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Abstract

Measurements of the centrality and rapidity dependence of inclusive jet production in /sxy =
5.02 TeV proton—lead (p+Pb) collisions and the jet cross-section in /s = 2.76 TeV proton—proton colli-
sions are presented. These quantities are measured in datasets corresponding to an integrated lumi-
nosity of 27.8 nb~! and 4.0 pb~!, 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 < n < —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 (pr) 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 pp-dependent manner but is consistent with the expectation within un-
certainties. The ratios of jet spectra from different centrality selections show a strong modification
of jet production at all pr at forward rapidities and for large pr at mid-rapidity, which manifests as a
suppression of the jet yield in central events and an enhancement in peripheral events. These ef-
fects 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.
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Centrality and rapidity dependence of inclusive jet production in
V/SnN = 5.02 TeV proton—lead collisions with the ATLAS detector
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Abstract

Measurements of the centrality and rapidity dependence of inclusive jet production in /syy = 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~!
and 4.0 pb~!, respectively, recorded with the ATLAS detector at the Large Hadron Collider in 2013. The
p+PDb collision centrality was characterised using the total transverse energy measured in the pseudorapidity
interval —4.9 < nn < —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 (pr) 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 pp-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 pr at forward rapidities and for large pr 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.

1. Introduction distributions in the gold nucleus [6-8], to the mod-
ification of the nuclear parton distribution function
[9], to the higher-twist contributions to the cross-
section enhanced by the forward kinematics of the
measurement [10], or to the presence of a large nu-
cleus [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 deter-

Proton-lead (p+Pb) collisions at the Large
Hadron Collider (LHC) provide an excellent oppor-
tunity to study hard scattering processes involving
a nuclear target [1]. Measurements of jet produc-
tion in p+Pb collisions provide a valuable bench-
mark for studies of jet quenching in lead—lead col-
lisions by, for example, constraining the impact of
nuclear parton distributions on inclusive jet yields.

However, p+Pb collisions also allow the study of
possible violations of the factorisation between hard
and soft processes in collisions involving nuclei.
Previous studies in deuteron—gold (d-+Au) colli-
sions at the Relativistic Heavy Ion Collider (RHIC)
observed such violations, manifested in the sup-
pressed production of very forward hadrons with
transverse momenta up to 4 GeV [2-4]. Studies
of forward dihadron angular correlations at RHIC
also showed a much weaker dijet signal in d+Au
collisions than in pp collisions [4,5]. These effects
have been attributed to the saturation of the parton
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mine whether the factorisation violations observed
at RHIC persist at higher energy and, if so, how the
resulting modifications vary as a function of parti-
cle or jet momentum and rapidity. The results of
such measurements could test the competing de-
scriptions of the RHIC results and, more generally,
provide new insight into the physics of hard scat-
tering 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 performed using a
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dataset corresponding to an integrated luminosity
of 27.8 nb™ ! recorded in 2013. The p+Pb jet yields
were compared to a nucleon—nucleon reference con-
structed from a measurement of jet production in pp
collisions at a centre-of-mass energy /s = 2.76 TeV
using a dataset corresponding to an integrated lu-
minosity of 4.0 pb~! also recorded in 2013. Jets
were reconstructed from energy deposits measured
in the calorimeter using the anti-k; algorithm with
radius parameter R = 0.4 [12].

The centrality of p+Pb collisions was charac-
terised using the total transverse energy measured
in the pseudorapidity! interval —4.9 < n < —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, cen-
trality in p+PDb collisions is sensitive to the multi-
ple 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 geome-
try [13,14].

A Glauber model [15] was used to determine
the average number of nucleon—nucleon collisions,
(Neon), and the mean value of the overlap function,
Toa(b) = fj;o p(b,2)dz, where p(b,z) is the nu-
cleon density at impact parameter b and longitudi-
nal position z, in each centrality interval. Per-event
jet yields, (1/Neyt)(d?Njet /dprdy*), were measured
as a function of jet centre-of-mass rapidity,? y*,
and transverse momentum, pr, where Nje is the
number of jets measured in Neyy p+Pb events anal-
ysed. The centrality dependence of the per-event
jet yields was evaluated using the nuclear modifica-
tion factor,

LATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the centre of
the detector and the z-axis along the beam pipe. The z-
axis points from the IP to the centre of the LHC ring, and
the y-axis points upward. Cylindrical coordinates (r, ¢) are
used in the transverse plane, ¢ being the azimuthal angle
around the beam pipe. The pseudorapidity is defined in
laboratory coordinates in terms of the polar angle 6 as n =
—Intan(6/2). 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 7.

2The jet rapidity y* is defined as y* = 0.51n %Zz
E and p. are the energy and the component of the momen-
tum along the proton beam direction in the nucleon—nucleon
centre-of-mass frame.

where

L (l/Nevt) dQ‘ZVjet/dedy* cent (1)
Toa 2077 /dprdy* ’

jet

Rppb =

for a given centrality selection “cent”, where
d2ai§ /dprdy* is determined using the jet cross-
section measured in pp collisions at /s = 2.76 TeV.
The factor R,p, quantifies the absolute modifica-
tion of the jet rate relative to the geometric ex-
pectation. In each centrality interval, the geomet-
ric expectation is the jet rate that would be pro-
duced 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,

1 (1/Nevt) dzzvjet/dedy*‘cent (2)

R = 5
P Rcoll (1/Nevt) dz]\Get/dedy*|peri

where R represents the ratio of (Neop) in a given
centrality interval to that in the most peripheral
interval, Reon = (NE) /(NP The Rep ratio
is sensitive to relative deviations in the jet rate from
the geometric expectation between the p+Pb event
centralities. The R,py, and Rcp measurements are
presented as a function of inclusive jet y* and pr.

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 \/sny = 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 pe-
riods, with the directions of the proton and lead
beams being reversed at the end of the first period.
The first period provided approximately 55% of the
integrated luminosity with the Pb beam travelling
to positive rapidity and the proton beam to neg-
ative 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 proton direction.

2. Experimental setup

The measurements presented in this paper
were performed using the ATLAS inner detector
(ID), calorimeters, minimum-bias trigger scintil-
lator (MBTS), and trigger and data acquisition



systems [16]. The ID measures charged particles
within |n| < 2.5 using a combination of silicon pixel
detectors, silicon microstrip detectors, and a straw-
tube transition radiation tracker, all immersed in
a 2 T axial magnetic field [17]. The calorime-
ter system consists of a liquid argon (LAr) elec-
tromagnetic (EM) calorimeter covering |n| < 3.2,
a steel/scintillator sampling hadronic calorimeter
covering |n| < 1.7, a LAr hadronic calorimeter cov-
ering 1.5 < || < 3.2, and two LAr electromagnetic
and hadronic forward calorimeters (FCal) covering
3.2 < |n| < 4.9. The EM calorimeters use lead
plates as the absorbers and are segmented longitu-
dinally in shower depth into three compartments
with an additional presampler layer in front for
In|] < 1.8. The granularity of the EM calorimeter
varies with layer and pseudorapidity. The middle
sampling layer, which typically has the largest en-
ergy deposit in EM showers, has a An x A¢ gran-
ularity of 0.025 x 0.025 within || < 2.5. The
hadronic calorimeter uses steel as the absorber and
has three segments longitudinal in shower depth
with cell sizes Anpx Ag = 0.1x0.1 for || < 2.5% and
0.2 x 0.2 for 2.5 < |n| < 4.9. The two FCal mod-
ules are composed of tungsten and copper absorbers
with LAr as the active medium, which together pro-
vide ten interaction lengths of material. The MBTS
detects charged particles over 2.1 < || < 3.9 using
two hodoscopes of 16 counters each, positioned at
z = 13.6m.

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 system. Jets were
selected using high-level jet triggers implemented
with a reconstruction algorithm similar to that ap-
plied in the offline analysis. The high-level jet trig-
gers were seeded from a combination of low-level
MB and jet hardware-based triggers. Multiple jet
triggers with transverse energy thresholds ranging
from 20 GeV to 75 GeV were used with prescales
that varied with time to accommodate the evolu-
tion of the luminosity within an LHC fill.

3An exception is the third (outermost) sampling layer,
which has a segmentation of 0.2 x 0.1 up to |n| = 1.7.

3. Data selection

In the offline analysis, charged-particle tracks
were reconstructed in the ID using an algorithm
optimised for pp minimum-bias measurements [19].
The p+Pb events used for this analysis were re-
quired to have a reconstructed vertex containing at
least two associated tracks with pt > 0.1 GeV, at
least one hit in each of the two MBTS hodoscopes,
and a difference between times measured on the
two MBTS sides of less than 10 ns. Events con-
taining multiple p+Pb collisions (pileup) were sup-
pressed by rejecting events having two or more re-
constructed vertices, each associated with recon-
structed 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 require-
ment was less than 0.1%. Events with a pseudo-
rapidity gap (defined by the absence of clusters in
the calorimeter with more than 0.2 GeV of trans-
verse 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 elec-
tromagnetic or diffractive excitation of the proton.
After accounting for event selection, the number of
p+PDb events sampled by the highest-luminosity jet
trigger (which was unprescaled) was 53 billion. The
event selection criteria described here were designed
to select a sample of p+Pb events to which a cen-
trality analysis can be applied and for which mean-
ingful geometric parameters can be determined.

The pp events used in this analysis were required
to have a reconstructed vertex, with the same def-
inition 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 Y EEP in the FCal module on the Pb-going
side. The LEEP distribution for minimum-bias
p+Pb collisions passing the event selection de-
scribed in Section 3 is presented in Fig. 1. Following
standard techniques [20], centrality intervals were
defined in terms of percentiles of the ZE%b distri-
bution after accounting for an estimated inefficiency
of (2 £ 2) % for inelastic p+Pb collisions to pass the
applied event selection. The following centrality in-
tervals were used in this analysis, in order from the
most central to the most peripheral: 0-10%, 10—
20%, 20-30%, 30-40%, 40-60%, and 60-90%, with
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Fig. 1: Distribution of EE?D for minimum-bias p+Pb col-
lisions recorded during the 2013 run, measured in the FCal
at —4.9 < 7 < —3.2 in the Pb-going direction. The verti-
cal 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%.

the 60-90% interval serving as the reference in the
Rcp ratio.

A Glauber Monte Carlo (MC) [15] analysis was
used to calculate Rcon and T, for each central-
ity interval. First, a Glauber MC program [21] was
used to simulate the geometry of inelastic p+Pb col-
lisions and calculate the probability distribution of
the number of nucleon participants Npart, P(Npart)-
The simulations used a Woods—Saxon nuclear den-
sity distribution and an inelastic nucleon—nucleon
cross-section, onn, of 70 £ 5 mb. Separately,
PYTHIA [22,23] simulations of 4 TeV on 1.57 TeV
pp collisions (using version 8.150, with generator
parameters chosen to reproduce observables accord-
ing to the so-called 4C tune [24], and incorporating
the MSTW2008LO set of parton distribution func-
tions [25]) provided a detector-level X EEP distribu-
tion for nucleon—nucleon collisions, to be used as
input to the Glauber model. This distribution was
fit to a gamma distribution.

Then, an extension of the wounded-nucleon
(WN) [26] model that included a non-linear depen-
dence of EEllfb on Npare was used to define Npare-
dependent gamma distributions for ZE%:b, with
the constraint that the distributions reduce to the
PYTHIA distribution for Npar¢ = 2. The non-linear
term accounted for the possible variation of the ef-
fective FCal acceptance resulting from an Npa-
dependent backward rapidity shift of the produced
soft particles with respect to the nucleon—nucleon
frame [27]. The gamma distributions were summed

Table 1:
Average Rcon and 1), values for the centrality intervals used
in this analysis along with total systematic uncertainties.

The R.o values are with respect to 60-90% events, where
(N0011> = 298t8§é

Centrality Reon Tpa [mb~!]
0-90% - 0.106™0:00¢
60-90% - 0.043%900%
40-60% | 2.16+0:05 | (.092+0-004
30-40% | 3.0079:21 | 0.126+0:093

20-30% | 3.4810%3 | 0.14870003
10-20% | 4.057349 | 0.17255:007
0-10% | 4.897052 | 0.20870 552

over Npary with a P(Npar) weighting to produce a
hypothetical EEJ;b distribution. That distribution
was fit to the measured ZE;b distribution shown
in Fig. 1 with the parameters of the extended WN
model allowed to vary freely. The best fit, which
contained a significant non-linear term, successfully
described the S ETP distribution in data over sev-
eral orders of magnitude. From the results of the
fit, the distribution of Ny values and the corre-
sponding (Npart) were calculated for each central-
ity interval. The resulting Rcon and Tpa values and
corresponding systematic uncertainties, which are
described in Section 8, are shown in Table 1.

5. Monte Carlo simulation

The performance of the jet reconstruction pro-
cedure was evaluated 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 (UE) con-
tribution that is identical in all respects to the
data. The simulated events were generated using
PYTHIA [22] (version 6.425, AUET2B tune [24],
CTEQS6L1 parton distribution functions [28]) and
the detector effects were fully simulated using
GEANT4 [29,30]. These events were produced
for different pr intervals of the generator-level
(“truth”) R = 0.4 jets. In total, the generator-level
spectrum spans 10 < pp < 103 GeV. Separate sets
of 18 million events each were generated for the



two different beam directions to take into account
any z-axis asymmetries in the detector. For each
beam direction, the four-momenta of the generated
particles were longitudinally boosted by a rapidity
of +£0.465 to match the corresponding beam con-
ditions. The events were simulated using detec-
tor conditions appropriate to the two periods of
the 2013 p+Pb run and reconstructed using the
same algorithms as were applied to the experimen-
tal data. A separate 9-million-event sample of fully
simulated 2.76 TeV PYTHIA pp hard scattering
events (with the same version, tune and parton dis-
tribution 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

6.1. Reconstruction

The jet reconstruction and UE subtraction pro-
cedures were adapted from those used by ATLAS in
Pb+Pb collisions, which are described in detail in
Refs. [31,32], and are summarised in the following,.

An iterative procedure was used to obtain an
event-by-event estimate of the UE energy density
while excluding contributions from jets to that es-
timate. To perform jet reconstruction, calorimeter
cells were combined into towers with segmentation
An x A¢p = 0.1 x 0.1, and the anti-k; algorithm
with R = 0.2 and R = 0.4 was applied to the tow-
ers. In addition, “track” jets were reconstructed
by applying the anti-k; algorithm with R = 0.4 to
reconstructed tracks with ppr > 0.5 GeV.

A subset of the R = 0.2 jets were identified as
“seed” jets and the cells within these jets were ex-
cluded from the background estimation. The av-
d’Er
dndé
maining cells was then used as an estimate of the
UE energy density. This estimate of the UE was
constructed separately in each calorimeter layer and
in Ay = 0.1 strips to accommodate the n-dependent
variations in the UE activity present in p+Pb col-
lisions.

The corrected energy in each cell, E5'P, was con-
structed by subtracting the estimate of the UE
energy density from the original cell energy via

E%ub =FEr — <%> AnA¢ where Ep and AnA¢
are the original transverse energy and area of the
cell. For each tower included in a given jet, the

energy of the cells in the tower was corrected with

erage transverse energy density < > in the re-

this subtraction and the jet kinematics were recal-
culated. The updated jet kinematics were then used
to determine a new set of seed jets and estimate of
the UE energy density. All R = 0.2 calorimeter jets
with Er > 4 GeV and track jets with pr > 4 GeV
were identified as new seed jets, and a new estimate

of <?12n§£> was performed excluding cells within
AR < 04 of the seed jet positions from the av-

erage.

After this second iteration step, the final set of
R = 0.4 calorimeter jets used in the analysis was
determined by updating their kinematics accord-
ing to the latest UE estimate. The jet transverse
energy and direction were reconstructed from the
UE-subtracted energy in all cells contained in the
jet, assuming these components to be massless. The
mean subtracted UE transverse energy in p+Pb col-
lisions was 2.4 GeV (1.4 GeV) for R = 0.4 jets with
ly*| < 1 (y* > 3). In pp collisions, this proce-
dure simply subtracts the UE pedestal deposited in
the calorimeter which can arise, in part, from the
presence of additional pp interactions in the same
crossing (in-time pileup).

After this procedure, a small correction, typically
a few percent, was applied to the transverse mo-
mentum of those jets which did not overlap with a
region excluded from the background determination
and thus were erroneously included in the initial es-
timate of the UE background. Then, the jet ener-
gies were corrected to account for the calorimeter
energy response using an 7- and pp-dependent mul-
tiplicative factor that was derived from the simula-
tions [33]. Following this calibration, a final multi-
plicative in situ calibration was applied to account
for differences between the simulated detector re-
sponse and data. The measured pr of jets recoiling
against objects with an independently calibrated
energy scale — such as Z bosons, photons, or jets
in a different region of the detector — was investi-
gated. The in situ calibration, which typically dif-
fered 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 previ-
ously within ATLAS [34].

6.2. Performance

The jet reconstruction performance was evalu-
ated in the simulated samples by applying the same
subtraction and reconstruction procedure as was
applied to data. The resulting reconstructed jets

with transverse momentum pi’ were compared



with their corresponding generator jets, which were
produced by applying the anti-k; algorithm to the
final-state particles produced by PYTHIA, exclud-
ing muons and neutrinos. Each generator jet was
matched to a reconstructed jet, and the prt differ-
ence between the two jets was studied as a function
of the generator jet transverse momentum, p%en,
and generator jet rapidity y*, and in the six p+Pb
event centrality intervals.

The reconstruction efficiency for jets having

pi" > 25 GeV was found to be greater
than 99%. The performance was quantified

by the means and standard deviations of the
Apr/pr (= pEee/ps™ — 1) distributions, referred
to as the jet energy scale (JES) closure and jet en-
ergy resolution (JER) respectively. The JES closure
in p+Pb events was less than 2% for p§™" > 25 GeV
jets and was better than 1% for p&™ > 100 GeV jets.
At low p5™, the JES closure and JER exhibited a
weak p+Pb centrality dependence, with differences
in the JES closure of up to 1% and differences in
the JER of up to 2% in the most central 0-10%
events relative to the 60-90% peripheral events. In
pp events, the JES closure was less than 1% in the
entire kinematic range studied.

In order to quantify the degree of pp-bin migra-
tion introduced by the detector response and recon-
struction procedure, response matrices were popu-
lated by recording the pr 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 pr bins used were
chosen to increase with pr such that the width of
each bin was &~ 0.25 of the bin low edge. Using this
binning, the proportion of jets with reconstructed
pr in the same bin as their truth pt monotoni-
cally increased with truth pp and was 50-70%. The
increased UE activity in central events relative to
peripheral events led to a slightly larger resolution
and energy scale non-closure for low-pr jets in these
events, resulting in larger bin-migration effects. At
high jet pr, where the role of the underlying event
becomes less important than the intrinsic calorimet-
ric jet energy resolution, the response was centrality
independent within systematic uncertainties.

7. Data analysis

Jets in p+Pb collisions were selected by the
minimum-bias triggers and jet triggers described
in Section 2. Six jet triggers with different online
jet-pr thresholds were used for jets with |n| < 3.2

and one dedicated low-threshold trigger was used
for jets with |n| > 3.2. The sampled luminosity
(defined as the luminosity divided by the mean
luminosity-weighted prescale) of the triggers in-
creased with increasing pr 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 se-
lected by only one jet trigger. In a given pr bin,
jets were selected by the lowest-threshold jet trig-
ger for which the efficiency was determined to be
greater than 99% in the bin. No additional correc-
tions for the trigger efficiency were applied.

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

1 dENiet 1 et
Neyt dprdy*  Neyy AprAy*’

(3)

where Neyt is the total (unprescaled) number of MB
p+Pb events sampled, Ni°t is the yield of jets cor-
rected for all detector effects and the instantaneous
trigger prescale during data-taking, and Apr and
Ay* are the widths of the pr and y* bins. The
centrality-dependent yields were constructed by re-
stricting Neyy and N3°t to come from p+Pb events
within a given centrality interval. The double-
differential cross section in pp collisions was con-
structed via

d?o 1 Niet 1)
dprdy*  Liny AprAy*’

where Liy is the total integrated luminosity of the
jet trigger used in the given pr bin. The pr binning
in the pp cross-section was chosen such that the
xr = 2pr/+/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 pr range where the MC studies described in
Section 6.2 show that the efficiency for a truth jet
to remain in the same prt bin is > 50%. This pr
range was rapidity dependent, with the lowest pr
bin edge used ranging 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 energy resolution and residual distortions
of the jet energy scale which result in pp-bin mi-
gration. For each rapidity interval, the yield was



corrected by the use of ppr-dependent (and, in the
p+Pb case, centrality-dependent) bin-by-bin cor-
rection factors C'(pr, y*) obtained from the ratio of
the reconstructed to the truth jet pp distributions
for jets originating in a true y* bin, according to

% Njet pTay*
Clpr,y*) = DaruanP207) (5)
Niceo(pr, y*)

where NI (Nj¢t,) is the number of truth jets in

truth reco

the given p "™ (pff°°) bin in the corresponding MC
samples.

Since the determination of the correction factors
C(pr,y*) is sensitive to the shape of the jet spec-
trum in the MC sample, the response matrices used
to generate them were reweighted to provide a bet-
ter match between the reconstructed distributions
in data and simulated events. The spectrum of gen-
erator jets was weighted jet-by-jet by the ratio of
the reconstructed spectrum in data to that in sim-
ulation. This ratio was found to be approximately
linear in the logarithm of reconstructed pr. A sep-
arate reweighting was performed for the p+Pb jet
yield in each centrality 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 correc-
tions were applied to the detector-level yield N3t
to give the particle-level yield via

NIt = C(pr, 5 NIt (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 zp-scaling between the inclu-
sive jet cross-sections at /s = 2.76 TeV (mea-
sured using 0.20 pb~! of data collected in 2011)
and 7 TeV (measured using 37 pb~! of data col-
lected in 2010) [35]. In this previous analysis, the
\/s-scaled ratio p of the 2.76 TeV cross-section to
that at 7 TeV was evaluated at fixed x,

( “ 2.76 TeV \® d25276 TeV /dprdy*
;] =

PRy 7 TeV 207 TV /dprdy*
where dQU\/g/ dprdy* is the pp jet cross-section at
the given centre-of-mass energy /s, and the nu-
merator and denominator are each evaluated at the

same zr (but different pr = z714/s/2). Equa-
tion (7) can be rearranged to define the cross-
section at y/s = 7 TeV in terms of that at 2.76 TeV
times a multiplicative factor and divided by p.

The /s = 5.02 TeV pp cross-section at each pr
and y* value was constructed by scaling the cor-
rected /s = 2.76 TeV pp cross-section measured at
the equivalent z1 according to

2_5.02 TeV
do

dprdy*

— p(xT7 y*)—0.643 (

(8)

2.76 TeV\ > d252:76 TeV
5.02 TeV) dprdy*

where the power —In(2.76/5.02)/In(2.76/7) =
—0.643 interpolates between 2.76 TeV and 7 TeV
to 5.02 TeV using a power-law collision energy de-
pendence at each pp and y*. Since the jet energy
scale and xr interpolation uncertainties are large
for the pp data at large rapidities (Jy*| > 2.8), a
Vs = 5.02 TeV reference is not constructed in that
rapidity region.

The pp jet cross-section at /s = 2.76 TeV mea-
sured with the 2013 data was found to agree with
the previous ATLAS measurement of the same
quantity [35] within the systematic uncertainties.

8. Systematic uncertainties

The Rcp and R,pp, measurements are subject to
systematic uncertainties arising from a number of
sources: the jet energy scale (JES) and resolution
(JER), differences in the spectral shape between
data and simulation affecting the bin-by-bin cor-
rection factors, residual inefficiency in the trigger
selection, and the estimates of the geometric quan-
tities Reon (in Rep) and Tpa (in Rppp). In addition
to these sources of uncertainty, which are common
to the Rcp and R,p;, measurements, I2,py, is also
subject to uncertainties from the zr-interpolation
of the /s = 2.76 TeV pp cross-section to the
Vs = 5.02 TeV centre-of-mass energy and from the
integrated luminosity of the pp dataset.

Uncertainties in the JES and JER influence the
correction of the p+Pb and pp jet spectra. The un-
certainty in the JES was taken from studies of the
in situ calorimeter response and systematic varia-
tions of the jet response in simulation [33], as well
as studies of the relative energy scale difference be-
tween the jet reconstruction procedure in heavy-ion



collisions and the procedure used by ATLAS for in-
clusive jet measurements in 2.76 TeV and 7 TeV pp
collisions [35,36]. The total JES uncertainty in the
measured pr range was < 4% for jets in |y*| < 2.8,
and < 7% for jets in |y*| > 2.8. The sensitivity
of the results to the uncertainty in the JES was
evaluated separately for ten distinct sources of un-
certainty. Each source was treated as fully uncor-
related with any other source, but fully correlated
with itself in pr, 1, and /s. The uncertainty in
the JER was taken from in situ studies of the dijet
energy balance [37]. The JER uncertainty was gen-
erally < 10%, except for low-pt jets where it was
< 20%. The effects on the Rcp and Rypp, measure-
ments were evaluated through an additional smear-
ing of the energy of reconstructed jets in the simu-
lation such that the JER uncertainty was added to
the original resolution in quadrature.

The resulting systematic uncertainties on Rcp
(0Rcp) and Rppp (0Rpp1,) were evaluated by pro-
ducing new response matrices in accordance with
each source of the JES uncertainty and the JER
uncertainty, generating new correction factors, and
calculating the new Rcp and Rp,pp results. Each
JES and JER variation was applied to all rapid-
ity bins and to both the p+Pb and pp response
matrices simultaneously. The uncertainty on Rcp
and R,pp from the total JES uncertainty was deter-
mined by adding the effects of the ten JES uncer-
tainty sources in quadrature. Since the correction
factors for the p+PDb spectra in different centrality
intervals were affected to a similar degree by vari-
ations in the JES and JER, the effects tended to
cancel in the Rgp ratio, and the resulting d Rcp
were small. The resulting 6 R,p1, values were some-
what larger than the d Rcp values due to the rel-
ative centre-of-mass shift between the p+Pb and
pp collision systems. The centrality dependence of
the JES and JER uncertainties in p+Pb events was
negligible.

To achieve better correspondence with the data,
the simulated 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
reweighting 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 uncertainty, and
the correction factors were recomputed with this al-
ternative weighting. The resulting d Ryp, and 6 Rcp
from the nominal 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
pr regions where they are used to select jets, an
uncertainty of 1% was chosen for the centrality se-
lected p+Pb yields and the pp cross-section in the
range 20 < pr < 125 GeV. This uncertainty was
taken to be uncorrelated between the centrality-
selected p+Pb yields and the pp cross-section, re-
sulting in a 1.4% uncertainty on the Rcp and R,pp
measurements.

The geometric quantities Reon and T4 and their
uncertainties are listed in Table 1. These uncer-
tainties arise from uncertainties in the geometric
modelling of p+Pb collisions and in modelling the
Npart dependence of the forward particle produc-
tion measured by X EXP. In general, the uncertain-
ties were asymmetric. Uncertainties in R.o were
largest for the ratio of the most central 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%. Uncertain-
ties 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+PDb centrality range, where they reached a
minimum of +3/ — 2% for the 20-30% interval.

The zr-interpolation of the /s = 2.76 TeV pp
jet cross-section to 5.02 TeV is sensitive to un-
certainties in p(xr,y*), the /s-scaled ratio of jet
spectra at 2.76 and 7 TeV. Following Eq. (8),
the uncertainty in the interpolated pp cross-section
(605:92 TeV)) at fixed 2 is related to the uncertainty
in p (0p) via (o502 TeV /55:02 TV — (0.643(5p/p),
where dp was taken from Ref. [35]. The values of dp
ranged from 5% to 23% in the region of the mea-
surement and were generally larger at lower T and
at larger rapidities.

The integrated luminosity for the 2013 pp dataset
was determined by measuring the interaction rate
with several ATLAS subdetectors. The absolute
calibration was derived from three van der Meer
scans [38] performed during the pp data-taking in
2013 in a fashion similar to that used previously
within ATLAS [39] for pp data-taking at higher
energies. The systematic uncertainty on the inte-
grated luminosity was estimated to be 3.1%.

The uncertainties from the JES, JER, reweight-
ing and xT-interpolation are pr and y* dependent,
while the uncertainties from the trigger, luminosity,
and geometric factors are not. The total systematic
uncertainty on the R,pp, measurement ranges from
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y* bins. The yields are corrected for all detector effects.
Vertical error bars represent the statistical uncertainty while
the boxes represent the systematic uncertainties.

7% at mid-rapidity and high pt to 18% at forward
rapidities and low pr. In most pr and rapidity
bins, the dominant systematic uncertainty on R,p1,
is from the xr-interpolation. The pr- and y*- de-
pendent systematic uncertainties on Rcp are small.
Near mid-rapidity or at high pr, they are 2%, rising
to approximately 12% at low pr in forward rapidi-
ties. Thus, in most of the kinematic region studied,
the dominant uncertainty on Rcp is from the geo-
metric factors Reo.

9. Results

Fig. 2 presents the fully corrected per-event jet
yield as a function of pr 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.
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Fig. 3: Measured R,p}, values for R = 0.4 jets in 0-90%
p+Pb collisions. Each panel shows the jet R,py, in a different
rapidity range. Vertical error bars represent the statistical
uncertainty while the boxes represent the systematic uncer-
tainties on the jet yields. The shaded box at the left edge
of the R,p1, = 1 horizontal line indicates the systematic un-
certainty on T},5 and the pp luminosity in quadrature. The
shaded band represents a calculation using the EPS09 nu-
clear parton distribution function set.

The jet nuclear modification factor R,py 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
Rypy, values show a slight (= 10%) enhancement
above one, although many bins are consistent with
unity within the systematic uncertainties. At mid-
rapidity, the R,p1, values reach a maximum near
100 GeV. No large modification of the total yield
of jets relative to the geometric expectation (under
which Rypy, = 1) is observed. The data in Fig. 3
are compared to a next-to-leading order perturba-
tive QCD calculation of Rp,p, with the EPS09 pa-
rameterisation of nuclear parton distribution func-
tions [9], using CT10 [40] for the free proton parton
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mid-central (diamonds) and peripheral (crosses) events. The
yields are corrected for all detector effects. Vertical error
bars represent the statistical uncertainty while the boxes rep-
resent the systematic uncertainties.

distribution functions and following the procedure
for calculating jet production rates in p+Pb colli-
sions described in Refs. [1,41]. The data are slightly
higher than the calculation, but generally compat-
ible with it within systematic uncertainties.

Fig. 4 shows examples of the centrality-selected
p+PDb yields in three centrality intervals and three
rapidity ranges.

The central-to-peripheral ratio Rcp for jets in
p+PDb collisions is summarised in Fig. 5, where the
Rcp values for three centrality intervals are shown
in all rapidity ranges studied. The Rcp ratio shows
a strong variation with centrality relative to the ge-
ometric expectation, under which Rcp = 1. The
jet Rep for 0-10%/60-90% events is smaller than
one at all rapidities for jet pr > 100 GeV and at
all pr at sufficiently forward (proton-going, y* > 0)
rapidities. Near mid-rapidity, the 40-60%/60-90%
Rcp values are consistent with unity up to 100-
200 GeV, but indicate a small suppression at higher
pr. In all rapidity intervals studied, Rcp decreases
with increasing pr and in increasingly more central
collisions. Furthermore, at fixed pr, Rcp decreases
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Fig. 5: 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 uncertainty while the boxes represent the system-
atic uncertainties on the jet yields. The shaded boxes at the
left edge of the Rcp = 1 horizontal line indicate the system-
atic uncertainty on Rgop for (from left to right) peripheral,
mid-central and central events.

systematically at more forward rapidities. At the
highest pr in the most forward rapidity bin, the
0-10%/60-90% Rcp value is ~ 0.2. In the back-
ward rapidity direction (lead-going, y* < 0), Rcp
is found to be enhanced by 10-20% for low-pr jets.

Fig. 6 summarises the jet R,pp in central, mid-
central and peripheral events in all rapidity in-
tervals studied. The patterns observed in the
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centrality-dependent R,py, values are a consequence
of the near-geometric scaling of the minimum bias
R,py, values along with the strong modifications of
the central-to-peripheral ratio Rcp. At sufficiently
high pr, R,pp in central events is found to be sup-
pressed (Rpyp, < 1) and in peripheral events to be
enhanced (Rypp > 1). Generally, these respective
deviations from the geometric expectation (under
which R,py, = 1 for all centrality intervals) increase
with pt and, at fixed pr, increase as the rapidity be-
comes more forward. Thus, the large effects in Rcp
are consistent with a combination of modifications
that have opposite sign in the centrality-dependent
R,py, values but have little effect on the centrality-
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inclusive (0-90%) R,p1, values. At backward-going
rapidities (y* < 0) the R,pp value for low-pr jets
in all centrality intervals is consistent with unity
within the uncertainties.

Given the observed suppression pattern as a func-
tion of jet rapidity, in which the suppression in
Rcp at fixed pr systematically increases at more
forward-going rapidities, it is natural to ask if it is
possible to find a single relationship between the
Rcp values 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 pr x cosh({(y*)) ~ p, where
(y*) is the centre of the rapidity bin, and p is there-
fore approximately the total energy of the jet. The
0-10%/60-90% Rcp versus pr x cosh({y*)) is shown
for all ten rapidity ranges in Fig. 7. When plotted
against this variable, the Rcp values in each of the
five forward-going rapidities (y* > 40.8) fall along
the same curve, which is approximately linear in
the logarithm of p. This trend is also observed in
the two most forward of the remaining rapidity in-
tervals (—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
In(p) for each centrality interval.

These patterns suggest that the observed modifi-
cations may depend on the initial parton kinemat-
ics, such as the longitudinal momentum fraction of
the parton originating in the proton, z,. In par-
ticular, a dependence on x, would explain why the
data follow a consistent trend vs. p X cosh({y*)) at
forward rapidities (where jet production at a given
jet energy p is dominated by z, ~ p/(y/s/2) par-
tons in the proton) but do not do so at backward
rapidities (where the longitudinal momentum frac-
tion of the parton originating in the lead nucleus,
Zpy, as well as z,, are both needed to relate the jet
and parton kinematics).

By analogy with Fig. 7 where the Rcp values
are plotted versus pr x cosh({y*)), the R,py val-
ues in the four most forward-going bins studied
are plotted against this variable in Fig. 8. The
R,py, values in central and peripheral events are
shown separately. Although the systematic un-
certainties are larger on Rpp, than on Rcp, the
observed behaviour for jets with py > 150 GeV
is consistent with the nuclear modifications de-
pending only on the approximate total jet energy
pr X cosh((y*)). In central (peripheral) events,
the R,pp, values at forward rapidities are consistent
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with a rapidity-independent decreasing (increasing) els which incorporate event-by-event changes in the
function of pr x cosh({(y*)). Thus, the single trend configuration of the proton wavefunction [42] has
in Rcp versus pr x cosh({y*)) at forward rapidities also been studied. Using the so called Glauber—
appears to arise from opposite trends in the cen- Gribov Colour Fluctuation model to determine the
tral and peripheral R,py, both a single function of geometric parameters amplifies the effects seen with
pr X cosh({y*}). the Glauber model. In this model, the suppression

in central events and the enhancement in peripheral

The results presented here use the standard events would be increased.

Glauber model with fixed onn to estimate the ge-
ometric quantities. The impact of geometric mod-
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10. Conclusions

This paper presents the results of a measure-
ment of the centrality dependence of jet produc-
tion in p+Pb collisions at /sxny = 5.02 TeV over
a wide kinematic range. The data were collected
with the ATLAS detector at the LHC and corre-
sponds to 27.8 nb~! of integrated luminosity. The
centrality of p+Pb collisions was characterised us-
ing the total transverse energy measured in the for-
ward calorimeter on the Pb-going side covering the
interval —4.9 < n < —3.2. The average number
of nucleon—nucleon collisions 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,py, with respect to a measurement of the
inclusive jet cross-section in /s = 2.76 TeV pp colli-
sions corresponding to 4.0 pb~! of integrated lumi-
nosity. The pp cross-section was xp-interpolated to
5.02 TeV using previous ATLAS measurements of
inclusive jet production at 2.76 and 7 TeV. Results
are also shown for the central-to-peripheral ratio
Rcp. The centrality-inclusive Ry,pp results for 0
90% collisions indicate only a modest enhancement
over the geometric expectation. This enhancement
has a weak pr and rapidity dependence and is gen-
erally consistent with predictions from the modifi-
cation of the parton distribution functions in the
nucleus, which is small in the kinematic region
probed by this measurement.

The results of the Rcp measurement indicate a
strong centrality-dependent reduction in the yield
of jets in central collisions relative to that in periph-
eral collisions, after accounting for the effects of the
collision geometries. In addition, the reduction be-
comes more pronounced with increasing jet pr and
at more forward (downstream proton) rapidities.
These two results are reconciled by the centrality-
dependent R,py, results, which show a suppression
in central collisions and enhancement in peripheral
collisions, a pattern which is systematic in pr and

*

y*.

The Rcp and R,py, measurements at forward ra-
pidities are also reported as a function of pr X
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 total jet energy or, more
generally, on the underlying parton—parton kine-
matics such as the fractional longitudinal momen-
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tum of the parton originating in the proton.

If the relationship between the centrality inter-
vals and proton—lead collision impact parameter de-
termined 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) rapidi-
ties [43,44].

Recently, the effects observed here have been hy-
pothesized as arising from a suppression of the soft
particle multiplicity in collisions producing high en-
ergy jets [45]. Independently, it has also been ar-
gued that proton configurations containing a large-
x parton interact with nucleons in the nucleus with
a reduced cross-section, resulting in the observed
modifications [46]. In any case the presence of such
correlations would challenge the usual factorisation-
based framework for describing hard scattering pro-
cesses in collisions involving nuclei.
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