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High-PT Particle Suppression

• Description of high-pt suppression:
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FIG. 1: Schematic view of a hard parton-parton interactions
(grey blob) producing a highly energetic parton, which subse-
quently undergoes parton branching processes. In a heavy ion
collision, this parton evolution occurs within a dense medium
(blue area) that interferes with the vacuum evolution via a
priori unknown elastic and inelastic interactions.

parton;

• the nature of the medium through which the ener-
getic parton propagates; and

• kinematical approximations for the interaction be-
tween medium and projectile parton.

It will turn out that the largest quantitative differences
among the various models arise not so much from dif-
ferences in their basic underlying assumptions about the
medium and its interaction with the high energy par-
ton, but rather in the implementation of the simplifying
approximations made to carry out the derivations and
calculations, most importantly, the treatment of energy-
momentum constraints and large angle radiation.

In the remainder of this Section, we will first provide
a short general discussion of in-medium QCD radiation,
before describing the specific implementations.

1. Virtuality and parton branching in the medium

A high-pT parton, produced by a hard initial collision
between incoming partons, carries initially a high virtu-
ality. Even in the absence of a medium, the parton will
undergo ’vacuum’ splitting processes to reduce its off-
shellness. When the radiations occurs in the medium, the
question arises whether this parton splitting is just the
same as in the vacuum, or rather an additional medium-
induced splitting, or a result of the interference between
medium-induced effects and dynamics that would also
occur in the absence of a medium. None of the existing
parton energy loss calculations treats the entire dynamics
depicted in Fig. 1 in a field-theoretically rigorous fashion.

The medium effect on parton splitting is brought about
by interactions of the high-energy parton and the radi-
ated gluon with the medium. For small-angle scattering,

the parton and the radiated gluon propagate along sim-
ilar paths, leading to significant interference and a finite
formation time of the gluon, which suppresses the gluon
radiation compared to incoherent emission. This effect
is often referred to as the Landau-Pomeranchuk-Migdal
effect. A characteristic consequence of this interference is
that the amount of energy loss grows quadratically with
L for in-medium path lengths that are small compared
to the formation time [12].
In general, multiple splittings may occur in the

medium. A full calculation of multi-gluon final states
would include interference terms between the different
emitted gluons. Recently some progress has been made
on this particular problem, using calculations of the in-
terference between two emitters (the antenna problem),
which show interesting features as angular ordering or
partial decoherence [30–33]. The generalization of these
results to multiple gluon emission is not known at present
and all current calculations are based on repeated ap-
plication of a single-gluon emission calculation. In the
following we will separately discuss the single-gluon radi-
ation kernel and the prescription used for multiple gluon
emission.

2. Modeling the medium

The main interest in studying jet quenching is to use it
to characterize the medium through which the projectile
parton propagates. It is of great interest to implement
different models of the medium in jet quenching calcula-
tions to determine how the medium model and properties
affect jet quenching. In the current practice, each model
description uses a particular set of simplifications, which
can be classified as follows:

1. The medium is modeled as a collection of static
scattering centers
In this approach, the medium is modeled as a set
of static colored scattering centers with a specified
density distribution along the trajectory of the pro-
jectile. A decreasing density approximates the ef-
fects of an expanding medium. Because gluon ra-
diation from the scattering centers is ignored, cal-
culations in this set-up lead to gauge-invariant (i.e.
physically meaningful) results only to leading order
in a high-energy approximation. By construction
this set-up neglects recoil effects and thus does not
allow for elastic parton energy loss.

This medium model was pioneered by Baier, Dok-
shitzer, Mueller, Peigné and Schiff [12, 34, 35]
(BDMPS) and independently by Zakharov [36, 37].
Gluon radiation is formulated in a path-integral
that resums scatterings on multiple static colored
scattering centers. Wiedemann [38] showed how
this path-integral can be used to include interfer-
ence effects between vacuum and medium-induced
radiation in such a way that also the k⊥-differential

• E-loss from a single parton

• Mostly sensitive to longitudinal degradation 
• Fate of the radiated gluon is not followed
• Includes radiative and collisional losses

• The single gluon emission rate is under theoretical control
(at least in certain limits)

• Multi-gluon emissions described by iteration

• Sensitive to non-perturbative FF.



Comparison Between Formalisms

• A variety of  formalisms all based on the same processes
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energy that does not conserve energy as the degrading
momentum of the parent parton is not dynamically up-
dated. However, in most cases, the probability to radiate
a larger energy than the incoming parton energy is lim-
ited, so that the uncertainty associated with this effect is
small. For a more detailed study, see [55]. Interference
effects between medium-induced radiation and vacuum
radiation are included in the single-gluon emission spec-
tra, but the parton is assumed to fragment in the vacuum
after energy loss.

HT and AMY both use a coupled evolution procedure
to calculate multiple gluon emission. In the case of HT,
medium-modified DGLAP evolution is used, which in-
cludes the virtuality evolution in vacuum. In the AMY
approach, rate equations are used and no vacuum radia-
tion is included. However, recent work [56] has addressed
this issue and showed how it can be included in the same
framework.

The evolution equations used in HT and AMY both
include the coupling between the quark and gluon distri-
butions in the jets and keep track of the gradual degra-
dation of the jet energy. The emission probability dis-
tribution changes as the jet energy degrades, which is in
principle a significant conceptual improvement over the
Poisson convolution approach. There is, however, an im-
portant point that is not explicitly addressed in any of
the models: as the energy degrades, the remaining path
length through the medium also decreases. So, in prin-
ciple, the energy-evolution should be accompanied by an
evolution in coordinate space and the emission probabil-
ities should be calculated using local information about
the parton energy, the medium, and the remaining path
length. Some models do take into account the evolution
of the medium and corresponding change in the local en-
vironment of the propagating parton. However, combin-
ing both local information and the true finite size effect
proves to be a difficult problem in the presence of inter-
ference effects, where the gluon radiation is not a purely
local phenomenon, but instead couples to the parton over
an extended area.

C. Schemes of radiative parton energy loss
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FIG. 2: The landscape of pQCD based jet quenching for-
malisms. Arrows indicate common concepts or assumptions
between adjacent formalisms.

In the previous sections, we outlined both the single-

gluon emission calculations as well as the multiple gluon
calculations that are commonly used in the literature. To
gain a better understanding of the various formalisms,
it is useful to compare and contrast closely related for-
malisms. Fig. 2 illustrates the close technical and con-
ceptual relations between the different models of parton
energy loss.

1. Multiple soft scattering vs Opacity expansion
The multiple soft scattering approximation and the
opacity expansion can be shown to be different ap-
proximations of the same BDMPS–Z path integral.
In the opacity expansion, the hard scattering tail
of the scattering potential of the medium is taken
into account, but the interference between neigh-
boring scattering centers is only taken into account
order by order in the expansion. The most com-
monly used approximation is the single hard scat-
tering (N = 1) approximation which assumes that
there is only one dominant hard scattering. The
multiple-soft scattering approximation resums all
the interference terms, at the cost of neglecting
hard scatterings with the medium. In general, the
multiple-soft scattering approximation is expected
to be valid for thick media, while the single-hard
scattering approximation is more accurate for thin
media.

2. AMY vs multiple soft scattering approach
Parton energy loss within the AMY formalism can
be formulated in terms of the same path integral
entering the BDMPS–Z formalism [39]. The tech-
nical commonalities between both approaches are
further elaborated in [45, 57]. The main concep-
tual difference between the AMY and the BDMPS-
Z calculation is the formulation of the medium: an
equilibrated high-temperature plasma in AMY ver-
sus static scattering centers in BDMPS-Z. There
are also important technical differences, however.
Most notably: in AMY an infinite-length medium
is used, while BDMPS-Z includes finite-size effects
in the emission rates. The effect of these differ-
ences is discussed in detail in [56]. In addition, the
ASW calculation include the effect of large angle
cut-off on the radiation. This effect is not taken
into account in the standard AMY calculation, but
is explored in detail in Section III C 3 below.

3. Opacity expansions: DGLV vs ASW-SH
There are two implementations of the (N = 1)
opacity expansion in the literature: DGLV [41, 46]
and ASW–SH [38, 39]. Both groups calculate the
same set of multiple scattering Feynman diagrams
within the same high-energy and collinear approxi-
mation. However, in extending this result from the
kinematic region in which these approximations are
valid to the entire phase space open for gluon pro-
duction, they take different approximations. The
resulting numerical differences are discussed in de-
tail in Section III B. In particular, large angle gluon

(diagrams)

• TECHQM: differences among formalisms arise from:

• Different approximations to the emission dynamics

• Treatment of the regions beyond theoretical control

• Assumptions made on the medium proved
Perturbative in most cases

Difficult to separate from the formalism



From Single Parton To Jets
Medium induced gluon radiation: 
effective mechanism suppressing 
leading hadrons

Jets collect many partons: 
Degradation of leading parton does 
not imply jet energy loss!

Parton shower leads to more sources
How and when do they loose energy?

Broadening effects, multiple scattering, 
elastic loss, large angle radiation...

Processes which take energy out of cone:

Multi-particle problem which calls for a MC implementation



Monte Carlo Generators

Q-PYTHIA

MARTINI
VNI/BMS

(MATTER++)

YAJEM-X

JEWEL

• Based on radiative-loss calculations. Many include elastic losses

• Very different implementation:

• Different treatment of the vacuum showers

• Different recipes for MC generation of medium induced rad.

• Some include modifications of hadronization 

• A direct comparison is not obvious

The MC procedure is not grounded in well controlled calculations



Shower interacts 
Additional 
splittings

Early QCD 
Shower

Late QCD 
Shower

Modified 
splittings

Additional e-
loss

MARTINI Many analytical 
calculations

Q-PYTHIA

Time Structure of the Shower

VNI/BMS
YAJEM
JEWEL
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• Induced radiation is dominated by formation time

A MC implementation based on this time 
scale reproduces the main features of LPM

(Zapp, Stachel & Wiedemann 08)

• No equivalent calculation for the vacuum shower

• Standard approach: parametric estimate by uncertainty principle
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FIG. 1: Sketch of the evolution process for the associated jet in a di-jet event. The fragmentation proceeds by several splittings
from the initial hard vertex up to the final particles. The jet reconstruction procedure, represented by the blue cone, does not
include all the fragments generated in the evolution. Thus, not all the splittings are directly connected to the particles used
for the jet reconstruction. Note that all the fragments within the cone originate from a common ancestor (the parent parton,
marked with a double line) and prior splittings only change the overall kinematics of that parton. From all the splittings in
the chain, only nR splittings, represented by circles, are seeded by the parent parton and connected to the final reconstructed
fragments, these splittings influence the most the final fragment distribution (up to kinematical changes).

result in overall kinematical changes. Thus, for each final parton, we reconstruct the full chain of branchings back to
the parent parton. To avoid double counting in jets with more than one final state parton, splittings common to two
or more particles are counted only once. Also, only splittings that are causally connected to those partons that fall
within the specific jet selection and reconstruction procedure will be taken into account. Fig. 1 provides a pictorial
description of this procedure.

The probability distribution Pout
R (L) for splitting after a given time L is obtained from the event generator as the

average over the Monte Carlo sample

Pout
R (L) =

〈
nout
R (L)

nR

〉
, (3)

where the index R indicates that only branchings in the chains of those partons that end up within the jet definition
are included, nR is the total number of such splittings in a an event, and nout

R (L) the number of those that occur
at τS > L. The distribution Pout

R (L) depends on the specific procedure employed to select and reconstruct the jet
sample, in particular on the jet definition, via the Monte Carlo average.

As we have stressed repeatedly, the above procedure provides only an estimate of the typical distribution since it
is based on the identification of the typical scale of the emission process and assumes that all the splittings occur at
such fixed time. This procedure clearly overestimates the emission time, since in reality it is given by a distribution in
times with characteristic value τf , with emission both at earlier and later times than τf being allowed. To account for
this spread, we will use a simple assumption for the emission time distribution: the probability that a given splitting
with typical formation time τf occurs at time τ , D(τ) is given by

D(τ) =
1

τf
e−τ/τf . (4)

This allows us to assign to each splitting a (random) emission time and, by following the discussion around eq. (2),
determine the absolute time of each emission. We will use these two evaluations of the emission time — with a fixed
typical time given by eq. (1) and with a random sampling around τf , eq. (4) — as an estimate of the uncertainty in
the distribution.

We constructed our event samples by generating di-jet events with PYTHIA 6.4 [36] for pp collisions at a centre-
of-mass energy of 2.76 TeV without underlying event. Jets were reconstructed at the partonic level using the anti-kt
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FIG. 1: Sketch of the evolution process for the associated jet in a di-jet event. The fragmentation proceeds by several splittings
from the initial hard vertex up to the final particles. The jet reconstruction procedure, represented by the blue cone, does not
include all the fragments generated in the evolution. Thus, not all the splittings are directly connected to the particles used
for the jet reconstruction. Note that all the fragments within the cone originate from a common ancestor (the parent parton,
marked with a double line) and prior splittings only change the overall kinematics of that parton. From all the splittings in
the chain, only nR splittings, represented by circles, are seeded by the parent parton and connected to the final reconstructed
fragments, these splittings influence the most the final fragment distribution (up to kinematical changes).

result in overall kinematical changes. Thus, for each final parton, we reconstruct the full chain of branchings back to
the parent parton. To avoid double counting in jets with more than one final state parton, splittings common to two
or more particles are counted only once. Also, only splittings that are causally connected to those partons that fall
within the specific jet selection and reconstruction procedure will be taken into account. Fig. 1 provides a pictorial
description of this procedure.

The probability distribution Pout
R (L) for splitting after a given time L is obtained from the event generator as the

average over the Monte Carlo sample

Pout
R (L) =

〈
nout
R (L)

nR

〉
, (3)

where the index R indicates that only branchings in the chains of those partons that end up within the jet definition
are included, nR is the total number of such splittings in a an event, and nout

R (L) the number of those that occur
at τS > L. The distribution Pout

R (L) depends on the specific procedure employed to select and reconstruct the jet
sample, in particular on the jet definition, via the Monte Carlo average.

As we have stressed repeatedly, the above procedure provides only an estimate of the typical distribution since it
is based on the identification of the typical scale of the emission process and assumes that all the splittings occur at
such fixed time. This procedure clearly overestimates the emission time, since in reality it is given by a distribution in
times with characteristic value τf , with emission both at earlier and later times than τf being allowed. To account for
this spread, we will use a simple assumption for the emission time distribution: the probability that a given splitting
with typical formation time τf occurs at time τ , D(τ) is given by

D(τ) =
1

τf
e−τ/τf . (4)

This allows us to assign to each splitting a (random) emission time and, by following the discussion around eq. (2),
determine the absolute time of each emission. We will use these two evaluations of the emission time — with a fixed
typical time given by eq. (1) and with a random sampling around τf , eq. (4) — as an estimate of the uncertainty in
the distribution.

We constructed our event samples by generating di-jet events with PYTHIA 6.4 [36] for pp collisions at a centre-
of-mass energy of 2.76 TeV without underlying event. Jets were reconstructed at the partonic level using the anti-kt
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FIG. 2: Probability that the splittings of the parent partons occur at a time larger than L in the frame where the parton is
transverse for leading (left) and associated (right) jets in di-jet events of pT,leading > 100 GeV and pT,associated > 40 GeV. The
bands correspond to the two different estimates of the splitting time described in the text. A transverse momentum pT -cut at
reconstrunction level has been introduced. As the pT -cut is increased, late fragmentation patterns are favored.

sequential recombination algorithm [19] for different values of R, as implemented in FastJet [20]. The events were
selected with criteria based on those used by the CMS collaboration [37]. A minimum pT,leading of 100 GeV was
required for the leading jet. Once such jet was found, the subleading jet was required to have pT,associated >40 GeV
and to be sufficiently separated in azimuth from the leading jet, ∆φ1,2 ≥ 2π/3. Further, a cut in rapidity was imposed,
selecting only jets within |y| <2.

From this sample we compute the restricted probability Pout
R (L) for both the leading and associated jet, see Fig.

2. In these plots the bands correspond to the two models for computing the emission time described above. A
transverse momentum cut of the gluons used in the jet reconstruction has been introduced: in both plots the upper
band corresponds to a pT -cut of 10 GeV and the lower one to 0.1 GeV. For either cut, both in the leading and in
the associated jet we observe that the shower develops in a rather long time. In fact, the distribution possesses a
long tail at very large times, which reflects the logarithmic divergence in Q2 of the splitting kernel. Remarkably, the
probability of splittings occurring at times as large as L = 5 fm, comparable to the radius of a large nucleus, is larger
than 50%.

III. IN-MEDIUM LENGTH IN HEAVY ION COLLISIONS

The dense hadronic matter produced in a heavy ion collision can probe and modify the time structure of the
evolution process described above. The typical size of the medium produced by these collisions is of the order of the
nuclear radius and, as we have seen, comparable to the characteristic time for the development of the vacuum shower.
For this reason, we would like to compare the vacuum fragmentation pattern with the time extent that jets travel
through the medium. It is clear that not all jets in a nuclear collision traverse the same amount of medium, as they
are not all produced at the same point within the colliding region, and path length fluctuations must be taken into
account. These originate from simple geometrical considerations which we describe below.

As it is well known, the emission points of hard jets in the transverse plane (x0, y0) are distributed according to
the number of collisions per unit area, TAA(x0, y0, b)

TAA(x0, y0, b) = TA(x− b/2, y)TA(x+ b/2, y) (5)

where the nuclear density profile TA(x, y) =
∫
dzρ(x2 + y2 + z2) is computed from the nuclear density ρ(r), given by

the standard Woods-Saxon potential [48]. From these emission points, jets can travel at any direction in the transverse
plane given by the (randomly selected) unit vector n̂ = (cos(φ), sin(φ)).

Long formation times
JCS, Quiroga, Milhano
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• Typical formation time is comparable to medium size
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FIG. 1: Sketch of the evolution process for the associated jet in a di-jet event. The fragmentation proceeds by several splittings
from the initial hard vertex up to the final particles. The jet reconstruction procedure, represented by the blue cone, does not
include all the fragments generated in the evolution. Thus, not all the splittings are directly connected to the particles used
for the jet reconstruction. Note that all the fragments within the cone originate from a common ancestor (the parent parton,
marked with a double line) and prior splittings only change the overall kinematics of that parton. From all the splittings in
the chain, only nR splittings, represented by circles, are seeded by the parent parton and connected to the final reconstructed
fragments, these splittings influence the most the final fragment distribution (up to kinematical changes).

result in overall kinematical changes. Thus, for each final parton, we reconstruct the full chain of branchings back to
the parent parton. To avoid double counting in jets with more than one final state parton, splittings common to two
or more particles are counted only once. Also, only splittings that are causally connected to those partons that fall
within the specific jet selection and reconstruction procedure will be taken into account. Fig. 1 provides a pictorial
description of this procedure.

The probability distribution Pout
R (L) for splitting after a given time L is obtained from the event generator as the

average over the Monte Carlo sample

Pout
R (L) =

〈
nout
R (L)

nR

〉
, (3)

where the index R indicates that only branchings in the chains of those partons that end up within the jet definition
are included, nR is the total number of such splittings in a an event, and nout

R (L) the number of those that occur
at τS > L. The distribution Pout

R (L) depends on the specific procedure employed to select and reconstruct the jet
sample, in particular on the jet definition, via the Monte Carlo average.

As we have stressed repeatedly, the above procedure provides only an estimate of the typical distribution since it
is based on the identification of the typical scale of the emission process and assumes that all the splittings occur at
such fixed time. This procedure clearly overestimates the emission time, since in reality it is given by a distribution in
times with characteristic value τf , with emission both at earlier and later times than τf being allowed. To account for
this spread, we will use a simple assumption for the emission time distribution: the probability that a given splitting
with typical formation time τf occurs at time τ , D(τ) is given by

D(τ) =
1

τf
e−τ/τf . (4)

This allows us to assign to each splitting a (random) emission time and, by following the discussion around eq. (2),
determine the absolute time of each emission. We will use these two evaluations of the emission time — with a fixed
typical time given by eq. (1) and with a random sampling around τf , eq. (4) — as an estimate of the uncertainty in
the distribution.

We constructed our event samples by generating di-jet events with PYTHIA 6.4 [36] for pp collisions at a centre-
of-mass energy of 2.76 TeV without underlying event. Jets were reconstructed at the partonic level using the anti-kt

• Sizable uncertainties due to the distribution function

• All jet path length dependence analysis are dependent on this 
estimate



• Martini:
MC In-medium Showers

All these recipes are only partially supported by explicit 
calculations

• QPYTHIA (MATTER++)

• JEWEL , YAJEM 

Rate equation based on AMY
Short formation times and no interference with vac. radiation

In-Medium modification of Sudakov
Resummation of single inclusive spectrum is assumed
All energy and momentum shared into shower partons

Incorporates broadening of fragments by multiple scattering

Momentum transfers increase the virtuality of the QCD shower
JEWEL: Initial radiation prior to scattering introduced
JEWEL: Well tested algorithm to include LPM interference



8.3 Disturbance of the plasma induced by an energetic heavy quark 285

Figure 8.4 Energy density (left) and momentum flux (right) induced by the
passage of a supersonic heavy quark moving through the strongly coupled
N = 4 SYM theory plasma in the x‖ direction with speed v = 0.75. (∆ε(x)
is the difference between ε(x) and the equilibrium energy density; since
S = 0 in equilibrium, ∆S(x) is simply S(x).) The flow lines on the surface
are flow lines of ∆S(x). These disturbances are small compared to the
background energy density and pressure of the plasma (both of which are
∝ N2

c ). The perturbation is small and it is well described by linearized
hydrodynamics everywhere except within a distance R ≈ 1.6/T from the
quark. Since the perturbation is small, the kinetic energy contribution of
the diffusion mode to the energy density is suppressed by N2

c and, thus, it
does not contribute in the left panel.

to the spatial momentum q, and where the counterterm D is a complicated
function of ω and q that depends on the quark velocity and the plasma
temperature and that is given in Ref. [272].

Results from Ref. [272] on the numerical computation of the disturbance
in the gauge theory plasma created by a supersonic quark moving with
speed v = 0.75 are shown in Fig. 8.4. The left panel shows the energy
density of the disturbance and clearly demonstrates that a Mach cone has
been excited by the supersonic quark. The front is moving outwards at
the Mach angle ΘM , where cos ΘM = cs/v = 4/(3

√
3). Recall from our

general discussion above that fluid motion is invisible in the energy density,
to the linear order at which we are working; the energy density is nonzero
wherever the fluid is compressed. Thus, the Mach cone is made up of sound
modes, as expected. In the right panel of Fig. 8.4, we see the density of fluid
momentum induced by the supersonic quark. This figure reveals the presence
of a sizable wake of moving fluid behind the quark, a wake that is invisible
in the energy density and is therefore made up of moving fluid without any
associated compression, meaning that it is made up of diffusion modes. We

Medium Back-Reaction

In Medium

t(some units)

I
Vacuum “gluon beam”

“jets”

quenched 
jet

collective motion 
induced by jet

(Cherler and Yaffe 08) (Cherler, Ho, Rajagopal 12)

• Dynamics of the medium is not described in most models

• Expectation: medium particles correlated to the jet direction

Observed both at strong and weak coupling 

• These soft particles enter in the jet finding. Not a background

• Fragments of few GeV get affected by this effect

Enhancement of soft particles picked up from the medium

• Can we find a jet definition with little sensitivity to those?
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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 EΘjet, where E is the jet energy and Θjet

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 off 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 Θ, the emitted gluon transverse wave-
length λ⊥, which is related to its transverse momentum
by λ⊥ ∼ 1/k⊥, needs to be compared to the transverse
separation of the pair at the time of formation of the
gluon, r⊥ = Θ tf, with tf ∼ k2⊥/ω and ω the gluon fre-
quency . If λ⊥ > r⊥, the gluon cannot resolve the two
components of the antenna which act coherently as a sin-
gle emitter; in the opposite case, when λ⊥ < r⊥, the
radiative spectrum is the superposition of independent
gluon emissions off each of the antenna components. In
other words, radiation with λ⊥ > 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 θ < Θ resolve the individual
charges while those with θ > Θ behave as if emitted off
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 Λmed, 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/Λmed,
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 different 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−(Θ/θc)

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⊥ = ΘL. Moreover,
1/Λ2

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 Θ = Θjet.
When Θjet % θc, 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 Θjet & θc, on the other hand, some parts

of the jet can be resolved by the medium depending on
the formation time of the different jet fragments. Nev-
ertheless, the partons within the jet may be reorganized
into a reduced effective number of emitters which are sen-
sitive to medium effects 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
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FIG. 2. The probability of not resolving the substructure
of the hardest jet in the event at Rmed (upper panel) and
the energy missing from the leading sub-jet (lower panel) for
jets traversing a medium with K = 1, 10 for continuous and
dashed lines. The entries are trimmed (fcut = 0.1) anti-kt jets
with R = 0.2 in pT -bins of 100-150 GeV (blue) and 200-300
GeV (green).

model of a Pb+Pb collision at the same energy and a
random direction. The time-dependent energy density of
the quark-gluon plasma, ε, along the jet trajectory was
sampled from a 3D hydrodynamical code [9] enabling us
to define q̂(ξ) = 2Kε(ξ)3/4. This procedures assigns to
each jet a resolution scale Rmed, which equals θc com-
puted for this jet trajectory sampling a local q̂(ξ) along
its path, and is given by

Rmed ≡ 2

(∫
dξ ξ2q̂(ξ)

)−1/2

, (2)

see Eq. (1). To identify what jet substructure would
be resolved by the medium, we have performed a
re-clustering of the jet constituents using the Cam-
bridge/Aachen algorithm with Rmed as the resolution
scale. Examples of this procedure can be seen in Fig.
1. As a first estimate of the overall uncertainties related
to the soft constituents of the jet, we have discarded sub-
structures below a fractional transverse momentum cut-
off fcut = 0.1. This provides our estimate of the number
of sub-jet structures which the medium can resolve.

For this jet sample we compute the probability that
the jet is unresolved, i.e. that it contains only one sub-
jet of size Rmed inside the jet reconstructed with radius
R = 0.2, as the function of the partonic longitudinal
momentum fraction z, see the upper panel in Fig. 2.
This probability of unresolved jets is large and clearly
decreases when the resolution power of the medium in-
creases (with increasing K). As expected, we observe
that the presence of hard fragments in the jet are corre-

lated with very collimated jet structures which are mostly
not resolved by the medium. We have also checked that
this probability is only mildly dependent on the jet recon-
struction radius R, since increasing the jet radius tends
to collect soft jet fragments which do not contribute much
to the energy balance. This is also clear by considering
the fraction of the total jet energy missing from this lead-
ing sub-jet, again as a function of the parton constituent
z, see lower panel of Fig. 2. We have explicitly checked
that this quantity does not depend on the details of the
substructure analysis.

The above estimates clearly demonstrate the relevance
of color coherence effects for jets in heavy-ion collisions
at the LHC which leads to a reduction of the number
of effective emitters for medium-induced radiation in the
parton shower. We have put emphasis on the simplest
possible situation of only one leading sub-jet and showed
the large probability of this configuration. This implies
not only a smaller energy loss with respect to the totally
incoherent case but also that many of the jets in a heavy
ion environment follow a (angular ordered) vacuum frag-
mentation process, since all their fragments are contained
within one unresolved emitter. It is worth pointing out
that our estimates should be taken as conservative since
we have not taken into account the effect of energy loss
in the studied jet distributions. Would this effect have
been taken into account, the number of resolved jets for
a given jet energy would obviously decrease, as a result
of the bias due to the steeply falling jet spectrum, since
they loose more energy.

A new picture of in-medium parton shower. For
the remaining sample of jets with more than one emitter
the role of the subleading sub-jets cannot be neglected
for a precise determination of medium effects. On gen-
eral grounds, in these cases coherence effects should be
taken into account successively in the parton branching.
These aspects are completely novel to the modeling of
“jet quenching” and call for a rigorous formulation which
is beyond the scope of this Letter. Nevertheless, based on
the discussion of the antenna spectrum, we can postulate
a more detailed picture of a parton shower including co-
herent branching in a medium. This picture is grounded
on a study of the relevant scales appearing at each in-
dividual branching, analogous to the one summarizing
the vacuum fragmentation pattern, as described previ-
ously. As in that case, the emission dynamics depend
on the transverse separation of the partons in the an-
tenna at the time of formation of the emitted fragment,
r⊥ ∼ Θ tf. For those emissions that give rise to addi-
tional in-medium antennas, tf < L, the relevant decoher-
ence parameter, ∆med, is obtained by replacing L with tf
in Eq. (1) and Λmed ∼ 1/

√
q̂tf .

When r⊥ $ Λmed, the antenna is smaller than the
medium correlation length such that ∆med → 0 and
the emitted parton is formed before the medium resolves
the antenna constituents. This immediately implies that
medium-induced gluons, with k⊥ ! 1/Λmed can only be
produced coherently by the pair. Radiation not induced

Medium-Resolution
(JCS, Mehtar-Tani, Salgado Tywoniuk)

• Analysis of the QCD antenna: 
Non-trivial interference pattern between multiple sources

(JCS, Mehtar-Tani, Salgado Tywoniuk)

• A simple recipe to incorporate in 

Fragments with r⊥<Λmed fragments radiate a single object

• Narrow high energy jets behave mostly like one single emmiter

(independent on when fragments are radiated)
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• From radiative losses R dependence of RAA was expected
Well defined angular distribution of emitted gluons
Collisional loss reduce this dependence

• Interaction of the emitted gluons was not considered

Very fast degradation of soft emitted gluons

“Collimation” or transport out of the cone 

(Blaizot, Mehtar-Tani, Iancu)

(JCS, Milhano, Wiedemann)

• These effects are incorporated into MC codes
Larger suppression at larger R?
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Figure 11. Jewel+Pythia results for RAA of jets in Pb+Pb collisions at
√
sNN = 2.76TeV

compared to Alice data [21] for two values of the jet radius (correlated systematic errors not
shown).
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Figure 12. Jewel+Pythia results for RCP of jets in Pb+Pb collisions at
√
sNN = 2.76TeV

compared to Atlas data [22] for different values of the jet radius. The ratio is taken between the
0-10% and the 60-80% centrality class.

jet reconstruction procedure, only a background estimate based on the average activity in

the event can be subtracted. While to some degree it is possible to deal with background

fluctuations using unfolding techniques [80–82], the correlations between the jet and the

background cannot be assessed in this way. There will thus always remain a residual

uncertainty when comparing any MC results to jet data. Clearly, along the same line of
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Figure 5: Ratio of medium to vacuum fragmentation functions for π0’s (left) and all hadrons (right), for
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see the legends on the plots.

jet quenching. In Fig. 6 we present results for the nuclear suppression factor for charged particles
defined as

RAA(η = 0, pT ) =

dNch

dηdpT
(quenched)

∣

∣

∣

η=0

dNch

dηdpT
(unquenched)

∣

∣

∣

η=0

, (3.1)

for which we run 106 pp events at
√

sNN = 200 GeV both in the unquenched case (q̂ = 0, L = 0)
and in the quenched case, requiring a minimum pmin

T = 8 GeV in PYTHIA1. For the latter the
geometry is that of a 0 − 10% central PbPb collisions and the treatment of the production points
and of the quenching parameters is done like in the PQM model [24]. In short, the production points
of the hard scatterings are distributed in the nuclear overlapping area according to the probability
of binary nucleon-nucleon collisions. Then, q̂ and in-medium path length L are computed locally
through two integrals of the density of binary nucleon-nucleon collisions along parton trajectories
isotropically distributed in azimuth, see the Appendix A. In this model the only free parameter is
the scale of the transport coefficient k (in fm). Using the value reported in Ref. [24] to reproduce
single-inclusive RHIC RAA, k = 6 · 106 fm (which corresponds to an average 〈q̂〉 = 14 GeV2/fm
in this case) we get a suppression factor of order 5 at pT > 5 GeV in semi-quantitative agreement
with RHIC experimental data [1]. While no comparison to experimental data is aimed here, we
note that these results are in good agreement with those from Ref. [24] in the PQM model which
considers the energy loss of the leading parton through the simple ansatz [4] usually assumed in
previous jet quenching phenomenology at RHIC. This implies that the introduction of evolution in

1I.e. we consider pp events happening both in the vacuum and in a medium, where the only difference is the
treatment of the final-state parton shower. In our implementation no modification of the underlying event has been
included, nor even the superposition of different nucleon-nucleon collisions within the same event.
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Fragmentation Functions

• General expectations: 
Suppression of high z. Energy loss

Soft enhancement due to longitudinal degradation 

• Measurements referred to the full jet energy:

• Enhancement of soft fragments
Softening or medium push?

• Large-z fragments remain the same
Removing soft fragments leads to high z enhacement
Are soft particle emitted late/regenerated
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Figure 15. Jewel+Pythia results for the fragmentation function D(p⊥) in peripheral and central
Pb+Pb events compared to Atlas data [26] (data points read off the plots, no errors shown).
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Figure 16. Jewel+Pythia results for the ratios of the fragmentation functions D(z) between
central and peripheral Pb+Pb events compared to Atlas data [26] (data points read off the plots,
only maximum of statistical and systematic errors shown).

the agreement between the Jewel+Pythia results and the data is very reasonable given

that for this measurement the background subtraction is more involved than for jets. It

remains unclear, however, whether the observation, that the fragmentation function in p+p

at
√
s = 7TeV seems to be too soft, indicates that in Pb+Pb it is actually too hard. The

ratio of the fragmentation functions in central and peripheral events shown in figure 16

and figure 17 are less sensitive to such effects. Again, the agreement between data and

MC improves for smaller values of the jet radius. In Jewel+Pythia the fragmentation

function tends to become harder in more central events. This can easily be understood

since the fragmentation of the hard core remains unaltered by the presence of the medium

while the jet energy gets degraded.
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• General expectations: 
Suppression of high z. Energy loss

Soft enhancement due to longitudinal degradation 

• Measurements referred to the full jet energy:

• Enhancement of soft fragments
Softening or medium push?

• Large-z fragments remain the same
Removing soft fragments leads to high z enhacement
Are soft particle emitted late/regenerated
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g = 1 (blue dashed) and g = 2 (green dashed). The curves are
for propagation of a hard gluon through a region of plasma
with thickness L = 5 fm, and temperature T = 300 MeV.

the coupling is there is always a k⊥ beyond which P (k⊥)
is greater in the weakly coupled plasma than in the
strongly coupled plasma. This behavior, which at first
hearing may sound counterintuitive, reflects the presence
of point-like quasiparticles in the weakly coupled plasma.
This means that, as Rutherford could have understood,
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FIG. 15. Probability that a hard gluon receives a transverse
momentum greater than kmin

⊥ after propagating a distance L
through a weakly coupled QCD plasma or a strongly coupled
N = 4 SYM plasma with temperature T and coupling con-
stant g. Values of g, T and L as well as color conventions for
the curves are all as in Fig. 14.

although the probability for large-angle, large-k⊥, scat-
tering is always low it is much larger in a plasma con-
taining point-like scatterers than it would be in a liq-
uid plasma with no quasiparticles at any length-scale
like the strongly coupled plasma of N = 4 SYM the-
ory. In Fig. 15 we plot the integrated probability that
a hard parton propagating through L = 5 fm of either
the weakly coupled QCD plasma or the strongly coupled
N = 4 SYM plasma with temperature T = 300 MeV
picks up a transverse momentum kick k⊥ > kmin

⊥ . As we
can see, in the strongly coupled plasma with its Gaus-
sian P SYM(k⊥), this integrated probability is completely
negligible for kmin

⊥ ! 40T . In stark contrast, if we as-
sume a weakly coupled QCD plasma and then set g = 2,
this integrated probability is still more than half a per-
cent for kmin

⊥ = 80T . So, although the two probability
distributions are quite similar in the regime of k⊥ which
is probable — indicating that momentum broadening for
most partons would be comparable in these two cases
— rare hard, large-angle, scatterings will be very much
more common if the weakly coupled QCD analysis yields
a reasonable approximation.
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What Can We Extract? 
(D’Eramo, Lekaveckas, Liu Rajagopal 12)

• Different implementations depend on different parameters

the models have intrinsically a (perturbative) picture of the medium

• Can we find a formalism which makes the least assumptions 
on the medium? Are the formalism valid if the medium is 
strongly coupled?

• Can we observed the constituents in some limit? 
(Rare) large angle deflected jet? 
Can they be deconvoluted from initial state rad?



Conclusions

• Monte Carlo models are essential for describing HI jet data

• Current Progress in current MC methods still faces difficulties

• Interface with vacuum shower

• Time structure

• Interplay between vacuum and medium

• Medium back-reaction (soft particles)

• Inclusion of coherence effects.

• The assumptions on the medium are intrinsic to the modeling 
of jet modifications


