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from nuclei to QGP :: a heavy ion collision

colliding [cold] nuclei 
[initial condition]

time~1 fm/c  
[~10-24 s]

~ 0.1 fm/c ~ 10 fm/c 

pre-equilibrium 
[collision]

Quark Gluon Plasma  
[hot, dense and coloured]  

[equilibrated/thermalized] 
hydrodynamic expansion

hadronization

hadrons 
[back to cold nuclear matter]



quark gluon plasma

•an almost perfect liquid [the most perfect ever observed] of fundamental 
degrees of freedom [quarks and gluons] :: direct manifestation of collective 
behaviour in a fundamental non-abelian Quantum Field Theory [QCD]  

• a unique, experimentally accessible and theoretically tractable, 
opportunity to further the understanding of nuclear matter in a novel 
regime [deconfined, yet strongly interacting, quarks and gluons] also of 
critical importance in the early history of the Universe 



quark gluon plasma

•‘discovered’ and confirmed at the SPS, RHIC and LHC  

•current focus on understanding of dynamics and precise measurement of 
properties :: must rely on self-generated probes [short-lived QGP] 

•broadly two sets of handles 
•bulk [collective] observables :: flows, correlations, … 
•hard probes [detailed microscopic probes] 

•EW [non-interacting benchmark] 
•quarkonia/heavy flavour 
•jets
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Wed 12.00  

M van Leeuwen Mon 10.00
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M van Leeuwen + this talk

focus here on few key theoretical ideas



jet definition

collimated spray of hadrons resulting from the QCD 
branching of a hard [high-pt] parton and subsequent 
hadronization of fragments and grouped according to 
given infra-red and collinear safe procedure [jet algorithm] 
and for given defining parameters [eg, jet radius]



jets in heavy ion collisions

•major accomplished experimental challenge 
•jets can be systematically reconstructed above large [100 GeV in jet catchment area] and fluctuating 
[up to 20 GeV] background 

•jets are very well understood in vacuum and modified [jet quenching] by the QGP they traverse 
•jets are multi-scale probes [wealth of observables/properties sensitive to different QGP scales]



in-medium jet dynamics



jets in vacuum 

vacuum jets under overall excellent theoretical control 
•reliable baseline and template for inclusion of medium effects 
•factorization of initial and final state 

•branching pattern dictated by Altarelli-Parisi splitting functions 

•AND coherence [interference] between emitters :: angular ordering [MLLA] 
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of a final state X (parton, hadron, jet) is written in the form

�

h1 h2!X(p1, p2) = f

h1
i

(x1, Q
2) ⌦ f

h2
j

(x2, Q
2) ⌦ �

i j!k(x1p1, x2p2, Q
2)

⌦ D

k!X

(z,Q2) . (2)

Here, the PDF f

h1
i

(x1, Q
2) (fh2

j

(x2, Q
2)) accounts for the probability to find a

parton of species i (j) within the incoming proton h1 (h2) carrying a fraction x1

(x2) of the total longitudinal momentum and of virtuality Q

2 (the hard scale set by
the partonic process). PDFs are universal (process independent) non-pertubative
objects with scale Q

2 evolution driven pertubatively by the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equations.49–51 The relevant initial conditions are
determined via global fits to data and, for the kinematics relevant for jet production,
are reasonably well constrained.

The hard scattering of partons i and j, described by the perturbative cross sec-
tion �

i j!k, results in a partonic system (a pair of back-to-back partons at leading
perturbative order) containing the parton k we focus on and which will relax its
initial virtuality Q

2 through QCD branching down to a scale Q

2
0 below which per-

turbation theory ceases to be applicable and hadronization of the fragments takes
place.

The probability for the (time-like) parton k (quark or gluon) to branch into
partons l and m carrying respectively fractions z and 1 � z of its momentum is
given by

dw

k!l+m =
↵

s

4⇡

d

2
k?
k

2
?

dz P

lk

(z) , (3)

where the P

lk

(z) are the Altarelli-Parisi50 splitting functions which also describe
the decay of a negative virtuality, i.e., space-like evolution of PDFs, and k? is the
transverse momentum generated in the branching process.

The well known fact that QCD branching is dominated by the emission of soft
gluons at small angles is explicitly seen in Eq. (3): the logarithmic enhancement of
small angle radiation from

R
d

2
k? k

�2
? / logQ2

/Q

2
0; and the soft enhancement from

the integration over z of the contributions in the splitting functions where a gluon
carrying a small momentum fraction is produced (/ R

dz/(1 � z) with z ! 1 and
/ R

dz/z with z ! 0).
The space-time structure of multiple branchings in the logarithmic regions is

characterized by a strong ordering of the typical time scales of successive branchings,
tf ⇠ z(1 � z)E/k

2
?. Unlike the space-like evolution, where the strong ordering in

transverse momenta k? accounts fully for the resummation of large logarithmic
enhancements, ↵

s

logQ2
/Q

2
0 ⇠ 1, the time-like evolution is determined by a strict

angular ordering of successive branchings due to color coherence e↵ects:
Take the outcome of a branching, a pair of partons with angular separation ✓.

The radiation of a further parton of energy ! at angle ✓̃ from its emitter, in other
words a successive branching, takes a finite time which can be estimated from the
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uncertainty principle as tf ⇠ (!✓̃2)�1. Since !✓̃ = k? = �

�1
? , with �? the wavelength

of the radiated parton, the formation time can be rewritten in the form tf ⇠ �?/✓̃.
Within this time, the original partons separate a distance r? ⇠ ✓ tf ⇠ �?✓/✓̃. Hence,
for large angle emissions ✓̃ � ✓, r? < �?, the radiated quantum cannot resolve the
structure of the initial parton pair and probes only its total color charge. Conversely,
small angle radiation occurs from the larger color charge of the resolved partons in
the pair and is consequently favored.52,53

The resumation of logs leads to a set of coupled evolution equations of the
Modified Leading-Logarithmic Approximation (MLLA) form54–56

@

@ logQ
D

i

(x,Q) =
X

j

Z 1

x

dz

z

↵

s

(k2?)

2⇡
P̂

ji

(z)D
j

(x/z, zQ) , (4)

where k? = z(1�z)Q, for the fragmentation functions D
i

, where now P̂

ji

(z) stands
for the regularized splitting functions in the limit z ! 1 after the inclusion of virtual
corrections. The leading e↵ects of color coherence are accounted for by the shifted
scale zQ in D

j

on the right-hand side of Eq. (4) which e↵ectively implements the
angular ordered pattern argued above by restricting the angular range available
for each splitting. We recall that in standard DGLAP evolution,49–51 where color
coherence is not accounted for, the scale in D

j

is simply Q. While unimportant
for most values of x, this modification is significant at small x and essential for
the description of the experimentally observed humpbacked plateau in the inclusive
energy spectrum of particles in a jet.

Together with the dominance of soft radiation underlying Eq. (4), the angular
pattern dictated by color coherence defines the space-time structure of jet develop-
ment: branchings occur successively with decreasing emission angles, the so-called
angular ordering of radiation, and are increasingly softer.

So far we have discussed the fragmentation of the initial hard parton k into a
partonic system. It is not these ‘final state’ partons that are experimentally ob-
served, but rather the hadrons they give rise to. The simple hypothesis of Local
Parton-Hadron Duality (LPHD)56 which lies in the assumption that the conversion
of partons to hadrons a↵ects inclusive observables only via an overall multiplica-
tive factor and the non-pertubative scale Q0 at which perturbative evolution is
interrupted, has been very successful; see also57,58 for calculations of intra-jet k?-
distributions invoking LPHD. However, for more refined analysis one has to rely on
hadronization models to deal with di↵erent particles species or for unfolding parton
distributions from hadron spectra.

While the, intrinsically non-perturbative, physics of hadronization is not under-
stood from first principles, it can be e↵ectively encoded by generalizing the fragmen-
tation functions D

i

. Fragmentation functions D
i!X

(x,Q) describe the probability
distribution for a generic final state X (hadron, jet, ...) to result from the branch-
ings and subsequent hadronization of fragments of a parton i of which it carries a
fraction x of longitudinal momentum. Their evolution is driven by Eq. (4) and their



jets in heavy ion collisions 

in HIC jets traverse sizable in-medium pathlength 



jets in heavy ion collisions 
same factorizable structure [challengeable working hypothesis]
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jets in heavy ion collisions 

=

sufficiently constrained in 
relevant kinematical domain 

⊗

nPDF i nPDF j

⊗

hard scattering

localized on point like scale 
oblivious to surrounding matter 

[calculable to arbitrary pQCD order]
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hard scattering

factorized initial state 
[insensitive to produced medium]
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QCD branching

very well [and perturbatively] understood in vacuum 
•coherence between successive splittings leads to angular ordering 
•faithfully implemented in MC generators  
medium modified 
•induced radiation  
•broadening of all partons traversing medium 
•energy/momentum transfer to medium [elastic energy loss] 
•strong modification of coherence properties 
•modification of colour correlations 
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QCD branching
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⊗

hard scattering

factorized initial state 
[insensitive to produced medium]

hadronization

⊗
h1

h2

h3

in vacuum 
•effective description in MC [Lund strings, clusters, ...] 
•FF for specific final state [jet, hadron class/species, ...] 
in medium 
•time delayed [high enough pt] thus outside medium 
•colour correlations of hadronizing system changed 

fragmentation outside medium = vacuum FFs ???  
[however, many jet observables largely insensitive to hadronization]
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jet quenching ::  
observable consequences [in jet and jet-like hadronic observables] of the effect of the medium 



to establish quenched jets  
as medium probes requires a full theoretical account of

in the presence of a generic medium

and 
a detailed assessment of the sensitivity of observables 
to specific medium properties

•QCD branching 
•effect on hadronization [for hadrons]

:: probe ::  
physical object/process/observable under strict theoretical control 
for which a definite relationship between its properties and those 
of the probed system can be established



� interaction with QGP leads to enhanced splitting probability [more emissions] for 
each jet component [parton] 

�classical [Brownian] broadening of all partons  

�understood within several perturbative approaches

medium induced radiation and broadening

we notice the change of sign that takes place around k

f

. As mentioned previously, for

momenta k

2

f

< k2

< Q

2

s

the momentum broadening of the “in-in” contribution sets it apart

from the out-of-medium contribution, lower row of eq. (5.15), preventing the appearance

of a pure vacuum component.7 For k2

> Q

2

s

these contributions cancel exactly with part

of the “in-in” contribution, as anticipated in the discussion below eq. (5.10).

5.3 Leading behavior of medium-induced radiation

In summary, the single-gluon spectrum o↵ an accelerated charge in the presence of a

medium consists of three parts. First and foremost, the induced component of the in-

dependent spectrum is given by

Rmed

q

⇡ 4!

Z

L

0

dt

0
Z

d

2k0

(2⇡)2
P(k � k0

, L � t

0) sin

✓

k02

2k2
f

◆

e

� k02
2k2

f

. (5.16)

This is a novel, transparent way of writing the BDMPS-Z spectrum. Let us recap the

main features of this spectrum. It describes the emission of a gluon with momentum

k0, distributed mainly around the preferred value k

f

which corresponds to the amount

of momentum accumulated during its formation time t

f

. After the gluon is formed it is

no longer correlated with the emitting quark and its subsequent Brownian motion along

its trajectory leads to a characteristic momentum broadening. This spectrum scales with

the length of the medium L, since the medium-induced emissions can take place at any

point along the trajectory of the quark through the medium. The remaining terms are

not enhanced neither by the medium length L nor are they enhanced by a logarithmic

divergence, such as for the bremsstrahlung, and they can therefore be neglected at the

level of our approximations.

In addition, one has the soft and hard bremsstrahlung contributions which are de-

scribed in detail in sec. 5.2.

5.4 Analytical continuation prescription for short formation times

While the independent spectrum by itself permits a fully analytical discussion, see the

previous section, this is not the case for the interferences. To highlight the interesting

features of these contributions in a well-controlled manner we will therefore introduce a

procedure which captures the leading behavior of the independent spectrum around the

typical medium scale at emission, k02 ⇠ k

2

f

, and which still permits an analytical treatment.

In the subsequent sections we will show that this procedure also can be applied to the

interference spectra.

The main lesson learned from the considerations in section 5 is that the time di↵erence

of emission in the amplitude and complex conjugate amplitude, denoted by �t, is limited

by the formation time, t
f

, due to the LPM suppression. This is, e.g., clearly seen in the

7There is, of course a non-zero probability that the gluon does not experience further broadening while

traversing the medium and reaches the final-state cut with momentum k = k0. This contribution is indeed

the genuine vacuum contribution.
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K. Tywoniuk (Lund University) “Advancing QCD-based calculations of energy loss”  

Induced gluon spectrum

7

τf =
√

ω/q̂

k2
f =

√
q̂ω

Q2
s = q̂L

Two step process
• quantum emission + classical broadening

can transport gluons up                       
to very large angles!

• emission all along L
• soft & collinear safe!

Mehtar-Tani, Salgado, KT arXiv:1205:5739

classical broadening

quantum emission/broadening 
during formation time

q̂ ' µ2

�
:: transport coefficient 



large broadening

•in-medium formation time for small angle and soft gluons 
[vacuum] is very short 

•democratic broadening is a large effect for soft partons 
•soft radiation decorrelated from jet direction/transported to 
large angles without disturbing back-to-back correlation 
•enhancement of soft fragments outside the jet 
•jet energy depletion driven by away transport of soft 
fragments NOT by rare out-of-cone  semi-hard splitting

E
T1

E
T2

<E
T1

1
2
 f
m

hk?i ⇠
p

q̂L

⌧ ⇠ !

k2
? hk2

?i ⇠ q̂⌧

�! h⌧i ⇠
r

!

q̂

! 
p

q̂L

Casalderrey-Solana, Milhano, Wiedemann

an important lesson learnt from dijet asymmetry data
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multiple emissions :: vacuum antennas

�bona fide description of multiple gluon radiation requires understanding of emitters 
interference pattern

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

k�, �

::vacuum::

•transverse separation at formation time

•wavelength of emitted gluon

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

large angle radiation suppressed :: angular ordering

r? ⇠ ✓qq̄ ⌧f ⇠ ✓qq̄
✓2!

�? ⇠ 1

k?
⇠ 1

!✓

�? > r?



medium antennas

�new medium induced colour decorrelation scale 

�such that decorrelation driven by timescale

k�, � MAJOR EFFORT  
Mehtar-Tani, Salgado, Tywoniuk 

Casalderrey-Solana & Iancu  
Blaizot, Dominguez, Iancu, Mehtar-Tani 

Mehtar-Tani, Milhano, Tywoniuk [review]
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q̂✓2qq̄

◆1/3



[de]coherence of multiple emissions

��colour decoherence opens up phase space for emission

k�, �

•qqbar colour coherence survival probability  

•time scale for decoherence 

•total decoherence when L > τd

⌧d ⇠
✓

1
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◆1/3

�med = 1� exp
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3
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[de]coherence of multiple emissions

��colour decoherence opens up phase space for emission

• large angle radiation [anti-angular ordering]

• geometrical separation [in soft limit]

k�, �

•qqbar colour coherence survival probability  

•time scale for decoherence 

•total decoherence when L > τd

⌧d ⇠
✓

1

q̂✓2qq̄

◆1/3

3

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

Ma

�

(k) =

� ig


 · ✏

�

x (p · k)U
ab

p

(L, 0) Qb

q

+
̄ · ✏

�

x̄ (p̄ · k)U
ab

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

Let us now discuss the color singlet antenna in
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Equation (15) is a direct generalization of our previous
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In other words, the strict angular ordering condition is
entirely removed. Thus, �

med

appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓
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= 0.2. For ✓ < ✓
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, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �
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= 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.
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third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
and antiquark reads
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This generalizes Eq. (2) which we recover by putting U =
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Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
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In other words, the strict angular ordering condition is
entirely removed. Thus, �
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appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

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

qq̄

the medium-induced radiation takes over, con-
trolled by the medium parameter �

med

. The limit of

0 0.1 0.2 0.3 0.4

θ

0

2

4

6

8

10

12

ω
 d

N
/d
ω

d
θ

vacuum

radiation

medium-induced

radiation

α
-1

FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �
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= 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.
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[de]coherence of multiple emissions

��colour decoherence opens up phase space for emission

• large angle radiation [anti-angular ordering]

• geometrical separation [in soft limit]
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•qqbar colour coherence survival probability  

•time scale for decoherence 

•total decoherence when L > τd
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third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
and antiquark reads
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This generalizes Eq. (2) which we recover by putting U =
1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
medium. The spectrum in the soft limit is readily found
from Eq. (12) to be
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ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, C
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, appearing in Eq. (13), demonstrates that the
emission takes place o↵ the quark or the antiquark. Fol-
lowing the same decomposition as for the vacuum, lead-
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Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
medium is fully contained in a multiplicative factor,
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! 1. Then the soft emission in
the presence of a medium reduces to independent radia-
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In other words, the strict angular ordering condition is
entirely removed. Thus, �
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appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓
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= 0.2. For ✓ < ✓
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, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �

med

= 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.

So far we have considered the generic behavior of the
soft gluon spectrum without going into the details of how
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third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
and antiquark reads
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This generalizes Eq. (2) which we recover by putting U =
1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
medium. The spectrum in the soft limit is readily found
from Eq. (12) to be
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which only a↵ects the interference term, J . The brack-
ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, C
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, appearing in Eq. (13), demonstrates that the
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Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
medium is fully contained in a multiplicative factor,
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In other words, the strict angular ordering condition is
entirely removed. Thus, �

med

appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓
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= 0.2. For ✓ < ✓

qq̄

, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �

med

= 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.
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•time scale for decoherence 

•total decoherence when L > τd
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third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
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and antiquark reads
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This generalizes Eq. (2) which we recover by putting U =
1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
medium. The spectrum in the soft limit is readily found
from Eq. (12) to be
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ets in Eq. (14), h...i, stand for the medium expectation
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Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
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In other words, the strict angular ordering condition is
entirely removed. Thus, �

med

appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓
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= 0.2. For ✓ < ✓

qq̄

, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓

qq̄

the medium-induced radiation takes over, con-
trolled by the medium parameter �

med

. The limit of

0 0.1 0.2 0.3 0.4

θ

0

2

4

6

8

10

12

ω
 d

N
/d
ω

d
θ

vacuum

radiation

medium-induced

radiation

α
-1

FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �

med

= 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.

So far we have considered the generic behavior of the
soft gluon spectrum without going into the details of how
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third terms correspond to gluon bremsstrahlung where
only the quark rescatters and exhibits a soft divergence,
see Eq. (10). Keeping only the bremsstrahlung contribu-
tion, the amplitude for soft gluon emission o↵ the quark
and antiquark reads
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This generalizes Eq. (2) which we recover by putting U =
1, i.e., in the absence of the medium.

Let us now discuss the color singlet antenna in
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.
The interaction with the medium is completely contained
in �
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, given by
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which only a↵ects the interference term, J . The brack-
ets in Eq. (14), h...i, stand for the medium expectation
value, which we will discuss at length below. The color
factor, C

F

, appearing in Eq. (13), demonstrates that the
emission takes place o↵ the quark or the antiquark. Fol-
lowing the same decomposition as for the vacuum, lead-
ing to Eq. (4), the soft gluon spectrum o↵ the quark in
medium reads
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Equation (15) is a direct generalization of our previous
result in the soft limit [11] to multiple interactions. It
has a simple form and o↵ers an intuitive physical pic-
ture. Interestingly enough, the information about the
medium is fully contained in a multiplicative factor,
�

med

, while the functional shape is vacuum-like. In the
dilute limit, �

med

! 0, we recover the pure vacuum spec-
trum, dN tot

q,�

⇤ ! dN

vac

q,�

⇤ . With increasing density, the de-
coherence rate is controlled by the parameter �

med

. In
the limit of a completely opaque system,�

med

is bounded
by unitarity so that �

med

! 1. Then the soft emission in
the presence of a medium reduces to independent radia-
tion o↵ the quark and antiquark, as if they were radiating
in the vacuum. This is what we call total decoherence of
the spectrum
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In other words, the strict angular ordering condition is
entirely removed. Thus, �

med

appears as an order pa-
rameter controlling the transition between a coherent and
decoherent situation.

The general features of the spectrum interpolating be-
tween the dense and dilute medium limits are illustrated
in Fig. 1, where we plot the angular spectrum of soft
gluon emission o↵ the quark for a qq̄ antenna with open-
ing angle ✓

qq̄

= 0.2. For ✓ < ✓

qq̄

, the spectrum is com-
pletely given by vacuum emissions, falling o↵ as 1/✓. At
✓ = ✓

qq̄

the medium-induced radiation takes over, con-
trolled by the medium parameter �

med

. The limit of
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FIG. 1: The soft gluon emission spectrum o↵ a energetic
quark in the presence of a medium for a qq̄ pair with open-
ing angle ✓qq̄ = 0.2 and �med = 0.5 (solid line). Here
↵̄ ⌘ ↵sCF /⇡. Vacuum radiation is confined within ✓ < ✓qq̄,
while the medium-induced radiation is radiated at ✓ > ✓qq̄.
The limit of opaque medium, given by �med = 1, is marked
by the dashed line.

dense media is delineated by the dashed curve in Fig. 1.
In this case, �

med

= 1 and the total spectrum drops
monotonously like 1/✓ without any discontinuity.

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

Δmed → 0 coherence
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FIG. 1. A sample jet event resolved with Rmed = 0.1 (left
panel) and 0.15 (right panel). The blue histogram denotes
the hardest resolved sub-jet, the green the next-to-hardest
one, while the pink histogram denotes soft fragments.

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

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

jet

, where E is the jet energy and ⇥
jet

its aperture, is distributed among several constituents in
the course of a branching process. Multiple emissions in
the shower are governed by color coherence which can
most easily be understood in the context of the antenna

radiation, the soft gluon radiation o↵ a pair of highly
energetic color correlated partons. The antenna serves
as the building block for a probabilistic scheme of jet
evolution.

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

f

, with t
f

⇠ k2

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

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

transverse length scale into the problem, which we sim-
ply denote by ⇤

med

, defining the transverse size of the
color correlations of the plasma as seen by a probe. The
response of a single, energetic parton immersed in this en-
vironment is the radiation of modes with k? . 1/⇤

med

,
giving rise to an energy depletion of the projectile. The
nature of this radiation has been extensively discussed
in the literature and is generically referred to as the
BDMPS-Z spectrum [6]. For more than one simultane-
ously propagating parton, this medium-induced compo-
nent will also be accompanied by a modification of the
color correlation structure among the di↵erent charges
[4], which we proceed to discuss.

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

�
med

' 1 � e� 1
12 q̂Lr2? ⌘ 1 � e�(⇥/✓c)

2

. (1)

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

med

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

jet

.
When ⇥

jet

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

For the case ⇥
jet

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

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

coll

distribution in the Glauber

�in-medium jet dynamics driven by number of resolved charges
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FIG. 1. A sample jet event resolved with Rmed = 0.1 (left
panel) and 0.15 (right panel). The blue histogram denotes
the hardest resolved sub-jet, the green the next-to-hardest
one, while the pink histogram denotes soft fragments.

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

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

jet

, where E is the jet energy and ⇥
jet

its aperture, is distributed among several constituents in
the course of a branching process. Multiple emissions in
the shower are governed by color coherence which can
most easily be understood in the context of the antenna

radiation, the soft gluon radiation o↵ a pair of highly
energetic color correlated partons. The antenna serves
as the building block for a probabilistic scheme of jet
evolution.

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

f

, with t
f

⇠ k2

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

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

transverse length scale into the problem, which we sim-
ply denote by ⇤

med

, defining the transverse size of the
color correlations of the plasma as seen by a probe. The
response of a single, energetic parton immersed in this en-
vironment is the radiation of modes with k? . 1/⇤

med

,
giving rise to an energy depletion of the projectile. The
nature of this radiation has been extensively discussed
in the literature and is generically referred to as the
BDMPS-Z spectrum [6]. For more than one simultane-
ously propagating parton, this medium-induced compo-
nent will also be accompanied by a modification of the
color correlation structure among the di↵erent charges
[4], which we proceed to discuss.

Let us start by the simplest case of a single antenna
in a static and homogeneous medium of length L. The
maximal degree of decoherence, due to color randomiza-
tion, of the two constituents of the antenna is controlled
by [4]
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Here q̂ is the well known quenching parameter, character-
izing the degree of momentum broadening in the trans-
verse plane per unit length, and r? = ⇥L. Moreover,
1/⇤2

med

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

jet

.
When ⇥

jet

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

For the case ⇥
jet

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

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

coll

distribution in the Glauber

�in-medium jet dynamics driven by number of resolved charges
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The parton shower is composed of un-modified subjets (vacuum-like)
 With a typical radius given by the medium scale 
 For medium-induced radiation each subject is one single emitter
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Fig. 4. Radiation diagram for gluon emission inside the medium for the limiting case
x → 1. The meaning of the variables and indices is analogous to that in Fig. 3.

(a) = γ−p1+/A1p+γ− = p1+A1p−γ−γ+γ−

= 2p1+A1p+γ−, (18)

(b) = 2q1 · A′
1ū(q) − ū(q)/q1︸ ︷︷ ︸

≃0

/A′
1. (19)

In this last simplification, we are keeping only the dominant term
of the Dirac equation since q1+ = q+ . But we must not forget that
the q⊥ coming from the spinor ū(q) is actually q1⊥ ≠ q⊥ . This
means that in the squared modulus, the transverse momentum
that appears from this T -matrix corresponds to an inner mo-
mentum. The same is applied to the gluon transverse momentum
coming from the gluon polarization vector, k⊥ = −q1⊥ .

Using the properties listed in Appendix A and
∫

dq−
2π

dq⊥
(2π)2

e−iq−(x(i+1)+−xi+)+iq⊥·(x(i+1)⊥−xi⊥)

× i

q− − (q2⊥/2q+ − iε)

= Θ(x(i+i)+ − xi+)G0(xi+,xi⊥; x(i+1)+,x(i+1)⊥|q+), (20)

where

G0(xi+,xi⊥; x(i+1)+,x(i+1)⊥|q+)

= q+
2π i(x(i+1) − xi)+

exp
{
ip+
2

(x(i+1) − xi)2⊥
(x(i+1) − xi)+

}

≡
r⊥(x(i+1)+)=x(i+1)⊥∫

r⊥(xi+)=xi⊥

Dr⊥(ξ)exp

{
iq+
2

x(i+1)+∫

xi+

dξ
(
dr⊥
dξ

)2
}

(21)

is the Green’s function of a free particle that propagates in the
transverse plane from xi⊥ at (light-cone) time xi+ to x(i+1)⊥ at
time x(i+1)+ , we get for the T -matrix for a gluon emitted inside
the medium

Tg = 1
2

∫
dy+ dx⊥ e−iq⊥·x⊥GA′A′

1
(y+,y⊥ = 0⊥; L+,x⊥|q+)

× igT a1
A′
1A1

WA1A(x0+, y+;0⊥)Waa1
(
y+, L+;0⊥

)

× ū(q)/ϵ∗(k)γ−Mh(q + k), (22)

where the use of uppercase (lowercase) color indices in the Wil-
son lines indicate that they are to be taken in the fundamental
(adjoint) as they correspond to the rescattering of a quark (gluon).

The total T -matrix, Ttot , is the sum of both contributions
(Eqs. (15) and (22)). The spectrum is computed as the inelastic
cross-section over the elastic cross-section (see the elastic process
in Fig. 5).

Fig. 5. Elastic process.

Thus

〈
|Mtot|2

〉
= ⟨|Ttot|2⟩

|Tel|2
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〈∣∣M2
q
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g
∣∣〉 + 2Re
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†
q
}〉

, (23)

where

Tel = ū(p)Mh(p) ⇒ |Tel|2 =
√
2p+

∣∣Mh(p)
∣∣2. (24)

As a consistency check we are able to recover the vacuum con-
tribution in the limit of x → 1 from the quark amplitude,

〈∣∣M2
q
∣∣〉 = 2g2CF

q2
⊥

x(1− x)
{
1+ (1− x)2

x

}
(25)
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≃ CFαs

2π2

1
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= αs
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P g←q(x → 1) (26)

with k⊥ = −q⊥ and the vacuum splitting function [39,40]

Pvac
g←q(z) = CF

[
1+ (1− x)2

x

]
x→1−→ CF . (27)

As for the other two terms in Eq. (23) (the medium contribu-
tion), the Dirac and color algebra are still to be simplified. They
can be simplified using the polarization sum (with η = (0,1,0⊥))

∑

λ

ϵ∗
µ(k,λ)ϵν(k,λ) = −gµν + kµην + kνηµ

k · η (28)

and the relation between the Dirac spinors
∑

s

u(q, s)α ū(q, s)β = /qαβ +mαβ . (29)

Using these two relations, we will end up with the trace of γ -
matrices that are easily computed. For the color algebra, one can
reduce all the traces to the fundamental representation using [41]

Wab(x⊥) = 2Tr
[
T aW F (x⊥)T bW F †(x⊥)

]
(30)

to simplify the expression.
Putting all the kinematics in terms of the initial energy p+

and the fraction of momentum carried away by the gluon, x, the
medium amplitude can be written as:
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G†( ȳ+, ȳ⊥ = 0⊥; L+,x⊥|q+)
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Fig. 4. Radiation diagram for gluon emission inside the medium for the limiting case
x → 1. The meaning of the variables and indices is analogous to that in Fig. 3.
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(b) = 2q1 · A′
1ū(q) − ū(q)/q1︸ ︷︷ ︸
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In this last simplification, we are keeping only the dominant term
of the Dirac equation since q1+ = q+ . But we must not forget that
the q⊥ coming from the spinor ū(q) is actually q1⊥ ≠ q⊥ . This
means that in the squared modulus, the transverse momentum
that appears from this T -matrix corresponds to an inner mo-
mentum. The same is applied to the gluon transverse momentum
coming from the gluon polarization vector, k⊥ = −q1⊥ .

Using the properties listed in Appendix A and
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is the Green’s function of a free particle that propagates in the
transverse plane from xi⊥ at (light-cone) time xi+ to x(i+1)⊥ at
time x(i+1)+ , we get for the T -matrix for a gluon emitted inside
the medium
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where the use of uppercase (lowercase) color indices in the Wil-
son lines indicate that they are to be taken in the fundamental
(adjoint) as they correspond to the rescattering of a quark (gluon).

The total T -matrix, Ttot , is the sum of both contributions
(Eqs. (15) and (22)). The spectrum is computed as the inelastic
cross-section over the elastic cross-section (see the elastic process
in Fig. 5).
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Tel = ū(p)Mh(p) ⇒ |Tel|2 =
√
2p+

∣∣Mh(p)
∣∣2. (24)
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tribution in the limit of x → 1 from the quark amplitude,

〈∣∣M2
q
∣∣〉 = 2g2CF

q2
⊥

x(1− x)
{
1+ (1− x)2

x

}
(25)

⇒ x
dI

dxd2k⊥

∣∣∣∣
x→1

≃ CFαs

2π2

1

k2
⊥

= αs

2π2

1

k2
⊥
P g←q(x → 1) (26)

with k⊥ = −q⊥ and the vacuum splitting function [39,40]

Pvac
g←q(z) = CF

[
1+ (1− x)2

x

]
x→1−→ CF . (27)

As for the other two terms in Eq. (23) (the medium contribu-
tion), the Dirac and color algebra are still to be simplified. They
can be simplified using the polarization sum (with η = (0,1,0⊥))

∑

λ

ϵ∗
µ(k,λ)ϵν(k,λ) = −gµν + kµην + kνηµ

k · η (28)

and the relation between the Dirac spinors
∑

s

u(q, s)α ū(q, s)β = /qαβ +mαβ . (29)

Using these two relations, we will end up with the trace of γ -
matrices that are easily computed. For the color algebra, one can
reduce all the traces to the fundamental representation using [41]

Wab(x⊥) = 2Tr
[
T aW F (x⊥)T bW F †(x⊥)

]
(30)

to simplify the expression.
Putting all the kinematics in terms of the initial energy p+

and the fraction of momentum carried away by the gluon, x, the
medium amplitude can be written as:

〈
|Mmed|2

〉
=

〈
|Mg |2

〉
+ 2Re

〈
MgM

†
q
〉

= g2CF
1+ (1− x)2

x
1
p+

Re
{

1
(1− x)xp+

×
∫

dy+ dȳ+ dx⊥ dx̄⊥ dz⊥ e−iq⊥·(x⊥−x̄⊥) 1
N

∂

∂y⊥
× Tr

〈
G(y+,y⊥ = 0⊥; ȳ+, z⊥|q+)W †(y+, ȳ+;0⊥)

〉
F

· 1
N

∂

∂ ȳ⊥
Tr

〈
G†( ȳ+, ȳ⊥ = 0⊥; L+,x⊥|q+)

× G( ȳ+, z⊥; L+;x⊥|q+)
〉
F + 2

q⊥
q2

⊥

·
∫

dy+ dx⊥ e−iq⊥·x⊥ 1
N

∂

∂y⊥
× Tr

〈
G(y+,y⊥ = 0⊥; L+,x⊥|q+)

× W †(y+.L+;0⊥)
〉
F

}
, (31)
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life story of an in-medium jet

very appealing pQCD based overall picture 

BUT 

the QGP is strongly coupled and its collective behaviour 
[flows] suggestive of the non-existence of scattering 
centres [quasi-particles] 

still, parton branching is a perturbative process
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are there quasi-particles ?
�do hard probes have finite mean free paths?

��all pQCD based approaches assume so

��in AdS/CFT [strong coupling] constructions

• heavy quarks propagate without mean free path :: lost energy goes into Mach 
cone and wake

• light quarks/jets propagate towards thermalization :: no collinear structure 
[hedgehog jets]



are there quasi-particles ?
�do hard probes have finite mean free paths?

��all pQCD based approaches assume so

��in AdS/CFT [strong coupling] constructions

• heavy quarks propagate without mean free path :: lost energy goes into Mach 
cone and wake

• light quarks/jets propagate towards thermalization :: no collinear structure 
[hedgehog jets]

�probability of large broadening larger for pQCD [~1/kt4] than for strong coupled 
[gaussian] 

��rare, yet unmeasured, but measurable events
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FIG. 15. Probability that a hard gluon receives a transverse
momentum greater than k

min
? 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.

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,
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? > k

min

? . As we
can see, in the strongly coupled plasma with its Gaus-
sian P

SYM(k?), this integrated probability is completely
negligible for k

min

? & 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 k

min

? = 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.
If we evaluate our results for the momentum broaden-

ing of a hard quark rather than a hard gluon, the con-
clusions of the above paragraph become even stronger.
The widths of the Gaussian probability distributions
P

SYM(k?) describing the momentum broadening of a
hard quark in the strongly coupled N = 4 SYM plasma
are half as wide as those in Fig. 14 [38], meaning that
the dashed curves plotted in Fig. 15 are pushed down so
much that they are indistinguishable from the horizontal
axis across the whole range of k? in Fig. 15. At weak
coupling, in the ultraviolet P (k?) is proportional to CR,
meaning that the solid curves in Fig. 15 get multiplied
by a factor of 4/9 if one treats a hard quark instead of a
hard gluon. So, in a weakly coupled QCD plasma with
g = 2 and L and T as in Fig. 15 the integrated proba-
bility that a hard quark picks up k

min

? = 30T (60T ) or
more in transverse momentum is more than two percent
(about half a percent), while either of those integrated
probabilities is completely negligible in the strongly cou-
pled plasma with its Gaussian P

SYM(k?). Because QCD
is asymptotically free, its strongly coupled liquid quark-
gluon plasma must emerge from weakly coupled quarks
and gluons that can be resolved at short enough length
scales. We therefore expect that for large enough k? our
weakly coupled QCD analysis yields a reasonable approx-
imation to P (k?), meaning that we expect that although
large-angle scattering is rare it will be very much more
common than it would be if the quark-gluon plasma were
a strongly coupled liquid at all length scales.

VI. OUTLOOK

We have calculated the probability distribution P (k?)
for an energetic parton that propagates for a distance L

without radiating through weakly coupled quark-gluon
plasma with temperature T to pick up transverse mo-
mentum k?. Our calculation is built upon Soft Collinear
E↵ective Theory (SCET), but to date we have not used
much of the power of SCET, which could in future be
brought to bear on the question of calculating correc-
tions (for example in the ratio of T to the parton energy)
to leading order results like ours. Before doing this, how-
ever, the most pressing next steps beyond our calculation
are to include the radiation of collinear and soft gluons.
To date, SCET has been used to relate P (k?) in

any medium to WR(x?), the expectation value in that
medium of a Wilson loop with two long light-like sides
separated in the transverse direction by a distance x?.
What we have done here is to use standard methods from
real time thermal field theory, including Hard Thermal
Loop resummation where needed (see Section IV for an

Eramo, Lekaveckas, Liu, Rajagopal [1211.1922]



hybrid strong/weak coupling model  
Gauge Theory

DGLAP

Horizon

Falling
String

Induced
Vertex

Figure 1. Sketch of the interaction of high energy jets with the strongly coupled plasma. In the
gauge theory, an energetic virtual parton propagates through the medium loosing energy and splits
via (vacuum) DGLAP evolution. The soft interactions are represented in the dual theory as a string
lagging behind the parton, transporting energy from the quark to the horizon. The splitting of the
dual parton induces a vertex, not describable in the gravity theory, that leads to the appearance
of two new strings, lagging behind each corresponding end points. The dashed line represents the
(hypothetical) location of the string merging curve.

with the factor of two chosen such that in the soft limit it coincides with the standard
formation time expression. We will also assume that the strong virtuality order in the QCD
shower translates into time ordering, with the hardest splittings occurring first. This implies
that the later stages of the evolution, for which the virtuality is close to the hadronization
scale, occurs also at later times.

In between any of the virtuality relaxing splittings, the partons in the jet propagate in
plasma. The momenta exchanged between these patrons and the medium is of order the
medium temperature, and therefore, for plasma temperatures not far from the deconfining
transition, the relevant coupling is not small. It is at this stage when strong coupling
dynamics play a role. From the point of view of the jet shower, the medium takes energy
away from the propagating patrons reducing the overall energy of the jet. In a perturbative
picture, this energy is taken away by additional medium-induced splittings which propagate
out and re-interact, potentially departing from the jet area. While it is conceivable that
multiple soft exchanges may lead to additional in-medium radiation even if the plasma is
strongly coupled, we will not consider here this possibility and assume that there are no
hard processes in between the DGALP vertices and that the dynamics of these partons
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branch of the shower is formed, and splits. We model the energy loss of each parton in the shower
as a continuous process, supplementing the in-medium evolution with an explicit energy loss rate
dE/dx that models the strongly coupled dynamics of parton energy loss. We do not track what
becomes of the energy lost by each parton in the shower, implicitly assuming that the lost energy
is incorporated into the strongly coupled fluid, ultimately becoming soft hadrons with momenta of
order T that we do not model. The form that we assume for the rate of energy loss dE/dx therefore
fully encodes all the strongly coupled in-medium dynamics incorporated in our model.

In our model, we explore the consequences of an energy loss rate dE/dx whose form is that
appropriate for the rate of energy loss of an energetic massless quark (excitation in the fundamental
color representation) traversing a slab of plasma with temperature T and thickness x in the strongly
coupled plasma of N = 4 supersymmetric Yang-Mills (SYM) theory [77],

dE

dx

����
strongly coupled

= � 4

⇡

E

in

x

2

x

2

stop

1q
x

2

stop

� x

2

, x

stop

=

1

2

sc

E

1/3
in

T

4/3
, (2.1)

obtained via the gauge/gravity duality. Here, E
in

is the initial energy that the massless quark has
before it enters the plasma, E(x) is the energy that it has after traversing the slab of thickness x,
and x

stop

is the stopping distance of the high energy excitation — the smallest slab thickness that
results in the energetic excitation losing all of its energy within the slab of plasma. In N = 4

SYM theory, the dimensionless constant 
sc

appearing in the expression for x
stop

is determined
explicitly in terms of the ´t Hooft coupling � and is 

sc

= 1.05�

1/6 [67, 72, 75]. The premise of
our hybrid model is that the form of dE/dx in the strongly coupled quark-gluon plasma of QCD
is the same as in (2.1); we shall see that this hypothesis is uncontradicted by many and varied
sets of data. However, there is no reason at all to expect that the relationship between 

sc

and
� should be the same in QCD and N = 4 SYM theory, as the strongly coupled plasmas of the
two theories have different, and differently many, microscopic degrees of freedom. Furthermore,
there are ambiguities in the definition of jets in N = 4 SYM theory: since hard processes in this
theory do not produce jets [65, 92], different theoretical calculations have been developed in which
highly energetic colored excitations are formed in different ways – no one of which is preferred
over others as a model for jets in QCD since none is model for jet production in QCD. And, the
proportionality constant between E

1/3
in

/T

4/3 and x

stop

can depend on details of the particular way
in which a highly energetic colored excitation is formed. For both these reasons, and as discussed
in more detail in Ref. [23], in our model we will assume that any differences between dE/dx

in the strongly coupled plasmas of QCD and N = 4 SYM theory can be absorbed in the value
of 

sc

, which we therefore take as a free parameter whose value must be fixed by fitting to data.
We will refer to the form (2.1) for dE/dx as strongly coupled energy loss. Our hybrid model
constitutes applying this prescription for energy loss branch-by-branch to the partons in a shower
that described in vacuum by PYTHIA. We shall specify the implementation of our hybrid model
fully in subsequent subsections.

In order to have some other benchmarks against which to compare the success of our hybrid
model, as in Ref. [23] we will also explore two other quite different forms for the energy loss
rate dE/dx, one inspired by perturbative calculations of radiative energy loss and the other by

– 6 –

single free parameter 
[accounts for QCD/N=4 SYM differences] 
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�vacuum jets [no medium induced radiation] where each parton loses energy non-
perturbatively [as given by a holographic AdS-CFT calculation]
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Figure 1. Sketch of the interaction of high energy jets with the strongly coupled plasma. In the
gauge theory, an energetic virtual parton propagates through the medium loosing energy and splits
via (vacuum) DGLAP evolution. The soft interactions are represented in the dual theory as a string
lagging behind the parton, transporting energy from the quark to the horizon. The splitting of the
dual parton induces a vertex, not describable in the gravity theory, that leads to the appearance
of two new strings, lagging behind each corresponding end points. The dashed line represents the
(hypothetical) location of the string merging curve.

with the factor of two chosen such that in the soft limit it coincides with the standard
formation time expression. We will also assume that the strong virtuality order in the QCD
shower translates into time ordering, with the hardest splittings occurring first. This implies
that the later stages of the evolution, for which the virtuality is close to the hadronization
scale, occurs also at later times.

In between any of the virtuality relaxing splittings, the partons in the jet propagate in
plasma. The momenta exchanged between these patrons and the medium is of order the
medium temperature, and therefore, for plasma temperatures not far from the deconfining
transition, the relevant coupling is not small. It is at this stage when strong coupling
dynamics play a role. From the point of view of the jet shower, the medium takes energy
away from the propagating patrons reducing the overall energy of the jet. In a perturbative
picture, this energy is taken away by additional medium-induced splittings which propagate
out and re-interact, potentially departing from the jet area. While it is conceivable that
multiple soft exchanges may lead to additional in-medium radiation even if the plasma is
strongly coupled, we will not consider here this possibility and assume that there are no
hard processes in between the DGALP vertices and that the dynamics of these partons
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branch of the shower is formed, and splits. We model the energy loss of each parton in the shower
as a continuous process, supplementing the in-medium evolution with an explicit energy loss rate
dE/dx that models the strongly coupled dynamics of parton energy loss. We do not track what
becomes of the energy lost by each parton in the shower, implicitly assuming that the lost energy
is incorporated into the strongly coupled fluid, ultimately becoming soft hadrons with momenta of
order T that we do not model. The form that we assume for the rate of energy loss dE/dx therefore
fully encodes all the strongly coupled in-medium dynamics incorporated in our model.

In our model, we explore the consequences of an energy loss rate dE/dx whose form is that
appropriate for the rate of energy loss of an energetic massless quark (excitation in the fundamental
color representation) traversing a slab of plasma with temperature T and thickness x in the strongly
coupled plasma of N = 4 supersymmetric Yang-Mills (SYM) theory [77],
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obtained via the gauge/gravity duality. Here, E
in

is the initial energy that the massless quark has
before it enters the plasma, E(x) is the energy that it has after traversing the slab of thickness x,
and x

stop

is the stopping distance of the high energy excitation — the smallest slab thickness that
results in the energetic excitation losing all of its energy within the slab of plasma. In N = 4
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appearing in the expression for x
stop

is determined
explicitly in terms of the ´t Hooft coupling � and is 
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1/6 [67, 72, 75]. The premise of
our hybrid model is that the form of dE/dx in the strongly coupled quark-gluon plasma of QCD
is the same as in (2.1); we shall see that this hypothesis is uncontradicted by many and varied
sets of data. However, there is no reason at all to expect that the relationship between 

sc

and
� should be the same in QCD and N = 4 SYM theory, as the strongly coupled plasmas of the
two theories have different, and differently many, microscopic degrees of freedom. Furthermore,
there are ambiguities in the definition of jets in N = 4 SYM theory: since hard processes in this
theory do not produce jets [65, 92], different theoretical calculations have been developed in which
highly energetic colored excitations are formed in different ways – no one of which is preferred
over others as a model for jets in QCD since none is model for jet production in QCD. And, the
proportionality constant between E

1/3
in

/T

4/3 and x
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can depend on details of the particular way
in which a highly energetic colored excitation is formed. For both these reasons, and as discussed
in more detail in Ref. [23], in our model we will assume that any differences between dE/dx

in the strongly coupled plasmas of QCD and N = 4 SYM theory can be absorbed in the value
of 

sc

, which we therefore take as a free parameter whose value must be fixed by fitting to data.
We will refer to the form (2.1) for dE/dx as strongly coupled energy loss. Our hybrid model
constitutes applying this prescription for energy loss branch-by-branch to the partons in a shower
that described in vacuum by PYTHIA. We shall specify the implementation of our hybrid model
fully in subsequent subsections.

In order to have some other benchmarks against which to compare the success of our hybrid
model, as in Ref. [23] we will also explore two other quite different forms for the energy loss
rate dE/dx, one inspired by perturbative calculations of radiative energy loss and the other by
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understanding sensitivity  
[a non-trivial example towards a new era]
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�most naive guess :: medium-induced 
asymmetry is sensitive to difference 
in traversed QGP by leading and 
recoiling jets 
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what then?
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� asymmetry is driven by fragmentation fluctuations [how many constituents in a 
jet] which are mostly due to vacuum-like fragmenation 

� direct sensitivity to ‘number of emitters’  

� much more interesting than the naive guess



outlook
•in just over ten years jet studies in heavy ion collisions have gone from 
‘an idea’ to a robust experimental reality  
•recent efforts have established a clear pathway to reliably compute jet 
dynamics in QGP 

•detailed probing programme in its beginnings  
•time to think hard about ‘new’ observables [measurable and 
calculable]  
•direct sensitivity to formation times 
•sensitivity to different time and spacial scales 
•isolation of ‘pure’ sample of strongly modified jets where 



backups



jets in vacuum [recombination algorithms] 

additional handle [yet to be explored in heavy ions]  
:: different jet definitions [recombination sequence] yield different jet populations 
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Fig. 1 Illustration of collinear
safety (left) and collinear
unsafety in an IC-PR type
algorithm (right) together with
its implication for perturbative
calculations (taken from the
appendix of [37]). Partons are
vertical lines, their height is
proportional to their transverse
momentum, and the horizontal
axis indicates rapidity

Fig. 2 Configurations
illustrating IR unsafety of
IC-SM algorithms in events with
a W and two hard partons. The
addition of a soft gluon converts
the event from having two jets
to just one jet. In contrast to
Fig. 1, here the explicit angular
structure is shown (rather than
pt as a function of rapidity)

perturbative QCD consequence of this here is that the infini-
ties in diagrams (c) and (d) contribute separately to the 1-jet
and 2-jet cross sections. Thus both the 1-jet and 2-jet cross
sections are divergent.

The IC-SM case IC-SM (and IC-SD) type algorithms have
the drawback that the addition of an extra soft particle, act-
ing as a new seed, can cause the iterative process to find a
new stable cone. Once passed through the split–merge step
this can lead to the modification of the final jets, thus making
the algorithm infrared unsafe. This is illustrated in Fig. 2: in
an event (a) with just two hard partons (and a W , which bal-
ances momentum), both partons act as seeds, there are two
stable cones and two jets. The same occurs in the (negative)
infinite loop diagram (b). However, in diagram (c) where
an extra soft gluon has been emitted, the gluon provides a
new seed and causes a new stable cone to be found contain-
ing both hard partons (as long as they have similar momenta
and are separated by less than 2R). This stable cone overlaps
with the two original ones and the result of the split–merge
procedure is that only one jet is found. So the number of jets
depends on the presence or absence of a soft gluon and after
integration over the virtual/real soft-gluon momentum the
2-jet and 1-jet cross sections each get non-cancelling infinite
contributions. This is a serious problem, just like collinear
unsafety. A good discussion of it was given in [43].

The midpoint “fix” for IC-SM algorithms A partial solu-
tion [33–36] (described also in [43]), which was recom-
mended in [21], is to additionally search for new stable
cones by iterating from midpoints between each pair of sta-
ble cones found in the initial seeded iterations (ICmp-SM).

This resolves the problem shown in Fig. 2 and the resulting
“midpoint” algorithm has often been presented as a cone
algorithm that was free of IR safety issues. However, for
configurations with three hard particles in a common neigh-
bourhood (rather than two for the IC-SM algorithms) the IR
safety reappears, as illustrated in Fig. 3.

The “midpoint algorithm” has been widely used in Run II
of the Tevatron within CDF (midpoint cone algorithm) and
D∅ (Run II Cone algorithm, or improved legacy cone algo-
rithm). The two experiments have separate implementations,
with slightly different treatment of seeds (CDF imposes a
threshold, D∅ does not), cone iteration (D∅ eliminates cones
below a pt threshold, CDF does not) and the split–merge
stage. In practice both algorithms incorporate a number of
further technical subtleties (for example an upper limit on
the number of iterations, or split–merge steps) and the best
reference is probably the actual code (available both within
FastJet [45] v2.4 and SpartyJet [46]).

Impact of IRC unsafety The impact of infrared and colli-
near (IRC) unsafety depends on the observable in which
one is interested. For example for the IC-SM type algo-
rithms, the configuration on the right of Fig. 2 is a NNLO
contribution to the W + jet cross section, i.e. a contribu-
tion α3

s αEW ×∞. Physically, the infinity gets regularised by
non-perturbative effects and so is replaced by a factor of or-
der lnpt/Λ, giving an overall contribution α3

s αEW lnpt/Λ.
Since αs ∼ 1/ ln(pt/Λ), this can be rewritten as ∼ α2

s αEW,
i.e. the NNLO diagrams will give a contribution that is as
large as the NLO diagrams. Thus the perturbative series

Figure 4.2: Schematic view of the IR safe property, based on the decay of the
W boson into two hard partons. The cones represent the angular structure of
the jet and the horizontal direction indicates the rapidity (image taken from
[Salam 2010]).

gorithms is contained in the FastJet package [Cacciari 2012]. The most recent
series of recombination algorithms can be generically formulated as follows
[Cacciari 2012]: given a pair of particles (i, j), compute the distance

dij = min
�
p2pti , p

2p
tj

⇥ �R2
ij

R2
, (4.1)

where pti is the transverse momentum of the particle i, R the radius of the
cone that will control the size of the jets3, and

�R2
ij = (yi � yj)

2 + (�i � �j)
2, (4.2)

where yi is the rapidity and �i the azimuthal angle. Then, find the minimum
of the distance given by equation (4.1) and

diB = p2pti . (4.3)

If dij < diB, cluster the two particles and redo the process for the remain-
ing particles. Otherwise, consider i to be a final jet and remove it from
the initial list of particles. The process is stopped only when all particles
are clustered into final state jets. The parameter p can be set to 0, 1 or
�1, giving origin to the Cambridge and Aachen (C/A) [Dokshitzer 1997,
Wobisch 1998], the kt [Catani 1991, Catani 1993, Ellis 1993] and the anti-kt
[Cacciari 2008b] algorithms respectively. The first is characterized by produ-
cing energy-independent clusterings, the kt favors the clustering that involves

3Usually this parameter ⇥ [0.2; 0.5]. Its optimal value is based on studies of the back-
ground activity in MC simulations.
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gorithms is contained in the FastJet package [Cacciari 2012]. The most recent
series of recombination algorithms can be generically formulated as follows
[Cacciari 2012]: given a pair of particles (i, j), compute the distance

dij = min
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p2pti , p
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, (4.1)

where pti is the transverse momentum of the particle i, R the radius of the
cone that will control the size of the jets3, and

�R2
ij = (yi � yj)

2 + (�i � �j)
2, (4.2)

where yi is the rapidity and �i the azimuthal angle. Then, find the minimum
of the distance given by equation (4.1) and

diB = p2pti . (4.3)

If dij < diB, cluster the two particles and redo the process for the remain-
ing particles. Otherwise, consider i to be a final jet and remove it from
the initial list of particles. The process is stopped only when all particles
are clustered into final state jets. The parameter p can be set to 0, 1 or
�1, giving origin to the Cambridge and Aachen (C/A) [Dokshitzer 1997,
Wobisch 1998], the kt [Catani 1991, Catani 1993, Ellis 1993] and the anti-kt
[Cacciari 2008b] algorithms respectively. The first is characterized by produ-
cing energy-independent clusterings, the kt favors the clustering that involves

3Usually this parameter ⇥ [0.2; 0.5]. Its optimal value is based on studies of the back-
ground activity in MC simulations.

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4

p = 1  
:: kt [from soft to hard] ::  

:: preserves information on shower structure ::

p = -1  
:: anti-kt [from hard to soft] :: 
:: robustness in large background situations ::

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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Fig. 1. Diagrams contributing to the dipole scattering rate in Eq. (10) (one must also add the
complex conjugate diagrams).

same level as elastic scattering due to phase space enhancement and become domi-
nant for propagating partons of su�ciently high energy. This was first discussed in
the context of photon radiation at finite temperatures45,46,75,76 and later extended
to gluons.47,77 This gives, in turn, rise to the so-called Landau-Pomeranchuk-Migdal
(LPM) e↵ect:73,74 the formation time of induced radiation can exceed the mean free
path giving rise to interference e↵ects between subsequent rescatterings, see Sec. 4.1
for a comprehensive discussion. Since the radiative processes scale with a larger
power of the in-medium path length, see Eq. (29) and discussion below, compared
to elastic ones, one usually neglects the latter e↵ects for highly energetic probes and
large media.7 While elastic rescattering e↵ects should be incorporated consistently
for low-p

T

observables, see also Ref. 78 and comment below, we will not currently
examine them in more detail.g

Then, for soft momentum transfers from the medium, |q| ⌧ T , the potential
(squared) at leading order in the coupling becomes76

�HTL(q
2) =

g

2

q

2(q2 +m

2
D

)
, (8)

and scales as �HTL ⇠ Nq

�4 for |q| � T , where the constant is e.g. given in Ref. 84.
Comparing to the static potential, Eq. (7), one observes a divergent behavior for
small |q|. Higher-order corrections in g to Eq. (8) are also known,85 and lead to an
even bigger enhancement of the soft sector. Thermal e↵ects are included in several
theoretical calculations45–47,86–88 of radiative processes in medium, recently also in
the presence of a finite chemical potential.89

From our discussion so far, the probe will be sensitive to medium characteristics
through interactions which induce dependence on parameters. The second moment
of the correlator in Eq. (6), historically called q̂, is a measure of the transverse
momentum (squared) acquired by the probe per unit length in the elastic scattering
and, as we will see below, is a highly important quantity for the study of jets in
medium. We will define it stripped of its relevant color factor, as

q̂(t) ⌘ ↵

s

n(t)

Z

|q|<q

⇤
dq

2
q

2
�(q2) , (9)

gOther e↵ects, such as, e.g., transition radiation,79 absorptive e↵ects80,81 and Mach cone cre-
ation82 or Cherenkov radiation83 due to supersonic motion in the plasma, can also play a role but
will not be discussed here.
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�single gluon emission understood in 4 classes of pQCD-based formalisms
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��Gyulassy-Levai-Vitev

��Arnold-Moore-Yaffe

��Higher-Twist [Guo and Wang]
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medium induced radiation
�single gluon emission understood in 4 classes of pQCD-based formalisms

��Baier-Dokshitzer-Mueller-Peigné-Schiff–Zakharov

��Gyulassy-Levai-Vitev

��Arnold-Moore-Yaffe

��Higher-Twist [Guo and Wang]

�differ in modeling of the medium and some kinematic assumptions [most shared]

�all build multiple gluon emission from [ad hoc] iteration of single gluon kernel

��Poissonian ansatz [BDPMS and GLV]; rate equations [AMY]; medium-modified 
DGLAP [HT]

�Monte Carlo implementations [HIJING, Q-PYTHIA/Q-HERWIG, JEWELL, YaJEM, 
MARTINI]



single emission [BDMPS-Z]

q̂ ' µ2

�



�Brownian motion
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�Brownian motion

�accumulated phase
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�Brownian motion

�accumulated phase

�number of coherent scatterings
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�Brownian motion

�accumulated phase

�number of coherent scatterings

�gluon energy distribution
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�Brownian motion

�accumulated phase

�number of coherent scatterings

�gluon energy distribution

�average energy loss

single emission [BDMPS-Z]
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beyond back the envelope [path-integral]
�eikonal trajectory of parton propagating in medium 

�off[but close to]-eikonal trajectory 

�observables computed from medium averages of Gs [from medium field 2-pt 
correlators]

where the Wilson line

W↵
f

↵
i

�
xf+, xi+; r(⇠)

�
= P exp

(
ig

Z x
f+

x
i+

d⇠A�
�
⇠, r(⇠)

�
)

(2.2)

accounts for the colour rotation resulting from an arbitrary number of scatterings o↵ the

medium field A� ⌘ Aa�T a (T a being the colour matrix in the corresponding representation),

while the free propagator

G0(xf+,xf ; xi+,xi|p+) =

Z
r(x

f+)=x

f

r(x
i+)=x

i

Dr(⇠) exp

(
ip+
2

Z x
f+

x
i+

d⇠

✓
dr

d⇠

◆2
)

=
p+

2⇡i(xf+ � xi+)
exp

⇢
ip+
2

(xf � xi)2

xf+ � xi+

� (2.3)

describes the random walk in the transverse plane. The Wilson line W↵
f

↵
i

in eq. (2.2),

and consequently G↵
f

↵
i

in eq. (2.1), should be understood to carry colour indices in the

relevant representation for the parton under consideration. In the following, fundamental

colour indices, as relevant for propagating quarks, will be written in uppercase latin letters,

while for the gluon the adjoint indices will be written in lowercase latin letters.

For compactness, and improved readability, we introduce the shorthand notation

G↵
f

↵
i

(Xf , Xi, |p+) ⌘ G↵
f

↵
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(xf+,xf ; xi+,xi|p+)
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�
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�
,
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where Xf,(i) ⌘ (xf,(i)+,xf,(i)), G(Xf , Xi; r|p+) should be read as the r.h.s. of the first line

in eq. (2.1) and a path integration in r is understood.

2.2 Amplitudes

To compute the radiation of a gluon o↵ an energetic quark produced in a hard process in

the early stages of a heavy-ion collision, two separate contributions to the amplitude ought

to be considered: the case in which the splitting occurs outside the medium (see figure 1a)

and thus only the initial quark experiences medium interactions; and the complementary

situation in which the splitting occurs within the medium (see figure 1b) and the inter-

action of all partons with the medium must be accounted for2. Taking into account the

dominance of the plus component of the initial momentum (/p ' p+��) and the preserva-

tion of the longitudinal light-cone momentum of the radiated gluon through propagation

in the medium (k1+ = k+ ) ✏k · k1 = 0), the total amplitude can be written as

Ttot = Tout + Tin , (2.5)

where the out and in contributions are given respectively by

Tout = � g

(2⇡)3

Z +1

�1
dx dx0 e�ix·(k+q)+ix0·p0 T a

BA1
GA1A(X, X0|p0+)
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4(k · q) ū(q)/✏⇤k(/k + /q)�+��Mh(p0+)�(k + q � p0)+

(2.6)

2
We recall that the hard process, of amplitude M

h

, from which the quark originates is unmodified by

the surrounding environment since it occurs within a scale too small to be resolved by the medium.
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the region of validity of this kind of assumption can be quite comfortable, it demands a

large medium to be crossed by the radiating partons which does not hold for the ones that

are emitted close to the edge of the medium. In order to avoid, once again, assumptions and

to gain further insight into the description of the whole in-medium showering process, in

this work we do not assume such constraint on the formation time, making the calculations

more general without the colour simplifications that the small formation time limit allows.

In addition, by analysing the q ! qg process, we cannot take advantage of the symmetry

between final state particles that exist in g ! gg. The connection with the findings in the

QCD antenna in previous works [37–41] is done through the process of colour decoherence

of the final particles.

This paper is organized as follows: In section 2, the formalism used to describe the

in-medium propagation of partons will be introduced, and the di↵erent contributions to

the single-gluon emission spectrum for a static colour medium profile will be calculated.

A proper average over all possible colour configurations of the medium is carried out in

section 3, and the resolution of the corresponding path-integrals in section 4. The final

conclusions are presented in section 5. The technical details of all calculations are given in

the appendices that are part of this manuscript.

2 In-medium q �! qg splitting

2.1 Quasi-eikonal in-medium parton propagation

The time scale involved in the propagation of energetic partons is much smaller than the

characteristic time of changes in the configuration of the medium they traverse. This

di↵erence in time scales allows for the computation of the parton-medium interaction to

be performed for a fixed, but arbitrary, medium configuration and, at a later stage, for the

ensemble of medium configurations to be accounted for through an averaging procedure

(see section 3).

The multiple scattering of the propagating parton o↵ medium components is mediated

by the exchange of gluons with typical, purely transverse, momenta of the order of the

characteristic medium scales. As a result, the otherwise eikonal trajectory of the parton –

the rotation of its colour phase without degradation of its (large) longitudinal momentum

– is perturbed by Brownian motion in the transverse plane. The in-medium propagation

of a parton with light-cone1 plus momentum p+ from transverse position xi at time xi+

(where its colour is ↵i) to transverse position xf at time xf+, with colour rotated to ↵f ,

is given by the Green’s function

G↵
f

↵
i

(xf+,xf ; xi+,xi|p+) =

Z
r(x

f+)=x

f

r(x
i+)=x

i

Dr(⇠) exp

(
ip+
2

Z x
f+

x
i+

d⇠

✓
dr

d⇠

◆2
)

⇥ W↵
f

↵
i

�
xf+, xi+; r(⇠)

�
,

(2.1)

1
Light-cone coordinates, a = (a0, ax

, a

y

, a

z

) = (a+, a�,a) with a± = (a0 ± a

z

)/

p
2 and transverse

2-vectors a = (a

x

, a

y

), are used throughout.
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Mh(p0) p, A

...

p1, A1

k, a

q, B

(a) q ! qg splitting where only the initial particle interacts with the medium.

Mh(p0) p, A

...

...

...

p1, A1

q1, B1

k1, a1

k, a

q, B

(b) q ! qg splitting where all particles interact with the medium.

Figure 1: Diagrams that contribute to the medium q ! qg splitting.

and

Tin =
ig

(2⇡)3

Z L+

x0+

dx1+

Z +1

�1
dx0 dx1 dy dz e�iz·k�iy·q+ix0·p0

⇥ GBB1(Y, X1|q+)T a1
B1A1

GA1A(X1, X0|p0+)Gaa1(Z, X1|k+)

⇥ 1

2
ū(q)/✏⇤k��Mh(p0+)�(k + q � p0)+ ,

(2.7)

with X0 = (x0+,x0) the coordinates of the quark at the beginning of the medium, X1 =

(x1+,x1) its coordinates at the emission point and X = (L+,x) , Y = (L+,y) , Z =

(L+, z), the coordinates after the final scatterings of, respectively, the initial quark, the

final quark and the gluon.

To determine these amplitudes for a parton leaving the hard scattering with a fixed

momentum p0, we have inserted a �-function for the conservation of momenta after the

hard scattering in the form of its Fourier transform

�(p � p0) =

Z
d4x0

(2⇡)4
eix0·(p�p0) . (2.8)

A further �-function has been introduced to constrain the initial x0+ coordinate to be the

beginning of the medium.

– 5 –

�BDMPS: quark eikonal, gluon soft and [slightly] off-eikonal 
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ��12 > 2⇥/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or �� selec-
tion.

The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.

imbalance of jet energy within a cone of radius R for 
‘back-to-back’ di-jets
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Figure 10: Dijet asymmetry ratio, AJ , for leading jets of pT,1 > 120 GeV/c, subleading jets of
pT,2 >50 GeV/c and ��12 > 2⇥/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in
several centrality bins: (b) 50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are
shown as black points, while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainities.

The evolution of the dijet momentum balance illustrated in Fig. 10 can be explored more quan-
titatively by studying the fraction of balanced jets in the PbPb events. The balanced fraction,
RB(AJ < 0.15), is plotted as a function of collision centrality (again in terms of Npart) in Fig. 11.
It is defined as the fraction of all events with a leading jet having pT,1 > 120 GeV/c for which
a subleading partner with AJ < 0.15 and ��12 > 2⇥/3 is found. Since RB(AJ < 0.15) is cal-
culated as the fraction of all events with pT,1 > 120 GeV/c, it takes into account the rate of
apparent “mono-jet” events, where the subleading partner is removed by the pT or �� selec-
tion.

The AJ threshold of 0.15 corresponds to the median of the AJ distribution for pure PYTHIA
dijet events passing the criteria used for Fig. 10. By definition, the fraction RB(AJ < 0.15) of
balanced jets in PYTHIA is therefore 50%, which is plotted as a dashed line in Fig. 11. As will be
discussed in Section 3.3, a third jet having a significant impact on the dijet imbalance is present
in most of the large-AJ events in PYTHIA.

The change in jet-finding performance from high to low pT, discussed in Section 2.4.3, leads to
only a small decrease in the fraction of balanced jets, of less than 5% for central PYTHIA+DATA
dijets. In contrast, the PbPb data show a rapid decrease in the fraction of balanced jets with
collision centrality. While the most peripheral selection shows a fraction of balanced jets of
close to 45%, this fraction drops by close to a factor of two for the most central collisions. This
again suggests that the passage of hard-scattered partons through the environment created in
PbPb collisions has a significant impact on their fragmentation into final-state jets.
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Figure 8: ��12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
��12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at ��12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(��) with centrality is explained by the decrease in jet azimuthal angle resolution from
⇥� = 0.03 in peripheral events to ⇥� = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

imbalance of jet energy within a cone of radius R for 
‘back-to-back’ di-jets
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�energy lost from jet cone recovered in soft fragments 
at large angles

3.3 Overall momentum balance of dijet events 21

for both centrality ranges and even for events with large observed dijet asymmetry, in both
data and simulation. This shows that the dijet momentum imbalance is not related to unde-
tected activity in the event due to instrumental (e.g. gaps or inefficiencies in the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, ⇥�p⌅T⇤, for tracks with pT > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The ⇥�p⌅T⇤ values are shown as a function of dijet
asymmetry AJ for 0–30% centrality, inside (�R < 0.8) one of the leading or subleading jet cones
(left) and outside (�R > 0.8) the leading and subleading jet cones (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges, the statistical uncertainties are shown as vertical bars.

The figure also shows the contributions to ⇥�p⌅T⇤ for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to ⇥�p⌅T⇤ (i.e., in the direction of the leading jet)

Leading Jet

Associated Jet

22 4 Summary

by the pT > 8 GeV/c range is balanced by the combined contributions from the 0.5–8 GeV/c
regions. Looking at the pT < 8 GeV/c region in detail, important differences between data
and simulation emerge. For PYTHIA+HYDJET both centrality ranges show a large balancing
contribution from the intermediate pT region of 4–8 GeV/c, while the contribution from the
two regions spanning 0.5–2 GeV/c is very small. In peripheral PbPb data, the contribution of
0.5–2 GeV/c tracks relative to that from 4–8 GeV/c tracks is somewhat enhanced compared to
the simulation. In central PbPb events, the relative contribution of low and intermediate-pT
tracks is actually the opposite of that seen in PYTHIA+HYDJET. In data, the 4–8 GeV/c region
makes almost no contribution to the overall momentum balance, while a large fraction of the
negative imbalance from high pT is recovered in low-momentum tracks.

The dominant systematic uncertainty for the pT balance measurement comes from the pT-
dependent uncertainty in the track reconstruction efficiency and fake rate described in Sec-
tion 3.2. A 20% uncertainty was assigned to the final result, stemming from the residual dif-
ference between the PYTHIA generator-level and the reconstructed PYTHIA+HYDJET tracks at
high pT. This is combined with an absolute 3 GeV/c uncertainty that comes from the imperfect
cancellation of the background tracks. The background effect was cross-checked in data from
a random cone study in 0–30% central events similar to the study described in Section 3.2. The
overall systematic uncertainty is shown as brackets in Figs. 14 and 15.

Further insight into the radial dependence of the momentum balance can be gained by studying
⌅⇤p⌃T⇧ separately for tracks inside cones of size �R = 0.8 around the leading and subleading jet
axes, and for tracks outside of these cones. The results of this study for central events are
shown in Fig. 15 for the in-cone balance and out-of-cone balance for MC and data. As the
underlying PbPb event in both data and MC is not �-symmetric on an event-by-event basis,
the back-to-back requirement was tightened to ��12 > 5⇤/6 for this study.

One observes that for both data and MC an in-cone imbalance of ⌅⇤p⌃T⇧ ⇥ �20 GeV/c is found for
the AJ > 0.33 selection. In both cases this is balanced by a corresponding out-of-cone imbalance
of ⌅⇤p⌃T⇧ ⇥ 20 GeV/c. However, in the PbPb data the out-of-cone contribution is carried almost
entirely by tracks with 0.5 < pT < 4 GeV/c whereas in MC more than 50% of the balance is
carried by tracks with pT > 4 GeV/c, with a negligible contribution from pT < 1 GeV/c.

The PYTHIA+HYDJET results are indicative of semi-hard initial or final-state radiation as the
underlying cause for large AJ events in the MC study. This has been confirmed by further
studies which showed that in PYTHIA the momentum balance in the transverse plane for events
with large AJ can be restored if a third jet with pT > 20 GeV/c, which is present in more than
90% of these events, is included. This is in contrast to the results for large-AJ PbPb data, which
show that a large part of the momentum balance is carried by soft particles (pT < 2 GeV/c) and
radiated at large angles to the jet axes (�R > 0.8).

4 Summary
The CMS detector has been used to study jet production in PbPb collisions at ⌥sNN = 2.76 TeV.
Jets were reconstructed using primarily the calorimeter information in a data sample corre-
sponding to an integrated luminosity of Lint = 6.7 µb�1. Events having a leading jet with
pT > 120 GeV/c and |⇥| < 2 were selected. As a function of centrality, dijet events with a
subleading jet of pT > 50 GeV/c and |⇥| < 2 were found to have an increasing momentum im-
balance. Data were compared to PYTHIA dijet simulations for pp collisions at the same energy
which were embedded into real heavy ion events. The momentum imbalances observed in the

Momentum balance

• Even for large cone radius, out of cone radiation is mostly soft

• The hard part of the near side seems mostly unchanged.

3.3 Overall momentum balance of dijet events 19

were corrected for tracking efficiency and fake rates using corrections that were derived from
PYTHIA+HYDJET simulations and from the reconstruction of single tracks embedded in data.
In each panel, the area of each colored region in pT and �R corresponds to the total transverse
momentum per event carried by tracks in this region.

For the balanced-jet selection, AJ < 0.11, one sees qualitative agreement in the leading and
subleading jet momentum distributions between PYTHIA+HYDJET (top) and data (bottom). In
data and simulation, most of the leading and subleading jet momentum is carried by tracks
with pT > 8 GeV/c, with the data tracks having a slightly narrower �R distribution. A slightly
larger fraction of the momentum for the subleading jets is carried by tracks at low pT and
�R > 0.16 (i.e., beyond the second bin) in the data.

Moving towards larger dijet imbalance, the major fraction of the leading jet momentum con-
tinues to be carried by high-pT tracks in data and simulation. For the AJ > 0.33 selection, it is
important to recall that less than 10% of all PYTHIA dijet events fall in this category, and, as will
be discussed in Section 3.3, those that do are overwhelmingly 3-jet events.

While the overall change found in the leading jet shapes as a function of AJ is small, a strong
modification of the track momentum composition of the subleading jets is seen, confirming the
calorimeter determination of the dijet imbalance. The biggest difference between data and sim-
ulation is found for tracks with pT < 4 GeV/c. For PYTHIA, the momentum in the subleading
jet carried by these tracks is small and their radial distribution is nearly unchanged with AJ .
However, for data, the relative contribution of low-pT tracks grows with AJ , and an increasing
fraction of those tracks is observed at large distances to the jet axis, extending out to �R = 0.8
(the largest angular distance to the jet in this study).

The major systematic uncertainties for the track-jet correlation measurement come from the
pT-dependent uncertainty in the track reconstruction efficiency. The algorithmic track recon-
struction efficiency, which averages 70% over the pT > 0.5 GeV/c and |⇥| < 2.4 range included
in this study, was determined from an independent PYTHIA+HYDJET sample, and from sim-
ulated tracks embedded in data. Additional uncertainties are introduced by the underlying
event subtraction procedure. The latter was studied by comparing the track-jet correlations
seen in pure PYTHIA dijet events for generated particles with those seen in PYTHIA+HYDJET
events after reconstruction and background subtraction. The size of the background subtrac-
tion systematic uncertainty was further cross-checked in data by repeating the procedure for
random ring-like regions in 0–30% central minimum bias events. In the end, an overall sys-
tematic uncertainty of 20% per bin was assigned. This uncertainty is included in the combined
statistical and systematic uncertainties shown in Fig. 13.

3.3 Overall momentum balance of dijet events

The requirements of the background subtraction procedure limit the track-jet correlation study
to tracks with pT > 1.0 GeV/c and �R < 0.8. Complementary information about the over-
all momentum balance in the dijet events can be obtained using the projection of missing pT
of reconstructed charged tracks onto the leading jet axis. For each event, this projection was
calculated as

⇥p⌃T = ⇥
i
�pi

T cos (�i � �Leading Jet), (2)

where the sum is over all tracks with pT > 0.5 GeV/c and |⇥| < 2.4. The results were then
averaged over events to obtain ⇤⇥p⌃T⌅. No background subtraction was applied, which allows

CMS



�medium induced radiation off a single quark in a dense medium BDMPS-Z revisited

we notice the change of sign that takes place around k

f

. As mentioned previously, for

momenta k

2

f

< k2

< Q

2

s

the momentum broadening of the “in-in” contribution sets it apart

from the out-of-medium contribution, lower row of eq. (5.15), preventing the appearance

of a pure vacuum component.7 For k2

> Q

2

s

these contributions cancel exactly with part

of the “in-in” contribution, as anticipated in the discussion below eq. (5.10).

5.3 Leading behavior of medium-induced radiation

In summary, the single-gluon spectrum o↵ an accelerated charge in the presence of a

medium consists of three parts. First and foremost, the induced component of the in-

dependent spectrum is given by

Rmed

q

⇡ 4!

Z

L
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dt

0
Z

d

2k0

(2⇡)2
P(k � k0

, L � t

0) sin

✓

k02

2k2
f

◆

e

� k02
2k2

f

. (5.16)

This is a novel, transparent way of writing the BDMPS-Z spectrum. Let us recap the

main features of this spectrum. It describes the emission of a gluon with momentum

k0, distributed mainly around the preferred value k

f

which corresponds to the amount

of momentum accumulated during its formation time t

f

. After the gluon is formed it is

no longer correlated with the emitting quark and its subsequent Brownian motion along

its trajectory leads to a characteristic momentum broadening. This spectrum scales with

the length of the medium L, since the medium-induced emissions can take place at any

point along the trajectory of the quark through the medium. The remaining terms are

not enhanced neither by the medium length L nor are they enhanced by a logarithmic

divergence, such as for the bremsstrahlung, and they can therefore be neglected at the

level of our approximations.

In addition, one has the soft and hard bremsstrahlung contributions which are de-

scribed in detail in sec. 5.2.

5.4 Analytical continuation prescription for short formation times

While the independent spectrum by itself permits a fully analytical discussion, see the

previous section, this is not the case for the interferences. To highlight the interesting

features of these contributions in a well-controlled manner we will therefore introduce a

procedure which captures the leading behavior of the independent spectrum around the

typical medium scale at emission, k02 ⇠ k

2

f

, and which still permits an analytical treatment.

In the subsequent sections we will show that this procedure also can be applied to the

interference spectra.

The main lesson learned from the considerations in section 5 is that the time di↵erence

of emission in the amplitude and complex conjugate amplitude, denoted by �t, is limited

by the formation time, t
f

, due to the LPM suppression. This is, e.g., clearly seen in the

7There is, of course a non-zero probability that the gluon does not experience further broadening while

traversing the medium and reaches the final-state cut with momentum k = k0. This contribution is indeed

the genuine vacuum contribution.
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K. Tywoniuk (Lund University) “Advancing QCD-based calculations of energy loss”  

Induced gluon spectrum

7

τf =
√

ω/q̂

k2
f =

√
q̂ω

Q2
s = q̂L

Two step process
• quantum emission + classical broadening

can transport gluons up                       
to very large angles!

• emission all along L
• soft & collinear safe!

Mehtar-Tani, Salgado, KT arXiv:1205:5739

classical broadening

quantum emission/broadening 
during formation time

AN IMPORTANT LESSON FROM DATA  

large broadening [beyond quasi-eikonal] is a prominent 
dynamical mechanism for jet energy loss [dijet asymmetry]

large broadening



large broadening
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very reasonable phenomenological approach that 
remains unsubstantiated by a first principle calculation
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interplay of branching and hadronization

�colour of all jet components rotated by interaction with medium 

��colour correlations modified with respect to vacuum case 

• theoretically controllable within a standard framework [opacity expansion] 
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interplay of branching and hadronization

�colour correlations modified with respect to vacuum case 

��essential input for realistic hadronization schemes
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Figure 13. The pT and η distributions of the hadrons from the fragmentation of the Lund strings shown

in Fig. 12. Both the quark and the gluon are emitted at midrapidity at relative angle φ = 0.1. Left

panel: fragmentation pattern in the FSR (in red) and ISR (in green) color channels. Right panel: rapidity

distribution of the hadrons in the ISR channel. The sharpest peak around to η = 0 (continuous line) comes

from the fragmentation of the leading string. The pattern “broad peak + plateau” (dashed line) arises

from the fragmentation of the subleading string, connected to the beam remnant (hence the long plateau).

Also shown (dot-dashed line) is the case in which both endpoints of the subleading string are attached to

a medium particle.

there is hadronic yield in a transverse momentum range that exceeds the pT of the leading quark.
In the Lund model, this accounts for the fact that QCD is a finite resolution theory in which a

perturbatively radiated gluon does not automatically increase the hadronic multiplicity by order
unity or more: it is not necessarily ‘lost’ but, remaining color-connected with the other daughter of
the branching, may still contribute to the formation of the leading hadron. In contrast, the ISR case

(green curve) clearly shows that medium modification of color connections between the radiated
gluon and the projectile fragment results in a softening of the hadron distribution: all hadronic

yield above pT is suppressed and an additional contribution arises at soft momenta below kT . The
reason is that, for the ISR contribution, the color-decohered gluon and quark belong to different
strings and thus cannot contribute to the same leading hadronic fragment. Therefore, hadronic

multiplicity increases by construction with each color-decohered gluon by order unity or more, and
the additional multiplicity is found in soft fragments of transverse momentum lower than kT , which

is much smaller than pT .
These differences in the color flow of the ISR and FSR contribution have consequences for

the distribution of hadronic fragments. In particular, the fragmentation of the Lund string of
a vacuum-like (FSR) contribution results mainly in semi-hard and hard hadrons. For instance,
fragmentation of the FSR string of total energy ∼ 55 GeV in Fig. 13 yields on average ⟨Nh⟩ = 5.4

hadrons, of which 3.9 carry pT > 2 GeV transverse momentum. Since the multiplicity of Lund

strings grows only mildly with the total length and with the number of small kinks, the string

– 27 –

generic [robust] effects: 
•softnening of hadronic spectra 
•lost hardness recovered as soft multiplicity 

•at work even if radiative energy loss 
kinematically unviable 

•survives branching after medium escape

modification of jet hadrochemistry 
Aurenche & Zakharov [1109.6819]
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(green curve) clearly shows that medium modification of color connections between the radiated
gluon and the projectile fragment results in a softening of the hadron distribution: all hadronic
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reason is that, for the ISR contribution, the color-decohered gluon and quark belong to different
strings and thus cannot contribute to the same leading hadronic fragment. Therefore, hadronic

multiplicity increases by construction with each color-decohered gluon by order unity or more, and
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a vacuum-like (FSR) contribution results mainly in semi-hard and hard hadrons. For instance,
fragmentation of the FSR string of total energy ∼ 55 GeV in Fig. 13 yields on average ⟨Nh⟩ = 5.4
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generic [robust] effects: 
•softnening of hadronic spectra 
•lost hardness recovered as soft multiplicity 

•at work even if radiative energy loss 
kinematically unviable 

•survives branching after medium escape

modification of jet hadrochemistry 
Aurenche & Zakharov [1109.6819]

fragmentation in vacuum NOT the same as using vacuum FFs



sensitivity :: hadron spectra

�clear and strong suppression of all 
hadronic yields 

��photons/Z0 unsupressed 

��centrality [path-length] dependence (GeV/c)
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High energy heavy-ion collisions enable the study of strongly interacting matter under extreme condi-

tions. At sufficiently high collision energies Quantum-Chromodynamics (QCD) predicts that hot and

dense deconfined matter, commonly referred to as the Quark-Gluon Plasma (QGP), is formed. With the

advent of a new generation of experiments at the CERN Large Hadron Collider (LHC) [1] a new energy

domain is accessible to study the properties of this state.

Previous experiments at the Relativistic Heavy Ion Collider (RHIC) reported that hadron production

at high transverse momentum (pT ) in central (head-on) Au–Au collisions at a centre-of-mass energy

per nucleon pair
√
s
NN
of 200 GeV is suppressed by a factor 4–5 compared to expectations from an

independent superposition of nucleon-nucleon (NN) collisions [2, 3, 4, 5]. The dominant production

mechanism for high-pT hadrons is the fragmentation of high-pT partons that originate in hard scatterings

in the early stage of the nuclear collision. The observed suppression at RHIC is generally attributed to

energy loss of the partons as they propagate through the hot and dense QCD medium [6, 7, 8, 9, 10].

To quantify nuclear medium effects at high pT , the so called nuclear modification factor RAA is used.

RAA is defined as the ratio of the charged particle yield in Pb–Pb to that in pp, scaled by the number of

binary nucleon–nucleon collisions ⟨Ncoll⟩

RAA(pT ) =
(1/NAA

evt )d
2NAA

ch /dηdpT
⟨Ncoll⟩(1/Npp

evt )d2N
pp

ch /dηdpT
,

where η = − ln(tanθ/2) is the pseudo-rapidity and θ is the polar angle between the charged particle
direction and the beam axis. The number of binary nucleon–nucleon collisions ⟨Ncoll⟩ is given by the
product of the nuclear overlap function ⟨TAA⟩ [11] and the inelastic NN cross section σNN

inel . If no nuclear

modification is present, RAA is unity at high pT .

At the larger LHC energy the density of the medium is expected to be higher than at RHIC, leading to a

larger energy loss of high pT partons. On the other hand, the less steeply falling spectrum at the higher

energy will lead to a smaller suppression in the pT spectrum of charged particles, for a given magnitude

of partonic energy loss [9, 10]. Both the value of RAA in central collisions as well as its pT dependence

may also in part be influenced by gluon shadowing and saturation effects, which in general decrease with

increasing x and Q2.

This Letter reports the measurement of the inclusive primary charged particle transverse momentum

distributions at mid-rapidity in central and peripheral Pb–Pb collisions at
√
s
NN

= 2.76 TeV by the ALICE
experiment [12]. Primary particles are defined as prompt particles produced in the collision, including

decay products, except those from weak decays of strange particles. The data were collected in the first

heavy-ion collision period at the LHC. A detailed description of the experiment can be found in [12].

For the present analysis, charged particle tracking utilizes the Inner Tracking System (ITS) and the Time

Projection Chamber (TPC) [13], both of which cover the central region in the pseudo-rapidity range

|η | < 0.9. The ITS and TPC detectors are located in the ALICE central barrel and operate in the 0.5 T
magnetic field of a large solenoidal magnet. The TPC is a cylindrical drift detector with two readout

planes on the endcaps. The active volume covers 85< r < 247 cm and −250< z< 250 cm in the radial
and longitudinal directions, respectively. A high voltage membrane at z = 0 divides the active volume

into two halves and provides the electric drift field of 400 V/cm, resulting in a maximum drift time of

94 µs.

The ITS is used for charged particle tracking and trigger purposes. It is composed of six cylindrical layers

of high resolution silicon tracking detectors with radial distances to the beam line from 3.9 to 43 cm. The

two innermost layers are the Silicon Pixel Detectors (SPD) with a total of 9.8 million pixels, read out by

1200 chips. Each chip provides a fast signal if at least one of its pixels is hit. The signals from the 1200

chips are combined in a programmable logic unit which supplies a trigger signal. The SPD contributes

to the minimum-bias trigger, if hits are detected on at least two chips on the outer layer. The SPD is

�sensitive to induced radiation, also to hadronization modifications, 
but NOT to broadening



sensitivity :: jet RAA

�sensitive to large broadening effects  

�just counts fraction of unmodified jets [steeply falling jet spectrum] 

�[recall] dijet asymmetry sensitive to broadening, same for photon jet [advantage 
of known initial energy, but statically limited]

10 5 Analysis and results
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Figure 7: Jet RAA in different effective cone sizes for anti-kT jets using the Bayesian unfolding
method for the given centrality bins. The vertical lines indicate uncorrelated statistical uncer-
tainty, and the wide band the systematic uncertainty for Bayesian unfolding R=0.3. The green
box above 300 GeV/c represents the overall combined uncertainty from TAA and luminosities.



sensitivity :: fragmentation functions

�sensitivity to medium-induced radiation, broadening, hadronization 

��remarkably similar to vacuum jets [most branching occurs after medium 
escape; branching within unresolved systems also vacuum like]
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Figure 8: The spectrum of tracks inside the jet cone, as a function of track pT, for PbPb and pp.
Both the PbPb and pp results are background subtracted, in the same manner as the fragmen-
tation functions. Bottom panel shows the difference of PbPb and pp spectra, which shows that
there is an excess of low-pT tracks in the PbPb events.

To check consistency with the previous published result we overlay the new fragmentation
function ratio between PbPb and pp to the published result on the 2010 data. This comparison
is shown in Fig. 9
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Figure 6: Ratios of unfolded D(pT) distributions for six bins in collision centrality to those in peripheral
(60-80%) collisions, D(pT)|cent/D(pT)|60�80, for R = 0.4 jets. The error bars on the data points indicate
statistical uncertainties while the shaded bands indicate systematic uncertainties that are uncorrelated
or partially correlated between points. The solid lines indicate systematic uncertainties that are 100%
correlated between points.

9 Discussion

The previous measurement of jet fragmentation in Pb+Pb collisions [10] showed no significant modifi-
cation of the fragmentation function, 1/Njet dNtrk/d⇠, in the 0-30% centrality interval relative to that in
pp collisions. However, the systematic uncertainties on that measurement were not su�cient to observe
an e↵ect of the magnitude observed here. In fact, for 2 < ⇠ < 3, which corresponds to the region where
D(z) shows the depletion relative to peripheral collisions, the CMS measurement is consistent with a
20% depletion for leading jets though it is also consistent with no modification.

Theoretical predictions for medium modifications of fragmentation functions based on radiative en-
ergy loss [25–28] have generally predicted substantial reduction in the yield of high-pT, large z, or small ⇠
fragments and an enhancement at low pT, low z, or large ⇠. The predicted reduction at large z generically
resulted from the radiative energy loss of the leading partons in the shower. The measurements presented
here confirm the previous observation that no such reduction is observed and constrain reductions in the
yield for z > 0.7 to be <⇠ 15%.

The results presented here indicate a suppression in the yield of fragments with z values 0.03 . z .
0.3 and corresponding pT values of (4 . pT . 40 GeV). The kinematic ranges of the reduction are stable
with respect to centrality and jet radius. For the 0-10% centrality bin, the minimum of the R = 0.4 RD(z)
occurs at z = 0.09 ± 0.01 with the value RD(z) = 0.86 ± 0.06. The corresponding minimum in RD(pT)
occurs at pT = 9.9 ± 1.5 GeV with value RD(pT) = 0.87 ± 0.06.
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