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The LHC nuclear program has started with a run at
√

s=2.76 TeV per nucleon pair in 2010. The

first data with a reduced luminosity confirms most of the trends observed in the last ten year’s

program at RHIC. The strong elliptic flow points to a small viscosity of the produced medium;

the large jet quenching points to a large density; quarkoniais suppressed and promises to be an

excellent tool for temperature measurements; finally the partonic wave function of the nuclei is

subject to strong screening effects which can be understoodfrom saturated parton densities. The

theoretical approaches checked in the last ten years provide also a good understanding of these

findings. At the same time, new experimental probes as reconstructed jets call for new theoretical

developments. Here I present a small overview of the theoretical status of hot and dense QCD

from the point of view of its application to the nuclear program at LHC and RHIC, focussing on

some of the observables.
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High energy heavy ion collisions are the experimental toolsto study the structure of QCD at
high temperatures and densities. After successful programs at the CERN SPS and the, still on-
going, Relativistic Heavy Ion Collider in Brookhaven, the LHC brings the nuclear collisions to the
TeV scale for the first time. Some of the results presented at this conference prove the potential for
discoveries which the large jump in energy from the RHIC

√
sNN=200 GeV to the LHC

√
sNN=2.76

TeV opens. From a purely qualitative point of view, the main differences of the LHC and the RHIC
programs are the access to the region of much smaller values of Bjorken-x in the nuclear parton
distributions and the access to processes with much larger scales involved, in particular jets and
electroweak bosons.

Historically, the main goal of the experimental programs ofhigh-energy nuclear collisions is to
study the properties of a high temperature, high density QCDmedium [1, 2, 3, 4, 5, 6] characterized
by a deconfined phase with restored chiral symmetry. Such medium is produced in the central
rapidity region of the collision where a large energy density is deposited in a macroscopic (in terms
of QCD scales) region of space.

The matter produced in heavy ion collisions is studied through different indirect probes, in-
cluding soft probes, especially the search for hydrodynamical behavior of the bulk particle produc-
tion, and hard probes, like jet or quarkonia suppression. Our pre-LHC knowledge indicates that (i)
the bulk matter can be well described by hydrodynamical models with a small viscosity [7], this
points to an ideal fluid behavior: (ii) the particles produced at high transverse momentum suffer a
strong suppression, pointing to a very dense created medium: (iii) screening of the small-x part of
the nuclear partonic distributions is needed to understandthe total multiplicities and relevant also
for other observables. The data from the first run of the nuclear LHC program in 2010 have con-
firmed these findings and exploration into new territories have just started. The second run, with
improved luminosity will start soon and, interestingly, a first proton-nucleus run could take place
in 2012. Proton-nucleus collisions are recognized as an essential part of the high-energy nuclear
program to provide the benchmark for some effects not related with the presence of hot matter (i.e.
this information is needed forbackground subtraction) and provides interesting tools for small-x
physics where high parton densities can be reached [8, 9]. Inthe following I will briefly summarize
some of the most recent findings in the field.

1. Initial state and cold nuclear matterbackground

Hot QCD matter searches in high energy nuclear collisions involve background subtraction of
those processes whose underlying dynamics is not related with the presence of a produced medium.
Thesecold nuclear matter effectsneed to be under good control for benchmarking. In particular, a
main source of uncertainty comes from the badly constrainednuclear parton distribution functions
(PDFs) especially for gluons and small-x — see Fig. 1. The best way to constrain the nuclear
PDFs is by experiments of lepton-nucleus deep inelastic scattering [10]. The kinematical reach
of the available data (which are, in fact, more than fifteen years old) is, however, rather limited,
especially for the needs of the LHC program. In Figure 1 the kinematical reach of the present
DIS and Drell-Yan (DY) data with nuclear targets (the data normally used to constrain nuclear
PDFs) is plotted together with the needs for both RHIC and LHCkinematics [8, 9]. The central
rapidities at RHIC were placed in the lucky situation of overlap with previous DIS and DY data so
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Figure 1: (Left): Total kinematical reach of p+Pb collisions at
√

s =8.8 TeV at the LHC for different
rapidities in the laboratory frame. Also shown are the region of phase space studied by experiments of DIS
with nuclei and Drell-Yan production in proton-nucleus collisions (the two main processes used in global
nPDF fits) and the total reach of RHIC for 0< y < 3 — Fig. from Refs. [8, 9]. (Right): Nuclear parton
distribution functions ratio with respect to the free proton case for two different virtualities and three different
NLO analyses — Fig. from Ref. [14].

that checks of the factorization equation and trustable subtraction of the background due to nuclear
PDFs performed. The case of the forward rapidities at RHIC and basically the whole range of
the LHC is, however, different. There is no experimental information which could constrain the
nuclear effects in the small-x region of interest for these two machines, which results into large
uncertainties in the knowledge of the nuclear PDFs — see Fig.1 (Right). In this situation, a
parallel proton-nucleus collisions program will be neededat the LHC to reduce these uncertainties
[8, 9]. It is worth mentioning that in the DGLAP approach, thenuclear effects to the PDFs rapidly
disappear with increasingQ2 in the small-x region for the gluons and also for the quarks, although
a bit slower. In the large-x, on the other hand, the uncertainties remain large in the whole range of
Q2.

The error bands in the nuclear PDFs from Fig. 1 translate intolarge uncertainties in the nuclear
effects for some observables, especially those at the smaller virtualities. A recent experimental
example reveals very clearly the need of constraining theseuncertainties for a correct interpretation
of the nucleus-nucleus data: ALICE Collaboration has measured theJ/Ψ suppression in Pb+Pb
collisions in the forward rapidity region [11, 12, 13]. The suppression is about a factor of two when
compared with the scaled p+p cross section and within the error bands of the suppression predicted
by the EPS09 global fit of nPDFs presented in Fig. 1. Taken at face value, the suppression would
be compatible with cold nuclear matter effects alone. Whether this is the case or not will need
of better determination of the nPDFs which, at present, is only possible with p+Pb collisions at
the LHC. Checks of the factorization hypothesis for theJ/Ψ-production mechanism would also be
interesting, in particular in view of the difficulties to theoretically describe this production cross
section even in p+p collisions.

The small values ofx probed in nuclear collisions at the LHC provide also excellent conditions
for studies of the saturation of partonic densities [15]. Indeed, rather general geometric arguments
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indicate that saturation effects are enhanced by a factorA1/3 in the nuclear case, compared to the
proton. The study of saturation is difficult in nucleus-nucleus collisions due to the presence of
strong final-state effects, which lead to a thermalization of the final bulk particle production, and is
expected to be best studied in proton-nucleus, or eventually in lepton-nucleus collisions. However,
some of the bulk properties, as the total multiplicities or some long-range rapidity correlations,
are expected to survive this thermalization. The rapid progress in saturation physics in the last
ten years, especially the development of a whole formalism known as the Color Glass Condensate
where the non-linear corrections to the evolution equations have been computed at NLO, make the
comparison with experimental data to be meaningful and rather successful, despite the presence of
still some uncertainties in the phenomenological implementation.

2. Hydrodynamical description of the bulk

A powerful way of looking at the degree of collectivity reached in a heavy ion collision is by
studying the azimuthal distribution of particles producedat a given transverse momentumpT : if
the collisions were all independent, the particles would beuniformly distributed (within statistical
fluctuations) while the presence of azimuthal anisotropieswould indicate that non-trivial phenom-
ena are taking place. The hydrodynamic modeling of the heavyion collisions provides the most
successful phenomenological tool to study the data

In those dynamical situations in which the mean free path of the particles in the medium
is very small, medium properties as energy density, pressure or temperature can be described in
a hydrodynamical approach. The basic equation correspondsto the conservation of the energy-
momentum tensor∂µTµν = 0. Neglecting viscosity, the energy momentum tensor can be written
as

Tµν = (ε + p)uµuν − pgµν (2.1)

whereε , p anduµ are the (local) energy density, pressure and four-velocityof a fluid element. This
last one is normalized asuµuµ = 1. See e.g. Ref [16] for a recent review.

If the matter formed in a high-energy nuclear collision is locally thermalized, the correspond-
ing hydrodynamic behavior should be reflected in the spectraof the produced particles and visible
away of the region dominated by hard QCD scatterings. The most useful observables are those in
which strong anisotropies in the transverse momentum azimuthal distributions are identified. In a
hydrodynamical approach, these anisotropies are the reflection of the initial geometrical anisotropy
of the system which produces different pressure gradients and, hence, azimuthal angle dependent
transverse flows. An intuitive picture can be found when considering the Euler equation

dβ
dt

= − c2

ε + p
∇p. (2.2)

Assuming an ideal equation of statep = ε/3, the gradients of energy density — present if the
initial state of the system is anisotropic as in the case of non-central collisions — Eq. (2.2) implies
a different acceleration,dβ/dt, for fluid elements in different directions.

A Fourier decomposition is normally performed for the azimuthal angle spectrumφ — see
e.g. [7]

2π
N

dN
dφ

= 1+
∞

∑
n=1

2vn cosn(φ −Ψn) (2.3)
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In the last ten years, the study of the second harmonic coefficient v2 in the expansion, sometimes
also known as elliptic flow, lead to a rapid development of thetheory and the phenomenology of
hydrodynamical approaches, which eventually lead to an estimate of the viscosity of the produced
matter. This viscosity is very low, consistent with the bound proposed by some implementations of
the AdS/CFT correspondence [17]. Such a small values of the viscosity indicate that the produced
medium is a perfect liquid. In the last couple of years, the main efforts have been devoted to a better
implementation of the viscosity effects and to the implications of fluctuations in the initial condi-
tions, reflected in the presence of the odd terms in the series, which could be zero in the absence of
these fluctuations. For two recent references on these topics see [18] and [7] respectively.

3. Quarkonia suppression

Quarkonia suppression is a conceptually simple and potentially powerful tool to characterize
the properties of the produced QCD matter. An intuitive ideacan be formulated in terms of the
potential between a quark and an antiquark which, in the caseof a hot deconfined medium is
screened: if such a medium is created in a nuclear collision bound states are disfavored during
the plasma phase and the production of charmonia or bottomonia states suppressed [19]. The
interpretation of the corresponding data has been confusing, however, in the last twenty years. The
suppression has indeed been observed already in the pioneering experiments at the CERN-SPS of
fixed-target S+U [20] and Pb+Pb [21] or In+In collisions [22], it was also observed at RHIC in
Au+Au [23, 24] and Cu+Cu collisions [25] and recently also atthe LHC not only for theJ/Ψ [11,
12, 13] but also for excited quarkonia states [26]. One of themain problems for the interpretation
of the data is the subtraction of the cold nuclear matter background. The suppression of both
the J/Ψ, the ϒ and other excited states has also been observed in proton-nucleus (or deuteron-
gold) collisions in magnitude similar to the one in nucleus-nucleus collisions [27, 28, 29, 30, 31].
The theoretical description of this cold nuclear matter effects is not under good theoretical control
and several mechanisms ofJ/Ψ-suppression are proposed. The most canonical one assumes a
modification of theJ/Ψ yield due to nuclear PDFs and a modification of the hadronization modeled
by a probabilistic Glauber model — see e.g. [32, 33]. This factorization is not proved but used as
a working hypothesis.

In this situation, the long-standing problem of the suppression of quarkonia states in nuclear
collisions needs of a systematic study of the production in different systems (p+p, p+A, A+A) and
energies as well as a systematic study of the different quarkonia states. Indeed, the excited states are
predicted [34] to be more easily destroyed in hot matter thanthe ground statesJ/Ψ andϒ — a fact
which is in qualitative agreement with the findings in [26] but whose quantitative understanding
would need a better control over the cold nuclear matter effects. With the data accumulated in the
last 20 years and the new data from both RHIC and, especially,the LHC a more clear picture of
this interesting observable should emerge in the near future.

4. Jet quenching

A quark or gluon produced at high transverse momentum in an elementary QCD collision is
associated with a large phase space available for extra radiation. This extra radiation is emitted
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at small angles and can be experimentally identified in the form of jets. The theoretical control
on the jet production and evolution is very good in the absence of a medium, this is, in fact, an
essential requirement in the searches for new physics at theLHC. In a parton shower approach,
the large virtuality of the original quark or gluon is reduced during evolution by radiating (mainly)
gluons with a probability controlled by the Altarelli-Parisi splitting functions. The corresponding
evolution equations of the fragmentation functions are known in different approximations.

The case of the medium is not as well understood. Assuming that the evolution of the final
state jet can be factorized from the initial state in a way similar to the vacuum, several different
effect could appear: (1)collisional energy loss, due to elastic scatterings of the fast partons with
the medium; (2) medium-induced gluon radiation also known as radiative energy loss; (3) a modi-
fication of the color flow within the jet due to exchanges with the medium [35]; (4) a modification
of the ordering variable, or, in general, the evolution equations; etc..

RHIC phenomenology has been dominated by the energy loss mechanisms, this is because the
corresponding jet quenching measurements were performed with inclusive particle measurements
(one- or two-particle correlations) which measures the effects on the most energetic (leading) par-
ticle in the jet. A rather successful formalism (see e.g. Refs. [36, 37, 38, 39] for recent reviews)
based on the medium-induced gluon radiation is able to reproduce the corresponding data with two
main unsolved issues

1. Heavy flavor suppression: Basically all formalisms predict that heavy quarks will lose less
energy than light quarks [40, 41, 42, 43]. The exact difference depend on the details of
the formalism but experimental data on the suppression of non-photonic electrons point to a
stronger suppression [44, 45]

2. Sizable discrepancies between theoretical implementations: The underlying physical hypoth-
esis in the computations of the medium-induced gluon radiation are basically common to all
formalisms but the actual approximations made translate into sizable differences in the output
medium parameters [46].

4.1 Jet quenching with inclusive particles

The simplest jet-related observable in nuclear collisionsis the measurement of the one-particle
inclusive production at high transverse momentum. The effect of the surrounding matter can be
identified by the suppression of the signal, with respect to the proton-proton collisions, due to
energy loss. The nuclear modification ratio

RAA =
dσAA/dydkT

NcolldσAA/dydkT
(4.1)

is normally employed to single-out the medium effects, where Ncoll is a normalization factor com-
puted in the Glauber model to allow the comparison with the proton-proton cross section. The
suppression of high-pT hadrons is one of the first, and also one of the main, observations at RHIC
[47, 48, 49, 50]. Several theoretical approaches have been used to reproduce the data, the most
successful ones being those based on radiative energy loss as explained above. In Fig. 2 we plot
the description of the data in one of this approaches [51] forboth the one- and two-particle in-
clusive distributions (back-to-back signals for the second). The description of the data is good.
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Figure 2: Nuclear modification factorsRAA for single inclusive distributions andIAA for double inclusive
distributions for pions (first panel from the left) charged hadrons (second panel) and non-photonic electrons
(third panel). The different lines correspond toK=0.5, 1, 2, .... 20. The last panel shows the values ofχ2

computed for differentK for the case of the non-photonic electrons. Fig. from Ref. [14].

A quality analysis returns a valueK = 4.1±0.6 when the transport coefficient is parametrized as
q̂ = 2K ε3/4, ε being the local energy density of the medium in a hydrodynamical approach. In the
case of an ideal quark-gluon plasma, a free gas of quarks and gluons,K ∼ 1 — see e.g. [52] —
indicating that the properties of the medium do not naively correspond to this simplified scenario.
As mentioned above, however, despite the successful description of the data two main open issues
need to be solved for which LHC data will be most helpful.

LHC collaborations have also measuredRAA for inclusive particles at high-pT both for light
hadrons [53, 54] and, interestingly, for charmed mesons [55]. The suppression for light hadrons
turns out to be similar, though slightly larger, than the oneat RHIC for moderate values ofpT .
Models tested at RHIC can reproduce the data reasonably well, including the positive slope which
indicatesRAA → 1 for large transverse momenta. Concerning theD-meson suppression, with large
error bars it also indicates a similar, although slightly smaller, suppression than the corresponding
one for light hadrons. This was expected from calculations of medium-induced gluon radiation
[56]. So, there seems to be a compatibility of the well-tested approaches used in RHIC phe-
nomenology with the new data from the LHC. More quantitativeanalyses should be performed
now, with all available data, also when the medium density distributions from hydrodynamical
analyses become available as input.

4.2 Reconstructed jets in nuclear collisions

Although the results from the previous section are extremely interesting for the characteriza-
tion of the medium properties, the use of inclusive quantities present also limitations which are
difficult to overcome. In particular, in a scenario of very dense medium, surface effects could af-
fect the extraction of the medium parameters and different approaches are difficult to distinguish.
A powerful tool to overcome this limitations is the reconstruction of jets in nuclear collisions. In
the ideal situation, if the whole energy of the jet can be reconstructed, the modifications that the
medium induce in its structure gives a direct information about the splitting process as well as other
mechanisms which could be present.

Jet reconstruction is one of the main issues in hadronic colliders, and essential for physics
searches. In the case of the nuclear collisions, the size of the underlying event, with a very large
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multiplicity, makes the identification of the jets more difficult. The first data on identified jets has
been performed at RHIC [57, 58] and the first published data appeared very recently from the LHC
[59, 60]. The analysis of the ATLAS and CMS collaborations present some surprising results. They
can be summarized as follows:

1. Reconstructed jets from ATLAS are suppressed from central to peripheral collisions (RCP ∼
0.5 and basically flat). This indicates that the sample of studied jets are still biased to some
extent.

2. When the back-to-back jet signals are studied, the energyimbalance from the most energetic
jet to the one in the opposite direction is larger in central Pb+Pb than in p+p collisions. This
indicates a large energy loss of jets in the produced matter.

3. CMS data indicate that this lost energy is dominantly carried away by soft particles (less than
2 GeV) at large angles. This contrasts with the vacuum where the particles are harder at large
angles due to angular ordering.

4. The di-jet azimuthal asymmetry is very similar in Pb+Pb collisions and in p+p collisions. So,
no strong change with respect to the vacuum jets is observed:the effect is not dominantly
driven by e.g. emission of hard particles which would changethe direction of the jets.

5. The fragmentation functions of the leading and the subleading jets do not present any change
from Pb+Pb or p+p collisions. So, the fragmentation function is vacuum-like1.

Some of these properties were not, a priori, expected from theoretical estimates. In particular,
the usual, and quite generic, relation between broadening and energy loss,∆E ∼ 〈k2

T〉L/αs, seems
difficult to reconcile with those observations at least naively. However, a note of caution needs to
be made in here as a complete picture of the underlying mechanism of jet quenching needs of a
controlled analysis of several factors as, e.g. the amount of jets which are lost; the effect of the
background subtraction [61]; the actual theoretical implementations which are compared with the
data, etc. One can imagine, for example, a simplified scenario in which two different jet quenching
mechanisms are at work and one of them is removed from the sample because it produces e.g. a
too hard spectrum. With all these cautions, we can still try to extract some consequences, and the
properties above indicate that the effects in the measured jets are not compatible with a hard radi-
ation at large angles, which would modify, in particular, the di-jet azimuthal asymmetry or with a
strong modification of the radiation pattern inside the cone, which would modify the fragmentation
functions. A naive interpretation of the data would then indicate that mechanisms in which the jet
broadening and the energy loss do not follow the traditionalrelation∆E ∼ 〈k2

T〉L/αs are favored in
the particular sample of jets measured.

1Notice that the experimental fragmentation function (FF) is built by dividing the particles’ transverse momentum
by the jet’s total energy, while the theoretical predictions before the data appeared typically dividing the transverse
momentum of the particle by the energyof the partonoriginating the jet. In the second case (not possible in experimental
conditions unless the whole energy of the jet is reconstructed) a suppression of the FF is predicted, in agreement with
the suppression found in inclusive particle measurements as the ones in Fig. 2.
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4.3 Towards a new theory of jets in a medium

The limitations in the theoretical implementation of jet quenching as well as the quality of the
new data becoming available, especially from LHC, calls fora new theory of jets in a medium.
An essential ingredient that any description of the jet development should contain is a correct
treatment of the multi-parton emissions. The traditional way of assuming an independent gluon
emission approximation is probably good enough to estimatethe energy loss and, hence, for the
phenomenology of inclusive particle suppression. The description of a final state with a large
number of gluons emitted needs, on the other hand, the inclusion of quantum interferences among
different emitters which are known to be essential in the vacuum. As a first step towards this
goal, recent developments consider the emission out of a quark-antiquark antenna [62, 63, 64,
65, 66, 67]. The setup captures the main physical ingredients in the vacuum, in particular, the
presence of angular ordering due to color coherence effects. In the case of a medium the situation
is radically changed. Several regimes have been identified,and interestingly, a new contribution
emerges in which a vacuum-like radiation, butantiangular ordered[62] can be identified. This new
contribution is especially interesting because its features are completely different from all known
medium-induced gluon radiation presented in the previous sections. This becomes more clear in the
soft limit where the sum of the vacuum plus the medium-induced gluon radiation off aqq̄ antenna
with opening angleθqq̄ in a singlet state is simply

dNtot
q,γ∗ =

αsCF

π
dω
ω

sinθ dθ
1−cosθ

[Θ(cosθ −cosθqq̄)−∆medΘ(cosθqq̄−cosθ)] . (4.2)

Here the first term is just the vacuum angular-ordered contribution and the second term is the new
medium contribution which has been calledantiangular ordering[62]. In particular, and in contrast
to previous results, a soft divergence appears also for the medium-induced part due to the vacuum-
like spectrum. The parameter of the medium controlling the amount ofantiangular orderingis the
dipole scattering amplitude

∆med= 1− 1
N2

c −1
〈TrUp(L,0)U†

p̄(L,0)〉 , (4.3)

which, by unitarity, is bounded by 1. In the case of an opaque medium,∆med→ 1, atotal decoher-
enceis then achieved in which the total spectrum is [63]

dNtot
q,γ∗

∣

∣

∣

opaque
=

αsCF

π
dω
ω

sinθ dθ
1−cosθ

= dNtot
q,g∗

∣

∣

∣

opaque
(4.4)

The last equality means that another property of the spectrum is thememory loss: the radiated
gluons do not keep information about the original pair beingin a singlet or an octect state. Inter-
estingly, these new properties survive the soft limit and the spectrum retains a form similar to (4.2)
for sizable values of the gluon energy.

These new results indicate that the medium-induced gluon radiation off a single emitter, con-
sidered up to now in all phenomenological approaches and also implemented in some Monte Carlo
codes [68, 69, 70, 72, 71], would not be enough for a correct interpretation of the experimental
data. Non-trivial structures appear when considering morethan one emitter, the realistic situation
in a jet shower, as already known from the vacuum.
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The features of the radiation are, on the other hand, in good qualitative agreement with the
experimental data on jets presented in the previous sections: The spectrum (4.2) presents vacuum-
like radiation outside the cone delimited by the pair angle,in particular with a soft divergency, so,
soft, vacuum-like, radiation is expected at relatively large angles while the radiation inside remains
unchanged and just as in vacuum. These are qualitative behaviors which should be contrasted with
data in a more quantitative analysis once the correct implementation of the multigluon emission is
known.
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