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The inclusive transverse momentum (pr) distributions of primary charged particles are measured in the
pseudo-rapidity range |n| < 0.8 as a function of event centrality in Pb-Pb collisions at ,/sxy = 2.76 TeV
with ALICE at the LHC. The data are presented in the pt range 0.15 < pt < 50 GeV/c for nine centrality
intervals from 70-80% to 0-5%. The results in Pb-Pb are presented in terms of the nuclear modification
factor Raa using a pp reference spectrum measured at the same collision energy. We observe that the

suppression of high-pt particles strongly depends on event centrality. The yield is most suppressed in
central collisions (0-5%) with Raa ~ 0.13 at pt = 6-7 GeV/c. Above pt =7 GeV/c, there is a significant
rise in the nuclear modification factor, which reaches Raa ~ 0.4 for pr > 30 GeV/c. In peripheral
collisions (70-80%), only moderate suppression (R44 = 0.6-0.7) and a weak pt dependence is observed.
The measured nuclear modification factors are compared to other measurements and model calculations.

© 2013 CERN. Published by Elsevier B.V. Open access under CC BY-NC-ND license.

1. Introduction

High-energy collisions of heavy-ions enable the study of hot
and dense strongly interacting matter [1-5]. At sufficiently high
temperature, it is expected that partons (quarks and gluons) are
the dominant degrees of freedom. During the very early stage of
the collision, some of the incoming partons experience scatterings
with large momentum transfers. These partons lose energy when
they traverse the hot and dense medium that is formed. One of
the major goals of the heavy-ion physics programme at the LHC is
to understand the underlying mechanisms for parton energy loss
and use this as a tool to probe the properties of the medium.

Parton energy loss in heavy-ion collisions was first observed at
RHIC as the suppression of high-pt particle production in Au-Au
collisions compared to expectations from an independent super-
position of nucleon-nucleon collisions [6-9]. At RHIC, the particle
production in central (0-5%) Au-Au collisions at /SNy = 200 GeV
is suppressed by a factor of 5 at py =5-6 GeV/c [8,9], and is
consistent with being independent of pt over the measured range
5 < pr <20 GeV/c [10].

The increase of the charged particle density (dN,/dn) at mid-
rapidity from RHIC energies to actual LHC energies by a factor of
around 2.2 [11] implies a similar increase in energy density. How-
ever, the observed suppression of high-pr particle production also
depends on the ratio of quarks to gluons due to their different
color factors, and on the steepness of the pr spectra of the scat-
tered partons. At the LHC the initial parton pt spectra are less

steep than at RHIC and the ratio of gluons to quarks at a given pt
is higher [12]. The measurement of high-pr hadron production at
the LHC helps to disentangle the effects which cause the suppres-
sion and provides a critical test of existing energy loss calculations
[13]. In particular, the large pr reach provides a means to study
the dependence of the energy loss on the initial parton energy.

We present a measurement of the pr distributions of charged
particles in 0.15 < pr < 50 GeV/c with pseudo-rapidity |n| < 0.8,
where 7 = —In[tan(6/2)], with 6 the polar angle between the
charged particle direction and the beam axis. Results are presented
for different centrality intervals in Pb-Pb collisions at /SNy =
2.76 TeV. They are compared with measurements in pp collisions,
by calculating the nuclear modification factor

d2NAA/dn dpr
(Tan) d20 P /dn dpr

Raa(pr) = (1)

where NA% and ol represent the charged particle yield in
nucleus-nucleus (AA) collisions and the cross section in pp col-
lisions, respectively. The nuclear overlap function Taa is calculated
from the Glauber model [14] and averaged over each centrality

interval, (Taa) = (Ncou)/aﬂg‘l. where (Ngo) is the average num-

ber of binary nucleon-nucleon collisions and Gig";'l is the inelastic
nucleon-nucleon cross section.

Early results from ALICE [15] showed that the production of
charged particles in central (0-5%) Pb-Pb collisions at ./SNn =
2.76 TeV is suppressed by more than a factor of 6 at pr =
6-7 GeV/c compared to an independent superposition of nucleon-
nucleon collisions, and that the suppression is stronger than that
observed at RHIC. The present data extend the study of high-pt
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Table 1
Average values of the number of participating nucleons (Npat) and the nuclear
overlap function (Taa) [14] for the centrality intervals used in the analysis.

Centrality (Npart) (Taa) (mb~1)
0-5% 383+3 26441.1
5-10% 3305 20.6+£0.9
10-20% 261+4 14.4+0.6
20-30% 186+4 8.7+0.4
30-40% 12943 5.040.2
40-50% 8543 2.68+0.14
50-60% 5342 1.3240.09
60-70% 30.0+1.3 0.59-£0.04
70-80% 15.8+0.6 0.24+0.03

particle suppression in Pb-Pb out to pr =50 GeV/c with a sys-
tematic study of the centrality dependence.

Moreover, the systematic uncertainties related to the pp refer-
ence were significantly reduced with respect to the previous mea-
surement by using the pt distribution measured in pp collisions at
/s =2.76 TeV [16].

2. Experiment and data analysis

The ALICE detector is described in [17]. The Inner Tracking Sys-
tem (ITS) and the Time Projection Chamber (TPC) are used for
vertex finding and tracking. The minimum-bias interaction trigger
was derived from signals from the forward scintillators (VZERO),
and the two innermost layers of the ITS (Silicon Pixel Detector —
SPD). The collision centrality is determined using the VZERO. In
addition, the information from two neutron Zero Degree Calorime-
ters (ZDCs) positioned at 114 m from the interaction point was
used to remove contributions from beam-gas and electromagnetic
interactions. The trigger and centrality selection are described in
more detail in [11].

The following analysis is based on 1.6 - 107 minimum-bias
Pb-Pb events recorded by ALICE in 2010. For this study, the events
are divided into nine centrality intervals from the 70-80% to the
0-5% most central Pb-Pb collisions, expressed in percentage of the
total hadronic cross section. The event centrality can be related
to the number of participating nucleons Npa¢ and the nuclear
overlap function Taa by using simulations based on the Glauber
model [14]. The average values of Npyt and Tap for each cen-
trality interval, (Npart) and (Taa), along with their corresponding
systematic uncertainties, are listed in Table 1. The errors include
the experimental uncertainties on the inelastic nucleon-nucleon
cross section ohy =64+ 5 mb at /sy = 2.76 TeV [18] and on
the parameters of the nuclear density profile used in the Glauber
simulations (more details in [11]).

The primary vertex position was determined from the tracks
reconstructed in the ITS and the TPC by using an analytic x2 min-
imization method, applied after approximating each of the tracks
by a straight line in the vicinity of their common origin. The event
is accepted if the coordinate of the reconstructed vertex measured
along the beam direction (z-axis) is within +10 cm around the
nominal interaction point. The event vertex reconstruction is fully
efficient for the event centralities covered.

Primary charged particles are defined as all prompt particles
produced in the collision, including decay products, except those
from weak decays of strange hadrons. A set of standard cuts based
on the number of space points and the quality of the momen-
tum fit in the TPC and ITS is applied to the reconstructed tracks.
Track candidates in the TPC are required to have hits in at least
120 (out of a maximum of 159) pad-rows and x?2 per point of
the momentum fit smaller than 4. Such tracks are projected to the
ITS and used for further analysis if at least 2 matching hits (out

of a maximum of 6) in the ITS, including at least one in the SPD,
are found. In addition, the x2 per point of the momentum fit in
the ITS must be smaller than 36. In order to improve the purity
of primary track reconstruction at high pt we developed a proce-
dure where we compare tracking information from the combined
ITS and TPC track reconstruction algorithm to that derived only
from the TPC and constrained by the interaction vertex point. We
calculated the XTZPC—ITS between these tracks using the following
formula

Xszc-ITs = (vpc — Vrpe-ims)" - (Crec + Crpc-mrs) ™!
- (Vrpc — VIPC-ITS) (2)

where vrpc, Vrpc-irs and Crpe, Crpc-its represent the measured
track parameter vectors v= (x,y,z,60,¢,1/pr) and their covari-
ance matrices, respectively. If the XTZPc—lTs is larger than 36 the
track candidate is rejected. At pt = 0.15-50 GeV/c, this procedure
removes about 2-7% (1-3%) of the reconstructed tracks in the most
central (peripheral) collisions. This procedure in fact removes high-
pr fake tracks, which originate from spurious matches of low pr
particles in the TPC to hits in the ITS, and would result in an in-
correct momentum assignment.

Finally, tracks are rejected from the sample if their distance of
closest approach to the reconstructed vertex in the longitudinal di-
rection d, is larger than 2 cm or dyy > 0.018 cm 4+ 0.035 cm - pT_1
in the transverse direction with pt in GeV/c, which corresponds
to 7 standard deviations of the resolution in dyy (see [19] for de-
tails). The upper limit on the d; (d; <2 cm) was set to minimize
the contribution of tracks coming from pileup and beam-gas back-
ground events. These cuts reject less than 0.5% of the reconstructed
tracks independently of pr and collision centrality.

The efficiency and purity of the primary charged particle selec-
tion are estimated using a Monte Carlo simulation with HIJING [20]
events and a GEANT3 [21] model of the detector response. We
used a HIJING tune which reproduces approximately the measured
charged particle density in central collisions [11]. In the most cen-
tral events, the overall primary charged particle reconstruction ef-
ficiency (tracking efficiency and acceptance) in |5| < 0.8 is 36% at
pr = 0.15 GeV/c and increases to 65% for pr > 0.6 GeV/c. In the
most peripheral events the efficiency is larger than that for the
central events by about 1-3%. The contribution from secondary
particles was estimated using the dyy distributions of data and HI-
JING and is consistent with the measured strangeness to charged
particle ratio from the reconstruction of K¢, A and A invariant
mass peaks in Pb-Pb [22]. The total contribution from secondary
tracks at pt =0.15 GeV/c is 13 (7)% for central (peripheral) events
and decreases to about 0.6% above pt =4 GeV/c for both central
and peripheral events. From a systematic variation of the XTZPC-ITS
cut and comparison of track properties in MC to data we con-
clude that the number of properly reconstructed tracks rejected
as high-pr fake tracks is around 1-2% (0.5-1%) in the most cen-
tral (peripheral) collisions. We also conclude that the contribution
from the high-pt fake tracks to the pt spectra is negligible inde-
pendently of the collision centrality and pr.

The transverse momentum of charged particles is reconstructed
from the track curvature measured in the magnetic field B=0.5T
using the ITS and TPC detectors. The pr resolution is estimated
from the track residuals to the momentum fit and verified by cos-
mic muon events, and the width of the invariant mass peaks of
A, A and I(? reconstructed from their decays to two charged par-
ticles. For the selected tracks the relative pr resolution (o (pt)/pT)
amounts to 3.5% at pr = 0.15 GeV/c, has a minimum of 1% at
pr =1 GeV/c, and increases linearly to 10% at pr = 50 GeV/c.
It is independent of the centrality of the selected events. From
the study of the invariant mass distributions of A and K? as a
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Table 2

Contribution to the systematic uncertainties on the pr spectra (0.15-50 GeV/c) for
the most central and peripheral Pb-Pb collisions. Also listed are the systematic un-
certainties on the pp reference (0.15-50 GeV/c) [16].

Centrality class 0-5% 70-80%
Centrality selection 0.4% 6.7%
Event selection 3.2% 3.4%
Track selection 41-7.3% 3.6-6.0%
Tracking efficiency 5% 5%

pr resolution correction <1.8% <3%
Material budget 0.9-1.2% 0.5-1.7%
Particle composition 0.6-10% 0.5-7.7%
MC generator 2.5% 1.5%
Secondary particle rejection <1% <1%
Total for pr spectra 8.2-13.5% 10.3-13.4%
Total for pp reference 6.3-18.8%

pp reference normalization 1.9%

function of pr we estimate that the relative uncertainty on the
pr resolution is around 20%. From the mass difference between
A and A and the ratio of positively to negatively charged tracks,
assuming charge symmetry at high pr, the upper limit of the
systematic uncertainty of the momentum scale is estimated to
be |A(pt)/pt| < 0.005 at pr =50 GeV/c. This has an effect of
around 1.5% on the yield of the measured spectra at the high-
est pr. To account for the finite pr resolution, correction factors
for the reconstructed pt spectra at pr > 10 GeV/c are derived
using a folding procedure. The corrections depend on collision
centrality due to the change of the spectral shape and reach 4
(8)% at ptr = 50 GeV/c in the most central (peripheral) colli-
sions.

The systematic uncertainties on the pt spectra are summarized
in Table 2. The systematic uncertainties related to centrality se-
lection were estimated by a comparison of the pt spectra when
the limits of the centrality classes are shifted by +1% (e.g. for
the 70-80% centrality class, 70.7-80.8% and 69.3-79.2%), which
is a relative uncertainty on the fraction of the hadronic cross
section used in the Glauber fit [11] to determine the central-
ity classes. We also varied the event and track quality selection
criteria and the Monte Carlo assumptions to estimate systematic
uncertainties on the pt spectra. In particular, we studied a varia-
tion of the most abundant charged particle species (pions, kaons,
protons) by +30% to match the measured ratios and their un-
certainties [22]. The material budget was varied by +7% [23],
and the secondary yield from strangeness decays in the Monte
Carlo by £30% to match the measured dyy distributions. More-
over, we used a different event generator, DPMJET [24], to cal-
culate MC correction maps. The systematic uncertainties on the
pr spectra, related to the high-pt fake track rejection procedure,
were estimated by varying the track matching criteria in the range
25 < Xszc—lTs < 49, and amount to 1-4% (1-2%) in the most cen-
tral (peripheral) collisions. The total systematic uncertainties on
the corrected pt spectra depend on pt and event centrality and
amount to 8.2-13.5% (10.3-13.4%) in the most central (peripheral)
collisions.

A dedicated run of the LHC to collect pp reference data at
/s =2.76 TeV took place in March 2011. Data taken in this run
were used to measure the charged particle pt spectrum that forms
the basis of the pp reference spectrum for Raa. Using these data
the systematic uncertainties in Raa related to the pp reference
could be significantly improved (Table 2) compared to the previous
publication [15], allowing for an exploration of high-pr particle
suppression in Pb-Pb out to 50 GeV/c. More details about the pp
reference determination can be found in [16].
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Fig. 1. Charged particle pr distribution measured in Pb-Pb collisions in different
centrality intervals. The spectra are scaled for better visibility. The dashed lines
show the pp reference [16] spectra scaled by the nuclear overlap function deter-
mined for each centrality interval (Table 1) and by the Pb-Pb spectra scaling factors.
The systematic and statistical uncertainties for Pb-Pb are added quadratically. The
uncertainties on the pp reference are not shown.

3. Results

The fully corrected pr spectra of inclusive charged particles
measured in Pb-Pb collisions at ./syny = 2.76 TeV in nine different
centrality intervals, and the scaled pp reference spectra are shown
in Fig. 1. At low pt, the transverse momentum spectra differ from
the pp reference. This is in agreement with the previously ob-
served scaling behavior of the total charged particle production as
a function of centrality [11]. A marked depletion of the spectra at
high transverse momentum (pt > 5 GeV/c) develops gradually as
centrality increases, indicating strong suppression of high-pt par-
ticle production in central collisions.

The nuclear modification factors for nine centrality intervals are
shown in Fig. 2. In peripheral collisions (70-80%), only moderate
suppression (Raa = 0.6-0.7) and a weak pt dependence is ob-
served. Towards more central collisions, a pronounced minimum
at about pt = 6-7 GeV/c develops while for pr > 7 GeV/c there
is a significant rise of the nuclear modification factor. This rise
becomes gradually less steep with increasing pt. In the most cen-
tral collisions (0-5%), the yield is most suppressed, Raa =~ 0.13 at
pr =6-7 GeV/c, and Rpp reaches ~ 0.4 with no significant pt de-
pendence for pt > 30 GeV/c.

The dependence of Raa on the collision centrality, expressed
in terms of Npa¢ and the charged particle multiplicity density
(dNen/dn), are shown in Fig. 3 for different intervals of pr. Also
shown are results from PHENIX at RHIC in Au-Au collisions at
/SNN = 200 GeV [9]. The strongest centrality dependence is ob-
served for particles with 5 < pt < 7 GeV/c. At higher pr, the
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Fig. 2. Nuclear modification factor Raa of charged particles measured in Pb-Pb collisions in nine centrality intervals. The boxes around data points denote pr-dependent
systematic uncertainties. The systematic uncertainties on the normalization which are related to (Taa) and the normalization of the pp data are added in quadrature and

shown as boxes at Rap = 1.

centrality dependence weakens gradually. In comparison to results
from RHIC, the LHC data in the same pr window show a sup-
pression which is larger by a factor of about 1.2 at all (Npar)
(Fig. 3, top panel). This implies that the shape of the Npa de-
pendence at RHIC and the LHC is very similar when the same pr
is compared, indicating a strong relation between collision geome-
try and energy loss. The overall increase of suppression at the LHC
as compared to RHIC may be expected from the larger density and
longer lifetime of the fireball. The suppression reaches similar val-
ues when results from RHIC are compared to results from the LHC
in terms of dNg,/dn, as shown in Fig. 3 (bottom panel). Larger
values of suppression than at RHIC are observed in central colli-
sions at the LHC, where the charged particle multiplicity exceeds
that of the most central collisions at RHIC. It should be noted that
the suppression at a given centrality results from a subtle interplay
between the parton pt spectrum, the quark-to-gluon ratio, and the
medium density, all of which exhibit a significant energy depen-
dence. Further model studies are needed to evaluate their relative
contributions.

The ALICE measurement of Raa in the most central Pb-Pb col-
lisions (0-5%) is compared to the CMS result [25] in Fig. 4. Both
measurements agree within their respective statistical and system-
atic uncertainties.

In Fig. 4, the measured Raa for 0-5% central collisions is also
compared to model calculations. All selected models use RHIC data
to calibrate the medium density and were available before the
preliminary version of the data reported in this Letter. All model
calculations except WHDG [26] use a hydrodynamical description
of the medium, but different extrapolation assumptions from RHIC
to LHC. A variety of energy loss formalisms is used. An increase of

Raa due to a decrease of the relative energy loss with increasing
pr is seen for all the models.

The curves labeled WHDG, ASW, and Higher Twist (HT) are
based on analytical radiative energy loss formulations that include
interference effects. Of those curves, the multiple soft gluon ap-
proximation (ASW [27]) and the opacity expansion (WHDG [26])
show a larger suppression than seen in the measurement, while
one of the HT curves (Chen [28]) with lower density provides a
good description. The other HT (Majumder [29]) curve shows a
stronger rise with pt than measured. The elastic energy loss model
by Renk (elastic) [30] does not rise steeply enough with pt and
overshoots the data at low pr. The YaJEM-D model [31], which is
based on medium-induced virtuality increases in a parton shower,
shows too strong a pr-dependence of Raa due to a formation time
cut-off.

A more systematic study of the energy loss formalisms, prefer-
ably with the same model(s) for the medium density is needed to
rule out or confirm the various effects. Deviations of the nuclear
parton distribution functions (PDFs) from a simple scaling of the
nucleon PDF with mass number A (e.g. shadowing) are also ex-
pected to affect the nuclear modification factor. These effects are
predicted to be small for pr > 10 GeV/c at the LHC [26] and will
be quantified in future p-Pb measurements.

4. Summary

We have reported the measurements of charged particle pr
spectra and nuclear modification factors Raa as a function of event
centrality in Pb-Pb collisions at ,/syy = 2.76 TeV. The results indi-
cate a strong suppression of charged particle production in Pb-Pb
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Fig. 3. Nuclear modification factor Raa of charged particles as a function of (Npart)
(top panel) and dN.,/dn (bottom panel) measured by ALICE in Pb-Pb collisions in
different pr-intervals, compared to PHENIX results in 5 < pt < 7 GeV/c [9]. The
boxes around the data represent the pr-dependent uncertainties on the Pb-Pb pr
spectra. The boxes at Raa = 1 represent the systematic uncertainties on the pp
reference in different pr-intervals (pr-interval increases from left to right, the left-
most is for PHENIX). The systematic uncertainties on the overall normalization for
ALICE and PHENIX are not shown.

collisions and a characteristic centrality and pt dependence of
the nuclear modification factors. In central collisions (0-5%) the
yield is most strongly suppressed (Raa =~ 0.13) at pt =6-7 GeV/c.
Above pt =7 GeV/c, there is a significant rise in the nuclear mod-
ification factor, which reaches Raa =~ 0.4 for pt > 30 GeV/c. This
result is in agreement with the CMS measurement within statis-
tical and systematic uncertainties. The suppression is weaker in
peripheral collisions (70-80%) with Raa = 0.6-0.7 and no strong
pr dependence. The observed suppression of high-pr particles in
central Pb-Pb collisions provides evidence for strong parton energy
loss and a large medium density at the LHC. We observe that the
suppression of charged particles with 5 < pt < 7 GeV/c reaches
similar values when results from RHIC are compared to results
from LHC in terms of the dN.,/dn. The measured Raa in 0-5%
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Fig. 4. Nuclear modification factor Raa of charged particles measured by ALICE in
the most central Pb-Pb collisions (0-5%) in comparison to results from CMS [25]
and model calculations [26-31]. The boxes around the data denote pr-dependent
systematic uncertainties. For CMS statistical and systematic uncertainties on Raa
are added in quadrature. The systematic uncertainties on the normalization which
are related to (Taa) and the normalization of the pp data are added in quadrature
and shown as boxes at Raa =1 (the right-most is for CMS).

central collisions is compared to model calculations. An increase of
Raa due to a decrease of the relative energy loss with increasing
pr is seen for all the models. The measurement presented here,
together with measurements of particle correlations [32] and mea-
surements using jet reconstruction [33], will help in understanding
the mechanism of jet quenching and the properties of the medium
produced in heavy-ion collisions.
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