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✦ Better theoretical and experimental control! 

➡ Like in pp, less sensitive to (unknown) details of 
incoming nucleus (nPDFs)
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48 A heavy ion phenomenology primer

In short, these observations support a picture in which highly energetic par-
tons are produced in high momentum transfer processes in heavy ion collisions
as if they were produced in vacuum, but instead they find themselves propagat-
ing through a strongly coupled medium which causes them to lose a significant
fraction of their initial energy. Jet quenching is a partonic final state effect that
depends on the length of the medium through which the parton must propagate.
It is expected to have many consequences in addition to the strong suppression of
single inclusive hadron spectra, which tend to be dominated by the most ener-
getic hadronic fragments of parent partons. As discussed at the beginning of
this section, the entire parton fragmentation process is expected to be modified,
with consequences for observables including multi-particle jet-like correlations
and for calorimetric jet measurements including the dijet imbalance shown in
Fig. 2.12.

2.3.2 Analyzing jet quenching

For concreteness, we shall focus in this section on those aspects of the analysis of
jet quenching that bear upon the calculation of the nuclear modification factor RAA

defined in (2.28). We shall describe other aspects of the analysis of jet quenching
more briefly, as needed, in subsequent sections. The single inclusive hadron spectra
which define RAA are typically calculated upon assuming that the modification of
the spectra in nucleus–nucleus collisions relative to that in proton–proton collisions
arises due to parton energy loss. This assumption is well supported by data, as we
have described above. But, from a theoretical point of view it is an assumption,
not backed up by any formal factorization theorem. Upon making this assumption,
we write

dσ AA→h+rest
(med) =

∑

f

dσ AA→ f +X
(vac) ⊗ Pf ("E, L , q̂ , . . .) ⊗ D(vac)

f →h(z, µ
2
F) . (2.29)

Here, ⊗ denotes convolution in the energy fraction of the parton f ,

dσ AA→ f +X
(vac) =

∑

i jk

fi/A(x1, Q2) ⊗ f j/A(x2, Q2) ⊗ σ̂i j→ f +k , (2.30)

where fi/A(x, Q2) are the nuclear parton distribution functions and σi j→ f +k are the
perturbatively calculable partonic cross-sections. The medium dependence enters
via the function Pf ("E, L , q̂ , . . .), which characterizes the probability that a
parton f produced with cross-section σi j→ f +k loses energy "E while propagat-
ing over a path length L in a medium. This probability depends of course on
properties of the medium, which are represented schematically in this formula
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properties of the medium, which are represented schematically in this formula
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In short, these observations support a picture in which highly energetic par-
tons are produced in high momentum transfer processes in heavy ion collisions
as if they were produced in vacuum, but instead they find themselves propagat-
ing through a strongly coupled medium which causes them to lose a significant
fraction of their initial energy. Jet quenching is a partonic final state effect that
depends on the length of the medium through which the parton must propagate.
It is expected to have many consequences in addition to the strong suppression of
single inclusive hadron spectra, which tend to be dominated by the most ener-
getic hadronic fragments of parent partons. As discussed at the beginning of
this section, the entire parton fragmentation process is expected to be modified,
with consequences for observables including multi-particle jet-like correlations
and for calorimetric jet measurements including the dijet imbalance shown in
Fig. 2.12.

2.3.2 Analyzing jet quenching

For concreteness, we shall focus in this section on those aspects of the analysis of
jet quenching that bear upon the calculation of the nuclear modification factor RAA

defined in (2.28). We shall describe other aspects of the analysis of jet quenching
more briefly, as needed, in subsequent sections. The single inclusive hadron spectra
which define RAA are typically calculated upon assuming that the modification of
the spectra in nucleus–nucleus collisions relative to that in proton–proton collisions
arises due to parton energy loss. This assumption is well supported by data, as we
have described above. But, from a theoretical point of view it is an assumption,
not backed up by any formal factorization theorem. Upon making this assumption,
we write
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(med) =

∑

f

dσ AA→ f +X
(vac) ⊗ Pf ("E, L , q̂ , . . .) ⊗ D(vac)

f →h(z, µ
2
F) . (2.29)

Here, ⊗ denotes convolution in the energy fraction of the parton f ,

dσ AA→ f +X
(vac) =

∑

i jk

fi/A(x1, Q2) ⊗ f j/A(x2, Q2) ⊗ σ̂i j→ f +k , (2.30)

where fi/A(x, Q2) are the nuclear parton distribution functions and σi j→ f +k are the
perturbatively calculable partonic cross-sections. The medium dependence enters
via the function Pf ("E, L , q̂ , . . .), which characterizes the probability that a
parton f produced with cross-section σi j→ f +k loses energy "E while propagat-
ing over a path length L in a medium. This probability depends of course on
properties of the medium, which are represented schematically in this formula
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ments is given in Section 1.5. We note that enhancements in q̂ above the critical temperature
may be a generic feature of many models, as illustrated by the three conjectured evolutions,
and so underscore the need for detailed measurements of quark-gluon plasma properties
near the transition temperature.

All measurements in heavy ion collisions are the result of emitted particles integrated over
the entire time evolution of the reaction, covering a range of temperatures. Similar to the
hydrodynamic model constraints, the theory modeling requires a consistent temperature
and scale dependent model of the quark-gluon plasma and is only well constrained by
precision data through different temperature evolutions, as measured at RHIC and the
LHC.

g*
Q2

q

?

QGP

Q2 PT Initial Parton

What scale sets this transition?

Tc

Probe Integrates Over a Range of Q2

pQCD
Scattering from 
Point-Like Bare
Color Charges

µD

pQCD Scattering
From Quasiparticles

with size ~ µDebye

Strong Coupling
No Quasiparticles

 µDebye ! 0

AdS/CFT

?!

" ?

What scale sets this transition?

Scattering 
from Thermal 
Mass Gluons?

Figure 1.7: (Left) Diagram of a quark exchanging a virtual gluon with an unknown object in
the QGP. This highlights the uncertainty for what sets the scale of the interaction and what
objects or quasiparticles are recoiling. (Right) Diagram as a function of the Q2 for the net
interaction of the parton with the medium and the range of possibilities for the recoil objects.
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A second axis along which one can investigate the underlying structure of the
quark-gluon plasma concerns the question of what length scale of the medium is being
probed by jet quenching processes. In electron scattering, the scale is set by the virtuality
of the exchanged photon, Q2. By varying this virtuality one can obtain information over
an enormous range of scales: from pictures of viruses at length scales of 10�5 meters, to
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✦ Formation time of an emission:

✦ As for subsequent emissions:

�12

Vacuum formation time See: Basics of Perturbative QCD, 1991
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✦ A jet (parton shower) is a perturbative object ⇒ calculable within pQCD

✦ The QGP is a strongly coupled fluid 

✦ It is non perturbative… but we will assume a pQCD description for the jet-medium interaction…  

➡ Described by a classical field Aμa(x) (recoil effects are neglected)

✦ High-energy particles propagating through a medium: 

✦ Particle propagation time < timescale for changes in the medium fields 

➡ Medium can be considered in a static configuration 

➡ Only transverse momentum exchange 

�14

First Considerations
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✦ Particle moving in the x3 direction: Light Cone Gauge A+ = 0 

✦ Light Cone Coordinates: p+ >> pT >> p- 

✦                                  and 

✦ Due to Lorentz contraction one can further assume

�15

Light Cone Gauge
screening length. We are then assuming that this distance is much shorter than the mean free path
of particles through the target.

We can define the scattering potential of each scattering centre at positions (x�n ,xn?) to be a�a(q).
In the high energy approximation, each scattering centre transfers only transverse momentum to
the projectile:

A�a(x+,x?) =
X

n

Z
dq?
(2⇡)2

ei(x�xn)?·q?a�a(q)�(x� xn)+ (3.42)

and so, a projectile can only interact with sources localized in x+ = x+
n like shown in figure

3.10:

x
n

+

x
+

x
n T

x
1

x
2 T

T

Figure 3.10: Representation of particle interaction with the medium.

The medium averages are done by integrating in the longitudinal x+
n and transverse coordinates

xn? of the scattering centres:

⌦
A�a(x,x?)A�b(y+,y?)

↵
=

X

n

Z
dq?
(2⇡)2

dk?
(2⇡)2

dx+dxn?ei(x�xn)?·q?+i(y�xn)?·k·

· a�a(q)a�b(k)�(x� xn)+�(y � xn)+
(3.43)

Introducing the longitudinal density of scattering centres n(x+) =
R

dx+
n �(x+ � x+

n ):

⌦
A�a(x,x?)A�b(y+,y?)

↵
=

D
A�a(x,x?)

�
A�b

�⇤
(y+,y?)

E
=

= n(x+)�(x� y)+�ab 1
(2⇡)2

Z
dqei(x�y)?·q? |a(q)|2

(3.44)

For the cross section, we are interested in quantities like:

⌦
Tr

⇥
W †(x?)W (y?)

⇤↵
t
⌘ Tr

⌦
W †(x?)W (y?)

↵
(3.45)

with Wilson lines in the fundamental or adjoint representation. Expanding the exponents and
taking the contribution until the quadratic terms in g, we have for the fundamental representa-
tion:

44

x± =
x0 ± x3p

2
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A(x+, x�, x?) = A(x+, x?)
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✦ Consider a high energetic particle propagating through a collection of static scattering centres: 

✦ Result will be only a color phase rotation: 

➡ In-medium propagator: Wilson Line

�16

Eikonal Approximation

44 Chapter 3. Finite Energy Corrections

marily addressed in chapter 2, the ASW spectrum will be further discussed in
this chapter.

3.1. Propagation of high energetic particles in-
side a medium

To describe the jet quenching phenomenon, it is common to consider an
elementary hard collision, with a cross section computed by pQCD, that pro-
duces an energetic parton (quark or gluon) with a large transverse momentum,
pT , with respect to the beam direction. At high energy, the propagation time
of the parton through the surrounding matter can be considered much smal-
ler than the time scale of modifications of the medium. Thus, the medium
can be considered as a background field, whose interactions with the probe
are mediated by very soft gluons. Such modes induce a color rotation on the
parton wave function, usually denominated by eikonal phase [Kovner 2001].
This e�ect is described by what is designated a Wilson line1:

W (x0+, L+;x⇥) = P exp

�
ig

⇤ L+

x0+

dx+A�(x+,x⇥)

⇥
(3.1)

where x⇥ is the transverse coordinate of the propagating parton, [x0+, L+]
the light-cone medium boundaries2 and A� ⇥ Aa

�T
a the medium color field

components, placed in a given light-cone ordering P . In this approximation,
the recoil of the medium is neglected and no elastic energy loss is considered.

1

p p’p n�1p p 2 p n�2

x x x x nn�12

1

A A A A A A’1 2 n�2 n�1

...

Figure 3.1: Diagram representing multiple scattering of a high energetic quark
with static medium components, represented as a small dark blob.

A simple derivation of the Wilson line can be obtained in terms of multiple
scatterings, like shown in [Casalderrey-Solana 2007]. Considering a parton

1This expression corresponds to a fundamental representation of a fundamental Wilson
line

2The light cone variables are given by x± = (x0 ± x3)/
⌅
2 and x⇥ = (x1, x2).

Path-ordering
Medium colour field

Transverse coordinate

… …
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Let’s re-derive this propagator!

Starting by two scatterings…
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✦ Consider a high energetic particle propagating interacting twice with the medium:

�17

Eikonal Approximation
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Consider only the leading terms:
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ū(p) /AAA2 /p2 = 2p2 ·AAA2 ū(p)� ū(p) /p2 /AAA2
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the n-scattering amplitude can be written as:
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(3.8)
The total scattering amplitude is just the sum over all scattering centers, n.
By doing so, the Wilson line given by equation (3.1) is recovered:
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However, the eikonal approximation is only valid to describe the propaga-
tion of partons that follow a straight line. In some cases, these restrictions
need to be relaxed to allow some Brownian perturbations in the transverse
plane of the propagating parton. In this case, the Wilson line is replaced by
a Green’s function:

G(x0+,x0⇧;L+,x⇧|p+) =
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where [x0+, L+] are the longitudinal boundaries of the medium and [x0⇧,x⇧]
the respective transverse coordinates of the propagating parton. The path-
integral corresponds to the motion of a free particle in a two dimensional
space, at the same time that its color phase is modified according to equation
(3.1).

Following the same ideas than the previous derivation, this propagator can
be identified by collecting the p2⇧ terms in the denominator, p2i = 2pi+pi��p2i⇧.
Doing so, the integrals over pi� and pi⇧ are now replaced by:
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Initial/Final coordinates

See: arXiv:0712.3443
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Initial/Final coordinates

See: arXiv:0712.3443

How to get this in-medium propagator?

p2i = 2pi+pi� � p2i?
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sub-leading terms in denominator
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Integral in pi-:

See: arXiv:0712.3443
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How to get this in-medium propagator?
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And, finally, some numerics:
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LPM effect
k = z p

q = (1-z) p

q̂ =
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Transport coefficient:
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q̂⌧form
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Soft gluons have shorter formation times

Number of emitted gluons during L: Ng / L

⌧form
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Multiple soft emissions 
(incoherent scatterings)
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✦ Considering the in-medium singlet quark - antiquark antenna in the simplest case: 

➡ Soft gluon emission outside medium
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✦ Single gluon radiation beyond eikonal limit: 

✦ Small "form: parton shower can as incoherent sum 
of gluon radiation 

�24
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[J.-P. Blaizot, F. Dominguez, E. Iancu, and Y. Mehtar-Tani (12), Jeon, Moore (05)]
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✦ Resulting picture of a medium-modified parton 
shower:

�25

Resulting picture

Finite size “pp-like” structures 
(Angular Ordering)

[1401.8293]

Medium-induced radiation 
(not collinear)

[See also: 1801.09703]
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✦ Resulting picture of a medium-modified parton 
shower:
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Resulting picture

Everything seems to work, we can go home!
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✦ Quantitative comparisons show some disagreement… 

✦ Monte Carlo approaches based on in-medium single gluon 
radiation fail to describe some of the intra-jet features!

8 6 Summary

ous studies in CMS which find that the energy that the jets lose in the medium is redistributed
at large distances from the jet axis outside the jet cone [22]. The differential study of the jet
structure presented here provides important additional information and shows that nuclear
modifications are also present inside the jet cone. Qualitatively, a similar trend is predicted by
theory [34, 35] based on parton level calculations for PbPb collisions at a different centre-of-
mass energy. It is expected that a detailed theory-experiment comparison will be performed
in the future, in which the theoretical calculations would include all experimental cuts that
would influence the observed correlations, and model the effects due to the hadronization pro-
cess. This comparison will contribute to our understanding of the medium properties.
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Figure 3: (Color online) Top row: Differential jet shapes in PbPb collisions (filled circles) as a
function of distance from the jet axis for inclusive jets with p

jet
T > 100 GeV/c and 0.3 < |h| < 2 in

five PbPb centrality intervals. The measurements use charged particles with p
track
T > 1 GeV/c.

The pp-based reference shapes (with centrality-based adjustments as described in the text) are
shown with open symbols. Each spectrum is normalised to an integral of unity. The shaded
regions represent the systematic uncertainties for the measurement performed in PbPb colli-
sions, with the statistical uncertainties too small to be visible. Bottom row: Jet shape nuclear
modification factors, r(r)PbPb/r(r)pp. The error bars show the statistical uncertainties, and the
shaded boxes indicate the systematic uncertainties.

6 Summary
The first measurement of jet shapes in PbPb collisions at psNN = 2.76 TeV has been performed.
The results have been compared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with p

jet
T > 100 GeV/c and 0.3 < |h| < 2 have been recon-

structed using the anti-kT algorithm with a distance parameter R = 0.3, and the jet shapes have
been studied using charged particles with pT > 1 GeV/c as a function of collision centrality. In
peripheral collisions, the shapes in PbPb are similar to those in the pp reference distributions.
A centrality dependent modification of the jet shapes emerges in the more central PbPb colli-
sions. A redistribution of the jet energy inside the cone is found, specifically, a depletion of jet
transverse momentum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at large radii,
r > 0.2. These results are important for characterizing the shower evolution in the presence of
a hot and dense nuclear medium.
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modification factors, r(r)PbPb/r(r)pp. The error bars show the statistical uncertainties, and the
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6 Summary
The first measurement of jet shapes in PbPb collisions at psNN = 2.76 TeV has been performed.
The results have been compared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with p

jet
T > 100 GeV/c and 0.3 < |h| < 2 have been recon-

structed using the anti-kT algorithm with a distance parameter R = 0.3, and the jet shapes have
been studied using charged particles with pT > 1 GeV/c as a function of collision centrality. In
peripheral collisions, the shapes in PbPb are similar to those in the pp reference distributions.
A centrality dependent modification of the jet shapes emerges in the more central PbPb colli-
sions. A redistribution of the jet energy inside the cone is found, specifically, a depletion of jet
transverse momentum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at large radii,
r > 0.2. These results are important for characterizing the shower evolution in the presence of
a hot and dense nuclear medium.
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4 4 Analysis method and systematic uncertainties

within 3% with the generator level inclusive charged-particle distribution at any given pT.

4 Analysis method and systematic uncertainties
The differential jet shape, r(r), describes the radial distribution of transverse momentum inside
the jet cone:

r(r) =
1
dr

1
Njet

Â
jets

Â
tracks 2 [ra, rb)

p
track
T

p
jet
T

(1)

where the jet cone is divided into six annuli with radial width dr = 0.05, and each annulus has
an inner radius of ra = r � dr/2 and outer radius of rb = r + dr/2.

Here r =
p
(htrack � hjet)2 + (ftrack � fjet)2  0.3 is the reconstructed track’s radial distance

from the jet axis, defined by the coordinates hjet and fjet. The transverse momenta of the recon-
structed track and jet are denoted p

track
T and p

jet
T respectively. After applying tracking efficiency

corrections, the transverse momentum of all charged particles with pT > 1 GeV/c in each annu-
lus is summed to obtain the fraction of the total jet pT carried by these particles. The results are
averaged over the total number of selected jets, Njet.

In heavy-ion collisions, particles from the underlying event that happen to fall inside the jet
cone would modify its shape. To compensate, this contribution is subtracted following a pro-
cedure previously employed by CMS in the measurement of the jet fragmentation function [25].
To estimate the charged-particle background, a “background cone” is defined by reflecting the
original jet axis about h = 0, while preserving its f coordinate (“h-reflected” method). To avoid
overlap between the signal jet region and the background cone, jets with axes in the region
|hjet| < 0.3 are excluded from the analysis. Larger exclusion regions, up to |hjet| < 0.8 have also
been studied to investigate possible biases in this procedure due to large-angle correlations be-
tween the particles originating from different jets in the event. The size of the exclusion region
is not found to be a significant source of systematic uncertainty in the jet-shape measurement.

The charged particles that are found in the background cone are used to evaluate the back-
ground jet shape using Eq. 1, which is then subtracted from the reconstructed jet shape that
contains both signal and background particles. After background subtraction, the integral of
r(r) over the range 0  r  R is normalized to unity. The normalization factor accounts for
the average fraction of the total jet pT carried by charged particles with pT > 1 GeV/c. The
differential jet shapes reconstructed using all charged particles (labeled “Signal+Bkg”) and the
corresponding background distributions (labeled “Bkg”) are shown in Fig. 1 for the most pe-
ripheral (70–100%) and the most central (0–10%) collisions. The background is a small fraction
of the result ( 1%) in the centre of the jet but contributes a larger fraction further away from
the jet axis. In peripheral events, the fraction of background at large radii is only about 15%,
but it is significantly larger (⇡ 85%) in central events.

The background-subtraction technique is validated using MC simulations. Jets generated with
PYTHIA are embedded into heavy-ion underlying event of various centrality classes generated
with the HYDJET event generator. The results of the differential jet-shape measurements from
embedded events are then compared to those obtained from a PYTHIA jet sample at the gener-
ator level, using the same analysis procedure. The ratios of the background-subtracted shapes
measured from PYTHIA +HYDJET sample and those measured in the PYTHIA sample are shown

[L.Apolinário, QCD Forward Physics 2014]
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✦ Quantitative comparisons show some disagreement… 

✦ Monte Carlo approaches based on in-medium single gluon 
radiation fail to describe some of the intra-jet features!

8 6 Summary

ous studies in CMS which find that the energy that the jets lose in the medium is redistributed
at large distances from the jet axis outside the jet cone [22]. The differential study of the jet
structure presented here provides important additional information and shows that nuclear
modifications are also present inside the jet cone. Qualitatively, a similar trend is predicted by
theory [34, 35] based on parton level calculations for PbPb collisions at a different centre-of-
mass energy. It is expected that a detailed theory-experiment comparison will be performed
in the future, in which the theoretical calculations would include all experimental cuts that
would influence the observed correlations, and model the effects due to the hadronization pro-
cess. This comparison will contribute to our understanding of the medium properties.
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Figure 3: (Color online) Top row: Differential jet shapes in PbPb collisions (filled circles) as a
function of distance from the jet axis for inclusive jets with p

jet
T > 100 GeV/c and 0.3 < |h| < 2 in

five PbPb centrality intervals. The measurements use charged particles with p
track
T > 1 GeV/c.

The pp-based reference shapes (with centrality-based adjustments as described in the text) are
shown with open symbols. Each spectrum is normalised to an integral of unity. The shaded
regions represent the systematic uncertainties for the measurement performed in PbPb colli-
sions, with the statistical uncertainties too small to be visible. Bottom row: Jet shape nuclear
modification factors, r(r)PbPb/r(r)pp. The error bars show the statistical uncertainties, and the
shaded boxes indicate the systematic uncertainties.

6 Summary
The first measurement of jet shapes in PbPb collisions at psNN = 2.76 TeV has been performed.
The results have been compared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with p

jet
T > 100 GeV/c and 0.3 < |h| < 2 have been recon-

structed using the anti-kT algorithm with a distance parameter R = 0.3, and the jet shapes have
been studied using charged particles with pT > 1 GeV/c as a function of collision centrality. In
peripheral collisions, the shapes in PbPb are similar to those in the pp reference distributions.
A centrality dependent modification of the jet shapes emerges in the more central PbPb colli-
sions. A redistribution of the jet energy inside the cone is found, specifically, a depletion of jet
transverse momentum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at large radii,
r > 0.2. These results are important for characterizing the shower evolution in the presence of
a hot and dense nuclear medium.
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regions represent the systematic uncertainties for the measurement performed in PbPb colli-
sions, with the statistical uncertainties too small to be visible. Bottom row: Jet shape nuclear
modification factors, r(r)PbPb/r(r)pp. The error bars show the statistical uncertainties, and the
shaded boxes indicate the systematic uncertainties.

6 Summary
The first measurement of jet shapes in PbPb collisions at psNN = 2.76 TeV has been performed.
The results have been compared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with p

jet
T > 100 GeV/c and 0.3 < |h| < 2 have been recon-

structed using the anti-kT algorithm with a distance parameter R = 0.3, and the jet shapes have
been studied using charged particles with pT > 1 GeV/c as a function of collision centrality. In
peripheral collisions, the shapes in PbPb are similar to those in the pp reference distributions.
A centrality dependent modification of the jet shapes emerges in the more central PbPb colli-
sions. A redistribution of the jet energy inside the cone is found, specifically, a depletion of jet
transverse momentum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at large radii,
r > 0.2. These results are important for characterizing the shower evolution in the presence of
a hot and dense nuclear medium.

8 6 Summary

ous studies in CMS which find that the energy that the jets lose in the medium is redistributed
at large distances from the jet axis outside the jet cone [22]. The differential study of the jet
structure presented here provides important additional information and shows that nuclear
modifications are also present inside the jet cone. Qualitatively, a similar trend is predicted by
theory [34, 35] based on parton level calculations for PbPb collisions at a different centre-of-
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Figure 3: (Color online) Top row: Differential jet shapes in PbPb collisions (filled circles) as a
function of distance from the jet axis for inclusive jets with p

jet
T > 100 GeV/c and 0.3 < |h| < 2 in

five PbPb centrality intervals. The measurements use charged particles with p
track
T > 1 GeV/c.

The pp-based reference shapes (with centrality-based adjustments as described in the text) are
shown with open symbols. Each spectrum is normalised to an integral of unity. The shaded
regions represent the systematic uncertainties for the measurement performed in PbPb colli-
sions, with the statistical uncertainties too small to be visible. Bottom row: Jet shape nuclear
modification factors, r(r)PbPb/r(r)pp. The error bars show the statistical uncertainties, and the
shaded boxes indicate the systematic uncertainties.

6 Summary
The first measurement of jet shapes in PbPb collisions at psNN = 2.76 TeV has been performed.
The results have been compared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with p

jet
T > 100 GeV/c and 0.3 < |h| < 2 have been recon-

structed using the anti-kT algorithm with a distance parameter R = 0.3, and the jet shapes have
been studied using charged particles with pT > 1 GeV/c as a function of collision centrality. In
peripheral collisions, the shapes in PbPb are similar to those in the pp reference distributions.
A centrality dependent modification of the jet shapes emerges in the more central PbPb colli-
sions. A redistribution of the jet energy inside the cone is found, specifically, a depletion of jet
transverse momentum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at large radii,
r > 0.2. These results are important for characterizing the shower evolution in the presence of
a hot and dense nuclear medium.
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Let’s go back again…
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4 4 Analysis method and systematic uncertainties

within 3% with the generator level inclusive charged-particle distribution at any given pT.

4 Analysis method and systematic uncertainties
The differential jet shape, r(r), describes the radial distribution of transverse momentum inside
the jet cone:

r(r) =
1
dr

1
Njet

Â
jets

Â
tracks 2 [ra, rb)

p
track
T

p
jet
T

(1)

where the jet cone is divided into six annuli with radial width dr = 0.05, and each annulus has
an inner radius of ra = r � dr/2 and outer radius of rb = r + dr/2.

Here r =
p
(htrack � hjet)2 + (ftrack � fjet)2  0.3 is the reconstructed track’s radial distance

from the jet axis, defined by the coordinates hjet and fjet. The transverse momenta of the recon-
structed track and jet are denoted p

track
T and p

jet
T respectively. After applying tracking efficiency

corrections, the transverse momentum of all charged particles with pT > 1 GeV/c in each annu-
lus is summed to obtain the fraction of the total jet pT carried by these particles. The results are
averaged over the total number of selected jets, Njet.

In heavy-ion collisions, particles from the underlying event that happen to fall inside the jet
cone would modify its shape. To compensate, this contribution is subtracted following a pro-
cedure previously employed by CMS in the measurement of the jet fragmentation function [25].
To estimate the charged-particle background, a “background cone” is defined by reflecting the
original jet axis about h = 0, while preserving its f coordinate (“h-reflected” method). To avoid
overlap between the signal jet region and the background cone, jets with axes in the region
|hjet| < 0.3 are excluded from the analysis. Larger exclusion regions, up to |hjet| < 0.8 have also
been studied to investigate possible biases in this procedure due to large-angle correlations be-
tween the particles originating from different jets in the event. The size of the exclusion region
is not found to be a significant source of systematic uncertainty in the jet-shape measurement.

The charged particles that are found in the background cone are used to evaluate the back-
ground jet shape using Eq. 1, which is then subtracted from the reconstructed jet shape that
contains both signal and background particles. After background subtraction, the integral of
r(r) over the range 0  r  R is normalized to unity. The normalization factor accounts for
the average fraction of the total jet pT carried by charged particles with pT > 1 GeV/c. The
differential jet shapes reconstructed using all charged particles (labeled “Signal+Bkg”) and the
corresponding background distributions (labeled “Bkg”) are shown in Fig. 1 for the most pe-
ripheral (70–100%) and the most central (0–10%) collisions. The background is a small fraction
of the result ( 1%) in the centre of the jet but contributes a larger fraction further away from
the jet axis. In peripheral events, the fraction of background at large radii is only about 15%,
but it is significantly larger (⇡ 85%) in central events.

The background-subtraction technique is validated using MC simulations. Jets generated with
PYTHIA are embedded into heavy-ion underlying event of various centrality classes generated
with the HYDJET event generator. The results of the differential jet-shape measurements from
embedded events are then compared to those obtained from a PYTHIA jet sample at the gener-
ator level, using the same analysis procedure. The ratios of the background-subtracted shapes
measured from PYTHIA +HYDJET sample and those measured in the PYTHIA sample are shown

[L.Apolinário, QCD Forward Physics 2014]

Qualitative disagreement…
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✦ A jet in pp: 

✦ Defined with a jet clustering algorithm based (or not) in QCD principles: anti-kT, kT, C/A,… 

➡ Have an object that can be related to the parton shower 

➡ Have an object that can be equally treated at parton, particle or calorimetric level
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✦ The way we see and define a jet should include all momentum scales:

�31

Jet Quenching v2.0



L. Apolinário COST THOR School, “Jet Quenching”

✦ The way we see and define a jet should include all momentum scales:

�31

Jet Quenching v2.0

Expanding Medium

In-medium parton shower



L. Apolinário COST THOR School, “Jet Quenching”

✦ The way we see and define a jet should include all momentum scales:

�31

Jet Quenching v2.0

Expanding Medium

Medium-induced energy loss

In-medium parton shower



L. Apolinário COST THOR School, “Jet Quenching”

✦ The way we see and define a jet should include all momentum scales:

�31

Jet Quenching v2.0

Expanding Medium

Medium-induced energy loss

In-medium parton shower

Collisional energy loss



L. Apolinário COST THOR School, “Jet Quenching”

✦ The way we see and define a jet should include all momentum scales:

�31

Jet Quenching v2.0

Expanding Medium

Medium-induced energy loss

In-medium parton shower

Collisional energy loss

Medium recoils



L. Apolinário COST THOR School, “Jet Quenching”

✦ The way we see and define a jet should include all momentum scales:

�31

Jet Quenching v2.0

Expanding Medium

Medium-induced energy loss

In-medium parton shower

Collisional energy loss

Medium recoils

Medium effects on 
Hadronization?



L. Apolinário COST THOR School, “Jet Quenching”

✦ The way we see and define a jet should include all momentum scales:

�31

Jet Quenching v2.0

Expanding Medium

Medium-induced energy loss

In-medium parton shower

Collisional energy loss

Medium recoils

Medium effects on 
Hadronization?

The Physics Case for sPHENIX What are the inner workings of the QGP?

ments is given in Section 1.5. We note that enhancements in q̂ above the critical temperature
may be a generic feature of many models, as illustrated by the three conjectured evolutions,
and so underscore the need for detailed measurements of quark-gluon plasma properties
near the transition temperature.

All measurements in heavy ion collisions are the result of emitted particles integrated over
the entire time evolution of the reaction, covering a range of temperatures. Similar to the
hydrodynamic model constraints, the theory modeling requires a consistent temperature
and scale dependent model of the quark-gluon plasma and is only well constrained by
precision data through different temperature evolutions, as measured at RHIC and the
LHC.
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Figure 1.7: (Left) Diagram of a quark exchanging a virtual gluon with an unknown object in
the QGP. This highlights the uncertainty for what sets the scale of the interaction and what
objects or quasiparticles are recoiling. (Right) Diagram as a function of the Q2 for the net
interaction of the parton with the medium and the range of possibilities for the recoil objects.

1.3 What are the inner workings of the QGP?

A second axis along which one can investigate the underlying structure of the
quark-gluon plasma concerns the question of what length scale of the medium is being
probed by jet quenching processes. In electron scattering, the scale is set by the virtuality
of the exchanged photon, Q2. By varying this virtuality one can obtain information over
an enormous range of scales: from pictures of viruses at length scales of 10�5 meters, to
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✦ QGP part that become correlated with the jet (not to be subtracted!)

✦ Seen as (pQCD approach):

✦ Recoils from jet-medium interactions with a thermal/3D hydro particle distribution

➡ Recoiled particle makes part of the jet: JEWEL
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✦ Recoils from jet-medium interactions with a thermal/3D hydro particle distribution

➡ Recoiled particle makes part of the jet: JEWEL
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✦ Magnitude of the medium recoil component to the jet varies from model to model… 

✦ Coupled Jet-Fluid (Analytical approach) 

✦ MARTINI (Monte Carlo approach based on in-medium gluon radiation)
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There are still problems…

Couple Jet-Fluid: [arXiv: 1701.07951]

without 
recoil

[MARINI: Park QM18]

without recoil

Recoil component 
Best observed in the 

“jet radial profile”
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✦ Within the same model, not so easy to simultaneously describe jet radial 
profile and jet mass:

�34

And more problems…

[JEWEL:1707.01539]

[JEWEL:1707.01539]
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✦ Within the same model, not so easy to simultaneously describe jet radial 
profile and jet mass:

�34

And more problems…

See K. Zapp (Thursday) for news about JEWEL

[JEWEL:1707.01539]

[JEWEL:1707.01539]

[MARTINI:1807.06550]

[MARTINI:1807.06550]
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✦ Quenching parameter (qhat) at RHIC larger is than at LHC 

✦ Not clearly understood so far…
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And even more problems… [Jet collaboration (13)]

[Andrés, Armesto, Luzum, Salgado, Zurita (17)]

[Casalderrey-Solana, Hulcher, Milhano, Pablos, Rajagopal (18)]

both pQCD and non-pQCD approaches!
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✦ Theoretical developments that address elementary jet processes: 

✓ Able to build up a clear qualitative picture 

X Not suited for describing medium recoil component (essential to withdraw QGP properties) 

�36

JQ Phenomenology
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✦ Theoretical developments that address elementary jet processes: 

✓ Able to build up a clear qualitative picture 

X Not suited for describing medium recoil component (essential to withdraw QGP properties) 

✦ To ultimately assess QGP properties, also need new jet observables (from pp and new for heavy-ions): 

✦ Sensitive to selected jet quenching effects (establish a baseline): 

✦ Probing different QGP timescales:
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JQ Phenomenology

Being highly developed within Monte Carlo approaches (see references at backup slides)!

Based on phenomenological assumptions… 
But Jet Quenching must feed (and be fed) with jet phenomenology!

[LA, Milhano, Ploskon, Zhang (17)]

Initial times: [Andres, Armesto, Niemi, Paatelainen, Salgado (19)]
Final times: [LA, Milhano, Salgado, Salam (18)]
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✦ Theoretical developments that address elementary jet processes: 

✓ Able to build up a clear qualitative picture 

X Not suited for describing medium recoil component (essential to withdraw QGP properties) 

✦ To ultimately assess QGP properties, also need new jet observables (from pp and new for heavy-ions): 

✦ Sensitive to selected jet quenching effects (establish a baseline): 

✦ Probing different QGP timescales:
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JQ Phenomenology

Being highly developed within Monte Carlo approaches (see references at backup slides)!

Based on phenomenological assumptions… 
But Jet Quenching must feed (and be fed) with jet phenomenology!

[LA, Milhano, Ploskon, Zhang (17)]

Initial times: [Andres, Armesto, Niemi, Paatelainen, Salgado (19)]
Final times: [LA, Milhano, Salgado, Salam (18)]

See L. Apolinário (Thursday)



Wrapping-up
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✦ This was a brief lecture/overview of “jet quenching”: 

✦ Things I didn’t cover: Heavy-quarks, AdS/CFT approaches, Monte Carlo approaches,… 

✦ Several developments towards the understanding of what is a jet in a heavy-ion environment! 

✦ But no consistent picture has emerged yet…  

✦ Not clear the role of medium recoil effects, missing in-medium evolution equation (coupled to 
vacuum radiation), … 

➡ Several developments in building new observables (particular QGP effect, a particular type of 
probe (q/g-jets) and/or different QGP timescales ⇒ Jet substructure!)

�38

Summary

See J. Barata (Thursday)
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✦ This was a brief lecture/overview of “jet quenching”: 

✦ Things I didn’t cover: Heavy-quarks, AdS/CFT approaches, Monte Carlo approaches,… 

✦ Several developments towards the understanding of what is a jet in a heavy-ion environment! 

✦ But no consistent picture has emerged yet…  

✦ Not clear the role of medium recoil effects, missing in-medium evolution equation (coupled to 
vacuum radiation), … 

➡ Several developments in building new observables (particular QGP effect, a particular type of 
probe (q/g-jets) and/or different QGP timescales ⇒ Jet substructure!)
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Summary
Questions?

See J. Barata (Thursday)
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✦ MLLA: only the leading behaviour, 

✦ Good description in the hard region (two different energies)

�41

Experimental Evidences

⇠p = log(
1

z
) = log(

pjet
phad

)

Soft jet fragments

Hard jet fragments
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✦ Consider a high energetic particle propagating interacting twice with the medium:
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Eikonal Approximation
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✦ Consider a high energetic particle propagating interacting twice with the medium:

�42

Eikonal Approximation

p1)
<latexit sha1_base64="8oOPgAI/wYlyDmiv5s4BGHoLjWU=">AAACEnicbVDLSgMxFM34rPVVdekmtAiKUGZ0ocuiIC4r2Ae0Q8lkbtvQJDMkGWEo/QVXBf0Wd+LWH+inuDOddmFbD1w4nHMvnHuCmDNtXHfirK1vbG5t53byu3v7B4eFo+O6jhJFoUYjHqlmQDRwJqFmmOHQjBUQEXBoBIP7qd94AaVZJJ9NGoMvSE+yLqPETKW44110CiW37GbAq8Sbk1Kl2L4cTypptVP4aYcRTQRIQznRuuW5sfGHRBlGOYzy7URDTOiA9KBlqSQCtD/Mso7wmVVC3I2UHWlwpv69GBKhdSoCuymI6etlbyr+62kbpQ+h9R4glYJILCOTfbkYyHRv/SGTcWJA0lmebsKxifC0HxwyBdTw1BJCFbMvYdonilBjW8zbrrzlZlZJ/arsXZfdJ1vaHZohh05REZ0jD92gCnpEVVRDFPXRK3pD787Y+XA+na/Z6pozvzlBC3C+fwHcUaC8</latexit>

Z
dx1�dx2�e

ix2�(p�p2)+ix1�(p2�p1)+ = (2⇡)2�(p� p2)+�(p2 � p1)+
<latexit sha1_base64="xmcWjBoOfI4j3mcYOukPSNKwqvc="></latexit>
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<latexit sha1_base64="8oOPgAI/wYlyDmiv5s4BGHoLjWU=">AAACEnicbVDLSgMxFM34rPVVdekmtAiKUGZ0ocuiIC4r2Ae0Q8lkbtvQJDMkGWEo/QVXBf0Wd+LWH+inuDOddmFbD1w4nHMvnHuCmDNtXHfirK1vbG5t53byu3v7B4eFo+O6jhJFoUYjHqlmQDRwJqFmmOHQjBUQEXBoBIP7qd94AaVZJJ9NGoMvSE+yLqPETKW44110CiW37GbAq8Sbk1Kl2L4cTypptVP4aYcRTQRIQznRuuW5sfGHRBlGOYzy7URDTOiA9KBlqSQCtD/Mso7wmVVC3I2UHWlwpv69GBKhdSoCuymI6etlbyr+62kbpQ+h9R4glYJILCOTfbkYyHRv/SGTcWJA0lmebsKxifC0HxwyBdTw1BJCFbMvYdonilBjW8zbrrzlZlZJ/arsXZfdJ1vaHZohh05REZ0jD92gCnpEVVRDFPXRK3pD787Y+XA+na/Z6pozvzlBC3C+fwHcUaC8</latexit>

Mh(p1)

p1 p2 p

x1 x2

A1 A2 A

a1 a2

S2 =

Z
d4x1d

4x2
d4p1
(2⇡)4

d4p2
(2⇡)4

ū(p)eix2(p�p2)+ix1(p2�p2) /AAA2
(x2+, x2?)

i /p2
p22 + i"

ig /AA2A1
(x1+, x1?)

i /p1
p21 + i"

Mh(p1)
<latexit sha1_base64="3nqzmOOSmO2EeNs3phuggT08u6g="></latexit>

S2 =

Z
d4x1d

4x2
d4p1
(2⇡)4

d4p2
(2⇡)4

ū(p)eix2(p�p2)+ix1(p2�p2) /AAA2
(x2+, x2?)

i /p2
p22 + i"

ig /AA2A1
(x1+, x1?)

i /p1
p21 + i"

Mh(p1)
<latexit sha1_base64="3nqzmOOSmO2EeNs3phuggT08u6g="></latexit>

p1)
<latexit sha1_base64="8oOPgAI/wYlyDmiv5s4BGHoLjWU=">AAACEnicbVDLSgMxFM34rPVVdekmtAiKUGZ0ocuiIC4r2Ae0Q8lkbtvQJDMkGWEo/QVXBf0Wd+LWH+inuDOddmFbD1w4nHMvnHuCmDNtXHfirK1vbG5t53byu3v7B4eFo+O6jhJFoUYjHqlmQDRwJqFmmOHQjBUQEXBoBIP7qd94AaVZJJ9NGoMvSE+yLqPETKW44110CiW37GbAq8Sbk1Kl2L4cTypptVP4aYcRTQRIQznRuuW5sfGHRBlGOYzy7URDTOiA9KBlqSQCtD/Mso7wmVVC3I2UHWlwpv69GBKhdSoCuymI6etlbyr+62kbpQ+h9R4glYJILCOTfbkYyHRv/SGTcWJA0lmebsKxifC0HxwyBdTw1BJCFbMvYdonilBjW8zbrrzlZlZJ/arsXZfdJ1vaHZohh05REZ0jD92gCnpEVVRDFPXRK3pD787Y+XA+na/Z6pozvzlBC3C+fwHcUaC8</latexit>

'
Z

dx1+dx2+ig(A�)AA2(x2+, 0?)✓(x2�x1)+ig(A�)A2A1(x1+, 0?)✓(x1)+ū(p)Mh(p)
<latexit sha1_base64="PoqgjQ23518Uj+bnV6iYCLtYWIs="></latexit>

No interaction term

P exp

(
ig

Z xn+

x1+

dx+A�(x+, x? = 0)

)
= W (xn+, x1+;x? = 0)

<latexit sha1_base64="vT8tRmJ4DiNOSzpltZkBgx/z21A="></latexit>

summing over all     ’n’ interaction terms

∑ ( )
…
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✦ Monte Carlo models for jet quenching: 

✦ Hybrid Strong/Weak coupling: 

✦ JETSCAPE: 

✦ JEWEL: 

✦ LBT/Co-LBT: 

✦ MARTINI: 

✦ MATTER: 

✦ PYQUEN: 

✦ Q-PYTHIA: 
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✦ Monte Carlo models for heavy-ions: 
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✦ Analytical approaches: 

✦ Coupled Jet-Fluid:
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