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Abstract

The transverse momentumy() distribution of primary charged particles is measuredan Bingle-
diffractive p—Pb collisions af/syn = 5.02 TeV with the ALICE detector at the LHC. The spectra
measured near central rapidity in the rande pt < 20 GeVE exhibit a weak pseudorapidity de-
pendence. The nuclear modification fadRypy, is consistent with unity fopr above 3 GeW. This
measurementindicates that the strong suppression oftnpdvduction at higlpr observed in Pb—Pb
collisions at the LHC is not due to an initial-state effedhelImeasurement is compared to theoretical
calculations.

*See Appendik’A for the list of collaboration members
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Measurements of particle production in proton-nucleu$isiohs at high energies allow to study funda-
mental properties of Quantum Chromodynamics (QCD) at loxopafractional momenturm and high
gluon densities (seel[1] for a recent review). It also presid reference measurement for the studies of
deconfined matter created in nucleus-nucleus collisiohs [2

Parton energy loss in hot QCD matter is expected to lead tadificettion of energetic jets in this medium
(jet quenching).IB]. Originating from energetic partonsgwced in initial hard collisions, hadrons at high
transverse momentumpy are an important observable for the study of deconfined mdEgeriments

at RHIC at a center-of-mass (cms) collision energy per rucfgir,/Syv = 200 GeV have shown [4, 5]
that the production of charged hadrons at hjghin Au—Au collisions is suppressed compared to an
expectation from an independent superposition of nuctearieon collisions (binary collision scaling).

By colliding Pb nuclei at the LHC it was showinl [6—8] that theguction of charged hadrons in central
collisions at,/Syn = 2.76 TeV is suppressed stronger than at RHIC, indicating a efdCD matter with

an even higher energy density. At the LHC, the suppressioraires substantial up to 100 Ga\[7./8]
and is also seen in reconstructed jets [9]. A p—Pb controtexent is needed to establish whether the
initial state of the colliding nuclei is playing a role in tiobserved suppression of hadron production at
high-pr in Pb—Pb collisions. In addition, p—Pb data should also igetests of models that describe
QCD matter at high gluon density, giving insight into phemora such as parton shadowing or gluon
saturation|[[1].

In this letter, we present a measurement of phaalistributions of charged patrticles in p—Pb collisions
at/Syn = 5.02 TeV. The data were recorded with the ALICE detector [10jrdpa short LHC p—Pb
run performed in September 2012 in preparation for the mainscheduled at the beginning of 2013.
Each beam contained 13 bunches and 8 pairs were collidifgiAlLICE interaction region, providing

a luminosity of about & 10?° cm2s~1. The interaction region had an r.m.s. width of 6.3 cm in the
longitudinal direction and of about §0m in the transverse directions. The data sample and theeofflin
event selection is identical to that in the analysis of cedrgarticle multiplicities reported in [11].

The trigger required a signal in either of two arrays of 32sitator tiles each, covering full azimuth and
2.8 < Niap < 5.1 (VZERO-A) and—3.7 < Niap < —1.7 (VZERO-C), respectively. The pseudorapidity in
the detector reference frammg, = —Injtan(6/2)], with 6 the polar angle between the charged particle
and the beam axis, is defined such that the proton beam hasveega,. This configuration leads
to a trigger rate of about 200 Hz, with a hadronic collisioteraf about 150 Hz. The efficiency of
the VZERO trigger was estimated from a control sample of vaiggered by signals from two Zero
Degree Calorimeters (ZDC) positioned symmetrically at.21® from the interaction point, with an
energy resolution of about 20% for single neutrons of a feW. Te time resolution of the VZERO
counters, which is better than 1 ns, allows to discrimina&nt-beam collisions from background events
produced outside of the luminous region.

In the offline event selection, a signal is required in bothBRD-A and VZERO-C. Beam—gas and
other machine-induced background events with depositedygrabove the thresholds in the VZERO
or ZDC detectors are suppressed by requiring the arrivad tiommbe compatible with that of a nominal
p—Pb interaction. The remaining background after thesairements is estimated from triggers on
non-colliding bunches, and found to be negligible. Theltegyisample of events consists of non single-
diffractive (NSD) collisions as well as single-diffractiand electromagnetic interactions. The efficiency
of the trigger and offline event selection for the differamtractions is estimated using a combination
of event generators, see [11] for details. An efficiency aR989for NSD collisions is estimated, with a
negligible contamination from single-diffractive and@®magnetic interactions. The number of events
used for the analysis is3x 10°.

The primary vertex position is determined with tracks restarcted in the Inner Tracking System (ITS)
and the Time Projection Chamber (TPC) by usingZaminimization procedure described in [8]. An



2 The ALICE Collaboration

event is accepted if the coordinate of the reconstructetexeneasured along the beam direction is
within +£10 cm around teh center of the interaction region. The evenéx reconstruction algorithm is
fully efficient for events with at least one track in the adeege,|np| < 1.4 (when the center of the
interaction region is included as an additional constjaint

Primary charged particles are defined as all prompt pastigteduced in the collision, including de-
cay products, except those from weak decays of strange temdi®elections based on the number of
space points and the quality of the track fit, as well as on tstance of closest approach to the recon-
structed vertex, are applied to the reconstructed trades[€ for details). The efficiency and purity of
the primary charged patrticle selection are estimated frddoate Carlo simulation using the DPMJET
event generator [12] with particle transport through theed®r using GEANT3[13]. The systematic
uncertainties on corrections are estimated via a compat®a Monte Carlo simulation using the HI-
JING event generator [14]. The overall primary chargediglarteconstruction efficiency (the product
of tracking efficiency and acceptance) foyap| < 0.8 is 79% atpr = 0.5 GeVk, reaches 81% at 0.8
GeV/c and decreases to 72% fpr > 2 GeVk. From Monte Carlo simulations it is estimated that the
residual contamination from secondary particles is 1.6%rat 0.5 GeVkt and decreases to about 0.6%
for pr > 2 GeVk.

The transverse momentum of charged particles is deternfinedthe track curvature in the magnetic
field of 0.5 T. The pr resolution is estimated from the space-point residualbddrack fit and verified

by the width of the invariant mass of%‘tnesons reconstructed in their decay to two charged pions. Fo
the selected tracks the relatiyg resolution is 1.3% apr = 0.5 GeVk, has a minimum of 1.0% at
pr = 1 GeVkL, and increases linearly to 2.2% @t = 20 GeVE. The uncertainty on ther resolution is
+0.7% atpr = 20 GeVE, leading to a systematic uncertainty on the differentiald/of up to 3% at this

pr value.

Table 1: Systematic uncertainties on tipg-differential yields in p—Pb and pp collisions f0cmg < 0.3. The
guoted ranges span tipg dependence of the uncertainties.

Uncertainty Value
Event selection 1.0-2.0%
Track selection 0.9-2.7%
Tracking efficiency 3.0%

pr resolution 0-3.0%
Particle composition 2.2-3.1%
MC generator used for correction 1.0%
Secondary particle rejection 0.4-1.1%
Material budget 0-0.5%
Acceptance (conversion tng  0-0.6%
Total for p—Pb,pr-dependent 5.2-5.5%
Normalization p—Pb 3.1%
Total for pp, pr-dependent 7.7-8.2%
Normalization pp 3.6%
Nuclear overlagTppy) 3.6%

Due to the different energy per nucleon of the two collidirgaims, imposed by the two-in-one magnet
design of the LHC, the nucleon-nucleon cms moves with a figpigin=0.465 in the direction of the
proton beam. As a consequence, the detector coveiagst, < 0.8, implies, for the nucleon-nucleon
cms, roughly—0.3 < n¢ms< 1.3. The calculation ofjcms = Niap + Ynn IS accurate only for massless
particles or at higlpr. Consequently, the differential yield at lopt+ suffers from a distortion, which
is estimated and corrected for based on the particle comigosn the HIJING event generator. For
pr = 0.5 GeVk, the correction is 1% fofnemg < 0.3 and reaches 3% for.® < nems < 1.3. The
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systematic uncertainties were estimated by varying thicgcomposition by factors of 2 around their
nominal values. The uncertainty is sizable only at Ipwand is dependent on¢mns It is 0.6% for
|Nems < 0.3, 4.3% for 03 < Nems < 0.8, and 5.1% for B < Nems < 1.3.

The systematic uncertainties on the spectrum are summarized in Table 1 fggng < 0.3. The total
uncertainties exhibit a weglr and nems dependence. The total systematic uncertainties rangesbatw
5.2% and 5.5% fofnem¢ < 0.3 and reach between 5.6% and 7.1% f@& Q nems < 1.3.

In order to quantify nuclear effects in p—Pb collisions, aparison to a referencgr spectrum in pp
collisions is needed. In the absence of a measuremeyfs at5.02 TeV, the reference spectrum is ob-
tained by interpolating or scaling data measureg'st=2.76 and 7 TeV. Fopt < 5 GeVk, the measured
invariant cross section is interpolated bin-by-bin, assgna power law dependence as a functior/af
For pr > 5 GeVk, the measured data gfs= 7 TeV is scaled by a factor obtained from NLO pQCD
calculations[[15]. Fopr < 5 GeVk, the largest of the relative systematic uncertainties efsihectrum

at 2.76 or 7 TeV is assigned as the systematic uncertainhgeanterpolated energy. F@gr > 5 GeVk,

the relative difference between the NLO-scaled spectrurdifterent choices of the renormalizatiq
and factorizationug scales flr = Ur = pr, Pr/2, 2pr) is added to the systematic uncertainties on the
spectrum at 7 TeV. In addition, an uncertainty of 2.2% isnested comparing the interpolated and the
NLO-scaled data. The total systematic uncertainty range ff.7% to 8.2% for & < pr < 20 GeVEt.
The NLO-based scaling of the data,@= 2.76 TeV gives a result well within these uncertainties. More
details can be found in [16].
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Fig. 1: Transverse momentum distributions of charged particl®&SB p—Pb collisions for different pseudorapid-
ity ranges (upper panel). The spectra are scaled by theréaatticated. The histogram represents the differential
cross section in pp collisions [16] multiplied by the nucleaerlap(T,pr). The lower panel shows the ratio of
the spectra at forward pseudorapidities to thdjahs < 0.3. The vertical bars (boxes) represent the statistical
(systematic) errors.

The final pp reference spectrum is the product of the intatpdlinvariant cross section and the average
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nuclear overlagTypy), calculated employing the Glauber modell[17], which gi{gsy,) = 0.099+0.005
mb~L. The uncertainty is obtained by varying the parametersdr@auber model calculation, sée[11].

The pr spectra of charged particles measured in NSD p—Pb coliisioysyn = 5.02 TeV are shown in
Fig.[d together with the pp reference spectrum. At hgghthe pr distributions in p—Pb collisions are
similar at to that in pp collisions, as expected in the abs@iauclear effects. There is an indication of
a softening of thgr spectrum when going from central to forward pseudorapidityis is a small effect,
as seen in the ratios of the spectra for forward pseudotasdo the one djcmg < 0.3, shown in Figl L
(lower panel).

In order to quantify nuclear effects in p—Pb collisions, phedifferential yield relative to the pp reference,
the nuclear modification factor, is calculated as:

dNEPP/dndpr
(Topty PSP /dndpr”

Ropu(Pr) = 1)

where Ngfb is the charged particle yield in p—Pb collisions am@f is the cross section for charged
particle production in pp collisions. The nuclear modificatfactor is by construction unity for hard
processes which are expected to exhibit binary collisi@iirsg. For the region of several tens of GeV,
binary collision scaling was experimentally confirmed in-Pb collisions at the LHC by the recent
measurements of observables which are not affected by hiemndirect photon[[18], % [19], and
W+ [20] production, which showed a nuclear modification faeiaund unity. The present measurement
in p—Pb collisions extends this important experimentaifieation down to the GeV scale and to hadronic
observables.
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Fig. 2: The nuclear modification factor of charged particles as atfan of transverse momentum in NSD p—Pb
collisions at,/Syn = 5.02 TeV. The data fofnems < 0.3 are compared to our measurements [8] in central (0-5%
centrality) and peripheral (70-80%) Pb—Pb collisiong/afy = 2.76 TeV. The statistical errors are represented by
vertical bars, the systematic ones by (filled) boxes. Thatikel systematic uncertainties on the normalization are
shown as boxes around unity ngar = 0 for p—Pb (left box), peripheral Pb-Pb (middle box) and rrb-Pb
(right box).

The measurement of the nuclear modification faB#,for charged particles @jcms| < 0.3, is shown in
Fig.[2. The uncertainties of the p—Pb and pp spectra are addgehdrature, separately for the statistical
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Fig. 3: Transverse momentum dependence of the nuclear modifidatiorR,pp, of charged particles measured in
p—Pb collisions af/Synv = 5.02 TeV. The ALICE data ifrjcmg < 0.3 (symbols) are compared to model calculations
(bands or lines, see text for details; for HIJING, DHC stafatsdecoherent hard scattering). The vertical bars
(boxes) show the statistical (systematic) errors. Thdivelaystematic uncertainty on the normalization is shown
as a box around unity neaf = 0.

and systematic uncertainties. The total systematic usiogyton the normalization, quadratic sum of the
uncertainty on(Tppy), the normalization of the pp data and the normalization efithPb data, amounts
to 6.0%.

In Fig.[2 we compare the nuclear modification factor in p—Pkhtd in central (0-5% centrality) and
peripheral (70-80% centrality) Pb—Pb collisions, & = 2.76 TeV [E]. Ryppis consistent with unity
for pr = 3 GeVk, demonstrate that the strong suppression observed inat&tt+Pb collisions at the
LHC [6H8] is not due to an initial-state effect, but rathemmérprint of the hot matter created in collisions
of heavy ions.

The p—Pb data show no indication of the so-called Croninceff2l] (see([22] for a review), namely
a nuclear modification factor above unity. Such an enhanoemvas measured at lower energies, at
+/S\N = 200 GeVRya, reached values of about 1[4 [23+-26].

Data in p—Pb are important also to provide constraints toeisodFor illustration, in Fig.]3 the mea-
surement oRpppat|nemg < 0.3 is compared to theoretical predictions. Several praatistbased on the
Colour Glass Condensate (CGC) model are available [27-P9¢. calculations of Tribedy and Venu-
gopalan[[27] are shown for two implementations (rcBK anGt; see [27] for details). The calculations
within IP-Sat are in agreement with the data, while thosiwitcBK slightly underpredict teh measure-
ment. The prediction of Albacete et &l. [28], for the rcBK MerCarlo model, is consistent with the
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measurement within the rather large uncertainties of thealnd@he CGC calculations of Rezaeianl[29],
not included in Figl.1B, are consistent with those[of [27, ZBje shadowing calculations of Helenius et
al. |30], performed at NLO with the EPS09s Parton DistribatiFunctions and DSS fragmentation func-
tions describe the data well (the calculations arerf)r The predictions by Kang et al. [31], performed
within a framework combining leading order pQCD and coldleac matter effects, sho®,p, values
below unity forpr =6 GeVk, which is not entirely supported by the data. The predictiom the HI-
JING model[[32] describes the trend seen in the data, althdsgems that, with the present shadowing
parametersy, the model slightly underpredic&py, in the pr range 2 to 6 Ge\W. The comparisons in
Fig.[3 clearly illustrate that the data are crucial for thedtetical understanding of cold nuclear matter
as produced in p—Pb collisions at the LHC.

In summary, we have reported measurements of the chargédear spectra and nuclear modification
factor Rypp in p—Pb collisions at/syn = 5.02 TeV. The data, covering®< pr < 20 GeVE, show a
nuclear modification factor consistent with unity for = 3 GeVk. This measurement indicates that the
strong suppression of hadron production at higlobserved at the LHC in Pb-Pb collisions is not due
to an initial-state effect, but is the fingerprint of jet qabimg in hot QCD matter.
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