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Asymptotic freedom; confinement; chiral symmetry breaking; 
mass generation; new phases of matter; a rich hadronic spectrum; etc

QCD: An apparently simple lagrangian hides a wealth 
of emerging phenomena

High-energy nuclear collisions are the experimental tools to access 
(some of) these collective properties - high density states of matter
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Some of the questions accessible 
with heavy-ion collisions

nucleus A

 What is the structure of hadrons/nuclei at high energy?
 color coherence effects in the small-x partonic wave function
 fix the initial conditions in well-controlled theoretical framework

 Is the created medium thermalized? How?
 presence of a hydrodynamical behavior

 what is the mechanism of thermalization in a non-abelian gauge theory?

 What are the properties of the produced medium?
 identify signals to characterize the medium with well-controlled observables
 what are the building blocks and how they organize?
 is it strongly-coupled? quasiparticle description? phases?

Initial State

Final State
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Newest questions

[see I. Lokhtin talk in this session]
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GLUONS Q2 = 1.69GeV 2

SEA QUARKS Q2 = 1.69GeV 2

6

Nuclear PDFs
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3. Quantitative constraints: reweighting of EPS09

p
s

Figure 3. The preliminary CMS dijet data [11] compared to pre-
dictions with di↵erent PDFs. Figure adapted from [12].

As Figure 3 already indicated, EPS09 agrees with the
CMS data. However, to better understand what kind of
further constraints these data might provide, we invoke the
method of Hessian PDF reweighting [14, 15]: We recall
that the central set of EPS09 corresponds to a minimum of
a certain global �2-function which can be expanded in the
vicinity of the minimum as

�2{a} ⇡ �2
0 +
X

i j

(ai � a0
i )Hi j(a j � a0

j ) = �
2
0 +
X

i

z2
i . (2)

Here, ai denote the fit parameters (the best fit corresponds
to ai = a0

i ) and Hi j is the second-derivative matrix (the
Hessian matrix) which has been diagonalized in the last
step. The central PDF set S 0 corresponds to the origin of
this “z-space” and the PDF error sets S ±k are defined by
zi(S ±k ) = ±

p
��2�ik, where ��2 = 50 for EPS09. If we

were to include a new set of data into our global fit, we
would naturally add its �2-contribution on top of every-
thing else in Eq. (2). Now, as the the PDF error sets are
available we can realize this approximately by defining
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and, in this way, �2
new becomes a quadratic function of the variables zi and it has a well-defined minimum denoted here

by zi = zmin
k . The corresponding set of PDFs f new

i (x,Q2) can be computed by
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After finding the minimum, one can also construct the new error sets similarly as sketched above.

Figure 4. Left-hand panel: The EPS09 nuclear modification RG(x,Q2 = 1.69 GeV2) before and after the reweighting with CMS p+Pb dijet data.
Right-hand panel: As the left-hand panel but giving the dijet data an extra weight of 10.

3

Nuclear PDFs extracted from global fits / DGLAP
 New constraints from the proton-lead run

Large uncertainties in the gluon distributions at small-x
 Relevant to pindown the relevance of non-linear effects

[Zurita, Paukkunen et al]

[see talk by A Sidoti]
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Non-linear eqs. - Multiparticle production

Screening leads to non-linear terms. E.g. Balitsky-Kovchegov eqs.

(unintegrated) gluon distributions fitted to HERA data reproduce pp
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[Albacete, Dumitru 2011]
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Non-linear eqs. - Multiparticle production
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�µT
µ� = 0

Tµ�
= (�+ p)uµu� � pgµ� + viscosity corrections

+ Equation of state

Does not address the question on how thermal equilibrium is reached
 Far from equilibrium initial state needs to equilibrate fast (less than 1fm)

Most of the theoretical progress in the last years:
 Viscosity corrections
 Fluctuations in initial conditions 
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Elliptic flow - a strong signal of  hydro behavior

Remember the Euler eq.

Make a Fourier decomposition
 Elliptic flow is the second component

Page 2

Anisotropies in the initial spacial distributions - geometry - translate into 
anisotropies in the momentum distributions

@�

dt
= � c2

✏+ P
rP

✏ = 3P =) @
x

P > @
y

P

Transverse plane 
of the collision



Lowest viscosity known - perfect liquid sQGP
 AdS/CFT bound [Policastro, Son, Starinets, 2001]

11

Fluid behavior from hydro: viscosity of  the QGP

⌘

s
� 1

4⇡
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FIG. 14. (Color online) Centrality dependence of the flow coefficients vn{2} from the charged hadron 2-particle cumulants inp
sNN = 2.76 TeV Pb+Pb collisions at the LHC (panel (a)), and the coefficients v2{2}, v3{2}, and v4{3} from the charged hadron

2- and 3-particle cumulants in 200 GeV Au+Au collisions at RHIC (panel (b)), computed for the five ⌘/s(T ) parametrizations
shown in Fig. 1. Experimental data are from ALICE [140] and STAR [130, 141, 142].

FIG. 15. (Color online) Panel (a): Fluctuation spectra of the final-state v2 of charged hadrons (solid curves) and of the initial
state "2 (dashed) in the 5�10 % centrality class in

p
sNN = 2.76 TeV Pb+Pb collisions at the LHC, computed with the pQCD

+ saturation initial states and ⌘/s = 0.20, and with the Glauber-model initial states using ⌘/s = 0.10. The experimental data
are from ATLAS [28]. Panel (b): The same but for the 35-40% centrality class.

demonstrating the necessity of fluid dynamics in describ-
ing the detailed response to the initial eccentricities, see
also Ref. [145]. The fluctuation spectra of the higher
harmonics v3 and v4 are also well reproduced with the
pQCD+saturation initial conditions, but they do not
show similar sensitivity to the initial conditions as the
v2 fluctuations.

Figure 16 shows the P (�v2) distribution of charged
hadrons in the same 35�40 % centrality class with pQCD
+ saturation initial conditions as panel (b) of Fig. 15, but
with three different ⌘/s(T ) parametrizations: ⌘/s = 0.20,
⌘/s = param4, and ⌘/s = 0. As can be seen from the fig-
ure, the final �v2 distribution is the same with all three
⌘/s parametrizations. This is true even in the perfect
fluid limit ⌘/s = 0. This shows that even if the fluid

dynamical evolution plays a crucial role in getting the
final v2 distributions correctly reproduced in the periph-
eral collisions, they are still a good probe of the initial
conditions, because they do not depend on the details of
the fluid dynamical evolution.

Then, a very interesting question is how directly the
final-state v2 distribution can reflect the initial state "2

distribution (and vice versa). If v2 and "2 are, to a suf-
ficient approximation, linearly correlated, v2 / "2, then
the scaled distributions P (�v2) and P (�"2) are naturally
identical. As seen from the panel (a) of Fig. 15, this is
the case in central collisions. However, as noticed from
the panel (b), the distributions are not anymore the same
in peripheral collisions, indicating that there must be de-
viations from the linear relation. What complicates the

Hydro models provide excellent description of data
 Initial conditions of the (partial differential) equations needed
 Data constrain the value of the viscosity of the medium

[N
iem

i, Eskola, Paatelainen 2015]

[See talks by R Preghenella; I Altsybeev]
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Hydro: description of  the data
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FIG. 12. (Color online) Transverse momentum spectra of charged hadrons in
p
sNN = 2.76 TeV Pb+Pb collisions at the LHC

(panel (a)) and 200 GeV Au+Au collisions at RHIC (panel (b)), in the same centrality bins as in Fig. 11, computed for the
five ⌘/s(T ) parametrizations shown in Fig. 1. Experimental data are from ALICE [135], STAR [136] and PHENIX [137]. For
visibility, the curves and the data points have been shifted by increasing powers of 10.

FIG. 13. (Color online) Centrality dependence of the average pT for pions, kaons and protons in
p
sNN = 2.76 TeV Pb+Pb colli-

sions at the LHC (panel (a)) and 200 GeV Au+Au collisions at RHIC (panel (b)), computed for the five ⌘/s(T ) parametrizations
shown in Fig. 1. Experimental data are from ALICE [138] and PHENIX [139].

[Niemi, Eskola, Paatelainen 2015]
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Event-by-event fluctuations

 LHCP2015 - St Petersburg                                                      Understanding Heavy-Ion data

Anisotropic initial conditions : all harmonics (in particular odd) present

January 25, 2013 1:14

HYDRODYNAMIC MODELING OF HEAVY-ION COLLISIONS 17

The additional color charge fluctuations in the IP-Glasma model naturally lead to
negative binomial fluctuations in the event-by-event multiplicity and the correla-
tion length of the fluctuations in the transverse plane is of the order of the inverse
saturation scale 1/Qs as desired.

In Fig. 5 we show a comparison of initial energy densities from an MC-Glauber,
the MC-KLN and the IP-Glasma model using the same distribution of nucleons
in the incoming nuclei. In the MC-Glauber model every wounded nucleon was as-
signed a two dimensional Gaussian energy density with a width of �

0

= 0.4 fm. The
MC-KLN result was obtained using the publicly available code mckln-3.52 [171].
IP-Glasma results are shown for two di↵erent times, ⌧ = 0.01 fm/c and ⌧ = 0.2 fm/c

after Yang-Mills evolution. The evolution smoothens the initially very distinct struc-
tures noticeably. Because of the additional subnucleonic fluctuations, the IP-Glasma
model produces the finest granularity, typically leading to larger fluctuation driven
odd eccentricities [154,155].
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Fig. 5. Comparison of the initial energy density (arbitrary units) produced by the MC-Glauber,
MC-KLN and IP-Glasma models. All events have the same configuration of nucleons and impact
parameter b = 4 fm to emphasize how di↵erent model descriptions a↵ect the structure of the energy
density. The finest structure is obtained in the IP-Glasma model, which includes subnucleonic color
charge fluctuations. Yang-Mills evolution to ⌧ = 0.2 fm/c smoothens this structure before it enters
a hydrodynamic simulation.

Apart from MC-Glauber and CGC based frameworks, there are several parton-
and hadron-cascade models that are being used to determine fluctuating initial
conditions. These are for example UrQMD [135], EPOS [172], and AMPT [173,174],
all using Monte-Carlo techniques to compute initial particle production and then

A useful tool to study the initial conditions and thermalization
 Role of saturation of partonic densities intensively investigated

[Gale, Jeon, Schenke 2013]

[See talk by G Herten]
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The ridge
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Fluctuations produce also long-range rapidity correlations
 The ridge observed in high-multiplicity proton-proton, proton-lead, and lead-lead
 Common origin?? - role of thermalization?

[See talk by A Ohlson]
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Hard Probes
 Long distance terms modified by the presence of medium

 Nuclear PDFs and new (non-linear) evolution equations
 Modification of hadronization probes the medium properties
 EW processes (no hadronization) used as benchmark

16

Nuclear PDFs Hadronization
      paradigmatic exampleJ/ 

�

AB!h = f

i
A(x1, Q

2)⌦ f

j
B(x2, Q

2)⌦ �(ij ! k)⌦Dk!h(z, Q
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 Nuclear PDFs and new (non-linear) evolution equations
 Modification of hadronization probes the medium properties
 EW processes (no hadronization) used as benchmark

16

Nuclear PDFs Hadronization
      paradigmatic exampleJ/ 

�

AB!h = f

i
A(x1, Q

2)⌦ f

j
B(x2, Q

2)⌦ �(ij ! k)⌦Dk!h(z, Q

2)

 Background subtraction of “cold” nuclear matter effects

 proto-nucleus needed: nuclear PDFs badly constrained at small-x

 LHCP2015 - St Petersburg                                                      Understanding Heavy-Ion data
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Quarkonia suppression

 Simple intuitive picture [Matsui & Satz 1986]

 Potential screened at high-T
 Bound states not possible
 Suppression of J/Psi in nuclear collisions
 Sequential suppression of excited states

Lattice results for spectral functions
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Figure 4: Spectral functions ρ(ω), normalised with the heavy quark mass, in
the vector (Υ) channel (upper panel) and in the pseudoscalar (ηb) channel (lower
panel) for all temperature available. The subpanels are ordered from cold (top
left) to hot (bottom right). Every subpanel contains two adjacent temperatures
to facilitate the comparison.

our case. The temperature dependence of the width is shown in Fig. 5 (bottom
panel). Note that the width is normalised with the temperature. The error bars
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Interpretation of the data traditionally difficult

[Ding, et al. 2012]

[A
arts et al. 2011]

Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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Suppression of  quarkonia

Julia Velkovska                 Hard Probes 2013, Stellenbosch, South Africa 

Quarkonia probe initial temperature  

Suppression ordered  
by binding energy  

12 

PRL107 (2011) 052302, JHEP 05 (2012) 063 
PRL109 (2012) 222301, CMS-PAS-HIN-12-014 
CMS-PAS-HIN-12-007,  CMS-PAS-HIN-12-001 Suppression ordered by binding energy

 Quarkonia as a termometer [J Velkovska Hard Probes 2013]
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Suppression in one plot

4 

How to measure if a probe is affected by the medium? 

RAA = ratio between the production yield in PbPb and the production yield in pp, 
normalized by the number elementary collisions  

RAA = σpp × TAA 

NAA 

TAA= overlap nuclear function 
Estimated with Glauber model 
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Reconstructed jets 
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Larger jet suppression for central than peripheral events.
Full jet energy is not captured in heavy ion events for jets with radii R=0.2 and 0.3.
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Figure 5: Differential jet shapes in PbPb and pp collisions are presented for different centrality
bins for pjet

T > 100 GeV/c with track pT > 1 GeV/c (top panels) . The background is subtracted
by h reflection. Results from data are shown as black points while the open circles show the
reference pp. In the bottom row, the ratio of the PbPb and pp jet shapes is shown. The blue
band shows the total systematic while the error bars indicate the statistical errors.
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are statistical.
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Jet fragmentation

[see talks by A Sidoti; L Cunqueiro and G Bruno]
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Figure 5: Differential jet shapes in PbPb and pp collisions are presented for different centrality
bins for pjet

T > 100 GeV/c with track pT > 1 GeV/c (top panels) . The background is subtracted
by h reflection. Results from data are shown as black points while the open circles show the
reference pp. In the bottom row, the ratio of the PbPb and pp jet shapes is shown. The blue
band shows the total systematic while the error bars indicate the statistical errors.
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Jet fragmentation
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Figure 5: Differential jet shapes in PbPb and pp collisions are presented for different centrality
bins for pjet

T > 100 GeV/c with track pT > 1 GeV/c (top panels) . The background is subtracted
by h reflection. Results from data are shown as black points while the open circles show the
reference pp. In the bottom row, the ratio of the PbPb and pp jet shapes is shown. The blue
band shows the total systematic while the error bars indicate the statistical errors.
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Figure 6: Integrated jet shapes are presented for different centrality bins for pjet
T > 100 GeV.

The background is subtracted by h reflection. By construction y(r = 0.3) = 1. Error bars
shown are statistical. The blue band corresponds to total systematic error. Error bars shown
are statistical.
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Jet fragmentation

Dijets in PbPb - asymmetry in central collisions  

PLB 712 (2012) 176 

D. Krofcheck ICHEP, Melbourne Dijet Imbalance in 2.76 TeV PbPb Collisions 9 

[see talks by A Sidoti; L Cunqueiro and G Bruno]
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Figure 5: Differential jet shapes in PbPb and pp collisions are presented for different centrality
bins for pjet

T > 100 GeV/c with track pT > 1 GeV/c (top panels) . The background is subtracted
by h reflection. Results from data are shown as black points while the open circles show the
reference pp. In the bottom row, the ratio of the PbPb and pp jet shapes is shown. The blue
band shows the total systematic while the error bars indicate the statistical errors.
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Figure 6: Integrated jet shapes are presented for different centrality bins for pjet
T > 100 GeV.

The background is subtracted by h reflection. By construction y(r = 0.3) = 1. Error bars
shown are statistical. The blue band corresponds to total systematic error. Error bars shown
are statistical.
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Jet fragmentation

Dijets in PbPb - asymmetry in central collisions  

PLB 712 (2012) 176 

D. Krofcheck ICHEP, Melbourne Dijet Imbalance in 2.76 TeV PbPb Collisions 9 

[see talks by A Sidoti; L Cunqueiro and G Bruno]
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Qualitative description: jet collimationPage 3

Lessons from experimental data on jet reconstruction
  Suppression similar to inclusive hadrons for similar pT 
  Fragmentation functions are mildly modified - more in soft
  Jet shapes have mild modifications
  Azimuthal decorrelation of di-jets almost unmodified 
  Energy taken by soft particles at large angles

Page 3
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[Casalderrey-Solana, Milhano, Wiedemann, 2010]
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Coherence and decoherence in the antenna
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A new picture of  jet quenching
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The parton shower is composed of un-modified subjets (vacuum-like)
 With a typical radius given by the medium scale 
 For medium-induced radiation each subject is one single emitter

Also, 1st calculation of 1->3 splitting performed in SCET and 1st order in opacity expansion
 [Fickinger, Ovanesyan, Vitev 2013; see also Arnold, Iqbal 2015]

[Casalderrey-Solana, Mehtar-
Tani, Salgado, Tywoniuk 2012]

http://arxiv.org/find/hep-ph/1/au:+Fickinger_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Fickinger_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Ovanesyan_G/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Ovanesyan_G/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Vitev_I/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Vitev_I/0/1/0/all/0/1
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A resummation scheme
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included in the current J). In deriving this result, we have summed over the polarization

vectors with the help of the completeness relation
P

� ✏

i
�(k)✏⇤j� (k) = �

ij . This process,

depicted in Fig. 2, has a probabilistic interpretation, with the wavy line representing the

probability (2.19).
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Figure 3. Graphical illustration of the equation (2.21). The thick wavy lines represent the proba-

bility P for transverse momentum broadening, the black dot is the splitting probability K, and the

circled cross is the cross section of the hard process producing a gluon of momentum p0.

It will be our main goal in this paper to show that the cross section for the process

where one gluon splits into two gluons under the e↵ect of medium interactions can be

given an analogous probabilistic interpretation. Our subsequent calculations will lead to
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and it is understood that z = k
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+

0

. This result can be interpreted as a classical branch-

ing process, illustrated in Fig. 3: after propagating from t

0

to t, during which it acquires a

transverse momentum q�p

0

, the original gluon splits into gluons a and b with a probabil-

ity ⇠ ↵sK(p � zq, z, q

+) that depends upon the longitudinal momentum q

+ of the parent

parton, the longitudinal momentum fraction z = p

+

/q

+ carried by gluon a, and the trans-

verse momentum di↵erence p � zq. (The conservation of longitudinal momentum implies

of course p

+

0

= q

+ = k

+

a + k

+

b with k

+

a = p

+ = zq

+.) After the splitting, the two gluons a

and b propagate through the medium from t to tL, and thus acquire some extra transverse

momentum.

Note that, in Eq. (2.21), the splitting occurs instantaneously at time t, that is, the

e↵ective splitting vertex K(p � zq, z, q

+) is local in time. Moreover, the transverse mo-

mentum is conserved at the splitting, meaning that one neglects the additional momentum

– 12 –

Factorization possible for                  t
form

⌧ L
[Blaizot, Dominguez, Iancu, Mehtar-Tani]

Simple probabilistic interpretation - rate equations
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Remarkable progress in the last years
 Finite-x corrections to the splitting probability
 Role of coherence understood
 New resummation schemes - rigorous parton shower close
 Next orders in alphaS
 Computations of qhat in lattice
 Renormalization of qhat
 Monte Carlo implementations
 ...

A new theory of jets in a medium is being developed
 Several topics need improvements: large angle radiation; jet-medium coupling; role of 

collisional energy loss; improved Monte Carlo implementations

[Many groups contributing to these theoretical searches - see talk by M Djordjevic]



Summary
Nucleus-nucleus data

 Good description by hydrodynamical models - extraction of viscosity - 
role of initial conditions

 Remarkable progress on the theory of jet quenching

 Improving picture of quarkonia suppression

New questions open by the proton-lead run

 Collective behavior compatible with hydrodynamics

 Alternative explanations possible - initial state/CGC

 Hard processes in good agreement with nuclear PDFs 

 Thermalization in small systems?
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Centrality of  the collision

Geometry plays a crucial role in heavy-ion collisions
 Access to different geometries (media) 
 Experimental control through different global event distributions

Centrality of the collision refers to the amount of overlap 
 Central - head-on collisions - maximum overlap 
 Peripheral have small overlap

All this very simplified, reality much more complicated than this picture


