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Figure 1: Phases of a heavy collision

1. Introduction

The topic of this talk is understanding LHC experiments in terms of what has been referred to
as the “Condensed Matter Physics of QCD”. The Lagrangian for Quantum Chromodynamics, the
theory of the strong interaction, can be simply written down on one line:

1
Z = —ZFu“VFﬁVjLWi(ilp—mi)l//. (1.1

In spite of this brevity, the theory leads to a wealth of interesting phenomena. Heavy ion collisions
at the LHC and at RHIC create macroscopic (compared to the relevant microscopic length scale
given by the inverse temperature) amounts of QCD matter. Studying the properties of this “QCD
condensed matter” through an active interaction between theory and experiments allows us to gain
unique insights to the behavior of the strong interaction.

One of the most important properties of QCD is asymptotic freedom: at short enough distances
¢ < 1/Aqep the interactions between colored particles become weaker. The typical separation
between particles in a relativistic thermal system is given by the inverse of the temperature £ ~ 1/T,
and one therefore expects colored elementary constituents of hadrons to become weakly coupled
at high enough temperatures T 2 Aqcp [1]. Confined bound states, hadrons, can then be expected
to melt into a plasma of more elementary colored constituents, quarks and gluons. Already the
exponentially increasing spectrum of hadronic resonances points to the existence of a limiting
temperature [2] beyond which hadronic matter is inconsistent. By now QCD is well established
as the correct theory of the strong interaction. Its thermodynamics can be solved on the lattice to
increasingly high accuracy [3]. These lattice studies confirm the transition to a deconfined phase
(a rapid crossover, not a genuine phase transition in the absence of a baryochemical potential) at a
temperature around 150MeV.

The aim of the heavy ion collision program at LHC and RHIC is to study the properties of this
deconfined matter in the laboratory with heavy ion collisions at varying energies. This is an integral
part of understanding the different aspects of the fundamental interactions of elementary particles
in the standard model. One needs to stress here that the goal is to study the properties of matter, and
not individual particles. This means that a good theoretical understanding and interpretation of the
experimental results requires studying the global characteristics of the bulk of particles produced in
a the collision. Thus one is not looking for rare and exceptional events, but the aim is to understand
the typical collision process in terms of the properties of the matter produced in it.
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The system produced in a heavy ion collision evolves in time and space in multiple phases
(see Fig. 1). Relating experimental observations to fundamental properties of QCD requires one to
build a consistent picture of all of them. Firstly one needs to understand the physics of the relevant
degrees of freedom inside the colliding nuclei. One then must calculate how these degrees of
freedom can equilibrate to a system close enough to thermal equilibrium that it can be understood
in terms of thermodynamic concepts like the “equation of state”. The plasma is not static; it lives
for a finite amount of time and during this time undergoes a rapid expansion in space into the
vacuum surrounding the collision. The standard tool for understanding this spacetime evolution
is relativistic hydrodynamics. Finally the plasma cools down enough to transition again into the
hadronic phase and flow as particles to the detectors. From all the stages of this process, distinct rare
probes (hard partons and electromagnetically interacting particles) can be emitted. They interact
with the medium as they pass through it, and give us additional information on the QCD matter
that they gent through. This talk will present a very limited and biased selection of recent advances
and open questions in these different aspects of the theoretical description of a heavy ion collision.

2. Initial stages and thermalization

The bulk of the matter forming a quark-gluon plasma in the
central rapidity region initially consists of gluons. These gluons
are the result of multiple gluon emissions in an exponentially grow-
ing cascade that starts from the valence quarks (see Fig. 2). The
probability to emit a gluon with a (small) momentum fraction x of
its parent quark or gluon is parametrically o dx/x = o dy, where

y is the rapidity of the gluon. This cascade picture of weak cou-
pling QCD therefore naturally leads to particles being produced in
a boost-invariant way to leading order: at rapidity scales Ay < 1/04
the distribution is independent of rapidity. This plateau, also seen

experimentally, should be contrasted with a strong coupling picture

that generically leads to a stopping of the colliding nuclei followed
Figure 2: Gluon cascade

by an explosion that leads to a more isotropic distribution in the o X
from the colliding nuclei

scattering angle.

When the collision energy is large enough, the available phase
space for gluon emissions compensates for the smallness of the coupling constant ¢;. Eventually, at
a high enough /s, the occupation numbers of gluonic states become classical (in the sense of clas-
sical fields, not particles), i.e. of order f(k) ~ AyA, ~ 1/0. This leads, even when the coupling
is small, to a breakdown of the perturbative expansion in terms of powers of gA,,. For momenta of
the order of some characteristic momentum scale Qs the system is dominated by the nonlinearities;
the interaction terms in the Yang-Mills Lagrangian. This typical transverse momentum scale Qy is
known as the saturation scale; below it the nonlinear interactions of gluons limit the exponential
cascade of gluon emissions. At higher energies even more gluons can be emitted; the saturation
scale thus grows with energy. At some point Qs > Aqcp, and a weak coupling expansion can be
used. Due to the high densities this cannot, however, be organized as a conventional perturbative
expansion, but must be thought of as an expansion around a nonperturbatively large classical field.
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Many recent attempts to un-

derstand initial particle production

in a heavy ion collision are based IP-Glasma

on the idea of gluon saturation [6],
either using a classical field calcu-
lation or a more perturbative pic-
ture. As an example, Fig. 3 shows
the energy density at a time of
0.2fm after the collision in the
IPglasma model [4]. This is a
numerical solution of the classi-
cal Yang-Mills equations for the
gluon fields radiated from classi-
cal color sources, taken from a
McLerran-Venugopalan (MV) [7]
model Gaussian probability distri-
bution. The magnitude and trans-
verse coordinate dependence of the

T=0.2 fm/c

Figure 3: Energy density in the transverse plane at 0.2fm after a
heavy ion collision from the [Pglasma [4] model, which is based
on the color field radiated from a color charge distribution fit to
HERA DIS data [5].

color charge density is taken from a fit to HERA data [5], yielding a prediction without, at least
in principle, any free parameters. An interesting feature that sets the [Pglasma model apart from

many others is the presence of energy density fluctuations also at subnucleon size scales, resulting

ultimately from quantum fluctuations in the degrees of freedom in the colliding nuclei.

The “glasma”[9] fields in the
initial stages of the collisions are,
to leading order in the coupling o,
boost invariant. This invariance, at
the level of fields configurations,
corresponds in a quasiparticle pic-
ture to a system of gluons with mo-
menta only in the transverse direc-
tion, i.e. a very anisotropic sys-
tem. The expansion of the sys-
tem in the longitudinal direction
tends, in the absence of strong
enough interactions, to make this
anisotropy even greater due to a
redshift of the longitudinal compo-
nents of the gluon momenta. A
great deal of progress has been
made quite recently in understand-
ing how this initial state can man-
age to isotropize into something
close enough to local thermal equi-
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ing particles, viscous hydrodynamics and the QCD effective ki-
netic theory that interpolates between them, from Ref. [8].
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Figure 5: Comparisons of ALICE data with a hydrodynamical model [12] for specific parametrizations of
the temperature-dependent viscosity of QCD matter 7 /s, top left: charged particle pr-spectra for different
collision centralities, top right: probability distributions for azimuthal harmonic coefficients of the momen-
tum distributions “v,’s” and bottom: correlations between the directions of different “reaction planes,” i.e.
the directions in the transverse plane determined by different azimutghal Fourier harmonics of particle cor-
relations.

lirium to be understood in terms of viscous relativistic hydrodynamics. The theoretical framework
that allows one to follow this development in the weak coupling picture is provided by the so called
QCD effective kinetic theory (EKT) [10]. The EKT includes, in addition to hard 2 — 2 scatterings,
also an effective 1 — 2 splitting that allows one to resum n — n + 1 scatterings that contribute at
the same order in the coupling due to an enhancement by a large collinear logarithm. Figure 4
shows the result of a recent EKT calculation [11, 8] in a longitudinally expanding system that starts
from the very anisotropic glasma initial state and matches smoothly to a viscous hydrodynamical
description at a relatively early time. This calculation has now finally enabled us to follow, in a
first principles QCD calculation, the time evolution of the system from the initial classical color
fields to plasma close enough to local thermal equilibrium to be describable in terms of viscous
hydrodynamics.
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3. Global characterization of heavy ion event with hydrodynamics

Hydrodynamical simulations are the most common and successful way of obtaining a global
theoretical description of heavy ion events. In addition to the initial conditions described above,
what is needed are two additional physical ingredients. Firstly, one solves the equations of motion
of hydrodynamics, which consist simply of the conservation of energy and momentum:

OuTHY = 0. 3.1)

Secondly, to close this system of equations, one needs constituent relations between the compo-
nents of the energy momentum tensor. For ideal hydrodynamics, i.e. a fluid in full local thermal
equilibrium, the only one required is the equation of state p(g, ), expressing the pressure as a
function of energy density and conserved charges (most importantly the baryon number). In vis-
cous hydrodynamics the fluid can deviate from a local thermal equilibrium, and one also needs
transport coefficients that relate these deviations to gradients of the fluid velocity. These are all
in calculable (although not easily) from QCD, and thus fundamental properties of the standard
model. The system is then evolved in time until it expands and cools enough to freeze out into
noninteracting particles.

The freezeout from a hydrodynamical simulation generates particle distributions that can di-
rectly be compared to experimental ones. Thus the predictive power of the framework is very
strong, as it allows for a simultaneous comparison of theory to experiment for a multitude of soft
observables. A modern hydrodynamical description (Fig 5 shows the results of Ref. [12] as an
example) should, for example, describe the pr-spectra (both the yields and mean transverse mo-
menta) of hadrons, the azimuthal cosn¢ Fourier harmonics of multiparticle correlations “v,,’s”,
and correlations between azimuthal angles corresponding to the planes of harmonics with different
harmonic number n. All of this information can be calculated and measured for identified hadrons,
and for different centrality classes of collisions. All in all, the quantity of experimental observables
that can be described simultaneously is quite remarkable.

A current trend in hydrodynami-

cal simulations is to move from demon- 0.6 Prior range

strating that one can describe the exper- —— Posterior median

imental data towards extracting QCD ol 90% CR

medium properties from it in a sta-

tistically well defined unbiased way. =

A recent example of this probram is 0.2}

the Bayesian global fit strategy demon-

strated in Ref. [13]. A particular feature KSS bound 1/47
this work is the rather flexible model- 00615 0.20 0.25 0.30
independent parametrization of the ini- Temperature [GeV]

tial entropy density in the transverse . . o
L ) Figure 6: Estimate for the QCD matter viscosity from [13].
plane, which is taken as a generalized

mean

(Ta(xr))” + (TB<XT>>P> ’ (3.2)
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Figure 7: Hydrodynamical calculations of the charged multiplicity [14] compared to ALICE data and of the
elliptic flow coefficient v, [15] compaerd to PHOBOS as a function of rapidity.

of the densities of the colliding nuclei Ty z(x7), which are fluctuating superpositions of individ-
ual nuclei within the nucleus. The fit to experimental heavy ion data favor values around p ~ 0,
which is consistent with semihard initial particle production as in the gluon saturation picture.
The current estimate for the viscosity is shown in Fig. 6. At this stage it should be regarded as
a proof-of-principle result that the statistical framework can indeed converge to a meaningful re-
sult. The inclusion of more experimental data will allow for a more flexible fit parametrization
for the temperature dependent viscosity, and we are likely to see further improvements from these
calculations.

In spite of encouraging successes, the
hydrodynamical description of heavy ion

collisions still has room for improvement on
the theoretical front, in order to exploit an
even wider set of experimental data. One yet
poorly understood aspect of the initial con-

12(Na,Np)

ditions is the dependence on rapidity, and in

i i i - 085 L -
particular correlations between different ra 3D-Glasma ag=0.3  —
s qels : s 1; 3D-Glasma ag=0.15 ...
pidities. Calculations for the rapidity depen- 0.8 |- AMPT 0-5% (N,=4.5) — - iy
dence are mostly only available in the form 075 SDMCG 0-6% L ,
of parametric estimates or string-type mod- 9 U3 ! 12 2
Na

els of the initial conditions (e.g. [17, 14, 15]).

A few recent predictions from these on the . , .
Figure 8: Decorrelation between event planes (i.e. the

directions of azimuthal anisotropy in the transverse
plane) as a function of rapidity separation, from [16].

rapidity dependence of the particle multiplic-
ity and second azimuthal anisotropy coeffi-
cent vy are shown in Fig. 7. Currently we
have some idea of how to calculate correlations at large rapidity separations from a microscopic
theory [18], but no few concrete realizations of these ideas (see however [19, 20, 16] and Fig 8).

Including viscosity in the hydrodynamical calculation enables one to exted it further from local
thermal equilibrium. Hydrodynamics only cares about the energy momentum tensor and is agnostic
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concerning the internal degrees of freedom that make it up. But at the freezeout hypersurface the
energy-momentum tensor has to be converted into a distribution of hadrons. In thermal equilibrium
there is a unique way to do this, but the deviations from equilibrium make the situation more
complicated. The question of these *“viscous corrections to freezeout” in particular limits our ability
to extend the hydrodynamical description to higher momentum particles, where these corrections
are large. At some point in the high momentum tail of the distribution, hadrons cease to be a part
of the medium and must be understood as nonthermal hard probes interacting with it.

4. Small systems and the limits of collectivity

The success of the hydrodynamical description in heavy ion collisions has led the community
to look for the limits of the collective behavior. At the higher collision energies, and with the high
luminosity allowing one to select extremely high multiplicity events in proton-proton and proton-
nucleus collisions, the LHC has produced some of its most fascinating recent results. These systems
had previously been though of as “small” ones, where collective effects and quark gluon plasma
formation would not be expected. There is a lively discussion going on in the field about the limits
of collectivity: how small of a system can one still meaningfully describe with hydrodynamics?
Are all the signals in larger collision systems that have heretofore been attributed to collectivitity
indeed such, if they also appear in ever smaller systems? In this conference we have also heard
in several talks, that another community is now approaching the same questions from a different
point of view: Monte Carlo descriptions that have so far worked well for soft particle production
in proton-proton collisions are increasingly having problems describing the very high multiplicity
events.

Figures 9 and 10 show some recent experimental results from small collision systems, in both
cases concentrating on “elliptic flow” coefficients in high multiplicity proton-nucleus and proton-
proton collisions. These correlations are usually thought of as hallmark signals of collective final
state interactions, i.e. the presence of a genuine matter whose spatial size and lifetime are large
compared to the microscopic scales at this energy. These experimental observations have prompted
questions on alternative mechanisms in terms of multiparticle correlations present already in the
wavefunctions of the colliding particles. Indeed it has become clear that there are strong angular
correlations between the color fields (gluons) already in the incoming nuclei [22]. These corre-
lations then become visible in the particles that are produced in the collision [23, 24], and could
produce an effect that mimics a hydrodynamical flow correlation.

In the standard hydrodynamical picture elliptic flow, or more generally multiparticle azimuthal
correlations, are generated in the following way. The initial energy density of the plasma is not ra-
dially symmetric. For example, an in an off-central collision (i.e. with a nonzero impact parameter
between the centers of the collinding nuclei) the overlap in the transverse plane of the two nuclei
has an almond-like elliptical shape. This almond-like shape is parametrized in terms of the initial
state ellipticity &, which measures the cos2¢@-deformation of the distribution of matter in space.
More generally, fluctuations of the positions of the individual nucleons within a nucleus (including
these fluctuations has been one of the most important advances in hydrodynamical calculations in
recent years) lead to fluctuations in the energy density of the plasma in the transverse plane. The
fluctuations can be parametrized in terms of a power spectrum of harmonic coefficients &,. The
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Figure 9: Two particle correlation analyzed either as a two-dimensional correlation function (yield per
trigger) in the azimuthal angle — pseudorapidity plane (top, bottom left) or as flow coefficients v, (i.e. the
coefficient of a cos(n¢) asymmetry in a single particle distribution, bottom right), from ATLAS [21].

presence of energy density fluctuations means that there are temperature and pressure gradients
in the transverse plane. When this energy density consists of collectively interacting matter (i.e.
behaves hydrodynamically) the anisotropic pressure gradients lead to anisotropic forces acting on
the matter, which in turn leads to an anosotropic acceleration. In the initial state, the momentum
distributions of produced particles must be locally isotropic, at least in the case of known particle
production mechanisms in QCD. During the time evolution of the plasma, however, the anisotropic
acceleration of the fluid cells of leads to an anisotropy in the momentum distributions, and even-
tually in the detected particles. This anisotropy is parametrized by the variable v,, the coefficient
of the cosn@ term in an azimuthal angle Fourier series of the momentum distribution of all the
particles in one event.

Thus in the hydrodynamical picture one starts from an anisotropy in coordinate space which,
due to a macroscopic lifetime of the system spent under the effect of collective interactions, turns
into a momentum-space anisotropy involving all the particles in the event. This is to be contrasted
with correlations from momentum conservation in e.g. dijet events. Here particles are also corre-
lated with a cos2¢ pattern, but the correlation only involves particles originating from the same
dijet. In a high-multiplicity collision this latter kind of an effect is present in two-particle cor-
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Figure 10: A recent measurement of the four-particle cumulant ¢;{4}, where the subscript refers to the
harmonic cos(2¢) and the coefficient is extracted from a four-particle correlation function to suppress the
effect of dijet-like back-to-backl correlations. Note the sign change as a function of total charged multiplic-
ity in the event, denoting a change from a two-particle-correlation dominated regime with ¢;{4} > 0 to a
multiparticle correlation involving most of the particles produced in the collision ¢;{4} < 0. Measured by
the CMS collaboration [25].

relations, but is completely washed out by the combinatorics when all the produced particles are
correlated with each other e.g. in a 4-particle cumulant methdod (thus the importance of multipar-
ticle cumulants, see Fig. 10).

In a collision of two lead ions the size of the plasma fireball is large, of the order of the nu-
clear radius which is much larger than the inverse temperature (or mean free path) in the plasma.
For large collision systems the the initial geometry as parametrized by &,’s is controlled by the
well known density of nucleons inside a nucleus and relatively independent of the microscopic
dynamics. Thus we can with a good confidence attribute the success of hydrodynamical calcula-
tions to the presence of genuine collectivity in the system. The similar effects seen in collisions
of smaller systems have led to several hydrodynamical calculations to explain them in a similar
framework [26, 27, 28]. Although the “hydrodynamical response function” transforming the initial
coordinate space asymmetries &, to final state momentum space ones is by now well known also
here, the initial coordinate space asymmetry itself is not understood well enough. In contrast to
large systems, for small systems the geometry depends on length scales smaller then the nucleon
size, and thus on the the microscopical particle production mechanism. For small systems this
generates differences of more than a factor of 2 in the coefficients g, between different commonly
used models of initial particle production [29].

Fortunately there are ways to solve this puzzle, with additional efforts from theory to exploit a
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broader array of experimental data. One important aspect of this is to use higher order cumulants
(e.g. the 4-particle correlation results such as shown in Fig. 10) to descriminate flow- and non-
flow effects. Any non-hydrodynamical mechanism purporting to explain the flow-like signatures
in terms of initial state gluon correlations in momentum space must also be able to reproduce the
structure of higher cumulants, which could provide a very strong discriminating factor for these
calculations. For a more detailed discussion of different implementations [30, 31, 32, 33] of initial
state angular correlations see e.g Ref. [34]. Another experimental result that is only now starting
to be utilized are correlations between different rapidities. In a purely geometrical initial condition
model for hydrodynamics, particle production at all rapidities is controlled by the same positions
of the original sources of particles, leading to an infinite range correlation in the rapidity direction.
As discussed in Sec. 3, more microscopical models will lead to a decorrelation between different
rapidities and can be used to distinguish between mechanisms generating azimuthal correlations
in coordinate or momentum space. Finally, the statistical hadronization from near thermal equi-
librium, as in a hydrodynamical picture, produces a specific “mass ordering” between flow signals
(and mean transverse momenta etc) for identified hadrons. This is basically due to the fact that for
a given flow velocity (common to all particle species) heavier particles have a larger momentum.
This mass ordering is seen in the v, data for small systems, and has been taken as a clear sign of
collective behavior. The situation is less clear if the system is far from equilibrium, because describ-
ing hadronization is more difficult. A recent preliminary study [35] combined classical Yang-Mills
evolution with hadronization using the Lund string fragmentation model. A mass ordering similar
to hydrodynamics was seen for both (pr) and v,. This indicates that the hadron specied dependence
is a more generic effect of hadronization, and should thus not by itself be taken as a confirmation
of hydrodynamic behavior.

In any case, for small systems azimuthal multiparticle correlations can be generated by both
hydrodynamical flow, and by coherent effects in the color fields of the colliding projectiles. The
first mechanism becomes parametrically more important as the system grows larger and its lifetime
increases. The second one, on the other hand, is relativley larger for smaller systems, where the
fluctuations in the color fields are not averaged out as efficiently [36]. Quantitatively sorting out
the relative importance of these two effects will still require more careful theoretical work, and a
simultaneous comparison to many experimental observables.

5. Hard and electromagnetic probes

Perhaps the largest consequence for heavy ion physics of the increase in center of mass energy
from RHIC to the LHC is the presence of very high energy jets. The combinatorial background
in a heavy ion collision is much higher that in proton-proton events, so a sufficiently high pr is
required to meaningfuly cluster produced particles into jets. Jets, and more generally other hard
probes of the collision, do not form a part of the plasma. In stead the jet should be thought of as
an external calibrated probe whose production cross section can be calculated from first principles
and which interacts with the QCD matter medium as it passes through it.

The LHC measurements of jet cross sections, dijet correlations etc. have prompted a flurry of
theoretical advances that are impossible to describe here in any very significant detail. The basic
qualitative picture emerging from these studies (see e.g. [37, 38, 39, 40, 41, 42, 43]) is that of

10
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the leading particle losing energy due to scatterings from the medium. Because of a loss of color
coherence caused by interactions with the medium, this cascade can be described in terms of a
probabilistic branching process. Only when the energy has cascaded into very soft particles at the
medium scale, does the energy scatter outside of the jet cone into very large angles. The signature
of this process, indeed seen in the experiments, is that the jet that loses energy to very large angle
scattering outside the jet cone, but the fragmentation of the part of the jet remaining inside the cone
is relatively unmodified by the medium.
The medium itself is parametrized by a

“transport coefficient” g, which parametrizes ~ [
> [
the transverse momentum squared accumu- g i
. . et 0F
lated per unit length by a traversing fast par- v E
ticle. Recently first NLO corrections to the c 5|
jet-medium interaction have been calculated, E 10 f
leading to a renormalization of this coeffi- s B
cient that absorbs the leading logarithmic de- 3 15 -
. = [
pendence on the medium length of these cor- ¢ ok
rections [45, 46, 40]. o i
As has been emphasized several times %- 251 ,
in this conference [47], these theory devel- Y Y S O T S S
0 0.2 0.4 0.6 0.8 1

opments do not become fully meaningful un-
til they are impletented in Motne Carlo event

generators. There are now several competing Figure 11: Modification energy within a jet in a

groups working on porting these new theo- nucleus-nucleus collision compared to proton-proton
retical developments into generators, either  collisions at different angles from the cone axis: en-
new or constructed as modifications of exist- ergy is lost by radiation by the particles colinear to
ing vacuum jet Monte Carlos [48, 49, 50, 51, the jet axis and transferred by large angle scattering to

521. large angles, from [44].

Photons and dileptons are a different
type of a perturbative probe of the deconfined medium. Unlike jets, they escape from the fire-
ball practically without interactions. In stead, they can be produced directly by the medium as
thermal radiation in addition to the production mechanisms that are present also in proton-proton
collisions. Thermal photons are important as the only direct probe emitted from the deconfined
plasma stage. On the other hand, the interpretation of the photon measurements is complicated by
the presence of several other photon sources, in particular “direct photons” and hadronic decays.
Here one has very recently been edging towards a solution of a major outstanding issue for several
years referred to as the “photon v, puzzle”. In short, calculations have found it very difficult to
simultaneously describe the observed large photon yield and the rather large photon elliptic flow
v,. The large yield by itself would naturally result from a higher thermal photon emission rate from
the early plasma phase. But when the plasma is hot, it is not yet flowing very fast, and these early
time photons have a very small v,. The large observed v,, on the other hand, seems to point towards
a dominance of photon emission from the late hadronic stage when the matter has a large azimuthal
asymmetry, but then it becomes difficult to explain the yield. The solution to this issue seems not to
reside in a single improvement, but depends on various factors such as the hadronic thermal photon

11



Theory overview of Heavy Ion collisions

Tuomas LAPPI

2 T T T
10 ALICE (2015) r—o—1 0.2
Direct ——
< 1 Tgermal ------
) L romptg === 4
%', 10 Non-Cocktinl ——————— E
e 0.15
& 100 ¢
o —~
>Z o
S10tt 201
[ >
o N
(E >
S 1072 ¢ N
~ Pb-Pb 0-20%
Vs=2.76 Tev0 AN N 0.05

> 103 \
o ]
o 3 ]
5 2 Aiinpnnooe
© = ]
) 0 .

0 05 1 15 2 25
pr (GeV)

~ +—e—i ALICE (prelim)
- — Direct
Thermal

- Pb-Pb 0-40% —
TVs=2.76 TeV | 3 i

C o
[ S I
L tq
”
’
P
’

0“‘0‘.5“1 15é253
pr (GeV)

Figure 12: Comparison of photon yields and elliptic flow coefficients with ALICE data, from the calcula-

tion [53].

emission rates and the effects of bulk and shear viscosity on the hydrodynamical evolution. The
results of a recent calculation [53] including both emissions from the hydrodynamical medium and

perturbative “direct” processes is shown in Fig. 12.

The term “open heavy flavor” refers to
heavy quarks not bound in c¢¢ or bb bound
states. To a first approximation a heavy
quark meson such as the D is a proxy for
a single heavy quark which is created in a
perturbative process and then has to propa-
gate in the plasma, before hadronizing. The
LHC experimental result is that the nuclear
modification of the spectrum of heavy quark
mesons at semihard and high transverse mo-
menta is very similar to that of light hadrons,
as demonstrated e.g. in Fig 13. While at
first sight this might not seem so surpris-
ing, it is made nontrivial by the fact that
the theoretical treatments of heavy and light
mesons invoke very different physics. For
light hadrons the spectrum is usually thought
of in terms of a two component picture of
an exponentially falling thermal one and a

25.8 pb™(5.02 TeV pp) + 404 pb™ (5.02 TeV PbPb)

- CMS [=]R,D°
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L —*— R,, charged hadrons
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Figure 13: CMS result [54] for the suppression of D-
meson production with respect to the proton-proton
baseline scaled by nuclear geometry, i.e. Ra4.

power law perturbative tail from the fragmentation of quenched jets. This results in the charac-
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Figure 14: ALICE and PHENIX results for J/y nuclear suppression at LHC and RHIC energy [55].

teristic first falling, then increasing nuclear modification ratio Rq4 as a function of pr. Heavy
quarks, on the other hand, are not obviously produced thermally, but do interact with the medium,
being “pushed around” by thermal motion and following the flow of the plasma. In spite of this very
different physical picture, some recent calculations are able to reproduce rather well the features
seen in the data.

Quarkonia, e.g. the ever-important J/y, are the quintessential semihard QCD probe. They are
perturbative enough to be at least qualitatively understood in weak coupling but nevertheless light
enough to be copiously produced and strongly interacting. Quarkonia have long been advertised as
the QGP thermometer [56], which would sequantially melt and disappear from the measurements
as the temperature of the plasma is raised with higher collision energy. In reality it turns out that the
thermometer is more complicated than thought: as shown in Fig 14 J/y production is suppressed
less, not more at LHC energies compared to RHIC. In order to fully understand the systematics of
the QGP thermometer one needs to understand very accurately quarkonium production in proton-
proton collisions, the nuclear effects on the production, the bound state dissociation in a thermal
medium using the lattice, the propagation in the medium that leads to a boost with the flow and
affects the pr spectrum, and finally contributions from a regeneration of new ¢¢ bound states from
thermal charm quark pairs in the medium. The community is making progress in all of these
aspects, but there is still much work to do befor the “simple” probe of the QGP is understood.

6. Conclusions

To conclude, there has been a huge progress in systematically extracting fundamental prop-
erties of quark-gluon matter from experiment. The main theoretical tool in this work is a global
description of soft observables using relativistic hydrodynamical simulations. These allow for a
simultaneous computation of quantities that can directly be compared to experimental results.
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Nevertheless, there is still much work to do to beter understand QCD in a dense and hot
environment. In nucleus-nucleus collisions jets and heavy quarks can be used to understand the
properties of the medium by their interactions with energetic colored particles, and electromagnetic
probes provide additional independent constraints on the spacetime evolution of the plasma.

Proton-nucleus and proton-proton collisions have turned out to be much more interesting than
was believed before the LHC started. They have to be studied carefully to understand “cold”
nuclear matter effects for the production of perturbative probes: high pr particles, heavy quarks
and electromagnetic probes. In addition to serving as a control experiment, these small collision
systems have also revealed strong effects pointing towards collective behavior. Understanding the
precise nature of this collectivity is and will be an active and interesting topic for research in the
years to come.
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