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the study of jets 
[reconstructed jets and their high-pt hadronic content]
in heavy ion collisions aims at their use as probes of 
the properties of the hot, dense and coloured matter 
created in the collisions

2



the study of jets 
[reconstructed jets and their high-pt hadronic content]
in heavy ion collisions aims at their use as probes of 
the properties of the hot, dense and coloured matter 
created in the collisions

#1 establishing the probe

3



the study of jets 
[reconstructed jets and their high-pt hadronic content]
in heavy ion collisions aims at their use as probes of 
the properties of the hot, dense and coloured matter 
created in the collisions

#1 establishing the probe

#2 probing the medium

4



jets in heavy ion collisions 

vacuum jets under overall excellent theoretical control
•factorization of initial and final state

jet :: 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 
procedure [jet algorithm] and for given  defining parameters [eg, jet radius]
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jets in heavy ion collisions 

jet :: 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 
procedure [jet algorithm] and for given  defining parameters [eg, jet radius]

in HIC jets traverse sizable in-medium pathlength 
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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
[further improvement from 

future pA data]
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=

sufficiently constrained in 
relevant kinematical domain
[further improvement from 

future pA data]

⊗
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⊗

hard scattering

localized on point like scale
oblivious to surrounding matter

[calculable to arbitrary pQCD order]7
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[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 [radiative energy loss]
•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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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 ???
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jet quenching :: 
observable consequences [in jet and jet-like hadronic observables] of the effect of the medium 
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to establish quenched jets 
[their hadron ‘jet-like’ and full jet observables] 
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 effects

•QCD branching
•effect on hadronization [if any]

:: probe :: 
physical object/process under strict theoretical control for which a 
definite relationship between its observable properties and those 
of the probed system can be established
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life story of an in-medium jet 
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•prior to medium formation [τmed ∼ 0.1 fm]

•hard skeleton defined [3-jet rates, hard frag, ...]
•effect of Glasma ?
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most [all?] questions asked, many [most?] being answered
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in-medium splitting functions

� energy of radiated gluon assumed [not in AMY] much smaller than that of emitter 
[x=ω/E≪1] but emission spectrum  computed for all allowed phase space with 
violation of energy-momentum conservation cured by explicit cut-offs 
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in-medium splitting functions

� energy of radiated gluon assumed [not in AMY] much smaller than that of emitter 
[x=ω/E≪1] but emission spectrum  computed for all allowed phase space with 
violation of energy-momentum conservation cured by explicit cut-offs 

�� large-x limit computed in path-integral formalism, explicitly in the multiple soft 
scattering approximation, and small-large x interpolating ansatz

Apolinário, Armesto, Salgado [1204.2929]
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violation of energy-momentum conservation cured by explicit cut-offs 
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scattering approximation, and small-large x interpolating ansatz
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broadening
� 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!
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0

dt

0
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d

2k0

(2⇡)2
P(k � k0

, L � t

0) sin

✓
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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.

– 18 –

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]

14



broadening [jet collimation]

AN IMPORTANT LESSON FROM DATA 

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

•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
•enhancement of soft fragments outside the jet
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Casalderrey-Solana, Milhano, Wiedemann [1105.1760]
Qin & Muller [1012.5280]
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jet collimation
� sufficiently soft modes decorrelated [lost] from jet
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� does not disturb azimuthal correlation

good qualitative description 
of average medium induced 

asymmetry
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� geometry
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� geometry

�� path length fluctuations with realistic nuclear profile

�� all distances density weighed and account for 1/τ expansion

� parametrized NLO jet spectrum

� energy loss fluctuations

�� average number of vacuum gluons from MLLA [spectrum at Q0 = 1 GeV]

�� event-by-event number of gluons with Poissonian assumption

�� additional medium induced gluons from Gaussian distributed ‘BDMPS’ formula

• path length dependent

• event-by-event with [independent] Poissonian assumption

• qhat is the ONLY variable parameter

�� vacuum baseline from data [CMS]
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energy dependence of dijet imbalance
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broadening [jet collimation]
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� hadronization is effectively accounted for by

�� [analytically] defining universal fragmentation functions [the probability of a 
given final state — hadron, jet — to arise from the showering and subsequent 
hadronization of fragments]

• known perturbative evolution

• initial conditions constrained from globally fitting data

color flow and hadronization
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• phenomenologically successful for elementary collisions
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use of vacuum FF in HIC assumes no medium modification of hadronization 

color correlations between final state partons [+ kinematics] determine 
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color flow and hadronization

interactions with medium
•energy/momentum exchanges
•modification of color correlations 

color correlations of hadronizing system changed
•surviving medium effect irrespectively of where hadronization takes place

QCD branching hadronization

⊗

h1

h2

h3
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color flow and hadronization

interactions with medium
•energy/momentum exchanges
•modification of color correlations 

color correlations of hadronizing system changed
•surviving medium effect irrespectively of where hadronization takes place

QCD branching hadronization

⊗

h1

h2

h3

standard energy loss calculations 
•amplitudes squared at partonic level
•color information LOST 
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� revisit in-medium q ��qg  and g ��gg ‘colour-differentially’  

color flow and hadronization
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� revisit in-medium q ��qg  and g ��gg ‘colour-differentially’  

�� proof of principle calculation in large Nc [consistent with hadronization treatment] 
and N=1 order in opacity

• [opacity] expansion in powers of [in-medium path-length]/[elastic mean free 
path] captures essential features :: single gluon exchange with medium

• robustness checked at higher [N=2] opacity orders and for radiation outside 
medium

� Lund [PYTHIA] strings in the following

�� same conclusions from clustering [HERWIG]

color flow and hadronization
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color flow in the vacuum

� ‘string’ extends from high-pt, through gluon ‘kink’, to low-pt beam remnant

� multiplicity and distribution of hadrons resulting from ‘string’ depends essentially 
on the ‘string length’ [separation of endpoints in momentum space] 

� final-state quark and radiated gluon always part of same string

� only correlation is between primary parton and ‘beam remnant’
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color flow in the vacuum

� most radiated gluons color-connected with projectile fragment

Perturbative vs non-perturbative aspects of jet quenching:

QCD radiation in AA collisions

Color-flow

Vacuum radiation: color flow (in large-Nc)
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Most of the radiated gluons in a shower remain color-connected
with the projectile fragment;
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color flow in the vacuum

� most radiated gluons color-connected with projectile fragment

� only g � qqbar can break color connection 

�� splitting with no soft enhancement [~ z2 + (1-z)2]

Perturbative vs non-perturbative aspects of jet quenching:

QCD radiation in AA collisions

Color-flow

Vacuum radiation: color flow (in large-Nc)
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Most of the radiated gluons in a shower remain color-connected
with the projectile fragment;

Only g → qq splitting can break the color connection, BUT

Pqg ∼
[

z2 + (1 − z)2
]

vs Pgg ∼
[
1 − z

z
+

z

1 − z
+ z(1 − z)

]

less likely: no soft (i.e. z → 1) enhancement!
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� only g � qqbar can break color connection 

�� splitting with no soft enhancement [~ z2 + (1-z)2]

• compare with g � gg [~ (1-z)/z + z/(1-z) + z(1-z)]
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color flow in the medium

� medium interaction prior to gluon emission 

�� ‘vacuum like’ string from high to low [thermal] pt and including the gluon
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color flow in the medium

� medium interaction prior to gluon emission 

�� ‘vacuum like’ string from high to low [thermal] pt and including the gluon

� medium interaction after gluon emission 

�� gluon NOT in the leading parton string and thus decohered
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color flow in the medium

� medium interaction prior to gluon emission 

�� ‘vacuum like’ string from high to low [thermal] pt and including the gluon

� medium interaction after gluon emission 

�� gluon NOT in the leading parton string and thus decohered

� medium interaction with gluon contributes to both channels
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color flow in the medium

� medium interaction prior to gluon emission 

�� ‘vacuum like’ string from high to low [thermal] pt and including the gluon

� medium interaction after gluon emission 

�� gluon NOT in the leading parton string and thus decohered

� medium interaction with gluon contributes to both channels

� obvious overlap with decoherence [antenna] calculations

� colour differential antenna
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the existence of color modified channels

[those in which the emitted gluon is decohered]

leads to softnening of hadronic spectra

irrespectively of the strength of radiative energy loss
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N=1 opacity [colour inclusive]

� medium modifications only for quanta of sufficiently short formation time
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Andrea Beraudo,1, 2 José Guilherme Milhano,1, 3 and Urs Achim Wiedemann1

1Physics Department, Theory Unit, CERN, CH-1211 Genève 23, Switzerland
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Medium-induced parton energy loss, resulting from gluon exchanges between the QCD matter
and partonic projectiles, is expected to underly the strong suppression of jets and high-pT hadron
spectra observed in ultra-relativistic heavy ion collisions. Here, we present the first color-differential
calculation of parton energy loss. We find that color exchange between medium and projectile en-
hances the invariant mass of energetic color singlet clusters in the parton shower by a parametrically
large factor proportional to the square root of the projectile energy. This effect is seen in more than
half of the most energetic color-singlet fragments of medium-modified parton branchings. Applying
a standard cluster hadronization model, we find that it leads to a characteristic additional softening
of hadronic spectra. A fair description of the nuclear modification factor measured at the LHC may
then be obtained for relatively low momentum transfers from the medium.

High transverse momentum partons (pT ! 10 GeV)
produced in heavy ion collisions interact with the QCD
matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
at the LHC [8–10].
We start by considering an elementary building block

of a parton shower, the q → q g parton splitting. For
a small light-cone energy k+ of the gluon compared to
the parent parton, x ≡ k+/p+ $ 1, and for transverse
gluon momentum k with K0 ≡ k/k2, the gluon spectrum
reads, to leading order in αs,

k+
dIvac

dk+ dk
=

αsCR

π2
K0

2 . (1)

In the presence of QCDmatter, interactions between pro-
jectile parton and medium result in a modified spectrum
dIrad≡dIvac+dImed that can be written as an expansion
in powers of the ratio ζ ≡ L+/λ+

el of in-medium path
length L+ and an elastic mean free path λ+

el (for details,
see [1]). To first order in this opacity expansion, the
medium-induced radiation spectrum reads

k+
dImed

dk+ dk
=ζ

αsCR

π2

〈

(

(K0 −K1)
2−K0

2 +K1
2
)

TI
〉

. (2)

projectile

target

projectile

target

FIG. 1: N = 1 opacity diagrams for gluon radiation from
a projectile quark in the large-Nc limit. The most energetic
color-singlet clusters are denoted by thicker lines and cor-
respond to color flow between projectile components (upper
diagrams, contribution dImed

lowM ) or between projectile and tar-
get (lower diagrams, contribution dImed

highM ). Diagrams on the
right hand side include a 3-gluon vertex.

Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
(k − q)/(k − q)2. Medium-induced interference effects
enter via the factor

TI =

(

1−
sin
(

ω−
1 L+

)

ω−

1 L+

)

=

{

1 for 1/ω−

1 $ L+ ,
0 for 1/ω−

1 ! L+ .

(3)
Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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and partonic projectiles, is expected to underly the strong suppression of jets and high-pT hadron
spectra observed in ultra-relativistic heavy ion collisions. Here, we present the first color-differential
calculation of parton energy loss. We find that color exchange between medium and projectile en-
hances the invariant mass of energetic color singlet clusters in the parton shower by a parametrically
large factor proportional to the square root of the projectile energy. This effect is seen in more than
half of the most energetic color-singlet fragments of medium-modified parton branchings. Applying
a standard cluster hadronization model, we find that it leads to a characteristic additional softening
of hadronic spectra. A fair description of the nuclear modification factor measured at the LHC may
then be obtained for relatively low momentum transfers from the medium.

High transverse momentum partons (pT ! 10 GeV)
produced in heavy ion collisions interact with the QCD
matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
at the LHC [8–10].
We start by considering an elementary building block

of a parton shower, the q → q g parton splitting. For
a small light-cone energy k+ of the gluon compared to
the parent parton, x ≡ k+/p+ $ 1, and for transverse
gluon momentum k with K0 ≡ k/k2, the gluon spectrum
reads, to leading order in αs,

k+
dIvac

dk+ dk
=

αsCR

π2
K0

2 . (1)

In the presence of QCDmatter, interactions between pro-
jectile parton and medium result in a modified spectrum
dIrad≡dIvac+dImed that can be written as an expansion
in powers of the ratio ζ ≡ L+/λ+

el of in-medium path
length L+ and an elastic mean free path λ+

el (for details,
see [1]). To first order in this opacity expansion, the
medium-induced radiation spectrum reads
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FIG. 1: N = 1 opacity diagrams for gluon radiation from
a projectile quark in the large-Nc limit. The most energetic
color-singlet clusters are denoted by thicker lines and cor-
respond to color flow between projectile components (upper
diagrams, contribution dImed

lowM ) or between projectile and tar-
get (lower diagrams, contribution dImed

highM ). Diagrams on the
right hand side include a 3-gluon vertex.

Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
(k − q)/(k − q)2. Medium-induced interference effects
enter via the factor

TI =

(

1−
sin
(

ω−
1 L+

)

ω−

1 L+

)

=

{

1 for 1/ω−

1 $ L+ ,
0 for 1/ω−

1 ! L+ .

(3)
Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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Medium-induced parton energy loss, resulting from gluon exchanges between the QCD matter
and partonic projectiles, is expected to underly the strong suppression of jets and high-pT hadron
spectra observed in ultra-relativistic heavy ion collisions. Here, we present the first color-differential
calculation of parton energy loss. We find that color exchange between medium and projectile en-
hances the invariant mass of energetic color singlet clusters in the parton shower by a parametrically
large factor proportional to the square root of the projectile energy. This effect is seen in more than
half of the most energetic color-singlet fragments of medium-modified parton branchings. Applying
a standard cluster hadronization model, we find that it leads to a characteristic additional softening
of hadronic spectra. A fair description of the nuclear modification factor measured at the LHC may
then be obtained for relatively low momentum transfers from the medium.

High transverse momentum partons (pT ! 10 GeV)
produced in heavy ion collisions interact with the QCD
matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
at the LHC [8–10].
We start by considering an elementary building block

of a parton shower, the q → q g parton splitting. For
a small light-cone energy k+ of the gluon compared to
the parent parton, x ≡ k+/p+ $ 1, and for transverse
gluon momentum k with K0 ≡ k/k2, the gluon spectrum
reads, to leading order in αs,
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dk+ dk
=

αsCR

π2
K0
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In the presence of QCDmatter, interactions between pro-
jectile parton and medium result in a modified spectrum
dIrad≡dIvac+dImed that can be written as an expansion
in powers of the ratio ζ ≡ L+/λ+

el of in-medium path
length L+ and an elastic mean free path λ+

el (for details,
see [1]). To first order in this opacity expansion, the
medium-induced radiation spectrum reads
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FIG. 1: N = 1 opacity diagrams for gluon radiation from
a projectile quark in the large-Nc limit. The most energetic
color-singlet clusters are denoted by thicker lines and cor-
respond to color flow between projectile components (upper
diagrams, contribution dImed

lowM ) or between projectile and tar-
get (lower diagrams, contribution dImed

highM ). Diagrams on the
right hand side include a 3-gluon vertex.

Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
(k − q)/(k − q)2. Medium-induced interference effects
enter via the factor

TI =

(

1−
sin
(

ω−
1 L+

)
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1 L+

)

=

{

1 for 1/ω−

1 $ L+ ,
0 for 1/ω−

1 ! L+ .

(3)
Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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Medium-induced parton energy loss, resulting from gluon exchanges between the QCD matter
and partonic projectiles, is expected to underly the strong suppression of jets and high-pT hadron
spectra observed in ultra-relativistic heavy ion collisions. Here, we present the first color-differential
calculation of parton energy loss. We find that color exchange between medium and projectile en-
hances the invariant mass of energetic color singlet clusters in the parton shower by a parametrically
large factor proportional to the square root of the projectile energy. This effect is seen in more than
half of the most energetic color-singlet fragments of medium-modified parton branchings. Applying
a standard cluster hadronization model, we find that it leads to a characteristic additional softening
of hadronic spectra. A fair description of the nuclear modification factor measured at the LHC may
then be obtained for relatively low momentum transfers from the medium.

High transverse momentum partons (pT ! 10 GeV)
produced in heavy ion collisions interact with the QCD
matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
at the LHC [8–10].
We start by considering an elementary building block

of a parton shower, the q → q g parton splitting. For
a small light-cone energy k+ of the gluon compared to
the parent parton, x ≡ k+/p+ $ 1, and for transverse
gluon momentum k with K0 ≡ k/k2, the gluon spectrum
reads, to leading order in αs,

k+
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=
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In the presence of QCDmatter, interactions between pro-
jectile parton and medium result in a modified spectrum
dIrad≡dIvac+dImed that can be written as an expansion
in powers of the ratio ζ ≡ L+/λ+
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el (for details,
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Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
(k − q)/(k − q)2. Medium-induced interference effects
enter via the factor
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Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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Medium-induced parton energy loss, resulting from gluon exchanges between the QCD matter
and partonic projectiles, is expected to underly the strong suppression of jets and high-pT hadron
spectra observed in ultra-relativistic heavy ion collisions. Here, we present the first color-differential
calculation of parton energy loss. We find that color exchange between medium and projectile en-
hances the invariant mass of energetic color singlet clusters in the parton shower by a parametrically
large factor proportional to the square root of the projectile energy. This effect is seen in more than
half of the most energetic color-singlet fragments of medium-modified parton branchings. Applying
a standard cluster hadronization model, we find that it leads to a characteristic additional softening
of hadronic spectra. A fair description of the nuclear modification factor measured at the LHC may
then be obtained for relatively low momentum transfers from the medium.

High transverse momentum partons (pT ! 10 GeV)
produced in heavy ion collisions interact with the QCD
matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
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FIG. 1: N = 1 opacity diagrams for gluon radiation from
a projectile quark in the large-Nc limit. The most energetic
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diagrams, contribution dImed

lowM ) or between projectile and tar-
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Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
(k − q)/(k − q)2. Medium-induced interference effects
enter via the factor

TI =

(

1−
sin
(

ω−
1 L+

)

ω−

1 L+

)

=

{

1 for 1/ω−

1 $ L+ ,
0 for 1/ω−

1 ! L+ .

(3)
Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
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Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
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enter via the factor

TI =

(

1−
sin
(

ω−
1 L+

)

ω−

1 L+

)

=

{

1 for 1/ω−

1 $ L+ ,
0 for 1/ω−

1 ! L+ .

(3)
Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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matter in the collision region while branching. This in-
teraction is thought to cause the strong medium modi-
fication of hadronic spectra and jets measured in heavy
ion collisions at the LHC and at RHIC. The modeling
of this jet quenching phenomenon has focussed so far on
medium-induced parton energy loss prior to hadroniza-
tion [1], assuming that for sufficiently high pT hadroniza-
tion occurs time-delayed outside the medium. However,
if the color flow of a parton shower is modified within the
medium, then hadronization can be affected irrespective
of when it occurs. Here, we analyze for the first time
the medium-induced color flow in a standard parton en-
ergy loss calculation. Compared to the current modeling
of parton energy loss [2–7], this will be seen to result in
a characteristic softening of the ensuing hadronization.
It may thus affect significantly the extraction of medium
properties from the measured nuclear modification factor
at the LHC [8–10].
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a small light-cone energy k+ of the gluon compared to
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In the presence of QCDmatter, interactions between pro-
jectile parton and medium result in a modified spectrum
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Here, 〈. . .〉 denotes averaging over the transverse mo-
mentum transfer q of a single interaction, and K1 ≡
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Thus, the medium-modification dImed can occur only
for quanta of sufficiently small formation time 1/ω−

1 ≡
2k+/ (k− q)2 $ L+. To first order in opacity and at
large Nc, we identify three contributions with distinct
color flow

dImed = dImed
virt + dImed

lowM + dImed
highM . (4)

Here, dImed
virt arises from probability-conserving virtual

corrections that do change neither color flow nor kine-
matic distributions in the projectile. The contributions
dImed

lowM and dImed
highM contain medium effects and can be

characterized by the invariant mass of their leading clus-
ter, as we discuss now.
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contribute to the single-gluon spectrum with an interference term decreasing the weight of the vacuum

radiation.

neither color nor transverse momentum is transferred from medium to the fragmenting q → q + g

system. It is usual to refer to these contributions as contact terms and they are needed for a
formulation that conserves probability, thus playing the role of virtual corrections. The contact

terms contributing to M2 are shown in Figure 8. To first order in opacity, one has
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〉
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2 M∗
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〉
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The radiation amplitude can be recast in a form more suitable for a color differential calculation:

M0 +M1 +Mcont
2 = Maa1 +Ma1a +Ma , (3.23)

where
M1 = Maa1 +Ma1a and M0 +Mcont

2 = Ma. (3.24)

In contrast to the left-hand side of (3.23), interference terms between different contributions on the
right hand side vanish to leading order in Nc. This allows us to derive, in the large-Nc limit, the
color-differential radiation cross sections by squaring the individual contributions from the various

color channels. More explicitly, the Ma a1 term reads

iMaa1 = −i g (tata1)eip
+x−
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N
∑
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θ(x+
n −x+

0 )

∫

dq

(2π)2
A(q) T a1

(n) e
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+
n e

i M2
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K0 −
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]

. (3.25)
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colour differentially

� in the large Nc limit it is straightforward to identify distinct colour channels which do 
not interfere

� two distinct colour channels:  ‘vac like’ aa1 [FSR] & ‘medium modified’ a1a [ISR]

� contact terms ‘subtract’ from no interaction case to preserve probability
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N=1 result

In this expression, the term proportional to K0 corresponds to a hard parton that emits a gluon

after scattering; it is the term M1(a) in Fig. 4. On the other hand, the three-gluon vertex in the real
emission amplitude M1(c) in Fig. 4 gives rise to a term proportional to [ta, ta1 ], and the tata1-part

of this commutator provides the contribution ∝ K1 in Eq. (3.25). The two K1 terms (with their
different phase factors) arise from processes in which the propagator of the hard projectile parton

is on or off-shell, respectively. In close analogy, one finds

iMa1a = i g (ta1ta)eip
+x−

0

N
∑

n=1

θ(x+
n −x+

0 )

∫

dq

(2π)2
A(q) T a1

(n) e
−iq·xnJ(p+)

× eiω0x
+
n e

i M2

2p+
x+
0 2 εg ·

[(

1−e−iω0(x
+
n−x+

0 )
)

K0 −
(

1−e−iω1(x
+
n−x+

0 )
)

K1

]

, (3.26)

where the term proportional to K0 corresponds to M1(b) in Fig. 4 and the term proportional to
K1 is the part of M1(c) proportional to ta1ta. Again, the phase factors are different depending on

whether the projectile from the hard event is on or off-shell. In the color-differential amplitude
(3.26), the phase factors are written in terms of the ‘transverse energies’

ω0 ≡
k2
g + x2M2

2 xg p+
, ω1 ≡

(kg − q)2 + x2M2

2 xg p+
. (3.27)

In general, the inverse transverse energies 1/ω0, 1/ω1 act as formation times for medium-induced
gluon emission. The color-averaged result for medium-induced gluon radiation to first order in

opacity is known to depend only on 1/ω1 (we reproduce this result as a check in Eq. (3.31) below).
For the color-differential case studied here, we observe that the result depends on both formation
times 1/ω0 and 1/ω1. In particular, after squaring the above amplitudes and averaging over the

longitudinal position x+
n ∈

[

x+
0 ; x

+
0 + L+

]

for a medium of constant density, we find a vacuum-like

contribution from the color-channel ‘aa1’ and a medium-modified one from the channel ‘a1a’:

〈|Maa1
1 |2〉 ∼

〈

(K0 −K1)
2 +K2

1 + 2K1 ·(K0 −K1)
sin[ω1L+]

ω1L+

〉

, (3.28)

〈|Ma1a
1 |2〉 ∼ 2

(

1−
sin[ω0L+]

ω0L+

)

K2
0 + 2

〈(

1−
sin[ω1L+]

ω1L+

)

K2
1

〉

−
〈

2

(

1−
sin[ω0L+]

ω0L+
−
sin[ω1L+]

ω1L+
+
sin[(ω1−ω0)L+]

(ω1−ω0)L+

)

K0 ·K1

〉

. (3.29)

To first order in opacity, the calculation is completed by including the channel ‘a’ in which no color

is exchanged with the medium. We have 〈|Ma
1|2〉 = |M0|2+2Re 〈Mcont

2 M∗
0〉, where |M0|2 accounts

for the vacuum branching and

2Re 〈M2M∗
0〉 ∼ −K2

0 − 2

(

1−
sin[ω0L+]

ω0L+

)

K2
0

−2

〈(

sin[ω0L+]

ω0L+
−

sin[(ω1 − ω0)L+]

(ω1 − ω0)L+

)

K0 ·K1

〉

. (3.30)
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In this expression, the term proportional to K0 corresponds to a hard parton that emits a gluon

after scattering; it is the term M1(a) in Fig. 4. On the other hand, the three-gluon vertex in the real
emission amplitude M1(c) in Fig. 4 gives rise to a term proportional to [ta, ta1 ], and the tata1-part

of this commutator provides the contribution ∝ K1 in Eq. (3.25). The two K1 terms (with their
different phase factors) arise from processes in which the propagator of the hard projectile parton

is on or off-shell, respectively. In close analogy, one finds

iMa1a = i g (ta1ta)eip
+x−
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N
∑
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n −x+
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0 )
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(
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n−x+

0 )
)

K1

]

, (3.26)

where the term proportional to K0 corresponds to M1(b) in Fig. 4 and the term proportional to
K1 is the part of M1(c) proportional to ta1ta. Again, the phase factors are different depending on

whether the projectile from the hard event is on or off-shell. In the color-differential amplitude
(3.26), the phase factors are written in terms of the ‘transverse energies’

ω0 ≡
k2
g + x2M2

2 xg p+
, ω1 ≡

(kg − q)2 + x2M2

2 xg p+
. (3.27)

In general, the inverse transverse energies 1/ω0, 1/ω1 act as formation times for medium-induced
gluon emission. The color-averaged result for medium-induced gluon radiation to first order in

opacity is known to depend only on 1/ω1 (we reproduce this result as a check in Eq. (3.31) below).
For the color-differential case studied here, we observe that the result depends on both formation
times 1/ω0 and 1/ω1. In particular, after squaring the above amplitudes and averaging over the

longitudinal position x+
n ∈

[

x+
0 ; x

+
0 + L+

]

for a medium of constant density, we find a vacuum-like

contribution from the color-channel ‘aa1’ and a medium-modified one from the channel ‘a1a’:
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To first order in opacity, the calculation is completed by including the channel ‘a’ in which no color

is exchanged with the medium. We have 〈|Ma
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The sum 〈|Maa1
1 |2〉+ 〈|Ma1a

1 |2〉+ 2Re 〈Mcont
2 M∗

0〉 combines to the color-averaged medium-induced

gluon radiation cross section

k+ dImed

dk+ dkg
= CR

αs

π2

L+

λ+
el

〈

(

(K0 −K1)
2 −K2

0 +K2
1

)

(

1−
sin[ω1L+]

ω1L+

)〉

. (3.31)

This expression shows explicitly that the opacity expansion is an expansion in powers of L+/λ+
el ,

where λ+
el denotes the elastic mean free path of a gluon and R is the representation of the projectile.

Here we are considering a quark, hence CR=CF .

3.4 Dependence of color-differential N = 1 gluon radiation on formation time(s)

In the color-averaged cross section (3.31), the phase factor

(

1−
sin
(

ω−
1 L+

)

ω−
1 L+

)

=

{

0 for 1/ω−
1 $ L+ ,

1 for 1/ω−
1 % L+ .

(3.32)

interpolates between the coherent and incoherent regimes. Thus, the color-inclusive medium-
induced spectrum in Eq. (3.31) vanishes if the gluon formation time prior to its rescattering 1/ω−

1 is

larger than the in-medium path length. This result matches the naive expectation that the medium
can modify only the radiation of those gluons that are fully formed within its finite extension.

Here, we discuss the different behavior of the various color channels: vacuum-like (aa1), medium-

modified (a1a) and not color-correlated with the medium (a). They sum up to the inclusive result
dI ≡ dIvac + dImed, where

k+ dIvac

dk+dkg
≡ k+ dIvac

dk+dkg

∣

∣

∣

∣

a

= CR
αs

π2
K2

0 (3.33)

and

k+ dImed

dk+dkg
≡ k+ dImed

dk+dkg

∣

∣

∣

∣

aa1

+ k+ dImed

dk+dkg

∣

∣

∣

∣

a1a

+ k+ dImed

dk+dkg

∣

∣

∣

∣

a

. (3.34)

For the color-differential contributions on the right hand side of this equation, the in-medium path
length L+ has to be compared with the two distinct formation times 1/ω0 and 1/ω1. To discuss

this dependence, we focus on the four limiting cases in which either one or both formation times are
either significantly larger or significantly smaller than L+. In order to display more transparently
the physical meaning of the various terms we will exploit the large-Nc identities CA=2CF for the

color factors and λ+
q = 2λ+

g for the elastic mean free paths.

1. Totally incoherent case (L+ $ 1/ωi, with i = 0, 1)

In the limit ωiL+ → ∞, the color-averaged medium-induced gluon radiation spectrum (3.31) is
proportional to

〈

(K0 −K1)
2 −K2

0 +K2
1

〉

. This is the incoherent superposition of: the usual
Gunion-Bertsch spectrum for gluon emission ∝

〈

(K0 −K1)
2〉; a negative contribution to the

vacuum radiation spectrum, ∝ −
〈

K2
0

〉

, that corrects the vacuum term for the probability
that the radiated gluon interacts with the medium; and a vacuum-radiation spectrum that is
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dependence on two distinct formation times [only one in the colour inclusive case]
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formation times

� additional formation time becomes relevant [final state gluon]

� look at phenomenologically most relevant limit

�� there is parton energy loss and final state gluon has short formation time

2

For a projectile with (light-cone) energy much larger
than that of its target scattering partner, p+ ! t+, and
for x " 1, the most energetic parton in the final state
in Fig. 1 is defined unambiguously and carries energy
p+f ≡ (1 − x) p+. Distributing the energy of the gluon
equally between its q and q̄-legs in the large Nc-limit (our
final conclusions will not depend on this assumption), the
energy and invariant mass of the most energetic singlet
cluster in a vacuum splitting read

P+
Cvac

% (1 + x/2) p+f , M2
Cvac

% k2/2 x . (5)

These relations hold for the leading color singlet clusters
of the vacuum contribution (1), for the virtual correc-
tion dImed

virt in (4), and for dImed
lowM (in the latter case,

the distributions in x and k contain information about
the medium modification). In contrast, for dImed

highM color
flows from the most energetic final state parton directly
to a target component of momentum t, and

P+
Ctarg

% p+f , M2
Ctarg

= (pf + t)2 % p+ QT . (6)

Here, QT ≡
√
2Eth and Eth is the typical (thermal) en-

ergy of the target component. The invariant mass in (6)
is parametrically larger than in the vacuum case (5) by
a factor

√

p+. This motivates the choice of subscripts in
dImed

lowM and dImed
highM .

One can determine the kinematic conditions and time
scales required for dImed

highM to contribute. The color-

inclusive sum (4) depends on the formation time 1/ω−
1 .

To first order in opacity, we find that the color-differential
contributions on the right hand side of (4) carry inter-
ference factors involving two formation times 1/ω−

1 and
1/ω−

0 ≡ 2k+/k2 (see [11] for full result). Here, we focus
on the relevant limiting cases.
If parton energy loss becomes negligible (ω−

1 L+ " 1)
and if the formation time of the final state gluon is large
(ω−

0 L+ " 1), then

k+
dImed

virt

dk+ dk
= −ζ

αsCR

2π2

〈

K0
2
〉

,

k+
dImed

lowM

dk+ dk
= ζ

αsCR

2π2

〈

K0
2
〉

, k+
dImed

highM

dk+ dk
= 0 . (7)

In this case, the color exchange between the medium and
the projectile occurs predominantly at early times before
the splitting and hence the color flow and invariant mass
of the leading color singlet is vacuum-like, dImed

highM = 0.

In contrast, in the limit 1/ω−
0 " L+ " 1/ω−

1 , one
finds that dImed

virt ∼ −3〈K0
2〉, dImed

lowM ∼ 〈K0
2〉, and

dImed
highM ∼ 2〈K0

2〉. Thus, even if the color-inclusive
sum (4) vanishes, there is a kinematic regime in which
medium-induced color flow changes the invariant mass of
the leading color singlet significantly.
If there is parton energy loss, one finds in the limit

1/ω−

1 , 1/ω−

0 " L+

k+
dImed

virt

dk+ dk
=−3 ζ

αsCR

2π2

〈

K0
2
〉

,

k+
dImed

lowM

dk+ dk
= ζ

αsCR

2π2

〈

(K0 −K1)
2 +K1

2
〉

,

k+
dImed

highM

dk+ dk
= ζ

αsCR

2π2

〈

(K0−K1)
2+K1

2+K0
2
〉

. (8)

In summary, whenever the color-averaged contribution
(4) to radiative energy loss is significant, the resulting
medium modification of color flow changes the kinematic
properties of the most energetic color singlet in more than
50% of all cases, dImed

highM > 0.5 dImed.

For a gluonic projectile, one finds [11] to first order in
opacity, and in the large Nc limit a similar fraction of
clusters Ctarg of parametrically large invariant mass (6).
To higher orders in opacity, multiple interactions between
projectile and target enhance the fraction of color singlet
clusters Ctarg [11]. Therefore, the calculation above illus-
trates generic features of medium-modified color flow in
models of parton energy loss.

Since color is conserved in QCD and since hadrons
are color singlets, a dynamically consistent hadroniza-
tion prescription must relate hadrons to color singlet
fragments of the parton shower. We therefore expect
on general kinematic grounds that the medium-modified
distribution (8) of leading color singlets has consequences
for the dynamics of hadronization. We now illustrate this
point in a cluster hadronization model that encodes es-
sential features of the prescription implemented in the
MC event generator HERWIG [12]; the parton shower
is evolved perturbatively to a hadronic scale (Q0 % 600
MeV in Ref. [12]) at which the entire shower is decom-
posed into its color singlet components (‘clusters’). Clus-
ters C of low invariant mass (MC < Mcr = 4GeV) are
then decayed directly into pairs of hadrons, while clus-
ters of larger invariant mass are decayed first into pairs
of daughter clusters, C → X Y , till the invariant mass
of the daughters satisfies the condition for decay into
hadrons. In parton showers evolved in the vacuum, far
more than 90% of all clusters are found to have a small
invariant mass, MC < 4 GeV [12]. We therefore take in
the following MCvac

< 4GeV. We want to adapt this
cluster hadronization model to a medium-modified par-
ton shower, for which at the final scale Q0 the most en-
ergetic parton carries energy p+f . In more than 50% of
these showers, color will flow from this parton directly to
the target, and one finds for the most energetic cluster
Ctarg an invariant mass MCtarg

> 4GeV within the range
p+f > p+cr = M2

cr/QT . Estimating the thermal energies of
target scatterers by their ideal gas value Eth % 2.7T , we
find for T = 200 (500) MeV a value of QT % 760 (1900)
MeV corresponding to p+cr = 21.0(8.4) GeV. Therefore,
for a wide, phenomenologically relevant range of parton
energies p+f > p+cr, hadronization of Ctarg involves an ad-
ditional step Ctarg → X Y that is absent in the fragmen-
tation of cluster Cvac, and that leads to a most energetic
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for x " 1, the most energetic parton in the final state
in Fig. 1 is defined unambiguously and carries energy
p+f ≡ (1 − x) p+. Distributing the energy of the gluon
equally between its q and q̄-legs in the large Nc-limit (our
final conclusions will not depend on this assumption), the
energy and invariant mass of the most energetic singlet
cluster in a vacuum splitting read

P+
Cvac

% (1 + x/2) p+f , M2
Cvac

% k2/2 x . (5)

These relations hold for the leading color singlet clusters
of the vacuum contribution (1), for the virtual correc-
tion dImed

virt in (4), and for dImed
lowM (in the latter case,

the distributions in x and k contain information about
the medium modification). In contrast, for dImed

highM color
flows from the most energetic final state parton directly
to a target component of momentum t, and

P+
Ctarg

% p+f , M2
Ctarg

= (pf + t)2 % p+ QT . (6)

Here, QT ≡
√
2Eth and Eth is the typical (thermal) en-

ergy of the target component. The invariant mass in (6)
is parametrically larger than in the vacuum case (5) by
a factor

√

p+. This motivates the choice of subscripts in
dImed

lowM and dImed
highM .

One can determine the kinematic conditions and time
scales required for dImed

highM to contribute. The color-

inclusive sum (4) depends on the formation time 1/ω−
1 .

To first order in opacity, we find that the color-differential
contributions on the right hand side of (4) carry inter-
ference factors involving two formation times 1/ω−

1 and
1/ω−

0 ≡ 2k+/k2 (see [11] for full result). Here, we focus
on the relevant limiting cases.
If parton energy loss becomes negligible (ω−

1 L+ " 1)
and if the formation time of the final state gluon is large
(ω−

0 L+ " 1), then

k+
dImed

virt

dk+ dk
= −ζ

αsCR

2π2

〈

K0
2
〉

,

k+
dImed

lowM

dk+ dk
= ζ

αsCR

2π2

〈

K0
2
〉

, k+
dImed

highM

dk+ dk
= 0 . (7)

In this case, the color exchange between the medium and
the projectile occurs predominantly at early times before
the splitting and hence the color flow and invariant mass
of the leading color singlet is vacuum-like, dImed

highM = 0.

In contrast, in the limit 1/ω−
0 " L+ " 1/ω−

1 , one
finds that dImed

virt ∼ −3〈K0
2〉, dImed

lowM ∼ 〈K0
2〉, and

dImed
highM ∼ 2〈K0

2〉. Thus, even if the color-inclusive
sum (4) vanishes, there is a kinematic regime in which
medium-induced color flow changes the invariant mass of
the leading color singlet significantly.
If there is parton energy loss, one finds in the limit

1/ω−

1 , 1/ω−

0 " L+

k+
dImed

virt

dk+ dk
=−3 ζ

αsCR

2π2

〈

K0
2
〉

,

k+
dImed

lowM

dk+ dk
= ζ

αsCR

2π2

〈

(K0 −K1)
2 +K1

2
〉

,

k+
dImed

highM

dk+ dk
= ζ

αsCR

2π2

〈

(K0−K1)
2+K1

2+K0
2
〉

. (8)

In summary, whenever the color-averaged contribution
(4) to radiative energy loss is significant, the resulting
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fragments of the parton shower. We therefore expect
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distribution (8) of leading color singlets has consequences
for the dynamics of hadronization. We now illustrate this
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medium modified channel [gluon decohered] 
accounts for more than half  the cases

shifted in transverse momentum due to the rescattering of the radiated gluon in the medium

∝
〈

K2
1

〉

. For the corresponding color differential contributions, we find from (3.28), (3.29)
and (3.30)

k+ dImed

dk+dkg

∣

∣

∣

∣

aa1

∼
ωiL+→∞

CF

2

αs

π2

L+

λ+
g

〈

(K0 −K1)
2 +K2

1

〉

, (3.35a)

k+ dImed

dk+dkg

∣

∣

∣

∣

a1a

∼
ωiL+→∞

αs

π2

[

L+

λ+
g

(

CF

2

)

(〈

(K0−K1)
2
〉

+
〈

K2
1

〉)

+
L+

λ+
q

CFK
2
0

]

, (3.35b)

k+ dImed

dk+dkg

∣

∣

∣

∣

a

∼
ωiL+→∞

CF

2

αs

π2

L+

λ+
g

(−3K2
0) . (3.35c)

After inspection of the color factors and of the mean-free-paths involved, the above terms
admit a transparent physical interpretation. Eq. (3.35a) is the sum of half of the GB spectrum

〈(K0−K1)2〉 by an on-shell quark and half of the contribution of reshuffled vacuum radiation
〈K2

1〉 by an off-shell quark. Eq. (3.35b), on top of this, gets an additional contribution from
the vacuum radiation K2

0 by an off-shell quark which then suffers a further elastic scattering

in the medium. In this limit, the medium-modified color differential contribution ‘a1a’ is the
largest. As a consequence, the radiated gluon is decorrelated in color from the leading partonic

fragment in more than half of the medium-modified parton branchings. This case is depicted
for instance in Fig. 3.

2. Totally coherent case (1/ωi & L+)
For very large gluon formation times, the gluon is produced far outside the medium. At the
level of the color-inclusive result the medium is not a source of an enhanced rate of parton

branching: the color-averaged medium-induced spectrum in Eq. (3.31) vanishes. However,
with the probability that an elastic interaction occurs, the fragmenting projectile is color

connected to the medium (‘aa1’ channel) rather than to the hard production process (‘a’
channel):

k+ dImed

dk+dkg

∣

∣

∣

∣

aa1

∼
ωiL+→0

L+

λ+
q

CF
αs

π2
K2

0 , (3.36a)

k+ dImed

dk+dkg

∣

∣

∣

∣

a1a

∼
ωiL+→0

0 , (3.36b)

k+ dImed

dk+dkg

∣

∣

∣

∣

a

∼
ωiL+→0

−
L+

λ+
q

CF
αs

π2
K2

0 . (3.36c)

The rearrangement between the ‘aa1’ and ‘a’ channels reflects the fact that color is exchanged

between medium and projectile even if the color averaged spectrum (3.31) remains unchanged,
i.e. even if there is no overall enhanced probability of gluon radiation induced by the medium.

Notice, however, that in both channels the gluon is color correlated with the highest-pT
fragment.
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a curious kinematic window

� color inclusive medium-induced radiation vanishes

� HOWEVER, 2/3 of medium induced gluons [compensated by depletion of 
vacuum radiation] are in a color modified channel

�� resulting hadrons will be softened...

1/!�0 ⌧ L+ ⌧ 1/!�1

3. 1/ω1 ! L+ ! 1/ω0

In this kinematic range, the color-inclusive medium-induced radiation vanishes. Remarkably,
however, the color connection amongst the most energetic fragments is still medium-modified

and two-thirds of the gluons radiated due to medium effects (and compensated by a corre-
sponding depletion in the vacuum spectrum) are carried by the ‘a1a’ contribution and are

thus decorrelated in color from the most energetic fragment
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The factor 2 difference between the ‘aa1’ and ‘a1a’ channels reflects the fact that Eq. (3.37a)

gets contribution only from processes in which the propagator of the hard quark is on-shell
prior to scattering and radiation; for contributions to Eq. (3.37b) this propagator can be either

on- or off-shell.

4. 1/ω0 ! L+ ! 1/ω1

Also in this case, the medium-modified color channel ‘a1a’ – in which the gluon decorrelates

in color from the leading parton – tends to be the most likely one for parton splitting
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As an aside, we note that there are kinematic arguments for why this limiting case may be
less relevant for a medium-modified parton shower2.

In summary, whenever medium-induced gluon radiation is sizable, the qualitatively novel medium-

modified color connection ‘a1a’ of the projectile with the medium arises in more than half of the
processes. Moreover, even in cases in which the color-inclusive induced spectrum (3.31) is negligible,

the presence of the medium can act as a source of color-decorrelation between the radiated gluon
and the leading parton.

2We recall that the gluon in the final state has transverse momentum kg and therefore a formation time 1/ω0.
The term 1/ω1 can thus be viewed as the formation time of a gluon that did not yet undergo scattering with the
medium. Since gluon emission is dominated by collinear branching, the initial gluon transverse momentum kg − q

will be small in most branching processes, and a further momentum transfer from the medium is more likely to
increase the gluon’s transverse momentum than to reduce it. So, on qualitative grounds, the ordering |kg −q| < |kg|
(and equivalently 1/ω0 < 1/ω1) is more likely to occur than the opposite one.
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hadronizing parton showers with medmod flow
� medium modified channel 

[ISR] leads to softer 
spectrum

� ‘missing’ content recovered 
from sub-leading string at 
very low pt and with high 
multiplicity

� unmodified in wide range 
[FF]
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Figure 12. The N = 1 opacity correction to the fragmentation of a high-pT quark, interfaced with the

Lund-string hadronization routine. In the case of final state radiation (FSR, left hand side) the radiated

gluon remains color connected with the other daughter of the branching and, if sufficiently collinear, can

contribute to the energy of the leading hadron. For initial state radiation (ISR, right hand side), the

gluon results color decohered from the leading projectile fragment, independently on the emission angle;

an independent Lund string is associated to it, whose decay will contribute to an enhanced multiplicity of

soft particles.

case of Initial State Radiation (right panel of Fig. 12), the radiated gluon is color decohered from

the projectile fragment; this means that it is instead linked through an independent string to a
low-pT particle in the medium. For the following, the Lund strings in Fig. 12 are defined in terms

of the 4-momenta of their end-points and kinks. For simplicity both the leading quark fragment and
the radiated gluon are assumed to be emitted at mid-rapidity (η = 0, i.e. θ = π/2) and at relative

azimuthal angle φ. The other endpoint of the string will then be attached either to a particle from
the medium or from the beam remnant: in both cases it will sit at low-pT . Medium particles are
taken with a typical thermal energy ∼ 3T , with random event-by-event momentum orientation. For

the temperature we take the value T = 200 MeV5. For the antiquark from the beam remnant, we
choose a large momentum along the beam direction (E = 1 TeV and pT = 0). The only dependence

on E resides in the extension of the plateau in the rapidity distribution of (very soft) hadrons from
the decay of the subleading string.

Figure 13 shows examples of the distribution of hadronic fragments of the Lund strings de-

picted in Fig. 12. These results were obtained for a typical partonic configuration with a quark
at high transverse momentum pT and a radiated gluon at much smaller transverse momentum (as

an illustration we chose here and in the following kT = 0.1 pT ). In the left panel of Fig. 13 we
display, for the two different color channels, the fragmentation pattern of a hard quark branching

in the medium. The FSR case (red curve) corresponds to a vacuum-like color flow: in this case

5The results were found to have a negligible dependence on the temperature. This is consistent with the idea that
the precise position of the soft endpoint of a string is unimportant for the hadronization of hard fragments.
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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
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hadronizing parton showers with medmod flow

� hadrons from subleading 
string distributed in wide 
rapidity range
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Figure 12. The N = 1 opacity correction to the fragmentation of a high-pT quark, interfaced with the

Lund-string hadronization routine. In the case of final state radiation (FSR, left hand side) the radiated

gluon remains color connected with the other daughter of the branching and, if sufficiently collinear, can

contribute to the energy of the leading hadron. For initial state radiation (ISR, right hand side), the

gluon results color decohered from the leading projectile fragment, independently on the emission angle;

an independent Lund string is associated to it, whose decay will contribute to an enhanced multiplicity of

soft particles.

case of Initial State Radiation (right panel of Fig. 12), the radiated gluon is color decohered from

the projectile fragment; this means that it is instead linked through an independent string to a
low-pT particle in the medium. For the following, the Lund strings in Fig. 12 are defined in terms

of the 4-momenta of their end-points and kinks. For simplicity both the leading quark fragment and
the radiated gluon are assumed to be emitted at mid-rapidity (η = 0, i.e. θ = π/2) and at relative

azimuthal angle φ. The other endpoint of the string will then be attached either to a particle from
the medium or from the beam remnant: in both cases it will sit at low-pT . Medium particles are
taken with a typical thermal energy ∼ 3T , with random event-by-event momentum orientation. For

the temperature we take the value T = 200 MeV5. For the antiquark from the beam remnant, we
choose a large momentum along the beam direction (E = 1 TeV and pT = 0). The only dependence

on E resides in the extension of the plateau in the rapidity distribution of (very soft) hadrons from
the decay of the subleading string.

Figure 13 shows examples of the distribution of hadronic fragments of the Lund strings de-

picted in Fig. 12. These results were obtained for a typical partonic configuration with a quark
at high transverse momentum pT and a radiated gluon at much smaller transverse momentum (as

an illustration we chose here and in the following kT = 0.1 pT ). In the left panel of Fig. 13 we
display, for the two different color channels, the fragmentation pattern of a hard quark branching

in the medium. The FSR case (red curve) corresponds to a vacuum-like color flow: in this case

5The results were found to have a negligible dependence on the temperature. This is consistent with the idea that
the precise position of the soft endpoint of a string is unimportant for the hadronization of hard fragments.
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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
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further emissions outside
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Figure 15. The same as Fig. 13, but for two choices of quark energy, and for a varying azimuthal angle

φ of the radiated gluon. As the relative angle gets larger the FF suffers a softening.
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Figure 16. The color flow associated with medium-induced FSR (left hand side) and ISR (right hand

side) in the N = 1 opacity expansion, supplemented with an additional second gluon emission at late time.

additional kink to the leading string, but it does not change the fact that the color-decohered gluon

of the ISR configuration hadronizes in a separate, subleading string, while in the FSR contribution
both gluons are part of the leading string. As a consequence, if both gluons of the FSR contribution

are produced sufficiently collinear, they can contribute to the production of the leading hadron, and
the corresponding fragmentation function in Fig. 17 extends up to the transverse momenta that
correspond to the sum of the transverse momentum of the three projectile partons in the final

This number increases only very weakly with ptrigT .
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state. In contrast, the color-decohered gluon of the ISR contribution is lost for the formation of

the leading hadron. In this way, Figure 17 clearly illustrates that additional parton branching at
late times does not wash out the effects of medium-induced color decoherence. More precisely,

medium-induced color decoherence removes efficiently a fraction of a jet’s energy from the high-pT
part of the fragmentation function by hadronizing it independently in soft fragments. The leading

string, however, irrespective of the number of gluons (i.e. kinks) radiated outside the medium that
it involves, appears to correspond at sufficiently high pT to a vacuum fragmentation pattern of a jet
of lower (ISR gluons are decohered) total transverse energy. We emphasize that this observation

depends mainly on two generic features, namely that color-decohered gluons correspond to different
strings and that additional branchings at late times correspond to (typically small) kinks on the

same string and thus contribute to the distribution of leading fragments.
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Figure 17. The pT -distribution of hadrons from the fragmentation of the Lund strings interfaced with

the two color-flows involved at N = 1 order in opacity supplemented by the subsequent showering shown

in Fig. 16. The two parton branchings were at azimuthal angle φ = 0.2 and φ = 0.1, respectively. The

figure illustrates that the effects of medium-induced color decoherence are not washed out by subsequent

showering.

6 Conclusions

In the absence of medium effects, the only color correlation between a final state parton shower
and the rest of a hadronic collision is the one between the color of the primary ‘parent’ parton and

some color-compensating beam remnant. Jet-medium interactions change this feature generically
and characteristically. To date, very few studies [14, 15, 30–35] have addressed aspects of the role

played by medium modifications of color flow. Most studies focus solely on medium-induced changes
of the multiplicity and kinematic distribution of partons in the shower. In the present work, we

have pointed out that jet-medium interactions give rise to qualitatively novel color correlations in
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single hadron spectra

� single hadron spectra sensitive to the hard tail of the fragmentation function

�� FF convoluted with steeply falling spectra, thus sensitive to higher moments

�� for same parton energy loss, colour connections can be significant source of 
suppression [contribution to RAA]
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Figure 14. The ratio of 6-th moments of the ISR and FSR contributions to the fragmentation functions

of partonic configurations shown in Fig. 12. Here, prior to hadronization the leading quark has transverse

momentum pT , and the radiated gluon carries a scaled transverse momentum kg = 0.1 pT and is emitted

at φ = 0.1.

the color connections can introduce an additional significant source of suppression of the hadronic
spectrum. Quantitatively, in the case displayed in Fig. 13, one finds for instance 〈x6〉ISR = 0.052 and
〈x6〉FSR = 0.078 for the ISR and FSR channels respectively. In summary: since medium-induced

color decoherence of radiated gluons depletes naturally the high-pT tail of fragmentation functions,
it can contribute to reducing the nuclear modification factor RAA. A similar observation was made

in a recent study [19], in which parton splittings with medium-modified color flow were interfaced
with a cluster hadronization model. Also in that case the suppression showed a weak dependence

on transverse momenta and persisted at transverse momenta exceeding 100 GeV. Fig. 14 supports
the picture that medium-induced color decoherence can be a relevant factor for understanding the
value and pT -dependence of the nuclear modification factor at high transverse momentum.

Elementary formation time arguments suggest [29] that hadronization can occur time-delayed
outside the medium, and that the earliest parton branchings in a shower can be medium-modified

since they occur inside the medium. However, these earliest branchings may be followed by subse-
quent partonic branchings outside the medium prior to hadronization. The question arises whether
the features observed in Fig. 13 and 14 are robust against inclusion of such subsequent parton

branchings. The structure of typical parton branching histories indicates that inclusion of a single
additional splitting on top of the ISR and FSR contributions of Fig. 12 provides already significant

insight into the question of how final state branchings may alter the effects of medium-induced color
decoherence on hadronization 7. As shown in Fig. 16, inclusion of another parton splitting adds an

7 As a consequence of the steeply falling pT dependence of spectra, by triggering on the pT of a parton at the end
of a shower evolution one typically selects parton showers that have suffered a very limited number of branching.
For instance, for a sample of quarks at LHC energy generated by Pythia in a ‘hard event’ + ‘final state shower’
process, one finds for a trigger pT ∼ 50 GeV of the final quark an average number of daughter gluons of order ∼ 2.5.
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very appealing pQCD based overall picture

BUT

can we confidently exclude a conceptually different 
scenario in which strong jet-medium coupling effects 
drag energy from all jet ‘propagators’ and ‘vertices’ 
remain pQCD like ???

Can Gulhan, Casalderrey-Solana, Milhano, Pablos, Rajagopal  
36



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]
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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]

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

�� rare 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]
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the truth is in data 

� theory validation [constraining dynamics] requires 

�� multi-observable description [RAA, IAA (jets, hadrons), jet asym, shapes, FFs, ...]

• understand specific biases [pathlength, etc.] and sensitivities to dynamical 
mechanisms 

Renk [1110.2313,1112.2503,1202.4579.1212.0646]
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simplified implementation, in the context of the HT for-
malism [89], and qualitatively in agreement with YaJEM-
D, a strong increase of RAA with PT and no overquench-
ing is observed.
We can infer from these observations that PT ,

√
s de-

pendence of RAA and centrality dependence provide in
some sense orthogonal constraints. While the centrality
dependence favours models in which energy loss scales
with a high power of pathlength and rules out incoherent
mechanisms, almost the opposite is true for the PT de-
pendence at LHC where models with a weak pathlength
dependence fare better with the data since they have a
higher probability of inducing only small energy loss.
The only class of models which can account for both

observables simultameously introduces a minimum in-
medium virtuality scale, as exemplified by both YaJEM-
D [61] and resummed HT [56, 89]. This implies that
the dominant mechanism of leading parton energy loss is
indeed likely to be medium-induced perturbatively cal-
culable radiation, but this mechanism can not be treated
in a leading parton energy loss model, since such a model
can not implement a constraint on the minimum virtu-
ality scale of a developing shower. Thus, coherence is
an important ingredient, but on the level of the LPM
effect as implemented in leading parton energy loss mod-
els it is effectively not much different from an incoherent
mechanism [60–62]. Currently, there is no evidence that
a strong coupling scenario is favoured (or even allowed)
by the combined high PT observables.

D. zT dependence of IAA at RHIC

The suppression factor IAA of back-to-back correlated
yield corresponds to a conditional probability of finding
subleading hadrons on the near or away side given a trig-
ger hadron in a certain momentum range. The require-
ment of a trigger biases the selection of events in various
interesting ways as compared with a full jet observable
where (in principle) every high pT scattering process con-
tributes in an unbiased way [90]. With zT being the ratio
of trigger momentum over associate hadron momentum,
the low zT range of IAA then probes the fragmentation
pattern of subleading shower hadrons given the biased
selection of triggered events.
Due to the combination of biases, IAA is a fairly com-

plicated observable, but it has several advantages over
single inclusive hadron suppression. First, since the path
of the away side parton through the medium is always
different from the path of the near side parton, a simul-
taneous measurement of RAA and IAA allows to probe
pathlength dependence of a parton-medium interaction
model for central collisions, i.e. without any change in the
hydrodynamical evolution from the point where model
parameters are calibrated. Second, the near and away
side correlated yield at low zT is sensitive to subleading
fragmentation, i.e. probes the dynamics of energy redis-
tribution within a shower beyond the validity of a leading

parton energy loss model. Third, the trigger requirement
leads (for RHIC kinematics more strongly than for LHC
kinematics) to a bias for the away side parton to be a
gluon and thus opens some sensitivity to the parton type.
The systematics of the dependence of IAA both on the

medium evolution model and the parton-medium inter-
action model has been investigated in [90] and [91].
The main results can be summarized as follows: For

zT > 0.5 (i.e. for leading hadron physics), the sys-
tematics of IAA agrees with what can be obtained from
RAA(φ), i.e. the same pathlength dependences in com-
bination with the same hydrodynamical models are pre-
ferred by both observables, although there are differences
in the sensitivity in detail.
For zT < 0.5, clear differences between models uti-

lizing the energy loss approximation and full in-medium
shower evolution codes are apparent. While energy loss
models qualitatively show the wrong behaviour with the
data, i.e. a decrease of IAA when approaching low zT
from above, in-medium shower codes show an increase
corresponding to the medium-induced additional gluon
radiation. Note that in energy loss models this contri-
bution is absent because the fate of subleading partons
is not explicitly tracked by definition, and thus energy
lost from the leading partons by construction disappears
from all observables.
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FIG. 4: Away side dihadron suppression factor IAA computed
with YaJEM in a pure radiative scenario (YaJEM-D) and
with a 10% contribution of elastic energy loss (YaJEM-DE)
[91] and for comparison also in the energy loss approximations
models ASW and AdS using a 3+1 d hydrodynamical model
for the medium [20] compared with STAR data [92]. Lines in
theory results are drawn to guide the eye.

The observation of an upward trend of IAA for low
zT in itself can thus be taken as evidence for a medium-
induced radiation scenario, as this region probes the rem-
nant of the radiation after hadronization explicitly. This
is illustrated in Fig. 4 with results from YaJEM-D us-
ing the best choice for the medium model in comparison
with model results using the energy loss approximation.

sensitivity of IAA to weight of elastic energy loss
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consistency

� theory validation [constraining dynamics] requires 

�� RHIC to LHC description

2

[58]

TAB(C) =
〈

∫

d2!x⊥TA(!x⊥ −
!b

2
)TB(!x⊥ +

!b

2
)

〉

b∈C

(2)

in terms of the Glauber nuclear thickness profile
TA(!x⊥) =

∫

dzρA(z, !x⊥) and Wood-Saxon nuclear den-
sity ρA normalized to A.
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FIG. 1. WHDG model [53] predictions (blue bands extrapo-
lated from the RHIC constrained green band) for the nuclear
modification factor of π0 in Pb+Pb 2.76 ATeV LHC are com-
pared to ALICE/LHC [1] charged hadron nuclear modification
data in central (red solid) and peripheral (open red) reactions.
The PHENIX/RHIC Au+Au→ π0 nuclear modification data
[34] are shown by black dots. The brown triangles and blue
stars represent the charged hadron PHENIX [32] and STAR
[33] data, respectively. The blue band of WHDG predictions
corresponds to the 1-σ medium constraint set by PHENIX [34]
extrapolated to LHC via the ALICE charged particle rapidity
density [2]. The wide yellow band is the current systematic
error band of the (red dot) LHC data due to the unmeasured
p+p reference denominator.

In the absence of both initial state and final state nu-
clear interactions RAB = 1. For pT below some charac-
teristic medium dependent transverse momentum “sat-
uration” scale, Qs(pT ,

√
s, A), the initial nuclear par-

tonic distributions functions (PDFs) [59–61] fa/A(x =
2pT /

√
s,Q2 ∼ p2T ) < Afa/N (x,Q2) are expected to be

shadowed, leading to RAA < 1 because the incident flux
of partons is less than A times the free nucleon parton
flux. Color Glass Condensate (CGC) models [11, 62–
68] have been developed to predict Qs(pT ,

√
s, A) related

initial state effects from first principles. While the mag-
nitude of Qs at LHC is uncertain and will require future
dedicated p+Pb control measurements to map out, cur-
rent expectations are that Qs < 5 GeV at LHC in the
central rapidity region. This should leave a wide jet to-

mographic kinematic window 10 < pT < 200 GeV in
which nuclear modification should be dominated by final
state parton energy loss and broadening effects. In this
paper, we therefore assume that initial state nuclear ef-
fects can be neglected in the 10 < pT < 20 (i.e. x > 0.01)
range explored by the first ALICE data [1]. We note that
from Fig. 1, and as discussed in detail below, our RHIC
constrained jet quenching due to final state interactions
alone already tends to over-predict the pion quenching
at LHC and therefore leaves no room for large addi-
tional shadowing/saturation effects in the [68–70] in this
Q2 > 100 GeV2 kinematic window—unless the sQGP is
much more transparent at LHC than expected from most
extrapolations of jet quenching phenomena from SPS and
RHIC to LHC energies.
The main challenge to pQCD multiple collision theory

of jet tomography and AdS/CFT jet holography is how to
construct a consistent approximate framework that can
account simultaneously for the beam energy dependence
from SPS to LHC energy and for the nuclear system size,
momentum, and centrality dependence from p+p to U +
U of four major classes of hard probe observables: (1) the
light quark and gluon leading jet quenching pattern as a
function of the resolution scale pT , (2) the heavy quark
flavor dependence of jet flavor tagged observables, and (3)
the azimuthal dependence of high pT particles relative to
the bulk reaction plane determined from low-pT elliptic
flow and higher azimuthal flow moments, vn(pT ), and (4)
corresponding di-jet observables.
The first LHC heavy ion data on high transverse mo-

mentum spectra provide an important milestone because
they test for the first time the density or opacity depen-
dence of light quark and gluon jet quenching theory in a
parton density range approximately twice as large as that
studied at RHIC. The surprise from LHC is the relatively
small difference observed between the RHIC [32–34] and
ALICE [1] LHC data on RAA(10 < pT < 20 GeV), as
shown in Fig. 1. In addition, there is little difference
from RHIC to LHC between the differential elliptic flow
probe, v2(pT < 2), as reported in [3]. The rather striking
similarities between bulk and hard observables at RHIC
and LHC pose significant consistency challenges for both
initial state production and dynamical modeling of the
sQGP phase of matter.
In this paper, we focus on the puzzle posed by the

similarity of inclusive light quark/gluon jet quenching at
RHIC and LHC by performing a constrained extrapola-
tion from RHIC using the WHDG model [53] to predict

Rπ0

AA at 2.76 ATeV cm energy. We update our earlier
2007 LHC predictions in [71, 72], by extrapolating the
2008 1− σ PHENIX/RHIC constraints [34] of the opac-
ity range at

√
s = 0.2 ATeV using the new 2.76 ATeV

ALICE/LHC [2, 4] charged hadron rapidity density data,
dNch/dη = 1601±60, in the 0−5% most central collisions
and 35± 2 in the 70− 80% peripheral collisions.
We note that in strong coupling AdS/CFT approaches

to hard jet probes, the pQCD high-pT jet tomogra-
phy theory is replaced by a gravity dual jet holographic

Gyulassi, Horowitz [1104.4958]
Betz, Gyulassi [1201.0281]
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� theory validation [constraining dynamics] requires 

�� ...

�� assessment of importance of NLO corrections

�� jet reconstruction [as in exp]

�� response of calculables to background

�� detector response [exp unfold/ph fold :: we need to decide]

consistency
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Cacciari, Salam, Soyez, Quiroga [1209.6086]
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outlook
•in just over ten years jet quenching has gone from ‘an idea’ to a robust 
experimental reality 
•recent efforts have established a clear pathway to conclude [soon] the 
‘establish the probe’ programme
•recent efforts have readied the necessary [embedding] tools  for realistic 
medium probing

•pA as complementary baseline [CNM]

•time to think hard about ‘new’ observables 

•direct sensitivity to formation times
•sensitivity to different time and spacial scales
•isolation of ‘pure’ sample of strongly modified jets
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where does hadronization happen ?
� unmodified parton shower, embedded in 

semi-realistic collision geometry

�� large fraction of splittings in history 
of fragments in reconstructed jet 
occur outside the medium

�� hadronization, which follows last 
splittings, is arguably outside [and 
more so for high-pt fragments]

3

FIG. 1: Sketch of the evolution process for the associated jet in a di-jet event. The fragmentation proceeds by several splittings
from the initial hard vertex up to the final particles. The jet reconstruction procedure, represented by the blue cone, does not
include all the fragments generated in the evolution. Thus, not all the splittings are directly connected to the particles used
for the jet reconstruction. Note that all the fragments within the cone originate from a common ancestor (the parent parton,
marked with a double line) and prior splittings only change the overall kinematics of that parton. From all the splittings in
the chain, only n

R

splittings, represented by circles, are seeded by the parent parton and connected to the final reconstructed
fragments, these splittings influence the most the final fragment distribution (up to kinematical changes).

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

The probability distribution Pout

R

(L) for splitting after a given time L is obtained from the event generator as the
average over the Monte Carlo sample

Pout

R

(L) =

⌧
n

out

R

(L)

n

R

�
, (3)

where the index R indicates that only branchings in the chains of those partons that end up within the jet definition
are included, n

R

is the total number of such splittings in a an event, and n

out

R

(L) the number of those that occur
at ⌧

S

> L. The distribution Pout

R

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

As we have stressed repeatedly, the above procedure provides only an estimate of the typical distribution since it
is based on the identification of the typical scale of the emission process and assumes that all the splittings occur at
such fixed time. This procedure clearly overestimates the emission time, since in reality it is given by a distribution in
times with characteristic value ⌧

f

, with emission both at earlier and later times than ⌧

f

being allowed. To account for
this spread, we will use a simple assumption for the emission time distribution: the probability that a given splitting
with typical formation time ⌧

f

occurs at time ⌧ , D(⌧) is given by

D(⌧) =
1

⌧

f

e

�⌧/⌧f
. (4)

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

f

, eq. (4) — as an estimate of the uncertainty in
the distribution.

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

t
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FIG. 2: Probability that the splittings of the parent partons occur at a time larger than L in the frame where the parton is
transverse for leading (left) and associated (right) jets in di-jet events of p

T,leading

> 100 GeV and p
T,associated

> 40 GeV. The
bands correspond to the two di↵erent estimates of the splitting time described in the text. A transverse momentum p

T

-cut at
reconstrunction level has been introduced. As the p

T

-cut is increased, late fragmentation patterns are favored.

sequential recombination algorithm [19] for di↵erent values of R, as implemented in FastJet [20]. The events were
selected with criteria based on those used by the CMS collaboration [37]. A minimum p

T,leading

of 100 GeV was
required for the leading jet. Once such jet was found, the subleading jet was required to have p

T,associated

>40 GeV
and to be su�ciently separated in azimuth from the leading jet, ��1,2 � 2⇡/3. Further, a cut in rapidity was imposed,
selecting only jets within |y| <2.

From this sample we compute the restricted probability Pout

R

(L) for both the leading and associated jet, see Fig.
2. In these plots the bands correspond to the two models for computing the emission time described above. A
transverse momentum cut of the gluons used in the jet reconstruction has been introduced: in both plots the upper
band corresponds to a p

T

-cut of 10 GeV and the lower one to 0.1 GeV. For either cut, both in the leading and in
the associated jet we observe that the shower develops in a rather long time. In fact, the distribution possesses a
long tail at very large times, which reflects the logarithmic divergence in Q

2 of the splitting kernel. Remarkably, the
probability of splittings occurring at times as large as L = 5 fm, comparable to the radius of a large nucleus, is larger
than 50%.

III. IN-MEDIUM LENGTH IN HEAVY ION COLLISIONS

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

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

AA

(x0, y0, b)

T

AA

(x0, y0, b) = T

A

(x� b/2, y)T
A

(x+ b/2, y) (5)

where the nuclear density profile T

A

(x, y) =
R
dz⇢(x2 + y

2 + z

2) is computed from the nuclear density ⇢(r), given by
the standard Woods-Saxon potential [48]. From these emission points, jets can travel at any direction in the transverse
plane given by the (randomly selected) unit vector n̂ = (cos(�), sin(�)).
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through matter in one such collision.
The paper is organized as follows: In section II, the time structure of vacuum QCD evolution is studied. Since

we are motivated by the properties of fragmentation functions, we will focus on the time distribution of partonic
splittings and determine the fraction of splittings that occur at time larger than a given value L. In section III, we
determine the path length distribution of jets in heavy ion collisions. To take into account surface biases, a simple
absorption (quenching) model for jets is used and the path length distributions for leading and associated jets are
obtained. In section IV we convolute both distributions to determine the fraction of splittings that in an unmodified

jet would occur outside the medium created in heavy ion collisions. We conclude the paper in section V by discussing
how our vacuum jet analysis can help constraining models for in-medium modification of jets.

II. ESTIMATING THE TIME STRUCTURE OF QCD VACUUM SHOWERS.

The description of final state QCD branching is a perfect example of the predictive power of perturbative QCD.
While both the evolution equations that dictate the branching dynamics and their implementation in modern Monte
Carlo event generators have become standard textbook material (see for example [35]), they are invariably formulated
in momentum space and little is known about the space-time structure of the branching process. Most attempts to
understand this structure rely on an uncertainty principle argument to estimate the typical emission times of partons:
in a time-like parton shower, the typical lifetime of a parton of virtuality Q (i.e. the time elapsed prior to its splitting
into two less virtual objects) is given, in its rest frame, by ⌧

f

⇠ 1/Q. Thus, a parton with energy E in the centre of
mass frame of the collision has its lifetime boosted to

⌧

f

= 2
E

Q

2
, (1)

where the factor 2 ensures that for the emission of soft gluons with four momenta (!, k?, k), the formation time
coincides with the usual relation ⌧

f

= 2!/k2? . In this note we assume that the above argument holds, generalizing it
to the estimation of the fragmentation times of partons in a QCD shower.

Eq. (1) describes the lifetime of a single virtual excitation. However, final state partons in a typical high energy
QCD process undergo several perturbatively describable splittings with the decay time of a given parton in the chain
dictated by the kinematics of the fragmenting parton at that point in the chain. Hence, eq. (1) determines the time
to emission relative to the parton being formed. Since DGLAP evolution imposes a strict ordering in virtuality, with
those splittings involving higher virtuality occurring earlier, the time for splitting of a parton following n previous
splittings is given by

⌧

S

=
nX

i=1

⌧

f

(i) . (2)

These assumptions allow us, provided the virtuality at each step of the decay chain is known, to estimate the typical
times needed for the evolution of a vacuum QCD shower. We note that the determination of the relevant virtualities
is necessarily model dependent. Although solidly grounded in QCD, the practical implementation of the evolution
process in event generators requires modeling assumptions that go beyond the controlled approximations in which
QCD calculations are performed. Even within a given event generator several di↵erent schemes for the branching
process are considered. The aim of this note is to provide a simple, yet realistic, estimate. As such we resort to a
specific scheme implemented in PYTHIA [36] where the evolution variable is the mass of the splitting virtual object
and energy momentum conservation is imposed at each splitting step. Within this implementation we can reconstruct
the branching chain of hard patrons in any process and assign an emission ⌧

S

to each splitting.
In all event generators, DGLAP evolution is carried down to a minimal scale Q0 after which the dynamics is

non-perturbative. Since di↵erent event generators vary considerably at this stage we will refrain from discussing the
time structure at such late stages. However, in order to account for the dynamics at this stage we will add, for each
fragment, a final splitting to the perturbative chain at a time given by eq. (1) with virtuality Q = Q0 (Q0 = 1 GeV
in PYTHIA). This time can be understood as the lifetime of a parton prior to its fragmentation onto hadrons.

Of particular interest for the purposes of this note is the probability of splitting after a given time ⌧ . To construct
this probability, and for reasons that will become apparent in the next section, we will perform a longitudinal boost
from the collision centre of mass frame to the frame where the parent parton is transverse to the beam direction. In
the remainder of the paper we will refer to the time in this boosted frame simply as time.

The emission time of a given step in the decay chain depends on prior splittings, see eq. (2). Thus, information on
the chain back to the hard vertex is required. However, fragmentation functions are mostly sensitive to the dynamics
of the closest common ancestor (parent parton) to the final fragments and branchings prior to the parent parton only
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Of particular interest for the purposes of this note is the probability of splitting after a given time ⌧ . To construct
this probability, and for reasons that will become apparent in the next section, we will perform a longitudinal boost
from the collision centre of mass frame to the frame where the parent parton is transverse to the beam direction. In
the remainder of the paper we will refer to the time in this boosted frame simply as time.

The emission time of a given step in the decay chain depends on prior splittings, see eq. (2). Thus, information on
the chain back to the hard vertex is required. However, fragmentation functions are mostly sensitive to the dynamics
of the closest common ancestor (parent parton) to the final fragments and branchings prior to the parent parton only
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FIG. 4: Fraction of splittings of the parent parton that occur outside of the medium, assuming that in heavy ion collisions jet
evolution proceeds as in vacuum. The analysis is performed for di-jet events of leading jet transverse momentum p

T,leading

> 100
GeV and associated jet momentum p

T,associated

> 40 GeV and for a lead-lead collision with centrality class 0� 30 %. A very
mild dependence of this fraction is observed both in the reconstruction radius R (left) and in the z�fraction of transverse
momentum (right). Note that in the two plots sample di↵erently the distribution of splittings (see text for discussion).

di↵erence between the two procedures is not large and does not a↵ect significantly the conclusions of our study. It
should be kept in mind that our observations are not based on a well grounded theoretical model and should not be
taken for more than indication of the underlaying dynamics.

In addition to this uncertainty, we would like to stress once more that our analysis has been performed at parton
level and hadronization e↵ects have not been taken into account. While the time scale estimation of the gluon shower
is not a↵ected by such e↵ects, hadronization can alter the distribution of particles within the reconstruction cone,
specially at small radius [42]. Furthermore, the decay of the final partonic system into hadrons will lead to a softer
distribution of fragments at hadronic level than at partonic level. In this sense, the p

T

-cut we have imposed in the
distribution in Fig. 4 (a) is too low for a comparison with experimental data; generically, hadrons with p

T

> 4 GeV
will be the result of the hadronization of more energetic partons. However, as we have shown in Fig. 2, imposing a
higher p

T

cut pushes the distribution of splittings to later times, increasing the fraction f

out

.
Finally, the particular value of f

out

we have obtained depends on the absorption model for jets that we have
described in section III. As stressed there, while we view this model as theoretically motivated, the exact length
dependence of the jet energy loss is not known [43–45]. A weaker length dependence than the one we have used would
reduce the di↵erence of path lengths between leading and associated jets and the value of f

out

for each of them would
be between the two bands in Fig. 4. A stronger length dependence would increase that separation, increasing f

out

for
the leading jets and reducing it for the associated ones. However, unless a very strong dependence on L is advocated,
which is neither theoretical nor phenomenologically justified, we do not expect a dramatic change in the f

out

value.
In particular, for leading jets and for any length dependence, the fraction of relevant splittings outside of the medium
will be always larger than 70% (in the kinematic range of interest and for R = 0.3).

V. SUMMARY AND DISCUSSION

In this note we have studied the time structure of jet evolution in the vacuum by following the DGLAP chain
and assigning to each splitting a decay time given by eq. (1). For the kinematic range currently explored in jet
measurements at the LHC, several splittings occur as the partons produced in an elementary collision shower towards
final hadrons. We have studied the time distribution of those splittings from the parent parton, fig. 2, defined as
the latest step in the decay chain common to all the fragments within the reconstructed cone, and concluded that for
those jets the fragmentation process in vacuum takes a long time, comparable to the nuclear radius. We have also
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FIG. 3: Path length distribution of high energy particles in a heavy ion collisions for a centrality class of 0 � 30%. The
dashed line corresponds to neglecting energy loss e↵ects. The dotted and solid lines correspond to leading and associated jets,
respectively, in di-jet events with energy loss e↵ects described by the absorption model eq. 8.

dynamics of those splittings that occur outside the medium remain unchanged, up to an overall reduction of the parent
parton energy when it leaves the medium due to energy loss [50]. Both this phase space reduction and the additional
probability of splitting tend to accelerate the evolution process as compared to the vacuum. As a consequence, the
in-medium formation time is modified, as it has been explicitly shown in the in the context of radiative energy loss
in [40, 41]. Thus, by convoluting the vacuum distribution fig. 2 and fig. 3, we can establish an upper bound on the
fraction of splittings f

out

that occur outside the medium

f

out

=

Z
dxP

dw

(x)Pout

R

(x) . (9)

In Fig. 4 (a) we show f

out

as a function of the anti-kt radius R for both leading (upper band) and associated jets
(lower band) with the energy and centrality cuts as specified in previous sections. As for the computation of Pout

R

, the
shown bands reflect the spread in the result due to the two di↵erent ways of estimating the time evolution described
in section II. In both cases, motivated by the the experimental analysis of jet distributions [24], we have added a lower
p

T

= 4 GeV cut in the transverse momentum of the partons at reconstruction level. From this plot we conclude that
for leading jets most of the branching process occurs outside of the medium, with f

out

> 80%. For the associated
jet, where the in-medium path lengths are larger, there is a reduction in the fraction of outside splittings; however,
even for those f

out

> 70%. Additionally, our study shows a very small dependence of f
out

on the reconstruction
radius; small radii, which favor collinear fragmentation patterns, have a larger contribution of splittings outside of
the medium in both cases, but the dependence is mild and even for radius as large as R = 0.6 the fragmentation is
dominated by late splittings.

In Fig. 4 (b) we show a fragmentation function-like distribution in which the fraction of events is computed in bins
of the fractional transverse momentum of the parton in the jet

z =
p

T,parton

p

T,jet

, (10)

with p

T,jet

the modulus of the vectorial sum of transverse momenta of all the partons within the jet for a fixed jet
radius R = 0.3. Once again, we observe, at best, a very mild dependence on the energy of the fragment in both leading
and associated jets; in both cases, the majority of fragments occur outside of the medium for all energies. Note that
in this distribution f

out

is smaller, for all z-bins, than the corresponding value in Fig. 4 (a). This is a consequence of
our procedure to avoid double counting of splittings, since in the more inclusive distribution, Fig. 4 (a), more partons
share common splittings than in the more di↵erential one Fig. 4 (b). Since common splittings occur earlier in the
evolution and they are only counted once, the sample used in Fig. 4 (b) gives a larger weight to late splittings. The
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various regions of phase space will be explored. In
Sect. V, dispersion relations that will be used to
evaluate the operator products will be set up. In
Sect. VI we discuss the details of the lattice gauge
theory calculation. We conclude in Sect. VII with
an outlook for future work.

II. PQCD PROCESSES IN A QGP BRICK

The notion that jet transport coe�cients repre-
sent properties of the medium and thus should be
calculable in lattice QCD has definitely been infor-
mally considered for some time now. The most naive
approach would be to simply take the expression for
a given transport coe�cient, say q̂, as derived in an
appropriate e↵ective theory in Ref [27], where
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and attempt to compute this on the lattice (In the
equation above F?

µ⌫ is a gauge field strength opera-
tor, one of whose indices are either 1 or 2). This par-
ticular form of the transport coe�cient is obtained
in either covariant gauge or light-cone gauge.

The equation above is not manifestly gauge invari-
ant and requires the introduction of Wilson lines.
At first sight, the path taken by the Wilson lines
seems arbitrary. However, following the arguments
in Ref. [28], one obtains four di↵erent Wilson lines
that need to be included, two along the light-cone di-
rection and two along the transverse direction. The
fully gauge invariant expression for q̂ is now given
as,

q̂ =
4⇡2↵s
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In the equation above, U represents a Wilson line
along the (�) light-cone direction and T represents
a Wilson line along the transverse light-cone direc-
tion. If the calculation were being carried out in co-
variant gauge, only the light-cone Wilson lines will
contribute, while for the calculation in light-cone
gauge, only the transverse Wilson lines will con-
tribute. Thus while the exact expressions are rather
di↵erent in the two gauges, both may be derived
from Eq. (2). Given the extent of the Wilson lines
(and the issues related with analytically continuing

an euclidean operator product to one that is almost
light-like separated), it appears almost impossible to
evaluate these on a finite size lattice.

However, there exists an alternative, based on the
similarity between q̂ and the gluon distribution func-
tion and the method by which parton distribution
functions (PDFs) are evaluated on the lattice [29–
32], i.e., using the method of operator product ex-
pansions. Imagine a high energy process e.g. the
deep inelastic scattering (DIS) of an electron with
momentum k o↵ a single quark prepared with mo-
mentum p, at one edge of a finite volume V which
is maintained at a fixed temperature T ⇠ ⇤QCD.
At this temperature the volume will be filed with
strongly interacting matter, which at temperatures
somewhat below ⇤QCD will be a hadronic gas and at
very high temperatures will be quark gluon plasma.
We maintain the chemical potential µ = 0 so that
the contents have the conserved charges of the vac-
uum. On scattering o↵ the electron, the quark will
produce a hard virtual quark which will then prop-
agate through the medium. In vacuum such a par-
ton would undergo a perturbative shower, spraying
partons with ever lower virtuality until the scale be-
comes comparable to ⇤QCD and hadronization be-
gins to set in. In the presence of a strongly inter-
acting medium the produced shower will scatter o↵
the constituents in the medium, di↵use in transverse
and longitudinal momentum, and be induced to ra-
diate more partons leading to a further degradation
in the energy of the part of the jet which escapes the
medium.

If the medium is not larger than E/µ2
0, where E

is the energy of the jet, and µ0 is the minimum scale
below which pQCD is no longer applicable, a portion
of the jet will hadronize outside the medium. The
di↵erential cross section for any particular outcome
from such a hard scattering process can be expressed
using the standard factorized formula,

d�h =
↵2

k · pQ4
Lµ⌫dW

µ⌫ , (3)

where Lµ⌫ is the usual leptonic tensor and dWµ⌫

is the di↵erential hadronic tensor for the particular
process of interest; all interactions which involve the
QCD coupling g are contained within the hadronic
tensor.

Say further that in the hadronic tensor, we could
factorize the initial distribution of the hard quark,
the hard scattering o↵ the photon and the final prop-
agation through the medium as,

dWµ⌫ =

Z
dxf(x)d�̂µ⌫D({pf}). (4)

In the equation above, f(x) represents the distribu-
tion of the initial quark; in the case of quark inside a
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medium.

If the medium is not larger than E/µ2
0, where E

is the energy of the jet, and µ0 is the minimum scale
below which pQCD is no longer applicable, a portion
of the jet will hadronize outside the medium. The
di↵erential cross section for any particular outcome
from such a hard scattering process can be expressed
using the standard factorized formula,

d�h =
↵2

k · pQ4
Lµ⌫dW

µ⌫ , (3)

where Lµ⌫ is the usual leptonic tensor and dWµ⌫

is the di↵erential hadronic tensor for the particular
process of interest; all interactions which involve the
QCD coupling g are contained within the hadronic
tensor.

Say further that in the hadronic tensor, we could
factorize the initial distribution of the hard quark,
the hard scattering o↵ the photon and the final prop-
agation through the medium as,

dWµ⌫ =

Z
dxf(x)d�̂µ⌫D({pf}). (4)

In the equation above, f(x) represents the distribu-
tion of the initial quark; in the case of quark inside a
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