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Jet Quenching “before LHC”
Standard jet quenching models: description in terms of radiative energy loss.

Four classes of formalisms based on pQCD:

4

2.3. Hard Probes 27

Figure 2.10: Schematic view of a radiative branching process from a hard

parton of momentum p, created in a hard parton-parton interaction (grey

blob), that takes place inside a coloured medium (pink rectangle) with length

L.

There are more general studies about jet quenching, that perform the cal-654

culation of parton energy loss within the pQCD framework. The main ones,655

are usually known by the names of the authors: BDMPS-Z [Baier 1997a,656

Baier 1997b, Zakharov 1996, Zakharov 1997, Baier 1998], ASW [Wiedemann 2000,657

Salgado 2003, Armesto 2004], GLV [Gyulassy 2000, Gyulassy 2001], AMY658

[Arnold 2001, Arnold 2002] and Higher-Twist (HT) approach, that was first659

used by [Wang 2001, Majumder 2009]. All these models calculate the radi-660

ative branching process of a highly energetic parton that travels through a661

coloured dense medium, like shown in figure 2.10. In order to do so, some662

assumptions and approximations about the medium nature, evolution of the663

hard parton branching and interaction between the propagating parton and664

the medium constituents must be made. In particular, it is assumed that:665

• The energy of radiated quanta, ω and energy of parent parton, E, are666

much larger than the transverse momentum exchanged with the me-667

dium, q⊥, what is usually called eikonal approximation. In addition668

only soft gluon emissions are accepted, where E/ω = x � 1 or ω � E669

(except for AMY);670

• The radiation is collinear with respect to the emitter, which translates671

into the kinematical condition ω � k⊥, where k⊥ is the gluon transverse672

momentum;673

• The medium scatterings occur locally in a way that the mean free path674

of the propagating particle λ, is much larger than the Debye screening675

length, µ−1
: λ � µ−1

.676

The differences among the different energy loss models come essentially677

from the different approximations made to simplify the calculations. In the678

Baier-Dokshitzer-Mueller-Peigné-Schiff–
Zakharov and Armesto-Salgado-
Wiedemann (BDMPS-Z/ASW)

Gyulassy-Levai-Vitev (GLV)

Arnold-Moore-Yaffe (AMY)

Higher-Twist (HT)
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Usual characteristics: 

Neglect recoil (elastic energy loss not included);

Work in the limit of soft (x→0) (except AMY) and collinear (kT << ω) 
gluon emissions;

Assume multiple gluon emissions as a factorization of single gluon 
emissions.
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Shower evolution based on multi-gluon radiation:

Problem of color coherence between different emitters.

Hadronization unmodified by the presence of a medium;

Color (de)coherence can induce modifications independently of where 
hadronization takes place.
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Fig. 2. Radiation diagrams in the limiting case x ! 0.

Fig. 3. Radiation diagram for gluon emission outside the medium in the one-
scattering case. p, p1, k, q denote the 4-momenta, x1 the position of the scat-
tering center, and A, A1, A" the color indices in the fundamental representation,
while a, b denotes the color index in the adjoint.

2.2. Hard limit: x ! 1

We will now to parallel the derivation in the previous section
but in the limit x ! 1. This means that the kinematics of the pro-
cess is now constrained by

|q#| $ q+ $ k+, p+. (9)

We work in the high-energy limit, which means that terms pro-
portional to pi# , qi# or ki# are neglected in the numerator of
the propagators [26,27]. As for the denominators, the propagators
coming from the initial quark and from the gluon will be simpli-
fied to

i/pi

p2
i + i!

% i/pi

2pi+ pi& + i!
, (10)

whereas for the final quark, the term proportional to q2
i# is kept

in the denominator:

i/qi
q2i + i!

% i/qi
2qi+qi& & q2

i# + i!
. (11)

By doing this we are assuming that the most energetic partons
(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the final quark is much softer than the
other two, the contribution from qi# in the denominator must be
taken into account to allow some motion in the transverse plane.

First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads

T q
1 =

!
d4p

(2")4
d4x1

d4p1

(2")4
eix1·(p1&p)ū(q)igT a

A" A1
/#'

( i/p1

p2
1 + i!

ig/AA1A(x1+ ,x1#)
i/p

p2 + i!
Mh(p), (12)

with A ) AbT b . For the simplification of the Dirac structure, the
approximations used in the soft gluon emission cannot be ap-

plied.4 As for the integrals, the only non-trivial ones are the ones
related with the propagators:
!

dp&
2"

e&ip&(x(i+1)+&xi+) i
p& & (&i!)

= $(x(i+1)+ & xi+), (13)

where $ is the step function. Thus Eq. (12) can be reduced to

T q
1 = &gT a

A"A1

(q + k)+
2(q · k)

!
dx1+

"
ig(A&)A1A(x1+,0#)

#

( $(x1+)ū(q)/#'%&Mh(k + q). (14)

Generalizing to n scatterings, one can check that this structure
iterates. Summing over all scattering centers an exponential series
is found and the T -matrix for a gluon emitted outside the medium
can be written as follows:

Tq = &gT a
A"A1

(q + k)+
2(q · k) WA1A(x0+, L+;0#)ū(q)/#'%&Mh(k + q).

(15)

We can repeat the same procedure for the process in which the
radiation vertex is inside the medium (see Fig. 4). For one scatter-
ing,

T g
1 =

!
d4p

(2")4
d4x1

d4p1

(2")4
d4 y

d4q1
(2")4

d4x"
1

d4k1
(2")4

d4 y1

( eix1·(p1&p)eix
"
1·(q&q1)eiy1·(k&k1)eiy·(q1+k1&p1)

( ū(q)ig/AA"A"
1

$
x"
1+,x"

1#
% i/q1
q21 + i!

igT a1
A"
1A1

% µ1

( i/p1

p2
1 + i!

ig/AA1A(x1+ ,x1#)
i/p

p2 + i!
Mh(p)#'

µ(k)g f aa1b

( V µµ"
1&(&k,k1,0)Ab

&(y1+,y1#)
&igµ"

1µ1

k21 + i!
. (16)

The gluon vertex,5 together with the metric from the propaga-
tor and the polarization vector can be simplified using k1+ = k+ ,
and so, the Dirac structure takes the form:

ū(q)/A"
1/q1& '( )

(b)

/#'(k) /p1/A1/p& '( )
(a)

(17)

where

4 In the case x ! 0, q % p and thus the following simplification was used:
ū(q)/#'/p1 % ū(q)/#'/q % 2q · #' % 2q+#'

& , where # = (#+,#&,!#) is the gluon po-
larization. Now, for x ! 1, the momenta relation has changed and the Dirac equa-
tion can no longer be used. Besides, we have to keep /#' unevaluated since we
do not know a priori which component will be dominant as k+ is larger than
in the previous case. This means that the Dirac structure can only be reduced to
ū(q)/#'(/q + /k)/Ab

A1 A
/pMh(p) = 2(q + k)+(A&)A1 A p+ū(q)/#'%&Mh(p) (see Appendix A

for the relations between the % matrices).
5 V '()(k1,k2,k3) = g'( (k1 & k2)) + g()(k2 & k3)' + g)'(k3 & k2)( .

k = x p
q = (1-x) p
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k = x p
q = (1-x) p

W

G

Highly energetic partons described by a Wilson Line:

Less energetic particles described by a Green’s Function:
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2.2. Hard limit: x ! 1
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By doing this we are assuming that the most energetic partons
(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the final quark is much softer than the
other two, the contribution from qi# in the denominator must be
taken into account to allow some motion in the transverse plane.

First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads
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Medium-induced radiation
LA, Armesto and Salgado 

[1204.2929]
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(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the final quark is much softer than the
other two, the contribution from qi# in the denominator must be
taken into account to allow some motion in the transverse plane.

First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads
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with A ) AbT b . For the simplification of the Dirac structure, the
approximations used in the soft gluon emission cannot be ap-

plied.4 As for the integrals, the only non-trivial ones are the ones
related with the propagators:
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T q
1 = &gT a

A"A1

(q + k)+
2(q · k)

!
dx1+

"
ig(A&)A1A(x1+,0#)

#
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Generalizing to n scatterings, one can check that this structure
iterates. Summing over all scattering centers an exponential series
is found and the T -matrix for a gluon emitted outside the medium
can be written as follows:

Tq = &gT a
A"A1

(q + k)+
2(q · k) WA1A(x0+, L+;0#)ū(q)/#'%&Mh(k + q).

(15)

We can repeat the same procedure for the process in which the
radiation vertex is inside the medium (see Fig. 4). For one scatter-
ing,
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The gluon vertex,5 together with the metric from the propaga-
tor and the polarization vector can be simplified using k1+ = k+ ,
and so, the Dirac structure takes the form:
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where
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& , where # = (#+,#&,!#) is the gluon po-
larization. Now, for x ! 1, the momenta relation has changed and the Dirac equa-
tion can no longer be used. Besides, we have to keep /#' unevaluated since we
do not know a priori which component will be dominant as k+ is larger than
in the previous case. This means that the Dirac structure can only be reduced to
ū(q)/#'(/q + /k)/Ab

A1 A
/pMh(p) = 2(q + k)+(A&)A1 A p+ū(q)/#'%&Mh(p) (see Appendix A

for the relations between the % matrices).
5 V '()(k1,k2,k3) = g'( (k1 & k2)) + g()(k2 & k3)' + g)'(k3 & k2)( .

k = x p
q = (1-x) p

G

W

Dimensionless variables
Energy:

Transverse momentum:

Medium information 
encoded in:

L+: Medium length
qA: Transport coefficient

Suppression with 
increasing x 

(dies when x→1) Large angle emissions 
suppressedNo collinear 

divergency

Medium-induced radiation
LA, Armesto and Salgado 

[1204.2929]



L. Apolinário

Radiative energy loss assumed to be the dominant process:

Particle propagation inside a medium:

Contribution in the opposite limit allows to find an interpolation 
function between the two limits:

Numerical results:

7

162 L. Apolinário et al. / Physics Letters B 718 (2012) 160–168

Fig. 2. Radiation diagrams in the limiting case x ! 0.

Fig. 3. Radiation diagram for gluon emission outside the medium in the one-
scattering case. p, p1, k, q denote the 4-momenta, x1 the position of the scat-
tering center, and A, A1, A" the color indices in the fundamental representation,
while a, b denotes the color index in the adjoint.

2.2. Hard limit: x ! 1

We will now to parallel the derivation in the previous section
but in the limit x ! 1. This means that the kinematics of the pro-
cess is now constrained by

|q#| $ q+ $ k+, p+. (9)

We work in the high-energy limit, which means that terms pro-
portional to pi# , qi# or ki# are neglected in the numerator of
the propagators [26,27]. As for the denominators, the propagators
coming from the initial quark and from the gluon will be simpli-
fied to
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whereas for the final quark, the term proportional to q2
i# is kept

in the denominator:
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. (11)

By doing this we are assuming that the most energetic partons
(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the final quark is much softer than the
other two, the contribution from qi# in the denominator must be
taken into account to allow some motion in the transverse plane.

First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads
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with A ) AbT b . For the simplification of the Dirac structure, the
approximations used in the soft gluon emission cannot be ap-

plied.4 As for the integrals, the only non-trivial ones are the ones
related with the propagators:
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dp&
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where $ is the step function. Thus Eq. (12) can be reduced to
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Generalizing to n scatterings, one can check that this structure
iterates. Summing over all scattering centers an exponential series
is found and the T -matrix for a gluon emitted outside the medium
can be written as follows:

Tq = &gT a
A"A1

(q + k)+
2(q · k) WA1A(x0+, L+;0#)ū(q)/#'%&Mh(k + q).
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We can repeat the same procedure for the process in which the
radiation vertex is inside the medium (see Fig. 4). For one scatter-
ing,
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The gluon vertex,5 together with the metric from the propaga-
tor and the polarization vector can be simplified using k1+ = k+ ,
and so, the Dirac structure takes the form:

ū(q)/A"
1/q1& '( )

(b)
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(a)

(17)

where

4 In the case x ! 0, q % p and thus the following simplification was used:
ū(q)/#'/p1 % ū(q)/#'/q % 2q · #' % 2q+#'

& , where # = (#+,#&,!#) is the gluon po-
larization. Now, for x ! 1, the momenta relation has changed and the Dirac equa-
tion can no longer be used. Besides, we have to keep /#' unevaluated since we
do not know a priori which component will be dominant as k+ is larger than
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Fig. 2. Radiation diagrams in the limiting case x ! 0.

Fig. 3. Radiation diagram for gluon emission outside the medium in the one-
scattering case. p, p1, k, q denote the 4-momenta, x1 the position of the scat-
tering center, and A, A1, A" the color indices in the fundamental representation,
while a, b denotes the color index in the adjoint.

2.2. Hard limit: x ! 1

We will now to parallel the derivation in the previous section
but in the limit x ! 1. This means that the kinematics of the pro-
cess is now constrained by

|q#| $ q+ $ k+, p+. (9)

We work in the high-energy limit, which means that terms pro-
portional to pi# , qi# or ki# are neglected in the numerator of
the propagators [26,27]. As for the denominators, the propagators
coming from the initial quark and from the gluon will be simpli-
fied to

i/pi

p2
i + i!

% i/pi

2pi+ pi& + i!
, (10)

whereas for the final quark, the term proportional to q2
i# is kept

in the denominator:

i/qi
q2i + i!

% i/qi
2qi+qi& & q2

i# + i!
. (11)

By doing this we are assuming that the most energetic partons
(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the final quark is much softer than the
other two, the contribution from qi# in the denominator must be
taken into account to allow some motion in the transverse plane.

First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads
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1 =
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with A ) AbT b . For the simplification of the Dirac structure, the
approximations used in the soft gluon emission cannot be ap-

plied.4 As for the integrals, the only non-trivial ones are the ones
related with the propagators:
!

dp&
2"

e&ip&(x(i+1)+&xi+) i
p& & (&i!)

= $(x(i+1)+ & xi+), (13)

where $ is the step function. Thus Eq. (12) can be reduced to

T q
1 = &gT a

A"A1

(q + k)+
2(q · k)

!
dx1+

"
ig(A&)A1A(x1+,0#)

#

( $(x1+)ū(q)/#'%&Mh(k + q). (14)

Generalizing to n scatterings, one can check that this structure
iterates. Summing over all scattering centers an exponential series
is found and the T -matrix for a gluon emitted outside the medium
can be written as follows:

Tq = &gT a
A"A1

(q + k)+
2(q · k) WA1A(x0+, L+;0#)ū(q)/#'%&Mh(k + q).

(15)

We can repeat the same procedure for the process in which the
radiation vertex is inside the medium (see Fig. 4). For one scatter-
ing,
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The gluon vertex,5 together with the metric from the propaga-
tor and the polarization vector can be simplified using k1+ = k+ ,
and so, the Dirac structure takes the form:

ū(q)/A"
1/q1& '( )

(b)

/#'(k) /p1/A1/p& '( )
(a)

(17)

where

4 In the case x ! 0, q % p and thus the following simplification was used:
ū(q)/#'/p1 % ū(q)/#'/q % 2q · #' % 2q+#'

& , where # = (#+,#&,!#) is the gluon po-
larization. Now, for x ! 1, the momenta relation has changed and the Dirac equa-
tion can no longer be used. Besides, we have to keep /#' unevaluated since we
do not know a priori which component will be dominant as k+ is larger than
in the previous case. This means that the Dirac structure can only be reduced to
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A1 A
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Fig. 3. Radiation diagram for gluon emission outside the medium in the one-
scattering case. p, p1, k, q denote the 4-momenta, x1 the position of the scat-
tering center, and A, A1, A" the color indices in the fundamental representation,
while a, b denotes the color index in the adjoint.

2.2. Hard limit: x ! 1

We will now to parallel the derivation in the previous section
but in the limit x ! 1. This means that the kinematics of the pro-
cess is now constrained by

|q#| $ q+ $ k+, p+. (9)

We work in the high-energy limit, which means that terms pro-
portional to pi# , qi# or ki# are neglected in the numerator of
the propagators [26,27]. As for the denominators, the propagators
coming from the initial quark and from the gluon will be simpli-
fied to

i/pi

p2
i + i!
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2pi+ pi& + i!
, (10)

whereas for the final quark, the term proportional to q2
i# is kept

in the denominator:
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2qi+qi& & q2

i# + i!
. (11)

By doing this we are assuming that the most energetic partons
(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the final quark is much softer than the
other two, the contribution from qi# in the denominator must be
taken into account to allow some motion in the transverse plane.

First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads

T q
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(2")4
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with A ) AbT b . For the simplification of the Dirac structure, the
approximations used in the soft gluon emission cannot be ap-

plied.4 As for the integrals, the only non-trivial ones are the ones
related with the propagators:
!

dp&
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e&ip&(x(i+1)+&xi+) i
p& & (&i!)

= $(x(i+1)+ & xi+), (13)

where $ is the step function. Thus Eq. (12) can be reduced to
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(q + k)+
2(q · k)
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dx1+

"
ig(A&)A1A(x1+,0#)
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( $(x1+)ū(q)/#'%&Mh(k + q). (14)

Generalizing to n scatterings, one can check that this structure
iterates. Summing over all scattering centers an exponential series
is found and the T -matrix for a gluon emitted outside the medium
can be written as follows:

Tq = &gT a
A"A1

(q + k)+
2(q · k) WA1A(x0+, L+;0#)ū(q)/#'%&Mh(k + q).

(15)

We can repeat the same procedure for the process in which the
radiation vertex is inside the medium (see Fig. 4). For one scatter-
ing,
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The gluon vertex,5 together with the metric from the propaga-
tor and the polarization vector can be simplified using k1+ = k+ ,
and so, the Dirac structure takes the form:

ū(q)/A"
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where

4 In the case x ! 0, q % p and thus the following simplification was used:
ū(q)/#'/p1 % ū(q)/#'/q % 2q · #' % 2q+#'

& , where # = (#+,#&,!#) is the gluon po-
larization. Now, for x ! 1, the momenta relation has changed and the Dirac equa-
tion can no longer be used. Besides, we have to keep /#' unevaluated since we
do not know a priori which component will be dominant as k+ is larger than
in the previous case. This means that the Dirac structure can only be reduced to
ū(q)/#'(/q + /k)/Ab

A1 A
/pMh(p) = 2(q + k)+(A&)A1 A p+ū(q)/#'%&Mh(p) (see Appendix A
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Fig. 3. Radiation diagram for gluon emission outside the medium in the one-
scattering case. p, p1, k, q denote the 4-momenta, x1 the position of the scat-
tering center, and A, A1, A" the color indices in the fundamental representation,
while a, b denotes the color index in the adjoint.

2.2. Hard limit: x ! 1

We will now to parallel the derivation in the previous section
but in the limit x ! 1. This means that the kinematics of the pro-
cess is now constrained by

|q#| $ q+ $ k+, p+. (9)

We work in the high-energy limit, which means that terms pro-
portional to pi# , qi# or ki# are neglected in the numerator of
the propagators [26,27]. As for the denominators, the propagators
coming from the initial quark and from the gluon will be simpli-
fied to
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whereas for the final quark, the term proportional to q2
i# is kept

in the denominator:
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By doing this we are assuming that the most energetic partons
(the initial quark and the gluon) will acquire only a color phase by
crossing the medium. Since the final quark is much softer than the
other two, the contribution from qi# in the denominator must be
taken into account to allow some motion in the transverse plane.

First, we will compute the contribution where the gluon is
emitted outside the medium. Starting by one scattering with the
medium (diagram represented in Fig. 3), the T -matrix reads
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with A ) AbT b . For the simplification of the Dirac structure, the
approximations used in the soft gluon emission cannot be ap-

plied.4 As for the integrals, the only non-trivial ones are the ones
related with the propagators:
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Generalizing to n scatterings, one can check that this structure
iterates. Summing over all scattering centers an exponential series
is found and the T -matrix for a gluon emitted outside the medium
can be written as follows:

Tq = &gT a
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(q + k)+
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The gluon vertex,5 together with the metric from the propaga-
tor and the polarization vector can be simplified using k1+ = k+ ,
and so, the Dirac structure takes the form:

ū(q)/A"
1/q1& '( )
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/#'(k) /p1/A1/p& '( )
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(17)

where

4 In the case x ! 0, q % p and thus the following simplification was used:
ū(q)/#'/p1 % ū(q)/#'/q % 2q · #' % 2q+#'

& , where # = (#+,#&,!#) is the gluon po-
larization. Now, for x ! 1, the momenta relation has changed and the Dirac equa-
tion can no longer be used. Besides, we have to keep /#' unevaluated since we
do not know a priori which component will be dominant as k+ is larger than
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Momentum broadening
Soft Collinear Effective Theory (SCET):

Other framework to describe dynamics of highly energetic quarks and 
gluons (radiative and collisional energy loss);

Based on a scale separation: Q >> lT >> T ⇒

11

Hard parton energy
Transverse momentum of radiated gluon

Soft scale characteristic of the medium

October 6, 2010 0:9 WSPC/INSTRUCTION FILE PragueProc

2 FRANCESCO D’ERAMO, HONG LIU, KRISHNA RAJAGOPAL

transverse momentum broadening only. Radiation and energy loss do not arise in
its definition, although they are central to its importance.

The calculation of parton energy loss and transverse momentum broadening
involves widely separated scales:

Q ! l! ! T, (2)

where Q is the energy of the hard parton, l! the momentum of the radiated gluon
transverse to that of the incident parton and T the soft scale characteristic of the
medium. We can ultimately hope for a factorized description, with physics at each
of these scales cleanly separated at lowest nontrivial order in a combined expansion
in the small ratio between these scales and in the QCD coupling ! evaluated at
scales which become large in the high parton energy limit. And, most importantly,
we can aspire to having a formalism in which corrections to this factorization are
calculable systematically, order by order in these expansions. No current theoretical
formulation of jet quenching calculations is manifestly systematically improvable in
this sense. We take a small step toward such a description 5: we formulate the
calculation of transverse momentum broadening and the jet quenching parameter
in the language of Soft Collinear E!ective Theory (SCET) 6, which has rendered the
calculation of many other processes involving soft and collinear degrees of freedom
systematically improvable. The problem that we analyze really does not use the
full power of SCET, and the bigger payo! from a SCET calculation will come once
radiation is included and once the analysis is pushed beyond the present leading
order calculation.

2. Set-up and relevance of “Glauber gluons”

Consider an on-shell high energy parton with initial four momentumc

q0 " (q+0 , q
"

0 , q0!) = (0, Q, 0) (3)

propagating through some form of QCD matter, which for definiteness we will take
to be quark-gluon plasma (QGP) in equilibrium at temperature T although the
discussion of this paper would also apply to propagation through other forms of
matter. We will assume throughout that Q is very much larger than the highest
momentum scales that characterize the medium, which for the case of QGP means
Q ! T . Thus, we have a small dimensionless ratio in our problem:

" " T

Q
# 1 . (4)

In the high energy limit the momentum broadening is induced by the interaction
between the hard parton and gluons from the medium with momenta

p $ Q("2,"2,") , (5)

cThe light cone coordinates are defined by q± = 1
2 (q

0 ± q3).

D’Eramo, Liu, Rajagopal
 [1010.0890, 1006.1367]

Ovanesyan, Vitev
[1103.1074, 1109.5619]

Original works:
Idilbi, Majumder [0808.1087]
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Setup:

High energy parton with p0 = (0, Q, 0) that exchanges Glauber gluons 
pG ~ Q (λ2, λ2, λ) with the medium.

After interaction, p0 → pc ~ Q (λ2, 1, λ)

Continuous kicks to hard parton result in significant transverse 
momentum broadening (Brownian motion)

Lagrangian degrees of freedom: pG, pc and ps ~ (λ2, λ2, λ2) (subset of 
Glauber gluons)

Feynman rules ⇒ Medium-induced splitting kernels



L. Apolinário

Color (de)coherence
Vacuum angular ordering property determined in the antenna setup:

Diagrams:

Radiation spectrum contributions:

12
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! If we make a probabilistic interpretation: dN=dNq+dNqbar,

! Quantum interference leads 
to a probabilistic picture!
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Decoherence a high gluon energies
(A two scale problem)

• The decoherence parameter 

∆med ≈ 1− exp[− 1
12

Q2
s r2
⊥]

Q2
s = q̂ L

r⊥ = θqq̄ L

•                       (Dipole regime)r⊥ < Q−1
s •                       (Decoh. regime)r⊥ > Q−1

s

r⊥Θqq̄ Q−1
s

r⊥Θqq̄ Q−1
s

• Hard scale:                                    andQ ≡max (r−1
⊥ , Qs) k⊥ < Q

screening
 length∆med ≈

1
12

Q2
s r2
⊥ ∆med ≈ 1

Decoherence parameter: 
Coherent radiation spectrum off a quark (same for anti-quark):
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Ordering properties within in-medium antenna setup:

Same contributions to radiation spectrum:
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QCD radiation: antenna

! If we make a probabilistic interpretation: dN=dNq+dNqbar,

! Quantum interference leads 
to a probabilistic picture!

BDMPS-Z/GLV independent spectrum:
• IRC safe;
• LPM interference;
• Broad angular structure;

Interference spectrum:
• Vacuum-like radiation (IR divergent 
and collinear safe)
• In-cone radiation suppressed;

Mehtar-Tani, Salgado and Tywoniuk
 [1009.2965, 1102.4317, 1112.5031]

Casalderrey-Solana and Iancu
[1105.1760]

Massive antenna:
Armesto, Ma, Mehtar-Tani, 

Salgado and Tywoniuk
[1110.4343]
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Figure 4. The inclusive soft gluon emission spectrum off a qq̄-antenna constituent in the presence
of a QCD medium, according to (5.9) after azimuthal average. The parameters are chosen to be
θqq̄ = 0.2 and ∆med = 0.5.

does not depend on θ, such that the functional form of the spectrum remains vacuum-like

and antiangular ordered [7], see eq. (2.25).

The spectrum found above has some similarities with the radiation off a color octet

antenna in the vacuum, c.f. eqs. (2.18) and (2.25), in which a large-angle contribution,

corresponding to radiation off the total charge of the pair, also appears. Several crucial

differences exist, however. Most importantly, (i) the disappearance of the medium-induced

radiation in the limit of vanishing opening angles, θqq̄ → 0, as expected of a singlet antenna

and (ii) the relevant color factor, CF , in the medium case, indicating the radiation off a

quark in the fundamental representation. The latter point is, in fact, further clarified

by taking into account multiple scattering with the medium. Then, the adjoint color CA

factor, contained in q̂, exponentiates [8].

Thus, the behavior of eq. (5.8) reflects the partial decoherence of the quark and the

antiquark radiation due to their in-medium color rotations controlled by the decoherence

parameter ∆med. In summary, the gluon spectrum off a qq̄-antenna constituent in the

presence of a medium in the soft limit reads

dN tot
q

��
ω→0

=
αsCF

π

dω

ω

sin θ dθ

1− cos θ

�
Θ(cos θ − cos θqq̄) +∆medΘ(cos θqq̄ − cos θ)

�
. (5.9)

For a general expression, also valid for an antenna in a color octet state, see eq. (8.2). The

medium-induced component leads to a gradual onset of large-angle gluon emissions with

increasing medium density and/or length. These simple features are illustrated in fig. 4.

In the following we establish how this interpretation generalizes for finite gluon energies.

At the outset, we note that two distinct regimes can be identified from the functional

– 18 –
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Decoherence parameter: 

Angular ordering
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Total gluon spectrum off an antenna in the soft limit (vacuum + medium):
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Figure 4. The inclusive soft gluon emission spectrum off a qq̄-antenna constituent in the presence
of a QCD medium, according to (5.9) after azimuthal average. The parameters are chosen to be
θqq̄ = 0.2 and ∆med = 0.5.
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QCD radiation: antenna

! If we make a probabilistic interpretation: dN=dNq+dNqbar,

! Quantum interference leads 
to a probabilistic picture!

BDMPS-Z/GLV independent spectrum:
• IRC safe;
• LPM interference;
• Broad angular structure;

Interference spectrum:
• Vacuum-like radiation (IR divergent 
and collinear safe)
• In-cone radiation suppressed;
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Figure 4. The inclusive soft gluon emission spectrum off a qq̄-antenna constituent in the presence
of a QCD medium, according to (5.9) after azimuthal average. The parameters are chosen to be
θqq̄ = 0.2 and ∆med = 0.5.

does not depend on θ, such that the functional form of the spectrum remains vacuum-like

and antiangular ordered [7], see eq. (2.25).

The spectrum found above has some similarities with the radiation off a color octet

antenna in the vacuum, c.f. eqs. (2.18) and (2.25), in which a large-angle contribution,

corresponding to radiation off the total charge of the pair, also appears. Several crucial

differences exist, however. Most importantly, (i) the disappearance of the medium-induced

radiation in the limit of vanishing opening angles, θqq̄ → 0, as expected of a singlet antenna

and (ii) the relevant color factor, CF , in the medium case, indicating the radiation off a

quark in the fundamental representation. The latter point is, in fact, further clarified

by taking into account multiple scattering with the medium. Then, the adjoint color CA

factor, contained in q̂, exponentiates [8].

Thus, the behavior of eq. (5.8) reflects the partial decoherence of the quark and the

antiquark radiation due to their in-medium color rotations controlled by the decoherence

parameter ∆med. In summary, the gluon spectrum off a qq̄-antenna constituent in the

presence of a medium in the soft limit reads

dN tot
q

��
ω→0

=
αsCF

π

dω

ω

sin θ dθ

1− cos θ

�
Θ(cos θ − cos θqq̄) +∆medΘ(cos θqq̄ − cos θ)

�
. (5.9)

For a general expression, also valid for an antenna in a color octet state, see eq. (8.2). The

medium-induced component leads to a gradual onset of large-angle gluon emissions with

increasing medium density and/or length. These simple features are illustrated in fig. 4.

In the following we establish how this interpretation generalizes for finite gluon energies.

At the outset, we note that two distinct regimes can be identified from the functional
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Mehtar-Tani, Salgado and Tywoniuk
 [1009.2965, 1102.4317, 1112.5031]

Casalderrey-Solana and Iancu
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Total gluon spectrum off an antenna in the soft limit (vacuum + medium):
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Color Flow
Final state of a parton shower needs to be interfaced with an hadronization 
prescription:

Lund Model (implemented in PYTHIA): color connection through a string 
between a quark-antiquark pair, with gluons as kinks.

Singlet clusters (implemented in HERWIG): clusters color singlet objects, 
where gluons are split into quark-antiquark pairs.
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Figure 1. The vacuum baseline: a hadron-hadron collision with a hard process followed by a q ! qg

splitting in the shower stage. Color-flow in the large-Nc limit is shown explicitly and the color-singlets

(a cluster in the left panel, a string in the right panel) to be interfaced with the hadronization routine

(Herwig cluster-decay or Pythia string-fragmentation, respectively) are displayed in color.

are then hadronized (through excitation of qq̄ pairs from the vacuum) according to a prescription
that requires kinematic information about both the end-points of the string and all the kinks. The

multiplicity and distribution of final hadrons will then depend significantly on the ‘length of the
string’, that is on the separation of the quark and anti-quark end-points in momentum space.

The presence of a medium with which high-energy partons can exchange color can clearly alter
the color connections described above and, by changing the properties of the clusters/strings, have
an e!ect on the final hadron spectra. In the remainder of this section we illustrate the essential

ideas, focusing on the simple situation of a single interaction of the hard parton with the medium.
We treat the cases of an incoming quark and gluon separately.

2.1 Medium-induced color flow for a quark projectile to first order in opacity

‘Jet-quenching’ calculations consider the interaction of high-energy partons in the dense QCD

medium produced in heavy ion collisions. In Figs. 2 and 3, we display the simplest case of such an
interaction: an elastic scattering of a high-energy quark in the plasma induces the radiation of a

gluon. The interaction between the quark projectile and the medium occurs through the exchange
of a single gluon, depicted here as a qq̄-pair in the large Nc-limit.

For the configuration in Fig. 2, the ‘leading’ color singlet cluster, the one containing the quark

k, shows the same color structure as the vacuum baseline, the color-flow connecting the high-pT
quark with the anti-quark component of the gluon. In the Lund picture, the string containing the

leading quark k links to the radiated gluon as in the vacuum baseline in Fig. 1, but now ends on
an anti-quark from the medium. However, similarly to the vacuum case, this end point sits at low
transverse momentum (with respect to the energy of the hard parton). For the above reasons, we

shall refer to the color configuration depicted in Figure 2 as vacuum-like or – emphasizing the link
of the radiated gluon with the projectile fragment – projectile-connected.

Figure 2 is only one possible color structure that can emerge from a single interaction of the

– 4 –

Radiated gluons is part of 
the same string

(remain color connected 
with the leading fragment)

=

How is this modified in the 
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Color Flow
Color flows in the presence of a medium, within Lund string model (first 
order in opacity expansion:

Two possible situations:
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No medium interaction after 
emission:

Medium interaction after 
emission:
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Figure 2. Example of a hard q q ! q q event embedded in a nucleus-nucleus collision in which one of the

high-pT quarks interacts once with the surrounding QCD matter which induces gluon radiation. Gluons

are denoted by qq̄-pairs. The red lines denote the color singlet into which the leading quark k is grouped

to form a cluster (left-hand side) or a Lund-string (right-hand side) in the corresponding hadronization

models.
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Figure 3. Same as Fig. 2, but for the case that the high-pT quark radiates the gluon prior to interacting

with the medium.

projectile with the QCD medium. The second possibility is shown in Fig. 3, where (from the point of
view of color flow) interaction with the medium occurs after the gluon emission. As a consequence,

the leading color singlet cluster combines a quark at projectile energy with a target component
at low (thermal) pT . In [19] the invariant mass of this cluster was shown to be parametrically

larger than the one of the cluster in Fig. 2. Analogously, in the Lund framework the leading
string connects the quark k directly to the target. The radiated gluon is, in both descriptions,
color decohered from the projectile and will contribute only to an increase of the multiplicity of

soft hadrons. In the following, we shall refer to these color configurations as medium-modified or
gluo-decohered.

We finally relate this discussion to the diagrams in Fig. 4 that are usually drawn for the
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projectile with the QCD medium. The second possibility is shown in Fig. 3, where (from the point of
view of color flow) interaction with the medium occurs after the gluon emission. As a consequence,

the leading color singlet cluster combines a quark at projectile energy with a target component
at low (thermal) pT . In [19] the invariant mass of this cluster was shown to be parametrically

larger than the one of the cluster in Fig. 2. Analogously, in the Lund framework the leading
string connects the quark k directly to the target. The radiated gluon is, in both descriptions,
color decohered from the projectile and will contribute only to an increase of the multiplicity of

soft hadrons. In the following, we shall refer to these color configurations as medium-modified or
gluo-decohered.

We finally relate this discussion to the diagrams in Fig. 4 that are usually drawn for the
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projectile with the QCD medium. The second possibility is shown in Fig. 3, where (from the point of
view of color flow) interaction with the medium occurs after the gluon emission. As a consequence,

the leading color singlet cluster combines a quark at projectile energy with a target component
at low (thermal) pT . In [19] the invariant mass of this cluster was shown to be parametrically

larger than the one of the cluster in Fig. 2. Analogously, in the Lund framework the leading
string connects the quark k directly to the target. The radiated gluon is, in both descriptions,
color decohered from the projectile and will contribute only to an increase of the multiplicity of
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FIG. 3: The nuclear modification factor RAA(pT ). The base-
line calculation of kinematic e!ects (solid black curve) is sup-
plemented with the e!ect of color-flow modified hadronization
according to (13).

Rfact
AA . For ft = 100%, this brings the model into reason-

able agreement [16] with preliminary results of ALICE
and CMS at the LHC.
Recent measurements of the nuclear modification fac-

tor RAA in central Pb-Pb collisions at the LHC have es-
tablished unambiguously that RAA(pT ) increases notably
at intermediate transverse momentum pT ! [5; 20] GeV,
and they provided first information about the continuing
slow rise of RAA(pT ) in the range pT ! [20; 100] GeV.
This has been used in several recent studies [2–7] to con-
strain medium properties entering the modeling of parton
energy loss. It is a common feature of all these models
to assume gluon exchanges between the projectile par-
ton and the medium, while neglecting in their dynamical
implementation the ensuing changes in the color struc-
ture of the parton shower. Although heuristic models
of medium-modified hadronization have been discussed
previously [14, 15], we assessed here for the first time the
color-di!erential information that is implicitly contained
in standard implementations of parton energy loss. From
Figs. 2 and 3 we learn that medium-modified color flow
may a!ect single inclusive hadron spectra significantly
up to the highest transverse momenta (pT > 100 GeV,
say). Also, remarkably, in contrast with the temperature
dependence of the baseline Rfact

AA , the smaller the thermal
energy in (12), the larger the color-flow induced contri-
bution to the suppression of RAA. As a consequence, a
significantly smaller density of the medium may then be
su"cient to account for the observed suppression of RAA.
Medium-modified color flow is an inevitable conse-

quence of models of parton energy loss. However, its
numerical manifestation in RAA may depend sensitively
on the microscopic implementation of parton energy loss,

including e.g. the spatio-temporal embedding of the par-
ton shower in the QCD matter and the probability that
the produced partons escape the medium without gluon
exchange. As illustrated in Fig. 3, the e!ect of medium-
induced color flow is potentially large and thus needs to
be constrained in phenomenological applications. It is
thus important to include the e!ect of medium-modified
color flow in full microscopic simulations of parton en-
ergy loss, where also refined or di!erent hadronization
prescriptions can be explored. Such further studies could
give insight into the existence or absence of changes in the
hadrochemistry and in the fragmentation pattern of jets
in heavy ion collision. They could also help to understand
any possible di!erence between the RAA of reconstructed
jets and leading hadrons.

We thank G. Corcella and K. Zapp for helpful dis-
cussions. JGM acknowledges the support of Fundação
para a Ciência e a Tecnologia (Portugal) under project
CERN/FP/116379/2010.

[1] N. Armesto, et al. [TECHQM Collaboration],
[arXiv:1106.1106 [hep-ph]] and references therein.

[2] X. -F. Chen, T. Hirano, E. Wang, X. -N. Wang, H. Zhang,
[arXiv:1102.5614 [nucl-th]].

[3] F. Arleo, [arXiv:1109.3121 [hep-ph]].
[4] W. A. Horowitz, M. Gyulassy, [arXiv:1104.4958 [hep-

ph]].
[5] I. P. Lokhtin, A. V. Belyaev, A. M. Snigirev, Eur. Phys.

J. C71 (2011) 1650. [arXiv:1103.1853 [hep-ph]].
[6] B. G. Zakharov, [arXiv:1105.0191 [hep-ph]].
[7] O. Fochler, J. Upho!, Z. Xu, C. Greiner,

[arXiv:1107.0130 [hep-ph]].
[8] H. Appelshauser for the ALICE Collaboration, QM11

proceedings, J.Phys.G to appear.
[9] Y.-J. Lee for the CMS Collaboration, QM11 proceedings,

J.Phys.G to appear.
[10] K. Aamodt et al. [ALICE Collaboration], Phys. Lett. B

696 (2011) 30.
[11] A. Beraudo, J.G. Milhano, U.A. Wiedemann, work in

preparation.
[12] B.R. Webber, Nucl. Phys. B 238, 492 (1984).
[13] K. J. Eskola, H. Honkanen, C. A. Salgado, U. A. Wiede-

mann, Nucl. Phys. A747 (2005) 511-529.
[14] S. Sapeta, U. A. Wiedemann, Eur. Phys. J. C55 (2008)

293-302.
[15] K. Zapp, G. Ingelman, J. Rathsman, J. Stachel,

U. A. Wiedemann, Eur. Phys. J. C60 (2009) 617-632.
[16] In [13], results for Rfact

AA at
!

sNN = 5.5 TeV and
!

sNN =
2.76 TeV di!er by much less than the curves shown for
di!erent the color-flow induced suppression in Fig. 3.
Therefore, although calculated for

!

sNN = 5.5 TeV, we
regard the black straight line in Fig. 3 as suitable for a
semi-quantitative comparison with data.

Induces an extra amount of energy loss
⇒ Same qhat but a larger effect in the RAA

Based on quenching-weights

Beraudo, Milhano and Wiedemann
 [1109.5025, 1204.4342]

Aurenche, Zakharov
[1109.6819]

[1109.5025]

http://arXiv.org/abs/arXiv:1209.4585
http://arXiv.org/abs/arXiv:1209.4585
http://arXiv.org/abs/arXiv:1209.4585
http://arXiv.org/abs/arXiv:1209.4585


L. Apolinário

Summary
There has been several developments in the jet quenching theory, to build a 
complete picture of the shower branching in the medium.

Improvements in the kinematics:

Relaxation of approximations to account for finite energy loss, instead 
of soft and collinear radiation;

Several works within the path-integral and SCET formalisms.

Improvements in the parton shower evolution:

Identification of a probabilistic picture for L >> tform;

Developments in the angular structure of color correlated pairs, with a 
clear identification of the relevant scales that allow for a geometrical 
separation of the radiation;

Study of the modification of color connections inside a hot and dense 
medium;
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Relevant for particle and jet observables @ AA
Phenomenological use of these new theoretical ingredients is under development!
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Color (de)coherence
Total gluon spectrum off an antenna in the soft limit:

Dominated by interference effects:

Characteristic scale of the medium:

Transverse resolution of the antenna inside the medium:

Two possible situations:

For the non-soft limit (large ω), spectrum dominated by BDMPS-Z
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Figure 4. The inclusive soft gluon emission spectrum off a qq̄-antenna constituent in the presence
of a QCD medium, according to (5.9) after azimuthal average. The parameters are chosen to be
θqq̄ = 0.2 and ∆med = 0.5.

does not depend on θ, such that the functional form of the spectrum remains vacuum-like

and antiangular ordered [7], see eq. (2.25).

The spectrum found above has some similarities with the radiation off a color octet

antenna in the vacuum, c.f. eqs. (2.18) and (2.25), in which a large-angle contribution,

corresponding to radiation off the total charge of the pair, also appears. Several crucial

differences exist, however. Most importantly, (i) the disappearance of the medium-induced

radiation in the limit of vanishing opening angles, θqq̄ → 0, as expected of a singlet antenna

and (ii) the relevant color factor, CF , in the medium case, indicating the radiation off a

quark in the fundamental representation. The latter point is, in fact, further clarified

by taking into account multiple scattering with the medium. Then, the adjoint color CA

factor, contained in q̂, exponentiates [8].

Thus, the behavior of eq. (5.8) reflects the partial decoherence of the quark and the

antiquark radiation due to their in-medium color rotations controlled by the decoherence

parameter ∆med. In summary, the gluon spectrum off a qq̄-antenna constituent in the

presence of a medium in the soft limit reads

dN tot
q

��
ω→0

=
αsCF

π

dω

ω

sin θ dθ

1− cos θ

�
Θ(cos θ − cos θqq̄) +∆medΘ(cos θqq̄ − cos θ)

�
. (5.9)

For a general expression, also valid for an antenna in a color octet state, see eq. (8.2). The

medium-induced component leads to a gradual onset of large-angle gluon emissions with

increasing medium density and/or length. These simple features are illustrated in fig. 4.

In the following we establish how this interpretation generalizes for finite gluon energies.

At the outset, we note that two distinct regimes can be identified from the functional
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Δmed ~ Qs2 rT2 
Medium probes the pair 

as a singlet. Gluon 
spectrum not much 

affected by the medium

Decoherence a high gluon energies
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