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Measurements of the centrality and rapidity dependence of inclusive jet production in √sNN = 5.02 TeV
proton–lead (p + Pb) collisions and the jet cross-section in 

√
s = 2.76 TeV proton–proton collisions 

are presented. These quantities are measured in datasets corresponding to an integrated luminosity of 
27.8 nb−1 and 4.0 pb−1, respectively, recorded with the ATLAS detector at the Large Hadron Collider 
in 2013. The p + Pb collision centrality was characterised using the total transverse energy measured in 
the pseudorapidity interval −4.9 < η < −3.2 in the direction of the lead beam. Results are presented 
for the double-differential per-collision yields as a function of jet rapidity and transverse momentum 
(pT) for minimum-bias and centrality-selected p + Pb collisions, and are compared to the jet rate from 
the geometric expectation. The total jet yield in minimum-bias events is slightly enhanced above the 
expectation in a pT-dependent manner but is consistent with the expectation within uncertainties. The 
ratios of jet spectra from different centrality selections show a strong modification of jet production 
at all pT at forward rapidities and for large pT at mid-rapidity, which manifests as a suppression of 
the jet yield in central events and an enhancement in peripheral events. These effects imply that the 
factorisation between hard and soft processes is violated at an unexpected level in proton–nucleus 
collisions. Furthermore, the modifications at forward rapidities are found to be a function of the total 
jet energy only, implying that the violations may have a simple dependence on the hard parton–parton 
kinematics.

© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Proton–lead (p + Pb) collisions at the Large Hadron Collider 
(LHC) provide an excellent opportunity to study hard scattering 
processes involving a nuclear target [1]. Measurements of jet pro-
duction in p + Pb collisions provide a valuable benchmark for 
studies of jet quenching in lead–lead collisions by, for example, 
constraining the impact of nuclear parton distributions on inclu-
sive jet yields. However, p + Pb collisions also allow the study of 
possible violations of the QCD factorisation between hard and soft 
processes which may be enhanced in collisions involving nuclei.

Previous studies in deuteron–gold (d + Au) collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) observed such violations, mani-
fested in the suppressed production of very forward hadrons with 
transverse momenta up to 4 GeV [2–4]. Studies of forward di-
hadron angular correlations at RHIC also showed a much weaker 
dijet signal in d + Au collisions than in pp collisions [4,5]. These 

� E-mail address: atlas.publications@cern.ch.

effects have been attributed to the saturation of the parton dis-
tributions in the gold nucleus [6–8], to the modification of the 
nuclear parton distribution function [9], to the higher-twist contri-
butions to the cross-section enhanced by the forward kinematics 
of the measurement [10], or to the presence of a large nucleus 
[11]. The extended kinematic reach of p + Pb measurements at 
the LHC allows the study of hard scattering processes that produce 
forward hadrons or jets over a much wider rapidity and transverse 
momentum range. Such measurements can determine whether the 
factorisation violations observed at RHIC persist at higher energy 
and, if so, how the resulting modifications vary as a function of 
particle or jet momentum and rapidity. The results of such mea-
surements could test the competing descriptions of the RHIC re-
sults and, more generally, provide new insight into the physics of 
hard scattering processes involving a nuclear target.

This paper reports the centrality dependence of inclusive jet 
production in p + Pb collisions at a nucleon–nucleon centre-
of-mass energy 

√
sNN = 5.02 TeV. The measurement was per-

formed using a dataset corresponding to an integrated luminos-
ity of 27.8 nb−1 recorded in 2013. The p + Pb jet yields were 
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compared to a nucleon–nucleon reference constructed from a mea-
surement of jet production in pp collisions at a centre-of-mass 
energy 

√
s = 2.76 TeV using a dataset corresponding to an inte-

grated luminosity of 4.0 pb−1 also recorded in 2013. Jets were 
reconstructed from energy deposits measured in the calorimeter 
using the anti-kt algorithm with radius parameter R = 0.4 [12].

The centrality of p + Pb collisions was characterised using the 
total transverse energy measured in the pseudorapidity1 interval 
−4.9 < η < −3.2 in the direction of the lead beam. Whereas in 
nucleus–nucleus collisions centrality reflects the degree of nuclear 
overlap between the colliding nuclei, centrality in p + Pb collisions 
is sensitive to the multiple interactions between the proton and 
nucleons in the lead nucleus. Centrality has been successfully used 
at lower energies in d + Au collisions at RHIC as an experimental 
handle on the collision geometry [2,13,14].

A Glauber model [15] was used to determine the average num-
ber of nucleon–nucleon collisions, 〈Ncoll〉, and the mean value 
of the overlap function, T pA(b) = ∫ +∞

−∞ ρ(b, z)dz, where ρ(b, z)
is the nucleon density at impact parameter b and longitudi-
nal position z, in each centrality interval. Per-event jet yields, 
(1/Nevt)(d2 Njet/dpTdy∗), were measured as a function of jet 
centre-of-mass rapidity,2 y∗ , and transverse momentum, pT, where 
Njet is the number of jets measured in Nevt p + Pb events anal-
ysed. The centrality dependence of the per-event jet yields was 
evaluated using the nuclear modification factor,

R pPb ≡ 1

T pA

(1/Nevt) d2Njet/dpTdy∗∣∣
cent

d2σ
pp

jet /dpTdy∗ , (1)

for a given centrality selection “cent”, where d2σ
pp

jet /dpTdy∗ is de-
termined using the jet cross-section measured in pp collisions at √

s = 2.76 TeV. The factor R pPb quantifies the absolute modifica-
tion of the jet rate relative to the geometric expectation. In each 
centrality interval, the geometric expectation is the jet rate that 
would be produced by an incoherent superposition of the number 
of nucleon–nucleon collisions corresponding to the mean nuclear 
thickness in the given class of p + Pb collisions.

Results are also presented for the central-to-peripheral ratio,

RCP ≡ 1

Rcoll

(1/Nevt) d2Njet/dpTdy∗∣∣
cent

(1/Nevt) d2Njet/dpTdy∗∣∣
peri

, (2)

where Rcoll represents the ratio of 〈Ncoll〉 in a given centrality in-
terval to that in the most peripheral interval, Rcoll ≡ 〈

Ncent
coll

〉
/ 〈Nperi

coll 〉. 
The RCP ratio is sensitive to relative deviations in the jet rate from 
the geometric expectation between the p + Pb event centralities. 
The R pPb and RCP measurements are presented as a function of 
inclusive jet y∗ and pT.

For the 2013 p + Pb run, the LHC was configured with a 4 TeV 
proton beam and a 1.57 TeV per-nucleon Pb beam that together 
produced collisions with 

√
sNN = 5.02 TeV and a rapidity shift of 

the centre-of-mass frame of 0.465 units relative to the ATLAS rest 
frame. The run was split into two periods, with the directions of 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal in-
teraction 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, φ) are used in the transverse plane, φ being the 
azimuthal angle around the beam pipe. The pseudorapidity is defined in laboratory 
coordinates in terms of the polar angle θ as η = − ln tan(θ/2). During 2013 p + Pb
data-taking, the beam directions were reversed approximately half-way through the 
running period, but in presenting results the direction of the proton beam is always 
chosen to point to positive η.

2 The jet rapidity y∗ is defined as y∗ = 0.5 ln E+pz
E−pz

where E and pz are the en-
ergy and the component of the momentum along the proton beam direction in the 
nucleon–nucleon centre-of-mass frame.

the proton and lead beams being reversed at the end of the first 
period. The first period provided approximately 55% of the inte-
grated luminosity with the Pb beam travelling to positive rapidity 
and the proton beam to negative rapidity, and the second period 
provided the remainder with the beams reversed. The analysis in 
this paper uses the events from both periods of data-taking and 
y∗ is defined so that y∗ > 0 always refers to the downstream pro-
ton direction.

2. Experimental setup

The measurements presented in this paper were performed 
using the ATLAS inner detector (ID), calorimeters, minimum-bias 
trigger scintillator (MBTS), and trigger and data acquisition sys-
tems [16]. The ID measures charged particles within |η| < 2.5 us-
ing a combination of silicon pixel detectors, silicon microstrip de-
tectors, and a straw-tube transition radiation tracker, all immersed 
in a 2 T axial magnetic field [17]. The calorimeter system consists 
of a liquid argon (LAr) electromagnetic (EM) calorimeter covering 
|η| < 3.2, a steel/scintillator sampling hadronic calorimeter cover-
ing |η| < 1.7, a LAr hadronic calorimeter covering 1.5 < |η| < 3.2, 
and two LAr electromagnetic and hadronic forward calorimeters 
(FCal) covering 3.2 < |η| < 4.9. The EM calorimeters use lead plates 
as the absorbers and are segmented longitudinally in shower depth 
into three compartments with an additional presampler layer in 
front for |η| < 1.8. The granularity of the EM calorimeter varies 
with layer and pseudorapidity. The middle sampling layer, which 
typically has the largest energy deposit in EM showers, has a �η×
�φ granularity of 0.025 × 0.025 within |η| < 2.5. The hadronic 
calorimeter uses steel as the absorber and has three segments lon-
gitudinal in shower depth with cell sizes �η × �φ = 0.1 × 0.1
for |η| < 2.53 and 0.2 × 0.2 for 2.5 < |η| < 4.9. The two FCal 
modules are composed of tungsten and copper absorbers with 
LAr as the active medium, which together provide ten interac-
tion lengths of material. The MBTS detects charged particles over 
2.1 < |η| < 3.9 using two hodoscopes of 16 counters each, posi-
tioned at z = ±3.6 m.

The p + Pb and pp events used in this analysis were recorded 
using a combination of minimum-bias (MB) and jet triggers [18]. 
In p + Pb data-taking, the MB trigger required hits in at least one 
counter in each side of the MBTS detector. In pp collisions the 
MB condition was the presence of hits in the pixel and microstrip 
detectors reconstructed as a track by the high-level trigger sys-
tem. Jets were selected using high-level jet triggers implemented 
with a reconstruction algorithm similar to the procedure applied 
in the offline analysis. In particular, it used the anti-kt algorithm 
with R = 0.4, a background subtraction procedure, and a calibra-
tion of the jet energy to the full hadronic scale. The high-level 
jet triggers were seeded from a combination of low-level MB and 
jet hardware-based triggers. Six jet triggers with transverse energy 
thresholds ranging from 20 GeV to 75 GeV were used to select 
jets within |η| < 3.2 and a separate trigger with a threshold of 
15 GeV was used to select jets with 3.2 < |η| < 4.9. The triggers 
were prescaled in a fashion which varied with time to accommo-
date the evolution of the luminosity within an LHC fill.

3. Data selection

In the offline analysis, charged-particle tracks were recon-
structed in the ID with the same algorithm used in pp collisions 
[19]. The p +Pb events used for this analysis were required to have 

3 An exception is the third (outermost) sampling layer, which has a segmentation 
of 0.2 × 0.1 up to |η| = 1.7.
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Fig. 1. Distribution of 	EPb
T for minimum-bias p + Pb collisions recorded during 

the 2013 run, measured in the FCal at −4.9 < η < −3.2 in the Pb-going direction. 
The vertical divisions correspond to the six centrality intervals used in this analysis. 
From right to left, the regions correspond to centrality intervals of 0–10%, 10–20%, 
20–30%, 30–40%, 40–60% and 60–90%.

a reconstructed vertex containing at least two associated tracks 
with pT > 0.1 GeV, at least one hit in each of the two MBTS ho-
doscopes, and a difference between times measured on the two 
MBTS sides of less than 10 ns. Events containing multiple p + Pb
collisions (pileup) were suppressed by rejecting events having two 
or more reconstructed vertices, each associated with reconstructed 
tracks with a total transverse momentum scalar sum of at least 
5 GeV. The fraction of events with one p + Pb interaction rejected 
by this requirement was less than 0.1%. Events with a pseudora-
pidity gap (defined by the absence of clusters in the calorimeter 
with more than 0.2 GeV of transverse energy) of greater than two 
units on the Pb-going side of the detector were also removed 
from the analysis. Such events arise primarily from electromag-
netic or diffractive excitation of the proton. After accounting for 
event selection, the number of p + Pb events sampled by the 
highest-luminosity jet trigger (which was unprescaled) was 53 bil-
lion. The event selection criteria described here were designed to 
select a sample of p + Pb events to which a centrality analysis can 
be applied and for which meaningful geometric parameters can be 
determined.

The pp events used in this analysis were required to have a 
reconstructed vertex, with the same definition as the vertices in 
p + Pb events above. No other requirements were applied.

4. Centrality determination

The centrality of the p + Pb events selected for analysis was 
characterised by the total transverse energy 	EPb

T in the FCal mod-
ule on the Pb-going side. The 	EPb

T distribution for minimum-bias 
p + Pb collisions passing the event selection described in Section 3
is presented in Fig. 1. Following standard techniques [20], central-
ity intervals were defined in terms of percentiles of the 	EPb

T dis-
tribution after accounting for an estimated inefficiency of (2 ± 2) %
for inelastic p + Pb collisions to pass the applied event selection. 
The following centrality intervals were used in this analysis, in or-
der from the most central to the most peripheral: 0–10%, 10–20%, 
20–30%, 30–40%, 40–60%, and 60–90%, with the 60–90% interval 
serving as the reference in the RCP ratio. Events with a centrality 
beyond 90% were not used in the analysis, since the uncertainties 
on the composition of the event sample and in the determination 
of the geometric quantities are large for these events.

A Glauber Monte Carlo (MC) [15] analysis was used to cal-
culate Rcoll and T pA for each centrality interval. First, a Glauber 
MC program [21] was used to simulate the geometry of inelastic 

Table 1
Average Rcoll and T pA values for the centrality inter-
vals used in this analysis along with total systematic 
uncertainties. The Rcoll values are with respect to 
60–90% events, where 〈Ncoll〉 = 2.98+0.21

−0.29.

Centrality Rcoll T pA [mb−1]

0–90% – 0.107+0.005
−0.003

60–90% – 0.043+0.003
−0.004

40–60% 2.16+0.08
−0.07 0.092+0.004

−0.006

30–40% 3.00+0.21
−0.14 0.126+0.003

−0.004

20–30% 3.48+0.33
−0.18 0.148+0.004

−0.002

10–20% 4.05+0.49
−0.21 0.172+0.007

−0.003

0–10% 4.89+0.83
−0.27 0.208+0.019

−0.005

p + Pb collisions and calculate the probability distribution of the 
number of nucleon participants Npart, P (Npart). The simulations 
used a Woods–Saxon nuclear density distribution and an inelas-
tic nucleon–nucleon cross-section, σNN, of 70 ± 5 mb. Separately, 
PYTHIA 8 [22,23] simulations of 4 TeV on 1.57 TeV pp collisions 
provided a detector-level 	EPb

T distribution for nucleon–nucleon 
collisions, to be used as input to the Glauber model. This distribu-
tion was fit to a gamma distribution.

Then, an extension of the wounded-nucleon (WN) [24] model 
that included a non-linear dependence of 	EPb

T on Npart was used 
to define Npart-dependent gamma distributions for 	EPb

T , with the 
constraint that the distributions reduce to the PYTHIA distribu-
tion for Npart = 2. The non-linear term accounted for the pos-
sible variation of the effective FCal acceptance resulting from an 
Npart-dependent backward rapidity shift of the produced soft par-
ticles with respect to the nucleon–nucleon frame [25]. The gamma 
distributions were summed over Npart with a P (Npart) weighting 
to produce a hypothetical 	EPb

T distribution. That distribution was 
fit to the measured 	EPb

T distribution shown in Fig. 1 with the pa-
rameters of the extended WN model allowed to vary freely. The 
best fit, which contained a significant non-linear term, success-
fully described the 	EPb

T distribution in data over several orders 
of magnitude. From the results of the fit, the distribution of Npart
values and the corresponding 

〈
Npart

〉
were calculated for each cen-

trality interval. The resulting Rcoll and T pA values and correspond-
ing systematic uncertainties, which are described in Section 8, are 
shown in Table 1.

5. Monte Carlo simulation

The performance of the jet reconstruction procedure was evalu-
ated using a sample of 36 million events in which simulated 

√
s =

5.02 TeV pp hard-scattering events were overlaid with minimum-
bias p + Pb events recorded during the 2013 run. Thus the sample 
contains an underlying event contribution that is identical in all 
respects to the data. The simulated events were generated using 
PYTHIA [22] (version 6.425, AUET2B tune [26], CTEQ6L1 parton 
distribution functions [27]) and the detector effects were fully sim-
ulated using GEANT4 [28,29]. These events were produced for dif-
ferent pT intervals of the generator-level (“truth”) R = 0.4 jets. In 
total, the generator-level spectrum spans 10 < pT < 103 GeV. Sep-
arate sets of 18 million events each were generated for the two 
different beam directions to take into account any z-axis asymme-
tries in the detector. For each beam direction, the four-momenta 
of the generated particles were longitudinally boosted by a rapid-
ity of ±0.465 to match the corresponding beam conditions. The 
events were simulated using detector conditions appropriate to the 
two periods of the 2013 p + Pb run and reconstructed using the 
same algorithms as were applied to the experimental data. A sep-
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arate 9-million-event sample of fully simulated 2.76 TeV PYTHIA 
pp hard scattering events (with the same version, tune and parton 
distribution function set) was used to evaluate the jet performance 
in 

√
s = 2.76 TeV pp collisions during 2013 data-taking.

6. Jet reconstruction and performance

The jet reconstruction and underlying event subtraction proce-
dures were adapted from those used by ATLAS in Pb+Pb collisions, 
which are described in detail in Refs. [30,31], and are summarised 
here along with any substantial differences from the referenced 
analyses.

An iterative procedure was used to obtain an event-by-event 
estimate of the underlying event energy density while excluding 
contributions from jets to that estimate. The modulation of the un-
derlying event energy density to account for potential elliptic flow 
was not included in this analysis. Jets were reconstructed from 
the anti-kt algorithm with R = 0.4 applied to calorimeter cells 
grouped into �η × �φ = 0.1 × 0.1 towers, with the final jet kine-
matics calculated from the background-subtracted energy in the 
cells contained in the jet. The rate of jets reconstructed from the 
underlying event fluctuations of soft particles was negligible in the 
kinematic range studied and therefore no attempt to reject them 
was made. The mean subtracted transverse energy in p + Pb col-
lisions was 2.4 GeV (1.4 GeV) for jets with |y∗| < 1 (y∗ > 3). In 
pp collisions, this procedure simply subtracts the underlying event 
pedestal deposited in the calorimeter which can arise, in part, from 
the presence of additional pp interactions in the same crossing (in-
time pileup).

Following the above jet reconstruction, a small correction, typ-
ically a few percent, was applied to the transverse momentum 
of those jets which did not overlap with a region excluded from 
the background determination and thus were erroneously included 
in the initial estimate of the underlying event background. Then, 
the jet energies were corrected to account for the calorimeter en-
ergy response using an η- and pT-dependent multiplicative factor 
that was derived from the simulations [32]. Following this calibra-
tion, a final multiplicative in situ calibration was applied to account 
for differences between the simulated detector response and data. 
The measured pT of jets recoiling against objects with an indepen-
dently calibrated energy scale – such as Z bosons, photons, or jets 
in a different region of the detector – was investigated. The in situ
calibration, which typically differed from unity by a few percent, 
was derived by comparing this pT balance in pp data with that 
in simulations in a fashion similar to that used previously within 
ATLAS [33].

The jet reconstruction performance was evaluated in the simu-
lated samples by applying the same subtraction and reconstruction 
procedure as was applied to data. The resulting reconstructed jets 
with transverse momentum preco

T were compared with their cor-
responding generator jets, which were produced by applying the 
anti-kt algorithm to the final-state particles produced by PYTHIA, 
excluding muons and neutrinos. Each generator jet was matched 
to a reconstructed jet, and the pT difference between the two jets 
was studied as a function of the generator jet transverse momen-
tum, pgen

T , and generator jet rapidity y∗ , and in the six p +Pb event 
centrality intervals.

The reconstruction efficiency for jets having pgen
T > 25 GeV

was found to be greater than 99%. The performance was quan-
tified by the means and standard deviations of the �pT/pT(= preco

T /pgen
T − 1

)
distributions, referred to as the jet energy scale 

closure and jet energy resolution respectively. The closure in p +Pb
events was less than 2% for pgen

T > 25 GeV jets and was better 
than 1% for pgen

T > 100 GeV jets. At low pgen
T , the energy scale clo-

sure and resolution exhibited a weak p +Pb centrality dependence, 

with differences in the closure of up to 1% and differences in the 
resolution of up to 2% in the most central 0–10% events relative 
to the 60–90% peripheral events. At high jet pT, the response was 
centrality independent within sensitivity. In pp events, the closure 
was less than 1% in the entire kinematic range studied.

In order to quantify the degree of pT-bin migration intro-
duced by the detector response and reconstruction procedure, re-
sponse matrices were populated by recording the pT values of 
each generator–reconstructed jet pair. Separate matrices were con-
structed for each y∗ interval and p + Pb centrality interval used 
in the analysis. The pT bins used were chosen to increase with pT
such that the width of each bin was ≈ 0.25 of the bin low edge. 
Using this binning, the proportion of jets with reconstructed pT
in the same bin as their truth pT monotonically increased with 
truth pT and was 50–70%.

7. Data analysis

A combination of minimum-bias and jet triggered p +Pb events 
were selected for analysis as described in Section 2. The sam-
pled luminosity (defined as the luminosity divided by the mean 
luminosity-weighted prescale) of the jet triggers increased with in-
creasing pT threshold. Offline jets were selected for the analysis by 
requiring a match to an online jet trigger. The efficiency of the var-
ious triggers was determined with respect to the minimum-bias 
trigger and to lower threshold jet triggers. For simplicity, each pT
bin used jets selected by only one jet trigger. In a given pT bin, 
jets were selected by the highest-threshold jet trigger for which 
the efficiency was determined to be greater than 99% in the bin. 
No additional corrections for the trigger efficiency were applied.

The double-differential per-event jet yields in p + Pb collisions 
were constructed via

1

Nevt

d2N jet

dpTdy∗ = 1

Nevt

N jet

�pT�y∗ , (3)

where Nevt is the total (unprescaled) number of MB p + Pb events 
sampled, N jet is the yield of jets corrected for all detector effects 
and the instantaneous trigger prescale during data-taking, and �pT
and �y∗ are the widths of the pT and y∗ bins. The centrality-
dependent yields were constructed by restricting Nevt and N jet to 
come from p + Pb events within a given centrality interval. The 
double-differential cross-section in pp collisions was constructed 
via

d2σ

dpTdy∗ = 1

Lint

N jet

�pT�y∗ , (4)

where Lint is the total integrated luminosity of the jet trigger used 
in the given pT bin. The pT binning in the pp cross-section was 
chosen such that the xT = 2pT/

√
s binning between the p + Pb

and pp datasets is the same.
Both the per-event yields in p + Pb collisions and the cross-

section in pp collisions were restricted to the pT range where the 
MC studies described in Section 6 show that the efficiency for a 
truth jet to remain in the same pT bin is ≥ 50%. This pT range 
was rapidity dependent, with the lowest pT bin edge used rang-
ing from 50 GeV in the most backward rapidity intervals studied 
to 25 GeV in the most forward intervals.

The measured p + Pb and pp yields were corrected for jet en-
ergy resolution and residual distortions of the jet energy scale 
which result in pT-bin migration. For each rapidity interval, the 
yield was corrected by the use of pT-dependent (and, in the p +Pb
case, centrality-dependent) bin-by-bin correction factors C(pT, y∗)
obtained from the ratio of the reconstructed to the truth jet pT
distributions for jets originating in a true y∗ bin, according to
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C(pT, y∗) = N jet
truth(pT, y∗)

N jet
reco(pT, y∗)

, (5)

where N jet
truth (N jet

reco) is the number of truth jets in the given ptruth
T

(preco
T ) bin in the corresponding MC samples.
Since the determination of the correction factors C(pT, y∗) is 

sensitive to the shape of the jet spectrum in the MC sample, the 
response matrices used to generate them were reweighted to pro-
vide a better match between the reconstructed distributions in 
data and simulated events. The spectrum of generator jets was 
weighted jet-by-jet by the ratio of the reconstructed spectrum in 
data to that in simulation. This ratio was found to be approx-
imately linear in the logarithm of reconstructed pT. A separate 
reweighting was performed for the p + Pb jet yield in each cen-
trality interval, resulting in changes of ≤ 10% from the original 
correction factors before reweighting. The resulting corrections to 
the p + Pb and pp yields were at most 30%, and were typically 
≤ 10% for jets with pT > 100 GeV. These corrections were applied 
to the detector-level yield N jet

reco to give the particle-level yield via

N jet = C(pT, y∗)N jet
reco. (6)

A 
√

s = 5.02 TeV pp reference jet cross-section was constructed 
through the use of the corrected 2.76 TeV pp cross-section and a 
previous ATLAS measurement of the xT-scaling between the inclu-
sive jet cross-sections at 

√
s = 2.76 TeV (measured using 0.20 pb−1

of data collected in 2011) and 7 TeV (measured using 37 pb−1

of data collected in 2010) [34]. In this previous analysis, the √
s-scaled ratio ρ of the 2.76 TeV cross-section to that at 7 TeV

was evaluated at fixed xT,

ρ(xT; y∗) =
(

2.76 TeV

7 TeV

)3 d2σ 2.76 TeV/dpTdy∗

d2σ 7 TeV/dpTdy∗ , (7)

where d2σ
√

s/dpTdy∗ is the pp jet cross-section at the given 
centre-of-mass energy 

√
s, and the numerator and denominator 

are each evaluated at the same xT (but different pT = xT
√

s/2). 
Equation (7) can be rearranged to define the cross-section at 

√
s =

7 TeV in terms of that at 2.76 TeV times a multiplicative factor and 
divided by ρ .

The 
√

s = 5.02 TeV pp cross-section at each pT and y∗ value 
was constructed by scaling the corrected 

√
s = 2.76 TeV pp cross-

section measured at the equivalent xT according to

d2σ 5.02 TeV

dpTdy∗ = ρ(xT; y∗)−0.643
(

2.76 TeV

5.02 TeV

)3 d2σ 2.76 TeV

dpTdy∗ , (8)

where the power − ln(2.76/5.02)/ ln(2.76/7) ≈ −0.643 interpo-
lates between 2.76 TeV and 7 TeV to 5.02 TeV using a power-law 
collision energy dependence at each pT and y∗ . Since the jet en-
ergy scale and xT-interpolation uncertainties are large for the pp
data at large rapidities (|y∗| > 2.8), a 

√
s = 5.02 TeV reference is 

not constructed in that rapidity region.
The pp jet cross-section at 

√
s = 2.76 TeV measured with the 

2013 data was found to agree with the previous ATLAS measure-
ment of the same quantity [34] within the systematic uncertain-
ties.

8. Systematic uncertainties

The RCP and R pPb measurements are subject to systematic un-
certainties arising from a number of sources: the jet energy scale 
and resolution, differences in the spectral shape between data and 
simulation affecting the bin-by-bin correction factors, residual in-
efficiency in the trigger selection, and the estimates of the ge-
ometric quantities Rcoll (in RCP) and TpA (in R pPb). In addition 

to these sources of uncertainty, which are common to the RCP
and R pPb measurements, R pPb is also subject to uncertainties from 
the xT-interpolation of the 

√
s = 2.76 TeV pp cross-section to the √

s = 5.02 TeV centre-of-mass energy and from the integrated lu-
minosity of the pp dataset.

Uncertainties in the jet energy scale and resolution influence 
the correction of the p + Pb and pp jet spectra. The uncertainty in 
the scale was taken from studies of the in situ calorimeter response 
and systematic variations of the jet response in simulation [32], as 
well as studies of the relative energy scale difference between the 
jet reconstruction procedure in heavy-ion collisions and the pro-
cedure used by ATLAS for inclusive jet measurements in 2.76 TeV 
and 7 TeV pp collisions [34,35]. The total energy scale uncertainty 
in the measured pT range was � 4% for jets in |y∗| < 2.8, and � 7%
for jets in |y∗| > 2.8. The sensitivity of the results to the uncer-
tainty in the energy scale was evaluated separately for ten distinct 
sources of uncertainty. Each source was treated as fully uncorre-
lated with any other source, but fully correlated with itself in pT, 
η, and 

√
s. The uncertainty in the resolution was taken from in situ

studies of the dijet energy balance [36]. The resolution uncertainty 
was generally < 10%, except for low-pT jets where it was < 20%. 
The effects on the RCP and R pPb measurements were evaluated 
through an additional smearing of the energy of reconstructed jets 
in the simulation such that the resolution uncertainty was added 
to the original resolution in quadrature.

The resulting systematic uncertainties on RCP (δRCP) and R pPb
(δRpPb) were evaluated by producing new response matrices in 
accordance with each source of the energy scale uncertainty and 
the resolution uncertainty, generating new correction factors, and 
calculating the new RCP and R pPb results. Each energy scale and 
resolution variation was applied to all rapidity bins and to both 
the p + Pb and pp response matrices simultaneously. The uncer-
tainty on RCP and R pPb from the total energy scale uncertainty 
was determined by adding the effects of the ten energy scale un-
certainty sources in quadrature. Since the correction factors for the 
p + Pb spectra in different centrality intervals were affected to a 
similar degree by variations in the energy scale and resolution, the 
effects tended to cancel in the RCP ratio, and the resulting δRCP
were small. The resulting δRpPb values were somewhat larger than 
the δRCP values due to the relative centre-of-mass shift between 
the p + Pb and pp collision systems. The centrality dependence of 
the energy scale and resolution uncertainties in p + Pb events was 
negligible.

To achieve better correspondence with the data, the simu-
lated jet spectrum was reweighted to match the spectral shape in 
data before deriving the bin-by-bin correction factors as described 
above. To determine the sensitivity of the results to this reweight-
ing procedure, the slope of the fit to the ratio of the detector-level 
spectrum in data to that in simulation was varied by the fit un-
certainty, and the correction factors were recomputed with this 
alternative weighting. The resulting δRpPb and δRCP from the nom-
inal values were included in the total systematic uncertainty.

As the jet triggers used for the data selection were evaluated 
to have greater than 99% efficiency in the pT regions where they 
are used to select jets, an uncertainty of 1% was chosen for the 
centrality selected p + Pb yields and the pp cross-section in the 
range 20 < pT < 125 GeV. This uncertainty was taken to be uncor-
related between the centrality-selected p + Pb yields and the pp
cross-section, resulting in a 1.4% uncertainty on the RCP and R pPb
measurements.

The geometric quantities Rcoll and TpA and their uncertainties 
are listed in Table 1. These uncertainties arise from uncertainties 
in the geometric modelling of p + Pb collisions and in modelling 
the Npart dependence of the forward particle production mea-
sured by 	EPb

T . In general, the uncertainties were asymmetric. 
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Uncertainties in Rcoll were largest for the ratio of the most cen-
tral to the most peripheral interval (0–10%/60–90%), where they 
were +17/−6%, and smallest in the 40–60%/60–90% ratio, where 
they were +4/−3%. Uncertainties in TpA were largest in the most 
central (0–10%) and most peripheral (60–90%) centrality intervals, 
where the upper or lower uncertainty was as high as 10%, and 
smaller for intervals in the middle of the p + Pb centrality range, 
where they reached a minimum of +3/−2% for the 20–30% inter-
val.

The xT-interpolation of the 
√

s = 2.76 TeV pp jet cross-section 
to 5.02 TeV is sensitive to uncertainties in ρ(xT, y∗), the 

√
s-scaled 

ratio of jet spectra at 2.76 and 7 TeV. Following Eq. (8), the uncer-
tainty in the interpolated pp cross-section (δσ 5.02 TeV) at fixed xT
is related to the uncertainty in ρ (δρ) via (δσ 5.02 TeV/σ 5.02 TeV) =
0.643(δρ/ρ), where δρ was taken from Ref. [34]. The values of δρ
ranged from 5% to 23% in the region of the measurement and were 
generally larger at lower xT and at larger rapidities.

The integrated luminosity for the 2013 pp dataset was deter-
mined by measuring the interaction rate with several ATLAS sub-
detectors. The absolute calibration was derived from three van der 
Meer scans [37] performed during the pp data-taking in 2013 in 
a fashion similar to that used previously within ATLAS [38] for pp
data-taking at higher energies. The systematic uncertainty on the 
integrated luminosity was estimated to be 3.1%.

The uncertainties from the jet energy scale, jet energy res-
olution, reweighting and xT-interpolation are pT and y∗ depen-
dent, while the uncertainties from the trigger, luminosity, and ge-
ometric factors are not. The total systematic uncertainty on the 
R pPb measurement ranges from 7% at mid-rapidity and high pT
to 18% at forward rapidities and low pT. In most pT and rapid-
ity bins, the dominant systematic uncertainty on R pPb is from the 
xT-interpolation. The pT- and y∗-dependent systematic uncertain-
ties on RCP are small. Near mid-rapidity or at high pT, they are 2%, 
rising to approximately 12% at low pT in forward rapidities. Thus, 
in most of the kinematic region studied, the dominant uncertainty 
on RCP is from the geometric factors Rcoll .

9. Results

Fig. 2 presents the fully corrected per-event jet yield as a func-
tion of pT in 0–90% p + Pb collisions, for each of the jet centre-
of-mass rapidity ranges used in this analysis. At mid-rapidity, the 
yields span over eight orders of magnitude.

The jet nuclear modification factor R pPb for 0–90% p +Pb events 
is presented in Fig. 3 in the eight rapidity bins for which the pp
reference was constructed. At most rapidities studied, the R pPb
values show a slight (≈ 10%) enhancement above one, although 
many bins are consistent with unity within the systematic uncer-
tainties. At mid-rapidity, the R pPb values reach a maximum near 
100 GeV. No large modification of the total yield of jets relative 
to the geometric expectation (under which R pPb = 1) is observed. 
The data in Fig. 3 are compared to a next-to-leading order per-
turbative QCD calculation of R pPb with the EPS09 parameterisation 
of nuclear parton distribution functions [9], using CT10 [39] for 
the free proton parton distribution functions and following the 
procedure for calculating jet production rates in p + Pb collisions 
described in Refs. [1,40]. The data are slightly higher than the 
calculation, but generally compatible with it within systematic un-
certainties.

The central-to-peripheral ratio RCP for jets in p + Pb collisions 
is summarised in Fig. 4, where the RCP values for three central-
ity intervals are shown in all rapidity ranges studied. The RCP ratio 
shows a strong variation with centrality relative to the geometric 
expectation, under which RCP = 1. The jet RCP for 0–10%/60–90% 
events is smaller than one at all rapidities for jet pT > 100 GeV

Fig. 2. Inclusive double-differential per-event jet yield in 0–90% p + Pb collisions 
as a function of jet pT in different y∗ bins. The yields are corrected for all detec-
tor effects. Vertical error bars represent the statistical uncertainty while the boxes 
represent the systematic uncertainties.

and at all pT at sufficiently forward (proton-going, y∗ > 0) rapidi-
ties. Near mid-rapidity, the 40–60%/60–90% RCP values are consis-
tent with unity up to 100–200 GeV, but indicate a small suppres-
sion at higher pT. In all rapidity intervals studied, RCP decreases 
with increasing pT and in increasingly more central collisions. Fur-
thermore, at fixed pT, RCP decreases systematically at more for-
ward rapidities. At the highest pT in the most forward rapidity 
bin, the 0–10%/60–90% RCP value is ≈ 0.2. In the backward rapid-
ity direction (lead-going, y∗ < 0), RCP is found to be enhanced by 
10–20% for low-pT jets.

Fig. 5 summarises the jet R pPb in central, mid-central and pe-
ripheral events in all rapidity intervals studied. The patterns ob-
served in the centrality-dependent R pPb values are a consequence 
of the near-geometric scaling of the minimum-bias R pPb values 
along with the strong modifications of the central-to-peripheral 
ratio RCP. At sufficiently high pT, R pPb in central events is found 
to be suppressed (R pPb < 1) and in peripheral events to be en-
hanced (R pPb > 1). Generally, these respective deviations from the 
geometric expectation (under which R pPb = 1 for all centrality in-
tervals) increase with pT and, at fixed pT, increase as the rapidity 
becomes more forward. Thus, the large effects in RCP are consis-
tent with a combination of modifications that have opposite sign 
in the centrality-dependent R pPb values but have little effect on 
the centrality-inclusive (0–90%) R pPb values. At backward-going ra-
pidities (y∗ < 0) the R pPb value for low-pT jets in all centrality 
intervals is consistent with unity within the uncertainties.
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Fig. 3. Measured R pPb values for R = 0.4 jets in 0–90% p + Pb collisions. Each panel 
shows the jet R pPb in a different rapidity range. Vertical error bars represent the 
statistical uncertainty while the boxes represent the systematic uncertainties on the 
jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates 
the systematic uncertainty on T pA and the pp luminosity in quadrature. The shaded 
band represents a calculation using the EPS09 nuclear parton distribution function 
set.

Given the observed suppression pattern as a function of jet ra-
pidity, in which the suppression in RCP at fixed pT systematically 
increases at more forward-going rapidities, it is natural to ask if 
it is possible to find a single relationship between the RCP val-
ues in the different rapidity intervals which is a function of jet 
kinematics alone. To test this, the RCP values in each rapidity bin 
were plotted against the quantity pT × cosh(〈y∗〉) ≈ E , where 〈y∗〉
is the centre of the rapidity bin and E is the total energy of the 
jet. In relativistic kinematics, the total energy of a particle is given 
by E = mT cosh(y∗), where the transverse mass mT =

√
m2 + p2

T. 
In the kinematic range studied, the mass of the typical jet is suf-
ficiently small relative to its transverse momentum that approx-
imating the transverse mass, mT, with the pT is reasonable. The 
0–10%/60–90% RCP versus pT × cosh(〈y∗〉) is shown for all ten ra-
pidity ranges in Fig. 6. When plotted against this variable, the RCP

values in each of the five forward-going rapidities (y∗ > +0.8) fall 
along the same curve, which is approximately linear in the loga-
rithm of E . This trend is also observed in the two most forward of 
the remaining rapidity intervals (−0.3 < y∗ < +0.8), but the RCP

values at backward rapidities (y∗ < −0.3) do not follow this trend. 
This pattern is also observed in other centrality intervals, albeit 
with a different slope in ln(E) for each centrality interval.

These patterns suggest that the observed modifications may de-
pend on the initial parton kinematics, such as the longitudinal 
momentum fraction of the parton originating in the proton, xp . 
In particular, a dependence on xp would explain why the data fol-

Fig. 4. Measured RCP values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and mid-peripheral (crosses) events. Each panel shows the 
jet RCP in a different rapidity range. Vertical error bars represent the statistical un-
certainty while the boxes represent the systematic uncertainties on the jet yields. 
The shaded boxes at the left edge of the RCP = 1 horizontal line indicate the system-
atic uncertainty on Rcoll for (from left to right) peripheral, mid-central and central 
events.

low a consistent trend vs. pT × cosh(〈y∗〉) at forward rapidities 
(where jet production at a given jet energy E is dominated by 
xp ∼ E/(

√
s/2) partons in the proton) but do not do so at back-

ward rapidities (where the longitudinal momentum fraction of the 
parton originating in the lead nucleus, xPb, as well as xp are both 
needed to relate the jet and parton kinematics).

By analogy with Fig. 6 where the RCP values are plotted versus 
pT × cosh(〈y∗〉), the R pPb values in the four most forward-going 
bins studied are plotted against this variable in Fig. 7. The R pPb
values in central and peripheral events are shown separately. Al-
though the systematic uncertainties are larger on R pPb than on 
RCP, the observed behaviour for jets with pT > 150 GeV is con-
sistent with the nuclear modifications depending only on the ap-
proximate total jet energy pT × cosh(〈y∗〉). In central (peripheral) 
events, the R pPb values at forward rapidities are consistent with 
a rapidity-independent decreasing (increasing) function of pT ×
cosh(〈y∗〉). Thus, the single trend in RCP versus pT × cosh(〈y∗〉) at 
forward rapidities appears to arise from opposite trends in the cen-
tral and peripheral R pPb, both a single function of pT × cosh(〈y∗〉).
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Fig. 5. Measured R pPb values for R = 0.4 jets in p + Pb collisions in central (stars), 
mid-central (diamonds) and peripheral (crosses) events. Each panel shows the jet 
R pPb in a different rapidity range. Vertical error bars represent the statistical uncer-
tainty while the boxes represent the systematic uncertainties on the jet yields. The 
shaded boxes at the right edge of the R pPb = 1 horizontal line indicate the system-
atic uncertainties on T pA and the pp luminosity added in quadrature for (from left 
to right) peripheral, mid-central and central events.

The results presented here use the standard Glauber model 
with fixed σNN to estimate the geometric quantities. The impact of 
geometric models which incorporate event-by-event changes in the 
configuration of the proton wavefunction [41] has also been stud-
ied. Using the so called Glauber–Gribov Colour Fluctuation model 
to determine the geometric parameters amplifies the effects seen 
with the Glauber model. In this model, the suppression in cen-
tral events and the enhancement in peripheral events would be 
increased.

10. Conclusions

This paper presents the results of a measurement of the cen-
trality dependence of jet production in p + Pb collisions at 

√
sNN =

5.02 TeV over a wide kinematic range. The data were collected 
with the ATLAS detector at the LHC and correspond to 27.8 nb−1

of integrated luminosity. The centrality of p + Pb collisions was 
characterised using the total transverse energy measured in the 
forward calorimeter on the Pb-going side covering the interval 
−4.9 < η < −3.2. The average number of nucleon–nucleon colli-
sions and the mean nuclear thickness factor were evaluated for 
each centrality interval using a Glauber Monte Carlo analysis.

Results are presented for the nuclear modification factor R pPb
with respect to a measurement of the inclusive jet cross-section 
in 

√
s = 2.76 TeV pp collisions corresponding to 4.0 pb−1 of in-

tegrated luminosity. The pp cross-section was xT-interpolated to 
5.02 TeV using previous ATLAS measurements of inclusive jet pro-

duction at 2.76 and 7 TeV. Results are also shown for the central-
to-peripheral ratio RCP. The centrality-inclusive R pPb results for 
0–90% collisions indicate only a modest enhancement over the ge-
ometric expectation. This enhancement has a weak pT and rapidity 
dependence and is generally consistent with predictions from the 
modification of the parton distribution functions in the nucleus, 
which is small in the kinematic region probed by this measure-
ment.

The results of the RCP measurement indicate a strong centrality-
dependent reduction in the yield of jets in central collisions rela-
tive to that in peripheral collisions, after accounting for the effects 
of the collision geometries. In addition, the reduction becomes 
more pronounced with increasing jet pT and at more forward 
(downstream proton) rapidities. These two results are reconciled 
by the centrality-dependent R pPb results, which show a suppres-
sion in central collisions and enhancement in peripheral collisions, 
a pattern which is systematic in pT and y∗ .

The RCP and R pPb measurements at forward rapidities are also 
reported as a function of pT × cosh(〈y∗〉), the approximate total jet 
energy. When plotted this way, the results from different rapidity 
intervals follow a similar trend. This suggests that the mechanism 
responsible for the observed effects may depend only on the to-
tal jet energy or, more generally, on the underlying parton–parton 
kinematics such as the fractional longitudinal momentum of the 
parton originating in the proton.

If the relationship between the centrality intervals and proton–
lead collision impact parameter determined by the geometric 
models is correct, these results imply large, impact parameter-
dependent changes in the number of partons available for hard 
scattering. However, they may also be the result of a correlation 
between the kinematics of the scattering and the soft interactions 
resulting in particle production at backward (Pb-going) rapidities 
[42,43].

Recently, the effects observed here have been hypothesised as 
arising from a suppression of the soft particle multiplicity in col-
lisions producing high energy jets [44]. Independently, it has also 
been argued that proton configurations containing a large-x parton 
interact with nucleons in the nucleus with a reduced cross-section, 
resulting in the observed modifications [45]. In any case the pres-
ence of such correlations would challenge the usual factorisation-
based framework for describing hard scattering processes in colli-
sions involving nuclei.
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and right edge (in the right panel) of the RCP = 1 horizontal line indicates the systematic uncertainty on Rcoll .

Fig. 7. Measured R pPb values for R = 0.4 jets in p + Pb collisions displayed for multiple rapidity ranges, showing 0–10% events in the left panel and 60–90% events in the 
right panel. The R pPb at each rapidity is plotted as a function of pT × cosh(〈y∗〉), where 〈y∗〉 is the midpoint of the rapidity bin. Vertical error bars represent the statistical 
uncertainty while the boxes represent the systematic uncertainties on the jet yields. The shaded box at the left edge of the R pPb = 1 horizontal line indicates the systematic 
uncertainties on TpA and the pp luminosity added in quadrature.
Royal Society and Leverhulme Trust, United Kingdom; DOE and 
NSF, United States of America.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN and the ATLAS 
Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, 
Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF 
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) 
and BNL (USA) and in the Tier-2 facilities worldwide.

References

[1] C. Salgado, et al., J. Phys. G 39 (2012) 015010, arXiv:1105.3919.
[2] I. Arsene, et al., Phys. Rev. Lett. 93 (2004) 242303, arXiv:nucl-ex/0403005.
[3] S.S. Adler, et al., Phys. Rev. Lett. 94 (2005) 082302, arXiv:nucl-ex/0411054.
[4] J. Adams, et al., Phys. Rev. Lett. 97 (2006) 152302, arXiv:nucl-ex/0602011.
[5] A. Adare, et al., Phys. Rev. Lett. 107 (2011) 172301, arXiv:1105.5112.
[6] J. Jalilian-Marian, Y.V. Kovchegov, Prog. Part. Nucl. Phys. 56 (2006) 104, arXiv:

hep-ph/0505052.
[7] F. Gelis, E. Iancu, J. Jalilian-Marian, R. Venugopalan, Annu. Rev. Nucl. Part. Sci. 

60 (2010) 463, arXiv:1002.0333.

[8] D. Kharzeev, Y. Kovchegov, K. Tuchin, Phys. Lett. B 599 (2004) 23, arXiv:hep-ph/
0405045.

[9] K. Eskola, H. Paukkunen, C. Salgado, J. High Energy Phys. 0904 (2009) 065, 
arXiv:0902.4154.

[10] B. Kopeliovich, et al., Phys. Rev. C 72 (2005) 054606, arXiv:hep-ph/0501260.
[11] J.-W. Qiu, I. Vitev, Phys. Lett. B 632 (2006) 507, arXiv:hep-ph/0405068.
[12] M. Cacciari, G.P. Salam, G. Soyez, J. High Energy Phys. 0804 (2008) 063, arXiv:

0802.1189.
[13] S.S. Adler, et al., Phys. Rev. Lett. 98 (2007) 172302, arXiv:nucl-ex/0610036.
[14] B.B. Back, et al., Phys. Rev. C 72 (2005) 031901, arXiv:nucl-ex/0409021.
[15] M.L. Miller, K. Reygers, S.J. Sanders, P. Steinberg, Annu. Rev. Nucl. Part. Sci. 57 

(2007) 205, arXiv:nucl-ex/0701025.
[16] ATLAS Collaboration, J. Instrum. 3 (2008) S08003, http://dx.doi.org/10.1088/

1748-0221/3/08/S08003.
[17] ATLAS Collaboration, Eur. Phys. J. C 70 (2010) 787, arXiv:1004.5293.
[18] ATLAS Collaboration, Eur. Phys. J. C 72 (2012) 1849, arXiv:1110.1530.
[19] ATLAS Collaboration, New J. Phys. 13 (2010) 053033, arXiv:1012.5104.
[20] ATLAS Collaboration, Phys. Lett. B 710 (2012) 363, arXiv:1108.6027.
[21] B. Alver, M. Baker, C. Loizides, P. Steinberg, The PHOBOS Glauber Monte Carlo, 

arXiv:0805.4411.
[22] T. Sjostrand, S. Mrenna, P.Z. Skands, J. High Energy Phys. 0605 (2006) 026, 

arXiv:hep-ph/0603175.

http://refhub.elsevier.com/S0370-2693(15)00533-X/bib53616C6761646F3A323031317763s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib417273656E653A323030347578s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib41646C65723A323030346568s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4164616D733A32303036757As1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib41646172653A323031317363s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4A616C696C69616E4D617269616E3A323030356A66s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4A616C696C69616E4D617269616E3A323030356A66s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib47656C69733A323031306E6Ds1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib47656C69733A323031306E6Ds1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4B6861727A6565763A323030347978s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4B6861727A6565763A323030347978s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib45736B6F6C613A32303039756As1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib45736B6F6C613A32303039756As1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4B6F70656C696F766963683A32303035796Ds1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib5169753A323030346461s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib43616363696172693A323030386770s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib43616363696172693A323030386770s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib41646C65723A323030367767s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4261636B3A323030346D72s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4D696C6C65723A323030377269s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4D696C6C65723A323030377269s1
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A323031306278s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A323031327873s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A323031306163s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib41544C41533A323031316167s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C7665723A323030386171s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C7665723A323030386171s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib536A6F737472616E643A323030367A61s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib536A6F737472616E643A323030367A61s1
http://dx.doi.org/10.1088/1748-0221/3/08/S08003


ATLAS Collaboration / Physics Letters B 748 (2015) 392–413 401

[23] T. Sjostrand, S. Mrenna, P.Z. Skands, Comput. Phys. Commun. 178 (2008) 852, 
arXiv:0710.3820.

[24] A. Bialas, M. Bleszynski, W. Czyz, Nucl. Phys. B 111 (1976) 461, http://
dx.doi.org/10.1016/0550-3213(76)90329-1.

[25] P. Steinberg, Inclusive pseudorapidity distributions in p(d) + A collisions mod-
eled with shifted rapidity distributions, arXiv:nucl-ex/0703002.

[26] ATLAS Collaboration, ATL-PHYS-PUB-2012-003, http://cds.cern.ch/record/
1474107.

[27] J. Pumplin, et al., J. High Energy Phys. 0207 (2002) 012, arXiv:hep-ph/0201195.
[28] GEANT4 Collaboration, S. Agostinelli, et al., Nucl. Instrum. Methods A 506 

(2003) 250.
[29] ATLAS Collaboration, Eur. Phys. J. C 70 (2010) 823, arXiv:1005.4568.
[30] ATLAS Collaboration, Phys. Lett. B 719 (2013) 220, arXiv:1208.1967.
[31] ATLAS Collaboration, Phys. Rev. Lett. 111 (2013) 152301, arXiv:1306.6469.
[32] ATLAS Collaboration, Eur. Phys. J. C 73 (2013) 2304, arXiv:1112.6426.
[33] ATLAS Collaboration, Eur. Phys. J. C 75 (2015) 1, arXiv:1406.0076.
[34] ATLAS Collaboration, Eur. Phys. J. C 73 (2013) 2509, arXiv:1304.4739.

[35] ATLAS Collaboration, Phys. Rev. D 86 (2012) 014022, arXiv:1112.6297.
[36] ATLAS Collaboration, Eur. Phys. J. C 73 (2013) 2306, arXiv:1210.6210.
[37] S. van der Meer, CERN-ISR-PO-68-31, http://cds.cern.ch/record/296752/.
[38] ATLAS Collaboration, Eur. Phys. J. C 73 (2013) 2518, arXiv:1302.4393.
[39] H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P.M. Nadolsky, et al., Phys. Rev. D 82 (2010) 

074024, arXiv:1007.2241.
[40] J. Albacete, N. Armesto, R. Baier, G. Barnafoldi, J. Barrette, et al., Int. J. Mod. 

Phys. E 22 (2013) 1330007, arXiv:1301.3395.
[41] M. Alvioli, M. Strikman, Phys. Lett. B 722 (2013) 347, arXiv:1301.0728.
[42] M. Alvioli, L. Frankfurt, V. Guzey, M. Strikman, Phys. Rev. C 90 (2014) 034914, 

arXiv:1402.2868.
[43] C.E. Coleman-Smith, B. Müller, Phys. Rev. D 89 (2014) 025019, arXiv:1307.5911.
[44] A. Bzdak, V. Skokov, S. Bathe, Centrality dependence of high energy jets in 

p + Pb collisions at the LHC, arXiv:1408.3156.
[45] M. Alvioli, B. Cole, L. Frankfurt, D. Perepelitsa, M. Strikman, Evidence for 

x-dependent proton color fluctuations in pA collisions at the LHC, arXiv:
1409.7381.

ATLAS Collaboration

G. Aad 84, B. Abbott 112, J. Abdallah 152, S. Abdel Khalek 116, O. Abdinov 11, R. Aben 106, B. Abi 113, 
M. Abolins 89, O.S. AbouZeid 159, H. Abramowicz 154, H. Abreu 153, R. Abreu 30, Y. Abulaiti 147a,147b, 
B.S. Acharya 165a,165b,a, L. Adamczyk 38a, D.L. Adams 25, J. Adelman 177, S. Adomeit 99, T. Adye 130, 
T. Agatonovic-Jovin 13a, J.A. Aguilar-Saavedra 125a,125f, M. Agustoni 17, S.P. Ahlen 22, F. Ahmadov 64,b, 
G. Aielli 134a,134b, H. Akerstedt 147a,147b, T.P.A. Åkesson 80, G. Akimoto 156, A.V. Akimov 95, 
G.L. Alberghi 20a,20b, J. Albert 170, S. Albrand 55, M.J. Alconada Verzini 70, M. Aleksa 30, I.N. Aleksandrov 64, 
C. Alexa 26a, G. Alexander 154, G. Alexandre 49, T. Alexopoulos 10, M. Alhroob 165a,165c, G. Alimonti 90a, 
L. Alio 84, J. Alison 31, B.M.M. Allbrooke 18, L.J. Allison 71, P.P. Allport 73, J. Almond 83, A. Aloisio 103a,103b, 
A. Alonso 36, F. Alonso 70, C. Alpigiani 75, A. Altheimer 35, B. Alvarez Gonzalez 89, M.G. Alviggi 103a,103b, 
K. Amako 65, Y. Amaral Coutinho 24a, C. Amelung 23, D. Amidei 88, S.P. Amor Dos Santos 125a,125c, 
A. Amorim 125a,125b, S. Amoroso 48, N. Amram 154, G. Amundsen 23, C. Anastopoulos 140, L.S. Ancu 49, 
N. Andari 30, T. Andeen 35, C.F. Anders 58b, G. Anders 30, K.J. Anderson 31, A. Andreazza 90a,90b, 
V. Andrei 58a, X.S. Anduaga 70, S. Angelidakis 9, I. Angelozzi 106, P. Anger 44, A. Angerami 35, 
F. Anghinolfi 30, A.V. Anisenkov 108,c, N. Anjos 125a, A. Annovi 47, A. Antonaki 9, M. Antonelli 47, 
A. Antonov 97, J. Antos 145b, F. Anulli 133a, M. Aoki 65, L. Aperio Bella 18, R. Apolle 119,d, G. Arabidze 89, 
I. Aracena 144, Y. Arai 65, J.P. Araque 125a, A.T.H. Arce 45, J-F. Arguin 94, S. Argyropoulos 42, M. Arik 19a, 
A.J. Armbruster 30, O. Arnaez 30, V. Arnal 81, H. Arnold 48, M. Arratia 28, O. Arslan 21, A. Artamonov 96, 
G. Artoni 23, S. Asai 156, N. Asbah 42, A. Ashkenazi 154, B. Åsman 147a,147b, L. Asquith 6, K. Assamagan 25, 
R. Astalos 145a, M. Atkinson 166, N.B. Atlay 142, B. Auerbach 6, K. Augsten 127, M. Aurousseau 146b, 
G. Avolio 30, G. Azuelos 94,e, Y. Azuma 156, M.A. Baak 30, A.E. Baas 58a, C. Bacci 135a,135b, H. Bachacou 137, 
K. Bachas 155, M. Backes 30, M. Backhaus 30, J. Backus Mayes 144, E. Badescu 26a, P. Bagiacchi 133a,133b, 
P. Bagnaia 133a,133b, Y. Bai 33a, T. Bain 35, J.T. Baines 130, O.K. Baker 177, P. Balek 128, F. Balli 137, E. Banas 39, 
Sw. Banerjee 174, A.A.E. Bannoura 176, V. Bansal 170, H.S. Bansil 18, L. Barak 173, S.P. Baranov 95, 
E.L. Barberio 87, D. Barberis 50a,50b, M. Barbero 84, T. Barillari 100, M. Barisonzi 176, T. Barklow 144, 
N. Barlow 28, B.M. Barnett 130, R.M. Barnett 15, Z. Barnovska 5, A. Baroncelli 135a, G. Barone 49, A.J. Barr 119, 
F. Barreiro 81, J. Barreiro Guimarães da Costa 57, R. Bartoldus 144, A.E. Barton 71, P. Bartos 145a, 
V. Bartsch 150, A. Bassalat 116, A. Basye 166, R.L. Bates 53, J.R. Batley 28, M. Battaglia 138, M. Battistin 30, 
F. Bauer 137, H.S. Bawa 144,f , M.D. Beattie 71, T. Beau 79, P.H. Beauchemin 162, R. Beccherle 123a,123b, 
P. Bechtle 21, H.P. Beck 17,g , K. Becker 176, S. Becker 99, M. Beckingham 171, C. Becot 116, A.J. Beddall 19c, 
A. Beddall 19c, S. Bedikian 177, V.A. Bednyakov 64, C.P. Bee 149, L.J. Beemster 106, T.A. Beermann 176, 
M. Begel 25, K. Behr 119, C. Belanger-Champagne 86, P.J. Bell 49, W.H. Bell 49, G. Bella 154, L. Bellagamba 20a, 
A. Bellerive 29, M. Bellomo 85, K. Belotskiy 97, O. Beltramello 30, O. Benary 154, D. Benchekroun 136a, 
K. Bendtz 147a,147b, N. Benekos 166, Y. Benhammou 154, E. Benhar Noccioli 49, J.A. Benitez Garcia 160b, 
D.P. Benjamin 45, J.R. Bensinger 23, K. Benslama 131, S. Bentvelsen 106, D. Berge 106, 
E. Bergeaas Kuutmann 167, N. Berger 5, F. Berghaus 170, J. Beringer 15, C. Bernard 22, P. Bernat 77, 
C. Bernius 78, F.U. Bernlochner 170, T. Berry 76, P. Berta 128, C. Bertella 84, G. Bertoli 147a,147b, 
F. Bertolucci 123a,123b, C. Bertsche 112, D. Bertsche 112, M.I. Besana 90a, G.J. Besjes 105, 
O. Bessidskaia Bylund 147a,147b, M. Bessner 42, N. Besson 137, C. Betancourt 48, S. Bethke 100, W. Bhimji 46, 

http://refhub.elsevier.com/S0370-2693(15)00533-X/bib536A6F737472616E643A323030376773s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib536A6F737472616E643A323030376773s1
http://dx.doi.org/10.1016/0550-3213(76)90329-1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib537465696E626572673A323030376667s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib537465696E626572673A323030376667s1
http://cds.cern.ch/record/1474107
http://cds.cern.ch/record/1474107
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib50756D706C696E3A323030327677s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib41676F7374696E656C6C693A323030326868s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib41676F7374696E656C6C693A323030326868s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A323031306168s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A32303132766361s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A32303133736C61s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A323031316865s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A32303134626961s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A323031336C7061s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A323031316663s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A323031326167s1
http://cds.cern.ch/record/296752/
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4161643A32303133756370s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4C61693A323031307676s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib4C61693A323031307676s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C6261636574653A323031336569s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C6261636574653A323031336569s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C76696F6C693A32303133766Bs1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C76696F6C693A32303134736261s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C76696F6C693A32303134736261s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib436F6C656D616E2D536D6974683A32303133726C61s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib427A64616B3A32303134726361s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib427A64616B3A32303134726361s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C76696F6C693A32303134656461s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C76696F6C693A32303134656461s1
http://refhub.elsevier.com/S0370-2693(15)00533-X/bib416C76696F6C693A32303134656461s1
http://dx.doi.org/10.1016/0550-3213(76)90329-1


402 ATLAS Collaboration / Physics Letters B 748 (2015) 392–413

R.M. Bianchi 124, L. Bianchini 23, M. Bianco 30, O. Biebel 99, S.P. Bieniek 77, K. Bierwagen 54, J. Biesiada 15, 
M. Biglietti 135a, J. Bilbao De Mendizabal 49, H. Bilokon 47, M. Bindi 54, S. Binet 116, A. Bingul 19c, 
C. Bini 133a,133b, C.W. Black 151, J.E. Black 144, K.M. Black 22, D. Blackburn 139, R.E. Blair 6, 
J.-B. Blanchard 137, T. Blazek 145a, I. Bloch 42, C. Blocker 23, W. Blum 82,∗, U. Blumenschein 54, 
G.J. Bobbink 106, V.S. Bobrovnikov 108,c, S.S. Bocchetta 80, A. Bocci 45, C. Bock 99, C.R. Boddy 119, 
M. Boehler 48, T.T. Boek 176, J.A. Bogaerts 30, A.G. Bogdanchikov 108, A. Bogouch 91,∗, C. Bohm 147a, 
J. Bohm 126, V. Boisvert 76, T. Bold 38a, V. Boldea 26a, A.S. Boldyrev 98, M. Bomben 79, M. Bona 75, 
M. Boonekamp 137, A. Borisov 129, G. Borissov 71, M. Borri 83, S. Borroni 42, J. Bortfeldt 99, 
V. Bortolotto 135a,135b, K. Bos 106, D. Boscherini 20a, M. Bosman 12, H. Boterenbrood 106, J. Boudreau 124, 
J. Bouffard 2, E.V. Bouhova-Thacker 71, D. Boumediene 34, C. Bourdarios 116, N. Bousson 113, 
S. Boutouil 136d, A. Boveia 31, J. Boyd 30, I.R. Boyko 64, J. Bracinik 18, A. Brandt 8, G. Brandt 15, O. Brandt 58a, 
U. Bratzler 157, B. Brau 85, J.E. Brau 115, H.M. Braun 176,∗, S.F. Brazzale 165a,165c, B. Brelier 159, 
K. Brendlinger 121, A.J. Brennan 87, R. Brenner 167, S. Bressler 173, K. Bristow 146c, T.M. Bristow 46, 
D. Britton 53, F.M. Brochu 28, I. Brock 21, R. Brock 89, C. Bromberg 89, J. Bronner 100, G. Brooijmans 35, 
T. Brooks 76, W.K. Brooks 32b, J. Brosamer 15, E. Brost 115, J. Brown 55, P.A. Bruckman de Renstrom 39, 
D. Bruncko 145b, R. Bruneliere 48, S. Brunet 60, A. Bruni 20a, G. Bruni 20a, M. Bruschi 20a, L. Bryngemark 80, 
T. Buanes 14, Q. Buat 143, F. Bucci 49, P. Buchholz 142, R.M. Buckingham 119, A.G. Buckley 53, S.I. Buda 26a, 
I.A. Budagov 64, F. Buehrer 48, L. Bugge 118, M.K. Bugge 118, O. Bulekov 97, A.C. Bundock 73, H. Burckhart 30, 
S. Burdin 73, B. Burghgrave 107, S. Burke 130, I. Burmeister 43, E. Busato 34, D. Büscher 48, V. Büscher 82, 
P. Bussey 53, C.P. Buszello 167, B. Butler 57, J.M. Butler 22, A.I. Butt 3, C.M. Buttar 53, J.M. Butterworth 77, 
P. Butti 106, W. Buttinger 28, A. Buzatu 53, M. Byszewski 10, S. Cabrera Urbán 168, D. Caforio 20a,20b, 
O. Cakir 4a, P. Calafiura 15, A. Calandri 137, G. Calderini 79, P. Calfayan 99, R. Calkins 107, L.P. Caloba 24a, 
D. Calvet 34, S. Calvet 34, R. Camacho Toro 49, S. Camarda 42, D. Cameron 118, L.M. Caminada 15, 
R. Caminal Armadans 12, S. Campana 30, M. Campanelli 77, A. Campoverde 149, V. Canale 103a,103b, 
A. Canepa 160a, M. Cano Bret 75, J. Cantero 81, R. Cantrill 125a, T. Cao 40, M.D.M. Capeans Garrido 30, 
I. Caprini 26a, M. Caprini 26a, M. Capua 37a,37b, R. Caputo 82, R. Cardarelli 134a, T. Carli 30, G. Carlino 103a, 
L. Carminati 90a,90b, S. Caron 105, E. Carquin 32a, G.D. Carrillo-Montoya 146c, J.R. Carter 28, 
J. Carvalho 125a,125c, D. Casadei 77, M.P. Casado 12, M. Casolino 12, E. Castaneda-Miranda 146b, A. Castelli 106, 
V. Castillo Gimenez 168, N.F. Castro 125a, P. Catastini 57, A. Catinaccio 30, J.R. Catmore 118, A. Cattai 30, 
G. Cattani 134a,134b, J. Caudron 82, S. Caughron 89, V. Cavaliere 166, D. Cavalli 90a, M. Cavalli-Sforza 12, 
V. Cavasinni 123a,123b, F. Ceradini 135a,135b, B.C. Cerio 45, K. Cerny 128, A.S. Cerqueira 24b, A. Cerri 150, 
L. Cerrito 75, F. Cerutti 15, M. Cerv 30, A. Cervelli 17, S.A. Cetin 19b, A. Chafaq 136a, D. Chakraborty 107, 
I. Chalupkova 128, P. Chang 166, B. Chapleau 86, J.D. Chapman 28, D. Charfeddine 116, D.G. Charlton 18, 
C.C. Chau 159, C.A. Chavez Barajas 150, S. Cheatham 86, A. Chegwidden 89, S. Chekanov 6, 
S.V. Chekulaev 160a, G.A. Chelkov 64,h, M.A. Chelstowska 88, C. Chen 63, H. Chen 25, K. Chen 149, 
L. Chen 33d,i, S. Chen 33c, X. Chen 146c, Y. Chen 66, Y. Chen 35, H.C. Cheng 88, Y. Cheng 31, A. Cheplakov 64, 
R. Cherkaoui El Moursli 136e, V. Chernyatin 25,∗, E. Cheu 7, L. Chevalier 137, V. Chiarella 47, 
G. Chiefari 103a,103b, J.T. Childers 6, A. Chilingarov 71, G. Chiodini 72a, A.S. Chisholm 18, R.T. Chislett 77, 
A. Chitan 26a, M.V. Chizhov 64, S. Chouridou 9, B.K.B. Chow 99, D. Chromek-Burckhart 30, M.L. Chu 152, 
J. Chudoba 126, J.J. Chwastowski 39, L. Chytka 114, G. Ciapetti 133a,133b, A.K. Ciftci 4a, R. Ciftci 4a, D. Cinca 53, 
V. Cindro 74, A. Ciocio 15, P. Cirkovic 13b, Z.H. Citron 173, M. Citterio 90a, M. Ciubancan 26a, A. Clark 49, 
P.J. Clark 46, R.N. Clarke 15, W. Cleland 124, J.C. Clemens 84, C. Clement 147a,147b, Y. Coadou 84, 
M. Cobal 165a,165c, A. Coccaro 139, J. Cochran 63, L. Coffey 23, J.G. Cogan 144, J. Coggeshall 166, B. Cole 35, 
S. Cole 107, A.P. Colijn 106, J. Collot 55, T. Colombo 58c, G. Colon 85, G. Compostella 100, 
P. Conde Muiño 125a,125b, E. Coniavitis 48, M.C. Conidi 12, S.H. Connell 146b, I.A. Connelly 76, 
S.M. Consonni 90a,90b, V. Consorti 48, S. Constantinescu 26a, C. Conta 120a,120b, G. Conti 57, F. Conventi 103a,j, 
M. Cooke 15, B.D. Cooper 77, A.M. Cooper-Sarkar 119, N.J. Cooper-Smith 76, K. Copic 15, T. Cornelissen 176, 
M. Corradi 20a, F. Corriveau 86,k, A. Corso-Radu 164, A. Cortes-Gonzalez 12, G. Cortiana 100, G. Costa 90a, 
M.J. Costa 168, D. Costanzo 140, D. Côté 8, G. Cottin 28, G. Cowan 76, B.E. Cox 83, K. Cranmer 109, G. Cree 29, 
S. Crépé-Renaudin 55, F. Crescioli 79, W.A. Cribbs 147a,147b, M. Crispin Ortuzar 119, M. Cristinziani 21, 
V. Croft 105, G. Crosetti 37a,37b, C.-M. Cuciuc 26a, T. Cuhadar Donszelmann 140, J. Cummings 177, 
M. Curatolo 47, C. Cuthbert 151, H. Czirr 142, P. Czodrowski 3, Z. Czyczula 177, S. D’Auria 53, M. D’Onofrio 73, 



ATLAS Collaboration / Physics Letters B 748 (2015) 392–413 403

M.J. Da Cunha Sargedas De Sousa 125a,125b, C. Da Via 83, W. Dabrowski 38a, A. Dafinca 119, T. Dai 88, 
O. Dale 14, F. Dallaire 94, C. Dallapiccola 85, M. Dam 36, A.C. Daniells 18, M. Dano Hoffmann 137, V. Dao 48, 
G. Darbo 50a, S. Darmora 8, J. Dassoulas 42, A. Dattagupta 60, W. Davey 21, C. David 170, T. Davidek 128, 
E. Davies 119,d, M. Davies 154, O. Davignon 79, A.R. Davison 77, P. Davison 77, Y. Davygora 58a, E. Dawe 143, 
I. Dawson 140, R.K. Daya-Ishmukhametova 85, K. De 8, R. de Asmundis 103a, S. De Castro 20a,20b, 
S. De Cecco 79, N. De Groot 105, P. de Jong 106, H. De la Torre 81, F. De Lorenzi 63, L. De Nooij 106, 
D. De Pedis 133a, A. De Salvo 133a, U. De Sanctis 165a,165b, A. De Santo 150, J.B. De Vivie De Regie 116, 
W.J. Dearnaley 71, R. Debbe 25, C. Debenedetti 138, B. Dechenaux 55, D.V. Dedovich 64, I. Deigaard 106, 
J. Del Peso 81, T. Del Prete 123a,123b, F. Deliot 137, C.M. Delitzsch 49, M. Deliyergiyev 74, A. Dell’Acqua 30, 
L. Dell’Asta 22, M. Dell’Orso 123a,123b, M. Della Pietra 103a,j, D. della Volpe 49, M. Delmastro 5, 
P.A. Delsart 55, C. Deluca 106, S. Demers 177, M. Demichev 64, A. Demilly 79, S.P. Denisov 129, 
D. Derendarz 39, J.E. Derkaoui 136d, F. Derue 79, P. Dervan 73, K. Desch 21, C. Deterre 42, P.O. Deviveiros 106, 
A. Dewhurst 130, S. Dhaliwal 106, A. Di Ciaccio 134a,134b, L. Di Ciaccio 5, A. Di Domenico 133a,133b, 
C. Di Donato 103a,103b, A. Di Girolamo 30, B. Di Girolamo 30, A. Di Mattia 153, B. Di Micco 135a,135b, 
R. Di Nardo 47, A. Di Simone 48, R. Di Sipio 20a,20b, D. Di Valentino 29, F.A. Dias 46, M.A. Diaz 32a, 
E.B. Diehl 88, J. Dietrich 42, T.A. Dietzsch 58a, S. Diglio 84, A. Dimitrievska 13a, J. Dingfelder 21, 
C. Dionisi 133a,133b, P. Dita 26a, S. Dita 26a, F. Dittus 30, F. Djama 84, T. Djobava 51b, J.I. Djuvsland 58a, 
M.A.B. do Vale 24c, A. Do Valle Wemans 125a,125g, T.K.O. Doan 5, D. Dobos 30, C. Doglioni 49, T. Doherty 53, 
T. Dohmae 156, J. Dolejsi 128, Z. Dolezal 128, B.A. Dolgoshein 97,∗, M. Donadelli 24d, S. Donati 123a,123b, 
P. Dondero 120a,120b, J. Donini 34, J. Dopke 130, A. Doria 103a, M.T. Dova 70, A.T. Doyle 53, M. Dris 10, 
J. Dubbert 88, S. Dube 15, E. Dubreuil 34, E. Duchovni 173, G. Duckeck 99, O.A. Ducu 26a, D. Duda 176, 
A. Dudarev 30, F. Dudziak 63, L. Duflot 116, L. Duguid 76, M. Dührssen 30, M. Dunford 58a, H. Duran Yildiz 4a, 
M. Düren 52, A. Durglishvili 51b, M. Dwuznik 38a, M. Dyndal 38a, J. Ebke 99, W. Edson 2, N.C. Edwards 46, 
W. Ehrenfeld 21, T. Eifert 144, G. Eigen 14, K. Einsweiler 15, T. Ekelof 167, M. El Kacimi 136c, M. Ellert 167, 
S. Elles 5, F. Ellinghaus 82, N. Ellis 30, J. Elmsheuser 99, M. Elsing 30, D. Emeliyanov 130, Y. Enari 156, 
O.C. Endner 82, M. Endo 117, R. Engelmann 149, J. Erdmann 177, A. Ereditato 17, D. Eriksson 147a, G. Ernis 176, 
J. Ernst 2, M. Ernst 25, J. Ernwein 137, D. Errede 166, S. Errede 166, E. Ertel 82, M. Escalier 116, H. Esch 43, 
C. Escobar 124, B. Esposito 47, A.I. Etienvre 137, E. Etzion 154, H. Evans 60, A. Ezhilov 122, L. Fabbri 20a,20b, 
G. Facini 31, R.M. Fakhrutdinov 129, S. Falciano 133a, R.J. Falla 77, J. Faltova 128, Y. Fang 33a, M. Fanti 90a,90b, 
A. Farbin 8, A. Farilla 135a, T. Farooque 12, S. Farrell 15, S.M. Farrington 171, P. Farthouat 30, F. Fassi 136e, 
P. Fassnacht 30, D. Fassouliotis 9, A. Favareto 50a,50b, L. Fayard 116, P. Federic 145a, O.L. Fedin 122,l, 
W. Fedorko 169, M. Fehling-Kaschek 48, S. Feigl 30, L. Feligioni 84, C. Feng 33d, E.J. Feng 6, H. Feng 88, 
A.B. Fenyuk 129, S. Fernandez Perez 30, S. Ferrag 53, J. Ferrando 53, A. Ferrari 167, P. Ferrari 106, 
R. Ferrari 120a, D.E. Ferreira de Lima 53, A. Ferrer 168, D. Ferrere 49, C. Ferretti 88, A. Ferretto Parodi 50a,50b, 
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M. Janus 171, G. Jarlskog 80, N. Javadov 64,b, T. Javůrek 48, L. Jeanty 15, J. Jejelava 51a,q, G.-Y. Jeng 151, 
D. Jennens 87, P. Jenni 48,r , J. Jentzsch 43, C. Jeske 171, S. Jézéquel 5, H. Ji 174, J. Jia 149, Y. Jiang 33b, 
M. Jimenez Belenguer 42, S. Jin 33a, A. Jinaru 26a, O. Jinnouchi 158, M.D. Joergensen 36, 
K.E. Johansson 147a,147b, P. Johansson 140, K.A. Johns 7, K. Jon-And 147a,147b, G. Jones 171, R.W.L. Jones 71, 
T.J. Jones 73, J. Jongmanns 58a, P.M. Jorge 125a,125b, K.D. Joshi 83, J. Jovicevic 148, X. Ju 174, C.A. Jung 43, 
R.M. Jungst 30, P. Jussel 61, A. Juste Rozas 12,o, M. Kaci 168, A. Kaczmarska 39, M. Kado 116, H. Kagan 110, 
M. Kagan 144, E. Kajomovitz 45, C.W. Kalderon 119, S. Kama 40, A. Kamenshchikov 129, N. Kanaya 156, 



ATLAS Collaboration / Physics Letters B 748 (2015) 392–413 405

M. Kaneda 30, S. Kaneti 28, V.A. Kantserov 97, J. Kanzaki 65, B. Kaplan 109, A. Kapliy 31, D. Kar 53, 
K. Karakostas 10, N. Karastathis 10, M. Karnevskiy 82, S.N. Karpov 64, Z.M. Karpova 64, K. Karthik 109, 
V. Kartvelishvili 71, A.N. Karyukhin 129, L. Kashif 174, G. Kasieczka 58b, R.D. Kass 110, A. Kastanas 14, 
Y. Kataoka 156, A. Katre 49, J. Katzy 42, V. Kaushik 7, K. Kawagoe 69, T. Kawamoto 156, G. Kawamura 54, 
S. Kazama 156, V.F. Kazanin 108, M.Y. Kazarinov 64, R. Keeler 170, R. Kehoe 40, M. Keil 54, J.S. Keller 42, 
J.J. Kempster 76, H. Keoshkerian 5, O. Kepka 126, B.P. Kerševan 74, S. Kersten 176, K. Kessoku 156, 
J. Keung 159, F. Khalil-zada 11, H. Khandanyan 147a,147b, A. Khanov 113, A. Khodinov 97, A. Khomich 58a, 
T.J. Khoo 28, G. Khoriauli 21, A. Khoroshilov 176, V. Khovanskiy 96, E. Khramov 64, J. Khubua 51b, H.Y. Kim 8, 
H. Kim 147a,147b, S.H. Kim 161, N. Kimura 172, O. Kind 16, B.T. King 73, M. King 168, R.S.B. King 119, 
S.B. King 169, J. Kirk 130, A.E. Kiryunin 100, T. Kishimoto 66, D. Kisielewska 38a, F. Kiss 48, T. Kittelmann 124, 
K. Kiuchi 161, E. Kladiva 145b, M. Klein 73, U. Klein 73, K. Kleinknecht 82, P. Klimek 147a,147b, A. Klimentov 25, 
R. Klingenberg 43, J.A. Klinger 83, T. Klioutchnikova 30, P.F. Klok 105, E.-E. Kluge 58a, P. Kluit 106, S. Kluth 100, 
E. Kneringer 61, E.B.F.G. Knoops 84, A. Knue 53, D. Kobayashi 158, T. Kobayashi 156, M. Kobel 44, 
M. Kocian 144, P. Kodys 128, P. Koevesarki 21, T. Koffas 29, E. Koffeman 106, L.A. Kogan 119, S. Kohlmann 176, 
Z. Kohout 127, T. Kohriki 65, T. Koi 144, H. Kolanoski 16, I. Koletsou 5, J. Koll 89, A.A. Komar 95,∗, 
Y. Komori 156, T. Kondo 65, N. Kondrashova 42, K. Köneke 48, A.C. König 105, S. König 82, T. Kono 65,s, 
R. Konoplich 109,t , N. Konstantinidis 77, R. Kopeliansky 153, S. Koperny 38a, L. Köpke 82, A.K. Kopp 48, 
K. Korcyl 39, K. Kordas 155, A. Korn 77, A.A. Korol 108,c, I. Korolkov 12, E.V. Korolkova 140, V.A. Korotkov 129, 
O. Kortner 100, S. Kortner 100, V.V. Kostyukhin 21, V.M. Kotov 64, A. Kotwal 45, C. Kourkoumelis 9, 
V. Kouskoura 155, A. Koutsman 160a, R. Kowalewski 170, T.Z. Kowalski 38a, W. Kozanecki 137, A.S. Kozhin 129, 
V. Kral 127, V.A. Kramarenko 98, G. Kramberger 74, D. Krasnopevtsev 97, M.W. Krasny 79, 
A. Krasznahorkay 30, J.K. Kraus 21, A. Kravchenko 25, S. Kreiss 109, M. Kretz 58c, J. Kretzschmar 73, 
K. Kreutzfeldt 52, P. Krieger 159, K. Kroeninger 54, H. Kroha 100, J. Kroll 121, J. Kroseberg 21, J. Krstic 13a, 
U. Kruchonak 64, H. Krüger 21, T. Kruker 17, N. Krumnack 63, Z.V. Krumshteyn 64, A. Kruse 174, 
M.C. Kruse 45, M. Kruskal 22, T. Kubota 87, S. Kuday 4a, S. Kuehn 48, A. Kugel 58c, A. Kuhl 138, T. Kuhl 42, 
V. Kukhtin 64, Y. Kulchitsky 91, S. Kuleshov 32b, M. Kuna 133a,133b, J. Kunkle 121, A. Kupco 126, 
H. Kurashige 66, Y.A. Kurochkin 91, R. Kurumida 66, V. Kus 126, E.S. Kuwertz 148, M. Kuze 158, J. Kvita 114, 
A. La Rosa 49, L. La Rotonda 37a,37b, C. Lacasta 168, F. Lacava 133a,133b, J. Lacey 29, H. Lacker 16, D. Lacour 79, 
V.R. Lacuesta 168, E. Ladygin 64, R. Lafaye 5, B. Laforge 79, T. Lagouri 177, S. Lai 48, H. Laier 58a, 
L. Lambourne 77, S. Lammers 60, C.L. Lampen 7, W. Lampl 7, E. Lançon 137, U. Landgraf 48, M.P.J. Landon 75, 
V.S. Lang 58a, A.J. Lankford 164, F. Lanni 25, K. Lantzsch 30, S. Laplace 79, C. Lapoire 21, J.F. Laporte 137, 
T. Lari 90a, M. Lassnig 30, P. Laurelli 47, W. Lavrijsen 15, A.T. Law 138, P. Laycock 73, O. Le Dortz 79, 
E. Le Guirriec 84, E. Le Menedeu 12, T. LeCompte 6, F. Ledroit-Guillon 55, C.A. Lee 152, H. Lee 106, 
J.S.H. Lee 117, S.C. Lee 152, L. Lee 177, G. Lefebvre 79, M. Lefebvre 170, F. Legger 99, C. Leggett 15, A. Lehan 73, 
M. Lehmacher 21, G. Lehmann Miotto 30, X. Lei 7, W.A. Leight 29, A. Leisos 155, A.G. Leister 177, 
M.A.L. Leite 24d, R. Leitner 128, D. Lellouch 173, B. Lemmer 54, K.J.C. Leney 77, T. Lenz 21, G. Lenzen 176, 
B. Lenzi 30, R. Leone 7, S. Leone 123a,123b, K. Leonhardt 44, C. Leonidopoulos 46, S. Leontsinis 10, C. Leroy 94, 
C.G. Lester 28, C.M. Lester 121, M. Levchenko 122, J. Levêque 5, D. Levin 88, L.J. Levinson 173, M. Levy 18, 
A. Lewis 119, G.H. Lewis 109, A.M. Leyko 21, M. Leyton 41, B. Li 33b,u, B. Li 84, H. Li 149, H.L. Li 31, L. Li 45, 
L. Li 33e, S. Li 45, Y. Li 33c,v, Z. Liang 138, H. Liao 34, B. Liberti 134a, P. Lichard 30, K. Lie 166, J. Liebal 21, 
W. Liebig 14, C. Limbach 21, A. Limosani 87, S.C. Lin 152,w, T.H. Lin 82, F. Linde 106, B.E. Lindquist 149, 
J.T. Linnemann 89, E. Lipeles 121, A. Lipniacka 14, M. Lisovyi 42, T.M. Liss 166, D. Lissauer 25, A. Lister 169, 
A.M. Litke 138, B. Liu 152, D. Liu 152, J.B. Liu 33b, K. Liu 33b,x, L. Liu 88, M. Liu 45, M. Liu 33b, Y. Liu 33b, 
M. Livan 120a,120b, S.S.A. Livermore 119, A. Lleres 55, J. Llorente Merino 81, S.L. Lloyd 75, F. Lo Sterzo 152, 
E. Lobodzinska 42, P. Loch 7, W.S. Lockman 138, F.K. Loebinger 83, A.E. Loevschall-Jensen 36, A. Loginov 177, 
T. Lohse 16, K. Lohwasser 42, M. Lokajicek 126, V.P. Lombardo 5, B.A. Long 22, J.D. Long 88, R.E. Long 71, 
L. Lopes 125a, D. Lopez Mateos 57, B. Lopez Paredes 140, I. Lopez Paz 12, J. Lorenz 99, 
N. Lorenzo Martinez 60, M. Losada 163, P. Loscutoff 15, X. Lou 41, A. Lounis 116, J. Love 6, P.A. Love 71, 
A.J. Lowe 144,f , F. Lu 33a, N. Lu 88, H.J. Lubatti 139, C. Luci 133a,133b, A. Lucotte 55, F. Luehring 60, W. Lukas 61, 
L. Luminari 133a, O. Lundberg 147a,147b, B. Lund-Jensen 148, M. Lungwitz 82, D. Lynn 25, R. Lysak 126, 
E. Lytken 80, H. Ma 25, L.L. Ma 33d, G. Maccarrone 47, A. Macchiolo 100, J. Machado Miguens 125a,125b, 
D. Macina 30, D. Madaffari 84, R. Madar 48, H.J. Maddocks 71, W.F. Mader 44, A. Madsen 167, M. Maeno 8, 



406 ATLAS Collaboration / Physics Letters B 748 (2015) 392–413

T. Maeno 25, E. Magradze 54, K. Mahboubi 48, J. Mahlstedt 106, S. Mahmoud 73, C. Maiani 137, 
C. Maidantchik 24a, A.A. Maier 100, A. Maio 125a,125b,125d, S. Majewski 115, Y. Makida 65, N. Makovec 116, 
P. Mal 137,y, B. Malaescu 79, Pa. Malecki 39, V.P. Maleev 122, F. Malek 55, U. Mallik 62, D. Malon 6, 
C. Malone 144, S. Maltezos 10, V.M. Malyshev 108, S. Malyukov 30, J. Mamuzic 13b, B. Mandelli 30, 
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