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The QGP, a Jet, QGP response & residual UE 
or more conventionally:

what we have, and what still have not, learnt about jets in QGP



WHAT WE WANT TO UNDERSTAND
•jets in QGP 

◦ parton branching in presence of QGP 

◦ response of QGP to interaction with traversing partons and its contribution to jets 

◦ what is a fair comparison between theory and data 

•jets as probes of QGP properties [assumes above is sufficiently understood] 

◦ observable properties of jets that can be robustly related to QGP properties 

◦ QGP response within jets as portal to understand hydrodynamization and how QGP 
forms
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TOOLS 
5

(semi-)analytic calculations

event generation

observable measurement

must include contribution 
from QGP response

too simplistic so far
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TOOLS AND COFOUNDERS

7

(semi-)analytic calculations

event generation

observable measurement

too simplistic so far

UE subtraction irreducibly imperfect 

some observables UE contaminated

must include contribution 
from QGP response

mimic UE contamination



lesson #0

jets are modified by the QGP

[almost] all observables computed for samples of AA jets differ from when 
computed in pp samples

criteria for establishing modification on a jet-by-jet basis remains elusive 



lesson #1



dijet asymmetry
Milhano and Zapp :: Eur.Phys.J. C76 (2016))

•JEWEL provides good data 
description 

•very tempting naive geometrical 
interpretation 

◦ one jet loses more energy 
than the other DUE TO 
different traversed amount of 
QGP matter 

10

enhanced pT imbalance in back-to-back dijet pairs in HI collisionsCMS PbPb data
JEWEL+PYTHIA PbPb
JEWEL+PYTHIA pp
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Abstract The di-jet asymmetry — the measure of the
momentum imbalance in a di-jet system — is a key jet
quenching observable. Using the event generator Jewel
we show that the di-jet asymmetry is dominated by fluc-
tuations both in proton-proton and in heavy ion colli-
sions. We discuss how in proton-proton collisions the
asymmetry is generated through recoil and out-of-cone
radiation. In heavy ion collisions two additional sources
can contribute to the asymmetry, namely energy loss
fluctuations and di↵erences in path length. The latter
is shown to be a sub-leading e↵ect. We discuss the im-
plications of our results for the interpretation of this
observable.

Keywords Heavy ion collisions · Jet quenching

1 Introduction

The ability to systematically reconstruct jets above the
large and fluctuating background present in ultra-relati-
vistic heavy ion collisions [?] has opened up a versatile
path [?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?] to study the
properties of Quark Gluon Plasma (QGP). Jets are sen-
sitive, through the wide range of scales involved in their
development, to a variety of properties of the expanding
QGP they traverse. Unlike measurements that involve
hadrons (e.g. single hadron suppression), jet observ-
ables are mostly immune to the uncertainties arising
from the ill-understood physics of hadronization.

The extensive use of jets in both hadron and lepton
collisions is grounded on solid theoretical understand-
ing. Both the jet production and jet evolution giving
rise to the characteristic jet structure are calculable in
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perturbation theory [?] and are encoded in Monte Carlo
event generators [?,?,?]. This is in contrast with the
present situation in heavy ions where, albeit very im-
portant theoretical developments in the last few years
(for a recent review see [?]), the dynamical details of
jet-medium interactions remain partly ununderstood.

Although current Monte Carlo implementations of
jet dynamics in the presence of a medium [?,?,?,?,?,?]
are necessarily incomplete, they can be used meaning-
fully in a variety of studies. Ultimately, the endowment
of jets with full probing potential requires the depen-
dence of a given jet observable on specific medium prop-
erties to be clearly identified. By considering an event
generator — Jewel [?,?] — that has been validated
for a wide set of observables (jet rates and shapes, frag-
mentation functions, di-jet observables, leading hadron
suppression etc.) and the di-jet asymmetry as an exam-
ple for a jet observable, we illustrate a generic strategy
for achieving such identification.

We carry out a detailed analysis of what drives the
enhancement of di-jet energy imbalance in heavy ion
collisions relative to the proton-proton case. In doing
so, we attempt to qualify common assumptions made
in the literature. Di-jet asymmetry carries the histor-
ical weight of having been the first observable to be
measured for fully reconstructed jets in heavy ion col-
lisions [?] and of having triggered nearly immediate in-
sight on the underlying dynamics at play [?,?]. Since
then more di↵erential measurements, e.g. [?], and at-
tempts to observe a di-jet asymmetry at RHIC [?] have
been carried out.

The di-jet asymmetry

AJ =
p?,1 � p?,2

p?,1 + p?,2
, (1)
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Received: date / Accepted: date

Abstract The di-jet asymmetry — the measure of the
momentum imbalance in a di-jet system — is a key jet
quenching observable. Using the event generator Jewel
we show that the di-jet asymmetry is dominated by fluc-
tuations both in proton-proton and in heavy ion colli-
sions. We discuss how in proton-proton collisions the
asymmetry is generated through recoil and out-of-cone
radiation. In heavy ion collisions two additional sources
can contribute to the asymmetry, namely energy loss
fluctuations and di↵erences in path length. The latter
is shown to be a sub-leading e↵ect. We discuss the im-
plications of our results for the interpretation of this
observable.

Keywords Heavy ion collisions · Jet quenching

1 Introduction
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large and fluctuating background present in ultra-relati-
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path [?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?] to study the
properties of Quark Gluon Plasma (QGP). Jets are sen-
sitive, through the wide range of scales involved in their
development, to a variety of properties of the expanding
QGP they traverse. Unlike measurements that involve
hadrons (e.g. single hadron suppression), jet observ-
ables are mostly immune to the uncertainties arising
from the ill-understood physics of hadronization.

The extensive use of jets in both hadron and lepton
collisions is grounded on solid theoretical understand-
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perturbation theory [?] and are encoded in Monte Carlo
event generators [?,?,?]. This is in contrast with the
present situation in heavy ions where, albeit very im-
portant theoretical developments in the last few years
(for a recent review see [?]), the dynamical details of
jet-medium interactions remain partly ununderstood.

Although current Monte Carlo implementations of
jet dynamics in the presence of a medium [?,?,?,?,?,?]
are necessarily incomplete, they can be used meaning-
fully in a variety of studies. Ultimately, the endowment
of jets with full probing potential requires the depen-
dence of a given jet observable on specific medium prop-
erties to be clearly identified. By considering an event
generator — Jewel [?,?] — that has been validated
for a wide set of observables (jet rates and shapes, frag-
mentation functions, di-jet observables, leading hadron
suppression etc.) and the di-jet asymmetry as an exam-
ple for a jet observable, we illustrate a generic strategy
for achieving such identification.

We carry out a detailed analysis of what drives the
enhancement of di-jet energy imbalance in heavy ion
collisions relative to the proton-proton case. In doing
so, we attempt to qualify common assumptions made
in the literature. Di-jet asymmetry carries the histor-
ical weight of having been the first observable to be
measured for fully reconstructed jets in heavy ion col-
lisions [?] and of having triggered nearly immediate in-
sight on the underlying dynamics at play [?,?]. Since
then more di↵erential measurements, e.g. [?], and at-
tempts to observe a di-jet asymmetry at RHIC [?] have
been carried out.

The di-jet asymmetry

AJ =
p?,1 � p?,2

p?,1 + p?,2
, (1)

really not the case …



dijet asymmetry

•small bias towards smaller path-length for leading jets 

◦ however, significant fraction [34%] of events have longer path-length for leading jet 

◦ consequence of fast medium expansion

12
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Fig. 3 Di-jet asymmetry AJ in central (b = 0) Pb+Pb events
in a scenario where the di-jet production points are dis-
tributed according to the Glauber model (’full geometry’)
compared to a scenario where all jets are produced at the
centre of the collision (’central production’). The yellow band
in the ratio plot shows the statistical uncertainty on the refer-
ence (the denominator in the ratio), i.e. on the red histogram.

the same. If in the sample with distributed produc-
tion points a strong bias for the leading jet to have
the smaller path-length was present and such di↵erence
was driving the asymmetry, then the di-jet asymmetry
should be significantly larger in this scenario than in the
‘central production’ case where all path-lengths are the
same. Figure ?? shows clearly that this is not the case.
The di↵erence between the asymmetry computed in the
two scenarios is small. This provides clear evidence that
fluctuations, rather than systematic path-length di↵er-
ences, are most relevant in building up the asymmetry.

In Jewel, and arguably in general, jet-medium in-
teraction depends on the amount of medium traversed
by the jet. The relevant path-length that accounts for
the evolving medium density profile is the density weight-
ed path-length given by

Ln = 2

R
d⌧ ⌧n(r(⌧), ⌧)R
d⌧ n(r(⌧), ⌧)

, (2)

where ⌧ =
p
t2 � z2 is the proper-time and n(r(⌧), ⌧))

is the position and time dependent density of medium
scattering centres. As we consider a boost invariant
medium, Ln is rapidity independent.

Figure ?? shows the distribution of the path-length
di↵erence (�Ln = Ln,2�Ln,1) between the sub-leading
and leading jet in di-jet events, together with analogous
distributions obtained in single-inclusive jet events and
without any jet cuts. The path-lengths for the leading
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Fig. 4 Comparison of di↵erences in path-length between
leading and sub-leading jet when no jet cuts are placed (red),
when only one jet passing the p? cut for the leading jet is
required (blue) and when a di-jet system is required (green).

jet Ln,1 and sub-leading jet Ln,2 in each di-jet event
are computed from the di-jet production point and the
direction of each of the reconstructed jets in the pair.
For single-inclusive jet events, the jet is required to pass
the same leading jet p? cut as in di-jet events and the
sub-leading jet, which is not reconstructed, is assumed
exactly back-to-back (the azimuthal angle between the
two jets is �� = ⇡). The distribution in the case where
no jet cuts are imposed simply reflects the Glauber dis-
tribution of production points. Here, the angles and
transverse momenta of the out-going partons of the ma-
trix element are used to evaluate the path-lengths.

The distribution without jet cuts is symmetric around
zero, while both the di-jet and single-inclusive jet cases
show a shift towards positive �Ln. This shift, favour-
ing somewhat smaller path-lengths for the leading jet,
is a consequence of the p? cut imposed on the lead-
ing jet2. This is not, however, a large e↵ect. In fact,
in 34% of the di-jet systems the leading jet has the
longer path-length. Such configurations are only possi-
ble in the presence of sizeable vacuum and/or medium
energy loss fluctuations. As figure ?? shows, there is a
mild correlation between the path-length di↵erence and
the di-jet asymmetry (the mean path-length di↵erence
increases from h�Lni = 0.56 in the most symmetric to
h�Lni = 1.86 in the most asymmetric bin). This shift
is still small compared to the width of the distribution,
which is a measure for the importance of fluctuations.

The path-length of a jet produced in the centre is
4 fm, while in the scenario with distributed production
points the average path-length is 3.74 fm. Therefore,

2The near coincidence of the distributions for the di-jet and
single-inclusive jet cases results from the very asymmetric p?
cuts (p?,1 > 100GeV and p?,2 > 20GeV) that are imposed.

density weighted path-length  
[accounts for medium expansion, rapidity independent for boost invariant medium]

Milhano and Zapp :: Eur.Phys.J. C76 (2016))



dijet asymmetry

•di-jet event sample with no difference in path-length have 
AJ distribution compatible with realistic [full-geometry] 
sample 

◦ ‘typical’ event has rather similar path-lengths 

◦ difference in path-length DOES NOT play a significant 
role in the observed modification of AJ distribution 
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perturbation theory [?] and are encoded in Monte Carlo
event generators [?,?,?]. This is in contrast with the
present situation in heavy ions where, albeit very im-
portant theoretical developments in the last few years
(for a recent review see [?]), the dynamical details of
jet-medium interactions remain partly ununderstood.

Although current Monte Carlo implementations of
jet dynamics in the presence of a medium [?,?,?,?,?,?]
are necessarily incomplete, they can be used meaning-
fully in a variety of studies. Ultimately, the endowment
of jets with full probing potential requires the depen-
dence of a given jet observable on specific medium prop-
erties to be clearly identified. By considering an event
generator — Jewel [?,?] — that has been validated
for a wide set of observables (jet rates and shapes, frag-
mentation functions, di-jet observables, leading hadron
suppression etc.) and the di-jet asymmetry as an exam-
ple for a jet observable, we illustrate a generic strategy
for achieving such identification.

We carry out a detailed analysis of what drives the
enhancement of di-jet energy imbalance in heavy ion
collisions relative to the proton-proton case. In doing
so, we attempt to qualify common assumptions made
in the literature. Di-jet asymmetry carries the histor-
ical weight of having been the first observable to be
measured for fully reconstructed jets in heavy ion col-
lisions [?] and of having triggered nearly immediate in-
sight on the underlying dynamics at play [?,?]. Since
then more di↵erential measurements, e.g. [?], and at-
tempts to observe a di-jet asymmetry at RHIC [?] have
been carried out.

The di-jet asymmetry

AJ =
p?,1 � p?,2

p?,1 + p?,2
, (1)
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jet energy loss dominated by fluctuations

•not all same-energy jets are equal 

◦ number of constituents driven by initial mass-to-pt 
ratio :: vacuum physics 

◦ more populated jets have larger number of 
energy loss candidates 

◦ more populated jets lose more energy and their 
structure is more modified
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[analogous results within other approaches] 
Chesler, Rajagopal  1511.07567 

Rajagopal, Sadofyev, van der Schee 1602.04187 
Brewer, Rajagopal, van der Schee 1710.03237  

Escobedo, Iancu 1609.06104 [hep-ph] 



lesson #1

vacuum like parton showering very important driver of how much 
and how a jet ends up modified

supports common assumption that QGP induced modifications are a 
perturbation to vacuum physics 

modifications depend on QGP size [centrality dependence], but ‘surface bias’ 
unimportant for [at least] many observables



lesson #2



jet and hadron RAA

4

a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at

Casalderrey, Hulcher, Milhano, Pablos, Rajagopal :: 1808.07386 [hep-ph]

•different suppression of hadrons and jets was long seen as a ‘puzzle’ 

◦ all bona fide MC, and all analytical calculations that treat jets as resulting from evolution 
of a multiparticle state fully account for the different suppression

Hybrid



• excellent global fit for LHC data :: some tension with RHIC data 

• high pT hadrons originate from narrow jets [fragmented less] which are less suppressed than inclusive jets 

• simultaneous description of jet and hadron RAA natural feature of any approach that treats jets as such [ie, 
objects resulting from evolution of state with internal structure]

jet and hadron RAA
Results
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a starting time of ⌧0 = 0.6 fm, before which we assume there
is no energy loss. We stop applying energy loss when the local
temperature goes below Tc, using two different values for this
quantity as noted above. In order to estimate the contribution
to the final hadron spectra coming from the wake generated
by the passage of the jet through the plasma, as in Ref. [17]
we assume that the wake hydrodynamizes subject to momen-
tum conservation, becomes a small perturbation to the bulk
hydrodynamic flow, and yields a correction to the final hadron
spectrum (obtained via the Cooper-Frye prescription [63]) that
is also a small perturbation that can be linearized. We perform
the hadronization of the parton shower using the Lund string
model present in PYTHIA, where, for simplicity, the color flow
among the different partons is not modified.

We present in the six panels of Fig. 1 the results for the
fits to the best values of sc for the two different values of Tc

(first three panels for Tc = 145 MeV, last three for Tc = 170
MeV), and for Lres = 0 and 2/(⇡T ). The fits have been done
in two different ways. First, the individual points with error
bars are obtained by fitting the model, separately, to each of
ten different sets of data using a standard �2 analysis with
different sources of experimental uncertainty (statistical, un-
correlated systematic, correlated systematic, and normaliza-
tion) accounted for appropriately, as in Ref. [65]. And, sec-
ond, the horizontal colored bands are obtained by performing
a global fit to all nine LHC data sets. The uncertainty bands
on these global fits correspond to the values of sc for which
�2 = �2

min ± 1 (1�) and �2 = �2
min ± 4 (2�).

We conclude from the global fit that our model can simulta-
neously describe data on the suppression of both hadrons and
jets, yielding a satisfactory overall agreement between all sets
of LHC data within the narrow range for sc indicated by the
global fit for either value of Lres and Tc. Although we cer-
tainly find no statistically significant preference for Lres = 0
or Lres = 2/(⇡T ) whatsoever, if we squint at Fig. 1 it appears
that the agreement between the band of values of sc found via
the global fit and the jet suppression data looks slightly better
for Lres = 2/(⇡T ). The global fit shows that this impression
is not significant at present, but this impression — and the goal
of constraining the value of Lres — motivates future higher
statistics measurements of jet suppression. Note that although
at fixed sc the effect of varying Lres on jet suppression is sig-
nificant, as noted in Ref. [66], this dependence becomes rather
weak after fitting the model parameter that controls the rate of
parton energy loss — in our case sc which we determine via
our global fit. In any comparison between a perturbative anal-
ysis and data, fitting the value of the jet quenching parameter
q̂, as is appropriate and necessary, will have comparable con-
sequences.

We see in Fig. 1 that the measurements of the suppression
of ⇡0 yields in RHIC collisions [65] favor a larger value of sc

than the one that we obtain from the global fit to LHC data,
corresponding to a stronger coupling between energetic par-
tons and the QGP that they traverse in the lower temperature
QGP produced at RHIC. This is in line with the finding of pre-
vious studies [67, 68]. However, the distinction between the
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FIG. 2: Results for Rhad
AA and Rjet

AA from our model with its param-
eter fixed via the global fit, compared to CMS [55] and ATLAS [58]
data. Error bars on the experimental data points show only the uncor-
related error. The corrected data points have been shifted according
to the best fit value of the correlated error correction [65]. Colored
bands show results from the hybrid model with Lres = 2/(⇡T ), with
the bands spanning results obtained with Tc = 145 and 170 MeV, in
each case using the value of sc obtained from the global fit in Fig. 1

value of sc preferred for RHIC and LHC collisions is not at
the 5� level. This motivates future higher statistics measure-
ments of both hadron and jet suppression at RHIC. It would
also be interesting to extend this analysis to different centrality
classes.

In Fig. 2 we provide an impression of how individual points
in Fig. 1 are obtained by showing a subset of our results com-
pared to data for Rjet

AA with anti-kt radius of R = 0.4 [64], and
Rhad

AA (plotted together, meaning that the horizontal axis cor-
responds to either hadron or jet pT ) for PbPb collisions withp
sNN = 2.76 TeV at the LHC. The bands from the model

comprise the results obtained for the 2� range for sc as ex-
tracted from the global fits for both values of Tc, and using
Lres = 2/(⇡T ).

Modification of jet fragmentation functions. Following the
discussion in the Introduction, we turn now to jet fragmenta-
tion functions. By definition, fragmentation functions count
the mean number of hadrons, per jet, that carry a fraction z
of the whole jet energy, with z usually defined in experimen-
tal analyses as z ⌘ (ph · pj)/|pj|2, where ph and pj are the
three-momentum of the hadron and jet, respectively. The ra-
tio of fragmentation functions in PbPb and pp collisions was
introduced as an observable that is affected by jet quenching
in Ref. [69] and has been measured by both CMS and AT-
LAS [69–71]. Here, we are interested in the enhancement in
this ratio close to z ⇠ 1 [75]. As we described in the Intro-
duction, due to the steeply falling jet spectrum whenever we
trigger on a high pT hadron we are biasing our sample towards
narrow jets that fragmented into few, hard, hadrons. We see
from the fragmentation function ratio near z ⇠ 1 in Fig. 3 that
such jets are more common in PbPb collisions than in pp col-
lisions. While the first results from ATLAS at

p
sNN = 2.76

TeV already showed hints of an enhancement in this ratio at

Casalderrey, Hulcher, Milhano, Pablos, Rajagopal :: 1808.07386 [hep-ph]



lesson #2

QGP sees and interacts with constituents of evolving multi-parton 
state

substructure modifications are a powerful tool to understand shower/QGP 
interaction 

UE contamination can have significant effect in substructure observables



lesson #3



MULTIPLE EMISSIONS :: VACUUM ANTENNAS
•bona fide description of parton branching requires understanding of emitters interference 

pattern 

◦ qqbar antenna [radiation much softer than both emitters] as a TH lab

21

k�, �

::vacuum:: 

•transverse separation at formation time 

•wavelength of emitted gluon 

for                   emitted gluon cannot resolve emitters, thus emitted coherently from total 
colour charge 

large angle radiation suppressed :: angular ordering 

r? ⇠ ✓qq̄ ⌧f ⇠ ✓qq̄
✓2!

�? ⇠ 1

k?
⇠ 1

!✓

�? > r?



MEDIUM ANTENNAS

•new medium induced colour decorrelation scale 

•such that decorrelation driven by timescale

22

k�, �

⇤med ⇠ 1

k?
⇠ 1p

q̂L

⌧d ⇠
✓

1

q̂✓2qq̄

◆1/3

Mehtar-Tani, Salgado, Tywoniuk :: 1009.2965 [hep-ph] 
many, many papers thereafter…



[DE]COHERENCE OF MULTIPLE EMISSIONS

◦ colour decoherence opens up phase space for emission 

•large angle radiation [anti-angular ordering] 

◦ geometrical separation [in soft limit]

23

k�, �

3

third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
and antiquark reads

Ma
�(k) =

� ig


 · ✏�

x (p · k)U
ab
p (L, 0) Qb

q +
̄ · ✏�

x̄ (p̄ · k)U
ab
p̄ (L, 0) Qb

q̄

�
.

(12)

This generalizes Eq. (2) which we recover by putting U =
1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
medium. The spectrum in the soft limit is readily found
from Eq. (12) to be

(2⇡)2!
dN tot

�⇤

d3k
=

↵sCF

!2
(Rcoh + 2�med J ) , (13)

where we have used that Qa
qQ

b
q̄ = �ab/(N2

c � 1)Qq · Qq̄.
The interaction with the medium is completely contained
in �med, given by

�med = 1� 1

N2
c � 1

hTrUp(L, 0)U
†
p̄(L, 0)i , (14)

which only a↵ects the interference term, J . The brack-
ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, CF , appearing in Eq. (13), demonstrates that the
emission takes place o↵ the quark or the antiquark. Fol-
lowing the same decomposition as for the vacuum, lead-
ing to Eq. (4), the soft gluon spectrum o↵ the quark in
medium reads

dN tot
q,�⇤ =

↵sCF

⇡

d!

!

sin ✓ d✓

1� cos ✓
[⇥(cos ✓ � cos ✓qq̄)��med ⇥(cos ✓qq̄ � cos ✓)] . (15)

Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
medium is fully contained in a multiplicative factor,
�med, while the functional shape is vacuum-like. In the
dilute limit, �med ! 0, we recover the pure vacuum spec-
trum, dN tot

q,�⇤ ! dNvac
q,�⇤ . With increasing density, the de-

coherence rate is controlled by the parameter �med. In
the limit of a completely opaque system,�med is bounded
by unitarity so that �med ! 1. Then the soft emission in
the presence of a medium reduces to independent radia-
tion o↵ the quark and antiquark, as if they were radiating
in the vacuum. This is what we call total decoherence of
the spectrum

dN tot
q,�⇤

���
opaque

=
↵sCF

⇡

d!

!

sin ✓ d✓

1� cos ✓
. (16)

In other words, the strict angular ordering condition is
entirely removed. Thus, �med appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓qq̄ = 0.2. For ✓ < ✓qq̄, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓qq̄ the medium-induced radiation takes over, con-
trolled by the medium parameter �med. The limit of
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FIG. 1: The soft gluon emission spectrum o↵ a energetic

quark in the presence of a medium for a qq̄ pair with open-

ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here

↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked

by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �med = 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.

So far we have considered the generic behavior of the
soft gluon spectrum without going into the details of how

ω → 0
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third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
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1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
medium. The spectrum in the soft limit is readily found
from Eq. (12) to be
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which only a↵ects the interference term, J . The brack-
ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, CF , appearing in Eq. (13), demonstrates that the
emission takes place o↵ the quark or the antiquark. Fol-
lowing the same decomposition as for the vacuum, lead-
ing to Eq. (4), the soft gluon spectrum o↵ the quark in
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Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
medium is fully contained in a multiplicative factor,
�med, while the functional shape is vacuum-like. In the
dilute limit, �med ! 0, we recover the pure vacuum spec-
trum, dN tot

q,�⇤ ! dNvac
q,�⇤ . With increasing density, the de-

coherence rate is controlled by the parameter �med. In
the limit of a completely opaque system,�med is bounded
by unitarity so that �med ! 1. Then the soft emission in
the presence of a medium reduces to independent radia-
tion o↵ the quark and antiquark, as if they were radiating
in the vacuum. This is what we call total decoherence of
the spectrum
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In other words, the strict angular ordering condition is
entirely removed. Thus, �med appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓qq̄ = 0.2. For ✓ < ✓qq̄, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓qq̄ the medium-induced radiation takes over, con-
trolled by the medium parameter �med. The limit of

0 0.1 0.2 0.3 0.4

θ

0

2

4

6

8

10

12

ω
 d

N
/d
ω

d
θ

vacuum

radiation

medium-induced

radiation

α
-1

FIG. 1: The soft gluon emission spectrum o↵ a energetic

quark in the presence of a medium for a qq̄ pair with open-

ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here

↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked

by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �med = 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.

So far we have considered the generic behavior of the
soft gluon spectrum without going into the details of how

Δmed → 0 coherence

Δmed → 1 decoherence

•qqbar colour coherence survival probability  

•time scale for decoherence 

•total decoherence when L > τd

⌧d ⇠
✓

1

q̂✓2qq̄

◆1/3

�med = 1� exp
n
� 1

12
q̂✓2qq̄t

3
o
= 1� exp

n
� 1

12

r2?
⇤2
med

o

Mehtar-Tani, Salgado, Tywoniuk :: 1009.2965 [hep-ph] 
many, many papers thereafter…



FROM ANTENNAS TO JETS
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FIG. 1. A sample jet event resolved with Rmed = 0.1 (left

panel) and 0.15 (right panel). The blue histogram denotes

the hardest resolved sub-jet, the green the next-to-hardest

one, while the pink histogram denotes soft fragments.

only loosing energy by induced radiation as a single par-
ton. As will be shown below, for typical LHC kinematics
there is a significant probability that the experimentally
reconstructed jet with cone parameter R accommodates
only one resolved charge which contains the leading con-
stituents carrying nearly all of the total jet transverse
energy.

From the antenna to the jet. The dynamics of a
QCD jet in vacuum is described in terms of the scales
of the problem. The initial hardness, given by the jet
transverse mass E⇥jet, where E is the jet energy and ⇥jet

its aperture, is distributed among several constituents in
the course of a branching process. Multiple emissions in
the shower are governed by color coherence which can
most easily be understood in the context of the antenna
radiation, the soft gluon radiation o↵ a pair of highly
energetic color correlated partons. The antenna serves
as the building block for a probabilistic scheme of jet
evolution.

In the radiation process from any such antenna of
opening angle ⇥, the emitted gluon transverse wave-
length �?, which is related to its transverse momentum
by �? ⇠ 1/k?, needs to be compared to the transverse
separation of the pair at the time of formation of the
gluon, r? = ⇥ tf, with tf ⇠ k2

?/! and ! the gluon fre-
quency . If �? > r?, the gluon cannot resolve the two
components of the antenna which act coherently as a sin-
gle emitter; in the opposite case, when �? < r?, the
radiative spectrum is the superposition of independent
gluon emissions o↵ each of the antenna components. In
other words, radiation with �? > r? is only sensitive to
the total charge. This relation takes a particularly simple
form for the angular distribution of gluons, namely glu-
ons emitted at small angles ✓ < ⇥ resolve the individual
charges while those with ✓ > ⇥ behave as if emitted o↵
the total charge. This generic feature is responsible for

the angular ordering constraint [5].
The presence of a deconfined medium introduces a new

transverse length scale into the problem, which we sim-
ply denote by ⇤med, defining the transverse size of the
color correlations of the plasma as seen by a probe. The
response of a single, energetic parton immersed in this en-
vironment is the radiation of modes with k? . 1/⇤med,
giving rise to an energy depletion of the projectile. The
nature of this radiation has been extensively discussed
in the literature and is generically referred to as the
BDMPS-Z spectrum [6]. For more than one simultane-
ously propagating parton, this medium-induced compo-
nent will also be accompanied by a modification of the
color correlation structure among the di↵erent charges
[4], which we proceed to discuss.

Let us start by the simplest case of a single antenna
in a static and homogeneous medium of length L. The
maximal degree of decoherence, due to color randomiza-
tion, of the two constituents of the antenna is controlled
by [4]

�med ' 1 � e� 1
12 q̂Lr2? ⌘ 1 � e�(⇥/✓c)

2

. (1)

Here q̂ is the well known quenching parameter, character-
izing the degree of momentum broadening in the trans-
verse plane per unit length, and r? = ⇥L. Moreover,
1/⇤2

med ⌘ q̂L. Since the first jet splitting defines the
largest antenna in the jet, it is now simple to discuss the
two possible scenarios, depicted in Fig. 1, for a jet with
opening angle ⇥ = ⇥jet.

When ⇥jet ⌧ ✓c, the whole jet is not resolved by the
medium. Therefore, all its components act as a single
emitter. This gives rise to two central consequences.
Firstly, the fragmentation pattern of the jet is unmod-
ified compared to the vacuum. Secondly, the jet energy
is depleted coherently proportionally to the color charge
of the jet initiator (e.g., with color charge CR = CF in the
case of a quark jet). In other words, for a jet energy loss
�E, each parton reduces its energy by a constant factor
1��E/E. This is a manifestation of color transparency
for highly collimated jets.

For the case ⇥jet � ✓c, on the other hand, some parts
of the jet can be resolved by the medium depending on
the formation time of the di↵erent jet fragments. Nev-
ertheless, the partons within the jet may be reorganized
into a reduced e↵ective number of emitters which are sen-
sitive to medium e↵ects in the shower.
An estimate of the relevance of color coherence

for LHC conditions. As a proof-of-principle study,
we have analyzed the transverse structure of vacuum
jet showers in the kinematic range of the LHC. Using
PYTHIA 8.150 [7], we studied jet events at partonic level
in p+p collisions at 2.76 TeV identified via the anti-kt al-
gorithm, as implemented in FastJet 3.0.3 [8]. Since the
resolution power of the medium depends upon the ge-
ometry encountered by the jet, we have embedded these
events into an evolution model for the plasma. Each
event was assigned a production point in the transverse
plane according to the Ncoll distribution in the Glauber

� in-medium jet dynamics driven by number of resolved charges

24

A new picture of  jet quenching

 LHCP2015 - St Petersburg                                                      Understanding Heavy-Ion data

The parton shower is composed of un-modified subjets (vacuum-like)
 With a typical radius given by the medium scale 
 For medium-induced radiation each subject is one single emitter

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

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

Salgado



lesson #3

coherence properties of parton branching are modified by 
interaction with QGP

substructure modifications are a powerful tool to understand modifications of 
coherence

unequivocal observation of effect yet to happen; phenomenological 
importance of effect unknown; limited implementation in event generators

effect understood analytically in 2010 !



lesson #4



‘discovery’ of medium response

•propagating particles [what will be a jet] modify the QGP they traverse and 
modification of QGP reconstructed as part of jet 

◦ inclusion of QGP response in MC improves agreement with data 

◦ first evidence for importance of QGP response was seen in MC 

◦ QGP response of full shower remains untractable in [semi-]analytic calculations  
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Figure 10: Ratio of the jet shape in PbPb collisions with
p
s = 2.76 ATeV with 0-10% centrality

(left) and 10-30% centrality (right) to the jet shape in proton-proton collisions. The two colored
bands show the results of our hybrid model calculation with no broadening, with both jets and
background hadronized, and with our background subtraction procedure for high-pT jets applied.
In the calculation shown as the red band we include the effects of backreaction, namely the particles
coming from a wake in the medium. We compare our calculation with and without backreaction to
data from CMS [51].

jet energies with a Gaussian whose width corresponds to the difference between the jet energy
resolution in the presence of our background and the jet energy resolution measured by CMS;
we describe the procedure in Appendix B. Last, we subtract background tracks in the jet cone
following a simple procedure from Ref. [51] in which we subtract the ⌘-reflection of each event
from that event. This procedure does not work for jets near ⌘ = 0; this is why |⌘| < 0.3 is excluded
from both our analysis and the measurement reported in [51].

To gauge the effects of adding our simplified background, performing the background sub-
traction procedure, and hadronization on one hand, and the effects due to the backreaction of the
medium, namely the particles coming from the wake in the plasma, on the other in both panels we
show the jet shape ratio computed at the hadronic level with and without backreaction. As we saw
in Section 4, energy loss serves to narrow the angular size of jets in a given window of energies in
heavy ion collisions relative to that of jets with the same energies in proton-proton collisions. As
a consequence, without backreaction the effect of energy loss is to increase the importance of nar-
row jets in the quenched jet sample, leading to a depletion of the jet shape at large angles r. Note
that the only differences between the simulations without backreaction in Fig. 10 and the K = 0

simulations displayed in Fig. 5 are: adding the simplified but fluctuating background that we are
employing, performing our background subtraction and jet reconstruction, and adding hadroniza-
tion. The partonic distributions whose ratio is plotted in Fig. 5 give rise to narrower distributions
that the hadronic ones that go into Fig. 10, a natural consequence of the non-trivial angular distribu-
tion of the Lund strings connecting the hard partons within the jet which means that hadronization
broadens the jet somewhat. (See for example Ref. [185].)

Despite the hadronic uncertainties, the jet shape ratio shows a clear increase at larger values
of the angular variable r when we include backreaction, confirming the expectation that some of
the particles from the wake in the plasma do end up reconstructed as part of the jet, and confirming
the expectation that they are less tightly focused in angle than the jet itself was. That said, it

– 32 –

7.3 Jet profile

0 0.05 0.1 0.15 0.2 0.25 0.3

0.4

0.6

0.8

1

1.2

1.4

1.6

w/o Recoils

w/ Recoils 4MomSub

CMS

anti-k? R=0.3, |⌘jet| < 2

pjet? > 100 GeV

JEWEL+PYTHIA (0� 10%), Pb+Pb
p
s = 2.76 TeV

r from jet axis

⇢(
r)

P
b
P
b
/⇢

(
r)

p
p

Figure 14. Ration of the differential jet shape (or jet profile) in Pb+Pb and p+p measured by
CMS [8] (black points) and compared with Jewel+Pythia results with (blue line) and without
medium response (green line). The data systematic uncertainties are shown in the yellow band
around unity.

The differential jet shape or jet profile ⇢(r) measures what fraction of the jet p? is
found at what distance from the jet axis. It is defined as

⇢(r) =
1

pjet
?

X

k with
�RkJ2[r,r+�r]

p(k)? , (7.1)

where the sum runs over all particles in the jet. The CMS measurement [8] was performed
using the full jet p?, but ⇢(r) was built only from tracks. Therefore, as is the case of the
fragmentation function, we can do the subtraction for the jet p?, but not for the charged
particles. In this case, however, this is not a problem, since the jet profile built from tracks
and the one built form all particles differ only by a constant factor. Assuming this factor
to be the same in p+p and Pb+Pb, it will cancel exactly in the ratio of the jet profiles.
We can therefore compare Jewel+Pythia results for full jets directly to the CMS data
on the jet profile ratio. A more serious problem is that in experimental analysis only tracks
with ptrk

? > 1GeV are included. Since we can only subtract for the inclusive final state,
this leads to a small mismatch, that becomes visible only at large r and reaches up to 10%
in the highest r bin.

Fig. 14 shows the Jewel+Pythia result compared with CMS data [8] for the modifi-
cation of the differential jet shape ⇢PbPb/⇢pp in Pb+Pb collisions compared to p+p. Includ-
ing medium response and after performing the subtraction using the 4MomSub method, we
are able to reproduce the general trend of the data. Jewel+Pythia with recoiling par-
tons describes the enhancement of the jet shape at large radii mostly due to soft particles
(p? < 3GeV), while without medium response the enhancement is entirely absent.

– 16 –

Hybrid

7.3 Jet profile

0 0.05 0.1 0.15 0.2 0.25 0.3

0.4

0.6

0.8

1

1.2

1.4

1.6

w/o Recoils

w/ Recoils 4MomSub

CMS

anti-k? R=0.3, |⌘jet| < 2

pjet? > 100 GeV

JEWEL+PYTHIA (0� 10%), Pb+Pb
p
s = 2.76 TeV

r from jet axis

⇢(
r)

P
b
P
b
/⇢

(
r)

p
p

Figure 14. Ration of the differential jet shape (or jet profile) in Pb+Pb and p+p measured by
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around unity.

The differential jet shape or jet profile ⇢(r) measures what fraction of the jet p? is
found at what distance from the jet axis. It is defined as

⇢(r) =
1
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p(k)? , (7.1)

where the sum runs over all particles in the jet. The CMS measurement [8] was performed
using the full jet p?, but ⇢(r) was built only from tracks. Therefore, as is the case of the
fragmentation function, we can do the subtraction for the jet p?, but not for the charged
particles. In this case, however, this is not a problem, since the jet profile built from tracks
and the one built form all particles differ only by a constant factor. Assuming this factor
to be the same in p+p and Pb+Pb, it will cancel exactly in the ratio of the jet profiles.
We can therefore compare Jewel+Pythia results for full jets directly to the CMS data
on the jet profile ratio. A more serious problem is that in experimental analysis only tracks
with ptrk

? > 1GeV are included. Since we can only subtract for the inclusive final state,
this leads to a small mismatch, that becomes visible only at large r and reaches up to 10%
in the highest r bin.

Fig. 14 shows the Jewel+Pythia result compared with CMS data [8] for the modifi-
cation of the differential jet shape ⇢PbPb/⇢pp in Pb+Pb collisions compared to p+p. Includ-
ing medium response and after performing the subtraction using the 4MomSub method, we
are able to reproduce the general trend of the data. Jewel+Pythia with recoiling par-
tons describes the enhancement of the jet shape at large radii mostly due to soft particles
(p? < 3GeV), while without medium response the enhancement is entirely absent.
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lesson #4

MC essential to study effects of QGP response given that analytical 
understanding remains limited

QGP response to traversal by partons is an unavoidable and 
important component of jets in HI collisions

contribution extremely important for jet substructure



lesson #5



QGP response in jet substructure
Milhano, Wiedemann, Zapp :: 1707.04142 [hep-ph]

•distance between main prongs of jet declustered 
with SoftDrop [largest hard splitting angle] 

◦ clear QGP response signal 

◦ HOWEVER: effect also present for unmodified 
jet [no interaction with QGP] embedded in HI 
event and background subtracted 

◦ QGP response signal overlaps with 
contamination from imperfect background 
subtraction :: effect is NOT observable
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these two possibilities has been argued [15, 16] to be the
dominant one, based on the following two observations:
first, to lowest perturbative order in QCD (and without
medium-e↵ects), the zg-distribution p(zg) for � = 0 is
given by the LO QCD splitting functions P (z) [14]

p(zg) =
P (zg) + P (1� zg)

R 1/2
zcut

dz [P (zg) + P (1� zg)]
, (2)

and second, medium-induced gluon radiation is expected
to soften the perturbative splitting functions. Therefore,
if one neglects recoiling partons, the medium-induced en-
hancement of gluon splittees in the parton shower pro-
vides a candidate mechanism for enhancing the frac-
tion of subleading subjets with small groomed momen-
tum fraction zg. However, for this mechanism to be ef-
ficient, medium-induced gluon radiation must be su�-
ciently hard to pass the cut (1). Inspection of generated
events reveals that this condition is rarely satisfied in
Jewel. Indeed, while medium-induced parton splitting
underlies the simulation of jet quenching in Jewel, par-
tonic splittees induced by jet-medium interactions carry
rarely a su�cient energy O (Ejet zg) to make it above
the cut (1), and hadronization reduces this contribution
further. Also, in simulations without recoiling partons,
the likelihood of medium-induced splittees to cluster with
other jet fragments to subjets that pass the cut (1) is
small. Rather the dominant contribution to the small tilt
of (1/NJ)dNJ/dzg in simulations without recoiling par-
tons comes from the fact that all partons in the shower
undergo parton energy loss and that this suppresses in
particular the yield of events with large zg. As jets with
a large zg will show a softer fragmentation, this is con-
sistent with earlier observations that such broader jets
are more susceptible to energy loss and thus more likely
to fail analysis cuts [8, 17, 18]. We have checked this
statement for the present analysis (data not shown).

Once recoiling partons are included in the analysis,
the tilt in the zg-distribution increases significantly and
the shape is in quantitative agreement with experimental
data (see r.h.s. of Fig. 1). In contrast to the case with-
out recoil, the dominant contribution to the tilt comes
now from an enhancement of jets with soft subleading
subjets that pass the grooming cut (1). The reason is
that soft large-angle recoil contributions get clustered
into (sub)jets and can thus promote candidate prongs of
low z to above the Soft Drop condition (1). Our simula-
tions thus suggest that the long-sought medium response
that provides a negligible or di�cult to discriminate con-
tribution in many other jet quenching observables may
dominate the zg distribution. We next ask to what ex-
tent this interpretation can be corroborated by comple-
mentary measurements.

To this end, we study first for the jet sample that
contributes to the zg-distribution the relative separation
�R12 in the �⌘⇥��-plane between the leading and sub-
leading prongs. As described above, jets with broader
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FIG. 2. Distribution in the relative separation �R12 of the

two subjets for jets that pass the Soft Drop condition (1),

supplemented by the �R12 > 0.1 requirement (grey band).

fragmentation patterns are expected to fail analysis cuts
such as (1) more easily. Consistent with this picture, in
the absence of recoil e↵ects (see green curve on the r.h.s.
of Fig. 2) the fraction of jets with large �R12 that pass
the analysis cut is strongly reduced. If medium response
is included in the analysis, the�R12-distribution changes
qualitatively in a very characteristic way. The reason is
that if a subleading candidate prong is further separated
from the leading prong, then there is a larger area in the
�⌘ ⇥��-plane from which soft recoil contributions can
be clustered together with this soft prong. This makes it
more likely to promote soft prongs above the Soft Drop
condition (1) if �R12 is larger. As a consequence, the
�R12-distribution increases with increasing �R12 up to
a separation scale that is set by the jet radius. There-
fore, the �R12-distribution (blue curve) peaks at a value
�R12 somewhat smaller than R. We conclude that the
increase of the �R12-distribution with increasing �R12

would be a characteristic telltale sign for the dominance
of recoil e↵ects in medium-modifications of the groomed
shared momentum fraction zg.
By now, several independent model studies support the

at least partial cancellation of two qualitatively di↵er-
ent e↵ects in many jet quenching observables [6, 18, 19].
On the one hand, parton energy loss e↵ectively peels o↵
soft components from the jet, thereby narrowing the jet
core. On the other hand, medium response can coun-
teract this tendency as recoil e↵ects contribute to jet
broadening. The interplay of both e↵ects has been ob-
served to be at work also in some jet shape observables,
including jet mass and girth [6, 18]. However, the kine-
matical distribution of recoil is generally di↵erent from



not all observed modifications are due to quenching
Gonçalves and Milhano :: in preparation

•imperfect background subtraction mimics 
many quenching-looking effects 

◦ here, true quenching predicted by 
JEWEL is blue/red difference
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Figure 14. Ration of the differential jet shape (or jet profile) in Pb+Pb and p+p measured by
CMS [8] (black points) and compared with Jewel+Pythia results with (blue line) and without
medium response (green line). The data systematic uncertainties are shown in the yellow band
around unity.

The differential jet shape or jet profile ⇢(r) measures what fraction of the jet p? is
found at what distance from the jet axis. It is defined as

⇢(r) =
1

pjet
?

X

k with
�RkJ2[r,r+�r]

p(k)? , (7.1)

where the sum runs over all particles in the jet. The CMS measurement [8] was performed
using the full jet p?, but ⇢(r) was built only from tracks. Therefore, as is the case of the
fragmentation function, we can do the subtraction for the jet p?, but not for the charged
particles. In this case, however, this is not a problem, since the jet profile built from tracks
and the one built form all particles differ only by a constant factor. Assuming this factor
to be the same in p+p and Pb+Pb, it will cancel exactly in the ratio of the jet profiles.
We can therefore compare Jewel+Pythia results for full jets directly to the CMS data
on the jet profile ratio. A more serious problem is that in experimental analysis only tracks
with ptrk

? > 1GeV are included. Since we can only subtract for the inclusive final state,
this leads to a small mismatch, that becomes visible only at large r and reaches up to 10%
in the highest r bin.

Fig. 14 shows the Jewel+Pythia result compared with CMS data [8] for the modifi-
cation of the differential jet shape ⇢PbPb/⇢pp in Pb+Pb collisions compared to p+p. Includ-
ing medium response and after performing the subtraction using the 4MomSub method, we
are able to reproduce the general trend of the data. Jewel+Pythia with recoiling par-
tons describes the enhancement of the jet shape at large radii mostly due to soft particles
(p? < 3GeV), while without medium response the enhancement is entirely absent.
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lesson #5

MC essential to decide what is quenching and what is not

not all observed modifications of HI wrt pp  
can be attributed to jet quenching



lesson #6



the anatomy of a recent result *
•observation of acoplanarity broadening due to QGP response
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Observation of medium-induced yield enhancement and acoplanarity
broadening of low-pT jets from measurements in pp and central Pb–Pb

collisions at psNN = 5.02 TeV

ALICE Collaboration*

Abstract

The ALICE Collaboration reports the measurement of semi-inclusive distributions of charged-particle
jets recoiling from a high transverse momentum (high pT) hadron trigger in proton–proton and cen-
tral Pb–Pb collisions at

p
sNN = 5.02 TeV. A data-driven statistical method is used to mitigate the

large uncorrelated background in central Pb–Pb collisions. Recoil jet distributions are reported for jet
resolution parameter R = 0.2, 0.4, and 0.5 in the range 7 < pT,jet < 140 GeV/c and trigger–recoil jet
azimuthal separation p/2 < Dj < p . The measurements exhibit a marked medium-induced jet yield
enhancement at low pT and at large azimuthal deviation from Dj ⇠ p . The enhancement is charac-
terized by its dependence on Dj , which has a slope that differs from zero by 4.7s . Comparisons to
model calculations incorporating different formulations of jet quenching are reported. These com-
parisons indicate that the observed yield enhancement arises from the response of the QGP medium
to jet propagation.

*See Appendix A for the list of collaboration members
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* now borrowed from ‘The anatomy of a Fall’, Justine Triet’s 2023 film



azimuthal deviation of low pT jets
•strong deviation of low pT jets from back-to-back trigger hadron 

◦ effect consistent with being due to QGP response

35

Jet yield enhancement and acoplanarity broadening ALICE Collaboration

broadening at low pT,ch jet seen in data.
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Figure 3: IAA(Dj) for R = 0.2, 0.4 and 0.5, for intervals in recoil pT,ch jet: [10,20], [20,30], and [30,50] GeV/c.
The central points and systematic uncertainties are offset from the center of the Dj intervals for clarity. The vertical
dashed grey lines represent the Dj interval edges. Predictions from JEWEL are also shown.

Figure 3 shows IAA(Dj) for R= 0.2, 0.4, and 0.5, for the pT,ch jet intervals in Fig. 2. The medium-induced
acoplanarity broadening in Fig. 2, left panel, is seen only in the range 10 < pT,ch jet < 20 GeV/c, and
only for R = 0.4 and 0.5 . The value of IAA(Dj) is either consistent with unity or suppressed at larger
pT,ch jet for R = 0.4 and 0.5, and for all measured pT,jet for R = 0.2. The JEWEL (recoils on) calculation
is likewise consistent within uncertainties with all of these data.

Figures 1, 2, and 3 present the first observation of medium-induced jet yield excess and acoplanarity
broadening in the QGP. The broadening is significant in the range 10 < pT,ch jet < 20 GeV/c for R = 0.4
and 0.5 but is negligible for R = 0.2, and is negligible at larger pT,ch jet for all R. This rapid transition in
the shape of the acoplanarity distribution as a function of both pT,ch jet and R is striking. Possible mech-
anisms that generate acoplanarity broadening include jet scattering from QGP quasi-particles; medium-
induced wake effects [45]; and jet splitting, whereby medium-induced radiation from a high-pT,ch jet jet
is reconstructed at low pT,ch jet at large deviation from Dj ⇠ p .

The latter two mechanisms do not generate perturbatively interpretable jets, and their constituents may
be softer in pT and more diffuse in angle than those of a jet shower in vacuum. In that scenario, the
probability for soft and diffuse radiation to mimic a correlated “jet” with pT,ch jet > 10 GeV/c might
scale approximately as the jet area, i.e. as R

2; such scaling could in turn generate a rapid transition in the
low pT,ch jet enhancement of IAA(Dj) between R = 0.2 and 0.4/0.5, as observed in data. On the other
hand, such a sharp transition is not a natural consequence of jet scattering from QGP quasi-particles,
which should generate similar effects for R = 0.2, 0.4 and 0.5. The systematic dependence of these
measurements on pT,ch jet and R therefore disfavors in-medium jet scattering as the primary origin of
in-medium acoplanarity broadening. Further measurements, including exploration of the substructure of
jets with low pT,ch jet, can elucidate the contributions of medium response and jet splitting to the observed
phenomena.

The low-pT,ch jet behavior of IAA(pT,ch jet) is described both by JEWEL and the Hybrid model, but only
if the jet–medium response is included in the simulations. JEWEL (recoils on) also describes IAA(Dj)
for all R and pT,ch jet. However, JEWEL (recoils on) does not describe the pT,ch jet dependence of
IAA(pT,ch jet) at higher pT,ch jet (Fig. 1), and significantly underestimates the suppression of large-R inclu-

7

this is a AA/pp ratio



my notes of caution
•interpretation of agreement of MC calculation with data requires detailed scrutiny 

◦ in hadron-jet coincidences, the trigger [the hadron] also loses energy  

•same cut for hadron pT in pp and AA correspond to different hard process initial 
conditions :: observable is a ratio of samples born differently :: on-average correction 
possible but not done in experimental analysis 

•effects of imperfect background subtraction could be very sizeable for low pT jets :: 
ALICE analysis very careful here :: check also with embedded pp  

•i am [very personal limitation] not very comfortable with such low pT ‘jets’ 

•i would only be comfortable with claiming the observation of azimuthal deviation of jets 
after excluding plausible confounding origins for observed effect 
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lesson #6

MC essential to learn about the QGP with jets

MC/data agreement insufficient to draw robust conclusions

very detailed scrutiny is essencial



WHAT WE HAVE, AND HAVE NOT YET, UNDERSTOOD
•jets in QGP 

◦ parton branching in presence of QGP [including effects of QGP gradients] 

◦ response of QGP to interaction with traversing partons and its contribution to jets 

•several implementations; few analytical results for inclusion in jets 

◦ what is a fair comparison between theory and data [but not yet doing it systematically] 

•jets as probes of QGP properties [assumes above is sufficiently understood] 

◦ observable properties of jets that can be robustly related to QGP properties ? 

◦ QGP response within jets as portal to understand hydrodynamization and how QGP forms 

•how hydrodynamized is QGP response ?  

•is there enough information in a modified jet to identify it as such jet-by-jet ? 

◦ how to use that information 
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