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The ete™ — K?K? cross section has been measured in the center-of-mass energy range 1004-1060 MeV
at 25 energy points using 6.1 x 10° events with I(‘S) — mwtm~ decay. The analysis is based on 5.9 pb~!
of an integrated luminosity collected with the CMD-3 detector at the VEPP-2000 e*e~ collider. To obtain
¢(1020) meson parameters the measured cross section is approximated according to the Vector Meson
Dominance model as a sum of the p, w, ¢-like amplitudes and their excitations. This is the most precise

measurement of the eTe™ — K g K E cross section with a 1.8% systematic uncertainty.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Investigation of ete™ annihilation into hadrons at low energy
provides unique information about interactions of light quarks.
High-precision studies of various hadronic cross sections are of
great interest in connection with the problem of the muon anoma-
lous magnetic moment [1] and constitute the main goal of ex-
periments with the CMD-3 and SND detectors at the upgraded
VEPP-2000 collider [2,3].

* Corresponding author.
E-mail address: e.a.kozyrev@inp.nsk.su (E.A. Kozyrev).
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In particular, ete™ — K2K? is one of the processes with a
rather large cross section in the center-of-mass energy range from
1 to 2 GeV. A precise measurement of this cross section, dominated
by the contribution of the ¢(1020) and ¢ (1680) resonances, is re-
quired to improve our knowledge of the hadronic contributions to
(g—2), and a(M%). Additional motivation for high-precision mea-
surements of the ete~ — K2K? and ete™ — KK~ cross sections
around the ¢ meson peak comes from a significant deviation of
the ratio of the coupling constants ‘Z;% from theoretical pre-
dictions [4].

The most precise previous studies of the process have been
performed at the CMD-2 [5], SND [6] and BaBar [7] detectors.
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In this paper we present results of the new measurement of the
ete™ — K?K? cross section based on a high-statistics data sample
collected at 25 energy points in the center-of-mass energy (c.m.)
E¢m. range 1004-1060 MeV with the CMD-3 detector.

2. CMD-3 detector and data set

The Cryogenic Magnetic Detector (CMD-3) described else-
where [8] is installed in one of the two interaction regions of
the VEPP-2000 e*e~ collider [9]. The detector tracking system
consists of the cylindrical drift chamber (DC) and double-layer
cylindrical multiwire proportional Z-chamber, both installed inside
a thin (0.085 Xj) superconducting solenoid with 1.3 T magnetic
field. DC contains 1218 hexagonal cells and provides a measure-
ment of charged particle momentum and of the polar (6) and
azimuthal (¢) angles. An amplitude information from the DC wires
is used to measure the ionization losses dE /dx of charged particles
with oy gx &~ 11-14% accuracy for minimum ionization particles
(m.i.p.). A barrel electromagnetic calorimeter placed outside the
solenoid consists of two subsystems: an inner liquid xenon (LXe)
calorimeter (5.4 Xo thick) surrounded by a scintillation CsI crys-
tal calorimeter (8.1 Xp thick) [10]. BGO crystals with 13.4 X,
are used as an endcap calorimeter. The detector has two trig-
gers: neutral and charged. A signal for neutral one is generated
by the information from calorimeters, while the charged trigger
comes from the tracking system. The return yoke of the detec-
tor is surrounded by scintillation counters which veto cosmic
events.

To obtain a detection efficiency, Monte Carlo (MC) simulation
of the detector based on the GEANT4 [11] package has been devel-
oped. Simulated events are subject to the same reconstruction and
selection procedures as the data. MC simulation includes photon
jet radiation by initial electrons calculated according to Refs. [12,
13]. Background was estimated using a multihadronic Monte Carlo
generator [14] based on experimental data for all measured pro-
cesses in the energy range up to 2 GeV.

The analysis uses 5.9 pb~' of an integrated luminosity col-
lected in two scans of the ¢(1020) resonance region at 25 energy
points in the E.mp = 1004-1060 MeV range. The beam energy
Epeam has been monitored by using the Back-Scattering-Laser-Light
system [15,16] which determines E., at each energy point with
about 0.06 MeV accuracy.

3. Event selection

Signal identification is based on detection of two pions from
the K 2 — w7~ decay. For each pair of oppositely charged tracks
a constrained fit to a common vertex is performed to determine
track parameters. Assuming tracks to be pions, the pair with the
best x2 from the vertex fit and with the invariant mass in the
range 420-580 MeV/c? is selected as a K2 candidate. The follow-
ing requirements are applied to events with a found Kg candi-
date:

e The longitudinal distance and the transverse coordinate of the
vertex should have |ZK2| <10 cm and |:01<2| < 6 cm, respec-
tively;

e Pions from Kg decay are required to have polar angles 1 <
O+ - <7 — 1 radians;

e Each track has momentum 130 MeV/c < P,+ < 320 MeV/c
corresponding to the kinematically allowed region for pions
from the 1(2 decay and its ionization losses in DC are within
three standard deviations from the average value, expected for
pions. The last requirement rejects charged kaons and back-
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Fig. 1. Ionization losses vs momentum for positive (a) and negative (b) tracks for
data at Epeam = 505 MeV. The lines show selections of pions from the K‘S’ decay.
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Fig. 2. Total momentum PKg (a) and cosine of the angle v between the two charged

pions (b) for the K‘S) candidates after preliminary selection for data (open histogram)
and MC simulation (shaded histogram) at Epeam = 505 MeV. The arrows show ad-
ditional selection requirements.

ground protons, as shown in Fig. 1 for positive (a) and negative
(b) tracks, respectively, at Epeam = 505 MeV;

e The momentum of the Kg candidate, PKg = |I3,,+ +137r |, is re-
quired to be not larger than five standard deviations from the

; _ /2 2
nominal momentum PK? = JEtm./4— mK(S] at each energy, as

shown by the arrows in Fig. 2(a);

e The cosine of the angle i between the tracks should be
smaller than the cosine of the minimal angle between two pi-
ons originating from the two-body decay of the Kg meson,
shifted by five standard deviations, as shown by the arrow in
Fig. 2(b).
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Fig. 3. Reconstructed polar angle of the Kg meson (a) and the transverse distance
of the K? decay vertex from the beam (b) at Epeam = 505 MeV for data (points)
and signal simulation (shaded histogram). The dark shaded histograms represent
the estimated contribution from the background processes.

The reconstructed polar angle of the Kg meson and the trans-
verse distance of the 1(2 decay vertex from the ete~ interac-
tion point are shown in Fig. 3 after above selections for data
(points) and MC-simulation (shaded histogram). The dark shaded
histograms show a sum of the background contributions from
the MC-simulated hadronic processes (predominantly ete™ —
w7 ~=279) and a contribution from cosmic muons estimated us-
ing events from the |ZK2\ sideband (10 < |Z’<2| <15 cm).

We determine the number of signal events for data and simu-
lation from a binned maximum likelihood fit of two-pion invariant
mass shown in Fig. 4. The signal shape is described by a sum
of four Gaussian functions with parameters fixed from the simu-
lation and with additional Gaussian smearing to account for the
difference in data-MC detector responses. The background in data,
described by a second-order polynomial function, constitutes about
30% outside the ¢ meson peak and 0.5% under it. By toy MC ex-
periments with fixed signal and background profiles as well as by
varying the background shape and approximation range used we
estimate an uncertainty on the number of extracted signal events
as less than 1.1%. The number of obtained signal events, Nep, for
each energy is listed in Table 3.

4. Cross section of e*e~ — KIK}

The Born cross section of the process ete™ — K(S)K? is calcu-
lated at each energy from the expression:

O_Bom — NeXP
€reg€trigl (1 + srad.)

where €reg is a detection efficiency, ey is a trigger efficiency, L is
an integrated luminosity, 1 + ™4 is a radiative correction, and
1+ 5°"SP™- represents a correction due to the spread of the col-
lision energy.

The detection efficiency €reg is obtained by dividing the num-
ber of MC simulated events after reconstruction and selection
described above by the total number of generated Kgl(? pairs
taking into account the branching fraction B K9 = (69.20 +

(1 +Sen.spr.)’ (1)
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Fig. 4. Approximation of the invariant mass of two pions at Epeam = 505 MeV for

simulation (a) and data (b). The solid line corresponds to the signal, the long-dotted
line to the background.
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Fig. 5. Detection efficiency of the K[S)K,(_) pairs vs energy from simulation (triangles).
The geometrical efficiency is shown by squares (see text).

0.05)% [17]. Fig. 5 shows the obtained detection efficiency (trian-
gles) vs c.m. energy in comparison with the expected geometrical
efficiency (squares). The geometrical efficiency is calculated as the
probability of pions to be in the polar angle range 1 < 6+ ;- <
7 — 1 radians at the generator level.

The trigger efficiency is studied using responses of two inde-
pendent triggers, charged and neutral, for selected signal events,
and is found to be close to unity, €z = 0.998 & 0.001.

The integrated luminosity L is determined using events of the
processes ete~ — eTe~ (Bhabha events) with about 1% [18] sys-
tematic accuracy.

The initial-state radiative correction 1+ §™¢-, shown by squares
in Fig. 6, is calculated using the structure function method with an
accuracy better than 0.1% [19].

The spread of collision energy is about 350 keV, that is signifi-
cant in comparison with the ¢ meson width, and we introduce the
correction of the cross section, shown by points in Fig. 6, which
has a maximum value of 1.028 + 0.004 at the peak of the ¢ reso-
nance.

The resulting cross section is listed in Table 3 for each energy
and shown in Fig. 8. The presented errors are statistical only and
include fluctuations of signal and Bhabha events as well as the
error 8E. . due to the statistical uncertainty of the c.m. energy

Born
measurement. The last part was calculated as |33‘§C - | X 8Ecm..
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Fig. 7. Pion detection efficiency in DC vs momentum for data (circles) and simulation
(squares).

5. Systematic uncertainties

MC simulation may not exactly reproduce all detector re-
sponses, so an additional study was performed to obtain correc-
tions for data-MC difference in the detection efficiency.

The data-MC difference in the charged pion detection by DC
is studied using the process ete~ — ¢ — 7w+ ~m0. Three-pion
events can be fully reconstructed from one detected charged track
and two detected photons from the 70 decay, and a probability
to detect another charged track can be determined. For the polar
angle requirement 1 < 0+ - < — 1 radians, the average detec-
tion inefficiency is about 1% per track for high momentum, and
decreases with pion momentum, as shown in Fig. 7. The rise of ef-
ficiency vs momentum is explained by the decreasing number of
pions that decayed or interacted in DC. Good data-MC agreement
is observed for charged pion detection, so no efficiency correction
is introduced and the uncertainty in the detection is estimated as
0.5%.

DC calibration is checked using signals of the Bhabha events [18]
in the DC and Z-chamber, and for pions from the Kg decay the
uncertainty due to the polar angle selection in the range of polar
angles chosen is estimated as 0.4%.

By variation of corresponding selection criteria we estimate
the uncertainty due to the data-MC difference in the angular and
momentum resolutions as 0.5%, while other selection criteria con-
tribute another 0.6%.

The total uncertainty of the detection efficiency is calculated as
a quadratic sum of uncertainties from the different sources and is
estimated to be 1.0%.

The systematic uncertainties of the ete™ — K(S)K? Cross sec-
tion discussed above are summarized in Table 1 giving 1.8% in
total.

6. Fitting of the ete~ — K2K? cross section

To obtain ¢(1020) parameters we approximate the energy de-
pendence of the cross section according to the vector meson dom-

Table 1
Summary of systematic uncertainties in the e*e~ — K2K? cross section measure-
ment.

Source Uncertainty, %
Signal extraction by fit 11
Detection efficiency 1.0
Radiative correction 0.1
Energy spread correction 03
Trigger efficiency 0.1
Luminosity 1.0
Total 18

inance (VMD) model as a sum of the p, w, ¢-like amplitudes [20]:

Opre s poo(s) = ST p3 | 8PV EDKK By Bokk
ete~— KK 355/2 P KO Dy(s) Dy (s) )
8¢y KK 2
+———+ Ay el
Dy(s) T 0]

where s=E2 , pyo is a neutral kaon momentum, Dy (s) = m?, —
s —ix/sTy(s), my, and Ty are mass and width of the major in-
termediate resonances: V = p(770), w(782), ¢(1020). The energy
dependence of the decay width is expressed via a sum of partial
widths multiplied by a factor of phase space energy dependence
Py_, f(s) of each decay mode as:

PV—)f(S)

Vo f

The coupling constants of the intermediate vector meson V
with initial and final states can be presented as:

3m3 Tvee 6rm% 'y Bykk
lgvyl =y —— 18wkk|l= | —5——
4T pKo(mV)

where I'vee and Bygg are electronic width and branching fraction
of the V meson decay to a pair of kaons.

In our approximation we use the world-average values of mass,
total width and electronic width of the p(770) and w(782):
[pee = 7.04 & 0.06 keV, Iy ee = 0.60 £ 0.02 keV [17]. The
branching fractions of the po(770) and w(782) to a kaon pair
are unknown, and we use the relation 8wK2Kk) = ~8pKIK? =

_gd)K?K?/ﬁ’ based on the quark model with “ideal” mixing and
exact SU(3) symmetry of u-, d-, s-quarks [20].

The amplitude A, .4 denotes a contribution of excited
p(1450), w(1420) and ¢(1680) vector meson states in the ¢ (1020)
mass region. Using BaBar [7] data above 1.06 GeV for the process
ete” — K2K? we found a relatively small contribution of these
states in the studied energy range in comparison with nonreso-
nant p and w contributions.

We perform a fit to the ete™ — KJK? cross section with
floating mg, 'y, and Ty_ee X B¢—>K21<E (or alternatively By, ee X
By, xoxo) parameters: the fit yields x2/ndf =20/22 (P(x?) =
58%). The contributions of the p and w intermediate states are
non-negligible and we performed a fit where we introduce an ad-

ditional floating parameter g, ., which is a multiplicative factor
for both 8uwkIK? and 8pKK? coupling constants in Eq. (2). The

fit yields x2/ndf = 15/21 (P(x?) = 82%) with g, , = 0.80 £ 0.09.
This is the first quantitative estimate of the p and w amplitude
contributions in the ¢ meson region. The obtained parameters of
the ¢ meson in comparison with the values of other measurements
are presented in Table 2 and the fit result is shown in Fig. 8(a).
Fig. 8(b) shows the relative difference between the obtained data
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Table 3

Table 2
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The results of the approximation procedure in comparison with previous experiments.

Parameter CMD-3 Other measurements
my, MeV 1019.457 + 0.006 + 0.060 + 0.010 1019.461 + 0.019 (PDG2014)
Iy, MeV 4.240 + 0.012 £ 0.005 + 0.010 4.266 + 0.031 (PDG2014)

F¢~>EEB¢‘>K2KL01 keV

-5
B¢*>€€B¢9K2K?' 10

0.428 £ 0.001 +£ 0.008 + 0.005
10.078 £ 0.025 + 0.188 £ 0.118

0.4200 + 0.0127 (BaBar)
10.06 + 0.16 (PDG2014)

The c.m. energy E.m., number of selected signal events N, detection efficiency €y, radiative-correction factor 1+ 8;.q., integrated luminosity L, and Born cross section o of
the process ete™ — K2K?. Statistical errors only are shown.

Ecm., MeV N events EMc 1 + 8paq. 1+ en.spr. L, nb~! o, nb
1 1004.066 + 0.008 315+19 0.321 0.72 0.994 195.35+0.67 6.87£0.42
2 1010.466 + 0.010 9083 + 100 0.312 0.73 0.992 936.05+1.44 42.16 £0.47
3 1012.955 + 0.007 10639+108 0.308 0.72 0.988 485.35+1.04 96.74+1.00
4 1015.068 + 0.012 2347 +50 0.307 0.71 0.987 47.91+£0.33 219.53+5.02
5 1016.105 + 0.010 15574 +130 0.304 0.71 0.978 192.11+0.66 366.33+3.33
6 1017155 + 0.012 65612 + 264 0.303 0.70 0.983 478.99+1.04 628.15+2.95
7 1017156 + 0.013 5525+77 0.302 0.70 0.985 40.76 £0.3 624.76 £9.89
8 1018.046 + 0.021 102233 +£334 0.301 0.70 0.992 478.34+1.04 996.62 +4.28
9 1019.118 £ 0.016 98014+ 326 0.3 0.72 1.028 328.62+0.86 1413.65+6.02
10 1019.214 + 0.019 16059 +£132 0.299 0.72 1.022 52.75+0.34 1433.05+15.03
11 1019.421 + 0.028 11066 +£110 0.299 0.73 1.024 36.04+0.28 1434.84+18.40
12 1019.902 + 0.012 140758 + 386 0.299 0.75 1.016 472.34+1.04 1341.91+4.74
13 1021.222 £ 0.021 47552 +225 0.299 0.83 0.994 228.34+£0.72 833.20+4.89
14 1021.309 £ 0.009 9545 +102 0.299 0.83 0.994 46.85+0.33 807.54+£10.36
15 1022.078 + 0.021 31323 +183 0.297 0.88 0.989 201.61+0.68 582.93+4.03
16 1022.744 + 0.019 14517 £126 0.297 0.93 0.989 116.71+0.52 443.71+4.38
17 1023.264 + 0.025 6876 + 86 0.297 0.96 0.992 62.91+0.38 377.77+£5.31
18 1025.320 + 0.031 2319451 0.294 1.08 0.996 36.32+0.28 199.26 +4.97
19 1027.956 + 0.015 8150 +94 0.294 1.21 0.997 195.83+0.67 115.93+1.70
20 1029.090 + 0.014 1911+45 0.293 1.26 0.998 52.94+0.35 96.96 +3.00
21 1033.907 + 0.011 3704+ 64 0.292 143 0.999 175.55+0.64 50.12+1.26
22 1040.028 + 0.035 2839+ 56 0.289 1.6 1 195.91+0.68 31.27+1.01
23 1049.864 + 0.011 4291+70 0.284 1.78 1 499.59+1.09 16.93+0.50
24 1050.862 + 0.031 1310+39 0.285 1.79 1 146.31+0.59 17.47+£0.94
25 1059.947 + 0.015 1271+38 0.276 1.91 1 198.86+0.69 12.09+0.71
Qo —
G 10° s a) E- %0 é ---------- 0 & pinterf.
—— CMD-3Fit 40 === 0&winterf.
—t= CMD-3 2012 - — - 0&(¢'+ p’ + ) interf.
=—e— CMD-3 2013 30 —&— SND
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Fig. 8. (a) Measured ete™ — K?Kf cross section in comparison with previous ex-
periments. The dots are experimental data, the curve is the fit described in the text.
(b) Relative difference between the data and fit. Comparison with other experimen-
tal data is shown. Statistical uncertainties only are included for data. The width of
the band shows the systematic uncertainties in our experiment.

and the fit curve. Only statistical uncertainties are shown. The
width of the band shows the systematic uncertainty in our mea-
surement. A slope of the CMD-2 points [5] can be explained by an

Fig. 9. Contributions of lower- and higher-mass resonances to the fit of the ete™ —
K2K? cross section in the studied energy range.

about 80 keV difference between the used values of c.m. energy
in the previous work and this experiment, that is within declared
systematic uncertainties of the energy measurements.

The contributions of the p and w intermediate states are
demonstrated in Fig. 9 by the dotted lines, while the long-dashed
line shows a contribution from higher excitations. The first uncer-
tainties presented in Table 2 are statistical, and the second are the
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Fig. 10. Relative difference between the data and fit for the E. . = 1.00-1.25 GeV
range. The dashed line is the contribution of the ¢ meson amplitude only.

systematic uncertainties. Two effects were taken into account in
the estimation of the latter: the accuracy of the measurement of
the c.m.s. energy E.n,. of 60 keV and the systematic uncertainty of
the cross section measurement of 1.8% (Table 1). To study model
dependence of the results, several additional fits are performed.
Other fits use Eq. (2) without the Ay , . amplitude and intro-
duce an additional floating phase of the ¢ meson amplitude or the
both p and w amplitudes. The variations in the ¢ meson param-
eters are used as an estimate of the model-dependent uncertainty
presented as a third uncertainty in Table 2. The obtained values
agree with results of other measurements and some are more pre-
cise.

Fig. 10 shows available experimental data up to Ecm =
1250 MeV and demonstrates that the obtained fit parameters do
not contradict other measurements at higher E.p, values. The
dashed line shows the contribution of the ¢ meson only, when the
amplitudes from the p(770) and w(782) are excluded demonstrat-
ing that the destructive interference with these states dominates
in the shown energy region.

7. Conclusion

Using the Kg — wtm~ decay we observe 6.1 x 10° events of
the process ete™ — KgK? in the 1004-1060 MeV c.m. energy
range, and measure the cross section with a 1.8% systematic un-
certainty. The following values of the ¢ meson parameters have
been obtained:

my = 1019.457 + 0.061 MeV/c?
Ty =4.240 £ 0.017 MeV
Tpvee By, o9 = 0.428 2 0.009 keV.

The obtained parameters are in good agreement with previous ex-
periments. The values of 'y and T'y_; e B¢—>K2KE are the most pre-

cise among all existing measurements. High precision in the cross
section measurement allows the first quantitative estimate of the
contributions from p and w mesons to the studied c.m. region.
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