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1. Introduction

In November 2010 Pb nuclei were collided for the first timehat LHC at the centre-of-mass
energy,/S\n = 2.76 TeV, about 14 times higher than the highest energy aathiaV&HIC. Three
experiments (ALICE, ATLAS and CMS) collected data during th weeks of running with Pb
ions. The integrated luminosity delivered by the LHC wagut0?.

The study of Pb—Pb collisions in the new energy regime athiat the LHC is aimed at
gaining deeper insight on the properties of nuclear matte&xaeme conditions of temperature
and energy density, where Lattice QCD predicts the mattbetm a Quark Gluon Plasma (QGP)
state. Experimental measurements at the LHC are a key bemktior models that reproduce the
features observed at lower collision energy. Furthermmsults from the LHC are expected to
address some of the issues that are not completely underston the SPS and RHIC experiments
(e.g. the Jy suppression). Finally, since the cross-section for QCEteséags with high virtuality
increases steeply witty's, hard partons are abundantly produced at the LHC, thus iexgabigh
precision measurements for the experimental observablaged to high momentum and heavy
flavoured particles.

Furthermore, ALICE collects proton-proton data, at a luosity up to~ 10°° cm2s1, i.e.
lower than that of the other LHC experiments. These datamesaential reference for the study
of Pb—Pb collisions. In addition, soft QCD issues and sontectl hard processeB{meson
production, quarkonia) can be investigated.

In the next sections, an overview of the ALICE results from finst heavy-ion run at the LHC
is presented, together with some highlights of the pp pByatcessible to the experiment.

2. Global event characteristics

The multiplicity of produced particles, quantified by theaded particle density per unit of
rapidity (d\gn/dn) at mid-rapidity, was measured as a function of the colfistentrality [1, 2].
The measurement of théNg,/dn provides insight into the density of gluons in the initishges
and on the mechanisms of particle production. The mulitglicn the 5% most central collisions
at the LHC is larger by a factor 2.2 with respect to centralisioins at top RHIC energy. The
increase of multiplicity with centre-of-mass energy isegter than the log's trend observed at
lower energies. The centrality dependence dddn)/(Nyad2) (see Fig. 1) has a similar shape
to that observed at RHIC and is reasonably reproduced bothdalels based on gluon saturation
in the initial state and by two-component Monte Carlo mod@]s

The produced transverse enelgywas estimated by measuring the charged hadronic energy
with the tracking system and adding the contribution of redyparticles. The measurdel per
pseudorapidity unit can be used to estimate the energytgemith the Bjorken formula [3]. For
the 5% most central collisions at the LHC, the resulting gaieg; T ~ 15 GeV/(fm?c) (wheret
is the formation time), about a factor 3 larger than the gpomding one at RHIC.

The system size is measured from the HBT radii extracted fre@study of two-pion correla-
tions [4]. For central collisions, the homogeneity voluraéaund to be larger by a factor two with
respect to the one observed in central collisions at the tafCRenergy. The decoupling time for
mid-rapidity pions exceeds 10 fm/c and it is 40% larger thaRIIC. The HBT radii were also
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Figure 1: Dependence ofidy,/dn on the number of participants for Pb—Pb collisiong/akn = 2.76 TeV
and Au—-Au collisions at/Syy = 0.2 TeV (RHIC average). The scale for the lower-energy dat@isvs

on the right-hand side and differs from the scale for the éiggnergy data on the left-hand side by a factor
of 2.1. For the Pb—Pb data, uncorrelated uncertaintiesratiedted by the error bars, while correlated
uncertainties are shown as the grey band. Statisticalssamernegligible. The open circles show the values
obtained for centrality classes obtained by dividing th&@% most central collisions into four, rather than
two classes. From Ref. [2].

extracted as a function of the event multiplicity and conegawith results at lowex/s. Rong is
found to follow the linear trend withNy,/dn /3 observed at lower energie®Rgqe has a slightly
different slope as a function of multiplicity resulting te lat the lower edge of the uncertainty of
the trend from lower/s, while Ry is clearly below the trend set by lower energies. This slower
increase oR,;; with centre-of-mass energy can be explained in the framewbhydrodynamic
models [5].

3. Collective motions

The presence of collective motions arising from the largespure gradients generated by
compressing and heating the nuclear matter is a typicalifeatf the medium produced in heavy-
ion collisions. The radial flow, generated by the collectéxgansion of the fireball, is studied by
measuring the transverse momentyw) épectra of identified hadrong(K and p) [6]. The spectra
reconstructed at the LHC are seen to be harder (i.e. chamexdeby a less steep distribution and a
larger (p)) than those measured at RHIC,#@yn=200 GeV. This is a first indication for a stronger
radial flow at the LHC. The radial flow velocity at the thermeddze-out, is estimated via a blast-
wave fit to thert, K and p spectra (see Fig. 2) and, for the most central cofissat the LHC, it is
found to be about 10% higher than what observed in centrésiools at top RHIC energy [6].
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Figure 2: Blast wave fit results. The radial flow velocif/and the freeze-out temperatureare shown for
various centrality bins and compared to RHIC results. Frarh [8].

The collective behaviour of the fireball is also studied frtme anisotropic flow patterns in
the transverse plane that originate from the anisotropyénspatial distribution of the nucleons
participating in the collision. Re-scatterings among thedpced particles convert this initial ge-
ometrical anisotropy into an observable momentum anipgtré\nisotropic flow is characterized
by the Fourier coefficients, = (cogn(¢ — ¥y,)]), wheren is the order of the harmoni@ is the
azimuthal angle of the particle an#, is the angle of the initial state spatial plane of symmetry.
The dominant harmonic is the elliptic flow,, which is sensitive to the properties of the system
(equation of state, thermalization time, viscosity) in tlagious stages of its evolution. Thz
integrated elliptic flow of charged particles at the LHC igiffid to increase by about 30% from the
highest RHIC energy of/s= 200 GeV [7]. The large value of elliptic flow indicates thaé thot
and dense matter created in heavy-ion collisions at LHCgéeebehaves like a strongly interact-
ing fluid with exceptionally low viscosity, as already obssat at RHIC. Thep-differential elliptic
flow, v2(pr), measured at the LHC (see Fig. 3) is compatible with thatrkseat RHIC [7]. The
30% increase in the, integrated elliptic flow is therefore due to the increaseerage transverse
momentum of the produced particles as a consequence ofdimgst radial flow. The larger radial
flow leads also to a more pronounced dependence oh the particle mass. The mass splitting
amongv,(py) of identified pions, kaons and protons at the LHC is actualiynfl to be slightly but
significantly larger than that observed at lower collisiomegies.

4. Particle abundances and strangeness production

The p; differential distributions and the total yields were meaasilby ALICE for many hadronic
species [6, 8]. Charged pions, kaons, protons are identifeetheir dE/dx and time—of—flightKg
mesons/\, = andQ hyperons are reconstructed from their decay topologies.
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Figure 3: The Thep-differential elliptic flow v, (pt) (obtained with the 4-particle cumulant method), for
three centrality bins as a function of transverse momentampared with lower energy results obtained by
STAR. From Ref. [7].

The baryon/meson ratio, which is sensitive to the hadradiizanechanism and in particular
to quark recombination at the phase boundary, is studidukistrangeness sector via the rawg
as a function ofy in different centrality intervals. ThA/Kg in peripheral (80-90%) collisions stays
below 0.7 and is quite similar to what observed in p—p. Witlhi@asing centrality the baryon/meson
ratio increases developing a maximumpats 3 GeV/c and it reaches a valuk/Kg ~ 1.5 for the
5% most central events. With respect to what observed atlenergies, the baryon enhancement
results larger at the LHC and the position pnof the maximum of the’\/Kg is slightly shifted
towards higher transverse momenta.

The yields of pions, kaons, protons,and Q are extracted by integrating the measumed
spectra after fitting them with a blast-wave function. Thetipe abundances normalized to that
of charged pions, are compared in Fig. 4 with the predictioina thermal model based on gran-
canonical ensemble with temperatUig.n = 164 MeV at the chemical freeze-out and baryochem-
ical potentialu, = 1 MeV [9]. All the measured yields, with the notably exceptf protons, are
found to agree with the thermal model predictions. Conttarwhat happens at lower energy, the
measured proton/pion ratio falls significantkg 60%) below the thermal model expectation. The
origin of such a discrepancy is presently not understood.

The production of multi-strange baryons in Pb—Pb collisiavas also compared with that
measured in p—p collisions. This was done using the rativdet the yield oE andQ hyperons
in Pb—Pb and p—p after normalizing to the number of partiipaicleons. An enhancement of the
production of= andQ in heavy-ion collisions with respect to p—p is observed aloHC energies.
The enhancement is lower than that observed at SPS and Ridi§ies) confirming its decreasing
trend with increasing,/s. This is a consequence of the smaller effect of canonicgbresgion for
strangeness production in p—p reactions at higher callisizergies.

5. Characterization of the medium with hard probes

Particles with large transverse momentum and/or mass hadrie produced in large-virtuality
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Figure 4: Comparison of identified particle ratios with thermal mof@Ipredictions. From Ref. [6].

parton scatterings in the early stages of the collisionpaveerful tools to probe the medium created
in heavy-ion collisions. Their production in nuclear csidins is expected to scale with the number
of nucleon—nucleon collisions occurring in the nucleuslews collision (binary scaling). The
experimental observable used to verify the binary scalentpé nuclear modification factdRaa,
defined as the ratio between the yields measured in heavgrAdmp—p collisions after normalizing
the A—-A yield to the average number of nucleon-nucleon sioltis for the considered centrality
class,(Ncon). It is anticipated that the medium created in the collisifiecs the abundances and
spectra of the originally produced hard probes, resulting break-down of the binary scaling and
in a value ofRaa different from 1. It has however to be considered that otlifeces related to the
presence of nuclei in the initial state (e.g. nuclear modifons of the PDFs, Cronin enhancement)
can break the expected binary scaling.

5.1 High momentum particle suppression

Partons are expected to lose energy while traversing thegtr interacting medium, via gluon
radiation and elastic collisions with the partonic constiits. The measurement of the single-
particle nuclear modification factor as a functionmfis the simplest observable sensitive to the
energy lost by hard partons produced at the initial staghetollision. The amount of energy lost
is sensitive to the medium properties (density) and depalsdson the path-length of the parton in
the deconfined matter as well as on the properties of themparttbing the medium.

TheRaa of unidentified charged particles has been measured by AlIC® p; = 50 GeV/c
for various centrality classes [10]. For all collision cettities, theRaa, Shown in Fig. 5, presents a
minimum atp; ~ 6— 7 GeV/c and then increases slowly up to about 30 Ge\A hint of flattening
of the nuclear modification factor is observed far> 30 GeV/c. The amount of suppression
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increases with increasing centrality. For the 5% most eg¢wllisions, theRaa measured at the
LHC is smaller than that at RHIC, suggesting a larger enargy &nd indicating that the density of
the medium created in the collision increases with the emeeof,/s. It should also be considered
that the fraction of hadrons originating from gluon jetsrgses with increasing centre-of-mass
energy and, in radiative energy loss models, this is expetaive rise to a loweRaa because
gluons lose more energy than quarks while traversing the.QGP
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Figure 5: The nuclear modification factdRaa for unidentified charged particles measured by ALICE,
compared with RHIC results (left) and shown as a functionesitlity (right). From Ref. [10].

The Raa Was also measured for identified hadroms: in the range of dE/dx relativistic rise
(3 < pt < 20 GeV/c), m° reconstructed via conversions of the decay photdﬁ&and/\ [11].
At high transverse momentay(> 6 GeV/c), the suppression of*, Kg and A is found to be
compatible with that of unidentified charged hadrons. Atdowansverse momenta, the charged
and neutral pions result to be slightly more suppressedwei®aa) than charged hadrons and the
Raa Of A is significantly larger than that d(g and charged hadrons. This is a consequence of the
baryon enhancement observed in heavy-ion collisions etrime¢diate momenta, that was also seen
in the/\/Kg ratio discussed in section 4. In particular, theauclear modification factor measured
at the LHC is lower than the one observed at RHIC. This is duthéofact that the different
physical mechanisms that contribute to ®g, of A baryons, namely the baryon enhancement in
AA collisions, the canonical suppression in the p—p refeeeand the in-medium energy loss, are
quantitatively different at the two energies.

5.2 Open heavy flavours

Further insight into the energy loss mechanisms can berautady measuring thBaa for
heavy-flavoured hadrons. Radiative energy loss modeldgbrécht quarks lose less energy than
gluons (that have a larger colour charge) and that the amufuratdiated energy decreases with
increasing quark mass. Hence, a hierarchy in the valuesafublear modification factor is antic-
ipated: theRaa of B mesons should be larger than that of D mesons that shouldn be larger
than that of light-flavour hadrons (e.g. pions), which mpstiginate from gluon fragmentation.
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ALICE measured open charm and open beauty with three difféezhniques: exclusive re-
construction of §, D* andD** hadronic decays at mid-rapidity, single electrons aftétrsction
of a cocktail of background sources at mid-rapidity, andjlErmuons at forward rapidity. The
Raa of prompt D mesons is shown in Fig. 6. For the 20% more centliisons a strong sup-
pression is observed, reaching a factor 4-5gpr- 5 GeV/c [12]. At high p; the suppression is
similar to the one observed for charged pions, while at fpsthere seems to be an indication for
Raa(D) > Raa (). The measurement of cocktail-subtracted electrons sfuswhe 10% most
central events, a suppression by a factor 1.2-5 inghenge between 3.5 and 6 G&Y where
charm and beauty decays dominate [13]. For both D mesonslectdoms, the suppression is seen
to increase with increasing centrality. At forward rapjdithe ratio of central-to-peripheral yield
(Rcp) was measured for muons with > 6 GeV/c where the background contamination is negli-
gible with respect to muons from heavy flavor decays [14]. ppgassion of the muon yield which
increases with increasing centrality is observed.

The elliptic flow of D’ mesons was also measured and show a hint of nonvzeybcharmed
hadrons in the range 2 p; < 5 GeV/c [15].
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Figure 6: The nuclear modification factd®aa for D-mesons as a function gk, for central Pb—Pb events.
The results are compared with the suppression obtainedlightzhadron ¢r*). From Ref. [12].

5.3 Quarkonia

Quarkonium states are expected to be supprefkesd € 1) in the QGP, due to the color
screening of the force which binds tiee (or bt;) state and to other mechanisms such as gluon-
induced dissociation. Quarkonium suppression is antieghéo occur sequentially according to
the binding energy of each meson: strongly bound statag &hd Y(1S)) should melt at higher
temperatures with respect to more loosely bound statescdflisions at high,/s, it is also pre-
dicted that the more abundant production of charm in théalnétate would lead to charmonium
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regeneration from recombination ofandc quarks at the hadronization, resulting in an enhance-
ment in the number of observedy.

ALICE measured the/Jy nuclear modification factor as a function of collision cetity at
forward rapidity. J¢ mesons are measured downgo= 0 without subtracting the contribution
from feed-down from B meson decays. The resulti®yg , shown in Fig. 7, shows a suppression
almost independent of centrality and smaller than that mieseby the PHENIX experiment at
RHIC in the forward rapidity region [16]. Atthe LHC, ATLAS @CMS measured/d at mid-
rapidity and highp; (> 6.5 GeV/c) finding a stronger suppression than that observed by ALICE
at forward rapidity and lowp;, and also stronger than that measured at RHIC at centralitapi
Overall, the LHC results on/d nuclear modification factor suggest that thepJsuppression
depends orp; and that regeneration mechanisms may play an importantatolew p;. For a
deeper understanding, it is crucial to address the initatbseffects by measuring ¢ production
in p—A collisions.

< L
0:“: 1.4FR m ALICE (Pb-Pby\/s, = 2.76 TeV), 2.5<y<4, pT>O (preliminary)
B o PHENIX (Au-Auys,, = 0.2 TeV), 1.2<|y|<2.2, pT>O (arXiv:1103.6269)
1.2 o PHENIX (Au-Au\'s, = 0.2 TeV), |y|<0.35, pT>O (nucl-ex/0611020)
M
0.8
: (1)
0.6 EH E:
C @ EH
0.2 Ry %
- (*) ALICE <N o is weighted by NcoII
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

OO

50 100 150 200 250 300 350 400

*
<Npart >

Figure 7: Inclusive Jiy Raa in 2.5 <y < 4 in PbPb collisions. The result is compared to PHENIX result
in 1.2 < |y] < 2.2 and|y| < 0.35. For ALICE results, théNpar) values are weighted by the number of
nucleon-nucleon collisions to account for the large ceityrhin size. From Ref. [16].

6. Highlights from p—p studies: the JAy polarization

As discussed in the Introduction, ALICE can also study ge@pi—p physics issues. A remark-
able example is given by the study of the charged particldipligity in p—p collision, where the
ALICE result at,/s= 900 GeV has represented the first physics results publisherctiae start-up
of the LHC [17].

Another very interesting study carried out by ALICE is thdgsization of the inclusive JJ
produced in p—p collisions afs= 7 TeV. The polarization\g of quarkonium states, when study-
ing their dilepton decay, is obtained from the polar angkritiution of the decay products, as
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dN/dcosf O (1+ Agcog6). Itis a crucial observable for the understanding of the potion
mechanisms in QCD-inspired models. In particular, Nonalgbktic QCD (NRQCD), the first
theoretical approach to satifactorily reproduce the wvarse momentum distribution foryl/pro-
duction at Tevatron, predicted a transveradg ¢ 0) polarization of 3y in contrast with the obser-
vation of a slightly longitudinal polarization [18]. Thisupzling observation can now be tested at
the much higher LHC energies, and ALICE (see Fig. 8) has tbcameasured, in the transverse
momentum region & pr <8 GeV/c,Ag values consistent with zero, i.e. no polarization [19]sFEir
NRQCD theoretical calculations for LHC energy are now apipga20] and the agreement with
the ALICE result is promising, showing that a final validatiof this QCD-inspired theoretical
approach is within reach.
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Figure 8: The polarization parametedg andA,, (the last one not discussed in the text) as a functiop of
for inclusive J{Jy, measured in the helicity (closed squares) and CollinseSggpen circles) frames, the two
most commonly used reference frames for polarization nteasents (see [19] for details). The error bars
represent statistical errors, while systematic uncetitsrare shown as boxes. From Ref. [19].

7. Conclusions and prospects

The first Pb—Pb run at the LHC enabled the study of heavy-igsipk in a new energy regime,
about 14 times higher than that attained at RHIC. The stumtigbe bulk of soft particles produced
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in the collision demonstrate that the fireball formed in hemn collisions at the LHC reaches
higher temperatures and energy densities, lives longer,eapands faster reaching a larger size
at the freeze-out as compared to lower energies. With thiehiéavy-ion run, we also started to
exploit the abundance of high and large mass probes which allows high precision measuntsme
in the hard physics sector.

Further progress is expected from the analysis of the ldlgemore than one order of magni-
tude) Pb—Pb data sample that has been collected at the e@dDf & particular, the study of the
nuclear modification factor for hard probes, such as opemelaad quarkonia, will be carried out
with fine binnings in centrality, transverse momentum arpidiéy.

Finally, p—A collisions in the LHC are foreseen at the end 012 and will be extremely
important to study cold nuclear matter effects on the variobservables described in this paper.
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