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Abstract

Measurements of the per-event charged-particle yield as a function of the charged-patrticle
transverse momentum and rapidity are performed ugifigb collision data collected by the
ATLAS experiment at the LHC at a centre-of-mass energy/gf,, = 5.02TeV. Charged
particles are reconstructed over pseudorapigity 2.3 and transverse momentum between

0.1 GeV and 22 GeV in a dataset corresponding to an integrated luminositytof1 The

results are presented in the form of charged-particle nuclear modification factors, where the
p+Pb charged-particle multiplicities are compared between central and peripk@iakol-

lisions as well as to charged-particle cross sections measupgrtiollisions. Thep+Pb col-

lision centrality is characterized by the total transverse energy measurd®ir n < —3.1,

which is in the direction of the outgoing lead beam. Thre®edent estimations of the num-

ber of nucleons participating in the+Pb collision are carried out using the Glauber model
and two Glauber—Gribov colour-fluctuation extensions to the Glauber model. The values of
the nuclear modification factors are found to vary significantly as a function of rapidity and
transverse momentum. A broad peak is observed for all centralities and rapidities in the nuc-
lear modification factors for charged-particle transverse momentum values around 3 GeV.
The magnitude of the peak increases for more central collisions as well as rapidity ranges
closer to the direction of the outgoing lead nucleus.
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1 Introduction

Proton—nucleus collisions at ultrarelativistic energiesvide an opportunity to understand the role of the
nuclear environment in modifying hard scattering ratesvegas physics ffects are expected to induce
deviations from a simple proportionality between the sraty rate and the number of binary nucleon—
nucleon collisions J]. First, nuclear shadowingffects have long been observed in deep-inelastic scat-
tering on nuclei, as well as in proton-nucleus collisiomsii¢ating that nucleons embedded in a nucleus
have a modified structure. This modification tends to suphesiron production at low to moderate
momentum, and is addressed by a variety of theoretical appes 2, 3]. Some of these approaches de-
scribe hadron production cross sections in terms of a usaveet of nuclear parton distribution functions
(nPDF), which are parameterized as maodifications to therfueteon PDFs4-15]. Second, energy loss

in “cold nuclear matter” is expected to modify hadron prdhre rates at high transverse momentum
(pr) [16]. Finally, a relative enhancement of hadron productioegatt moderate momenta is observed
in proton—nucleus collisionslf], which can be attributed to initial-state scattering af thcoming nuc-
leon [18, 19 or radial flow dfects RQ]. All of these dfects can be explored experimentally by the meas-
urement of charged-hadron production as a function of ¥ense momentum.

For proton—leadg+Pb) collisions, assuming that the initial parton densiéiesthe incoherent superpos-
ition of the nucleonic parton densities, the per-eventiglarproduction yield can be estimated by the
producto,, x (Tpp. Hereo,, is the cross section for the analogous nucleon—nucleorsionllprocess
and(Tpp) is the average value of the nuclear thickness function owdstaibution of the impact para-
meters of protons incident on the nuclear target. It can baght of as a per-collision luminosity. The
nuclear modification factoRypp, is defined as the ratio of the measured charged-particbiuption yield
in p+Pb collisions, normalized byTpy), to the cross section of the charged-particle productietdyin
pp collisions:

1 1/Newt dszPb/dy*de
(Tpp d?opp/dy*dpr

where Ng; is the number ofp+Pb events, %Nppb/dy*de is the diferential yield of charged particles
in p+Pb collisions and #-pp/dy*dpr is the diferential charged-particle production cross sectiopin
collisions. Both numerator and denominator are presemtadrins ofy*, the rapidity in the nucleon—
nucleon centre-of-mass frame. In the absence of init&iksind nuclearfiects, the ratidrppy, is expected
to be unity at highpr [3]. Another measure of nuclear modification is the quarkity, which is defined
to be:

Rppp(Pr.y7) = , (1)

_ (Teop) (1/Nevic)d*Nppuc/dndpr
(Tpnc) (1/Nevtp)d?Nppyp/dndpr’

and can be constructed without the need fppaeference spectrum. The indices “P” and “C” label peri-
pheral (large impact parameter) and central (small impacarpeter) centrality intervals, respectively.
The Rcp is presented as a function of pseudorapidify rather thany* since both numerator and de-
nominator are from the same colliding systems. MeasuresvaiiR,p, andRcp provide useful input for
constraining models of shadowing, energy loss and radial éifects. They should also provide useful
input for the determination of nuclear parton distributfonctions, in particular as a function of proton
impact parametei].

Rep(pr. 7) )

Arecent ATLAS publication21] has reported measurements of the mean charged-partidiplinity as
a function of pseudorapidity and collision centrality anglered the relationship between the centrality
dependence of the particle production and models of thialimticlear geometry. The results presented



here utilize the same centrality definition and geometriclet®, but build upon that work by exploring
the pr, n andy* dependence of per-event charged-particle yields+Rb collisions at a centre-of-mass
energy /S, = 5.02 TeV and comparing that dependence to the expectatiomsdpcollisions through
the quantitieRypp andRcp.

These measurements are an extension of a similar programedcout at the Relativistic Heavy lon
Collider, where all experiments reported the absence afyeldparticle suppression at Iquy in d+Au
collisions R2-25], in contrast to the strong suppression found in+Aw collisions R3, 25]. Measure-
ments of nuclear modification factors as a function of trans¥ momentum in a narrow pseudorapidity
window relative to the centre-of-mass framyem| < 0.3 have been reported by ALICE integrated over
centrality 6, 27] and diferentially for several centrality classeZg]. Similarly, CMS results have been
reported integrated over centrality and in a broader pseidttity window,|ncm| < 1 [29].

2 The ATLASdetector

The ATLAS detector 30] at the Large Hadron Collider (LHC) covers almost the ensiotid anglé
around the collision point. It consists of an inner trackitegector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters,aamdion spectrometer incorporating three large
superconducting toroidal magnets.

The inner detector (ID) system is immersed in a 2 T axial magtield and provides charged-particle
tracking in the pseudorapidity ran@ig < 2.5. The ID tracker is composed of three detector subsystems.
Closest to the interaction point is a high-granularitycsiti pixel detector coverinfg| < 2.7, which typ-
ically provides three measurements per track. Next is eosilmicrostrip tracker (SCT), which typically
yields four pairs of hits per track, each providing a two-éditsional measurement point. The silicon de-
tectors are complemented by the straw-tube transitioratiadi tracker, which enables radially extended
track reconstruction up tig| = 2.0.

The calorimeter system covers the pseudorapidity ramnge4.9. Within the regiony| < 3.2, electromag-
netic calorimetry is provided by high-granularity I¢éguid-argon (LAr) electromagnetic calorimeters,
with an additional thin LAr presampler coverifig < 1.8, to measure the contribution of showers initiated
in the material upstream of the calorimeters. Hadronicrgaletry is provided by a stefskintillator-tile
calorimeter, segmented into three barrel structures mitihi< 1.7, and two coppét Ar hadronic endcap
calorimeters covering.% < || < 3.2. The calorimeter coverage is completed with forward cohpe
and tungstetilAr calorimeter modules optimized for electromagnetic dradironic measurements, re-
spectively, covering 3 < |7l < 4.9. The minimum-bias trigger scintillators (MBTS) deteciaaled
particles over 2 < || < 3.9 using two hodoscopes, each of which is subdivided into 1®&ws posi-
tioned atz= +3.6 m.

A three-level trigger system is used to select eveditk [The Level-1 trigger is implemented in hardware
and uses a subset of detector information to reduce the estento 100 kHz. This is followed by two
software-based trigger levels which together reduce teataate to about 1000 Hz, which is recorded
for data analysis.

L ATLAS uses a right-handed coordinate system with its orégithe nominal interaction point (IP) in the centre of thesdér
and thez-axis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and jhaxis points
upwards. Cylindrical coordinates, ¢) are used in the transverse plagebeing the azimuthal angle around thexis.
The pseudorapidity is defined in terms of the polar amgésy = —Intan@/2). Angular distance is measured in units of

(An)? + (Ag)>.



3 Datasets and event selection

3.1 Event selection in p + Pb collisions

The p+Pb collisions were recorded by the ATLAS detector in Sep&raB12 using a trigger that selected
events with at least one hit in each side of the MBTS, with #multing dataset corresponding to an
integrated luminosity of kb, During that run the LHC was configured with a clockwise 4 Teutpn
beam and an anti-clockwise5F TeV per-nucleorf®Pb beam that together produced collisions with a
nucleon-nucleon centre-of-mass energy\& = 5.02 TeV and a longitudinal rapidity boost gf, =
0.465 units with respect to the ATLAS laboratory frame. Follogva common convention used fp#A
measurements, the rapidity is taken to be positive in thection of the proton beam, i.e. opposite to the
usual ATLAS convention fopp collisions. With this convention, the ATLAS laboratory fina rapidity,

y, and thep+Pb centre-of-mass system rapidigy, are related by* = y — 0.465.

Charged-patrticle tracks and collision vertices are retoaoted from clusters in the pixel detector and
the SCT using an algorithm optimized for minimum-bjag measurements3p]. The p+Pb events are
required to have a collision vertex satisfyifzgy| < 150 mm, at least one hit in each side of the MBTS,
and a diference between the time measurements in the two MBTS hqolesadd less than 10 ns. Events
containing multiplep+Pb collisions (pile-up) are suppressed by rejecting evivascontain a second
reconstructed vertex with a scalar transverse momentumo$@ssociated tracks afp2 > 5 GeV. The
residual contamination from pile-up events has been esgiirta be 16* [33].

To remove contributions from electromagnetic anrdctive processes, a rapidity gap criterion is applied
to the p+Pb data using the procedure outlined in Refl][ The procedure utilizes energy deposits in
the calorimeter identified using so-called topologicaktdus B4]. The detector is divided into slices of
An = 0.2, and “edge” gaps are calculated as the distance from the @fdidpe calorimeterr( = —4.9)

to the nearest slice that contains a cluster with a minimamstrerse energy of 200 MeV. Events with
a large edge gam@ggp > 2) in the negative; (Pb) direction are excluded from the analysis. The gap
requirement removes 1% of the events passing the vertex &¥ESMiming cuts, which yields a total of
2.1 x 1P events used for further analysis.

3.2 Event selection in ppcollisions

The pp spectrum used as a reference for fiwePb measurement is based on an interpolation of two
data samples taken afs = 2.76 TeV and 7 TeV. Proton—proton collisions g = 2.76 TeV with total
integrated luminosity 200 nB were obtained by the ATLAS experiment in March 2011. Propwoten
collisions at+/s = 7 TeV with total integrated luminosity 13@b~* were obtained in April 2010. In both
cases, the trigger selected events with at least one hiteifMBTS detector. The average number of
collisions per bunch crossing during these data-takingpgsiis 0.4 and 0.01 for the/s = 2.76 TeV and

\/s = 7 TeV datasets, respectively. Events are required to galtisfsamez, and MBTS requirements
as for p+Pb analysis.

3.3 Monte Carlo event ssimulation

The response of the ATLAS detector and the performance ofegriction algorithms are evaluated using
one million simulated minimum-biap+Pb events at/s = 5.02 TeV, produced by version 1.38b of the



Huing event generatoi3p). Diffractive processes are disabled. To match the Ipiib beam conditions,
the four-momentum of each generated particle is longitltirboosted by a rapidity 0f0.465. The
generator-level events are then passed througinai@ simulation of the ATLAS detectoB3p, 37]. The
simulated events are digitized using data conditions gp@te to thep+Pb run and are reconstructed
using the same algorithms that are applied to the experahdata.

For the pp analysis, 20 million events were produced using tkesRR6 [38] event generator with the
AUET2B parameter set3p] at both /s = 2.76 TeV and 7 TeV (with versions.423 and 6421 re-
spectively). Additional samples produced usingia8 [40] with the 4C parameter sed]], and Her-
wig++ with the UEEES parameter setd], are used for studying systematic uncertainties (sed@®s@
and7).

4 Centrality selection

The centrality determination fqu+Pb collisions in ATLAS uses the total transverse enefdﬁi;b, meas-
ured in the negative pseudorapidity sections of the forveaidrimeter in the range4.9 < n < —=3.1 (in
the direction of the Pb beam2]]. The transverse energies in the forward calorimeter astuated at
an energy scale calibrated for electromagnetic showersiandot corrected for hadronic respon34]|
Centrality intervals are defined in terms of percentileshm‘EtE.'?b distribution after accounting for an
estimated infficiency of approximately2 + 2)% for inelastic p+Pb events to satisfy the applied event
selection criteria. This irfeciency dfects mainly the most peripheral events. The following cityr
intervals are used in this analysis: 0—1%, 1-5%, 5-10%, 0%,-20-30%, 30—40%, 40-60%, 60-90%
(with the 0—1% interval defined by the highé}fffr’b values). Since the composition of the events and the
uncertainty on the inelastip+Pb events selectionfficiency in the most peripheral 90-100% interval is
not well constrained, these events are excluded from tHgsimaand events from the 60-90% centrality
interval are used as the reference Rap.

Following the procedure adopted in Re21], three diferent estimations of the average number of nuc-
leons participating in thg+Pb collisions(Npa) are carried out in each centrality interval. The first
estimation uses the standard Glauber modigl which is characterized by a fixed total nucleon—nucleon
cross section. The other two estimations use the Glaub#rescolour-fluctuation (GGCF) modedif,

45, which includes event-by-event fluctuations in the nunlewucleon cross sectiarny (N + N — X).

In the GGCF model, the magnitude of the fluctuations is charaed by the parametes,, with w,= 0
corresponding to the standard Glauber model. Two valugs; 0.11 andw, = 0.2, based on the calcu-
lations in Refs. 44, 45], are used in this measurement.

In both geometric models the value @) is directly related taNpary Via the relation{Npar) — 1 =
(Tppyonn, With oy taken to be 7@ 5 mb [28]. The obtained Tpp) values for the Glauber and Glauber-
Gribov models in dierent centrality intervals are listed in Takle For central collisions, th€Tpp)
uncertainties are dominated by the uncertainty in the GeGiauber-Gribov modelling. For more peri-
pheral collisions, the uncertainty in théieiency for selecting inelastic events also makes a significa
contribution.

Ratios of thgTpp) values, which are relevant Rep, in a given centrality interval to the respective value
in the 60—90% interval are presented in Tahle



Centrality Glauber Glauber-Gribov
w, =011 w,=0.2
60-90%| 42.3 +28(+§;’§s%) 36.6 *27(*50) | 34.4 *31(+i%)
40-60%| 92 4 (*5%) | 80.2 *AS(*%%) | 75.9 *53(*5)
30-40%| 125.6 4g(+gg§;) 116.7 *35(:32%) | 113.1 *§5(*5%)
20-30%| 147.9 *39(*24%) | 1455 *35(+25%) | 144.6 *35(*5%)
10-20%| 172 ] (*450) | 181.9 *41(*2%%) | 186.8 *5,(*35)
5-10%| 194 35 (*5%) | 221 +g () | 235 *7 (3%)
1-5% | 215 2 (3%) | 264 9, (15) 292 15, (1F)
0-1%| 245 (35 330 33 (%) | 377 ‘53 (3%)
0-90% | 106.3 ig;‘;(fggﬁ;) 107.3 39(*40) | 109 *3 (*4%)

Table 1: Mean values dfpp in b~ for all centrality intervals, along with asymmetric systtin uncertainties shown
as absolute as well as relative uncertainties. The colummespond to the Glauber model (left), Glauber-Gribov
model withw, = 0.11 (middle), and Glauber-Gribov model withy = 0.2 (right).

Centrality Glauber Glauber-Gribov
We = 011 Wg = 02

0.09 (+4% 0.04 (+2.6% 0.05 (+2.4%
40-60% 60-90% | 2.16*2 06( 3%) 2.19%0 06(+2 7%) 2.21%008 (+2 8%)

0.22 (+7% 0.13 (+4% 0.12 (+4%

30-40% 60-90% | 2.97*% 13( 4%) 3.19%0 13( 4%) 3. 29+016( 5%)

0.34 (+10% 0.18 (+5% 0.19 (+4%

20-30% 60-90% | 3.49*934 (+5% ) 3. 98+021( 5%) 4.21%% 28( 7%)

0.50 (+13% 0.25 (+5% 0.28 (+5%

10-20% 60-90% | 4.06+350 (+5% ) 4. 98+031( 6%) 5.430 50( 9%)
5-10%60-90% | 4.58+559(+15%) | 6.05*233(+5%) | 6.8 *38 (*5%,)
1-5%/60-90% | 5.08339(18%) | 7.2 54 (*5%) | 8.5 +05 5 (5%,
0-1%/60-90%| 5.8 *33 (123%) | 9 t&’.‘i‘ (5%, | 11 tS.S (5%,)

Table 2: Ratios of the mean values Bi, for all centrality bins with respect to the 60-90% centyaliiterval,
along with the corresponding total systematic uncertaifitye columns correspond to the Glauber model (left),
Glauber-Gribov model witly,, = 0.11(middle), and Glauber-Gribov model widh, = 0.2(right).



5 Reconstruction of charged-particle spectra

5.1 Track selection

The analysis of the charged-particle spectra presentetismpaper refers to primary charged particles
directly produced in the+Pb or pp interactions and having a mean lifetime greater th&wQ101° s,

or long-lived charged particles created by subsequentydasfgparticles with a shorter lifetime3g]. All
other particles are considered secondary. Tracks prodiycpdmary and secondary particles are referred
to from now on as primary and secondary tracks, respectively

Tracks are required to be in the kinematic range of transveramentumpy > 0.1 GeV and absolute
pseudorapidityy| < 2.3. Additional requirements on the number of hits in the IDsyigdbems are imposed
in order to reduce the contribution from ‘fake’ tracks thatmbt correspond to the passage of charged
particles through the detector. All tracks are requiredaeehat least one hit in the pixel detector and a hit
in the first pixel layer if one is expected by the track trapegt Tracks withpt < 0.2 GeV are required
to have at least two hits in the SCT, tracks witR & pr < 0.3 GeV are required to have at least four
hits in the SCT, and all other tracks are required to haveast Isix hits in the SCT. To ensure that the
tracks originate from the event vertex, the transvedsg ¢nd longitudinal %, sing) impact parameters
of the reconstructed track trajectory with respect to ttommetructed primary vertex are required to be
less than 1.5 mm. Finally, tracks are required to satisfystgaificance conditiongly/oq,| < 3.0 and

|z SinB/ o4, singl < 3.0, where the quantitiesy, ando,sing are the uncertainties in the determination of
do andz, sing obtained from the covariance matrix provided by the ATLA®k model 2.

In ppcollisions, tracks originating from all reconstructedtias are used in the analysis. The track-to-
vertex matching uses the tragk parameter and thecoordinate of the vertex. These parameters of the
tracks inpp collisions are often less precisely defined thap#Pb due to the fact that the vertices are
typically reconstructed with fewer tracks. Thus in thp data analysis the track selection cuts related to
the vertex are relaxed such that faesing impact parameter condition is required to be less than 2.5 mm
and the transverse and longitudinal impact parameterfi&ignces are required to be less than 4.0.

For the calculation oRppp,, the momentum three-vector is used to calculate the rgpidithe particle,
assuming it has the mass of the piom,). A correction for this assumption is discussed in Sechigh

5.2 Reconstruction of the invariant particle distributions

The per-evenp+Pb charged-particle multiplicity distributions are measudiferentially as a function
of pr and eithem or y*, and are referred to as thef@rential invariant yields. They are defined as:

1 1 Nep 1 1 Nen(pr.n) P(pr.n)
Nevt 27 pr dprdy N Nevt 27t  AprAn  Cuk(pr,7)
1 1 Nen 1 1 Nelpr.y")P(pr.n)A(pr.y")
Nevt 27pr dprdy* — Nevi2rpr  AprAy* Cuk(Pr.7)
whereApr, Ap andAy* are the widths of the transverse momentum, pseudorapididyrapidity inter-
vals being studied, anle: is the number of events in the analysed centrality inter¥dde correction
factorsCyk, P, andA are used to correct for trackfiziency and transverse momentum resolution, con-
tributions from fake tracks and secondaries, and to tramsfbe distributions frony, to hadron rapidity,
respectively.

and 3)

: (4)



The correction factor used to correct for the track recaoicion indficiency is estimated from simulation
and is defined as:

R
NPﬁr?ﬁar;Xpr 77)
NSr?nQar)X pGen’ nGen) ’

Ctrk ( pr, T]) (5)

Prim
tracks that are matched to those charged particles. A tsachkaitched to a generated patrticle if that

particle contributes more than 50% to the weighted numbdiitefon the track. The hits are weighted
such that all subdetectors have the same weight in the sueal@brithm to match reconstructed tracks
to generated particles is discussed in R&8].[ These correction factors are calculated using MontedCarl
events generated with theukkc event generator. The correction factors are calculaten edtveighting
the particle-level spectra to achieve better agreemerfidriransverse momentum distribution between
data and simulation. The track reconstruction correctamior values are smaller at lops, starting at
around 20% in the lowest measured interval df @ pt < 0.2 GeV, and then increase rapidly to reach a
plateau value at approximately 1 GeV. The plateau of theection factor values is generally higher in the
centre of the detector, reaching 80% for highgstandr = 0, but only 60% afy| = 2.3. This correction
has a very weak centrality dependence; the maximum vami&ion peripheral to central collisions does
not exceed 2% over the range of measured centralities ghaayn value.

where NGen ary is the number of primary charged particles emm%ary is the number of reconstructed

The correction factors to remove the contributions fronefakd residual secondary tracks are estimated
from simulation and are given by:

R

Prtlar%ary(pT 77)

NRed(pr,7)
whereNReC¢ js the total number of reconstructed particles. This cdimachas a strong dependence on

bothn and pr at the lowest transverse momentum. The valu® of 0.98 for tracks withpr > 1 GeV in
all n and centrality intervals, dropping to 0.8 for trackgrfit- 2.3 in the 0-1% centrality interval.

P(pr.n) = (6)

The assumption that the particle mass is equal to the pios massed to calculatg* from the track’s
momentum three-vector. For tracks that are not pionsythe computed incorrectly and the particle
contributes to the yield in the wrong bin. A correction for this ffect is derived from the simulation as
the ratio inpr andy* space of the generated charged particles with their camass to the corresponding
distribution of generated charged particles assumed todms:p

" Ngrmary(m PT.y")
AP ¥’) = Seen 3
Prlmary(m7T Pr.y

(7)

The correction function is shown in Figuteas a two-dimensional distribution fgr andy* in the p+Pb
system. The correction is approximately 1.1yat= 0 and decreases to unity with increasipg, as
the influence of the mass of the particle on the rapidity bexormegligible. At the edges of acceptance
(y* =~ —2.3), the value ofA is approximately 0.8 for particles withr ~ 0.7 GeV. Fiducial regions with
A < 0.9 are removed from the analysis Rfpp, using the selection criteria documented in TebI& his
ensures minimal model dependence in the correction factor.
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Figure 1:A(pr,y*) as a function ot andy* for the p+Pb MC sample.
pr range [GeV]| p+Pby* range ppy* range Combined@* range
01l<pr<04 -23<y* <13 -18<y* <18 -18<y* <13
04<pr<1 -25<y" <15 -20<y* <20 -20<y" <15
l<pr<2 —27<y" <17 —22<y" <22 -22<y" <17
2<pr<3 -275<y" <175 -225<y* <225 -225<y" <175
pr >3 -28<y* <18 -23<y* <23 -23<y* <18

Table 3: Fiducial cuts for the combination pfPb andp p acceptanceftects.

6 Reference spectrafrom pp collisions

The dtferential charged-patrticle cross sectionsgprcollisions are defined in an analogous way to those
used forp+Pb diferential invariant yield by:

1 dopp _ 1 1Ne(pr.y") P(er.mAPTY")
2nprdprdy*  2rprL AprAy* Cuk(pr,m)

wherelL is the integrated luminosity of the dataset under consiitera The values o€k, #, andA

are calculated using MC events produced by theaRR6 event generator. The trigger and vertex recon-
struction dficiency in pp data analysis is estimated in Re32] to be close to unity and is therefore not
corrected for in the analysis (the systematic uncertaingy/td this choice is discussed in Sectin

: (8)

Once the dierential cross sections at 2.76 and 7 TeV are measured, dingechparticle cross section at
v/s=5.02 TeV is estimated by interpolation. Two interpolationdtians are investigated for evepy bin

in each rapidity interval. The first function is proportidt@ /s, and the second is proportional to-/).
The Inf/s)-based interpolation is taken as the default in the armlysd the+/s-based interpolation is
used to assess the systematic uncertainty due to the cHaiterpolation function. Possible distortions
introduced by the interpolation algorithm are evaluateithqi$1C simulations based onyiia8. The
ratio of the simulated dierential cross section af's = 5.02 TeV to the cross section interpolated with

10



In(v/s)-based ory/s-based function, obtained from simulated samplegsit 7 TeV and+/s = 2.76 TeV,

is taken as a multiplicative correction factor to be appliedhe data. The correction factors obtained
using Rrtaia8 and Herwig-+ are presented in Figu{a)for the region-1.8 < y* < 1.3. The correction
obtained from RtHiA8 is the default applied to the data and the correction obtairsing Herwig + is
used to assess the systematic uncertainty as discussedtionSge and calculated separately for either
theln(y/s)-based orv/s-based interpolation functions.
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Figure 2: (a) The correction factors that are applied to thia.d They are obtained as a ratio of the simulated
differential cross section a{/s = 5.02 TeV to the interpolated cross section, obtained from kited samples

at \/s = 7 TeV and+/s = 2.76 TeV with Rrtria8 and Herwig-+. (b) The ratios of the input invariant cross
sections aty/s = 7 TeV (blue circles) and at/s = 2.76 TeV (magenta squares) to the interpolated cross sedtion a
vSw = 5.02TeV. The error bars represent the statistical unceigaiof the input spectra. The comparison between
interpolation usingy/s and In¢/s) is shown with green diamond markers. All the ratios areaetad within the
maximal acceptance of the ID detected(8 < y* < 1.3).

Figure 2(b) summarizes the relative shapes of thedlential cross sections measuredya = 2.76, 7
and 502 TeV, with the last obtained by interpolation. It showstttiee dfect of the interpolation on
the input cross section ay's = 2.76 TeV (/s = 7 TeV) compared to the interpolated cross section at
v/s = 5.02 TeV, using In{/s), is 0.8 (1.1) at lowpr values and is 0.4 (1.6) at the highest transverse
momentum. The ratio of/s-based interpolation to the default 4/)-based interpolation shown in the
Figure2(b) is one of the systematic uncertainties in the cross seati@ngolation, which are discussed
in Section?.
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7 Systematic uncertainties

The systematic uncertainties in the measurement of inMadharged-particle yields arise from inac-
curacies of the detector description in the simulationsieity to selection criteria used in the analysis
and diferences between the composition of particle species innigation and in the data samples. To
evaluate each source of uncertainty, each parameter usieel @malysis, such as the values of the quant-
ities used in the track selection criteria or simulatedipkrtcomposition, is altered within appropriate
limits, as described below. All sources of systematic utaiely are evaluated independently in terms of
n andy*.

The uncertainty due to the track selection is sensitive tside diferences in performance of the track
reconstruction algorithms in data and in MC simulation. $tireate this uncertainty, the basic require-
ments on the number of detector hits and the track impactpeteas were relaxed and tightened in both
data and MC simulation. For the relaxed criteria thieand zp sing impact parameters fao+Pb (pp)
samples are required to be less than 2 mm (3 mm) and significanalitions are not required. To tighten
the selection, tracks are required to have at least severh&§ Traverse an active module in each layer
of the pixel detector, and the impact parameter requirensectianged to be less than 1 mm and 2 mm
for p+Pb andpp samples respectively. These variations produce up to a #rsthe fully corrected
charged-particle yield. The uncertainty in the chargediqla yield due to simulation of inactive material
is estimated using dedicatgd-Pb simulated samples in which the inactive material is imsee in the
central and forward regions of the inner detectr][ The net &ect on the per-event charged-particle
yields is found to vary from 0.5% at low pseudorapidity to 48high pseudorapidity, but is independent
of centrality. The systematic uncertainty estimated is thay fromp+Pb simulated samples is applied
to both p+Pb andpp data, taking into account the rapidity boost.

The correction for track reconstruction fiieiency, secondaries and fake tracks is calculated from sim-
ulated samples after reweighting the trgekandn distributions to match those observed in data. The
systematic uncertainty in this procedure is derived bynigkhe diference between the results obtained

with reweighting and without reweighting of the simulation

Our imperfect knowledge of the particle compositiorpiaPb collisions is a source of systematic uncer-
tainty, which influencesA(pr,y*) for n — y* transformation. To assess the sensitivity of the analgsis t
the particle composition in thetkivg samples used to correct the data, the relative contrilbaitidrihe
pions, kaons and protons inuitkc were reweighted to match the fractions obtained from thatified
particle multiplicity measured by the ALICE experime#8]. The weights of the charged-patrticle yields
vary from Q5 to 15 at low pr and highpr respectively, increase with centrality, and do not depemd o
n. The change in the charged-particle yields is found to bevéett 4% and A% at low pt and high

pr respectively, but the variation does not depend;oxariation of the particle composition results in a
maximum 5% dfiference in the fully corrected charged-particle yields atlenate and higly* and low
pr. The diference decreases witgy and depends oy, reaching minimum values close g6 = —2 and

1. For thepp analysis, thep+Pb multiplicity measurement by the ALICE experiment for gezipheral
centrality interval was adopted to estimate the weight® difange in the charged-particle yields is found
to be between 2% andX¥ at low py and highpt respectively, and the variation does not depend on
andy*.

The uncertainties associated with the centrality seleatmntain the ffects of the trigger and event se-
lection criteria. Using the procedure outlined in Re&fl]] the centrality intervals are redefined after
assuming a total event selectioffi@ency, difering by +2% from the nominal one, and the change in
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the multiplicity spectrum reconstructed in each centydliterval is taken as a systematic uncertainty
associated with the centrality determination.

In the pp data analysis, the systematic uncertainty assigned toritiget dficiency is 1% for events
containing two tracks and decreases rapidly with highektraultiplicities. A transverse momentum and
rapidity independent uncertainty of 0.5% is assigned taltfferential cross sections. In the same way as
for the trigger diciency, the uncertainty in the vertex reconstructidiiceency in thepp data analysis is
taken to be 1%32].

The systematic uncertainty in the interpolated cross section is needed for the correction applied to
the interpolated data derived from simulated samples. Vktematic uncertainty is taken to be the
difference between the corrections obtained framuiRR8 and Herwig-+, which are shown in Figurg(a).

An additional systematic uncertainty is estimated by ateréing the relative dierence between spectra
obtained using the two fiierent interpolation functionsy(s or In(y/s)) as shown in Figur@(b).

Uncertainty p+Pb pp Variation

Track selection 2% 1% decreases witlpr, increases witlfy|

Particle composition 1-5% 1-2% changes wittpr andy*

Material budget 0.5-4% decreases witlpr, increases witliy|

pr reweighting 0.1-0.5%  0.1-2.5% | decreases witlpy, increases withy

Centrality selection 0.1-8% - increases wittpy and asymmetric iy,
increases with centrality interval width

Trigger Bficiency 0.01% 0.5%

Luminosity - 2.7% (1.8%)| +/s=2.76TeV (7 TeV)

pp reference interpolation - 0.1-5% | increases wittpr and constant iny

Vertex reconstruction 0.1% 1%

Table 4: Systematic uncertainties on charged-particllelyifor p+Pb andpp at 2.76 TeV. The uncertainty in the
luminosity does not contribute to the+Pb results, since they are expressed as per-event invgie@ds. The
uncertainty in the trigger and event selection is includethe uncertainty in thefgciency for selecting inelastic
events, and thus is already contained in the centralite8etés uncertainties.

The uncertainties in the calculated luminosity values fa torrespondingp data samples at/s =

7 TeV and+/s = 2.76 TeV are 1.8%49] and 2.7% 0], respectively. They are taken to be fully uncor-
related, thus the total uncertainty in the interpolatectspeat /s = 5.02 TeV is obtained by adding in
quadrature the luminosity uncertainties of the inputs.

A summary of the systematic uncertainties in the chargetiefainvariant yields inp+Pb andpp data
analysis is shown in Table ForRypp andRcp, some of the errors are correlated between numerator and
denominator. Track selection, particle composition, ligivéng, trigger éiciency and vertex reconstruc-
tion uncertainties largely cancel fB¢p, since the corrections do not vary with centrality interamati the
yields are compared in the sarpe andn bins. However, folRppy, there is little cancellation between
p+Pb andpp, since the results are presented as a functiogi @nd the two systems are in twofldir-

ent centre-of-mass frames. The systematic uncertaimti€Epj) and their ratios which are presented in
Tablesl and2 are added in quadrature to the experimental uncertaintiBg-g andRcp respectively.
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8 Results

The diferential invariant yields of charged particles produceg-b collisions aty/s = 5.02 TeV are
presented as a function of charged-particle transverseemtm in Fig.3 for several intervals of and
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Figure 3: Invariant dferential pr spectra of charged particles which are produceg-ib collisions at+/s =
5.02 TeV shown in (a) four intervals and (b) fouy* intervals, for the 0—90% centrality interval. The indivadu
spectra are scaled by constant factors (indicated in tretgor visibility. The statistical uncertainties are imd
ated with vertical lines and the systematic uncertaintiesradicated with boxes, but are generally much smaller
than the size of the symbols.

Figure 4 shows the invariant charged-particle yield as a function/ofor py > 0.1 GeV in several
centrality intervals. In collisions that are more centtag charged-particle yields become progressively
more asymmetric, as shown in the ATLAS multiplicity measoeat 1], with more particles produced
in the Pb-going direction than in the proton-going direatio

The transverse momentum dependenc®&g, for the rapidity range-1.8 < y* < 1.3 and for the 0-
90% centrality interval is shown in Figutefor the Glauber and Glauber-Gribov calculations(®fy).

The 0-90%(Tpp) values which are given in Tableare similar for all three estimations, therefore the
curves in all three panels show littlefidirence. Fopr > 8 GeV,Rppy is slightly above unity for all three
models. TheRppp, values obtained using the Glauber model for g, calculation is compared to the
ALICE [26] and CMS R9] measurements in Figui®@ The results show the same basic features for the

14



')<>\ [T ‘ T T ‘ T ‘ T T ‘ T T ‘ T T ‘ 1]
B F e01% %510% ATLAS
Z 80 = 20-30% v 40-60% p+Pb 1pub™®
© - Welal!) B
5 oo + 60-90% Sy=5.02 TeV |
pd C _ 7
S D ylab—0.465 pT>0.1 GeV 1
60 -
r 0 ]
50~ .j['{ojt.%. —
r —
RS20 ¢g Torenng G
) .
8 Biia "V
30} =
zojuﬂummmuﬂn, B
10;E¢m:0mm¢mmmmﬁé
O: L1 ‘ | ‘ | | ‘ L1 ‘ L1 ‘ L1 ‘ L1 :

-15 -1 -05 O 0.5 1
y*

Figure 4: The invariant diierentialy* spectra of charged particles producegirPb collisions aty/s = 5.02 TeV
are shown in five centrality intervals fgg > 0.1 GeV. The statistical uncertainties are indicated withigaklines
and the systematic uncertainties are indicated with boxes.
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Figure 5:Rypp as a function oy integrated over rapidity rangel.8 < y* < 1.3 for the 0-90% centrality interval
for the three geometric models: (a) Glauber, (b) Glaubéb@¥rwith w, = 0.11 and (c) Glauber-Gribov with
w, = 0.2.
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nuclear modification factors, although strict quantitatagreement is not expected as each measurement
uses diferent rapidity intervals for the centrality determinatemd apply difterent event selection criteria
to reject difractive collisions.

The Rppp and Rep values are shown in Figuré as a function of the charged-particte in different
centrality intervals and for elierent geometrical models used to calculate the valg&g$. The data are
integrated over-1.8 < y* < 1.3 for Rypp and|y| < 2.3 for Rcp. The data from the 0—1% centrality interval
show similar features in all panels. BoRypp and Rcp increase with transverse momentum, reaching
a maximum value at approximatefyr ~ 3 GeV and then decrease until reachimg~ 8 GeV. Above
this value, the ratios are approximately constant withenekperimental uncertainties. TRgp, andRcp
distributions in the region of the peak,d pr < 8 GeV, have larger values for central events than for
peripheral events. The magnitude of the peak depends tatavatiy on the choice of geometrical model:
the results obtained using the Glauber model have largés yaes than either of the Glauber-Gribov
models. The magnitude of the peak relative to the constdatiegu) region fr = 8 GeV) is compatible
for Rcp andRppp given the systematic uncertainties. The peripheral evarie a smaller rise at loywy.
There is also only a slight indication of a peakpmt ~ 3 GeV in Rcp and no pronounced indication of
a peak in theRppp. The magnitude oRypp andRcp in the constant regionpg > 8 GeV) is significantly
above unity in the most central collisions for the Glaubedgioln contrast, plateau regions are consistent

T T T T T T T T T
.0— ATLAS —

r p+Pb 1pb*

| {sun=5.02 Tev
1.4 ¢ ATLAS |y*<0.5, Glauber, 0-90%

| * ALICE INg,yl<0-3. MinBias
| = CMS gyl <L

Rpr
H
(e))
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0.6

0.47 | \\\HH‘ | \\\HH‘ | \\\\\\\‘7
101 1 10 10?
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Figure 6:Rppp values as a function gt in the 0-90% centrality interval averaged oygf < 0.5, are compared
to the minimum-bias (0—100%) results from &eient pseudorapidity range in the centre-of-mass systarnCRA
for [ncm| < 0.3 [26] and CMS forincm| < 1 [29]. The(Tpp) value for the ATLAS centrality correction is calculated
with the Glauber model. The total systematic uncertaintigsch include the uncertainty iTpp), are indicated by
lines of the same colour. Strict quantitative agreementterpected as each measurement usésrdnt rapidity
intervals for the centrality determination and applffelient event selection criteria to rejecfithctive collisions.
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Figure 7: (top row)Rppp as a function ofpr extracted from the invariant yields integrated over8 < y* <

1.3 for the 0—1% and 60-90% centrality intervals, and fafedent geometrical models used to calcuk@igy):
Glauber, Glauber-Gribayw,, = 0.11 and Glauber-Gribow, = 0.2; (bottom row)Rcp for 0-1% and 40—60% central
collisions with respect to the 60-90% centrality interaddp for the geometrical models, which are used to calculate
(Tpp). Statistical errors are indicated with vertical lines ané $ystematic uncertainties in the invariant yields are
indicated by a shaded area. The total systematic uncestaihich includes the uncertainty ifTpp) are indicated

by lines of the same colour. The systematic uncertainty énrgtios of(Tpp,) are indicated by boxes of the same

colour.

with unity for Glauber-Gribov withw,, = 0.11 and for Glauber-Gribov with,, = 0.2. For the peripheral
centrality interval, the plateau region is consistent wittity for Rypp and deviates from unity foRcp.
In peripheral collisionsRpp, andRcp depend only weakly on the choice of Glauber or Glauber-Gribo

model in all panels.
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Figures8 and9 showRpp, as a function opr andy* respectively. The three panels in each column corres-
pond to the most central (upper panels), mid-central (reigdinels) and most peripheral (lower panels)
centrality intervals. The three columns show the resultsnfidifferent geometrical models: Glauber
(left), Glauber-Gribov withw, = 0.11 (middle), and Glauber-Gribov witla, = 0.2 (right). The grey
box on each axis reflects the fractional systematic unegytaiorresponding to the centrality interval
and geometric model, which applies to all data points in tieeh The systematic uncertainties in the
invariant yields are indicated with boxes, and the vertlzais reflect the statistical uncertainty at each
point. Figure8 showsRppy, as a function ofpr. In the peripheral collisionsRypp is close to unity and
shows almost ng* dependence. Theppy, values in the 10-20% and 0-1% centrality classes exhibit a
strongery” dependence. To illustrate the dependence, Figui@shows the value dR,p, measured for

2 < pr < 3 GeV (peaking region) compared to the value measuregfor 8 GeV (the plateau region) as

a function ofy*, for different centrality intervals and geometrical models. In wethons,Rppp increases
with y* towards the Pb-going direction and with increasingly aantollisions. The variation oRgpp
with centrality is much larger for the peaking region thantfee plateau region. Th,p, values in the
two centrality intervals have similar variations as a fumcof y*.
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Figure 8: TheRypp values for the 0-1% (top panels), 10-20% (middle panelsp@r80% (lower panels)centrality
intervals. The data points are shown for threfetlent rapidity intervals indicated in the legends. The awla cor-
respond to the Glauber model (left), Glauber-Gribov modéh w, = 0.11 (middle), and Glauber-Gribov model
with w, = 0.2 (right). The grey band in each panel reflects the systernatiertainty associated with the central-
ity interval and with the model assumption. Statistical en@inties are shown with vertical bars and systematic
uncertainties with brackets.
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systematic uncertainties with brackets.

9 Conclusions

This paper presents measurements of the per-event cheagéce multiplicity in 1ub™* of p+Pb colli-
sions at/S, = 5.02 TeV with the ATLAS detector at the LHC. Thefkdirential particle yields irp+Pb
collisions are compared with those [rp collisions using the nuclear modification fact®p,. The pp
reference cross sections g§,, = 5.02 TeV are constructed by interpolation of measurementsipeed

at v/s = 2.76 TeV and 7 TeV. The measurementsRpby, are presented in the centre-of-mass frame in
the rapidity range-2.3 < y* < 1.8 and transverse momentunilG< pr < 22 GeV. The measurements
of Rep are presented in the laboratory frame over the pseudotapatige-2.3 < < 2.3 and the same
transverse momentum region. The resultsRgs, andRcp are presented as a function of transverse mo-
mentum and centrality in ffierenty* andz intervals and also as a function of rapidity foffdrent pr
intervals. The results are using two choices of geometrideh@Glauber and Glauber—Gribov colour-
fluctuation model withw, = 0.11 andw, = 0.2) for the calculation of the nuclear thickness function
(Tpp) in the selected centrality intervals.

The measured nuclear modification factors are observedctearse with transverse momentum from
0.1 GeV to a peak value air ~ 3 GeV, at which point they decrease slowly uppe ~ 8 GeV. Above
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pr ~ 8 GeV the nuclear modification factors are constant withindkperimental uncertainties.

The magnitude of the peak strongly depends both on rapidiiycantrality. It increases from the proton
beam direction to the Pb beam direction and from peripherakntral collisions. The constant region
abovepr ~ 8 GeV is less sensitive to theffirent centrality and (pseudo)rapidity intervals. Measumats
of the absolute magnitudes Bfpp integrated over centrality and averaged over rapidity andar for
different geometric models, although their centrality depeoelés strongly influenced by the choice of
geometric model.

The momentum and rapidity dependence of the nuclear matitiinceactor measured ip+Pb collisions
assist in determining the correct theoretical descriptitthe gluon distribution in lead—ion collisions and
contribute to the study of non-linear, saturatidfeets that may be present in the Pb nucleus and proton
wave functions. The results also constrain the choice ofil@iaor Glauber-Gribov model parameters
suitable to use in determining average values for the numbparticipating nucleons and the nuclear
thickness function irp+Pb collisions.
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