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But also…
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In contrast to usual HEP, time and distance are relevant variables in heavy-ion collisions 
Building collectivity in extended (macroscopic) systems



Hard processes

:*
.

 Produced very early   — production computed in pQCD
 Many different probes and scales
 Jets are extended objects that evolve in times 

∼ 1/Q

1/Ejet < t ≲ 1fm/c
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Hard processes in QCD
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Non-perturbative contributions:  
PDFs  
Hadronization  

…but evolution is perturbative (DGLAP…)

fA
i (x, μ2)

Dk→C(z, μ2)

Short- and long-distance 
contributions factorize.



The hadron structure
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b quarks taut'9M↳ proton is

µ
+ gluon cloud elementary

3. moving
quarks 1

"

¥*÷÷.
[✗ can be written only interns of leptin kinematics]

A proton seen in a lepton-proton DIS (same applies to other hadrons or nuclei)

x =
Q2

2p ⋅ q

Bjorken-x

Can be written in terms of the 
lepton kinematics alone 

[x=1 for elastic scattering]



“Dilute” regime - usual DGLAP
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Nuclear PDFs extracted in DGLAP global fits - as usual proton PDFs

One of the most standardised methods in HEP

[Fit I.C. with experimental data]



NNPDF4.0 set
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Figure 1.1. The NNPDF4.0 NNLO PDFs at Q = 3.2 GeV (left) and Q = 102 GeV (right).

the NOMAD neutrino dimuon structure functions, and the HERA DIS jet data. Then in Sect. 8 we assess
the dependence of PDFs on the methodology and verify the robustness of our results, by comparing with
PDFs obtained using the previous NNPDF3.1 methodology and by studying the impact of new positivity
and integrability constraints, checking the independence of results of the choice of PDF parametrization,
discussing the impact of independently parametrizing the charm PDF, and studying the role of nuclear
corrections. We finally present a first assessment of the implications of NNPDF4.0 for LHC phenomenology
in Sect. 9, by computing PDF luminosities, fiducial cross-sections, and di↵erential distributions for repre-
sentative processes. In Sect. 10 we summarize and list the NNPDF4.0 grid files that are made available
through the LHAPDF interface [32] and provide a summary and outlook.

A brief overview of the NNPDF fitting code is presented in App. A, while a more extensive description is
provided by the companion publication [31]. In App. B we compare the NNPDF4.0 dataset to that adopted
in other PDF determinations.

2 Experimental and theoretical input

We present the NNPDF4.0 dataset in detail. After a general overview, we examine each of the processes for
which new measurements are considered in NNPDF4.0, we present the details of the measurements, and,
for each dataset, we describe how the corresponding theoretical predictions are obtained. In NNPDF4.0,
theoretical predictions for data taken on nuclear targets are supplemented by nuclear corrections, which
are specifically discussed in a dedicated section. Experimental statistical and systematic uncertainties are
treated as in previous NNPDF determinations: see in particular Sect. 2.4.2 of Ref. [14] for a detailed
discussion.

The global dataset presented in this section is the basis for the final NNPDF4.0 dataset, which will
be selected from it by applying criteria based on testing for dataset consistency and compatibility, and for
perturbative stability upon the inclusion of electroweak corrections. The selection of the final dataset will
be discussed in Sect. 4 below.

2.1 Overview of the NNPDF4.0 dataset

The NNPDF4.0 dataset includes essentially all the data already included in NNPDF3.1, the only exceptions
being a few datasets that are replaced by a more recent final version, and single-inclusive jet datasets which
are now partly replaced by dijet data, as we discuss below. All the new datasets that were not included
in NNPDF3.1 are more extensively discussed in Sect. 2.2. For all those already included in NNPDF3.1 we
refer to Sect. 2 of Ref. [5] for a detailed discussion. Nevertheless we give a summary below.

The NNPDF3.1 dataset included data for lepton-nucleon, neutrino-nucleus, proton-nucleus and proton-
(anti)proton scattering processes. The bulk of it consisted of deep inelastic scattering (DIS) measurements:
these included fixed-target neutral current (NC) structure function data from NMC [33,34], SLAC [35] and
BCDMS [36], fixed-target inclusive and dimuon charged current (CC) cross-section data from CHORUS [37]

6

Parton Distribution Functions for the proton from NNPDF global analysis

Huge number of data needed to achieve this degree of precision



Nuclear Parton Distribution Functions I
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Nuclear PDF analyses have remarkably improved with LHC proton-lead data - new sets

[Several different teams: EPPS, nNNPDF, nCTEQ, TUJU, DSSZ, HKN, KA]
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Fig. 2 The data included in the EPPS21 laid schematically on the (x,Q2) plane.

E772 [56] and E866 [57] data sets in the form of nu-
clear ratios,
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where M is the invariant mass of the produced lepton
pair and x1,2 = (M/

p
s)e±y, where y is the rapidity

of the lepton pair. The di↵erential cross sections are
calculated “on fly” with no precomputed grids.

3.3 Dijet production

In the EPPS16 analysis, we used the first CMS 5TeV
single-di↵erential dijet pPb data [58] in the form of a
forward-to-backward ratio. Now, a double-di↵erential
analysis [3] of the same data sample has become avail-
able and this is what we use in the present analysis. We
have already scrutinized these data in Ref. [5] where
they were found to put dramatically strong constraints
on the nuclear modification of the gluon PDFs in the
shadowing and antishadowing regions. The observable
we fit is a double ratio,
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By self-normalizing the spectra separately in pp and
pPb collisions, a major part of the experimental system-
atic uncertainties cancel and the measurement is there-
fore very precise. Without the self-normalization, the
systematic uncertainties in typical jet measurement can
reach tens of percents. In Ref. [5] the ratio of Eq. (16)
was also found to be very insensitive to the choice of
the baseline proton PDFs as well as to the factoriza-
tion/renormalization scale variations around the cen-
tral choice µ = p

ave

T
. The NLO look-up tables (see

Sect. 4.4) are constructed by using the public NLO-
jet++ [59] code. For more details on the implementa-
tion of the dijet cross sections, see Ref. [5].

3.4 W± and Z production

In the EPPS16 fit, we already included the 5TeV W±

and Z production data from CMS and ATLAS [60,
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0). The
solid green line corresponds to a2 = 2, the dashed purple line
to a2 = 0, and the brown dotted-dashed line to a2 = �3.

the parameters ai, bi, ci are expressed in terms of ya, ye
and y0 which correspond to the values of the function
at x = xa, x = xe and x = 0. The parametrization is
illustrated in Fig. 1, where the variation induced by the
parameter a2 is also demonstrated.

For the gluons and valence quarks the y0 parameters
are determined separately for each nucleus by imposing
the sum rules,
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The rest of the A dependence is encoded into the height
parameters yi as,
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where Aref = 12, following our earlier analyses [26,27,
28,29,1]. In other words the nuclear e↵ect – the distance
from unity – is assumed to scale as a power law. For
strange quarks the small-x exponent �y0 is modified by

�y0 �! �y0y0✓(1� y0) , (10)

so that the A dependence becomes weaker as y0 ! 0.
This is to keep the strange-quark PDFs from becoming
overly negative which easily leads to negative charm-
production cross sections in neutrino-nucleus DIS.

The values of the strong coupling and heavy-quark
pole masses are taken to be the same as in the CT18ANLO
analysis [23]: the charm mass is set to mc = 1.3GeV,

the bottom-quark mass to mb = 4.75GeV, and the
strong coupling is fixed to ↵s(MZ) = 0.118, where MZ

is the Z boson mass. At higher scales Q
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nuclear PDFs are obtained through solving the 2-loop
[30,31] DGLAP evolution equations [32,33,34,35] for
which we use the method introduced in Ref. [36].

In the course of the analysis we also noticed that
the DIS data for Li-6 and He-3 are not optimally repro-
duced by the monotonic power-law ansatz of Eq. (9).
Therefore we have introduced extra parameters, f3 and
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for all parton flavours i. The e↵ect is larger for He-3
and keeping f3 = 1 would lead to a completely in-
correct EMC slope in the case of JLab He-3 data. In
total the EPPS21 fit involves Nparam = 24 free param-
eters, see Table 1 ahead. Out of these 24 only 5 control
the A dependence of the parametrization and freeing
more — e.g. letting the A dependence of the gluon an-
tishadowing peak to vary independently of the valence
quarks — easily destabilizes the fit. Thus, there is more
parametrization dependence e.g. in the gluon distribu-
tions of small nuclei in contrast to the case of heavy
nuclei where the LHC data now provide strong con-
straints. To better control the A dependence, e.g. pO
runs at the LHC would be most welcome [37].

As in EPPS16, the deuteron is still taken to be free
from nuclear e↵ects, R

A
i (x,Q

2) = 1. In principle, as
done e.g. in Ref. [21], one could include NMC data [38]
on F

D

2
/F

p

2
to constrain the deuteron nuclear e↵ects si-

multaneously with the other nuclear data. The nuclear
e↵ects in deuteron are expected to be below 2% [39].
However, these deuteron data are already included in
the CT18 fit [23] of the free proton PDFs (our base-
line) neglecting the deuteron nuclear corrections [40].
Using CT18 for deuteron (with no additional correc-
tions) thus e↵ectively accounts also for the deuteron
nuclear e↵ects. As a result, including these NMC data
in our analysis here would thus be inconsistent, leading
also to some double counting. The way the deuteron
is now handled is admittedly a bit unsatisfactory and
once more underscores the fact that the era of fitting
the free-proton and nuclear PDFs separately starts to
come to its end.

2.2 Negativity features

The parametrization of R
p/A
i (x,Q2) is not restricted

to be strictly positive definite at the parametrization

[EPPS21]
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where M is the invariant mass of the produced lepton
pair and x1,2 = (M/

p
s)e±y, where y is the rapidity

of the lepton pair. The di↵erential cross sections are
calculated “on fly” with no precomputed grids.

3.3 Dijet production

In the EPPS16 analysis, we used the first CMS 5TeV
single-di↵erential dijet pPb data [58] in the form of a
forward-to-backward ratio. Now, a double-di↵erential
analysis [3] of the same data sample has become avail-
able and this is what we use in the present analysis. We
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By self-normalizing the spectra separately in pp and
pPb collisions, a major part of the experimental system-
atic uncertainties cancel and the measurement is there-
fore very precise. Without the self-normalization, the
systematic uncertainties in typical jet measurement can
reach tens of percents. In Ref. [5] the ratio of Eq. (16)
was also found to be very insensitive to the choice of
the baseline proton PDFs as well as to the factoriza-
tion/renormalization scale variations around the cen-
tral choice µ = p
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for all parton flavours i. The e↵ect is larger for He-3
and keeping f3 = 1 would lead to a completely in-
correct EMC slope in the case of JLab He-3 data. In
total the EPPS21 fit involves Nparam = 24 free param-
eters, see Table 1 ahead. Out of these 24 only 5 control
the A dependence of the parametrization and freeing
more — e.g. letting the A dependence of the gluon an-
tishadowing peak to vary independently of the valence
quarks — easily destabilizes the fit. Thus, there is more
parametrization dependence e.g. in the gluon distribu-
tions of small nuclei in contrast to the case of heavy
nuclei where the LHC data now provide strong con-
straints. To better control the A dependence, e.g. pO
runs at the LHC would be most welcome [37].
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to constrain the deuteron nuclear e↵ects si-

multaneously with the other nuclear data. The nuclear
e↵ects in deuteron are expected to be below 2% [39].
However, these deuteron data are already included in
the CT18 fit [23] of the free proton PDFs (our base-
line) neglecting the deuteron nuclear corrections [40].
Using CT18 for deuteron (with no additional correc-
tions) thus e↵ectively accounts also for the deuteron
nuclear e↵ects. As a result, including these NMC data
in our analysis here would thus be inconsistent, leading
also to some double counting. The way the deuteron
is now handled is admittedly a bit unsatisfactory and
once more underscores the fact that the era of fitting
the free-proton and nuclear PDFs separately starts to
come to its end.

2.2 Negativity features
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Fig. 8 The EPPS21 nuclear modifications of average nucleons in carbon (two leftmost columns) in lead (two rightmost
columns) at the initial scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The central results are shown by thick black curves, and
the nuclear error sets by green dotted curves. The blue bands correspond to the nuclear uncertainties and the purple ones to
the full uncertainty (nuclear and baseline errors added in quadrature).
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Color Glass Condensate provides a general 
framework to compute initial stages

This equation can be explicitly inverted in the light cone gauge

A− = −A+ = 0 (15)

We find

ψ− =
1√
2P+

γ0(#Pt + M)ψ+ (16)

The fermion contribution to the action is therefore

SF = −ψ†
+P−ψ+ +

1

2
ψ†

+(M− #Pt)
1

P+
(M+ #Pt)ψ+ (17)

where we have rescaled ψ → 1
21/4ψ. In terms of these variables, we see that ψ†

+ is

the light cone momentum canonically conjugate to ψ+.

To analyze the vector contribution to the action, we first write explicitly

F 2 = F 2
t − 4Fk+Fk− + 2F+−F+− (18)

In light cone gauge, we have

F+− = ∂+A− − ∂−A+ − ig[A−, A+] = −∂−A+, (19)

Fk+ = ∂kA+ − ∂+Ak − ig[Ak , A+], (20)

and

Fk− = Ek = −∂−Ak (21)

The equations of motion for the vector field are

DµFµν = Jν (22)

In particular, the equation for the + component of the current is a constraint

equation for A− on a fixed x+ surface,

− ∂2
−A− = J+

F + DkE
k (23)

6

b quarks taut'9M↳ proton is

µ
+ gluon cloud elementary

3. moving
quarks 1

"

¥*÷÷.
[✗ can be written only interns of leptin kinematics]
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Non-equilibrium towards hydrodynamics

Evolution of homogenous boost invariant system in QCD kinetic theory
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Kurkela, Zhu PRL 115 (2015) 182301; Keegan,Kurkela,Mazeliauskas,Teaney JHEP 1608 (2016) 171; 
Kurkela, Mazeliauskas, Paquet, SS, Teaney  PRL 122 (2019) no.12, 122302; PRC 99 (2019) no.3, 034910 

pk
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

p?
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

pk
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

p?
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

pk
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

p?
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

p?
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

p?
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Classical fields Kinetic theory

Qs

psoft

Soft  
stabilization

Mini-jet 
parton shower

Initial production &  
 longitudinal squeeze

Soft 
radiation

⌧/⌧Hydro ⇠ 0.1 ⌧/⌧Hydro ⇠ 0.3 ⌧/⌧Hydro ⇠ 1
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Mazeliauskas, Teaney 2016; Kurkela Mazeliauskas, Paquet, 
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Evolution of boost-invariant system with kinetic eqs.

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

[Classical statistical/lattice gauge theory…] 
Similar to jet 
quenching
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Can hard processes measure this 
(or other) time evolution and check 
the initial stages; how is equilibrium 
reached; and the later stages when 

QGP is equilibrated…?  

More on early time dynamics 
Kirill Boguslavski plenary Monday
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 Simple intuitive picture [Matsui & Satz 1986] 

 Potential screened at high-T 
 Quarkonia suppressed 
 Sequential suppression of excited states 
 Quarkonia as a thermometer

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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Dynamical picture: 
 different effects: screening / rescattering / recombination 
 Induced transition between quarkonia states 

Quarkonia as an open quantum system

[Bambrilla, Soto, Escobedo, Vairo, Ghiglieri, Petreczky, Strickland, Blaizot, 
Rothkopf, Kaczmarek, Asakawa, Katz, Gossiaux, Kajimoto, Akamatsu, Borghini …]

We have compared the best fit of the properly derived
Gauss law expression to that obtained with the legacy
formulation of [29]. Within the combined statistical and
systematic errors, both satisfactorily reproduce the lattice
data. That is, the uncertainty in the available values of ReV
does not yet allow us to favor one over the other. We note
that the two best fit solutions start to deviate from each other
for r≳ 0.6 fm (the QGP phase), leading to differences in
their asymptotic values. This in turn translates into quanti-
tative differences in the precise temperature dependence of
the open-heavy flavor threshold and thus the binding energy
of the in-medium quarkonium states. It will require future
high precision lattice determinations of ReV to distances up
to r ∼ 1 fm) to resolve this phenomenologically relevant
ambiguity.

E. Extension to a running coupling

In anticipation of upcoming high resolution lattice QCD
computations of the in-medium heavy quark potential, it is
prudent to consider the effects of a running coupling in the
Gauss law parametrization. While in the simulation data
deployed in the previous section the short distance regime
was still well described by a naive Cornell potential, more
recent lattice studies of heavy quark interactions [42] have
shown that at shorter resolved distances the running will
manifest itself. Thus we consider the strong coupling

parameter of our Cornell potential to become a function
of distance α̃s → α̃sðrÞ and write

α̃sðrÞ ¼ $ $ $ þ α̃ð−1Þs

r
þ α̃ð0Þs þ α̃ð1Þs rþ α̃ð2Þs r2 þ $ $ $ : ð34Þ

Note that in the context of the vacuum potential in Eq. (4),
we have already implicitly included the terms α̃ð1Þs and α̃ð2Þs
by absorbing them into the other vacuum parameters.
In a thermal setting, this would necessitate including ra

terms other than a ¼ −1; 1 in the formulation of the in-
medium potential. To do this, we must use the generalized
Gauss law operator Ga given in the left-hand side of Eq. (8),
but with a modified right-hand side that includes the real-
space complex permittivity (following the procedure in
Sec. II A)

−
1

raþ1
∇2VðrÞ þ 1þ a

raþ2
∇VðrÞ ¼ 4πqε−1ðr;mDÞ: ð35Þ

With the real space expressions given in Eqs. (13) and (14),
a computer algebra program will give a general solution for
general a as follows:

ReVaðrÞ ¼ c0 þ ca
ra

a

−
q

ðmDÞa
½Γða;mDrÞ þ Γð1þ a;mDrÞ'; ð36Þ

TABLE II. Results for the in-medium potential parameters.

β 6.8 6.9 7 7.125 7.25 7.3 7.48

T=Tc 0.86 0.95 1.06 1.19 1.34 1.41 1.66
mD=

ffiffiffi
σ

p
0.153(13) 0.403(33) 0.537(42) 0.769(56) 1.062(72) 1.081(72) 1.297(79)

mD=T 0.473 1.143 1.401 1.818 2.273 2.229 2.334

FIG. 2. (Left) The real part of the Gauss law model fitted to lattice QCD results. The three vacuum parameters are determined from
T ¼ 0 lattice data (gray). The finite temperature lattice data (colored points) are reproduced by tuning themD parameter. Solid lines give
the best fit results and the shaded regions the corresponding errors that arise from uncertainty both in the initial lattice data and in our
vacuum parameters. (Right) Prediction of the in-medium imaginary part from the Gauss law model (solid lines) fixed by the values of
mD obtained from ReV. Tentative lattice QCD results for ImV show excellent agreement.

IMPROVED GAUSS LAW MODEL AND IN-MEDIUM HEAVY … PHYS. REV. D 101, 056010 (2020)

056010-9

[Lafferty, Rothkopf 2020]
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QCD JETS [No medium for the moment]



Gluon (and quark) multiplication
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Gluon (and quark) multiplication
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÷%÷÷=¥i÷÷÷÷¥÷÷=:
FOR GLUONS Nc =3

Wi wz Wn

EET → small- w ,
small-⊖

compensate small
-as

counting gluons (naively) Éd÷%÷×→↓É÷É¥÷
For large  

Exponential growth

αs log ω log θ

Fig. 6: Multiplicity of charged hadrons in e
+
e
�

!hadrons events, comparing the experimental data at a range
of centre-of-mass energies Q, with the QCD prediction using a fitted normalisation and non-perturbative scale ⇤.
Figure adapted from Ref. [1].

How is Eq. (27) to be related to the hadron multiplicity? The simplest assumption is that each
final parton gives some (unknown) fixed number of hadrons which must be fitted to data. Equation (27)
then predicts not the total hadron multiplicity but its energy dependence. That prediction is illustrated
in Fig. 6 and shows remarkable agreement with data over a range of energies, providing strong evidence
that the picture outlined above is a fair reflection of ‘reality’.

The above approach can be extended to calculate other properties of events such as the energy
spectrum of hadrons, the fluctuations in the number of hadrons, and even correlations between hadrons,
generally with reasonable success. However, as one probes more detailed features of events, the ana-
lytical calculations become significantly more complicated and one also becomes increasingly sensitive
to the oversimplicity of the LPHD concept. Having said that, the same ideas that we are using, i.e., the
importance of multiple soft and collinear splitting together with a transition from partons to hadrons, are,
in numerical form, at the base of widely used Monte Carlo parton-shower event generators like PYTHIA,
HERWIG and SHERPA. We will discuss them in more detail in Section 4.2.

2.3.2 Infrared safe observables
It is heartening that the above soft-collinear discussion gave such a good description of the data. How-
ever, it did involve the application of perturbation theory to kinematic regions where its validity is ques-
tionable, the need to calculate dominant contributions at all orders in ↵s, and the introduction of a free
parameter to ‘fudge’ the fact that we don’t understand the non-perturbative physics. A natural question
is therefore whether one can formulate final-state observables for which these problems are not present.

The answer is that one can. For an observable to be calculated based on just one or two orders of
perturbation theory it should be infrared and collinear (IRC) safe. In the words of Ref. [1]:

For an observable’s distribution to be calculable in [fixed-order] perturbation theory, the
observable should be infra-red safe, i.e. insensitive to the emission of soft or collinear gluons.
In particular if ~pi is any momentum occurring in its definition, it must be invariant under the
branching

~pi ! ~pj + ~pk

whenever ~pj and ~pk are parallel [collinear] or one of them is small [infrared].

12

Resummation needed - gluon multiplication

a) q

q

b) q

q

c) q

q

π, K, p, ...

d)

Fig. 5: Emission pattern from a qq̄ event, with first a single gluon (a), then multiple emissions of gluons both
from the qq̄ pair and from the previously emitted gluons (b), followed by some process, ‘hadronization’, that
causes hadrons to be produced from the gluons, giving an event (c), that structurally resembles a real event (d)
(e+

e
�
! Z !hadrons at LEP in the OPAL detector)

p

k
θ '

2↵sCA

⇡

dE

E

d✓

✓
. (26b)

These expressions are valid when the emitted gluon is much lower in energy than the emitter, k ⌧ p,
and when the emission angle ✓ is much smaller than the angle between the emitter and any other parton
in the event (this is known as the condition of angular ordering [24]). The structure of emission of a soft
gluon is almost identical from a quark and from a gluon, except for the substitution of the CF = 4/3
colour factor in the quark case with the CA = 3 colour factor in the gluon case.

Since quarks and gluons emit in similar ways, every gluon that is emitted from the quark can itself
emit further gluons, and so forth. Most of the emissions will either be in almost the same direction as the
original quark (due to the collinear divergence) and/or be soft. This is represented in Figs. 5(a) and (b)
(for simplicity we’ve not shown gluons splitting to qq̄ pairs, which also occurs, with just a collinear
divergence). This still only gives a description of events in terms of quarks and gluons, whereas real
events consist of hadrons. Though hadronization, the transition from quarks and gluon to hadrons is not
something that we know how to calculate from first principles, one idea that has had some success is
Local Parton Hadron Duality (LPHD) (see, e.g., Ref. [25]). It states that after accounting for all gluon
and quark production down to scales ⇠ ⇤, the transition from partons to hadrons is essentially local in
phase space. Thus the hadron directions and momenta will be closely related to the partons’, and the
hadron multiplicity will reflect the parton multiplicity too. This is illustrated in Fig. 5(c), comparing
it also to the picture of a real event, Fig. 5(d). The latter illustrates how the hadrons do tend to have
the same collimated angular distribution as is predicted for gluons, with the small number of exceptions
having low energy (i.e., soft) as can be seen from the larger curvature in the experiment’s magnetic field.

This comparison with a single event is suggestive that our picture of gluon emission and hadroniza-
tion might be reasonable. A more quantitative test can be obtained by calculating the number of emitted
gluons. This requires the extension of Eqs. (23)–(25) to multiple gluon emission. The full calculation
doesn’t fit into the space available for these lectures (see instead textbook discussions in Refs. [1, 25]),
but the basic idea is that there are terms (↵s ln2

Q/Q0)n for all orders n and that one can calculate their
coefficients analytically. The structure of the result is

hNgi ⇠
CF

CA

1X

n=1

1

(n!)2

✓
CA

2⇡b2↵s

◆
n

⇠
CF

CA

exp

 s
2CA

⇡b2↵s(Q)

!
, (27)

where we’ve neglected to write the prefactor in front of the exponential, and we’ve also not given the
subleading terms [26].

11

G. Salam CERN Yellow Rep. School Proc. 5 (2020) 1-56



Jets: simple [perhaps too naive] picture
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What is a jet?

Islamabad, March 2004 HIC and the search for the QGP - 4. Status. – p.28
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“Parton shower” can be described perturbatively 
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Jets in hadronic colliders
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2 high pT jets 
(1.3 and 1.2 TeV) 

with invariant mass 6.9 TeV

22

Jets in hadronic colliders
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A multijet event at the LHC@13TeV

 Hard processes in HIC — Theory — HP2023 Aschaffenburg                                                                                                                                                                   Carlos A. Salgado



How to identify jets?
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tET#k##⇐I
Jets are proxies to quarks and gluons produced in elementary QCD processes
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See lecture by 
Jana Bielcikova!!

How you define/measure jets is 
crucial for interpreting data



e+e− → qq̄ e+e− → HZ ( → hadrons)
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[PANSCALES - G. Salam et al - Simulation of the events are produced with Pythia 8 
times estimated by clustering algorith - see details in the web page]

QCD jets are fundamental tools at the LHC
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[PANSCALES - G. Salam et al - Simulation of the events are produced with Pythia 8 
times estimated by clustering algorith - see details in the web page]

QCD jets are fundamental tools at the LHC
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Jet substructure
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Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

Soft Drop (β=0 variant)

1.Recluster jet with Cambridge/Aachen algorithm 

2.Undo last step of clustering to give two subjets  
(with ) 

3.If  stop 

4.otherwise discard , go back to step 2 to decluster 

i, j
pti < ptj

pti > zcut(pti + ptj)
i j

27

Dasgupta, Fregoso, Marzani & GPS [arXiv:1307.0007],  
descended from mass-drop tagger, Butterworth, Davison, Rubin & GPS [arXiv:0802.2470]Gavin Salam (CERN) Towards an understanding of jet substructure Boost 2013, Flagstaff, August 2013 8

Mass-drop tagger (MDT, aka BDRS)

Trimming

Pruning

Cannot possibly study all tools
These 3 are widely used

Recluster

on scale Rsub

discard subjets

with < zcut pt

decluster &

discard soft junk

repeat until 

find hard struct

jet mass/pt
sets Rprune discard large-angle

soft clusteringsRecluster

no manually 
specified Rcut
uses internal 

structure of jet to 
auto-zoom into 

right angular scale 

widely used  
in CMS

Gavin Salam (Oxford) Jet Reconstruction Theory, PREFIT20 school, DESY

Trimming

• Take all particles in a jet of radius  

• Recluster them into subjets with a jet definition using  

• Keep only subjets with  

• Recombine them into a single jet

R
Rsub < R

psubjet
t > zcut pjet

t

25

 Krohn, Thaler & Wang arXiv:0912.1342

Gavin Salam (CERN) Towards an understanding of jet substructure Boost 2013, Flagstaff, August 2013 8

Mass-drop tagger (MDT, aka BDRS)

Trimming

Pruning

Cannot possibly study all tools
These 3 are widely used

Recluster

on scale Rsub

discard subjets

with < zcut pt

decluster &

discard soft junk

repeat until 

find hard struct

jet mass/pt
sets Rprune discard large-angle

soft clusteringsRecluster

widely used in ATLAS

Find different substructures in identified jets  
[very active area, lots of results in the last years]

E.g. to identify two-pronged jet structures - boosted H/W/Z

Softdrop 
[Dasgupta, Fregoso, Marzani, Salam 2013]

Trimming 
[Krohn, Thaler, Wang 2009]
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Jets are extended objects - ideal to probe different times and scales
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Fig. 3. (Colour online) Structures of jet-induced medium response in (a) Coupled Jet-Fluid model, (b) Coupled LBT-Hydro, (c) LBT
model, and (d) BAMPS. Adapted from Refs. [26, 27, 35, 9].

Fig. 4. (Colour online) Nuclear modification factor for jet shape function in central Pb+Pb collisions at 2.76 A TeV from (a) Coupled
Jet-Fluid model, (b) LBT model, (c) MARTINI, and (d) JEWEL. (a), (c), and (d) are the results for inclusive jet, and (b) is the result
for γ-jet. Adapted from Refs. [26, 35, 22, 36].

with hydrodynamic medium response and from LBT with recoils are shown in Fig. 5. The contribution of
the hydrodynamic medium response in Fig 5 (a) becomes larger by increasing the value of r and finally
dominates the jet shape in the large-r region (r > 0.5). The result with the hydrodynamic medium response
provides a good description of the experimental data from CMS [37]. The recoil contribution in Fig 5 (b)
shows the similar behavior and significantly broadens the jet shape in a wide range of r.

The jet broadening due to the medium response effect can be seen also in the cone-size dependence of
jet energy loss. Shown in Figure 6 (a-1) is the average pjet

T loss from Coupled Jet-Fluid model. The amount
of the pjet

T loss with the hydrodynamic medium response is smaller than that without the hydrodynamic
medium response. The similar recovery of jet energy is shown in the results from LBT model with the
recoil effect [Fig. 6 (a-2)]. We can also see the increase of the cone size dependence due to the contribution
of the hydrodynamic medium response in Fig. 6 (a-1): large jet cones catch more energy and momentum
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Fig. 5. (Colour online) Jet shape function in central Pb+Pb collisions at 2.76 A TeV for (a) subleading jet in dijet events from Coupled
Jet-Fluid model, and for (b) γ-jet from LBT model. Adapted from Refs. [26, 20].
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In-medium parton propagation
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Scattering amplitudes
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Intra-jet color coherence
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Intra-jet color coherence
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Vacuum-like emissions

31

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)

tf ≪ td
3
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✓

!1

!2

!

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: k2? �

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 tcoh(✓) ⌧ 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✓21
✓21

Z E

!0(✓1)

d!1

!1
Tvac(!1, ✓1|E, ✓qq̄)

Z min( 2
!L ,✓2

qq̄)

✓2

d✓22
✓22

Z min(!1,!L(✓2))

!

d!2

!2
Tvac(!, ✓|!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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In the DLA approach, the relevant jet structure is formed very early in the cascade
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Medium-induced radiation

32

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

For fluctuation with  the gluon is 
resolved: medium-induced radiation  

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

: democratic branchingtf ∼ td ≪ L

Jet RAA for  different medium profiles

Does the media behave differently for rapidity ? S. P. Adhya, C. Salgado, M. 
Spousta, K. Tywoniuk, 
EPJC 82 (2022) 1.

Multi- partonic cascades
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Probabilistic treatment: 
In-medium parton shower
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Medium-induced radiation
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[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others… starting in the mid-90’s] 

For fluctuation with  the gluon is 
resolved: medium-induced radiation  

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

: democratic branchingtf ∼ td ≪ L

Jet RAA for  different medium profiles

Does the media behave differently for rapidity ? S. P. Adhya, C. Salgado, M. 
Spousta, K. Tywoniuk, 
EPJC 82 (2022) 1.

Multi- partonic cascades
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A picture of in-medium jets

33

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

scr,t=e¥Hᵗ&rYt¥÷ᵈʰEi: rlt)=0t⇒ 0-5 ¥+3
Keke Resolution power

A-~¥t=¥s0-70-0

Color coherence provides a clean picture of parton shower in medium 
Medium induced radiation by subjets defined by resolution scale of the medium

Inner core of the jet 
(subjet) is mildly modified  

Medium-induced radiation 
at large angles

Subjets are effective emitters
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Medium averages

34

A recoil-less medium  a collection of static scattering centers∼

S(x?, y?) ⌘
1

N2
c � 1

Tr
⌦
W (x?)W

†(y?)
↵
med

' exp

⇢
�1

4
q̂ ✓2qq̄ L

3

�

1
N2 − 1

Tr ⟨WA(x)WA(y)⟩ = exp {−
1
2 ∫

t

t0

ds n(s) σ(x − y)}

σ(r) = ∫q
V(q)(1 − eiqr) V(q) ∼

m2
D

q2(q2 + m2
D)

…Valid for (very)many soft scatterings - but QCD potential has perturbative tails

New resummation needed - with both 
perturbative tails and multiple scattering

Discretization
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Expansion in
scattering centers

nls)5(r ) ≈ f- § r2G
harmonic oscillator

Discretization
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Expansion in
scattering centers
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harmonic oscillator
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Figure 7. All-order medium-induced gluon energy spectrum (magenta solid line) compared to the

HO+NLO approximation (green dashed), GLV N = 1 result (blue dash-dotted), and the low energy limit

of the full resummation described in section 4 (black dotted) as a function of x̂ = !/!BH.

for large gluon energies (x̂ > 200). This large-energy region corresponds to the center and right
panels of figure 5, where it is clear that the rates only reach their asymptotic values for very large
vales of � (or, equivalently, for very large values of n0L).

6 Conclusions

In this manuscript we have made use of the all-order formalism for medium-induced gluon radiation
derived in [18] to shed light on the di↵erent physical processes dominating across the di↵erent energy
scales, with special emphasis on determining where multiple scattering e↵ects are important.

We have obtained the low-energy asymptotic limit of the full-resummed evaluation given by
eq. (4.6), which matches the full solution for su�ciently low energies (! < !BH). Moreover, (4.6)
provides a very clear physical picture of this low-! region: the spectrum can be interpreted as
a single in-medium scattering times the probability of not having any further scatterings. It is
clear then that, even though the process is dominated by one scattering, accounting for multiple
scattering e↵ects is crucial to get the correct behavior of the spectrum in this region through the
resummation of the virtual terms. Only including the e↵ect of the N = 1 opacity expansion gives
a huge overestimation of the spectrum.

In the intermediate energy region, where the dynamics of the emission process is expected to
be dominated by multiple soft scatterings, the expansion derived in [19] provides us with a tool to
perform a quantitative comparison between our all-order formalism and an analytic approximation
including multiple scatterings. The usual approach for accounting for the e↵ect of multiple soft
scatterings in this regime is the HO approximation, but comparisons between the all-order eval-
uation and the HO had proved di�cult given the ambiguity in the momentum scale entering the
definition of q̂. Nevertheless, the expansion suggested in [19] reduces drastically the dependence
on the matching scale and enables a direct correspondence between the parameters involved in the
di↵erent evaluations. The HO+NLO in-medium energy spectrum gives a good description of the
full result on its range of applicability (! > 10!BH and � > 14) and is a much better approximation
of the full evaluation than the GLV N = 1 result in this region, thus highlighting the importance of
coherence e↵ects among multiple scatterings. We also analyzed the corresponding emission rates,

– 14 –
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Improving the resummation
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Bethe-Heitler 
Regime

Multiple soft scattering 
Regime

Single-soft 
scattering 
Regime

[Caron-Huot, Gale; Feal, Vazquez; Andres, Apolinario, Dominguez, Gonzalez-Martinez; Barata, Mehtar-Tani, Ontoso, Tywoniuk, Salgado]

We have made an analysis of existing data on jet quenching, including CuCu
and AuAu data at 200 GeV [58, 59], PbPb at 2.76 TeV [60, 61, 62], PbPb at 5.02
TeV [63, 64], and XeXe data at 5.44 TeV [65]. For each centrality and energy con-
sidered a fit is made to the nuclear modification factor Rh

AA using fl0 as the single
unknown parameter. To determine the initial temperature of each analyzed col-
lision system, energy and centrality we used ‘·0 Ã T 3

0 measurements, when
available, and extrapolated the relation ‘·0 ƒ (8.85 ± 0.44) ◊ (Ôsnn)0.33±0.02

GeV2/fm for the most central collisions between Ô
snn = 27 GeV-2.76 TeV,

when measurements have not yet been made available [66, 67]. We then fix as a
reference the most central PbPb collisions at Ô

snn = 2.76 TeV to a temperature
of T0 ƒ 470 MeV [68] and ·0=0.6 fm. This temperature then fixes with a single
setup all the parameters in the analysis, whose temperature dependence was ex-
plained in the last paragraphs, except fl0, which is taken as the free parameter
for each centrality, energy and collision system.

As a first example, fitting the most central PbPb collisions at Ô
snn = 2.76

TeV yields fl(·0) ƒ 56 fm≠3. The fit for this example case is shown in Fig.2,
where we plot Rh

AA as a function of pt for three centrality classes and include
in the caption the numerical values of the QGP parameters obtained for the
most central data. The initial density is found to scale roughly proportional to
N1/2

part Ã T 3
0 at fixed collision energy. At the largest RHIC energies Ô

snn = 200
GeV in the most central AuAu collisions the initial temperature extracted from
the energy density measurements yields T0 ƒ 362 MeV and the density obtained
in the fit fl(·0) ƒ 21 fm≠3.
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Figure 3: QGP transport parameter q̂ for a gluon of Ê=10 GeV, using the density extracted

from an all order (green squares) or a fist order (yellow squares) jet quenching analysis of same

data as Fig. 3. Also shown is the q̂ assuming fl = p/T 4
from lattice predictions of the QCD

Equation of State [69] (green band), and the CUJET (blue) and MARTINI (purple) puzzles

found in [13].

Our results on the fitting parameter fl scale roughly constant with T 3, in
agreement with expectations. The same analysis using the single hard approx-
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analyses of the Rh
AA collected data on collisions of CuCu (pentagons) and AuAu (down trian-

gles) at
Ô

snn =200 GeV, PbPb at
Ô

snn=2.76 TeV (squares and circles), PbPb at
Ô

snn=5.02

TeV (up triangles) and XeXe at
Ô

snn=5.44 TeV (diamonds) from PHENIX, ALICE and

CMS Collaborations, compared to lattice results of the Equation of State by the Wuppertal

collaboration [69].
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of the medium, which correspond to the pure in-medium emissions (usually denoted as “in-in”
contributions) and the medium-vacuum interference (usually named “in-out”). While this is not a
limiting factor, it demands precise cancellations between these two types of contributions, which
might involve an additional level of precision in the numerical evaluation, thus making it ine�cient.
To overcome this issue, we analytically perform the integration in t0 in eq. (2.2). This introduces in
turn an integration over the position of one of the scatterings. Since no scatterings occur outside
the medium, the resulting time integrations are naturally bound by its length and thus, separating
them into “in-in” and “in-out” pieces is no longer necessary.

On the other hand, as it was explained in the previous section, the expressions of the broadening
factor P and the kernel eK are naturally written in coordinate space, the latter involving a compli-
cated path integral. To avoid the di�culties that arise when attempting to numerically compute
this path integral, we work directly in momentum space by considering these objects as propagators
that satisfy specific di↵erential equations which can be numerically solved by conventional methods.

3.1 Reorganization of the spectrum

We start by performing the t0 integration in the in-medium spectrum given by eq. (2.2). Even
though t0 is an argument of both eK and P in eq. (2.2), it can be integrated out without knowing
the explicit form of either of these two factors. For that end, we only need to notice that both eK
and P are propagators that satisfy the following Schwinger-Dyson type equations:

P(t00,k; t0, q) = (2⇡)2 �(2)(k � q) �
1

2

Z
t
00

t‘
ds n(s)

Z

k0
�(k0

� q)P(t00,k; s,k0) , (3.1)

eK(t0, q; t,p) = (2⇡)2 �(2)(q � p) e�i
p2

2! (t0�t)

�
1

2

Z
t
0

t

ds n(s)

Z

k0
�(q � k0)e�i

q2

2! (t0�s) eK(s,k0; t,p) . (3.2)

Here, the dependence in t0 is confined to phase factors and limits of integration. Now we can
replace eqs. (3.1) and (3.2) in eq. (2.2) and perform the t0-integration analytically and, after some
manipulations (shown in appendix A), arrive at

!
dI

d!d2k
=

2↵sCR

(2⇡)2!
Re

Z 1

0
ds n(s)

Z
s

0
dt

Z

pql
ip ·

✓
l

l2
�

q

q2

◆
�(l � q) eK(s, q; t,p)P(1,k; s, l) ,

(3.3)

where the vacuum contribution has already been subtracted. In this expression there is still one
time integral running up to infinity, but with the main di↵erence that it represents the position of
one of the scatterings and hence the integrand is zero outside of the medium. This allows us to
use the length of the medium L as the upper limit for this integral and for the end point of the
momentum broadening as well. The e↵ect of emissions outside of the medium has already been
integrated out (or subtracted in the case of the purely vacuum emissions) and there is no need to
deal with interferences separately or rely on precise cancellations between di↵erent terms.

This new expression for the in-medium spectrum has another advantage with regard to its
numerical evaluation. The dipole cross section behaves, for any realistic parton-medium interaction,
as �(q) ⇠ 1/q4 at large q, which guarantees the convergence of the integrals over q and l, while
also providing a convenient initial condition which can be evolved when eK and P are taken as
propagators.

It is worth noticing that extracting the first order in opacity result from eq. (3.3) is straight-
forward. We only need to take the vacuum versions of P and eK, which can be read o↵ directly
from the first term in the r.h.s. of eqs. (3.1) and (3.2). This is done in more detail in appendix

– 5 –

A lot of activity in the last 3-4 years to compute the gluon spectrum with a correct resummation 
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projectile (the highly energetic parton), and the product is ordered from right to left with

the n-th field insertion being the leftmost factor.

Now, following [12], the medium velocity can be included in the calculation by modifying

the background field entering Eq. (1). In order to do so, we model the matter as a collection

of massive color sources moving with non-relativistic velocity2 uµ = (1, u, uz), as explained

in detail in Section II C of [12]. We introduce here a subtle modification with respect to [12]:

we make use of the color charge density ⇢̂a(x, z) in coordinate space, allowing us to have a

continuous distribution of medium sources (which will be averaged over after squaring the

amplitude), as is the common practice both in the CGC and BDMPS-Z formalisms. We

also set the longitudinal velocity equal to zero uz = 0, since its effects can be obtained by

performing a longitudinal boost. We focus, instead, on calculating the subeikonal corrections

arising from the transverse velocity u, which cannot be recovered by a transverse boost, since

transverse boosts do not commute with the eikonal expansion. Hence, the background field

used in our calculation has the following form

gAa�(q) = u� v(q)

Z
d2x dz e�i(q·x+qzz)⇢̂a(x, z)

�
(2⇡) �(q0 � u · q) , (2)

where v is the interaction potential, and we have neglected the recoil of the sources. We rely

on the Gyulassy-Wang (GW) model [40], and thus set v to

v(q) =
g2

q2 � µ2 + i✏
, (3)

where µ is the Debye mass of the QGP or another characteristic screening scale (e.g. in the

case of cold nuclear matter).

Note that the field of a discrete collection of scattering centers used in [12], can be

straightforwardly obtained from Eq. (2) by taking ⇢̂a(x, z) =
P

j taj �(2)(x � xj) �(z � zj),

where taj is the color generator of jth source.

Plugging (2) into (1) we can easily perform the integrals over the zero components of

all the momenta. Then, we perform all the integrals over the z-components using contour

integration, where only one type of poles of the intermediate propagators of the fast moving

parton contributes to the desired accuracy, as explained for instance in [12, 41]. Indeed, since

we are considering only highly energetic partons, a single interaction is not able to change

2
Throughout this manuscript bold font will be used for 2D vectors in the transverse plane with respect to

the leading parton large momentum component pz.

5

Jet-medium coupling can be implemented for more realistic profiles - gradients/flow fields
[Sadofyev, Sievert, Vitev 2021; Antiporda, Bahder, Rahman, Sievert 2022; Barata, Sadofyev, 
Salgado 2022; Fu, Casalderrey, Wang 2022; Andres, Dominguez, Sadofyev, Salgado 2022; 

Ipp, Muller, Schuh 2022 — Previous: Armesto, Salgado, Wiedemann 2004] 

3

FIG. 1: Energy density (GeV/fm3) and �-jet evolution in
the transverse plane at ⌘s = 0, ⌧ = 2.0 (a,b) and 4.8 fm/c
(c,d) in a 0-12% central Au+Au collision at

p
s = 200 AGeV.

Straight (wavy) lines represent partons’ (photon) momenta.
Hydrodynamic background from the same event without �-jet
is subtracted in the right panels.

tributions from both LBT via parton recombination and
CLVisc via Cooper-Frye freeze-out. The ideal version of
CLVisc is used for most of our calculations. Detailed
descriptions of the CoLBT-hydro model and the discus-
sion of e↵ect of viscosity will be given in a forthcoming
publication.

To illustrate jet transport and j.i.m.e. in CoLBT-hydro
simulations we show in Fig. 1 transverse distributions of
the energy density at two di↵erent time ⌧ = 2.0 (up-
per panels) and 4.8 fm/c (lower panels) in a 0-12% cen-
tral Au+Au collision at

p
s = 200 AGeV with a �-jet

that is produced at the center of the overlap region. The
(wavy) straight lines represent the momenta of (�) hard
jet shower partons. The left panel is from CoLBT-hydro
with a �-jet. The Mach-cone-like j.i.m.e. including the
di↵usion wake (depletion of energy density behind the
jet) is clearly seen in the right panels where the same
bulk medium evolution without the �-jet is subtracted.

�-hadron correlation. Modification of �-hadron cor-
relations has been proposed as a good probe of parton
energy loss in QGP medium [7] since direct photons can
be used to better measure the initial jet energy. We carry
out the first study of jet quenching with CoLBT-hydro
as well as j.i.m.e. through �-hadron correlations in high-
energy heavy-ion collisions.

We use Pythia8 [56] to generate initial jet shower par-
tons for �-jet events in p+p collisions. These partons
start to interact with the medium in CoLBT-hydro after
their formation time ⌧f = 2p0/p2T or the QGP forma-

FIG. 2: (a) �-triggered jet fragmentation functions in p+p
and 0-12% Au+Au collisions at

p
s = 200 AGeV and (b) the

modification factor as compared to STAR data [58]. Results
without j.i.m.e. and with viscous correction (for ⌘/s=0.16)
are shown in dashed and dot-dashed lines, respectively.

tion time ⌧0 whichever later. The initial position of the
�-jet is sampled according to the spatial distribution of
binary hard processes from the same AMPT event that
provides the initial condition for the bulk medium evo-
lution. The final hadron spectrum per � trigger, defined
as the �-triggered fragmentation function,

D(z) =
dNh

dz

����
LBT

+
dNh

dz

����
w/jet

hydro

� dNh

dz

����
no/jet

hydro

, (4)

z = phT /p
�
T , is the sum of hadron spectra from LBT

and CLVsic in CoLBT-hydro minus the background from
CLVisc with the same initial condition but without �-jet.
Shown in Fig. 2(a) are CoLBT-hydro results for the

�-triggered fragmentation functions in p+p and 0-12%
central Au+Au collisions at

p
s = 200 AGeV and

(b) the corresponding modification factors IAA(z) =
DAA(z)/Dpp(z) for 12 < p�T < 20 GeV/c within pseudo-
rapidity |⌘| < 1 and azimuthal angle |���h�⇡| < 1.4. A
constant background in the hadron yield from CoLBT-
hydro in p+p and Au+Au collisions is subtracted sepa-
rately using the zero-yield-at-minimum (ZYAM) method
similarly as in the experimental analyses. CoLBT-hydro
describes well the STAR experimental data [58] on sup-
pression of leading hadrons at intermediate and large
z due to energy loss of hard partons within LBT. Soft
hadrons at small z < 0.1 are significantly enhanced due
to contributions from j.i.m.e. as compared to that with-
out (also excluding recoil thermal partons in LBT). The
only parameter that controls parton energy loss in LBT
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FIG. 4: Numerical evaluation of (65) for six different medium parametrizations. Each setup is

characterized by its values for the opacity �, the Debye mass µ, and a medium length L = 5 fm.

The values considered for the medium parameters are inspired by the ones typically found in the

literature [17, 49, 63, 70–72].
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[… with two simple examples as illustration]

Instead of conclusions..
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Measurements  modifying one “theory” jet≠

38

E.g.: Energy loss and broadening are generic for medium parton propagation and splitting pT−Measurement of angle between jet axes in
p

sNN = 5.02 TeV Pb–Pb collisions ALICE Collaboration
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Figure 2: Top panels: fully corrected Pb–Pb and pp DR
WTA�Standard
axis distributions in the p

ch jet
T intervals [40,60]

(left), and [60,80] (right) GeV/c for jets of R = 0.2. The pp baseline is taken from Ref. 15. Central and bottom
panels: measured Pb–Pb/pp ratio in black, as well as predictions from a selection of jet quenching models.

collisions. The suppression factor was measured in Ref. 36. Thus, only the shape and not the absolute
scale of the DRaxis spectra is reported.

The measured WTA–Standard distributions are shown in Fig. 2 for R = 0.2 jets in the p
ch jet
T ranges

[40,60] and [60,80] GeV/c. The top panels show DRaxis spectra from Pb–Pb and pp collisions. The
vertical error bars represent the statistical uncertainties and the rectangles represent the total systematic
uncertainties. The central and bottom panels show the Pb–Pb/pp ratio, with all uncertainties assumed
uncorrelated and added in quadrature when calculating the ratio. The equivalent results for other p

ch jet
T

ranges, jet resolution parameters, and grooming settings are included in the supplemental materials [24].

The data are compared with several jet quenching models. These models have different implementa-
tions of the microscopic properties of the medium, its evolution, and the jet–medium interaction. The
JEWEL event generator [35] models the medium with a boost-invariant longitudinally expanding ideal
quark–gluon gas [37]. Parameters from Ref. 38, which are adequate for the kinematics of this measure-
ment, are used. The medium partons recoiling after interacting with jet constituents can be discarded
from the event (recoils off) or allowed to hadronize together with the jet (recoils on). “MATTER+LBT”

is from the JETSCAPE event generator [39, 40], implementing an in-medium parton shower with in-
teractions of high- (low-) virtuality partons with the medium described by the MATTER [41] (Linear
Boltzmann Transport [42]) model. The curve labeled “medium q/g” corresponds to a phenomenologi-
cal model in which the only difference between the Pb–Pb and pp results comes from a modification of
the fraction of quarks and gluons that initiate the jets [43, 44], highlighting that these two jet populations
lose energy differently in the medium. The “pppT broadening” calculation adds to the previous model
a pT broadening caused by incoherent multiple scatterings with the medium partons [10] following the
BDMPS approach [45–47]. This calculation uses a mean square momentum transfer coefficient between
the jet and medium constituents hq̂Li = 5 GeV2. “Hybrid” is from the hybrid model [48], which de-
scribes the weakly coupled jet showering process using the DGLAP formalism and the strongly coupled
interaction between the jet constituents and medium partons via holographic calculations of energy loss
based on AdS/CFT. The case Lres = 0 corresponds to fully incoherent energy loss, where the medium is
able to resolve the splitting immediately after the parton fragments, resulting in higher energy loss [13].
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Narrowing???

Reconstructed jets:
You are not comparing here 

the same quark/gluon 
evolution w/ and wo/ medium 

[but the result of an analysis on an 
ensemble of jets]
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Other [sometimes trivial] effects

39

E.g.: The slope of the proton-proton spectrum very relevant for suppression 

Also:  
 Nuclear PDFs 
 Jet definition, reconstruction, etc 
 Quark/gluon content…

These effects need to be taken into account 
for a correct interpretation of the data
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