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QCD and collectivity
Standard Model built/discovered looking for the highest possible degree of simplicity

All particle content and interactions of the Standard Model discovered using this principle  
— greatest success of the reductionistic approach in Physics 

Also very successful — Complex systems with emerging behavior 
[Strongly-coupling many body systems; quantum entanglement with many d.o.f…] 

Region of transition — largely unknown 
QCD — rich dynamical content, with emerging dynamics  

that happens at scales easy to reach in collider experiments

Best available tool to study the first levels of complexity

Equilibrium AND non-equilibrium dynamics

 2



 EPS-HEP 2019 / Ghent Belgium                                                                                                                                                                      Dense QCD in heavy ions and neutron stars

QCD phase diagram
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Experimental tools 
High-energy heavy-ion coll. [high T, low nB]

LHC — pp, pPb, PbPb, XeXe, (other lighter ions under study) 
RHIC — pp, dAu, AuAu, CuCu, UU,… 

Medium energies HIC [moderate T, high nB]
RHIC Beam Energy Scan 
FAIR at GSI 
NICA at Dubna 

Cosmological observations — notably GWs
Neutron star coalescence - low T, high nB  
Future — access to QCD transition in early Universe?

QCD — rich dynamical content, with emerging dynamics  
that happens at scales easy to reach in collider experiments — e.g. EoS
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Cosmo/GW

GW???
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Neutron stars

 4

Conclusion: Sizable no man’s land extending from outer 
core to densities not realized inside physical neutron stars

Options: Use models, deform theory, or interpolate EoS
between known limits and use astrophysical constraints

Conclusion: Sizable no man’s land extending from outer 
core to densities not realized inside physical neutron stars

Options: Use models, deform theory, or interpolate EoS
between known limits and use astrophysical constraints

29

Lattice QCD  
very challenging at finite μB

Region relevant for neutron star 
structure largely unknown
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EoS determines neutron star structure
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EoS constraints from GW
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[Annala, Gorda, Kurkela, Vuorinen 2018; Annala, Gorda, Kurkela, Nattila, Vuorinen 2019;  
also Most et al. 2018; Dexheimer et al. 2019]

Further constraints for the EoS at higher and higher baryon density in future experiments FAIR, NICA

3

(see also Sec. III.A). This illustrates that they are not
subject to a significant bias arising from the choice of
basis functions, and a posteriori strengthens the conclu-
sions made in previous works [16–18, 43, 44, 46]. As the
three interpolations agree, in the following, we choose to
use the speed-of-sound interpolation. We note that the
added benefit of this method is that it allows one to keep
track of the sti↵ness of the EoS in a natural way.

III. CONSTRAINING THE NS-MATTER EOS

The next two sections are devoted to a detailed analy-
sis of our ensemble of NS-matter EoSs, constructed with
the speed-of-sound method. As detailed in Appendix A,
the approximately 570.000 EoSs are built from randomly
generated functions c2s(µB

), containing up to 5 linear in-
tervals, whereafter we vary the outlier EoSs to make sure
that the boundaries of the EoS band are stable. Note
that while we do not add discontinuous first-order tran-
sitions to our EoSs by hand, our interpolation functions
allow crossover transitions that may be arbitrarily strong,
thus closely mimicking discontinuous phase transitions
and mixed phase constructions [50].

A. Properties of the EoS band

In Fig. 2, we display our ensemble of NS-matter EoSs
obtained with the speed-of-sound interpolation method.
In deriving the result, we have required that the EoSs
support a 1.97M� NS [6, 7] and that the tidal deformabil-
ity ⇤ for a 1.4M� star satisfy 70 < ⇤(1.4M�) < 580, con-
sistent with the LIGO/Virgo bound from the GW170817
observation [18]. As noted earlier (see, e.g., [16, 44]), the
two-solar-mass constraint forces the EoS to be relatively
sti↵ at low densities, which is reflected in the rapid rise of
the interpolation functions for the pressure as a function
of energy density. At the same time, the constraint on
⇤(1.4M�) sets an upper limit for the sti↵ness, constrain-
ing the EoS band in a complementary direction.

While the astrophysical observations significantly con-
strain the behavior of the EoS in the intermediate-density
region, and the new band is more restrictive than, e.g.,
that of [16], the range of allowed EoSs still remains rel-
atively wide. A partial reason for this is the high versa-
tility of our interpolation method, which allows for very
complex structures and extreme states of matter, some
of which are unlikely to appear in Nature. Instead of im-
posing a theoretical bias and restricting the set of EoSs
by hand, we have chosen to classify the functions based
on their extremeness as quantified by the maximum value
that the speed of sound reaches and the level of fine struc-
ture that each EoS contains.

In Fig. 2, the speed-of-sound classification is performed
following a coloring scheme where EoSs corresponding to
a lower maximal value of c2s are drawn on top of the
higher ones. While we are not aware of a proven theo-
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FIG. 2: The family of all possible NS-matter EoSs, obtained
with the speed-of-sound interpolation method introduced in
this paper. The color coding refers to the maximal value that
c2s reaches at any density, while the black lines denote the
extrapolations of the low- and high-density theoretical bands
to higher/lower densities [33, 56]. The rough location of the
deconfinement transition in hot QGP is indicated as ✏

QGP

.

rem that would exclude speeds of sound exceeding the
conformal value c2s = 1/3 (see, however, [51] for an at-
tempt in this direction), we note that the bound appears
to be a very nontrivial one to break. In hot QGP, nonper-
turbative lattice simulations have shown that the speed
of sound remains subconformal [52], and in QCD mat-
ter at asymptotically high energy density the quantity is
known to approach the conformal limit from below [31].
In holographic calculations the bound has been violated,
but only in finely tuned constructions that do not di-
rectly correspond to quantum field theories realized in
Nature [53, 54]. As discussed in [55], having c2s > 1/3
furthermore corresponds to matter in which the number
of degrees of freedom decreases as a function of energy
density, which strongly goes against the partonic picture
of hadrons arising from QCD. Based on these consid-
erations, we conclude that there is a strong theoretical
reason to expect that the speed of sound never exceeds
the conformal value by a sizable amount in QCD matter.
As seen from Fig. 2, excluding those EoSs for which the
conformal limit is strongly violated, say c2s > 0.6, would
lead to significantly tighter limits for the allowed EoSs.
Another way in which some of the EoSs generated

by the speed-of-sound interpolation method are extreme
is that the interpolation functions allow for very quick
changes in the material properties of the medium in ar-
bitrarily small density windows. While such versatility is
in principle a desirable feature of the interpolator, these
structures are clearly not very likely to appear in Na-
ture. To quantify the level of local structure in our EoSs,
we classify them according to the smallest (logarithmic)
energy density interval where structures appear. In prac-
tice, this is implemented by demanding that the energy
densities at two successive inflection points ✏i and ✏i+1

where the speed of sound changes its behavior, satisfy
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FIG. 6: The size of the QM core in 2M� NSs as a function
of the maximal mass corresponding to each EoS. If M

max

⇡
2M�, the stars typically support large quark cores.

phase structure: at low densities, it is characterized by
a hadronic polytropic index � ⌘ d(log p)/d(log ✏) & 2.5,
while at high densities we have � ⇡ 1, corresponding
to nearly conformal quark matter. The transition be-
tween the two phases happens at an energy density of
400 � 700 MeV/fm3, comparable to that where quark-
gluon plasma is generated in heavy-ion collisions. We
have observed that these results are moreover indepen-
dent of the choice of basis functions used for interpolating
the EoS through the intermediate-density regime.

We have studied the constrained EoS as a function of
the maximum speed of sound it attains, motivated by
the fact that the conformal bound c2s  1/3 appears to
be nearly universally respected in physical systems. We
have identified a large number of EoSs that are not only
consistent with this bound but also all other observa-
tional and theoretical constraints. We note that while
this conclusion is seemingly ostensibly di↵erent from that
of [55], in their analysis the authors of this work too find
a number subconformal EoSs that lead to 2M� stars.

We also note that the EoSs with non-extreme speeds
of sounds are in addition in good agreement with the
most recent simultaneous NS mass-radius measurements.
This can be seen from Fig. 7, where we compare the MR-
relation stemming from our EoSs to the most recent mea-
surements corresponding to NSs in the low-mass x-ray
binary systems 4U 1702�429, 4U 1724�307, and SAX
J1810.8�2609, obtained with the x-ray-burst cooling-tail
method [12, 13]. We emphasize that this data was not
used to constrain our ensemble of EoSs. In addition,
we note that low speeds of sound are consistent with
bounds from SSS17a and GRB170817a, the EM counter-
parts of GW170817 [63–70], suggesting e⇤ > 300 [58] and
M

max

< 2.16M� [59–62].
An important finding of ours is that the cores of stars

with di↵erent masses have strikingly di↵erent properties.
On the one hand, we find that, e.g., typical binary pulsars
with M ⇡ 1.4M� do not reach central energy densities

FIG. 7: The family of mass-radius curves obtained from the
EoS ensemble shown in Fig. 2, together with three recent
simultaneous MR-measurements [12, 13]. The dark regions on
the left and top correspond to regions excluded by constraints
based on the EM counterpart of GW170817, e⇤ > 300 [58] and
M

max

< 2.16M� [59–62]. The dashed red curve denotes the
masses below which there are no NSs containing QM cores.

high enough for a QM core to form irrespective of the
maximal speed of sound attained; indeed, below the thick
red dashed curve in Fig. 7, no NSs contain QM cores of
any kind. At the same time, maximally massive stable
stars contain (typically large) quark cores unless the EoS
is truly extreme with c2s > 0.7 and a phase transition
strong enough to destabilize the star.
Finally, we find that if the maximal mass of NSs is

smaller than 2.25M�, the two most massive NSs known
to date may contain very large QM cores up to R

core

⇡
7 km; in particular, if c2s < 0.4, then the 2M� NSs con-
tain at least a 3 km quark core. That the subconfor-
mal EoS predicts a large QM core to be present in the
known J1614�2230 and J0348+0432 NSs may open up a
phenomenological way of answering an open fundamental
problem in QCD concerning whether the speed of sound
exceeds the conformal bound: if there is no quark core
inside these two stars, then we know that the bound has
been violated in QCD matter.
The existence of massive quark cores in at least some

physical NSs—or that the nucleation of QM begins so
close to the maximum mass limit—may have interesting
observable consequences. In NS mergers, currently un-
der intense observational and theoretical scrutiny [71],
the core may lead to shock waves reflecting from the
QM-HM interface inside hypermassive NSs. This may be
particularly amplified, if the conformal limit is strongly
violated in the HM phase, leading to large di↵erences in
the speeds of sound between the two phases. In addition,
the onset of the transition may give rise to increased dis-
sipation in the form of a large e↵ective bulk viscosity that
may lead to an enhanced damping of the ringdown [72].
Importantly, both of these have the potential to lead to
observable e↵ects in NS merger GW signals and the as-
sociated kilonova explosions and gamma-ray bursts.

The existence of quark-matter core found to be a common feature of the allowed EoS 



 EPS-HEP 2019 / Ghent Belgium                                                                                                                                                                      Dense QCD in heavy ions and neutron stars

Questions accessible in HIC
nucleus A

What is the structure of the colliding objects?
 Small-x region of the nuclear (hadron) wave function 
 Fix out-of-equilibrium initial stages with well-controlled theoretical framework 

What is the dynamics at the initial stages after the collision?
 Mechanism of isotropization/equilibration/thermalization — classical/quantum 
 When/how/why hydrodynamics apply? 

 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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Questions accessible in HIC
nucleus A
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 What are the properties of the produced medium?
 identify signals to characterize the medium with well-controlled observables 
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First ~5 yoctoseconds or 1.5fm/c
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Most of the theoretical progress in the last years:
 Viscosity corrections 
 Fluctuations in initial conditions 
 Emergence of hydro from kinetic eqs, holography, etc…

Far from equilibrium initial state needs to equilibrate fast (~1 fm or less)
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+ initial time  
+ freeze-out 
temperature

[Melo - parallel talk]



EoS — high temperature
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A robust tool: Lattice QCD
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QUARKONIUM

hO(U)i =
Z
DUO(U) e-SQCD
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Figure S4: The QCD trace anomaly and pressure in the 2+1+1 and 2+1 flavor theories. We also give
the four flavor NNLO HTL result at high temperatures [S1].

S3.2 Charm mass threshold in the QCD equation of state

Thanks to the lattice data that we have generated, we can present non-perturbative results for the charm
quark contribution. It is instructive to study the inclusion of the charm quark in detail. This way we can
design an analytical technique for the inclusion of the bottom quark, for which the standard formulation
of lattice QCD is computationally not feasible.

The quark mass threshold for the charm quark entering the EoS has already been estimated in
Ref. [S61]. There, the e↵ect of a heavy quark was calculated to a low order of perturbation theory.
This e↵ect was expressed as a pressure ratio between QCD with three light and one heavy flavor and QCD
with only three light flavors. When that paper was completed the lattice result for the QCD equation of
state was not yet available, but the perturbative methods were already in an advanced state.

Despite the known di�culties of perturbation theory the estimate of Ref. [S61] is very close to our
lattice result if we plot the ratio of the pressure with and without the charm quark included. We show
our lattice data together with the perturbative estimate in Fig. S6.

Though the individual values for the 2+1+1 and 2+1 flavor pressures of [S61] are not very accurate,
their ratio describes well the lattice result. This is true both for the leading and for the next-to-leading
order results (See Fig. S6).

The tree-level charm correction is given by

p(2+1+1)
(T )

p(2+1)
(T )

=

SB(3) + F
Q

(m
c

/T )

SB(3)

(S8)

where SB(n
f

) is the Stefan Boltzmann limit of the n
f

flavor theory, and F
Q

(m/T )T 4 is the free energy
density of a free quark field with mass m. In this paper we used the MS mass m

c

(m
c

) = 1.29 GeV [S68].
Order g2 in the ratio of Fig. S6 starts to be important correction below a temperature of about

2� 3TQCD

c

temperature. Near 2T
c

the di↵erence between the two approximations is 3%. The di↵erence
reduces to 0.2% at 1 GeV up to which point we have lattice data.

S3.3 Bottom mass threshold in the QCD equation of state

In the previous discussion we saw that even the tree-level quark mass threshold gives a correct estimate
for the equation of state. This allows us to introduce the bottom threshold along the same lines.

First, we remark that one can write the charm threshold relative to the 2 + 1 + 1 flavor theory:

p(2+1+1)
(T )

p(2+1+1)
(T )|

mc=0

=

SB(3) + F
Q

(m
c

/T )

SB(4)

. (S9)
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the four flavor NNLO HTL result at high temperatures [S1].
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Equation of state at      =0 is rather well known by 
lattice at moderate temperature — reasonably good 

matching with perturbative at 

μB

T ≲ 1GeV
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[Included in hydro simulations]
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Harmonics: the golden measurement 
[simplified discussion]
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Remember the Euler eqs. — and use conformal EoS                
Transverse plane 
of the collision

Initial state 
spatial 

anisotropies

Final state 
momentum 

anisotropies

@�

dt
= � c2

✏+ P
rP / �r✏

✏ = 3P

These final state momentum anisotropies are measurable, e.g.
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Some experimental results for PbPb
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pT-differential vn{m} in Pb-Pb 
collisions
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v
2
 in UPC

● Nonzero v
2
 seen in γA collisions!

● Dominated by resolved photon interactions
● No direct control over initial photon energy

● Large range of effective collision energies 

● At higher Q2, can control kinematics and interaction process better
● Does v

2
 persist in DIS region?

See talk by B. Seidlitz yesterday

2

Introduction

pp pPb PbPb

p

p

● Origin of ridge in small systems still uncertain
● Initial state effect (CGC)
● Flowing mini Quark Gluon Plasma
● MPIs
● “Escape” mechanism

● Complications from complexity of hadronic events
● Hadron structure
● Gluon ISR
● Beam remnants

● Can we simplify the system?

Hydrodynamics seem to work (too) well in all colliding systems for large multiplicities
But time scales and occupancies in small systems are small 

For some classes of problems hydro equations have attractors 
[universal solutions, independent on initial conditions]

Hydro models able to describe the harmonics from these data

[Tayalati parallel talk]
[Also plenary — Jan Fiete Grosse-Oetringhaus]



Hydro works in all systems from small to large ??

 EPS-HEP 2019 / Ghent Belgium                                                                                                                                                                      Dense QCD in heavy ions and neutron stars  11

3

v
2
 in UPC

● Nonzero v
2
 seen in γA collisions!

● Dominated by resolved photon interactions
● No direct control over initial photon energy

● Large range of effective collision energies 

● At higher Q2, can control kinematics and interaction process better
● Does v

2
 persist in DIS region?

See talk by B. Seidlitz yesterday

2

Introduction

pp pPb PbPb

p

p

● Origin of ridge in small systems still uncertain
● Initial state effect (CGC)
● Flowing mini Quark Gluon Plasma
● MPIs
● “Escape” mechanism

● Complications from complexity of hadronic events
● Hadron structure
● Gluon ISR
● Beam remnants

● Can we simplify the system?

Hydrodynamics seem to work (too) well in all colliding systems for large multiplicities
But time scales and occupancies in small systems are small 

For some classes of problems hydro equations have attractors 
[universal solutions, independent on initial conditions]

Hydro models able to describe the harmonics from these data

[Tayalati parallel talk]
[Also plenary — Jan Fiete Grosse-Oetringhaus]

2

2−

0

2

η∆
0

2

4

φ∆

4
6
8

10

φ
∆d

η
∆d

p
a

ir
N

2 d
 

tr
ig

N
1

 = 91GeVs hadrons, → -e+ALEPH e

)| < 0.94
lab

θ 35, |cos(≥ trkN

 > 0.2 GeVlab

T
p

Lab coordinates

2−

0

2

η∆
0

2

4

φ∆

1.5

2

2.5

3

Thrust coordinates

FIG. 1: Two-particle correlation functions for events
with N

trk

� 35 in the lab coordinates (left) and thrust
coordinates (right) analyses. The sharp near-side peaks
arise from jet correlations and have been truncated to
better illustrate the structure outside that region.

The analysis is performed with a procedure similar to
previous studies of two-particle correlation functions [3].
For each event, the e�ciency corrected di↵erential yield
of the number of charged-particle pairs ( d

2
N

same

d�⌘d�� ) is cal-
culated. Here the superscript ‘same’ indicates that both
particles in the pair come from the same event. This
di↵erential yield is scaled by the corrected number of
charged particle tracks in the event (Ncorr

trk

) averaged over
all events of interest. This forms the per-charged-particle
yield of particle pairs:

S(�⌘,��) =
1

Ncorr

trk

d2Nsame

d�⌘d��

. (1)

A mixed-event background correlation function pairing
the charged particles in one event with associated charged
particles in 12 random events (5 in MC simulation stud-
ies) with similar event multiplicity is also calculated:

B(�⌘,��) =
1

Ncorr

trk

d2Nmix

d�⌘d��

, (2)

where N

mix denotes the e�ciency corrected number of
pairs taken from the mixed event. This mixed-event
background correlation function, when scaled by B(0, 0),
represents the pair acceptance of the detector when parti-
cles in the pair are uncorrelated. Experimentally, B(0, 0)
is calculated by using pairs with |�⌘| < 0.32 and |��| <
⇡/20. Thus, the acceptance-corrected di↵erential yield
of particle pairs is given by

1

Ncorr

trk

d2Npair

d�⌘d��

= B(0, 0)⇥ S(�⌘,��)

B(�⌘,��)
. (3)

To study the event multiplicity dependence of the cor-
relation function, the analysis is performed with events
in 5 multiplicity intervals classified by the number of re-
constructed charged particle tracks (N

trk

) with p

lab

T

> 0.2
GeV/c. The multiplicity ranges used, the corresponding
fraction of the total sample, and the average number of
tracks for each multiplicity class before (hN

trk

i) and after

N
trk

range Fraction of data (%) hN
trk

i hNcorr

trk

i
[5, 10) 3.1 8.2 8.9
[10, 20) 59.2 15.2 15.8
[20, 30) 34.6 23.1 23.4
[30,1) 3.1 32.4 32.6
[35,1) 0.5 36.9 37.2

TABLE I: Fraction of the full event sample for each
multiplicity class. The last two columns show the

observed and corrected multiplicities, respectively, of
charged particles with p

lab

T

> 0.2 GeV/c and
| cos ✓

lab

| < 0.94.

detection e�ciency correction (hNcorr

trk

i) are summarized
in Table I.
The analysis is first performed with lab coordinates,

similar to previous analyses at hadron colliders. In a hy-
drodynamics picture, the lab coordinate analysis is sen-
sitive to the QCD medium expanding transverse to the
beam axis. However, this coordinate system, although
identical to what was used in the studies of heavy ion
collisions, may not be the most suitable for the analy-
sis of e+e� collisions. Instead, using a coordinate system
with the z axis defined by the outgoing qq̄ from the Z de-
cay enables a search for signal associated with the QCD
medium expanding transverse to this direction. Experi-
mentally, the thrust axis is closely related to the outgoing
qq̄ direction and is used to define the coordinate system
for the thrust coordinate analysis. For the purposes of
calculating the thrust direction, an extra particle corre-
sponding to the unreconstructed momentum of the event
is included. This reduces the e↵ects of detector ine�cien-
cies on the final correlation function. Then every track
passing quality selections has its kinematic variables (p

T

,
⌘, �) recalculated using the thrust axis to replace the role
of the beam axis. The variation of the thrust axis direc-
tion causes the ALEPH detector acceptance in the thrust
coordinates to vary on an event-by-event basis. This is
accounted for by recalculating the kinematics for parti-
cles in mixed events with respect to the thrust axis in the
signal event. The ⌘ and � distributions of the charged
tracks in the mixed events are then reweighted to match
that of signal events.
The systematic uncertainty of the result is evaluated

following a procedure similar to previous ALEPH stud-
ies [19]. The required number of hits a track leaves in the
ALEPH time projection chamber was varied from 4 to 7.
From this variation, the tracking uncertainty is estimated
to be 0.7% in the lab coordinate analysis and 0.3% in the
thrust coordinate analysis. The hadronic event selection
was studied by changing the required charged energy in
an event to be 10 GeV instead of 15 GeV. This only af-
fects the lowest multiplicity bin, where an uncertainty
of 0.6% (3.4%) is quoted for the lab (thrust) coordinate
analysis. A small correlated uncertainty of 0–0.1% (0.1–
0.9%) on the value of B(0, 0) in the lab (thrust) coordi-

[Badea et al. 2019]

Reanalyzed ALEPH data do not 
show signs of collectivity
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Initial production &  
 longitudinal squeeze
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radiation

⌧/⌧Hydro ⇠ 0.1 ⌧/⌧Hydro ⇠ 0.3 ⌧/⌧Hydro ⇠ 1

Kinetic equilibration ``bottom-up” via radiative break-up 8

[Arnold, Moore, Yaffe 2001; Kurkela, Zhu 2015; Keegan, Kurkela, 
Mazeliauskas, Teaney 2016; Kurkela Mazeliauskas, Paquet, 

Schlichting, Teaney 2019…] 

Evolution of boost-invariant system with kinetic eqs.

[Bottom-up thermalization — Baier, Mueller, Schiff, Son 2001]

[Classical statistical/lattice gauge theory…] 
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Large-x partons — the color source for wee partons:

3

INTRODUCTION
pA (dilute-dense) collisions within CGC

(DμFμν)a(x−, ⃗x T) = δν+ρa( ⃗x T)δ(x−)

"x[ρ]
[Balitsky-Jalilian-Marian-Iancu-McLerran 
-Weigert-Leonidov-Kovner, 1996-2002]

[L. McLerran, R. Venugopalan, 1993]

dσqA→2j

d3p1d3p2
∼ ∫ d2x

(2π)2
d2x′�
(2π)2

d2y
(2π)2

d2y′�
(2π)2 e−i ⃗p T1⋅( ⃗x T − ⃗x ′�T)e−i ⃗p T 2⋅( ⃗y T − ⃗y ′�T)

× ψ*z ( ⃗x ′�T − ⃗y ′�T) ψz ( ⃗x T − ⃗y T)
× {S(6)

x ( ⃗y T, ⃗x T, ⃗y ′�T, ⃗x ′�T) − S(4)
x ( ⃗y T, ⃗x T, z̄ ⃗y ′ �T + z ⃗x ′�T)

−S(4)
x (z̄ ⃗y T + z ⃗x T, ⃗y ′�T, ⃗x ′�T) − S(2)

x (z̄ ⃗y T + z ⃗x T, z̄ ⃗y ′�T + z ⃗x ′�T)}
S(2)

x ( ⃗y T, ⃗x T) = 1
Nc

⟨Tr U( ⃗y T)U†( ⃗x T)⟩x

S(4)
x ( ⃗zT, ⃗y T, ⃗x T) = 1

2CF Nc
⟨Tr [U( ⃗zT)U†( ⃗y T)] Tr [U( ⃗y T)U†( ⃗x T)]⟩x

−S(2)
x ( ⃗zT, ⃗x T)

U( ⃗x T) = ) exp {ig∫
+∞

−∞
dx+ A−

a (x+, ⃗x T) ta}
[C. Marquet, 2007]

Color Glass Condensate provides a 
general framework to compute initial 

stages in dilute-dense or dense-dense 
regimes

[P
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tr 
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`Bottom-up´ thermalization for over-occupied gluons

J. Berges

S
ören S

chlichting

Baier, Muller, Schiff, Son, PLB (2001) Evolution stages of initially over-occupied gluons:

Berges, Boguslavski, Schlichting, Venugopalan, PRD (2014); Kurkela, Zhu, PRL (2015); Keegan, Kurkela, 
Mazeliauskas, Teaney, JHEP (2016); Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney, PRL (2019)

o talk by Aleksas Mazeliauskas

In dense-dense I.C. usually 
computed by solving the Color YM 
equations with classical sources
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Forward-forward jets
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One generic prediction of CGC dynamics is broadening —  
proposal: best seen in forward-forward jets

[Krzysztof Kutak - parallel talk 
See Marat Siddikov for predictions on J/Psi]Data: number of dijets normalized to number of single inclusive jets. We can not calculate that.

We can compare shapes.

Procedure:   fit normalization to p-p data. Use that both for p-p and p-Pb. Shift p-Pb data

The procedure allows for visualization of broadening

Signature of saturation in forward-forward dijets 

           van Hameren, Kotko, Kutak, Sapeta '19
ATLAS 1901.10440 

Checks of CGC the relevance/presence of dynamics of utmost importance



Jets are extended objects - ideal to study space-time evolution
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No color rotation (color survival)
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In-medium parton propagators 
[A complete set of Feynman rules can be written]

 16

Eikonal approximation, the medium is a background classical field Aa
μ(x)

G(t2, x⊥,2; t1, x⊥,1 |E) = 𝒫∫ 𝒟r exp {i
E
2 ∫ dξ [ dr

dξ ]
2

+ ig∫ dξ n ⋅ A(ξ, r)}

W(x⊥) = 𝒫 exp {ig∫ dξ n ⋅ A(ξ, x⊥)}

The dynamics in the transverse plane is described by 
usual Quantum Mechanics (Feynman path integral) 

E → ∞

Medium is extended — space-time needed [purely momentum not suitable]

Color rotation — Wilson line

W(x⊥) ≃ 1
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Intra-jet color coherence

 17

Tb
pµb

pb · k

Tc
pµc

pc · k

k

ω
dN
d3k

∼
αs

ω2 [CF (ℛq − 𝒥) + CF (ℛq̄ − 𝒥) + Ca𝒥]
q

q̄

q

q̄

Color coherence - number of effective emitters for soft gluon radiation

Radiation by total 
charge when the pair 
cannot be resolved

!

dN

d

3
k

⇠ ↵s

!

2
[CF (Rq � S(x?, y?)J ) + CF (Rq̄ � S(x?, y?)J ) + CaS(x?, y?)J ]

A medium rotates color and can break color coherence

S(x⊥, y⊥) ≡
1

N2
c − 1

Tr ⟨U(x⊥)U†(y⊥)⟩med
≃ exp {−

1
4

̂q t (x⊥ − y⊥)2}
Survival prob — medium cannot resolve 
distances smaller than 

 

Known vacuum result 
— antenna radiation — 

angular ordering…

1/ ̂qt

[Mehtar-Tani, Tywoniuk, 
Salgado; Casalderrey-

Solana, Iancu…]
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Medium-induced radiation
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K(y0,u; y,y) =

Z u(y0)

y(y)
Dr exp

(
i
!

2

Z
d⇠

✓
dr(⇠)

d⇠

◆2
)

˜P(y0, y, r)

t
form

!
dI

d!dk
⇠ ↵sCR

Z
dy

Z
dy0

Z
du eik·u @u · @yK(y0,u; y,y)

���
y=0

P̃(L, y0;u)

[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others… starting in the mid-90’s] 

I II III

Where the Kernel is given by the path integral

M

M⇤

During formation time k2
⊥ ∼ ̂q tform ⟹ tform ∼ ω/ ̂q

2

and parameterize the vacuum spectrum by a power law,
d2�jet

p-p/d
2
p? / p

�n

? , with the exponent n ' 5.6 extracted
from experimental data [14]. The nuclear modification
factor is defined as

R

jet
AA

⌘
d2N jet

Pb-Pb(p?)
�
d2p?

TAA d2�jet
p-p(p?)

�
d2p?

, (1)

where TAA is the nuclear overlap function. The inclu-
sive spectrum of jets after passing the medium can be
computed by convoluting the jet cross-section in vac-
uum, proportional to the quark cross-section, with the
distribution of quarks, Dmed

q

after passing through the
medium,

d2N jet
Pb-Pb(p?)

TAA d2p?
'
Z 1

0

dx

x

D

med
q

⇣
x,

p?
x

, L

⌘d2�jet
p-p

�
p?
x

�

d2p?
,(2)

where x is the fraction of the original quark energy car-
ried by the quark after escaping the medium. For sim-
plicity, the geometry of the collision is accounted for on
average in terms of averaged values for L and q̂. Medium
e↵ects due to induced radiation encoded in the distribu-
tion of quarks are found by solving the following kinetic
rate equation [11, 15]

@

@L

D

med
i

(x, p?, L) =

Z 1

0

dzK
ij

⇣
z,

x

z

p?;L
⌘

⇥
h
D

med
j

⇣
x

z

, p?, L
⌘
� z D

med
j

(x, p?, L)
i
, (3)

where the partonic distributions are xdNmed
i

/dx ⌘
D

med
i

(x, p?, L) with i = q, g [20]. The equation is gov-
erned by the branching rate, of parton j into parton i,
per unit time, K

ij

(z, p?; t), which can be derived directly
from the one-gluon emission spectrum [10],

Z
L

0

dtK
ij

(z, p?; t) =
↵

s

2⇡
P

ij

(z) ln

����cos
(1 + i)L

2 tbr

���� , (4)

where ↵

s

is the strong coupling constant (in this work,
↵

s

= 0.5 [16]), P
ij

(z) are the (unregularised) Altarelli-
Parisi splitting functions and tbr ⌘

p
z(1� z)p?/q̂e↵ is

the branching time where z is the fraction of the energy
of parton j carried by parton i. Finally, the e↵ective
transport coe�cient probed in course of the branching is
q̂e↵ = 1

2

�
1+ z

2 + [2C2(j)/CA

� 1](1� z)2
�
q̂, where C2(j)

is the color factor of the parton with label j, and q̂ is
consistently referring to the quenching parameter in the
adjoint representation.

The form of the branching rate employed in this Let-
ter, Eq. (4), is valid in the multiple scattering regime.
It is characterized by the maximal gluon induced energy
!

c

= q̂L

2
/2. The spectrum is regulated in the infrared

when tbr is of the order of the mean free path �mfp,
which corresponds to the Bethe-Heitler (BH) frequency
!BH = q̂�

2
mfp. We model this regime by regularizing the
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FIG. 1. Calculation of the quenching factor with !c = 80
GeV, Eq. (1), as a funtion of jet p? for central Pb-Pb col-
lisions. The dark (red) band includes the variation of !BH

around a central value of 1.5 GeV. The light (grey) band in-
cludes, in addition, a variation of !c 2 [60, 100] GeV. The
experimental data are taken from [4].

branching time, i.e., tbr ! tbr+�mfp and refer to [11, 17]
for further details on the derivation of Eq. (3).
The extracted distribution D

med
q

(x, p?, L) of quarks
originated from a quark is used to compare the results
from Eq. (1) with experimental data on the nuclear modi-
fication factor of fully reconstructed jets in 0–10% central
collisions from CMS [4]. We have allowed !BH to vary
between 0.5 and 2.5 GeV to gauge the uncertainty re-
lated to the infrared sector. This allows us to extract a
value of !

c

= 80 GeV, see Fig. 1. For the purpose of
illustration, we have also studied the sensitivity to !

c

by
allowing it vary around the central value, see Fig. 1.
In order to settle on a self-consistent set of parame-

ters, we will from here on use a mean jet path length
of L = 2.5 fm for 0–10% central Pb-Pb collisions. This
choice is slightly reduced compared to the typical root
mean square of the nuclear overlap in central Pb-Pb col-
lisions motivated by the inherent surface bias of inclu-
sive jet observables [18]. The value of L together with
the extracted value of !

c

allows to relate all remaining
medium parameters. We notice further that all relevant
parameters vary only mildly within the range of relevant
L values and can therefore be expected to be well de-
scribed by their average values. For example, we extract
the average transport coe�cient q̂ = 5.1 GeV2/fm.
A crucial feature of the rate equation Eq. (3) is that it

describes quasi-democratic branchings of soft gluons and
leads to turbulent flow of energy up to large angles [11].
A particularly suited observable to study these e↵ects is
therefore the fraction of jet energy still remaining inside

[Balizot, Dominguez, Iancu, Mehtar-Tani 2013; Jeon, Moore 2005]

Factorization for 
soft gluons

Rate equations



 EPS-HEP 2019 / Ghent Belgium                                                                                                                                                                      Dense QCD in heavy ions and neutron stars

Medium-induced radiation

 18

K(y0,u; y,y) =

Z u(y0)

y(y)
Dr exp

(
i
!

2

Z
d⇠

✓
dr(⇠)

d⇠

◆2
)

˜P(y0, y, r)

t
form

!
dI

d!dk
⇠ ↵sCR

Z
dy

Z
dy0

Z
du eik·u @u · @yK(y0,u; y,y)

���
y=0

P̃(L, y0;u)

[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others… starting in the mid-90’s] 

I II III

Where the Kernel is given by the path integral
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and parameterize the vacuum spectrum by a power law,
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where TAA is the nuclear overlap function. The inclu-
sive spectrum of jets after passing the medium can be
computed by convoluting the jet cross-section in vac-
uum, proportional to the quark cross-section, with the
distribution of quarks, Dmed
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after passing through the
medium,
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where x is the fraction of the original quark energy car-
ried by the quark after escaping the medium. For sim-
plicity, the geometry of the collision is accounted for on
average in terms of averaged values for L and q̂. Medium
e↵ects due to induced radiation encoded in the distribu-
tion of quarks are found by solving the following kinetic
rate equation [11, 15]
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where the partonic distributions are xdNmed
i
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(x, p?, L) with i = q, g [20]. The equation is gov-
erned by the branching rate, of parton j into parton i,
per unit time, K

ij

(z, p?; t), which can be derived directly
from the one-gluon emission spectrum [10],
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where ↵

s

is the strong coupling constant (in this work,
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= 0.5 [16]), P
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(z) are the (unregularised) Altarelli-
Parisi splitting functions and tbr ⌘

p
z(1� z)p?/q̂e↵ is

the branching time where z is the fraction of the energy
of parton j carried by parton i. Finally, the e↵ective
transport coe�cient probed in course of the branching is
q̂e↵ = 1
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q̂, where C2(j)

is the color factor of the parton with label j, and q̂ is
consistently referring to the quenching parameter in the
adjoint representation.

The form of the branching rate employed in this Let-
ter, Eq. (4), is valid in the multiple scattering regime.
It is characterized by the maximal gluon induced energy
!
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2
/2. The spectrum is regulated in the infrared

when tbr is of the order of the mean free path �mfp,
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FIG. 1. Calculation of the quenching factor with !c = 80
GeV, Eq. (1), as a funtion of jet p? for central Pb-Pb col-
lisions. The dark (red) band includes the variation of !BH

around a central value of 1.5 GeV. The light (grey) band in-
cludes, in addition, a variation of !c 2 [60, 100] GeV. The
experimental data are taken from [4].

branching time, i.e., tbr ! tbr+�mfp and refer to [11, 17]
for further details on the derivation of Eq. (3).
The extracted distribution D

med
q

(x, p?, L) of quarks
originated from a quark is used to compare the results
from Eq. (1) with experimental data on the nuclear modi-
fication factor of fully reconstructed jets in 0–10% central
collisions from CMS [4]. We have allowed !BH to vary
between 0.5 and 2.5 GeV to gauge the uncertainty re-
lated to the infrared sector. This allows us to extract a
value of !

c

= 80 GeV, see Fig. 1. For the purpose of
illustration, we have also studied the sensitivity to !

c

by
allowing it vary around the central value, see Fig. 1.
In order to settle on a self-consistent set of parame-

ters, we will from here on use a mean jet path length
of L = 2.5 fm for 0–10% central Pb-Pb collisions. This
choice is slightly reduced compared to the typical root
mean square of the nuclear overlap in central Pb-Pb col-
lisions motivated by the inherent surface bias of inclu-
sive jet observables [18]. The value of L together with
the extracted value of !

c

allows to relate all remaining
medium parameters. We notice further that all relevant
parameters vary only mildly within the range of relevant
L values and can therefore be expected to be well de-
scribed by their average values. For example, we extract
the average transport coe�cient q̂ = 5.1 GeV2/fm.
A crucial feature of the rate equation Eq. (3) is that it

describes quasi-democratic branchings of soft gluons and
leads to turbulent flow of energy up to large angles [11].
A particularly suited observable to study these e↵ects is
therefore the fraction of jet energy still remaining inside

[Balizot, Dominguez, Iancu, Mehtar-Tani 2013; Jeon, Moore 2005]

Factorization for 
soft gluons

Rate equations
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where TAA is the nuclear overlap function. The inclu-
sive spectrum of jets after passing the medium can be
computed by convoluting the jet cross-section in vac-
uum, proportional to the quark cross-section, with the
distribution of quarks, Dmed
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where x is the fraction of the original quark energy car-
ried by the quark after escaping the medium. For sim-
plicity, the geometry of the collision is accounted for on
average in terms of averaged values for L and q̂. Medium
e↵ects due to induced radiation encoded in the distribu-
tion of quarks are found by solving the following kinetic
rate equation [11, 15]
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(x, p?, L) with i = q, g [20]. The equation is gov-
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from the one-gluon emission spectrum [10],
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Parisi splitting functions and tbr ⌘

p
z(1� z)p?/q̂e↵ is

the branching time where z is the fraction of the energy
of parton j carried by parton i. Finally, the e↵ective
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It is characterized by the maximal gluon induced energy
!
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FIG. 1. Calculation of the quenching factor with !c = 80
GeV, Eq. (1), as a funtion of jet p? for central Pb-Pb col-
lisions. The dark (red) band includes the variation of !BH

around a central value of 1.5 GeV. The light (grey) band in-
cludes, in addition, a variation of !c 2 [60, 100] GeV. The
experimental data are taken from [4].

branching time, i.e., tbr ! tbr+�mfp and refer to [11, 17]
for further details on the derivation of Eq. (3).
The extracted distribution D

med
q

(x, p?, L) of quarks
originated from a quark is used to compare the results
from Eq. (1) with experimental data on the nuclear modi-
fication factor of fully reconstructed jets in 0–10% central
collisions from CMS [4]. We have allowed !BH to vary
between 0.5 and 2.5 GeV to gauge the uncertainty re-
lated to the infrared sector. This allows us to extract a
value of !

c

= 80 GeV, see Fig. 1. For the purpose of
illustration, we have also studied the sensitivity to !

c

by
allowing it vary around the central value, see Fig. 1.
In order to settle on a self-consistent set of parame-

ters, we will from here on use a mean jet path length
of L = 2.5 fm for 0–10% central Pb-Pb collisions. This
choice is slightly reduced compared to the typical root
mean square of the nuclear overlap in central Pb-Pb col-
lisions motivated by the inherent surface bias of inclu-
sive jet observables [18]. The value of L together with
the extracted value of !

c

allows to relate all remaining
medium parameters. We notice further that all relevant
parameters vary only mildly within the range of relevant
L values and can therefore be expected to be well de-
scribed by their average values. For example, we extract
the average transport coe�cient q̂ = 5.1 GeV2/fm.
A crucial feature of the rate equation Eq. (3) is that it

describes quasi-democratic branchings of soft gluons and
leads to turbulent flow of energy up to large angles [11].
A particularly suited observable to study these e↵ects is
therefore the fraction of jet energy still remaining inside

[Balizot, Dominguez, Iancu, Mehtar-Tani 2013; Jeon, Moore 2005]

Factorization for 
soft gluons

Rate equations
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Hard splittings with small formation time cannot be resolved by the medium
First hard splitting + DLA — most of the cascade is vacuum-like (with energy loss on top)3
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FIG. 1. Schematic representation of the phase-space available
for VLEs, including an example of a cascade with “1” the last
emission inside the medium and “2” the first emission outside.

(ii) First emission outside the medium The gluons
produced inside the medium are not yet on-shell: their
virtualities are as large as their transverse momenta,
themselves bound by the multiple scattering inside the
medium: k

2

?

�
p
!q̂ � ⇤2, with ⇤ the QCD confine-

ment scale. These partons will thus continue radiating,
but their next VLE must occur outside the medium, with
a large formation time 2/(!✓2) � L, i.e. with an energy
! ⌧ !L(✓) ⌘ 2/(L✓2). This implies the existence of a
gap in the energy of the VLEs, between the lower limit
!

0

(✓) on the last gluon emitted inside the medium, and
the upper limit !L(✓) on the first gluon emitted outside

the medium. Since !

0

(✓) = !L(✓) = !c for ✓ = ✓c the
gap exists only for ! < !c, as shown in Fig. 1.

No angular ordering. Besides the gap in the phase-
space, the medium has another important e↵ect: the first
emission outside the medium can violate angular order-
ing. (A similar idea appears in [18].) Indeed, all the in-
medium sources with ✓ � ✓c satisfy t

coh

(✓) ⌧ L and thus
lose color coherence after propagating over a distance L

in the medium. These sources can then radiate at any

angle.2 On the contrary, the sources with angles smaller
than ✓c (hence ! & !c; see Fig. 1), are not a↵ected by
the medium. They behave as if they were created outside
the medium and can radiate only at even smaller angles.

Energy loss after formation. After being created in-
side the medium via VLEs, the partons cross the plasma
over a distance of order L and hence lose energy via
medium-induced radiation — essentially, as independent
colour sources. Whereas this is the main mechanism for
the energy loss by the jet as a whole, it is less impor-
tant for the jet fragmentation. Indeed, the typical gluons

2 Notice the di↵erence in this respect between in-medium sources
emitting inside or outside the medium.

produced via medium-induced radiation are soft, with
! . ↵̄

2

s!c. Via successive democratic branchings [4, 5],
they transfer their energy to many very soft quanta prop-
agating at large angles ✓ > ✓qq̄ [19–21]. Hence, such emis-
sions do not matter for the particle distribution inside
the jet.3 Furthermore, they do not significantly a↵ect
the sources for VLEs: the energy loss is important only
for the sources in a small corner of the phase-space, at
low energies ! . ↵̄

2

s!c and large angles, ✓2 & (1/↵̄3

s)✓
2

c ,
cf. Eq. (1). We have checked that the e↵ect of introduc-
ing a lower limit ↵̄

2

s!c on the energies of the VLEs is
numerically small. A complete phenomenological picture
of jet evolution in the medium would include medium-
induced emissions but, since they go beyond our current
level of approximation, we leave this for future work.
(iii) Emissions from sources created outside the

medium. After a first emission outside the medium, the
subsequent emissions follow, of course, the usual pattern
of vacuum-like cascades, with angular ordering (and en-
ergy ordering in our DLA approximation). The evolution
stops when the transverse momentum k

?

' !✓ becomes
comparable to the hadronisation scale ⇤. This implies a
lower boundary, ! & !

⇤

(✓) ⌘ ⇤/✓, on the energy of the
produced gluons, shown in Fig. 1 together with the other
boundaries introduced by the medium. The most inter-
esting region for gluon production — the most sensitive
to medium e↵ects highlighted above — is the “outside
medium” region at energies ! < !c.
Gluon distribution. Within the present approxima-

tion, it is straightforward to compute the gluon distri-
bution generated by VLEs. To that aim we compute the
double di↵erential distribution,

T (!, ✓) ⌘ !✓

2

d2N

d!d✓2
, (4)

which describes the gluon distribution in both energies
and emission angles. Consider a point with coordinates
(!, ✓) outside the medium. A generic contribution to
T (!, ✓) can be expressed as the product of a vacuum-like
cascade inside the medium, up to an intermediate point
(!

1

, ✓

1

), followed by a first emission outside the medium,
from (!

1

, ✓

1

) to (!
2

, ✓

2

) and, finally, by a genuine vac-
uum cascade, from (!

2

, ✓

2

) to the measured point (!, ✓).
This particular contribution yields (at large Nc)

T (!, ✓) = ↵̄s

Z ✓2
qq̄

✓2
c

d✓2
1

✓

2

1

Z E

!0(✓1)

d!
1

!

1

T

vac

(!
1

, ✓

1

|E, ✓qq̄)

Z
min(

2
!L ,✓2

qq̄)

✓2

d✓2
2

✓

2

2

Z
min(!1,!L(✓2))

!

d!
2

!

2

T

vac

(!, ✓|!
2

, ✓

2

) ,

(5)

3 One can show more rigorously that medium-induced emissions do
not matter at DLA. However, we believe our physical argument,
based on angular separation, to be more insightful.
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Color coherent sub-jets provide organizational principle for in-medium cascade
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Can we more directly measure the space-time development with jet observables? 

Boosted tops
(difficult with present LHC 

PbPb luminosity)

L. Apolinário EPS-HEP 2019

✦ Reconstructed W Mass as a function of 

the top pT:

✦ Useful probe of the QGP density 

evolution

✦ QGP tomography:

✦ FCC: able to scan entire QGP lifetime!

✦ HE-LHC: Limited discrimination 

between short vs long lived medium…

�7

Boosted Tops: FCC vs LHC

��

��

��

��

��

� ��� ��� ��� ���

��� ��� ��� ��� ���

������ ���� � �� ���
� ���� ��� �� ���� ����

�
���
��
��
��
��
� �

���������� ���� �������� �������

������ ������������ ������

� ��� ��� ��� ���

��� ��� ��� ��� ��� ���

��� ���������

��� ���� � �� ���
� ���� ��� �� ���� ����

����������
��������

��� ��� ����
��� ��� ����

��� � ����
��� �� ����

� ��� ��� ��� ���

��� ��� ��� ��� ��� ���

��� ���������

��� ���� � �� ���
� ���� ��� �� ���� ����

����������
��������

��� ��� ����
��� ��� ����

��� � ����
��� �� ����

��

��

��

��

��

� ��� ��� ��� ���

��� ��� ��� ��� ���

������ ���� � �� ���
� ���� ��� �� ���� ����

�
���
��
��
��
��
� �

���������� ���� �������� �������

������ ������������ ������

� ��� ��� ��� ���

��� ��� ��� ��� ��� ���

��� ���������

��� ���� � �� ���
� ���� ��� �� ���� ����

����������
��������

��� ��� ����
��� ��� ����

��� � ����
��� �� ����

� ��� ��� ��� ���

��� ��� ��� ��� ��� ���

��� ���������

��� ���� � �� ���
� ���� ��� �� ���� ����

����������
��������

��� ��� ����
��� ��� ����

��� � ����
��� �� ����

[Apolinário et al (18)]

[A
po

lin
ar

io
 e

t a
l 2

01
9]

See also talk by L. Apolinario for studies with 
formation time clustering and jet splitting function
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Inclusive high-pT particle suppression well reproduced by energy loss models —  
but traditionally problem to reproduce harmonics

3

FIG. 2. (Color online) Model calculations for (a) ⇡0 R
AA

(p
T

), (b) vexp2 (p
T

), (c) vexp3 (p
T

) in mid-central
p
s = 2.76 TeV Pb+Pb

collisions at the LHC. MCKLN initial conditions are shown in solid red while the dotted-dashed black line is for MCGlauber.
The black dotted line hMCGlauberi corresponds to results obtained neglecting any initial state fluctuations of the soft bulk
background by evolving only an event averaged smoothed initial Glauber geometry. The experimental data are taken from
Refs. [90–94].

cussed in detail in Ref. [36] where (a = 0, z = 1, c =
3, q = 0), i.e., dE/dL ⇠ L. Other dependences on
the path length will be discussed elsewhere. The jets
are distributed according to the given transverse pro-
file for the medium given by v-USPhydro. The jet path
~x(L) = ~x

0

+ n̂(�
jet

)L from a production point ~x
0

is per-
pendicular to the beam axis and moves in the direction
given by �

jet

. All jet production points with local tem-
perature above 160 MeV are taken into account. In this
study we used the KKP pion fragmentation functions
[87], which have been tested against RHIC and LHC data
[88].

FIG. 3. Event-by-event correlation between vsoft2 (computed
via viscous hydrodynamics) and vhard2 (defined in Eq. (2)).
The approximate linear correlation indicates that initial state
fluctuations, which determine vsoft2 , also directly a↵ect the
2nd harmonic of R

AA

(p
T

,�).

4. Results for R

AA

and v

n

at high p

T

. The  parame-
ter in the BBMG energy loss model is completely fixed
(for each type of initial conditions) by matching the com-
puted ⇡

0

R

AA

(p
T

= 10GeV) to all-charged data in 0-5%
most central LHC collisions (initial comparisons between
⇡

0 and all charged for v

2

of high-pT are very similiar
[89]). Our results for ⇡0

R

AA

(p
T

) in mid-central Pb+Pbp
s = 2.76 TeV collisions at the LHC and the experimen-

tal data [90, 91] are shown in Fig. 2 (a). The solid red
line corresponds to the results computed using the hydro-

dynamic evolution based on the MCKLN initial condi-
tion while the dotted-dashed black curve denotes results
computed using MCGlauber initial conditions. The black
dotted line corresponds to results obtained neglecting any
initial state fluctuations of the soft background by evolv-
ing only an event averaged, smoothed initial Glauber
geometry. While as expected R

AA

(p
T

) is robust with
respect to the inclusion of event-by-event fluctuations,
the same cannot be said about the anisotropic flow co-
e�cients v

2

(p
T

) and v

3

(p
T

), computed using (3), and
shown in Fig. 2 (b) and (c). By comparing the dot-
ted and the dashed-dotted curves (both computed us-
ing MCGlauber) one can see that the inclusion of event-
by-event fluctuations significantly enhances v

2

(p
T

) and
gives a nonzero v

3

(p
T

). The larger average eccentricity
in MCKLN gives larger v

2

(p
T

) (solid red line) in compar-
ison to MCGlauber results but the opposite is found for
v

3

(p
T

), which is in accordance with the fact that MCKLN
gives smaller values for "

3

in comparison to MCGlauber’s
(see, for instance, [63]). One can see in Fig. 2 that a rea-
sonable simultaneous description of R

AA

and v

exp

2

(p
T

)
data can be obtained in this approach. Also, vexp

3

(p
T

) is
in the ballpark of current data uncertainties, which indi-
cates that the initial state fluctuations that generate v

3

in the soft sector [54] are also responsible for triangular
flow at high p

T

.

There is a simple way to understand why event-by-
event fluctuations increase v

exp

2

(p
T

) in comparison to
event averaged calculations. First, we observe that the
2nd flow harmonic v

hard

2

(p
T

) defined in (2) fluctuates
event-by-event and it is, to a good approximation, lin-
early correlated with its soft counterpart. Indeed, we
show in Fig. 3 that the integrated v

hard

2

(20 < p

T

<

30GeV) is linearly correlated with v

soft

2

(0.3 < p

T

<

3GeV) on an event-by-event basis (which is similar to
what is observed in the data [95]). This shows that the
initial state geometrical fluctuations responsible for vsoft

2
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FIG. 3. (Color online) (a) R
AA

(p
T

), (b) vSP2 (p
T

), (c) vSP3 (p
T

) for the 20–30% centrality class of
p
sNN = 2.76 TeV Pb-Pb

collisions at the LHC compared to their respective experimental data [34, 58–60]. The blue solid, ⌧q = 0 fm, dotted green,
⌧q = 0.197 fm, and dashed-dotted purple, ⌧q = 0.572 fm, lines correspond, respectively, to Cases i), ii) and iii) of the early
times treatment. DSS07 [49] FFs and Tq = Tchem = 175 MeV are used.

Early time extrapolation K-factor �2/d.o.f. for v2

Case i) ⌧q = 0 fm 2.120+0.091
�0.074 26.2

Case ii) ⌧q = 0.197 fm 2.90+0.13
�0.11 12.9

Case iii) ⌧q = 0.572 fm 4.56 ± 0.20 3.5

TABLE I. K-factor obtained from fits to the ALICE R
AA

data [34] for the three di↵erent early time extrapolations and
the corresponding �2/d.o.f. for the v2 CMS data with p

T

> 10
GeV. DSS07 FFs and Tq = Tchem = 175 MeV are employed.

are done by using the formalism of QWs embedded in
the state-of-the art EbyE EKRT hydrodynamic model of
the medium. We have analyzed the dependence of these
observables on the FFs, on the lack - or not - of en-
ergy loss in the hadronic phase of the evolution, and on
the starting time of the quenching. Any work that cor-
rectly determines the inclusive particle suppression and
harmonic coe�cients in the hard sector starts the energy
loss at the initial time of the hydrodynamic simulation
employed, which usually is ⌧f = 0.6 fm (or later). There-
fore, they implicitly assume no quenching during the first
0.6 fm after the collision. Since the starting time of the
EKRT hydrodynamic evolution is ⌧f = 0.197 fm, it pro-
vides the first framework that enables the variation of
the quenching in the early stages of the evolution, and
thus the determination of its beginning in a controlled
way. We find that the simultaneous and proper descrip-
tion of these three observables requires no energy loss for
the first ⇠ 0.6 fm after the collision (or at large T > 350
MeV), in accord with the implicit set-up in other studies.

Clearly, our result comes from a smaller q̂ at early
times, but we lack a conclusive physical explanation for
this finding. It would be tempting to link q̂ with the
Knudsen number which is large at these early times. For
instance, in weakly coupled theories q̂/T 3 / (⌘/s)�1 [64].

Therefore, a large Knudsen number due to a large ⌘/s
(and not due to large gradients) would imply a small
q̂ and the suppression of jet quenching. We also note
that, although the EoS a↵ects the temperature depen-
dence of q̂ through Eq. (2) to some extent, the high tem-
perature part of the EoS is very well established from lat-
tice QCD calculations [65]. On the other hand, the low-
temperature part of the EoS [66] can be strongly a↵ected
by the chemical freeze-out. However, we have tested, by
changing the quenching endpoint, that the hadronic evo-
lution does not alter our conclusions.

We conclude that this is not a particular feature of our
approach but a general outcome. Hence, high-p

T

asym-
metries are introduced here, for the first time, as a direct
signature of the less known initial stages of the collision,
showing the impossibility of the simultaneous descrip-
tion of the experimental measurements on the charged
hadron suppression and the azimuthal asymmetries with-
out strongly suppressing the energy loss for the first ⇠ 0.6
fm after the collision. This work clearly shows that ex-
ploiting the versatility of jet quenching to access di↵erent
time-scales o↵ers unique possibilities to improve our un-
derstanding of the initial stages in heavy-ion collisions,
and is extendable from large to small systems.

We acknowledge helpful discussions with J. Noronha-
Hostler, computational resources from the CSC-IT Cen-
ter for Science in Espoo, Finland, and financial sup-
port by the US DOE (CA, contract DEAC05-06OR23177
under which Je↵erson Science Associates, LLC oper-
ates Je↵erson Lab), the Academy of Finland (HN,
project 297058), the ERC (RP, grant no. 725369),
MICINN of Spain (NA,CAS, project FPA2017-83814-P
and Unidad de Excelencia Maŕıa de Maetzu MDM-2016-
069), Xunta de Galicia (NA,CAS, Conselleŕıa de Edu-
cación) and FEDER (NA,CAS). This work has been per-
formed within COST Action CA15213 THOR.

Study of the relevance 
of the initial stages — 

delay time needed

Improvements
 in phenomenology

Jets sensitive to the initial stages of the collision — a new tool to study equilibration
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Results: B mesons

Different sources of time-dependent energy loss should be added up. Medium-induced 
energy loss is much smaller than the vacuum one, and should not produce a dramatic 
effect. They are particularly small for heavy flavors (Yu.Dokshitzer & D.Kharzeev (2001)
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c-quarks radiate in vacuum much more energy than b-quarks, while the effects 
of absorption of c-qbar and b-qbar dipoles in the medium are similar.  
Therefore D-mesons are suppressed in AA collisions more than B-mesons.

Results: D mesons
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Heavy-quark suppression provides additional information about the jet quenching mechanism
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In-medium dead-cone effect makes energy loss smaller for heavy quarks
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Fig. 10 The impact of reweighting the EPPS16 nPDFs with the data on the nuclear modification ratio of the dijet spectra. The original and
reweighted EPPS16 nuclear modifications for the lead nucleus are presented at the parametrization scale Q2 = 1.69 GeV2. For better visibility, the
s-quark modifications are presented with a different vertical axis scaling.
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reweighted Fig. 11 The EPPS16 gluon nuclear modifi-

cations in Pb at the scales Q2 = 10 GeV2 and
Q2 = 104 GeV2 before and after reweighting
with the dijet data.

direction a slight enhancement in the central prediction can be
observed, but this is far less prominent than the suppression
in the forward bins. In total, we obtain an improvement in the
goodness of fit from c2/Ndata = 1.68 to 1.41 with a penalty
P/D c2 = 0.14.

The corresponding effects on the EPPS16 nuclear modifi-
cations in lead at the parametrization scale Q2 = 1.69 GeV2

are presented in Fig. 10. There is a striking impact on gluon
modification uncertainties, which are reduced across all x.
In the best-constrained mid-x region, the uncertainties are
reduced to less than half of their original size. As the uncer-
tainty band lies clearly above unity in this region, we find
strong evidence for gluon antishadowing in lead. At small
x, the reweighted uncertainty band goes respectively below
unity, giving evidence for gluon shadowing. These findings
are in accordance with those of Ref. [37], where inclusive
heavy-flavour production data from measurements at the
LHC were used to study the gluon PDF modifications in nu-
clei. As expected from inspecting the ratio of the dijet spectra,

the new central set seems to support stronger shadowing than
in the original EPPS16 central fit.

Even with the increased gluon shadowing, the most for-
ward bins of Rnorm.

pPb are not well reproduced by the reweighted
results, which is also the reason why the c2/Ndata remained
somewhat high even after the reweighting. To be consistent
with these forward data points, a very deep shadowing for
the gluons would be required. Moreover, the probed x region
changes very little between the last and second-to-last hdijet
data point, and thus such a steep drop as that suggested by
the data is difficult to attain. This is because the DGLAP
evolution efficiently smooths out even steep structures in
the gluon nuclear modification, as can be seen in Fig. 11
where we show the gluon nuclear modifications evolved to
higher scales. We also note that the systematic uncertainty
dominates in the last hdijet bins, and thus taking into account
the data correlations, once available, could improve the fit
quality. These findings should, in the future, be contrasted
also with the recent ATLAS conditional yield measurement,
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Figure 8. The EPPS16 nuclear modifications for bound-proton PDFs in Pb nucleus before (blue)
and after (red) reweighting with the LHCb data. The scale is Q2 = 1.69 GeV2.
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Figure 9. The EPPS16 nuclear modifications for bound-proton PDFs in Pb nucleus before (blue)
and after (red) reweighting with the LHCb data. The scale is Q2 = 10 GeV2.
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Initial description of data is good for both
nCTEQ�� and EPPS��.

Substantial reduction of uncertainty especially
for EPPS��.

J.P. Lansberg (IPNO) Shadowing and LHC heavy-flavour data July ��, ���� �� / ��
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[Eskola, Paakkinen, 
Paukkunen 2019]

+ CMS dijets + pPb charm

Nuclear PDF analyses have remarkably improved with 
LHC proton-lead data

[See also Michael Klasen Parallel talk and Anna Stasto for future 
opportunities with nuclear DIS at LHeC/FCC-eh]

Run 1 data Run 1 data
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QCD provides a very powerful laboratory to understand how the first levels of complexity 
emerge from a fundamental (and non-abelian) theory 

QCD has a rich dynamical content well within experimental reach 
Branches to other very active fields in Physics, including Cosmology or Condense Matter where 
equilibration, role of quantum entanglement, etc… are very active lines   

Study of the QCD equation of state both for cold and hot dense matter with very different 
experimental tools 

GW observations showing the potential to pin-down the structure of neutron stars
Heavy-ion collisions fundamental tool for Earth experiments

New data from LHC and RHIC  
Continuous progress on the characterization of the QGP 
Completely new opportunities — initial stages / small systems — directly access time evolution
New facilities (FCC, HE-LHC, EIC, LHeC… ) and future of LHC key for a rigurous determination of this region 
(+theoretical developments) and access to unchartered properties of the QGP


