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Abstract Measurements of transverse energy—energy cor-
relations and their associated asymmetries in multi-jet events
using the ATLAS detector at the LHC are presented. The
data used correspond to /s = 8 TeV proton—proton colli-
sions with an integrated luminosity of 20.2 fb~". The results
are presented in bins of the scalar sum of the transverse
momenta of the two leading jets, unfolded to the particle
level and compared to the predictions from Monte Carlo
simulations. A comparison with next-to-leading-order per-
turbative QCD is also performed, showing excellent agree-
ment within the uncertainties. From this comparison, the
value of the strong coupling constant is extracted for dif-
ferent energy regimes, thus testing the running of o ()
predicted in QCD up to scales over 1 TeV. A global fit to
the transverse energy—energy correlation distributions yields
o (my) = 0.1162 = 0.0011 (exp.) o005 (theo.), while a
global fit to the asymmetry distributions yields a value of

o (mz) = 0.1196 = 0.0013 (exp.) o002 (theo.).
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1 Introduction

Experimental studies of the energy dependence of event
shape variables have proved very useful in precision tests
of quantum chromodynamics (QCD). Event shape variables
have been measuredinete” experiments from PETRA-PEP
[1-3] to LEP-SLC [4-7] energies, at the ep collider HERA
[8-12] as well as in hadron colliders from Tevatron [13] to
LHC energies [14,15].

Most event shape variables are based on the determination
of the thrust’s principal axis [16] or the sphericity tensor [17].
A notable exception is given by the energy—energy correla-
tions (EEC), originally proposed by Basham et al. [18], and
measurements [19-31] of these have significantly improved
the precision tests of perturbative QCD (pQCD). The EEC is
defined as the energy-weighted angular distribution of hadron
pairs produced in ete” annihilation and, by construction,
the EEC as well as its associated asymmetry (AEEC) are
infrared safe. The second-order corrections to these func-
tions were found to be significantly smaller [32-35] than for
other event shape variables such as thrust.

The transverse energy—energy correlation (TEEC) and its
associated asymmetry (ATEEC) were proposed as the appro-
priate generalisation to hadron colliders in Ref. [36], where
leading-order (LO) predictions were also presented. As a
jet-based quantity, it makes use of the jet transverse energy
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E1 = E sin @ since the energy alone is not Lorentz-invariant
under longitudinal boosts along the beam direction. Here 6
refers to the polar angle of the jet axis, while E is the jet
energy.1 The next-to-leading-order (NLO) corrections were
obtained recently [37] by using the NLOJET++ program
[38,39]. They are found to be of moderate size so that the
TEEC and ATEEC functions are well suited for precision
tests of QCD, including a precise determination of the strong
coupling constant «g. The TEEC is defined as [40]

1 dX 1 Z[ do dod
- = — — x7:xp:dxrdxrs
odcos¢ o 4= J drydrr;deose TP

_lyy

A=1 ij

A LA

Et, Et;
———5b(cos — cos ). (1)
(Zi B

where the last expression is valid for a sample of N hard-
scattering multi-jet events, labelled by the index A, and the
indices i and j run over all jets in a given event. Here, xr; is
the fraction of transverse energy of jet i with respect to the
total transverse energy, i.e. xy; = E1;/ ) i Ety, ¢;j is the
angle in the transverse plane between jet i and jet j and §(x)
is the Dirac delta function, which ensures ¢ = ¢;;.

The associated asymmetry ATEEC is then defined as the
difference between the forward (cos ¢ > 0) and the backward
(cos ¢ < 0) parts of the TEEC, i.e.

1dz™™ 1 dx 1 dz
o dcos¢p  odcospl, odcos¢

T—¢ .

Recently, the ATLAS Collaboration presented a measure-
ment of the TEEC and ATEEC [41], where these observables
were used for a determination of the strong coupling constant
ag(my) at an energy regime of (Q) = 305 GeV. This paper
extends the previous measurement to higher energy scales up
to values close to 1 TeV. The analysis consists in the mea-
surement of the TEEC and ATEEC distributions in different
energy regimes, determining o (my) in each of them, and
using these determinations to test the running of o predicted
by the QCD B-function. Precise knowledge of the running of
o, is not only important as a precision test of QCD at large
scales but also as a test for new physics, as the existence
of new coloured fermions would imply modifications to the
B-function [42,43].

! ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r, ¢)
are used in the transverse plane, ¢ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle 6
asn = —Intan(6/2).

@ Springer

2 ATLAS detector

The ATLAS detector [44] is a multipurpose particle physics
detector with a forward-backward symmetric cylindrical
geometry and a solid angle coverage of almost 47.

The inner tracking system covers the pseudorapidity range
[n] < 2.5. It consists of a silicon pixel detector, a silicon
microstrip detector and, for || < 2.0, a transition radi-
ation tracker. It is surrounded by a thin superconducting
solenoid providing a 2 T magnetic field along the beam
direction. A high-granularity liquid-argon sampling elec-
tromagnetic calorimeter covers the region |n| < 3.2. A
steel/scintillator tile hadronic calorimeter provides coverage
in the range |n| < 1.7. The endcap and forward regions,
spanning 1.5 < || < 4.9, are instrumented with liquid-
argon calorimeters for electromagnetic and hadronic mea-
surements. The muon spectrometer surrounds the calorime-
ters. It consists of three large air-core superconducting toroid
systems and separate trigger and high-precision tracking
chambers providing accurate muon tracking for || < 2.7.

The trigger system [45] has three consecutive levels:
level 1, level 2 and the event filter. The level 1 triggers
are hardware-based and use coarse detector information to
identify regions of interest, whereas the level 2 triggers are
software-based and perform a fast online data reconstruction.
Finally, the event filter uses reconstruction algorithms similar
to the offline versions with the full detector granularity.

3 Monte Carlo simulation

Multi-jet production in pp collisions is described by the con-
volution of the production cross-sections for parton—parton
scattering with the parton distribution functions (PDFs).
Monte Carlo (MC) event generators differ in the approxima-
tions used to calculate the underlying short-distance QCD
processes, in the way parton showers are built to take into
account higher-order effects and in the fragmentation scheme
responsible for long-distance effects. PYTHIA and HERWIG++
event generators were used for the description of multi-jet
production in pp collisions. These event generators differ
in the modelling of the parton shower, hadronisation and
underlying event. PYTHIA uses pr-ordered parton showers,
in which the pr of the emitted parton is decreased in each
step, while for the angle-ordered parton showers in HER-
WIG++, the relevant scale is related to the angle between
the emitted and the incoming parton. The generated events
were processed with the ATLAS full detector simulation [46]
based on GEANT4 [47].

The baseline MC samples were generated using PYTHIA
8.160 [48] with the matrix elements for the underlying 2 — 2
processes calculated at LO using the CT10 LO PDFs [49]
and matched to p-ordered parton showers. A set of tuned
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parameters called the AU2CT10 tune [50] was used to model
the underlying event (UE). The hadronisation follows the
Lund string model [51].

A different set of samples were generated with HER-
WIG+H+ 2.5.2 [52], using the LO CTEQGL1 PDFs [53]
and the CTEQOL1- UE- EE- 3 tune for the underlying event
[54]. HERWIG++ uses angle-ordered parton showers, a cluster
hadronisation scheme and the underlying-event parameteri-
sation is given by JIMMY [55].

Additional samples are generated using SHERPA 1.4.5
[56], which calculates matrix elements for 2 — N pro-
cesses at LO, which are then convolved with the CT10 LO
PDFs, and uses the CKKW [57] method for the parton shower
matching. These samples were generated with up to three
hard-scattering partons in the final state.

In order to compensate for the steeply falling pr spectrum,
MC samples are generated in seven intervals of the leading-
jet transverse momentum. Each of these samples contain of
the order of 6 x 10° events for PYTHIAS and 1.4 x 10° events
for HERWIG++ and SHERPA.

All MC simulated samples described above are subject
to a reweighting algorithm in order to match the average
number of pp interactions per bunch-crossing observed in the
data. The average number of interactions per bunch-crossing
amounts to () = 20.4 in data, and to () = 22.0 in the MC
simulation.

4 Data sample and jet calibration

The data used were recorded in 2012 at /s = 8 TeV and
collected using a single-jet trigger. It requires at least one
jet, reconstructed with the anti-k, algorithm [58] with radius
parameter R = 0.4 as implemented in FASTJET [59]. The jet
transverse energy measured by the trigger system is required
to be greater than 360 GeV at the trigger level. This trig-
ger is fully efficient for values of the scalar sum of the cali-
brated transverse momenta of the two leading jets, pt + pr2.,
denoted hereafter by Hr,, above 730 GeV. This is the lowest
unprescaled trigger for the 2012 data-taking period, and the
integrated luminosity of the full data sample is 20.2 fb™ .

Events are required to have at least one vertex, with two
or more associated tracks with transverse momentum py >
400 MeV. The vertex maximising » p%, where the sum is
performed over tracks, is chosen as the primary vertex.

In the analysis, jets are reconstructed with the same algo-
rithm as used in the trigger, the anti-k; algorithm with radius
parameter R = 0.4. The input objects to the jet algorithm
are topological clusters of energy deposits in the calorime-
ters [60]. The baseline calibration for these clusters corrects
their energy using local hadronic calibration [61,62]. The
four-momentum of an uncalibrated jet is defined as the sum

Table1 Summary of the Hp, bins used in the analysis. The table shows
the number of events falling into each energy bin together with the value
of the scale Q at which the coupling constant g is measured

(Q) = (Hr2)/2 [GeV]

Hrp, range [GeV] Number of events

[800, 850] 1809497 412
[850, 900] 1240059 437
[900, 1000] 1465814 472
[1000, 1100] 745898 522
[1100, 1400] 740563 604
[1400, 5000] 192204 810

of the four-momenta of its constituent clusters, which are
considered massless. Thus, the resulting jets are massive.
However, the effect of this mass is marginal for jets in the
kinematic range considered in this paper, as the difference
between transverse energy and transverse momentum is at
the per-mille level for these jets.

The jet calibration procedure includes energy corrections
for multiple pp interactions in the same or neighbouring
bunch crossings, known as “pile-up”, as well as angular cor-
rections to ensure that the jet originates from the primary ver-
tex. Effects due to energy losses in inactive material, shower
leakage, the magnetic field, as well as inefficiencies in energy
clustering and jet reconstruction, are taken into account. This
is done using an MC-based correction, in bins of n and pr,
derived from the relation of the reconstructed jet energy to the
energy of the corresponding particle-level jet, not including
muons or non-interacting particles. In a final step, an in situ
calibration corrects for residual differences in the jet response
between the MC simulation and the data using pr-balance
techniques for dijet, y +jet, Z+jet and multi-jet final states.
The total jet energy scale (JES) uncertainty is given by a set
of independent sources, correlated in pt. The uncertainty in
the pt value of individual jets due to the JES increases from
(1-4)% for |n| < 1.8to 5% for 1.8 < |n| < 4.5 [63].

The selected jets must fulfill py > 100GeV and |n| < 2.5.
The two leading jets are further required to fulfil Hy, >
800 GeV. In addition, jets are required to satisfy quality crite-
ria that reject beam-induced backgrounds (jet cleaning) [64].

The number of selected events in data is 6.2 x 10", with
an average jet multiplicity (Nje) = 2.3. In order to study the
dependence of the TEEC and ATEEC on the energy scale,
and thus the running of the strong coupling, the data are fur-
ther binned in Hp,. The binning is chosen as a compromise
between reaching the highest available energy scales while
keeping a sufficient statistical precision in the TEEC distribu-
tions, and thus in the determination of ¢. Table 1 summarises
this choice, as well as the number of events in each energy
bin and the average value of the chosen scale Q = Hr,/2,
obtained from detector-level data.

@ Springer
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5 Results at the detector level

The data sample described in Sect. 4 is used to measure the
TEEC and ATEEC functions. In order to study the kinemati-
cal dependence of such observables, and thus the running of
the strong coupling with the energy scale involved in the hard
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Fig. 1 Detector-level distributions for the TEEC (top) and ATEEC
functions (bottom) for the first and the last Hp, intervals chosen in
this analysis, together with MC predictions from PYTHIA8, HERWIG++
and SHERPA. The total uncertainty, including statistical and detector
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process, the binning introduced in Table 1 is used. Figure 1
compares the TEEC and ATEEC distributions, measured in
two of these bins, with the MC predictions from PYTHIAS,
HERWIG++ and SHERPA.

The TEEC distributions show two peaks in the regions
close to the kinematical endpoints cos¢ = =£1. The first
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experimental sources, i.e. those not related to unfolding corrections, is
also indicated using an error bar for the distributions and a green-shaded
band for the ratios. The systematic uncertainties are discussed in Sect. 7
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one, at cos¢p = —1 is due to the back-to-back con-
figuration in two-jet events, which dominate the sample,
while the second peak at cos¢ = 41 is due to the self-
correlations of one jet with itself. These self-correlations
are included in Eq. (1) and are necessary for the correct
normalisation of the TEEC functions. The central regions
of the TEEC distributions shown in Fig. 1 are dominated
by gluon radiation, which is decorrelated from the main
event axis as predicted by QCD and measured in Refs.
[65,66].

Among the MC predictions considered here, PYTHIAS and
SHERPA are the ones which fit the data best, while HERWIG++
shows significant discrepancies with the data.

6 Correction to particle level

In order to allow comparison with particle-level MC predic-
tions, as well as NLO theoretical predictions, the detector-
level distributions presented in Sect. 5 need to be cor-
rected for detector effects. Particle-level jets are recon-
structed in the MC samples using the anti-k; algorithm
with R = 0.4, applied to final-state particles with an aver-
age lifetime t > 107" s, including muons and neutrinos.
The kinematical requirements for particle-level jets are the
same as for the definition of TEEC/ATEEC at the detector
level.

In the data, an unfolding procedure is used which relies on
an iterative Bayesian unfolding method [67] as implemented
in the ROOUNFOLD program [68]. The method makes use
of a transfer matrix for each distribution, which takes into
account any inefficiencies in the detector, as well as its finite
resolution. The PYTHIA8 MC sample is used to determine
the transfer matrices from the particle-level to detector-level
TEEC distributions. Pairs of jets not entering the transfer
matrices are accounted for using inefficiency correction fac-
tors.

The excellent azimuthal resolution of the ATLAS detector,
together with the reduction of the energy scale and resolution
effects by the weighting procedure involved in the definition
of the TEEC function, are reflected in the fact that the transfer
matrices have very small off-diagonal terms (smaller than
10%), leading to very small migrations between bins.

The statistical uncertainty is propagated through the
unfolding procedure by using pseudo-experiments. A set of
10° replicas is considered for each measured distribution by
applying a Poisson-distributed fluctuation around the nomi-
nal measured distribution. Each of these replicas is unfolded
using a fluctuated version of the transfer matrix, which pro-
duces the corresponding set of 10° replicas of the unfolded
spectra. The statistical uncertainty is defined as the standard
deviation of all replicas.

7 Systematic uncertainties

The dominant sources are those associated with the MC
model used in the unfolding procedure and the JES uncer-
tainty in the jet calibration procedure.

e Jet Energy Scale: The uncertainty in the jet calibra-
tion procedure [63] is propagated to the TEEC by
varying each jet energy and transverse momentum by
one standard deviation of each of the 67 nuisance
parameters of the JES uncertainty, which depend on
both the jet transverse momentum and pseudorapidity.
The total JES uncertainty is evaluated as the sum in
quadrature of all nuisance parameters, and amounts to
2%.

e Jet Energy Resolution: The effect on the TEEC func-
tion of the jet energy resolution uncertainty [69] is esti-
mated by smearing the energy and transverse momen-
tum by a smearing factor depending on both pt and 7.
This amounts to approximately 1% in the TEEC distri-
butions.

e Monte Carlo modelling: The modelling uncertainty
is estimated by performing the unfolding procedure
described in Sect. 6 with different MC approaches.
The difference between the unfolded distributions using
PYTHIA and HERWIG++ defines the envelope of the
uncertainty. This was cross-checked using the differ-
ence between PYTHIA and SHERPA, leading to simi-
lar results. This is the dominant experimental uncer-
tainty for this measurement, being always below 5%
for the TEEC distributions, and being larger for low
Hr,.

e Unfolding: The mismodelling of the data made by
the MC simulation is accounted for as an additional
source of uncertainty. This is assessed by reweight-
ing the transfer matrices so that the level of agreement
between the detector-level projection and the data is
enhanced. The modified detector-level distributions are
then unfolded using the method described in Sect. 6.
The difference between the modified particle-level dis-
tribution and the nominal one is then taken as the
uncertainty. This uncertainty is smaller than 0.5% for
the full cos¢ range for all bins in Hp,. The impact
of this uncertainty on the TEEC function is below
1%.

e Jet Angular Resolution: The uncertainty in the jet angu-
lar resolution is propagated to the TEEC measurements
by smearing the azimuthal coordinate ¢ of each jet by
10% of the resolution in the MC simulation. This is moti-
vated by the track-to-cluster matching studies done in
Ref. [65]. This impacts the TEEC measurement at the
level of 0.5%.

@ Springer
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Fig. 2 Systematic uncertainties in the measured TEEC (top) and ATEEC

uncertainty is below 5% in all bins of the TEEC distributions

e Jet cleaning: The modelling of the efficiency of the jet-
cleaning cuts is considered as an additional source of
experimental uncertainty. This is studied by tightening
the jet cleaning-requirements in both data and MC sim-
ulation, and considering the double ratio between them.
The differences are below 0.5%.

In order to mitigate statistical fluctuations, the resulting sys-
tematic uncertainties are smoothed using a Gaussian kernel
algorithm. The impact of these systematic uncertainties is
summarised in Fig. 2, where the relative errors are shown
for the TEEC and ATEEC distributions for each Hp, bin
considered.

8 Experimental results

The results of the unfolding are compared with particle-level
MC predictions, including the estimated systematic uncer-
tainties. Figure 3 shows this comparison for the TEEC, while
the ATEEC results are shown in Fig. 4. The level of agree-
ment seen here between data and MC simulation is similar to

@ Springer
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distributions (bottom) for the first and the last bins in Hp,. The total

that at detector level. PYTHIA and SHERPA broadly describe
the data, while the HERWIG++ description is disfavoured.

9 Theoretical predictions

The theoretical predictions for the TEEC and ATEEC func-
tions are calculated using perturbative QCD at NLO as imple-
mented in NLOJET++ [38,39]. Typically O(10'%) events are
generated for the calculation. The partonic cross-sections, &,
are convolved with the NNLO PDF sets from MMHT 2014
[70], CT14 [71], NNPDF 3.0 [72] and HERAPDF 2.0 [73]
using the LHAPDF6 package [74]. The value of o (m ;) used
in the partonic matrix-element calculation is chosen to be the
same as that of the PDF. At leading order in «, the TEEC
function defined in Eq. (1) can be expressed as

&aja,—bbybs

ldE _ Zahbifal/P(xl)faz/p(xZ) X

d_ N ~aya,—bb, (2)
o d¢ Eai,hl—fal/p(xl)faz/p(xz)®U

& bibyby . . .
where L1277 717273 g the partonic cross-section weighted

by the fractions of transverse energy of the outgoing partons,



Eur. Phys. J. C (2017) 77:872

Page 7 of 34 872

= ML LI I I B B I I I
[%2]
S 10m ATLAS e Data2012 9§
S E — i 3
g [ Vs=8Tev;202f" Pythiag 3
5 T S Herwig++ 4
= 1L anti-k, jets R=0.4 Sherpa _
= 3
F, 800 GeV <H,<850GeV ]
Y 4
107E
1072 E. 1 1 1 1 1 1 1 1 1 3
©15 I [ Data stat. ® syst. unc. =
© [
S .
% F+ityt
o5k
-1
= ML LI I I B B I I I
2]
S 10k ATLAS e Data2012 -8
S F — ; 3
g [ Vs=8Tev;202f" Pythia8 ]
5 T e Herwig++ 4
= 1k anti-k jetsR=04 Sherpa -
= ] 3
c 900 GeV < H;, < 1000 GeV E
Y 4
10 4
E P =
: D
102 e
©15 3
© -
o o]
S ~
= ]
05 =
- 1
¢
= T T T T T UM L I I
2]
S 1op ATLAS e Data2012 -8
S E — i 3
g [ (s=8Tev;2021" Pythiag 3
5 T e Herwig++ _
= 1k anti-k jetsR=04 Sherpa -
F® 1100 GeV < H,, < 1400 GeV ]
e ]
.
107 ®. =
£ - ]
10-2 E. 1 1 1 1 1 1 1 1 1 3
<15 o [ Data stat. @ syst. unc. =
® [ e ]
o F.= -]
5 =
=
o5k

-1 -08 -06 -04 -02 O

02 04 06 038 1

cos ¢
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ing statistical and other experimental sources is also indicated using an
error bar for the distributions and a green-shaded band for the ratios
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Fig. 4 Particle-level distributions for the ATEEC functions in each of
the Hr, intervals chosen in this analysis, together with MC predictions
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Fig. 5 Non-perturbative correction factors for TEEC in the first and last bins of Hp, as a function of cos ¢

x;xt;j as in Eq. (1); x; (i = 1, 2) are the fractional longitu-
dinal momenta carried by the initial-state partons, f, ,,(x1)
and f,,,,(x,) are the PDFs and ® denotes a convolution over
X1,X7.

At O(a?), the numerator in Eq. (2) entails calculations
of the 2 — 3 partonic subprocesses at NLO accuracy,
and the 2 — 4 partonic subprocesses at LO. In order to
avoid the double collinear singularities appearing in the
latter, the angular range is restricted to |cos¢| < 0.92.
This avoids calculating the two-loop virtual corrections to
the 2 — 2 subprocesses. Thus, with the azimuthal angle
cut, the denominator in Eq. (2) includes the 2 — 2 and
2 — 3 subprocesses up to and including the (’)(af ) correc-
tions.

The nominal renormalisation and factorisation scales are
defined as a function of the transverse momenta of the two
leading jets as follows [75]

_ Pt pPm, sy = P11t P2

2 F 4
This choice eases the comparison with the previous mea-
surement at /s = 7 TeV [41], where the renormalisa-

tion scale was the same. The relevant scale for the per-
turbative calculation is the renormalisation scale, as vari-
ations of the factorisation scale lead to small variations
of the physical observable. The scale choice for the NLO
pQCD templates used to extract o, as well as for the
presentation of the measurement is not uniquely defined.
The nominal scale choice, Hrt,/2, used in this paper is
based on previous publications [41,76]. However, it should
be noted that other scale choices, which explicitly take
into account the kinematics of the third jet, are also
viable options and can be considered in future measure-
ments.

The following comments are in order. The NLOJET++
calculations are performed in the limit of massless quarks.
PDFs are based on the ny = 5 scheme. There is there-
fore a residual uncertainty due to the mass of the top

quark. This is expected to be small since at LHC ener-
gies 0,7 < ogcp- The correct treatment of top quark mass
effects in the initial as well as in final state is not yet avail-
able.

9.1 Non-perturbative corrections

The pQCD predictions obtained using NLOJET++ are gener-
ated at the parton level only. In order to compare these predic-
tions with the data, one needs to correct for non-perturbative
(NP) effects, namely hadronisation and the underlying event.
Here, doing this relies on bin-by-bin correction factors cal-
culated as the ratio of the MC predictions for TEEC distri-
butions with hadronisation and UE turned on to those with
hadronisation and UE turned off. These factors, which are
calculated using several MC models, are used to correct the
pQCD prediction to the particle level by multiplying each bin
of the theoretical distributions. Figure 5 shows the distribu-
tions of the factors for the TEEC as a function of cos ¢ and
for two bins in the energy scale Hp,. They were calculated
using several models, namely PYTHIA8 with the AU2 [77]
and 4C tunes [78] and HERWIG++ with the LHC- UE- EE- 3-
CTEQG6L1 and LHC- UE- EE- 3- LOMOD tunes [54]. From
these four possibilities, PYTHIAS with the AU2 tune is used
for the nominal corrections.

9.2 Theoretical uncertainties

The theoretical uncertainties are divided into three classes:
those corresponding to the renormalisation and factorisation
scale variations, the ones corresponding to the PDF eigen-
vectors, and the ones for the non-perturbative corrections.

e The theoretical uncertainty due to the choice of renor-
malisation and factorisation scales is defined as the enve-
lope of all the variations of the TEEC and ATEEC dis-
tributions obtained by varying up and down the scales
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Fig. 6 Ratios of the TEEC data in each Hr, bin to the NLO pQCD predictions obtained using the NNPDF 3.0 parton distribution functions, and

corrected for non-perturbative effects

MR, U by a factor of two, excluding those configura-
tions in which both scales are varied in opposite direc-
tions. This is the dominant theoretical uncertainty in this
measurement, which can reach 20% in the central region
of the TEEC distributions.

e The parton distribution functions are varied following the
set of eigenvectors/replicas provided by each PDF group
[70-73]. The propagation of the corresponding uncer-
tainty to the TEEC and ATEEC is done following the
recommendations for each particular set of distribution
functions. The size of this uncertainty is around 1% for
each TEEC bin.

e The uncertainty in the non-perturbative corrections is
estimated as the envelope of all models used for the calcu-
lation of the correction factors in Fig. 5. This uncertainty
is around 1% for each of the TEEC bins considered in
the NLO predictions, i.e. those with | cos ¢| < 0.92.

e The uncertainty due to o is also considered for the com-
parison of the data with the theoretical predictions. This
is estimated by varying o by the uncertainty in its value
for each PDF set, as indicated in Refs. [70-73].

The total theoretical uncertainty is obtained by adding these
four theoretical uncertainties in quadrature. The total uncer-
tainty can reach 20% for the central part of the TEEC, due
to the large value of the scale uncertainty in this region.

@ Springer

10 Comparison of theoretical predictions and
experimental results

The unfolded data obtained in Sect. 8 are compared to
the pQCD predictions, once corrected for non-perturbative
effects. Figures 6 and 7 show the ratios of the data to the
theoretical predictions for the TEEC and ATEEC functions,
respectively. The theoretical predictions were calculated, as
a function of cos ¢ and for each of the Hy, bins considered,
using the NNPDF 3.0 PDFs with «g(m ;) = 0.1180.

From the comparisons in Figs. 6 and 7, one can conclude
that perturbative QCD correctly describes the data within the
experimental and theoretical uncertainties.

11 Determination of g and test of asymptotic freedom

From the comparisons made in the previous section, one can
determine the strong coupling constant at the scale given by
the pole mass of the Z boson, «g(my), by considering the
following X2 function

T2
2, = (x; — Fi(ag, 1))
X (ag, 1) = Z s
bins  AX; + Ag;

+ A 3)
k
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Fig. 7 Ratios of the ATEEC data in each Hr, bin to the NLO pQCD predictions obtained using the NNPDF 3.0 parton distribution functions,

and corrected for non-perturbative effects

Table 2 Values of the strong coupling constant at the Z boson mass
scale, o (m ) obtained from fits to the TEEC function for each Hr,
interval using the NNPDF 3.0 parton distribution functions. The val-
ues of the average scale (Q) for each energy bin are shown in the first

column, while the values of the X2 function at the minimum are shown
in the third column. The uncertainty referred to as NP is the one related
to the non-perturbative corrections

(0) (GeV) a,(m ) value (NNPDF 3.0) %%/ Nyor
412 0.1171 & 0.0021 (exp.) To005s (scale) = 0.0013 (PDF) & 0.0001 (NP) 24.3/21
437 0.1178 = 0.0017 (exp.) T0013 (scale) & 0.0014 (PDF) % 0.0002 (NP) 28.3/21
472 0.1177 £ 0.0017 (exp.) T00033 (scale) & 0.0015 (PDF) = 0.0001 (NP) 277121
522 0.1163 £ 0.0017 (exp.) 790067 (scale) = 0.0016 (PDF) & 0.0001 (NP) 22.8/21
604 0.1181 £ 0.0017 (exp.) 700052 (scale) = 0.0017 (PDF) & 0.0005 (NP) 24.3/21
810 0.1186 = 0.0023 (exp.) 0052 (scale) & 0.0020 (PDF) = 0.0004 (NP) 23721

where the theoretical predictions are varied according to
Fi(og, 1) = v (cty) (1 + Zkka,gl) ) )
k

InEqgs. (3) and (4), o stands for o (m ); x; is the value of the
i-th point of the distribution as measured in data, while Ax;
is its statistical uncertainty. The statistical uncertainty in the
theoretical predictions is also included as A&;, while ak(i) is
the relative value of the k-th source of systematic uncertainty
inbin i.

This technique takes into account the correlations between
the different sources of systematic uncertainty discussed in
Sect. 7 by introducing the nuisance parameters {A;}, one
for each source of experimental uncertainty. Thus, the min-
imum of the X2 function defined in Eq. (3) is found in a
74-dimensional space, in which 73 correspond to nuisance
parameters {1; } and one to ag(m ).

The method also requires an analytical expression for the
dependence of the fitted observable on the strong coupling
constant, which is given by v; () for bin i. For each PDF
set, the corresponding «(m ;) variation range is considered
and the theoretical prediction is obtained for each value of
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Fig. 8 Comparison of the TEEC data and the theoretical predictions after the fit. The value of «;(m ;) used in this comparison is fitted independently
for each energy bin
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Table 3 Values of the strong
coupling constant at the

(Q) (GeV)

a,(Q%) value (NNPDF 3.0)

measurement scales, aS(Qz)

obtained from fits to the TEEC
function for each Hr, interval 437
using the NNPDF 3.0 parton

412

distribution functions. The 412
uncertainty referred to as NP is 522
the one related to the
. . 604
non-perturbative corrections
810

0.0966 + 0.0014 (exp.) Toom2 (scale) = 0.0009 (PDF) & 0.0001 (NP)
0.0964 % 0.0012 (exp.) Too01} (scale) £ 0.0009 (PDF) & 0.0002 (NP)
0.0955 £ 0.0011 (exp.) "0 004 (scale) = 0.0009 (PDF) = 0.0001 (NP)
0.0936 % 0.0011 (exp.) To0to (scale) £ 0.0010 (PDF) & 0.0001 (NP)
0.0933 £ 0.0011 (exp.) 70009 (scale) = 0.0011 (PDF) = 0.0003 (NP)
0.0907 = 0.0013 (exp.) "o 005 (scale) = 0.0011 (PDF) = 0.0002 (NP)

Table 4 The results for o from fits to the TEEC using different PDFs. The uncertainty referred to as NP is the one related to the non-perturbative
corrections. The uncertainty labelled as ‘mod’ corresponds to the HERAPDF modelling and parameterisation uncertainty

PDF ag(my) value X2 / Ngot
MMHT 2014 0.1151 4 0.0008 (exp.) T0:0064 (scale) & 0.0012 (PDF) % 0.0002 (NP) 173/131
CTI14 0.1165 % 0.0010 (exp.) T9007 (scale) & 0.0016 (PDF) % 0.0003 (NP) 161/131
NNPDF 3.0 0.1162 4 0.0011 (exp.) T9:007 (scale) & 0.0018 (PDF) % 0.0003 (NP) 174/131
HERAPDF 2.0 0.1177 = 0.0008 (exp.) 0005 (scale) % 0.0005 (PDF) = 0.0002 (NP) *0 0005 (mod) 169/131

ag(my). The functions ¥; («) are then obtained by fitting
the values of the TEEC (ATEEC) in each (Hp,, cos ¢) bin to
a second-order polynomial. For both the TEEC and ATEEC
functions, the fits to extract a;(m ) are repeated separately
for each Hr, interval, thus determining a value of ot (m ;) for
each energy bin. The theoretical uncertainties are determined
by shifting the theory distributions by each of the uncertain-
ties separately, recalculating the functions v; (o) and deter-
mining a new value of o (1 7). The uncertainty is determined
by taking the difference between this value and the nominal
one.

Each of the obtained values of o (m ) is then evolved to
the corresponding measured scale using the NLO solution to
the renormalisation group equation (RGE), given by

1 log (1
0(0H) = ——— |1 - ﬁ—;—og(ogx) ;X =
Bp log x Bo log x A

2
-2

where the coefficients S, and f; are given by

oo (-2 g (10
07 ax 3 ) 1_(47-[)2 3

and A is the QCD scale, determined in each case from the fit-
ted value of «; (m 7). Here, n; is the number of active flavours
at the scale Q, i.e. the number of quarks with mass m < Q.
Therefore, n; = 6 in the six bins considered in Table 1.
When evolving a(m z) to ag(Q), the proper transition rules
for ny = 5 to ny = 6 are applied so that o (Q) is a con-
tinuous function across quark thresholds. Finally, the results
are combined by performing a global fit, where all bins are
merged together.

~ - — ™ ]
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Fig. 9 Comparison of the values of o (Q) obtained from fits to the
TEEC functions at the energy scales given by (Hr,)/2 (red star points)
with the uncertainty band from the global fit (orange full band) and the
2016 world average (green hatched band). Determinations from other
experiments are also shown as data points. The error bars, as well as
the orange full band, include all experimental and theoretical sources of
uncertainty. The strong coupling constant is assumed to run according
to the two-loop solution of the RGE

11.1 Fits to individual TEEC functions

The values of ¢ (m 7) obtained from fits to the TEEC function
in each Hp, bin are summarised in Table 2. The theoretical
predictions used for this extraction use NNPDF 3.0 as the
nominal PDF set.

The values summarised in Table 2 are in good agreement
with the 2016 world average value [79], as well as with pre-
vious measurements, in particular with previous extractions
using LHC data [41,76,80-84]. The values of the X2 indicate
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Table 5 Values of the strong coupling constant at the Z boson mass
scale, a;(m ) obtained from fits to the ATEEC function for each Hr,
interval using the NNPDF 3.0 parton distribution functions. The val-
ues of the average scale (Q) for each energy bin are shown in the first

column, while the values of the X2 function at the minimum are shown
in the third column. The uncertainty referred to as NP is the one related
to the non-perturbative corrections

(0) (GeV) a,(m) value (NNPDF 3.0) X%/ Naop
412 0.1209 = 0.0036 (exp.) "o 00: (scale) & 0.0013 (PDF) = 0.0004 (NP) 10.6/10
437 0.1211 = 0.0026 (exp.) T0005 (scale) & 0.0015 (PDF) % 0.0010 (NP) 6.8/10
472 0.1203 = 0.0028 (exp.) T000%9 (scale) % 0.0016 (PDF) = 0.0002 (NP) 8.8/10
522 0.1196 & 0.0025 (exp.) 00010 (scale) = 0.0017 (PDF) = 0.0004 (NP) 10.9/10
604 0.1176 = 0.0031 (exp.) T00008 (scale) & 0.0020 (PDF) = 0.0005 (NP) 6.4/10
810 0.1172 4 0.0037 (exp.) Tor0005 (scale) = 0.0022 (PDF) & 0.0001 (NP) 9.8/10

Table 6 Values of the strong
coupling constant at the

(Q) (GeV)

a,(Q%) value (NNPDF 3.0)

2

measurement scales, o (Q”) 412
obtained from fits to the ATEEC
function for each Hr, interval 437
using the NNPDF 3.0 parton 472
distribution functions. The
uncertainty referred to as NP is 522
the one related to the

. . 604
non-perturbative corrections

810

0.0992 % 0.0024 (exp.) T0050 (scale) = 0.0009 (PDF) & 0.0002 (NP)

0.0986 % 0.0017 (exp.) T000as (scale) = 0.0010 (PDF) & 0.0007 (NP)

0.0973 % 0.0018 (exp.) T o0as (scale) = 0.0010 (PDF) & 0.0001 (NP)

0.0957 = 0.0016 (exp.) "o -000¢ (scale) = 0.0011 (PDF) = 0.0003 (NP)

0.0930 % 0.0019 (exp.) T0onas (scale) £ 0.0012 (PDF) & 0.0003 (NP)

0.0899 = 0.0021 (exp.) 79001 (scale) + 0.0013 (PDF) = 0.0001 (NP)

that agreement between the data and the theoretical predic-
tions is good. The nuisance parameters for the TEEC fits
are generally compatible with zero. One remarkable excep-
tion is the nuisance parameter associated to the modelling
uncertainty, which deviates by half standard deviation with a
very small error bar. This is an indication that these data can
be used to further tune MC event generators which model
multi-jet production.

Figure 8 compares the data with the theoretical predictions
after the fit, i.e. where the fitted values of o (m ) and the nui-
sance parameters are already constrained. Table 3 shows the
values of o evolved from m ; to the corresponding scale Q
using Eq. (5). The appendix includes tables in which the val-
ues of o (m ) obtained from the TEEC fits are extrapolated
to different values of Q, given by the averages of kinematical
quantities other than Hr,/2.

11.2 Global TEEC fit

The combination of the previous results is done by consid-
ering all the Hp, bins into a single, global fit. The result
obtained using the NNPDF 3.0 PDF set has the largest PDF
uncertainty and thus, in order to be conservative, it is the one
quoted as the final value of « (m ).

The impact of the correlations of the JES uncertainties on
the result is studied by considering two additional correlation
scenarios, one with stronger and one with weaker correlation

@ Springer

assumptions [63]. From the envelope of these results, an addi-
tional uncertainty of 0.0007 is assigned in order to cover this
difference.

The results for o, (m ;) are summarised in Table 4 for each
of the four PDF sets investigated in this analysis

As a result of considering all the data, the experimental
uncertainties are reduced with respect to the partial fits. Also,
itshould be noted that the values of «; extracted with different
PDF sets show good agreement with each other within the
PDF uncertainties, and are compatible with the latest world
average value og(mz) = 0.1181 £ 0.0011 [79].

The final result for the TEEC fit is

ag(my) = 0.1162 £ 0.0011 (exp.) To.00e (scale)

£0.0018 (PDF) £ 0.0003 (NP).

A comparison of the results for ¢, from the global and partial
fits is shown in Fig. 9. In this figure, the results from previous
experiments [41,76,80-83,85,86] are also shown, together
with the world average band [79]. Agreement between this
result and the ones from other experiments is very good,
even though the experimental uncertainties in this analysis
are smaller than in previous measurements in hadron collid-
ers.
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Fig. 10 Comparison of the ATEEC data and the theoretical predictions after the fit. The value of « (m ) used in this comparison is fitted
independently for each energy bin
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Table 7 The results for o from fits to the ATEEC using different PDFs. The uncertainty referred to as NP is the one related to the non-perturbative
corrections. The uncertainty labelled as ‘mod’ corresponds to the HERAPDF modelling and parameterisation uncertainty

PDF a,(m ) value %%/ Nyop
MMHT 2014 0.1185 4 0.0012 (exp.) T00010 (scale) == 0.0010 (PDF) & 0.0004 (NP) 57.0/65
CTi4 0.1203 = 0.0013 (exp.) 70003 (scale) % 0.0015 (PDF) = 0.0004 (NP) 55.4/65
NNPDF 3.0 0.1196 = 0.0013 (exp.) T0-00%5 (scale) = 0.0017 (PDF) = 0.0004 (NP) 60.3/65
HERAPDF 2.0 0.1206 % 0.0012 (exp.) T0009 (scale) = 0.0005 (PDF) & 0.0002 (NP) = 0.0007 (mod) 54.2/65

11.3 Fits to individual ATEEC functions

The values of o extracted from the fits to the measured
ATEEC functions are summarised in Table 5, together with
the values of the XZ functions at the minima.

The values extracted from the ATEEC show smaller scale
uncertainties than their counterpart values from TEEC. This
is understood to be due to the fact that the scale dependence
is mitigated for the ATEEC distributions because, for the
TEEC, this dependence shows some azimuthal symmetry.
Also, it is important to note that the values of the X2 indi-
cate excellent compatibility between the data and the theo-
retical predictions. Good agreement, within the scale uncer-
tainty, is also observed between these values and the ones
extracted from fits to the TEEC, as well as among themselves
and with the current world average. The nuisance param-
eters are compatible with zero within one standard devia-
tion.

As before, the values of aS(QZ) at the scales of the mea-
surement are obtained by evolving the values in Table 5
using Eq. (5). The results are given in Table 6. As in
the TEEC case, Fig. 10 compares the data with the the-
oretical predictions after the fit. The appendix includes
tables in which the values of «g(m ) obtained from the
ATEEC fits are extrapolated to different values of Q,
given by the averages of kinematic quantities other than
Hoy /2.

11.4 Global ATEEC fit

As before, the global value of o (m ;) is obtained from the
combined fit of the ATEEC data in the six bins of Hr,. Again,
the NNPDF 3.0 PDF set is used for the final result as it pro-
vides the most conservative choice. Also, as in the TEEC
case, two additional correlation scenarios have been consid-
ered for the JES uncertainty. An additional uncertainty of
0.0003 is assigned in order to cover the differences.

The results are summarised in Table 7 for the four sets of
PDFs considered in the theoretical predictions.

The values shown in Table 7 are in good agreement with
the values in Table 4, obtained from fits to the TEEC func-
tions. Also, it is important to note that the scale uncertainty
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Fig. 11 Comparison of the values of o (Q) obtained from fits to the
ATEEC functions at the energy scales given by ( Hr,) /2 (red star points)
with the uncertainty band from the global fit (orange full band) and the
2016 world average (green hatched band). Determinations from other
experiments are also shown as data points. The error bars, as well as
the orange full band, include all experimental and theoretical sources of
uncertainty. The strong coupling constant is assumed to run according
to the two-loop solution of the RGE

is smaller in ATEEC fits than in TEEC fits. The values of the
X ? function at the minima show excellent agreement between
the data and the pQCD predictions.

The final result for the ATEEC fit is

a(mz) = 0.1196 = 0.0013 (exp.) 7000 (scale)
+0.0017 (PDF) = 0.0004 (NP).

The values from Table 6 are compared with previous exper-
imental results from Refs. [41,76,80-83,85,86] in Fig. 11,
showing good compatibility, as well as with the value from
the current world average [79].

12 Conclusion

The TEEC and ATEEC functions are measured in 20.2 fb ™!
of pp collisions at a centre-of-mass energy /s = 8 TeV
using the ATLAS detector at the LHC. The data, binned in
six intervals of the sum of transverse momenta of the two
leading jets, Hry = pt; + pro, are corrected for detec-
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tor effects and compared to the predictions of perturbative
QCD, corrected for hadronisation and multi-parton inter-
action effects. The results show that the data are compat-
ible with the theoretical predictions, within the uncertain-
ties.

The data are used to determine the strong coupling con-
stant o and its evolution with the interaction scale Q =
(P11 + PT2)/2 by means of a X2 fit to the theoretical predic-
tions for both TEEC and ATEEC in each energy bin. Addi-
tionally, global fits to the TEEC and ATEEC data are per-
formed, leading to

o (my) = 0.1162 £ 0.0011 (exp.) T0007 (scale)
+0.0018 (PDF) = 0.0003 (NP),

o (my) = 0.1196 + 0.0013 (exp.) 79001 (scale)
+£0.0017 (PDF) = 0.0004 (NP),

respectively. Conservatively, the values obtained using the
NNPDF 3.0 PDF set are chosen, as they provide the
largest PDF uncertainty among the four PDF sets investi-
gated. These two values are in good agreement with the
determinations in previous experiments and with the cur-
rent world average o (m;) = 0.1181 £ 0.0011. The cor-
relation coefficient between the two determinations is p =
0.60.

The present results are limited by the theoretical scale
uncertainties, which amount to 6% of the value of «(m )
in the case of the TEEC determination and to 4% in the
case of the ATEEC. This uncertainty is expected to decrease
as higher orders are calculated for the perturbative expan-
sion.
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Appendix

This appendix contains tables in which the measured values
of ag(m ) are extrapolated to different values of Q from the
central results, given by the average pr of the third jet, ( pr3),
the average value of the three leading jets, ((pt; + p12 +
p13))/3 and the average value of the transverse momentum
for each pair of jets (i, j), ((pt; + pr2))/2 (Tables 8, 9, 10,
11, 12, 13).

Table 8 Values of «y, obtained

as({pr3)) value (TEEC, NNPDF 3.0)

from TEEC fits, evolved to the {P13) (GeV)
average value of the third-jet 169
transverse momentum in each
event, (pr3) for each bin in Hp, 174

179

186

197

215

0.1072 % 0.0017 (exp.) T000eg (scale) £ 0.0011 (PDF) & 0.0001 (NP)

0.1074 = 0.0014 (exp.) 70009 (scale) = 0.0012 (PDF) = 0.0002 (NP)

0.1068 == 0.0014 (exp.) 70000 (scale) = 0.0012 (PDF) = 0.0001 (NP)

0.1052 4 0.0014 (exp.) T0003 (scale) = 0.0013 (PDF) & 0.0001 (NP)

0.1060 == 0.0014 (exp.) 70000 (scale) = 0.0014 (PDF) = 0.0004 (NP)

0.1052 % 0.0018 (exp.) TI005 (scale) = 0.0015 (PDF) = 0.0003 (NP)
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Table 9 Values of «, obtained
from TEEC fits, evolved to the
average value of the average
transverse momentum of the
three leading jets in each event,

((pr1 + pr2 + pr3))/3 for each
bin il'l HT2

Table 10 Values of «;, obtained
from TEEC fits, evolved to the
average value of transverse
momentum for every pair of jets
in each event, ((pr; + pr;)/2
for each bin in H,

Table 11 Values of «, obtained
from ATEEC fits, evolved to the
average value of the third-jet
transverse momentum in each
event, (pr3) for each bin in Hr,

Table 12 Values of «, obtained
from ATEEC fits, evolved to the
average value of the average
transverse momentum of the
three leading jets in each event,

((p11 + P12 + P13))/3 for each
bin in Hp,

Table 13 Values of «;, obtained
from ATEEC fits, evolved to the
average value of transverse
momentum for every pair of jets
in each event, ((pr; + pr;)/2
for each bin in Hy,

@ Springer

(Hr3/3) (GeV)

ag({Hys/3)) value (TEEC, NNPDF 3.0)

289
307
332
366
423
564

0.1005 % 0.0015 (exp.) Toonme (scale) £ 0.0010 (PDF) & 0.0001 (NP)
0.1004 = 0.0013 (exp.) 70003 (scale) = 0.0010 (PDF) = 0.0002 (NP)
0.0994 + 0.0012 (exp.) T0onme (scale) £ 0.0010 (PDF) & 0.0001 (NP)
0.0973 % 0.0012 (exp.) Too01S (scale) £ 0.0011 (PDF) & 0.0001 (NP)
0.0970 = 0.0012 (exp.) "0 00+ (scale) = 0.0012 (PDF) = 0.0003 (NP)

0.0943 % 0.0014 (exp.) T00053 (scale) £ 0.0012 (PDF) & 0.0002 (NP)

(Hr;;/2) (GeV)

o, ((Hr;j/2)) value (TEEC, NNPDF 3.0)

366
386
413
452
515
672

0.0979 = 0.0014 (exp.) T0.002 (scale) = 0.0009 (PDF) = 0.0001 (NP)

0.0978 = 0.0012 (exp.) 700015 (scale) = 0.0010 (PDF) = 0.0002 (NP)
0.0969 + 0.0011 (exp.) To00e (scale) = 0.0010 (PDF) & 0.0001 (NP)
0.0951 % 0.0011 (exp.) Tt (scale) £ 0.0011 (PDF) & 0.0001 (NP)
0.0949 = 0.0011 (exp.) To-007 (scale) = 0.0011 (PDF) = 0.0003 (NP)
0.0925 + 0.0014 (exp.) T00051 (scale) = 0.0012 (PDF) & 0.0002 (NP)

(pr3) (GeV)

ag({pr3)) value (ATEEC, NNPDF 3.0)

169
174
179
186
197
215

0.1104 % 0.0030 (exp.) T0007% (scale) & 0.0011 (PDF) % 0.0003 (NP)
0.1101 % 0.0022 (exp.) To00:7 (scale) £ 0.0012 (PDF) & 0.0008 (NP)
0.1090 = 0.0023 (exp.) 700017 (scale) = 0.0013 (PDF) = 0.0002 (NP)
0.1079 = 0.0021 (exp.) To-000 (scale) = 0.0014 (PDF) = 0.0003 (NP)
0.1056 % 0.0025 (exp.) To0048 (scale) = 0.0016 (PDF) & 0.0004 (NP)
0.1041 % 0.0029 (exp.) T00082 (scale) = 0.0017 (PDF) & 0.0001 (NP)

(Hr3/3) (GeV)

a((Hys/3)) value (ATEEC, NNPDF 3.0)

289
307
332
366
423
564

0.1033 % 0.0026 (exp.) TI005% (scale) = 0.0009 (PDF) & 0.0003 (NP)
0.1027 = 0.0019 (exp.) 70004 (scale) + 0.0011 (PDF) = 0.0007 (NP)
0.1013 % 0.0019 (exp.) T0000s (scale) £ 0.0011 (PDF) & 0.0001 (NP)
0.0996 + 0.0017 (exp.) Too0a7 (scale) £ 0.0012 (PDF) & 0.0003 (NP)
0.0966 + 0.0021 (exp.) Toonas (scale) £ 0.0013 (PDF) & 0.0003 (NP)

0.0934 % 0.0023 (exp.) Toonae (scale) £ 0.0014 (PDF) & 0.0001 (NP)

(Hr;j/2) (GeV)

o, ((Hr;j/2)) value (ATEEC, NNPDF 3.0)

366
386
413
452
515
672

0.1005 % 0.0025 (exp.) To005; (scale) = 0.0009 (PDF) & 0.0002 (NP)
0.1000 = 0.0018 (exp.) "o 0003 (scale) = 0.0010 (PDF) = 0.0007 (NP)
0.0987 = 0.0018 (exp.) T5-0009 (scale) = 0.0010 (PDF) = 0.0001 (NP)

0.0973 £ 0.0017 (exp.) 79003 (scale) + 0.0011 (PDF) = 0.0003 (NP)

0.0946 = 0.0020 (exp.) "0 0001 (scale) = 0.0013 (PDF) = 0.0003 (NP)

0.0917 % 0.0022 (exp.) T0onae (scale) = 0.0013 (PDF) & 0.0001 (NP)




Eur. Phys. J. C (2017) 77:872

Page 19 of 34 872

References

11.

12.

13.

15.

16.

17.

. PLUTO Collaboration, Ch. Berger et al., Energy dependence of jet

measures in e e annihilation. Z. Phys. C 12, 297 (1982). https://
doi.org/10.1007/BF01557575

TASSO Collaboration, W. Braunschweig et al., Global jet proper-
ties at 14—44 GeV center of mass energy in e"e” annihilation. Z.
Phys. C 47, 187 (1990). https://doi.org/10.1007/BF01552339
JADE Collaboration, S. Bethke et al., Determination of the strong
coupling o from hadronic event shapes and NNLO QCD predic-
tions using JADE data. Eur. Phys. J. C 64, 351 (2009). https://doi.
org/10.1140/epjc/s10052-009-1149-1. arXiv:0810.1389 [hep-ex]
OPAL Collaboration, G. Abbiendi et al., Determination of ¢, using
OPAL hadronic event shapes at /s = 91-209 GeV and resummed
NNLO calculations. Eur. Phys. J. C 71, 1733 (2011). https://doi.
org/10.1140/epjc/s10052-011-1733-z. arXiv:1101.1470 [hep-ex]
ALEPH Collaboration, A. Heister et al., Studies of QCD at ete”
centre of mass energies between 91 and 209 GeV. Eur. Phys. J. C
35, 457 (2003). https://doi.org/10.1140/epjc/s2004-01891-4
DELPHI Collaboration, J. Abdallah et al., A study of the energy
evolution of event shape distributions and their means with the
DELPHI detector at LEP. Eur. Phys. J. C 29, 285 (2003). https://
doi.org/10.1140/epjc/s2003-01198-0. arXiv:hep-ex/0307048

L3 Collaboration, P. Achard et al., Determination of « from
hadronic event shapes in ¢ ¢~ annihilation at 192<./s<208 GeV.
Phys. Lett. B 536, 217 (2002). https://doi.org/10.1016/
S0370-2693(02)01814-2. arXiv:hep-ex/0206052

ZEUS Collaboration, S. Chekanov et al., Measurement of event
shapes in deep inelastic scattering at HERA. Eur. Phys. J.
C 27, 531 (2003). https://doi.org/10.1140/epjc/s2003-01148-x.
arXiv:hep-ex/0211040

ZEUS Collaboration, S. Chekanov et al., Event shapes in deep
inelastic scattering at HERA. Nucl. Phys. B 767, 1 (2007). https://
doi.org/10.1016/j.nuclphysb.2006.05.016. arXiv:hep-ex/0604032
H1 Collaboration, C. Adloff et al., Measurement of event shape
variables in deep inelastic et scattering. Phys. Lett. B 406,
256 (1997). https://doi.org/10.1016/S0370-2693(97)00754-5.
arXiv:hep-ex/9706002

HI1 Collaboration, C. Adloff et al., Investigation of power correc-
tions to event shape variables measured in deep-inelastic scat-
tering. Eur. Phys. J. C 14, 255 (2000). https://doi.org/10.1007/
$100520000344. arXiv:hep-ex/9912052

HI1 Collaboration, H. Aktas et al., Measurement of event shape
variables in deep-inelastic scattering at HERA. Eur. Phys. J.
C 46, 343 (2006). https://doi.org/10.1140/epjc/s2006-02493-x.
arXiv:hep-ex/0512014

CDF Collaboration, T. Aaltonen et al., Measurement of event
shapes in proton—antiproton collisions at center-of-mass energy
1.96 TeV. Phys. Rev. D 83, 112007 (2011). https://doi.org/10.1103/
PhysRevD.83.112007. arXiv:1103.5143 [hep-ex]

CMS Collaboration, First measurement of hadronic event shapes
in pp collisions at /s = 7 TeV. Phys. Lett. B 699, 48 (2011).
https://doi.org/10.1016/j.physletb.2011.03.060. arXiv:1102.0068
[hep-ex]

ATLAS Collaboration, Measurement of event shapes at large
momentum transfer with the ATLAS detector in pp collisions at
/s = 7 TeV. Eur. Phys. J. C 72, 2211 (2012). https://doi.org/10.
1140/epjc/s10052-012-2211-y. arXiv:1206.2135 [hep-ex]

S. Brandt, C. Peyrou, R. Sosnowski, A. Wroblewski, The principal
axis of jets—an attempt to analyse high-energy collisions as two-
body processes. Phys. Lett. 12, 57 (1964). https://doi.org/10.1016/
0031-9163(64)91176-X

J.D. Bjorken, S.J. Brodsky, Statistical model for electron—positron
annihilation into hadrons. Phys. Rev. D 1, 1416 (1970). https://doi.
org/10.1103/PhysRevD.1.1416

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

C.L. Basham, L.S. Brown, S.D. Ellis, S.T. Love, Energy correla-
tions in electron—positron annihilation: testing quantum chromody-
namics. Phys. Rev. Lett. 41, 1585 (1978). https://doi.org/10.1103/
PhysRevLett.41.1585

PLUTO Collaboration, Ch. Berger et al., Energy—energy corre-
lations in e e annihilation into hadrons. Phys. Lett. B 99, 292
(1981). https://doi.org/10.1016/0370-2693(81)91128-X

CELLO Collaboration, H.J. Behrend et al., On the model depen-
dence of the determination of the strong coupling constant in sec-
ond order QCD from ¢ ¢ annihilation into hadrons. Phys. Lett. B
138, 311 (1984). https://doi.org/10.1016/0370-2693(84)91667-8
JADE Collaboration, W. Bartel et al., Measurements of energy cor-
relations in e "¢~ — hadrons. Z. Phys. C 25, 231 (1984). https://
doi.org/10.1007/BF01547922

TASSO Collaboration, W. Braunschweig et al., A study of energy—
energy correlations between 12 and 46.8 GeV c.m. energies. Z.
Phys. C 36, 349 (1987). https://doi.org/10.1007/BF01573928
MARKIJ Collaboration, B. Adeva et al., Model-independent
second-order determination of the strong-coupling constant
o,. Phys. Rev. Lett. 50, 2051 (1983). https://doi.org/10.1103/
PhysRevLett.50.2051

MARKII Collaboration, D. Schlatter et al., Measurement of energy
correlations in e"e™ — hadrons. Phys. Rev. Lett. 49, 521 (1982).
https://doi.org/10.1103/PhysRevLett.49.521

MAC Collaboration, E. Ferndndez et al., Measurement of energy—
energy correlations in eTe” — hadrons at /5 = 29 GeV. Phys.
Rev. D 31, 2724 (1985). https://doi.org/10.1103/PhysRevD.31.
2724

TOPAZ Collaboration, I. Adachi et al., Measurements of «; in
e*e™ annihilation at /s = 53.3 GeV and 59.5 GeV. Phys. Lett. B
227, 495 (1989). https://doi.org/10.1016/0370-2693(89)90969-6
ALEPH Collaboration, D. Decamp et al., Measurement of o,
from the structure of particle clusters produced in hadronic Z
decays. Phys. Lett. B 257, 479 (1991). https://doi.org/10.1016/
0370-2693(91)91926-M

DELPHI Collaboration, P. Abreu et al., Energy—energy correlations
in hadronic final states from Z° decays. Phys. Lett. B 252, 149
(1990). https://doi.org/10.1016/0370-2693(90)91097-U

OPAL Collaboration, M.Z. Akrawy et al., A measurement of energy
correlations and a determination of a (M;o) in e e annihilations

at /s = 91 GeV. Phys. Lett. B 252, 159 (1990). https://doi.org/
10.1016/0370-2693(90)91098-V

L3 Collaboration, B. Adevaetal., Determination of o; from energy-
energy correlations measured on the 7" resonance. Phys. Lett. B
257,469 (1991). https://doi.org/10.1016/0370-2693(91)91925-L
SLD Collaboration, K. Abe et al., Measurement of o (M%) from
hadronic event observables at the Z° resonance. Phys. Rev. D 51,
962 (1995). https://doi.org/10.1103/PhysRevD.51.962

A. Ali, F. Barreiro, An O(O‘s)z calculation of energy—energy cor-
relation in ete” annihilation and comparison with experimen-
tal data. Phys. Lett. B 118, 155 (1982). https://doi.org/10.1016/
0370-2693(82)90621-9

A. Ali, F. Barreiro, Energy—energy correlations in ete annihi-
lation. Nucl. Phys. B 236, 269 (1984). https://doi.org/10.1016/
0550-3213(84)90536-4

D.G. Richards, W.J. Stirling, S.D. Ellis, Second order corrections
to the energy—energy correlation function in quantum chromody-
namics. Phys. Lett. B 119, 193 (1982). https://doi.org/10.1016/
0370-2693(82)90275-1

E.W.N. Glover, M.R. Sutton, The energy—energy correlation func-
tion revisited. Phys. Lett. B 342, 375 (1995). https://doi.org/10.
1016/0370-2693(94)01354-F. arXiv:hep-ph/9410234

A. Ali, E. Pietarinen, W.J. Stirling, Transverse energy—energy cor-
relations: a test of perturbative QCD for the proton—antiproton

@ Springer


https://doi.org/10.1007/BF01557575
https://doi.org/10.1007/BF01557575
https://doi.org/10.1007/BF01552339
https://doi.org/10.1140/epjc/s10052-009-1149-1
https://doi.org/10.1140/epjc/s10052-009-1149-1
http://arxiv.org/abs/0810.1389
https://doi.org/10.1140/epjc/s10052-011-1733-z
https://doi.org/10.1140/epjc/s10052-011-1733-z
http://arxiv.org/abs/1101.1470
https://doi.org/10.1140/epjc/s2004-01891-4
https://doi.org/10.1140/epjc/s2003-01198-0
https://doi.org/10.1140/epjc/s2003-01198-0
http://arxiv.org/abs/hep-ex/0307048
https://doi.org/10.1016/S0370-2693(02)01814-2
https://doi.org/10.1016/S0370-2693(02)01814-2
http://arxiv.org/abs/hep-ex/0206052
https://doi.org/10.1140/epjc/s2003-01148-x
http://arxiv.org/abs/hep-ex/0211040
https://doi.org/10.1016/j.nuclphysb.2006.05.016
https://doi.org/10.1016/j.nuclphysb.2006.05.016
http://arxiv.org/abs/hep-ex/0604032
https://doi.org/10.1016/S0370-2693(97)00754-5
http://arxiv.org/abs/hep-ex/9706002
https://doi.org/10.1007/s100520000344
https://doi.org/10.1007/s100520000344
http://arxiv.org/abs/hep-ex/9912052
https://doi.org/10.1140/epjc/s2006-02493-x
http://arxiv.org/abs/hep-ex/0512014
https://doi.org/10.1103/PhysRevD.83.112007
https://doi.org/10.1103/PhysRevD.83.112007
http://arxiv.org/abs/1103.5143
https://doi.org/10.1016/j.physletb.2011.03.060
http://arxiv.org/abs/1102.0068
https://doi.org/10.1140/epjc/s10052-012-2211-y
https://doi.org/10.1140/epjc/s10052-012-2211-y
http://arxiv.org/abs/1206.2135
https://doi.org/10.1016/0031-9163(64)91176-X
https://doi.org/10.1016/0031-9163(64)91176-X
https://doi.org/10.1103/PhysRevD.1.1416
https://doi.org/10.1103/PhysRevD.1.1416
https://doi.org/10.1103/PhysRevLett.41.1585
https://doi.org/10.1103/PhysRevLett.41.1585
https://doi.org/10.1016/0370-2693(81)91128-X
https://doi.org/10.1016/0370-2693(84)91667-8
https://doi.org/10.1007/BF01547922
https://doi.org/10.1007/BF01547922
https://doi.org/10.1007/BF01573928
https://doi.org/10.1103/PhysRevLett.50.2051
https://doi.org/10.1103/PhysRevLett.50.2051
https://doi.org/10.1103/PhysRevLett.49.521
https://doi.org/10.1103/PhysRevD.31.2724
https://doi.org/10.1103/PhysRevD.31.2724
https://doi.org/10.1016/0370-2693(89)90969-6
https://doi.org/10.1016/0370-2693(91)91926-M
https://doi.org/10.1016/0370-2693(91)91926-M
https://doi.org/10.1016/0370-2693(90)91097-U
https://doi.org/10.1016/0370-2693(90)91098-V
https://doi.org/10.1016/0370-2693(90)91098-V
https://doi.org/10.1016/0370-2693(91)91925-L
https://doi.org/10.1103/PhysRevD.51.962
https://doi.org/10.1016/0370-2693(82)90621-9
https://doi.org/10.1016/0370-2693(82)90621-9
https://doi.org/10.1016/0550-3213(84)90536-4
https://doi.org/10.1016/0550-3213(84)90536-4
https://doi.org/10.1016/0370-2693(82)90275-1
https://doi.org/10.1016/0370-2693(82)90275-1
https://doi.org/10.1016/0370-2693(94)01354-F
https://doi.org/10.1016/0370-2693(94)01354-F
http://arxiv.org/abs/hep-ph/9410234

872 Page 20 of 34

Eur. Phys. J. C (2017) 77:872

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

collider. Phys. Lett. B 141, 447 (1984). https://doi.org/10.1016/
0370-2693(84)90283-1

A. Ali, F. Barreiro, J. Llorente, W. Wang, Transverse energy—energy
correlations in next-to-leading order in oy at the LHC. Phys. Rev. D
86, 114017 (2012). https://doi.org/10.1103/PhysRevD.86.114017.
arXiv:1205.1689 [hep-ph]

Z. Nagy, Three-jet cross-sections in hadron—hadron collisions at
NLO. Phys. Rev. Lett. 88, 122003 (2002). https://doi.org/10.1103/
PhysRevLett.88.122003. arXiv:hep-ph/0110315

Z. Nagy, Next-to-leading order calculation of three-jet
observables in hadron-hadron collisions. Phys. Rev. D 68,
094002 (2003). https://doi.org/10.1103/PhysRevD.68.094002.
arXiv:hep-ph/0307268

G. Altarelli, The Development of Perturbative QCD (World Scien-
tific, Singapore, 1994). https://doi.org/10.1142/9789814354141
ATLAS Collaboration, Measurement of transverse energy—energy
correlations in multi-jet events in pp collisions at /s = 7 TeV
using the ATLAS detector and determination of the strong coupling
constant org (m ). Phys. Lett. B 750, 427 (2015). https://doi.org/10.
1016/j.physletb.2015.09.050. arXiv:1508.01579 [hep-ex]

D.E. Kaplan, M.D. Schwartz, Constraining light colored particles
with event shapes. Phys. Rev. Lett. 101, 022002 (2008). https://doi.
org/10.1103/PhysRevLett.101.022002. arXiv:0804.2477 [hep-ph]
D. Becciolini et al., Constraining new coloured matter from the
ratio of 3- to 2-jets cross sections at the LHC. Phys. Rev. D
91, 015010 (2015). https://doi.org/10.1103/PhysRevD.91.015010.
arXiv:1403.7411 [hep-ph]

ATLAS Collaboration, The ATLAS experiment at the CERN large
hadron collider. JINST 3, SO8003 (2008). https://doi.org/10.1088/
1748-0221/3/08/S08003

ATLAS Collaboration, Performance of the ATLAS trigger system
in 2010. Eur. Phys. J. C 72, 1849 (2012). https://doi.org/10.1140/
epjc/s10052-011-1849-1. arXiv:1110.1530 [hep-ex]

ATLAS Collaboration, The ATLAS simulation infrastructure.
Eur. Phys. J. C 70, 823 (2010). https://doi.org/10.1140/epjc/
$10052-010-1429-9. arXiv:1005.4568 [physics.ins-det]
GEANT#4 Collaboration, S. Agostinelli et al., Geant4—a simu-
lation toolkit. Nucl. Instrum. Methods A 506, 250-303 (2003).
https://doi.org/10.1016/S0168-9002(03)01368-8

T. Sjostrand et al., High-energy-physics event generation with
PYTHIA 6.1. Comput. Phys. Commun. 135, 238 (2001). https://
doi.org/10.1016/S0010-4655(00)00236-8. arXiv:hep-ph/0010017
H.L. Lai et al., New parton distributions for collider physics. Phys.
Rev. D 82, 074024 (2010). https://doi.org/10.1103/PhysRevD.82.
074024. arXiv:1007.2241 [hep-ph]

ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes ATL-
PHYS-PUB-2012-003 (2012). https://cds.cern.ch/record/ 1474107
B. Andersson, G. Gustafson, G. Ingelman, T. Sjostrand, Parton
fragmentation and string dynamics. Phys. Rep. 97, 31 (1983).
https://doi.org/10.1016/0370-1573(83)90080-7

M. Bahr et al., Herwig++ physics and manual. Eur. Phys. J. C
58, 639 (2008). https://doi.org/10.1140/epjc/s10052-008-0798-9.
arXiv:0803.0883 [hep-ph]

J. Pumplin etal., New generation of parton distributions with uncer-
tainties from global QCD analysis. JHEP 0207, 012 (2002). https://
doi.org/10.1088/1126-6708/2002/07/012. arXiv:hep-ph/0201195
S. Gieseke, C. Rohr, A. Siédmok, Colour reconnections in Her-
wig++. Eur. Phys. J. C 72, 2225 (2012). https://doi.org/10.1140/
epjc/s10052-012-2225-5. arXiv:1206.0041 [hep-ph]

J.M. Butterworth, J.R. Forshaw, M.H. Seymour, Multiparton inter-
actions in photoproduction at HERA. Z. Phys. C 72, 637 (1996).
https://doi.org/10.1007/s002880050286. arXiv:hep-ph/9601371
T. Gleisberg et al., Event generation with SHERPA 1.1. JHEP
0902, 007 (2008). https://doi.org/10.1088/1126-6708/2009/02/
007. arXiv:0811.4622

@ Springer

57.

58.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

S. Catani, F. Krauss, R. Kuhn, B.R. Webber, QCD Matrix elements
+ parton showers. JHEP 0111, 063 (2001). https://doi.org/10.1088/
1126-6708/2001/11/063. arXiv:hep-ph/0109231

M. Cacciari, G.P. Salam, G. Soyez, The anti-k;, jet cluster-
ing algorithm. JHEP 063, 0804 (2008). https://doi.org/10.1088/
1126-6708/2008/04/063. arXiv:0802.1189 [hep-ph]

M. Cacciari, G.P. Salam, G. Soyez, Fastlet user manual.
Eur. Phys. J. C 072, 1896 (2012). https://doi.org/10.1140/epjc/
$10052-012-1896-2. arXiv:1111.6097 [hep-ph]

W. Lampl, et al., Calorimeter clustering algorithms: description
and performance ATLAS-LARG-PUB-2008-002 (2008). http://
cds.cern.ch/record/1099735

C. Issever, K. Borras, D. Wegener, An improved weighting algo-
rithm to achieve software compensation in a fine grained LAr
calorimeter. Nucl. Instrum. Methods A 545, 803 (2005). https://
doi.org/10.1016/j.nima.2005.02.010. arXiv:physics/0408129
ATLAS Collaboration, Local hadronic calibration ATL-LARG-
PUB-2009-001-2 (2009). http://cds.cern.ch/record/1112035
ATLAS Collaboration, Jet energy measurement and its systematic
uncertainty in proton—proton collisions at /s = 7 TeV with the
ATLAS detector. Eur. Phys. J. C 75, 17 (2015). https://doi.org/10.
1140/epjc/s10052-014-3190-y. arXiv:1406.0076

ATLAS Collaboration, Characterisation and mitigation of beam-
induced backgrounds observed in the ATLAS detector during the
2011 proton—proton run. JINST 8, PO7004 (2013). https://doi.org/
10.1088/1748-0221/8/07/P07004. arXiv:1303.0223 [hep-ex]
ATLAS Collaboration, Measurement of dijet azimuthal decorre-
lations in pp collisions at /s = 7 TeV. Phys. Rev. Lett. 106,
172002 (2011). https://doi.org/10.1103/PhysRevLett.106.172002.
arXiv:1102.2696 [hep-ex]

ATLAS Collaboration, Measurements of jet vetoes and azimuthal
decorrelations in dijet events produced in pp collisions at
/s = 7 TeV using the ATLAS detector. Eur. Phys. J. C 74,
3117 (2014). https://doi.org/10.1140/epjc/s10052-014-3117-7.
arXiv:1407.5756 [hep-ex]

G. D’Agostini, A multidimensional unfolding method based on
Bayes’ theorem. Nucl. Instrum. Methods A 362, 487 (1995).
https://doi.org/10.1016/0168-9002(95)00274-X

T. Adye, Unfolding algorithms and tests using RooUnfold (2011).
arXiv:1105.1160 [physics.data-an]

ATLAS Collaboration, Jet energy resolution in proton—proton col-
lisions at /s = 7 TeV recorded in 2010 with the ATLAS detec-
tor. Eur. Phys. J. C 73, 2306 (2013). https://doi.org/10.1140/epjc/
$10052-013-2306-0. arXiv:1210.6210 [hep-ex]

L.A. Harland-Lang, A.D. Martin, P. Motylinski, R.S. Thorne, Par-
ton distributions in the LHC era: MMHT 2014 PDFs. Eur. Phys. J.C
75, 204 (2015). https://doi.org/10.1140/epjc/s10052-015-3397-6.
arXiv:1412.3989 [hep-ph]

S.Dulatetal., New parton distribution functions from a global anal-
ysis of quantum chromodynamics. Phys. Rev. D 93, 033006 (2016).
https://doi.org/10.1103/PhysRevD.93.033006. arXiv:1506.07443
[hep-ph]

R.D. Ball et al., Parton distributions for the LHC Run II.
JHEP 04, 040 (2015). https://doi.org/10.1007/JHEP04(2015)040.
arXiv:1410.8849 [hep-ph]

H1 and ZEUS Collaborations, F.D. Aaron et al., Combined mea-
surement and QCD analysis of the inclusive ep scattering cross
sections at HERA. JHEP 01, 109 (2010). https://doi.org/10.1007/
JHEP01(2010)109. arXiv:0911.0884 [hep-ex]

A. Buckley et al., LHAPDF6: parton density access in the LHC
precision era. Eur. Phys. J. C 75, 132 (2015). https://doi.org/10.
1140/epjc/s10052-015-3318-8. arXiv:1412.7420 [hep-ph]

F. Maltoni, T. McElmurry, R. Putman, S. Willenbrock, Choos-
ing the factorization scale in perturbative QCD (2007).
arXiv:hep-ph/0703156


https://doi.org/10.1016/0370-2693(84)90283-1
https://doi.org/10.1016/0370-2693(84)90283-1
https://doi.org/10.1103/PhysRevD.86.114017
http://arxiv.org/abs/1205.1689
https://doi.org/10.1103/PhysRevLett.88.122003
https://doi.org/10.1103/PhysRevLett.88.122003
http://arxiv.org/abs/hep-ph/0110315
https://doi.org/10.1103/PhysRevD.68.094002
http://arxiv.org/abs/hep-ph/0307268
https://doi.org/10.1142/9789814354141
https://doi.org/10.1016/j.physletb.2015.09.050
https://doi.org/10.1016/j.physletb.2015.09.050
http://arxiv.org/abs/1508.01579
https://doi.org/10.1103/PhysRevLett.101.022002
https://doi.org/10.1103/PhysRevLett.101.022002
http://arxiv.org/abs/0804.2477
https://doi.org/10.1103/PhysRevD.91.015010
http://arxiv.org/abs/1403.7411
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1140/epjc/s10052-011-1849-1
https://doi.org/10.1140/epjc/s10052-011-1849-1
http://arxiv.org/abs/1110.1530
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0010-4655(00)00236-8
https://doi.org/10.1016/S0010-4655(00)00236-8
http://arxiv.org/abs/hep-ph/0010017
https://doi.org/10.1103/PhysRevD.82.074024
https://doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
https://cds.cern.ch/record/1474107
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1140/epjc/s10052-008-0798-9
http://arxiv.org/abs/0803.0883
https://doi.org/10.1088/1126-6708/2002/07/012
https://doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
https://doi.org/10.1140/epjc/s10052-012-2225-5
https://doi.org/10.1140/epjc/s10052-012-2225-5
http://arxiv.org/abs/1206.0041
https://doi.org/10.1007/s002880050286
http://arxiv.org/abs/hep-ph/9601371
https://doi.org/10.1088/1126-6708/2009/02/007
https://doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
https://doi.org/10.1088/1126-6708/2001/11/063
https://doi.org/10.1088/1126-6708/2001/11/063
http://arxiv.org/abs/hep-ph/0109231
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://cds.cern.ch/record/1099735
http://cds.cern.ch/record/1099735
https://doi.org/10.1016/j.nima.2005.02.010
https://doi.org/10.1016/j.nima.2005.02.010
http://arxiv.org/abs/physics/0408129
http://cds.cern.ch/record/1112035
https://doi.org/10.1140/epjc/s10052-014-3190-y
https://doi.org/10.1140/epjc/s10052-014-3190-y
http://arxiv.org/abs/1406.0076
https://doi.org/10.1088/1748-0221/8/07/P07004
https://doi.org/10.1088/1748-0221/8/07/P07004
http://arxiv.org/abs/1303.0223
https://doi.org/10.1103/PhysRevLett.106.172002
http://arxiv.org/abs/1102.2696
https://doi.org/10.1140/epjc/s10052-014-3117-7
http://arxiv.org/abs/1407.5756
https://doi.org/10.1016/0168-9002(95)00274-X
http://arxiv.org/abs/1105.1160
https://doi.org/10.1140/epjc/s10052-013-2306-0
https://doi.org/10.1140/epjc/s10052-013-2306-0
http://arxiv.org/abs/1210.6210
https://doi.org/10.1140/epjc/s10052-015-3397-6
http://arxiv.org/abs/1412.3989
https://doi.org/10.1103/PhysRevD.93.033006
http://arxiv.org/abs/1506.07443
https://doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
https://doi.org/10.1007/JHEP01(2010)109
https://doi.org/10.1007/JHEP01(2010)109
http://arxiv.org/abs/0911.0884
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://doi.org/10.1140/epjc/s10052-015-3318-8
http://arxiv.org/abs/1412.7420
http://arxiv.org/abs/hep-ph/0703156

Eur. Phys. J. C (2017) 77:872 Page 21 of 34 872

76. CMS Collaboration, Measurement of the ratio of the inclusive 3-jet 82. CMS Collaboration, Measurement and QCD analysis of double-

cross section to the inclusive 2-jet cross section in pp collisions at differential inclusive jet cross-sections in pp collisions at /s =
/s = 7TeV and first determination of the strong coupling constant 8 TeV and ratios to 2.76 and 7 TeV. JHEP 1703, 156 (2017). https://
in the TeV range. Eur. Phys. J. C 73, 2604 (2013). https://doi.org/ doi.org/10.1007/JHEP03(2017)156. arXiv:1609.05331 [hep-ex]
10.1140/epjc/s10052-013-2604-6. arXiv:1304.7498 [hep-ex] 83. CMS Collaboration, Determination of the top-quark pole mass
77. ATLAS Collaboration, Further ATLAS tunes of PYTHIA 6 and and strong coupling constant from the #f production cross
Pythia 8 ATL-PHYS-PUB-2011-014 (2011). https://cds.cern.ch/ section in pp collisions at /s = 7 TeV. Phys. Lett. B
record/ 1400677 728, 496 (2013). https://doi.org/10.1016/j.physletb.2013.12.009.
78. R. Corke, T. Sjostrand, Interleaved parton showers and tun- doi:10.1016/j.physletb.2014.08.040. arXiv:1307.1907 [hep-ex]
ing prospects. JHEP 03, 032 (2011). https://doi.org/10.1007/ 84. B. Malaescu, P. Starovoitov, Evaluation of the strong coupling
JHEP03(2011)032 constant o; using the ATLAS inclusive jet cross-section data.
79. C. Patrignani et al. (Particle Data Group), Review of particle Eur. Phys. J. C 72, 2041 (2012). https://doi.org/10.1140/epjc/
physics. Chin. Phys. C 40, 100001 (2016). https://doi.org/10.1088/ $10052-012-2041-y. arXiv:1203.5416 [hep-ph]
1674-1137/40/10/100001 85. DO Collaboration, V.M. Abazov et al., Measurement of angu-
80. CMS Collaboration, Measurement of the inclusive 3-jet produc- lar correlations of jets at /s = 1.96 TeV and determination
tion differential cross section in proton—proton collisions at 7 TeV of the strong coupling at high momentum transfers. Phys. Lett.
and determination of the strong coupling constant in the TeV B 718, 56 (2012). https://doi.org/10.1016/j.physletb.2012.10.003.
range. Eur. Phys. J. C75, 186 (2015). https://doi.org/10.1140/epjc/ arXiv:1207.4957 [hep-ex]
$10052-015-3376-y. arXiv:1412.1633 [hep-ex] 86. DO Collaboration, V.M. Abazov et al., Determination of the strong
81. CMS Collaboration, Constraints on parton distribution functions coupling constant from the inclusive jet cross section in p p colli-
and extraction of the strong coupling constant from the inclusive sions at 4/s = 1.96 TeV. Phys. Rev. D 80, 111107 (2009). https://
jet cross section in pp collisions at /s = 7 TeV. Eur. Phys. J. C doi.org/10.1103/PhysRevD.80.111107. arXiv:0911.2710 [hep-ex]
75, 288 (2015). https://doi.org/10.1140/epjc/s10052-015-3499-1. 87. ATLAS Collaboration, ATL-GEN-PUB-2016-002 ATLAS Com-
arXiv:1410.6765 [hep-ex] puting Acknowledgements 2016-2017. https://cds.cern.ch/record/
2202407
ATLAS Collaboration
M. Aaboud"”’, G. Aad®®, B. Abbott'"”, J. Abdallah®, O. Abdinov'>", B. Abeloos'"?, S. H. Abidi'®', 0. S. AbouZeid'*,
N. L. Abraham™!, H. Abramowicz'®>, H. Abreu'>*, R.Abreu!'®, Y. Abulaiti'*®*!'*%®  B.S. Acharya'¢7*16702
S. AdachilS7, L. Adamczyk“a, J. Adelman“o, M. Adersbergerloz, T. Adyel33, A.A. Affolderl39, T. Agatonovic-]ovinm,

C. Agheorghieseizgc, J. A. Aguilar—Saavedralzsa’l28f, S.P. Ahlen24, F. Ahmadovﬁg’b, G. Aielli . S. Akatsuka71 s

H. Akerstedt' ' T P A. Akesson®, E. Akilli’%, A. V. Akimov’®, G. L. Alberghi’*****, J. Albert'’*, P. Albicocco’’,
M. J. Alconada Verzini74, M. Aleksa32, I N. Aleksandrovﬁg, C. Alexa28b, G. AlexanderlSS, T. Alexopouloslo,
M. Alhroob'®,  B. A%, M. Aliev’®*"®®,  G. Alimonti’*®, J. Alison>, S.P. Alkire®>, B. M. M. Allbrooke .,

135a,135b
172

B.W. Allen''®, P.P. Allport'’®, A. Aloisio'**!1%® A Alonso®, F Alonso™, C. Alpi iani'*’,  A. A. Alshehri®®,
M. L Alstatygg, B. Alvarez Gonzalez32, D. Alvarez Piqueras”o, M. G. Alviggi 0 aJOﬁb, B.T. Amadiol6,
128a,128¢c 128a,128b

Y. Amaral Coutinho%a, C. Amelungzs, D. Amideigz, S. P. Amor Dos Santos , A. Amorim , S. Amoroso32,
G. Amundsenzs, C. Anastopoulosm, L.S. Ancusz, N. Andaril9, T. Andeen”, C.F Anders60 . J.K. Anders77,

K. J. Anderson’>, A. Andreazza "**** V. Andrei®®, S. Angelidakisg, L. AngelozzilO9, A. Angerami38, A. V. Anisenkov' ¢,

b

N. Anjosl3, A. Annovi126a’]26b, C. Anteléoa, M. AntonelliSO, A. Antonovloo’*, D.J. Antrim166, F. Anulli134a, M. Aokiég,
L. Aperio Bella32, G. Arabidze%, Y. Arai69, J.P. Araquelzsa, V. Araujo Ferra226a, A.T. H. Arce48, R.E. Ardellso,
F. A. Arduh74, J-F. Arguin97, S. Argyropoulosﬁé, M. Arikzoa, A.J. Armbruster32, L.J. Armitage79, 0. Arnaezlél,

H. Arnold51 , M. Arratia30, 0. Arslan23, A. Artamonovgg, G. Artonilzz, S. Art286, S. Asai]57, N. Asbah45, A. Ashkenazilss,

L. Asquith151 , K. Assamagan27, R. Astalosl%a, M. Atkinson]69, N. B. Atlay]43, K. Augstenl30, G. Av01i032, B. Axen]6,

M. K. Ayoub1 19, G. Azuelosg7’d, A.E. BaasGOa, M. J. Bacalg, H. Bachacou]38, K. Bachas76a’76b, M. Backeslzz,

2 . 134a,134 .144 . 133 .. 1 . 111
M. Backhaus3 , P. Bagnaia 34a, b, H. Bahrasemani ', J. T. Baines ~°, M. Ba]1039, O. K. Baker 79, E. M. Baldin' ¢,
175 138 124 176,¢

P.Balek ~, F. Balli™", W.K.Balunas =, E. Banas42, Sw. Banerjee , A.A.E. Bannoura”g, L. Barak32,

E. L. Barberiogl, D. Barberis53a’53b, M. Barberogg, T. Barillarilm, M-S. Barisits32, J.T. Barkeloollg, T. Barklow145,

N. Barlow30, S.L. Barnes36°, B. M. Barnett133, R. M. Barnett16, Z. Barnovska—Blenessy36a, A. Baroncelli136a,

G. Barone25, A.J. Barrlzz, L. Barranco Navarro”o, F. Barreiross, J. Barreiro Guimaraes da CostaSSa, R. Bartoldusl45,
A.E. Barton75, P. Bar’tosl46a, A. Basalaevlzs, A. Bassalat“g’f, R. L. BatesS6, S.J. Batistam, J.R. Batley30, M. BattagliaBg,
M. Bauce134a’134b, F. Bauerl38, H. S. Bawal45’g, J.B. Beacham“a, M. D. Beattie75, T. Beauga, P. H. Beaucheminl65,
P. Bechtle23, H.P. Beckls’h, K. Beckerlzz, M. Beckergﬁ, M. Beckinghaml73, C. Becotuz, Al. BeddallZOd, A. Beddalleb,

V. A. Bednyakovég, M. Bedognettim9, C.P Beelso, T. A. Beermann32, M. Begalli%a, M. Beg6127, J. K. Behr45,

@ Springer


https://doi.org/10.1140/epjc/s10052-013-2604-6
https://doi.org/10.1140/epjc/s10052-013-2604-6
http://arxiv.org/abs/1304.7498
https://cds.cern.ch/record/1400677
https://cds.cern.ch/record/1400677
https://doi.org/10.1007/JHEP03(2011)032
https://doi.org/10.1007/JHEP03(2011)032
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1140/epjc/s10052-015-3376-y
https://doi.org/10.1140/epjc/s10052-015-3376-y
http://arxiv.org/abs/1412.1633
https://doi.org/10.1140/epjc/s10052-015-3499-1
http://arxiv.org/abs/1410.6765
https://doi.org/10.1007/JHEP03(2017)156
https://doi.org/10.1007/JHEP03(2017)156
http://arxiv.org/abs/1609.05331
https://doi.org/10.1016/j.physletb.2013.12.009. doi:10.1016/j.physletb.2014.08.040
https://doi.org/10.1016/j.physletb.2013.12.009. doi:10.1016/j.physletb.2014.08.040
http://arxiv.org/abs/1307.1907
https://doi.org/10.1140/epjc/s10052-012-2041-y
https://doi.org/10.1140/epjc/s10052-012-2041-y
http://arxiv.org/abs/1203.5416
https://doi.org/10.1016/j.physletb.2012.10.003
http://arxiv.org/abs/1207.4957
https://doi.org/10.1103/PhysRevD.80.111107
https://doi.org/10.1103/PhysRevD.80.111107
http://arxiv.org/abs/0911.2710
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407

872 Page 22 of 34 Eur. Phys. J. C (2017) 77:872

155 22a

A. S. Bellgl, G. Bella™", L. Bellagamba™", A. Bellerive“, M. Bellom0154, K. Belotskiyloo, 0. Beltramello32,
148a,148b 155

N. L. Belyaevloo, 0. Benary155’$, D. Benchekrounl37a, M. Benderloz, K. Bendtz ,N. Benekoslo, Y. Benhammou 7,
E. Benhar Noccioliwg, J. Benitezﬁé, D.P Benjamin48, M. Benoitsz, J.R. Bensingerzs, S. BentvelsenlOQ, L. Beresfordlzz,

M. Berettaso, D. Bergelog, E. Bergeaas Kuutmannmg, N. Bergers, 1. Beringerm, S. Berlendissg, N.R. Bernardgg,

G. Bernardi83, C. Berniusl45, F. U. BernlochnerZS, T. Berrygo, P. Berta13l, C. Bertella353, G. Bertolil48a’l48b,
148a,148b

j126a,126b 75, C. Bertsche45, D. Bertsche“s, G.J. Besjes”, 0. Bessidskaia Bylund s
127

F. Bertolucci , L A.Bertram
M. Bessner45, N. BessonBS, C. BetancourtSl, A. Bethani87, S. Bethkel(B, A.J. Bevan79, J. Beyer103, R. M. Bianchi *',
136a

0. Biebelloz, D. Biedermann”, R. Bielski87, N. V. Biesuznéa’l%b, M. Biglietti ", J. Bilbao De Mendizabalsz,

T.R. V. Billoud”’, H. Bilokon™’, M. Bindi°’, A. Bingul’”, C. Bini'***!3% 22220

, S. Biondi , T. Bisan257, C. Bittrich47,
D. M. Bjergaard®, C. W. Black'”?, J. E. Black'*

. K. M. Black®*, R. E. Blair®, T. Blazek'**®, 1. Bloch®’, C. Blocker”,
A. Blue56, W. Blum86’*, U. Blumenschein79, S. Blunier34a, G.J. Bobbinklog, V. S. Bobrovnikov“l’c, S.S. Bocchetta84,

A. Bocci48, C. Bockloz, M. Boehlerﬂ, D. Boerner178, D. Bogavacloz, A. G. Bogdanchikovm, C. Bohm14ga, V. Boisvertgo,

P. Bokanms’i, T. B01d4la, A. S. BoldyreVlOl, A.E. BolzﬁOb, M. Bomben83, M. Bona79, M. Boonekampng, A. Borisov132,
G. Borissov75, J. Bortfeldt32, D. Bortolettolzz, V. Bortolotto

62a.620.62¢ 1y Bischerini2>®, M. Bosman'>, J. D. Bossio Sola”’,
J. Boudreau127, J. Bouffardz, E. V. Bouhova—Thacker75, D. Boumediene37, C. Bourdarioslw, S. K. BoutleS6, A. Boveia“3,
J. Boyd32, I.R. Boyko68, J. Braciniklg, A. Brandtg, G. Brandt57, 0. Brandtﬁoa, U. Bratzlerlsg, B. Brau89, J.E. Brau“g,
W. D. Breaden Madden56, K. Brendlinger45, Al Brennangl, L. Brennerlog, R. Brennermg, S. Bressler”s, D. L. Briglinlg,
T. M. Brist0w49, D. Brittonsﬁ, D. Britzger45, F. M. Brochu30, 1. Brock23, R. Brock93, G. Brooijmans38, T. Brooks™",
W. K. Brooks34b, J. Brosamerl(), E. Brostlm, J.H Broughtonlg, P. A. Bruckman de Renstrom42, D. Bruncko s

A. Brunizza, G. Brunizza, L.S. Bruni109, BH Bruntso, M. Bruschizza, N. Bmscin023, P. Bryant33, L. Bryngemark45,
143 51 121

T. Buanesls, Q. Buat144, P. Buchholz' =, A.G. Buckley56, L A. Budagovég, F. Buehrer, M. K. Bugge =,

0. Bulekovloo, D. Bullockg, T.J. Burch”o, S.Burdin77, C.D. BurgardSI, A. M. Burgers, B.Burghgrave”o,
K. Burka42, S. Burkel33, I. Burmeister46, J. T.P.Burruz, E. Busato37, D. BiischerSI, V. Biischergé, P. Bussey56,

J. M. Butler”, C.M. Buttar™®, J. M. Butterworth®', P. Butti’’, W. Buttinger”’, A.Buzatu®*, A.R.Buzykaev''',
170

S. Cabrera Urban ', D. Cafori0130, V. M. Cairo4oa’40b, 0. Cakir4a, N. Calacesz, P. Calaﬁuralé, A. Calandrisg,

G. Calderini83, P. Calfayan64, G. Callea40a’40b, L.P Caloba26a, S. Calvente LopeZSS, D. Calvet37, S. Calvet37,

3 . 3 .
T.P. Calvetgg, R. Camacho T0r033, S. Camarda 2, P. Carnarr1135a’1 Sb, D. Cameron121, R. Caminal Armadansl69,

. 2 .81 .94a,94 14 106a,1
C. CamlncherSB, S. Campana3 , M. Carnpanelh8 ., A Camplanl9 3,9 b, A. Campoverde 3, V. Canale 06a, 06b,
40a,40b

M. Cano Bret36c, J. Canterolm, T. CaolSS, M. D. M. Capeans Garrid032, L Caprining, M. Caprining, M. Capua s
.94a,94b

R. M. Carbone’®, R. Cardarelli'*** F. Cardillo’", I. Carli"*', T. Carli**, G. Carlino'®®*, B. T. Carlson'?’, L. Carminati ,
R. M. D. Carneyl48a’l48b, S. CaronlOS, E. Carquin34b, S. Carré94a’94b, G.D. Carrillo-Montoya32, J. Carvalholzga’lzsc,
D. Casadeilg, M. P. Casad013’j, M. Casolinom, D. W. Casper166, R. Castelijnlog, V. Castillo Gimenez”o, N. FE Castrouga’k,
A. Catinaccio32, J.R. Catmorem, A. Cattai32, J. Caudr0n23, V. Cavalierelég, E. CavallarolS, D. Cavallig4a,

M. Cavalh-Sforzal , V. Cavasmml%a’l%b, E. Celeblzoa, F. Cerad1n1136a’136b, L. Cerda Alberlch”O, A. S.Cerque1ra26b,
20c 137a

A. Cerri™', L. Cerrito!¥*1%°  E Cerutti'®, A. Cervelli'®, S.A.Cetin®®, A.Chafaq'”’®, D. Chakraborty''’,

S.K.Chan™, W.S.Chan'”, Y.L.Chan®®, P.Chang'®, 7J.D.Chapman®, D.G. Charlton'’, C.C.Chau'®,

C. A. Chavez BarajaslSI, S. Che”3, S. Cheatham167a’]67c, A. Chegwidden%, S. Chekanové, S. V. Chekulaev163a,
G. A. Chelkov®®'!, M. A. Chelstowska®®, C.Chen®”, H.Chen’’, S.Chen’, S.Chen"’, X.Chen®™, Y.Chen',
H. C. Cheng92, H.J. ChengBSa, A. Cheplakovﬁg, E. CheremushkinaBz, R. Cherkaoui El Moursli137e, V. Chernyatin27’*,
E.Cheu’, K. Cheung®, L. Chevalier'”®, V. Chiarella®, G. Chiarelli'***'*®*| G. Chiodini’®, A.S. Chisholm®,
A. Chitan®®®, Y. H. Chiu'”®, M. V. Chizhov®, K. Choi®, A.R.Chomont’’, S.Chouridou'>®, V. Christodoulou®',
D. Chromek-Burckhart’>, M. C. Chu®**, J. Chudoba'?’, A. J. Chuinard”, J. J. Chwastowski*?, L. Chytka''’, A. K. Ciftci*®,
D. Cinca46, V. Cindro78, I A. CioaraB, C. Ciocca2za’22b, A. Ciociom, F. Cirottol%a’wﬁb, Z. H. Citron”s, M. Citterio%a,
M. Ciubancanng, A. Clarksz, B. L. Clarksg, M. R. Clark38, P.J. Clark49, R. N. Clarkem, C. Clementl48a’l48b, Y. Coadougg,
M. Coball67a’167c, A. Coccarosz, J. Cochran67, L. Colasurdolog, B. Cole38, A. P Colijnlog, J. Collotss, T. Colombol66,
P. Conde Muiﬁolzga’ugb, E. Coniavitis51, S. H. Connelll47b, I. A. Connelly87, S. Constantinescung, G. Conti32,
F. Conventil%a’n, M. Cookel6, A. M. Cooper—Sarkaruz, F. Cormierm, K. J.R. Cormierlﬁl, M. Corr.’:1dil34a’l34b
F. Corriveaugo’o, A. Cortes—Gonzalez32, G. Cortianal(B, G. Costa94a, M. J. Costano, D. Costanzom, G. Cottin30,
G. Cowango, B. E. Cox87, K. Cranmer“z, S.J. Crawley56, R.A. Creager124, G. Cree3l, S. Crépé—RenaudinSS, F. Crescioli83,

W. A. Cribbsl48a’l4gb, M. Cristinziani23, V.Croftlog, G. Crosetti4oa’40b, A. Cuetogs, T. Cuhadar Donszelmannm,

)

@ Springer



Eur. Phys. J. C (2017) 77:872 Page 23 of 34 872

145 9 43 22a,22b

.32 ,

, P Czodrowskl3 ,  G.D’amen s

128a,12 . 41
Sa. Sb, C. Da V1a87, W. Dabrowski~

A. R. Cukierman ™, J. Cummingsl7 , M. Curatoloso, J. ClithS(’, H. Czirrl
S. D’Auria56, L. D’eram083, M. D’Onofri077, M. J. Da Cunha Sargedas De Sousa
T. Dado'*®, T.Dai’’, 0O.Dale', F Dallaire’’, C.Dallapiccola®®, M.Dam®’, J.R.Dandoy'**, M.F. Daneri”,
N.P. Dang”ﬁ, A.C. Daniellslg, N. S. Dann87, M. Danningerm, M. Dano HoffmannBS, V. Daolso, G. DarboSSa,
S. Darmoras, J. Dassoulas3, A. Dattagupta“g, T. Daubney45, W. Davey23, C. David45, T. Davidekm, M. Davieslss,
D.R. Davis48, P. Davisongl, E. Dawegl, 1. Dawsonm, K. Deg, R. de Asmundism(’a, A. De Benedetti“s, S. De Castrozza’ZZb,
S. De Cecc083, N. De Grootmg, P. de Jonglog, H. De la Torre93, F. De Lorenzi67, A. De MariaS7, D. De Pedisl34a,
A. De Salv0]34a, U. De Sanctisl3sa’l35b, A. De Santom, K. De Vasconcelos Corgagg, J. B. De Vivie De Regie1 19,
W.J. Dearnaley75, R. Debb627, C. Debenedetti139, D. V. Dedovichﬁg, N. Dehghanian3, 1. Deigaardlog, M. Del Gaudi040a’40b,
J. Del Peso®, T. Del Prete'?*'?®®  D. Delgove'!?, F. Deliot'*®, C.M. Delitzsch™, A. Dell’Acqua®”, L. Dell’Asta>*,
126a,126b m6a’106b, D. della Volpesz, M. DelmastroS, C. Delporteug, P. A. Delsartss,

M. Dell’Orso , M. Della Pietra
tol 179, M. Demichev68, A. Demilly83, S.P. Denisovl32, D. Denysiuk138, D. Derendarz42,
29

D. A. DeMarco 6 , S. Demers
J.E. Derkaouil37d, F. Derueg3, P. Dervan77, K. Desch23, C. Deterre45, K. Dette46, M. R. Devesa™, P. O. Deviveiros32,

A. Dewhurst'®®, . Dhaliwal”®, F. A.DiBello’, A. Di Ciaccio'>>*'**® L. Di Ciaccio’, W. K. Di Clemente'**,
136,136b * p i Nardo®>, K. F. Di Petrillo>,

C. Di Donatol%a’wéb, A.Di Girolamo32, B. Di Girolamo32, B. Di Micco

A. Di SimoneSI, R. Di Sipiol61, D. Di Valentino31, C. Diaconu88, M. Diamondml, F. A. Dias39, M. A. Diaz34a,
E. B. Diehl’®, J. Dietrich'’, S.Dfez Cornell”’, A. Dimitrievska'?, J. Dingfelder™, P.Dita®*, S.Dita™*", F.Dittus’,
F. Djama™, T.Djobava®®, J.I Djuvsland®®, M. A.B.do Vale®®, D.Dobos’>, M. Dobre’®, C. Doglioni*,
J. Dolejsim, Z. Doleza1131, M. Donad611126d, S. Donatil%a’l%b, P. Donder0123a’123b, J. Donini37, J. Dopkel33,
A. Doriamﬁa, M. T. Dova74, A. T DoyleSG, E. Drechsler57, M. Drislo, Y. Du36b, J. Duarte-Campderroslss, A. Dubreuilsz,
E. Duchovni”s, G. Duckeckloz, A. Ducourthia183, 0. A. Ducu97’p, D. Dudalog, A. Dudarev32, A. Chr. Dudder86,
E. M. Dufﬁe1d16, L. Duﬂot“g, M. Diihrssen32, M. Dumancic”S, A.E. Dumitriung, A. K. Duncan56, M. Dunford6oa,
H. Duran Yildiz*, M. Diiren®®, A. Durglishvili’®®, D. Duschinger’’, B.Dutta®, M. Dyndal®’, B.S.Dziedzic*’,
C. Eckardt”, K. M. Ecker'®, R.C.Edgar’®, T.Eifert’”, G.Eigen'’, K. Einsweiler'®, T. Ekelof'®®, M. El Kacimi'" ",
R. El Kosseifi®®, V. Ellajosyula®™, M. Ellert'®®, S. Elles’, F. Ellinghaus'’®, A. A. Elliot'’?, N. Ellis**, J. Elmsheuser’’,
M. E1sing32, D. Emeliyanovl33, Y. Enari157, 0. C. Endner86, J. S.Ennisl73, J. Erdrnann46, A. Ereditatolg, G. Ernis”g,
M. Ernst27, S. Errede]69, M. Escalier1 19, C. Escobar”o, B. Espositoso, O. Estrada Pastorwo, A. L EtienvreBg,

.1 4 12 .1 .22a,22 .22a,22 . ..
E. Etzion 55, H. Evans6 , A. Ezhilov 5, M. Ezzi 376, F. Fabbri~® b, L. Fabbri~*® b, V. Fabiani 08, G. Facm133,
94a,94b

R. M. Fakhrutdinov'®>, ~ S. Falciano'>*, R.J.Falla®', J.Faltova’>, Y.Fang®®, M. Fanti ., A. Farbin®,

A. Farilla]36a, C. Farina]27, E. M. Farina123a’]23b, T. Farooque%, S. Farrellm, S. M. Farrington]73, P. Farthouat32,

F. Fassi137e, P. Fassnacht32, D. Fassouliotis9, M. Faucci Giannelligo, A. Favaret053a’53b, W. J. Fawcettlzz, L. Fayard“g,
O. L. Fedinlzs’q, W. Fedorkom, S. Feiglm, L. Feligioni88, C. Feng36b, E.J. Feng32, H. Fenggz, M.J. Fenton56,
A.B. Fenyukl32, L. Feremengag, P. Fernandez Martinez”o, S. Fernandez PerezB, J. Ferrand045, A. Ferraril68,
P. Ferrari109, R. Ferrarilz3a, D. E. Ferreira de LimaﬁOb, A. Ferrer”o, D. Ferreresz, C. Ferrettigz, F. Fiedlergé,
A. Filip¢i¢’®, M. Filipuzzi®, F Filthaut'®, M. Fincke-Keeler'’?, K. D. Finelli'>?, M. C. N. Fiolhais'2**'%,
L. Fiorini170, A. Fischerz, C. Fischer13, J. Fischerl78, W. C. Fisher%, N. Flaschel45, 1. Fleck]43, P. Fleischmanngz,

R.R. M. Fletcher124, T. Flick178, B. M. Flierlloz, L. R. Flores Castillo6za, M. J. Flowerdew103, G. T Forcolin87,

A. Formica138, F. A. Fbrsterl3, A. Forti87, A. G. Foster]9, D. Fournier1 19, H. Fox75, S. Fracchiam, P. Francavilla83,
M. Franchini>***®, S. Franchino®®, D. Francis>2, L. Franconi'>', M. Franklin>>, M. Frate'®®, M. Fraternali'>>®!>%®,
D. FreebornSI, S. M. Fressard-Batraneanu32, B. Freund97, D. Froidevaux32, J.A. Frostlzz, C. Fukunagalsg, T. Fusayasu104,
J. Fusterwo, C. Gabaldonsg, 0. Gabizon154, A. Gabriellizza’mb, A. Gabriellim, G.P Gach41a, S. Gadatsch32,
S. Gadomskiso, G. Gagliardi53a’53b, L.G. Gagn0n97, C. Galealog, B. Galhard0128a’128c, E. J. Gallaslzz, B. I Gallopl33,
P. Gallus', G. Galster”, K.K.Gan'", S.Ganguly’’, Y.Gao”’, Y.S.Gao'*>¢, F. M. Garay Walls*, C. Garcfa'”’,
J. E. Garcia Navarro”o, J. A. Garcia Pascual35a, M. Garcia-Scivereslé, R. W. Gardner33, N. GarelliMS, V. Garonnem,
A. Gascon Brav045, K. Gasnikova45, C. Gattiso, A. Gaudie11053a’53b, G. Gaudi0123a, I.L. Gavrilenkogg, C. Gaym,
G. Gaycken®, E.N.Gazis'®, C.N.P.Gee'®, J. Geisen’’, M. Geisen®®, M. P Geisler™, K. Gellerstedt 545
C. GemmeS3a, M. H. Genestsg, C. Geng92, S. Gentilel34a’l34b, C. GentsoslS6, S. Georgego, D. Gerbaudol3, A. Gershonlss,
G. Gef:’)ner46, S. Ghasemil43, M. Ghneimat23, B. Giacobbezza, S. Giagul34a’l34b, P. Giannettil%a’l%b, S. M. Gibsonso,
M. Gignac'’', M. Gilchriese'®, D. Gillberg®', G. Gilles'™® “

. D. M. Gingrich™*, N. Giokaris™", M. P. Giordani'®™!%’,
F. M. Giorgi”*, P. F. Giraud"*®, P. Giromini”’, D. Giugni"*, F. Giuli

122 C. Giuliani'®, M. Giulini®®, B. K. Gjelsten'*',

@ Springer



872 Page 24 of 34 Eur. Phys. J. C (2017) 77:872

156

S. Gkaitatzis'*°®, I. Gkialas’*®, E.L. Gkougkousis'>, P.Gkountoumis'’, L. K. Gladilin'”", C.Glasman®, J. Glatzer",
132

P.C.F Glaysher45, A. Glazov45, M. Goblirsch-Kolbzs, J. Godlewski42, S. Goldfarb91 , T. Golling52, D. Golubkov 77,
A. Gomeslzga’lng’lzgd, R. Gongalo12 ? R. Goncalves Gama26a, J. Goncalves Pinto Firmino Da Costa138, G. Gonella51,
L. Gonellalg, A. Gongadze ., S. Gonzalez de la Hoz 0, S. GonzaleZ-SeVillasz, L. Goossens32, P A. Gorbounovgg,

H. A. Gord0n27, 1. Gorelov]m, B. Gorini*’ , E. Gorini ®*76° , A. Gorisek78, AT Goshaw48, C. Géssling46, M. 1 Gostkin68,
C. A. Gottardo23 C.R. Goudet1 D. Gou]dam1137C 147b’t, E. Gozani154, L. Graber57,

I. Grabowska Bold4121 P.O. I Grad1nl68, J. Gramlingl“, E. Gramstad S. Grancagnolo”, V. Gratchevlzs,

P. M. Grav11a , C. Gray56, H. M. Gray16, Z.D. Greenwood82 YC Grefe , K. Gregersengl, I. M. Gregor45,

P. GrenierMS, K. Grevtsovs, J. Grifﬁthss, A.A. Gri110139, K. Grimm75, S. Grinstein13’v, Ph. Gris37, J.-F. Grivaz“g,

S. GrthG, E. Gross”s, J. Grosse-Knetter57, G. C. Grossisz, Z.]. Groutgl, A. Grummerlm, L. Guangz, W. Guan”(),

J. Guenther®, F. Guescini'®®?®, D. Guest'®®, 0. Gueta!”, B.Gui''®, E.Guido***®®, T. Guillemin’, S.Guindon’,

U. GulSG, C. Gumpert32, J. Guo36°, W. Gu092, Y. Guo36a, R. Gupta43, S. Guptalzz, G. Gustavin0134a’134b, P. Gutierrez“s,

N. G. Gutierrez Ortiz"', C. Gutschow®', C.Guyot'**, M.P. Guzik*"®, C. Gwenlanlzz, C.B. Gwilliam77, A. Haas''?,

C. Haberlﬁ, H. K. HadavandS,N. Haddadl37e, A. Hadet8 8, S. Hagebéck23, M. Hagihara H Hakob%/ ’*, M. Haleem45,
72

J. Haley“ﬁ, G. Halladjian%, G D. Hallewell88 K. Hamacher”g, P. Hamal”7, K Hamano , A Hamilt0n147a,

G.N. Harnity]41 P.G. Hamnett , L. Han%a, S. HangSa K Hanagakl , K Hanawa'’ , M. Hance"? , B. Haney

P. Hanke60a J. B. Hansen , J.D. Hansen M C. Hansen , P. H. Hansen ,K. Hara164, A. S. Hai d176, T. Harenberg s
F. Har1r1119 S. Harkusha , R.D. Harrlngton P F. Harr1s0n173 N M. Hartrnannloz, M. Hasegawa70, Y. Hasegawa142,
A. Ha51b , S. Hassani138, S. Haug ~, R. Hauser L. Hauswald , L.B. Havener38, M. Havranek130 C. M. Hawkes R
R.J. Hawkings32, D. Hayakawalsg, D. Hayden %, C.P Hayslzz, J. M. Hays79, H. S. Hayward77, S.J. Haywood133
S.J. Headlg, T. Heck86, V. Hedberg84, L. Heelang, K. K. HeideggerSI, S. Heim45, T. Heim16, B. He1nemann45’x,

J. I Heinrichloz, L. Heinrich“z, C. Heinzss, J. Hejba1129, L. Helary32, A. Heldm, S. Hellmanmga’mgb, C. Helsens32,

A. G. Goussiou140 N. Govender
121

78’

R.C. W. Henderson75, Y. Hengl76, S. Henkelmannlﬂ, A. M. Henriques Correia32, S. Henrot-Versille1 19, G. H. Herber’t17
H. Herdezs, V. Herget]77, Y. Hernandez Jirnénezl47c, H. Herr86, G. HertenS] , R. Hertenbergerlm, L. Hervas32,
T. C. Herwig]24, G. G. Hesketh®! , N.P Hessey163a, J.W. Hetherly43, S. Higashinoﬁg, E. Hig(’)n-Rodriguez 0,

E. Hill'”?, 7. c Hi*, K H Hiller”, S.7J. Hillier'’, M. Hils*’, I Hinchliffe'®, M. Hirose’', D. Hirschbuehl

B.Hiti’®, O.Hladik'”’, X.Hoad"”, J.Hobbs'’, N.Hod'®*, M. C.Hodgkinson'*', P.Hodgson'*', A.Hoecker”,
127

M. R. Hoeferkamplm, F. Hoenigloz, D. Ho hnz‘ T.R. Holmes33, M. Homann46, S. Hondal64, T. Honda69, T. M. Hong ",

B. H. Hoobermanlég, W. H. Hopkins“S, Y. H0r11105, A.J. Hortonl44, J-Y. HostachySg, S. H0u153, A. Hoummadal37a,

J. Howarth87, J. Hoya74, M. Hrabovsky“7, J. Hrdmka32, I. Hristova”, J. Hn'vnac119
P.J. Hsu®, S.-C. Hsu'*’, Q. Hu’®, S. Hu’®, Y. Huang®®, Z. Hubacek'*"

E. W. Hughes38, G. Hughes75, M. Huhtinen32, P. Huo150

178

, T. Hryn’ovas, A. Hrynevich%,

, F. Hubaut88, F. Huegging23, T. B. Huffmanlzz,

., N. Huseynovﬁg’b, J. Huston%, J. Huthsg, G. Iacobuccisz,

G. IakovidisZ7, I. Ibragimovl43, L. Iconomidou-Fayardllg, Z. Idrissil37e, P. Iengo , O. Igonkinalog’y, T. Iizawa174,
Y. Ikegami69, M. Iken069, Y. Ilchenkoll’z, D. Iliadis156, N. Il'cl45, G. Introzz112321 12%, P. Ioann0u9’*, M. Iodice136a,
K. Iordanidou38, V. Ippolitosg, M. F. Isacsonlég, N. Ishij 2]1ma 20, M. Ish1n0 7, M. Ishitsukang, C. Isseverlzz,
S. Istin®®, F.Ito'®, J. M. Iturbe Ponce®”, R.Iuppa'®**!0°, wasaki®, J.M.Izen™, V.1zz0'%, S.Jabbar’,
P.Jacksonl, R. M. Jacobs23, V. Jainz, K. B.Jakobl , K. Jakobs s S.Jakobsen65, T. Jakoubeklzg, D. O. Jamin“6,
D. K. Janagz, R. Janskysz, J. Janssen23, M. JanusS7, P. A. Janus4la, G. Jarlskog , N. Javadovﬁg’b, T. JavﬁrekSI,
M. JavurkovaSI, F. Jeanneaul38, L. Jeantyl6, J. Jejelava54a’aa, A. Jelinskasm, P. Jennlsl’ab, C. Jeske173, S. Jézéquels,
H. 7%, 7 302", H.Jiang67, Y.Jiang36'a, Z.Jiangms, S.Jigginsgl, J. Jimenez Pena'”’,  S.7Tin>>®, A. Jinaru”®,

0. Jinnouchilsg, H. Jivan147c, P. Johanssonm, K. A. Johns7, C. A. Johnson64, W.J. JohnsonMO, K. Jon-And

151 128a,12 .1 1
R. W. L. Jones75, S. D. Jones 3 , S. Jones7, T. J. Jones77, J. Jongmanns6oa, P. M. Jorge 8a, 8b, J. Jovicevic 63a, X. Ju 76
145 4

A. Juste RozasB’v, M. K. Kéhler”s, A. Kaczmarska42, M. Kado“g, H. KaganlB, M. Kagan ", S.J. Kahn88, T. Kaji17 R

E. Kajomovitz48, C. W. Kalder0n84, A. Kaluzagé, S. Kama43, A. Kamenshch1kov132, N. Kanaya157, L. Kanjir78,

V. A. Kantserovloo, J. Kanzaki69, B. Kaplan“z, L.S. Kaplan”ﬁ, D. Kalr1 7C, K. Karakostaslo, N. Karastathislo,

M. J. Kareem57, E. Karentzoslo, S.N. Karpov68, Z. M. Karpova68, K. Karthlkllz, V. Kartvelishvili75, A. N. Karyukhinl32,

K. KasaharalM, L. KashifmJ, R.D. KasslB, A. KastanasMg, Y. Kataoka157, C. Kat0157, A. Katresz, J. Katzy45,

K. Kawade70, K. Kawagoe73, T. Kawamot0157, G. Kawamura57, E.F. Kay77, V.E Kazaninm’c, R. Keeler”z,
R. Kehoe43, J. S. Keller31, J.J. Kempstergo, J Kendricklg, H. Keoshkerianlél, 0. Kepka , B.P Kersevan78,

S. Kersten”s, R.A. Keyesgo, M. Khader169, F. Khalil-zadalz, A. Khanov116 e

148a,148b

, T. Kharlamova1 )

@ Springer



Eur. Phys. J. C (2017) 77:872 Page 25 of 34 872

160 54b,ac

A. Khodinov ", T.J. Khoosz, V. Khovanskiygg’*, E. Khramov68, J. Khubua
S.H.Kim'*, Y. K. Kim>, N. Kimura'®®, 0. M. Kind"’, B. T. King'’, D. Kirchmeier'’, J. Kirk
T. Kishimoto'”’, D. Kisielewska*'®, V. Kitali*’, K. Kiuchi'®*, 0. Kivernyk’, E. Kladiva' **®

133 10

, A. E. Kiryunin

3

’

, T. Klapdor-Kleingrothaus51

, S.Kido™’, C.R.Kilby*", H. Y. Kim®,

>

M. H. Klein®®, M. Klein’’, U. Klein’’, K. Kleinknecht®®, P. Klimek''’, A. Klimentov?’, R. Klingenberg®®, T. Klingl>,

T. Klioutchnikova®®, E.-E.Kluge®®, P KMuit'”, S.Kluth'®, E.Kneringer™, E.B.F G.Knoops®, A.Knue

A. Kobayashi157 D. Kobayashing, T. Kobayashi157, M. Kobel47, M. Kocian145 P. Kodysm, T. Koffas31, E. Koffeman
N. M. Ktihlerlo3 T. Koi 145 M. Kolb(’Ob, 1. Koletsous, A A. Komar , Y. Komon157 T. Kond069, N. Kondrashova3
K. Koneke l, A. C. Komg , T. Kono69’ad, R. Konoplich“z’ale

A. K. Kop%) , K. Korcyl K. Kordas]56, A. KornSl, A. A. Korol
S. Kortner 7, T. Kos ek YA V. Kostyukhin23, A. Kotwal48, A. Koulourlslo, A. Kourkoumeli—Charalampidi
C. Kourkoumehsg, E. Kourhtls 1, V. Kouskoura27, A. B. Kowalewska42, R. Kowalewskil72, T. Z. Kowalski

C. Kozakai157, W. Kozaneck1138, A. S. Kozhin132, V. A. Kramarenkolm, G. Kramberger78, D. Krasnopevtsev

10
10

111,¢c

41

3
9

s

6¢

N. Konstantlmdls , R. Kopeliansky64, S. Koperny‘”“1

1. Korolkov ,E. V. Korolkovam, 0. Kor’[nerlo3
123a,123b

100

M. W. Krasny8‘ , A. Krasznahorkay 2, D. Krausslog, J.A. Kremer4la, J. Kretzschmar77, K. Kreutzfeldtss, P. Krieger]61

103 129

)
b}
)
)
a
)

)

)

K. Krizka33, K. Kroeninger46, H. Kroha ™, J. Kroll 7, 1. Kr011124, J. Kroseberg23, J. Krsticm, U. Kruchonak68,
H. Krijger23, N. Krumnack67, M. C. Kruse48, T. Kubotagl, H. Kucukgl, S. Kuday4b, J.T. Kuechlerwg, S. Kuehn 2

60a 177 34b

A Kugel™, F.Kuger' ", T. Kuh145, V. Kukhtin®, R.Kukla®, Y. Kulchitsky”®, S.Kuleshov®*", Y.P. Kulinich'®,
M. Kuna134a’134b, T. Kunigo , A.Kupco ™, T Kupfer46, 0. Kuprashlss, H. Kurashige70, L.L. Kurchamnov163
Y. A. Kurochkin®’, M. G. Kurth®>, V. Kus

40a,40b

A.La Rosa103, J. L. LaRosa Navarrozﬁd, L.La Rotonda40a’40b, F. LaRuffa =", C. Lacasta”o, F. Lacava13

9

8.
>

172 159 . 117 172 . 141
,E. S. Kuwertz" "=, M. Kuze ", J. Kvita" ", T. Kwan" ' ~, D. Kyriazopoulos
4a,134b

J. Lacey45, H. Lacker”, D. Lacour83, E. Ladyginﬁg, R. LafayeS, B.Laforgeg3, T. Lagouri”g, S.Lai57, S. Lammelrs64

7 a

W. Lamp17, E. Langon2
166

1232 53a,53b

)

s

’

>

, U Landgraf‘ﬂ, M.P.J. Landon79, M. C. Lanfermannsz, V. S. Lang60 ., J.C. Lange”,

R.J. Langenberg32, A.J. Lankford ™, F. Lann127, K. Lantzsch23, A.Lanza 7%, A. Lapertosa """, S. Laplace83,

J.F. Laportel38, T. Lari94a, F. Lasagni Manghi22a 22b, M. Lassnig32, P. Laurelliso, W. Lavrijsenlﬁ, A.T. Law

94a,94b

13

9

)

P. Laycock77, T. Lazovichsg, M. Lazzaroni K B. Legl, O. Le Dortzgg, E.Le Guirriecgg, E.P. Le Quilleuc138

133,af 153

M. LeBlanc”z, T. LeCompte6, F. Ledr01t—Gu1110n , C.A. L6627, G.R. Lee , S.C.Lee 7,

L. Leesg, B. Lefebvre90

G. Lefebvreg3, M. Lefebvreln, F. Leggerloz, C. Leggettm, A. Lehan77, G. Lehmann Miotto32, X. Lei7, W. A. Leight45

, R. Leitner13l, D. Lellouch

, C. Leonidopoulos49, G. Lerner151 , C. Ler0y97, A. A.J. Lesage
J. Levéque D. Levin92, L.J. Levinson175, M. Levylg, D. Lewis79, B. Li36a’ag, Changqiao Li36a, H. Li
S.Li*®*, X. Li*®™, Y. Li'®, Z. Liang®™®, B. Liberti' ™, A. Liblong'®', K. Lie®*
182 . 86 . . 150 . .5 . 124 . 15 . .60b .
S.C. Lm , T. H. Lin™, B. E. Lindquist ™, A. E. Lionti"", E. Lipeles ", A. Lipniacka ~, M. Lisovyi , T. M Liss
.71 .o 139 . 153 .92 .27 . 122 . 36b . 36a .
A. Lister ', A. M. Litke ~~, B. Liu , H Liu~, H Liu™", JJK.K. Liu =, J.Liu ", J. B.Liu" ", K. L1u , L. Liu

M. Liv’®, Y.L.Liv’®, Y. Liuv’®, M. Livan'>*'*", A. Lleres’®, J.Llorente Merino>>*, S.L.Lloyd”", C.Y. Lo

F. Lo Sterzo'™®, E.M. Lobodzinska®, P.Loch’, F.K.Loebinger’’, A.Loesle’’, K.M.Loew™, A.Loginov

T. Lohse]7, K. Lohwasser'*! , M. Lokajiceklzg,B. A. Long24, J.D. Long169, R.E. L0ng75,L. L0ng076a’76b, K. A. Looper

M. A. L. Leite”® 17

126a,126b 138
S. Leone *

150 36¢ 35

,L.Li**, Q. Li
, I. Liebal”®, W. Liebig'’, A. Limosani

16

11

a
>

152
169,ah

J.A. Lopez34b, D. Lopez MateosSg, I. Lopez Pazl3, A. Lopez SolisgS, J. Lorenzloz, N. Lorenzo Martinezs, M. Losada21

P.J. Loselloz, X. L0u353, A. Lounis“g, J. Love6, P. A. Love75, H. Lu6za, N. Lu92, Y. J. Lu63, H.J. Lubatti140
C. Luc 134a 134b, A. LucotteS8, C. LuedtkeSI, F. Luehring64, W. Lukas65, L. Luminaril34a, 0. Lundbelrgmga’148]3
B. Lund-Jensen'*, P. M. Luzi®®, D. Lynn?’, R. Lysak'?, E. Lytken®®, F. Lyu®”®, V. Lyubushkin®, H. Ma”’, L. L. Ma®®

Y. Ma36b, G. Maccarroneso, A. Macchi010103, C. M Macdonald

D. Madaffarlwo
E. Magradze’’, J. Mahlstedt'”, C. Malanl“g, C. Maidantchik26a, A A. Maierlm, T. Maierloz, A. Maio
0. Majersky146a, S. Majewski11 , Y. Makida® ,N. Makovec'' B Malaescu® , Pa. Malecki*? , V.P. Maleev125 F. Malek™

141 B. Maéek78, J. Machado Miguens

128a,128b,128

U. Mallik66, D. Malon6, C. Malone30, S. Maltezoslo, S. Malyukov 2, J. Mamuzmno, G. Manciniso, L. Mandelh9421
I. Mandié78, J. ManeiralZSa’IZSb, L. Manhaes de Andrade Filh026b, J. Manjarres Ramos47, K. H. Mankmen
A. Mannloz, A. Manousos32, B. MansoulieBS, J.D. Mansour3sa, R. Mantifel90, M. Mantoani57, S. Manzon194" H4b

R. Madar37, W. E Mader4 A. Madsen oI Maeda s S. Maelandls, T. Maen027, A. S. Maevskiy]01

>

>

R B.Lemmer57, K.J.C. Leneygl, T. Len223, B. Lenzi32, R. Leone7,
, C.G. Lester30, M. Levchenko125

)

>

>

9

179,*

)
3

El
>

’

>

9
124,128b
9

)

d

L. Mapelli32, G. Marceca29, L. Marchsz, L. Marcheselzz, G. Marchiori83, M. Marcisovsk 129, M. Marjanovm37
D.E. Mar]ey92, F. Marroquim26a, S.P. Marsden87, Z. Marshalllé, M. U.FMartenssonl 8, S.Marti—Garcia”O

113 173

C.B. Martin -, T. A. Martin

, V.. Martin49, B. Martin dit Latourls, M. MartinezB’V, V. 1. Martinez Outschoorn169

S. Martin-Haughl33, V.S. Martoiung, A. C. Martyniukgl, A. Marzin32, L. Masettig(’, T. Mashim0157, R. Mashinistov98

s

s

)

)

)

)

@ Springer



872 Page 26 of 34 Eur. Phys. J. C (2017) 77:872

J. Masik87, A. L. Maslennikovm’c, L. Massal353’l35b, P.Mastrandreas, A. Mastroberardino
P.Méttig”s, J. Maurer™™®, S.J. Maxfield’’, D.A. Maximov'''*, R.Mazini'>?, I Maznas'®®, S.M.Mazza”**%,

N.C. McFadden'”,  G.Mec Goldrick'®', S.P.Mc Kee’”, A.McCarn’>, R.L.McCarthy'™, T.G.McCarthy'”,

L. L McClymont®', E.F.McDonald’', J. A. Mcfayden®', G.Mchedlidze’’, S.J. McMahon'**, P.C. McNamara’',

R. A. McPherson172’°, S. Meehan140, T.J. MegySl, S. Mehlhaseloz, A. Mehta77, T. Meideck58, K. Meierﬁoa, B. Meirose44,

D. Melini”o’aj, B. R. Mellado Garcia147c, J.D. Mellenthin57, M. Melol46a, F. Melonilg, S. B. Menary87, L. Meng77,
106a,106b

X. T. Menggz, A. Mengarellizza’mb, S. Menkelm, E. Meoni40a’40b, S. Mergelmeyer”, P. Mermodsz, L. Merola s

C. Meroni 4a, F. S. Merritt33, A. Messinal34a’l34b, J. Metcalfe6, A. S. Metew’, C. Meyer124, J-P. Meyer138 0

10
, J. Meyer 7,
60a 151 133 .53a,53b 49

H. Meyer Zu Theenhausen ~~, F. Miano ', R.P. Middleton ~~, S. Miglioranzi , L. Mijovi¢™, G. Mikenberg”s,
778 161 p.W. Miller®, C. Mills*, A. Milov

M. Mikestikova'*’, M. Mikuz'®, M. Milesi’', A. Milic 15 D. A. Milstead" %145
A.A. Minaenk0132, Y. Minami157, I. A. Minashviliﬁg, A. L Mincer1 12, B. Mindur41a, M. Mineev68, Y. Minegishi157,
Y. Mingwﬁ, L. M. Mir13, K. P Mistry124, T. Mitani174, J. Mitrevskiloz, V. A. Mitsou”o, A. Miuccilg, P.S. Miyagawa141 s
A. Mizukami®, J. U. Mjornmark™, T. Mkrtchyan'®’, M. Mlynarikova'®', T. Moa'®**!*¥* K. Mochizuki’’, P. Mogg®',
S. Mohapatra38, S. Molanderl48a’148b, R. Moles-VallszS, R. Monden”, M. C. Mondrag0n93, K. M6nig45, J. Monk39,

E. Monniersg, A. Montalbanolso, J. Montejo Berlingen32, F. Monticelli74, S. Monzani94a’94b, R. W. Moore3, N. Morange“g,
.144

21 L 2 . .53 2 .157 .. . 157
D. Moreno™ , M. Moreno Llacer3 . P. Morett1n153d, S. Morgenstern3 ,D.Mori ", T. Mori 3 , M. Mor1159, M. Morinaga 3 s

V. Morisbak121 ., A.K. Morleylsz, G. Mornacchi32, J.D. Morris79, L. Morvajlso, P. Moschovakoslo, M. MosidzeS4b,
141 145 ,ak 145

H.J.Moss ", J. Moss , K. Motohashilsg, R. Mount” =, E. Mountricha27, E. J.W. Moysegg, S. Muanzags,

R.D.Mudd"”, F Mueller'®, 1. Mueller'’, R.S.P. Mueller'”®>, D. Muenstermann”, P.Mullen’®, G. A. Mullier'®,

F. J. Munoz Sanchezg7, W.J. Murray173’133, H. Musheghyan32, M. Mu§kinja78, A.G. Myagk0v132’al, M. Myska ™,

B. P Nachmanm, 0. Nackenhorstsz, K. Nagailn, R. NagaiGg’ad, K. Nagano69, Y. Nagasakaﬁl, K. Nagatal64, M. NagelSI,
E. Nagy88, A. M. Nairz32, Y. Nakahamalos, K. Nakamuraég, T. Nakamura157, 1. Nakano“4, R. F. Naranjo Garcia45,

R. Narayan“, D. I. Narrias Villar60a, 1. Nai shkinlzs, T. Naumann45, G. Navarr021, R. Nayyar7, H. A. Nealgz,
.22a 119 166

P. Yu. Nechaevagg, T.J. NeepBS, A. Negri12 3’12%, M. Negrini~™, S. Nektarijeviclog, C. Nellist ~, A. Nelson ",

M. E. Nelsonlzz, S. Nemeceklzg, P. Nemethy”z, M. Nessi32’am, M. S. Neubauerl69, M. Neumann”s, P.R. Newmanlg,
T.Y. Ngézc, T. Nguyen Manh97, R. B. Nickerson122, R. Nicolaidou138, J. Nielsenl39, V. Nikolaenkol32’al, I. Nikolic—Audit83,
K. Nikolopouloslg, J. K. Nilsenm, P. Nilsson27, Y. Ninomiya157, A. Nisatil34a, N. Nishu35c, R. Nisiusl(B, I. Nitsche46,
T. Nittal74, T. Nobe]57, Y. Noguchiﬂ , M. Nomachilzo, 1. Nornidis3], M. A. Nomura27, T. Nooney79, M. Nordberg32,
N. Norjoharuddeenlzz, 0. Novgorodova47, S. Nowakl(B, M. Nozakj69, L. Nozka1 17, K. Ntekaslﬁ6, E. Nurse81 s

E Nuti’', K.O’connor”, D.C.O’Neil'** 31.d 103

40a,40b
156

, T. Masubuchi157,

, A.A.ORourke®, V.0’Shea’®, F G.Oakham’', H. Oberlack'®,
T. Obermann®, J. Ocariz®>, A.Ochi’’, L. Ochoa™, J. P. Ochoa-Ricoux>**, S. Oda””, S. Odaka®, H. Ogren®™, A. Oh"’,
S.H.0oh*®, C.C.onm'®, H. Ohman'®, H.0ide™*>*®, H. Okawa'®’, Y. Okumura'’, T. Okuyama®, A.Olariu®®,
L. F. Oleiro Seabralzga, S. A. Olivares Pin049, D. Oliveira DamazioZ7, A. Olszewski42, J. Olszowska42, A. Onofrelzga’1286
K. Onogilos, P. U. E. Onyisi“’z, M. J. Oreglia33, Y. OrenlSS, D. Orestan0136a’136b, N. Orland062b, R.S.Orr 7,
B. Osculat153a’53b’*, R. Ospanov36a, G. Otero y Garzon29, H. Otono73, M. Ouchrif137d, F. Ould—Saadam, A. Ouraou138,
K. P Oussorenlog, Q. Ouyang35a, M. Owen56, R.E. Owenlg, V. E. Ozcanzoa, N. Ozturkg, K. Pacha1144, A. Pacheco PagesB,
L. Pacheco Rodrigueng, C. Padilla ArandaB, S. Pa7gan Grisom, M. Paganinil79, F. Paige27, G. Palacino64,
S. Palazzo40a’40b, S. Palestini32, M. Palka41b, D. Pallin3 , E. St Panagiotopouloulo, 1. Panagouliaslo, C.E. Pandini83,
J. G. Panduro Vazquezgo, P. Pani32, S. Panitkin27, D. PanteaZSb, L. Paolozzisz, Th. D. Papadopouloulo, K. Papageorgioug’s,
A. Paramonové, D. Paredes Hernandezwg, A.J. Parker75, M. A. Parker30, K. A. Parker45, F. Parodi53a’53b, J. A. Parsons38,
U. Parzefall51 , V.R. Pascuzzilm ., J.M. Pasner139, E. Pas ualucci]34a, S. Passaggi053a, Fr. Pastorego, S. Pataraiagé,
J.R. Pater87, T. Pau1y32, B. Pearson]03, S. Pedraza Lopez 70, R. Pedrolzga’]ng, S. V. Peleganchuk1 ”’C, 0. Penclzg,
C. Peng35a, H. Peng36a, J. Penwellé4, B. S. Peralva%b, M. M. Pereg0138, D. V. Perepelitsa27, F. Peri”, L. Perini94a’94b,
H. Pernegger32, S. Perrellal%a’l%b, R. Peschke45, V. D. Peshekhonov68’*, K. Peters45, R.EY. Petersm, B. A. Petersen32,
T. C. Petersen39, E. Petitsg, A. Petridisl, C. Petridou156, P. Petroff”g, E. Petr010134a, M. Petrovlzz, F. Petruccinéa’l%b,
N. E. Pettersson®”, A. Peyaud'®, R.Pezoa®®, F H.Phillips™, P.W. Philli?sl33, G. Piacquadio'™, E. Pianori' ",
A. Picazio89, E. Piccaro79, M. A. Pickeringl22, R. Piegaia29, J. E. Pilcher 3, A.D. Pilkington87, A.W. . Pin87,
M. Pinamonti *>*'***| J. L. Pinfold®, H.Pirumov®, M.Pitt'”, L.Plazak'*®, M.-A.Pleier’’, V. Pleskot*’,
E. Plotnikova®®, D. Pluth®, P. Podberezko''!, R. Poettgenmga’mgb, R. PoggilBa’le, L. Poggioli''?, D.Pohl®,
G. Polesello

123 A, Poley45, A. Policicchio "4 2% C.S. Pollard®®, V. Polychronak0527,

161

. R.Polifka®®, A. Polini

@ Springer



Eur. Phys. J. C (2017) 77:872 Page 27 of 34 872

K. Pommés32, D. Ponomarenkoloo, L. Pontecorvol34a, B. G. Pope%, G. A. Popeneciuzgd, A. Popplet0n32, S. Pospisi1]30,
K. Potamianos]6, I. N. Potrap68, C.J. Potter30, G. Poulard32, T. Poulsen84, J. Poveda32, M. E. Pozo Astigarragan,
P. Pralavorio88, A. Pranko]6, S. Prell67, D. PriceS7, L.E. PriceG, M. Primavera76a, S. Prince90, N. Proklovaloo,
K. Prokoﬁevﬁzc, F. Prokoshin34b, S. Protopopescu27, J. Proudfooté, M. Przybycien4la, A. Puri169, P. Puzo“g,

J.Qian®®, G.Qin®%, Y.Qin*, A.Quadf’, M. Queitsch-Maitland”®, D. Quilty’®, S.Raddum'®', V. Radeka®’,
V. Radesculzz, S. K. Radhakrishnanlso, P. Radloff”g, P. Radosgl, F. Ragusag4a’94b, G. Rahallgl, J.A. Raine87,
94a,94b

, D. M. Rauch45, F. Rauscheer,

121 76a,76b
b

S. Raveg(’, I. Ravinovich”s, J. H. Rawling87, M. Ra mond32, A.L.Read”, N.P Readioff5 8, M. Reale
D. M. Rebuzzi123a’123b, A. Redelbachl77, G. Redlingerz, R. Reecel39, R. G. Reedl47c, K. Reeves44, L. Rehnisch”,
J. Reichert'?*, A. Reiss™®, C.Rembser'2, H.Ren>?®, M. Rescignol34a, S. Resconi ™, E.D. Ressegui6124, S. Rettie' ",
E. Reynoldslg, O.L. Rezanovam’c, P. Reznicekm, R. Rezvanig7, R. Richter103, S. Richtergl, E. Richter—Was41b,
0. Ricken®, M. Ridel®®, P.Rieck'®, C.J. Riegel'®, J. Rieger’’, O.Rifki'"’>, M. Rijssenbeek'™, A.Rimoldi'>**!%*°,
M. Rimoldi'®, L. Rinaldi***, G. Ripellino'*, B. Risti¢’%, E. Ritsch®®, I. Riu'®, F. Rizatdinova''®, E. Rizvi"’, C. Rizzi"?,
R.T. Roberts87, S. H. Robertsongo’o, A. Robichaud-VeronneaugO, D. Robinson30, J.E. M. Robinson45, A. Robson56,

E. RoccoSG, C. Roda126a’126b, Y. Rodinagg’an, S. Rodriguez Bosca”o, A. Rodriguez PerezB, D. Rodriguez Rodriguez”o,
S. RoeBz, C.S. Rogansg, 0. R¢hne121

, L. Roloff5 9, A. Romanioukloo, M. Romanozza’zzb, S. M. Romano Saez37,
E. Romero Adamno, N. Rompotis77, M. RonzaniSI, L. Roos83, S. Rosatil34a, K. RosbachSI, P. Rosem, N.-A. Rosien57,
E. Rossim(’a’m()b, L.P Rossi53a, J.H.N. Rosten30, R. RostenMO, M. Rotarung, I. Roth”s, J. Rothbergmo, D. Rousseau“g,
A. Rozanovsg, Y. Rozen154, X. Ruanl47c, F. Rubb0145, F. RijhrSI, A. Ruiz—Martinez31 , Z. RurikovaSI, N. A. Rusakovichég,
H.L. Russell90, J.P. Rutherfoord7, N. Ruthmann32, Y. F. Ryabovlzs, M. Rybarmg, G. Rybkin”9, S. Ryu6,
A. Ryzh0V132, G.E Rzehor257, A.F Saavedralsz, G. Sabat0109, S. Sacerdotizg, H.F-W. Sadrozinski139, R. Sadykov68,
F. Safai Tehrani'>*, P. Saha''’, M. Sahinsoy®®, M. Saimpert®, M. Saito'”’, T. Saito'”’, H. Sakamoto'”’, Y. Sakurai'*,
G. Salamannal36a’l36b, J. E. Salazar Loyola34b, D. Salekmg, P. H. Sales De Bruin168, D. Salihagicl(B, A. Salnikov145,
J. Salt”o, D. Salvatore40a’40b, F. Salvatorem, A. Salvucci62a’62b’62c, A. Salzburger32, D. SammelSl, D. Sampsonidis156,

D. Sampsonidou156, J. Sa’mchez”o, V. Sanchez Martinezlm, A. Sanchez Pineda167a’167c, H. Sandakerm, R. L. Sandbach79,

C. 0. Sander45, M. Sandhoff”g, C. Sandovalﬂ, D.P.C. Sankeyl33, M. Sannin053a’53b, Y. Sanolos, A. Sansoniso,

3 . 3 . .
C. Santoni 7, R. SEInt0n1col3sa’1 Sb, H. Santoslzga, I. Santoyo Cast1110151, A. Sapronovég, J.G. Saralvalzsa’lzgd,

. . . 103
B. Sarra21n23, 0. Sasak169, K. Sat0164, E. Sauvans, G. Savagego, P. Savardwl’d, N. Sav1cw , C. Sawyer133,

L. Sawyergz’u, J. Saxon33, C. Sbarra22a, A. Sbrizzi22a’22b, T. Scanlongl, D. A. Scannicchiol66, M. ScarcellalSz,
V. Scarfone40a’40b, J. SchaarschmidtMO, P. Schacht]03, B. M. Schachtnerloz, D. Schaefer32, L. Schaefer124, R. Schaefer45,
J. Schaeffergé, S. Schaep623, S. Schaetzel60b, U. Schﬁfer%, A. C. Schaffer“9, D. Schaileloz, R.D. Schambergerlso,

V. Scharf6 Oa, V. A. Schegelskyns, D. Scheirichl3l, M. Schernaumﬁ, C. Schiavi53a’53b, S. Schierl39, L. K. Schildgen23,

C. Schillo’!, M. Schioppa®®“*®, S. Schlenker’®, K. R. Schmidt-Sommerfeld'”®, K. Schmieden®”, ~C. Schmitt®,
S. Schmitt45, S. Schmit286, U. SchnoorSI, L. Schoeffell38, A. SchoeningﬁOb, B.D. Schoenrock%, E. Schopf23,
M. Schott86, J.EP Schouwenberng, J. Schovancova32, S. Schramm52, N. Schuh86, A. Schulte86, M. J. Schultens23,
H.-C. Schultz—Coulon60a, H. Schulz”, M. SchumacherSI, B. A. Schumm139, Ph. Schunel38, A. Schwartzmanms,
T. A. Schwarz92, H. Schweiger87, Ph. Schwemlingl38, R. Schwienhorst93, J. SchwindlingBS, A. Sciandra23,
G. Sciollazs, M. Scornajenghi4oa’40b, F. Scuril%a’l%b, F. Scuttigl, J. Searcygz, P. Seema23, S.C. Seidellm, A. Seidenl39,
J. M. Seixas’®®, G. Sekhniaidze'*®, K. Sekhon’?, S.J. Sekula®’, N. Semprini-Cesarizza’ZZb, S. Senkin®’, C. Serfon'?!,
L. Serin”g, L. Serkin167a’]67b, M. Sessal36a’]36b, R. Seusterln, H. Severini”s, T. Sﬁligoj78, F. Sforza32, A. Sfyrlasz,
E. Shabalina>’, N.W. Shaikh'***'*%* LY. Shan®*, R.Shang'®, J.T. Shank®*, M. Shapiro'®, P.B. Shatalov’’,
K. Shaw167a’167b, S. M. Shaw87, A. Shcherbakoval48a’l48b, C.Y. Shehum, Y. Shen“s, N. SherafatiBl, P. Sherwoodgl,
L. Shi'*%, S. Shimizu’®, C.O. Shimmin'”?, M. Shimojima'®, I P.J. Shipsey'>?, S.Shirabe’>, M. Shiyakova®®,
J. Shlomi'”, A. Shmeleva”, D. Shoaleh Saadi’’, M. J. Shochet®>, S. Shojaii’**, D.R. Shope''>, S. Shrestha''?,
E. Shulga'®, M. A. Shupe’, P.Sicho'®’, A. M. Sickles'®, P. E. Sidebo'®’, E. Sideras Haddad'*’®, 0. Sidiropoulou'”’,
A. Sidoti®***® | E Siegert'’, Dj. Sijacki'®, J. Silva'***12%¢ 5 B. Silverstein'***, V. Simak'*, Lj. Simic'*, S. Simion'"?,
E. Simioni%, B. SimmonsSI, M. Simon86, P. Sinervoml, N. B. Sinev“g, M. SioliZza’ZZb, G. Siragusal77, 1. Siralgz,
S. Yu. Sivoklokov'®", 7J. Sjslin'***!*%* " M. B. Skinner”>, P. Skubic''®>, M. Slater'®, T. Slavicek'*®, M. Slawinska®,
K. Sliwams, R. Slovakm, V. Smakhtin”s, B. H. Smarts, J. Smieskol%a, N. Smirnovloo, S. Yu. Smimovloo, Y. Smirnovloo,
L. N. Smirnova' >, 0. Smirnova®®, J. W. Smith>’, M. N. K. Smith*®, R. W. Smith*®, M. Smizanska’>, K. Smolek'>°,

@ Springer



872 Page 28 of 34 Eur. Phys. J. C (2017) 77:872

118 172,0 155 153

A A. Snesarevgg, I. M. Snyder °, S. Snyder27, R. Sobie , k. Socher47, A. Soffer =7, D. A. Soh 7, G. Sokhrannyi78,
C. A. Solans Sanchez32, M. Solarl30, E. Yu. Soldatovloo, U. Soldevila”o, AL A Solodkosz, A. Soloshenk068,

Oo.V. Solovyanov132, V. SoloveruS, P. Sommersl, H. Son165, A. Sopczak130, D. Sosa60b, C. L. Sotir0p0u10u126a’126b,

R. Soualahlma’lmc, A. M. Soukharevm’c, D. South45, B.C. Sowdengo, S. Spagnolo76a’76b, M. Spallalzﬁa’l%b,

M. Spangenberg173, F. SpaanO, D. Sperlich”, F. Spettellm, T. M. Spiekerﬁoa, R. Spighizza, G. Spigo32, L. A. Spiller91,

M. Spoustam, R.D. St. Denissw, A. Stabile94a, R. Stamen60a, S. Stamm”, E. Stanecka42, R. W. Stanek6, C. Stanescul36a,

M. M. Stanitzki45, B. S. Sta f109, S. Stapnesm, E. A. Starchenkol32, G. H. Stark33, J. Starksg, S.H Stark39, P. Starobalzg,
P. Starovoitovf’oa, S. Starz™, R. Staszewski42, P. Steinberg27, B. Stelzer144, H.J. Stelzer32, 0. Stelzer—ChiltonmSa,
H. Stenzelss, G. A. StewartSG, M. C. Stockton”g, M. Stoebego, G. Stoiceang, P. StolteS7, S. Stonjek]03, A.R. Stradlingg,

47 .18 149 148a,148b 115 . 146b .. 177
A. Straessner ', M. E. Stramaglia ", J. Strandberg” ", S. Strandberg , M. Strauss ", P. Strizenec ,R. Strohmer ",
D. M. Strom''®, R. Stroynowski®*, A. Strubig'®, S.A.Stucci’’, B.Stugu'>, N.A.Styles”, D.Su'*”, 7J.su'?,
S. Suchek6oa, Y. Sugayalzo, M. Sukl30, V. V. Sulings, DMS Sultan162a’l62b, S. Sultansoy4c, T. Sumida71, S. Sunsg,

X. Sun’, K. Suruliz"', C.J.E. Suster' %, M.R. Sutton"', S.Suzuki®, M. Svatos'?, M. Swiatlowski>, S.P. Swift>,
I. Sykoral46a, T. Sykoram, D. TaSl, K. Tackmann45, J. Taenzerlss, A. Taffard166, R. Taﬁroutl63a, N. Taiblumlss,
H. Takaiz7, R. Takashiman, E. H. Takasugi103, T. Takeshitamz, Y. Takubo69, M. Talbygg, A.A. Talyshevm’c, J. Tanaka157,

M. Tanakalsg, R. Tanaka1 19, S. Tanaka69, R. Tanioka70, B. B. Tannenwald1 13, S. Tapia Araya34b, S. Tapprogg686,
S. Tarem154, G.F Tartarelli94a, P. TasBl, M. Tasevskylzg, T. Tashir071, E. Tassi40a’40b, A. Tavares Delgadolzsa’lng,
Y. Tayalati137e, A.C. Tay10r107, G.N. Taylorgl, P.T.E. Taylorgl, W. Taylor163b, P. Teixeira-DiasSO, D. Temple144,

153 120

L. A. Thomsen”g, E. Thomson124, M. J. Tibbetts16, R. E. Ticse Torres88, V. O. Tikhomirov98 ar 11Le
145’38, K. Toms107, B. Tongsg, P. Tornambe51,
F. Tresoldim, A. Tricoli27, I. M. Trigger163a, S. Trincaz-Duvoid83, M. F Tripianal3, W. Trischuk161, B. Trocmé™",
1 54a .62a 99 16 69 150
28a .22a,22b

F. Ukegawa164, G. Unal32, A. Undru527, G. Unelléﬁ, F.C. Ungarogl, Y. Unno6 , C. Unverdorbenloz, J. Urban s
, S. Valentinetti , A. Valer0170, L. Valéry13, S. Valkar131 0
W. Van Den Wollenberg10 , H. van der Graa’f1 09, P. van Gemmerenﬁ, J. Van Nieuwkoopl44, I. van Vulpen1 s
, T. Varol43, D. Varouchas“g, A. Vartapetiang, K. E. VarvelllSz, J.G. Vasquez”g,

G. A. Vasquez34b,F. Vazeille37, T. Vazquez Schroedergo, J. Veatch57, V. Veeraraghavan7, L. M. Veloceml,F. Veloso

9 4b

M. Villaplana Perezg4a’94b, E. Vilucchiso, M. G. Vincter3l, V. B. Vinogradovﬁs, A. Vishwakarma45, C. Vittorizza’zzb,
S. Wahrmund47, J. Wakabayashilos, J. Walder75, R. Walkerloz, W. Walkowiakl43, V. Wallangenmga’148b 350
A. Washbrook49, P. M. Watkinslg, AT Watsonlg, M. E Watsonlg, G. Wattsl40, S. Watts87, B. M. Waughgl, A. F Webb”,

H. Ten Kate32, P. K. Teng ~-, J.J. Teoh ™, F. Tepel”g, S.Terada69, K. Terashi157, J. Terrongs, S. Terzol3, M. Testaso,
7, Yu. A. Tikhonov R
S. Timoshenko'”, P. Tipton'’ 146a

K. Tokushuku69, E. Tolleysg, L. Tomlinson87, M. Tomotolos, L. Tompkins
141, C. L Treado“z, T. Trefzgerl77,
A. Trofym0V45, C. Tronc0n94a, M. Trottier-McDonaldlé, M. Trovatelliln, L. Truong167a’167c, M. Trzebinski42,

V. Tsiskaridze5 , E. G. Tskhadadze™ ™, K.M. Tsui
Y. Tu®®,  A. Tudorache®®®, V. Tudorache®®”, T.T. Tulbure”™, A.N.Tuna”, S.A.Tupputi . S. Turchikhin®®,
22a,22b, L Ueda69, M. Ughettol48a,148b
P. Urquijo91, P. Urrejola%, G. Usaig, J. Usui69, L. Vacavantgg, V. Vacek130 2
, A. Valliers, J. A. Valls Ferrer17 s
9

M. C. van Woerdenlog, M. V21nadia]35a’135b 134a
128a,128¢
134a 76a,76b’ M. Venturi'” .123a .136a,136b
W. Verkerkelog, A. T Vermeulenlog, J.C. Vermeulenw , M.C. Vetterli144’d, N. Viaux Maira3 ,  O. Via21084,
1. Vivarf:lli151 . S. Vlachoslo, M. Vogel”g, P. Vokacl30, G. Volpil%a’l%b, H. von der Schmitt103, E. von Toern623,
V. Vorobelm, K. Vorobevloo, M. Voswo, R. Voss32, J. H. Vossebeld77, N. VranjesM, M. Vranjes Milosavljevicm,
, C. Wang™",
C. Wang36b’av, F. Wangl76, H. Wang16, H. WangS, J. Wang45, 1. Wang152, Q. Wang115 3
T. Wang38, W. Wang153’aw, W. Wang36a 118 90, C.P Ward30, D.R. WardropeSI,
S. Webb86,M. S. Weberlg, S. W. Weberl77, S. A. Weber3l,J. S. WebsterG,A. R. Weidberglzz,B. Weinert64,J. Weingarten57,
M. Weirichgﬁ, C. WeiserSI, H. Weits109 23

R.J. Teuscherml’o, T. Theveneaux—PelzerSS, J.P. Thomasw, J. Thomas—WilskergO, P. D. Thompsonlg, A. S. Thompson56,
9, S. Tisserantss, K. Todomelsg, S. Todorova—NovaS, S. Todt47, J. Tojo73, S. Tokar ",
E. Torrence“g, H. Torresl44, E. Torré Pastorl40, J. TothSS’at, F. Touchardsg, D. R. Tovey
58
A. Trzupek42, K. W. Tsang6za, J.C-L. Tsenglzz, P. V. Tsiareshkags, G. Tsipolitislo, N. Tsirintanisg, S. Tsiskaridzel3,
, L I Tsukerman™, V. Tsulaia", S.Tsuno , D.Tsybychev
D. Turgeman”s, L. Turk Cakir™®®, R.Turra’®, P.M.Tuts>®, G. Ucchielli ,
9 146b
, B. Vachongo, A. Vaidyagl, C. Valderamis10 s
E. Valdes Santuriomsa’mgb 22,220
09
, W. Vandelli32, A. Vaniachine]60, P. Vankovlog, G. Vardanyanlgo, R. Vari ™,
E. W. Varnes7, C. Varni53a’53b
S. Veneziano =, A. Ventura 2, N. Venturi32, A. VenturiniZS, V. Vercesi —°, M. Verducci s
1. Vichoulbg’*, T. Vickeym, 0. E. Vickey Boerium, G. H. A. Viehhauser122, S. Viellb, L. Viganilzz, M. Vi11a22a’22b,
V. Vrbal30, M. Vreeswijklog, R. Vuillermet32, I. Vukotic33, P. Wagner23, W. Wagner178, J. Wagner-Kuhrloz, H. Wahlberg74,
, R. Wangé, S. M. Wanng* ,
,Z. Wang%c, C. Wanotayaroj ~, A. Warburton
, P.S. Wells32, T. Wenau527, T. Wengler32, S. Wenig32, N. Wermes™,

@ Springer



Eur. Phys. J. C (2017) 77:872 Page 29 of 34 872

M. D. Werner67, P. Werner32, M. Wessels60a, K. Whalen118, N. L. Whallon140, A. M. Wharton75, A. S. Whitegz, A. Whiteg,

M. J. White', R. White**®, D. Whiteson'®®, B. W. Whitmore>, F.J. Wickens'>>, W. Wiedenmann'’®, M. Wielers'**,

C. Wiglesworth™, L. A. M. Wiik-Fuchs®, A. Wildauer'”®, F. Wilk®’, H. G. Wilkens™, H. H. Williams'**, S. Williams'®”,
C. Willis93, S. Willocqgg, J.A. Wilsonlg, 1. Wingerter-Seezs, E. Winkels ™, F. Winklmeier
B.T. Winter23, M. Wittgen" ~, M. Wobisch™", T.M. H. Wolf ™, R. Wolffxg, M. W. Wolter42, H. Wolterslzga’lzgc,
V. W.S. Wongm, S.D. Wormlg, B. K. Wosiek42, J. Wotschack32, K. W. Wozniak42, M. Wu33, S.L. Wu
, S. Xella, Z.Xi”?, L.Xia*, D.Xu , B. Yabsley'”?,

S. Yacoob147a
K. Yamauchilos, Y. Yamazaki70, Z. Yan24, H. Yang36°, H. Yang16, Y. Yang153, Z. Yangls, W-M. Yaom, Y. C. Yaqu,
K. Yoshihara'**, C. Young145, C.J.S. Young32, 1. Yut, 7. Yu®, S. P Y. Yuen®, I. Yusuff®""™, B. Zabinski*?, G. Zacharis'°,
R. ZaidanlS, A. M. Zaitsev132’al 178

,J.C. Zeng169, Q. Zengl45, 0. Zeninl32, T. Zeniél%a, D. Zerwas1 19, D. Zhanggz, F. Zhangl76,
G. Zhang36a’ay, H. Zhang35b, J. Zhangé, L. ZhangSl, L. Zhang%a, M. Zhang

151 ”8, 0.]. Winstonm,
145 82.u 109
176’ X Wu52,
Y. Wu’?, T.R. Wyatt®’, B. M. Wynne* 35 ¥ L xu”, T.xu'®
.159 .120 69 157 157 .157
, D. Yamaguchi ~, Y. Yamaguchi =, A. Yamamoto ~, S. Yamamoto ~, T. Yamanaka ~', M. Yamatani ~,
Y. Yasu®, E. Yatsenko’, K. H. Yau Wong™, J. Ye*, S. Ye?’, L Yeletskikh®, E. Yigitbasi**, E. Yildirim*®, K. Yorita'™*,
, N. Zakharchuk45, J. Zalieckasls, A. Zamanlso, S. Zambitosg, D. Zanzigl, C. Zeitnitz ",
G. Zemaitytelzz, A. Zemlamal
169, P. Zhang35b, R. Zhang23, R. Zhang36a’av,

X. Zhang36b, Y. Zhang35a, Z. Zhang“g, X. Zhao™, Y. Zhao ¥, 7. Zhao’®*, A. Zhemchugov68, B. Zhou’?, C. Zhou'",
L. Zhou™, M. Zhou®**, M. Zhou"*’, N. Zhou™, C. G. Zhe*®®, H. Zhu®, 7. Zhe®?, Y. Zhu®®*, X. Zhuang™, K. Zhukov®®,
A. Zibelll77, D. Zieminska64, N. L Zimineﬁg, C. Zimmermanng(), S. ZimmermannSI, Z. Zinon0s103, M. Zinser86,

143 176 22a,22b

M. Ziolkowski'*, L. Zivkovi¢'*, G. Zobernig'"®, A. Zoccoli ,R. Zou®®, M. zur Nedden'’, L. Zwalinski*>

! Department of Physics, University of Adelaide, Adelaide, Australia
2 Physics Department, SUNY Albany, Albany, NY, USA
3 Department of Physics, University of Alberta, Edmonton, AB, Canada
4 (a)Department of Physics, Ankara University, Ankara, Turkey; (b)Istanbul Aydin University, Istanbul, Turkey; (C)Division
of Physics, TOBB University of Economics and Technology, Ankara, Turkey
3 LAPP, CNRS/IN2P3 and Université Savoie Mont Blanc, Annecy-le-Vieux, France
6 High Energy Physics Division, Argonne National Laboratory, Argonne, IL, USA
Department of Physics, University of Arizona, Tucson, AZ, USA
8 Department of Physics, The University of Texas at Arlington, Arlington, TX, USA
? Physics Department, National and Kapodistrian University of Athens, Athens, Greece
10 Physics Department, National Technical University of Athens, Zografou, Greece
1 Department of Physics, The University of Texas at Austin, Austin, TX, USA
"2 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
'3 Institut de Fisica d’ Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Barcelona, Spain
" Institute of Physics, University of Belgrade, Belgrade, Serbia
15 Department for Physics and Technology, University of Bergen, Bergen, Norway
16 Physics Division, Lawrence Berkeley National Laboratory, University of California, Berkeley, CA, USA
17 Department of Physics, Humboldt University, Berlin, Germany
'8 Albert Einstein Center for Fundamental Physics, Laboratory for High Energy Physics, University of Bern, Bern,
Switzerland
¥ School of Physics and Astronomy, University of Birmingham, Birmingham, UK
20 (a)Department of Physics, Bogazici University, Istanbul, Turkey; (b)Department of Physics Engineering, Gaziantep
University, Gaziantep, Turkey; (C)Faculty of Engineering and Natural Sciences, Istanbul Bilgi University, Istanbul,
Turkey; (d)Faculty of Engineering and Natural Sciences, Bahcesehir University, Istanbul, Turkey
2l Centro de Tnvesti gaciones, Universidad Antonio Narino, Bogotd, Colombia
2 (a)INFN Sezione di Bologna, Bologna, Italy; (b)Dipartimento di Fisica e Astronomia, Universita di Bologna, Bologna,
Italy
23 Physikalisches Institut, University of Bonn, Bonn, Germany
2 Department of Physics, Boston University, Boston, MA, USA
25 Department of Physics, Brandeis University, Waltham, MA, USA

@ Springer



872 Page 30 of 34 Eur. Phys. J. C (2017) 77:872

26 @ Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil; (b)Electrical Circuits Department,
Federal University of Juiz de Fora (UFJF), Juiz de Fora, Brazil; (C)Federal University of Sao Joao del Rei (UFSJ), Sao
Joao del Rei, Brazil; (d)Instituto de Fisica, Universidade de Sao Paulo, Sdo Paulo, Brazil

2 Physics Department, Brookhaven National Laboratory, Upton, NY, USA

28 @ Transilvania University of Brasov, Brasov, Romania; ® Horia Hulubei National Institute of Physics and Nuclear
Engineering, Bucharest, Romania; (C)Department of Physics, Alexandru Ioan Cuza University of Iasi, Iasi,

Romania; @ Physics Department, National Institute for Research and Development of Isotopic and Molecular
Technologies, Cluj-Napoca, Romania; © University Politehnica Bucharest, Bucharest, Romania; ® West University in
Timisoara, Timisoara, Romania

2 Departamento de Fisica, Universidad de Buenos Aires, Buenos Aires, Argentina

3% Cavendish Laboratory, University of Cambridge, Cambridge, UK

3 Department of Physics, Carleton University, Ottawa, ON, Canada

32 CERN, Geneva, Switzerland

% Enrico Fermi Institute, University of Chicago, Chicago, IL, USA

i (a)Departamento de Fisica, Pontificia Universidad Catdlica de Chile, Santiago, Chile; (b)Departamento de Fisica,
Universidad Técnica Federico Santa Maria, Valparaiso, Chile

3% @ nstitute of High Energy Physics, Chinese Academy of Sciences, Beijing, China; (b)Department of Physics, Nanjing
University, Nanjing, Jiangsu, China; (C>Physics Department, Tsinghua University, Beijing 100084, China

36 (a)Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics, University of Science
and Technology of China, Hefei, Anhui, China; (b)School of Physics, Shandong University, Jinan, Shandong,

China; (C)Department of Physics and Astronomy, Key Laboratory for Particle Physics, Astrophysics and Cosmology,
Ministry of Education, Shanghai Key Laboratory for Particle Physics and Cosmology, Shanghai Jiao Tong University,
Shanghai (also at PKU-CHEP), Shanghai, China

37 Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France

8 Nevis Laboratory, Columbia University, Irvington, NY, USA

%% Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

40 WINEN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati, Frascati, Italy; (b)Dipartimento di Fisica,
Universita della Calabria, Rende, Italy

H (a)Faculty of Physics and Applied Computer Science, AGH University of Science and Technology, Krakéw,

Poland; (b)Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakéw, Poland

42 Institute of Nuclear Physics, Polish Academy of Sciences, Krakéw, Poland

3 Physics Department, Southern Methodist University, Dallas, TX, USA

4 Physics Department, University of Texas at Dallas, Richardson, TX, USA

= DESY, Hamburg and Zeuthen, Germany

46 Lehrstuhl fiir Experimentelle Physik IV, Technische Universitdt Dortmund, Dortmund, Germany

41 Institut fiir Kern- und Teilchenphysik, Technische Universitit Dresden, Dresden, Germany

48 Department of Physics, Duke University, Durham, NC, USA

* SUPA-School of Physics and Astronomy, University of Edinburgh, Edinburgh, UK

30 INFN e Laboratori Nazionali di Frascati, Frascati, Italy

3! Fakultat fiir Mathematik und Physik, Albert-Ludwigs-Universitit, Freiburg, Germany

52 Departement de Physique Nucleaire et Corpusculaire, Université de Geneve, Geneva, Switzerland

53 WINFN Sezione di Genova, Genoa, Italy; (b)Dipartimento di Fisica, Universita di Genova, Genoa, Italy

>* @E Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi, Georgia; ”High Energy
Physics Institute, Thilisi State University, Tbilisi, Georgia

33 II Physikalisches Institut, Justus-Liebig-Universitit Giessen, Giessen, Germany

%% SUPA-School of Physics and Astronomy, University of Glasgow, Glasgow, UK

1 Physikalisches Institut, Georg-August-Universitit, Gottingen, Germany

%8 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3, Grenoble, France

> Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA, USA

@ Springer



Eur. Phys. J. C (2017) 77:872 Page 31 of 34 872

60 @ Kirchhoff-Institut fiir Physik, Ruprecht-Karls-Universitdt Heidelberg, Heidelberg, Germany; ® Physikalisches Institut,
Ruprecht-Karls-Universitit Heidelberg, Heidelberg, Germany
o1 Faculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan
62 (a)Department of Physics, The Chinese University of Hong Kong, Shatin, NT, Hong Kong; (b)Department of Physics,
The University of Hong Kong, Hong Kong, China; (C)Department of Physics, Institute for Advanced Study, The Hong
Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China
03 Department of Physics, National Tsing Hua University, Taiwan, Taiwan
64 Department of Physics, Indiana University, Bloomington, IN, USA
65 Institut fiir Astro- und Teilchenphysik, Leopold-Franzens-Universitit, Innsbruck, Austria
66 University of Iowa, Iowa City, IA, USA
67 Department of Physics and Astronomy, lowa State University, Ames, [A, USA
o8 Joint Institute for Nuclear Research, JINR Dubna, Dubna, Russia
69 KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
0 Graduate School of Science, Kobe University, Kobe, Japan
n Faculty of Science, Kyoto University, Kyoto, Japan
72 Kyoto University of Education, Kyoto, Japan
73 Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka, Japan
" Instituto de Fisica La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
5 Physics Department, Lancaster University, Lancaster, UK
76 @INEN Sezione di Lecce, Lecce, Italy; (b)Dipartimento di Matematica e Fisica, Universita del Salento, Lecce, Italy
T Oliver Lodge Laboratory, University of Liverpool, Liverpool, UK
78 Department of Experimental Particle Physics, Jozef Stefan Institute and Department of Physics, University of Ljubljana,
Ljubljana, Slovenia
7 School of Physics and Astronomy, Queen Mary University of London, London, UK
80 Department of Physics, Royal Holloway University of London, Surrey, UK
1 Department of Physics and Astronomy, University College London, London, UK
82 Louisiana Tech University, Ruston, LA, USA
83 Laboratoire de Physique Nucléaire et de Hautes Energies, UPMC and Université Paris-Diderot and CNRS/IN2P3, Paris,
France
84 Fysiska institutionen, Lunds universitet, Lund, Sweden
85 Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain
86 Institut fiir Physik, Universitit Mainz, Mainz, Germany
87 School of Physics and Astronomy, University of Manchester, Manchester, UK
88 CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
89 Department of Physics, University of Massachusetts, Amherst, MA, USA
%0 Department of Physics, McGill University, Montreal, QC, Canada
ot School of Physics, University of Melbourne, Victoria, Australia
92 Department of Physics, The University of Michigan, Ann Arbor, MI, USA
93 Department of Physics and Astronomy, Michigan State University, East Lansing, MI, USA
o4 (a)INFN Sezione di Milano, Milan, Italy; ®) Dipartimento di Fisica, Universita di Milano, Milan, Italy
9 B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of Belarus
% Research Institute for Nuclear Problems of Byelorussian State University, Minsk, Republic of Belarus
o7 Group of Particle Physics, University of Montreal, Montreal, QC, Canada
% PN. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
9 Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
100 National Research Nuclear University MEPhI, Moscow, Russia
Oy, Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University, Moscow, Russia
102 pakultit fiir Physik, Ludwig-Maximilians-Universitidt Miinchen, Munich, Germany
103 Max-Planck-Institut fiir Physik (Werner-Heisenberg-Institut), Munich, Germany
104 Nagasaki Institute of Applied Science, Nagasaki, Japan
195 Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
106 W INFN Sezione di Napoli, Naples, Italy; ® Dipartimento di Fisica, Universita di Napoli, Naples, Italy

@ Springer



872 Page 32 of 34 Eur. Phys. J. C (2017) 77:872

107 Department of Physics and Astronomy, University of New Mexico, Albuquerque, NM, USA

1% Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef, Nijmegen,
The Netherlands

109 Nikhef National Institute for Subatomic Physics, University of Amsterdam, Amsterdam, The Netherlands

1o Department of Physics, Northern Illinois University, DeKalb, IL, USA

i Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia

12 Department of Physics, New York University, New York, NY, USA

13 Ohio State University, Columbus, OH, USA

14 Faculty of Science, Okayama University, Okayama, Japan

13 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman, OK, USA

16 Department of Physics, Oklahoma State University, Stillwater, OK, USA

17 Palacky University, RCPTM, Olomouc, Czech Republic

8 Center for High Energy Physics, University of Oregon, Eugene, OR, USA

19 LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France

120 Graduate School of Science, Osaka University, Osaka, Japan

121 Department of Physics, University of Oslo, Oslo, Norway

122 Department of Physics, Oxford University, Oxford, UK

123 (a)INFN Sezione di Pavia, Pavia, Italy; (b)Dipartimento di Fisica, Universita di Pavia, Pavia, Italy

124 Department of Physics, University of Pennsylvania, Philadelphia, PA, USA

125 National Research Centre “Kurchatov Institute” B.P. Konstantinov Petersburg Nuclear Physics Institute, St. Petersburg,
Russia

126 (a)INFN Sezione di Pisa, Pisa, Italy; (b)Dipartimento di Fisica E. Fermi, Universita di Pisa, Pisa, Italy

127 Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA, USA

128 (a)Laborat(’)rio de Instrumentacdo e Fisica Experimental de Particulas-LIP, Lisbon, Portugal; (b)Faculdade de Ciéncias,

Universidade de Lisboa, Lisbon, Portugal; (C)Department of Physics, University of Coimbra, Coimbra,

Portugal; (d)Centro de Fisica Nuclear da Universidade de Lisboa, Lisbon, Portugal; (C)Departamento de Fisica,

Universidade do Minho, Braga, Portugal; (f)Departamento de Fisica Teorica y del Cosmos and CAFPE, Universidad de

Granada, Granada, Spain; (g)Dep Fisica and CEFITEC of Faculdade de Ciencias e Tecnologia, Universidade Nova de

Lisboa, Caparica, Portugal

Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic

130 Czech Technical University in Prague, Prague, Czech Republic

131 Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic

132 State Research Center Institute for High Energy Physics (Protvino), NRC KI, Protvino, Russia

133 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, UK

134 (a)INFN Sezione di Roma, Rome, Italy; ®) Dipartimento di Fisica, Sapienza Universita di Roma, Rome, Italy

129

135 (a)INFN Sezione di Roma Tor Vergata, Rome, Italy; (b)Dipartimento di Fisica, Universita di Roma Tor Vergata, Rome,
Italy

136 (a)INFN Sezione di Roma Tre, Rome, Italy; (b)Dipartimento di Matematica e Fisica, Universita Roma Tre, Rome, Italy

7 @Eaculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies-Université Hassan II,

Casablanca, Morocco; (b)Centre National de I’Energie des Sciences Techniques Nucleaires, Rabat, Morocco; (C)Faculté

des Sciences Semlalia, Université Cadi Ayyad, LPHEA-Marrakech, Marrakech, Morocco; (d)Faculté des Sciences,

Université Mohamed Premier and LPTPM, Oujda, Morocco; © Faculté des Sciences, Université Mohammed V, Rabat,

Morocco

DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de I’Univers), CEA Saclay (Commissariat a I’Energie

Atomique et aux Energies Alternatives), Gif-sur-Yvette, France

» Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz, CA, USA

140 Department of Physics, University of Washington, Seattle, WA, USA

14 Department of Physics and Astronomy, University of Sheffield, Sheffield, UK

142 Department of Physics, Shinshu University, Nagano, Japan

143 Department Physik, Universitit Siegen, Siegen, Germany

144 Department of Physics, Simon Fraser University, Burnaby, BC, Canada

138

1

@ Springer



Eur. Phys. J. C (2017) 77:872 Page 33 of 34 872

145 SLAC National Accelerator Laboratory, Stanford, CA, USA

146 (a)Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovak Republic; (b)DepaItment of
Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice, Slovak Republic

147 (a)Department of Physics, University of Cape Town, Cape Town, South Africa; (b)Department of Physics, University of
Johannesburg, Johannesburg, South Africa; (C)School of Physics, University of the Witwatersrand, Johannesburg, South
Africa

148 (a)Department of Physics, Stockholm University, Stockholm, Sweden; (b)The Oskar Klein Centre, Stockholm, Sweden

149 Physics Department, Royal Institute of Technology, Stockholm, Sweden

150 Departments of Physics and Astronomy and Chemistry, Stony Brook University, Stony Brook, NY, USA
151

152

Department of Physics and Astronomy, University of Sussex, Brighton, UK
School of Physics, University of Sydney, Sydney, Australia
153 Institute of Physics, Academia Sinica, Taipei, Taiwan

14 Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel
155

156

Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel

Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece

157 International Center for Elementary Particle Physics and Department of Physics, The University of Tokyo, Tokyo, Japan

158 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan

159 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan

160 Tomsk State University, Tomsk, Russia

to1 Department of Physics, University of Toronto, Toronto, ON, Canada

162 (a)INFN-TIFPA, Trento, Italy; (b)University of Trento, Trento, Italy

163 (a)TRIUMF, Vancouver, BC, Canada; (b)Department of Physics and Astronomy, York University, Toronto, ON, Canada

1o Faculty of Pure and Applied Sciences, and Center for Integrated Research in Fundamental Science and Engineering,
University of Tsukuba, Tsukuba, Japan

165 Department of Physics and Astronomy, Tufts University, Medford, MA, USA

166 Department of Physics and Astronomy, University of California Irvine, Irvine, CA, USA

167 (a)INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine, Italy; ® ICTP, Trieste, Italy; © Dipartimento di Chimica,
Fisica e Ambiente, Universita di Udine, Udine, Italy

168 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden

169 Department of Physics, University of Illinois, Urbana, IL, USA

170 Instituto de Fisica Corpuscular (IFIC), Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain

1 Department of Physics, University of British Columbia, Vancouver, BC, Canada

172 Department of Physics and Astronomy, University of Victoria, Victoria, BC, Canada

173 Department of Physics, University of Warwick, Coventry, UK

174 Waseda University, Tokyo, Japan

175 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel

176 Department of Physics, University of Wisconsin, Madison, WI, USA

7 Rakultit fiir Physik und Astronomie, Julius-Maximilians-Universitit, Wiirzburg, Germany

178 Fakultit fiir Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universitdt Wuppertal, Wuppertal,
Germany

179 Department of Physics, Yale University, New Haven, CT, USA

180 Yerevan Physics Institute, Yerevan, Armenia

181 Centre de Calcul de I'Institut National de Physique Nucléaire et de Physique des Particules (IN2P3), Villeurbanne,

France

182 Academia Sinica Grid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan

* Also at Department of Physics, King’s College London, London, UK

® Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan

¢ Also at Novosibirsk State University, Novosibirsk, Russia

d Also at TRIUMF, Vancouver, BC, Canada

© Also at Department of Physics and Astronomy, University of Louisville, Louisville, KY, USA
" Also at Physics Department, An-Najah National University, Nablus, Palestine

@ Springer



872 Page 34 of 34 Eur. Phys. J. C (2017) 77:872

£ Also at Department of Physics, California State University, Fresno, CA, USA

h Also at Department of Physics, University of Fribourg, Fribourg, Switzerland

1' Also at IT Physikalisches Institut, Georg-August-Universitit, Gottingen, Germany

J Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain

k Also at Departamento de Fisica e Astronomia, Faculdade de Ciencias, Universidade do Porto, Porto, Portugal

! Also at Tomsk State University, Tomsk, Russia

™ Also at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing, China

" Also at Universita di Napoli Parthenope, Napoli, Italy

© Also at Institute of Particle Physics (IPP), Canada

P Also at Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania

9 Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia

" Also at Borough of Manhattan Community College, City University of New York, New York, USA

® Also at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece

' Also at Centre for High Performance Computing, CSIR Campus, Rosebank, Cape Town, South Africa

" Also at Louisiana Tech University, Ruston, LA, USA

V' Also at Institucio Catalana de Recerca i Estudis Avancats, [CREA, Barcelona, Spain

¥ Also at Graduate School of Science, Osaka University, Osaka, Japan

* Also at Fakultit fiir Mathematik und Physik, Albert-Ludwigs-Universitit, Freiburg, GermanyHi

Y Also at Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef, Nijmegen,

The Netherlands

“ Also at Department of Physics, The University of Texas at Austin, Austin, TX, USA

 Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia

ab Also at CERN, Geneva, Switzerland

% Also at Georgian Technical University (GTU), Tbilisi, Georgia

4 Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan

% Also at Manhattan College, New York, NY, USA

af Also at Departamento de Fisica, Pontificia Universidad Catélica de Chile, Santiago, Chile

* Also at Department of Physics, The University of Michigan, Ann Arbor MI, United States of America

ah Also at The City College of New York, New York NY, United States of America

al' Also at School of Physics, Shandong University, Shandong, China

4 Also at Departamento de Fisica Teorica y del Cosmos and CAFPE, Universidad de Granada, Granada, Spain
ak Also at Department of Physics, California State University, Sacramento, CA, USA

4 Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia
M Also at Departement de Physique Nucleaire et Corpusculaire, Université de Geneve, Geneva, Switzerland

" Also at Institut de Fisica d’ Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Barcelona, Spain
% Also at School of Physics, Sun Yat-sen University, Guangzhou, China

% Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences, Sofia,

Bulgaria

% Also at Faculty of Physics, M.V. Lomonosov Moscow State University, Moscow, Russia

4 Also at National Research Nuclear University MEPhI, Moscow, Russia

% Also at Department of Physics, Stanford University, Stanford, CA, USA

* Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest, Hungary
™ Also at Faculty of Engineering, Giresun University, Giresun, Turkey

" Also at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
™ Also at Department of Physics, Nanjing University, Jiangsu, China

™ Also at Department of Physics, University of Malaya, Kuala Lumpur, Malaysia

& Also at Institute of Physics, Academia Sinica, Taipei, Taiwan

¥ Also at LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France

*Deceased

@ Springer



	aaboud_m_eurphysjc_2017-02-cover.pdf
	Aaboud2017_Article_DeterminationOfTheStrongCoupli.pdf
	Determination of the strong coupling constant αs from transverse energy–energy correlations in multijet events at sqrts = 8 TeV using the ATLAS detector
	Abstract 
	1 Introduction
	2 ATLAS detector
	3 Monte Carlo simulation
	4 Data sample and jet calibration
	5 Results at the detector level
	6 Correction to particle level
	7 Systematic uncertainties
	8 Experimental results
	9 Theoretical predictions
	9.1 Non-perturbative corrections
	9.2 Theoretical uncertainties

	10 Comparison of theoretical predictions and experimental results
	11 Determination of αs and test of asymptotic  freedom
	11.1 Fits to individual TEEC functions
	11.2 Global TEEC fit
	11.3 Fits to individual ATEEC functions
	11.4 Global ATEEC fit

	12 Conclusion
	Acknowledgements
	Appendix
	References





