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1. Introduction

Nucleus-nucleus collisions (A-A) at ultrarelativistic energies provide the experimental means
to study the (thermo)dynamics of quarks and gluons under extreme conditions of temperature and
density. Head-on collisions of Pb ions at LHC energies produce very hot and dense matter by
concentrating a substantial amount of energyO(2 TeV) in an extended volumeO(150 fm3) at ther-
malisation times ofτ0 = 1 fm/c [1]. Such energy densities are more than one order of magnitude
above the critical value,εcrit ≈ 1 GeV/fm3, predicted by lattice quantum chromodynamics (QCD)
calculations [2] for the formation of a deconfined system of bare-mass quarks and gluons (Quark
Gluon Plasma, QGP) [3]. Among all experimental observables, particles with large transverse
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Figure 1: Left: Examples of the sensitivity of various perturbative probes to quark-gluon matter properties
in A-A collisions [4]. Right: “Jet quenching” event displays in central Pb-Pb collisions at the LHC: monojet-
like event [5] (top) andγ-jet event with a recoiling jet with reduced energy [6] (bottom).

momentumpT and/or high massm (“hard probes”) are useful tomographic tools of the produced
medium (Fig. 1 left) as: (i) they originate from partonic scatterings with large momentum transfer
Q2 and couple directly to the fundamental quark and gluon degrees of freedom; (ii) their produc-
tion time-scale is very short,τ ≈ 1/(pT ,m) . 0.1 fm/c, allowing them to propagate through (and be
potentially affected by) the medium, and (iii) their cross sections can be theoretically computed in
perturbative QCD calculations as a convolution of parton distribution (PDFs,fa/A) and fragmenta-
tion (FFs,Dc→h) functions times the subprocess parton-parton scatteringcross section:dσ hard

AB→h =

fa/A(x,Q2)⊗ fb/B(x,Q2)⊗ dσ hard
ab→c ⊗Dc→h(z,Q2). In A-A collisions in the absence of final-state

effects, the parton flux in a nucleusA is the same as that of a superposition ofA independent nucle-
ons, fa/A ≈A · fa/N , and thusdσ hard

AA→h ≈A2 · fa/N(x,Q2)⊗ fa/N(x,Q2)⊗dσ hard
ab→c⊗Dc→h(z,Q2). The

standard method to quantify the effects of the medium on a given hard probe is via the ratio of A-A
yields over p-p cross sections (scaled by the nuclear overlap functionTAA(b) at impact parameterb):

RAA(pT ,y;b) = d2NAA/dydpT

〈TAA(b)〉×d2σpp/dydpT
, which measures the deviation of A-A atb from an incoherent
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superposition of nucleon-nucleon collisions. The study ofthe suppression (or enhancement) fac-
tors as a function of various variables provides information on the medium transport coefficients,
its temperature, energy density, etc. (Fig. 1, left).

2. Unsuppressed electro-weak particle production

Weakly-interacting particles such as isolated photons, W,Z, and Drell-Yan pairs – whose rates
are unaffected by final-state interactions in the produced medium – are valuable benchmark pro-
cesses in A-A collisions at collider energies. On the one hand, they allow one to experimentally
confirm the validity of the perturbative (A2) scaling of the p-p cross sections and, on the other, they
provide constraints on the nuclear PDFs which, in particular for the Pb case, are barely known from
deep-inelastic e-A data [7]. At the LHC, prompt-γ have been measured above 20 GeV/c applying
isolation cuts on background-subtracted Pb-Pb collisions[8], Z bosons have been measured in the
dimuon [9, 10] and dielectron [11] decay modes, and W bosons in events with a high-pT muon
and large missing transverse momentum from the undetectedν [12] (Fig. 2). In all three cases,
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Figure 2: Measured mass distributions for Z bosons (µ+µ− ande+e− invariant masses, left) [11] and W
(transverse mass, right) [12] in Pb-Pb (and p-p) collisionsat 2.76 TeV.

the measured yields for all Pb-Pb centralities are consistent with the corresponding p-p cross sec-
tions scaled by the nuclear overlap function (RAA ≈ 1, Fig. 3 left). Comparisons to NLO pQCD
calculations indicate small nuclear PDF modifications as expected in the ranges of parton frac-
tional momentumx and energy scaleQ2 probed [7]. Interestingly, inclusive W production shows
RAA(W) = 1.04± 0.07± 0.12 while individual W± yields show differences due to isospin effects
(unequalu andd-quark content in Pb and p):RAA(ūd →W−) = 1.46 andRAA(ud̄ →W+) = 0.8 [12].
Future analyses of largerγ ,γ⋆, W, Z data samples with reduced uncertainties, will provideenhanced
constraints on the parton densities in nuclei.

3. Suppression of high-pT hadrons

One of the first proposed smoking guns of QGP formation was “jet quenching” [13] i.e. the
attenuation or disappearance of the spray of hadrons resulting from the fragmentation of a parton
having lost energy in the dense plasma produced in the reaction. Among the most exciting results
from RHIC is the observation of large high-pT hadron suppression (RAA ≈ 0.2) in central Au-Au
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compared to p-p or d-Au collisions, in agreement with jet quenching expectations [14, 15]. At the
LHC, charged hadrons appear to be further suppressed, by up to factor of 6 atpT = 7 GeV/c [16, 17]
but the amount of suppression is slowly reduced with increasing pT and plateaus atRAA ≈ 0.5 at
pT ≈ 40−100 GeV/c [18] (Fig. 3, left). The observedpT dependence provides strong discrimina-
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Figure 3: Left: Compilation of measuredRAA(pT ) in central Pb-Pb collisions at the LHC for inclusive
charged hadrons [16, 18],π± [17], D [19] and B [20] mesons, isolated-γ [8], and W [12] and Z [10] bosons.
Right: Jet spectra (anti-kT algorithm,R = 0.2) measured in various Pb-Pb centralities scaled by their corre-
spondingTAA [21]. The bands around all data points indicate the associated systematic uncertainties.

tion power for parton radiative energy loss models. Once theunderlying energy loss mechanism
responsible for the observed high-pT hadron deficit is confirmed [22] the properties of the medium
(e.g. its ˆq transport coefficient) can be properly derived taking into account the expansion of the
produced matter in 3D-hydrodynamics calculations [23].

4. Jet quenching in dijet andγ-jet events

High-pT jets have been fully reconstructed in heavy-ion collisionsfor the first time at the LHC
using modern algorithms for jet finding and background subtraction [24]. The strongest evidence
so far for jet quenching is the observation of a large dijet momentum imbalance for increasingly
central Pb-Pb collisions [5, 25] up to very high momenta (pT ≈ 350 GeV/c) [26]. In some cases, the
quenched jet is not even visible above the underlying event background (Fig. 1, right). As observed
for the inclusive (leading) hadrons above 40 GeV/c, the jet spectra in central Pb-Pb are suppressed
by a factor of two compared to peripheral Pb-Pb collisions (Fig. 3, right) [21]. The lost energy
of the jet appears to be emitted in the form of soft particles (pT < 4 GeV/c) outside of jet cone
(R > 0.8) [25]. Interestingly, even if the quenched jet loses a large fraction of its energy, the dijet
event keeps its back-to-back topology without significant azimuthal decorrelation [5, 25]. Frag-
mentation functions have been constructed using tracks with pT > 2(4) GeV/c withinR < 0.2(0.3)
of the jet-axis combined with the reconstructed (but quenched) jet energy [21, 27]. The resulting
FFs, shown in Fig. 4 as a function of the longitudinal fraction of the jet momentum carried by the
charged particlesz = ptrack

|| /pjet (left) and ofξ = ln(1/z) (center), are similar in Pb-Pb (central and
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peripheral) and p-p collisions indicating that after energy loss the quenched jet fragments in the
vacuum with the same pattern as “normal” jets. Jet quenchinghas also been studied in “cleaner”

Figure 4: Jet fragmentation functions reconstructed in Pb-Pb at 2.76TeV as a function of the scaling vari-
ablesz (left panel, for central and peripheral collisions) [21] and ξ (mid panel, for central collisions) [27].
Right: Ratio of jet to photon momenta in central Pb-Pb collisions compared toPYTHIA p-p predictions [6].

photon-jet events withpγ
T > 60 GeV/c andpjet

T > 30 GeV/c [6]. The balance ratioxJγ = pjet
T /pγ

T is
seen to decrease significantly with increasing centrality (see Fig. 4 right, for central Pb-Pb) as does
the fraction ofγ-jet associations found in the data, compared to p-p andPYTHIA [28] results. Yet,
the γ-jet azimuthal distribution measured in Pb-Pb events with large pT imbalance is consistent
with that measured in p-p collisions and simulated withPYTHIA. The fact that the quenched jet is
back-to-back to the photon confirms that the energy is not lost in single hard gluon radiation.

5. Heavy-flavour suppression

In QCD, gluon-strahlung from heavy quarks is expected to be less important than for light
quarks due to the “dead-cone” effect [29]. Thus, a robust prediction of jet quenching models is
the hierarchy∆EQ < ∆Eq < ∆Eg accounting for mass and colour-charge dependencies of radia-
tive energy loss. Surprisingly, RHIC measurements of high-pT electrons from semileptonicD
and B decays seem to indicate a charm+bottom suppression comparable to that of light quarks:
RAA(c,b) ≈ RAA(q,g) ≈ 0.2 [30, 31]. At the LHC, D-mesons have been for the first time directly
measured in Pb-Pb events with displaced-vertices in three hadronic decay channels (D0 → Kπ,
D± → Kππ, D⋆ → D0π for pT > 2, 4 and 6 GeV/c respectively) [19], and B-meson production has
been observed via secondaryJ/ψ for which a clean separation of the displaced vertex is also possi-
ble for pT > 6.5 GeV/c [20]. Within uncertainties, the measured suppression factors,RAA(D) ≈ 0.3
andRAA(B) ≈ 0.4 are larger thanRAA(h±,π±) ≈ 0.15–0.2 (Fig. 3, left) and support the expected
radiative energy loss hierarchy. Coming measurements withlarger data samples and reduced un-
certainties will allow one to better understand the behaviour of heavy-quarks in the QGP, including
the relative contribution of radiative/elastic losses, and determine e.g. their drag coefficientsηD in
the medium [32].

6. Quarkonia dissociation

The study of heavy-quark bound states in high-energy A-A collisions has a long story as a
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sensitive probe of the thermodynamical properties of deconfined QCD matter [33]. Analysis of
quarkonia correlators and potentials in finite-T lattice QCD [34] indicate that the differentc-c̄ and
b-b̄ states dissociate at temperatures for which the colour (Debye) screening radius of the medium
falls below their correspondingQQ̄ binding radius. The surprisingly similar amount ofJ/ψ sup-
pression observed at SPS [35] and RHIC [36, 37] energies (with expected larger QGP temperature
in the latter) has been interpreted as due to a partial compensation at RHIC of the reducedJ/ψ
yields bycc̄ recombination in the medium [38, 39]. In this scenario, the large charm pair produc-
tion expected at the LHC would further enhance charmonium regeneration [40]. LHC data onJ/ψ
production [9, 20, 41] show a different suppression patternthan observed at RHIC (Fig. 5, left). At
low pT , J/ψ are less suppressed (RAA ≈ 0.5) than measured at lower c.m. energies (RAA ≈ 0.2–
0.3), whereas at high-pT they are more suppressed (RAA ≈ 0.2) than at RHIC (RAA ≈ 0.6). Ap-
proaches based on deconfinement followed by charm recombination can reproduce the observed
trends in the data although the model parameters (σcc̄, density, ...) need to be validated with other
LHC observations. The abundant production of theϒ(1S,2S,3S) states at the LHC opens up a
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Figure 5: Left: InclusiveJ/ψ RAA as a function of the central charged-particle density in Pb-Pb at 2.76 TeV
compared to PHENIX results in Au-Au at 200 GeV at central and forward rapidities [41]. Right:ϒ(nS) states
measured in Pb-Pb (data points) compared to the fitted p-p distribution (dashed red line) at 2.76 TeV [42].

unique opportunity to study also the dissociation of theb-quark bound states. Theϒ is expected
to survive up to 4Tcrit whereas the less tightly-boundϒ′

andϒ′′
resonances should “melt” at lower

temperatures. The data confirms that theϒ states are suppressed in central Pb-Pb relative to p-p
collisions:RAA(ϒ)≈ 0.56,RAA(ϒ′

)≈ 0.12 andRAA(ϒ′′
) < 0.1 (Fig. 5, right) [43, 42]. The deficit in

the ϒ production yields coincides with the expected fraction from the feed-down contributions of
the heavily-suppressedϒ(2S,3S) excited states. The overall scenario is consistent with sequential
suppression of the bottomonium family.

7. Summary

The main findings in the perturbative sector of Pb-Pb collisions at
√

sNN = 2.76 TeV after 2
years of operation at the LHC can be summarised as follows:
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• Electroweak probes (γ , W, Z) unaffected by final-state interactions can provide, with larger
datasets and reduced uncertainties, valuable constraintsof the nuclear PDFs [8, 9, 10, 11, 12].

• High-pT (leading) hadron production is suppressed compared to p-p collisions by factors
ranging from 6 (at 7 GeV/c) to 2 (above 40 GeV/c), indicating the formation of a dense
opaque medium that suppresses the energy of the parent fragmenting partons [16, 17, 18].

• Fully reconstructed jets are quenched in dijet andγ-jet events and show (i) a largepT im-
balance, (ii) enhanced soft off-cone radiation, (iii) preserved back-to-back azimuthal corre-
lations, and (iv) vacuum-like fragmentation functions (reconstructed using the quenched jet
energy) [5, 6, 21, 25, 26, 27], which suggest that parton energy loss occurs via soft multi-
gluon emission followed by vacuum fragmentation.

• D and B mesons are suppressed by factors of∼4 and∼3 respectively relative to p-p col-
lisions [19, 20], in agreement with the expected mass and colour-charge dependencies of
radiative energy loss.

• The deficit ofJ/ψ yields at the LHC is smaller than at lower energies. The suppression is
weaker (stronger) at low (high)pT [9, 20, 41] and is suggestive of model predictions based
on colour screening followed bycc̄ recombination.

• The ϒ′
andϒ′′

states are strongly suppressed, whereas theϒ ground-state yield is depleted
by about 40% (the same fraction expected from feed-down contribution of the two excited
states) relative to p-p collisions [43, 42], in agreement with sequential dissociation scenarios.

Figure 3 (left) compiles theRAA(pT ) factors for most of the high-pT and large-mass particles mea-
sured in central Pb-Pb collisions at the LHC. The mechanismsof initial production of all particles
are well understood within pQCD. The final reduced yields observed for all particles containing
colour degrees of freedom clearly point to strong final-state effects (radiative energy loss, colour
screening, ...). Final extraction of the thermodynamical and transport properties of the hot and
dense matter produced at the LHC will require detailed calculations including mechanisms of par-
ticle production+“destruction” coupled with a (3D viscous) hydrodynamics description of the ex-
pansion of the system.

Acknowledgments: I am grateful to Bernard Pire and Michel Garçon for their invitation to this
well-organised and interesting multidisciplinary conference.
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