Spﬂ Acpﬂ ASpr[

BABAR [282] 471M

—0.10 £ 0.03 £ 0.02 0.02 £ 0.06 + 0.04

0.05 £ 0.08 & 0.03 0.23 £ 0.06 & 0.05 0.05 £ 0.08 + 0.04

Belle 449M —0.12 £+ 0.05 £ 0.04 —0.13 £ 0.09 = 0.05 0.06 4+ 0.13 + 0.05 0.36 £+ 0.10 £ 0.05 —0.08 £ 0.13 £ 0.05
[283,284]
Average —0.11 £+ 0.03 —0.03 £+ 0.06 0.06 £+ 0.07 0.27 £ 0.06 0.01 £+ 0.08
Confidence level 0.63 (0.50)
Experiment N(BB) A Al Correlation
BABAR [282] 471M —0.12 £ 0.08 7004 0.09 7000 + 0.04 0.55
Belle 449M 0.08 £ 0.16 £ 0.11 0.21 £ 0.08 &+ 0.04 0.47
[283,284]
Average —0.08 £ 0.08 0.13 £ 0.05 0.37
Confidence level 0.47 (0.70)
Experiment N(BB) Cpoz0 S 5070 Correlation
BABAR [282] 471M 0.19 £ 0.23 £+ 0.15 —0.37 £ 0.34 + 0.20 0.00
Belle 449M 0.49 £+ 0.36 + 0.28 0.17 £ 0.57 & 0.35 0.08
[283,284]
Average 0.27 £ 0.24 —0.23 £ 0.34 0.02
Confidence level 0.68 (0.40)
poﬂ:o S & pOTCO C Summer 2016
BaBar 5 N . -0.37 £ 0.34 £ 0.20 BaBar L L 0.19+0.23+0.15
PRD 88 (2013) 012003 P PRD 88 (2013) 0120'032 '
Belle " N 0.17:;|0.57J_r0.35 Belle : 0.%9?0.36i0.28

PRL 98 (2007) 221602

Average -0.23 +0.34

HFLAYV correlated average

-18 -16 -14 12 -1 -08 -06 -04 -02 0 02 04 06 08 1 12 14

PRL 98 (2007) 221602

Average 0.27+0.24
HFLAYV correlated aver:age
08 -06 04 02 0 02 04 06 08 1 12 14

Fig. 34 Averages of (left) Sp—yia and (right) Cp— yiq for the mode BY — porro

group (Sect. 7). Note also that each method suffers from
discrete ambiguities in the solutions. The model assumption
in the B — 7t~ 7" analysis helps resolve some of the
multiple solutions, and results in a single preferred value for
« in [0, r]. All the above measurements correspond to the
choice that is in agreement with the global CKM fit.

At present we make no attempt to provide an HFLAV
average for « = ¢,. More details on procedures to calculate
a best fit value for @ can be found in Refs. [252,339].

4.12 Time-dependent CP asymmetries in b — cud /ucd
transitions

Non-CP eigenstates such as DFn*, D*Fx* and DFp*
can be produced in decays of B” mesons either via Cabibbo
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favoured (b — c) or doubly Cabibbo suppressed (b — u)
tree amplitudes. Since no penguin contribution is possible,
these modes are theoretically clean. The ratio of the magni-
tudes of the suppressed and favoured amplitudes, R, is suffi-
ciently small (predicted to be about 0.02), that O(R?) terms
can be neglected, and the sine terms give sensitivity to the
combination of UT angles 28 + y.

As described in Sect. 4.2.6, the averages are given in terms
of the parameters a and c of Eq. (136). CP violation would
appear as a # 0. Results are available from both BABAR
and Belle in the modes DF¥7E and D*Fr¥ : for the latter
mode both experiments have used both full and partial recon-
struction techniques. Results are also available from BABAR
using DT p* . These results, and their averages, are listed in
Table 46, and are shown in Fig. 37. The constraints in ¢ vs.
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Fig. 35 Averages of b — uud dominated channels, for the mode
BY — ,007r0 in the Scp vs. Ccp plane

a space for the D and D*x modes are shown in Fig. 38.
It is notable that the average value of a from D*m is more
than 3¢ from zero, providing evidence of CP violation in
this channel.

For each mode, D, D*m and Dp, there are two mea-
surements (a and ¢, or ST and S™) that depend on three
unknowns (R, § and 28 + y), of which two are different for
each decay mode. Therefore, there is not enough information
to solve directly for 28 + y. However, for each choice of R
and 28 + y, one can find the value of § that allows a and

Summer 2016

pTI Agp vs C

¢ to be closest to their measured values, and calculate the
separation in terms of numbers of standard deviations. (We
currently neglect experimental correlations in this analysis.)
These values of N (0)min can then be displayed as a function
of R and 2 + y (and can trivially be converted to confidence
levels). These plots are given for the D and D*7 modes in
Fig. 38; the uncertainties in the Dp mode are currently too
large to give any meaningful constraint.

The constraints can be tightened if one is willing to use
theoretical input on the values of R and/or §. One popu-
lar choice is the use of SU(3) symmetry to obtain R by
relating the suppressed decay mode to B decays involving
D; mesons. More details can be found in Refs. [295,425—
428].

4.13 Time-dependent CP asymmetries in b — cus/ucs
transitions

4.13.1 Time-dependent CP asymmetries in
B —» D¥K)n*

Time-dependent analyses of transitions such as B® —
D:':Kgﬂ'i can be used to probe sin(28 + y) in a similar
way to that discussed above (Sect. 4.12). Since the final state
contains three particles, a Dalitz plot analysis is necessary to
maximise the sensitivity. BABAR [429] has carried out such
an analysis. They obtain 28 + y = (83 £+ 53 + 20)° (with
an ambiguity 28 + y <> 28 + y + ) assuming the ratio of
the b — u and b — ¢ amplitude to be constant across the
Dalitz plot at 0.3.

Cc
T T T T T T T
0.3 : &Y BaBar |
7 Belle
Bl Average

0.2

1 1 1 i 1 1 1
-0.3 -02 -01 0 0.1 0.2 0.3
Contours give -2A(In L) = Ay? = 1, corresponding to 39.3% CL for 2 dof ' 'CP

+- -+ -+ +- E!EE!!
A+_ p T -DCPV A VS A Summer 2016
T T T
BaBar
04 r Belle g
BX]  Average

i

-0.4 -0.2 0 0.2 0.4
A

Contours give -2A(In L) = Af =1, corresponding to 39.3% CL for 2 dof _+

Fig. 36 CP violation in B” — p* 7 decays. (Left) ALy vs. Cpr space, (right) A" vs. Al space
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Table 46 Averages for b — ciid /ucd modes

Experiment N(BB) c

DF g *

BABAR (full rec.) [290] 232M —0.010 £ 0.023 £+ 0.007 —0.033 + 0.042 £+ 0.012
Belle (full rec.) [294] 386M —0.050 £ 0.021 = 0.012 —0.019 + 0.021 £ 0.012
Average —0.030 £ 0.017 —0.022 + 0.021
Confidence level 0.24 (1.20) 0.78 (0.30)

D*Fg*

BABAR (full rec.) [290] 232M —0.040 £ 0.023 £ 0.010 0.049 £ 0.042 £ 0.015
BABAR (partial rec.) [291] 232M —0.034 £ 0.014 + 0.009 —0.019 + 0.022 £+ 0.013
Belle (full rec.) [294] 386M —0.039 £ 0.020 £ 0.013 —0.011 £+ 0.020 £ 0.013
Belle (partial rec.) [293] 657M —0.046 £ 0.013 + 0.015 —0.015 £ 0.013 £+ 0.015
Average —0.039 £ 0.010 —0.010 = 0.013
Confidence level 0.97 (0.030) 0.59 (0.60)

DFp*

BABAR (full rec.) [290] 232M —0.024 £ 0.031 = 0.009 —0.098 £ 0.055 £+ 0.018

Summer 2016

a parameters

BaBar “T17. -0.010+0.023+0.007
PRD 73 (2006) 111101 J 1
R Belle ) -0.050 +0.021 + 0.012
[a] PRD 73 (2006) 092003 °
Average -0.030 £ 0.017
HFLAV
T BaBar T [ 777720040+ 0.023£0.010 "
— PRD73 (2006) 111101
2 Belle ) -0.039 + 0.020 + 0.013
& PRD 73 (2006) 092003
8  Average -0.039 +0.017
HFLAV 7
T BaBar T L;]ﬂ" 120034 0.014£0.009
IS PRD 71 (2005) 112003 [
5 Belle Lil i -0.046+0.013+0.015
g— PRD 84 (2011) 021101(F17l‘“": Fi
: Average CE -0.039 +0.013
e R Ay e
T BaBar T C[TX00024£0.031£0.009
o PRD 73(2006) 111101
O Average -0.024 +0.032
HFLAV '
-0.3 0.2 -0.1 0 0.1 0.2

Fig. 37 Averages for b — cud/ucd modes

4.13.2 Time-dependent CP asymmetries in B? — DFK +

Time-dependent analysis of B — DFK* decays can be
used to determine y — 28, [430,431]. Compared to the situ-
ation for B — D®F g+ decays discussed in Sect. 4.12, the
larger value of the ratio R of the magnitudes of the suppressed
and favoured amplitudes allows it to be determined from the
data. Moreover, the non-zero value of ATy allows the deter-
mination of additional terms, labelled A2T and AAF, that
break ambiguities in the solutions for y — 2.

LHCb [296,432] has measured the time-dependent CP
violation parameters in B‘? — DFK * decays, using

@ Springer
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¢ parameters

BaBar -0.033 £0.042 + 0.012
PRD 73 (2006) 111101
S Belle : -0.019 +0.021 + 0.012
bt
o PRD 73 (2006) 092003 :
ﬁ;/g\:;lge e -0.022 + 0.021
T BaBar T [ 1 0.049+0.042 £ 0.015 ]
_ PRD 73 (2006) 111101 I3
< Belle b -0.011 £ 0.020 + 0.013
& PRD 73 (2006) 092003 i
e ﬁ;ﬁ\r\e}ge 0.002 + 0.021
T BaBar T ITTTTT0.01940.022 ¥ 0.013
g PRD 71 (2005) 112003 [l
@ Belle ) -0.015+0.013+0.015
g— PRD 84 (2011) 021101(R) 1%
a ﬁ;/&r\ellge JI'H -0.017 £ 0.016
..................................... el
BaBar : -0.098 + 0.055 + 0.018
o PRD 73 (2006) 11[TT0 :
O Average -0.098 + 0.058
HFLAV
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

3.0 fb~! of data. The results are given in Table 47, and
correspond to 3.6 ¢ evidence for CP violation in the inter-
ference between mixing and B — DFK* decays. From
these results, and a constraint on 285 from independent LHCb
measurements [202], LHCb determine y = (127 J_rg)o,

Sp,x = (358 112)° and Rp,x = 0.37 709,

4.14 Rates and asymmetries in B — D™ K ®) decays

As explained in Sect. 4.2.7, rates and asymmetries in BT —
D™ K 9+ decays are sensitive to y, and have negligible the-
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Fig. 38 Results from b — cid/ucd modes. (Top) Constraints in ¢ vs. a space. (Bottom) Constraints in 28 + y vs. R space. (Left) D*m and

(right) Dt modes

Table 47 Results for B — DFK*

Experiment [ Ldt C AAT

AAT S S

LHCb [432] 3fb~!

0.74 £ 0.14 £ 0.05 0.40 £ 0.28 &£ 0.12 0.31 £ 0.27 £ 0.11

—0.52 £ 0.20 &+ 0.07 —0.50 £ 0.20 £ 0.07

oretical uncertainty [311]. Various methods using different
D™ final states have been used.

4.14.1 D decays to CP eigenstates

Results are available from BABAR, Belle, CDF and LHCb
on GLW analyses in the decay mode BT — DK™. All
experiments use the CP-even D decay final states KK~
and 717 ~; BABAR and Belle in addition use the CP-odd
decay modes K gno, K gw and K 2(1), though care is taken to
avoid statistical overlap with the K 21( T K~ sample used for
Dalitz plot analyses (see Sect. 4.14.4). BABAR and Belle also

have results in the decay mode BT — D*K™, using both
the D* — Dn° decay, which gives CP(D*) = CP (D), and
the D* — Dy decays, which gives CP(D*) = —CP (D). In
addition, BABAR and LHCb have results in the decay mode
BT — DK**, and LHCbD has results in the decay mode
BT — DK*ntm~. The results and averages are given in
Table 48 and shown in Fig. 39.

LHCb has performed a GLW analysis using the B® —
DK*0 decay with the CP-even D — KTK~ and D —
7T~ channels [441]. The results are presented sepa-
rately to allow for possible CP violation effects in the
charm decays, which are, however, known to be small.
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Table 48 Averages from GLW analyses of b — ciis/ucs modes. The sample size is given in terms of number of BB pairs, N (BB), for the et e~
B factory experiments BABAR and Belle, and in terms of integrated luminosity, [ £ dt, for the hadron collider experiments CDF and LHCb

Experiment Sample size  Acp+ Acp— Rep+ Rep—

DcpK™

BABAR [433] 467TM 0.25 £ 0.06 + 0.02 —0.09 + 0.07 £ 0.02 1.18 & 0.09 £ 0.05 1.07 £ 0.08 + 0.04
Belle [434] 275M 0.06 £ 0.14 = 0.05 —0.12 £ 0.14 £ 0.05 1.13 &£ 0.16 £ 0.08 1.17 £ 0.14 = 0.14
CDF [435] 1fb~! 0.39 £ 0.17 £ 0.04 - 1.30 £ 0.24 £ 0.12 -

LHCb KK [436] 3fb~! 0.087 £+ 0.020 £+ 0.008 - 0.968 + 0.022 £ 0.021 -

LHCb 7 [436] 3fb! 0.128 £+ 0.037 £ 0.012 - 1.002 £+ 0.040 £ 0.026 -

LHCb average [436] 3 fb~! 0.097 £+ 0.018 £ 0.009 - 0.978 £ 0.019 £ 0.018 -

Average 0.111 £+ 0.018 —0.10 £ 0.07 0.995 £+ 0.025 1.09 £ 0.08
Confidence level 0.063 (1.90) 0.86 (0.20) 0.21 (1.30) 0.65 (0.50)

Dip K

BABAR [437] 383M —0.11 = 0.09 £ 0.01 0.06 £ 0.10 £ 0.02 1.31 £ 0.13 £ 0.03 1.09 £ 0.12 £+ 0.04
Belle [434] 275M —0.20 + 0.22 £+ 0.04 0.13 £ 0.30 + 0.08 1.41 £ 0.25 £ 0.06 1.15 £ 0.31 £ 0.12
Average —0.12 £ 0.07 0.13 £ 0.07 1.25 £ 0.09 1.06 £ 0.09
Confidence level 0.82 (0.20) 0.29 (1.10) 0.52 (0.60) 0.74 (0.30)

Dep K*+

BABAR [438] 379M 0.09 £ 0.13 + 0.06 —0.23 £ 0.21 £ 0.07 2.17 + 0.35 £ 0.09 1.03 £ 0.27 + 0.13
LHCb K K [439] 4fb~! 0.12 £ 0.08 £ 0.01 - 1.31 £ 0.11 £ 0.05 -

LHCb 7z [439] 4fb~! 0.08 £ 0.16 = 0.02 - 0.98 £ 0.17 & 0.04 -

LHCb average [439] 4fb~! 0.11 £ 0.07 - 1.21 £ 0.10 -

Average 0.11 £ 0.06 —0.23 +£ 0.22 1.27 +£ 0.10 1.03 + 0.30
Confidence level 0.97 (0.040) 0.01 (2.60)

DepKTntn~

LHCb K K [440] 3fb~! —0.045 £ 0.064 + 0.011 - 1.043 £ 0.069 £ 0.034 -

LHCb m 7 [440] 3fb~! —0.054 £ 0.101 £+ 0.011 - 1.035 £ 0.108 £ 0.038 -

LHCb average [440] 3fb~! —0.048 £ 0.055 - 1.040 £+ 0.064 -

The results are given in Table 49 where an average is also
reported.

As pointed out in Refs. [313,314], a Dalitz plot analysis
of B® — DK "7~ decays provides more sensitivity to y =
¢3 than the quasi-two-body DK*? approach. The analysis
provides direct sensitivity to the hadronic parameters rp and
8 g associated with the B — D K*? decay amplitudes, rather
than effective hadronic parameters averaged over the K*°
selection window as in the quasi-two-body case.

Such an analysis has been performed by LHCb. A simul-
taneous fit is performed to the B° — DK*x~ Dalitz
plots with the neutral D meson reconstructed in the K -,
K™K~ and w7~ final states. The reported results in
Table 50 are for the Cartesian parameters, defined in Eq. (150)
associated with the B — DK*(892)° decay. Note that,
since the measurements use overlapping data samples, these
results cannot be combined with the LHCb results for
GLW observables in B — DK*(892)° decays reported
in Table 49.

@ Springer

LHCDb use these results to obtain confidence levels for y,
rg(DK*0) and 83 (DK*0). In addition, results are reported
for the hadronic parameters needed to relate these results
to quasi-two-body measurements of B — DK*(892)°
decays, where a selection window of m(K+m ™) within
50 MeV/c? of the pole mass and helicity angle satisfy-
ing | cos(@g«0)| > 0.4 is assumed. These parameters are
the coherence factor «, the ratio of quasi-two-body and
amplitude level rp values, Rp = 7p /rp, and the differ-
ence between quasi-two-body and amplitude level § values,
Adp = 85 — 85. LHCb [442] obtain

_ +0.005 +0.002
y =0.958 75010 Z0.045-

Rp = 1.02100% £ 0.06,
Adp =0.02700 + 0.11. (163)
4.14.2 D decays to quasi-CP eigenstates

As discussed in Sect. 4.2.7, if a multibody neutral D meson
decay can be shown to be dominated by one CP eigenstate,
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X i LHCbKK 0.09 +0.02 +0.01

S LHCbnn 0.13+0.04 +0.01
b Average P M 0114002
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Fig. 39 Averages of Acp and Rcp from GLW analyses

Table 49 Results from GLW analysis of B — DK*0

R, Averages

Summer 2016

i BaBar ° ~k—~ ~~ 1.18%£0.09+0.05
¢ iBelle TS 1.13+0.16 £ 0.08
o | CDF o 1.30+£0.24 £ 0.12
X I LHCbKK 0.97 +0.02 +0.02
s iLHCbnn 1.00 +0.04 + 0.03
.| Average 0.99 +0.02
....mgiB.aBé} ....................................... -ib?'i'o'ds'ib'oh'
« | Belle 1.17+£0.14+0.14
+ &! Average 1.09 £ 0.08
.SI%D ,.B.a.B.a.r .......................... iéi:t.o.{s.ib.oé.
x i Belle 1.41£0.25 £ 0.06
& 4iAverage A 1.33+0.12
B S R ST e
¥ i Belle 1.15+0.31 £0.12
&; Average 1.10+0.12
..izd..B.a.B.a.r ................ 2 -—-1-7—-4;9-%—‘;;-9-9-9-
gat A, T
T i LHCbKK 1.31+0.11 £ 0.05
X iLHCbnrn 0.98+0.17+0.04
S SlAverage b e 1.27£0.10
L' BaBar 1.03%06.27+0.13
AN Averade | FRERMCSSl 1.03£0.30
c O LHCb KK 1.04%°0.07+0.03
E  {LHCbnmn 1.08+0.11 £0.04
X i Average . 1.04+0.06
O

04 2 0 02 04 06

12 14 16 18 2 22 24

Experiment Sample size Acp+ Rep+

LHCb K K [441] [Ldt=3fb" —0.20 £ 0.15 £ 0.02 1.05 7017 £ 0.04

LHCb 77 [441] [Ldt=3fb" —0.09 £ 0.22 + 0.02 1217928 + 0.05

Average —0.16 £ 0.12 1.10 £ 0.14

Table 50 Results from Dalitz plot analysis of B” — DK+~ decays with D — KtK~ and w7~

Experiment [ Ldt Xt V+ X_ v

LHCb [442] 3th~! 0.04 £ 0.16 £ 0.11 —0.47 £ 0.28 £ 0.22 —0.02 £ 0.13 £ 0.14 —0.35 &+ 0.26 £ 0.41

Table 51 Averages from GLW-like analyses of b — cus/ucs modes

Experiment Sample size AqGLW RqcLw

Dn*n*nOK-F

LHCb [444] [Ldt = 3fb! 0.05 + 0.09 + 0.01 0.98 + 0.11 £ 0.05
BABAR [322] N(BB) = 324M —0.02 + 0.15 £ 0.03 -

Average 0.03 £ 0.08 0.98 £+ 0.12
Confidence level 0.68 (0.40) -

Dg+g-0K*

LHCb [444] fﬁdt =3fb~! 0.30 £ 0.20 £+ 0.02 0.95 £ 0.22 £+ 0.04
Dytn—ngin-KT

LHCb [436] [Ldt = 3fb~! 0.10 + 0.03 £ 0.02 0.97 + 0.04 £+ 0.02

it can be used in a “GLW-like” (sometimes called “quasi-
GLW?”) analysis [318]. The same observables Rcp, Acp as
for the GLW case are measured, but an additional factor

of (2F; — 1), where F. is the fractional CP-even content,
enters the expressions relating these observables to y = ¢3.
The F. factors have been measured using CLEO-c data to
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Table 52 Averages from ADS analyses of b — ciis /ucs modes

Experiment Sample size

AADS

RADs

DK*,D—> K=t

BABAR [445] N(BB) = 46TM —0.86 £ 0.47 7512 0.011 % 0.006 £ 0.002
Belle [446] N(BB) =712M —0.39 7026 +0.04 0.0163 F0:004 +0.0007

CDF [447] [Ldr=7fb"" —0.82 + 0.44 £ 0.09 0.0220 + 0.0086 & 0.0026
LHCb [436] [Ldt=3fb" —0.403 £ 0.056 + 0.011 0.0188 + 0.0011 % 0.0010
Average —0.415 + 0.055 0.0183 + 0.0014
Confidence level 0.64 (0.50) 0.61 (0.50)

DK*,D — K~ ntx®

BABAR [448] 474M - 0.0091 00082 +0.0014

Belle [449] 772M 0.41 & 0.30 £ 0.05 0.0198 + 0.0062 + 0.0024
LHCb [444] [Ldt =3 —0.20 + 0.27 =+ 0.03 0.0140 =+ 0.0047 =+ 0.0019
Average 0.07 + 0.20 0.0148 + 0.0036
Confidence level 0.13 (1.50) 0.59 (0.50)

DK*, D - K ntntn~

LHCb [436] [Ldt =3 —0.313 + 0.102 + 0.038 0.0140 =+ 0.0015 =+ 0.0006

D*K*,D* - Dn°, D - K=t
BABAR [445] N(BB) = 46TM

0.77 £ 0.35 £ 0.12

0.018 £ 0.009 £ 0.004

D*K*,D* - Dy,D — Kzt
BABAR [445] N(BB) =467TM

0.25
0.36 + 0.94 77

0.013 £ 0.014 £ 0.008

DK*", D — K~nF, K*f — Kin*

BABAR [438] N(BB) =379M —0.34 &£ 0.43 £ 0.16 0.066 £+ 0.031 £ 0.010
LHCb [439] [ Ldt =4fb! - 0.003 £ 0.004

Average —0.34 £ 0.46 0.004 £ 0.004
Confidence level - 0.06 (1.90)
DK*ntn=,D - K nt

LHCb [440] [Ldr=3"" -0.32752]7 0.0082 00038

be Fr(ntn—n%) = 0973 + 0.017, FL(KTK—7%) =
0.732 £ 0.055, Fy (zn~ntmw ™) = 0.737 £ 0.028 [443].

The GLW-like observablesfor D — 77~ 7% K+ K79
and D — 77~ 77~ have been measured by LHCb. The
AqGLw observable for D — 777 70 was measured in an
earlier analysis by BABAR, from which additional observ-
ables, discussed in Sect. 4.2.7 and reported in Table 55 below,
were reported. The results are given in Table 51.

4.14.3 D decays to suppressed final states

For ADS analyses, all of BABAR, Belle, CDF and LHCb
have studied the modes BY — DK™ and BT — Dn™t.
BABAR has also analysed the BT — D*K™ mode. There
is an effective shift of m in the strong phase difference
between the cases that the D* is reconstructed as Drr” and
Dy [315], therefore these modes are studied separately.
In addition, BABAR has studied the Bt — DK*T mode,
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where K*T is reconstructed as K 27r+, and LHCD has stud-
ied the BT — DK*ntmx~ mode. In all the above cases
the suppressed decay D — K ~m™" has been used. BABAR,
Belle and LHCb also have results using BT — DK™ with
D — K~ 70 while LHCb has results using Bt — DK™
with D — K~ m 77~ The results and averages are given
in Table 52 and shown in Fig. 40.

Similar phenomenology as for B — DK decays holds
for B — Dm decays, though in this case the interference is
between b — cud and b — ucd transitions, and the ratio
of suppressed to favoured amplitudes is expected to be much
smaller, O(1%). For most D meson final states this implies
that the interference effect is too small to be of interest, but
in the case of ADS analysis it is possible that effects due
to y may be observable. Accordingly, the experiments now
measure the corresponding observables in the D final states.
The results and averages are given in Table 53 and shown in
Fig. 41.
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RADS Averages % AADS Averages %
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PRD 82 (2010) 072006 PRD 82 W-ﬂ : 16
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Fig. 40 Averages of Raps and Aapg for B — D®K® decays
Table 53 Averages from ADS analyses of b — cud /ucd modes
Experiment Sample size AADS RaDs

Dnt,D—- K nt

BABAR [445] N(BB) = 467M 0.03 £ 0.17 £ 0.04 0.0033 £ 0.0006 =+ 0.0004
Belle [446] N(BB) =772M ~0.04 £ 0.11 7552 0.00328 000038 +0.00012

CDF [447] [Ldt=7f" 0.13 £ 0.25 £ 0.02 0.0028 =+ 0.0007 % 0.0004
LHCb [436] [Ldt=3fb"" 0.100 + 0.031 = 0.009 0.00360 = 0.00012 % 0.00009
Average 0.088 £ 0.030 0.00353 =+ 0.00014
Confidence level 0.66 (0.40) 0.68 (0.40)

Dnt,D — K ntn0

Belle [449] 772M 0.16 & 0271003 0.00189 = 0.00054 +0.00022
LHCb [444] [ Ldt =3 0.44 £ 0.19 £ 0.01 0.00235 =+ 0.00049 + 0.00004
Average 0.35 £ 0.16 0.00216 £ 0.00038
Confidence level 0.40 (0.80) 0.55 (0.60)

Drt, D> K ntrtn—

LHCb [436] [Ldt =3 0.023 £ 0.048 + 0.005 0.00377 + 0.00018 + 0.00006

D*n*,D* > Dn% D —> K=t
BABAR [445] 467M

—0.09 £ 0.27 £ 0.05

0.0032 £ 0.0009 £ 0.0008

D*n*t,D* - Dy,D - K~ nt

BABAR [445] 467M —0.65 4+ 0.55 + 0.22 0.0027 £+ 0.0014 £ 0.0022
Drntntn—,D > K=t
LHCb [440] fﬁdl =3fb! —0.003 £ 0.090 0.00427 £ 0.00043
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R, Averages A, o Averages
ADS g Summer 2016 ADS g Summer 2016
BaBar H :0.0033 + 0.0006 + 0.0004 BaBar - 0.63+0.17 +0.64
PRD 82 (2010) 072006 PRD 82 (2010) 072006
Belle 0.0033 + 0.0004 *3.3%%1 Belle 0.04+0.11 7082
. PRL 106 (2011) 231803 A e PRL 106 (2011) 231803 '
g CDF <+ 0.0028 + 0.0007 + 0.0004 g CDF 0.13+0.25 + 0.2
x‘ PRD 84 (2011) 091504 | o) xl PRD 84 (2011) 091504 i
a LHCb 1 0.0036 +0.0001 + 0.0001 o LHCb 0.10+0.03 +0.01
PL B760 (2016) 117 PL B760 (2016) 117 :
Average H 0.0035 + 0.0001 Average 0.09 £ 0. 03
HFLAV ] HFLAV :
Belle : 0.0019 + 0.0005 33502 Belle : 0.16+ 027 *883
O"" PRD 88 (2013) 091 104(9) O"-’ PRD 88 (2013) 091104(R) v §
§ LHCb 0.0024 + 0.0005 + 0.0000 8 LHEb : 0.44+0.19 £ 0.81
s PRD91(2015) 112014 Z PRD91(2015) 112014 H i
o Average H 0.0022 + 0.0004 A Avérage H 0.35+0. 16
HFLAV HFLAV H
® LHC H 7°30.0038 + 0.0002 + 0.0001 ® LAC 002+005+0Q1
5 PL B760 (2016) 117 | I""'f 0‘?, PL B760 (2016) 117
¥‘ Average : L 0.0038 + 0.0002 =<| Avérage 0.02+0. 05
A B HFLAV H 8 A & HRAV
& BaBar : k04032 +0.0009 +0.0008 ¢ BaBar 0.09+0.27 £ 0. 05
° | PRD 82 (2010) 072006 ; B o | PR[} 82 (2010) 072006 R
5 Average 0.0032 +0.0012 S Average g -0.09+0. 27
g | HFLAV 8 | HFLAV B4
& & BaBar : 4]0.0014+ 0.0022 G BaBar i : -0.65+0.55 + 0. 2'2
| PRD 82 (2010) 072006 | | :‘ﬁ—ﬁ'—“m 82 (2070) 078006 :
5‘ Average 0.0027 + 0.0026 E Average * H -0.65 + 0. 59
« | HFLAV N | HFLAV
o5 LH : 0.0043 + 0.0004 S LHED -0.00 + 0. 09
B PRD 92 (2015) 112005 : e PRE? 92 (2015) 112005
><| Average : 0.0043 + 0.0004 54' Avérage -0.00 + 0. 09
. HFLAV. g . QA HFLAV 0
-0.004  -0.002 0 0.002 0.004 0.006 0.008 -14 12 1 -08 -06 -04 -02 0 02 04 06 08 1
Fig. 41 Averages of Raps and Aaps for B — D™ decays
Table 54 Results from ADS analysis of BY > DK* D > K—nt
Experiment Sample size Ry R_
LHCb [441] fﬁdl = 3fb~! 0.06 + 0.03 + 0.01 0.06 + 0.03 £ 0.01

BABAR, Belle and LHCDb have also presented results from
a similar analysis method with self-tagging neutral B decays:
B - DK with D - K~ =t (all), D > K~ 7t7% and
D — K mtmtm~ (BABAR only). All these results are
obtained with the K** — K+~ decay. Effects due to the
natural width of the K*° are handled using the parametrisa-
tion suggested by Gronau [312].

The following 95% CL limits are set by BABAR [450]:

Raps(K7) < 0.244 Raps(Knm®) < 0.181

Raps(Knrm) < 0.391, (164)
while Belle [451] obtain
RADs(KT[) < 0.16. (165)

The results from LHCb, which are presented in terms of the
parameters R and R_ instead of Raops and Aaps, are given
in Table 54.

Combining the results and using additional input from
CLEO-c[452,453] alimit on the ratio betweenthe b — u and
b — ¢ amplitudes of Fz(DK*?) € [0.07,0.41] at 95% CL
limitis setby BABAR. Bellesetalimitofrp < 0.4at95% CL.
LHCb take input from Sect. 8 and obtain rp = 0.240 +8 8451253
(different from zero with 2.70 significance).

@ Springer

4.14.4 D decays to multiparticle self-conjugate final states
(model-dependent analysis)

For the model-dependent Dalitz plot analysis, both BABAR
and Belle have studied the modes Bt — DK*, Bt —
D*K™* and BT — DK**.For BT — D*K™, both exper-
iments have used both D* decay modes, D* — DY
and D* — Dy, taking the effective shift in the strong
phase difference into account.® In all cases the decay
D — K(S)n+n_ has been used. BABAR also used the decay
D — KYK*K~.LHCb has also studied BY — DK™
decays with D — K gn+n_. BABAR has also performed an
analysis of Bt — DK™t with D — 777~ 7°. Results and
averages are given in Table 55, and shown in Figs. 42 and 43.
The third error on each measurement is due to D decay model
uncertainty.

36 Belle [454] quote separate results for Bt — D*K* with D* —
D7% and D* — Dy. The results quoted in Table 55 are from our aver-
age, performed using the statistical correlations provided, and neglect-
ing all systematic correlations; model uncertainties are not included.
The first uncertainty on the quoted results is combined statistical and
systematic, the second is the model error (taken from the Belle results
on BT — D*K™* with D* — Dr¥).
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. Dy, K™ X, VS ¥, @ " Dp,, K™ X, VS Y, @ . Dy, K X, VS ¥, @
BaBar B*
04 1 0.8 | 22 Belle B*
02 r ] EJ BaBarB’
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| e
BaBar B*
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E5 BaBarB ©Z Belle B*
o2l [ BelleB | B BaBarB | |
e B3 LHCbB M BelleB
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X
Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof ~ ~

X
Contours give -2A(In L) = A«f =1, corresponding to 39.3% CL for 2 dof *

X
Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof *

Fig. 42 Contours in the (x4, y+) from model-dependent analysis of BY — D®K®+ D — K9n*th™ (h = 7, K). (Left) B" — DK,
(middle) BT — D*K™, (righty Bt — DK**. Note that the uncertainties assigned to the averages given in these plots do not include model errors

The parameters measured in the analyses are explained in
Sect. 4.2.7. All experiments measure the Cartesian variables,
defined in Eq. (150), and perform frequentist statistical pro-
cedures, to convert these into measurements of y, rp and
8p.Inthe Bt — DK™ with D — 7t 7~ 70 analysis, the
parameters (p +.6%) are used instead.

Both experiments reconstruct K **tas K 2n+, but the treat-
ment of possible nonresonant K gn+ differs: Belle assign an
additional model uncertainty, while BABAR use a parametri-
sation suggested by Gronau [312]. The parameters rp and
dp are replaced with effective parameters «rp and 8p; no
attempt is made to extract the true hadronic parameters of
the BT — DK*' decay.

We perform averages using the following procedure,
which is based on a set of reasonable, though imperfect,
assumptions.

e It is assumed that effects due to the different D decay
models used by the two experiments are negligible.
Therefore, we do not rescale the results to a common
model.

e It is further assumed that the model uncertainty is
100% correlated between experiments, and therefore
this source of error is not used in the averaging proce-
dure. (This approximation is compromised by the fact
that the BABAR results include D — KQK T K~ decays
in addition to D — K9ntm ™)

e We include in the average the effect of correlations
within each experiment’s set of measurements.

e At present it is unclear how to assign an average model
uncertainty. We have not attempted to do so. Our aver-
age includes only statistical and systematic errors. An
unknown amount of model uncertainty should be added
to the final error.

@ Springer

e We follow the suggestion of Gronau [312] in making the
D K* averages. Explicitly, we assume that the selection
of K** — K27 is the same in both experiments (so
that «, 75 and 8 5 are the same), and drop the additional
source of model uncertainty assigned by Belle due to
possible nonresonant decays.

e We do not consider common systematic errors, other
than the D decay model.

Constraints on y = ¢3

The measurements of (x4 , y+) can be used to obtain con-
straints on y = ¢3, as well as the hadronic parameters r 5 and
dp. BABAR [455], Belle [454,457] and LHCb [456] have all
done so using a frequentist procedure (there are some differ-
ences in the details of the techniques used).

e BABAR obtain y = (68713 + 4 + 3)° from DK,
D*K™* and DK*T.

e Belle obtain ¢3 = (78 71} + 4 + 9)° from DK+ and
D*K™.

e LHCb obtain y = (84 733)° from DK * using 1 fb~! of
data (a more precise result using 3 fb~! and the model-
independent method is reported below).

e The experiments also obtain values for the hadronic
parameters as detailed in Table 56.

e In the BABAR analysis of BT — DK™ with D —
atn—n0 decays [322], a constraint of —30° < y <
76° is obtained at the 68% confidence level.

e The results discussed here are included in the HFLAV
combination to obtain a world average value for y = ¢3,
as discussed in Sect. 4.14.7.

BABAR and LHCb have performed a similar analysis
using the self-tagging neutral B decay B — DK*0 (with
K* — K*tx7). Effects due to the natural width of the
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Fig. 43 Averages of (x4, y+) from model-dependent analyses of
Bt — DWK®W with D — KIhth™ (h = 7, K). (Top left) x4,
(top right) x_, (bottom left) y, (bottom right) y_. The top plots include

K*9 are handled using the parametrisation suggested by
Gronau [312]. LHCb give results in terms of the Cartesian
parameters, as shown in Table 55. BABAR [459] present
results only in terms of y and the hadronic parameters. The
obtained constraints on y = ¢3 are

e BABAR obtain y = (162 £ 56)°
e LHCb obtain y = (80 T31)°
e Values for the hadronic parameters are given in Table 56.
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constraints on x + obtained from GLW analyses (see Sect. 4.14.1). Note
that the uncertainties assigned to the averages given in these plots do
not include model errors

4.14.5 D decays to multiparticle self-conjugate final states
(model-independent analysis)

A model-independent approach to the analysis of BT —
DK™ with multibody D decays was proposed by Giri,
Grossman, Soffer and Zupan [309], and further developed
by Bondar and Poluektov [319,320]. The method relies on
information on the average strong phase difference between

0 and D° decays in bins of Dalitz plot position that can

be obtained from quantum-correlated 1 (3770) — DOEO

@ Springer
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Table 56 Summary of constraints on hadronic parameters from model-dependent analyses of Bt — D® K ®+ and B — DK*0 decays. Note
the alternative parametrisation of the hadronic parameters used by BABAR in the DK ** mode

rp SB
In DK*
BABAR 0.096 £ 0.029 =+ 0.005 =+ 0.004 (119F30 £ 3 £ 3)°
0.040 0.05 13 o
Belle 0.160 "03g & 0.011 07, (138710 + 4 £ 23)
LHCb 0.06 + 0.04 (11572)°
In D¥K ™
BABAR 0.133 70035 + 0.014 £ 0.003 (—82 £ 21 £5+3)°
Belle 0.196 *0.072 & 0.012+9.9%2 G427 + 3 & 23y
rp 88
In DK**
BABAR Kip = 0.149 70088 £ 0.026 £ 0.006 (111 £ 32 £ 11 £ 3)°
Belle 0.56 7022 + 0.04 + 0.08 (243139 £ 3 4 50)°
In DK*0
BABAR <0.55 at 95% probability (62 £ 57)°
LHCb 0.39 £ 0.13 (197 35)°

events. This information is measured in the form of parame-
ters ¢; and s; that are the amplitude weighted averages of the
cosine and sine of the strong phase difference in a Dalitz plot
bin labelled by i, respectively. These quantities have been
obtained for D — K277~ (and D — KYK K ~) decays
by CLEO-c [263,460].

Belle [461] and LHCb [462] have used the model-
independent Dalitz plot analysis approach to study the mode
BT — DK™. Both Belle [463] and LHCD [464] have also
used this approach to study B — DK*(892)" decays. In
both cases, the experiments use D — K gn+n_ decays
while LHCb has also included the D — K gK TK~ decay.
The Cartesian variables (x+ , y+), defined in Eq. (150), are
determined from the data. Note that due to the strong statis-
tical and systematic correlations with the model-dependent
results given in Sect. 4.14.4, these results cannot be com-
bined.

The results and averages are given in Table 57, and shown
inFig. 44. Most results have three sets of errors, which are sta-
tistical, systematic, and uncertainty coming from the knowl-
edge of ¢; and s; respectively. To perform the average, we
remove the last uncertainty, which should be 100% correlated
between the measurements. Since the size of the uncertainty
from ¢; and s; is found to depend on the size of the B — DK
data sample, we assign the LHCb uncertainties (which are
mostly the smaller of the Belle and LHCb values) to the
averaged result. This procedure should be conservative. In
the LHCb B — DK*(892)° results [464], the values of ¢;
and s; are constrained to their measured values within uncer-
tainties in the fit to data, and hence the effect is absorbed in
their statistical uncertainties. The B — DK*(892)° aver-

@ Springer

age is performed neglecting the model uncertainties on the
Belle results.

Constraints on y = ¢3

The measurements of (x4 , y+) can be used to obtain con-
straints on y, as well as the hadronic parameters rp and 8p.
The experiments have done so using frequentist procedures
(there are some differences in the details of the techniques
used) (Table 58).

e From BT — DK, Belle [461] obtain ¢35 = (77.3 7135
+ 4.1 £ 4.3)°.

e From B™ — DK, LHCb [462] obtain y = (62713)°.

e From B — DK*(892)°, LHCb [464] obtainy = (71 +
20)°.

e The experiments also obtain values for the hadronic
parameters as detailed in Table 59.

e The results discussed here are included in the HFLAV
combination to obtain a world average value for y = ¢3,
as discussed in Sect. 4.14.7.

4.14.6 D decays to multiparticle non-self-conjugate final
states (model-independent analysis)

Following the original suggestion of Grossman, Ligeti and
Soffer [317], decays of D mesons to K(S)K + 7 F can be used
in a similar approach to that discussed above to determine
y = ¢3. Since these decays are less abundant, the event
samples available to date have not been sufficient for a fine
binning of the Dalitz plots, but the analysis can be performed
using only an overall coherence factor and related strong
phase difference for the decay. These quantities have been
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Table 57 Averages from model-independent Dalitz plot analyses of b — cits /ucs modes

Y+

Xt

Sample size

Experiment

DK*,D — Kdntn~

+0.053
0.137199% 4+ 0.015 + 0.023

0.095 £+ 0.045 £+ 0.014 £ 0.010
0.025 £+ 0.025 £+ 0.010 £ 0.005

0.044 £+ 0.023 £ 0.005

0.39 (0.90)

+0.052
—0.050 9932 + 0.011 + 0.007

—0.110 £ 0.043 + 0.014 £ 0.007
—0.077 £ 0.024 + 0.010 £+ 0.004

—0.085 + 0.023 + 0.04

N(BB) = 772M

Belle [461]

0.075 £+ 0.029 £ 0.005 £ 0.014

0.090 £ 0.026 + 0.014

—0.022 + 0.025 £+ 0.004 £+ 0.010

—0.027 £ 0.023 £+ 0.010

[ £dt =3fb~!

LHCb [462]
Average

Confidence level

DK*, D — Kdn*n~

+0.8 +0.1
—0.6 798401 4 0.1
031 + 0.21 + 0.05

0.27 £ 0.21

+0.5 +0.0 +1.0 +0.0
03102790 4+ 0.1 04+19+09 4 0

+0.7 4-0.0
0.1707+90 4 0.1

N(BB) = 772M

Belle [463]

—0.31 & 0.20 £ 0.04

—0.27 £ 0.20

0.38 (0.90)

—0.81 + 0.28 £ 0.06

—0.63 + 0.26

0.05 £ 0.35 £ 0.02

0.10 £ 0.30

[ £dt =31

LHCb [464]
Average

Confidence level

D, . K'x modIn
Y1 Dalitz + Vs yi odInd Summer 2016

T T T T T

XY Belle B 7
LHCb B*
E= BelleB

02r [ LHCbB 1
Averages

i

1 1 1 1
-0.2 -0.1 0 0.1 0.2

Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof

Fig. 44 Contoursin the (x4, y+) plane from model-independent anal-
ysisof BY — DK+ with D — Khth™ (h =7, K)

determined by CLEO-c [466] both for the full Dalitz plots
and in a restricted region + 100 MeV /c? around the peak of
the K*(892)* resonance.

LHCb [465] has reported results of an analysis of B+ —
DK™ and BY — Drt decays with D — KJK *7F. The
decays with different final states of the D meson are distin-
guished by the charge of the kaon from the decay of the D
meson relative to the charge of the B meson, and are labelled
“same sign” (SS) and “opposite sign” (OS). Six observables
potentially sensitive to y = ¢3 are measured: two ratios
of rates for DK and Dx decays (one each for SS and OS)
and four asymmetries (for DK and D, SS and OS). This
is done both for the full Dalitz plot of the D decay and for
the K*(892)* -dominated region (with the same boundaries
as used by CLEO-c). Note that there is a significant over-
lap of events between the two samples. The results, shown in
Table 58 do not yet have sufficient precision to set significant
constraints on y = ¢3.

4.14.7 Combinations of results on rates and asymmetries in
B — D™ K® decays to obtain constraints on

Y =¢3

BABAR and LHCb have both produced constraintson y = ¢3
from combinations of their results on BY — DK™ and
related processes. The experiments use a frequentist proce-
dure (there are some differences in the details of the tech-
niques used).

e BABAR [467] use results from DK, D*K and DK*

modes with GLW, ADS and GGSZ analyses, to obtain
y = (69110
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Table 58 Results from model-independent Dalitz plot analysis of BY — DK™, D — K (S)K ¥

Ros Ass, DK Aos, DK Ass,Dx Aos,pr

Rss

[ Ladt

Experiment

D — K9K* 7 ¥ (whole Dalitz plot)

—0.052 £ 0.029 &+ 0.017

—0.025 £ 0.024 = 0.010

0.092 £ 0.009 £ 0.004 0.066 = 0.009 £ 0.002 0.040 £ 0.091 &+ 0.018 0.233 £ 0.129 + 0.024

3fb!

LHCb [465]

D — K*(892)* K¥

—0.054 £ 0.043 £+ 0.017

—0.012 £ 0.028 = 0.010

0.084 £ 0.011 £ 0.003 0.056 &+ 0.013 £ 0.002 0.026 £ 0.109 & 0.029 0.336 £ 0.208 + 0.026

3fh!

LHCb [465]

e LHCb [468] use results from the DK™ mode with
GLW, GLW-like, ADS, GGSZ (Ké’h*h_) and GLS
(KK *7F) analyses, as well as DK ** with GLW, ADS
and GGSZ analyses, DK 7~ GLW Dalitz plot anal-
ysis, DK*m 7" with GLW and ADS analyses and
BY — DFK* decays. The LHCb combination takes
into account subleading effects due to charm mixing and
CP violation [469]. The resultis y = (72.275%)°.

e Allthe combinations use inputs determined from v (3770)
— DOBO data samples (and/or from the HFLAV Charm
Physics subgroup global fits on charm mixing parame-
ters; see Sect. 8.1) to constrain the hadronic parameters
in the charm system.

e Constraints are also obtained on the hadronic parameters
involved in the decays. A summary of these is given in
Table 60.

e The CKMfitter [252] and UTFit [339] groups perform
similar combinations of all available results to obtain
combined constraints on y = ¢3.

Independently from the constraints on y = ¢s3 obtained by
the experiments, the results summarised in Sect. 4.14 are sta-
tistically combined to produce world average constraints on
y = ¢3 and the hadronic parameters involved. The combina-
tion is performed with the GAMMACOMBO framework [470]
and follows a frequentist procedure, similar to those used by
the experiments [467,468,471].

The input measurements used in the combination are listed
in Table 61. Individual measurements are used as inputs,
rather than the averages presented in Sect. 4.14, in order
to facilitate cross-checks and to ensure the most appropri-
ate treatment of correlations. A combination based on our
averages for each of the quantities measured by experiments
gives consistent results.

All results from GLW and GLW-like analyses of BT —
D® K®+ modes, as listed in Tables 48 and 51, are used.
All results from ADS analyses of BY — DWK®T ag
listed in Table 52 are also used. Regarding B® — DK*?
decays, the results of the BY — DK*m~ GLW-Dalitz anal-
ysis (Table 50) are included, as are the LHCb results of
the ADS analysis of B — DK*? (Table 54). Concern-
ing results of GGSZ analyses of BY — D® K®+ with
D — th*h_, the model-dependent results, as listed in
Table 55, are used for the BABAR and Belle experiments,
whilst the model-independent results, as listed in Table 57,
are used for LHCb. This choice is made in order to main-
tain consistency of the approach across experiments whilst
maximising the size of the samples used to obtain inputs for
the combination. For GGSZ analyses of B — DK*? with
D —- K gh"’h_ the model-independent result from LHCb
(given in Table 57) is used for consistency with the treat-
ment of the LHCb BT — DK GGSZ result; the model-
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Table 59 Summary of constraints on hadronic parameters from model-
independent analyses of Bt — DK™ and B® — DK*, D —
K9t h™ (h = 7, K) decays

Table 60 Summary of constraints on hadronic parameters obtained
from global combinations of results in Bt — D® K+ and B® —
DK*0 decays

rp(DK™T) Sp(DK™T) rg(DK™) Sp(DK™)
Belle 0.145 £ 0.030 (129.9 £ 15.0 BABAR 0.092 70013 (1051%)°
+ 0.010 + 0.011 £38+£47% [ He 0.1019 + 0.0056 (142.6 H37ye
LHCb 0.080 70010 (134 1%y
‘ - rg(DK*) 55(DK*0)
Fg(DK*?) 35(DK*)
LHCb 0.218 70043 (189 133)°
Belle <0.87 at 68%
confidence
level
21\o0
LHCb 0.56 &+ 0.17 (204*2))

independent result by Belle is also included. The result of
the GLS analysis of Bt — DK™ with D — K** K¥ from
LHCDb (Table 58) are used. Finally, results from the time-
dependent analysis of BY — DF K * from LHCb (Table 47)
are used.

Several results with sensitivity to y are not included in
the combination. Results from time-dependent analyses of
BY — D™Fx® and DF p* (Table 46) are not used as there
are insufficient constraints on the associated hadronic param-
eters. Similarly, results from BY — D¥ Kgn + (Sect.4.13.1)
are not used. Results from the LHCb B — DK*? GLW
analysis (Table 49) are not used because of the statisti-
cal overlap with the GLW-Dalitz analysis which is used
instead. Limits on ADS parameters reported in Sect. 4.14.3
are not used. Results on B* — Dnt decays, given in
Table 53, are not used since the small value of rg(Dn™)
means these channels have less sensitivity to y and are more
vulnerable to biases due to subleading effects [468]. Results
from the BABAR Dalitz plot analysis of Bt — DK™ with
D — nta—x0 (given in Table 55) are not included due
to their limited sensitivity. Results from the Bt — DK™,
D — K 2n+n_ GGSZ model-dependent analysis by LHCb
(given in Table 55), and of the model-independent anal-
ysis of the same decay by Belle (given in Table 57) are
not included due to the statistical overlap with results from
model-(in)dependent analyses of the same data.

Auxiliary inputs are used in the combination in order to
constrain the D system parameters and subsequently improve
the determination of y = ¢3. These include the ratio of
suppressed to favoured decay amplitudes and the strong
phase difference for D — K * 7 F decays, taken from the
HFLAV Charm Physics subgroup global fits (see Sect. 8).
The amplitude ratios, strong phase differences and coher-
ence factors of D — K*¥7n¥7% D — K*nFgtn—
and D — KgK +7* decays are taken from CLEO-c
and LHCb measurements [466,472,473]. The fraction of
CP-even content for quasi-GLW D — ntm~mtm—,
D - KtK 7% and D — ntn 7" decays are taken

from CLEO-c measurements [443]. Constraints required
to relate the hadronic parameters of the B — DK*0
GLW-Dalitz analysis to the effective hadronic parameters
of the quasi-two-body approaches are taken from LHCb
measurements [442]. Finally, the value of —2f; is taken
from the HFLAV Lifetimes and Oscillations subgroup (see
Sect. 3); this is required to obtain sensitivity to y =
¢3 from the time-dependent analysis of B — DFK*
decays. A summary of the auxiliary constraints is given in
Table 62.

The following reasonable, although imperfect, assump-
tions are made when performing the averages.

e CP violationin D — K™K~ and D — ntm~ decaysis
assumed to be zero. The results of Sect. 8 anyhow suggest
such effects to be negligible.

e The combination is potentially sensitive to subleading
effects from DO—EO mixing which is not accounted
for [469,474,475]. The effect is expected to be small
given that rg = 0.1 (for all included modes) whilst
rp ~ 0.05.

e All BT — DK** modes are treated as two-body decays.
In other words any dilution caused by non-K ** contribu-
tions in the selected regions of the DK 97+ or DK 70
Dalitz plots is assumed to be negligible. As a check of
this assumption, it was found that including a coherence
factor for BT — DK*t modes, kg(DK*T) = 0.9, had
negligible impact on the results.

e All of the inputs are assumed to be completely uncor-
related. Whilst this is true of the statistical uncertain-
ties, it is not necessarily the case for systematic uncer-
tainties. In particular, the model uncertainties for dif-
ferent model-dependent GGSZ analyses are fully cor-
related (when the same model is used) and similarly the
model-independent GGSZ analyses have correlated sys-
tematic uncertainties originating from the knowledge of
the strong phase variation across the Dalitz plot. The
effect of including these correlations is estimated to be
<1°.
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Table 61 List of measurements used in the ¥ combination

B decay D decay Method Experiment Refs.
BT — DK* D—KTK~,D—natn—, GLW BABAR [433]
D — K% D — Kdo, D — K¢
Bt — DK™ D— KYK=,D—natn—, GLW Belle [434]
D — K% D — K}w, D — K¢
Bt — DK™ D—KTK~,D—>ntn~ GLW CDF [435]
BT — DKt D— KTK~,D— ntn~ GLW LHCb [436]
Bt — D*KT D— KtK—,D — ntn—, GLW BABAR [437]
D* — Dy (79 D — K97° D — Kdw, D — K¢
BT — D*K* D—K"K~,D— ntn~, GLW Belle [434]
D* — Dy (7% D — K% D — Kdo, D — K¢
BT — DK**t D— KtK~,D— ata, GLW BABAR [438]
D — K%, D — K}w, D — K¢
Bt — DK*t D— KtK~,D— ntn—, GLW LHCb [439]
BT - DK*tntn— D— KTK~,D— ntn~ GLW LHCb [440]
BT — DKt D — ata—x0 GLW-like BABAR [322]
BT — DKt D — hth~—x0 GLW-like LHCb [444]
Bt — DK™ D—natn atn™ GLW-like LHCb [436]
BT — DKt D— K*x¥ ADS BABAR [445]
Bt — DK™ D— K*n¥ ADS Belle [446]
BT — DKt D— K*x¥ ADS CDF [447]
Bt — DK™ D— K*n¥ ADS LHCb [436]
Bt — DK™ D — K*ngFr0 ADS BABAR [448]
Bt — DK™ D — K*ngFr0 ADS Belle [449]
Bt — DK* D — K*ngFr0 ADS LHCb [444]
Bt — DK* D— K*nFrgtn- ADS LHCb [436]
Bt — D*K* D— K*n¥ ADS BABAR [445]
D* — Dy
Bt — D*K* D— K*n¥ ADS BABAR [445]
D* — Dx*
Bt — DK*t D— K*ng¥ ADS BABAR [438]
Bt — DK*t+ D— K*n¥ ADS LHCb [439]
Bt — DK*tntn— D— K*g¥ ADS LHCb [440]
BT — DKt D — Kdntn GGSZ MD BABAR [455]
Bt — DKt D— Kdntm~ GGSZ MD Belle [454]
Bt — D*K ™ D — K tn~ GGSZMD BABAR [455]
D* — Dy (=%
Bt — D*K* D — Kdnta~ GGSZ MD Belle [454]
D* — Dy (=%
BT — DK** D— Kdntn~ GGSZ MD BABAR [455]
Bt — DK** D — Kntn~ GGSZ MD Belle [457]
Bt — DK™ D — K tm~ GGSZMI LHCb [462]
Bt — DK D— K)K*n~ GLS LHCb [465]
BY - Dk*0 D— K*n¥ ADS LHCb [441]
B > DK*trn~ D — hth~ GLW-Dalitz LHCb [442]
BY - Dk*0 D — K%nth~ GGSZ MI Belle [463]
B® — DK™ D — K9nth~ GGSZ MI LHCb [464]
BY - DFK* D — hth~nt TD LHCb [432]
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Table 62 List of the auxiliary inputs used in the combinations

Decay Parameters Source Refs.
D— K*n¥ rkm, sKx HFLAV Sect. 8
D— K*nTntn~ SK3m K3 K3n CLEO+LHCb [472]
D—atn—ntn— Fi(ntn—mntn™) CLEO [443]
D — K*n¥r0 sKam i Ko pKom CLEO+LHCb [472]
D — hth—=0 Fy(ntn—n0, F.(KTK~70) CLEO [443]
D — K)K+tn~ SRSKT  Kskm  KskKn CLEO [466]
rpskr LHCb [473]
B° — DK*O Kcp(DK*0), RDK™ ADK™ LHCb [442]
BY — DFK* b5 HFLAV Sect. 3

Table 63 Averages values obtained for the hadronic parametersin B —

DK™ decays

Table 65 Averages of y = ¢3 split by method. For GLW method only

the solution nearest the combined average is shown

Parameter Value Method Value
rg(DK™) 0.104 £ 0.005  GLW (82.753)°
rg(D*KT) 0.12 + 0.02 ADS (72 t}é)o
+
rB(DK* ) 0.05 £+ 0.03 GGSZ (673 tgé)o
rg(DK*0) 0.55 + 0.16
sp(DK™) (137.7130)° o .
Sr(D¥*K™T 11 +13y0 LI) - B
5 ) Gl 57) -~ HFLAV I8
52(DK ") (108 133)° sl E
35(DK*0) (203 135)° T SYow A
_ 5 ADS b
Table 64 Averages of y = ¢ spli 0.6 - ~ s
ges of y = ¢3 split by B meson decay mode 6 \ ] Combined |
Decay mode Value i ]
0.4 N\ —
BY — DFK* (128 738)° 8 \ 68.3% -
B~ DK CEREE b -
B* — D*K* 64715)° “r 95 58 ]
0 0 +23\0 O ]
B — DK* 9275 0 B AT
BT — DK* (7227139)° 0 150
7 [
,_1
@) 1 L ' - Fig. 46 World average of y = ¢3, in terms of 1 —CL, split by analysis
. L 2 HFLAV B method
0.8 L ) N
O % B'SDK" |
C 7 et In total, there are 116 observables and 33 free parameters.
B 707 N . . .
0.6 7/ [T B°—>D°K™ — e combination has a x“ value of 95.5, which corresponds
Th bination h 2 value of 95.5, which d
L ) [ 8->0K" to a global p-value of 0.164. The obtained world average for
L G £ [ Combined | . . .
04l 1 7 the Unitarity Triangle angle y = ¢3 is
oy 68.3% 1 o
N = 7 y =¢3 = (74.0729°. (166)
00 . .

0.2 __%%%7 : /] An ambiguous solution at y = ¢35 — y = ¢33 + 7
v/, N95.5% /] also exists. The results for the hadronic parameters are listed
P s A . . .

0 5 — <o : o0 - — in Table 63. Results for input analyses as split by B meson

7 [°]

Fig. 45 World average of y = ¢3, in terms of 1—CL, split by decay
mode

decay mode are shown in Table 64 and Fig. 45. Results for
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@ / 1
~ - ‘ HFLAV E
08 B Winter 2016 |
. ro*=0.3040.09 -
L 72 r5%°=0.05+0.03
oz E3r0%=0.12:0.02 -
0.6 | [ r5<°=0.55+0.16
W7 [ r2¥=0.104+0.005 |
04 u
- 68.3% -
) ]
7 ]
0.2 / N
0 /o 4

0 0.2 0.4 0.6

]

Fig. 47 World averages for the hadronic parameters rp in the different
decay modes, in terms of 1—-CL

input analyses as split by the method are shown in Table 65
and Fig. 46. Results for the hadronic ratios, r 5, are shown in
Fig. 47. A demonstration of how the various analyses con-
tribute to the combination is shown in Fig. 48.

0.2 ‘ \ ‘ \ ‘ \ ‘
S [ 1B*=DK*, D"—hhn'/n3m HFLAV
s | EB'—-DK*, D'—>Khh ]
1B DK, D'~k h" K n' KL /K9
B All B*—D°K* modes

0.15 1 @@ World Average @
(Y@

0.1

0.05+ ‘ ‘ 1 —
0 50 100 150
7 [°]
* T ‘H— | T o T T
% 0.6 [ 1B* DK™, D’>KJhh _
T UL B DK™, Dk h /K K /KL ]

0.5 Al B*»D°K™ modes HFLAV B
] World Average i
04— —

Fig. 48 Contributions to the combination from different input mea-
surements, shown in the plane of the relevant rp parameter vs. y = ¢3.
From left to right, top to bottom: BY — DK™, Bt — D*K* B* —
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5 Semileptonic B decays

This section contains our averages for semileptonic B meson
decays, i.e. decays of the type B — X{v;, where X refers
to one or more hadrons, £ to a charged lepton and vy to its
associated neutrino. Unless otherwise stated, £ stands for an
electron or a muon, lepton universality is assumed, and both
charge conjugate states are combined. Some averages assume
isospin symmetry, this will be explicitly mentioned at every
instance.

Averages are presented separately for CKM favored b —
¢ quark transitions and CKM suppressed b — u tran-
sitions. Among these transitions we distinguish exclusive
decays involving a specific meson (X = D, D*, &, p,...)
from inclusive decay modes, i.e. the sum over all possible
hadronic states, one or more mesons and baryons. Semilep-
tonic decays proceed via first order weak interactions and are
well described in the framework of the standard model (SM).
Their decay rates are sensitive to the magnitude squared of the
CKM elements V., and V,;;, and their determination is one of
the primary goals for the study of these decays. Semileptonic

0.35 ‘ T ; \ ; T ‘
L [ 1B*>D™K*, D">h h /K" IK{w/KJp 4

0.3+ [ 1B*—D™K", D'—KJhh HFLAV BB
1

Q

7D*K

F [ All B*=D™K* modes
0.25~ [ World Average —

0.2
0.15
0.1
0.05
0 | | | L
0 50 100 150
7 []
% ! r ‘ HFAV ]
s | o
0.8 []B"—=D°K™, D*—h*h™—
r [ 1B*=D'K™, D'—Khh|
L [ All B°—D°K* modes -
0.6 j [ 1 World Average
0.4}
0.2}
oL ! | ! 1
0 50 100 150 200
(¢}
7 [°]

DK*tand B® - DK*9.Contours show the two-dimensional 68 % and
95 % CL regions
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decays involving the t lepton might be sensitive to beyond
SM processes because of the high T mass, which might result
in enhanced couplings to a hypothetical charged Higgs boson
or leptoquarks.

The technique for obtaining the averages follows the gen-
eral HFLAV procedure (Sect. 2) unless otherwise stated.
More information on the averages, in particular on the com-
mon input parameters is available on the HFLAV semilep-
tonic webpage.

5.1 Exclusive CKM-favoured decays
5.1.1 B— D*{" ¥y,

The recoil variable w used to describe B — D*{~ v, decays
is the product of the four-velocities of the initial and final
state mesons, w = VB - Vpm. The differential decay rate
for massless fermions as a function of w is given by (see,
e.g., [476])

dT' (B — D*t™vy)  Gim3,,
dw = s (mp =)’

X X (W) niw F2 (W) Vep|?,

(167)

where G is Fermi’s constant, m g and mp+ are the B and
D* meson masses, x (w) is a known expression of w and
new is a small electroweak correction [477]. Some authors
also include a long-distance EM radiation effect (Coulomb
correction) in this factor. The form factor F(w) for the
B — D*{" v, decay contains three independent functions,
ha, (w), Ri(w) and Ry (w),

X W) FAw) = b ()W w? — 1w + 1)2

21—2wr—i—r2 1+ R? w? —1
X{[ A= ][ - 1(“’)w+1}

w—17?
+[1 + (1 - Rz(w))ﬁ} } (168)
where r = mp+/mp.
To extract | V|, the experimental analyses we consider

in this section use the parametrization of these form factor
functions by Caprini, Lellouch and Neubert (CLN) [478],

ha,(w) = ha, (D[1 = 8p?z + (533p* — 15)7

—(231p% - 91)2%], (169)
Ri(w) = Ri(1) —0.12(w — 1) + 0.05(w — 1),  (170)
Ro(w) = Ry(1) + 0.11(w — 1) — 0.06(w — 1)%,  (171)

wherez = (Vw + —ﬁ)/(«/w + 14++/2). The form factor
JF(w) is thus described by the slope p? and the ratios Ry (1)
and R, (1).

We use the measurements of these form factor parame-
ters shown in Table 66 and rescale them to the latest val-
ues of the input parameters (mainly branching fractions
of charmed mesons) [479]. Most of the measurements in
Table 66 are based on the decay B — D*T ¢~ 1. Some
measurements [480,481] are sensitive also to the B~ —
D*0¢~,, and one measurement [482] is based on the decay
B~ — D*0¢7 1. Isospin symmetry is assumed in this aver-
age. The earlier results for the LEP experiments and CLEO
have significantly rescaled results, and significantly larger
uncertainties than the recent measurements by the B-factories
Belle and BABAR.

In the next step, we perform a four parameter fit of
new F ()| Vep|, p2, R1(1) and R (1) to the rescaled measure-
ments, taking into account correlated statistical and system-
atic uncertainties. Only two measurements constrain all four
parameters [483,484], the remaining measurements deter-
mine only the normalization ngwF(1)|V.p| and the slope
p2. The result of the fit is

nEwF (D) Vep| = (35.61 + 0.43) x 1073, (172)
p> =1.205 + 0.026, (173)
Ri(1) = 1.404 + 0.032, (174)
R>(1) = 0.854 + 0.020, (175)
and the correlation coefficients are

P F(1)[Vep,p2 = 0-338, (176)
PrewF (D) Vep| Ry (1) = —0.104, a77)
Prew F () Vel Ra (1) = —0.071, (178)
P2k, (1) = 0.570, (179)
P2 ry(1y = —0.810, (180)
PRi(1),Ry (1) = —0.758. (181)

The uncertainties and correlations quoted here include both
statistical and systematic contributions. The x2 of the fit is
30.2 for 23 degrees of freedom, which corresponds to a confi-
dence level of 14.4%. An illustration of this fit result is given
in Fig. 49.

Using the latest update from the Fermilab Lattice and
MILC Collaborations [489], the form factor normalization
newF (1) is

newF (1) =0.912 £ 0.014, (182)

where npw = 1.0066 £ 0.0050 has been used. The central
value of this number corresponds to the electroweak correc-
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Table 66 Measurements of the Caprini, Lellouch and Neubert (CLN) [478] form factor parameters in B — D*{~ 1y before and after rescaling.
Most analyses (except [483,484]) measure only ngw F(1)|Vep|, and pz, so only these two parameters are shown here

Experiment

nEw F(1)|Vep|[1073] (rescaled)

nEw F(1)|Vep|[1073] (published)

p? (rescaled)
0> (published)

ALEPH [485]

CLEO [480]

OPAL excl [486]

OPAL partial reco [486]
DELPHI partial reco [487]
DELPHI excl [488]

Belle [483]

BABAR excl [484]

BABAR D*0 [482]

BABAR global fit [481]

30.97 + 1784 £ 1.29ys
319 £ 1.8gar £ 1.9y
30.67 4 1.224y + 1624y
43.1 £ 1.3ga £ 1.84ys
35.81 4 1.57qu + 1624y
36.8 & 1.64a £ 2.05y5
36.98 £ 1.19 + 2324
37.5 4 1240 £ 2.5
35.15 4 1.39%u + 2.305
355 £ Ldgar 3 3est
35.85 4 1.68ga + 1984y
39.2 4 1.84u £ 235y
3439 4 0.174a £ 1015
34.6 £ 0.2 £ 1.0gyst
33.50 4 0.29y + 1034
347 £ 034 £ I 1gyst
34,96 4+ 0.584, * 1.325yst
35.9 4 0.65a £ 14gyy
35.49 4 0.204, =+ 1.095yst
35.7 4 0.2 £ 1.2y

0.491 + 0.2274y £ 0.1464y5
0.37 + 0.265a £ 0.14gy5
1.366 + 0.085u £ 0.087ys0
1.61 %+ 0.09 £ 021555
1.205 + 02075 £ 0.1534y5
1.31 %+ 0.21ga £ 0.165y
1.149 + 0.1454y + 0.2965y
112 %+ 0.14g, £ 0.29y5
1.168 + 0.12655 + 0.3815yx
1.34 £ 0.1dga T 355yst

1.084 + 0.143g5 £ 0.151 5y
1.32 %+ 0.15a £ 0.334y5
1.213 + 0.0345a £ 0.0085y5
1.214 % 0.0345a £ 0.0095y5
1.184 + 0.04845 + 0.0295y
1.18 %+ 0.055a £ 0034y
1.126 £ 0.0584a £ 0.0555y5
1.16 + 0.065a £ 0.084y5c
1.185 =+ 0.02055 £ 0.061 5y
1.21 + 0024 £ 0.07y50

Average 35.61 & 0.1 1slat + 0.415};51 1.205 + O-OISStat + 0.0215yst
ALEPH (a) S Ayi=1 (b)
310+ 1.8+ 13 SR e ; = L ox CLEO
CLEO : =
39.7+ 12+ 1.6 : e oy
OPAL excl ' -t
358+ 1.6+ 1.6 —~ ”*B 40 —

OPAL partial reco s:_m l P
370+ 12+ 23 ————
DELPHI partial reco ) y 83(3}
352+ 14+ 23 —_—— i ,
: DELPHI
DELPHI excl : (part. reco.)
358+ 1.7+ 2.0 - Ea— dAGE
BELLE : L
344+ 02+ 1.0 —— 35 XBAR (Global Fit)
BABAR excl : ALEPH BABAR (D*0)
33.6+ 0.3+ 1.0 e :
BABAR D*0 g - BABAR (excl.)
350+ 0.6+ 1.3 T BELLE
BABAR global fit :
355+ 02+ 1.1 kR
Average 30 —
35.6% 0.1+ 0.4 ™ HFLA V
| | Summer 2016 |
x2/dof = 30.2/23 (CL = 14.40 %) : HFLAV ‘;Zgz,’f'fgoz g /12(35
; = | |
1 l 1 | [ l 1 : : :
25 30 35 40 0 1.3 2 2

., F V| [107]

Fig. 49 Tllustration of a the average and b the dependence of ngw F(1)| V| on p?. The error ellipses correspond to Ax2 = 1 (CL = 39%)
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Table 67 B - D*t ¢~V branching fractions calculated from the rescaled CLN parameters in Table 66. For Ref. [482] the published value of

B(B~ — D*%¢~ 1) has been rescaled by the factor 7(B%) /T (BT) for comparison to the other measurements

Experiment

BB’ = D**¢~7y) [%] (calculated)

BB’ — D*¢~7y) [%] (published)

ALEPH [485]

CLEO [480]

OPAL excl [486]

OPAL partial reco [486]
DELPHI partial reco [487]
DELPHI excl [488]

Belle [483]

BABAR excl [484]

BABAR D*0 [482]

BABAR global fit [481]

5.26 + 0.254 + 0.304x
5.55 + 0.17ga £ 0240
4.93 + 0.184y £ 0434
5.42 + 0.254 £ 0.52
4.85 + 0.13g £ 0.724
5.27 + 0.204y + 0.374y
451 + 0.03g £ 0.265
445 + 0.04gy £ 0.264
4.90 £ 0074 £ 0.3445
4.90 £ 0.024y £ 0.19y5

5.53 + 0.263 + 0.524x
6.09 £ 0.19 + 0.4045
501 4 0.1 + 0.49
5.92 + 0.27qa + 0.684ys
470 £ 0.13g 7938 o0

5.90 £ 0224 + 0.504
4.58 + 0.03gu £ 0.264x
4.69 £ 0.04gy £ 0344
5.15 + 0.07a £ 0.384x
5.00 £ 0.024 £ 0.19

Average

4.88 £ 0.01ggar &= 0.10gyst

x2/dof =30.2/23 (CL = 14.4%)

ALEPH H (a)
526+0.25+£0.30
CLEO
5.55+0.17+£0.24
OPAL excl
4.93+£0.18+0.43
OPAL partial reco
54240254052
DELPHI partial reco
4.85+£0.13+£0.72
DELPHI excl
527+0.20+£0.37
BELLE
4.51£0.03+0.26 —
BABAR excl
4.45+0.04+0.26 ke
BABAR D*0
490+ 0.07+0.34
BABAR global fit
4.90+0.02+0.19
Average :
4.88£0.01£0.10 B

x*/dof = 30.2/23 (CL = 14.40 %)

HFLAV
i

1 | 1 | 1 : | 1 | 1
2 3 4 5 6 7

BB’ - D" 1'v) [%]

(b)

CLEO

6.52+0.20 £ 0.39
BABAR tagged
548 +0.15+0.35
BABAR untagged
5.28+£0.08 £0.40
BABAR global fit
536+0.02+£0.21
Average

5.59+£0.02+0.19

HFLAV

P IR I T KNS SR
2 3 4 5 6 17

%*/dof =8.3/3 (CL = 3.94 %)

BB =D 1'V)[%]

Fig. 50 Branching fractions of exclusive semileptonic B decays: a §O — D*t¢~7, (Table 67) and b B~ — D*9¢~, (Table 68)

tion only. The uncertainty has been increased to accommo-
date the Coulomb effect. Based on Eq. (172), this results in

[Vepl = (39.05 & 0.47xp £ 0.584) x 1073, (183)

where the first uncertainty is experimental and the second
error is theoretical (lattice QCD calculation and electro-weak
correction).

From each rescaled measurements in Table 66, we cal-
culate the B — D*¢~ v, form factor newF (w) and, by
numerical integration, the branching ratio of the decay

B® — D*t¢~,. For measurements that do not determine
the parameters R1(1) and R>(1) we assume the average val-
ues given in Egs. (174) and (175). The results are quoted in
Table 67 and Fig. 50a. The branching ratio is

BB’ = D* e v) = (4.88 + 0.10)%. (184)

We have also performed a one-dimensional average of
measurements of the decay B~ — D*%¢~1,, which is shown
in Table 68 and Fig. 50b. The result of this average, (5.59 +
0.02 £ 0.19)%, is consistent with the average including both
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Table 68 Average of the B~ — D*0¢~ i, branching fraction measurements

Experiment

B(B~ — D*0¢= ) [%)] (rescaled)

B(B~ — D*0¢=1y) [%] (published)

CLEO [480]
BaBARtagged [490]
BABAR [482]
BABAR [481]

6.52 £ 0.204 + 0.39y4
5.48 + 0.154 £ 0.354x
5.28 + 0.08y £ 0.4044
536 £ 0.02u £ 0214

6.50 + 0.20 + 0.434
5.83 + 0.154 £ 0.304x
5.56 + 0.08y £ 0.41
5.40 + 0.02g £ 0214

Average 5.59 £ 0.02a £ 0.19yst

x2/dof = 8.3/3 (CL = 3.94%)

charge states given in Eq. (184) rescaled by the lifetime ratio
(BT)/t(BY), (5.26 £ 0.11)%.

5.12 B— D¢ iy

The differential decay rate for massless fermions as a function
of w (introduced in the previous section) is given by (see,
e.g., [476])

B— D{"v, Gim3

T = ey gt mp)iw? — 1)

X e G2 (W) | Vep |2, (185)

where Gg is Fermi’s constant, and mpg and mp are the B
and D meson masses. Again, ngw is the electroweak cor-
rection introduced in the previous section. In contrast to
B — D*{~ v, G(w) contains a single form-factor function

f+(w),
Pw) = —T 2w (186)
ST

where r = mp/mp.

As for B — D*{~ v, decays, we adopt the prescription
by Caprini, Lellouch and Neubert [478], which describes the
shape and normalization of the measured decay distributions

in terms of two parameters: the normalization G(1) and the
slope p2,

G(2) =GM[1 —8p*z+ (51p* — 10)z?
—(252p% — 84)7°], (187)

where z = (Vw + 1 — v2)/(Vw + 1 +/2).

Table 69 shows experimental measurements of the two
CLN parameters, which are corrected to match the latest val-
ues of the input parameters [479]. Both measurements of
EO — D1t¢~v, and B~ — D% ¥, are used and isospin
symmetry is assumed in the analysis.

The form factor parameters are extracted by a two-
parameter fit to the rescaled measurements of npw G (1)|Vep|
and p? taking into account correlated statistical and system-
atic uncertainties. The result of the fit is

newG(D|Vep| = (41.57 £ 1.00) x 1073, (188)
0> =1.128 + 0.033, (189)

with a correlation of

PogwG ()| Vepl.p2 = 0-751. (190)

The uncertainties and the correlation coefficient include both
statistical and systematic contributions. The x 2 of the fitis 4.7

Table 69 Measurements of the Caprini, Lellouch and Neubert (CLN) [478] form factor parameters in B — D{~ v, before and after rescaling

Experiment

nEwG (1)|Vep| [1073] (rescaled)
newG(1)|Ves| [1073] (published)

,o2 (rescaled)
02 (published)

ALEPH [485]
CLEO [491]
Belle [492]

4229 £+ 1.37
BABAR global fit [481]

36.67 + 10054 & 73355
311+ 9.9 + 8.64
44.18 + 5704 + 3474
44.8 £ 6.1y + 3.7y
41.94 + 0.604 £ 1.215

42.23 £ 0.74ga £+ 2145y
43.1 £ 0.85a £ 2.35y

0.845 £ 0.879 + 0.4485y
0.70 + 0.984y £ 0.50y5
1.270 4 0.2154a £ 0.1215y5
1.30 + 0.27ga % 0.14gyy
1.090 %+ 0.0365a £ 0.0195yx
1.09 & 0.05

1.186 £ 003545 £ 0.0625y5
1.20 + 0.04g £ 0.075y50

BABAR tagged [493] 42.60 £ 1. 715 £ 1.264y5 1.200 =+ 0.088gta¢ £+ 0.0434yst
42.3 £ 1.9 = 1.0sy 1.20 & 0.09ta £ 0.04gyst
Average 41.57 £ 0.454at 3 0.89ys 1.128 + 0.024t5; = 0.023gy
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(a)

ALEPH
36.67+10.05+£7.33 =

CLEO
44.18£5.70 £3.47

BELLE
41.94+0.60£1.21 e

BABAR global fit
4223+0.74+2.14

BABAR tagged
42.60+1.71+1.26

Average !
4157+ 0.45+0.89 N

HFLAV

x*dof=4.7/ 8 (CL = 79.30 %)

. | . | . L | .
10 20 30 40 50

n,, GOV | [107]

2 Ax’=1 CLEO (b)
Zﬁ s0
OB L BABAR global fit
e BELLE
40 - ABAR tagged
30 -
ALEPH HFLAV
20— x2/dof=4.7/8
| . | . |
0 1 2

p2

Fig. 51 Illustration of a the average and b dependence of ngwG(w)| V.| on p2. The error ellipses correspond to A X2 =1 (CL =39%)

Table 70 B — D¢~ v, branching fractions calculated from the rescaled CLN parameters in Table 69, which are based on both charged and

neutral B decays, combined under the assumption of isospin symmetry

Experiment

B(B® — D*¢ ;) [%] (calculated)

B(B® — D*¢~9y) [%] (published)

ALEPH [485]

CLEO [491]

Belle [492]

BABAR global fit [481]
BABAR tagged [493]

Average

2.09 + 0.154 £ 0.374yx
2.12 4 0234y + 0.294
224 + 0.03g £ 0.114
2.09 £ 0.03ga + 0.134y5
2.10 £ 0.07ga £ 0.085ys
213 + 0.024 +0.075y

235 + 0.204 £ 0.4
2.20 4 0165 £ 0.19
231 + 0.03gu £ 0.114
2.34 4 0.03y + 0.13g
223 + 0.1 £ 0.114
x2/dof = 4.7/8 (CL = 79.3%)

for 8 degrees of freedom, which corresponds to a probability
of 79.3%. An illustration of this fit result is given in Fig. 51.

The most recent lattice QCD result obtained for the form
factor normalization is [494]

G(1) = 1.0541 £ 0.0083. (191)

Using again ngw = 1.0066 £ 0.0050, we determine |V, |
from Eq. (188),

[Vep| = (39.18 & 0.94¢, + 0.36) x 1072, (192)

where the first error is experimental and the second theo-
retical. This number is in excellent agreement with |V |
obtained from B — D*{~ 1, decays given in Eq. (183).
From each rescaled measurement in Table 69, we have cal-
culated the B — D{~ ¥, form factor G(w) and, by numerical

integration, the branching ratio of the decay B = DT,
The results are quoted in Table 70 and illustrated in Fig. 52.

The branching ratio for the average values of npwG(1)|Vep|
and p? is

BB’ = D 1) = (2.13 + 0.07)%. (193)

We have also performed one-dimensional averages of

measurements of EO — D¢ v, and B~ — DOZ’Dg
decays. The results are shown in Tables 71 and 72. The
EO — D¢~ vy average, (2.20 £ 0.04 & 0.09)%, is con-
sistent with the result in Eq. (193), (2.13 £ 0.07)%. The
B~ — D¢, average, (2.33 & 0.04 + 0.09)%, also com-
pares well to the result in Eq. (193), rescaled by the lifetime

ratio 7(BT)/7(BY), (2.30 &+ 0.07)%.
5.1.3 B— DWxe—,

The average inclusive branching fractions for B — D®x
£~y decays, where no constraint is applied to the D™ x

@ Springer



895 Page 96 of 335

Eur. Phys. J. C (2017) 77:895

ALEPH
2.09+0.15+£0.37 =

CLEO
2.12+£0.23+£0.29

ool Jocooooooalloconncoood

BELLE !
224+0.03%0.11 i

BABAR global fit :
2.09+0.03+£0.13 T

BABAR tagged :
2.10+0.07£0.08 '__.'E_'_'

Average '
2.13+£0.02 £0.07 "‘,

HFLAV

x3/dof = 4.7/ 8 (CL = 79.30 %)

. | . | | .
1.5 2 2.5

BB’ - D 1V) [%]

Fig. 52 Illustration of Table 70

system, are determined by the combination of the results
provided in Table 73 for B® — D%zt¢=v,, B —
D*nt¢=%,, B~ — Dtn ¢ vy, and B~ — D*Tnw 0",
decays. The measurements included in the average are scaled
to a consistent set of input parameters and their uncertain-
ties [479]. For both the BABAR and Belle results, the B
semileptonic signal yields are extracted from a fit to the miss-
ing mass squared distribution for a sample of fully recon-
structed BB events. Figure 53 shows the measurements and
the resulting average for the four decay modes.

Table 71 Average of EO — D¢~ v, branching fraction measurements

5.14 B — D*{~ 1y,

D** mesons contain one charm quark and one light anti-
quark with relative angular momentum L = 1. According to
Heavy Quark Symmetry (HQS) [496], they form one dou-
blet of states with angular momentum j = s, + L = 3/2
[D1(2420), D3(2460)] and another doublet with j = 1/2
[ D (2400), D} (2430)], where s, is the light quark spin.
Parity and angular momentum conservation constrain the
decays allowed for each state. The Dy and D states decay
via a D-wave to D*r and D™, respectively, and have
small decay widths, while the D(’)k and D’1 states decay via
an S-wave to Dmr and D*m and are very broad. For the
narrow states, the averages are determined by the com-
bination of the results provided in Tables 74 and 75 for
BB~ — D% ) x B(DY — D**n~) and B(B~ —
DY¢~¢) x B(DY — D**x ™). For the broad states, the aver-
ages are determined by the combination of the results pro-
vided in Tables 76 and 77 for B(B~ — Dioé_ig) xB(DiO —
D**r~)and B(B~ — D¢ v)x B(DE® — DT ~). The
measurements are scaled to a consistent set of input param-
eters and their uncertainties [479].

For both the B-factory and the LEP and Tevatron results,
the B semileptonic signal yields are extracted from a fit to
the invariant mass distribution of the D™)* 7~ system. Apart
for the CLEQO, Belle and BABAR results, the other measure-
ments are for the B — D**(D*7~)X{ ¥, final state and
we assume that no particles are left in the X system. The
BABAR tagged B — D3¢~ v, has been measured select-
ing Df — D final state and it has been translated in a
result on D5 — D*m decay mode, assuming B(D; —
Dr)/B(D; — D*m) = 1.54 £ 0.15 [327]. Figures 54
and 55 show the measurements and the resulting averages.

Experiment B (EO — DTU71p) [%)] (rescaled)

BB’ = Dt 7y) [%] (published)

ALEPH [485] 2.14 £ 0.184at & 0.364y5

CLEO [491] 2.09 £ 0.13ga £ 0.164y5
Belle [492] 2.30 £ 0.04gar = 0.124y5
BABAR [490] 2.08 £ 0.11g & 0.144y5
Average 2.20 £ 0.04ga £ 0.09yst

2.35 £ 0.204¢ac
2.20 £ 0.164ac
2.39 £ 0.04¢a
2.21 £ 0.11q

+ 0.4y
+ 0.19ys
+ 0.1 14y
+ 0.124

x2/dof = 1.7/3 (CL = 63.9%)

Table 72 Average of B~ — D%¢~ 1 branching fraction measurements

Experiment B(B~ — D% ;) [%] (rescaled) B(B~ — D%~ ;) [%] (published)
CLEO [491] 2.16 £ 0.134y £ 017555 2.32 £ 0.17 £ 0205y

BABAR [490] 2.21 £ 0.09 £ 012455 2.33 £ 0.09 £ 0.09ys

Belle [492] 2.48 £ 0.044y £ 0.124y5 2.54 £ 0.045 £ 0.134y4
Average 2.33 £ 0.045t0c £ 0.095y5¢ x2/dof = 2.8/2 (CL = 25.2%)
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Table 73 Averages of the B — D™ 7~ ¢~ ), branching fractions and individual results

Experiment
Belle [495]
BABAR [490]

Average

B(B~ — D =07 vy)[%] (rescaled)
0.42 £ 0.04ga £ 0.055ys

0.40 % 0.064 % 0.034y5

0.41 £ 0.04

B(B~™ — DT~ £ 1g)[%] (published)
0.40 £ 0.044a £ 0.065y5¢

0.42 £ 0.0645 £ 0.035ys

%2 /dof = 0.073 (CL = 78.9%)

Experiment
Belle [495]
BABAR [490]

Average

B(B~ — D*Tw =€ v)[%] (rescaled)
0.68 £ 0.084y £ 0.075

0.57 £ 0.055tar £ 0.04syg

0.60 £+ 0.06

B(B~ — D**7 =€~ 1;)[%] (published)
0.64 £ 0.0845 £ 0.09ys

0.59 £ 0.054a £ 0.04gyq

x2/dof= 0.778 (CL = 37.9%)

Experiment
Belle [495]
BABAR [490]

Average

B(B® — D7t 07 1)[%] (rescaled)
0.43 £ 0.074a £ 0.0555

0.40 £ 0.084a & 0.034ys

0.42 + 0.06

B(B® — DO7t¢=1)[%] (published)
0.42 £ 0.074a £ 0.065y5

0.43 £ 0.084a £ 0.035yt
x%/dof=0.061 (CL = 80.5%)

Experiment
Belle [495]

B(B® — D010~ 5,)[%] (rescaled)
0.58 £ 0.215a £ 0.07yg

B(B® — D*0n*¢~9,)[%] (published)
0.56 £ 0.215a £ 0.08gyst

BABAR [490] 0.46 + 0.0851ac + 0.045y5
Average 0.47 £+ 0.08

0.48 £ 0.084a £ 0.04gy
x?%/dof=0.262 (CL = 60.9%)

5.2 Inclusive CKM-favored decays
5.2.1 Global analysis of B — X 0™ vy

The semileptonic decay width ['(B — X.£"1y) has been
calculated in the framework of the operator production
expansion (OPE) [55-57]. The result is a double-expansion
in Aqgcp/mp and o4, which depends on a number of
non-perturbative parameters. These parameters describe the
dynamics of the b-quark inside the B hadron and can be
measured using observables in B — X 0 v, decays, such
as the moments of the lepton energy and the hadronic mass
spectrum.

Two renormalization schemes are commonly used to
defined the b-quark mass and other theoretical quantities:
the kinetic [504—507] and the 1S [508] schemes. An indepen-
dent set of theoretical expressions is available for each, with
several non-perturbative parameters. The non-perturbative
parameters in the kinetic scheme are: the quark masses
myp and m., ,ujzr and /,L%; at O(I/m%), and ,o?) and ,ois at
O(l/mi). In the 1S scheme, the parameters are: my, A1 at
0(1/m%), and p1, 71, 70 and 73 at O(I/mz). Note that the
numerical values of the kinetic and 1S b-quark masses can-
not be compared without converting one or the other, or both,
to the same renormalization scheme.

We used two kinematic distributions for B — X.£ v,
decays, the hadron effective mass to derive moments (MY )
of order n = 2,4,6, and the charged lepton momentum
to derive moments (EZ) of order n = 0, 1, 2, 3. Moments
are determined for different values of E.y, the lower limit
on the minimum lepton momentum. The moments derived

from the same distributions with different value of E.y
are highly correlated. The list of measurements is given in
Table 78. The only input is the average lifetime tp of neu-
tral and charged B mesons, taken to be (1.579 £ 0.004) ps
(Sect. 3).

In the kinetic and 1S schemes, the moments in B —
X0~ vy are not sufficient to determine the b-quark mass
precisely. In the kinetic scheme analysis we constrain the
c-quark mass (defined in the MS scheme) to the value of
Ref. [515],

mIC\TS(3 GeV) = 0.986 + 0.013 GeV. (194)

In the 1S scheme analysis, the b-quark mass is constrained
by measurements of the photon energy moments in B —
Xy [516-519].

5.2.2 Analysis in the kinetic scheme

The fit relies on the calculations of the lepton energy and
hadron mass moments in B — X ¢~ ¥y decays described
in Refs. [506,507] and closely follows the procedure of
Ref. [520]. The analysis determines |V,;| and the six non-
perturbative parameters mentioned above.

The detailed fit result and the matrix of the correlation
coefficients is given in Table 79. The fit to the lepton energy
and hadronic mass moments is shown in Figs. 56 and 57,
respectively. The result in terms of the main parameters is

[Vep| = (42.19 £ 0.78) x 1073, (195)
mkM = 4.554 4 0.018 GeV, (196)
n2 =0.464 + 0.076 GeV?, (197)
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0.47 +£0.08

HFLAV
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Fig. 53 Average branching fraction of exclusive semileptonic B decays a BY — D07T+£71_)[, b B® — D*OJT+€71:'[, ¢B™ — Dtn ¢ vy, andd

B~ — D*"7~ £ 1y. The corresponding individual results are also shown

with a x 2 of 15.6 for 43 degrees of freedom. The scale y of

the quantities in the kinematic scheme is 1 GeV.
The inclusive B — X £~ v, branching fraction deter-
mined by this analysis is

B(B — X 1) = (10.65 £ 0.16)%. (198)

@ Springer

Including the _rate of charmless semileptonic decays
(Sect. 5.4), B(B — X,£71p) = (2.13 £+ 0.31) x 1073,
we obtain the semileptonic branching fraction,

B(B — X0 ;) = (10.86 £ 0.16)%. (199)
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Table 74 Published and rescaled individual measurements and their averages for of the branching fraction B(B~ — D?Z‘ ve) X B( D? — D**x7)

Experiment B(B~ — DY(D**7 )¢~ 1)[%] (rescaled) B(B~ — DY(D**7 )¢~ ,)[%] (published)
ALEPH [497] 0.437 £ 0.085y % 0.0564y5 0.47 % 0.104y % 0.074y
OPAL [498] 0.570 £ 0.2104ta¢ £ 0.101yst 0.70 £ 0215 & 0.10syst
CLEO [499] 0.347 £ 0.0854tar £ 0.0564yst 0.373 £ 0.0854tar £ 0.057syst
DO [500] 0.214 £ 0.0184a £ 0.035gyst 0.219 £ 0.0184a £ 0.0354yst
Belle Tagged B~ [495] 0.443 £ 0.0705a¢ £ 0.059yst 0.42 £ 0.075tar £ 0.075yst
Belle Tagged B0 [495] 0.612 £ 0.2005ta¢ £ 0.077sygt 0.42 £ 0.075tar £ 0.075ys
BABAR Tagged [501] 0.274 £ 0.030gtar = 0.029yst 0.29 £ 0.035tar = 0.03yg
BABAR Untagged B~ [502] 0.290 £ 0.017a¢ £ 0.0165y 0.30 £ 0.025tar £ 0.024y
BABAR Untagged B° [502] 0.294 £ 0.0264a £ 0.027yt 0.30 £ 0.025tat £ 0.024y
Average 0.281 £ 0.010 + 0.015 x2/dof =12.7/8 (CL = 11.7%)

Table 75 Published and rescaled individual measurements and their averages for B(B~ — Dgﬁ_f)g) X B(Dg — D*tg7)

Experiment B(B~™ — Dg(D*+7T7)£71_1[)[%] (rescaled) B(B~™ — DS(D*+7T7)571_1()[%] (published)
CLEO [499] 0.055 £ 0.0665tac £ 0.0115yg 0.059 £ 0.0665ta £ 0.0115yg

DO [500] 0.086 £ 0.01845 £ 0.0205ys: 0.088 £ 0.01845 £ 0.0205ys:

Belle [495] 0.190 £ 0.0605¢a¢ £ 0.0255ys 0.18 £ 0.064tac &= 0.034ys¢

BABAR tagged [501] 0.075 £ 0.01355 £ 0.009yst 0.078 £ 0.0135 £ 0.010gy

BABAR untagged B~ [502] 0.087 £ 0.009tat £ 0.007ys 0.087 £ 0.0135tac & 0.007ys

BABAR untagged B® [502] 0.065 £ 0.0105tac £ 0.004ys 0.087 £ 0.0135tac £ 0.007ys

Average 0.077 £+ 0.006 £ 0.004 x?%/dof = 5.3/5 (CL =37.7%)

Table 76 Published and rescaled individual measurements and their averages for B(B~ — D’IOE*\_J@) x B (D/lo — D*fr7)

Experiment BB~ — DX(D*tx~)¢~¢)[%] (rescaled) B(B~ — DY(D**7~)¢~)[%] (published)
DELPHI [503] 0.71 £ 0174 £ 0.184y5 0.83 £ 0.174a £ 0184y

Belle [495] —0.03 £ 0.065c £ 0.075y5¢ —0.03 £ 00645 £ 0.075y50

BABAR [501] 0.26 £ 0.04gs £ 0.04gys 0.27 £ 0.04ga £ 0.0555

Average 0.13 + 0.03 + 0.02 x2/dof = 18./2 (CL = 0.0001%)

Table 77 Published and rescaled individual measurements and their averages for B(B~ — D(’)‘OK*DZ) X B(D;;O — D7)

Experiment B(B™ — DSO(D+7T_)K_I_)({)[%] (rescaled) B(B~™ — D(’)“O(D+7t_)£_1')g)[%] (published)
Belle Tagged B~ [495] 0.25 £ 0.04gtat &= 0.064ys¢ 0.24 £ 0.04gar 3= 0.064ys¢

Belle Tagged B® [495] 0.23 £ 0.08stat &= 0.064ys¢ 0.24 £ 0.045tac = 0.06gyst

BABAR Tagged [501] 0.31 £ 0.04ga £ 0.055ys 0.26 £ 0.055tar £ 0.04ys

Average 0.28 £ 0.03 £ 0.04 x?%/dof = 0.49/2 (CL = 78.0%)

5.2.3 Analysis in the 1S scheme The detailed result of the fit using the B — Xy con-

straint is given in Table 80. The result in terms of the main
The fit relies on the same set of moment measurements  parameters is
and the calculations of the spectral moments described in
Ref. [508]. The theoretical uncertainties are estimated as

— -3
explained in Ref. [521]. Only trivial theory correlations, i.e. lVf’;' = (41.98 & 0.45) x 107, (200)
between the same moment at the same threshold are included my> =4.691 £ 0.037 GeV, (201)
in the analysis. The fit determines |V,;| and the six non- A1 = —0.362 £ 0.067 GeV?, (202)

perturbative parameters mentioned above.
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Fig. 54 Rescaled individual measurements and their averages fora B(B~ — D?K*f)g) X B(D(l) — D**77)andbB(B~ — Dgéfﬁg) X B(D(z) —

D*tr™)
‘ (a) ‘ (b)
DELPHI § BELLE had.tag B+ §
3 .
0.83 £0.17 £0.18 3 O 0.25 +0.04 + 0.06 .
BELLE had.tag § BELLE had.tag BO :
003400640072 | 0.23 £ 0.08 + 0.06 F
BABAR had.tag BABAR had.tag §
; !
0.26 +0.04 +0.04 P 0.3140.04 0.0 T
Average Average
0.13 £0.03 £ 0.02 1 0.28 +0.03 £ 0.04 "
3 ¥¥/dof = 18.0/ 2 (CL = 0.00 %) Xx*/dof = 13.2/ 2 (CL = 66.00 %)
1 | 1 1 1 1 | : 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 | : 1
-0.5 0 0.5 1 -0.2 0 0.2 0.4

B(B'— DI v) B(D] - D" m) [%]

B(B - D,’I'v) B(D(’;O D' 1) [%]

Fig. 55 Rescaled individual measurements and their averages for a B(B~ — D/loéﬂ')@) X B(Dio — D**r7)and b B(B~ — DSOZ*T)() X

B(DY® — D*n™)

with a x? of 23.0 for 59 degrees of freedom. We find a good
agreement in the central values of |V,;| between the kinetic
and 1S scheme analyses. No conclusion should, however,
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been drawn regarding the uncertainties in |V,,| as the two
approaches are not equivalent in the number of higher-order
corrections included.



Eur. Phys. J. C (2017) 77:895

Page 101

of 335 895

Table 78 Experimental inputs used in the global analysis of B — X £~ y. n is the order of the moment, ¢ is the threshold value of the lepton
momentum in GeV. In total, there are 23 measurements from BABAR, 15 measurements from Belle and 12 from other experiments

Experiment Hadron moments (MY ) Lepton moments (E})
BABAR n=2,¢c=0911,13,1.5 n=0,¢c=0.6,1215
n=4,c=08,10,12,14 n=1.¢=0.6,08,10,12,1.5
n==6,c=0.09,1.3[509] n=2,¢=0.6,10,15
n=3,c=0.8,1.2[509,510]
Belle n=2.c¢=071.1,13,1.5 n=0,¢c=06,14
n=4,¢=0.7,09,13[511] n=1c=10,14
n=2c¢c=06,14
n=3,c=0.8,12[512]
CDF n=2.c¢=0.7
n=4,¢c=0.7[513]
CLEO n=2¢c=10,15
n=4,c=1.0,15][514]
DELPHI n=2¢=00 n=1¢=0.0
n=4,¢c=0.0 n=2,¢c=0.0

n=06,c=0.0[503]

n=3,c=0.0[503]

Table 79 Fit result in the kinetic scheme, using a precise c-quark mass
constraint. The error matrix of the fit contains experimental and theoret-
ical contributions. In the lower part of the table, the correlation matrix

of the parameters is given. The scale p of the quantities in the kinematic
scheme is 1 GeV

[Vep] (1073) mkin (GeV) mMS (GeV) Uz (GeVv?) o3 (GeV?) nZ (Gev?) i g (GeV?)
Value 42.19 4.554 0.987 0.464 0.169 0.333 —0.153
Error 0.78 0.018 0.015 0.076 0.043 0.053 0.096
[Ves| 1.000 —0.257 —0.078 0.354 0.289 —0.080 —0.051
mkin 1.000 0.769 —0.054 0.097 0.360 —0.087
mMs 1.000 —0.021 0.027 0.059 —0.013
uz 1.000 0.732 0.012 0.020
03 1.000 —0.173 —0.123
nZ 1.000 0.066
Pig 1.000

5.3 Exclusive CKM-suppressed decays

In this section, we give results on exclusive charmless
semileptonic branching fractions and the determination of
[Vup| based on B — mlv decays. The measurements are
based on two different event selections: tagged events, in
which the second B meson in the event is fully (or partially)
reconstructed, and untagged events, for which the momen-
tum of the undetected neutrino is inferred from measure-
ments of the total momentum sum of the detected particles
and the knowledge of the initial state. The LHCb experi-
ment recently reported a direct measurement of |V, |/| Vep|
[522] reconstructing the Ag — puv decays and normaliz-
ing the branching fraction to the Ag — A (—> pKm)uv
decays. We show a combination of |V,;| — |V,p| using the
LHCD constraint on |V,;3|/| V3|, the exclusive determination

of |V,p| from B — mlv and |V,p| from both B — D*{v
and B — D{v. We also present branching fraction aver-
ages for B — pttv, Bt — wttv, Bt — ptty and
Bt — n'ttv.

5.3.1 B — mlv branching fraction and q* spectrum

Currently, the four most precise measurements of the dif-
ferential B — mlv decay rate as a function of the
four-momentum transfer squared, g2, from BABAR and
Belle [523-526] are used to obtain an average g spec-
trum and an average for the total branching fraction. The
measurements are presented in Fig. 58. From the two
untagged BABAR analyses [525,526], the combined results
for B — x~¢*v and Bt — 7%Tv decays based
on isospin symmetry are used. The hadronic-tag analysis
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Fig. 56 Fitto the inclusive partial semileptonic branching ratios and to
the lepton energy moments in the kinetic mass scheme. In all plots, the
grey band is the theory prediction with total theory error. BABAR data

by Belle [524] provides results for B — 7~ ¢*v and
BT — 70ty separately, but not for the combination of
both channels. In the untagged analysis by Belle [523],
only B — 7~ ¢ty decays were measured. The exper-
imental measurements use different binnings in qz, but
have matching bin edges, which allows them to be easily
combined.

To arrive at an average ¢~ spectrum, a binned maximum-
likelihood fit to determine the average partial branching frac-
tion in each ¢ interval is performed differentiating between
common and individual uncertainties and correlations for the
various measurements. Shared sources of systematic uncer-
tainty of all measurements are included in the likelihood
as nuisance parameters constrained using standard normal
distributions. The most important shared sources of uncer-
tainty are due to continuum subtraction, branching fractions,
the number of B-meson pairs (only correlated among mea-
surement by the same experiment), tracking efficiency (only
correlated among measurements by the same experiment),
uncertainties from modelling the » — u £ vy contamination,
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are shown by circles, Belle by squares and other experiments (DELPHI,
CDF, CLEO) by triangles. Filled symbols mean that the point was used
in the fit. Open symbols are measurements that were not used in the fit

modelling of final state radiation, and contamination from
b — c£vy decays.

The averaged g2 spectrum is shown in Fig. 58. The
probability of the average is computed as the x2 proba-
bility quantifying the agreement between the input spec-
tra and the averaged spectrum and amounts to 6%. The
partial branching fractions and the full covariance matrix
obtained from the likelihood fit are given in Tables 81 and
82. The average for the total B — 7~ ¢*v, branching
fraction is obtained by summing up the partial branching
fractions:

B(B® — €% vg) = (1.50 £ 0.0245 £ 0.064y5) x 1074,
(203)

5.3.2 |Vupl| from B — mlv

The |V, average can be determined from the averaged ¢>
spectrum in combination with a prediction for the normal-
ization of the B — 7 form factor. The differential decay rate
for light leptons (e, w) is given by
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Fig. 57 Same as Fig. 56 for the fit to the hadronic mass moments in the kinetic mass scheme

Table 80 Fit result in the 1S scheme, using B — X,y moments as a constraint. In the lower part of the table, the correlation matrix of the

parameters is given

m}5 (GeV) A1 (GeV?) p1 (GeV?) 71 (GeV?) v (GeV?3) 73 (GeV?) [Vep| (1073)
Value 4.691 —0.362 0.043 0.161 —0.017 0.213 41.98
Error 0.037 0.067 0.048 0.122 0.062 0.102 0.45
m)S 1.000 0.434 0.213 —0.058 —0.629 —0.019 —0.215
Al 1.000 —0.467 —0.602 —0.239 —0.547 —0.403
o1 1.000 0.129 —0.624 0.494 0.286
7] 1.000 0.062 —0.148 0.194
) 1.000 —0.009 —0.145
73 1.000 0.376
(Ve 1.000

AT = AT (Giony» Giign)

| Vb |*q>

low

2 -
_fmwz&mm%
. 3 25673 m3,

%Wﬁ, (204)

where G is Fermi’s constant, |p,| is the absolute four-
momentum of the final state 7 (a function of ¢2), m  the B°-
meson mass, and Hy(g?) the only non-zero helicity ampli-
tude. The helicity amplitude is a function of the form factor

[
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spectrum obtained from the likelihood combination (shown in black)

2mp | prl
Hy = =" f(¢?).

\/q>2

The form factor f. can be calculated with non-perturbative
methods, but its general form can be constrained by the dif-
ferential B — mlv spectrum. Here, we parametrize the form
factor using the BCL parametrization [527].

The decay rate is proportional to |V, |?| f1 (¢%)|*. Thus to
extract |V,;| one needs to determine £ (¢%) (at least at one
value of ¢?). In order to enhance the precision, a binned x>
fit is performed using a x? function of the form

(205)

T
x* = (B — AT r) c! <B — Al f) + xioep + xlesr
(206)

with C denoting the covariance matrix given in Table 82,
B the vector of averaged branching fractions and AT 7 the
product of the vector of theoretical predictions of the par-
tial decay rates and the B®-meson lifetime. The form factor
normalization is included in the fit by the two extra terms in
Eq. (206): xLqcp uses the latest FLAG lattice average [222]
from two state-of-the-art unquenched lattice QCD calcula-
tions [528,529]. The resulting constraints are quoted directly
in terms of the coefficients b; of the BCL parameterization
and enter Eq. (206) as

T
XI%QCD = (b — bLQCD) CEéCD (b — bLQCD) s (207)

with b the vector containing the free parameters of the 2 fit
constraining the form factor, ELQCD the averaged values from
Ref. [222], and Crqcp their covariance matrix. Additional
information about the form factor can be obtained from light-
cone sum rule calculations. The state-of-the-art calculation
includes up to two-loop contributions [530]. It is included in
Eq. (206) via

2
x&@=(ﬁw“ﬁﬂf=mm)m@m. (208)

The |V,;| average is obtained for two versions: the first
combines the data with the LQCD constraints and the sec-
ond additionally includes the information from the LCSR
calculation. The resulting values for | V,;| are

Table 81 Partial B — 7~ ¢* v, branching fractions per GeV? for the input measurements and the average obtained from the likelihood fit. The

uncertainties are the combined statistical and systematic uncertainties

Ag? (GeV?)  AB(B® — m—€tv)/Ag* [1077]
Belle untagged (B?) Belle tagged (B?) Belle tagged (B™) BABAR untagged BABAR untagged Average
(B%*, 12 bins) (B%*, 6 bins)

0-2 58.7 £ 129 97.5 £ 16.7 84.1 £ 15.5 58.7 £ 9.4 79.9 £ 9.1 72.0 £ 7.0
24 76.3 + 8.0 53.0 £ 13.8 653 £ 7.1 714 £ 4.6
4-6 60.6 £ 6.4 75.5 £ 14.5 73.0 £ 16.2 67.3 + 6.4 80.1 £5.3 67.0 + 3.9
6-8 733 £ 7.6 485 £ 11.8 747 £ 7.1 75.6 £ 4.3
8-10 73.7 £ 8.1 39.0 £ 11.2 50.2 £ 12.8 67.9 £ 7.8 58.7£55 644 £ 43
10-12 70.2 £+ 8.8 79.5 + 14.6 81.3 £ 8.2 71.7 £ 4.6
12-14 72.5 £ 9.1 67.5 £ 13.9 86.0 £ 16.4 624 £ 74 549 £ 6.2 66.7 £ 4.7
14-16 63.0 + 8.4 68.0 + 14.4 64.0 £ 79 63.3 £ 4.8
16-18 593 £ 7.8 535 £ 128 49.7 £ 133 66.1 £ 8.2 50.2 £ 5.7 62.0 £ 4.4
18-20 36.8 £ 7.2 58.0 £ 12.8 40.5 £ 7.6 432 + 43
20-22 471 £ 6.2 59.0 £ 14.3 23.7 £ 12.1 420 £ 75 184 £ 3.2 425 £ 4.1
22-24 399 £ 6.2 33.5 £ 10.6 16.8 £5.9 34.0 £ 4.2
24-26.4 13.2 £ 29 12.4 £ 13.0 17.8 £ 194 11.7 £ 2.6
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o % e o4 6 oo Table 83 Best fit values and uncertainties for the combined fit to data,
o] —
= % [u\: 2 8 Q % = g LQCD and LCSR results
A R Parameter Value
[Vis| (3.67 + 0.15) x 1073
<t - QO < O 0
Ilenezgak bo 0.418 + 0.012
QT T Tes T3 by —0.399 + 0.033
< by —0.578 £ 0.130
2lalzoggss
= | T 0w o
Clo|l d v N —~ —
i) — N
g
= [Vup| = (3.70 + 0.10 (exp) £ 0.12(the0))
N v — o0 > <t
zle|l Q@ F % & = 3
O| T | & v o s x 1077 (data + LQCD), (209)
3
o
Z [Vup| = (3.67 + 0.09 (exp) £ 0.12 (theo))
3 SN S -3
& ﬁ NS x 1077 (data + LQCD + LCSR), (210)
) [
£
Q
g
E T 5 2 for the first and second fit version, respectively. The result of
< . . . . .
k= j b $ ; the fit including both LQCD and LCSR is shown in Fig. 59.
= The x2 probability of the fit is 47%. We quote the result of
gb the fit including both LQCD and LCSR calculations as our
St
% - § % average for |V,;|. The best fit values for |V,;| and the BCL
2| -5 parameters and their covariance matrix are given in Tables 83
k) and 84.
s
‘E —
Elald
812 . .
£ 5.3.3 Combined extraction of |Vyp| and | Vep|
S ‘\;.: The LHCb experiment reported the first observation of the
218 T, - CKM suppressed decay Ag — puv [522] and the measzure-
s | 2 . . . . .
S I T e w =) :', - 7 7 E ¢ q ment of the ratio of partial branching fractions at high g~ for
Eldlddddbd23T2x2g4a3 A) — ppvand AY) — A (— pKm)pv decays
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Table 84 Covariance matrix for the combined fit to data, LQCD and LCSR results

Parameter [Vub| bo by by
[Vip| 2.064 x 1078 —1.321 x 107 —1.881 x 107° 7.454 x 1070
bo 1.390 x 10~* 8.074 x 1073 —8.953 x 107*
by 1.053 x 1073 —2.879 x 1073
by 1.673 x 1072
B(Ag - p/-’“))q2>15 GeV? g 5__| I IBI—>D*1\I/ T T mer e I__
= 0 ¥ - - B—-Dlv —
B(Ab — A [,Ll))q2>7 GeV? 3 C Bomlv I ]
-2 > 4.5 [ Ay=prv Inclusive - .
= (1.00 = 0.04 £ 0.08) x 107~ (211) = [ [ Average 68% C.L. V. GGOU ]
- [ Average Ay’=1 ubl* . 4
4 - [Vl: global fit in KS =
The ratio R is proportional to (|V,|/|Ves|)? and sensitive - ;
to the form factors of A) — p and A) — A7 transitions 3.5 -
that have to be computed with non-perturbative methods, C ]
like lattice QCD. The uncertainty on B(A — pKm) is the 3 -

: st : E HFLAV
largest source of systematic uncertainties on R. Using the -
recent HFLAV average B(A — pKm) = (6.46 £+ 0.24)% A e R 1 A
reported in Table 296, which includes the recent BESIII mea- 34 36 38 40 42 44
. -3

surements [531], the rescaled value for R is Vel [107]

R = (0.95 + 0.04 £ 0.07) x 1072 (212)

With the precise lattice QCD prediction [532] of the form fac-
tors in the experimentally interesting ¢ region considered,
results in

|Vub|
|Vcb|

=0.080 & 0.004gxp. £ 0.004F . (213)

where the first uncertainty is the total experimental error and
the second one is due to the knowledge of the form factors. A
combined fit for | V| and | V.| that includes the constraint
from LHCb, and the determination of |V,;| and | V| from
exclusive B meson decays, results in

|Vup| = (3.50 £ 0.13) x 1073 (214)
|Vep| = (39.13 £ 0.59) x 1073 (215)
P Vupll, [Vep|) = 0.14 (216)

where the uncertainties are considered uncorrelated. The x>
of the fitis 4.4 for 2 d.o.f corresponding toa P (x2) of 11.0%.
The fit result is shown in Fig. 60, where both the Ax? and
the two-dimensional 68% C.L. contours are indicated. The
[Vun|/| Vep| value extracted from R is more compatible with
the exclusive determinations of |V,;|. Another recent calcu-
lation, by Faustov and Galkin [533], based on a relativistic
quark model, gives a value of |V, |/|Vep| closer to the inclu-
sive determinations.
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Fig. 60 |V,;|-|Vep| combined average including the LHCb measure-
ment of |V,p|/| Ve, the exclusive |V,;| measurement from B — /v,
and |V,p| measurements from both B — D*¢v and B — D{v. The
point with the error bars corresponds to the inclusive |V,;| from the
kinetic scheme Sect. 5.2.2, and the inclusive |V,;| from GGOU calcu-
lation Sect. 5.4.3

Table 85 Summary of exclusive determinations of B — p¢*v. The
errors quoted correspond to statistical and systematic uncertainties,
respectively

B[10~%]

277 £ 0.41 £ 0.52
293 £ 0.37 £ 0.37
322 £ 0.27 £ 0.24
3.39 £ 0.18 & 0.18

CLEO (untagged) pT [536]
CLEO (untagged) p* [537]
Belle (hadronic tag) pT [524]
Belle (hadronic tag) p° [524]

Belle (semileptonic tag) p* [538]
Belle (semileptonic tag) ,00 [538]
BABAR (untagged) p* [525]
BABAR (untagged) p° [525]

Average

224 £ 0.54 £ 0.31
2.50 £ 0.43 + 0.33
1.96 + 0.21 £ 0.38
1.86 £ 0.19 + 0.32
294 £ 0.09 + 0.17

5.3.4 Other exclusive charmless semileptonic B decays

We report the branching fraction average for B® —
pltv, Bt — wttv, BT — nttv and BT — ntty
decays. The measurements and their averages are listed in
Tables 85, 86, 87, 88, and presented in Figs. 61 and 62.
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Table 86 Summary of exclusive determinations of B — w¢*v. The
errors quoted correspond to statistical and systematic uncertainties,
respectively

Table 88 Summary of exclusive determinations of B* — n'¢Tv.
The errors quoted correspond to statistical and systematic uncertain-
ties, respectively

B[1074]

Belle (untagged) [539]

BABAR (loose v reco.) [526]
BABAR (untagged) [540]

Belle (hadronic tag) [524]
BABAR (semileptonic tag) [541]

1.30 £ 0.40 & 0.36
1.19 £ 0.16 £ 0.09
1.21 &£ 0.14 £ 0.08
1.07 £ 0.16 &+ 0.07
1.35 £ 0.21 £ 0.11

Average 1.19 + 0.08 £ 0.06

Table 87 Summary of exclusive determinations of BT — n¢*v. The
errors quoted correspond to statistical and systematic uncertainties,
respectively

B[1074]

CLEO [542]

BABAR (untagged) [543]
BABAR (semileptonic tag) [544]
BABAR (loose v-reco.) [526]

Average

0.45 £ 0.23 £ 0.11
0.31 &£ 0.06 £+ 0.08
0.64 £ 0.20 £ 0.04
0.38 &£ 0.05 £ 0.05
0.38 £ 0.04 £+ 0.04

In the B — p—¢*v average, both the B — p—¢*v and
Bt — p%*v decays are used, where the Bt — p0¢tv
are rescaled by 2tgo/Tg+ assuming the isospin symmetry.
For Bt — wf*v and Bt — ne*v decays, the agreement
between the different measurements is good. BT — n'¢™v
shows a discrepancy between the old CLEO measurement
and the BABAR untagged analysis, but the statistical uncer-
tainties of the CLEO measurement are large. The B —
oLT v results, instead, show significant differences, in partic-
ular the BABAR untagged analysis gives a branching fraction
significantly lower (by about 2¢) that the Belle measurement
based on the hadronic-tag. A possible reason for such discrep-
ancy could be the broad nature of the p resonance that makes
the control of the background under the p mass peak more
difficult in the untagged analysis than in the hadronic-tag
analysis.

We do not report |V,;| for these exclusive charmless
decays, because the form factor calculations have not yet
reached the precision achieved for B — m{fv decays.
Unquenched lattice QCD calculations of the form factors are
not available for these decays, but LCSR calculations exist
for all these decay modes. The most recent of these calcula-
tions for the B — pfv and B — wfv decays are reported in
Refs. [534,535].

5.4 Inclusive CKM-suppressed decays

Measurements of B — X, £Tv decays are very chal-
lenging because of the fifty times larger rates Cabibbo-

B[1074]
CLEO [542] 2.71 £ 0.80 £ 0.56
BABAR (semileptonic 0.04 £ 0.22 £+ 0.04,
tag) [544] (<047 @90%C.L.)
BABAR (untagged) [526] 0.24 £+ 0.08 + 0.03
Average 0.23 £ 0.08 £ 0.03

favoured B — X.¢1v decays. Cuts designed to suppress
this dominant background severely complicate the perturba-
tive QCD calculations required to extract |V,;|. For strict
phase space limitations, parameterizations of the so-called
shape functions are required to describe the unmeasured
regions of the phase space. In this update, we use sev-
eral theoretical calculations to extract |V,,| and do not
advocate the use of one method over another. The authors
of the different calculations have provided codes to com-
pute the partial rates in limited regions of phase space cov-
ered by the measurements. Latest results by Belle [545]
and BABAR [546] explore large portions of phase space,
with a consequent reduction of the theoretical uncertain-
ties.

In the averages, the systematic errors associated with the
modeling of B — X £1Tvyand B — X, €T vy decays and the
theoretical uncertainties are taken as fully correlated among
all measurements. Reconstruction-related uncertainties are
taken as fully correlated within a given experiment. Mea-
surements of partial branching fractions for B — X, £ v,
transitions from 7" (45) decays, together with the correspond-
ing selected region, are given in Table 89. The signal yields
for all the measurements shown in Table 89 are not rescaled to
common input values of the B meson lifetime (see Sect. 3)
and the semileptonic width [327]. We use all results pub-
lished by BABAR in Ref. [546], since the statistical correla-
tions are given. To make use of the theoretical calculations
of Ref. [547], we restrict the kinematic range of the invari-
ant mass of the hadronic system, My, and the square of the
invariant mass of the lepton pair, ¢2. This reduces the size of
the data sample significantly, but also the theoretical uncer-
tainty, as stated by the authors [547]. The dependence of
the quoted error on the measured value for each source of
uncertainty is taken into account in the calculation of the
averages.

It has been first suggested by Neubert [548] and later
detailed by Leibovich, Low, and Rothstein (LLR) [549] and
Lange, Neubert and Paz (LNP) [550], that the uncertainty of
the leading shape functions can be eliminated by comparing
inclusive rates for B — X, £7v; decays with the inclusive
photon spectrum in B — Xy, based on the assumption that
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CLEO untag: B’ - p'1"v : (a)
2774041 £0.52
CLEO untag: B’ —» p'I'v 3
293 £037 £037

BELLE sl.tag: B’ — p I’ v
22440544031
BELLEsltag: B"— p°1"v
2.50 £0.43£0.33 A —
BABAR untag: B’ — pl'v :
1.96 £0.21 £0.38 :
BABAR untag: B"— p’1"v 3
1.86£0.19 £0.32
BELLE had.tag: B - p'1'v :
3224027 +0.24

BELLE had.tag: B — p’1"v
339£0.18£0.18 ‘
Average: B” — pl'v ;
2.9440.09 £0.17

HFLAV |

¥*dof=12.8/ 7 (CL = 8.00 %) '

Summer2016

1 1 1 ‘ 1 i | |

2 4
BB’ = p1'v)[x 104

BELLE untag

| (b)

1.30 £0.40 £0.36

BABAR untag (loose v-reco)
1.19 £0.16 £0.09

BABAR untag

1.21+0.14 £0.08

BELLE had.tag

1.07 £0.16 £ 0.07

BABAR sl.tag

1.35+£0.21 £0.11

Average

1.19 £0.08 £ 0.06

HFLAV

¥*/dof = 1.0/4 (CL = 91.0 %)

il 1 1 ‘ 1 1 1 1

0 0.5

1.5 2
BB - ol v)[x10]

Fig. 61 a Summary of exclusive determinations of B(B® — p£*v) and their average. Measurements of B — p%¢*v branching fractions have
been multiplied by 270 /7+ in accordance with isospin symmetry. b Summary of exclusive determinations of BT — w¢'v and their average

5 (@) 5 (b)
BABAR untagged CLEO
0.3140.06 +0.08 - : -
: 2.71+0.80 +0.56 :
BABAR sl.tag : :
} BABAR sl.tag }
0.64 £0.20 +0.04 : " ) 3
: 0.04 £ 0.22 £ 0.04 :
CLEO : R :
0.44+023+0.11 —e BABAR untagged
BABAR untagged (loose v-reco) 0.24 £0.08 £ 0.03 ."
—r— i
0.38 +£0.05 +0.05 3 Average 3
Average 3 :
& 3 0.23 +0.08 +0.03 1
0.38 +0.04 = 0.04 i :
3 x¥/dof = 2.3/ 3 (CL = 51.00 %) : x¥dof=7.2/2 (CL = 3.00 %)
| | | | ‘ i 1 ‘ | | | | | | | ‘ | | | |
0.5 0 0.5 1 -2 0 2

BB - nl v)[x10%]

BB - n'I'v)[x 104

Fig. 62 aSummary of exclusive determinations of B(B™ — n€Tv) and their average. b Summary of exclusive determinations of B(BT — 5'¢*v)

and their average

the shape functions for transitions to light quarks, u or s, are
the same at first order. However, shape function uncertain-

efficiency.

ties are only eliminated at the leading order and they still
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enter via the signal models used for the determination of
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Table 89 Summary of measurements of partial branching fractions for
B — X, 0%y, decays. The errors quoted on A correspond to statisti-
cal and systematic uncertainties. E, is the electron energy in the B rest
frame, p* the lepton momentum in the B frame and m is the invariant

mass of the hadronic system. The light-cone momentum Py is defined
in the B rest frame as Py = Ex — |px|. The s;"®* variable is described

in Refs. [552,553]

Measurement Accepted region AB[1074] Notes
CLEO [554] E, > 2.1GeV 334+ 02+0.7
BABAR [553] E, > 2.0 GeV, 5™ < 3.5GeV? 44 +04+04
BABAR [555] E, > 2.0GeV 57+ 04 £0.5
Belle [556] E, > 1.9GeV 85+ 04+ 15
BABAR [546] My < 1.7GeV/c?, ¢* > 8GeV?/c* 6.9 +£ 06+ 04
Belle [557] My < 1.7GeV/c?, g% > 8GeV¥/c* 74 +09+13
Belle [558] Mx < 1.7GeV/c?, ¢? > 8GeVY/c* 8.5+ 09+ 1.0 Used only in BLL average
BABAR [546] Py < 0.66 GeV 99 + 09 £ 0.8
BABAR [546] My < 1.7GeV/c? 11.6 + 1.0 + 0.8
BABAR [546] My < 1.55GeV/c? 109 + 0.8 + 0.6
Belle [545] (Myx, ¢*) fit, pf > 1 GeV/c 196 £ 1.7 + 1.6
BABAR [546] (Myx, ¢*) fit, pf > 1 GeV/c 182+ 13+ 15
BABAR [546] py>13GeV/c 155+ 13+ 1.4
In the following, the different theoretical methods and the (f}:?%), heavy quark parameters (f%:g%), SF functional form

resulting averages are described. A recent BABAR measure-
ment of the inclusive electron spectrum [551] was released
at the time of this writing and could not be included in the
averages.

5.4.1 BLNP

Bosch, Lange, Neubert and Paz (BLNP) [559-562] provide
theoretical expressions for the triple differential decay rate
for B — X,¢%v, events, incorporating all known contri-
butions, whilst smoothly interpolating between the “shape-
function region” of large hadronic energy and small invari-
ant mass, and the “OPE region” in which all hadronic kine-
matical variables scale with the b-quark mass. BLNP assign
uncertainties to the b-quark mass, which enters through
the leading shape function, to sub-leading shape function
forms, to possible weak annihilation contribution, and to
matching scales. The BLNP calculation uses the shape
function renormalization scheme; the heavy quark param-
eters determined from the global fit in the kinetic scheme,
described in Sect. 5.2.2, were therefore translated into the
shape function scheme by using a prescription by Neu-
bert [563,564]. The resulting parameters are m(SF) =
(4.582 £+ 0.023 £ 0.018) GeV, M%(SF) = (0.202 +
0.089f8:8§8) GeV/cz, where the second uncertainty is due
to the scheme translation. The extracted values of |V,;| for
each measurement along with their average are given in
Table 90 and illustrated in Fig. 63a. The total uncertainty
is fg:g% and is due to: statistics (f%:%%), detector effects

(*13%), B — X v, model (3%), B — X, ¢+ v, model

(fg:g%), sub-leading shape functions (fg:g%), BLNP the-
ory: matching scales u, w;, U (f;g%), and weak annihi-
lation (f?:g%). The error assigned to the matching scales
is the source of the largest uncertainty, while the uncer-
tainty due to HQE parameters (b-quark mass and p,f[) is
second. The uncertainty due to weak annihilation has been
assumed to be asymmetric, i.e. it only tends to decrease

|Vub|'

5.4.2 DGE

Andersen and Gardi (Dressed Gluon Exponentiation, DGE)
[565] provide a framework where the on-shell b-quark cal-
culation, converted into hadronic variables, is directly used
as an approximation to the meson decay spectrum without
the use of a leading-power non-perturbative function (or, in
other words, a shape function). The on-shell mass of the b-
quark within the B-meson (mp) is required as input. The
DGE calculation uses the M S renormalization scheme. The
heavy quark parameters determined from the global fit in
the kinetic scheme, described in Sect. 5.2.2, were there-
fore translated into the MS scheme by using a calcula-
tion by Gardi, giving m;,(MS) = (4.188 £ 0.043) GeV.
The extracted values of |V,;| for each measurement along
with their average are given in Table 90 and illustrated in

Fig. 63b. The total error is fizg%, whose breakdown is:

statistics (f}:g%), detector effects (J_FH%), B — X 1y,
model (f}:g%), B — X,£%v, model (f%;;%), strong cou-
pling oy (T02%), mp (135%), weak annihilation (*03%),
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Table 90 Summary of input parameters used by the different theory calculations, corresponding inclusive determinations of |V,,;| and their average.
The errors quoted on | V,| correspond to experimental and theoretical uncertainties, respectively

BLNP DGE GGOU ADFR BLL
Input parameters
Scheme SF MS Kinetic MS 1S
Refs. [563,564] Ref. [565] See Sect. 5.2.2 Ref. [566] Ref. [547]
mp (GeV) 4582 + 0.026 4.188 +0.043 4554 +£0.018 4.188 +0.043 4704 £0.029
12 (GeV?) 0.145 0901 - 0.414 £0.078 - -
Ref. |V, | values [1073]

CLEO E, [554]

Belle My, ¢2 [557]

Belle E, [556]
BABARE, [555]

BABAR E,, sp"™ [553]
Belle p}, (Myx, q%) fit [545]

BABAR My [546]
BABAR My [546]

BABAR My, g% [546]

BABAR P [546]

4.22 £ 0497920
4.51 £ 0.47793]
4.93 £ 0467039
4.52 £ 0.267938
471 £ 0327933
4.50 £ 0.277039
4.24 £ 0197933
4.03 £ 0.227923
4.32 £ 0.237938
4.09 + 0.257932

3.86 + 0.457023
4.43 £ 047753
4.82 £ 0.457033
4.30 + 0.247933
4.35 £ 0.297038
4.62 + 0287013
4.47 £ 0207029
4.22 + 023793}
4.24 £ 0.22708

+0.28
4.17 + 02502

4.23 £ 0497033
4.52 £ 0.48702
4.95 £ 0.461702°
4.52 £ 0.267017
4.62 + 0.2870%
4.30 £ 0.207939
4.10 £ 0.237015
4.33 £ 0.23%93]
4.25 £ 0.267035

3.42 £+ 0.407017
3.93 + 0417013
4.48 £ 0.427930
3.93 + 0.227929
3.81 + 0.197)12
4.50 £ 0.307039
3.83 + 0.187949
375 £ 0217018
375 £ 0.201017
3.57 £ 0.22%019

0.30
4.68 £ 0.49% )30

+0.29
450 + 0.2479%

BABAR p}, (M, ¢°) fit [546]  4.33 £ 0.24707
BABAR p} [546] 4.34 + 0277539
Belle My, g2 [558] - -

+0.21
Average 4.44 £ 0.1575,

4.45 £ 0247013
0.13
4.43 £ 027713

+0.15
452 + 0.161012

+0.09
4.44 £ 0.24759%
4.43 £ 027799

433 £ 0247010 -
4.28 £ 0277500 -
5.01 £ 0.397933
4.62 £ 020753

+0.11 +0.18
452 + 0157010 408 + 0137918

matching scales in DGE (fg:i%). The largest contribution
to the total error is due to the effect of the uncertainty
on my. The uncertainty due to weak annihilation has been
assumed to be asymmetric, i.e. it only tends to decrease

| Vub|-
5.4.3 GGOU

Gambino, Giordano, Ossola and Uraltsev (GGOU) [567]
compute the triple differential decay rates of B — X, £ vy,
including all perturbative and non—perturbative effects
through O (o:s2 Bo)and O(1/ ’"13;)- The Fermi motion is param-
eterized in terms of a single light—cone function for each
structure function and for any value of g2, accounting for
all subleading effects. The calculations are performed in
the kinetic scheme, a framework characterized by a Wilso-
nian treatment with a hard cutoff u ~ 1 GeV. GGOU
have not included calculations for the “(E.,s;'*)” anal-
ysis [553]. The heavy quark parameters determined from
the global fit in the kinetic scheme, described in Sect.
5.2.2, are used as inputs: m];i" = (4.554 £+ 0.018) GeV,
,u,zr = (0.464 £ 0.076) GeV/c?. The extracted values of
|[Vup| for each measurement along with their average are
given in Table 90 and illustrated in Fig. 64a. The total error
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is fi:é% whose breakdown is: statistics (f%:g%), detector

effects (ﬂ:;%), B — X.¢1v; model (f}:g%), B — X, 01y,
model (f}:g%), oy, mp and other non-perturbative parame-
ters (ﬂ:i%), higher order perturbative and non-perturbative

corrections (ﬂ:g%), modelling of the g* tail (J_ri:%%), weak

annihilations matrix element (J_r?:g%), functional form of

the distribution functions (fgé%). The leading uncertain-
ties on |V,p| are both from theory, and are due to pertur-
bative and non-perturbative parameters and the modelling
of the ¢? tail. The uncertainty due to weak annihilation has
been assumed to be asymmetric, i.e. it only tends to decrease
|Vuh|'

5.4.4 ADFR

Aglietti, Di Lodovico, Ferrera and Ricciardi (ADFR) [568]
use an approach to extract |V,;|, that makes use of the
ratio of the B — X.A1v, and B — X,¢"Tv, widths.
The normalized triple differential decay rate for B —
X, T v [566,569-571] is calculated with a model based
on (i) soft-gluon resummation to next-to-next-leading order
and (ii) an effective QCD coupling without Landau pole.
This coupling is constructed by means of an extrapola-
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Fig. 63 Measurements of |V,;;| from inclusive semileptonic decays and their average based on the BLNP (a) and DGE (b) prescription. The labels
indicate the variables and selections used to define the signal regions in the different analyses
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Fig. 64 Measurements of |V,;| from inclusive semileptonic decays and their average based on the GGOU (a) and ADFR (b) prescription. The
labels indicate the variables and selections used to define the signal regions in the different analyses
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tion to low energy of the high-energy behaviour of the
standard coupling. More technically, an analyticity princi-
ple is used. The lower cut on the electron energy for the
endpoint analyses is 2.3 GeV [566]. The ADFR calcula-
tion uses the M S renormalization scheme; the heavy quark
parameters determined from the global fit in the kinetic
scheme, described in Sect. 5.2.2, were therefore translated
into the M S scheme by using a calculation by Gardi, giv-
ing mp(MS) = (4.188 £ 0.043) GeV. The extracted values
of |V,p| for each measurement along with their average are
given in Table 90 and illustrated in Fig. 64b. The total error

is fg:g% whose breakdown is: statistics (ﬂ:g%), detector

effects (fi:;%),B — X.£T v, model (ﬂ:g%), B — X, 1y,
model (F13%), ay (F:0%). [Veol (F19%). mp (107%), me
(f}:g%), semileptonic branching fraction (fg:?%), theory

model (fg:g%). The leading uncertainty is due to the theory

model.

5.4.5 BLL

Bauer, Ligeti, and Luke (BLL) [547] give a HQET-based
prescription that advocates combined cuts on the dilep-
ton invariant mass, qz, and hadronic mass, my, to min-
imise the overall uncertainty on |V,|. In their reckoning
a cut on my only, although most efficient at preserving
phase space (~80%), makes the calculation of the partial
rate untenable due to uncalculable corrections to the b-
quark distribution function or shape function. These cor-
rections are suppressed if events in the low g2 region are
removed. The cut combination used in measurements is
M, < 1.7GeV/c? and g% > 8 GeV?/c*. The extracted val-
ues of | V,p| for each measurement along with their average
are given in Table 90 and illustrated in Fig. 65. The total error
is J_r;:;% whose breakdown is: statistics (tg:g%), detector
effects (730%), B — X £+ v, model (T]0%), B — X,¢* v
model (J_FH%), spectral fraction (mp) (fg:g%), perturbative
approach: strong coupling o (f%:g%), residual shape func-
tion (*3:3%), third order terms in the OPE (*50%). The
leading uncertainties, both from theory, are due to resid-
ual shape function effects and third order terms in the OPE
expansion. The leading experimental uncertainty is due to
statistics.

5.4.6 Summary

The averages presented in several different frameworks are
presented in Table 91. In summary, we recognize that the
experimental and theoretical uncertainties play out differ-
ently between the schemes and the theoretical assumptions
for the theory calculations are different. Therefore, it is dif-
ficult to perform an average between the various determina-
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5.01+039+0.32
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———
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C.W. Bauer, Z. Ligeti and M.E. Luke (BLL)

Phys. Rev. D64:113004 (2001)
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V.| [x107]

Fig. 65 Measurements of |V,;| from inclusive semileptonic decays
and their average in the BLL prescription

Table 91 Summary of inclusive determinations of |V,;|. The errors
quoted on | V5| correspond to experimental and theoretical uncertainties

Framework |Vup| (1072)

0.21
BLNP 4.44 £ 0.15%)3,
DGE 4.52 + 0.16751°
GGOU 4.52 £ 0.15701}
ADFR 4.08 £ 0.137915

BLL (mx /q* only) 4.62 4+ 0.20 + 0.29

tions of |V,;|. Since the methodology is similar to that used
to determine the inclusive | V.| average, we choose to quote
as reference value the average determined by the GGOU cal-
culation, which gives |V,,|= (4.52 &+ O.leg:ﬂ) x 1073,

5.5 B — D™y, decays

In the SM the semileptonic decay are tree level processes
which proceed via coupling to the W * boson. These cou-
plings are assumed to be universal for all leptons and are
well understood theoretically, (see Sects. 5.1, 5.2). This uni-
versality has been tested in purely leptonic and semileptonic
B meson decays involving a t lepton, which might be sensi-
tive to a hypothetical charged Higgs boson or other non-SM
processes.
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Table 92 Measurements of R(D*) and R(D), their correlations and the combined average

Experiment

R(D*)

BABAR [574,575]
Belle [582]
LHCb [583]
Belle [584]
Belle [585]

0.332 + 0.024g + 0.0184y
0.293 + 0.0384y & 0.0154
0.336 %+ 0.0274y % 0.0305y5
0.302 + 0.0305 + 0.01155

0.270 £ 0.035sta ¥ 033,

R(D) P

0.440 £ 0.0585a £ 0.0424y —0.27
0.375 £ 0.064gq £ 0.0264y —0.49
0.403 + 0.040 + 0.024 —0.23

Average 0.310 £ 0.015 £ 0.008

o 05— —r— T
o BaBar, PRL109,101802(2012) - .
a C Belle, PRD92,072014(2015) Ay = 1.0 contours .
& 045 LHCb, PRL115,111803(2015) == SM Predictions —
o Belle, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) 3
r Belle, PRL118,211801(2017) R(D)=0.299(11) FNAL/MILC (2015) ]
04— -
0.35F T
03E ; =
S — 1™ Moriond 2017 |
u P(x?) = 67.4% ]

0 AT R T R T R S

%)42 0.3 0.4 0.5 0.6

R(D)

Fig. 66 Measurement of R(D) and R(D™*) and their average com-
pared with the prediction for R(D*) [577] and R(D) [494,573]. The
dashed ellipses corresponds to the 2 and 4 o contours

Compared to Bt — tv;, the B — D“rv, decay
has advantages: the branching fraction is relatively high,
because it is not Cabibbo-suppressed, and it is a three-
body decay allowing access to many observables besides
the branching fraction, such as D™ momentum, q2 dis-
tributions, and measurements of the D* and t polarisa-
tions (see Ref. [572] and references therein for recent
calculations).

Experiments have measured two ratios of branching frac-
tions defined as

_ B(B — Drvy)
R(D) = m, 217)
R(D*) = w (218)

B(B — D*{vy)

where £ refers either to electron or u. These ratios are inde-
pendent of |V,;| and to a large extent, also of the B — D™
form factors. As a consequences the SM predictions for these
ratios are quite precise:

e R(D) = 0.300 &+ 0.008, which is an average obtained
by FLAG [222] by combining the most recent lattice cal-
culations of the B — D/{v form factors [494,573];

e R(D*) = 0.252 £ 0.003, which is a prediction, [574,
575] that updates recent QCD calculations [576,577]
based on the recent B — D* measurements from the
B-Factories.

Recently, in Ref. [578] Bigi and Gambino re-analysed the
recent experimental results and theoretical calculation of
B — D¢v obtaining R(D) = 0.299 £+ 0.003, compati-
ble with the predictions reported above but with a total error
reduced by a factor three.

From the experimental side, in the case of the leptonic
T decay, the ratios R(D(*)) can be directly measured, and
many systematic uncertainties cancel in the measurement.
The B — D*trv, decay was first observed by Belle [579]
performing an “inclusive” reconstruction, which is based
on the reconstruction of the By, from all the particles of
the events, other than the D™ and the lepton candidate,
without looking for any specific By, decay chain. Since
then, both BABAR and Belle have published improved mea-
surements and have found evidence for the B — Drtv;
decays [580,581].

The most powerful way to study these decays at the B-
Factories exploits the hadronic B;,e. Using the full dataset
and an improved By, selection, BABAR measured [574]:

R(D) = 0.440 £ 0.058 £ 0.042,

R(D*) = 0.332 4+ 0.024 + 0.018 (219)

where decays to both e* and u* were summed and B® and
B~ were combined in a isospin-constrained fit. The fact that
the BABAR result exceeded SM predictions by 3.40, raised
considerable interest.

Belle published various measurements using different
techniques, and LHCb also joined the effort with a mea-
surement of R(D*). The most important sources of system-
atic uncertainties correlated for the different measurement
is due to the B — D** background components that are
difficult to disentangle from the signal. In the average the
systematic uncertainties due to the B — D** composition
and kinematics are considered fully correlated among the
measurements.
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Fig. 67 a Measurement of
*
R(D) ar}d b 'R(D ). The BaBar had. tag (a) ?z?irohgg.:%goz _ (b)
average is th.e projection of the 0.44 £ 0.06 4 0.04 U S 002+ "
average obtained from the Belle had. tag
combined fit Belle had. tag 0.29 £0.04 £0.01
038 +0.06 + 0.03 - | LHCb
034 £0.03 £0.03 e
Average
Belle sl.tag
0.403 £ 0.040 £ 0.024 — 030 +0.03 £ 0.01 — .
FNAL/MILC (2015) Belle (hadronic tau)
0.299 £ 0,011 - 0.270 £ 0.035 + 0.02
Average
HPQCD (2015) 0.310 £ 0.015 + 0.008 1
N . Al
0.300 +0.008 S Fajfer etal. (2012)
0.252 +0.003 |
HFLAV HFLAV
1 I 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1
0.2 0.4 0.6 0.2 0.3 0.4
R(D) R(D*)

The results of the individual measurements, their averages
and correlations are presented in Table 92 and Fig. 66. The
combined results, projected separately on R(D) and R(D*),
are reported in Fig. 67a, b respectively.

The averaged R(D) and R(D*) exceed the SM pre-
dictions by 2.20 and 3.40 respectively. Considering the
R(D) and R(D*) total correlation of —0.23, the differ-
ence with respect to the SM is about 3.9 o, the com-
bined x> = 18.83 for 2 degrees of freedom corresponds
to a p-value of 8.3 x 1079, assuming Gaussian error
distributions.

6 Decays of b-hadrons into open or hidden charm
hadrons

Ground state B mesons and b baryons dominantly decay
to particles containing a charm quark via the b — ¢
quark transition. In this section, measurements of such
decays to hadronic final states are considered; semilep-
tonic decay modes, which are usually used to determine
the strength of the b — ¢ transition as quantified in
the magnitude of the CKM matrix element | V|, are dis-
cussed in Sect. 5. Some B meson decays to open or hid-
den charm hadrons that are fundamental for the measure-
ments of CP-violation phases — like ¢¢° (Sect. 3), B =
¢1 and y = ¢3 (Sect. 4) — are discussed elsewhere in
this report. Similarly, the use of » — ¢ decay modes
for the determination of important properties of b-hadrons,
like their masses or (absolute, relative or effective) life-
times, is discussed in Sect. 3. The properties of certain b
hadron decays to open or hidden charm hadrons, such as
small Q values and similar topologies for different modes,

@ Springer

allow the minimization of systematic uncertainties in these
measurements.

The fact that decays to final states containing open or
hidden charm hadrons dominate the b-hadron widths makes
them a very important part of the experimental programme in
heavy flavor physics. Understanding the rate of charm pro-
duction in b-hadron decays is crucial to validate the HQE
that underpins much of the theoretical framework for b
physics (see, for example, Ref. [586] for a review). More-
over, such decays are often used as normalization modes
for measurements of rarer decays. In addition, they are the
dominant background in many analyses. To model accu-
rately such backgrounds with simulated data, it is essential
to have precise knowledge of the contributing decay modes.
In particular, with the expected increase in the data sam-
ples at LHCb and Belle II, the enhanced statistical sensitiv-
ity has to be matched by low systematic uncertainties due
to knowledge of the dominant b-hadron decay modes. For
multibody decays, knowledge of the distribution of decays
across the phase-space (e.g., the Dalitz plot density for three-
body decays or the polarization amplitudes for vector-vector
final states) is required in addition to the total branching
fraction.

The large yields of b — ¢ decays to multibody
final states make them ideal to study the spectroscopy of
both open and hidden charm hadrons. In particular, they
have been used to both discover, and measure the prop-
erties of, exotic particles such as the X (3872) [587,588],
Z(4430)" [589,590] and P.(4450)™ [591] states. The large
yields available similarly make decays involving b —
c transitions very useful to study baryon-antibaryon pair
production.
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In addition to the dominant b-hadron decays to final states
containing charmed hadrons, there are several decays in this
category that are expected to be highly suppressed in the
Standard Model. These are of interest to probe particular
decay topologies (e.g., the B~ — D ¢ decay, which is
dominated by the annihilation diagram) and thereby con-
strain effects in other hadronic decays or to search for new
physics. There are also other decays involving b — ¢
transitions, such as EO — Dy 7 F, that are mediated by
the W emission involving the |V,;| CKM matrix element.
Finally, some b — ¢ decays involving lepton flavour or
number violation are extremely suppressed in the Stan-
dard Model, and therefore provide highly sensitive null
tests.

In this section, we give an exhaustive list of mea-
sured branching ratios of decay modes to hadrons con-
taining charm quarks. The averaging procedure follows the
methodology described in Sect. 2. Where available, corre-
lations between measurements are taken into account. If an
insignificant measurement and a limit for the same param-
eter are provided the former is taken so that it can be
included in averages. The confidence level of an average
is quoted if it is below 1%. We provide averages of the
polarization amplitudes of B meson decays to vector-vector
states, but we do not currently provide detailed averages of
quantities obtained from Dalitz plot analyses, due to the
complications arising from the dependence on the model
used.

The results are presented in subsections organized accord-

ing to the type of decaying bottom hadron: B’ (Sect. 6.1),

B~ (Sect. 6.2), B' /B~ admixture (Sect. 6.3), B, (Sect. 6.4),
B (Sect. 6.5), b baryons (Sect. 6.6). For each subsec-
tion the measurements are arranged according to the final
state into the following groups: a single charmed meson,
two charmed mesons, a charmonium state, a charm baryon,
or other states, like for example the X (3872) meson.
The individual measurements and averages are shown as
numerical values in tables followed by a graphical rep-
resentation of the averages. The symbol B is used for
branching ratios, f for production fractions (see Sect. 3),
and o for cross sections. The decay amplitudes for lon-
gitudinal, parallel, and perpendicular transverse polariza-
tion in pseudoscalar to vector-vector decays are denoted
Ao, Aj, and A, respectively, and the definitions & =

arg(Aj/Ao) and §; = arg(A, /Ap) are used for their rel-
ative phases. The inclusion of charge conjugate modes is
always implied.

Following the approach used by the PDG [327], for
decays that involve neutral kaons we mainly quote results
in terms of final states including either a K° or X’
meson (instead of a Kg or K?). In some cases where the
decay is not flavour-specific and the final state is not self-
conjugate, the inclusion of the conjugate final state neu-
tral kaon is implied — in fact, the flavour of the neutral
kaon is never determined experimentally, and so the spec-

ification as K° or ?0 simply follows the quark model
expectation for the dominant decay. An exception occurs
for some B‘? decays, specifically those to CP eigenstates,
where the width difference between the mass eigenstates
(see Sect. 3) means that the measured branching fraction,
integrated over decay time, is specific to the studied final
state [592]. Therefore it is appropriate to quote the branch-
ing fraction for, e.g., F; — J/WKE instead of E(S) —
JIWEK".

Several measurements assume I'(Y'(4S) — BTB™) =
(Y (4S) — BYBY%). While there is no evidence for isospin
violation in 7" (4S) decays, deviations from this assumptions
can be of the order of a few percent, see Sect. 3.1.1 and
Ref. [593]. As the effect is negligible for many averages, we
donotapply a correction or additional systematic uncertainty,
but we point out that it can be relevant for averages with a
percent level uncertainty.

6.1 Decays of B mesons

Measurements of B® decays to charmed hadrons are summa-
rized in Sects. 6.1.1-6.1.5.

6.1.1 Decays to a single open charm meson

Averages of B decays to a single open charm meson are
shown in Tables 93, 94, 95, 96, 97, 98, 99, 100, 101, 102,
103, 104, 105 and Figs. 68, 69, 70, 71, 72, 73, 74, 75, 76,
77, 78, 79, 80. In this section D** refers to the sum of all
the non-strange charm meson states with masses in the range
2.2-2.8 GeV/c2.
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Table 93 Decays to a D meson and one or more pions I [1073]

Parameter Measurements Average

B(B® - D*tn™) BABAR([594]: 2.55 £ 0.05 £+ 0.16 2.65 £ 0.15
BABAR [595]: 3.03 £ 0.23 £+ 0.23

B(B® — D*(2010)t7 ) BABAR([594]: 2.79 £ 0.08 + 0.17 2.84 £ 0.16
BABAR [595]: 2.99 + 0.23 £+ 0.24

B(B® — D*(2010)tn—ntn ) Belle [596]: 6.81 + 0.23 + 0.72 7.19 £ 0.30
BABAR([597]: 7.26 £ 0.11 4+ 0.31

B(B® — D*(2007)°x~mtn—nt) Belle [596]: 2.60 + 0.47 + 0.37 2.60 &+ 0.60

B(B® — D*2010)tn—mtn—mtn) Belle [596]: 4.72 4+ 0.59 + 0.71 4.72 + 0.92

B(B® — D*(2010)*»(782)7 ™) Belle [598]: 2.31 &+ 0.11 + 0.14 241 £ 0.16

BABAR[599]: 2.88 £ 0.21 £+ 0.31

Table 94 Decays to a D™ meson and one or more pions I [10

Parameter

Measurements Average

B(B® — D°70)

Belle [600]: 2.25 &+ 0.14 £ 0.35

BABAR[601]:2.69 &+ 0.09 £ 0.13

B(B® — D*(2007)°79)

Belle[600]: 1.39 £ 0.18 & 0.26

BABAR[601]: 3.05 &+ 0.14 £ 0.28

2.62 £ 0.15

2.23 & 0.22 CL =0.2%,

B(B® - DOztx—) LHCb [602]: 8.46 & 0.14 + 0.49 8.42 4+ 0.49
Belle [603]: 8.0 + 0.6 + 1.5 8.42 4+ 0.49

B(B® — D*(2007)°x 7 ~) Belle [603]: 6.2 + 1.2 + 1.8 6.2 +22

Table 95 Decays to a D0 meson and a light meson [1074]

Parameter Measurements Average

B(B® — D%p(770)%) Belle [603]: 2.9 + 1.0 + 0.4 29 + 1.1

B(B° — D*(2007)°p(770)%) Belle [603]: <5.1 <5.1

B(B® — D%) Belle [600]: 1.77 &+ 0.16 £ 0.21 2.36 + 0.13

B(B® — D*(2007)%n)
B(B® — D%/ (958))
B(B® — D*(2007)%1 (958))

B(B® — D% (782))

B(BY = D*(2007)°w(782))

B(BY — DY £,(1270))

BABAR[601]: 2.53 = 0.09 + 0.11
Belle [600]: 1.40 & 0.28 + 0.26
BABAR [601]: 2.69 & 0.14 + 0.23
Belle [604]: 1.14 + 0.20 7019
BABAR[601]: 1.48 =+ 0.13 + 0.07
Belle [604]: 1.21 & 0.34 + 0.22
BABAR[601]: 1.48 + 0.22 + 0.13
LHCb [602]: 2.81 + 0.72 7039
Belle [600]: 2.37 & 0.23 + 0.28
BABAR [601]: 2.57 & 0.11 + 0.14
Belle [600]: 2.29 & 0.39 + 0.40
BABAR[601]: 4.55 & 0.24 + 0.39

LHCb [602]: 1.61 + 0.1170:12

2.26 £ 0.22 CL = 5.8%,

1.38 £ 0.12

1.40 £ 0.22

2.54 £ 0.16

3.64 £+ 0.35 CL = 1.8%,

0.22
1617057
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Table 96 Decays to a D™+ meson and one or more kaons [1073]

Parameter Measurements Average
B(B® - DtK™) LHCb [47]: 0.220 + 0.003 4 0.013 0.219 4 0.013
Belle [605]: 0.204 + 0.045 & 0.034
B(BY - D*(2010)TK ™) Belle [605]: 0.204 + 0.041 & 0.023 0.204 + 0.047
B(BY — DtK*(892)7) BABAR [606]: 0.46 & 0.06 + 0.05 0.46 £ 0.08
B(BY — D*(2010)T K*(892)7) BABAR [606]: 0.32 & 0.06 + 0.03 0.32 + 0.07
B(B® - DtK%z ) BABAR[606]: 0.49 & 0.07 & 0.05 0.49 4+ 0.09
B(BY = D*(2010)* K 7 ~) BABAR [606]: 0.30 & 0.07 + 0.03 0.30 + 0.08
B(B® - DtK—K?) Belle [607]: <0.31 <0.31
B(B® — D*(2010)*K~K?) Belle [607]: <0.47 <0.47
B(B® - DtK~K*(892)%) Belle [607]: 0.88 + 0.11 £ 0.15 0.88 &+ 0.19
B(BY — D*(2010)T K~ K*(892)°) Belle [607]: 1.29 =+ 0.22 + 0.25 1.29 + 0.33
Table 97 Decays to a D9 meson and a kaon [10™4]
Parameter Measurements Average
B(B° — DYK?) Belle [608]: 0.50 013 + 0.06 0.52 + 0.07
BABAR[609]: 0.53 & 0.07 + 0.03
B(BY — D*(2007)°K9) Belle [608]: <0.66 0.36 & 0.12
BABAR[609]: 0.36 & 0.12 + 0.03
B(BY - D°K—nt) BABAR[610]: 0.88 £ 0.15 £ 0.09 0.88 + 0.17
B(B° — DYK*(892)%) Belle [608]: 0.48 011 + 0.05 0.42 =+ 0.06
BABAR[609]: 0.40 & 0.07 + 0.03
B(B® — D°K*(892)%) x B(K*(892)° — K~ nt) BABAR [610]: 0.38 + 0.06 &+ 0.04 0.38 £ 0.07
B(BY - D*(2007)°K*(892)") Belle [608]: <0.69 <0.69
B(B® — D*(2007)° K *(892)7) Belle [608]: <0.40 <0.40
B(B® — D°K—n™) BABAR [610]: <0.19 <0.19
B(BY — DYK*(892)%) Belle [608]: <0.18 0.00 + 0.06
BABAR[609]: 0.00 & 0.05 + 0.03
Table 98 Decays to a DS(*) meson [10™%]
Parameter Measurements Average
B(B° —» D ) Belle [611]: 0.199 + 0.026 & 0.018 0.216 £ 0.026
BABAR[612]: 0.25 + 0.04 & 0.02
BB° —» D ) Belle [613]: 0.175 + 0.034 & 0.020 0.207 £ 0.032
BABAR [612]: 0.26 7003 + 0.02
B(B° — Dy p(770)*) BABAR[612]: 0.11 7092 + 0.03 0.1 759
B(B® — D~ p(770)") BABAR[612]: 0.41 7013 + 0.04 0417013
B(B® — Dy ap(980)*) BABAR[614]: 0.06 711 £ 0.01 0.06 7011
B(B® — D¥~ap(980)*) BABAR[614]: 0.14 101 £ 0.03 0.14 7034
B(B" — D; ax(1320)%) BABAR[614]: 0.64 %3 + 0.15 0.64 159
B(B® — D¥~ay(1320)%) BABAR [614]: <2.0 <2.0
B(B° — DFK™) Belle [611]: 0.191 + 0.024 & 0.017 0.221 + 0.025
BABAR [612]: 0.29 + 0.04 + 0.02
B(BY — DTK™) Belle [613]: 0.202 + 0.033 + 0.022 0.219 £ 0.031
BABAR [612]: 0.24 + 0.04 £ 0.02
B(B" — D} K*(892)7) BABAR[612]: 0.35 7009 + 0.04 0.35 %010
B(B® — DitK*(892)7) BABAR[612]: 0.32 7013 £ 0.04 0327013
B(B® — D} Kdr™) BABAR[615]: 0.55 £ 0.13 £ 0.10 0.55 &+ 0.17
B(B° — DT K%z™) BABAR[615]: <0.55 <0.55
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Table 99 Relative decay rates I

Parameter Measurements Average
B(BY — D%p(770)%)/B(BY — D% (782)) Belle [603]: 1.6 + 0.8 1.6 + 0.8
B(B® - Dtntn—n~)/B(B® - DTn™) LHCb [616]: 2.38 £+ 0.11 + 0.21 2.38 4+ 0.24
B(B® — D*(2010)*7~)/B(B® - D*rn ™) BABAR[595]: 0.99 & 0.11 =+ 0.08 0.99 £+ 0.14
B(B® - D**t77)/B(B" - DTn™) BABAR[595]: 0.77 + 0.22 + 0.29 0.77 £ 0.36
B(B® — DfK~ntn7)/B(BY - DFfK~ntn™) LHCb [617]: 0.54 &+ 0.07 + 0.07 0.54 + 0.10
Table 100 Relative decay rates 11

Parameter Measurements Average

B(B® — D°K—nt)/B(B® - D7~ xn) LHCb [618]: 0.106 £ 0.007 + 0.008 0.106 &+ 0.011
BB - D'Kk—K*+)/B(B® - Dz~ nt) LHCb [619]: 0.056 & 0.110 £ 0.007 0.056 £ 0.110

LHCb [47]: 0.0822 £ 0.0011 +£ 0.0025
Belle [605]: 0.068 + 0.015 £ 0.007
LHCb [620]: 0.059 + 0.011 £ 0.005
Belle [605]: 0.074 + 0.015 £ 0.006
BABAR[610]: 0.0776 £ 0.0034 £ 0.0029
LHCb [621]: 0.0129 £ 0.0005 £ 0.0008

B(B® - DtK~)/B(B® - Dtrn)

B(B® - D*K~ntn~)/ B(B® - Dtntn—n")
B(BY — D*(2010)TK~)/B(B® — D*(2010)* 7 ™)

B(B® — DFK~)/B(B® — D*x™)

0.0818 £ 0.0027

0.059 £ 0.012
0.0773 £ 0.0043

0.0129 £ 0.0009

Table 101 Absolute product decay rates to excited D mesons I [1074]

Parameter Measurements

Average

Belle [622]: 0.89 =+ 0.15 1017

B(B® — D|(2420)T ) x B(D1(2420)T — Dt7—xnt) st

+0.23
0.89 034

B(B® — DY(H)w(782)) x B(D)(H) — D*(2010)*7 ™) BABAR [599]: 4.1 + 1.2 + 1.1 4.1+ 1.6

Table 102 Absolute product decay rates to excited D mesons II [107]

Parameter Measurements Average

B(B® — D;(2420)* ™) x B(D;(2420)* — D*(2010)* 7~ x+) Belle [622]: <3.3 <33

B(BY — D3(2460)*7~) x B(D3(2460)" — D*(2010) Tz~ =) Belle [622]: <2.4 <24

B(B® — D3(2460)tK~) x B(D3(2460)* — DOz +) BABAR[610]: 1.83 £ 0.51
1.83 +0.40 £ 0.31

B(B® — Dy;(2460)~ 1) x B(Dys;(2460)~ — D y) Belle [623]: <0.40 <0.40

B(B® — D/, (2460)K ~) x B(D},(2460) — D;y) Belle [623]: <0.94 <0.94

B(B® — D?,(2317)" ™) x B(D};(2317)~ — Dy 7°) Belle [623]: <2.5 <25

B(B® — D¥,(2317)*K~) x B(D},;(2317)" — D{ =°) Belle [623]:5.37]3 £ 1.6 53722

Table 103 Absolute and relative decay rates to excited D mesons [1072]

Parameter Measurements Average

B(BY — D***x~) BABAR[595]: 0.234 + 0.065 + 0.088 0.234 + 0.109

[B(B® > D) x B(D} — D*x*a)])/ LHCb [616]: 2.1 + 0.5 03 21498

BB - Dtatr—n7)
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Table 104 Baryonic decays I [107%]

Parameter Measurements Average

BB — Dt ppn~) BABAR[624]: 3.32 £ 0.10 £ 0.29 3.32 + 0.31

B(B® — D*(2010)* ppr ) BABAR [624]: 4.55 & 0.16 + 0.39 4.55 4+ 0.42

BB - Dppr—nt) BABAR[624]: 2.99 + 0.21 + 0.45 2.99 4+ 0.50

B(B® — D*(2007)° ppr—n ) BABAR[624]: 1.91 £ 0.36 + 0.29 1.91 + 0.46

Table 105 Baryonic decays IT [10~7]

Parameter Measurements Average

B(B° — DYpp) Belle [625]: 11.8 & 1.5 &+ 1.6 10.4 + 0.7
BABAR[624]: 10.2 & 0.4 + 0.6

B(B® — D*(2007)°pp) Belle [625]: 12.0 733 + 2.1 9.9 + 1.1
BABAR[624]: 9.7 & 0.7 £ 0.9

B(B" — DF Ap) Belle [626]: 2.9 + 0.7 £+ 0.6 2.9+ 0.9

B(B" — D°A°A0) Belle [627]: 1.05 7537 + 0.14 1.00 £ 0.28
BABAR[628]: 0.98 1032 + 0.19

B(B® - D24 + B — DYAZO) BABAR [628]: 15703 £ 0.3 15799

B(B" — Dt Ap) Belle [629]: 3.36 + 0.63 + 0.44 3.36 + 0.77

B(B® — D**Ap) Belle [629]: 2.51 & 0.26 + 0.35 2.51 £ 0.44

SR s — —— — =
RPRTSEE BEIPS S S D SRS
B(BO—>D*(201O)+7F7T+7T’)—'——'——'——r—'——'——'—é rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrr + rrrrrrrrrrr
B(B*—=D*(2007)n~wn 7t O R S rrrrrrrrrrrrrrrrrrrrr

B(B"—=D*(2010)*r wtr wta) f ———————————————— @———
B(B°—>D*(2010)+w(782)7r*)—'——'—.—'—"——'—é rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr
2 3 7 5 7 8

Fig. 68 Summary of the averages from Table 93

B(BDOr0) [ i . e e e _— %
RPN IFGRSN S SRS WS S W S
B(B'=DOntm ) | —————————————— ————————————————— """""""""" """""""""" """""""""""" —0——
B(BY—=D*(2007)07 =) oo rrrrrrrrrrrrrrrrrrr ‘ ‘ O ‘ ,,,,,,,,,,
2 3 7 5 6 g 9

Fig. 69 Summary of the averages from Table 94

1074
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B(B°—D°p(770)°)

B(B—D*(2007)°p(770)°)

B(BO%DOn) -

B(B"—D*(2007) )
B(B"— D" (958))
B(B—D*(2007)%' (958))
B(B'—D%w(782))

B(B"— D*(2007) w(782))

B(B"— D" f,(1270))

T Summer 2016

Fig. 70 Summary of the averages from Table 95

B(B'»D*K")
B(BO—D*(2010)F K ~) f------- + rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr
B(B*—=D*K*(892)7) : ‘ ‘ ‘ ‘ ‘

B(B"—D*(2010)" K*(892)") ——Q— rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr ,,,,,,,,,,,,,,
B(B'—D*K%) ‘ ‘ ‘ ‘ ‘
B(B'~D"(2010) "K' + rrrrrrrrrrrrrr e rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrr
PSSP PR S WS W S S O S

B(B'—~D*(2010)" K~ K°) ¢

-
«- e
————————————————————— e
e S
e e
- S
e S
e —_—
e e _—
0 1 2 3 4 5 6
10~

B(B =D+ K~ K*(892)%) |- v b ~ —— e
B(B®—D*(2010) " K~ K*(892)%) F s s —————
1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
1073

Fig. 71 Summary of the averages from Table 96
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B(B" 5D KO) foovoeoo s e —— s %
B(B"—D*(2007)°KO) |- rrrrrrrrrrrrrrrr + rrrrrrrrr S T ]
BB D) —
B(B'—»DK*(892)%) f-- oo rrrrrrrrrrrrrrrr rrrrrrrrrrrrr + ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
B(B'—=DYK*(892)%) x B(K*(892)° K ~m*) |- rrrrrrrrrrrrrrrr rrrrrrrrr + rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
B(BY—D*(2007)° K (892)%) f---vvvveeene { ‘ J -
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BB D) | M e
B(B'—DK*(892)%) |- + rrrrrrrrrrr ]
-0.2 0‘.0 O.‘2 0‘.4 O.‘6 0‘.8 1.‘0 1.2
1074
Fig. 72 Summary of the averages from Table 97
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B(B =Dy~ p(TT0)F) oo ——————————————— + """""""""""""""" '''''''''''''''''''''''''''''''''''''''
B(B*=D7ag(980) ) f-ooooe —¢— rrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
B(B*—=D; " ag(980) ") f- oo —Q— rrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
B(B' =D ay(1320)F) fooeeeeeeeee O ,,,,,,,,,,,,,,,,,

B(B =D}~ ap(1320)T) fooooveeve 4
BB D) [ . e T
B(B'—D; T K7) | ,,,,,,,,,, L R ,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
B(B*—DJK*(892) ) |- rrrrrrrrrrrrr + rrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
B(BY DT K*(892)7) |rvvvvvveene rrrrrrrrrr —¢— ,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
R | AR—— —— e
BB D} KO ) b 4 : foo ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-0.5 0.0 015 110 1‘.5 2.0

Fig. 73 Summary of the averages from Table 98
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B(B"—=D°p(770)°)
B(B"—D"w(782))

B(B°—D*rtr n7)

BB =D r) |

B(B'—D*(2010) "7 ~)
B(B—>D )

B(B*=»D"" * =)
BB =D )

B(B'—=D}K ntn")
B(B'—Df K rtn")

. L o Summer 2016

0.0 0.5

Fig. 74 Summary of the averages from Table 99

B(B"—»D K ~7)

B(B"—D '~ 7t)

B(B' DK~ K*)

B(B'—=D 7wt

B(B'—D*K")
BB'—D )

B(B"=D* K~ 7tn~)
BB'—=D*trtr n7)

B(B"—D*(2010) K )

B(B"—D*(2010)" 7 ) |

B(B*-D}K~)
B(B'—»Djn™)

Fig. 75 Summary of the averages from Table 100

B(B°—D;(2420) 7 ~) x B(D;(2420)* =D 7~ 7t)

B(B"— D} (H)w(782)) x B(D{(H)~D*(2010)*7")

Fig. 76 Summary of the averages from Table 101
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T
B(BY— D, (2420)*7) x B(D, (2420)* —D*(2010) * 77 +) l( : : o RIS RRRE c @S“mmmog

B(B"—~D;(2460) "7 ~) x B(D3(2460)"—D*(2010) "7 7 ") |¢ Joooo rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr
B(B"—Dj;(2460) " K ~) x B(D;(2460) " =D ) | o —— s e e e ]
B(B'~D,(2460) "1+) x B(D,;(2460) "D ) fp-+- oo e e i it it e

B(B'~D(2460)K ~) x B(D.(2460)>D; ) f——df. -+~ T— TR s T T o

B(B'—D:,(2317) ") x B(D%,(2317)~—D; 7°) ¢ A TS U U . AU

B(B"—D?,(2317) K ) x B(D?,(2317)* =D %) b e S 3 ——— o

Fig. 77 Summary of the averages from Table 102

B(B'—D** ) [l TR T

B(B"=Dir™) x B(D{f »D*ntn~) : : .
B(B°—D*rtrn) : : . .

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fig. 78 Summary of the averages from Table103
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Fig. 79 Summary of the averages from Table 104
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B(B—Dp)

B(B5DOSOA + B" s DOASY) |+ - e A A S A 1
BB D Ap) [ e e T e -
B(BY—D** AP) [ —— Rt TR R RISt S TITRTS .

T m
,,,,,,,,,,,,,,,,,,,, T S Summer 2016

B(B = D*(2007) pp) |- — N . e ——— 1
BB DA —_—— e e e .

B(B—DOAOAO) |- oo o S A A 1

Fig. 80 Summary of the averages from Table 105

6.1.2 Decays to two open charm mesons

Averages of BY decays to two open charm mesons are shown in Tables 106, 107, 108, 109, 110, 111, 112, 113, 114, 115 and

Figs. 81, 82, 83, 84, 85, 86, 87, 88, §9.

Table 106 Decays to D™+ D= [1073]

Parameter

Measurements

Average

B(B° - DtD")
B(B® — D*(2010)~ D)

B(BY = D*(2010)~ D*(2010)")

Belle [287]: 0.212 &+ 0.016 & 0.018
BABAR[630]: 0.28 £ 0.04 £ 0.05
Belle [287]: 0.614 £ 0.029 £ 0.050
BABAR[630]: 0.57 £ 0.07 £+ 0.07
Belle [352]: 0.782 %+ 0.038 £ 0.060
BABAR[630]: 0.81 £ 0.06 & 0.10

0.220 & 0.023

0.603 £+ 0.050

0.790 £ 0.061

B(B® — DDY% Belle [631]: <0.043 <0.043
BABAR [630]: <0.06

B(B® — D°D*(2007)%) BABAR[630]: <0.29 <0.29

B(B® — D*(2007)° D*(2007)°) BABAR [630]: <0.09 <0.09

Table 107 Decays to two D mesons and a kaon I [1073]

Parameter Measurements Average

B(BY - D*(2010)* D~ K?) BABAR[632]: 6.41 & 0.36 + 0.39 6.41 £0.53

B(B® — D*(2010)~ D*(2010)T K©) BABAR[632]: 8.26 & 0.43 + 0.67 8.26 + 0.80

B(B® — D*(2010)" D*(2010)~ K 9) Belle [266]: 3.4 4 0.4 0.7 39406

BABAR[265]: 4.4+ 0.4 + 0.7

B(BY - D*(2010)* DK ) BABAR[632]: 2.47 +£0.10 +0.18 2.4740.21

B(B® — Dt D*(2007)°K ) BABAR[632]: 3.46 & 0.18 + 0.37 3.46 +0.41

B(BY — D*(2010)* D*(2007)°K ~) BABAR[632]: 10.6 & 0.3 £ 0.9 10.6+0.9

B(BY - DYD*(2007)°K?) BABAR[632]: 1.08 & 0.32 £+ 0.36 1.08 +0.48

B(B® — D*(2007)° D*(2007)°K?) BABAR [632]: 2.40 + 0.55 £ 0.67 2.40 £+ 0.87
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Table 108 Decays to two D mesons and a kaon II [10~4]

Parameter Measurements Average
B(B° - D™D K9 BABAR[632]: 7.5 + 1.2 + 1.2 75+ 1.7
B(B° - DTDYK™) BABAR[632]: 10.7 £+ 0.7 £+ 0.9 10.7 £ 1.1
B(BY - DYDYKO) BABAR[632]: 2.7 + 1.0 &+ 0.5 27 + 1.1
B(B® — D°D°xK?) Belle [633]: 1.73 + 0.70 703} 173403
Table 109 Decays to DT DM+ 1[1073]
Parameter Measurements Average
B(B® — D; D) Belle [634]: 7.5 & 0.2 + 1.1 7.8 +£ 1.0
BABAR[635]:9.0 + 1.8 + 1.4
B(B® — Dy D*(2010)T) BABAR[635]: 5.7 + 1.6 £ 0.9 6.8+ 1.6
BABAR[636]:10.3 &+ 1.4 + 2.9
B(B® — DI~ D*(2010)*) BABAR[635]: 16.5 + 2.3 £ 1.9
BABAR[637]: 18.8 & 0.9 &+ 1.7 18.1 £ 1.6
BABAR[636]: 19.7 + 1.5 + 5.7
B(B® — D~ D%) BABAR[635]:6.7 £ 2.0 + 1.1 6.7 £23
Table 110 Decays to D~ D™+ 11 [10~4]
Parameter Measurements Average
B(BY — D7 DT) x B(D; — ¢(1020)7 ™) BABAR[635]: 2.67 & 0.61 £ 0.47 2.67 £ 0.77
B(B® — D7 D*(2010)") x B(Dy — ¢(1020)7~) BABAR[635]: 5.11 £ 0.94 + 0.72 5.11 + 1.18
B(B® — D* D) x B(D; — ¢(1020)7 ™) BABAR[635]:4.14 + 1.19 + 0.94 414 £ 1.52
B(BY — D~ D*(2010)*) x B(D; — ¢(1020)7 ) BABAR [635]: 12.2 + 2.2 £ 2.2 122 4+ 3.1
Table 111 Decays to DT D™~ [1073]
Parameter Measurements Average
B(B® — D7 DY) Belle [634]: <0.036 <0.036
BABAR [638]: <0.10
B(B® — D7 DIt BABAR[638]: <0.13 <0.13
B(B" — D+ D:7) BABAR[638]: <0.24 <0.24
Table 112 Relative decay rates [1073]
Parameter Measurements Average
B(B® — DD /B(B~ — D°D;) LHCb [639]: 1.4 + 0.6 & 0.2 14 £ 06
Table 113 Absolute decay rates to excited Dy mesons [1073]
Parameter Measurements Average
B(B® — D,;(2460)~ D1) BABAR [635]: 2.6 + 1.5 &+ 0.7 2.6 £ 1.7
B(BY — Dy;(2460)~ D*(2010)*) BABAR [635]: 8.8 £ 2.0 + 1.4 8.8+ 24
B(BY — Dy (2536)~ D*(2010)™) BABAR [265]: 92 4 24 £ 1 92 + 24
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Table 114 Product decay rates to excited Dy mesons I [1073]

Parameter Measurements Average

B(B" — D*D;;(2460)7) x B(Dy;(2460)~ — D;y) Belle [640]: 0.82 7022 + 0.25 0.81 + 0.23
BABAR[641]:0.8 £ 0.2703

B(B® — DT D;;(2460)7) x B(Dy;(2460)~ — D~ 10) Belle [640]: 2.27 773 + 0.68 2.47 + 0.76
BABAR [641]: 2.8 £ 0.8 F(4

B(B® — Dy;(2460)~ D*(2010)%) x B(Dy;(2460)~ — Di~7°) BABAR [641]:5.5 + 1.2 55733

B(B" — Dj;(2460)~ D*(2010)%) x B(Dy;(2460)~ — D} y) BABAR[641]: 2.3 + 0.3 100 23799

B(B® — D¥,(2317)~ D*(2010)*) x B(D¥,(2317)~ — D7) BABAR([641]: 1.5 0.4 703 1.5+07

B(B® — D*D¥,(2317)7) x B(D*,(2317)~ — D; =) Belle [642]: 1.02 7013 £ 0.11 1.03 + 0.16
BABAR[641]: 1.8 + 0.4 107

B(B® — D™D, (2317)7) x B(D?;(2317)~ — D}~ y) Belle [640]: <0.95 <0.95

Table 115 Product decay rates to excited Dy mesons II [1074]

Parameter Measurements Average
B(B® — D;1(2536)~ DT) x B(Ds1(2536)~ — D*(2010)~K?) BABAR[643]: 2.61 + 1.03 + 0.31 2.61 + 1.08
B(B® — D;1(2536)” D) x B(Dy1(2536)" — K~ D*(2007)°) BABAR[643]: 1.71 + 0.48 + 0.32  1.71 + 0.58
B(B° — Dy1(2536)~ D*(2010) ") x B(Dy1(2536)~ — D*(2010)~K°) BABAR[643]: 5.00 + 1.51 4+ 0.67 5.00 &+ 1.65
B(B® — Dj;1(2536)~ D*(2010)*") x B(Dy1(2536)~ — D*(2007)°K ) BABAR [643]:3.32 + 0.88 £ 0.66 3.32 + 1.10
B(B® — Dj;1(2536)* D7) x B(Dy1(2536)t — D*(2007)°K* + D*(2010)TK©) Belle [644]: 2.75 &+ 0.62 £ 0.36  2.75 £ 0.72
B(B — D;1(2536)T D*(2010)7) x B(Dy1(2536)" — D*(2007)°K*+ + D*(2010)TK®) Belle [644]: 5.01 + 1.21 £ 0.70  5.01 4+ 1.40
B(B® — D,1(2536)* D*(2010)7) x B(Dy1(2536)" — D*(2010)TK D) Belle [266]: <6.0 <6.0
B(BY — DT D;;(2460)7) x B(Ds;(2460)~ — Dymt77) Belle [640]: <2.0 <2.0
B(B® — DT D;;(2460)7) x B(Dy;(2460)~ — D7 %) Belle [640]: <3.6 <3.6
B(B® — DT D,;(2460)™) x B(D,;(2460)" — DI~y) Belle [640]: <6.0 <6.0
T T
B(B" 5D D ) fn R + ,,,,,,,, R L U ORI TR .. [ Summer 2016
B(B'—D*(2010)"D*) froovo SR . AR AR e —— ]
B(B*—=D*(2010)D*(2010)*) |- ---ooo--- e s e s R e —— ]
B(B"=DD") i e e e e e e ]
B(B'—D°D*(2007)°) ¢ i . A A A S
B(B’—D*(2007)° D*(2007)°) l(—| rrrrrrrrrrrrrr s e s e s e e
i i i i i i i i
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1073

Fig. 81 Summary of the averages from Table 106
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Fig. 82 Summary of the averages from Table 107
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Fig. 83 Summary of the averages from Table 108
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Fig. 84 Summary of the averages from Table 109
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Fig. 85 Summary of the averages from Table 110
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Fig. 86 Summary of the averages from Table 111
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Fig. 87 Summary of the averages from Table 113

B(B"—D* D, ;(2460) ") x B(D,7(2460) =Dy ) [ e e o SR S @Smmer 20!16

B(B"—=D ™" D,;(2460) ") x B(D,;(2460)" =D}~ %)
B(B"— D, (2460)~ D* (2010)*) x B(Dy(2460)~ =D~ 70) |-t H— - Y
B(B°— D, 7(2460)~ D*(2010) ) x B(D47(2460) " =D ) |- ——Q—— rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
B(B°—=D};(2317)" D*(2010) ") x B(D;(2317) " =D 7). —Q— rrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr
B(B'—D*D:,(2317)7) x B(D?;(2317) =D 7°) |- -Q- ,,,,,,,,, ,,,,,,,,,,,, ,,,,,,,,,,,, ,,,,,,,,,,,, ,,,,,,,,,,,, ,,,,,,,,,,,, ,,,,,,,,,,,,
B(B"~D*D};(2317)") x B(D};(2317)" =D}~ 7) |4—| rrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr rrrrrrrrrrrr
0 1 2 3 4 5 6 7 8

Fig. 88 Summary of the averages from Table 114
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Fig. 89 Summary of the averages from Table 115

6.1.3 Decays to charmonium states

Averages of BY decays to charmonium states are shown in Tables 116, 117, 118, 119, 120, 121, 122, 123, 124 and Figs. 90,

91, 92, 93, 94, 95, 96, 97, 98.

Table 116 Decays to J /v and one kaon [1073]

Parameter Measurements Average
B(B® — J/y K CDF [645]: 1.15 &+ 0.23 & 0.17
Belle [646]: 0.79 & 0.04 + 0.09 0.863 + 0.035
BABAR[10]: 0.869 + 0.022 + 0.030
B(B® — J/yK—nh) Belle [647]: 1.15 &+ 0.01 + 0.05 1.15 + 0.05
B(B® — J /¢ K*(892)%) CDF [648]: 1.74 4+ 0.20 + 0.18
Belle [647]: 1.19 & 0.01 + 0.08 1.270 + 0.056
BABAR[10]: 1.309 + 0.026 =+ 0.077
B(B® — J/yK ) LHCb [649]: 0.430 £ 0.030 + 0.037
CDF [650]: 1.03 + 0.33 % 0.15 0.440 + 0.047
B(B® — J /¥ K%p(770)%) CDF [650]: 0.54 + 0.29 £+ 0.09 0.54 + 0.30
B(BY — J/yK*(892)"mT) CDF [650]: 0.77 + 0.41 + 0.13 0.77 + 0.43
B(B® — J/yw(182)K°) BABAR[651]: 0.23 + 0.03 + 0.03 0.23 + 0.04
B(B® — J/¥¢(1020)K%) BABAR[652]: 0.102 + 0.038 £ 0.010 0.102 £ 0.039
B(B® — J/y KV (1270)) Belle [653]: 1.30 £ 0.34 + 0.31 1.30 £ 0.46

B(B® — J/ynK?)

B(B® — J/yK*(892)°7n )

Belle [654]: 0.0522 £ 0.0078 £ 0.0049
BABAR[655]: 0.084 + 0.026 + 0.027
CDF [650]: 0.66 + 0.19 £ 0.11

0.0540 £ 0.0089

0.66 £ 0.22
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Table 117 Decays to charmonium other than J /4 and one kaon I [1073]

Parameter Measurements Average
B(B® — ¥ (28)K?) Belle [646]: 0.67 + 0.11 0.655 + 0.066
BABAR[10]: 0.646 £ 0.065 + 0.051
B(B® — 4 (28)K*(892)%) CDF [648]: 0.90 + 0.22 + 0.09 0.696 + 0.103
BABAR[10]: 0.649 + 0.059 =+ 0.097
BB — (25K LHCb [649]: 0.47 & 0.07 £ 0.07 0.47 £ 0.10
B(B" — K*(892)°y(25)) Belle [656]: 0.552 (.03 T0.0% 0.552 7000
B(B° - Belle [657]: 0.68 £ 0.10 + 0.07 0.68 £ 0.12
¥ (2S)K®) x B(¥(28) — Xe1y)
B(B° - Belle [657]: 0.47 £ 0.16 + 0.08 0.47 £ 0.18
¥ (2S)K) x B(¥(2S) — xe2v)
B(B® = x.0K%) BABAR [658]: <1.24 <1.24
B(B® = x.0K*(892)%) BABAR [658]: <0.77 0.17 £+ 0.04
BABAR [659]: 0.17 £ 0.03 + 0.02
B(B® — x1K°) Belle [660]: 0.378 T0017 + 0.033 0.396 £ 0.028
BABAR [661]: 0.42 & 0.03 + 0.03
B(B® — xa K~ ™) Belle [662]: 0.497 + 0.012 + 0.028 0.500 + 0.027
BABAR [663]: 0.511 + 0.014 + 0.058
B(B® — x.1K*(892)°) Belle [664]: 0.31 + 0.03 + 0.07
BABAR [661]: 0.25 £ 0.02 + 0.02 0.26 £ 0.03
B(B® — x. K- ntn0) Belle [662]: 0.352 + 0.052 + 0.024 0.352 + 0.057
B(B® — x1K'n*rn™) Belle [662]: 0.316 =+ 0.035 + 0.032 0.316 £ 0.047
B(B® — n.K°) Belle [665]: 1.23 + 0.23 04
BABAR [666]: 0.64 7055 1018 0.85 £ 0.24
BABAR [667]: 1.14 & 0.15 + 0.34
B(B® — 1.K*(892)°) Belle [665]: 1.62 + 0.32702)
BABAR [668]: 0.57 & 0.06 £ 0.09 0.61 £ 0.10
BABAR [666]: 0.80 7023 037
B(B® — 1.(28)K*(892)%) BABAR [668]: <0.39 <0.39
B(B® — h.(1P)K*(892)%) x BABAR [668]: <0.22 <0.22
B(he(1P) = ncy)
Table 118 Decays to charmonium other than J /v and one kaon IT [107%]
Parameter Measurements Average
B(B® — ¢ (3770)K%) x B(y(3770) — D°DY) BABAR[643]: <1.23 <1.23
B(B® — ¢ (3770)K%) x B(¥(3770) — Dt D7) BABAR [643]: <1.88 <1.88
B(B® > x2K9 Belle [660]: <0.15 0.15 & 0.09
BABAR [661]: 0.15 & 0.09 =+ 0.03
B(B® - x.K*(892)%) BABAR [661]: 0.66 & 0.18 £ 0.05 0.66 + 0.19
B(B® — xo2K~ ) Belle [662]: 0.72 £ 0.09 + 0.05 0.72 £+ 0.10
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Table 119 Decays to charmonium and light mesons I [107>]

Parameter Measurements Average
B(B® — J/yn%) Belle [646]: 2.3 £+ 0.5 + 0.2 1.74 + 0.15
BABAR[353]: 1.69 £ 0.14 + 0.07
B(BY — J/yntn™) BABAR[669]: <1.2 <12
B(B® — J/yp(770)%) BABAR [669]: 2.7 + 0.3 + 0.2 2.7 +£04
B(B° — J/yn) Belle [670]: 1.23 015 £ 0.07 1.237019
BABAR [652]: <2.7
B(BY — J/yr1(958)) Belle [670]: <0.74
BABAR[652]: <6.3 <0.74
B(BY — J /¥ f>(1270)) BABAR[669]: <0.46 <0.46
B(B® — J /¥ f1(1285)) LHCb [671]: 0.837 + 0.195 T0:072 0.837 1030
B(B® — J/YK°K* 7 ¥F) LHCb [649]: <2.1 <2.1
B(BY - J/yKOKTK™) LHCb [649]: 2.02 &+ 0.43 + 0.19 2.02 + 0.47
B(BY — xc17%) Belle [672]: 1.12 & 0.25 4+ 0.12 1.12 £ 0.28
Table 120 Decays to charmonium and light mesons II [107]
Parameter Measurements Average
B(B® — J/¥rap(980)) x B(ap(980) — KTK™) LHCb [673]: <0.090 <0.090
B(B® — J /¥ £5(980)) x B(f(980) — wtm ™) LHCb [674]: <0.11 <0.11
B(B® — J/yf1(1285)) x B(f1(1285) — ntn~ntn™) LHCb [671]: 0.0921 + 0.0214 =+ 0.0064 0.0921 =+ 0.0223
BB — J/yKTK™) LHCb [673]: 0.253 + 0.031 + 0.019 0.253 + 0.036
B(BY — J /¢ (1020)) LHCb [673]: <0.019
Belle [675]: <0.094 <0.019
BABAR[652]: <0.9
Table 121 Decays to J /4 and photons, baryons, or heavy mesons [107]
Parameter Measurements Average
B(BY — J/yy) LHCb [676]: <0.15 <0.15
BABAR[677]: <0.16
BB — J /v pp) LHCb [678]: <0.052
Belle [679]: <0.083 <0.052
BABAR [680]: <0.19
B(B® — J/y D% Belle [681]: <2.0 <13

BABAR [682]: <1.3
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Table 122 Relative decay rates I

Parameter Measurements Average
B(B® — J/yKY(1270))/B(B~ — J/yK™) Belle [653]: 1.30 & 0.34 + 0.28 1.30 &+ 0.44
B(B® — J/yK*(892)°)/B(B° — J/¥K°) CDF [683]: 1.39 & 0.36 & 0.10

BABAR[10]: 1.51 + 0.05 & 0.08 1.50 £ 0.09
B(B® — J/yw(782))/B(B® — I /yrp) LHCb [684]: 0.89 + 0.19 1(7] 0.89 1029
B(B® — J/yw(182)K%) /BB~ — J /Yo (7182)K ™) BABAR [651]: 0.7 £ 0.1 £ 0.1 0.7 £ 0.1
BB — J/YKIn~nt)/B(B® — J/yKD) LHCb [649]: 0.493 £ 0.034 + 0.027 0.493 + 0.043
[B(BY — ¢ (2$)K9) x By (2S) — J/yn~n)/BB® — J/YyK) LHCD [649]: 0.183 + 0.027 &+ 0.015 0.183 + 0.031
B(B® — ¥ (28)K*(892)°)/B(B® — ¢ (28)K") BABAR([10]: 1.00 + 0.14 & 0.09 1.00 £ 0.17
B(B® — (285K (892)*%)/B(B® — J /¥ K (892)*) LHCb [685]: 0.476 £ 0.014 + 0.016 0.476 + 0.021
BB — v (2S)nta=/BB® — J/yntm LHCb [686]: 0.56 £ 0.07 £ 0.05 0.56 + 0.09
B(B® — n.K%/B(B~ — n.K™) BABAR[667]: 0.87 + 0.13 + 0.07 0.87 & 0.15
B(BY — 1.K%/B(B® — J/¥K®) BABAR [667]: 1.34 &+ 0.19 + 0.40 1.34 + 0.44
B(B® — n.K*(892)")/B(B~ — n.K ") BABAR[668]: 0.62 & 0.06 + 0.05 0.62 & 0.08
B(B® = 5. K*(892)%)/B(B" — 5 K0 Belle [665]: 1.33 % 0.36 7021 1.33 1043
B(BY = xa K~nt)/B(B® — J/yK 7 ™) BABAR[663]: 0.474 & 0.013 £ 0.054 0.474 % 0.056
BB — x1K*(892)%)/B(B® — xc1K°) BABAR [10]:0.72 £ 0.11 £ 0.12 0.72 + 0.16
[B(B® — h.(1P)K*(892)%) x B(h.(1P) = ne¢y)1/B(B~ — n.K™) BABAR[668]: <0.236 <0.236
Table 123 Relative decay rates I1
Parameter Measurements Average

BB — J/ym)/B(BY — J/¥n)

B(B® — J/yn) /BB — J/yn)

B(B® — J/YKIKEaT)/B(B® — J/YKIntn™)
B(B® — J/YKIKTK™)/B(B® — J/YKIn ™)

LHCb [687]: 0.0185 £ 0.0061 £ 0.0014
LHCb [687]: 0.0228 £ 0.0065 £ 0.0016
LHCb [649]: <0.048

LHCb [649]: 0.047 £ 0.010 £ 0.004

0.0185 £+ 0.0063
0.0228 £ 0.0067
<0.048

0.047 £ 0.011

Table 124 Polarization fractions

Parameter Measurements Average
| Ag12(B® — J /¢ K*(892)%) /| 401*(B® — J /¥ K*(892)%) BABAR[688]: <0.32 <0.32
|AgI2(B® — J /¥ K*(892)%) /| 4012 (B® — J /¥ K*(892)%) BABAR[688]: <0.26 <0.26
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Fig. 90 Summary of the averages from Table 116
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Fig. 95 Summary of the averages from Table 121
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Fig. 98 Summary of the averages from Table 124
6.1.4 Decays to charm baryons
Averages of BY decays to charm baryons are shown in Tables 125, 126, 127, 128 and Figs. 99, 100, 101.
Table 125 Absolute decay rates to charm baryons I [1074]
Parameter Measurements Average
B(B® — Afpr®) BABAR[689]: 1.94 + 0.17 + 0.52 1.94 + 0.55
BB — A} prtn) Belle [690]: 11.0 7] £ 3.5
BABAR[691]: 12.3 £ 0.5 £ 3.3 11.9 £ 3.2
BB’ — =F*pr) Belle [692]: 2.1 £ 0.2 £ 0.6
BABAR [691]: 2.13 £ 0.10 £+ 0.56 2.12 +£ 0.55
B(B® — =t pr) Belle [692]: 1.2 + 0.1 + 0.4
BABAR [691]: 1.15 £ 0.10 £ 0.30 1.16 &+ 0.32
B(B® — 20prt) Belle [692]: 1.4 + 0.2 + 0.4
BABAR [691]: 0.91 £ 0.07 £+ 0.24 0.77 £ 0.23
B(B® - AT AZKO) Belle [693]: 7.9 739 + 4.3
BABAR[694]: 3.8 + 3.1 £+ 2.1 4.8 £ 3.5
B(B® — AFprtm, 5 BABAR[691]: 7.9 &+ 0.4 &+ 2.0 79 + 2.1
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Table 126 Absolute decay rates to charm baryons IT [1077]

Parameter Measurements Average
BB — AfpK+K™) BABAR[695]: 2.5 & 0.4 + 0.6 2.5+ 07
B(B® — AF p¢(1020)) BABAR[695]: <1.2 <12
B(B® — 20p7T) Belle [692]: <3.3

BABAR [691]: 2.2 4 0.7 & 0.6 22 +09
B(B® — A} p) Belle [696]: 2.19 7035 + 0.65

BABAR [697]: 1.89 + 0.21 + 0.49 1.90 + 0.54
B(B® — AFpK*(892)°) BABAR [698]: 1.60 + 0.61 + 0.44 1.60 + 0.75
B(B® — =T pK™) BABAR [698]: 1.11 & 0.30 + 0.30 1.11 + 0.43
BB® — B A7) x B(EF — E-ntat) Belle [699]: 9.3 737 + 3.1

BABAR [694]: 1.5 & 1.1 + 0.4 1.7+12
B(B® — AFAD) Belle [700]: <5.7 <57
B(B® — AFAK™) BABAR[701]: 3.8 & 0.8 + 1.0 38 +£1.3
B(B® - AYpK—m™) BABAR([698]:4.33 + 0.82 + 1.18 433 + 1.43
Table 127 Absolute decay rates to charm baryons IIT [10~¢]
Parameter Measurements Average
B(B® — TFp) x B(AT — pK—n™) BABAR[689]: <1.5 <15
B(B® — Afppp) x B(AT — pK~n™) BABAR [702]: <0.14 <0.14
Table 128 Relative decay rates to charm baryons [1073]
Parameter Measurements Average
B(B® — A7 AF)/B(BY — D* D)) LHCb [703]: <2 <2
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Fig. 99 Summary of the averages from Table 125
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6.1.5 Decays to other (XY Z) states

Averages of BY decays to other (XY Z) states are shown in Tables 129, 130, 131, 132, 133, 134 and Figs. 102, 103, 104, 105.

Table 129 Decays to X (3872) [1079]

Parameter

B(B® — X(3872)K?) x B(X(3872) > J [y *7™)
B(B” — X (3872)K®) x B(X(3872) — J /Y (782))
B(B® — X(3872)K%) x B(X(3872) — J/¥y)

B(B” — X(3872)K*(892)°) x B(X(3872) — J /yy)
B(B® - X(3872)K%) x B(X(3872) — ¥ (2S)y)

B(BY — X(3872)K*(892)") x B(X(3872) — ¥ (2S)y)
B(BY — X (3872)K%) x B(X(3872) = Xc1y)
B(BY — X(3872)K°) x B(X(3872) = xc27)

Measurements Average
BABAR[704]: 0.35 £ 0.19 £ 0.04 0.35 £ 0.19
BABAR[651]: 0.6 &£ 0.3 £ 0.1 0.6 £0.3
Belle [660]: 0.24 7013 £ 0.07

BABAR[661]: 0.26 + 0.18 £ 0.02 0.25 £ 0.12
BABAR [661]: 0.07 £ 0.14 £ 0.01 0.07 £ 0.14

Belle [660]: 0.662 70130 + 0.070
BABAR[661]: 1.14 £ 0.55 % 0.10
BABAR[661]: —0.13 + 0.31 + 0.03
Belle [657]: <0.96

Belle [657]: <1.22

0.695 £+ 0.147
—0.13 &£ 0.31
<0.96
<1.22
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Table 130 Decays to X (3872) with X (3872) — DD [10~*]

Parameter Measurements Average
B(B® — X (3872)K") x B(X(3872) — D*(2007)° D) BABAR [643]: <4.37 <4.37
Table 131 Decays to neutral states other than X (3872) [10™%]

Parameter Measurements Average
B(B® — X(3823)K°) x B(X(3823) = xc17) Belle [657]: <0.099 <0.099
B(B® - X(3823)K°) x B(X(3823) = xc2y) Belle [657]: <0.228 <0.228
B(BY — Y (3940)K%) x B(Y (3940) — J /vy w(782)) BABAR[651]: 0.21 £ 0.09 + 0.03 0.21 + 0.09

B(B® — Z,(4050)K =) x B(Z1(4050) — xe17F)

B(B® — Z,(4250)K ) x B(Z»(4250) — xcimH)

Belle [7051: 0.30 702 *0-17
BABAR[663]: <0.18

) +0.23 +1.97
Belle [705]: 0.40 Zy55 Zo.05

40.40
0.30 Ty

BABAR[663]: <0.47 0.40 0%
Table 132 Decays to charged states [ [10~4]
Parameter Measurements Average
B(B® — X(3872)TK ") BABAR [706]: <5.0 <5.0

Table 133 Decays to charged states IT [107]

Parameter

Measurements

Average

B(B® — X(3872)tK ™) x B(X(3872)+ — J/ym+n®)
B(B® — Z(4430)* K ™) x B(Z(4430)" — J/y)

B(B® — Z(4430)TK ™) x B(Z(#430)" — ¢ (28)7 ")

B(B® — Z(3900)" K ) x B(Ze(3900)* — J/ym)
B(B® — Z.(4200)V K ™) x B(Z.(4200)* — J/yrn )

BABAR[707]: <0.54
. 0.40 +0.11
Belle [647]: 0.54 710 000
BABAR[708]: —1.2 £ 0.4 %+ 0.0
. 1.8 +5.3
Belle [656]: 3.2 05 170
BABAR [708]: 1.9 & 0.8 + 0.0
Belle [647]: <0.09
. 0.7 +1.1
Belle [647]: 22702 Foe

<0.54
—0.11 & 0.24 CL = 0.6%,
1.9 £ 0.8

<0.09
1.3
2250

Table 134 Relative decay rates

Parameter Measurements Average
= > _ — . 0.8 +0.1
B(BY — X(3872)K%)/B(B~ — X(3872)K ") BABAR [651]: 1.0 ¢ 1)
BABAR [704]: 0.41 4 0.24 + 0.05 0.47 £+ 0.23
B(B® — Y(3940)K°)/B(B~ — Y (3940)K ™) BABAR[651]: 0.7 704 + 0.1 0.770%
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B(B"— X (3872) KV) x B(X(3872) s J/m ) F oo ey AR Summer 2016
B(B'— X(3872) K0) x B(X(3872)—J /tw(T82)) |-+ ovommomdo ——— ]
B(BO— X(3872)KV) x B(X(3872)—J /) |- ]
B(B"— X(3872) K* (892)°) x B(X(3872) = J/dp) - —_—— T
B(B"— X(3872)K?) x B(X(3872)—p(28)7) |-t —— ]
B(B"— X (3872) K*(892)°) x B(X(3872)>¥(2S)7) |- — ]
B(B'— X(3872)K°) x B(X(3872)=xe1y) F-— < o
B(B°—X(3872)K°) x B(X(3872)—Xcay) | < b
1 1 1
-0.5 0.0 0.5 1.0 1.5
100
Fig. 102 Summary of the averages from Table 129
B(B“—>X(3823)K0)xB(X(3823)—>XCn)|1-| rrrrrrrrrrrrrrrrr O PUOE N OO A E“mme”ﬂ‘”ﬁ
B(B®—X(3823)K°) x B(X(3823)—Xcory) Mmoo
B(B"—Y(3940)K°) x B(Y(3940)—J /thw(782)) |- —p—------- S S AR OUNRSRONY SROO
B(B"— 2, (4050)K ) x B(Z4(4050)—x7") | et S RSSO SUS OO ORI
B(B"— Z(4250)K ) x B(Z5(4250)—syom ) b —— ]
1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
1071
Fig. 103 Summary of the averages from Table 131
B(BY—X(3872)t K ~) x B(X(3872) " —J/pmtr0) oo “— T S U E“’"m’g’”
B(B'—Z(4430)" K ~) x B(Z(4430) " —J /") |- et oot R RS SIS .
B(B'— Z(4430)" K ) x B(Z(4430)* = (2S)7*) |- S SR ¢ AR SRR SR -
B(B"—Z,(3900) " K ) x B(Z.(3900) " —J/apr*) |o-oo o e A .
BB~ Z,(4200)* K ) x B(Z,(4200) " —J /™) |- ovoe T — —_— ~— 1
1 1 1 1 1 1 1
-05 00 05 10 15 20 25 30 35 40
1075

Fig. 104 Summary of the averages from Table 133
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B(B°=X(3872)K") | : . L o - [emmer
BB —X(3872)K ") 3 3 : :
B(B'—Y(3940)K?)
BB —veom k) | ]
1 1 1 1

0.2 0.4 0.6 0.8 1.0 1.2
Fig. 105 Summary of the averages from Table 134
6.2 Decays of B~ mesons
Measurements of B~ decays to charmed hadrons are summarized in Sects. 6.2.1-6.2.5.
6.2.1 Decays to a single open charm meson
Averages of B~ decays to a single open charm meson are shown in Tables 135, 136, 137, 138, 139, 140, 141, 142, 143, 144,

145, 146, 147, 148, 149 and Figs. 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119. In this section D**
refers to the sum of all the non-strange charm meson states with masses in the range 2.2-2.8 GeV/c2.

Table 135 Decays to a D™ meson and one or more pions [1072]
Parameter Measurements Average
B(B~ — D*(2010)"7°) Belle [709]: <0.00036 <0.00036
B(B~ — D) BABAR([594]: 0.490 £ 0.007 £+ 0.022

BABAR([595]: 0.449 + 0.021 £ 0.023 0.475 £ 0.019
B(B~ — D*(2007)°7 ™) BABAR([594]: 0.552 £ 0.017 & 0.042

BABAR [595]: 0.513 £ 0.022 £ 0.028 0.528 £ 0.028
B(B~ — Dtm~n7) Belle [710]: 0.102 + 0.004 & 0.015

BABAR [711]: 0.108 £ 0.003 £ 0.005 0.107 £ 0.005
B(B~ — D*(2010)T7r 7 ™) Belle [710]: 0.125 4 0.008 £ 0.022

BABAR [712]: 0.122 £ 0.005 £ 0.018 0.123 £ 0.015
B(B~ — D*(2007)°7~wt77) Belle [596]: 1.055 & 0.047 £ 0.129 1.055 £ 0.137
B(B~ — D*(2010)*r~wtmn~ ™) Belle [596]: 0.256 + 0.026 £ 0.033 0.256 £ 0.042
B(B~ — D*007) 7 wtn—mtn) Belle [596]: 0.567 & 0.091 4 0.085 0.567 &+ 0.125
Table 136 Decays to a D®0 meson and one or more kaons [1073]
Parameter Measurements Average
B(B~ — D°K™) Belle [713]: 0.383 £+ 0.025 £ 0.037 0.383 £ 0.045
B(B~ — D*(2007)°K ™) Belle [605]: 0.359 £ 0.087 £+ 0.051 0.359 £+ 0.101
B(B~ — DK~ KO) Belle [607]: 0.55 &+ 0.14 £ 0.08 0.55 £ 0.16
B(B~ — D*(2007)°K~K?) Belle [607]: <1.06 <1.06
B(B~ — DK~ K*(892)") Belle [607]: 0.75 4+ 0.13 £ 0.11 0.75 £ 0.17
B(B~ — D*(2007)°K ~K*(892)°) Belle [607]: 1.53 £+ 0.31 £ 0.29 1.53 £ 0.42
B(B~ — DYK*(892)7) BABAR[714]: 0.529 £ 0.030 + 0.034 0.529 £ 0.045
B(B~ — D*(2007)°K*(892)7) BABAR [715]: 0.83 £ 0.11 &+ 0.10 0.83 £ 0.15

BB~ — DTK—77)

LHCb [716]: 0.0731 £ 0.0019 £ 0.0045

0.0731 £ 0.0049
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Table 137 Decays to a D™~ meson and a neutral kaon or a kaon and a pion [107¢]
Parameter Measurements Average
B(B~ — D™K") BABAR [717]: —3.8 133 712 -3.8733
B(B~ — D~K*(892)") BABAR [717]: —5.3 133 T1 —5.3137
BB~ — D K nt) LHCb [718]: 5.31 &+ 0.90 £ 0.59 5.31 £ 1.08
B(B~ — D*(2010)~ K?) BABAR [719]: <9 <9
Table 138 Relative decay rates to D° mesons I
Parameter Measurements Average
B(B~ — D°77)/B(B° - Dtrn™) CDF [720]: 1.97 £ 0.10 £ 0.21 1.97 £ 0.23
BB~ — D%ztn~77)/B(B~ — D7) LHCb [616]: 1.27 £+ 0.06 £ 0.11 1.27 £ 0.13
Table 139 Relative decay rates to D° mesons IT [1072]
Parameter Measurements Average
B(B~ — D°K~)/B(B~ — D°K™) Belle [721]: <19 <19
B(B~ — D°K™)/B(B~ — D7) LHCb [436]: 7.79 &+ 0.06 £ 0.19

Belle [721]: 6.77 + 0.23 £ 0.30

Belle [713]: 7.7 &£ 0.5 £ 0.6

BABAR[722]: 8.31 £ 0.35 £+ 0.20 7.69 £ 0.16
B(B~ — D°K—ntn~)/B(B~ — Dntm—n) LHCb [620]: 9.4 + 1.3 &+ 0.9 94 + 1.6
Table 140 Absolute decay rates to excited D mesons [1073]
Parameter Measurements Average
B(B~ — D*V7z™) BABAR[595]: 5.50 £ 0.52 £+ 1.04 5.50 £ 1.16
Table 141 Absolute product decay rates to excited D mesons I [1073]
Parameter Measurements Average
B(B~ — D?(2420)7t_) X B(D(l)(2420) — D*(2010)" ™) Belle [710]: 0.68 + 0.07 £ 0.13

BABAR [712]: 0.59 £+ 0.03 £ 0.11 0.62 £+ 0.09

B(B~ — D{(2420)7 ™) x B(D?(2420) — Dz~ =t)
B(B~ — D7 ~) x B(D® — D*n™)

Belle [622]: 0.185 + 0.029 70033
Belle [710]: 0.61 % 0.06 + 0.18

+0.045
0.185 7)) 063

BABAR [711]: 0.68 4+ 0.03 £ 0.20 0.63 £+ 0.19
B(B~ — D?(H)rr‘) X B(D?(H) — D*(2010)"7 ™) Belle [710]: 0.50 = 0.04 £ 0.11 0.50 £+ 0.11
B(B~ — D§0(2460)n*) X B(D§0(2460) — D*(2010)T 7 ™) Belle [710]: 0.18 & 0.03 £ 0.04

BABAR [712]: 0.18 £+ 0.03 £ 0.05 0.18 £+ 0.04
B(B~ — D§0(2460)n_) X B(D§0(2460) — Dtn7) Belle [710]: 0.34 + 0.03 £+ 0.07

BABAR [711]: 0.35 £+ 0.02 £ 0.04 0.35 £+ 0.05
Table 142 Absolute product decay rates to excited D mesons II [1077]
Parameter Measurements Average
B(B~ — DY(2420)7~) x B(DY(2420) — D*(2007)°z 7 +) Belle [622]: <0.6 <0.6
B(B~ — D§0(2460)n*) X B(D§0(2460) — D*(2007)%z 7 1) Belle [622]: <2.2 <22
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Table 143 Relative decay rates to excited D mesons

Parameter Measurements Average

B(B~ — D*(2007)°7~)/B(B~ — D%z ) BABAR [595]: 1.14 4+ 0.07 £ 0.04 1.14 + 0.08
B(B~ — D*%7~)/B(B~ — D% ™) BABAR[595]: 1.22 + 0.13 + 0.23 1.22 + 0.26
B(B~ — D3°(2460)7~)/B(B~ — D (2420)7 ™) BABAR [712]: 0.80 + 0.07 + 0.16 0.80 + 0.17

B(B~ — D*(2007)°K~)/B(B~ — D*(2007)7 ™)

Belle [605]: 0.078 £ 0.019 4 0.009

. +0.0042
BABAR [723]: 0.0813 % 0.0040 F9:0042

0.0811 £ 0.0053

Table 144 Relative product decay rates to excited D mesons

Parameter Measurements Average

[B(B~ — DV7n~) x B(D) — D’n*7n)1/B(B~ — Dntn—n7) LHCb [616]: 0.040 + 0.007 + 0.005 0.040 =+ 0.009

[B(B~ — D{%z7) x B(D{* - D**n7)1/B(B~ — D’ntn—n™) LHCb [616]: 0.093 £ 0.016 £ 0.009 0.093 £ 0.018

[B(B~ — D7) x B(D{® - DOx*n)1/B(B~ — DOn*tn—n~) LHCb [616]: 0.103 £ 0.015 £+ 0.009 0.103 + 0.017

[B(B~ — D377) x B(D3* - D* n)1/B(B~ — Dntn—n™) LHCb [616]: 0.039 £ 0.012 + 0.004 0.039 + 0.013

[B(B~ — D3°7~) x B(D3* - Dzt7)1/B(B~ — DnTn~n") LHCb [616]: 0.040 & 0.010 = 0.004 0.040 + 0.011

[B(B~ — D3tn™) x B(D}" — D'n=n*)/B(B~ — Dontn—n7) LHCb [616]: 0.014 £ 0.006 £ 0.002 0.014 + 0.006

Table 145 Decays to Dg*) mesons I [1074]

Parameter Measurements Average

B(B~ — D}K~7™) Belle [724]: 1.94 7502 1026 1.97 £ 0.23
BABAR [615]: 2.02 & 0.13 + 0.38

BB~ — Di*K~m7) Belle [724]: 1.47 7013 1053 1.54 £ 0.22
BABAR [615]: 1.67 & 0.16 £ 0.35

Table 146 Decays to D§*) mesons I [1079]

Parameter Measurements Average

B(B~ — DfK~K™) BABAR[615]: 1.1 &+ 0.4 + 0.2 1.1 £04

BB~ — DIK~K™) BABAR[615]: <1.5 <15

B(B~ — D; %) BABAR[725]: 1.570 £ 0.2 15703

B(B~ — Dy $(1020))

LHCb [726]: 0.187 773 + 0.037
BABAR [727]: <0.19

+0.130
0.187 T0439

B(B~ — D} ¢(1020)) BABAR[727]: <1.2 <12

Table 147 Baryonic decays | [1074]

Parameter Measurements Average
BB~ — Dppn~) BABAR [624]: 3.72 £+ 0.11 £ 0.25 3.72 £ 0.27
B(B~ — D*(2007)°ppr~) BABAR[624]: 3.73 + 0.17 £+ 0.27 3.73 £0.32
B(B~ — D ppr—m™) BABAR [624]: 1.66 £+ 0.13 £ 0.27 1.66 £ 0.30
B(B~™ — D*Q2010) T ppr—m ™) BABAR[624]: 1.86 + 0.16 £+ 0.19 1.86 £ 0.25
Table 148 Baryonic decays IT [1077]

Parameter Measurements Average
B(B~ — D°Ap) Belle [728]: 1.43 7028 + 0.18 143703
B(B~ — D*(2007)°Ap) Belle [728]: <4.8 <4.8
B(B~ — D" pp) Belle [625]: <1.5 <l.5
B(B~ — D*(2010)" pp) Belle [625]: <1.5 <1.5
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Table 149 Lepton number violating decays [10~]

Parameter Measurements Average
B(B~ — D etet) Belle [729]: <2.6 <2.6
B(B~ — D etut) Belle [729]: <1.8 <18
BB~ — D utut) Belle [729]: <1.0 <1.0

B(B~—D*(2010) =) lq rrrrrrrrrrrrrrrrrr e e S S S E"W'?E’M

APV IS S PO M S
B(B~—D*(2007)01 ) oo rrrrrrrrrrrrrrrrrrrr rrrrrrrrrr + rrrrrrrrrrrrrrrrrrrr ,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,, ;
RPSPS EEPO R — — — S |
B(B~—D*(2010)tr =7 ) | - rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr ;
B(B~—D*(2007) r~mta ) [ rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrr ¢
B(B~—D*(2010) rmtmm ) oo + rrrrrrrrrr rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr ,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,, ;
B(B~—D*(2007)0r mta mtm ) foo rrrrrrrrrrrrrrrrrrrr ¢ R S S ;
0.0 0.2 0.4 0.6 0.8 1.0 1.2
1072

Fig. 106 Summary of the averages from Table 135

B(B-—DK")
B(B~—D*(2007)°K )
B(B-—D'K~K")
B(B~—D*(2007)° K~ K")
B(B-—DK~K*(892)")
B(B~—D*(2007)° K~ K*(892)")
B(B~—D"K*(892)")
B(B~—D*(2007)°K*(892)")

B(B-—DTK 77)

Fig. 107 Summary of the averages
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Fig. 108 Summary of the averages from Table 137
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Fig. 109 Summary of the averages from Table 138
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Fig. 110 Summary of the averages from Table 139
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Fig. 111 Summary of the averages from Table 141
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B(B~—DY(2420)7 ) x B(D?(2420)— D*(2007)°w 7 ")

B(B~—D;°(2460)7~) x B(D;°(2460)— D*(2007)°x 7 ")

0.0

Fig. 112 Summary of the averages from Table 142
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Fig. 113 Summary of the averages from Table 143
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Fig. 114 Summary of the averages from Table 144
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Fig. 115 Summary of the averages from Table 145
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Fig. 116 Summary of the averages from Table 146
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Fig. 117 Summary of the averages from Table 147
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Fig. 118 Summary of the averages from Table 148
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Fig. 119 Summary of the averages from Table 149
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6.2.2 Decays to two open charm mesons

Averages of B~ decays to two open charm mesons are shown in Tables 150, 151, 152, 153, 154, 155, 156, 157, 158 and
Figs. 120, 121, 122, 123, 124, 125, 126, 127.

Table 150 Decays to D®)~D®0 [10-3]

Parameter Measurements Average

B(B~ — D~ D% Belle [631]: 0.385 & 0.031 =+ 0.038 0.384 + 0.042
BABAR [630]: 0.38 + 0.06 + 0.05

B(B~ — D**D™) BABAR[630]: 0.63 & 0.14 & 0.10 0.63 £ 0.17

B(B~ — D; DY) Belle [730]: 0.459 + 0.072 £ 0.056 0.385 + 0.046
BABAR [630]: 0.36 £ 0.05 & 0.04

B(B~ — D*(2007)°D*(2010)7) BABAR [630]: 0.81 + 0.12 & 0.12 0.81 + 0.17

Table 151 Decays to two D mesons and a kaon I [1072]

Parameter Measurements Average

B(B~ — D*(2007)°D°K ) BABAR [632]: 0.226 + 0.016 + 0.017 0.226 + 0.023

B(B~ — D°D*(2007)°K ) BABAR[632]: 0.632 £ 0.019 + 0.045 0.632 + 0.049

B(B~ — D*(2007)°D*(2007)°K ~) BABAR [632]: 1.123 + 0.036 + 0.126 1.123 £ 0.131

B(B~ — D*(2007)°D~K9) BABAR[632]: 0.206 & 0.038 =+ 0.030 0.206 + 0.048

B(B~ — D'D*(2010)~ K?) BABAR [632]: 0.381 =+ 0.031 + 0.023 0.381 4 0.039

B(B~ — D*(2007)°D*(2010)~ K©) BABAR [632]: 0.917 & 0.083 £ 0.090 0.917 £ 0.122

Table 152 Decays to two D mesons and a kaon II [1073]

Parameter Measurements Average

B(B~ — D'D°K ™) Belle [731]: 2.22 + 0.22 03¢ 1.44 £ 0.13

BABAR [632]: 1.31 + 0.07 &+ 0.12
B(B~ — D°D°z°K ™) Belle [633]: 0.107 + 0.031 701 0.107 79038
B(B~ — DtD K™) Belle [732]: <0.90 0.22 + 0.07
BABAR [632]: 0.22 + 0.05 &+ 0.05

B(B~ — D*(2010)TD~K ™) BABAR [632]: 0.60 £ 0.10 &+ 0.08 0.60 + 0.13

B(B~ — DTD*(2010)"K"™) BABAR [632]: 0.63 + 0.09 + 0.06 0.63 + 0.11

B(B~ — D*(2010)~ D*(2010)tK ™) BABAR [632]: 1.32 £ 0.13 & 0.12 1.32 + 0.18

B(B~ — DD K9) BABAR[632]: 1.55 + 0.17 &+ 0.13 1.55 £ 0.21

Table 153 Decays to D{¥~ D™+ [1072]

Parameter Measurements Average

B(B~ — D7 D% BABAR [635]: 1.33 + 0.18 & 0.32 1.33 + 0.37

B(B~ — Dy D*(2007)%) BABAR[635]: 1.21 + 0.23 + 0.20 1.21 + 0.30

B(B~ — D~ D) BABAR[635]:0.93 + 0.18 + 0.19 0.93 + 0.26

B(B~ — D~ D*(2007)°) BABAR[635]: 1.70 + 0.26 + 0.24 1.70 + 0.35
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Table 154 Product decays rates to D§>'<)_D(*‘)Jr [1074]

Parameter Measurements Average

B(B~ — D7 D% x B(Dy — ¢(1020)7~) BABAR[635]: 4.00 & 0.61 + 0.61 4.00 + 0.86

B(B~ — D; D*(2007)°) x B(D; — ¢(1020)7~) BABAR [635]:2.95 + 0.65 + 0.36 2.95 + 0.74

B(B~ — D~ D% x B(D7 — ¢(1020)7 ™) BABAR [635]: 3.13 & 1.19 + 0.58 3.13 £ 1.32

B(B~ — D~ D*(2007)%) x B(D; — ¢(1020)7 ™) BABAR[635]: 8.57 & 1.48 + 1.12 8.57 + 1.86

Table 155 Relative decay rates

Parameter Measurements Average

B(B~ — D7 D% /B(B® — D} D7) LHCb [639]: 1.22 4 0.02 + 0.07 1.22 + 0.07

Table 156 Absolute decays rates to excited Dy mesons [1073]

Parameter Measurements Average

B(B~ — Dy;(2460)~ DY) BABAR[635]:4.3 + 1.6 + 1.3 43 + 2.1

B(B~ — Dy;(2460)~ D*(2007)%) BABAR[635]: 11.2 £ 2.6 & 2.0 112+ 33

Table 157 Product decays rates to excited Dy mesons I [1073]

Parameter Measurements Average

B(B~ — D°D;;(2460)7) x B(Ds;(2460)~ — D~ x0) Belle [640]: 1.19 7045 + 0.36 1.56 & 0.57

BABAR [641]: 2.7 £ 0.7 159

B(B~ — D;(2460)~ D*(2007)%) x B(Dy;(2460)~ — D7 y) BABAR[641]: 1.4 £ 0.4 109 14707

B(B~ — Dy;(2460)~ D*(2007)°) x B(Dy;(2460)~ — D}~7¥) BABAR [641]:7.6 £ 1.7737 7.638

Table 158 Product decays rates to excited Dy mesons I1 [1073]

Parameter Measurements Average

B(B~ — DD}, (2317)7) x B(D¥;(2317)~ — D; n*) Belle [642]: 0.80 7513 + 0.12 0.82 + 0.17
BABAR [641]: 1.0 £ 0.3 103

B(B™ — DOD;‘J (2317)7) x B(D};(2317)™ — D;™y) Belle [640]: <0.76 <0.76

B(B~ — D¥;(2317)~ D*(2007)°) x B(D¥;(2317)~ — Dy 7°) BABAR [641]:0.9 + 0.6 704 09707

B(B~ — D°D;;(2460)7) x B(Ds;(2460)~ — D;y) Belle [640]: 0.56 T01% + 0.17 0.58 + 0.18
BABAR [641]: 0.6 £ 0.2 107

B(B~ — DYDy;(2460)7) x B(Dy;(2460)~ — D*"y) Belle [640]: <0.98 <0.98

B(B~ — DYDj;(2460)7) x B(Dy;(2460)~ — D; ") Belle [640]: <0.27 <0.27

B(B~ — DDy ;(2460)7) x B(Dy;(2460)~ — Dyxt7™) Belle [640]: <0.22 <0.22

B(BtT — Dy1(2536)T DY) x B(D,1(2536)T — D*(2007)°K* + D*(2010)tK®)  Belle [644]: 0.397 & 0.085 + 0.056 0.397 + 0.102

B(B~ — Dy1(2536)~ D) x B(Dy(2536)~ — D*(2007)°K ) BABAR [643]: 0.216 & 0.052 & 0.045  0.216 + 0.069

B(B~ — Dy1(2536)~ DY) x B(Dy(2536)~ — D*(2010)~K?) BABAR [643]: 0.230 4+ 0.098 4 0.043  0.230 + 0.107

B(B~ — Dy (2536)~ D*(2007)°) x B(Ds1(2536) — D*(2007)°K ™) BABAR[643]: 0.546 + 0.117 + 0.104  0.546 + 0.157

B(B~ — Dy1(2536)~ D*(2007)%) x B(Dy(2536)~ — D*(2010)~ K©) BABAR [643]: <1.069 <1.069
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Fig. 120 Summary of the averages from Table 150
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Fig. 121 Summary of the averages from Table 151
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Fig. 122 Summary of the averages from Table 152
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Fig. 123 Summary of the averages from Table 153
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Fig. 125 Summary of the averages from Table 156
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B(B~—D"D?/(2317)7) x B(D4(2317)" =D ")
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B(B~—D"D,;(2460)") x B(D,;(2460)"—D; x")
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Fig. 127 Summary of the averages from Table 158

6.2.3 Decays to charmonium states

Averages of B~ decays to charmonium states are shown in Tables 159, 160, 161, 162, 163, 164, 165, 166, 167, 168, 169 and

Figs. 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138.

Table 159 Decays to J /i and one kaon I [103]

l‘ : : : : L
: : : : L
1 1 1 1 1 1 1 1

2 04 06 08 1.0 1.2 14 16 1.8

1072

Parameter Measurements Average

BB~ — J/YK™) Belle [646]: 1.01 &+ 0.02 £ 0.07
BABAR [706]: 0.81 £+ 0.13 £ 0.07 1.028 £ 0.040
BABAR [10]: 1.061 £ 0.015 £ 0.048

BB~ — J/Y¥K*(892)7) CDF [645]: 1.58 + 0.47 £+ 0.27
Belle [733]: 1.28 + 0.07 £ 0.14 1.404 £ 0.089
BABAR [10]: 1.454 4 0.047 £ 0.097

BB~ — J/¥K1(1270)7) Belle [653]: 1.80 + 0.34 £ 0.39 1.80 £ 0.52

BB~ — J/yK ntn™)

CDF [734]: 0.69 &+ 0.18 £ 0.12
Belle [735]: 0.716 £ 0.010 & 0.060

BABAR [736]: 1.16 &+ 0.07 £ 0.09

Table 160 Decays to J /v and one kaon I [10~4]

Parameter Measurements Average

BB~ — J/YynK™) Belle [654]: 1.27 £+ 0.11 + 0.11 1.24 £ 0.14
BABAR[655]: 1.08 + 0.23 £+ 0.24

BB~ — J/Yw(182)K™) BABAR[651]: 3.2 £ 0.170¢ 32704

BB~ — J/y¢(1020)K ™) BABAR[652]: 0.44 + 0.14 £+ 0.05 0.44 £ 0.15
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Table 161 Decays to charmonium other than J /4 and one kaon I [1073]

Parameter Measurements Average
BB~ — y(2S)K™) CDF [648]: 0.55 & 0.10 %+ 0.06 0.632 + 0.037
Belle [646]: 0.69 + 0.06
BABAR[706]: 0.49 + 0.16 + 0.04
BABAR[10]: 0.617 £ 0.032 4 0.044
BB~ — ¥(28)K™) x B(Y(28) = xe1¥) Belle [657]: 0.77 + 0.08 £ 0.09 0.77 £ 0.12
BB~ — ¥(2)K™) x By (2S) = xe2¥) Belle [657]: 0.63 £ 0.09 + 0.06 0.63 £ 0.11
BB~ — ¢ (25)K*(892)") BABAR[10]: 0.592 + 0.085 =+ 0.089 0.592 + 0.123
BB~ — ¢y (2S)K ntm™) Belle [735]: 0.431 + 0.020 + 0.050 0.431 + 0.054
B(B~ — ¢ (3770)K ™) Belle [732]: 0.48 + 0.11 + 0.07 0.45 + 0.12
BABAR [706]: 0.35 &+ 0.25 + 0.03
B(B~ — ¢(3770)K ™) x B(¥(3770) — Dt D7) BABAR [643]: 0.084 & 0.032 + 0.021 0.084 + 0.038
BB~ — ¥(3770)K ~) x B(y(3770) — D°DY) BABAR[643]: 0.141 + 0.030 + 0.022 0.141 + 0.037
BB~ = xo0K™) Belle [737]: 0.60 7074 + 0.11 0.200 =+ 0.044
BABAR [706]: <0.18
BABAR [273]: 0.184 £ 0.032 + 0.031
B(B~ — x«0K*(892)7) BABAR[658]: <2.86 0.14 £ 0.05
BABAR [659]: 0.14 + 0.05 + 0.02
BB~ = xa1K7) CDF [734]: 1.55 + 0.54 & 0.20 0.479 + 0.023
Belle [660]: 0.494 £ 0.011 % 0.033
BABAR [706]: 0.80 & 0.14 =+ 0.07
BABAR [661]: 0.45 £ 0.01 =+ 0.03
BB~ — xc1K*(892)7) Belle [664]: 0.41 £ 0.06 + 0.09 0.30 £ 0.06
BABAR [661]: 0.26 & 0.05 + 0.04
BB~ — xc1 K70 Belle [662]: 0.329 + 0.029 + 0.019 0.329 + 0.035
BB~ — xa1K°7™) Belle [662]: 0.575 £ 0.026 + 0.032
BABAR [663]: 0.552 + 0.026 + 0.061 0.569 + 0.035
BB~ — xa K ntn™) Belle [662]: 0.374 £ 0.018 + 0.024 0.374 + 0.030
B(B™ — x2K°77) Belle [662]: 0.116 =+ 0.022 + 0.012 0.116 £ 0.025
BB~ — xoK ntn™) Belle [662]: 0.134 £ 0.017 % 0.009 0.134 £ 0.019
B(B~ — n.K™) Belle [665]: 1.25 + 0.14 7030
BABAR [706]: 0.87 + 0.15 0.92 + 0.14
BABAR [667]: 1.29 4 0.09 + 0.38
B(B~ — n.K*(892)7) BABAR [666]: 1.21 7033 040 1217577
BB~ — 1.28)K™) BABAR [706]: 0.34 £ 0.18 £ 0.03 0.34 £ 0.18
Table 162 Decays to charmonium other than J /4 and one kaon I [10]
Parameter Measurements Average
BB~ — x2K™) Belle [660]: 1.11 7538 + 0.09 1.08 £ 0.31
BABAR [661]:1 £ 1 4 0
B(B~ — xa2K*(892)) BABAR [661]: 1.1 &+ 4.3 £ 5.5 11470
B(B~ — h(1P)K™) x B(he(1P) = 1cy) BABAR [668]: <4.8 <48
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Table 163 Decays to charmonium other than J /4 and one kaon IIT [10~¢]

Parameter Measurements Average
BB~ — K~ n¢) x B(ne — K°K+xt) Belle [738]: 0.267 + 0.014 7093 0.267 003
BB~ — n:K~) x B(n. — pp) Belle [739]: 1.42 + 0.11 7036
BABAR [740]: 1.8 703 + 0.2 1.53 £ 0.18
B(B~ — nc.K™) x B(ne — AA) Belle [739]: 0.95 7025 T0-98 0.95 03¢
B(B~ — K~ 1:(25)) x B(-(2S) — K'K~n™) Belle [738]: 0.034 70022 70.002 0.034 70033
B(B~ — h(1P)K™) Belle [741]: <3.8 <3.8
BB~ — he(1P)K™) x B(he(1P) — J/ymTn™) BABAR([736]: <3.4 <3.4
Table 164 Decays to charmonium and light mesons [1073]
Parameter Measurements Average
BB~ = J/yr7) LHCb [742]: 3.88 + 0.11 =+ 0.15
Belle [646]: 3.8 £ 0.6 £ 0.3 4.04 £ 0.17
BABAR[743]: 5.37 £ 0.45 + 0.24
BB~ — J/ym— % BABAR [669]: <0.73 <0.73
B(B~ — J/yp~(770)) BABAR[669]:5 £ 1 £ 0 5+£1
BB~ — ¢(2S)r7) LHCb [742]: 2.52 + 0.26 % 0.15 2.52 + 0.30
B(B™ — xcom™) BABAR [744]: <6.1 <6.1
B(B™ — xc17m7) Belle [745]: 2.2 £ 0.4 £ 0.3 22+ 0.5
Table 165 Decays to J /v and a heavy mesons [107]
Parameter Measurements Average
BB~ — J/y D7) BABAR[682]: <1.2 <12
B(B~ — J/y D7) Belle [681]: <0.25 <0.25
BABAR [736]: <0.52
Table 166 Decays with baryons I [107]
Parameter Measurements Average
B(B~ — J/YAp) Belle [679]: 1.16 + 0.28 7028 1.16 £ 0.31
BABAR [680]: 1.16 7013 042
BB~ — J/¥x%p) Belle [679]: <1.1 <l1.1
Table 167 Decays with baryons IT [107°]
Parameter Measurements Average
BB~ — J/Yyppr™) LHCb [678]: <0.50 <0.50
. _ - . 0.3 0.5
B(B~ — J/YK™) x B(J/Y — AA) Belle [739]: 2.0 703 £ 0.3 20103
BB~ — J/YK™) x BU /¥ — pp) Belle [739]: 2.21 + 0.13 + 0.10
BABAR [740]:2.2 + 0.2 + 0.1 221 + 0.13
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Table 168 Relative decay rates I

Parameter Measurements Average

BB~ — J/YyK*(892)")/B(B~ — J/¥K™) CDF [683]: 1.92 + 0.60 & 0.17 1.38 £ 0.09
BABAR [10]: 1.37 + 0.05 4 0.08

BB~ — J/YK(1270)7)/B(B~ — J/YyK™) Belle [653]: 1.80 £ 0.34 + 0.34 1.80 £ 0.48

B(B~ — J/y K (1400))/B(B~ — J /¥ K1(1270)7) Belle [653]: <0.30 <0.30

BB~ — ¢(2S)K™)/B(B~ — J/Y¥K™) LHCb [685]: 0.594 + 0.006 £ 0.022 0.598 + 0.022
DO [746]: 0.65 £ 0.04 + 0.08

BB~ — ¢ (28)K*(892)7)/B(B~ — ¥ (2S)K™) BABAR[10]: 0.96 £ 0.15 & 0.09 0.96 £ 0.17

BB~ — xc0K™)/B(B~ — J/YK™) Belle [737]: 0.60 7034 + 0.09 0.60 7033

BB~ — x1K*(892)7)/B(B~ — xc1K™) BABAR[10]: 0.51 £ 0.17 & 0.16 0.51 % 0.23

B(B~ — xc1 K°n7)/B(B~ — J/¥K°7™) BABAR[663]: 0.501 + 0.024 + 0.055 0.501 £ 0.060

BB~ — n.K™)/B(B~ — J/YK™) BABAR [706]: 1.06 + 0.23 £ 0.04 1.12 + 0.20
BABAR [667]: 1.28 & 0.10 £ 0.38

[B(B~ = n.K™) x Bne = pp)1/[B(B~ — J/WK™) x B(J/¥ — pp)] LHCb [747]: 0.578 + 0.035 & 0.027 0.578 + 0.044

Table 169 Relative decay rates 11

Parameter Measurements Average

BB~ — J/Yyrn7)/B(B™ — J/YyK™)

[B(B™ — ¥ (2)K™) x B(y(25) — pp)l/

[B(B™ = J/YK™) x B(J/¥ — pp)]

B(B™ = et )/B(B~ = xc1K7)

[B(B™ = he(1P)K™) x B(he(1P) = ncy)l/B(B™ — nc.K™)

CDF [748]: 0.050 T019 £ 0.001
CDF [749]: 0.0486 =+ 0.0082 + 0.0015
BABAR [743]: 0.0537 £ 0.0045 =+ 0.0011

LHCb [747]: 0.080 &+ 0.012 & 0.009

Belle [745]: 0.043 + 0.008 + 0.003
BABAR [668]: <0.052

0.0524 £ 0.0040

0.080 £ 0.015

0.043 £ 0.009
<0.052

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Summer 2016
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1073
Fig. 128 Summary of the averages from Table 159
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Fig. 129 Summary of the averages from Table 160
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S P — T H— |
BB K (892) )| = S T ]
IR I A R T |
B(B~ X K*(892)7) |- P e TR :
BB —=xaK m) | -0- """"""""""""""""" ————————————————————— ———————————————————— .
B(B7‘>Xd[(07‘f)""""""""""""""3".' """"""""""" """""""""""""" """""""""""""" .
R | S T - e e f
B(B’—>x52f?"7r’)*"'0""""""""""3 """"""""""""""""" ————————————————————— ———————————————————— .
S A A S |
B(B—WK) rrrrrrrrrrrrrrr —0— rrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrr |

BBk (92 ) f s
B(B™—H]o(28) K ™) |-+ o 1
0.0 0.5 1.0 1.5 2.0
1073

Fig. 130 Summary of the averages from Table 161
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107°

Fig. 131 Summary of the averages from Table 162
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BB~ =K 1) X Bne—KOK t) | i R, ST T I ST SR LEW"E’ZEM

BB~ ) % B1mspB) | ]

BB~ 50K ) x B AK) [-ooooio —— T ]
B(B~ K 1.(25)) X B1(25) KK ) i T 1
BB —h.(1P)K") ¢ -

BB —h APK ) < B(h (117 im 7 ) 1 T 1

0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0
107°

Fig. 132 Summary of the averages from Table 163

BB~ —=J /i) oo U SO U _‘._ ,,,,,,,,,,,,,,,,,,,, S Summer 2016
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B(B™—=(28)m™) | + ———————————————————————————————————————————————————————————————— .
BB —xam) ‘ ‘ ‘ ‘ ‘ R .
T | E— o —— S S— A— f
I I I I I I
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107
Fig. 133 Summary of the averages from Table 164
Summer 2016
B(B~—=J/yD™)
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107!
Fig. 134 Summary of the averages from Table 165
L R e 1 o — ]
B(B~—J/45°p) FS R S 1
I I I I \ I I
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Fig. 135 Summary of the averages from Table 166
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B(B~—.J/yppr)
B(B™—JJpK )  BJJ—sAR) oo rrrrrrrrrrrrrrrrrrrrrrrrr

B(B™—=J/$K ™) x B(J/¢—pp)

Summer 2016

0.0 0.5 1.0 1.5

Fig. 136 Summary of the averages from Table 167

B(B~—J/$K*(892))
BB —J/0K )

B(B~—J/¢¥K;(1270)7)

B(B~—J/¢K; (1400)) ¢

BB —J/PK,(1270) )

B(B~—$(25)K )
BB —J/UK )

B(B~—¥(25)K*(892)")
BB —v(25)K )

BB —ywK ")
BB —J/YK )

B(B~—xa K*(892)")
BB —xaK )

B(B™—=xa K1)
B(B~—J/¢yK'n™)
B(B~—n.K™)
BB SJ/K )

B(B~—n.K ™) x B(n.—pp)
BB =J/9K ) x B(Jo—pp)

0.0

Fig. 137 Summary of the averages from Table 168

B(B™—J/yr)
BB —J/YK ")

B(B~—(25)K ™) x B(1(2S)—pp)
B(B~—J/VK ") x B(J/p—pp)

B(B~—xa7)

B(B™=xaK™)

B(B~—h.(1P)K ") x B(h.(1P)—n.y)

B(B~—n.K")

I I
0.00 0.02 0.04 0.06

Fig. 138 Summary of the averages from Table 169

6.2.4 Decays to charm baryons

Averages of B~ decays to charm baryons are shown in Tables 170, 171, 172 and Figs. 139, 140.
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Table 170 Absolute (product) decay rates [10™4]

Parameter Measurements Average

B(B~ — ATAZK™) Belle [693]: 6.57)9 + 3.6 4.1 £32
BABAR [694]: 11.4 + 1.5 &+ 6.2

BB~ — E%AD) x B(E? — £~ n™) Belle [699]: 0.48 70:05 + 0.16 0.221 =+ 0.089
BABAR [694]: 0.208 % 0.065 %+ 0.061

BB~ — Afprn™) Belle [690]: 1.87 7543 + 0.56 2.08 + 0.69
BABAR [697]: 3.38 4 0.12 + 0.89

BB~ — 2%p) Belle [690]: 0.45 75025 + 0.14 0.457039

B(B~ — 20p) Belle [690]: <0.46 <0.46

B(B~ = Sftpn—n7) BABAR[750]: 2.98 & 0.16 + 0.78 2.98 + 0.80

Table 171 Relative decay rates I

Parameter Measurements Average

B(B~ — Afprn7)/B(B® — Afp) BABAR [697]: 15.4 + 1.8 + 0.3 154 + 1.8

Table 172 Relative decay rates 11

Parameter Measurements Average

B(B~ — 2.(2455)°p)/B(B~ — A} pr™) BABAR[697]: 0.123 + 0.012 + 0.008 0.123 £ 0.014

B(B~ — £.(2800)°p)/B(B~ — Afpr™) BABAR [697]: 0.117 £ 0.023 + 0.024 0.117 £ 0.033

BB~ —AFACK") |-

T
,,,,,,,,, : : : : ¢ 3 : .| Summer 2016

B(B~—E0A) x BESSEmt) [ i 0 OO0 PO OO NSO OOOE SRRSO
BB~ —=Apr )b —.— rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
] S S S— S S— A— S —
] PRI B S— S E— S— SR —
B(B-=Xttprm )bt . rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
104
Fig. 139 Summary of the averages from Table 170
Summer 2016
BB~ —=%.(2455)%) | o —¢ i = a
B(B-—A[pr) :
B(B~—X,(2800)°p) :
B(B~—A[pr™) o ‘ : T 1
i i i i i i i
0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16

Fig. 140 Summary of the averages from Table 172
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6.2.5 Decays to other (XY Z) states

Averages of B~ decays to other (XY Z) states are shown in Tables 173, 174, 175, 176, 177, 178 and Figs. 141, 142, 143, 144,

145.

Table 173 Absolute decay rates [10~4]

Parameter Measurements Average

B(B~ — X(3872)K™) BABAR[706]: <3.2 <32

Table 174 Product decay rates to X (3872) 1 [107%]

Parameter Measurements Average

B(B~ — X(3872)K ™) x B(X(3872) — D*(2007)°D?) BABAR[643]: 1.67 + 0.36 + 0.47 1.67 £ 0.59

B(B~ — X(3872)K ™) x B(X(3872) — D'D%7%) Belle [732]: <0.6 <0.6

B(B~ — X(3872)K ™) x B(X(3872) — D°D?) Belle [732]: <0.6 <0.6

B(B~ — X(3872)K™) x B(X(3872) — D+ D7) Belle [732]: <0.4 <0.4

Table 175 Product decay rates to X (3872) 11 [1073]

Parameter Measurements Average

B(B~ — K~ X(3872)) x B(X(3872) — J/yntm™) Belle [751]: 0.861 + 0.062 + 0.052 0.857 £ 0.073
BABAR [704]: 0.84 4+ 0.15 £ 0.07

B(B~™ — X(3872)K™) x B(X(3872) — J /v w(782)) BABAR[651]: 0.6 + 0.2 + 0.1 0.6 + 0.2

B(B~ — X(3872)K ™) x B(X(3872) — J/vrn) BABAR [655]: <0.77 <0.77

B(B~ — X(3872)K ™) x B(X(3872) — J/¥y) Belle [660]: 0.178 T0-07% + 0.012 0.204 & 0.041
BABAR [661]: 0.28 4+ 0.08 + 0.01

B(B~™ — X(3872)K*(892)7) x B(X(3872) — J/v¥y) BABAR[661]: 0.07 & 0.26 £ 0.01 0.07 £ 0.26

B(B~™ — X(3872)K ™) x B(X(3872) — ¥(25)y) Belle [660]: <0.345 0.95 £ 0.28
BABAR [661]: 0.95 4+ 0.27 £ 0.06

B(B~ — X(3872)K*(892)7) x B(X(3872) — ¥ (2S)y) BABAR[661]: 0.64 £+ 0.98 £+ 0.96 0.64 £ 1.37

B(B~™ — X(3872)K™) x B(X(3872) — xc1¥) Belle [657]: <0.19 <0.19

B(B~™ — X(3872)K ™) x B(X(3872) — xc2v) Belle [657]: <0.67 <0.67

Table 176 Product decay rates to neutral states other than X (3872) [1079]

Parameter Measurements Average

B(B~™ — X(3823)K™) x B(X(3823) = xc1¥) Belle [657]: 0.97 + 0.28 £ 0.11 0.97 £ 0.30

B(B~™ — X(3823)K ™) x B(X(3823) — xc2y) Belle [657]: <0.36 <0.36

B(B~™ — Y(3940)K ™) x B(Y(3940) — J/¢ry) BABAR [752]: <1.4 <14

B(B~ — Y(3940)K ~) x B(Y (3940) — J /¥ (782)) BABAR[651]: 3.0 707 702 3.0199

B(B~ — Y(4260)K ™) x B(Y (4260) — J/yrmtm™) BABAR([753]:2.0 £ 0.7 £ 0.2 2.0 £ 0.7

Table 177 Relative product decay rates to states with s§ component

Parameter Measurements Average

[B(B~ — X (4140)K ~) x B(X (4140) — J /¢ (1020)1/B(B~ — J/¥¢(1020)K ")  LHCb [754]: 0.130 + 0.032 7005 0.148 + 0.042

DO [755]: 0.21 £ 0.08 £ 0.04

[B(B~ — X(4274)K ™) x B(X (4274) — J /¥ (1020)1/B(B~ — J/¥¢(1020)0K~)  LHCb [754]: 0.071 + 0.025 *3 933

+0.043
0.071 = 35

@ Springer



Eur. Phys. J. C (2017) 77:895

Page 161 of 335 895

Table 178 Product decay rates to charged states [107°]

Parameter Measurements Average
B(B~ — X(3872)" K" x B(X(3872)~ — J/yn— ") BABAR [707]: <2.2 <22

B(B~ — Z(4430)"K°) x B(Z(4430)~ — J/yrm™) BABAR [708]: —0.1 £ 0.8 + 0.0 —-0.1 £ 0.8
B(B~ — Z(4430)~K%) x B(Z(4430)~ — ¢ (2S)n™) BABAR [708]: 2.0 £ 1.7 £ 0.0 2.0 £ 1.7

Summer 2016

B(B~—X(3872)K ) x B(X(3872)—D*(2007)°D) |- e ¢
B(B~—X(3872)K ~) x B(X(3872)—D°D"x?) (—| rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr
B(B-—X(3872)K ~) x B(X(3872)—D°D") (——| rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr
B(B~—X(3872)K ) x B(X(3872) D" D~ ) Jmmm -+ T
oz_l 0.5 1.0 15 2io 2.5
10
Fig. 141 Summary of the averages from Table 174
B(B~— K~ X(3872)) x B(X(3872)—J/tbmm =) |oovvoeioe rrrrrrrrrrrrrrr ,,,,,,,, -Q- ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, %
B(B~—X(3872) K ~) x B(X(3872)—J/thw(T82)) |- vvoio rrrrrrrrrrr + rrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ;
B(B~—X(3872) K ) x B(X(3872)—J/tbn) |---vvovviooee 4——| rrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ;
B(B~—X(3872)K ) x B(X(3872)—J/thy) |-+ voovviooees rrrrr ¢ rrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ;
B(B~—X(3872) K*(892) ) x B(X(3872)—J/thy) |----vrovvioonene + rrrrr rrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ;
B(B~—X(3872) K ~) x B(X(3872)—3h(2S)y) |-+ ovvbeooeens rrrrrrrrrrrrrrr rrrrr + rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ;
B(B~—X(3872)K*(892) ) x B(X(3872)=4(25)7) |- ¢ I SR 1
B(B~—X(3872) K ) x B(X(3872) 1) [vvmoeiomoens H ,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ]
B(B~—X(3872) K ) x B(X(3872)—xay) [vvmmeiomeens 4—| ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ]
10 05 oio oi5 1.0 15 2.0 2.5
1077

Fig. 142 Summary of the averages from Table 175
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B(B~—X(3823)K ) x B(X(3823)—x17) |- e ———
B(B~—X(3823)K ) x B(X(3823)—xcoy) f oo IS RITIRINE I IITIPINT :
B(B~—Y(3940)K ) x B(Y(3940)—J/1) | ISR A S S |
B(B~—Y(3940) K ~) x B(Y(3940)—J /¢puw(782)) |-+ T S N . & :
B(B~—sY(4260)K ~) x B(Y(4260)—J/¢m*m ) L e &— |
1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
10°°
Fig. 143 Summary of the averages from Table 176
f Summer 2016
B(B~—X(4140) K ) x B(X(4140)—.J/1)¢(1020)) :
B(B~—J/vé(1020)K ) [ o ]
B(B~—X(4274) K ) x B(X(4274)—.J /1$(1020))
BB —J/e(1020)K ) | . """""" 1
I I I I I I I I
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Fig. 144 Summary of the averages from Table 177
B(B~—X(3872)" K°) x B(X(3872) —J/tpm—m0) | < e R %
B(B~—2(4430)" K) x B(Z(4430)~—J/n ) | &—— S ]
B(B~—2(4430)~ K°) x B(Z(4430) ™ —h(28)7) f-vvovovvmeen AN ¢ — ]
i i i i
-1 0 1 2 3 4
107°
Fig. 145 Summary of the averages from Table 178
6.3 Decays of admixtures of B / B~ mesons
Measurements of B / B~ decays to charmed hadrons are summarized in Sects. 6.3.1-6.3.3.
6.3.1 Decays to two open charm mesons
Averages of B / B~ decays to two open charm mesons are shown in Table 179.
Table 179 B decays to double charm [10~4]
Parameter Measurements Average
B(B — D°DO7°K) Belle [633]: 1.27 + 0.31 7033 1271038
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6.3.2 Decays to charmonium states

Averages of BY/ B~ decays to charmonium states are shown in Tables 180, 181, 182, 183, 184 and Figs. 146, 147, 148, 149,

150.

Table 180 Decay amplitudes for parallel transverse polarization

Parameter Measurements Average

|A\||2(B — J/YK™) Belle [324]: 0.231 &+ 0.012 £ 0.008 0.219 £ 0.009
BABAR [323]: 0.211 + 0.010 £ 0.006

|A 2B = xc1K*) BABAR[323]: 0.20 & 0.07 + 0.04 0.20 4+ 0.08

|4 12(B — ¥ (25)K*) BABAR[323]: 0.22 £ 0.06 & 0.02 0.22 £+ 0.06

Table 181 Decay amplitudes for perpendicular transverse polarization

Parameter Measurements Average

[ALI?(B — J/WK*) Belle [324]: 0.195 & 0.012 £ 0.008 0.219 £ 0.009
BABAR([323]: 0.233 &+ 0.010 & 0.005

ALI?(B = xa1K*) BABAR [323]: 0.03 &+ 0.04 £ 0.02 0.03 £+ 0.04

|ALIZ(B — ¥ (2S)K*) BABAR [323]: 0.30 & 0.06 £ 0.02 0.30 £+ 0.06

Table 182 Decay amplitudes for longitudinal polarization

Parameter Measurements Average

[Aol?(B — J/¥K*) Belle [324]: 0.574 + 0.012 £ 0.009 0.564 £+ 0.010
BABAR [323]: 0.556 + 0.009 £ 0.010

[A4o12(B — xc1K*) BABAR[323]: 0.77 £ 0.07 &+ 0.04 0.77 £ 0.08

[Aol?(B — ¥ (2S)K*) BABAR[323]: 0.48 £ 0.05 £ 0.02 0.48 £ 0.05

Table 183 Relative phases of parallel transverse polarization decay amplitudes

Parameter Measurements Average

8| (B — J/YK¥) Belle [324]: —2.887 £+ 0.090 £ 0.008 —2.909 + 0.064

BABAR [323]: —2.93 £+ 0.08 £ 0.04

8| (B = xc1K™) BABAR[323]: 0.0 & 0.3 £ 0.1 0.0 £03

8| (B— v (2S)K™) BABAR[323]: —2.8 & 0.4 £ 0.1 —28 04

Table 184 Relative phases of perpendicular transverse polarization decay amplitudes

Parameter Measurements Average

81 (B— J/YK™) Belle [324]: 2.938 + 0.064 £+ 0.010 2.923 £ 0.043
BABAR [323]: 2.91 £ 0.05 £ 0.03

81(B— v(2S)K*) BABAR[323]:2.8 + 0.3 £ 0.1 28 £03

AR BT JPE) oo e A
A [F(Boxa K)o ~— 1
A [(BoP@S)K™) e ~— 1
0.10 0.i5 0.50 O.‘25

Fig. 146 Summary of the averages from Table 180
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9 Summer 2016
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Fig. 147 Summary of the averages from Table 181
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Fig. 148 Summary of the averages from Table 182
. Summer 2016
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Fig. 149 Summary of the averages from Table 183
Summer 2016
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Fig. 150 Summary of the averages from Table 184
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6.3.3 Decays to other (XY Z) states

Averages of B/ B~ decays to other (X Y Z) states are shown
in Table 185 and Fig. 151.

6.4 Decays of B mesons

Measurements of B? decays to charmed hadrons are sum-
marized in Sects. 6.4.1-6.4.4. These measurements require
knowledge of the production rates of B? mesons, usually
measured relative to those of B® and B~ mesons, in the
appropriate experimental environment. Since these produc-
tion fractions are reasonably well known, see Sect. 3.1, they
can be corrected for allowing the results to be presented in

Table 185 Absolute decay rates to X/Y states [1074]

terms of the absolute BY branching fraction, or the relative
branching fraction to a lighter B meson decay mode. This is
usually done in the publications; we do not make any attempt
to rescale results according to more recent determinations of
the relative production fractions. Ratios of branching frac-
tions of two decays of the same hadron do not require any
such correction.

6.4.1 Decays to a single open charm meson
Averages of B‘? decays to a single open charm meson are

shown in Tables 186, 187, 188, 189, 190, 191 and Figs. 152,
153, 154, 155, 156, 157.

Parameter Measurements Average
B(B — X(3872)K) x B(X (3872) — D*(2007)°D") Belle [756]: 0.80 &+ 0.20 £ 0.10 0.80 + 0.22
B(B — Y(3940)K) x B(Y (3940) — D*(2007)°DO) Belle [756]: <0.67 <0.67

B(B — KY(3940)) x B(Y (3940) — J /Y w(782)) Belle [757]: 0.71 £ 0.13 + 0.31 0.71 + 0.34

B(B—X(3872)K) x B(X(3872)—D*(2007)° D) |-----oooe- ————————

B(B—Y(3940)K) x B(Y(3940)—D*(2007)°D") ¢

T
‘ - Summer 2016

B(B—KY(3940)) x B(Y(3940)—J /tpw(T82)) |- +-+vovooovvoe S

0.0 0.2

Fig. 151 Summary of the averages from Table 185

Table 186 Decays to a Di*) and a light meson I [1073]

Parameter Measurements Average

B(BY — Dfn™) LHCb [758]: 2.95 £ 0.05 7033 3.03 + 0.25
Belle [29]: 3.67 7033 708

B(BY — D*m™) Belle [759]: 2.4 703 + 0.4 247107

B(BY — D p=(770)) Belle [759]: 8.5 7]3 + 1.7 8.57%

B(B? — D*tp=(770)) Belle [759]: 11.8 722 £ 2.5 11.8733

Table 187 Decays to a Dg*) and a light meson IT [1074]

Parameter Measurements Average
B(BY - DfK™) LHCb [758]: 1.90 + 0.12 1018 1.92 + 0.22
Belle [29]: 2.4 712 + 0.4
B(BY — DIt K™) LHCb [760]: 1.63 + 0.12 043 1.6370%
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Table 188 Decays to a D™ and a light meson I [10™]

Parameter Measurements Average
B(BY — DYK0) LHCb [761]: 4.3 &+ 0.5 + 0.8 43 +£09
B(BY — D*K?) LHCb [761]: 2.8 + 1.0 + 0.5 2.8 + 1.1
B(B? — DYK*0) LHCb [762]: 4.72 + 1.07 £ 0.96 472 + 1.44

Table 189 Decays to a D™ and a light meson II [107¢]

Parameter Measurements Average
B(B? — D*(2010)* nF) LHCb [763]: <6.1 6.1
B(B] — D" fy(980)) LHCb [764]: <3.1 <31

Table 190 Relative decay rates I

Parameter Measurements Average
B(B? — Dfn~)/BB° — D*n™) CDF [765]: 1.13 + 0.08 + 0.23 1.13 £ 0.25
B(BY - Dfntn=n7)/B(B? — D7) LHCb [616]: 2.01 + 0.37 £ 0.20 2.01 £ 0.42
B(B? — Dfntn~n7)/B(B® — D¥ntrn—n") CDF [765]: 1.05 + 0.10 £+ 0.22 1.05 + 0.24
B(B? — DYk*)/B(B° — Dp?) LHCb [762]: 1.48 &+ 0.34 + 0.19 1.48 + 0.39
B(B? — D°k*)/B(B° — DYK*0) LHCb [766]: 7.8 + 0.7 + 0.7 7.8 £ 1.0
B(B? — DYK*+7x~)/B(BY — Dz~ n™) LHCb [618]: 1.18 & 0.05 + 0.12 1.18 + 0.13

Table 191 Relative decay rates IT [102]

Parameter Measurements Average
B(B? — DfK~)/B(BY — Din™) LHCb [621]: 7.52 + 0.15 £ 0.19 7.55 £+ 0.24
CDF [767]: 9.7 &+ 1.8 &+ 0.9
B(B? — Dt K~)/B(B® — Ditn™) LHCb [760]: 6.8 + 0.5 793 6.810¢
B(BY - DfK~ntn~)/B(B® - Din—ntn™) LHCb [617]: 5.2 & 0.5 & 0.3 52 + 0.6
B(B? — D% (1020))/B(B° — DYK*0) LHCb [766]: 6.9 &+ 1.3 £+ 0.7 6.9 + 1.5
[B(B? — Din™) x B(D}, — Dfn=nt)1/BB® — Dfn~ntn~) LHCb [617]: 0.40 & 0.10 £ 0.04 0.40 + 0.11
B(B' D m ) | S S S U SR S . E“mme’ﬂ’gﬁ
S S . . . . . . .
BBID: w ) fo —— ST AR R T S—
B(BY—D; p(TT0)) oo e T —5 — s e
B(BY=D; * p (TT0) | S— SS— S——— - i . A—
; ; ; ; ; ; ;
0 2 4 6 8 10 12 14 16
1073

Fig. 152 Summary of the averages from Table 186
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Fig. 153 Summary of the averages from Table 187
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Fig. 154 Summary of the averages from Table 188
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Fig. 155 Summary of the averages from Table 189
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Fig. 156 Summary of the averages from Table 190
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Fig. 157 Summary of the averages from Table 191
6.4.2 Decays to two open charm mesons
Averages of B? decays to two open charm mesons are shown in Tables 192, 193, 194 and Figs. 158, 159, 160.
Table 192 Absolute decay rates [1072]
Parameter Measurements Average
B(B? - DI D;) CDF [768]: 0.49 + 0.06 =+ 0.09 0.52 £ 0.09
Belle [20]: 0.58 7003 & 0.13
B(B? — D} D) LHCb [769]: 1.35 + 0.06 + 0.17
CDF [768]: 1.13 £ 0.12 £+ 0.21 1.38 + 0.17
Belle [20]: 1.76 7033 + 0.40
B(B? — D+ D) LHCb [769]: 1.27 &+ 0.08 + 0.17
CDF [768]: 1.75 £ 0.19 £ 0.34 1.32 £ 0.18
Belle [20]: 1.98 7033 T0-31
B(B? - DM D) LHCb [769]: 3.05 £ 0.10 & 0.39 3.19 £ 0.37
DO [206]: 3.5 &+ 1.0 £+ 1.1
CDF [768]: 3.38 + 0.25 & 0.64
. 0.42 +1.04
Belle [20]: 4321035 T 03
Table 193 Relative decay rates I
Parameter Measurements Average
B(B? — D~DT)/B(B® — D~D%) LHCb [639]: 1.08 & 0.20 + 0.10 1.08 + 0.22
B(B® — D D)/B(B" — D; D") LHCb [639]: 0.56 + 0.03 + 0.04 0.56 + 0.05
Table 194 Relative decay rates II [1072]
Parameter Measurements Average
B(B? — DfD™)/B(B® — D} D7) LHCb [639]: 5.0 &+ 0.8 &+ 0.4 5.0 £ 0.9
B(B? — DD /B(B~ — D°D;) LHCb [639]: 1.9 & 0.3 &+ 0.3 1.9 £ 04
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Fig. 158 Summary of the averages from Table 192
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Fig. 159 Summary of the averages from Table 193

B(B"—DF D)
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B(B'~D'DY) ¢
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Fig. 160 Summary of the averages from Table 194

6.4.3 Decays to charmonium states

Averages of E? decays to charmonium states are shown in Tables 195, 196, 197, 198, 199 and Figs. 161, 162, 163, 164, 165.

Table 195 Absolute decay rates I [104]

Parameter Measurements Average
B(BY — J/ym) Belle [770]: 5.10 + 0.50 747 51072
B(BY — J/yn') Belle [770]: 3.71 + 0.61 7% 371509
B(BY — J/¥¢(1020)) LHCb [771]: 10.5 + 0.1 £ 1.0 10.0 + 0.9
CDF [683]:9.3 + 2.8 + 1.7
Belle [772]: 12.5 &+ 0.7 + 2.3
B(BY — J/yK°K* 7F) LHCb [649]: 9.1 &+ 0.6 & 0.7 9.1 £0.9
B(B® — J /¥ f0(980)) x B(f(980) — mFm™) Belle [28]: 1.16 7035 7032 1.16 704
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Table 196 Absolute decay rates IT [107]

Parameter Measurements Average

B(BY — J/¥K®) LHCb [773]: 3.66 + 0.42 + 0.37 3.61 £ 0.46
CDF [774]: 3.5 £+ 0.6 + 0.6

B(BY — J /¥ K*) LHCb [775]: 4.17 £ 0.18 + 0.35 415 + 0.40
CDF[774]: 83 + 1.2 + 3.6

B(BY — J/ypp) LHCb [678]: <0.48 ~0.48

B(B) — J/yf1(1285)) LHCb [671]: 7.14 % 0.99 053 7.14 4130

B(BY — J/yKnFa™) LHCb [649]: <4.4 44

B(BY — J/yK°KTK"™) LHCb [649]: <1.2 <12

B(BY — /v fo(1370)) x B(fo(1370) - 77 ~) Belle [28]: 3.4 +1-1 0 3.4+14

B(BY — J/¥f1(1285)) x B(f1(1285) — nwtx~ntn™)

B(BY — J/¥y)

—1.4 -0.5

LHCb [671]: 0.785 + 0.109 75957

LHCb [676]: <0.73

~1.5
+0.141

0.785 29’149

<0.73

Table 197 Relative decay rates [

Parameter Measurements Average
B(BY — J/yn)/B(B® — J /yrp) LHCb [684]: 14.0 + 1.2%1 14.0 29

B B . 1.1 16
B(B) — J/¥n)/B(B° — J/vp) LHCb [684]: 12.7 + 1.1 7} 127416
BB} — J/WKgK=7¥) /BB — J [y ) LHCb [649]: 2.12 £ 0.15 + 0.18 212 + 023

Table 198 Relative decay rates 11

Parameter Measurements Average
B(BY — J/yn) /BB — J/yn) Belle [770]: 0.73 4 0.14 + 0.02 0.73 £+ 0.14
B(BY — J/yn')/BBY — J/yrm) LHCb [684]: 0.90 £ 0.09 7599 0.90 704
B(BY — J /Y f3)/B(B? — J/y$(1020)) LHCb [776]: 0.264 £ 0.027 £ 0.024 0.246 + 0.031
DO [777]: 0.19 & 0.05 £ 0.04
B(BY — J/yatrn™)/B(BY — J/y$(1020)) LHCb [778]: 0.162 £ 0.022 £ 0.016 0.162 + 0.027
BB — v (2S)ntn=/BBY — J/yntm~ LHCb [686]: 0.34 4 0.04 + 0.03 0.34 + 0.05
B(B? — ¥ (285)¢(1020))/B(B® — J/¥¢(1020)) LHCb [685]: 0.489 =+ 0.026 =+ 0.024
DO [746]: 0.55 & 0.11 + 0.09 0.494 + 0.034
CDF [779]: 0.52 # 0.13 £ 0.07
BB — J/YKInTn)/B(B® > J/ynTnT) LHCbD [649]: <0.10 <0.10

[B(BY — J /¥ f0(980)) x B(fo(980) — 77 7)1/
[B(BY — J/¥¢(1020))) x B(¢ — KTK7)]

. +0.046 4-0.027
LHCb [778]: 0.252 +0:046 +0.027

DO [780]: 0.275 & 0.041 & 0.061
CMS [781]: 0.140 £+ 0.008 £ 0.023
CDF [128]: 0.257 &+ 0.020 & 0.014

0.207 £ 0.016 CL = 3.8 %
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Table 199 Relative decay rates ITI [102]

Parameter Measurements Average
B(B? — J/YyK/BB® — J/YKD) LHCb [773]: 4.20 + 0.49 + 0.40 4.20 + 0.63
B(BY — J/¥¢(1020)¢(1020))/B(BY — J /¢ (1020)) LHCb [782]: 1.15 £ 0.1275:93 1157913
B(B? — ¢ (2)K*tn~)/B(B® — ¢ (2S)Ktmn™) LHCb [783]: 5.38 & 0.36 =+ 0.38 5.38 + 0.52
B(B? — v (25)K*0)/B(B® — v (25)K*?) LHCb [783]: 5.38 + 0.57 + 0.51 5.38 + 0.77
B(B? — J/YKIKTK™)/B(B® — J/ymtn™) LHCb [649]: <2.7 <2.7

[B(BY — J/¥£0(500)) x B(fo(500) — m*+7 7)1/ LHCb [784]: <3.4 <34

[B(B) — J/¥f0(980))) x B(fo(500) — 7Fx7)]

B(BY—=J/apm) |evveeeeeeeeeee rrrrrrrrrrrrrrrrrrr —Q—— ——————————————————— ——————— E“mme’z"gﬁ
B(BY—=J /i) foveeveeeeeeoe """" —0— """""" """""""""" """"""""" 7
B(BY—J/th¢(1020)) f-oovveveieie """""""""" """""""""" """"" —0— """" .
BBI—=J/YK K= mT) Lo """""""""" """""""""" —0— """"""""" 7
B(B)—J/ f5(980)) x B(f5(980)—m ) f----- -0— """""""""" """""""""" """""""""" """"""""" .
0 ﬁ 21 é é 1‘0 12
1074

Fig. 161 Summary of the averages from Table 195
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Fig. 162 Summary of the averages from Table 196
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Fig. 163 Summary of the averages from Table 197
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Fig. 164 Summary of the averages from Table 198
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Fig. 165 Summary of the averages from Table 199
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Table 200 Decays to one charm baryon [1074]

Parameter Measurements Average
B(BY — A} An™) Belle [785]: 3.6 + 1.11]3 3.6719
Table 201 Decays to two charm baryons

Parameter Measurements Average

B(B? — A7 AF)/B(BY — D™ DF) LHCb[703]: <0.30 <0.30

6.4.4 Decays to charm baryons

Averages of 3? decays to charm baryons are shown in
Tables 200 and 201.

6.5 Decays of B mesons

Measurements of B~ decays to charmed hadrons are summa-
rized in Sects. 6.5.1-6.5.2. Since the absolute cross-section
for B, meson production in any production environment is
currently not known, it is not possible to determine abso-
lute branching fractions. Instead, results are presented either
as ratios of branching fractions of different B decays, or
are normalised to the branching fraction of the decay of a
lighter B meson (usually B™). In the latter case the mea-

Table 202 Relative decay rates I

sured quantity is the absolute or relative B branching frac-
tion multiplied by the ratio of cross-sections (or, equivalently,
production fractions) of the B_ and the lighter B meson.

It should be noted that the ratio of cross-sections for dif-
ferent b hadron species can depend on production environ-
ment, and on the fiducial region accessed by each exper-
iment. While this has been studied for certain » hadron
species (see Sect. 3.1), there is currently little published data
that would allow to investigate the effect for B, mesons.
Therefore, we do not attempt to apply any correction for this
effect.

6.5.1 Decays to charmonium states

Averages of B decays to charmonium states are shown in
Tables 202, 203, 204, 205 and Figs. 166, 167.

6.5.2 Decays to a B meson

Averages of B, decays to a B meson are shown in Table 206.
6.6 Decays of b baryons

Measurements of b baryons decays to charmed hadrons
are summarized in Sects. 6.6.1-6.6.3. Comments regard-
ing the production rates of BY and B mesons relative

to lighter B mesons, in Sects. 6.4 and 6.5 respectively,
are also appropriate here. Specifically, since the cross-

Parameter Measurements Average
BB, — J/¥yD;)/B(B; — J/ym™) LHCb [786]: 2.90 £ 0.57 & 0.24 3.09 £ 0.55

ATLAS [787]:3.8 £ 1.1 £ 0.4
B(BS — J/Yy D}~ /B(BS — J/¥Dy) ATLAS [787]:2.8 733 + 0.3 28703
BB — J/y D /BB — J/yr™) ATLAS [787]: 104 + 3.1 £ 1.6 104 £+ 3.5
BB — J/ynta~n")/B(BS — J/yn™) LHCb [788]:2.41 + 0.30 £ 0.33

CMS [789]: 2.55 + 0.80 7933 2.44 £ 040
Table 203 Relative decay rates 11
Parameter Measurements Average
BB, — J/YK™)/B(B; — J/yn™) LHCb [790]: 0.069 + 0.019 £ 0.005 0.069 £ 0.020
BB — J/yK~Ktn™)/B(BS — J/yn™) LHCb [791]: 0.53 &+ 0.10 £ 0.05 0.53 + 0.11
BB, — ¢y (2S)n™)/B(B; — J/yn™) LHCb [792]: 0.268 + 0.032 £ 0.009 0.268 £+ 0.033
Table 204 Relative production times decay rates [1073]
Parameter Measurements Average
[o(B) x B(Bf — J/yn7)]/[o(B™) x B(B~ — J/YK7)] LHCb [793]: 6.83 + 0.18 £ 0.09

LHCb [794]: 6.8 & 1.0 £ 0.6 6.72 £ 0.19

CMS [789]: 4.8 £ 0.5 £ 0.6
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Table 205 Decay rates times relative production rates [107°]

Parameter Measurements Average
[0(B)/o(B7)] x B(BS — xcom ™) LHCb [795]:9.8 T3¢ £ 0.8 9.8737

Summer 2016

B(B—J/yD) : : : :
BB [ S S R
B(B; —=J/yD:~
BB ST [ T N
B(B; —J/yD!~
BB =) [ L } ¢
B(B; —J/yrtr )
BB, »iun) | T + """""""""""""""""""""""""""""""""" .
1 1 1 1 1 1
0 2 4 6 8 10 12 14
Fig. 166 Summary of the averages from Table 202
B(B. —J/vK™) : Summer 2016
BB I | —— S .
B(B; —J/YK~K*r™)
A N o o : r—
BB, ~4(28)r) : : ?
BB =T [ o + """""""""""""""""""""""
i i i i i i
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Fig. 167 Summary of the averages from Table 203
Table 206 Decays to B? meson [1073]
Parameter Measurements Average
[o(B})/o(B%)] x B(B} — BVn) LHCb [796]: 2.37 + 0.31 7029 2.37 1931
Table 207 Relative decay rates to D mesons
Parameter Measurements Average
B(AY) — DpK=)/B(A) — D°pr™) LHCb [797]: 0.073 + 0.008 *{ 00> 0.07315:0%

[B(AY) — Dpr=) x B(D® — K+7 )]/
[B(A) — AFfn~) x B(AF — pK~nh)]
[fz0 x B(&) — DOpK’)]/[fA? x B(A) — DOpK7)]

LHCb [797]: 0.0806 + 0.0023 + 0.0035 0.0806 + 0.0042

LHCb [797]: 0.44 £ 0.09 £ 0.06 044 £ 0.11

section for production of Ag baryons is reasonably well-
known, it is possible to determine absolute or relative branch-
ing fractions for its decays (although some older measure-
ments are presented as products involving the cross-section).
The cross-sections for production of heavier b baryons
are not known, and therefore measured quantities are pre-
sented as absolute or relative branching fraction multiplied
by a ratio of cross-sections (or, equivalently, production
fractions).

@ Springer

6.6.1 Decays to a single open charm meson

Averages of b baryons decays to a single open charm meson
are shown in Table 207 and Fig. 168.

6.6.2 Decays to charmonium states
Averages of b baryons decays to charmonium states are

shown in Tables 208, 209, 210, 211, 212 and Figs. 169, 170,
171.
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B(A)—DpK~) I
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f=y x B(E)—DpK ")

Summer 2016
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Fig. 168 Summary of the averages from Table 207
Table 208 A2 decays to charmonium [10~4]
Parameter Measurements Average
B(AY) — J/ypK™) LHCb [798]: 3.17 £ 0.04 055 3.171935
B(A2 — J/YA) CDF [799]: 4.7 £ 2.1 £ 19 47 £28
Table 209 f;, times Ag decay to charmonium [1073]
Parameter Measurements Average
fa, X B(Ag — J/yA) DO [800]: 6.01 & 0.60 £ 0.64 6.01 £+ 0.88
Table 210 Relative A(b) decay rates
Parameter Measurements Average
B(Ag — w(ZS)A)/B(Ag — J/YA) ATLAS [801]: 0.501 £ 0.033 £+ 0.019 0.501 £+ 0.038

B(AY — J/Ypm™)/B(A) — J/ypK™)
B(A) — J/ymta~pK™)/B(A) — J/ypK~)
B(AY — ¥ (28)pK~)/B(AY — J/ypK~)

LHCb [802]: 0.0824 £ 0.0025 £ 0.0042
LHCb [803]: 0.2086 £ 0.0096 + 0.0134
LHCb [803]: 0.2070 £ 0.0076 £ 0.0059

0.0824 £ 0.0049
0.2086 £ 0.0165
0.2070 £ 0.0096

Table 211 Z,” and €2, decays to charmonium

Parameter

Measurements

Average

[0(5,) x B(E, — J/YE)/[0(A)) x B(A) — J/¢A)]

[0(,) x B, — J/¥Q)]/[0(A)) x B(A) — T/ A)]

CDF [45]: 0.167 T0:0537 4+ 0.012
CDF [45]: 0.045 T0:017 4+ 0.004

—0.012

+0.039
0.167 —0.028

0.017
0.045 0013

Table 212 Parity violation in Ag decays to charmonium

Parameter Measurements Average

ab(A(b) — J/yA) ATLAS [804]: 0.30 £ 0.16 &+ 0.06 0.30 £+ 0.17
T

0 : | | | | %

s AT e B e ann -

BAJ— T[] | o— — :

I I I \ I \
1 2 3 4 5 6 7 8
107

Fig. 169 Summary of the averages from Table 208
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Fig. 170 Summary of the averages from Table 210
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Fig. 171 Summary of the averages from Table 211

6.6.3 Decays to charm baryons

Averages of b baryons decays to charm baryons are shown in Tables 213, 214, 215, 216, 217 and Figs. 172, 173, 174, 175.

Table 213 Absolute decay rates [1072]

Parameter Measurements Average
B(A) — Afn™) LHCb [48]: 0.430 =+ 0.003 T003¢ 0.430 10:03¢
BA) — Afntn—n7) CDF [805]: 2.68 £ 0.29 *}3 2.68 1115
Table 214 Relative decay rates to A, I
Parameter Measurements Average
B(A) - Afn™)/B(B° — DTrn™) CDF [806]: 3.3 +£ 0.3 + 1.2 33+12
B(A) - Afntn—n™)/B(A) - Afn™) LHCb [616]: 1.43 + 0.16 & 0.13

CDF [805]: 3.04 £ 0.33 7070 1.55 £ 0.20
[B(E) — AFK™) x B(Af — pK~n )]/ LHCb [797]: 0.57 & 0.22 + 0.21 0.57 £ 0.30

[B(&) — D°pK~) x B(D* — K+77)]

Table 215 Relative decay rates to A, II [1072]
Parameter Measurements Average
B(A) - AFK™)/B(A) - Afn™) LHCb [797]: 7.31 + 0.16 + 0.16 7.31 £+ 0.23
B(A) - AFD7)/B(A) — A D)) LHCb [703]: 4.2 + 0.3 &+ 0.3 42404
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Table 216 Relative decay rates to excited or X, states

Parameter Measurements Average
[B(A) — Ac(2595)T77) x B(Ac(2595) — Afatn)]/B(A) — Afa*m~7~™) LHCb [616]: 0.044 £ 0.017 1000 0.044 0018

[B(AY) — Ac(2625)T77) x B(Ac(2625)" — Afntn)/BA) - Afntrn—n7)

[B(Ag — 2rtrT) x B(2? — Aﬁ'yf_)]/B(A?7 —> Afrtrn—n7)
[BA) - =7~ 77) x BEEST — ATa)1/BA) - Afnta—n7)

LHCb [616]: 0.043 £+ 0.015 £ 0.004
LHCb [616]: 0.074 £ 0.024 + 0.012
LHCb [616]: 0.042 £ 0.018 % 0.007

0.043 £ 0.016
0.074 £+ 0.027
0.042 £+ 0.019

Table 217 =), decay rates [10~4]

Parameter Measurements Average
[fs:/fa0) X B(Ey — Ajm™) LHCb [807]: 5.7 + 1.8 103 57530

B A ) b * — e e
BAY=Afatm ) o ————————————————— ——————————————————— O .
1 1 1 1 1 \ 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1072
Fig. 172 Summary of the averages from Table 213
BA)=AF77) Summer 2016
BB [ r———— i
BApA i r ) : :
BN | o —— o o o ]
B(E)—A; K ) x B(Af »pK 7*) : : : :
BE=DK )xBD'—K'x ) | ¢ e o o oy ]
1 1 1 1
0 1 2 3 4
Fig. 173 Summary of the averages from Table 214
BAJATK ) | | | | i i i | %
A [ o S R e U S S *
B(A)—A; D) : : : : : : : :
BaAD | — S o A S 1
1 1 1 1 1 1 1 1
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
1072

Fig. 174 Summary of the averages from Table 215
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B(AY—A(2595)777) x B(A(2595)F—AFata~) 3 3 *

BA)—Afntn )

B(A)—A(2625) ) x B(A.(2625) " >A 7 77) : 3 Py
BA)—=Afrtnn7)

BA) =20 77) x B(SY—AfnT)

BAJSA rm )

BAY=YS r ) x B(SH —Af7t) 3 3 ¢

BA)—=Afrtnn)

i i
0.02 0.03 0.04

Fig. 175 Summary of the averages from Table 216

7 B decays to charmless final states

This section provides branching fractions (BF), polarization
fractions, partial rate asymmetries (Acp) and other observ-
ables of B decays to final states that do not contain charm
hadrons or charmonia mesons. The order of entries in the
tables corresponds to that in PDG2014 [327], and the quoted
RPP numbers are the PDG numbers of the corresponding
branching fractions. The asymmetry is defined as
Np — Nj

=, (220)
Np + Nj

Acp
where N, (N}) is the number of hadrons containing a b (b)
quark decaying into a specific final state. This definition is
consistent with that of Eq. (104) in Sect. 4.2.1. Four dif-
ferent BY and BT decay categories are considered: charm-
less mesonic (i.e., final states containing only mesons), bary-
onic (only hadrons, but including a baryon-antibaryon pair),
radiative (including a photon or a lepton-antilepton pair)
and semileptonic/leptonic (including/only leptons). We also
include measurements of BY, B and b-baryon decays. Mea-
surements supported with written documents are accepted in
the averages; written documents include journal papers, con-
ference contributed papers, preprints or conference proceed-
ings. In all the tables of this section, values in red (blue) are
new published (preliminary) results since PDG2014. Results
from Acp measurements obtained from time-dependent
analyses are listed and described in Sect. 4.

Most of the branching fractions from BABAR and Belle
assume equal production of charged and neutral B pairs. The
best measurements to date show that this is still a reasonable
approximation (see Sect. 3). For branching fractions, we pro-
vide either averages or the most stringent upper limits. If one
or more experiments have measurements with > 4¢ for a
decay channel, all available central values for that channel
are used in the averaging. We also give central values and
errors for cases where the significance of the average value
is at least 3o, even if no single measurement is above 4o . For
Acp we provide averages in all cases. At the end of some of
the tables we give a list of results that were not included.
Typical cases are the measurements of distributions, such

@ Springer
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0.05

i i i i i
0.06 0.07 0.08 0.09 0.10

as differential branching fractions or longitudinal polariza-
tions, which are measured in different binning schemes by
the different collaborations, and thus cannot be directly used
to obtain averages.

Our averaging is performed by maximizing the likelihood,
L = []; Pi(x), where P; is the probability density function
(PDF) of the ith measurement, and x is, e.g., the branch-
ing fraction or Acp. The PDF is modelled by an asymmet-
ric Gaussian function with the measured central value as its
most probable value and the quadratic sum of the statistical
and systematic errors as the standard deviation. The experi-
mental uncertainties are considered to be uncorrelated with
each other when the averaging is performed. As mentioned
in Sect. 2, no error scaling is applied when the fit x 2 is greater
than 1, except for cases of extreme disagreement (at present
we have no such cases).

The largest improvement since the last report has come
from the inclusion of a variety of new measurements from
the LHC, especially LHCb. The measurements of B? decays
are particularly noteworthy.

Sections 7.1 and 7.2 provide compilations of branching
fractions of B and BT to mesonic and baryonic charm-
less final states, respectively, while Sect. 7.3 gives branching
fractions of b-baryon decays. In Sects. 7.4 and 7.5 various
observables of interest are given in addition to branching
fractions: in the former, branching fractions of Bf,)—meson
charmless decays, and in the latter observables related to
leptonic and radiative B and B* meson decays, including
processes in which the photon yields a pair of charged or neu-
tral leptons. Section 7.5 also reports limits from searches for
lepton-flavor/number-violating decays. Sections 7.6 and 7.7
give CP asymmetries and results of polarization measure-
ments, respectively, in various b-hadron charmless decays.
Finally, Sect. 7.8 gives branching fractions of B meson
decays to charmless final states.

7.1 Mesonic decays of B®and BT mesons

This section provides branching fractions of charmless
mesonic decays: Tables 218, 219 and 220 for BT and
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Tables 221, 222, 223 and 224 for B mesons. The tables
are separated according to the presence or absence of kaons
in the final state. Finally, Table 225 details several relative
branching fractions of B® decays.

Figure 176 gives a graphic representation of a selection of
high-precision branching fractions given in this section. Foot-
note symbols indicate that the footnote in the corresponding
table should be consulted.

Our Avg.
< 6300 %

— vV 7.2 Baryonic decays of Bt and B® mesons
This section provides branching fractions of charmless
é baryonic decays of Bt and B° mesons in Tables 226
and 227, respectively. Relative branching fractions are given
in Table 228.

Figures 177 and 178 show graphic representations of a
selection of results given in this section. Footnote symbols
indicate that the footnote in the corresponding table should

% be consulted.
@)
7.3 Decays of b baryons
A compilation of branching fractions of Ag baryon decays is
© given in Table 229. Table 230 provides the partial branch-
2 ing fractions of A) — Aptp~ decays. A compilation
of branching fractions of EI()) baryon decays is given in
Table 231.
FET é Figure 179 shows a graphic representation of branching
22 x b fractions of Ag decays. Footnote symbols indicate that the
f footnote in the corresponding table should be consulted.
o List of other measurements that are not included in the
5% % . _§ tables:
31V CT| sss
E E 5 o In Ref. [928], LHCb provides a measurement of the dif-
g % 8 ;; ferential Ag — Aptu~ branching fraction. It is given
&b RN in bins of m? (v ™) that are different from those used in
; T;; % g *2 the past by the LHCb and CDF collaborations (see table
§ § o o E %% E of differential branching fractions).
2 ‘3 "V‘ “\} ";3 Ele § e In the paper [929], LHCb measures the ratios
S0
TEE S X)B(E- — 507
i Z"Eg o(pp — &, X)B(&, — &Eyn )’
% R a(pp — EpX)
& £853 o(pp — B X)B(E}~ — 50
B +‘: o gé%; o(pp — &, X)B(E, — En~)
RS -
& ol B % ; 12 é e In the paper [930], LHCb measures the ratio
2|z . ﬁigié o(lpp — &, X)B(E,” — E)n7)
Szl 3 33l o(pp — EPX)
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Table 225 Relative branching fractions of charmless mesonic B® decays. Upper limits are at 90% CL. Where values are shown in red (blue), this indicates that they are new published

(preliminary) results since PDG2014

@ Springer

Our Avg.

LHCb

CDF

PDG2014 Avg.

Mode

RPP#

0.00416+0.00099
0.261£0.015

< 0.05
< 0.020

[884]
[898]

0.00398+0.00065£0.00042
0.262+0.009+0.017

< 0.05
< 0.020

[883]
[897]

0.01240.005+0.005
0.259+0.0174+0.016

BB - KtK)/B(B® - Kt7™)
B(B® - ntn~)/B(BY - K*tn™)

273

0.261£0.010

356

[888]
[887]

BB - K*FK*)/B(B® - K*tn™)

B(B® — KIK*)/B(B® — Kdntn) T

f Numerator includes two distinct decay processes: B(B° — f) + B(B? — f).

High Precision Charmless Mesonic B BF Measurements

HFLAV

b KK~
November 2016
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Fig. 176 Selection of high-precision charmless mesonic B meson
branching fraction measurements

7.4 Decays of B mesons

Tables 232 and 233 detail branching fractions and relative

branching fractions of B? meson decays, respectively.
Figures 180 and 181 show graphic representations of a

selection of results given in this section. Footnote symbols
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indicate that the footnote in the corresponding table should
be consulted.

List of other measurements that are not included in the
tables:

e BY — ¢utu~ : LHCb measures the differential BF in
bins of m?(u* 7). It also performs an angular analysis
and measures F7, S3, S4, S7, As, Ag, Ag and Ag in bins
of m*(ut =) [948].

° B? — ¢y : LHCb has measured the photon polariza-
tion [407].

7.5 Radiative and leptonic decays of B® and B+ mesons.

This section reports different observables for leptonic and
radiative B® and BT meson decays, including processes in
which the photon yields a pair of charged or neutral leptons.
Tables 234 and 235 provide compilations of branching frac-
tions of Btmesons to radiative, and lepton-flavor/number-
violating final states, respectively. Tables 236 and 237 pro-
vide compilations of branching fractions of BY mesons, and
B* /BY meson admixture, respectively. Table 238 contains
branching fractions of leptonic and radiative-leptonic B+ and
BO decays. It is followed by Tables 239 and 240, which give
relative branching fractions of B™ decays and a compilations
of inclusive decays, respectively. Table 241 contains isospin
asymmetry measurements.

Figures 182, 183, 184, 185, 186 and 187 show graphic
representations of a selection of results given in this sec-
tion. Footnote symbols indicate that the footnote in the cor-
responding table should be consulted.

List of other measurements that are not included in the
tables:

e BT — KTm~mty : LHCb has measured the up-down
asymmetries in bins of the Ky mass [1022].

e In Ref. [1023], LHCb has also measured the branch-
ing fraction of Bt — Kte~et in the m2(£¢) bin
[1,6] GeV?/c*.

e Inthe B* — 7Tt~ paper [966], LHCb has also
measured the differential branching fraction in bins of
m2(L0).

e For B — K¢~ ¢*, LHCb has measured Fy and Apg in
17 (5) bins of m?(¢£) for the K+ (K(S)) final state [1024].
Belle has measured F;, and Apg in 6 m2(££) bins [1025].

e Forthe B — K*{~ (% analyses, partial branching frac-
tions and angular observables in bins of m?(£¢) are also
available:

- B — K*0¢=¢T : LHCDb has measured Fj, A(Tz),
Al AR in the [0.002, 1.120]GeV?/c* bin of m?(££)
[1026], and has also determined the branching frac-
tion in the dilepton mass region [10, 1000]MeV/c?
[1023].

— B — K*{ (% :Belle has measured F;, Afg, isospin
asymmetry in 6 m2(£¢) bins [970] and P, PS’, P6’, Pé
in 4 mz(ﬁﬁ) bins [1025]. BABAR has measured Fp,
Afg, P> in 5 m?(£¢) bins [1027].

- BY - K*0u~ut : LHCb has measured F;, Afg,
S3 — So, A3 — Ag, Py — P3, P, — P in 8 m>(£0)
bins [1028]. CMS has measured F; and Apg in 7
m?(£¢) bins [1029].

e For B — X ¢ £* (X, is a hadronic system with an s
quark), Belle has measured App in bins of m?(£¢) with a
sum of 10 exclusive final states [1030].

e B —» Ktm—utp~, with 1330 < m(Ktn~) <
1530 GeV/c?: LHCb has measured the partial branch-
ing fraction in bins of m?(u~ ) in the range [0.1, 8.0]
GeV?/c*, and has also determined angular moments [1031].

7.6 Charge asymmetries in b-hadron decays

This section contains, in Tables 242, 243, 244, 245, 246 247,
compilations of CP asymmetries in decays of various b-
hadrons: BT, BY mesons, B+ / BY admixtures, B? mesons
and finally Ag baryons. Measurements of time-dependent CP
asymmetries are not listed here but are discussed in Sect. 4.

Figure 188 shows a graphic representation of a selection
of results given in this section. Footnote symbols indicate that
the footnote in the corresponding table should be consulted.

List of other measurements that are not included in the
tables:

e In the paper [1044], LHCb has measured the triple-
product asymmetries for the decays Ag — pr atmT
and A) - pr~KTK~.

7.7 Polarization measurements in b-hadron decays

In this section, compilations of polarization measurements in
b-hadron decays are given. Tables 248 (249) details measure-
ments of the longitudinal fraction, f;, in BT (BY) decays,
and Tables 250 (251) the results of the full angular anal-
yses of BT (B%) — ¢K* decays. Table 252 gives results
of the full angular analysis of B® — ¢K;‘0(143O) decays.
Tables 253, 254 and 255 detail quantities of B? decays: f1,
measurements, and observables from full angular analyses
of decays to ¢¢ and (])E*O.

Figures 189 and 190 show graphic representations of a
selection of results shown in this section. Footnote symbols
indicate that the footnote in the corresponding table should
be consulted (Table 256).

7.8 Decays of B} mesons

Table 257 details branching fractions of B, meson decays
to charmless hadronic final states.
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Table229 Branching fractions of charmless Ag decays in units of x 10~°. Upper limits are at 90% CL. Where values are shown in red (blue),
this indicates that they are new published (preliminary) results since PDG2014

RPP#  Mode PDG2014 Avg. CDF LHCb Our Avg.
19 pr” 3.5£0.8£0.6 3.5+0.840.6 [921] 3.5£1.0
20 Pk~ 5.5+1.0£1.0 5.5+1.0£1.0 [921] 5.5+1.4
21 At~ 1.73£0.4240.55 1.73£0.42£0.55 [922] 0.96+0.16£0.25 [923] 1.08+0.27
An 9.3%731 9241  9.3%13
Ay <31 [924] <31
Ad 5.1841.04£0.35T057 % [925] 518112
KOpn— 1.2640.1940.0940.3440.05 § [926] 1.2640.40
KOpK— <35 [926] <35
Antr” 4.6£1.2+1.440.6 T [927]  4.6+1.9
AK*™ 5.6+0.8+£0.8+0.7 f [927] 5.6+1.3
AKYK~ 15.9+£1.2+1.242.0°F [927] 15.9+£2.6

Results for CDF and LHCb are relative BFs converted to absolute BFs.
T Last quoted uncertainty is due to the precision with which the normalization channel branching fraction is known.
¥ Third uncertainty is related to external inputs.

§ Third uncertainty is from the ratio of fragmentation fractions fao/fq, and the fourth is due to the uncertainty on B(B® —
b

KOorta—).

1 Result at 68% CL.

Table 230 Partial branching fractions of Ag — T~ decays in intervals of q2 = m2(ut ™) in units of x 10~°. Where values are shown in
red (blue), this indicates that they are new published (preliminary) results since PDG2014

RPP# Mode

q* [GeV¥/c* T

PDG2014 Avg. CDF LHCb Our Avg.
21 Aptu= ¥ <20 0.15+2.01+£0.05 0.15+2.01£0.05 [922] 0.56£0.76£0.80 [923] 0.41+0.87
Autp~ [2.0,4.3] 1.8£1.7+0.6 1.8+1.74+0.6 0.71£0.60=£0.10 0.91+0.55
Autp~ [4.3, 8.68] —0.2+1.6+0.1 —0.2+1.6+0.1 0.66+0.72+0.16 0.40+0.62
ApTu” [10.09, 12.86] 3.0£1.5+1.0 3.0£1.5+1.0 1.55+0.5840.55 1.96+0.68
Autp~ [14.18, 16.00] 1.0£0.740.3 1.0£0.7£0.3 1.44+40.444-0.42 1.19+0.40
AuTpT > 16.00 7.0£1.9£2.2 7.0£1.9+2.2 4.7+£0.8+1.2 5.5+1.2

Results for CDF and LHCb are relative BFs converted to absolute BFs.
T See the original paper for the exact m?(utu~) selection.
¥ The LHCb measurement was superseded with a more accurate result in different m?(ut =) bins (see list of not-included results).

Table 231 Branching fractions of charmless &9

b

decays in units of

%1076, Upper limits are at 90% CL. Where values are shown in red
(blue), this indicates that they are new published (preliminary) results

since PDG2014
RPP# Mode PDG2014 Avg. LHCb Our Avg.
Antn~ < 1.7 [927] < 1.7
AKYm— <08 [927] <08
AKtK~ <03 [927] <03
KOpr— <16 [926] <16
KOpK— <11 [926] <1.1

Results for LHCb are relative BF's converted to absolute BF's

Branching Fractions of Charmless A, Decays
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Fig. 179 Branching fractions of charmless Ag decays
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Table 235 Branching fractions of charmless semileptonic BT decays to LFV and LNV final states in units of x 107°.

Upper limits are at 90% CL. Where values are shown in red (blue), this indicates that they are new published
(preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. BABAR LHCb Our Avg.
484 atetu¥ < 0.17 < 0.17 [976] <0.17
485 atett™ <74 <74 [977] <74
486 ate tt <20 < 20 [977] <20
487 ntetrT <75 <75 [977] <75
488 atutc™ < 62 < 62 [977] < 62
489 atu~tt < 45 < 45 [977] < 45
490 atutcF <72 <72 [977] <72
491 Ktetu™ < 0.091 < 0.091 [978] < 0.091
492 Kte ut <0.13 <0.13 [978] <0.13
493 Ktetu¥ < 0.091 < 0.091 [978] < 0.091
494 Ktett™ <43 <43 [977] <43
495 Kte tt <15 <15 [977] <15
496 KtetcF <30 <30 [977] <30
497 Ktute™ < 45 <45 [977] <45
498 Kttt <28 <28 [977] <28
499 Ktptc¥ <48 < 48 [977] <48
500 K*Tetu~ <13 <13 [978] <13
501 K*Temut < 0.99 < 0.99 [978] < 0.99
502 K*tetu® <14 <14 [978] <14
503 7 etet < 0.023 < 0.023 [979] < 0.023
504 Tt it < 0.013 < 0.107 [979] < 0.004 T [980] < 0.004
505 aetut <0.15 <0.15 [981] < 0.15
506 petet < 0.17 < 0.17 [981] < 0.17
507 p Tt < 0.42 < 0.42 [981] < 0.42
508 petut < 0.47 < 0.47 [981] < 0.47
509 K= eTet < 0.03 < 0.03 [979] < 0.03
510 K—ntu* < 0.041 < 0.067 [979] < 0.041 [982] < 0.041
511 K=etut < 0.16 < 0.16 [981] < 0.16
512 K*~etet < 0.40 < 0.40 [981] < 0.40
513 K*~utu* < 0.59 < 0.59 [981] < 0.59
514 K*=etut < 0.30 < 0.30 [981] < 0.30

Results for LHCb are relative BFs converted to absolute BFs.

CLEO upper limits that have been greatly superseded are not shown.
T UL at 95% CL.
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Table 245 CP asymmetries of charmless hadronic decays of B¥ /B® admixture. Where values are shown in red (blue), this indicates that they are
new published (preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. BABAR Belle Our Avg.
65 K*y —0.003£0.017 T —0.003£0.017+£0.007  [951] —0.0154£0.044£0.012  [952] ~0.005+0.017
77 sy ~0.008+0.029 0.017£0.019£0.010%  [1041]  0.00240.050£0.030 [1042]  0.015+0.020
s +d)y —0.0140.05 0.057+£0.060£0.018 ¥ [989] 0.02240.0394£0.009°  [1032]  0.03240.034
80 sn —0.13790¢ —0.13£0.0470:02 (1017]  —0.1375:5¢
86 ntX 0.10£0.17 0.10£0.16£0.05 [1021] 0.10£0.17
121 st —0.2240.26 0.04£0.110.01 [994] 0.04£0.11
126 K*ete™ —0.18£0.15 ~0.18£0.150.01 [970] —0.18£0.15
128 K*utp~  —0.03£0.13 —0.03£0.13£0.02 [970] —0.03+0.13
129 Kt ~0.032£0.14£0.01 [995] ~0.030.14
130 K*et —0.04£0.07 0.03£0.13+0.01 1 [995] ~0.10£0.1040.01 [970] —0.0540.08

T PDG includes also a result from CLEO.

¥ BABAR also measures the difference in direct CP asymmetry for charged and neutral B mesons: AAcp = +(5.0 £ 3.9 4+ 1.5)%.
§ There is another BABAR result using the recoil method [988], and a CLEO result [1043] that are used in the PDG average.

1 Previous BABAR result is also included in the PDG Average.

¢ Requires E, > 2.1 GeV.

Table 246 CP asymmetries of charmless hadronic B? decays. Where values are shown in red (blue), this indicates that they are new published
(preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. CDF LHCb Our Avg.

52 atK~ 0.2840.04 0.2240.07£0.02 [1038] 0.2740.04+0.01 [1039] 0.26£0.04

Table 247 CP asymmetries of charmless hadronic Ag decays. Where values are shown in red (blue), this indicates that they are new published
(preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. CDF LHCb Our Avg.

21 pr 0.03+0.18 0.06£0.07£0.03 [1038] 0.06£0.08

22 pK~ 0.37+0.17 —0.10+0.08+0.04 [1038] —0.10£0.09
fopn* 0.2240.13+0.03 [926] 0.224+0.13
AK ™ —0.53+£0.23+0.11 [927] —0.53£0.26
AKTK™ —0.28+0.10£0.07 [927] —0.28+0.12

@ Springer
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Acp of Most Precisely Measured Modes
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Fig. 188 Acp of most precisely measured modes

Table 248 Longitudinal polarizat ion fraction f; for BT decays. Where values are shown in red (blue), this indicates that they are new published
(preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. BABAR Belle Our Avg.
282 wK*t 0.4140.1840.05  0.41%0.18+0.05 [822] 0.41£0.19
285 wK5(14300t  0.56£0.10+£0.04  0.5620.1020.04 [822] 0.56+0.11
312 K**p° 0.784+0.12+£0.03  0.7840.12+0.03 (832] 0.78+0.12
316 K*p* 0.48+0.08 0.5240.1040.04 [1034]  0.43£0.11700 [1045]  0.48+0.08
338 KK 0.75753640.03 0.75753640.03 [843] 0.7579:38
349 K+ 0.5040.05 0.4940.0540.03 [848] 0.5240.0840.03  [1035]  0.50+0.05
351 oK1 (1270)F 0467012006 0.4610-1210.06 [850] 0.461012
355 PK5(1430)"  0.807005+0.03 0.807099+0.03 [850] 0.80+£0.10
391 p*p° 0.950£0.016 0.950£0.015£0.006  [421] 0.954£0.11£0.02  [860] 0.950£0.016
396 wp™ 0.90£0.05£0.03  0.90+0.05+0.03 [822] 0.90+0.06
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Table 252 Results of the full angular analyses of BY — ¢K§“0(143O) decays. Where values are shown in red (blue), this indicates that they
are new published (preliminary) results since PDG2014

Parameter PDG2014 Avg. BABAR Belle Our Avg.
fi=A11L 0.027+0:931 0.0020018+0.031 (391] 0.05670039-£0.009 0.02779057
o 4.040.4 3.96+0.38+0.06 3.76+2.88+1.32 3.96+0.38
b1 4.5+0.4 4.457043+0.13 4451050
80 3.46+0.14 3.41£0.13£0.13 3.5340.1140.19 3.46+0.14
0.066 0.043
AL, —0.03+0.04 —0.0540.06+0.01 —0.01617029£0.008 —0.0320 038
Adp 0.0757 —0.01705+0.09 —0.0170%
Ag) ~0.9+0.4 ~1.00£0.38+0.09 —0.02:£1.08£1.01 —0.94:£0.38
A¢L ~0.2+0.4 —0.19+£0.42+0.11 —0.19+0.43
Ady 0.08+0.09 0.11£0.13+0.06 0.0620.1140.02 0.0840.09

Angles (¢, 8) are in radians. BF, f; and Acp are tabulated separately

Table 253 Longitudinal polarization fraction f; for B? decays. Where values are shown in red (blue), this indicates that they are new
published (preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. CDF LHCb Our Avg.

51 0P 0.361£0.022 0.348+0.041+0.021 [932] 0.365+0.0224+0.012 [1046] 0.361+0.022
59 KK 0.31£0.13 0.201+£0.05740.040 [935] 0.201+£0.070
60 ¢f*0 0.51+£0.17 0.51+£0.15£0.07 [936] 0.51£0.17

Table 254 Results of the full angular analyses of BS0 — ¢¢ decays. Where values are shown in red (blue), this indicates that they are new
published (preliminary) results since PDG2014

Parameter PDG2014 Avg. CDF LHCb Our Avg.
fi=A11 0.306+0.030 0.36540.044+0.027 [932] 0.29140.024+0.010 [1046] 0.30640.023
ol 2.59+0.15 2.71*_'8:§é:|:0.22 2.5740.15+0.06 2.59+0.15

The parameter ¢ is in radians. BF, f; and Acp are tabulated separately

Table 255 Results of the full angular analyses of B? — ¢E*0 decays. Where values are shown in red (blue),
this indicates that they are new published (preliminary) results since PDG2014

Parameter PDG2014 Avg. LHCb Our Avg.
fL=AL 0.2840.12+0.03 [936] 0.2840.12
fo 0.51£0.15£0.07 0.51£0.17
fi 0.21£0.11 0.212£0.11£0.02 0.21£0.11
ot 1.7540.53+0.29 17540357038 1751000

The parameter ¢ is in radians. BF, f; and Acp are tabulated separately.
T Converted from the measurement of cos(¢|). PDG takes the smallest resulting asymmetric error as parabolic
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Longitudinal Polarization Fraction in Charmless B Decays
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Fig. 189 Longitudinal polarization fraction in charmless B decays

Table256 Results of the full angular analyses of Bf.’ = kg™ decays. Where values are shown in red
(blue), this indicates that they are new published (preliminary) results since PDG2014

Parameter PDG2014 Avg. LHCb Our Avg.

L 0.31£0.124+0.04 0.20140.057£0.040 [935] 0.201£0.070
A 0.21540.046£0.015 0.21540.048
|A;r|2 0.11440.037£0.023 0.11440.044
Ay |2 0.48540.051£0.019 0.485+0.054
|Ags|? 0.06640.022+0.007 0.06640.023
3 5.31£0.2440.14 5.31£0.28
8. —8F 1.95+0.2140.04 1.95+£0.21
8y 1.79£0.19£0.19 1.79+0.27
Oss 1.06+0.27£0.23 1.06£0.35

(/5?*0 HFLAV
P November 2016
—— KK
=00
Our Avg.
L) L) L) L) L) L) L) L) L) L) L) L) L)
0.0 0.7
Ji

1.4

Fig. 190 Longitudinal polarization fraction in charmless B? decays

Table257 Relative branching fractions of B decays. Where values are shown in red (blue), this indicates that they are new published

(preliminary) results since PDG2014

RPP# Mode PDG2014 AVG. LHCb Our Avg.
fBBF — KK /f,B(BT — Kin+) <58x1072 [838] <5.8x%x1072
feBBF — pprt)/fu <28x10°8 [1047] <28x10°8
o(BHBBY — KtK—nt)/a(Bh) T <15%x 1078 [795] <15x 1078

Measured in the annihilation region m(K ~7 1) < 1.834GeV /2.

@ Springer

* PDG converts the LHCb result to ch(Bj' — KtKY% < 4.6 x 1077
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8 Charm physics
8.1 D°-D° mixing and CP violation
8.1.1 Introduction

In 2007 Belle [1048] and BABAR [1049] obtained the
first evidence of D°-D® mixing, for which experiments
had searched for more than two decades. These results
were later confirmed by CDF [1050] and more recently by
LHCDb[1051]. There are now numerous measurements of DO-
DO mixing with various levels of sensitivity. All measure-
ments are input into a global fit to determine world average
values of mixing parameters, CP-violation (CPV) parame-
ters, and strong phase differences.

Our notation is as follows. The mass eigenstates are
denoted

D; = p|D%) —¢q|D°) (221)
D, = p|D°) +4q|D"), (222)
Wher_e we use the convention [1052] CP|D°) = —|D?) and
CP|DY% = —|DY. Thus in the absence of CP violation,

D, is CP-even and D, is CP-odd. The weak phase ¢ is
defined as Arg(q/p). The mixing parameters are defined as
x=(m;—m,)/T'andy = (I, -T,)/2I'), where m |, m,
and I'}, I', are the masses and decay widths for the mass
eigenstates, and I' = (I'; +T,)/2.

The global fit determines central values and errors for ten
underlying parameters. These consist of the mixing param-
eters x and y; indirect CPV parameters |¢/p| and ¢; the
ratio of decay rates R, = (TP’ - K*tn~) +T(D° -
K~ nH)/IT(D° - K~ nF) + I'(D° - Ktn7)]; direct
CPV asymmetries A, Ay, and A in DY — Ktg-—,
KTK~, and w7~ decays, respectively; the strong phase
difference 8 between D° — K7+ and D — K~ nt
amplitudes; and the strong phase difference § between
D%— K~ p* and D — K~ p* amplitudes.

The fit uses 50 observables from measurements of D? —
Kte v, D - K*Kk—, D - ntn—, D - K*tn~,
DY - Ktn 7% DO — K2n+7r_, DY —» 70xtg—,
D’ —» KJK*K~, and D’ — K¥*w~m¥mw~ decays,’’
and from double-tagged branching fractions measured at the
¥ (3770) resonance. The relationships between the measured
observables and the fitted parameters are given in Table 258.
Correlations among observables are accounted for by using
covariance matrices provided by the experimental collabo-
rations. Errors are assumed to be Gaussian, and systematic
errors among different experiments are assumed to be uncor-
related unless specific correlations have been identified. We
have checked this method with a second method that adds

Knm

37 Charge-conjugate modes are implicitly included.

together three-dimensional log-likelihood functions for x,
v, and & obtained from several analyses; this combination
accounts for non-Gaussian errors. When both methods are
applied to the same set of measurements, equivalent results
are obtained.

Mixing in the D°, B®, and B? heavy flavor systems is
governed by a short-distance box diagram. In the D sys-
tem, this diagram is doubly-Cabibbo-suppressed relative to
amplitudes dominating the decay width. In addition, because
the d and s quark masses are sufficiently close, this diagram
is also GIM-suppressed. Thus the short-distance mixing rate
is extremely small, and D°-D° mixing is expected to be
dominated by long-distance processes. These are difficult to
calculate, and theoretical estimates for x and y range over
three orders of magnitude (up to the percent level) [1053—
1056].

Almost all methods besides that of the ¥ (3770) — DD
measurements [1057] identify the flavor of the DY or DO
when produced by reconstructing the decay D** — DOzt
or D*~ — DOz~ The charge of the pion, which has low
momentum relative to that of the D° and is often referred
to as the “soft” pion, identifies the D flavor. For this decay
Mp. — My —M_ = Q =~ 6 MeV, which is close to
the kinematic threshold; thus analyses typically require that
the reconstructed Q be small to suppress backgrounds. An
LHCb measurement [1058] of the difference between time-
integrated CP asymmetries Acp(KTK™) — Acp(ntm™)
identifies the flavor of the D° by partially reconstructing
B — D%u~ X decays (and charge-conjugates); in this case
the charge of the muon originating from the B decay identi-
fies the flavor of the DO.

For time-dependent measurements, the D° decay time is
calculated as M o X ((_i - p)/(cp?), where d is the displace-
ment vector between the D* and D decay vertices, p is the
reconstructed D° momentum, and p and M po are in GeV.
The D* vertex position is taken to be the intersection of the
D° momentum vector with the beamspot profile for ete™
experiments, and at the primary interaction vertex for pp
and pp experiments [1050,1051].

8.1.2 Input observables

The global fit determines central values and errors for ten
underlying parameters using a x> statistic. The fitted param-
eters are x, y, Ry, Ap, lq/pl, ¢, 68, 8g,.» Ak and A_.
In the D — Ktz~ 70 Dalitz plot analysis [1059], the
phases of intermediate resonances in the D* — K77
decay amplitude are determined relative to the phase for
ADY— K+ o), and the phases of intermediate resonances
for DY — K+~ 70 are determined relative to the phase for
A(D® - K*p~). As the D? and D° Dalitz plots are fit-
ted independently, the phase difference 8, between the
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Table 258 Left: decay modes used to determine fitted parameters
X, ¥, 8, 8 Rps Aps Ak, Az, |q/pl, and ¢. Middle: the observ-
ables measured for each decay mode. Right: the relationships between

the observables measured and the fitted parameters. (7) is the mean
reconstructed decay time for D® — K+ K~ or D? — 77~ decays

Decay Mode Observables Relationship
2Yep = (Iq/pl + Ip/q|>yc05¢
—<|q/p| - Ip/q|>x sin ¢
D’ KtK~/atn— Yep Ar
2Ap = (Iq/pl - Ip/q|>y cos ¢
x —(Iq/pl + Ip/ql)x sin¢
D KOntn— Y
5 la/pl
¢
DY K¢ v Ry, Ry = @r+yH/2
1" " __ 3
D — K+ 7~ 70 (Dalitz plot analysis) x// x// =X COS8yy + s Okan
y Y/ =ycosdy, —xsindg
Ry
y

“Double-tagged” branching fractions
measured in ¥ (3770) — D D decays

D> Ktn— x/2+’ 22—

Ry = (& +y%)/2

x' =xcos8 + ysiné
y =ycos§ —xsiné
Ay =(q/pl* = D/Uq/pl* + 1)

X =10 £ Ay AFA NIV
x(x' cos¢ £ y' sin¢)

yE =1+ Ay)/(AFA 1
x (y' cos ¢pFx’ sin ¢p)

D% — K+7~ /K~ n™ (time-integrated)

DY — K+K~/mTr~ (time-integrated)

rp°—> Kz )+ I(D°—>K 7t
IO’ K nH)+I(D°—=Kt7)
rio’—sktn ) —T(D°—> K =h)
ro’—sk+tn )+ (D°—- Kk =hH
rp’—>KtKk")—T(D°—>KtK")

r(P°—> K+ K )+T(D°—>KTK™)
I"(DO—> atnT) — l"(l:)o—>n+n_)
F(D0—>n+n_) + F(DO—>7r+7r_)

Rp

Ap

(f > indirect indirect ~
Ag 7, AG™T (Agp™" ~ —Ap)

<t ) indirect indirect
Ap + 1, Ak (AG™ ~ —Arp)

two reference amplitudes cannot be determined from these
fits. However, the phase difference can be constrained in the
global fit and thus is included as a fitted parameter.

All input measurements are listed in Tables 259, 260 and
261. The observable R, = (x% 4 y?)/2 is measured in both
D’ — K*tn~mtn~[1061]and D® — K+¢~ v decays. Inthe
case of the latter, the HFLAV world average [1060] is used in
the global fit. The inputs used for this average [1062—1065]
are plotted in Fig. 191. The observables

>x sin ¢

_Lfla|_ |p _ el _|p
yCP_Z(‘P'JFIQDyCOW 2(’17' 'q
(223)
1 1
e =3 (5] =[5 )peose—5([5] + |5 ])rsine

(224)
are also HFLAV world average values [1060]; the inputs
used for these averages are plotted in Figs. 192 and 193,

@ Springer

respectively. The D° — K7~ measurements used are
from Belle [1066,1067], BABAR [1049], CDF [1068], and
more recently LHCb [1051,1069]; earlier measurements
have much less precision and are not used. The observ-
ables from D? — K2n+n_ decays are measured in two
ways: assuming CP conservation (D° and D decays com-
bined), and allowing for CP violation (D° and D decays
fitted separately). The no-CPV measurements are from
Belle [1070], BABAR [1071], and LHCb [1072], but for
the CPV-allowed case only Belle measurements [1070] are
available. The D° — K+t7— 7Y DO — K2K+K_, and
DY — 70 7t 7~ results are from BABAR [1059,1073], the
D° — K7~ 7t7~ results are from LHCb [1061], and the
¥ (3770) — DD results are from CLEOc [1057].

The relationships between the observables and the fitted
parameters are listed in Table 258. For each set of corre-
lated observables we construct a difference vector V between
measured values and those calculated from fitted parame-
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Table 259 Observables used in the global fit except those from time-dependent D° — K 7~ measurements, and those from direct CPV measure-

ments. The D° — K+t~ 70 observables are x” = x cos § + ysindyand y” = —xsing +ycosdy,
Mode Observable Values Correlation coefficients
D> KtK—/ntn—, Yep (0.835+ 0.155)%
¢ Kg [1060] Ap (—0.032 + 0.026)%
D — K97 tx~ [1070] x (0.56 £ 0.19 7007 %
(Belle: no CPV) y (030 & 0.15100%0)q; +0.012
DO K9t x~ [1070] la/p| 0.90 *3 1840064
(Belle: no direct CPV) ¢ (—6 + 11 fg‘;?)) degrees
DO K27t~ [1070] x (0.58 & 0.1910073%)q, . 0154 0-‘154 ‘00(-)‘;14 :8'831’5
(Belle: direct CPV : ’ :
allowed) y (0.27 % 0.16+0954)g; o S s O
la/p] 0.82 F0.38 00645
0] (—13 fi% in:%) degrees
D°— K)ntr~ [1072] x (—0.86 + 0.53 + 0.17)% +0.37
(LHCb: no CPV) y (0.03 + 0.46 + 0.13)%
D’ — KO mtm [1071] x (0.16 & 0.23 & 0.12 & 0.08)% +0.0615
KIKTK~
(BABAR: no CPV) y (0.57 £ 0.20 & 0.13 + 0.07)%
DO 70 7t~ [1073] x (15 + 1.2 £ 0.6)% —0.006
(BABAR: no CPV) y (02 + 09 £ 05%
DY — K+ ¢ [1060] R, = (2 +y%))2 (0.0130 + 0.0269)%
D°— K+~ 7 [1059] X" .61 7027 + 0.39)% -0.75

D= Ktrx—nta~ [1061]

¥ (3770) — DD [1057]
(CLEOc)

"

y
Ry /2

0.55
(—0.06 102 £ 0.39)%
(4.8 £ 1.8) x 1077
(0.533 £ 0.107 £ 0.045)%

(0.06 £ 0.23 £ 0.1)%

(42 £20 £ 1.0)0%

+0.22 +0.07
0.81 —0.18 —0.05

—0.01 + 0.41 £ 0.04

10 0 —042 0.01
1 -0.73 0.39 0.02
1 —0.53 -0.03
1 0.04

1

ters using these relations; e.g., for DO — Kg atn— decays,
V = (Ax, Ay, Alg/p|, A¢). The contribution of a set of
observables to the fit x 2 is calculated as V. (M. vT , Where
M~ is the inverse of the covariance matrix for the measure-
ment. Covariance matrices are constructed from the corre-
lation coefficients among the measured observables. These
correlation coefficients are also listed in Tables 259, 260 and
261.

8.1.3 Fit results
The global fit uses MINUIT with the MIGRAD minimizer,
and all errors are obtained from MINOS [1090]. Four sepa-

rate fits are performed:

1. assuming CP conservation, i.e., fixing Ap=0, Ax =0,
A,=0,¢=0,and |g/p|=1;

2. assuming no direct CPV in doubly Cabibbo-suppressed
(DCS) decays (A, = 0) and fitting for parameters
(x,y,1g/pD or (x,y, P);

3. assuming no direct CPV in DCS decays and fitting for
alternative parameters [1091,1092] Xy = 2IM,|/T,
Y1, = IT'pl/T, and ¢, = Arg(M,,/T"|,), where M,
and I, are the off-diagonal elements of the D°-D° mass
and decay matrices, respectively. The parameter ¢, is a
weak phase that is responsible for CP violation in mixing.

4. allowing full CPV (floating all parameters).

For fits (2) and (3) assuming no direct CPV in DCS decays,

in addition to A ;, =0 we impose other constraints that reduce
four independent parameters to three.>® For fit (2) we impose

38 One can also use Eq. (15) of Ref. [1091] to reduce four parameters
to three.
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Table 260 Time-dependent D? — K+~ observables used for the global fit. The observables Rg and R, are related to parameters R, and A

via R = R,(1 £ Ap)

Mode Observable Values Correlation coefficients
D% — K7~ [1049] (BABAR 384 fb~!) R, (0.303 + 0.0189)% 1 077 —0.87
077 1 —0.94
—0.87 —0.94 1
X/t (=0.024 + 0.052)%
y't (0.98 + 0.78)%
D%— K~7t [1049] (BABAR 384 fb~ 1) A, (=2.1 £ 5.4)%
X2 (—=0.020 + 0.050)% Same as above
y'= (0.96 + 0.75)%
DY — K*7~ [1067] (Belle 976 fb—! No CPV) R, (0.353 + 0.013)% 1 0.737 —0.865
0.737 1 —0.948
—0.865 —0.948 1
X2 (0.009 £+ 0.022)%
y (0.46 + 0.34)%
D% — K*+7~ [1066] (Belle 400 fb~! CPV-allowed) R, (0.364 £ 0.018)% { 1 0.655 —0.834}
0.655 1 —0.909
—0.834 —0.909 1
Xt (0.032 £+ 0.037)%
y't (—=0.12 + 0.58)%
DY — K—7t [1066] (Belle 400 fb~! CPV-allowed) A +23 £ 4.1%
x%= (0.006 £ 0.034)% Same as above
y'- (0.20 + 0.54)%
D®— K7~ [1068] (CDF 9.6 fb~! No CPV) R, (0.351 £ 0.035)% 1 09 —0.97 }
090 1 —0.98
—0.97 —0.98 1
X2 (0.008 + 0.018)%
y' 0.43 + 0.43)%
DY — K*7~ [1069] (LHCb 3.0 fb—! CPV-allowed) R} (0.3474 £ 0.0081)% 1 0.823 —0.920
0.823 1 —0.962
—0.920 —0.962 1
X2t (0.0011 + 0.0065)%
y't (0.597 + 0.125)%
DO%— K~ [1069] (LHCb 3.0 fb—! CPV-allowed) R, (0.3591 £ 0.0081)% 1 0.812 —0.918
0812 1 —0.956
—0.918 —0.956 1
2= (0.0061 + 0.0061)%
V' (0.450 £+ 0.121)%

the relation [1092,1093]tan ¢ = (1—|q/p|*)/(1+1q/p|?) x
(x/y) in two ways: first we float parameters x, y, and ¢ and
from these derive |g/pl|; we then repeat the fit floating x,
v, and |¢/p| and from these derive ¢. The central values
returned by the two fits are identical, but the first fit yields
MINOS errors for ¢, while the second fit yields MINOS
errors for |¢/ p|. For no-direct-CPV fit (3), we fit for under-
lying parameters x5, y;,, and ¢,,, and from these calculate
X, ¥, lq/pl, and ¢ to which measured observables are com-
pared. All fit results are listed in Table 262. For the CPV-
allowed fit, individual contributions to the x?2 are listed in

@ Springer

Table 263. The total x 2 is 76.8 for 50 — 10 = 40 degrees of
freedom.

Confidence contours in the two dimensions (x,y) or
(lg/pl, @) are obtained by allowing, for any point in the two-
dimensional plane, all other fitted parameters to take their
preferred values. The resulting 1o — 5o contours are shown
in Fig. 194 for the CP-conserving case, in Fig. 195 for the
no-direct-CPV case, and in Fig. 196 for the CPV-allowed
case. The contours are determined from the increase of the
x? above the minimum value. One observes that the (x, y)
contours for the no-CPYV fit are very similar to those for the
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Table 261 Measurements of time-integrated CP asymmetries. The
observable Aop(f) = [T(D° — f) —T'(D° - fH/ITD° —

H+ Do )], and A(z) is the difference between the mean recon-
structed decay times for D® — K+ K~ and D° — 77~ decays (due
to different trigger and reconstruction efficiencies)

Mode Observable Values Alt)/Tp
D% — hth~ [1074] (BABAR 386 fb—!) Acp(KTK™) (+0.00 £ 0.34 + 0.13)%
Acp(mtn™) (=024 £ 0.52 + 0.22)% 0
D% — hth~ [1075] (Belle 976 fb—') Acp(KYK™) (=0.32 £ 0.21 % 0.09)%
Acp(mtn™) (+0.55 + 0.36 £ 0.09)% 0
D% — hth~ [1076,1077] (CDF 9.7 fb~1) App(KYK™) — Agp(ntn™)  (—0.62 £ 021 £+ 0.100%
Acp(KYK™) (=0.32 £ 0.21)%
Acp(mtn™) (+0.31 + 0.22)% 0.27 £ 0.01

D% — hth~ [1078](LHCDb 3.0 fb~ !,
D*t — D7+ tag)

D°— hTh™ [1058] (LHCb 3 b1,
B— Dy~ X tag)

Aep(KTK™) = Agp(ntn™)

Acp(KYK™) = Agp(ntn™)

(—=0.10 £ 0.08 £ 0.03)%  0.1153 £ 0.0007 £ 0.0018

(+0.14 £ 0.16 £ 0.08)% 0.014 £ 0.004

Fig. 191 World average value
of R,, = (x? + y?)/2 from Ref.
[1060], as calculated from

DO — K*¢~ % measurements
[1062-1065]

Summer 2016

0.300
0.110 *53% %

0.160 = 0.290 + 0.290 %

CLEO 2005 |
BaBar 2007

Belle 2008

0.070
0.004 * "0 %

0.013 = 0.022 + 0.020 %

1
i

World average

0.013 = 0.027 %

-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5

CPV-allowed fit. In the latter fit, the X2 at the no-mixing
point (x, y) = (0, 0) is 450 units above the minimum value,
which, for two degrees of freedom, corresponds to a confi-

Ry, (%)

dence level®® (C.L.) > 11.50. Thus, no mixing is excluded at
this high level. In the (|¢/p|, ¢) plot, the no-CPVpoint (1, 0)

39 This is the limit of the CERNLIB PROB routine [1094] used for this
calculation.
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Fig. 192 World average value
of yop from Ref. [1060], as
calculated from

Summer 2016

DY K*K- ntn—
measurements [1079-1086]

E791 1999

0.732 +2.890 + 1.030 %

3.420 £1.390 = 0.740 %

-1.200 £+ 2.500 = 1.400 %

CLEO 2002 I |
Belle 2009
LHCb 2012

Belle 2012

BESIII 2015

e

0.110 + 0.610 + 0.520 %
0.550 = 0.630 + 0.410 %
H 1.110 £ 0.220 + 0.110 %
0.720 + 0.180 + 0.124 %

-2.000 =1.300 = 0.700 %

World average

0.835 £ 0.155 %

-4

is within the 1o contour; thus the data is consistent with CP
conservation.

One-dimensional likelihood curves for individual param-
eters are obtained by allowing, for a fixed value of a selected
parameter, all other fitted parameters to take their preferred
values. The resulting functions A 2= 52— Xr%]in (Xr%lin is
the minimum value) are shown in Fig. 197. The points where
Ax? = 3.84 determine 95% C.L. intervals for the parame-
ters. These intervals are listed in Table 262.

8.1.4 Conclusions

From the fit results listed in Table 262 and shown in Figs. 196
and 197, we conclude that:

e the experimental data consistently indicate that D°
mesons mix. The no-mixing pointx = y = 0is excluded
at > 11.50. The parameter x differs from zero by 1.90,
and y differs from zero by 9.4¢. This mixing is pre-
sumably dominated by long-distance processes, which
are difficult to calculate. Thus unless it turns out that
|x] > |y| [1053], which is not indicated, it will be diffi-
cult to identify new physics from (x, y) alone.

@ Springer
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e Since y.p is positive, the CP-even state is shorter-lived
as in the K%-K © system. However, since x also appears
to be positive, the CP-even state is heavier, unlike in the
KO-K 0 system.

e There is no evidence for CPV arising from D°-D© mix-
ing (lg/p| # 1) or from a phase difference between the
mixing amplitude and a direct decay amplitude (¢ #~ 0).
The CDF experiment (and initially LHCb) measured
a time-integrated asymmetry in D — KtK~, 7xtn~
decays that hints at direct CPV (see Table 261); however,
recent measurements from LHCb with higher statistics
disfavor this hypothesis and are consistent with zero.

8.2 CP asymmetries

One way CP violation manifests itself is if the decay rate
for a particle differs from that of its CP-conjugate[1095].
Such phenomena can be classified into two broad categories,
termed direct CP violation and indirect CP violation [1096].
Direct CP violation refers to charm changing, AC = 1,
processes and can occur in both charged and neutral charm
hadron decays. It results from interference between two dif-
ferent decay amplitudes (e.g., a penguin and tree amplitude)
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Fig. 193 World average value
of A from Ref. [1060], as
calculated from

DY K*K- ntn—
measurements [1084,1085,
1087-1089]

Belle 2012

BaBar 2012

LHCb 2015 u tag

LHCb 2016 D™ tag

World average

HFLAV

CKM 2016

-0.030 = 0.200 = 0.080 %

0.088 = 0.255 = 0.058 %
-0.120 = 0.120 %
-0.125 = 0.073 %

-0.013 = 0.028 = 0.010 %

g

-0.032 = 0.026 %

N

-02 01 -0 01 02 03

Ap (%)

Table 262 Results of the global fit for different assumptions concerning CPV

Parameter No CPV No direct CPVin DCS decays CPV-allowed CPV-allowed 95% C.L. interval
x (%) 0.46 7014 0.417014 0.32 £ 0.14 [0.04, 0.62]
y (%) 0.62 + 0.08 0.61 + 0.07 0.69 906 [0.50, 0.80]
Sin ©) 8.01%, 4.87194 152776 [~16.8, 30.1]
R, (%) 0.34870-90% 0.347 10004 0.349 0004 [0.342, 0.356]
Ay (%) - - —0.88 =+ 0.9 [—2.8, 1.0]
0.08
lg/pl - 0.999 + 0.014 0.89 7008 [0.77, 1.12]
o 0.54 9.9
Q) - 0.05 1033 —12.9757 [—30.2, 10.6]
o 23.3 24.1 23.5
Spon 2041532 22.61374 3175503 [—16.4, 77.7]
A, (%) - +0.02 £ 0.13 +0.01 + 0.14 [—0.25, 0.28]
Ay (%) - —0.11 +0.13 —0.11 + 0.13 [—0.37, 0.14]
X1y (%) - 0.41 7014 [0.10, 0.67]
Y12(%) - 0.61 =+ 0.07 [0.47, 0.75]
$1,(°) - —0.17 £ 1.8 [=5.3, 4.4]

that have different weak (CKM) and strong phases.*® In the
Standard Model a difference in strong phases may arise for
example due to final-state interactions (FSI)[1097], different

40 The weak phase difference will have opposite signs for D — f and
D — f decays, while the strong phase difference will have the same
sign. As a result, squaring the total amplitudes to obtain the decay rates
gives interference terms having opposite sign, i.e., non-identical decay
rates.

isospin amplitudes, intermediate resonance contributions, or
different partial waves. A difference in weak phases arises
from different CKM vertex couplings, as is often the case
for tree and penguin diagrams. Within the SM direct CP
violation is expected only in Singly Cabibbo Suppressed
(SCS) charm decays, as only these decays receive a contribu-
tion from the penguin amplitude. This type of CP violation
depends on the decay mode, the SM asymmetries may reach

@ Springer



895 Page 232 of 335

Eur. Phys. J. C (2017) 77:895

Table 263 Individual contributions to the x 2 for the CPV-allowed fit

Observable X2 S x?
Yep 1.19 1.19
Ap 0.83 2.01
T Belle 1.33 3.35
P Belle 5.30 8.64
lg/pl K- Belle 0.10 8.74
¢’1<gn+n— Belle 0.23 8.97
X0 LHCb 4.51 13.48
- LHCb 0.40 13.88
X o BABAR 0.36 14.24
Y it BABAR 0.19 14.43
X_o_,__ BABAR 0.77 15.20
nvnTmw
Y 0+, BABAR 0.22 15.42
02+ 9 gy 0.14 15.56
X0 BABAR 7.10 22.67
Yg+y—n0 BABAR 3.92 26.58
CLEOc (x/y/Rp,/ cosd/ sin §) 10.53 37.12
RY /x> /y'T BABAR 11.13 48.25
R;,/x"*~/y'~ BABAR 6.04 54.29
R} /x"*"/y'* Belle 2.08 56.36
Ry /x"*=/y'~ Belle 3.22 59.58
R, /x'?/y’ CDF 1.29 60.87
R} /x'** /y'T LHCb 0.58 61.46
R, /x'*~/y'~ LHCb 1.65 63.11
Ag /A BABAR 0.30 63.41
Ay /Ay Belle 2.89 66.30
Agg/Ay, CDF 4.63 70.94
Agg — Ay, LHCb (D*F — D77 tag) 0.12 71.05
Agg — Ayr LHCb (B— D°u~ X tag) 2.24 73.30
(% + ) g4 -yt LHCD 3.48 76.78

a percent level. Indirect CP violation refers to AC = 2 pro-
cesses and arises in D° decays due to D° — D© mixing. It
can occur as an asymmetry in the mixing itself, or it can
result from interference between a decay amplitude follow-
ing mixing and a non-mixed amplitude. Within the SM charm
indirect CP asymmetry is expected to be universal.

The CP asymmetry is defined as the difference between
D and D partial widths divided by their sum:

_ I'(D)-T(D)

LT rD+rD)

(225)

In the case of D and Dj decays, A, measures direct CP
violation; in the case of D° decays, A p measures direct and
indirect CP violation combined (see also Sect. 8.4).
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Fig. 194 Two-dimensional contours for mixing parameters (x, y), for
no CPV

In each experiment, care must be taken to correct for
production and detection asymmetries. To take into account
differences in production rates between D and D (which
would affect the number of respective decays observed),
some experiments (like FOCUS and E791) normalize to a
Cabibbo-favored mode. In this case there is the additional
benefit that most corrections due to reconstruction ineffi-
ciencies cancel out, reducing systematic uncertainties. An
implicit assumption is that there is no measurable CP vio-
lation in the Cabibbo-favored normalizing mode. The CP
asymmetry is calculated as

D) — n(D
_ n(D) TI(_)’ (226)
n(D) + n(D)
where (considering, for example, D — K~K ™)
D) = N(D? - K- K1) 227)
T = NDY S Kk—7+)
— ND°= KK
n(D) = (228)

N(DO — K+7—)"

Other experiments (like LHCb) determine Acp through the
relation:

Ameas = Acp + Aprod + Adet, (229)

where Apeas is the measured asymmetry, Aprog is the asym-
metry in the charm meson production, and Age; is due to
difference in detection efficiencies between positively and
negatively charged hadrons.

Values of A for DT, D and Dy decays are listed in
Tables 264, 265, 266, 267 and 268 respectively. In these
tables we report asymmetries for the actual final state, i.e.,
resonant substructure is implicitly included but not consid-
ered separately. The high accuracy of these measurements
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Fig. 195 Two-dimensional contours for theoretical parameters (x,,, y,) (top left), (x,,, ¢;,) (top right), and (y,,, ¢,,) (bottom), for no direct

CPVin DCS decays

allows one to see and correct for CP violation due to the
CPV in K°-K? mixing [1098]. For example, the decay
modes D* — (K°/K%K* and D} — (KO/KO)m*
(shown in Tables 264 and 268, respectively) are the modes
Dt — K%K+ and D} — K97 after subtracting for this
effect. For multi-body decays some experiments use model
independent techniques to reveal local CP asymmetry. The
first technique (Miranda method) [1099] uses a binned x2
approach to compare the relative density in a bin of phase
space of a decay with that of its CP conjugate. In the Energy
Test technique [1100] two event samples are compared and
a test statistic variable (T) is used to determine the average
distances of events in phase space. If the distributions of
events in both samples are identical, T will randomly fluctu-
ate around a value close to zero.

Overall, CP asymmetry measurements have been carried
out for 49 charm decay modes, and in several modes the
sensitivity is well below 5 x 1073, There is currently no
evidence for CP violation in the charm meson sector. The CP
asymmetry observed in the mode D™ — K S071+ is consistent
with what expected from the K — K © system [1098], and
thus it is not attributed to charm.

Neither in the charm baryon sector there is evidence of
CP asymmetry. These are just two measurements on A7,
with limited sensitivity, done by FOCUS [1101] and by
CLEO [1102].

Taken together, the limits obtained for CP asymmetries
in the charm sector pose tight constraints on new physics
models.
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Fig. 196 Two-dimensional contours for parameters (x, y) (fop) and
(lg/pl, @) (bottom), allowing for CPV

8.3 T-odd asymmetries

Measuring T-odd asymmetries provides an alternative way
to search for CP violation in the charm sector, due to CPT
invariance. 7-odd asymmetries are measured using triple-
product correlations of the form a - (b x ), where a, b, and
c are spins or momenta; this combination is odd under time
reversal (7). If the triple-product is formed using both spin
and momenta, i.e.,

s1 - (p2 x p3), (230)
then it is even for P-conjugation. However, if only momenta
are used, then it is odd for P-conjugation. In this case the
asymmetry allows one to probe CP violation occurring via

P-violation. This may arise in P-odd amplitudes, which are
allowed in decays to final states with 4 spinless particles.

@ Springer

Taking as an example the decay mode D' — KTK~
777~ one forms the triple-product correlation using the
momenta of the final state particles. We note that when using
only momenta, at least four daughter particles are required
to give a nonzero correlation (as three daughters decay in a
plane). Defining for D the T-odd correlation

Cr= ﬁK‘*’ : (ﬁn"’ X I;n—)’ (231)

and the corresponding quantity for D °©

Cr =pg-+ (P X Drt), (232)

one constructs the asymmetry
rec 0)—T'(C 0

p = LCr>0-T(Cr <0) (233)

'Cr>0)+T(Cr <0)

for DY decays and

— T(-Cr>0-I(-Cr<0

o (=Cr >0)-TI'(-Cr <0) (234)

" I(=Cr > 0)+T'(=Cr < 0)

for D decays. In these expressions, I" represents a partial
width. The asymmetries A7 and A7 depend on the angular
distribution of the daughter particles and may be nonzero due
to final state interactions or P-violation in weak decays.

Since P(Cr) = —C7 and C(Cy) = Cr, CP(A7) =
‘A7. One can thus construct the CP-odd (and P-odd, T-odd)
quantity

Ar —Ar

A, L

(235)

a nonzero value indicates CP violation (see Refs. [1140—
1145]).

Recently, this topic has been revisited (see Refs. [1146,
1147]) with the suggestion to use other asymmetries con-
structed from triple products in multi-body decays to probe
C, P, and CP symmetries. Up until now, experiments have
measured only the asymmetry A, defined in Eq. (235). (Note
that this asymmetry is referred to in the literature by several
names: Ay ;| agp, and ag;(’dd.)

Values of A, for DT, D, and D decay modes are listed
in Table 269. The first measurements were made by FOCUS,
and subsequent BABAR measurements reached a sensitivity
of ~ 1%. Currently the best sensitivity is from LHCb.

However, despite relatively high precision (<1%), there
is no evidence for CP violation.

8.4 Interplay of direct and indirect CP violation

In decays of D mesons, CP asymmetry measurements have
contributions from both direct and indirect CP violation as
discussed in Sect. 8.1. The contribution from indirect CP
violation depends on the decay-time distribution of the data
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Table 264 CP asymmelries A, = [[(DT) — T(D7)]/[['(DT) + I'(D7)] for two-body D* decays

Mode Year Collaboration Acp
DT — utv 2008 CLEO [1103] +0.08 + 0.08
Dt — gtz0 2010 CLEO [1104] +0.029 £ 0.029 + 0.003
Dt — 'ty 2011 Belle [1105] +0.0174 £ 0.0113 £ 0.0019
2010 CLEO [1104] —0.020 £ 0.023 + 0.003
HFLAV average +0.010 £ 0.010
Dt = gty 2011 Belle [1105] —0.0012 £ 0.0112 £ 0.0017
2010 CLEO [1104] —0.040 £ 0.034 £ 0.003
HFLAV average —0.005 = 0.011
Dt — Ktn0 2010 CLEO [1104] —0.035 £ 0.107 £+ 0.009
Dt — K07+ 2014 CLEO [1106] —0.011 £ 0.006 £+ 0.002
2012 Belle [1107] —0.00363 £ 0.00094 £ 0.00067
2011 BABAR [1108] —0.0044 £ 0.0013 £ 0.0010
2002 FOCUS [1109] —0.016 £ 0.015 % 0.009
HFLAV average —0.0041 £ 0.0009
Dt — KK+ 2013 BABAR [1110] +0.0013 £ 0.0036 £ 0.0025
2013 Belle [1111] —0.0025 £ 0.0028 £ 0.0014
2010 CLEO [1104] —0.002 £ 0.015 £+ 0.009
2002 FOCUS [1109] +0.071 £ 0.061 £ 0.012
HFLAV average —0.0011 £ 0.0025
Dt — (fO/KO)KJr 2014 LHCb [1112] +0.0003 £ 0.0017 £ 0.0014
2013 BABAR [1110] +0.0046 £+ 0.0036 £ 0.0025
2013 Belle [1111] —0.0008 £ 0.0028 £ 0.0014

HFLAV average

+0.0011 £ 0.0017

Table 265 CP asymmetries A p = [[(DT) —T(D7)]/[T(D) 4+ I'(D7)] for three- and four-body D* decays

Mode Year Collaboration Acp
Dt > ntn—nt 2014 LHCb [1113] Model independent technique,
no evidence for CP violation
1997 E791 [1114] —0.017 £ 0.042 (stat.)
DT — K mntnt 2014 DO [1115] —0.0016 £ 0.0015 £ 0.0009
2014 CLEO [1106] —0.003 £ 0.002 + 0.004
HFLAV average —0.0018 £ 0.0016
DY — Ko7+ 70 2014 CLEO [1106] —0.001 £ 0.007 £ 0.002
Dt - KTK—nt 2014 CLEO [1106] —0.001 £ 0.009 + 0.004
2013 BABAR [1116] +0.0037 £+ 0.0030 4+ 0.0015
2008 CLEO [1117] Dalitz plot analysis, no evidence
for CP violation
2000 FOCUS [1118] +0.006 £ 0.011 £ 0.005
1997 E791 [1114] —0.014 +£ 0.029 (stat.)
HFLAV average +0.0032 £+ 0.0031
Dt - K—ntatx0 2014 CLEO [1106] —0.003 £ 0.006 + 0.004
Dt - K0ntntn~ 2014 CLEO [1106] +0.000 £ 0.012 £ 0.003
Dt — KOK+atm~ 2005 FOCUS [1119] —0.042 £+ 0.064 + 0.022
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Table 266 CP asymmetries A, = [['(D°) — T(D%)]1/[I'(D?) + I'(D )] for two-body D°, D decays

Mode Year Collaboration Acp
DY — ztn- 2014 LHCb [1058] —0.0020 £ 0.0019 £ 0.0010
2012 CDF [1120] +0.0022 £+ 0.0024 £+ 0.0011
2008 BABAR [1074] —0.0024 £ 0.0052 £ 0.0022
2012 Belle [1121] +0.0043 £+ 0.0052 £+ 0.0012
2002 CLEO [1081] +0.019 £ 0.032 £ 0.008
2000 FOCUS [1118] +0.048 £ 0.039 £ 0.025
1998 E791 [1122] —0.049 £ 0.078 = 0.030
HFLAV average +0.0000 %+ 0.0015
D? — 7070 2014 Belle [1123] —0.0003 + 0.0064 + 0.0010
2001 CLEO [1124] +0.001 £ 0.048 (stat. and syst. combined)
HFLAV average —0.0003 £ 0.0064
DY — K970 2014 Belle [1123] —0.0021 £ 0.0016 £ 0.0007
2001 CLEO [1124] +0.001 £ 0.013 (stat. and syst. combined)
HFLAV average —0.0020 £ 0.0017
D® — K% 2011 Belle [1125] +0.0054 £+ 0.0051 £+ 0.0016
DO — K% 2011 Belle [1125] +0.0098 £+ 0.0067 £+ 0.0014
DY — K2k? 2015 LHCb [1126] —0.029 + 0.052 + 0.022
2001 CLEO [1124] —0.23 £ 0.19 (stat. and syst. combined)
HFLAV average —0.046 £ 0.054
DY — K—mt 2014 CLEO [1106] +0.003 £ 0.003 £ 0.006
DY — KtK~ 2014 LHCb [1058] —0.0006 £ 0.0015 £ 0.0010
2012 CDF [1120] —0.0024 £ 0.0022 £ 0.0009
2008 BABAR [1074] +0.0000 £ 0.0034 £+ 0.0013
2012 Belle [1121] —0.0043 £ 0.0030 £ 0.0011
2002 CLEO [1081] +0.000 £+ 0.022 £ 0.008
2000 FOCUS [1118] —0.001 £ 0.022 £ 0.015
1998 E791 [1122] —0.010 £ 0.049 + 0.012

HFLAV average

—0.0016 £ 0.0012

Table 267 CP asymmetries A p = [[(D%) — F(DO)]/[F(DO) + I'(D %) for three- and four-body D% DO decays

Mode Year Collaboration Acp
DY —» gtp—n0 2015 LHCb [1127] Model independent technique, no evidence for CP violation
2008 BABAR [1128] +0.0031 £ 0.0041 £ 0.0017
2008 Belle [1129] +0.0043 £ 0.0130 (stat. and syst. combined)
2005 CLEO [1130] +0.017999 + 0.05
HFLAV average +0.0032 £ 0.0042
D > K—mtz0 2014 CLEO [1106] +0.001 £ 0.003 + 0.004
D > Ktr— 70 2005 Belle [1131] —0.006 £ 0.053 (stat.)
2001 CLEO [1132] +0.091073 (stat.)
HFLAV average —0.0014 £ 0.0517
D® — Kontm~ 2012 CDF [1133] —0.0005 £ 0.0057 £ 0.0054
2004 CLEO [1134] —0.009 £ 0.021100%5
HFLAV average —0.0008 £ 0.0077
D — KO+ K—mt 2016 LHCb [473] Amplitude analysis, no evidence for CP violation
DY — KO+ Ktm~ 2016 LHCb [473] Amplitude analysis, no evidence for CP violation
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Table 267 continued

Mode Year Collaboration Acp

DY - KtK—n0 2008 BABAR [1128] —0.0100 +£ 0.0167 £ 0.0025

DY - n g ntat 2013 LHCb [1135] Model independent technique, no evidence for CP violation

DY — K~ mgtatn~ 2014 CLEO [1106] +0.002 £ 0.003 £ 0.004

DY — Ktn—wtn~ 2005 Belle [1131] —0.018 £ 0.044 (stat.)

DY — K*K-mntn~ 2013 LHCb [1135] Model independent technique, no evidence for CP violation
2012 CLEO [1136] Amplitude analysis, no evidence for CP violation
2005 FOCUS [1119] —0.082 + 0.056 &+ 0.047

Table 268 CP asymmetries Ap = [I"(D;r) — F(DS_)]/[F(D:“) + I'(D; )] for DSi decays

Collaboration

ACP

Mode Year
Df — ptv 2009
Df — 7ty 2013
D} — nty 2013
D} — Kot 2013

2010

2010
Df — (K% KOnt 2014

2013
D — KK+ 2013

2013

2010
D} — K+al 2010
Df — K™ 2010
D — Kty 2010
Df - atatn~ 2013
Df — ntn% 2013
Df — ntn%’ 2013
Df — Kk +n0 2013
Df — KOKkOn+ 2013
D}Y - Ktntw~ 2013
D} — KtK— =™t 2013
Df — KK —ntmt 2013
D — KK *ntm~ 2013
Df — K*K mntn® 2013

CLEO [1137]
CLEO [1138]
CLEO [1138]
BABAR [1110]
Belle [1139]
CLEO [1104]
HFLAV average
LHCb [1112]
BABAR [1110]
HFLAV average
CLEO [1138]
BABAR [1110]
Belle [1139]
HFLAV average
CLEO [1104]
CLEO [1104]
CLEO [1104]
CLEO [1138]
CLEO [1138]
CLEO [1138]
CLEO [1138]
CLEO [1138]
CLEO [1138]
CLEO [1138]
CLEO [1138]
CLEO [1138]
CLEO [1138]

+0.048 £ 0.061

+0.011 £ 0.030 £ 0.008
—0.022 £ 0.022 % 0.006
+0.006 £ 0.020 £ 0.003
+0.0545 £ 0.0250 £ 0.0033
+0.163 £ 0.073 £ 0.003
+0.0311 £ 0.0154

+0.0038 £ 0.0046 £ 0.0017
+0.003 £ 0.020 £ 0.003
+0.0038 £ 0.0048

+0.026 £ 0.015 £ 0.006
—0.0005 £ 0.0023 £ 0.0024
+0.0012 £ 0.0036 £ 0.0022
+0.0008 £ 0.0026

+0.266 £ 0.228 £ 0.009
+0.093 £ 0.152 £ 0.009
+0.060 £ 0.189 £ 0.009
—0.007 £ 0.030 % 0.006
—0.005 £ 0.039 £+ 0.020
—0.004 £ 0.074 £ 0.019
—0.016 £ 0.060 + 0.011
+0.031 £ 0.052 £ 0.006
+0.045 £ 0.048 £ 0.006
—0.005 £ 0.008 £ 0.004
+0.041 £ 0.027 £ 0.009
—0.057 £ 0.053 £ 0.009
+0.000 £ 0.027 £ 0.012

sample [1092]. This section describes a combination of mea-
surements that allows the extraction of the individual contri-
butions of the two types of CP violation. At the same time,
the level of agreement for a no-CP-violation hypothesis is
tested. The observables are:

DY nth)y — (D= hth™
ap= TP 2hR) (D TR (236)
T(DO—=hth=) + (D= hth™)
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where hTh~ canbe KT K~ orzt7—, and

AAcp = Acp(KTKT) — Acp(nn7), (237)

where Acp are time-integrated CP asymmetries. The under-
lying theoretical parameters are:

2 _ 2
adir — |ADO—)f| - |AD0*>f|
cp |ADO%f|2 + |Aljoﬁf|2’
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Table 269 Measurements of the 7-odd asymmetry A, = (Ar — A7) /2

Mode Year Collaboration Ar
DY > K*K~ntm— 2014 LHCb [1148] +0.0018 £ 0.0029 £ 0.0004
2010 BABAR [1149] +0.0010 £ 0.0051 £ 0.0044
2005 FOCUS [1119] +0.010 £ 0.057 £ 0.037
HFLAV average +0.0017 £+ 0.0027
Dt — KOK+tmatm~ 2011 BABAR [1150] —0.0120 £ 0.0100 £ 0.0046
2005 FOCUS [1119] +0.023 £ 0.062 £ 0.022
HFLAV average —0.0110 £ 0.0109
D} — KOK+tmatm~ 2011 BABAR [1150] —0.0136 £ 0.0077 £ 0.0034
2005 FOCUS [1119] —0.036 £ 0.067 = 0.023

HFLAV average —0.0139 £ 0.0084

Table 270 Inputs to the fit for direct and indirect CP violation. The first uncertainty listed is statistical, and the second is systematic

Year Experiment Results A(t)/t (t)y/7 References
2012 BABAR Ar = (+0.09 + 0.26 £+ 0.06)% - - [1085]
2016 LHCb prompt Ar(KK) = (—0.030 + 0.032 + 0.010)% - - [1089]

Ar(wm) = (+0.046 £+ 0.058 £+ 0.012)% - -
2014 CDF Ar = (—0.12 + 0.12)% - - [1087]
2015 LHCb SL Ar = (—0.125 £ 0.073)% - - [1088]
2015 Belle = (—0.03 + 0.20 + 0.07)% - - [1084]
2008 BABAR Acp(KK) = (4+0.00 £ 0.34 £ 0.13)%

Acp(nm) = (—0.24 + 0.52 + 0.22)% 0.00 1.00 [1074]
2012 Belle prel. AAcp = (—0.87 & 0.41 £ 0.06)% 0.00 1.00 [1153]
2012 CDF AAcp = (—0.62 + 0.21 + 0.10)% 0.25 2.58 [1077]
2014 LHCb SL AAcp = (+0.14 £ 0.16 & 0.08)% 0.01 1.07 [1058]
2016 LHCb prompt AAcp = (—0.10 + 0.08 + 0.03)% 0.12 2.10 [1078]

Jrino = ([5]-[5])rese).
p q

(238)

1
& =3l (315

where Ap_, r is the amplitude for D — f [1151]. We use the
following relations between the observables and the under-
lying parameters [1152]:

Ar = —aflp — alpycp, (239)
1) Alt t
d1r(1+ CP<>)+ CIg <>+ d1r ‘lf)’

~ Aa dlr<1+yCP@>+ glgA<)

AAcp =
(240)

Equation (239) constrains mostly indirect CP violation, and
the direct CP violation contribution can differ for differ-
ent final states. In Eq. (240), (¢)/t denotes the mean decay
time in units of the DY lifetime; AX denotes the differ-
ence in quantity X between KK~ and 7 "7~ final states;
and X denotes the average for quantity X. We neglect the
last term in this relation as all three factors are O(1072)

or smaller, and thus this term is negligible with respect
to the other two terms. Note that A(t)/t < (t)/t, and
it is expected that |ad”| < |Aad”| because ad"(K TKT)
and adlr (w7 ™) are expected to have opposite signs in the
Standard Model [1151].

A x? fit is performed in the plane Aag‘;, vs. agf,l For
the BABAR result the difference of the quoted values for
Acp(KTK™) and Acp(rTm™) is calculated, adding all
uncertainties in quadrature. This may overestimate the sys-
tematic uncertainty for the difference as it neglects cor-
related errors; however, the result is conservative and the
effect is small as all measurements are statistically lim-
ited. For all measurements, statistical and systematic uncer-
tainties are added in quadrature when calculating the x2.
We use the current world average value ycp = (0.835 +
0.155)% (see Sect. 8.1) and the measurements listed in
Table 270.

In this fit, Ap (K K) and A (;r77) are assumed to be iden-
tical. This assumption (expected to hold in the Standard
Model) is supported by all measurements to date. A sig-
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Fig. 198 Plot of all data and the fit result. Individual measurements
are plotted as bands showing their & lo range. The no-CPV point
(0,0) is shown as a filled circle, and the best fit value is indicated by
a cross showing the one-dimensional uncertainties. Two-dimensional
68% C.L., 95% C.L., and 99.7% C.L. regions are plotted as ellipses

nificant relative shift due to final-state dependent Ar val-
ues between A Acp measurements with different mean decay
times is excluded by these measurements.

The combination plot (see Fig. 198) shows the measure-
ments listed in Table 270 for AAcp and Ar.

From the fit, the change in x? from the minimum value
for the no-CPV point (0,0) is 4.7, which corresponds to a
C.L. of 9.3 x 102 for two degrees of freedom. Thus the data
are consistent with the no-CP-violation hypothesis at 9.3%
C.L. This p-value corresponds to 1.70. The central values
and = lo uncertainties for the individual parameters are

ald = (+0.030 + 0.026)%

Aadt = (—0.134 + 0.070)%. (241)

Compared to the previous average, the tension in the dif-
ference between direct CP violation in the two final states
is reduced, while the common indirect CP violation moved
away from the no-CP-violation point by about one standard
deviation.

8.5 Semileptonic decays
8.5.1 Introduction

Semileptonic decays of D mesons involve the interaction of
a leptonic current with a hadronic current. The latter is non-
perturbative and cannot be calculated from first principles;
thus it is usually parameterized in terms of form factors. The
transition matrix element is written

.GF

M = —1 EVC‘[

L¥*H,, (242)
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where G r is the Fermi constant and V,, is a CKM matrix ele-
ment. The leptonic current L* is evaluated directly from the
lepton spinors and has a simple structure; this allows one to
extract information about the form factors (in H M) from data
on semileptonic decays [1154]. Conversely, because there are
no strong final-state interactions between the leptonic and
hadronic systems, semileptonic decays for which the form
factors can be calculated allow one to determine ch [2].

8.5.2 D— Plvy decays

When the final state hadron is a pseudoscalar, the hadronic
current is given by

Hy, = (P(P)|gyucID(p")

2 2
= f1(q) x [(p’ + Pl — %qu]
2 2

+fo(q2)n”)q—zmpqw (243)
where mp and p’ are the mass and four momentum of the
parent D meson, m p and p are those of the daughter meson,
fi(g?) and fo(g?) are form factors, and ¢ = p’ — p. Kine-
matics require that f4(0) = fo(0). The contraction g, L*
results in terms proportional to m ,[1155], and thus for £ = e
the terms proportionals to g,, in Eq. (243) are negligible. For
light leptons only the f(g2) vector form factor is relevant
and the differential partial width is

dl'(D — Pﬁ_vg) _ G%|ch|2

dg?d cos o3 PUH@)singz, (244)

where p* is the magnitude of the momentum of the final
state hadron in the D rest frame, and 6, is the angle of the
lepton in the £v rest frame with respect to the direction of the
pseudoscalar meson in the D rest frame.

8.5.3 Form factor parameterizations

The form factor is traditionally parameterized with an explicit
pole and a sum of effective poles:

2 J3(0) 1
rea = 22 ()

pole

Al POk
+ 9
]

qz/(yk mrz)ole)

(245)

where pj and yy are expansion parameters and « is a param-
eter that normalizes the form factor at g> = 0, f(0). The
parameter mpgle is the mass of the lowest-lying cq reso-
nance with the vector quantum numbers; this is expected
to provide the largest contribution to the form factor for the
¢ — q transition. The sum over N gives the contribution
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Table 271 Results for mpole and apk from various experiments for DY - K—¢*vand Dt — KO¢*tv decays

D — K/{v; Expt. Mode Refs. Mpole (GeV/cz) agg

CLEO 11l (DY ¢ =e, ) [1175] 1.89 + 0.05700% 0.36 + 0.1070:%
FOCUS (D% €= p) [1176] 1.93 + 0.05 £ 0.03 0.28 + 0.08 + 0.07
Belle (D% € =e, ) (1171] 1.82 + 0.04 £ 0.03 0.52 + 0.08 £ 0.06
BABAR (D% € =e) (1172] 1.889 + 0.012 £ 0.015 0.366 + 0.023 + 0.029
CLEO-c (tagged) (D%, DF; e =e) (1173] 1.93 + 0.02 £ 0.01 0.30 + 0.03 £ 0.01
CLEO-c (untagged) (D% € =e) (1174] 1.97 + 0.03 £ 0.01 0.21 + 0.05 £ 0.03
CLEO-c (untagged) (Dt; e =e) [1174] 1.96 £ 0.04 £ 0.02 0.22 £ 0.08 £ 0.03
BESII (D% € = e) [1169] 1.921 + 0.010 + 0.007 0.309 + 0.020 £ 0.013
BESIII (D¥;t=e) [1170] 1.953 + 0.044 £ 0.036 0.239 + 0.077 £ 0.065

Table 272 Results for mpole and apg from various experiments for DY - 7z=¢tvand DT — 70ty decays

D — mlvy Expt. Mode Refs. Mpole (GeV/cz) OBK

CLEO IIl (D% € =e, ) [1175] 1.861 0001007 0.37192 + 0.15
FOCUS (D% €= p) [1176] 1911079 + 0.07 -

Belle (D% € =e, ) [1171] 1.97 £ 0.08 £ 0.04 0.10 £ 0.21 £ 0.10
CLEO-c (tagged) (D%, Dt =e) [1173] 1.91 £ 0.02 £ 0.01 0.21 £ 0.07 £ 0.02
CLEO-c (untagged) (D% ¢ =e) [1174] 1.87 £ 0.03 £ 0.01 0.37 £ 0.08 £ 0.03
CLEO-c (untagged) (Dt t=e) [1174] 1.97 £ 0.07 + 0.02 0.14 £ 0.16 £ 0.04
BES III (D% ¢ =e) [1169] 1.911 £ 0.012 £ 0.004 0.279 £ 0.035 + 0.011
BABAR (D% ¢ =e) [1168] 1.906 + 0.029 + 0.023 0.268 £ 0.074 =+ 0.059

of higher mass states. For example, for D — 7 transi-
tions the dominant resonance is expected to be D*(2010),
and thus Moole = M pr2010)- For D — K transitions,
the dominant contribution is expected from D} (2112), with

Mpole = M px(2112)°

8.5.4 Simple pole

Equation (245) can be simplified by neglecting the sum over
effective poles, leaving only the explicit vector meson pole.
This approximation is referred to as “nearest pole domi-
nance” or “vector-meson dominance.” The resulting param-
eterization is

Sf+(@0)

@)= —""5—
f+ q ) (1 _qz/mlz)()le)

: (246)

However, values of mpole that give a good fit to the data do
not agree with the expected vector meson masses [1156].
To address this problem, the “modified pole” or Becirevic—
Kaidalov (BK) parameterization [1157] was introduced.
Mpole/+/aBK is interpreted as the mass of an effective pole,
higher than mle, thus it is expected that agg < 1.

The parameterization takes the form

J+(0) 1
— g2 /m2 ’
(1 q /mpole) (1 — oy %2 )
mpole

fi@®) = (247)

These parameterizations are used by several experiments
to determine form factor parameters. Measured values of
Moole and o arelistedin Tables 271 and 272 for D — K £vy
and D — mfv; decays, respectively.

8.5.5 z expansion

An alternative series expansion around some value g2 = 1
to parameterize [ (qz) can be used [1154,1158-1160]. This
parameterization is model independent and satisfies general
QCD constraints, being suitable for fitting experimental data.
The expansion is given in terms of a complex parameter z,
which is the analytic continuation of ¢ into the complex
plane:

ty —q> — iy — 1
2g? ) = Y=L (248)
It =g+ it — 1o

where 1+ = (mp + mp)? and 1o is the (arbitrary) q2 value
corresponding to z = 0. The physical region corresponds
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to £ |z|max = £0.051 for D — K{lvy and = £0.17 for
D — mlvg,using fo =t (1 — /1 —1_/t3).

The form factor is expressed as

Y ar)lz(q® w)1*, (249

k=0

A
FH )= 5y a0

where the P(qz) factor accommodates sub-threshold reso-
nances via

P =]
0 e M3y

(D — m)

(D — K). (250

The “outer” function ¢ (¢, fy) can be any analytic function,
but a preferred choice (see, e.g. Refs. [1158,1159,1161])
obtained from the Operator Product Expansion (OPE) is

b(g* 1) = 05(\/¢+ — g%+ 1y — to)
32
ty —q? (N/t_‘_ —q? + iy — t_>
— 1/4 5
(t+ tO) ( /l+ _ q2 + ﬁ)

(251)

with & = /rm?2 /3. The OPE analysis provides a constraint
upon the expansion coefficients, Z}i\/:o a,% < 1. These coef-
ficients receive 1/Mp corrections, and thus the constraint
is only approximate. However, the expansion is expected
to converge rapidly since |z| < 0.051 (0.17) for D - K
(D — 1) over the entire physical g2 range, and Eq. (249)
remains a useful parameterization. The main disadvantage
as compared to phenomenological approaches is that there is
no physical interpretation of the fitted coefficients ay .

8.5.6 Three-pole formalism

An update of the vector pole dominance model has been
developed for the D — m£v, channel [1162]. It uses infor-
mation of the residues of the semileptonic form factor at its
first two poles, the D*(2010) and D¥ (2600) resonances. The
form factor is expressed as an infinite sum of residues from
JP = 1~ states with masses m D::

2
213182 f+(q?)

=3 (252)
=)
n=0 mD: - (]2
with the residues given by
1
Res f1(q*) = Smp; fo;80;D7- (253)

=m
q D

Values of the fp+ and f). decay constants have been
obtained by lattice QCD calculations, relative to fp, with 2%
and 28% precision, respectively [1162]. The couplings to the
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Dr state, gp+pr and g ., are extracted from measure-

ments of the D*(2010) and D¥ (2600) widths by BABAR and
LHCb experiments [1163—-1165]. Thus the contribution from
the first pole is known with a 3% accuracy. The contribu-
tion from the D* (2600) is determined with poorer accuracy,
~30%, mainly due to lattice uncertainties. A superconver-
gence condition [1166] is applied:

> Res fi(@* =0, (254)

2
=m
n=01 D}

protecting the form factor behavior at large ¢2. Within this
model the first two poles are not sufficient to describe the
data, and a third effective pole needs to be included.

One of the advantages of this phenomenological model is
that it can be extrapolated outside the charm physical region,
providing a method to extract the CKM matrix element V,;,
using the ratio of the form factors of the D — wfvand B —
v decay channels. It will be used once lattice calculations
provide the form factor ratio f ;n (qz)/ f ;{ﬂ (qz) at the same
pion energy.

This form factor description can be extended to the D —
K ¢v decay channel, considering the contribution of several
cs resonances with J* = 17. The first two pole masses
contributing to the form factor correspond to the D} (2112)
and Dj(2700) resonant states [327]. A constraint on the
first residue can be obtained using information of the fx
decay constant [327] and the g coupling extracted from the
D*T width [1163]. The contribution from the second pole
can be evaluated using the decay constants from [1167], the
measured total width and the ratio of D*K and DK decay
branching fractions [327].

8.5.7 Experimental techniques and results

Different techniques by several experiments are used to mea-
sure D meson semileptonic decays having a pseudoscalar
particle in the final state. The most recent results are pro-
vided by the BABAR [1168] and BES III [1169,1170]
collaborations. Belle [1171], BABAR [1172], and CLEO-
c [1173,1174] have all previously reported results. Belle
fully reconstructs ete™ — DDX events from the contin-
uum under the 7' (4S) resonance, achieving very good ¢
resolution (15 MeV?) and a low background level but with a
low efficiency. Using 282 fb~! of data, about 1300 and 115
signal semileptonic decays are isolated for both lepton chan-
nels together (e + w), for the Cabibbo-favored and Cabibbo-
suppressed modes, respectively. The BABAR experiment uses
a partial reconstruction technique in which the semileptonic
decays are tagged via D** — D97+ decays. The D direc-
tion and neutrino energy are obtained using information from
the rest of the event. With 75 fb~! of data, 74,000 sig-
nal events in the D — K~e*v mode are obtained. This
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Table 273 Results for r; and r, from various experiments for the D — K {¢v, decay channel. The correlation coefficient between these parameters

is larger than 0.9

Expt. D — Kty Mode Refs. r r

BABAR (D% ¢ =¢) [1172] —25+£02+02 0.6 +£ 6.0 + 5.0
CLEO-c (tagged) (D% ¢ =¢) [1173] —2.65 + 0.34 £ 0.08 13+£9+1
CLEO-c (tagged) (Dt =e) [1173] —1.66 + 0.44 + 0.10 —14+£11 1
CLEO-c (untagged) (D% ¢ =¢) [1174] —24+£04 +£0.1 21 £ 11 £ 2
CLEO-c (untagged) (DYt =e) [1174] —28+6+2 32+ 18+ 4

BES III (D% ¢ =¢) [1169] —2.334 £ 0.159 + 0.080 342 +£ 391 + 2.41
BES III (Dt =e) [1170] —2.23 £ 042 + 0.53 11.3 £ 85 £ 8.7

Table 274 Results for r| and r, from various experiments, for D — m£v,. The correlation coefficient between these parameters is larger than 0.9

Expt. D — mlyy Mode Refs. ri 1)

CLEO-c (tagged) (D% ¢ =¢) [1173] —2.80 + 0.49 + 0.04 6+3+0
CLEO-c (tagged) (DTt =e) [1173] —1.37 £ 0.88 £ 0.24 -4 +5+1
CLEO-c (untagged) (D%t =e) [1174] —2.14+07+£03 -12+48 £ 1.7
CLEO-c (untagged) (Dt e =e) [1174] —-02+15+04 —98 £ 9.1 £ 2.1
BES I (D%t =e) [1169] —1.85 + 0.22 £+ 0.07 —14+15+£05
BABAR (D%t =e) [1168] —1.31 &£ 0.70 £ 0.43 —424+40+19

technique provides a large signal yield but also a high back-
ground level and a poor g2 resolution (ranging from 66 to
219 MeV?). In this case the measurement of the branching
fraction is obtained by normalizing to the D — K~ 7+
decay channel; thus the measurement would benefit from
future improvements in the determination of this reference
channel. The Cabibbo-suppressed mode has been recently
measured using the same technique and 350 fb~—! data. For
this measurement, 5000 D — 7 ~etv signal events were
reconstructed [1168].

The CLEO-c experiment uses two different methods to
measure charm semileptonic decays. Tagged analyses [1173]
rely on the full reconstruction of ¥'(3770) — DD events.
One of the D mesons is reconstructed in a hadronic decay
mode, the other in the semileptonic channel. The only miss-
ing particle is the neutrino so the g2 resolution is very good
and the background level very low. With the entire CLEO-c
data sample, 818 pb’l, 14,123 and 1374 signal events are
reconstructed for the D° — K~etv and D — 7~ ety
channels, and 8467 and 838 for the Dt — ?Oeﬂ) and
Dt — %% decays, respectively. Another technique with-
out tagging the D meson in a hadronic mode (“untagged”
in the following) has been also used by CLEO-c [1174]. In
this method, the entire missing energy and momentum in an
event are associated with the neutrino four momentum, with
the penalty of larger background as compared to the tagged
method. Using the “tagged” method the BES III experiment
measures the D® — K ~etvand D° — 7~ ¢Tv decay chan-
nels. With 2.9 fb~! they fully reconstruct 70,700 and 6300
signal events for each channel, respectively[1169]. In a sep-

arated analysis the BES III experiment measures also the
D™ decay mode into Dt — K¢t [1170]. Using several
tagged hadronic events they reconstruct 20,100 semileptonic
candidates.

Previous measurements were also performed by several
experiments. Events registered at the 7" (4S) energy corre-
sponding to an integrated luminosity of 7 fb~! were analyzed
by CLEO III [1175]. Fixed target photo-production experi-
ments performed also measurements of the normalized form
factor distribution (FOCUS [1176]) and total decay rates
(Mark-IIT [1177], E653 [1178,1179], E687 [1180,1181],
E691 [1182], BES 1I [1183,1184], CLEO 1II [1185]). In
the FOCUS fixed target photo-production experiment, D°
semimuonic events were obtained from the decay of a D*T,
with a kaon or a pion detected.

Results of the hadronic form factor parameters, 11 ;. and
ok, obtained from the measurements discussed above, are
given in Tables 271 and 272.

The z-expansion formalism has been used by BABAR[1168,
1172], BES I1I[1186] and CLEO-c [1173], [1174]. Their fits
use the first three terms of the expansion, and the results for
the ratios r| = aj/ag and rp = ay/ag are listed in Tables 273
and 274.

8.5.8 Combined results for the D — K{v; channel

The ¢? distribution provided by each individual measurement
is used to determine a combined result by performing a fit to
the z-expansion formalism at second order. Results for the
form factor normalization f f (0)| V5| and the shape param-
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Table 275 Results of the fits to D — K{v, measurements from sev-
eral experiments, using the z-expansion. External inputs have been
updated to PDG [327]. The correlation coefficients listed in the last
column refer to p1p = PVl 7K O P13 = Py 7K 0.0 and py3 =
Pr1,r, and are for the total uncertainties (statistical @ systematic). The

result for the DT — ng+ve decay channel from BES III [1170] is
included in the combined results as a constraint on the normalization,
[Ves| f f (0). The entry others refers to total decay rates measured by
Mark-III [1177], E653 [1178,1179], E687[1180,1181], E691 [1182],
BES 11 [1183,1184] and CLEO II [1185]

Expt. D — Kty Mode [Ves| fK(0) T 15 P12/ P13/ 023

BES III (tagged) [1169] (DY) 0.7195(35)(43) —2.33(16)(8) 3.4(4.0)(2.5) —0.21/0.58/—0.81
CLEO-c (tagged) [1173] (D°, D) 0.7189(64)(48) —2.29(28)(27) 3.0(7.0)(1.0) —0.19/0.58/—0.81
CLEO-c (untagged) [1174] (D°, D) 0.7436(76)(79) —2.57(33)(18) 23.9(8.9)(4.3) —0.34/0.66/—0.84
BABAR [1172] (DY) 0.7241(64)(60) —2.45(20)(18) —0.6(6.0)(3.8) —0.36/0.59/—0.82
Belle [1171] (DY) 0.700(19) —3.06(71) ~33(17.9) —0.20/0.66/—0.81
FOCUS [1176] and others 0.724(29) —2.54(75) 7.0(12.8) —0.02/0.02/—-0.97
Combined (DY, D) 0.7226(22)(26) —2.38(11)(6) 4.7(2.6)(1.4) —0.19/0.51/—0.84

Table 276 Results for the D® — K~ ¢+v; and Dt — K%¢tv, decays channels using the z-expansion formalism at second order

Fit value DY — K¢ty Dt — K%ty
|Vm|ff ) 0.7219 £+ 0.0024 + 0.0027 0.726 + 0.005 £ 0.007
r —241 £ 0.11 £+ 0.07 —2.07 £ 0.38 = 0.10
193 47 +27 + 14 54 4+ 82 4+ 4.6

P12/ P13/ 023 —0.19/0.51/-0.84 —0.10/0.39/—-0.84

eters r1 and r; for each individual measurement and for the
combination are presented in Table 275. Measurements have
been corrected with respect to the original ones using recent
values from PDG [327]. This includes updated branching
fractions of normalization channels, corrected CKM matrix
elements and the D meson lifetime. The BABAR measure-
ment has been corrected accounting for final-state radiation.
The result for the DT — K 2e+ve decay channel from
BES III [1170] is included as a constraint in the combined
result since correlation matrices are not provided. Correlation
coefficients of the parameters are quoted in the last column
of Table 275. The x? per degree of freedom is 114.7/101.
Results are shown in Fig. 201.

In the combination of the electron and muon channels,
the measurements with muons are corrected for the reduc-
tion of phase space and for the fj (qz) contribution [1187].
Channels with a D° ora D are combined assuming isospin
invariance and using physical meson and lepton masses.
These combined results are noted as D — K {£vy in the fol-
lowing. Hadronic form factors are assumed to be the same
for charged and neutral D mesons. Separate results for the
D° — K¢ty and Dt — K%y, decay channels are
shown in Table 276 and Fig. 200. Using the fitted parameters
and integrating over the full ¢ range, the combined semilep-
tonic branching fraction, expressed in terms of the D? decay
channel gives:

B(D® — K~ ¢tv,) = (3.490 + 0.011 £ 0.020)% (255)

@ Springer

Table 277 Results of the three-pole model form factors obtained from
a fit to all measurements. Fitted parameters are the first two residues yOK
and le , which are constrained using present measurements of masses
and widths of the D} and D}, mesons, and lattice computations of decay
constants, and the effective mass, m DYl accounting for higher mass
hadronic contributions e

Parameter Combined result (D — K{lvy)
v 4.85 £ 0.08 GeV?
v —1.2 £ 0.30 GeV?
mp. 4.46 + 0.26 GeV
s eff

Data from the different experiments are also fitted within
the three-pole form factor formalism. Constraints on the
first and second poles are imposed using information of the
D¥(2112) and D7, (2700) resonances. Results are presented
in Table 277. Fitted parameters are the first two residues
v =  Res fE@Handyl =  Res  fF@)

97="Mpr112) q-=m

and an effective mass, m

Djfl (2700)
D accounting for higher mass
hadronic contributions. It is found that the fitted effective
third pole mass is larger than the mass of the second radial
excitation, around 3.2 GeV/ 2, as expected. The contribu-
tion to the form factor by only the D} resonance is dis-
favoured by the data. Figure 199 (left) shows the result of
the fitted form factors for the z-expansion and three-pole

parametrizations (Figs. 200, 201).
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Fig. 199 Form factors as 2 - T . - “—
function of ¢ for the ¥E:r | EE," .
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Fig. 200 Results of the combined fit shown separately for the D® — K~ ¢*v and D* — K%¢*v decay channels. Ellipses are shown for 68% C.L

8.5.9 Combined results for the D — mlv; channel

The combined result for the D — mfv, decay channel is
obtained from a fit to BABAR, Belle, BES III, and CLEO-c

data, with updated input values from [327]. The available
measurements are fitted in bins of g2 to the z-expansion
model at second order. Results of the individual fits for
each experiment and the combined result are shown in
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Fig. 201 The D° — K~ ¢*v (leff) and D° — 7~ ¢t (right) 68% C.L. error ellipses from the average fit of the 3-parameter z-expansion results
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Table 278 Results of the fits to D — m{v; measurements from sev-
eral experiments, using the z-expansion. External inputs are updated to
PDG [327]. The correlation coefficients listed in the last column refer

t0 P12 = PVl T O3 P13 = PlVey| T (0),r2> A 023 = Py r, and are
for the total uncertainties (statistical @ systematic)

Expt. D — mlv, mode [Veal £T(0) r r P12/ 013/ 023

BES 11l (tagged) [1169] (DY) 0.1422(25)(10) —1.86(23)(7) —1.24(1.51)(47) —0.37/0.64/—0.93
CLEO-c (tagged) [1173] (DY, DF) 0.1507(42)(11) —2.45(43)(9) 3.8(2.8)(6) —0.43/0.67/—0.94
CLEO-c (untagged) [1174] (DY, DF) 0.1394(58)(25) —1.71(62)(25) —2.8(4.0)(1.6) —0.50/0.69/—0.96
BABAR [1172] (DY) 0.1381(36)(22) —1.42(66)(45) —3.5(3.7)2.0) —0.40/0.57/—0.97
Belle [1171] (DO) 0.142(11) —1.83(1.00) 1.5(6.5) —0.30/0.59/—0.91
Combined (DO, D) 0.1426(17)(8) —1.95(18)(1) —0.52(1.17)(32) —0.37/0.63/—0.94

Table 279 Results of the three-pole model to BABAR, Belle, BES 111
and CLEO-c (tagged and untagged) data. Fitted parameters are the first
two residues y;' and y{*, which are constrained using present measure-
ments of masses and widths of the D* and D* mesons, and lattice com-
putations of decay constants, and the effective mass, m D*f’f" accounting
for higher mass hadronic contributions ‘

Parameter Combined result (D — w£vy)
Y 3.881 + 0.093 GeV?

" —1.18 £ 0.30 GeV?

m 4.17 £ 0.42 GeV

eff

Table 278. The x 2 per degree of freedom of the combined fitis
51/55.

Using the fitted parameters and integrating over the full
g* range, the combined semileptonic branching fraction,

expressed in terms of the DY decay channel gives:

B(D® — 77 ¢t v) = (2.891 £ 0.030 & 0.022) x 1073
(256)

Results of the three-pole model to the D — wfv, data
are shown in Table 279. Fitted parameters are the first two
residues y = Res fT (¢?) and Y = Res fT (q?)

q*=m3. gP=m

(which are constrained using present measurements of
masses and widths of the D*(2010) and D¥ (2600) mesons,
and lattice computations of decay constants, following
[1162]), and an effective mass, m D:;;, accounting for higher
mass hadronic contributions. The V., value entering in the
fitis given in Eq. (257). The x? per degree of freedom of the
combined fit is 57.5/57.

The effective mass m ., is larger than the predicted mass

D :ff

of the second radially excited state with J© = 17 (~
3.11 GeV), indicating that more contributions are needed to
explain the form factor. Figure 199 (right) shows the result of
the combined form factor for the z-expansion and three-pole

parameterizations.

8.5.10 V.5 and V.4 determination

Assuming unitarity of the CKM matrix, the values of the
CKM matrix elements entering in charm semileptonic decays
are evaluated from the V,4, V;4 and V., elements [327]:

|Ves| = 0.97343 £ 0.00015, 257)
|Veal = 0.22521 £ 0.00061.

Using the combined values of f f (0)|Ves| and f j_’ (0)|Veql in
Tables 275 and 278, leads to the form factor values:

7K(0) = 0.7423 + 0.0035,
FT(0) =0.6327 £ 0.0086,

which are in agreement with present lattice QCD compu-
tations [222]: ff(()) = 0.747 £ 0.019 and f7(0) =
0.666 £+ 0.029. The experimental accuracy is at present
higher than the one from lattice calculations. If instead one
assumes the lattice QCD form factor values, one obtains
for the CKM matrix elements using the combined results
in Tables 275 and 278:

[Ves| = 0.967 £ 0.025,
|Veal = 0.2140 £ 0.0097,

still compatible with unitarity of the CKM matrix.

8.5.11 D— Vv decays

When the final state hadron is a vector meson, the decay
can proceed through both vector and axial vector currents,
and four form factors are needed. The hadronic current is
Hu = VM + Au’ where [1155]

Vi = (V(p. ©)|qyucID(p")
2V(g*) w 1o o
= mp +mv£uv,oo‘9 p-p
Ay = (V(p. &) = qyuysclD(p)

= —i (mp +my)Ai(gH)e},

(258)
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+lm(8 )P+ P
. 2mv 2 2 * 4
+i p A3(g7) — Ao(g”) |[e™ - (p" + P)gp.

(259)

In this expression, my is the daughter meson mass and

MDY A1t — P2 ag). (260)
m 2my

Kinematics require that A3(0) = Ag(0). Terms proportional
to g, are only important for the case of T leptons. Thus, only
three form factors are relevant in the decays involving u or
e: A1(g%), A2(¢g?) and V (¢?). The differential partial width

18

As(g?) =

dT(D — Vivy)  G% Ve

« o [(1—coséy)? 2
= X| ——|H_|
dg?d cos by 12873m?, 2
14cos 6p)? .
+%|H+|2+sm2 9(|H()|2i|,

261)

where H, and H,, are helicity amplitudes, corresponding to
helicities of the V meson or virtual W, given by

Hy = —[(mp+mv>2A1(q2>q:2mDp*vaf)}
mp—+my
(262)
1 2 2 2
Ho= L™ [(1_%>
lg| 2my (mp-+my) m?,
2 2 *2 2
x(mp +my)?Ai(q?) — 4p*° Ax(q )] (263)

p* is the magnitude of the three-momentum of the V sys-
tem, measured in the D rest frame, and 0, is the angle of the
lepton momentum, in the W rest frame, with respect to the
opposite direction of the D meson [see Fig. 202 for the elec-
tron case (6,)]. The left-handed nature of the quark current
manifests itself as | H_| > |H|. The differential decay rate
for D — V{v followed by the vector meson decaying into
two pseudoscalars is

dT(D— Vv,V — P| P>)
dq?d cos By d cosOed
2
_ 3Gh
204874

0 2\, 2
2P (;ZZ)q B(V — P, Py)

D

|Veql

X {(1 + cos6p)? sin® Oy | Hy (q%) >
1+ (1 = cosB)?sin Oy |[H_(g>)
+ 4sin® 6, cos® Oy | Hy(¢*) |
— 45in6¢(1 + cos6y)

x sin Oy cos Oy cos x Hi(¢*)Ho(g?)

@ Springer

Fig. 202 Decay angles 6y, 6; and x . Note that the angle x between the
decay planes is defined in the D-meson reference frame, whereas the
angles 0, and 6, are defined in the V meson and W reference frames,
respectively

+ 4sin 0 (1 — cosby)
X sin Oy cos By cos x H_ (qz)Ho(qZ)

— 25in? 0, sin® Oy cos 2y Hy (q2) H_ (qz)}, (264)
where the helicity angles 6,, 6,,, and acoplanarity angle x
are defined in Fig. 202.

Ratios between the values of the hadronic form factors
expressed at g2 = 0 are usually introduced:

rv = V(0)/A1(0), r2 = A2(0)/A1(0). (265)

8.5.12 Form factor measurements

In 2002 FOCUS reported [1188] an asymmetry in the
observed cos(0y) distributionin DT — K~ 7Tty decays.
This is interpreted as evidence for an S-wave K~ com-
ponent in the decay amplitude. Since Hj typically dominates
over H 4, the distribution given by Eq. (264) is, after integra-
tion over x, roughly proportional to cos” 8y . Inclusion of a
constant S-wave amplitude of the form A ¢'% leads to an inter-
ference term proportional to |A Hy sin 6, cos 6y |; this term
causes an asymmetry in cos(0y ). When FOCUS fit their data
including this S-wave amplitude, they obtained A = 0.330 +
0.022 £ 0.015GeV~" and § = 0.68 % 0.07 =+ 0.05 [1189].
Both BABAR [1190] and CLEO-c [1191] have also found
evidence for an f; — K TK~ component in semileptonic
D, decays.

The CLEO-c collaboration extracted the form factors
H. (g%, H_(¢?), and Hy(g?) from 11000 D* — K~ n*
€% vy events in a model-independent fashion directly as func-
tions of g2 [1192]. They also determined the S-wave form
factor ho(qz) via the interference term, despite the fact that
the K mass distribution appears dominated by the vector
K*(892) state. It is observed that Ho(qz) dominates over a
wide range of g2, especially at low ¢2. The transverse form
factor H; (qz), which can be related to A3 (qz), is small com-
pared to lattice gauge theory calculations and suggests that
the form factor ratio r3 = A3(0)/A(0) is large and negative.
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BABAR [1193] selected a large sample of 244 x 103
DT — K~ mTetv, candidates with aratio /B ~ 2.3 from
an analyzed integrated luminosity of 347 fb~!. With four
particles emitted in the final state, the differential decay rate
depends on five variables. In addition to the four variables
defined in previous sections there is also m?2, the mass squared
of the K7 system. To analyze the D™ — K~ tetv, decay
channel it is assumed that all form factors have a g2 variation
given by the simple pole model and the effective pole mass
value, mg = (2.63 + 0.10 £ 0.13) GeV/cz, is fitted for
the axial vector form factors. This value is compatible with
expectations when comparing with the mass of J* = 1%

f
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Fig. 203 Comparison between CLEO-c and BABAR results for the
quantities qug (qz) and q2h0 (q2)H0 (qz)

Table 280 Results for ry and 2 from various experiments

charm mesons. For the mass dependence of the form factors,
a Breit—-Wigner with a mass dependent width and a Blatt—
Weisskopf damping factor is used. For the S-wave ampli-
tude, considering what was measured in DT — K~ 7 tx™
decays, a polynomial variation below the EZ(MSO) and a
Breit—Wigner distribution, above are assumed. For the poly-
nomial part, a linear term is sufficient to fit data. It is verified
that the variation of the S-wave phase is compatible with
expectations from elastic Kmr [343,1194] (after correcting
for 83/2) according to the Watson theorem. At variance with
elastic scattering, a negative relative sign between the S- and
P-waves is measured; this is compatible with the previous
theorem. Contributions from other spin-1 and spin-2 reso-
nances decaying into K~ ™t are considered.

In Fig. 203, measured values from CLEO-c of the prod-
ucts quHO2 (¢%) and ¢°hg(g?) Hy(gq?) are compared with cor-
responding results from BABAR illustrating the difference in
behavior of the scalar 4y component and the Hy form fac-
tor. For this comparison, the plotted values from BABAR for
the two distributions are fixed to 1 at g> = 0. The differ-
ent behavior of ho(qz) and H (qz) can be explained by their
different dependence in the p* variable.

Table 280 lists measurements of ry and r» from several
experiments. Most of the measurements assume that the ¢
dependence of hadronic form factors is given by the simple
pole ansatz. Some of these measurements do not consider a
S-wave contribution and itis included in the measured values.
The measurements are plotted in Fig. 204, which shows that
they are all consistent.

Experiment Refs. rv r
p+ = Kty
E691 [1195] 2.0+ 0.6+ 0.3 0.0+ 05+ 0.2
E653 [1196] 2.004 0.33+£ 0.16 0.824+ 0.224+ 0.11
E687 [1197] 1.74 + 0.27+ 0.28 0.78+ 0.18+ 0.11
E791 (e) [1198] 1.90+ 0.11 £ 0.09 0.71 + 0.08 &+ 0.09
E791 (1) [1199] 1.8440.11+0.09 075+ 0.08 £ 0.09
Beatrice [1200] 1.45+ 0.23+ 0.07 1.00+ 0.15+ 0.03
FOCUS [1189] 1.504 £0.057 £ 0.039 0.875 £0.049 + 0.064
DY — fon*,u.*v
FOCUS [1201] 1.706 £ 0.677 +0.342 0.912+£0.370+0.104
BABAR [1193] 1.493 + 0.014 £+ 0.021 0.775 £ 0.011 £ 0.011
D} — ¢petv
BABAR [1190] 1.849 £ 0.060 £ 0.095 0.763 £0.071 £ 0.065
DY Dt — pev
CLEO [1202] 1.404+0.25+0.03 0.57£0.18 £0.06
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3 = Table 281 The LQCD average for D and D meson decay constants
2 o i H . and their ratio from the Flavor Lattice Averaging Group [222]
> - M T A B A
[ Euuud_uu...'........:uu..........,;g......Au.uuﬂuuuuuuué.].uu Quantity Value
1 gj‘ .{. v ¥ L 4 - ¥ by
S I ! fo 212.15 + 1.45 MeV
0 S o o, 248.83 + 1.27 MeV
C ! > > +
B e i S S S S S fo,/fp 1.1716 + 0.0032
E Om 01 01 oq: [ 4 e + o
I Y I N S I h; v g h;
o T T T T b “ T T >
- + + + + w b *D"’ . .
B Sy & decays to muons. In particular, the ratio of the latter decays
- < £ 3 & & B3 ~ D,
- 8 5 5 < © @& & O isequal to R, = B(D} — tHv,)/B(D} — putv,) =
4 i [i] ) s m m [ T/u q q "
= mZ/m% - (1 —m%/m3, )?/(1 —m?2 /m7, )*, and amounts to
HFLAV Experiment . ¥

Summer 2016

Fig. 204 A comparison of r (filled inverted triangles) and ry (open
triangles) values from various experiments. The first seven measure-
ments are for DT — K~ 7 [Ty decays. Also shown as a line with
1-o limits is the average of these. The last two points are D" and DO
decays

8.6 Leptonic decays

Purely leptonic decays of D™ and D" mesons are among
the simplest and theoretically cleanest probes of ¢ — d and
¢ — s quark flavor-changing transitions. The branching frac-
tion of leptonic decays that proceed via the annihilation of
the initial quark-antiquark pair (cd or ¢5) into a virtual W+
that finally materializes as an antilepton-neutrino pair (£ vy).
Their Standard Model branching fraction is given by

B(D} — £*vy)
2

2
G m2

F 2 2 2 4
= _TquDqH/L‘q' meme (1 — mT .

(266)
8 D,

Here, m D, is the D; meson mass, D, is its lifetime, my
is the charged lepton mass, |V,,| is the magnitude of the
relevant CKM matrix element, and G g is the Fermi cou-
pling constant. The parameter fp, is the D; meson decay
constant and is related to the wave-function overlap of the
meson’s constituent quark and anti-quark. The decay con-
stants have been predicted using several methods, the most
accurate and robust being the lattice gauge theory (LQCD)
calculations. The Flavor Lattice Averaging Group [222] com-
bines all LQCD calculations and provides averaged values for
fp and fp, (see Table 281) that are used within this section
to extract the magnitudes of the V.; and V,; CKM matrix
elements from experimentally measured branching fractions
of DT — ¢ty and D} — €1y decays, respectively.

The leptonic decays of pseudoscalar mesons are helicity-
suppressed and their decay rates are thus proportional to the
square of the charged lepton mass. Leptonic decays into
electrons, with expected B < 1077, are not experimen-
tally observable yet, whereas decays to taus are favored over

@ Springer

9.76 + 0.03 in the case of D decays and to 2.67 + 0.01 in
the case of D decays based on the world average values of
masses of the muon, tau and D, meson given in Ref. [6]. Any
deviation from this expectation could only be interpreted as
violation of lepton universality in charged currents and would
hence point to NP effects [1203].

Averages presented within this subsection are weighted
averages, in which correlations between measurements and
dependencies on input parameters are taken into account.
There is only one new experimental result on leptonic charm
decays since our last report from 2014 — the measurements
of B(Df — wt*v,) and B(Df — ttv;) by BESII
collaboration [1204]. The Lattice QCD calculations of the
D and D; meson decay constants have improved signifi-
cantly since our last report and we use the latest averages of
Ny =2+ 1+1 calculations provided by the Flavour Lattice
Averaging Group [222] in our determinations of the CKM
matrix elements |V.4| and |V g].

8.6.1 DT — £Tv, decays and |V 4|

We use measurements of the branching fraction B(DT —
,u*vu) from CLEO-c [1103] and BESIII [1205] to calculate
the world average (WA) value. We obtain

BYA(DT — utv,) = (374 £ 0.17) x 1074, (267)

from which we determine the product of the decay constant
and the CKM matrix element to be

FolVed| = (45.9 £ 1.1) MeV, (268)

where the uncertainty includes the uncertainty on BYA(D+ —
,u+vu) and external inputsA'l needed to extract fp|V.q| from
the measured branching fraction using Eq. (266). Using the
LQCD value for fp from Table 281 we finally obtain the
CKM matrix element V4 to be

[Veal = 0.2164 £ 0.0050(exp.) £ 0.0015(LQCD), (269)
41 These values (taken from the PDG 2014 edition [327]) are m w =

(0.1056583715 + 0.0000000035) GeV/c2, mp = (1.86961 =+
0.00009) GeV/c? and tp = (1040 & 7) x 10~13 5.
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Table 282 Experimental results and world averages for B(D™ — ¢%vy) and fp|Veq|. The first uncertainty is statistical and the second is
experimental systematic. The third uncertainty in the case of fp+|V4| is due to external inputs (dominated by the uncertainty of tp)

Mode B0~ IplVeal MeV) References
whvy, 3.82 + 0.32 £ 0.09 464 £19 £05£02 CLEO-c [1103]
3.71 &£ 0.19 £ 0.06 457 £ 12 +£04 £02 BESIII [1205]
3.74 £ 0.16 £ 0.05 459 £1.0£03 £0.2 Average
etv, <0.088 at 90% C.L. CLEO-c [1103]
v, <12 at90% C.L. CLEO-c [1103]
HFLAV and BESIII made measurements using T+ — 771, [1204]
decays. Combining all of them we obtain the WA value of
CLEO-c|- ——e——i 457+£12+0.4 BYA(D} — ttv) = (5.51 + 0.24) x 1072, (271)
The ratio of branching fractions is found to be
BESTIT —e—  464+19+06 | R7, =9.95 + 0.57, (272)
and is consistent with the value expected in the SM.
A 150410404 From the average values of branching fractions of muonic
= —e—i _ _ 4 . .
verage and tauonic decays we determine*? the product of Dy meson
decay constant and the | V3| CKM matrix element to be

40 42 44 46 48 50 52 54
fD| Vcd| [MeV]

Fig. 205 WA value for fp|V,.4|. For each point, the first error listed is
the statistical and the second error is the systematic error

where the uncertainties are from the experiments and lattice
calculations, respectively. All input values and the resulting
world averages are summarized in Table 282 and plotted in
Fig. 205.

The upper limit on the ratio of branching fractions is found
to be Rgﬂ < 3.2 at 90% C.L., which is just slightly above
the SM expected value.

8.6.2 D — €ty decays and | V|

We use measurements of the absolute branching fraction
B(D} — wptv,) from CLEO-c [1137], BABAR [1206],
Belle [1207], and BESIII [1204], and obtain a WA value
of
BYA(DF — utv,) = (5.54 + 0.23) x 1073 (270)
The WA value for B(D;F — t7v;) is also calculated from
CLEO-c, BABAR, Belle, and BESIII measurements. CLEO-
¢ made separate measurements for t — ety v, [1208],
v = 7t9, [1137],and T+ — ptv, [1209], BABARmade
separate measurements for tt — eTv, v, [1206] and
t - ,uﬂ),ﬁr, Belle made separate measurements for
™t > et v, vt — pty, v, and 8 — 7Y, [1207],

Sp, 1 Ves| = (250.3 £ 4.5) MeV, (273)

where the uncertainty is due to the uncertainties on BWA(D;"
— utv,) and BYA(D}F — t+v;) and the external inputs.
All input values and the resulting world averages are summa-
rized in Table 283 and plotted in Fig. 206. To obtain the aver-
ages given within this subsection and in Table 283 we have
taken into account the correlations within each experiment*?
for the uncertainties related to: normalization, tracking, parti-
cle identification, signal and background parameterizations,
and peaking background contributions.

Using the LQCD value for fp, from Table 281, we finally
obtain the magnitude of the CKM matrix element V, to be

|Ves] = 1.006 £ 0.018(exp.) & 0.005(LQCD), (274)

where the uncertainties are from the experiments and lattice
calculations, respectively.

8.6.3 Comparison with other determinations of |V.q| and
|Ves|

Table 284 summarizes and Fig. 207 shows all determina-
tions of the CKM matrix elements | V4| and |V s|. As can be
seen, the most precise direct determinations of these CKM

42 We use the following values (taken from PDG 2014 edition [327])
for external parameters entering Eq. (266): m, = (1.77686 =+
0.00012) GeV/c?, mp, = (1.96830 £ 0.00010) GeV/c? and p, =
(500 £ 7) x 10715 s,

43 1n the case of BABAR we use the covariance matrix from the errata
of Ref. [1206].
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Table 283 Experimental results and world averages for B(D} —
£%vy) and D, | Ves|. The first uncertainty is statistical and the second is
experimental systematic. The third uncertainty in the case of fp,|Ves|
is due to external inputs (dominated by the uncertainty of Tp,). We have
recalculated B(D;” — t7v;) quoted by CLEO-c and BABAR using the
latest values for branching fractions of 7 decays to electron, muon, or

pion and neutrinos [6]. CLEO-c and BABAR include statistical uncer-
tainty of number of D; tags (denominator in the calculation of branching
fraction) in the statistical uncertainty of measured . We subtract this
uncertainty from the statistical one and add it to the systematic uncer-
tainty

Mode B(1072)

I, Ves| (MeV)

References

o, 0.565 £+ 0.044 £ 0.020

0.602 £ 0.037 £ 0.032
0.531 £+ 0.028 £ 0.020
0.517 £ 0.075 £ 0.021
0.554 £+ 0.020 £+ 0.013

m

(e, 531 4 0.47 £ 0.22
TH (), 6.46 + 0.80 + 0.23
H(p v, 5.50 4+ 0.54 £ 0.24

T, 5.57 £ 032 £ 0.15
5.08 £ 0.52 &+ 0.68
4.90 £ 0.46 + 0.54
T, 4.95 £ 0.36 + 0.58

250.8 £ 9.8 44 £ 1.8
2589 £ 8.0 £ 69 £ 1.8
243.1 £ 64 £ 4.6 £ 1.7
2399 £ 174 £ 49 £ 1.7
2482 £ 44 +£28 £ 1.7
246.1 £ 109 £ 5.1 £ 1.7
2714 £ 16.8 £ 48 £ 1.9
2504 £ 123 £55 £ 1.8
2520 £72+34+£18
240.7 £ 123 £ 16.1 £ 1.7
236.4 £ 11.1 £ 13.0 &£ 1.7
237.6 + 8.6 £ 13.8 £ 1.7

CLEO-c [1137]
BABAR [1206]
Belle [1207]
BESIII [1204]
Average
CLEO-c [1209]
CLEO-c [1137]
CLEO-c [1208]
CLEO-c average
BABAR [1206]
BABAR [1206]
BABAR average

e, 537 £ 033793 2474 £ 76751 £ 17 Belle [1207]
(v 5.86 + 0.377035 258.5 + 82777 £ 1.8 Belle [1207]
v, 6.04 + 0.437995 2624 + 93750 £ 1.8 Belle [1207]
T, 5.70 £ 0.21 £ 0.31 2549 £ 47 £ 69 £ 1.8 Belle average
(v, 3.28 £ 1.83 £ 0.37 194 £54 £ 11 £1 BESIII [1204]
T, 5.51 £0.18 £ 0.16 2509 £ 4.0 £3.7 + 1.8 All average
W, +thy, 2503 £3.1 £2.7 + 1.8 All average
etv, <0.0083 at 90% C.L. Belle [1207]
HFLAV 8.6.4 Extraction of D(s) meson decay constants
CLEO-c I—o— 250.8 + 9.8 + 4.8 . L )
BaBar | ., H—e—H 2580+ 77+82 | Assuming unitarity of the CKM matrix, the values of the
Belle [ H—o—H 2431+64+49 | elements relevant in the case of (semi-)leptonic charm decays
BESIIT |-} —e— = 2399+174+52 - :
A —ei 2461 £ 100 L 54 are known from the global fit of the CKM matrix and are
CLEO-c | r(mvr —e—2714+16.8+£52 given in Table 284. These values can be used to extract the
- :E:)):: i : H" ;ig:i i Eg i !1367.1 D and D; meson decay constants from the experimentally
abar | v, —e—t 2364 £ 1114131 measured products fp|Veq| and fp,|V.s| using Eq. (268)
Belle 7:2;; “'_‘ ™ ;g;:g i ;:gfﬁ | and Eq. (273), respectively. This leads to the experimentally
() H—e—H 262.4 + 9.3*_1;93-921 measured D) meson decay constants to be:
BESIII e i T(mvr 194 +54 £11
I == 2482+ 44 £33 x
Average | - [T 250.9 + 4.0 £ 4.1 b P — (203.7 £ 4.9) MeV, (275)
Ky + TV HcH 250.3 £3.1+33 exp
fp. = @257.1 £ 4.6) MeV, (276)
200 250 300 350 '
fo.| Ves| [MeV]

Fig. 206 WA value for fp,|V.|. For each point, the first error listed
is the statistical and the second error is the systematic error

matrix elements are those from leptonic and semileptonic
D(s) decays. The values are in agreement within uncertain-
ties with the values obtained from the global fit assuming
CKM matrix unitarity.
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and the ratio of the constants is determined to be
o /fpT = 1262 & 0.037. 277)

The values are in agreement with the LQCD determinations
given in Table 281 within the uncertainties. The largest dis-
crepancy is in the determinations of the ratio of the decay
constants where the agreement is only at the level of 2.40.
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Table 284 Average of the magnitudes of the CKM matrix elements
[Vea| and | V| determined from the leptonic and semileptonic D and
Dy decays. In the calculation of average values we assume 100% cor-

relations in uncertainties due to LQCD. The values determined from
neutrino scattering or W decays and determination from the global fit
to the CKM matrix are given for comparison as well

Method References Value
|Vcd|
D — ty, This section 0.2164 £ 0.0050(exp.) = 0.0015(LQCD)
D — mlyy Section 8.5 0.2141 £ 0.0029(exp.) £+ 0.0093(LQCD)
Average 0.216 £ 0.005
vN PDG [6] 0.230 + 0.011
Global CKM Fit CKMFitter [252] 0.225291 000032
[Ves|
D; — Ly This section 1.006 £ 0.018(exp.) £ 0.005(LQCD)
D — Kty Section 8.5 0.967 £ 0.005(exp.) + 0.025(LQCD)
Average 0.997 £+ 0.017
W — 5 PDG [6] 0.941032 + 0.13
Global CKM Fit CKMFitter [252] 0.97339410 00007¢
Fig. 207 Comparison of E
magnitudes of the CKM matrix ‘Summer 2016 ‘Summer 2016
elements |Veq| (left) and | V| D — tu o 0.2164 + 0.0050 + 0.0015 LD, — tu, He— 1006+ 0.018 4 0.005 -|
(right) determined from the
(semi-)leptonic charm decays
and from neutrino scattering D — mlu, HoH 0.2141 + 0.0029 + 0.0093 D — Ktve  —io— 0.967 = 0.005 + 0.025 |
data or W decays and
determination from the global fit f}jofji‘; rel 0.216 = 0.005 —f,fvfﬂ?%‘i b ki, HeH 0997 £0.017 |
assuming CKM unitarity [252]
vN —o— 0.230 £ 0.011 T eTE T o1
Indirect * 0.2252919:90041 - Indirect ° 0.97339410.000074 |
0.15 0.2 0.25 0.3 08 09 09 1 1.05 11 1.15

‘ Vcd|

8.7 Hadronic decays of D; mesons

BABAR, CLEO-c and Belle collaborations have measured
the absolute branching fractions of hadronic decays, D" —
K= K*n*, Df — K%, and D — nr*. The first two
decay modes are the reference modes for the measurements
of branching fractions of the D] decays to any other final
state. Table 285 and Fig. 208 summarise the individual mea-
surements and averaged values, which are found to be

BYADF - K~KTnT) = (5.44 + 0.14)%, (278)
BYA(D} — K7 F) = (3.00 + 0.09)%, (279)
BYA(D} — nrt) = (1.71 £ 0.08)%, (280)

where the uncertainties are total uncertainties. These aver-
ages are the same as in our previous report from 2014. The
B(Dj — K~ K*z™) is for a phase space integrated decay
and therefore includes all intermediate resonances.

|Ves|

8.8 Two-body hadronic D° decays and final state radiation

Measurements of the branching fractions for the decays
DY - K—nt, D% - 7tx—, and D° — K1tK~ have
reached sufficient precision to allow averages with O(1%)
relative uncertainties. At these precisions, Final State Radia-
tion (FSR) must be treated correctly and consistently across
the input measurements for the accuracy of the averages
to match the precision. The sensitivity of measurements to
FSR arises because of a tail in the distribution of radiated
energy that extends to the kinematic limit. The tail beyond
> E, ~ 30 MeV causes typical selection variables like the
hadronic invariant mass to shift outside the selection range
dictated by experimental resolution, as shown in Fig. 209.
While the differential rate for the tail is small, the inte-
grated rate amounts to several percent of the total AT h ™ (ny)
rate because of the tail’s extent. The tail therefore trans-
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Table 285 Experimental results and world averages for branching
fractions of D} — K~K*n*, Df — K°K*, and Dy — nn™
decays. The first uncertainty is statistical and the second is experimen-
tal systematic. CLEO-c reports in Ref. [1138] B(D} — K2K+). We
include it in the average of B(D — K°K*) by using the relation
B(Df — K°K*) =2B(Df — KYK™)

Mode B(1072) References

K Ktn™t 5.78 £ 0.20 + 0.30 BABAR [1206]
5.55 £0.14 £ 0.13 CLEO-c [1138]
5.06 £ 0.15 + 0.21 Belle [1207]
544 £ 0.09 £ 0.11 Average

KOk+ 3.04 £ 0.10 £+ 0.06 CLEO-c [1138]
2.95 £ 0.11 + 0.09 Belle [1207]
3.00 £ 0.07 £ 0.05 Average

nmt 1.67 £ 0.08 + 0.06 CLEO-c [1138]

1.82 £ 0.14 + 0.07

Belle [1207]

1.71 £ 0.07 & 0.08 Average

lates directly into a several percent loss in experimental
efficiency.

All measurements that include an FSR correction have a
correction based on the use of PHOTOS [1210-1213] within
the experiment’s Monte Carlo simulation. PHOTOS itself,
however, has evolved, over the period spanning the set of
measurements. In particular, the incorporation of interfer-
ence between radiation off the two separate mesons has pro-
ceeded in stages: it was first available for particle—antiparticle
pairs in version 2.00 (1993), extended to any two-body,
all-charged, final states in version 2.02 (1999), and further
extended to multi-body final states in version 2.15 (2005).
The effects of interference are clearly visible, as shown in
Fig. 209, and cause a roughly 30% increase in the integrated
rate into the high energy photon tail. To evaluate the FSR
correction incorporated into a given measurement, we must
therefore note whether any correction was made, the version
of PHOTOS used in correction, and whether the interference
terms in PHOTOS were turned on.

8.8.1 Branching fraction corrections

Before averaging the measured branching fractions, the pub-
lished results are updated, as necessary, to the FSR prediction
of PHOTOS 2.15 with interference included. The correction
will always shift a branching fraction to a higher value: with
no FSR correction or with no interference term in the correc-
tion, the experimental efficiency determination will be biased
high, and therefore the branching fraction will be biased
low.

Most of the branching fraction analyses used the kine-
matic quantity sensitive to FSR in the candidate selection
criteria. For the analyses at the 1/ (3770), this variable was

@ Springer

HFLAV
BaBar |- ——e—+— 5.78 +0.20 + 0.30
CLEO-c |- H—e—H 5.55+0.14 £ 0.13
Belle|  H—e—H 5.06 £0.15 £ 0.21
Average H-0-H 5.44+0.09+0.11 -

55 6 6.5 7 75
B(DF — K~KTn ™) [%]

45 5
=
Summer 2016

CLEO-c |- H—e—+H 3.04 £0.10 £ 0.06 |

Belle |- H—0——H 2.954+0.11 £ 0.09

Average |- H—e—H 3.00 £ 0.07 £ 0.05
! !

| |
2.6 2.8 3 3.2 3.4 3.6

B(D} — K°K*) [%]
Fm

CLEO-c |- H—e—H

1.67 +0.08 £0.06 -

Belle —+—e—+— 1.8240.14 4+ 0.07

T
T

Average —i 1.71 £ 0.07 £ 0.05

1

14 16 18 2 22 24
B(DS — ™) [%]

Fig. 208 WA values for B(D} — K~ K*zn™) (top), B(D} —
K%zt (middle), B(DF — nr™) (bottom). For each point, the first
error listed is the statistical and the second error is the systematic error

AE, the difference between the candidate D° energy and the
beam energy (e.g., Ex + Ex — Epeam for D — K~ 7).
In the remainder of the analyses, the relevant quantity was
the reconstructed hadronic two-body mass m,+j-. To make
the correction, we only need to evaluate the fraction of
decays that FSR moves outside of the range accepted for the
analysis.
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Fig. 209 The K invariant mass distribution for D° — K~nt(ny)
decays. The three curves correspond to three different configurations
of PHOTOS for modeling FSR: version 2.02 without interference
(bluelgrey), version 2.02 with interference (red dashed) and version 2.15
with interference (black). The true invariant mass has been smeared with
a typical experimental resolution of 10 MeV /c?. Inset The correspond-
ing spectrum of total energy radiated per event. The arrow indicates
the ) E,, value that begins to shift kinematic quantities outside of the
range typically accepted in a measurement

The corrections were evaluated using an event generator
(EvtGen [1214]) that incorporates PHOTOS to simulate the
portions of the decay process most relevant to the correction.
We compared corrections determined both with and without
smearing to account for experimental resolution. The differ-
ences were negligible, typically of O(1%) of the correction
itself. The immunity of the correction to resolution effects
comes about because most of the long FSR-induced tail in,
for example, the m+j,- distribution resides well away from
the selection boundaries. The smearing from resolution, on
the other hand, mainly affects the distribution of events right
at the boundary.

For measurements incorporating an FSR correction that
did not include interference, we update by assessing the FSR-
induced efficiency loss for both the PHOTOS version and
configuration used in the analysis and our nominal version
2.15 with interference. For measurements that published their
sensitivity to FSR, our generator-level predictions for the
original efficiency loss agreed to within a few percent of the
correction. This agreement lends additional credence to the
procedure.

Once the event loss from FSR in the most sensitive kine-
matic quantity is accounted for, the event loss in other quanti-
ties is very small. For example, analyses using D** tags show
little sensitivity to FSR in the reconstructed D*+ — D mass
difference,i.e.,inm __, .—m, .. Inthis case the effect
of FSR tends to cancel in the difference of reconstructed
masses. In the ¥ (3770) analyses, the beam-constrained

mass distributions (\/ Eﬁeam — |px + Pr|?) also show much
smaller sensitivity than does the two-body mass.

The FOCUS [1215] analysis of the branching fraction
ratios B(D? — 7tn7)/B(D° — K~nt) and B(D° —
KtK™)/B(DY — K~nt) obtained yields using fits to the
two-body mass distributions. FSR will both distort the low
end of the signal mass peak, and will contribute a signal com-
ponent to the low side tail used to estimate the background.
The fitting procedure is not sensitive to signal events out in
the FSR tail, which would be counted as part of the back-
ground.

A more complex toy Monte Carlo procedure was required
to analyze the effect of FSR on the fitted yields, which
were published with no FSR corrections applied. A detailed
description of the procedure and results is available on the
HFLAV web site, and a brief summary is provided here.
Determining the correction involved an iterative procedure
in which samples of similar size to the FOCUS sample were
generated and then fit using the FOCUS signal and back-
ground parameterizations. The MC parameterizations were
tuned based on differences between the fits to the toy MC
data and the FOCUS fits, and the procedure was repeated.
These steps were iterated until the fit parameters matched
the original FOCUS parameters.

The toy MC samples for the first iteration were based
on the generator-level distribution of mg -+, m +,-, and
mg+ k-, including the effects of FSR, smeared according to
the original FOCUS resolution function, and on backgrounds
generated using the parameterization from the final FOCUS
fits. For each iteration, 400—1600 individual data-sized sam-
ples were generated and fit. The means of the parameters from
these fits determined the corrections to the generator parame-
ters for the following iteration. The ratio between the number
of signal events generated and the final signal yield provides
the required FSR correction in the final iteration. Only a few
iterations were required in each mode. Figure 210 shows the
FOCUS data, the published FOCUS fits, and the final toy
MC parameterizations. The toy MC provides an excellent
description of the data.

The corrections obtained to the individual FOCUS yields
were 1.0298 4 0.0001 for K~ 1, 1.062 + 0.001 forz T —,
and 1.0183 + 0.0003 for KK ~. These corrections tend
to cancel in the branching ratios, leading to corrections of
1.031 4 0.001 for B(D® — ntn~)/B(D° — K~ n"),and
0.9888 + 0.0003 for B(D? — KT*K~)/B(D° — K~=).

Table 286 summarizes the corrected branching fractions.
The published FSR-related modeling uncertainties have been
replaced by with a new, common, estimate based on the
assumption that the dominant uncertainty in the FSR cor-
rections comes from the fact that the mesons are treated
like structureless particles. No contributions from structure-
dependent terms in the decay process (e.g., radiation off
individual quarks) are included in PHOTOS. Internal stud-
ies done by various experiments have indicated that in K
decays, the PHOTOS corrections agree with data at the 20—
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Fig. 210 FOCUS data (dots), original fits (blue) and toy MC parameterization (red) for D’ > K=t (left), D° — mtm~ (center), and

DO — wt ™ (right)

Table 286 The experimental measurements relating to B(D? —
K—nt), B(D® - wtx~), and B(D® — KtK~) after correcting
to the common version and configuration of PHOTOS. The uncertain-
ties are statistical and total systematic, with the FSR-related systematic

estimated in this procedure shown in parentheses. Also listed are the
percent shifts in the results from the correction, if any, applied here, as
well as the original PHOTOS and interference configuration for each
publication

Experiment (acronym) Result (rescaled) Correction (%) PHOTOS
DY — K—mt
CLEO-c 14 (CC14) [1106] 3.934 £ 0.021 £ 0.061(31)% - 2.15/yes
BABAR 07 (BB07) [1216] 4.035 £+ 0.037 £ 0.074(24)% 0.69 2.02/no
CLEO 11 98 (CL98) [1217] 3.920 £ 0.154 + 0.168(32)% 2.80 None
ALEPH 97 (AL97) [1218] 3.930 £ 0.091 + 0.125(32)% 0.79 2.0/no
ARGUS 94 (AR%4) [1219] 3.490 £ 0.123 + 0.288(24)% 2.33 None
CLEO 11 93 (CL93) [1220] 3.960 £ 0.080 £ 0.171(15)% 0.38 2.0/no
ALEPH 91 (AL91) [1221] 3.730 £ 0.351 %+ 0.455(34)% 3.12 None
D’ — ztz=/D% - K—nt
CLEO-c 10 (CC10) [1104] 0.0370 £+ 0.0006 £ 0.0009(02) - 2.15/yes
CDF 05 (CDO05) [1222] 0.03594 £ 0.00054 = 0.00043(15) - 2.15/yes
FOCUS 02 (FO02) [1215] 0.0364 £+ 0.0012 £+ 0.0006(02) 3.10 None
D - KtK—/D° > K—nt
CLEO-c 10 [1104] 0.1041 £ 0.0011 £ 0.0012(03) - 2.15/yes
CDF 05 [1222] 0.0992 £+ 0.0011 £ 0.0012(01) - 2.15/yes
FOCUS 02 [1215] 0.0982 £ 0.0014 £ 0.0014(01) —1.12 None

30% level. We therefore attribute a 25% uncertainty to the
FSR prediction from potential structure-dependent contribu-
tions. For the other two modes, the only difference in struc-
ture is the final state valence quark content. While radiative
corrections typically come in with a 1/M dependence, one
would expect the additional contribution from the structure
terms to come in on time scales shorter than the hadroniza-
tion time scale. In this case, you might expect Aqcp to be
the relevant scale, rather than the quark masses, and therefore
that the amplitude is the same for the three modes. In treat-
ing the correlations among the measurements this is what
we assume. We also assume that the PHOTOS amplitudes
and any missing structure amplitudes are relatively real with
constructive interference. The uncertainties largely cancel in
the branching fraction ratios. For the final average branching
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fractions, the FSR uncertainty on K7 dominates. Note that
because of the relative sizes of FSR in the different modes, the
/K branching ratio uncertainty from FSR is positively
correlated with that for the Kz branching fraction, while
the K K /K branching ratio FSR uncertainty is negatively
correlated.

The B(D? — K~ n) measurement of reference [1223],
the B(D? — nt7~)/B(D° — K~ n") measurements of
references [1122] and [1081], and the B(D? — KTK™)/
B(D° — K~ nt) measurement of reference [1081] are
excluded from the branching fraction averages presented
here. These measurements appear not to have incorporated
any FSR corrections, and insufficient information is available
to determine the 2-3% corrections that would be required.
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Table 287 The correlation matrix corresponding to the full covariance matrix. Subscripts / denote which of the D — hth~ decay results from

a single experiment is represented in that row or column

CCl14 BB07  CL98 AL97  AR9%4  CL93 AL91 FO02, CDO05, CCl10, FO02x CDO5¢ CCl0g
CC14 1.000 0.139 0.057 0.084 0.031 0.033 0.023 0.070 0.103 0.068 —0.019 —-0.032 —0.085
BBO07 0.139 1.000 0.035 0.051 0.019 0.020 0.014 0.042 0.062 0.041 -0.012 -0.019 —0.051
CL98 0.057 0.035 1.000 0.021 0.008 0.298 0.006 0.017 0.026 0.017 —-0.005 —0.008 —0.021
AL97 0.084 0.051 0.021 1.000 0.011 0.012 0.116 0.025 0.038 0.025 -0.007 -0.012 —0.031
AR9%4 0.031 0.019 0.008 0.011 1.000 0.004 0.003 0.009 0.014 0.009 —-0.003 —0.004 —0.011
CL93 0.033 0.020 0.298 0.012 0.004 1.000 0.003 0.010 0.015 0.010 -0.003 —0.005 —0.012
AL91 0.023 0.014 0.006 0.116 0.003 0.003 1.000 0.007 0.010 0.007 —-0.002 —0.003 —0.009
FO02, 0.070 0.042 0.017 0.025 0.009 0.010 0.007 1.000 0.031 0.021 -0.006 —0.010 —0.026
CDO05, 0.103 0.062 0.026 0.038 0.014 0.015 0.010 0.031 1.000 0.031 —-0.009 —-0.014 —0.038
CC10, 0.068 0.041 0.017 0.025 0.009 0.010 0.007 0.021 0.031 1.000 —-0.006 —0.010 —0.025
FO02x¢ —-0.019 -0.012 -0.005 -0.007 -0.003 —0.003 —-0.002 —-0.006 —0.009 —0.006 1.000 0.003 0.007
CDO5x¢ —0.032 -0.019 -0.008 -0.012 -0.004 -0.005 -0.003 -0.010 -0.014 —0.010 0.003 1.000 0.012
CC10x —0.085 —0.051 -0.021 -0.031 -0.011 -0.012 —-0.009 —-0.026 —0.038 —0.025 0.007 0.012 1.000

8.8.2 Average branching fractions

The average branching fractions for D — K~z +, D* —
nt7~ and D° — KtK~ decays are obtained from a sin-
gle x? minimization procedure, in which the three branch-
ing fractions are floating parameters. The central values are
obtained from a fit in which the full covariance matrix —
accounting for all statistical, systematic (excluding FSR),
and FSR measurement uncertainties — is used. Table 287
presents the correlation matrix for this nominal fit. We then
obtain the three reported uncertainties on those central values
as follows: The statistical uncertainties are obtained from a
fit using only the statistical covariance matrix. The system-
atic uncertainties are obtained by subtracting (in quadrature)
the statistical uncertainties from the uncertainties determined
via a fit using a covariance matrix that accounts for both sta-
tistical and systematic measurement uncertainties. The FSR
uncertainties are obtained by subtracting (in quadrature) the
uncertainties determined via a fit using a covariance matrix
that accounts for both statistical and systematic measure-
ment uncertainties from the uncertainties determined via the
fit using the full covariance matrix.

In forming the full covariance matrix, the FSR uncer-
tainties are treated as fully correlated (or anti-correlated)
as described above. For the covariance matrices involving
systematic measurement uncertainties, ALEPH’s systematic
uncertainties in the Op+ parameter are treated as fully corre-
lated between the ALEPH 97 and ALEPH 91 measurements.
Similarly, the tracking efficiency uncertainties in the CLEO
II 98 and the CLEO 1II 93 measurements are treated as fully
correlated.

The averaging procedure results in a final x> of 11.0 for
10 (13 — 3) degrees of freedom. The branching fractions
obtained are

BD? - K~ ) = (3.962 + 0.017 £ 0.038 £ 0.027) %,

(281)
B(D® — ntx™) = (0.144 £ 0.002 £ 0.002 + 0.002) %,

(282)
B(D® — KTK™) = (0.399 + 0.003 + 0.005 + 0.002) %.

(283)

The uncertainties, estimated as described above, are statis-
tical, systematic (excluding FSR), and FSR modeling. The
correlation coefficients from the fit using the total uncertain-
ties are

K ntntn= KTK~
K-nt 1.00 0.71 0.76
atz= 071 1.00 0.53
KTK=0.76 0.53 1.00

As the x? would suggest and Fig. 211 shows, the average
value for B(D? — K~ xt) and the input branching frac-
tions agree very well. With the estimated uncertainty in the
FSR modeling used here, the FSR uncertainty dominates the
statistical uncertainty in the average, suggesting that exper-
imental work in the near future should focus on verification
of FSR with ) E, = 100 MeV. Note that the systematic
uncertainty excluding FSR is still larger than the FSR uncer-
tainty; in the most precise measurements of these branch-
ing fractions, the largest systematic uncertainty is the uncer-
tainty on the tracking efficiency. The B(D? — K+ K ™) and
B(D° — 77 ~) measurements inferred from the branching
ratio measurements also agree well (Fig. 212).

@ Springer



895 Page 258 of 335

Eur. Phys. J. C (2017) 77:895

D° - K™Tt*(%)
ALEPH 91 +
CLEO 1193 ———
ARGUS 94
ALEPH 97 ot
CLEO 1198 e
BaBar 07 et
CLEOC 14 ot
Average: 3.962 +0.017 + 0.038 % 0.027 HpH

1 1 1
3.2 34 3.6 3.8 4 4.2

Fig. 211 Comparison of measurements of B(DY — K~7t) (blue)
with the average branching fraction obtained here (red, and yellow band)

The B(D® — K~ m) average obtained here is approx-
imately two statistical standard deviations higher than the
2016 PDG update average [6]. Table 288 shows the evolu-
tion from a fit similar to the PDG’s (no FSR corrections or
correlations, reference [1223] included) to the average pre-
sented here. There are two main contributions to the differ-
ence. The branching fraction in reference [1223] is low, and
its exclusion shifts the result upwards. The dominant shift

HFLAV

D’ — K*K™(%)
CLEOc 10 HH+——H
CDF 05 HH—e—+H
FOCUS 03 H+——H
Average: 0.399 +0.003 + 0.005 + 0.002 H+H

0.38 039 04 041 042

Fig. 212 The B(D° — KTK~) (left) and B(D? — mtx~) (right)
values obtained by scaling the measured branching ratios with the
B(D® — K~x*) branching fraction average obtained here. For the
measurements (blue points), the error bars correspond to the statistical,

(+0.017%) is due to the FSR corrections, which as expected
shift the result upwards.

There is no reason to presume that the effects of FSR
should be different in D — K*7~ and D — K~ n+
decays, as both decay to one charged kaon and one charged
pion. Measurements of the relative branching fraction ratio
between the doubly Cabibbo-suppressed decay DY —
K7~ and the Cabibbo-favored decay D° — K~ 7t (Rp,
determined in Sect. 8.1) are now approaching O(1%) rela-
tive uncertainties. This makes it worthwhile to combine our
Rp average with the B(D® — K ~x") average obtained in
Eq. (281), to provide measurements of the branching fraction:

B(D® — KTn™) = (1.379 &+ 0.023)

x1074 (assuming no CPV), (284)
B(D® - KT7™) = (1.383 +0.023)
x10™* (CPV allowed). (285)

Note that, by definition of Rp, these branching fractions do
not include any contribution from Cabibbo-favored D’ -
KT~ decays.

HFLAV

D° — m* (%)
CLEOc 10 H—t———~*+H
CDF 05 HH—e—+H
FOCUS 03 HH H
Average: 0.144 £0.002 +0.002 +0.002 H+——+H

0.14 0.145 0.15

systematic and K7 normalization uncertainties. The average obtained
here (red point, yellow band) lists the statistical, systematics excluding
FSR, and the FSR systematic

Table 288 Evolution of the D — K~ 7+ branching fraction from a fit with no FSR corrections or correlations (similar to the average in the PDG

2016 update [6]) to the nominal fit presented here

B(DY - K—7t) (%)

xz/(deg. of freedom)

Modes fit Description

K=t PDG 2016 [6] equivalent
K—nt Drop Ref. [1223]
K—n+t Add FSR corrections
K—nt Add FSR correlations
All -

3.930 £ 0.017 £ 0.042
3.938 £ 0.017 £ 0.042
3.955 £ 0.017 £ 0.038 &+ 0.018
3.956 £ 0.017 £ 0.038 £ 0.027
3.962 £+ 0.017 £+ 0.038 £ 0.027

45/(8—1)=0.64
4.5/(7—1)=0.75
3.5/(7—1) =0.58
3.6/(7—1) = 0.60
11.0/(13 = 3) = 1.10
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Table 289 Recent measurements of mass and width for different excited Dy mesons. The column J * list the most significant assignment of spin

and parity. If possible an average mass or width is calculated

Resonance Jr Decay mode Mass (MeV/cZ) Width (MeV) Measured by References
D*H (2311t ot D0 2319.6 £ 0.2 £ 1.4 BABAR [1244]
D0 23173 £ 0.4 £ 0.8 BABAR [1227]
2318.0 £ 0.8 Our average
D1 (24600 1t D+ Dfn%, 2460.1 £ 0.2 + 0.8 BABAR [1244]
Dfy,Dfntn~
Dirly 2458 £ 1.0 + 1.0 BABAR [1227]
2459.6 £ 0.7 Our average
Dg1(2536)F 1t D**KY 2535.7 £ 0.6 £ 0.5 D@ [1245]
D**K9, D*OK*  2534.78 £ 0.31 + 0.40 BABAR [643]
Dimtn= 2534.6 £ 0.3 £ 0.7 BABAR [1244]
D*tKY DK+ 25350 £ 0.6 £ 1.0 E687 [1246]
DK+ 25353 £ 0.2 £ 0.5 CLEO [1247]
D**KY 2534.8 + 0.6 £ 0.6 CLEO [1247]
DK+ 25352 £ 0.5 £ 1.5 ARGUS [1248]
D**KY 2535.6 £ 0.7 &+ 0.4 CLEO [1249]
D**KY 2535.9 + 0.6 & 2.0 ARGUS [1250]
D**KY 0.92 £ 0.03 + 0.04 BABAR [1251]
2535.10 + 0.26 0.92 4+ 0.05 Our average
D% (2573)%  2F DK™, D*FKY  2568.39 &+ 0.29 &+ 0.26 16.9 &+ 0.5 £+ 0.6 LHCb [1252]
DYKY, D'k + 2569.4 £ 1.6 £ 0.5 121 £45+ 1.6 LHCb [1253]
DK, DK+ 25722 + 0.3 £ 1.0 27.1 £ 0.6 + 5.6 BABAR [1254]
DK+ 2574.25 + 33 + 1.6 10.4 &+ 8.3 &+ 3.0 ARGUS [1255]
DK+ 25732710 £ 0.9 167 £3 CLEO [1256]
2569.08 + 0.35 169 £ 0.8 Our average
D¥ (27000 1~ D*TKY DK+ 27323 £43 £58 136 £ 19 + 24 LHCb [1241]
DK+ 2699114 127135 BABAR [1257]
D*TKY DKt 27092 £ 1.9 £ 45 1158 & 7.3 = 12.1 LHCb [1239]
DK, D*K 2710 + 2112 149 + 73 BABAR [1238]
DK+ 2708 + 9*}0 108 + 2139 Belle [731]
2712.0 £ 1.5 121.5 £ 10.2 Our average
D7 (2860)% 1 DOK+ 2859 + 12 + 24 159 + 23 + 77 LHCb [1240]
DX (2860)% 3~ D*TKY DK+ 2867.1 £43 £ 1.9 50 £ 11 £+ 13 LHCb [1241]
DK+ 2860.5 + 2.6 £ 6.5 534747 LHCb [1240]
2865.0 + 3.9 52.2 £ 8.6 Our average
Dy;(3040)%  Unnatural D*K 3044 + 873 239 + 35155 BABAR (mand  [1238]+[1241]
)+
LHCb(J ")

8.9 Excited D(s) mesons

Excited charm meson states have received increased atten-
tion since the first observation of states that could not be
accommodated by QCD predictions [1224—1227]. Tables
289, 290 and 291 summarize recent measurements of the
masses and widths of excited D and D mesons, respectively.
If a preferred assignment of spin and parity was measured it

is listed in the column J ¥, where the label natural denotes
JP =0,17,27 ... and unnatural J® = 0+,1~,2% ...
If possible, an average mass and width are calculated. The
calculation of the averages assumes no correlation between
individual measurements. A summary of the averaged masses
and widths is shown in Fig. 213.

The masses and widths of narrow (I' < 50 MeV) orbitally
excited D mesons (1P states, denoted D**), both neutral
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Table 290 Recent measurements of mass and width for different excited D mesons. The column J” list the most significant assignment of spin
and parity. If possible an average mass or width is calculated

Resonance J* Decay mode Mass (MeV/ c?) Width (MeV) Measured by References
Dy (2400)° 0t Dtp- 2297 + 8 + 20 273 + 12 + 48 BABAR [711]
Dtm~ 2308 + 17 + 32 276 + 21 + 63 Belle [710]
Dtm~ 2407 + 21 + 35 240 £ 55 + 59 FOCUS [1228]
2318.2 + 16.9 267.4 £ 35.6 Our average
Dy (2400)F 0t DOz 2349 + 6 + 1 + 4 2017 £ 134+ 5+ 12 LHCb [602]
DOxt 2360 + 15 + 12 + 28 255 4 26 + 20 +£ 47  LHCb [1258]
DOt 2403 + 14 =+ 35 283 + 24 + 34 FOCUS (m and ') + Belle(J )  [1228] + [1259]
2350.6 &+ 5.9 233.7 £ 15.5 Our average
D,(2420)° 1+ D*tm- 2419.6 + 0.1 &+ 0.7 352+ 0.4 4+ 0.9 LHCb [1165]
D* - 24231 £ 1.5404 38.8 + 5t19 Zeus [1260]
D*tr~ 2420.1 + 0.1 £+ 0.8 314 £ 05+ 13 BABAR [1164]
D*tr~ 200 £ 1.7 £ 1.3 CDF [1261]
DOt 2426 + 3 + 1 24+7+38 Belle [622]
D*tr~ 24214 £ 15 £ 09 237 £ 27+ 4.0 Belle [710]
Dt~ 24211 + 2 207843 CLEO [1262]
D*tr~ 2422 + 2 42 15+£8+4 E687 [1246]
D*tx~ 2428 + 3 £+ 2 231840 CLEO [1249]
D*tr— 2414 £ 245 13+6%0 ARGUS [1263]
Dt 2428 + 8+ 5 58 + 14 £ 10 TPS [1264]
2420.5 £ 0.5 31.7 £ 0.7 Our average
D, (24200 1+ D*0x* 2421.9 £ 47135 Zeus [1260]
Dta—mt 2421 £ 2 + 1 21 £5+ 38 Belle [622]
Dt 2425 £ 2 42 2618 £ 4 CLEO [1265]
D*Oxt 2443 £ 7+ 5 41 £19 + 8 TPS [1264]
24232 + 1.6 252 + 6.0 Our average
D;(2430)° 1T D*txp- 2427 + 26 + 25 3841107 + 74 Belle [710]
D3(2460)° 2+ D*tm- 2464.0 + 1.4 £ 0.5 £ 02 438 £29 + 1.7 + 0.6 LHCb [716]
D*tr 2460.4 + 0.4 £ 1.2 432412430 LHCb [1165]
Dtm~ 2460.4 £+ 0.1 £ 0.1 456 + 0.4 + 1.1 LHCb [1165]
D*x—, Dtr— 24625 + 2473 46.6 + 8.1737 Zeus [1260]
Dtm— 24622 + 0.1 = 0.8 50.5 + 0.6 &+ 0.7 BABAR [1164]
Dtm~ 24604 + 1.2 £ 2.2 418 £25 429 BABAR [711]
Dtm~ 492 423 + 1.3 CDF [1261]
Dtm~ 2461.6 + 2.1 £ 3.3 456 £ 44 + 6.7 Belle [710]
Dtm— 24645 + 1.1 £ 1.9 387 + 53 £ 29 FOCUS [1228]
Dtm~ 2465 + 3 + 3 28T + 6 CLEO [1262]
Dtm~ 2453 £ 3 £ 2 254+ 10+ 5 E687 [1246]
D*tm~ 2461 + 3 + 1 201,19, CLEO [1249]
DFr~ 2455 £3 £ 5 1571513, ARGUS [1266]
Dtm~ 2459 £+ 3 + 2 20+ 10+ 5 TPS [1264]
2460.49 = 0.17 47.52 £+ 0.65 Our average
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Table 292 Product of B meson branching fraction and (daughter) excited D meson branching fraction

Resonance Decay B[1074] Measured by References
D} (2400)° B~ — D{(2400)°(— Dt )~ 6.1 +£0.6 £ 1.8 Belle [710]
6.8 + 0.3 £20 BABAR [711]
64+ 14 Our average
B~ — D}(2400)°(— DYx7)K~ 0.061 + 0.019 + 0.005 £ 0.014 £ 0.004 LHCb [716]
D} (2400)* B — D;(2400)* (— DO tym~ 0.77 £ 0.05 £ 0.03 + 0.03 £ 0.04 LHCb [602]
0.60 £ 0.13 + 0.27 Belle [1259]
0.76 £ 0.07 Our average
B — D{(2400)* (— Dz H)K~ 0.177 & 0.026 + 0.019 + 0.067 & 0.20 LHCb [1258]
D, (2420)° B~ — D, (2420)°(— D*Tn")n ™ 6.8 +£0.7+1.3 Belle [710]
B~ — D, (2420)°(— Dzt n )7~ 1.85 £+ 0.29 + 0.27 + 0.41 Belle [622]
B — D,(2420)°(— D** 717w 0.7 £ 0270 £ 0.1 Belle [598]
D,(2420) * BY - D (2420)" (— Dtr—nt)m~ 0.89 + 0.15 £+ 0.22 Belle [622]
D1 (2430)° B~ — D;(2430)°(— D*tn)m~ 50+ 04 + 1.08 Belle [710]
B — D1(2430)°(— D** 77w 2.5 £ 0470704 Belle (598]
D3(2460)° B~ — D}(2460)°(— D*r )~ 34403 + 0.7 Belle [710]
35402+ 0.5 BABAR [711]
34+ 0.3 Our average
B~ — D}(2460)°(— D**g )~ 1.8+ 03 +04 Belle [710]
B~ — D3(2460)°(— D* 7 )w 0.4 £ 01709 £ 0.1 Belle [598]
B~ — D3(2460)°(— D*r)K~ 0.232 + 0.011 + 0.006 + 0.010 £ 0.016 LHCb [716]
D3 (2460) * B — D3(2460)* (— DOy~ 2.44 +£0.07 + 0.10 + 0.04 + 0.12 LHCb [602]
2.15 + 0.17 £ 0.31 Belle [1259]
2.38 £ 0.16 Our average
B — D3(2460)* (— DO H)K~ 0.212 #+ 0.010 £ 0.011 £ 0.011 £ 0.25 LHCb [1258]
D} (2760)° B~ — D} (2760)°(— DYx )K~ 0.036 + 0.009 + 0.003 £ 0.007 £ 0.002 LHCb [716]
D%(2760) * B — D};(2760)°(— D7 )z~ 0.103 £ 0.016 + 0.007 £ 0.008 £ 0.005 LHCb [602]

and charged, are well-established. Measurements of broad
states (I" ~ 200-400 MeV) are less abundant, as identifying
the signal is more challenging. There is a slight discrepancy
between the D (2400)° masses measured by the Belle [710]
and FOCUS [1228] experiments. No data exist yet for the
D1(2430)* state. Dalitz plot analyses of B — D®nmx
decays strongly favor the assignments 0" and 17 for the spin-
parity quantum numbers of the D} (2400)" /D (2400)* and
D1(2430)° states, respectively. The measured masses and
widths, as well as the J ¥ values, are in agreement with the-
oretical predictions based on potential models [496,1229—
1231].

Tables 292 and 293 summarize the branching fractions of
B meson decays to excited D and Dy states, respectively. Itis
notable that the branching fractions for B mesons decaying
to a narrow D** state and a pion are similar for charged
and neutral B initial states, while the branching fractions
to a broad D** state and 7 are much larger for BT than
for BY. This may be due to the fact that color-suppressed
amplitudes contribute only to the Bt decay and not to the B°

@ Springer

decay (for a theoretical discussion, see Refs. [1232,1233]).
Measurements of individual branching fractions of D mesons
are difficult due to the unknown fragmentation of a ¢ quark to
D** or due to the unknown B — D**X branching fractions.

The discoveries of the D%,(2317)* and Dj;(2460)*
have triggered increased interest in properties of, and
searches for, excited Ds; mesons (here generically denoted
D¥*). While the masses and widths of Dy1(2536)* and
D;,k2(2573)jE states are in relatively good agreement with
potential model predictions, the masses of D;(2317) + and
D;1(2460)* states are significantly lower than expected
(see Ref. [1234] for a discussion of ¢s models). More-
over, the mass splitting between these two states greatly
exceeds that between the Dy(2536) % and Dy (2573)*.
These unexpected properties have led to interpretations of
the D?)(2317)% and D,;(2460)* as exotic four-quark
states [1235,1236].

While there are few measurements of the J¥ values
of D¥,(2317)* and Dj;(2460)*, the available data favor
0" and 17, respectively. A molecule-like (DK) interpre-
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Table 293 Product of B meson branching fraction and (daughter) excited D; meson branching fraction

Resonance Decay B[1074] Measured by References
DY 2317)* B — D (2317)* (= Dfx)D~ 8.6737 £26 Belle (640]
18.0 £ 4.07%] BABAR [641]
10.17]3 £ 1.0 £ 0.4 Belle [642]
102 £ 1.5 Our average
B* — D231 (— Dfz°)D° 8.0%]3 £ 1.0 £ 04 Belle [642]
B — D 2317 (— D} ")k~ 0.537013 £ 0.16 Belle [623]
Dy1(2460) * BY — Dy (2460)" (— D:*n%) D~ 227773 £ 6.8 Belle [640]
28.0 + 8.071%? BABAR [641]
247 £ 7.6 Our average
B — Dy1(2460)" (— D}Fy)D~ 822 £ 25 Belle [640]
8.0 + 2.0733 BABAR [641]
8.1 £23 Our average
Dy1(2460)T — D** 70 (56 + 13 + 9)% BABAR [635]
Dy1(2460)" — DIty (16 + 4 + 3)% BABAR [635]
B® - D, (2536)t(— D**K+)D~ 1.71 + 0.48 £ 0.32 BABAR [643]
B® — D;1(2536)T (— D*tK%) D~ 2.61 £ 1.03 + 0.31 BABAR [643]
B® — D, (2536)T (— D*°K*)D*~ 3.32 + 0.88 + 0.66 BABAR [643]
Dy1(2536) * B® — D, (2536)T (— D*t K% D*~ 5.00 £ 1.51 + 0.67 BABAR [643]
BT — D,1(2536)" (— D*K D’ 2.16 + 0.52 + 0.45 BABAR [643]
BT - D,1(2536)" (— D*t KD’ 2.30 + 0.98 + 0.43 BABAR [643]
BT — D,1(2536)" (— D*KT)D™ 546 + 1.17 + 1.04 BABAR [643]
BT — Dy (2536)" (— D**KOD™ 3.92 4+ 2.46 + 0.83 BABAR [643]
D*,(2573)* B° — D%, (2573)(— D°K+)D~ 0.34 £ 0.17 £ 0.05 BABAR [1257]
Bt — D% (2573)(— D°k*)D° 0.08 + 14 + 0.05 BABAR [1257]
Dy1*(2700) = Bt — D*(2700)t (— DK T)D° 113 £ 22704 Belle [731]
5.02 + 0.71 + 0.93 BABAR [1257]
5.83 £ 1.09 Our average
BY — D 1*(2700)t (— D°KH)D~ 7.14 £+ 0.96 £ 0.69 BABAR [1257]

tation of the D, (2317)* and Dj;(2460)* [1235,1236]
that can account for their low masses and isospin-breaking
decay modes is tested by searching for charged and neu-
tral isospin partners of these states; thus far such searches
have yielded negative results. Therefore the subset of mod-
els that predict equal production rates for different charged
states is excluded. The molecular picture can also be
tested by measuring the rates for the radiative processes
D?,(2317)* /D,1(2460)* — Dy and comparing to the-
oretical predictions. The predicted rates, however, are below
the sensitivity of current experiments.

Another model successful in explaining the total widths
and the D¥%,(2317) % — Dy;(2460) = mass splitting is based
on the assumption that these states are chiral partners of the
ground states D and D¥ [1237]. While some measured
branching fraction ratios agree with predicted values, fur-
ther experimental tests with better sensitivity are needed to

confirm or refute this scenario. A summary of the mass dif-
ference measurements is given in Table 294.

Measurements by BABAR [1238] and LHCb [1239] first
indicated the existence of a strange-charm D} 7(2860) +
meson. An LHCb study of BY — DK~ * decays, in which
they searched for excited Dy mesons [1240], showed with
100 significance that this state is comprised of two different
particles, one of spin 1 and one of spin 3. This represents
the first measurement of a heavy flavored spin-3 particle,
and the first observation of B meson decays to spin 3 parti-
cles. A subsequent study of D,; mesons by the LHCb col-
laboration [1241] supports the natural parity assignment for
this state (J© = 37). This study also shows weak evidence
for a further structure at a mass around 3040 MeV /c? with
unnatural parity, which was first hinted at by a BABAR anal-
ysis [1238].
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Table 294 Mass difference measurements for excited D mesons

Resonance Relative to Am (MeV/cz) Measured by References
D} (2420)° D*t 4102 £ 2.1 £ 0.9 Zeus [1269]
411.7 + 0.7 £ 0.4 CDF [1261]
411.5 £ 0.8 Our average
D, (2420) * D7 (2420)° 473 £33 CLEO [1265]
D3 (2460)° D+ 593.9 + 0.6 + 0.5 CDF [1261]
D** 458.8 + 3.7712 Zeus [1269]
D3 (2460) £ D3(2460)° 31419409 FOCUS [1228]
—2+44+4 CLEO [1265]
144+5+8 ARGUS [1267]
30+ 19 Our average
D (2317)* DE 348.7 £ 0.5 £ 0.7 Belle [1226]
350.0 £ 1.2 £ 1.0 CLEO [1225]
3513 £ 2.1 + 1.9 Belle [640]
349.2 £ 0.7 Our average
Dy1(2460) * Di* 344.1 +£ 1.3 £ 1.1 Belle [1226]
3512 £ 1.7 £ 1.0 CLEO [1225]
346.8 + 1.6 + 1.9 Belle [640]
347.1 £ 1.1 Our average
DF 4910 £ 1.3 £ 1.9 Belle [1226]
491.4 £ 09 £+ 1.5 Belle [1226]
4913 £ 1.4 Our average
Djy1(2536) * D*(2010) * 524.83 + 0.01 £ 0.04 BABAR [1251]
525.307041 £ 0.10 Zeus [1269]
525.3 &+ 0.6 £ 0.1 ALEPH [1270]
524.84 £+ 0.04 Our average
D*(2007)° 5287 + 1.9 + 0.5 ALEPH [1270]
D%, (2573)* DO 704 £ 3 £ 1 ALEPH [1270]

Recent evidence shows that the 1D family of charm res-
onances can be explored in the Dalitz plot analyses of B-
meson decays in the same way as seen for the charm-strange
resonances. The LHCb collaboration performed an analy-
sis of B® — D7 %7~ decays, in which they measured the
spin-parity assignment of the state D3 (2760) * which was
observed previously by BABAR [1164] and LHCb [1165],
to be /¥ = 37. The measurement suggests a spectroscopic
assignment of > D3. This is the second observation of a spin-3
charm meson.

Other observed excited Dy states include D}, (2700) + and

¥ (2573) + The properties of both (mass, width, J P have
been measured and determined in several analyses. A theo-
retical discussion [1242] investigates the possibility that the
D;1(2700) + could represent radial excitations of the D =+,
Similarly, the D¥ (2860)* and D,,(3040) * could be exci-
tations of D¥)(2317)* and D,1(2460) % or D,;(2536) %,
respectively.

@ Springer

Table 295 Measurements of polarization amplitudes for excited D
mesons

Resonance Ap Measured by References
D, (2420)° 7.8%5 7+ ZEUS [1260]
572 £ 0.25 BABAR [1164]
5.973925 ZEUS [1269]
38 £0.6+£038 BABAR [502]
5.61 £ 0.24 Our average
D,(2420)* 38 £0.6+£038 BABAR [502]
D3 (2460)° —1.16 £ 0.35 ZEUS [1260]
D(2750)° —0.33 £ 0.28 BABAR [1164]

Table 295 summarizes measurements of the helicity
parameter Ap (also referred to as polarization amplitude).
In D** meson decays to D** — D*m, D* — Dm, the
helicity distribution varies like 1 + Ap cos? Oy, where Oy is
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Fig. 213 Averaged masses for excited Dy mesons are shown in (a) and for D mesons in (b). The average widths for excited Dy mesons are shown
in (¢) and for excited D mesons in (d). The vertical shaded regions distinguish between different spin parity states

the angle in the D* rest frame between the two pions emitted
by decay D** — D*rm and the D* — Dmx. The parameter
is sensitive to possible S-wave contributions in the decay. In
the case of a D meson decay decaying purely via D-wave,
the helicity parameter is predicted to give Ap = 3. Studies
of the D;(2420)° meson by the ZEUS and BABAR collab-
orations suggest that there is an S-wave admixture in the
decay, which is contrary to Heavy Quark Effective Theory
calculations [476,1243].

8.10 A branching fractions

Charmed baryon decays play an important role in studies of
weak and strong interactions. For example, they provide cru-
cial input for measurements of exclusive and inclusive decay
rates of b-flavored mesons and baryons, and also for mea-
surements of fragmentation fractions of charm and bottom
quarks. In spite of this importance, experimental data on A"
baryon decays was scarce until 2014, when Belle published
the first model-independent measurement of the branching
fraction for Aj — pK~m™ [1271]. This measurement
improved upon the precision of previous (model-dependent)

measurements by a factor of five. Since then the precision of
other A7 branching fractions has improved due to measure-
ments based on threshold data performed by BESIII [531].
BESIII also reported the first measurement of the branching
fraction for the semileptonic decay Aj — Aety, [1272].
Here we present a global fit for branching fractions of
Cabbibo-favored A decays, taking into account all relevant
experimental measurements and their correlations. All mea-
surements used assume unpolarised production of the A
The measurements listed in Table 296 are input to a least-
squares fit minimizing a x 2 statistic. The fitted quantities are
the A branching fractions for twelve hadronic modes and
one semileptonic mode. The measurements are labelled using
the I',, notation employed by the Particle Data Group [6],
where 7 is an integer that specifies the decay mode. The fit-
ted output consists of 13 quantities — twelve hadronic and
one semileptonic branching fraction. The advantage of our
fit is that it takes into account correlations among measure-
ments from the same experiment, i.e., systematic uncertain-
ties related to normalization, track-finding efficiency, parti-
cle identification efficiency, and 7Y K (S) and A reconstruc-
tion efficiencies. For the twelve hadronic branching fractions
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Table 296 Experimental results and world averages for branching frac-
tions of twelve hadronic and one semileptonic A7 decay. The firstuncer-
tainty is statistical and the second is systematic

A7 branching Value References
fraction
I = pk§ (1.59 + 0.07)% HFLAV Fit
BESIII (1.52 £ 0.08 £ 0.03)% [531]
0
Lo P 0.246 + 0.009 HFLAV Fit
2 pK~m
CLEO 0.22 + 0.04 + 0.03 [1273]
CLEO 0.23 £ 0.01 £ 0.02 [1274]
I, =pK ot (6.46 £+ 0.24)% HFLAV Fit
Belle (6.84 £ 0.247031)% [1271]
BESIII (5.84 £+ 0.27 £+ 0.23)% [531]
Iy = pKYn® (2.03 + 0.12)% HFLAV Fit
BESIII (1.87 £ 0.13 £ 0.05)% [531]
r; _ pKONO )
T = T 0.314 £ 0.017 HFLAV Fit
CLEO 0.33 £ 0.03 £ 0.04 [1274]
Iy =pKntn~ (1.69 £+ 0.11)% HFLAV Fit
BESIII (1.53 £ 0.11 £ 0.09% [531]
0 -
L _ pRortm 0.261 + 0.013 HFLAV Fit
2 pK~m
CLEO 0.22 + 0.06 + 0.02 [1273]
CLEO 0.26 £ 0.02 £ 0.03 [1274]
T =pK ntn° (5.05 £ 0.29)% HFLAV Fit
BESIII (4.53 £ 0.23 £ 0.30)% [531]
Iy _ pK-ata® .
CLEO 0.67 + 0.04 £ 0.11 [1274]
Iy =A™ (1.28 £ 0.06)% HFLAV Fit
BESIII (1.24 £ 0.07 £ 0.03)% [531]
r Arxt .
B = 0.198 =+ 0.008 HFLAV Fit
CLEO 0.18 £ 0.03 £ 0.03 [1273]
ARGUS 0.18 + 0.03 + 0.04 [1275]
FOCUS 0.217 £ 0.013 £ 0.020 [1276]
Iy = Antr® (7.09 £ 0.36)% HFLAV Fit
BESIII (7.01 £ 0.37 £ 0.19% [531]
r Artn0 :
=I5 1.10 £ 0.05 HFLAV Fit
CLEO 0.73 £ 0.09 £ 0.16 [1277]
Iy = Antnn*t (3.73 £ 0.21)% HFLAV Fit
BESIII (3.81 £ 0.24 £ 0.18)% [531]
Poo — Ampnn? 0.577 + 0.022 HFLAV Fit
2 P b
CLEO 0.65 £ 0.11 £ 0.12 [1273]
FOCUS 0.508 =+ 0.024 + 0.024 [1276]
ARGUS 0.61 £ 0.16 £ 0.04 [1278]
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Table 296 continued

A7 branching Value References
fraction
I3 = 207+ (131 £ 0.01)% HFLAV Fit
BESIII (1.27 £ 0.08 £ 0.03)% (531]
Lo - Zhat 0.202 £ 0.009 HFLAV Fit
2 pK-m
CLEO 0.21 £ 0.02 + 0.04 [1277]
ARGUS 0.17 & 0.06 £ 0.04 [1275]
0+ .
2= 1.02 & 0.03 HFLAV Fit
FOCUS 1.09 £ 0.11 £ 0.19 [1276]
BABAR 0.997 £ 0.015 + 0.051 [1279]
[y =Xt70 (1.25 + 0.09)% HFLAV Fit
BESIII (1.18 £ 0.10 £ 0.03)% [531]
r »t 0 .
o= 2 0.193 £ 0.014 HFLAV Fit
CLEO 0.20 £ 0.03 + 0.03 [1280]
Ty =Stntn~ (4.64 £ 0.24)% HFLAV Fit
BESIII (425 £ 0.24 £+ 0.200% (531]
To _ Eiata 0.719 + 0.028 HFLAV Fit
2 V4 T
CLEO 0.74 £ 0.07 £ 0.09 [1280]
I =2tw (177 £ 0.21)% HFLAV Fit
BESIII (1.56 £ 0.20 £ 0.07)% [531]
I =+ :
- e 0.274 + 0.031 HFLAV Fit
CLEO 0.54 & 0.13 + 0.06 [1280]
Toa = Aetv, (3.18 £ 0.32)% HFLAV Fit
BESIII (3.63 £ 0.38 £ 0.200% [1272]
oo _ AT 0.492 + 0.049 HFLAV Fit
2 pK—m
CLEO 0.43 £ 0.08 [1281]
ARGUS 0.36 £ 0.14 [1282]

measured by BESIII, we use BESIII’s published correlation

matrix [531].

The resulting fitted values for the branching fractions are
given in Table 296. The overall x? of the fit is 30.0 for 23
degrees of freedom, which corresponds to a p value of 0.149.
The correlation matrix for the fitted branching fractions is
shown in Fig. 214, and constraints from individual measure-
ments for pairs of fitted branching fractions are shown in
Fig. 215. The branching fraction of the normalisation decay
A — pK~x™ is found to be

B(AY — pK~ ") = (6.46 + 0.24)%.
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8.11 Excited charm baryons

In this section we summarize the present status of excited
charmed baryons, decaying strongly or electromagnetically.
We list their masses (or the mass difference between the
excited baryon and the corresponding ground state), natu-
ral widths, decay modes, and assigned quantum numbers.
The present ground-state measurements are: M (A7)
2286.46 + 0.14 MeV/c> measured by BABAR [1283],
M(E9) (2470.85102%) MeV/c? and M(5))
(2467.937038) MeV/c?, both dominated by CDF [145],
and M(Q%) = (2695.2 + 1.7) MeV/c?, dominated by
Belle [1284]. Should these values change, so will some of
the values for the masses of the excited states.

Table 297 summarizes the excited A baryons. The first
two states listed, namely the A.(2595)" and A.(2625)7,
are well-established. The measured masses and decay pat-
terns suggest that they are orbitally excited Al baryons
with total angular momentum of the light quarks L = 1.
Thus their quantum numbers are assigned to be J¥ =
(%)_ and JP = (%)_, respectively. Their mass measure-
ments are dominated by CDF [1285]: M (A.(2595)") =
(2592.25 4 0.24 £ 0.14) MeV/c? and M(A.(2625)%) =
(2628.11 £ 0.13 £ 0.14) MeV/c2. Earlier measurements
did not fully take into account the restricted phase-space of
the A.(2595)" decays.

The next two states, A.(2765)" and A.(2880)T, were
discovered by CLEO [1286] in the A}w "7~ final state.
CLEO found that a significant fraction of the A.(2880)"
decays proceeds via an intermediate X.(2445)T+/ 07—/,
Later, BABAR [1287] observed that this state has also a
D°p decay mode. This was the first example of an excited
charmed baryon decaying into a charm meson plus a baryon;
previously all excited charmed baryon were found in their
hadronic transitions into lower lying charmed baryons. In
the same analysis, BABARobserved for the first time an
additional state, A.(2940)%, decaying into D°p. Studying
the DT p final state, BABAR found no signal; this implies
that the A.(2880)" and A.(2940)" are A} excited states
rather than X, excitations. Belle reported the result of an
angular analysis that favors 5/2 for the A.(2880)" spin
hypothesis. Moreover, the measured ratio of branching frac-
tions B(A.(2880)t — X.(2520)7 *)/B(A.(2880)" —
¥ (2455)7 ) = (0.225 £ 0.062 % 0.025), combined with
theoretical predictions based on HQS [496,1288], favor even
parity. However this prediction is only valid if the P-wave
portion of X.(2520)7 is suppressed. The current open ques-
tions in the excited A7 family include the determination of
quantum numbers for the other states, and the nature of the
A(2765)7 state, in particular whether it is an excited £ or
A:r. However, there is no doubt that the state exists, as it is
clearly visible in Belle data.
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Fig. 215 Plots of all individual measurements and the fitted averages. showing the one-dimensional errors. In cases where multiple ratio mea-

Individual measurements are plotted as bands (ellipses) showing their surements exists (I'; / T";), only the most precise one is plotted

+ 1o, £ 20, and £ 30 ranges. The best fit value is indicated by a cross
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Table 297 Summary of excited A baryons
Charmed baryon excited state Mode Mass (MeV/c?) Natural width (MeV) JP
Ac(2595)F Afnta=, £.(2455)% 2592.25 + 0.28 2.59 + 0.30 £ 0.47 1/2-
A (2625)F Afntn— 2628.11 £ 0.19 <0.97 3/2”
Ac(2765)F Afnta, £.(2455)% 2766.6 + 2.4 50 ?
A(2880)F Afntn=, £.(2455)7, £.(2520)7, D°p 2881.53 + 0.35 58 + 1.1 52t
Ac(2940)t DOp, =.(2455)7 2939.3%14 1718 ?
Table 298 Summary of the excited =, ++.0 baryon family
Charmed baryon excited state Mode AM (MeV/c?) Natural width (MeV) Jr
2 (2455)+F Afmt 167.510 £ 0.17 1.89 7002 172+
(24551 Afn0 166.4 + 0.4 <4.6 @ 90% C.L. 12+
. (2455)0 Atm- 167.29 + 0.17 1.837015 12+
(25200t Afnt 231.957017 14.78930 3/2*
¥.(2520)F AFn0 231.0 £ 2.3 <17 @ 90% C.L. 3/2t
%,(2520)° Arn- 232.025013 15.3%04 3/2+
%.(2800)t+ AFmt 51473 75H18t2 3/277
.(2800) " Afn® 50511 62130138
.(2800)° Afm~ 51913 72122

Afm~ 560 + 8 + 10 86133

Table 299 Summary of excited E,j' 0

and 0 baryon families. For the
first four iso-doublets, the mass difference with respect to the ground

state is given, as the uncertainties are dominated by the uncertainty in

the ground state mass. In the remaining cases, the uncertainty on the
measurement of the excited state itself dominates

Charmed baryon Mode Mass or mass Natural width (MeV) JP
excited state difference

(MeV/c?)
ol gty 110.5 £ 0.4 172+
gn 20y 108.3 £+ 0.4 12+
5. (2645)* E0r+ 178.5 + 0.1 2.1 +02 3/2F
E,(2645)° Efm 174.7 £ 0.1 24 +02 3/2F
E.(2790)* E0q+ 320.7 + 0.5 9+ 1 1/2-
E,(2790)° Eltg- 323.8 + 0.5 10+ 1 1/2-
E.(2815)* 5.(2645)07+ 348.8 4+ 0.1 243 + 0.23 3/2-
Z.(2815)0 E.(2645) 349.4 + 0.1 2.54 4+ 0.23 3/2-
Z.(2930)0 AYK~ 29316 £ 6 36 + 13 2
E.(2970)*" AYK=nt, SHY K, 5,.(2645)07F 2967.2 + 0.8 21 £3 2
E.(2970)0 E.(2645) 7~ 2970.4 + 0.8 28 + 3 2
Z.(3055)*" K-, AD 3055.7 + 0.4 8.0+ 1.9 ?
E,(3055)° AD 3059.0 + 0.8 62 + 2.4 ?
Z.(3080)*" AYK=rt, SH K, $.(25200TTK~, AD 3077.8 £ 0.3 3.6 + 0.7 ?
E.(3080)° AF KO, 20K Y, 2.(2520)°K ) 3079.9 £+ 1.0 56 +£22 ?
Q:(2770)° Qly 2765.9 + 2.0 707798 3/2%
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Fig. 216 Level diagram for multiplets and transitions for excited charm baryons

Table 298 summarizes the excited =, ++.0 baryons. The
ground iso-triplets of £.(2455)* "0 and £.(2520)t++0
baryons are well-established. Belle [1289]precisely mea-
sured the mass differences and widths of the doubly charged
and neutral members of this triplet. The short list of excited
3. baryons is completed by the triplet of X.(2800) states
observed by Belle [1290]. Based on the measured masses and
theoretical predictions [1291,1292], these states are assumed
to be members of the predicted X, 3/27 triplet. From a
study of resonant substructure in B~ — A pm~ decays,
BABAR found a significant signal in the A7~ final state
with a mean value higher than measured for the X.(2800)
by Belle by about 30 (Table 298). The decay widths mea-
sured by Belle and BABAR are consistent, but it is an open
question if the observed state is the same as the Belle
state.

Table 299 summarizes the excited ;" and QY baryons.
The list of excited &, baryons has several states, of unknown
quantum numbers, having masses above 2900 MeV/c?
and decaying into three different types of decay modes:
Ao/ Eenm, E.nm and the most recently observed A D. Some
of these states (5,(2970)", E.(3055) and Z.(3080)™0)
have been observed by both Belle [1293-1295] and BABAR
[694] and are considered well-established. The Z.(2930)°
state decaying into AT K~ is seen only by BABAR [1296]
and needs confirmation. The Z,(3123)* observed by BABAR
[694] in the X.(2520)TTx~ final state has not been con-
firmed by Belle [1294] with twice the statistics; thus its exis-
tence in doubt and it is omitted from Table 299.

Several of the width and mass measurements for the
E:(3055) and E.(3080) iso-doublets are only in marginal
agreement between experiments and decay modes. However,

@ Springer

there seems little doubt that the differing measurements are
of the same particle.

Belle [1297] has recently analyzed large samples of =/,
Z.(2645), £.(2790), Z.(2815) and &.(2970) decays. From
this analysis they obtain the most precise mass measure-
ments of all five iso-doublets, and the first significant width
measurements of the &.(2645), &.(2790) and E.(2815).
The level of agreement in the different measurements of
the mass and width of the Z.(2970), formerly named by
the PDG as the Z.(2980), is not satisfactory. This leaves
open the possibility of there being other resonances nearby
or that threshold effects have not been fully understood. The
present situation in the excited &, sector is summarized in
Table 299.

The excited 99, doubly strange charmed baryon has been
seen by both BABAR [1298] and Belle [1284]. The mass dif-
ferences SM = M (Qjo) - M (Q?) measured by the exper-
iments are in good agreement and are also consistent with
most theoretical predictions [1299-1302]. No higher mass
Q. states have yet been observed.

Figure 216 shows the levels of excited charm baryons
along with corresponding transitions between them, and also
transitions to the ground states.

We note that Belle and BABAR recently discovered that
transitions between families are possible, i.e., between the
E. and Aj families of excited charmed baryons [694,1293]
and that highly excited states are found to decay into a non-
charmed baryons and a D meson[1287,1295].
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Fig. 217 Upper limits at 90%
C.L. for D° decays. The top plot
shows flavor-changing neutral
current decays, and the bottom
plot shows
lepton-flavor-changing (LF),
lepton-number-changing (L),
and both baryon- and
lepton-number-changing (BL)
decays
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Fig. 218 Upper limits at 90% C.L. for DT (top) and D (botton)
decays. Each plot shows flavor-changing neutral current decays, lepton-
flavor-changing decays (LF), and lepton-number-changing (L) decays

8.12 Rare and forbidden decays

This section provides a summary of searches for rare and for-
bidden charm decays in tabular form. The decay modes can
be categorized as flavor-changing neutral currents, lepton-
flavor-violating, lepton-number-violating, and both baryon-
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and lepton-number-violating decays. Figures 217, 218 and
219 plot the upper limits for D, DT, D, and A} decays.
Tables 300, 301, 302 and 303 give the corresponding
numerical results. Some theoretical predictions are given in
Refs. [1303-1310].

In several cases the rare-decay final states have been
observed with the di-lepton pair being the decay product of a
vector meson. For these measurements the quoted limits are
those expected for the non-resonant di-lepton spectrum. For
the extrapolation to the full spectrum a phase-space distribu-
tion of the non-resonant component has been assumed. This
applies to the CLEO measurement of the decays D(J;) —
(KT, mM)ete™ [1311], to the DO measurements of the
decays ng) — st [1312], and to the BABAR mea-
surements of the decays ng) — (KT, mT)eTe™ and
D(J;) — (KT, nt)ut =, where the contribution from ¢ —
[T~ (I = e, ) has been excluded. In the case of the LHCb

measurements of the decays D° — 7tz putu~ [1313]
as well as the decays D(Jg) — wtutu™ [1314] the con-

tributions from ¢ — [T~ as well as from p,w — [TI~
(I = e, n) have been excluded.
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Table 300 Upper limits at 90% C.L. for D° decays

Table 300 continued

Decay Limit x 10° Experiment References Decay Limit x 105 Experiment References
vy 26.0 CLEOTI [1315] Kot 670.0 CLEO II [1322]
3.8 BESIII [1316] 260.0 E653 [1327]
22 BABAR [1317] K- ntete 385.0 E791 [1331]
0.85 Belle [1318] K(892)ct e~ 140.0 CLEO II [1322]
ete™ 220.0 CLEO [1319] 47.0 E791 [1331]
1700 Argus [1320] K-ntutu- 360.0 E791 [1331]
130.0 Mark3 [1321] w0
130 CLEO I [1322] K (892)utu~ 1180.0 CLEO II [1322]
8.19 E789 [1323] 240 E791 [1331]
62 E791 [1324] ate—aOutp~ 810.0 E653 [1327]
12 BABAR [1325] uteF 270.0 CLEO [1319]
0.079 Belle [1326] 120.0 Mark3 [1333]
wt e 70.0 Argus [1320] 100.0 Argus [1320]
440 653 [1327] 19.0 CLEO II [1322]
34.0 CLEO II [1322] 17.2 E789 [1323]
15.6 E789 [1323] 8.1 E791 [1324]
5o E701 [1324] 0.81 BABAR [1325]
50 HERAD [1325] 0.26 Belle [1326]
13 BABAR [1325] 0.016 LHCb [1334]
021 CDF [1329] a0 ® uF 86.0 CLEO II [1322]
0.14 Belle [1326] ne* u¥ 100.0 CLEO I [1322]
0.0062 LHCb [1330] ”: ”i_ei wr 130 E791 1331
7lete™ 45.0 CLEO II [1322] pletut 06.0 E791 (1331]
Outp” 540.0 CLEO I [1322] 9.0 cLEOT [1322]
180.0 653 [1327] wei;ﬁi 120.0 CLEO I [1322]
nete~ 110.0 CLEOII [1322] Kz( e nt 180.0 E791 (1331]
nutue 530.0 CLEO I [1322] perut 47.0 E791 (1331]
atr=ete” 370.0 E791 [1331] Y 34.0 CLEO [1322]
POete- 4500 CLEO [1319] K e*u¥ 100.0 CLEO II [1322]
124.0 E791 [1331] K-mte* ¥ 550.0 E791 [1331]
100.0 CLEO I [1322] K*0(892)e* ¥ 100.0 CLEO II [1322]
atr ot 30.0 E791 [1331] 83.0 E791 (1331]
055 LHCb [1313] aFnFete® 112.0 E791 [1331]
2Ot 3100 CLEO [1319] aFa¥Futpt 29.0 E791 [1331]
4900 CLEO I [1322] K¥nFete* 206.0 E791 [1331]
230.0 E653 [1327] KFnFutpu* 390.0 E791 [1331]
220 E791 [1331] KF¥FKFete* 152.0 E791 [1331]
wete 180.0 CLEO I [1322] KTKFp*p* 94.0 E791 [1331]
wutp 830.0 CLEOII [1322] nirtet p* 79.0 E791 [1331]
KtK-ete™ 315.0 E791 [1331] K¥mTe®p* 218.0 E791 [1331]
pete 500 E791 [1331] KF¥FKFetp* 57.0 E791 [1331]
52.0 CLEOII [1322] pe” 10.0 CLEO [1335]
KtK—utp 33.0 E791 [1331] pe’ 11.0 CLEO [1335]
dutu 410.0 CLEO II [1322]
31.0 E791 [1331]
Kletem 1700.0 Mark3 [1332]
110.0 CLEO II [1322]
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Table 301 Upper limits at 90% C.L. for DT decays

Table 301 continued

Decay Limit x10° Experiment References Decay Limit x 10° Experiment References
nteter 110.0 E687 [1336] 13.0 Focus [1339]
52.0 E791 [1324] 10.0 BABAR [1337]
59 CLEO [1311] K- etut 130.0 E687 [1336]
1.1 BABAR [1337] K*=(892)utpt 850.0 E653 [1327]
0.3 BESIII [1338]
Tt 220.0 £633 [1327] Table 302 Upper limits at 90% C.L. for Dy decays
89.0 E687 [1336]
15.0 E791 [1324] Decay Limit x 10° Experiment References
8.8 Focus [1339] ntete” 270.0 E791 [1324]
6.5 BABAR [1337] 22.0 CLEO [1311]
39 DO [1312] 13.0 BABAR [1337]
0.073 LHCb [1314] Tt 430.0 E653 [1327]
prut 560.0 E653 [1327] 140.0 E791 [1324]
Ktete™ 200.0 E687 [1336] 43.0 BABAR [1337]
3.0 CLEO [1311] 26.0 Focus [1339]
1.2 BESIII [1338] 0.41 LHCb [1314]
1.0 BABAR [1337] Ktete™ 1600.0 E791 [1324]
ntet ¥ 34.0 E791 [1324] 52.0 CLEO [1311]
atetu~ 110.0 E687 [1336] 3.7 BABAR [1337]
29 BABAR [1337] Ktutu~ 140.0 E791 [1324]
rtute 130.0 E687 [1336] 36.0 Focus [1339]
3.6 BABAR [1337] 21.0 BABAR [1337]
KFe* ut 68.0 E791 [1324] K*(892)ut 1400.0 E653 (1327]
Ktetu~ 130.0 E687 [1336] te® u¥ 610.0 E791 [1324]
1.2 BABAR [1337] ntetus 12.0 BABAR (1337)
Ktute™ 120.0 E687 [1336] xtute” 20.0 BABAR [1337]
28 BABAR [1337] Ktetpu® 630.0 E791 [1324]
mmetet 110.0 E687 [1336] Ktetp™ 14.0 BABAR [1337]
96.0 E791 [1324] Ktutes 9.7 BABAR (1337)
L9 BABAR [1337] netet 690.0 E791 [1324]
1.2 BESIII [1338] 18.0 CLEO [1311]
L1 CLEO [1311] 4.1 BABAR [1337]
ottt 87.0 E687 [1336] -t 430.0 E653 [1327]
17.0 E791 [1324] 82.0 E791 [1324]
4.8 Focus [1339] 29.0 Focus [1339]
20 BABAR [1337] 14.0 BABAR [1337]
0.022 LHCb [1314] 0.12 LHCb [1314]
a etut 110.0 E687 [1336] Toet T 730.0 E791 [1324]
50.0 E791 [1324] K-etet 630.0 E791 [1324]
ot 560.0 E653 [1327] 17.0 CLEO [1311]
K=etet 120.0 E687 [1336] 52 BABAR [1337]
35 CLEO [1311] K-ptpt 590.0 E653 [1327]
0.9 BABAR [1337] 180.0 E791 [1324]
0.6 BESII [1338] 13.0 BABAR [1337]
K-utp™ 320.0 E653 [1327] K=etpt 680.0 E791 [1324]
120.0 E687 [1336] K*~(892)utut 1400.0 E653 [1327]
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Table 303 Upper limits at 90% C.L. for AT decays

Decay Limit x 106 Experiment References
pete” 5.5 BABAR [1337]
put T 340.0 E653 [1327]
44.0 BABAR [1337]
ottt 700.0 E653 [1327]
petu~ 9.9 BABAR [1337]
pute” 19.0 BABAR [1337]
petet 2.7 BABAR [1337]
putut 9.4 BABAR [1337]

9 Tau lepton properties

We present averages of a selection of 7 lepton quantities
with the goal to provide the best tests of the universal-
ity of the charged-current weak interaction (Sect. 9.2) and
of the Cabibbo—Kobayashi-Maskawa (CKM) matrix coef-
ficient |V,,| from 7 decays (Sect. 9.4). We focus on the
averages that benefit most from the adoption of the HFLAV
methodology [420], namely a global fit of the T branching
fractions that best exploits the available experimental infor-
mation. Since the 2016 edition, the HFLAV-Tau group has
collaborated to the determination of the r-lepton branching
fractions based on a global fit and to the related mini-review
that are included in the “Review of particle physics” [6]. The
differences between the PDG 2016 fit and the fit presented
here are detailed in Sect. 9.1.4.

All relevant published statistical correlations are used, and
a selection of measurements, particularly the most precise
and the most recent ones, was studied to take into account
the significant systematic dependencies from external param-
eters and common sources of systematic uncertainty.

Finally, we report in Sect. 9.5 the latest limits on
the lepton-flavour-violating 7 branching fractions and in
Sect. 9.6 we determine the combined upper limits for
the branching fractions that have multiple experimental
results.

The 7 lepton results are obtained from inputs available
through summer 2016 and have been published on the web
in 2016 with the label “Summer 2016”. However, there have
been minor revisions since then, and we have updated tables
and plots in this report with the label “Spring 2017”.

9.1 Branching fraction fit

A global fit of the available experimental measurements is
used to determine the 7 branching fractions, together with
their uncertainties and statistical correlations. The T branch-
ing fractions provide a test for theory predictions based on
the Standard Model (SM) EW and QCD interactions and can

be further elaborated to test the EW charged-current univer-
sality for leptons, to determine the CKM matrix coefficient
|Vis| (and the QCD coupling constant o at the T mass).

The measurements used in the fit are listed in Table 304
and consist of either t decay branching fractions, labelled
as I';, or ratios of two T decay branching fractions, labelled
as I';/I";. A minimum x? fit is performed for all the mea-
sured quantities and for some additional branching frac-
tions and ratios of branching fractions, and all fit results
are listed in Table 304. Some fitted quantities are equal
to the ratio of two other fitted quantities, as documented
with the notation I'; /I'; in Table 304. Some fitted quanti-
ties are sums of other fitted quantities, for instance I's =
B(t — h7v;) is the sum of 'y = B(tr — mw v;) and
I'o = B(t — K v;). The symbol i is used to mean
either a w or K. Section 9.1.7 lists all equations relating
one quantity to the sum of other quantities. In the following,
we refer to both types of relations between fitted quanti-
ties collectively as constraint equations or constraints. The
fit x2 is minimized subject to all the above mentioned con-
straints, listed in Table 304 and Sect. 9.1.7. The fit proce-
dure is equivalent to that employed in the previous HFLAV
reports [5,234,420].

9.1.1 Technical implementation of the fit procedure

The fit computes the quantities ¢; by minimizing a x> while
respecting a series of equality constraints on the g;. The x2
is computed using the measurements x; and their covariance
matrix V;; as

X2 = (i — Augn)' Vi (xj — Ajuan), (286)
where the model matrix A;; is used to get the vector of the
predicted measurements x from the vector of the fit param-
eters ¢; as x; = A;;q;. In this particular implementation,
the measurements are grouped according to the measured
quantity, and all quantities with at least one measurement
correspond to a fit parameter. Therefore, the matrix A;; has
one row per measurement x; and one column per fitted quan-
tity g;, with unity coefficients for the rows and column
that identify a measurement x; of the quantity g;. In sum-
mary, the x? given in Eq. (286) is minimized subject to the
constraints
fr(gs) — ¢ =0, (287)
where Eq. (287) corresponds to the constraint equations,
written as a set of “constraint expressions” that are equated
to zero. Using the method of Lagrange multipliers, a set
of equations is obtained by taking the derivatives with
respect to the fitted quantities g; and the Lagrange multi-
pliers A, of the sum of the x2 and the constraint expres-
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Table 304 HFLAV Spring 2017 branching fractions fit results

7 lepton branching fraction Fit value/Exp. HFLAV fit/Refs.

'} = (particles)— > Oneutrals > 0K%v, 0.8519 £ 0.0011 HFLAV Spring 2017 fit
I', = (particles)™ > Oneutrals > OKE Vr 0.8453 £ 0.0010 HFLAV Spring 2017 fit
'3 =u v,vr 0.17392 + 0.00040 HFLAV Spring 2017 fit
0.17319 + 0.00077 £ 0.00000 ALEPH [1344]

0.17325 £ 0.00095 £ 0.00077 DELPHI [1345]

0.17342 + 0.00110 £ 0.00067 L3 [1346]

0.17340 % 0.00090 £ 0.00060 OPAL [1347]

D=tk 0.9762 + 0.0028 HFLAV Spring 2017 fit
0.9970 + 0.0350 £ 0.0400 ARGUS [1348]

0.9796 £ 0.0016 £ 0.0036 BABAR [1349]

0.9777 + 0.0063 + 0.0087 CLEO [1350]

I's = e VeV 0.17816 £+ 0.00041 HFLAV Spring 2017 fit
0.17837 + 0.00080 £ 0.00000 ALEPH [1344]

0.17760 £ 0.00060 £ 0.00170 CLEO [1350]

0.17877 + 0.00109 + 0.00110 DELPHI [1345]

0.17806 + 0.00104 £ 0.00076 L3 [1346]

0.17810 % 0.00090 + 0.00060 OPAL [1351]

I'7=h" > 0K)v,

0.12400 £ 0.00700 + 0.00700
0.12470 £ 0.00260 + 0.00430
0.12100 £ 0.00700 + 0.00500
I's=h"v;

0.11524 4 0.00105 + 0.00000
0.11520 £ 0.00050 + 0.00120
0.11571 £ 0.00120 + 0.00114

0.11980 + 0.00130 £ 0.00160
I's _ hve

I's = e vevr
Fg=m"v,
Lo _ 7 v
I's = e vevr

0.5945 4+ 0.0014 £ 0.0061
F'o=K"v,

(0.6960 + 0.0287 + 0.0000) - 1072
(0.6600 + 0.0700 + 0.0900) - 1072
(0.8500 + 0.1800 + 0.0000) - 1072
(0.6580 + 0.0270 + 0.0290) - 1072

o _ K v

rii T e veur

(3.882 + 0.032 + 0.057) - 102
'y _ K v

Fi() B

I'y1 = h™ > 1lneutrals > v,

i =h"7%; (ex.K?)

s = h~nt Vr

0.25924 £ 0.00129 £ 0.00000
0.25670 £ 0.00010 £ 0.00390
0.25870 4 0.00120 + 0.00420
0.25740 + 0.00201 + 0.00138

0.12023 4 0.00054
DELPHI

L3

OPAL

0.11506 4 0.00054
ALEPH

CLEO

DELPHI

OPAL

0.6458 + 0.0033
0.10810 # 0.00053
0.6068 =+ 0.0032
BABAR

(0.6960 + 0.0096)- 102
ALEPH

CLEO

DELPHI

OPAL

(3.906 + 0.054) - 1072
BABAR

(6.438 + 0.094) -10~2
0.36973 £ 0.00097
0.36475 £ 0.00097
0.25935 & 0.00091
ALEPH

Belle

CLEO

DELPHI

HFLAV Spring 2017 fit
[1352]
[1353]
[1354]
HFLAV Spring 2017 fit
[1344]
[1350]
[1355]
[1356]
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1349]
HFLAV Spring 2017 fit
[1357]
[1358]
[1359]
[1360]
HFLAV Spring 2017 fit
[1349]
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1344]
[1361]
[1362]
[1355]
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Table 304 continued

T lepton branching fraction Fit value/Exp. HFLAV fit/Refs.
0.25050 + 0.00350 + 0.00500 L3 [1353]

0.25890 + 0.00170 %+ 0.00290 OPAL [1356]

Mg=n"7%y 0.25502 + 0.00092 HFLAV Spring 2017 fit
M=K 7%, (0.4327 + 0.0149) - 1072 HFLAV Spring 2017 fit
(0.4440 + 0.0354 + 0.0000) - 1072 ALEPH [1357]

(0.4160 £ 0.0030 + 0.0180) - 1072 BABAR [1363]

(0.5100 £ 0.1000 % 0.0700) - 102 CLEO [1358]

(0.4710 £ 0.0590 + 0.0230) - 1072 OPAL [1364]
Fy7=h">270%, 0.10775 £ 0.00095 HFLAV Spring 2017 fit
0.09910 # 0.00310 %+ 0.00270 OPAL [1356]

g =h27%, (9.458 + 0.097)- 102 HFLAV Spring 2017 fit
o =h27%; (ex.K?) (9.306 + 0.097)- 102 HFLAV Spring 2017 fit
(9.295 £ 0.122 £ 0.000) - 1072 ALEPH [1344]

(9.498 + 0.320 + 0.275) - 1072 DELPHI [1355]

(8.880 & 0.370 + 0.420) - 1072 L3 [1353]

Lo — w 03588 + 0.0044 HFLAV Spring 2017 fit
0.3420 £ 0.0060 + 0.0160 CLEO [1365]

Iy =7 27° v, (ex.K?) (9.242 + 0.100)- 102 HFLAV Spring 2017 fit
Iz = K 27%v; (ex.K0) (0.0640 £ 0.0220)- 102 HFLAV Spring 2017 fit
(0.0560 £ 0.0250 + 0.0000) - 102 ALEPH [1357]

(0.0900 £ 0.1000 % 0.0300) - 102 CLEO [1358]

Moy =h~ >3320, (1.318 £ 0.065)- 102 HFLAV Spring 2017 fit
s =h~ > 370, (ex.KY) (1.233 + 0.065) - 1072 HFLAV Spring 2017 fit
(1.403 4+ 0.214 + 0.224) - 1072 DELPHI [1355]

[ = h= 370 v, (1.158 + 0.072) - 1072 HFLAV Spring 2017 fit
(1.082 £ 0.093 + 0.000) - 102 ALEPH [1344]

(1.700 £+ 0.240 + 0.380) - 102 L3 [1353]

= % (4.465 + 0.277) - 1072 HFLAV Spring 2017 fit
(4.400 £+ 0.300 + 0.500) - 1072 CLEO [1365]

[y =n~ > 37%; (ex.K?) (1.029 + 0.075)- 102 HFLAV Spring 2017 fit
Mg =K~ >37%; (ex.K%, 1) (4.283 + 2.161) - 1072 HFLAV Spring 2017 fit
(3.700 £ 2.371 £ 0.000) - 1074 ALEPH [1357]

Ty =h~ > 47°% v, (ex.K?) (0.1568 + 0.0391) - 102 HFLAV Spring 2017 fit
(0.1600 £ 0.0500 % 0.0500) - 1072 CLEO [1365]

30 =h~ > 47°% v, (ex. KO, ) (0.1099 £ 0.0391)- 1072 HFLAV Spring 2017 fit
(0.1120 £ 0.0509 + 0.0000) - 1072 ALEPH [1344]

31 =K~ >07° > 0K > 0y, (1.545 + 0.030)- 102 HFLAV Spring 2017 fit
(1.700 £ 0.120 + 0.190) - 102 CLEO [1358]

(1.540 £ 0.240 %+ 0.000) - 102 DELPHI [1359]

(1.528 4 0.039 + 0.040) - 102 OPAL [1360]

M3 =K~ =1 or KO0ry)v, (0.8528 =+ 0.0286) - 102 HFLAV Spring 2017 fit
33 = K(particles)v, (0.9372 + 0.0292) - 1072 HFLAV Spring 2017 fit
(0.9700 £ 0.0849 + 0.0000) - 102 ALEPH [1343]

(0.9700 £ 0.0900 + 0.0600) - 102 OPAL [1366]

34 =h K%, (0.9865 + 0.0139) - 102 HFLAV Spring 2017 fit
(0.8550 + 0.0360 £ 0.0730) - 1072 CLEO [1367]
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Table 304 continued

T lepton branching fraction

Fit value/Exp.

HFLAV fit/Refs.

IMs=m~ K° Vr
(0.9280 + 0.0564 £ 0.0000)

37 = K~ K%,

(0.1580 +£ 0.0453 £ 0.0000) -
(0.1620 £ 0.0237 £ 0.0000) -
(0.1480 +£ 0.0013 £ 0.0055) -
(0.1510 £ 0.0210 £ 0.0220) -

33 = K~ K%, > 070,

(0.3300 £ 0.0550 £ 0.0390) -

IM'39 = h_foﬂo Vr

(0.5620 £ 0.0500 £ 0.0480) -

—0
IFyo=n"K 70 Ve

(0.2940 £ 0.0818 =+ 0.0000) -
(0.3470 £ 0.0646 £ 0.0000) -
1072
(0.4100 £ 0.1200 =+ 0.0300) -

(0.3860 = 0.0031 £ 0.0135)

Iy =K 70K%,

(0.1520 £ 0.0789 £ 0.0000) -
(0.1430 £ 0.0291 £ 0.0000) -
(0.1496 £ 0.0019 £ 0.0073) -
(0.1450 +£ 0.0360 £ 0.0200) -

—0
="K >17°%;

(0.3240 = 0.0740 £ 0.0660) -

Iy = n_forro 7%, (ex.K9)

1072
(0.8320 + 0.0025 + 0.0150) -
(0.9500 %+ 0.1500 £ 0.0600) -
(0.9330 + 0.0680 £ 0.0490) -

1072
1072
1072

1072
1072
1072
1072
1072

1072

1072
1072

1072
1072
1072
1072

1072

1072

(2.600 £ 2.400 + 0.000) - 104

46 = anOKOVT
Ty =~ KIKJv,

(2.600 + 1.118 + 0.000) - 10~*
(2.310 & 0.040 + 0.080) - 10~*
(2.330 & 0.033 + 0.093) - 10~*
(2.300 & 0.500 + 0.300) - 10~*

Tug =7~ KIKDv,

(0.1010 £ 0.0264 £ 0.0000) -

_ —0
Fyp=m KK 70 Vg
I'so = 770 Kgngr

1072

(1.600 £ 0.200 =+ 0.220) - 1075
(2.000 £ 0.216 + 0.202) - 1075

-0 00
[si =n 7" KgK;ve

(3.100 + 1.100 + 0.500) - 10~*

Ts3 = Kh—h~htv,

(2.300 % 2.025 + 0.000) - 1074

(0.8386 £ 0.0141) -
ALEPH

Belle

L3

OPAL

(0.1479 £ 0.0053)
ALEPH

ALEPH

Belle

CLEO

(0.2982 £ 0.0079)
OPAL

(0.5314 £+ 0.0134) -
CLEO

(0.3812 + 0.0129) -
ALEPH

ALEPH

Belle

L3

(0.1502 £+ 0.0071) -
ALEPH

ALEPH

Belle

CLEO

(0.4046 + 0.0260) -
OPAL

(2340 =+ 2.306) - 10

ALEPH
(0.1513 =+ 0.0247) -

1072

.1072

1072

1072

1072

1072

1072

—4

1072

(2.332 + 0.065) - 1074

ALEPH

BABAR

Belle

CLEO

(0.1047 £ 0.0247) -
ALEPH

1072

(3.540 + 1.193) - 10~*
(1.815 £+ 0.207) - 1079

BABAR
Belle

(3.177 £ 1.192) - 10~*

ALEPH

(2218 + 2.024) - 10~*

ALEPH

HFLAV Spring 2017 fit
[1357]
[1342]
[1368]
[1369]
HFLAV Spring 2017 fit
[1343]
[1357]
[1342]
[1367]
HFLAV Spring 2017 fit
[1369]
HFLAV Spring 2017 fit
[1367]

HFLAV Spring 2017 fit
[1343]
[1357]
[1342]
[1368]
HFLAV Spring 2017 fit
[1343]
[1357]
[1342]
[1367]

HFLAV Spring 2017 fit
[1369]

HFLAV Spring 2017 fit
[1370]

HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1343]
[1371]
[1342]
[1367]
HFLAV Spring 2017 fit
[1343]

HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1371]
[1342]
HFLAV Spring 2017 fit
[1343]

HFLAV Spring 2017 fit
[1343]
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Table 304 continued

T lepton branching fraction Fit value/Exp. HFLAV fit/Refs.

I'ss = h~h~hT > Oneutrals > 01(211I 0.15215 4+ 0.00061 HFLAV Spring 2017 fit
0.15000 % 0.00400 % 0.00300 CELLO [1372]

0.14400 % 0.00600 + 0.00300 L3 [1373]

0.15100 % 0.00800 % 0.00600 TPC [1374]

['ss = h~h~h* > Oneutrals v; (ex.K?) 0.14567 + 0.00057 HFLAV Spring 2017 fit
0.14556 + 0.00105 + 0.00076 L3 [1375]

0.14960 + 0.00090 + 0.00220 OPAL [1376]

I's¢ =h~h~htv, (9.780 + 0.054)- 102 HFLAV Spring 2017 fit
Is; =h h~htv, (ex.K?) (9.439 + 0.053)- 1072 HFLAV Spring 2017 fit
(9.510 & 0.070 %+ 0.200) - 1072 CLEO [1377]

(9.317 & 0.090 + 0.082) - 1072 DELPHI [1355]

= hﬁ’z’g rlll;:{r(ael)s(fﬂ()ex. 5 0.6480 + 0.0030 HFLAV Spring 2017 fit
0.6600 £ 0.0040 + 0.0140 OPAL [1376]

Isg =h~h~htv, (ex.K°, w) (9.408 + 0.053) - 102 HFLAV Spring 2017 fit
(9.469 £ 0.096 + 0.000) - 102 ALEPH [1344]

[so =7 nwtm v, (9.290 + 0.052) - 102 HFLAV Spring 2017 fit
Teo = -t 7 v (ex.K0) (9.000 % 0.051) - 102 HFLAV Spring 2017 fit
(8.830 & 0.010 = 0.130) - 1072 BABAR [1378]
(8.4zoio.ooot8§§8) 1072 Belle [1379]

(9.130 £ 0.050 + 0.460) - 102 CLEO3 [1380]

Ter =~ w wHv, (ex. K0, w) (8.970 % 0.052) - 102 HFLAV Spring 2017 fit
Te3 = h~h~h™ > I neutrals v, (5325 & 0.050) - 102 HFLAV Spring 2017 fit
ey =h~h~ht > 120 v, (ex.K?) (5.120 & 0.049) - 102 HFLAV Spring 2017 fit
Ies =h~h~ht > 70 (4.790 £ 0.052) - 102 HFLAV Spring 2017 fit
Tee =h~h~ht > 7%, (ex.K9) (4.606 £ 0.051) - 1072 HFLAV Spring 2017 fit
(4.734 £+ 0.077 + 0.000) - 102 ALEPH [1344]

(4.230 £ 0.060 + 0.220) - 102 CLEO [1377]

(4.545 £ 0.106 + 0.103) - 1072 DELPHI [1355]

Ie7 = h~h~hta%, (ex. K, w) (2.820 + 0.070) - 1072 HFLAV Spring 2017 fit
Fes =7 wtn a0, (4.651 + 0.053) - 1072 HFLAV Spring 2017 fit
Ieo =7 wtn 70, (ex.K?) (4.519 + 0.052) - 1072 HFLAV Spring 2017 fit
(4.190 £ 0.100 + 0.210)- 102 CLEO [1381]

o =77 770 v (ex.K°, w) (2.769 + 0.071) - 1072 HFLAV Spring 2017 fit
s =h~h~ht =270, (ex.K9) (0.5135 £ 0.0312)- 1072 HFLAV Spring 2017 fit
(0.5610 £ 0.0680 + 0.0950) - 1072 DELPHI [1355]

s =h~h~ht2n0 v, (0.5024 + 0.0310)- 1072 HFLAV Spring 2017 fit

76 =h~ h~ht > 270, (ex.K9)
(04350 + 0.0461 =+ 0.0000) - 102

T _ _ h~h~ht27%v, (ex.K")
I'ss — h—h—h+t>0neutrals zOng,

(3.400 £+ 0.200 + 0.300) - 1072
77 =h~h~hT 270 v (ex.K°, w, 1)
s =h~h~ht37%,

(2.200 £+ 0.300 + 0.400) - 10~*
I'79 = K~h~ht > Oneutrals v;

(0.4925 =+ 0.0310) - 102

ALEPH
(3.237 + 0.202) - 1072

CLEO
(9.759 + 3.550) - 10~
(2.107 + 0.299)- 10~*
CLEO

(0.6297 £ 0.0141)- 102

HFLAV Spring 2017 fit
[1344]

HFLAV Spring 2017 fit

[1382]
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1383]
HFLAV Spring 2017 fit
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Table 304 continued

T lepton branching fraction

Fit value/Exp.

HFLAV fit/Refs.

I'so = K-~ htv; (ex.K0)

g0 _ K n htv (ex.K")
Feo — mmtm—v, (€X.KO)

(5.440 + 0.210 + 0.530) - 102
g1 = K- htn0 v, (ex.K?)

Ty _ K n htalv, (ex.k%
a—ntr—n0v, (€X.K0)

(2.610 £ 0.450 + 0.420) - 1072

I'sp = K~n~x™ > Oneutrals v,

Fe9

+0.1500 -2
(0.5800_0'1300ﬂ:0.1200> .10

'3 =K 7 7t >07% v, (ex.K?)

gy = K -ty

Igs = K~ nta v, (ex.K9)

(0.2140 £ 0.0470 £ 0.0000) - 1072
(0.2730 £ 0.0020 £ 0.0090) - 1072
(0.3300i0.0010f8;8{28> - 1072

(0.3840 £ 0.0140 =+ 0.0380) - 102
(0.4150 £ 0.0530 =+ 0.0400) - 102

I'ss _ K nta v (eX.K9)
Teo — mmtm v (EX.KO)

I's7 = K n ntn0 Vr

I'sg = K n ntn0 Vr (ex.Ko)
(6.100 £ 4.295 + 0.000) - 1074
(7.400 £ 0.800 £ 1.100)- 10~*
Igo = K 7w 7tn%v; (ex.K, n)
Fgp =7~ K~ K+ > Oneutrals v,
(0.1590 + 0.0530 £ 0.0200) - 102

0.0900 —
(0, 1500% 0 0700 £ 0.0300> 1072

o3 = JT_K_K+I)1

(0.1630 £ 0.0270 £ 0.0000) - 102
(0.1346 + 0.0010 £ 0.0036) - 1072

+0.0060
(0. 1550 £0.00107 5050

(0.1550 £ 0.0060 £ 0.0090) - 102

Toz __ 7 K Kty
Teo ~ mmtm v, (€X.K0)

(1.600 %+ 0.150 + 0.300) - 10~2

Fog = 7 K Ktn0 Vg

(7.500 + 3.265 + 0.000) - 10~*
(0.550 &+ 0.140 + 0.120) - 1074

Tog n’K’K*r{OVT

Teo — m—mtmn—n0v, (€X.K0)

(0.7900 £ 0.4400 + 0.1600) - 102

I'gg =K K K*tv,

(1578 % 0.130 % 0.123) - 10~
0.190 —
(3.290+0.17073136) 103

(0.4363 £ 0.0073) - 1072

(4.847 + 0.080) - 1072

CLEO
(8.726 + 1.177)- 10~*

(1.931 + 0.266)- 1072
CLEO

(0.4780 + 0.0137) - 1072

TPC

(0.3741 £ 0.0135)- 1072
(0.3441 £ 0.0070) - 102

(0.2929 + 0.0067) - 10~2

ALEPH
BABAR

Belle

CLEO03
OPAL

(3.254 + 0.074) - 1072
(0.1331 + 0.0119)- 1072
(8.115 + 1.168)- 10~*
ALEPH

CLE03

(7.761 + 1.168) - 1074

(0.1495 + 0.0033) - 1072

OPAL

TPC

(0.1434 £ 0.0027) - 1072

ALEPH
BABAR

Belle

CLE03

(1.593 + 0.030)- 102
CLEO

(0.611 + 0.183) - 1074
ALEPH

CLE03

(0.1353 =+ 0.0405) - 1072

CLEO
(2.174 + 0.800)- 107
BABAR

Belle

HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1384]

HFLAV Spring 2017 fit
HFLAV Spring 2017 fit

[1384]
HFLAV Spring 2017 fit

[1385]

HFLAV Spring2017 fit
HFLAV Spring 2017 fit
HFLAV Spring2017 fit
[1386]
[1378]

[1379]

[1380]
[1364]
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1386]
[1387]
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1388]

[1385]

HFLAV Spring 2017 fit
[1386]
[1378]

[1379]

[1380]
HFLAV Spring2017 fit
[1384]
HFLAV Spring 2017 fit
[1386]
[1387]
HFLAV Spring 2017 fit
[1384]
HFLAV Spring 2017 fit
[1378]

[1379]
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Table 304 continued

T lepton branching fraction

Fit value/Exp.

HFLAV fit/Refs.

I'ig2 = 3h2h" > Oneutrals v, (ex. K())

(0.0970 + 0.0050 + 0.0110) - 1072
(0.1020 + 0.0290 + 0.0000) - 102
(0.1700 £ 0.0220 + 0.0260) - 102
o3 = 3h~ 2kt v, (ex.KO)

(7.200 £+ 1.500 + 0.000) - 10~*
(6.400 £+ 2.300 + 1.000) - 10~*
(7.700 £+ 0.500 + 0.900) - 10~*
(9.700 £+ 1.500 + 0.500) - 10~*
(5.100 £ 2.000 + 0.000) - 10~*
(9.100 £+ 1.400 + 0.600) - 10~*
Tios = 30~ 2070 v, (ex. Ko)
(2.100 + 0.700 + 0.900) - 10~*
(1.700 £ 0.200 + 0.200) - 10~*
(1.600 & 1.200 %+ 0.600) - 10~*
(2.700 £ 1.800 %+ 0.900) - 10~*
o6 = Om)~ vr

Cii0= X vr

T =770 nv,

(0.1800 + 0.0447 % 0.0000) - 1072
(0.1350 £ 0.0030 %+ 0.0070) - 1072
(0.1700 £ 0.0200 %+ 0.0200) - 1072
g = K nug

(2:900%1330 +0.700) .10~*

(1.420 £ 0.110 %+ 0.070) - 10~*
(1.580 & 0.050 =+ 0.090) - 10~*
(2.600 £ 0.500 + 0.500) - 10~*
Tiz0 =K 7%,

(0460 %+ 0.110 £ 0.040)- 10~*
(1.770 £ 0.560 + 0.710) - 10~*
T3 =7~ K%,

(0.880 & 0.140 + 0.060) - 10~*
(2.200 £+ 0.700 + 0.220) - 1074
M3 =7 ntm v, (ex. Ko)

I'49 = h~w > Oneutrals v,

I'iso =h~ wv,

(1.910 £ 0.092 £ 0.000) - 1072
(1.600 & 0.270 + 0.410) - 1072
Tiso _ h”wve

Teo " p—h—n+x0v, (ex. k0)

0.4310 £ 0.0330 =+ 0.0000

0.4640 £ 0.0160 + 0.0170

I'is1 = K- wy;

(4.100 £ 0.600 + 0.700) - 10~*

Iiso = h~n0 wVr

(0.0985 =+ 0.0037) - 102

CLEO
HRS
L3

(8.216 + 0.316)- 10~*

ALEPH
ARGUS

CLEO

DELPHI

HRS

OPAL

(1.634 + 0.114)- 10~*
ALEPH

CLEO

DELPHI

OPAL

(0.7748 £ 0.0534) - 1072

(2.909 + 0.048)- 1072

(0.1386 £ 0.0072) - 1072

ALEPH

Belle

CLEO

(1.547 % 0.080)- 104

ALEPH

BABAR

Belle

CLEO

(0.483 + 0.116)- 1074
Belle

CLEO

(0.937 + 0.149)- 10~*
Belle

CLEO

(2.184 + 0.130)- 10~*

(2.401 + 0.075)- 1072
(1.995 + 0.064)- 102
ALEPH

CLEO

0.4332 &+ 0.0139

ALEPH
CLEO
(4.100 £+ 0.922)- 10~*
CLEO03

(0.4058 =+ 0.0419) - 102

HFLAV Spring 2017 fit

[1389]
[1390]
[1375]

HFLAV Spring 2017 fit

[1344]
[1391]
[1389]
[1355]
[1390]
[1392]

HFLAV Spring 2017 fit

[1344]
[1383]
[1355]
[1392]
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1393]
[1394]
[1395]
HFLAV Spring 2017 fit

[1393]

[1396]
[1394]
[1397]
HFLAV Spring 2017 fit
[1394]
[1398]
HFLAV Spring 2017 fit
[1394]
[1398]

HFLAV Spring 2017 fit

HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1393]
[1399]
HFLAV Spring 2017 fit

[1400]
[1377]
HFLAV Spring 2017 fit
[1387]
HFLAV Spring 2017 fit
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Table 304 continued

T lepton branching fraction Fit value/Exp. HFLAV fit/Refs.
(0.4300 £ 0.0781 + 0.0000) - 1072 ALEPH [1393]

Frl—;f = h+zg;"é’lﬁr§szwgw (2.667 & 0.275) - 1072 HFLAV Spring 2017 fit
ho o _bromlv, 0.8241 + 0.0757 HFLAV Spring 2017 fit

h=h=h+270 v, (€X. KV)

0.8100 £ 0.0600 + 0.0600 CLEO [1382]

Ig7 = K~ ¢ve (4.445 £ 1.636) - 1077 HFLAV Spring 2017 fit
Tigs = K v (p —> KTK™) (2.174 £ 0.800)- 107> HFLAV Spring 2017 fit
Tieo = K~ v (¢ — KIKY) (1.520 + 0.560)- 107 HFLAV Spring 2017 fit
[g00 = 7~ wvr (1.954 + 0.065)- 1072 HFLAV Spring 2017 fit
Ty = K-~ 7+, (ex. KO, w) (0.2923 + 0.0067) - 102 HFLAV Spring 2017 fit
gz = K7~ 7tn% v (ex. K9, 0, 1) (4.103 + 1.429) - 104 HFLAV Spring 2017 fit
Tsos = 7~ KK v, (2.332 + 0.065) - 10~ HFLAV Spring 2017 fit
05 = aj (— 7~ y)vr (4.000 £ 2.000)- 1074 HFLAV Spring 2017 fit
(4.000 £+ 2.000 + 0.000) - 10~* ALEPH [1344]

Igo6 =7 7" KOK v, (1.815 + 0.207)- 1073 HFLAV Spring 2017 fit
Tg10 = 27~ 7+ 370 vp (ex. K9) (1.924 & 0.298)- 10~ HFLAV Spring 2017 fit
Tg11 = 7 27° wvy (ex. K9) (7.105 + 1.586)- 107 HFLAV Spring 2017 fit
(7.300 + 1.200 £ 1.200) - 107> BABAR [1401]

Igio = 27~ 7370 vy (ex. K9, n, w, f1)
(1.000 + 0.800 % 3.000)- 10~

Igo0 = 372w T v, (ex. K9, )

Tgo1 = 37 21+, (ex. K9, 0, f1)
(7.680 + 0.040 + 0.400) - 10~

g = K27 27t v, (ex. KO)

(0.600 + 0.500 + 1.100) - 10~°

Ig30 = 37 27t 7% v, (ex. )

Ig31 =27~ Hwv, (ex. KO)

(8.400 + 0.400 + 0.600)- 105

g3 = 37w 27t 70 v, (ex. K0, n, w, f1)
(3.600 + 0.300 + 0.900) - 1077

g3z = K 27 27 70 vy (ex. KO)
(1.100 £ 0.400 + 0.400)- 107©

To1g = 27~ nue (n — 37°) (ex. k9
(8.270 + 0.880 + 0.810) - 107

Loy =7 27%nv: (n > 7t~ 70) <ex. KO)
(4.570 £ 0.770 £ 0.500) - 1073

Loy =7~ five(fi — 277 27™)

(5.200 + 0.310 + 0.370) - 107

Fozo =2~ wtnu.(n — 7T~ 7?%) (ex. KO)
(5390 + 0.270 + 0.410) - 105

oy = 27~ 7t nue (7 — yy) (ex. K0)
(8.260 % 0.350 £ 0.510) - 1073

Togs = 7 27° o,

Fgog = 1 — T'aLL

(1.344 + 2.683) - 107>
BABAR

(8.197 + 0.315)- 10~*
(7.677 + 0.297) - 10~*
BABAR
(0.596 + 1.208) - 107°
BABAR
(1.623 + 0.114)- 10~*
(8359 + 0.626) - 1072
BABAR
(3.771 £ 0.875)- 107>
BABAR
(1.108 £ 0.566) - 10~°
BABAR
(7.136 + 0.424) - 107
BABAR

(4.420 £+ 0.867) - 107

BABAR
(5.197 + 0.444) - 107
BABAR
(5.005 £ 0.297)- 1073
BABAR
(8.606 & 0.511) - 1077
BABAR
(1.929 & 0.378)- 10~

(0.0355 £ 0.1031) - 1072

HFLAV Spring 2017 fit
[1401]

HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
[1401]
HFLAV Spring 2017 fit
[1401]
HFLAV Spring 2017 fit
HFLAV Spring2017 fit
[1401]
HFLAV Spring 2017 fit
[1401]
HFLAV Spring 2017 fit
[1401]
HFLAV Spring 2017 fit
[1401]

HFLAV Spring 2017 fit

[1401]
HFLAV Spring 2017 fit
[1401]
HFLAV Spring 2017 fit
[1401]
HFLAV Spring 2017 fit
[1401]
HFLAV Spring 2017 fit
HFLAV Spring 2017 fit
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sions multiplied by the Lagrange multipliers A,, one for each
constraint:

miﬂ[(Aika—xz')tV,-fl(AjIC]l—Xj) + 20, (fr(gs) — Cr)i|
(288)

(0/9qk, d/9X,) [expression above] = 0. (289)
Equation (289) defines a set of equations for the vector of
the unknowns (gi, 1), some of which may be non-linear,
in case of non-linear constraints. An iterative minimization
procedure approximates at each step the non-linear constraint
expressions by their first order Taylor expansion around the
current values of the fitted quantities, g;:

_ afr(qs) _
o) —cr =~ £+ LB Gy e @o0)
36[; ‘?s
which can be written as
Brsqs — C:,, (291)

where ¢, are the resulting constant known terms, independent
of g, at first order. After linearization, the differentiation by
qr and A, is trivial and leads to a set of linear equations

ALV Ajigr + B h = ALV (292)
B,sqs = c;, (293)
which can be expressed as:

Fijuj = v, (294)
where u; = (qx, ;) and v; is the vector of the known

constant terms running over the index k and then r in the
right terms of Egs. (292) and (293). Solving the equation
set in Eq. (294) gives the fitted quantities and their covari-
ance matrix, using the measurements and their covariance
matrix.

The fit procedure starts by computing the linear approxi-
mation of the non-linear constraint expressions around the
quantities seed values. With an iterative procedure, the
unknowns are updated at each step by solving the equations
and the equations are then linearized around the updated val-
ues, until the RMS average of relative variation of the fitted
unknowns is reduced below 10712,

9.1.2 Fit results

The fit output consists of 135 fitted quantities that corre-
spond to either branching fractions or ratios of branching
fractions. The fitted quantities values and uncertainties are
listed in Table 304. The off-diagonal statistical correlation

terms between a subset of 47 “basis quantities” are listed in
Sect. 9.1.6. All the remaining statistical correlation terms can
be obtained using the constraint equations listed in Table 304
and Sect. 9.1.7.

The fit has x2/d.o.f. = 137/123, corresponding to a con-
fidence level CL = 17.84%. We use a total of 170 mea-
surements to fit the above mentioned 135 quantities sub-
jected to 88 constraints. Although the unitarity constraint
is not applied, the fit is statistically consistent with unitar-
ity, where the residual is I'g9s = 1 — I'a;p = (0.0355 +
0.1031) - 102

A scale factor of 5.44 (as in the three previous reports [5,
234,420]) has been applied to the published uncertainties of
the two severely inconsistent measurements of ['gg = 7 —
K K Kvby BABAR and Belle. The scale factor has been deter-
mined using the PDG procedure, i.e., to the proper size in
order to obtain a reduced x2 equal to 1 when fitting just the
two I'9¢ measurements.

For several old results, for historical reasons, the table
reports the total error (statistical plus systematic) in the posi-
tion of the statistical error and zero in the position of the sys-
tematic error. Since the fit depends only on the total errors,
the results are unaffected.

9.1.3 Changes with respect to the previous report

The following changes have been introduced with respect to
the previous HFLAV report [5].
Two old preliminary results have been removed:

e '35 = B(t — mKgv), BABAR [1340],
e I'yo = B(t — mKsn%), BABAR [1341].

They were announced in 2008 and 2009 but have not been
published.

In the 2014 report, for several BABAR and Belle experi-
mental results we used more precise numerical values than
the published ones, using internal information from the Col-
laborations. We revert to the published figures in this report,
as the improvements in the fit results were negligible. In so
doing, we use in this report the same values that are used in
the PDG 2016 fit.

The Belle result on = — K 2 (particles) v, [1342]
has been discarded, because it was determined that the
published information does not permit a reliable deter-
mination of the correlations with the other results in the
same paper. The correlations estimated for the HFLAV
2014 report were inconsistent. As a result, both the covari-
ance matrix of the Belle results and the overall correlation
matrix for the branching ratio fit results were non-positive-
definite. It has been found that the inconsistency had neg-
ligible impact on lepton universality tests and on the | V]|
measurements.
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The ALEPH result on I'ys(t~ — 7~ K°K%;) [1329]
has been removed from the fit inputs, since it is simply the
sum of twice I'y7 = n_KgK(S)v, and I'yg = JT_KgngT
from the same paper, hence 100% correlated with them.

Several minor corrections have been applied to the con-
straints. The list of constraints included in the following
fully documents the changes when compared with the same
list in the 2014 edition. In some cases the relation equating
one decay mode to a sum of modes included some minor
terms that did not match the mode definitions. In other cases,
the sum included modes with overlapping components. The
effects on the 2014 fit results have been found to be mod-
est with respect to the quoted uncertainties. For instance, the
definition of the total branching fraction has been updated as
follows:

Fan=T3+T5+T9+T10+T4+T16+ 20+ 23
+I27 +Tag + T30 + T35 + 37 + Tyo + T'a2
+l47 - (A + (T ogok, > - Togoyg, )/ T ogojxgs
T_gojge=))) +Tag+Te2
+070 + 77 + Tgin + T'gia + oz
+T94 + I'g32 + T'g33 + g + Ti2g + T'so2 + o3
+I800 + I'is1 + Tizo + Fizz +Taa + T's3
+50 - (1 + ((Fogojx, > - Togojg, )/ (U ogojg>
T _gojxg=))) +Ts1
+T167 - Ty k+x- + T ki, ) + Tis2 + Tozo
+T's21 + Ig22 + I'g31 + 36 + Toas + T'sos

In the 2014 definition, the term I'7g = h~h~hT 370,
included the contributions of I'sy = 7~ 7°K 2 K 2 vy and
My =nK Onvr, which were already included explicitly
in ["ay. In the present definition, I'7g has been replaced with
modes whose sum corresponds to

I'si0 = 27T_n+3n0v, (ex. KO)

As in 2014, the total t branching fraction I"pj; definition
includes two modes that have overlapping final states, to a
minor extent, which we consider negligible:

I'so = n_nOKgngr

M3 = 7'[7120771)[.

Finally, we updated to the PDG 2015 results [327] all
the parameters corresponding to the measurements’ sys-
tematic biases and uncertainties and all the parameters
appearing in the constraint equations in Sect. 9.1.7 and
Table 304.

@ Springer

9.1.4 Differences between the HFLAV Spring 2017 fit and
the PDG 2016 fit

As is standard for the PDG branching fraction fits, the PDG
2016 t branching fraction fit is unitarity constrained, while
the HFLAV 2016 fit is unconstrained.

The HFLAV-Tau fit uses the ALEPH measurements of
branching fractions defined according to the final state con-
tent of “hadrons” and kaons, where a “hadron” corresponds
to either a pion or a kaon, since this set of results is closer
to the actual experimental measurements and facilitates a
more comprehensive treatment of the experimental results
correlations [420]. The PDG 2016 fit on the other hand con-
tinues to use — as in the past editions — the ALEPH mea-
surements of modes with pions and kaons, which corre-
spond to the final set of published measurements of the col-
laboration. It is planned eventually to update the PDG fit
to use the same ALEPH measurement set that is used by
HFLAV.

The HFLAV Spring 2017 fit, as in 2014, uses the ALEPH
estimate for I'sos = B(t — a; (— 7~ y)v;), which is
not a direct measurement. The PDG 2016 fit uses the PDG
average of B(a; — my) as a parameter and defines ['gg5 =
B(a; — my)x B(t — 3mv). Asaconsequence, the PDG fit
procedure does not take into account the large uncertainty on
B(a; — my), resulting in an underestimated fit uncertainty
on I"gps. Therefore, in this case an appropriate correction has
to be applied after the fit.

9.1.5 Branching ratio fit results and experimental inputs

Table 304 reports the T branching ratio fit results and exper-
imental inputs.

9.1.6 Correlation terms between basis branching fractions
uncertainties

The following tables report the correlation coefficients
between basis quantities, in percent (Tables 305, 306, 307,
308, 309, 310, 311, 312, 313, 314).

9.1.7 Equality constraints

We list in the following the equality constraints that relate
a branching fraction to a sum of branching fractions. The
constraint equations include as coefficients the values of
some non-tau branching fractions, denoted e.g., with the
self-describing notation I'g ., 00. Some coefficients are
probabilities corresponding to modulus square amplitudes
describing quantum mixtures of states such as K 0, K 0, Kg,
Ky, denoted withe.g., I' _go g~ = | <K Ks>|?. All non-
tau quantities are taken from the PDG 2015 [327] fits (when
available) or averages, and are used without accounting for
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Table 305 Basis quantities correlation coefficients in percent, subtable 1
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Table 306 Basis quantities correlation coefficients in percent, subtable 2

—20

-21

5]

Ty

I'y7
Iy

I'so

Isy

I's3

Ce2

70

77

[o3

Lo

[126

0

g

T4

'3z

I3s

30

I2g

27

23

20

INTS

4

INTH

[y

Is

I3

Table 307 Basis quantities correlation coefficients in percent, subtable 3
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Table 308 Basis quantities correlation coefficients in percent, subtable 4
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Table 309 Basis quantities correlation coefficients in percent, subtable 5
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Table 310 Basis quantities correlation coefficients in percent, subtable 6
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Table 311 Basis quantities correlation coefficients in percent, subtable 7
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Table 312 Basis quantities correlation coefficients in percent, subtable 8

INEY) 0
IMi36 0 0
s 0 0 0
s 0 0 0 0
Mg 0 0 0 0 0
300 0 0 0 —14 -3 0
I'so2 0 0 0 -2 0 1 -1
303 0 0 0 —58 0 0 9 1
Igs 0 0 0 0 0 0 0 0 0
g1t 0 —1 20 0 0 0 0 0 0 0
sz 0 -2 -8 0 0 0 0 0 0 0 —16
I'sog 0 0 47 0 0 0 0 0 0 0 8 —4
g2 0 0 —1 0 0 0 0 0 0 0 0 0 —1
INEN) [i32 [i36 INE [is2 67 I"s00 g2 ['g03 ['gos L1 [z g1 [g2n
Table 313 Basis quantities correlation coefficients in percent, subtable 9
Is31 0 0 39 0 0 0 0 0 0 0 14 —4 39 -1
I3 0 0 3 0 0 0 0 0 0 0 0 3 0
g3 0 0 -1 0 0 0 0 0 0 0 0 1 0
J ) 0 0 21 0 0 0 0 0 0 0 3 -2 35 —1
Togs 0 —1 25 0 0 0 0 0 0 0 10 —11 10 0
INEN) [i32 Ci36 [isi [is2 67 Is0o g2 503 I'gos Cs11 [z [g21 [g2
Table 314 Basis quantities correlation coefficients in percent, subtable Ih=I3+T%5

10

Is32 -2
Is33 -1 -1
J YN 17 1 0
Toys 17 2 0 4
I'g31 I3z I's33 |0 [oys

their uncertainties, which are however in general small with
respect to the uncertainties on the 7 branching fractions.
The following list does not include the constraints listed
in Table 304, where some measured ratios of branching frac-
tions are expressed as ratios of two branching fractions.

Fi=T3+Ts+To+Ti0+Ta+Tie
+ o0+ 23+ o7+ Tag + 130 + I35
+ 40+ Taa + 37+ Tap + Ta7 + Tag
+ I'go4 + I'so + I's1 + I'soe + 26 - I'y— neutral
+ 128 - Ty neutral + T'130 * I'yj— neutral
+ 32 - Iy neutral + I's00 - I'yms 70,
+ st Uysgoy, +Tis2 - Tiyspoy,

+T67 - To—ksky

+T9+Tio+Ta+Tie

+T20 + a3 + T2y +Tag + 3o

+ I35 - (F<l?0|K5> ‘T kg 7070

+T_gog, =) +Ta0 - (T_gojg = - Tkgosm0m0
+ T _gog,>) +Taa - (T_gojggs - Tignozo
+ T _gog,>) + 137 (C_goggs - Tggsn0r0
+ F<I§°|KL>) + Ty - (F<IZO|KS> . FKS_)noﬂo
+ F<kO|KL>) +T47 - gy 7070 - T y7070)

+ 48 - Ik q070 + o4

+I'so - (FKS*)T[OJTO : FKS*HTO]TO) + s - FKs*)ﬂojTO

+ I's06 + I'126 - I'yj—neutrat + I'128 * I'j— neutral
+ I'130 - I'j— neutral
+ 132 - (Fysneutral - (U gojgg= - Tggos 70570
+ F<K0|KL>)) + I'goo - Fw_moy
+Tisi-Typo, + Tis2 - Tn0,,
+ 67 - Ty ksky - kg n070)

' =I43s5- F<I€0|KL> +Tg+TIgos +T37 - F<K°|KL>
+To
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I's =

I'y=

INPES

'3 =
7 =

g =

g =
Iy =

I'9+ o

Pia +Tie+T20 + o3 + 127+ T'2g

+ T30 + a5 - (M _goggs - Tkgosn070)
+ 37 - (Fogojgg> * Uggsn070)

+ a0 - (Fogoiggs * Uggsn070)

+ a2 - (U oo - Tggsr070)

+ a7 - (P 070 - Ty 7070)

+ 50 - (Fggn070 * Tggsr070)

+ 126 - Iy neutral + I'128 * I'yj— neutral
+ T'130 - T'j— neutral

+ 1_‘132 ' (F<K0|K5> ' FKS_>710710 . 1—117—>neutral)

+ st Fw—)noy

+Tis2 - Tys0y, + Ts00 - T z0,

g - Ty 370 + T30 + o3 + g + T'ia
+ e+ oo+ 127

+ I'io6 - F’]%3ﬂ0 + I'i30 - Fnﬁkgﬂo

I'is +Te

T8 - I'y300 + T30 + a3 + T'ng

+135 - (M gojgg> " Uk g n070)

+140 - (F<K0|Ks> . I_‘Ksﬁnoﬂo)

+T4 - (F<K0|Ks> ‘T kg 7070)

+T20 + 27 4+ a7 - (P 070 - Uy 7070)

+T50 - (Fggs 7070 - Ty 7070)

+I126 - rn—>37r0 + 37 (F<K0|KS> ) FKS—MrOnU)

+T30 - Frl—>37r0

23 + I35 - (T gojggs - Ty 7070)
+I20 + 37 - (T _gojggs - Tkgn070)
'3 + Iy

27+ T2+ T30

+Tl40 - T gokg> - Tkgon070)

+Tan - (F_gojggs - [k osn070)

47 - (Fgg 7070 - Ty 7070)
+T50 - (Fggs 7070 - Ty 7070)
+T126 - Ty 370 + Ti2g - T30
+I'130 - Fn—>3n0

+I30 - (F<K°\Ks> . FKS_)HOHO . FU—>37TO)
[iog - I'y3z0 + 30 + g

+T27 + Ti26 - Iy 370

+I'130 - F,,_)3770

+I30 +T'og + o7 + Tioe - Iy 350
+l130 - Iy 350

@ Springer

26 = I'iog - I'y 370 + 127

Iy =

I'3;

'3

I'33

34 =

I'38

I'39
I3

T46

49 =
sy =

+128 +Tao - (P _gojgg - Dggsr070)

+la2 - (T ogoggs - T n070)

30 +Tio6 - I'y 370 + Tizo - Iy 30
s - 1—‘77%neutral + I3

+Ig + T4+ e

+137 4+ o+ Tier - Tp—ksky - Tkg—sr070)
6+ 123 +T'2g +T'37

+T4 + T8 - 'y neutral

+T'130 - I'y— neutral

+T167 - T ksk,  Uggsn070)

=135 T' _goge= +T40 - T'_gojges

+la2 - T ook

+Ily7 +T4g +T'so + I'sg

+T37 - T g0k

+T132 - (T_gojgg= * I'n>neutral)

+la4 - T _goges +T167 - To k5K,
I35 +I'37

T4 +T'37

F40 +Tg2

40 + Tgq

I4g + 47 + g4

I'so + I's1 + I'g06

I35 - (U gojggs  Tkgsntn-)

+T37 - (C_gojkg - Tigontn-)
+l40 - Togokgs - Tkgontn—)
+l42 - (P ogoggs - Tkgomtn)
+Ty7-(2- Cggmtn— FKS—mOnO)
048 - Tggsntr-

+50- 2 Tggomtn— FKS%ﬂono)
+Is51 - ggsntn-

+Ts53 - (T _gojggo " Tigon0z0 + T _gojg, »)
+l62 + 70

+I77 + I'78 + T'o3

+T94 + I'126 * I'y— charged

+T128 - I'y—charged + T'130 - I'yj— charged
32 C_gog, > - Tysntn—n0
+F<Igo|KS> B e .
I _goikg> " Tkgomtn—Tys3g0)
+T151 - Cpstn—n0 + Doyt =)
+T50 - Ty gm0 + Lo i)
+T67 - Tpsk+k- + Tpoksk,  Ukgsntn—)
+802 + I'so3
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+T800 - Ty grtm—70 + Lo =) +T28 - Tyt =0

I'ss = I'128 - I'y—charged +T151 - Tyt =0
152 (Tysngtn—70 + Dosgtn-) + 178 +T152 - Doyt
+I'77 + Tos + I'e2 + T'70 + I'o3 +T800 - Ty r+ -0 + 803
+I7126 - I'y— charged e = I'70 + Toa + Tiog - Iy =70
+T802 + I'803 + I's00 * (U'py st r-70 + Fos b -) +l1s1 - Doyt =70
+T151 - Ty 770 e L7 |
+lpormta-) 41800 Ty rt7-70 + '303

+T'130 - Ty charged + 168
Fe7 =70 + T'oa

Pse = I35 - (T cgojkg> - Tkgontn-) +T28 - Ty 470 + I'803

+l62 + 93 + 37 - (M gojxgs * Dkgontn—) Peg = I'ao - (I _gojxg> - Tkgontn)
+802 + I'800 - 'y - +I70 + Tis2 - Topsptn-
+T151 - Tysn+n— + 68 +1800 * Loy rt 7= 70

Feg =T150 - Tyysntr— + 0

I's7 = I'ep + oz + I'gn2 41800 * Tyt =0

+I800 - T pt - P7a =T152- Uy ptg—n0 + 178
+T151 - Tops - +177 + Tioe - Ty b0
+T67 - F¢>—>K+K* +I130 - Fy;—)fr*n*no

75 =T150 - Tyt g0

I'ss = T'eo + 193 + I'go2 + T'i67 - Ty g+ k- +T47 - 2 Tkgomtn— Trgosn070)
I'so = T35 - (Fgojggs - kgontn—) AT+ T - T
77+ 126 - 1y pr =50
+L62 + I'800 - Uy pt7— +Ty30 - Tyt 0
I'éo = F'ea + I'800 - L'yt - o

I'e=T152-T -0+ T
le3 = T'40 (F<K0|Ks> Trgsntn) 76 152" % o—sntaa 7

4+ - T —_0
+T4 - (F<K0|KS> Trgmtn-) 126 L psntn—xn
+T130 - Ty 070

+Iy7-2-Tg F—— 0-0)
sorim s Ksomin 78 =Tg10+ 50 2 Tggmmtn - Drgsn0z0)

+s0-(2- FKS—HI*JT* ’ FK5~>7T07'[0)
+I70 +T'77 +T'7g
+Tl94 + T'126 * I'yj—charged

+T37 - (F<k0|KS> . FK5—>71+71— : Fn—>3n0)
79 =T37 - (I'_gokg>  Ukgontn—)

+F42 . (F<K0|KS> . FKg—)JT+7T7)

+T7128 - 'y charged + T'130 - I'yj— charged +093 + T'o4 + I'128 - I'y— charged
+l132 - (F_gojggs - Ukg—ntn— - Tysneutral +Tis51 - (P gt g0
AT _gojkg> - Tkgr070 - Dy charged) Ty zt7z-) + Ties + T'go2 + g0z
+0051 - Ty =0 + Ti52 - (Cpyy gt =0 I'so = Toz +T'gop +TMi51 - Ty ptn—
+Tsmt2) 4 T800 * Tyt 20 + T's03 g1 =28 - Tysrt—0 + oa

Tes = 78 + 77 + Tog + Ty +T803 + I'is1 - Ty pt—0
+T126 Ty 770 gy = I'128 - I'yj— charged
+T128 - Fn—>n+n_n0 +l4 - (F<K°|Ks> Tkgon+r) + s
+T130 - Ty b0 +T803 + Tis1 - Tyt 770 + Dosmtn-)
+I800 - Tyt 7720 +I37 - T ogokg> - Tkgosntn—)
+T151 - Ty =70 s = Ti2s - Ty e —z0 + T2
+T152 - (P gtn—r0 + Do) +1803 + I'is1 - (Tt 7-20
+T803 Hlommta-)

Ies = Tao - (U cgojxgs * Tkgsn+n—) Iga =Tgo2 + I'is1 - s ptn -
+l42 - (U gojggs - Tkgntn—) +T70 +Tog 037 (Cogojks> - Tkgontn)
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I'gs = Tgoo + st - Tyt
g7 =Ta - U gokgs " Tkgsntn—)
+I28 - Fnaﬂ"’n‘no
+T51 - Tyt n-70 + T'g03
I'gg =28 - I'y gt -0 + 1803 + Tist - Ty gt =70
I'sg = T'g03 + Tis1 - Tyt —10
Loy =T94 +To3
Lo =67 - Ty g+ k-
o2 = T3 + Tio4
o3 = I'go0 + g2 + I's31 -
o4 = T'g30 + I'ga3
Fio6 = T30+ Taa - T'_gojg=
+l47 4+ 53 - T _gog-
+I77 + Th03 + Tize - (T 370 + Ty g - 70)

152 - Tyt =50
I'iio=T10+T16+T23 4+ T2+ T35+ T4

+T128 + gz +I'go3 + T'is1 +Tiz0 + iz
4+T44 +T's3 +T'168 + 6o

+Tg20 + I'g33
a9 = T'is2 + T'goo + st
I'is0 = T'goo + Tis1

Fw—)n*n*

Iies =67 - Ty k+ k-
IMgo = T167 - 1—‘q>—>1(sKL
Pgo4 = a7 - (F_gojx, > - Togojg, =)/

(U _gojgs> - T gojgg=))
I'sos = I'so - (Fgojg, » - T gojg, =)/
(F<KO|KS> : 1—‘<I€0|K5>))
I'g10 = To10 + Tot1 + 811 - Ty r+7-70 + 812
I's20 = T'oz0 + g2t

I'g30 = 930 + T's31 - Iy p4—n0 + T'g32

Fo10 = T'136 - ' 5370
Foi1 =Toas - Ty v 70
o930 = T'iz6 - Iy ptm—0

Logqa = T136 - Tysyy
Fan=T3+T5+T9g+T10+T14+Te

+120 + 23 + a7 + T'og + 30 + '35
4137 + T4 + T2

+l47 - (1 + (T ogog, >
T_gog, )/ T ogojggs - Togojg=)))
+l48 + T2 + 70 + I'77 + T'g11 + Uiz
+093 + Tog + I'g3p + 'g33 + T'ioe + Tiog
+I802 + I's03 + I'soo + st + T'izo + T3z
+la4 +Ts34+Tso- (1 + ((Cogojg, » - Togojg, =)/
(Ckoiks> Togojgg=))) + Tsi + Tiez
Ty k+x- + Tpsksk,) + Tis2 + Too
+0821 + I'go2 + 'g31 + ize + Toas + T'sos

@ Springer

9.2 Tests of lepton universality

Lepton universality tests probe the Standard Model predic-
tion that the charged weak current interaction has the same
coupling for all lepton generations. The precision of such
tests has been significantly improved since the 2014 edition
by the addition of the Belle t lifetime measurement [1402],
while improvements from the t branching fraction fit are
negligible. We compute the universality tests as in the previ-
ous report by using ratios of the partial widths of a heavier
lepton A decaying to a lighter lepton p [1403],

_ B — vy pv,)
T = vpT,(y)) = Tw”

G,\G,,m,\ 2 L R:.
= Ry, R
19273 f(

where
G, =5
P T
4v2M3,
fx)=1—8x+8x> — x* — 12x°Inx,

—1+3m‘+9m2 [1390 — 1392].
- 5M% 5 ME

a(my) 2
R: =1 = _ .
=1t (4 ”)

Weuse RT = 1-43.2-10~* and R = 1—-42.4-10*[1403]
and My from PDG 2015 [327]. We use HFLAV Spring 2017
averages and PDG 2015 for the other quantities. Using pure
leptonic processes we obtain

(g’) = 1.0010 % 0.0015,

8
8t

<_> — 1.0029 + 0.0015.
8e

(g_/*> — 1.0019 %+ 0.0014.
8e

Using the expressions for the T semi-hadronic partial widths,
we obtain

2
(%) -
8u
where 4 = or K and the radiative corrections are 6 R;/; =

(0.16 20.14)% and 6 R,/ x = (0.90 £ 0.22)% [1407-1410].
We measure:

B(t — hvy) 2mhm,2ﬂh <1—mi/m%>2

B(h — pvy) (1+3Rr/h)mgfr 1—m%l/m%

(g_f) — 0.9961 + 0.0027.
gll T
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Table 315 Universality coupling ratios correlation coefficients (%)
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= |~ B
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) 24 26 2
)

8n) Kk

(%)

<g_,> — 0.9860 = 0.0070.
8u/ Kk

Similar tests could be performed with decays to electrons,
however they are less precise because the hadron two body
decays to electrons are helicity-suppressed. Averaging the
three g, /g, ratios we obtain

<g—’> — 1.0000 + 0.0014.
8/ r4m+K

accounting for statistical correlations. Table 315 reports
the statistical correlation coefficients for the fitted coupling
ratios.

Since there is 100% correlation between g /g, 8</8. and
81/ 8e, the correlation matrix is expected to be positive semi-
definite, with one eigenvalue equal to zero. Due to numerical
inaccuracies, one eigenvalue is expected to be close to zero
rather than exactly zero.

9.3 Universality improved B(t — evv) and Rpyq

We compute two quantities that are used in this report and
that have been traditionally used for further elaborations and
tests involving the t branching fractions:

e the “universality improved” experimental determination
of B, = B(t — evv), which relies on the assumption
that the Standard Model and lepton universality hold;

e the ratio Rp,q between the total branching fraction of the
7 to hadrons and the universality improved B,, which is
the same as the ratio of the two respective partial widths.

Following Ref. [1411], we obtain a more precise experi-
mental determination of B, using the t branching fraction to
uvv, By, and the t lifetime. We average:

e the B, fit value I's,

e the B, determination from the B, = B(tr — puvv)
fit value I'3 assuming that g, /g, = 1, hence (see also
Sect. 9.2) B, = By, - f(m3/m3)/f(m3,/m3),

e the B, determination from the 7 lifetime assuming that
8:/8u = 1, hence B, = B(u — evevy) - (t:/74) -

T T T T T T T
o K, PDG 2016
0.2237 + 0.0010
[P K, PDG 2016
0.2254 + 0.0007
e CKM unitarity, PDG 2016
0.2258 + 0.0009
—e—— T — sincl., HFLAV Spring 2017
0.2186 + 0.0021
—e— T — Kv /1 — nv, HFLAV Spring 2017
0.2236 + 0.0018
—e—i T average, HFLAV Spring 2017
0.2216 £ 0.0015
PR SR T T [ T ST S T [ T
0.22 0.225 HFLAV
Vel Spring 2017

Fig. 220 |V,,| averages

(me/my)> - f(m2/m?2)/f(m2/m%) - (858%,)/(8)8})
where B(u — ev,v,) = 1.

Accounting for statistical correlations, we obtain
B = (17.815 + 0.023)%.

We use BU™ to obtain the ratio

['(t — hadrons)  Thadrons
[(t — evd)  Buni

Rhag = = 3.6349 + 0.0082,

where ['(t — hadrons) and I'(t — evv) indicate the partial
widths and [Myugrons 1S the total branching fraction of the t to
hadrons, or the total branching fraction in any measured final
state minus the leptonic branching fractions, i.e., with our
notation Ihadrons = I'an —I'3 —'s = (64.76 4 0.10)% (see
Sect. 9.1 and Table 304 for the definitions of I"ay, I'3, I's).
We underline that this report’s definition of ['yagrons cOI-
responds to summing all T hadronic decay modes, like in
the previous report, rather than — as done elsewhere — sub-
tracting the leptonic branching fractions from unity, i.e.,
[hadrons = 1 — I's — I's.

9.4 |V,s| measurement

The CKM matrix element magnitude |V, is most precisely
determined from kaon decays [1412] (see Fig. 220), and its
precision is limited by the uncertainties of the lattice QCD
estimates of the meson decay constants f f 7(0) and fg/fx-
Using the t branching fractions, it is possible to determine
|Vis| in an alternative way [1413, 1414] that does not depend
on lattice QCD and has small theory uncertainties (as dis-
cussed in Sect. 9.4.1). Moreover, |V,| can be determined
using the t branching fractions similarly to the kaon case,
using the same meson decay constants from Lattice QCD.
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9.4.1 |V from B(t — X;v)

The 7 hadronic partial width is the sum of the 7 partial widths
to strange and to non-strange hadronic final states, ['hag =
['s + I'va. The suffix “VA” traditionally denotes the sum of
the t partial widths to non-strange final states, which proceed
through either vector or axial-vector currents.

Dividing any partial width I"y by the electronic partial
width, I',, we obtain partial width ratios R, (which are equal
to the respective branching fraction ratios By /B, ) for which
Rhad = Rs; 4+ Rva. In terms of such ratios, |V,s| can be
measured as [1413,1414]

Rva
[Visles = \/RS/[W —

where § Rineory can be determined in the context of low energy
QCD theory, partly relying on experimental low energy scat-
tering data. The literature reports several calculations [1415—
1417]. In this report we use Ref. [1415], whose estimated
uncertainty size is intermediate between the two other ones.
We use the information in that paper and the PDG 2015 value
for the s-quark mass my; = 95.00 £ 5.00 MeV [327] to cal-
culate 6 Riheory = 0.242 + 0.032..

We proceed following the same procedure of the 2012
HFLAV report [234]. We sum the relevant 7 branching frac-
tions to compute Bya and Bs and we use the universality
improved B‘elni (see Sect. 9.3) to compute the Rya and R;
ratios. In past determinations of | V5|, for example in the 2009
HFLAV report [420], the total hadronic branching fraction
has been computed using unitarity as B}‘ll;‘(ii =1—- B, — By,
obtaining then B; from the sum of the strange branching
fractions and Bya from B}‘I‘:(il — B;. We prefer to use the
more direct experimental determination of By for two rea-
sons. First, both methods result in comparable uncertainties
on | V|, since the better precision on B}‘glcil =1-B.— B,
is vanified by increased statistical correlations in the expres-
sions (1 — B, — B,)/BY™Y and By /(Bhag — By) in the | V|
calculation. Second, if there are unobserved  hadronic decay
modes, they would affect Bya and B in a more asymmetric
way when using unitarity.

Using the t branching fraction fit results with their uncer-
tainties and correlations (Sect. 9.1), we compute By =
(2.909 + 0.048) % (see also Table 316) and Bva = Bhadrons —
Bs; = (61.85 £ 0.10))%, where Bhadrons 15 equal to Ihadrons
defined in Sect. 9.3. PDG 2015 averages are used for non-t
quantities, and |V,,4| = 0.97417 £ 0.00021 [1418].

We obtain |V,s|l;s = 0.2186 + 0.0021, which is
3.10 lower than the unitarity CKM prediction |V,g|uni =
0.22582 + 0.00089, from (|Vysluni)> = 1 — |Vya|?. The
| Vus|s uncertainty includes a systematic error contribution
of 0.47% from the theory uncertainty on & Reneory. There is

@ Springer

Table 316 HFLAV Spring 2017 t branching fractions to strange final
states

Branching fraction HFLAV Spring 2017 fit (%)

0.6960 + 0.0096
0.4327 4+ 0.0149
0.0640 + 0.0220
0.0428 + 0.0216

K~ v,

K‘J‘[va

K_27r0v, (ex. KO)
K=37%; (ex. K9, n)

7~ KO, 0.8386 + 0.0141
7~ K070, 0.3812 + 0.0129
7~ K%797% ), (ex.K9) 0.0234 + 0.0231
K%~ h~h+v, 0.0222 + 0.0202
K~ nvg 0.0155 =+ 0.0008
K~ 7%v, 0.0048 + 0.0012
7~ K%v, 0.0094 + 0.0015
K~ wv, 0.0410 £ 0.0092

K ¢v (¢ - KTK—)

K~ ¢v-(¢p — KOK?)

K 7 v (ex.K°, w)
K-n atn%, (ex.K°, wn)
K27 27 v (ex.K©)
K27 21T 7%, (ex.K®)
X v

0.0022 £ 0.0008
0.0015 £ 0.0006
0.2923 + 0.0067
0.0410 £+ 0.0143
0.0001 % 0.0001
0.0001 % 0.0001
2.9087 £ 0.0482

no significant change with respect to the previous HFLAV
report.

9.4.2 |Vl from B(t — Kv)/B(t — mv)

We compute |V,s| from the ratio of branching fractions
B(t - K v;)/B(t — w7 v;) = (6.438 £ 0.094) from
the equation [1404]:

B(rt > K v)  flVisl®

Bt > ve)  fHVual?
(m7 —m3)* 1+ 8Ryk
(m2 —m2)? 14 8Ry )z

(1 +6Rk/x)

We use fx/fr = 1.1930 £ 0.0030 from the FLAG 2016
Lattice averages with Ny =2+ 1 + 1 [222],

1+8Ry k14 (1.1930 £ 0.0030)%
14+8Ryx  1+(0.16 £ 0.14)%
14+ 8Rk/x = 1+ (—1.13 £ 0.23)%[1390, 1405, 1406].

[1393 — 1396],

We compute |V,s|rk/n = 0.2236 £ 0.0018, 1.10 below the
CKM unitarity prediction.
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9.4.3 |Vl from T summary

We summarize the | V| results reporting the values, the dis-
crepancy with respect to the |V,;| determination from CKM
unitarity, and an illustration of the measurement method:

| Vius luni = 0.22582 £ 0.00089

[from /1 — |V,4|*> (CKM unitarity)],
[Visles = 0.2186 £ 0.0021 —3.10
[fromI'(z™ — X vo)l,
[Vislek e = 0.2236 £ 0.0018 —1.1o
[from (7 — K vy)/T(t7 — w7 vy)].

Averaging the two above | V| determinations that rely on
the t branching fractions (taking into account all correlations
due to the t HFLAV and other mentioned inputs) we obtain,
for | V5| and its discrepancy:

[Vusle = 0.2216 £ 0.0015 —2.40

[average of 2|V,s| T measurements].

All |V,s| determinations based on measured t branch-
ing fractions are lower than both the kaon and the CKM-
unitarity determinations. This is correlated with the fact that
the direct measurements of the three major t branching frac-
tions to kaons [B(t — K~ v;), B(rt — K 7%y;) and
B(t — 7~ K%,)] are lower than their determinations from
the kaon branching fractions into final states with leptons
within the SM [1404,1421,1422].

A recent determination of |V,| [1423,1424] that relies
on the t spectral functions in addition to the inclusive 7 —
X v branching fraction reports a | V,,s| value about 1o lower
than the CKM-unitarity determination. This determination
uses inputs that are partially different from the ones used
in this report. Specifically, the HFLAV average of B(t —
K™ v;) has been replaced with the SM prediction based on
the measured B(K~ — ™ v,) and the HFLAV average of
B(t — K~ m"v;) has been replaced with an in-progress
BABAR measurement that is published in a PhD thesis. Both
changes increase the resulting T — X inclusive branching
fraction. This study claims that the newly proposed |Vl
calculation has a more stable and reliable theory uncertainty,
which could possibly have been underestimated in former
studies, which are used for the HFLAV |V, | average.

In previous editions of the HFLAV report, we also com-
puted |V,s| using the branching fraction B(t — Kv) and
without taking the ratio with B(t — mv). We do not report
this additional determination because it did not include the
long-distance radiative corrections in addition to the short-
distance contribution, and because it had a negligible effect
on the overall precision of the | V| calculation with t data.

Figure 220 reports the HFLAV |V,| determinations that
use the T branching fractions, compared to two | V5| deter-
minations based on kaon data [6] and to | V5| obtained from
|V4a| and the CKM matrix unitarity [6].

9.5 Upper limits on t lepton-flavour-violating branching
fractions

The Standard Model predicts that the t lepton-flavour-
violating (LFV) branching fractions are too small to be mea-
sured with the available experimental precision. We report
in Table 317 and Fig. 221 the experimental upper limits on
these branching fractions that have been published by the B-
factories BABAR and Belle and later experiments. We omit
previous weaker upper limits (mainly from CLEO) and all
preliminary results presented several years ago. The previ-
ous HFLAV report [5] still included a few preliminary results,
which have all been removed now.

9.6 Combination of upper limits on T
lepton-flavour-violating branching fractions

Combining upper limits is a delicate issue, since there is
no standard and generally agreed procedure. Furthermore,
the T LFV searches published limits are extracted from the
data with a variety of methods, and cannot be directly com-
bined with a uniform procedure. It is however possible to
use a single and effective upper limit combination procedure
for all modes by re-computing the published upper limits
with just one extraction method, using the published informa-
tion that documents the upper limit determination: number of
observed candidates, expected background, signal efficiency
and number of analyzed t decays.

We chose to use the CL; method [1443] to re-compute the
7 LFV upper limits, since it is well known and widely used
(see the Statistics review of PDG 2013 [6]), and since the
limits computed with the CL; method can be combined in a
straightforward way (see below). The CL; method is based
on two hypotheses: signal plus background and background
only. We calculate the observed confidence levels for the two
hypotheses:

Qobs dPS
CLyyp = Pyyp(Q < Qups) = / d—Q“’dQ, (295)
Q()bs dP
CLy = Py(Q < Qops) = f d—Q”dQ, (296)

where CL;, is the confidence level observed for the sig-
nal plus background hypotheses, CL, is the confidence level
observed for the background only hypothesis, d;’g b and ZLQ”
are the probability distribution functions (PDFs) for the two
corresponding hypothesis and Q is called the test statistic.
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Table 317 Experimental upper limits on lepton flavour violating v decays. The modes are grouped according to the properties of their final states.

Modes with baryon number violation are labelled with “BNV”

Decay mode Category 90% CL Limit Exp. Refs.

Tise=e"y ™ 33.1078 BABAR [1425]
Tiss=e"y 1.2-1077 Belle [1426]
Cis7=u"y 44.10°8 BABAR [1425]
Tis7=wun"y 45.1078 Belle [1426)
[isg =e 70 ¢pPY 131077 BABAR [1427]
Tisg =e ° 8.0-1078 Belle [1428]
Tiso = v 7" 1.1-1077 BABAR [1427]
Tiso = v m® 1.2.1077 Belle [1428]
Tigo = e~ Ks° 331078 BABAR [1429]
Tie0 = e Kg° 261078 Belle [1430]
Tie1 = u=Kg° 401078 BABAR [1429]
[igr = u Ks° 23.1078 Belle [1430]
Tep=en 1.6 -1077 BABAR [1427]
NP 9.2-1078 Belle [1428]
Tgs=vTn 1.5-1077 BABAR [1427]
Tgz=vTn 6.5-1078 Belle [1428]
Ti72 = e 1'(958) 2.4.1077 BABAR [1427]
Ti72 = e 1'(958) 1.6 1077 Belle [1428]
Ti73 = v~ 1n(958) 1.4-.1077 BABAR [1427]
[i73 = v 1n(958) 1.3.1077 Belle [1428]
Cies = e p° Vo 4.6-10°8 BABAR [1431]
Cies = e p° 1.8-10°8 Belle [1432]
Ties = u= p° 2.6-1078 BABAR [1431]
[ies = n=p° 121078 Belle [1432]
Tigs =e"w 1.1-1077 BABAR [1433]
Iigs =€ 4.8.1078 Belle [1432]
Mgt =p"w 1.0-1077 BABAR [1433]
Mer =p o 471078 Belle [1432]
Ties = e~ K*(892)° 59.1078 BABAR [1431]
Ties = e~ K*(892)° 3.2.1078 Belle [1432]
Iigo = = K*(892)0 1.7 1077 BABAR [1431]
Iigo = = K*(892)° 721078 Belle [1432]
70 = e~ K*(892)° 4.6-1078 BABAR [1431]
Ti70 = e~ K*(892)° 341078 Belle [1432]
71 = p~ K*(892)0 731078 BABAR [1431]
Ti71 = pn~ K*(892)0 7.0-10-8 Belle [1432]
Fig=e¢ 3.1-1078 BABAR [1431]
Fig=e¢ 3.1-1078 Belle [1432]
| ) 1.9 -107 BABAR [1431]
Ciz7=p"¢ 8.4.108 Belle [1432]
Ti74 = e~ £5(980) 250 32108 Belle [1434]
Ti75 = u™ fo(980) 34108 Belle [1434]
[i7g =eete” oee 2.9.108 BABAR [1435]
g =eete” 2.7-108 Belle [1436]
Fig=eutu” 32108 BABAR [1435]
Mi9g=eutu" 2.7-108 Belle [1436]
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Table 317 continued

Decay mode Category 90% CL Limit Exp. Refs.

Tigo=p etp™ 2.6-108 BABAR [1435]
Tigo=p et 1.7-108 Belle [1436]
[ig1 = ete” 2.2-108 BABAR [1435]
[ig1 = ete” 1.8-10% Belle [1436]
[igy =e ute 1.8-10% BABAR [1435]
[igy =e ute 1.5-10% Belle [1436]
Mgz =p putu” 3.8-107 ATLAS [1437]
Figs =p putu” 33108 BABAR [1435]
Figs =p putu 2.1-108 Belle [1436]
Mgz =p putu” 4.6-108 LHCb [1438]
Tigg=e ntn~ Lhh 1.2 -107 BABAR [1439]
Migg=e ntn~ 23108 Belle [1440]
Tigs=e ntn™ 2.7-107 BABAR [1439]
Tigs=e ntn™ 2.0-108 Belle [1440]
Tige =p whn~ 29107 BABAR [1439]
Tige =p wtn~ 2.1-108 Belle [1440]
Mgy =p wtn~ 7.0-108 BABAR [1439]
Mg =p ntn~ 39108 Belle [1440]
Igg=e nTK~ 32107 BaBAR [1439]
Tigg=e Kt~ 3.7-108 Belle [1440]
Iigg=e Ktm~ 1.7 -107 BaBAR [1439]
Iigg=e Ktm~ 3.1-108 Belle [1440]
o =etn K~ 1.8 -107 BaBAR [1439]
o =etK—m™ 32108 Belle [1440]
T =e"K 7~ 7.1-108 Belle [1430]
Tigy = e KIKY 1.4 -107 BABAR [1439]
Ty =e KTK~ 34108 Belle [1440]
I3 =e KK~ 1.5-107 BABAR [1439]
To3=e K"K~ 3.3.108 Belle [1440]
log=pu 7TK~ 2.6 -107 BABAR [1439]
Mog=pu 7TK~ 8.6-10% Belle [1440]
[os=pu Kt~ 32107 BABAR [1439]
Tos=pu Ktm~ 45108 Belle [1440]
Tog = putn— K- 221077 BABAR [1439]
Tge = putn K- 4.8-1078 Belle [1440]
Tig7 =~ K9KY 8.0-107% Belle [1430]
Mg =p KTK~ 2.5.1077 BABAR [1439]
Mg =p KTK~ 4.4 108 Belle [1440]
o =p KTK~ 4.8 1077 BABAR [1439]
o =p KTK~ 4.7 -108 Belle [1440]
My =n"A BNV 721078 Belle [1441]
Tap=n"A 141077 Belle [1441]
Tais = pu— ™ 441077 LHCb [1442]
Taig = putp~ 3.3.1077 LHCb [1442]
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Fig. 221 Tau
lepton-flavor-violating
branching fraction upper limits
summary plot. In order to
appreciate the physics reach
improvement over time, the plot
includes also the CLEO upper
limits reported by PDG 2016 [6] + = g J,ﬁ;

Spring 2017
]
|
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The CL; value is defined as the ratio between the confidence When multiple results are combined, the PDFs in Egs. (295)
level for the signal plus background hypothesis and the con-  and (296) are the product of the individual PDFs,
fidence level for the background hypothesis:

e h) (s; + by)"

N .
[T X0t

n!

CLs4p CL; = b
CLy = ——. 297 e hipt
TCLy @ T 0, e
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Table 318 Combinations of upper limits on lepton flavour violating T decay modes. The modes are grouped according to the properties of their

final states. Modes with baryon number violation are labelled with “BNV”

Decay mode Category 90% CL limit Refs.

Iise =e¢"y ty 54.1078 [1425,1426]
Cis7=pn"y 5.0-1078 [1425,1426]
Tisg = e n° ¢P° 49.10°8 [1427,1428]
Tisg = u 70 3.6-1078 [1427,1428]
Tigo = e K 1.4-10°8 [1429,1430]
Tigr = pu K9 15-10°8 [1429,1430]
Fia=e"n 55.1078 [1427,1428]
Cis3=u"n 3.8-10°8 [1427,1428]
Ii72 = e7 1’ (958) 9.9.1078 [1427,1428]
Ii73 = w1’ (958) 6.3-10"8 [1427,1428]
TCies = e pO Vo 1.5-10°8 [1431,1432]
Ties = u p° 1.5-1078 [1431,1432)
g =€ 33-10°8 [1432,1433]
7 =pn 40-1078 [1432,1433]
Iies = e~ K*(892)° 231078 [1431,1432]
Tigo = 1~ K*(892)° 6.0- 1078 [1431,1432]
170 = e” K*(892)° 221078 [1431,1432]
Ti71 = n~ K*(892)° 421078 [1431,1432]
Fyg=e"¢ 2.0-1078 [1431,1432]
Ci77=pn"¢ 6.8-10~8 [1431,1432]
[i7g =eete” 127, 141078 [1435,1436]
Fiz9 =e putu~ 1.6-1078 [1435,1436]
Digo=p et 9.8-107° [1435,1436]
Figr =p ete” 1.1-1078 [1435,1436]
Figy =e pute” 8.4.107° [1435,1436]
Tig3 =p putp” 1.2-1078 [1435,1436,1438]

Hﬁyzl |:Si Si(xij) + b B; (xij):|

X
]_[jyzl B (xij)

: (298)

where N is the number of results (or channels), and, for each
channel i, n; is the number of observed candidates, x;; are the
values of the discriminating variables (with index j), s; and b;
are the number of signal and background events and S;, B; are
the probability distribution functions of the discriminating
variables. The discriminating variables x;; are assumed to be
uncorrelated. The expected signal s; is related to the t lepton
branching fraction B(t — f;) into the searched final state
fi by si = Nj€; B(t — f;), where N; is the number of pro-
duced 7 leptons and ¢; is the detection efficiency for observ-
ing the decay T — f;.Forete™ experiments, N; = 2L;0¢¢,
where £; is the integrated luminosity and o is the 7 pair
production cross section o(ete” — tTr7) [1444]. In
experiments where t leptons are produced in more complex

multiple reactions, the effective N; is typically estimated
with Monte Carlo simulations calibrated with related data
yields.

The extraction of the upper limits is performed using the
code provided by Tom Junk [1445]. The systematic uncer-
tainties are modeled in the Monte Carlo toy experiments by
convolving the S; and B; PDFs with Gaussian distributions
corresponding to the nuisance parameters.

Table 318 reports the HFLAV combinations of the t LFV
limits. Since there is negligible gain in combining limits of
very different strength, the combinations do not include the
CLEO searches and do not include results where the single
event sensitivity is more than a factor of 5 lower than the
value for the search with the best limit.

Figure 222 reports a graphical representation of the limits
in Table 318. The published information that has been used
to obtain these limits is reported in Table 319.
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Fig. 222 Tau
lepton-flavour-violating
branching fraction upper limits
combinations summary plot. For
each channel we report the
HFLAV combined limit, and the
experimental published limits.
In some cases, the combined
limit is weaker than the limit
published by a single
experiment. This arises since the
CL; method used in the
combination can be more
conservative compared to other
legitimate methods, especially
when the number of observed
events fluctuates below the
expected background
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Table 319 Published information that has been used to re-compute
upper limits with the CL; method, i.e. the number of t leptons pro-
duced, the signal detection efficiency and its uncertainty, the number
of expected background events and its uncertainty, and the number of

observed events. The uncertainty on the efficiency includes the minor

uncertainty contribution on the number of t leptons (typically originat-
ing on the uncertainties on the integrated luminosity and on the produc-
tion cross-section). The additional limit used in the combinations (from
LHCDb) has been originally determined with the CL; method

Decay mode Exp. Refs. N (millions) Efficiency (%) Nokg Nobs
Tise =e y BABAR [1425] 963 3.90 & 0.30 1.60 £ 0.40 0
Iisg=e"y Belle [1426] 983 3.00 & 0.10 5.14 4+ 3.30 5
Cis7=p"y BABAR [1425] 963 6.10 & 0.50 3.60 %+ 0.70 2
Cis7=p"y Belle [1426] 983 5.07 + 0.20 13.90 + 5.00 10
[iss =e 7’ BABAR [1427] 339 2.83 + 0.25 0.17 + 0.04 0
[iss =e 7" Belle [1428] 401 3.93 + 0.18 0.20 + 0.20 0
[iso = p~n? BABAR [1427] 339 475 + 0.37 1.33 + 0.15 1
[iso = p~n? Belle [1428] 401 4.53 + 0.20 0.58 + 0.34 1
Tigo = e K BABAR [1429] 862 9.10 + 1.73 0.59 + 0.25 1
Tigo = e K Belle [1430] 1274 10.20 £ 0.67 0.18 + 0.18 0
Tig = pu K9 BABAR [1429] 862 6.14 & 0.20 0.30 £ 0.18 1
Tie = u K Belle [1430] 1274 10.70 £ 0.73 0.35 £ 0.21 0
M =en BABAR [1427] 339 2.12 4+ 0.20 0.22 + 0.05 0
Figp=en Belle [1428] 401 2.87 £ 0.20 0.78 £ 0.78 0
T3 =17 BABAR [1427] 339 3.59 4+ 0.41 0.75 + 0.08 1
iz =p 7 Belle [1428] 401 4.08 £ 0.28 0.64 + 0.04 0
T172 = e 17/ (958) BABAR [1427] 339 1.53 + 0.16 0.12 £ 0.03 0
Ti72 = e 1/ (958) Belle [1428] 401 1.59 + 0.13 0.01 + 0.41 0
I'i73 = n n'(958) BABAR [1427] 339 2.18 4+ 0.26 0.49 + 0.26 0
Ti73 = w1’ (958) Belle [1428] 401 2.47 4+ 0.20 0.23 + 0.46 0
Tigs = e p° BABAR [1431] 829 7.31 + 0.20 1.32 £ 0.17 1
Tigs = e p° Belle [1432] 1554 7.58 + 0.41 0.29 + 0.15 0
Ties = = p° BABAR [1431] 829 4.52 £ 0.40 2.04 £ 0.19 0
Ties = p=p° Belle [1432] 1554 7.09 £ 0.37 1.48 +0.35 0
T =e BABAR [1433] 829 2.96 + 0.13 0.35 + 0.06 0
Tige =e Belle [1432] 1554 2.92 £ 0.18 0.30 & 0.14 0
Mer =p BABAR [1433] 829 2.56 4 0.16 0.73 + 0.03 0
Tgr =p Belle [1432] 1554 2.38 + 0.14 0.72 + 0.18 0
[ies = e~ K*(892)0 BABAR [1431] 829 8.00 £ 0.20 1.65 &+ 0.23 2
[ies = e~ K*(892)0 Belle [1432] 1554 437 £ 0.24 0.29 £ 0.14 0
Tigo = = K*(892)0 BABAR [1431] 829 4.60 + 0.40 1.79 + 0.21 4
[igo = = K*(892)0 Belle [1432] 1554 3.39 £ 0.19 0.53 £+ 0.20 1
170 = e~ K*(892)0 BABAR [1431] 829 7.80 + 0.20 2.76 + 0.28 2
[i70 = e~ K*(892)° Belle [1432] 1554 441 + 0.25 0.08 + 0.08 0
71 = u~ K*(892)° BABAR [1431] 829 4.10 4 0.30 1.72 £+ 0.17 1
71 = pu~ K*(892)0 Belle [1432] 1554 3.60 & 0.20 0.45 + 0.17 1
76 =e~ ¢ BABAR [1431] 829 6.40 & 0.20 0.68 + 0.12 0
76 =e ¢ Belle [1432] 1554 4.18 + 0.25 0.47 + 0.19 0
Ci;7=p"¢ BABAR [1431] 829 5.20 + 0.30 2.76 + 0.16 6
Ti77 =p"¢ Belle [1432] 1554 3.21 + 0.19 0.06 % 0.06 1
Mg =e ete” BABAR [1435] 868 8.60 & 0.20 0.12 £ 0.02 0
Ii7g =e ete” Belle [1436] 1437 6.00 & 0.59 0.21 + 0.15 0
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Table 319 continued

Decay mode Exp. Refs. N (millions) Efficiency (%) Npkg Nobs
Fi79 =e putu~ BABAR [1435] 868 6.40 £ 0.40 0.54 £ 0.14 0
T =e 't~ Belle [1436] 1437 6.10 £ 0.58 0.10 £ 0.04 0
Cigo=p et~ BABAR [1435] 868 10.20 £+ 0.60 0.03 £ 0.02 0
Figo=p et~ Belle [1436] 1437 10.10 £ 0.77 0.02 £ 0.02 0
Figi =p ete” BABAR [1435] 868 8.80 £+ 0.50 0.64 £+ 0.19 0
Figr =p ete” Belle [1436] 1437 9.30 £ 0.73 0.04 £ 0.04 0
Figg=e pute” BABAR [1435] 868 12.70 £ 0.70 0.34 £ 0.12 0
Mg =e pte” Belle [1436] 1437 11.50 £+ 0.89 0.01 £ 0.01 0
Tigs=p purpu~ BABAR [1435] 868 6.60 £ 0.60 0.44 £ 0.17 0
Ngs=pu putp~ Belle [1436] 1437 7.60 £ 0.56 0.13 £ 0.20 0

10 Summary

This article provides updated world averages of measure-
ments of b-hadron, c-hadron, and t-lepton properties using
results available through Summer 2016. A small selection of
highlights of the results described in Sects. 3-9 is given in
Table 320.

Since the previous version of this document [5], the b-
hadron lifetime and mixing averages have mostly made grad-
ual progress in precision. Notable exceptions with signifi-
cant improvement are the averages for the mass difference
in the BY — BY system (Amg) and the CP violation parame-
ter in BY — BY system (|gy/ps|). In total eleven new results
(of which ten from the LHC Run 1 data and one from the
Tevatron data) have been incorporated in these averages. On
the other hand, all results that remained unpublished and for
which there is no publication plan, have been removed from
the averages.

The lifetime hierarchy for the most abundant weakly
decaying b-hadron species is well established, with impres-
sive precisions of 5 fs or less for the most common B°, B+
and B? mesons, and compatible with the expectations from
the Heavy Quark Expansion. However, statistics are still lack-
ing for b baryons heavier than Ag (&, 8 8 , Qp, and all other
yet-to-be-discovered b baryons), but this will surely come
from the LHC with sufficient time. A sizable value of the
decay width difference in the BY — BY system is measured
with a relative precision of 7% and is well predicted by the
Standard Model (SM). In contrast, the experimental results
for the decay width difference in the BY — B® system are
not yet precise enough to distinguish the small (expected)
value from zero. The mass differences in both systems are
known very accurately, to the (few) per mil level. On the
other hand, CP violation in the mixing of either system has
not been observed yet, with asymmetries known within a cou-
ple per mil but still consistent both with zero and their SM
predictions. A similar conclusion holds for the CP violation

@ Springer

induced by B? mixing in the b — ccs transition, although
in this case the experimental precision on the corresponding
weak phase is an order of magnitude larger, but now becom-
ing just smaller than the SM central value. Many measure-
ments are still dominated by statistical uncertainties and will
improve once new results from the LHC Run 2 become avail-
able.

The measurement of sin28 = sin2¢; from b — ccs
transitions such as B — J/ Ing has reached < 2.5%
precision: sin2f = sin2¢; = 0.691 £ 0.017. Mea-
surements of the same parameter using different quark-
level processes provide a consistency test of the Stan-
dard Model and allow insight into possible new physics.
All results among hadronic » — s penguin dominated
decays of B mesons are currently consistent with the Stan-
dard Model expectations. Measurements of CP violation
parameters in B — ¢¢ allow a similar comparison to
the value of q)SCES; again, results are consistent with the
SM expectation (which in this case is very close to zero).
Among measurements related to the Unitarity Triangle angle
o = ¢, results from the pp system allow constraints
at the level of &~ 6°. These remain the strongest con-
straints, although results from all of BABAR, Belle and
LHCb lead to good precision on the CP violation param-
eters in B — 7t7~ decays. Knowledge of the third
angle y = ¢3 also continues to improve, with the current
world average being (74.0 fg:i)o. The precision is expected
to improve further as more data becomes available at LHCb
and Belle II.

In semileptonic B meson decays, the anomalies reported
in the last version of the document have remained: The dis-
crepancy between |V,,| measured with inclusive and exclu-
sive decays is of the order of 30 (3.20 for |V| from
B — D*{" vy, 240 for V.| from B — D iy). The
difference between |V,;| measured with inclusive decays
B — X,07vy and |V,p| from B — 7€ v, has risen to
3.60. An important new contribution to the determination
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Table 320 Selected world averages. Where two uncertainties are given the first is statistical and the second is systematic, except where indicated

otherwise

b-hadron lifetimes

7(B%)

7(BT)

T(BY) = 1/T
T(B?L)

T(B.?H)

T(BH)

T(AY)

(&))

(&)

7(2,)

BY and B? mixing/CP violation parameters

Amy
ATly/ Ty
lga/ pal
Amy
ATy

|95/ ps|
o5

Parameters related to Unitarity Triangle angles

sin2f = sin2¢;
B=¢

_nquK‘S’

—nS,]/Ko
—1SKOKIKY
#s(99)

=181/
—nSp+p-
15/

Sk+*y

Szt Crrn-)
(Sptp=> Cptp-)
a(D** 7 ¥F)
Acp(B— Dep K)
Aaps(B— Dy K)
y=¢

Semileptonic B decay parameters

B(B® — D*0~ i)
B(B~ — D*%¢~ 1)
new F(1)| Vel

|Vep| from B — D*£~ v,

B(B® — D¢~ 9p)
B(B~ — D%~ %p)
nEwG (1) | Vep|

|Vep| from B — D&y

1.520 £ 0.004 ps
1.638 £0.004 ps
1.505 £ 0.005 ps
1.413 +0.006 ps
1.609 £0.010 ps
0.507 £0.009 ps
1.470+0.010 ps
1.571 £0.040 ps
1.479 £0.031 ps
1,64f8:{§ ps

0.5064 & 0.0019 ps~!
—0.002+£0.010
1.0009 +0.0013
17.757 £0.021 ps~!
+0.086 4 0.006 ps~!
1.0003 £0.0014
—0.030 £0.033

0.691 + 0.017
(21.9 £ 0.7)°
0.11

0.74 013
0.63 £ 0.06
0.72 + 0.19

—0.17 &£ 0.15 £ 0.03rad
0.93 £ 0.15

0.84 £ 0.12

+0.13 +0.09
0.66 —0.12 -0.03

—0.16 &+ 0.22

(—0.68 + 0.04, —0.27 + 0.04)
(=0.14 + 0.13,0.00 + 0.09)
—0.039 + 0.010

0.111 + 0.018

—0.415 + 0.055

(74.0 T38)°

(4.88 £ 0.10)%

(5.59 £ 0.19%

(35.61 + 0.43) x 1073

(39.05 £ 0.47cxp £ 0.584) x 1073
(2.20 £ 0.10)%

(2.33 £ 0.10)%

(41.57 £ 1.00) x 1073

(39.18 £ 0.94cxp £ 0.364) x 1073
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Table 320 continued

B(B — X0~ )
B(B = X{™¥y)
|Vep| from B — X €~ vy
B(B — ml~¥y)
|Vip| from B — 7~
|Vip| from B — X, ¢~y
Vbl /| Vep| from A — pp= v, /A) — ATy
R(D) = B(B — Dtv;)/B(B — D{lvy)
R(D*) = B(B — D*tv;)/B(B — D*{vy)
b-hadron to charmed hadron decays
B(B® > D7)
B(B~ — D7)
B(B? — Dfn™)
B(A) - Afn™)
B(B® — J/yK%)
BB~ — J/YK™)
B(B) — 1/y¢)
Rare B decays
B(BY — ptu”)
B(B® — pu)
B(B — X;y) (E, > 1.6 GeV)
BBt — tTv)
Rx =BBT - Ktutu™)/B(BT — Ktete ) in
1.0 <m?., <6.0GeV?/c*
Acp(B® - Ktn™), Acp(BT — KT70)
ACP(B_? — K77l’+)
Longitudinal polarisation of B® — ¢ K*?
Longitudinal polarisation of B? — ¢P
Observables in B — K*0utpu~ decays in bins of
g? =m*(utp)
DP mixing and CP violation parameters

X
y

Skn
Ap
lg/p
¢
Xy, (no direct CP violation)
¥, (no direct CP violation)
¢, (no direct CP violation)
it
aaf
Leptonic D decays
I

I

s

(10.65 £ 0.16)%

(10.86 + 0.16)%

(42.19 + 0.78) x 1073

(1.50 + 0.06) x 10~

(3.67 £ 0.15) x 1073

(4.52 £ 0.150xp £ 0.134) x 1073
0.080 £ 0.004exp £ 0.004¢
0.403 + 0.047

0.310 £ 0.017

(2.65 + 0.15) x 1073
(4.75 + 0.19) x 1073
(3.03 £ 0.25) x 103
(4.30793%) x 1073
(0.863 £ 0.035) x 1073
(1.028 £ 0.040) x 1073

(1.00 + 0.09) x 1073

0.07 —
(2870%7) x 107

0.16 —
(0.39+51%) x 109
(3.32 + 0.16) x 10~*

(1.06 + 0.19) x 10~
0.090
0.74510 074 £0.036

—0.082 £ 0.006, 0.040 + 0.021
0.26 £+ 0.04

0.497 £+ 0.017

0.361 £+ 0.022

See Sect. 7.5

0.32 £ 0.14%
(0.69 T006Y%
(15.2575)°
(—0.88 =+ 0.99)%
0.89490%
(—12.973%)°
0.411019H%
0.61 + 0.07)%
(—0.17 + 1.8)°
(0.030 £ 0.026)%
(—0.134 £ 0.070)%

(203.7 + 4.9) MeV
(257.1 + 4.6) MeV
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Table 320 continued

[Vl
[Ves!
Benchmark charm branching fractions
B(Aj' — pK—n ™)
BMDY—> K=t
B(D°— K*tn™)/B(D°—K~nt)
B(D}—K*tK~n™)
T parameters, lepton universality, and |V |
8t /gu
8r/8e
81/ 8e
Bgni
Rhad
|Vius| from sum of strange branching fractions
[Vis| from B(t™ — K~ v,)/B(t~™ — 77 v,)

[Vys| T average

0.2164 + 0.0050ex, + 0.0015L0cD
1.006 =+ 0.018exp % 0.005.0cD

(6.46 £ 0.24)%

(3.962 £ 0.017 £ 0.038 =+ 0.027sr)%
0.004

(0.349 10003 %

(544 £0.09 £0.11)%

1.0010 £ 0.0015
1.0029 £ 0.0015
1.0019 £ 0.0014
17.815 £+ 0.023%
3.6349 £ 0.0082
0.2186 £ 0.0021
0.2236 £ 0.0018
0.2216 £ 0.0015

of the values of |V,;| and | V.| comes from exclusive b-
baryon decays. The largest anomaly however is observed
in B — D®ty, decays: The combined discrepancy of the
measured values of R(D*) and R (D) to their standard model
expectations is found to be 3.9¢0.

The most important new measurements of rare b-hadron
decays are coming from the LHC. Precision measurements
of BS decays are particularly noteworthy, including sev-
eral measurements of the longitudinal polarisation fraction
from LHCb. ATLAS, CMS and LHCb have significantly
improved the sensitivity to the B?S) — 't decays.
Recently, CMS and LHCDb published a combined analysis
that allowed the first observation of the B? — utp~ decay
to be obtained, and provided three standard deviations evi-
dence of the B — u* 11~ decay. The results are compatible
with the SM predictions, and yield constrains on the param-
eter space of new physics models. CMS and LHCb have
also performed angular analyses of the B — K*Outu~
decay, complementing, extending and improving on the pre-
cision of results from BABAR and Belle. One of the observ-
ables measured by LHCb, PS’ , differs from the SM predic-
tion by 3.70 in one of the m?, _ intervals; results from
Belle on this observable are consistent but less precise.
Improved measurements from LHCb and other experiments
are keenly anticipated. A measurement of the ratio of branch-
ing fractions of BT — K*tutu~™ and Bt — Ktete™
decays (Rk) has been made by LHCb. In the low ngr -
region, it differs from the standard model prediction by
2.60. Among the CP violating observables in rare decays,
the “Km puzzle” persists, and important new results have
appeared in three-body decays. LHCb has produced many
other results on a wide variety of decays, including b-baryon

and B -meson decays. Belle and BABAR continue to pro-
duce new results though their output rates are dwindling.
It will still be some years before we see new results from
the upgraded SuperKEKB B factory and the Belle II exper-
iment.

About 800 b to charm results from BABAR, Belle, CDF,
DO, LHCb, CMS, and ATLAS reported in more than 200
papers are compiled in a list of over 600 averages. The huge
samples of b hadrons that are available in contemporary
experiments allows measurements of decays to states with
open or hidden charm content with unprecedented precision.
In addition to improvements in precision for branching frac-
tions of B® and B~ mesons, many new decay modes have
been discovered. In addition, there is a rapidly increasing set
of measurements available for BY and B, mesons as well as
for b baryon decays.

In the charm sector, DY — pY mixing is now well-
established and the emphasis has shifted to searching for CP
violation. Measurements of 49 observables from the E791,
FOCUS, Belle, BABAR, CLEO, BESIII, CDF, and LHCb
experiments are input into a global fit for 10 underlying
parameters, and the no-mixing hypothesis is excluded at a
confidence level > 11.5¢. The mixing parameters x and y
individually differ from zero by 1.9¢ and 9.40, respectively.
The world average value for the observable ycp is positive,
indicating that the CP-even state is shorter-lived as in the
K9 — K9 system. The CP violation parameters |¢/p| and ¢
are consistent with the no-CP violation hypothesis within 1o
Thus there is no evidence for CP violation arising from mix-
ing (|g/p| # 1) or from a phase difference between the
mixing amplitude and a direct decay amplitude (¢ 7#= 0). In
addition, the most recent data indicates no direct CP violation
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in D — K+ K~ /7t 7~ decays; performing a global fit to all
relevant measurements gives Aagilﬂ = (—0.134 £ 0.070)%.
The world’s most precise measurements of |V, | and |V ]
are obtained from leptonic D™ — u*vand D} — ptv/tty
decays, respectively. These measurements have theoretical
uncertainties arising from decay constants. However, calcu-
lations of decay constants within lattice QCD have improved
such that the theory error is <1/3 the experimental errors of
the measurements.

Since 2016, HFLAV provides the t branching fraction
fit averages for the PDG Review of Particle Physics. For
the PDG, a unitarity constrained variant of the fit is per-
formed, using only inputs that are published and included in
the PDG. Two preliminary results used in the HFLAV 2014
report have been removed both in the HFLAV and in the
PDG variants of the fit. A few minor imperfections of the
2014 fit have been corrected. There are no non-negligible
changes to the lepton universality tests and to the | V,,s| deter-
minations from the 7 branching fractions. There is still a
large discrepancy between |V,;| from t, |V,;| from kaons
and |V,,| from |V,4] and CKM matrix unitarity. On this
topic, recent studies [1423,1424] claim to get a more reli-
able theory uncertainty on |V,| with a revised calculation
method that uses also the t spectral functions. Just one
more T lepton-flavour-violating branching fraction upper
limit has been published, which does not change the com-
puted combined related limit. The list of limits and their
combinations has been revised to remove old preliminary
results.
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