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Abstract

The spectra measurements of charged hadrons produced in the shower of a parton
originating in the same hard scattering with a leptonically decaying Z boson, are re-
ported in lead-lead (PbPb) and proton-proton (pp) collisions at a nucleon-nucleon
center-of-mass energy of 5.02 TeV. Both PbPb and pp data sets are recorded by the
CMS experiment at the LHC, and correspond to an integrated luminosity of 1.7 nb−1

and 320 pb−1, respectively. Hadronic collision data with one reconstructed Z boson
candidate with the transverse momentum pT > 30 GeV/c are analyzed. The Z bo-
son constrains the initial energy and direction of the associated parton. In heavy ion
events, azimuthal angular distributions of charged hadrons with respect to the di-
rection of a Z boson are sensitive to modifications of the in-medium parton shower
and medium response. Compared to reference data from pp interactions, the results
for central PbPb collisions indicate a modification of the angular correlations. The
measurements of the fragmentation functions and pT spectra of charged particles in
Z boson events, which are sensitive to medium modifications of the parton shower
longitudinal structure, are also reported. Significant modifications in central PbPb
events compared to pp reference data are also found for these observables.
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In relativistic heavy ion collisions, quantum chromodynamics (QCD) predicts that a state of de-
confined quarks and gluons, known as quark-gluon plasma (QGP), can be formed [1, 2]. Parton
scatterings with large momentum transfer, which occur very early in the collision compared to
the timescale of QGP formation, can act as tomographic probes of the plasma [3]. The outgoing
partons interact strongly with the QGP and lose energy [4, 5]. This phenomenon, known as
“jet quenching”, has been observed through measurements of hadrons with high transverse
momentum with respect to the beam direction (pT) [6–11] and of jets [12–15], both created by
the fragmentation of energetic partons.

This Letter presents the measurement of charged hadrons from the shower of a parton (quark
or gluon) produced in association with a Z boson in lead-lead (PbPb) and proton-proton (pp)
collisions. Measurements of jets produced in the same hard scattering with an electroweak
boson (e.g. photon, Z or W bosons), which does not interact strongly with the QGP [16–19],
have an advantage [20–22]: the momentum in the transverse plane of the electroweak boson
(the ‘tag‘) reflects, on average, the initial direction and energy (i.e., before any medium-induced
energy loss) of the associated parton that fragments into the jet. Both PbPb and pp data sets
are collected at a nucleon-nucleon center-of-mass energy

√
s

NN
= 5.02 TeV and correspond to

integrated luminosities of 1.7 nb−1 and 320 pb−1, respectively. The goals of the measurement
are the following: (i) to study the medium modification of the hadron momentum spectra
coming from hard-scattered partons tagged by Z bosons [22–24]; (ii) to reveal possible angular
decorrelations between the unmodified Z boson direction and the charged hadrons because
of pT broadening originating from interactions of the parent parton with the medium [25, 26]
and (iii) to study the possible effects of medium recoil in the angular correlation functions
between the charged hadrons from the shower of a parton produced in association with a Z
boson [23, 24, 27]. This analysis correlates Z bosons (reconstructed when decaying to pairs of
electrons or muons) and charged-particle tracks in relative azimuthal angle (φ). The Ntrk,Z/NZ ,
number of tracks normalized by the number of Z bosons is measured as a function of the
difference between the φ angle of the Z boson (φZ) and the angles (φtrk) of the other tracks
reconstructed in the event, ∆φtrk,Z = |φtrk− φZ |. This Letter also presents measurements of the

Z-tagged jet fragmentation function, defined as ξ
trk,Z
T = ln

[
−|~pZ

T |2/(~ptrk
T · ~p

Z
T )
]
, where ~pZ

T and
~ptrk

T are the pT vectors with respect to the beam direction of the Z boson and charged-particle
track, respectively [28]. These results are distinct from previous ξ measurements [29] in which
the ~pZ

T in the denominator is replaced by the pT of a jet after it suffered medium-induced energy
loss.

The central feature of the CMS detector [30] is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter. Hadron forward (HF) calorimeters extend the pseudorapidity
coverage up to |η| = 5.2. For PbPb events, the HF signals are used to determine the degree of
overlap (“centrality”) of the two colliding nuclei [31]. Muons are measured in gas-ionization
detectors located outside the solenoid.

The event samples are selected in real time with dedicated lepton filters (“triggers”) [32], and
offline by removing noncollision events [11]. The Z → e+e− events are triggered if one ECAL
cluster has transverse energy greater than 20 GeV and |η| < 2.1, while the Z → µ+µ− triggers
require one muon of pT > 12 GeV/c and |η| < 2.4 [32]. The average pileup (the mean of the
number of additional collisions within the same bunch crossing) is 2 in pp, and negligible in
PbPb collisions. For PbPb collisions, the results are presented in four centrality intervals, 70–90,
50–70, 30–50, and 0–30%. The centrality measurement is based on percentiles of the distribu-
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tions of the total energy deposited in the HF calorimeters, which corresponds to the fraction of
the total inelastic hadronic cross section, starting at 0% for the most central collisions [31].

The PYTHIA 8.212 [33] Monte Carlo (MC) event generator with the underlying event (UE) tune
CP5 [34], and MADGRAPH5 aMC@NLO 8.212 [35] next-to-leading order (NLO) program (inter-
faced with PYTHIA) are used to simulate Z +jet signal events. In the PbPb case, “embedded”
samples are created by overlapping PYTHIA and MADGRAPH5 aMC@NLO signal events with
minimum bias (MB) heavy ion events generated with the HYDJET 1.9 MC event generator [36].
The generated events are propagated through the CMS apparatus using the GEANT4 toolkit [37].
These MC samples are used to evaluate reconstruction and selection efficiencies, calibrations,
and to study the background, separately for pp and PbPb data.

Electrons are identified as ECAL superclusters [38] matched in position and energy to tracks
reconstructed in the tracker, using the particle-flow algorithm [39]. They must have pT >
20 GeV/c and their supercluster must be within the acceptance of the trigger, |η| < 2.1. Muons
are selected by requiring reconstructed track segments in at least two muon detector planes
and a good-quality fit when connecting them to tracker segments [40]. For both pp and PbPb
data, the muons are required to have pT > 20 GeV/c and they must fall within the acceptance
of the muon detectors, |η| < 2.4.

The track reconstruction used in pp and PbPb collisions is described in Ref. [41]. Corrections for
tracking efficiency, detector acceptance, and misreconstruction rate are obtained following the
procedure of Ref. [11]. Additional corrections are applied to account for a difference in tracking
efficiency (∼1%), from a different particle density, seen between HYDJET and embedded MAD-
GRAPH5 aMC@NLO samples. The selection criteria are the same as in Ref. [11] for both pp and
PbPb data.

The Z candidates are identified using an electron or muon pair, with a reconstructed invariant
mass in the interval 60–120 GeV/c2 and pZ

T > 30 GeV/c. After all selections, there are ∼5K (23K)
Z boson events in PbPb (pp) data. Electron and muon pairs are corrected for losses in accep-
tance and efficiency during reconstruction, and identification and trigger selections [38, 40].
Each Z candidate is paired with all tracks in the same event that pass the ptrk

T > 1 GeV/c
and |ηtrk| < 2.4 selections. To avoid including the tracks of the Z candidate decay prod-
ucts, each track used in the correlations is required to fall outside a cone of radius (defined as√
(∆η)2 + (∆φ)2 ) 0.02 (the smallest value for which no significant contamination is observed)

around the direction of a lepton from the Z decay. Intermediate results, corrected for lepton ef-
ficiencies only, are obtained separately for Z candidates reconstructed from oppositely-charged
electron or muon pairs. In order to minimize the residual contamination from QCD jet physics
processes (<3%), the relative contribution from same-charge lepton pairs is subtracted sepa-
rately for the two decay channels. Finally, the two channels are combined and treated as one.

Combinatorial background originating from tracks from the UE in PbPb collisions is subtracted
to obtain the correlation between the Z boson candidate and all tracks coming from the shower
of a parton produced in the same hard scattering process. This background is estimated from
data with an event mixing procedure [42, 43], where the Z candidate is paired with tracks
found in events chosen randomly from an MB PbPb data set with similar event characteristics
(i.e., similar energy deposited in the HF, and interaction vertex z position). Events are split into
bins of total HF energy, EHF. To ensure that the Z boson and MB events have the same size
UE, an event with a Z boson candidate and with EHF, Z is mixed with MB events in the EHF

bin containing events with HF energy equal to EHF, Z − 〈EHF, Z, pp〉. The quantity 〈EHF, Z, pp〉
is the average of EHF over events in pp data where a Z boson is produced without additional
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pp interactions present in the event. For the events within a given EHF bin, the variation in
the number of UE tracks before subtraction can be much larger than the number of tracks after
subtraction. In order to reflect this statistical effect of the UE, the statistical uncertainties of the
PbPb distributions are calculated using the bootstrap method [44].

Several variations in the analysis are considered in order to account for the uncertainties re-
lated to the tracking efficiency and corrections, lepton efficiency and energy scale, as well as
pp pileup and PbPb background subtraction. No significant differences are observed in the
results obtained with electron and muon pairs separately, therefore uncertainties are quoted
after combining the two. With the exception of the lepton energy scale and efficiencies, there
are no assumed correlations between the pp and PbPb uncertainties. Unless noted otherwise,
the systematic uncertainties are evaluated as the differences between final results and results
obtained with varied settings. In the following, we list the variations considered, and provide
in Appendix A the numerical values for the average uncertainties corresponding to the most
extreme cases, i.e. the pp and most central 0–30% PbPb collisions.

The uncertainty related to the tracking efficiency is estimated as the difference in the track
reconstruction efficiency between data and simulation [11]. The uncertainty related to the ob-
served efficiency difference, between HYDJET and embedded MADGRAPH5 aMC@NLO sam-
ples, is obtained by comparing corrections obtained from embedded samples. Lepton efficien-
cies are varied by the uncertainty in their data-to-MC differences obtained using the “tag-and-
probe” method [45]. To assess the uncertainty related to the lepton energy scale corrections,
the pT of leptons is shifted by their energy correction uncertainties. No corrections are applied
to remove the residual pileup effects in pp data. Nominal distributions (no requirement on
pileup) are compared to those from events without pileup, i.e. events with only one interaction
vertex. The uncertainty in the event mixing procedure is obtained by repeating the procedure
after shifting the 〈EHF, Z, pp〉 by 5%, the maximum difference in the HF response between PbPb
and pp data-taking periods.

The results are compared to three theoretical calculations, which use the same kinematic selec-
tion as data, and incorporate the phenomenon of jet quenching: SCETG [24, 46, 47], which does
not consider any medium response to jet propagation; Hybrid [26, 27], which considers the
effects of a ‘wake’, induced by the jet as it passes through and interacts with the QCD medium;
and CoLBT [23, 48] in which the quenched jet energy feeds into the hydrodynamic evolution.

Figure 1 shows 1/NZ dNtrk,Z/d∆φtrk,Z , i.e., the distributions of the φ angle difference between
charged particles and Z bosons, normalized by the number of Z bosons in each data set (and for
the PbPb case, in each centrality interval). This type of angular correlation function could reveal
medium-induced modification of the away-side (∆φtrk,Z ∼ π) jet constituents, and effects of the
medium response (i.e., modification of the medium induced by the jet traversing through), over
all ∆φtrk,Z . Different pairs of data sets were compared using χ2-tests. With a p-value cutoff of
0.05, the tests show that the 0–30% PbPb (pp) distribution is compatible (incompatible) with
all data sets except the most peripheral one. The distributions in both pp and PbPb collisions
are peaked at ∆φtrk,Z ∼ π, which is the signature of an away-side jet emitted back-to-back with
the Z boson. The difference in the number of associated particles, between the PbPb and pp
results, is also shown in Fig. 1. The excess observed in all bins except the most peripheral (i.e.,
the most pp-like) could be caused by the medium response where the traversing jet excites the
medium around it, as well as by multiple-parton interactions that are independent of the Z
+jet process [48]. The comparison with the CoLBT and the Hybrid (with and without wake)
models support these scenarios, although the Hybrid model fails to reproduce the magnitude
of the difference between pp and PbPb collisions, in particular in the ∆φtrk,Z ∼ 0 region.
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Figure 1: Upper: Distributions of ∆φtrk,Z in pp collisions compared to PbPb collisions (left to
right) in the 70–90 (left), 50–70, 30–50, and 0–30% (right) centrality intervals. Lower: Difference
between the PbPb and pp distributions. The vertical bars and shaded boxes represent the
statistical and systematic uncertainties, respectively. Several model calculations are added for
comparison: Hybrid [27] and CoLBT [23, 48].

The fragmentation function of the parton emitted back-to-back with the Z boson is studied
via the 1/NZ dNtrk,Z/dξ

trk,Z
T distributions, shown in Fig. 2. For these results (as well as for

those shown in Fig. 3), tracks are required to satisfy ∆φtrk,Z > 7π/8. Because the interest
is in the shape dissimilarities, the ratios of the pp and PbPb distributions are presented. All
distributions are normalized by the number of Z candidates found in each data set.

In Fig. 2, the low- and high-ξtrk,Z
T regions (i.e., below and above ∼3) correspond to high- and

low-pT particles (or lower- and higher-pZ
T ), respectively. For instance, for pZ

T ∼ 30(60)GeV/c,
the high-ξtrk,Z

T region corresponds to ptrk
T ∼ 1.5(3)GeV/c. No significant modification is ob-

served in the 70–90% PbPb collisions compared to pp data. In central collisions, charged par-
ticles are suppressed in the ξ

trk,Z
T < 3 (high-energy particles) interval, and enhanced in the

ξ
trk,Z
T > 3 interval. These features are consistent with a scenario in which the initial parton loses

energy (i.e., jet quenching) and/or the medium induces modification of the parton shower. The
enhancement is also consistent with a picture in which additional low-energy particles are pro-
duced from the recoil of the medium caused by the traversing parton.

The modification of the charged-particle pT spectra is prominent when comparing the per-Z-
boson associated yields in PbPb and pp collisions. Figure 3 shows the 1/NZ dNtrk,Z/dptrk

T
distributions in PbPb and pp data, together with their ratio. In the most peripheral event class,
there is no significant modification of the charged-particle pT spectrum in PbPb collisions. In
central events and at high ptrk

T (>2–5 GeV/c), the particle production is suppressed in PbPb
compared to the pp reference data. At the same time, at low ptrk

T (1–2 GeV/c), an enhancement is
observed consistent with the one seen in the ∆φtrk,Z results. Modifications of the ξ

trk,Z
T and ptrk

T
distributions are the largest in the 0–30% centrality interval, indicating the strongest medium
effects.

The medium response is not expected to play an important role for the high-ptrk
T and low-ξtrk,Z

T
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Figure 2: Upper: Distributions of ξ
trk,Z
T in pp collisions compared to PbPb collisions (left to

right) in the 70–90 (left), 50–70, 30–50, and 0–30% (right) centrality intervals. Lower: ratios of
the PbPb to pp distributions. The vertical bars and shaded boxes represent the statistical and
systematic uncertainties, respectively. Several model calculations are added for comparison:
Hybrid [27], CoLBT [23, 48], and SCETG [46].
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Figure 3: Similar plots as Fig. 2, but for the 1/NZ dNtrk,Z/dptrk
T distributions.

regions, as is illustrated in the Hybrid model, where calculations with and without wake are
indistinguishable. In this region, there is good agreement between data and the SCETG and the
Hybrid calculations. At low-ptrk

T and high-ξtrk,Z
T , the increase in the charged particle yield can

only be reproduced if a feed-back from the medium is considered. In these regions, both the
Hybrid with wake and CoLBT models captures the general features seen in data, including the
expected weakening of medium effects at higher pT values from 0–30 to 30–50% PbPb event
centralities.
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In summary, the measurements of charged hadrons produced in the shower of a parton origi-
nating in the same hard scattering with a Z boson, are reported in lead-lead (PbPb) and proton-
proton (pp) collisions at

√
s

NN
= 5.02 TeV. Collision data with a Z boson candidate with trans-

verse momentum pT > 30 GeV/c are analyzed. The Z-tagged fragmentation functions and
ptrk

T spectra, which probe the longitudinal structure of the parton shower inside the medium,
are measured and significant modifications are observed. Particle yields, which are sensitive
to modification of the in-medium parton shower and medium recoils, are measured for all
charged particles as a function of the azimuthal angle (φ) with respect to the Z boson momen-
tum vector. Comparison of the PbPb and pp results indicates a modification of the angular
correlation functions extending to φ angles close to the Z boson in central PbPb events. The
data favor theoretical models that include the response of the medium to the traversing par-
ton. These results represent the first studies of parton-medium interactions over all φ angles,
in which the initial state of the scattered parton is known before it enters the medium.
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[33] T. Sjöstrand et al., “An introduction to PYTHIA 8.2”, Comput. Phys. Commun. 191 (2015)
159, doi:10.1016/j.cpc.2015.01.024, arXiv:1410.3012.

[34] CMS Collaboration, “Extraction and validation of a new set of CMS PYTHIA8 tunes from
underlying-event measurements”, Eur. Phys. J. C 80 (2020)
doi:10.1140/epjc/s10052-019-7499-4, arXiv:1903.12179.

[35] J. Alwall et al., “The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations”, JHEP 07
(2014) 079, doi:10.1007/JHEP07(2014)079, arXiv:1405.0301.

[36] I. P. Lokhtin and A. M. Snigirev, “A model of jet quenching in ultrarelativistic heavy ion
collisions and high-pT hadron spectra at RHIC”, Eur. Phys. J. C 45 (2006) 211,
doi:10.1140/epjc/s2005-02426-3, arXiv:hep-ph/0506189.

[37] GEANT4 Collaboration, “GEANT4—a simulation toolkit”, Nucl. Instrum. Meth. A 506
(2003) 250, doi:10.1016/S0168-9002(03)01368-8.

[38] CMS Collaboration, “Performance of electron reconstruction and selection with the CMS
detector in pp collisions at

√
s = 8 TeV”, JINST 10 (2015) P06005,

doi:10.1088/1748-0221/10/06/P06005, arXiv:1502.02701.

[39] CMS Collaboration, “Particle-flow reconstruction and global event description with the
CMS detector”, JINST 12 (2017) P10003, doi:10.1088/1748-0221/12/10/P10003,
arXiv:1706.04965.

[40] CMS Collaboration, “Performance of CMS muon reconstruction in pp collision events at√
s = 7 TeV”, JINST 7 (2012) P10002, doi:10.1088/1748-0221/7/10/P10002,

arXiv:1206.4071.

[41] CMS Collaboration, “Description and performance of track and primary-vertex
reconstruction with the CMS tracker”, JINST 9 (2014) P10009,
doi:10.1088/1748-0221/9/10/P10009, arXiv:1405.6569.

[42] CMS Collaboration, “Observation of medium-induced modifications of jet fragmentation
in PbPb collisions at

√
s

NN
= 5.02 TeV using isolated photon-tagged jets”, Phys. Rev. Lett.

121 (2018) 242301, doi:10.1103/PhysRevLett.121.242301, arXiv:1801.04895.

[43] CMS Collaboration, “Jet shapes of isolated photon-tagged jets in PbPb and pp collisions
at
√

s
NN

= 5.02 TeV”, Phys. Rev. Lett. 122 (2019) 152001,
doi:10.1103/PhysRevLett.122.152001, arXiv:1809.08602.

[44] B. Efron, “Bootstrap methods: Another look at the jackknife”, Ann. Statist. 7 (1979)
doi:10.1214/aos/1176344552.

[45] CMS Collaboration, “Measurement of the inclusive W and Z production cross sections in
pp collisions at

√
s = 7 TeV”, JHEP 10 (2011) 132, doi:10.1007/JHEP10(2011)132,

arXiv:1107.4789.

http://dx.doi.org/10.1103/PhysRevC.84.024906
http://www.arXiv.org/abs/1102.1957
http://dx.doi.org/10.1088/1748-0221/12/01/P01020
http://www.arXiv.org/abs/1609.02366
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://www.arXiv.org/abs/1410.3012
http://dx.doi.org/10.1140/epjc/s10052-019-7499-4
http://www.arXiv.org/abs/1903.12179
http://dx.doi.org/10.1007/JHEP07(2014)079
http://www.arXiv.org/abs/1405.0301
http://dx.doi.org/10.1140/epjc/s2005-02426-3
http://www.arXiv.org/abs/hep-ph/0506189
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1088/1748-0221/10/06/P06005
http://www.arXiv.org/abs/1502.02701
http://dx.doi.org/10.1088/1748-0221/12/10/P10003
http://www.arXiv.org/abs/1706.04965
http://dx.doi.org/10.1088/1748-0221/7/10/P10002
http://www.arXiv.org/abs/1206.4071
http://dx.doi.org/10.1088/1748-0221/9/10/P10009
http://www.arXiv.org/abs/1405.6569
http://dx.doi.org/10.1103/PhysRevLett.121.242301
http://www.arXiv.org/abs/1801.04895
http://dx.doi.org/10.1103/PhysRevLett.122.152001
http://www.arXiv.org/abs/1809.08602
http://dx.doi.org/10.1214/aos/1176344552
http://dx.doi.org/10.1007/JHEP10(2011)132
http://www.arXiv.org/abs/1107.4789


10

[46] H. T. Li and I. Vitev, “Jet charge modification in dense QCD matter”, Phys. Rev. D 101
(2020) 076020, doi:10.1103/PhysRevD.101.076020, arXiv:1908.06979.

[47] Y.-T. Chien et al., “Jet quenching from QCD evolution”, Phys. Rev. D 93 (2016) 074030,
doi:10.1103/PhysRevD.93.074030, arXiv:1509.02936.

[48] Z. Yang et al., “Search for the elusive jet-induced diffusion wake in Z/γ-jets with 2D jet
tomography in high-energy heavy-ion collisions”, (2021). arXiv:2101.05422.

http://dx.doi.org/10.1103/PhysRevD.101.076020
http://www.arXiv.org/abs/1908.06979
http://dx.doi.org/10.1103/PhysRevD.93.074030
http://www.arXiv.org/abs/1509.02936
http://www.arXiv.org/abs/2101.05422


11

A Supplemental material

Table 1: Relative systematic uncertainties for ∆φtrk,Z , ξ
trk,Z
T , and ptrk

T , averaged over the whole
distribution, for pp and PbPb collisions.

Systematic uncertainty source
∆φtrk,Z [%] ξ

trk,Z
T [%] ptrk

T [%]
pp PbPb pp PbPb pp PbPb

Tracking efficiency
Data–MC difference 2.4 5.0 2.4 5.0 2.4 5.0
MC minbias–embedding samples difference — 2.7 — 2.7 — 2.5
MC generator–reconstruction difference 0.7 8.1 2.3 5.0 1.7 3.8

Leptons
Data–MC efficiency difference 0.4 0.7 0.4 0.7 0.4 0.7
Energy scale 0.1 1.7 0.4 2.6 0.2 1.7

Pileup pp 1.3 — 1.9 — 2.0 —
Event mixing PbPb — 3.0 — 1.8 — 0.8
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C. Fontaine16, D. Gelé, U. Goerlach, C. Grimault, A.-C. Le Bihan, P. Van Hove

Institut de Physique des 2 Infinis de Lyon (IP2I ), Villeurbanne, France
E. Asilar, S. Beauceron, C. Bernet, G. Boudoul, C. Camen, A. Carle, N. Chanon,
D. Contardo, P. Depasse, H. El Mamouni, J. Fay, S. Gascon, M. Gouzevitch, B. Ille, Sa. Jain,
I.B. Laktineh, H. Lattaud, A. Lesauvage, M. Lethuillier, L. Mirabito, L. Torterotot, G. Touquet,
M. Vander Donckt, S. Viret

Georgian Technical University, Tbilisi, Georgia
A. Khvedelidze11, Z. Tsamalaidze11

RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany
L. Feld, K. Klein, M. Lipinski, D. Meuser, A. Pauls, M. Preuten, M.P. Rauch, J. Schulz,
M. Teroerde

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
D. Eliseev, M. Erdmann, P. Fackeldey, B. Fischer, S. Ghosh, T. Hebbeker, K. Hoepfner, H. Keller,
L. Mastrolorenzo, M. Merschmeyer, A. Meyer, P. Millet, G. Mocellin, S. Mondal, S. Mukherjee,
D. Noll, A. Novak, T. Pook, A. Pozdnyakov, T. Quast, M. Radziej, Y. Rath, H. Reithler, J. Roemer,
A. Schmidt, S.C. Schuler, A. Sharma, S. Wiedenbeck, S. Zaleski



16

RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
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S. Belfortea, V. Candelisea ,b, M. Casarsaa, F. Cossuttia, A. Da Rolda ,b, G. Della Riccaa ,b,
F. Vazzolera,b

Kyungpook National University, Daegu, Korea
S. Dogra, C. Huh, B. Kim, D.H. Kim, G.N. Kim, J. Lee, S.W. Lee, C.S. Moon, Y.D. Oh, S.I. Pak,
B.C. Radburn-Smith, S. Sekmen, Y.C. Yang

Chonnam National University, Institute for Universe and Elementary Particles, Kwangju,
Korea
H. Kim, D.H. Moon

Hanyang University, Seoul, Korea
B. Francois, T.J. Kim, J. Park

Korea University, Seoul, Korea
S. Cho, S. Choi, Y. Go, S. Ha, B. Hong, K. Lee, K.S. Lee, J. Lim, J. Park, S.K. Park, J. Yoo

Kyung Hee University, Department of Physics, Seoul, Republic of Korea
J. Goh, A. Gurtu

Sejong University, Seoul, Korea
H.S. Kim, Y. Kim

Seoul National University, Seoul, Korea
J. Almond, J.H. Bhyun, J. Choi, S. Jeon, J. Kim, J.S. Kim, S. Ko, H. Kwon, H. Lee, K. Lee, S. Lee,
K. Nam, B.H. Oh, M. Oh, S.B. Oh, H. Seo, U.K. Yang, I. Yoon



20

University of Seoul, Seoul, Korea
D. Jeon, J.H. Kim, B. Ko, J.S.H. Lee, I.C. Park, Y. Roh, D. Song, I.J. Watson

Yonsei University, Department of Physics, Seoul, Korea
H.D. Yoo

Sungkyunkwan University, Suwon, Korea
Y. Choi, C. Hwang, Y. Jeong, H. Lee, Y. Lee, I. Yu

College of Engineering and Technology, American University of the Middle East (AUM),
Egaila, Kuwait
Y. Maghrbi

Riga Technical University, Riga, Latvia
V. Veckalns40

Vilnius University, Vilnius, Lithuania
A. Juodagalvis, A. Rinkevicius, G. Tamulaitis

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
W.A.T. Wan Abdullah, M.N. Yusli, Z. Zolkapli

Universidad de Sonora (UNISON), Hermosillo, Mexico
J.F. Benitez, A. Castaneda Hernandez, J.A. Murillo Quijada, L. Valencia Palomo

Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico
H. Castilla-Valdez, E. De La Cruz-Burelo, I. Heredia-De La Cruz41, R. Lopez-Fernandez,
A. Sanchez-Hernandez

Universidad Iberoamericana, Mexico City, Mexico
S. Carrillo Moreno, C. Oropeza Barrera, M. Ramirez-Garcia, F. Vazquez Valencia

Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
J. Eysermans, I. Pedraza, H.A. Salazar Ibarguen, C. Uribe Estrada

Universidad Autónoma de San Luis Potosı́, San Luis Potosı́, Mexico
A. Morelos Pineda

University of Montenegro, Podgorica, Montenegro
J. Mijuskovic4, N. Raicevic

University of Auckland, Auckland, New Zealand
D. Krofcheck

University of Canterbury, Christchurch, New Zealand
S. Bheesette, P.H. Butler

National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan
A. Ahmad, M.I. Asghar, M.I.M. Awan, H.R. Hoorani, W.A. Khan, M.A. Shah, M. Shoaib,
M. Waqas

AGH University of Science and Technology Faculty of Computer Science, Electronics and
Telecommunications, Krakow, Poland
V. Avati, L. Grzanka, M. Malawski

National Centre for Nuclear Research, Swierk, Poland
H. Bialkowska, M. Bluj, B. Boimska, T. Frueboes, M. Górski, M. Kazana, M. Szleper, P. Traczyk,
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Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
F. Boran, S. Damarseckin60, Z.S. Demiroglu, F. Dolek, C. Dozen61, I. Dumanoglu62, E. Eskut,
G. Gokbulut, Y. Guler, E. Gurpinar Guler63, I. Hos64, C. Isik, E.E. Kangal65, O. Kara,
A. Kayis Topaksu, U. Kiminsu, G. Onengut, K. Ozdemir66, A. Polatoz, A.E. Simsek, B. Tali67,
U.G. Tok, S. Turkcapar, I.S. Zorbakir, C. Zorbilmez

Middle East Technical University, Physics Department, Ankara, Turkey
B. Isildak68, G. Karapinar69, K. Ocalan70, M. Yalvac71

Bogazici University, Istanbul, Turkey
I.O. Atakisi, E. Gülmez, M. Kaya72, O. Kaya73, Ö. Özçelik, S. Tekten74, E.A. Yetkin75
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26: Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd
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57: Also at Universität Zürich, Zurich, Switzerland
58: Also at Stefan Meyer Institute for Subatomic Physics, Vienna, Austria, Vienna, Austria
59: Also at Laboratoire d’Annecy-le-Vieux de Physique des Particules, IN2P3-CNRS, Annecy-
le-Vieux, France
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