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We present an attempt to probe the underlying structure of the quark-gluon plasma (QGP) at
high resolution, based on the extracted jet transport coefficient q̂. We argue that the exchanged
momentum k between the hard parton and the medium varies over a range of scales, and for
k ≥ 1 GeV, q̂ can be expressed in terms of a parton distribution function (PDF). Because the mass
of a QGP constituent is unknown, we define a scaling variable xN to represent the ratio of the parton
momentum to the momentum of a self-contained section of the plasma which has a mass of 1 GeV.
This scaling variable is used to parametrize the QGP-PDF. Calculations, based on this reconstructed
q̂ are compared to data sensitive to the hardcore of jets i.e., the single hadron suppression in terms
of the nuclear modification factor RAA and the azimuthal anisotropy parameter v2, as a function of
transverse momentum pT, centrality and energy of the collision. It is demonstrated that the scale
evolution of the QGP-PDF is responsible for the reduction in the normalization of q̂ between fits
to Relativistic Heavy-Ion Collider (RHIC) and Large Hadron Collider (LHC) data; a puzzle, first
discovered by the JET collaboration.

I. INTRODUCTION.

The measurement of high pT hadron observables in
high energy heavy-ion collisions is a primary tool for un-
derstanding the properties of the Quark-Gluon plasma
(QGP). Such calculations require the factorization [1–
3] of the parton-parton hard scattering cross section
from the final state fragmentation function [D(z,Q2)],
the initial state Parton Distribution Functions (PDFs)
[G(x,Q2)], and in-medium jet transport coefficients
such as q̂ (the transverse momentum diffusion coeffi-
cient) [4] and ê (the longitudinal momentum drag co-
efficient) [5]. The fragmentation function and PDFs
are scale-dependent universal functions, extracted from
experiments such as e+e− annihilation [D(z,Q2)] and
Deep-Inelastic scattering data [G(x,Q2)]. The jet trans-
port coefficients such as q̂ are also universal functions and
set using one or two data points from leading hadron sup-
pression in heavy-ion collisions. The factorization theo-
rem is well established for proton-proton collision due to
work by Collins, Soper, Sterman [1–3], and generally as-
sumed to hold for the calculation of observables at high
pT (>8 GeV) in heavy-ion collisions, due to the large sep-
aration of scales between the medium and the final state
high pT hadron.

In the last decade, several efforts have been made
to calculate the energy loss of a leading parton in the
medium, in order to describe the suppression of the yield
of the leading hadrons [6–10]. These formalisms encode
the modification of the hard parton by the transport coef-
ficient q̂. The first rigorous extraction of q̂ was carried out
by the JET collaboration [11], where a systematic model-
to-data comparison was performed by constraining the
nuclear modification factor RAA for all these differing
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energy loss formalisms. The nuclear modification fac-
tor RAA measures the suppression of the leading hadron,
and is expressed as the ratio of the differential yield of
hadrons d2NAA(bmin, bmax) in bins of pT , rapidity (y)
and centrality (codified by a range of impact parameters
bmin to bmax ) in a nucleus-nucleus collision, to the differ-
ential yield of hadrons in a proton-proton (pp) collision,
scaled by 〈Nbin(bmin, bmax)〉, the average number of ex-
pected nucleon-nucleon collisions in the same centrality
bin:

RAA =

d2NAA(bmin,bmax)
d2pTdy

〈Nbin(bmin, bmax)〉 d
2Npp

d2pTdy

. (1)

The calculations done by the JET collaboration were
for the most central (0-5%) events at RHIC and LHC
collision energies. These calculations were run on identi-
cal 2+1D viscous hydro-dynamical profiles from Ref. [12].
The in-medium energy loss models parameterized q̂ with
the local temperature T 3, or energy density ε3/4, or en-
tropy density (s) of the medium. This q̂ parametrization
has one free parameter that is estimated through fitting
the experimental data to the full model calculation. The
striking outcome of this study was the demonstration
that various energy-loss formalisms exhibit a common

property: The extracted value of the free parameter Q̂
(interaction strength), defined as,

q̂(T ) = Q̂ T 3, (2)

from fits to leading hadron RAA, is lower at the LHC col-
lision energy compared to that at RHIC energy. Naively,
one would expect q̂ to be a universal function of physical
quantities such the temperature of the plasma, and the
interaction strength to be either independent or have a
logarithmic dependence on the temperature and energy
of the jet, as would be indicated via a calculation us-
ing hard thermal loop effective theory [11, 13]. Instead,
the calculations show that the interaction strength is ∼ 2
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times larger for a QGP produced in RHIC collisions com-
pared to a QGP produced in LHC collisions (at the same
temperature). This after taking into account the larger
temperature range at the LHC, suggests that q̂ is sensi-
tive to other properties that change with the centre-of-
mass energy of the collision. This is referred to as the
JET puzzle [11].

So far, a few attempts to explore the possible depen-

dence on the interaction strength Q̂ been made, e.g., in
Ref. [14, 15]. The work of the authors of Ref. [14], based
on the possibility of magnetic monopoles in the plasma,

suggests that the interaction strength Q̂ has a non-trivial
(upward cusp-like) temperature dependence in the region
around Tc (based on the quasi-particle relation derived
in Ref. [16]). This implies that experiments at RHIC are

more sensitive to this rise in Q̂(T ) near Tc, due to lower
initial temperatures at RHIC, compared to the LHC. As

a result, the effective Q̂ extracted in comparison with
data tends to be higher at RHIC than at LHC. However,
studies done in recent years by the authors of Ref. [15],
are in clear contradiction with such a prediction. More-
over, the work of the authors of Ref. [15], based on the

ASW formalism reveals that the interaction strength Q̂ is
sensitive to the center-of-mass energy of nucleus-nucleus
collision rather than the local temperature of the QGP
or the centrality of colliding nuclei.

In this paper, we propose an alternative formalism to
study the transport coefficient q̂ and demonstrate that
at both RHIC and LHC, both the centrality dependence
of the RAA and azimuthal anisotropy (v2) of leading

hadrons can be well described using a Q̂(T ), that has
no such cusp-like behavior near Tc (in this effort, similar
to Ref. [11], we will ignore the minor effect of ê [17, 18] on
light flavors). Note that the initial temperature achieved
in a heavy-ion collision (at thermalization) not only de-
pends on the center-of-mass energy of nucleus-nucleus
collisions but also on its centrality. The effect of the cusp
at Tc as proposed in Ref. [14] should be much stronger in
peripheral collisions compared to most central collisions,
leading to noticeably larger suppression than expected
based on a monotonic scaling relation between q̂ and T .
However, no such effect has been found in the current
work. This is also consistent with recent observations
within the ASW formalism as reported in Ref. [15].

In this article, we formulate a transport coefficient q̂
that depends not only on the local temperature T 3 but
also the energy of the leading parton and the scale at
which the leading parton probes the medium. With this,

we successfully demonstrate the reduction of Q̂ at LHC
compared to RHIC. Preliminary work has been reported
in Ref. [19, 20]. Following similar ideas, the reader may
also find a study reported in Ref. [21], where the authors
used a similar form of q̂ to carry out a global analysis for
cold nuclear matter.

Based on estimates from most hydrodynamical simu-
lations of QGP, we note that the highest initial temper-
ature achieved at the LHC collision energy is a bare 20%

higher than at RHIC collision energy. But, the energy of
the leading parton at the LHC (hadron pT ∼100 GeV)
is an order of magnitude higher than those of RHIC
(hadron pT ∼10 GeV). Therefore, the leading partons
have a considerably (though logarithmically) higher vir-
tuality at the LHC, a smaller transverse size. At these
short distance scales, a section of QGP probed by the
leading parton may appear more dilute. This effect is
similar to the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution of PDFs at finite and large x, with
increasing Q2 [22–25].

The remaining paper is organized as follows: In
Sect. II, we outline the basic assumptions and highlight
the salient formulas of the single scattering induced emis-
sion within the higher twist energy loss scheme. This sec-
tion points out how coherence like effects may be included
within the higher-twist scheme. In Sect. III, we ex-
tend the single scattering induced emission to a multiple
emission formalism and motivate the medium modified
DGLAP evolution equation. This section highlights the
assumptions made and the dependencies of the medium
modified fragmentation function. In Sect. IV, we outline
a model for q̂ based on the QGP-PDF. This in combina-
tion with the scale of the hard parton demonstrates how
the resolution scale of the jet increases with its virtual-
ity. In Sect. V, we present numerical calculations based
on our model and compare to data. Comparison with
the RAA and v2 across two different collision energies
and four centralities are carried out. The probable form
of the QGP-PDF is extracted. Concluding discussions
are presented in Sect. VI.

II. SETUP AND SIMPLE ESTIMATES.

In this section, we briefly discuss the factorization for-
malism in an ultra-relativistic nucleus-nucleus collision
and show that parton energy-loss in a medium can be
encoded in terms of transport coefficients. We consider
the production of high pT hadrons which engender a hard
scale Q2 and assume that the factorization of the prob-
abilities governing the initial state effects and final state
effects from the probability of hard parton-parton hard
scattering holds. In this factorized approach, for the case
of nucleus-nucleus collision, one can write the total prob-
ability to detect a final state hadron (h) with transverse
momentum pT and rapidity interval [y, y + dy] as

d2σAA(pT , y)bmax

bmin

d2pTdy
= K

bmax∫
bmin

d2b

∫
d2rtA(~r)tB(~r −~b)

×
∫
dxadxbG

A
a (xa, Q

2)×GBb (xb, Q
2)

× dσab→cX

dt̂
× D̃h

c (z,Q2, ζL(~r, θj), pc)

πz
,

(3)
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where GAa (xa, Q
2) and GBb (xb, Q

2) are scale dependent
initial state nuclear structure function for incoming nu-
cleusA andB taking into account the effects from nuclear
shadowing, respectively. The variable xa(xb) represents
the momentum fraction of the incoming partons. The
Q2 represents the hard scale up to which initial state
structure function GAa (xa, Q

2
0) and GBb (xb, Q

2
0) should

be evolved to using their known form at a lower scale
Q2

0. The term K is a multiplicative factor to account

for higher-order corrections. The tA/B(~r ± ~b/2) rep-
resents the nuclear thickness function given as tA(~r +
~b/2) =

∫
dzρ(~r+~b/2, z), where ρ(~r, z) is the nucleon den-

sity inside a nucleus. The term dσab→cX/dt̂ represents
the differential cross section to produce a high trans-
verse momentum (pcT) parton c from the hard scatter-
ing of the hard parton a with the hard parton b, where
t̂ = (pa − pc)2 is a Mandelstam variable. The function

D̃h
c (z,Q2, ζL(~r, θj), pc) represents the medium modified

fragmentation function [see Eq. (14)], where z = pT/pcT
and ζL(~r, θj) is the distance traveled by the leading par-
ton c produced at ~r and propagating at an angle θj with

respect to reaction plane angle. The ~b and ~r are two
dimensional vectors transverse to the beam direction.
Note, only for the case of very high energy partons can
one reasonably factorize the hard partonic cross section
from the evolving medium. The modifications of leading
parton are controlled by the transport coefficients which
encode the effect of energy loss in the medium. The lead-
ing transport coefficients are the transverse momentum
diffusion coefficient q̂, and the longitudinal drag coeffi-
cient ê. The transport coefficients such as q̂ are universal
functions and set using one or two data points from lead-
ing hadron suppression in heavy-ion collisions.

Next, we discuss how the transport coefficient q̂ arises
in the calculation of the parton energy loss and discuss
how to setup medium-modified DGLAP evolution equa-
tion within the Higher-Twist formalism. To do this, let
us consider an analogous process of Deep-Inelastic Scat-
tering on a large nucleus (A � 1) at large photon vir-
tuality (Q2 � Λ2

QCD) and focus on the limit where a
hard quark is produced. In this limit, we can factorize
the propagation of the quark in the extended medium
from the production process, obtaining equations for the
scattering induced single gluon emission spectrum or
the transverse momentum distribution of the produced
quark. We carried out our analytical calculations in the
Breit frame, where the virtual photon γ and the nucleus
have momentum four-vectors q =

[
−Q2/2q−, q−, 0, 0

]
and PA ≡ A[p+, 0, 0, 0], respectively, where A is the mass
number and q− is the large light-cone momentum of the
hard quark. We choose the nucleus to be traveling in
the positive z direction with large light-cone momen-
tum P+ = Ap+ and the photon in the negative z di-
rection. In this frame, the Bjorken variable is given as
xB = Q2/2p+q−. We define the momentum of a struck
quark or gluon in any of the nucleons in terms of momen-
tum fraction x as pq,g ' xp (where 0 < x < 1). In this

picture, each nucleon is time dilated to an almost static
state with an arbitrary number of near on-shell quarks
and gluons, which are described by the Parton Distribu-
tion Function (PDF) of the nucleon (in this paper we will
ignore nuclear effects on the nucleon PDF).

Now, we consider a scenario where a hard quark prop-
agates through the nucleus. It undergoes multiple scat-
terings off the gluon field of the nucleus and radiates
gluons. Without any scattering or radiation, the trans-

verse momentum (~k⊥) distribution of the quark is given

approximately by a δ-function, dσ
σd2k⊥

∝ δ(2)(~k⊥). Scat-
tered by one medium parton, illustrated in Fig. 1, the
hard quark’s averaged transverse momentum is shifted
by
∫
dY −q̂(Y −). The effect from further uncorrelated

multiple scatterings on hard quark’s transverse momen-
tum distribution can be modeled as a diffusion process
described in Ref. [26]. Using either the single scatter-
ing equation Ref. [27–29] or the full diffusion equation
in Ref. [26] one obtains the fundamental relation that
defines the transport coefficient,

〈k2
⊥〉 =

∫
d2k⊥k

2
⊥

dσ

σd2k⊥
=

∫ L−

0

dY −q̂(Y −) ' q̂L−. (4)

The last equality in the equation above is valid in the
limit that q̂ is constant along the path traversed by the
hard quark.

FIG. 1. A forward scattering diagram at leading order (LO).
Here, a hard quark with large light-cone momentum q− scat-
ters via a Glauber gluon k⊥with a hard collinear fluctuation in
a target constituent (nucleon in nucleus or QGP constituent).
The vertical dotted line represents the cut-line [30].

The derivation of Eq. (4) in the case of multiple scat-
tering rests on the assumption that the scatterings are in-
dependent of each other. In the case of DIS on a large nu-
cleus, this implies that subsequent scatterings take place
on separate nucleons, or that double scattering on a sin-
gle nucleon is rare. This assumption holds for the case of
high energy partons. In this limit, scattering also induces
radiation, in addition to the vacuum radiation emanat-
ing from the quark. For the case where only the radiated
gluon scatters, the differential yield of induced gluons, in
bins of light-cone momentum fraction y and transverse

momentum ~l⊥, from a single scattering can be expressed
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as [7, 31, 32],

dNg
dydl2⊥

=
αs
2π2

P (y)

∫
dζ−dδζ−d2k⊥d

2ζ⊥
(2π)2

(5)

×
2− 2 cos

{
(l⊥−k⊥)2ζ−

2q−y(1−y)

}
(l⊥ − k⊥)4

e
−i k2

⊥
2q−

δζ−+i~k⊥·~ζ⊥

×
〈
pB

∣∣∣Aa+(ζ−+ δζ−, ~ζ⊥)Aa+
α (ζ−, 0⊥)

∣∣∣ pB〉 .
In the equation above (and the remainder of this paper),
we have neglected the obvious initial state and hard-
scattering factor G(x,Q2)σ̂, we assume that the photon
light-cone momentum q− and the Q2 are measured in
some restricted range, then the Bjorken-x is determined
such that x = Q2/(

√
2Mq−). In the equation above,

P (y) is the regular AP splitting function. The scatter-
ing takes place at the location (ζ−, 0⊥) in the amplitude

and at the shifted location (ζ−+δζ−, ~ζ⊥) in the complex
conjugate, where Aa+ represents the dominant compo-
nent of the gluon vector potential at these locations (in
Aa− = 0 gauge), in the nucleon state |pB〉.

Requiring that the final nuclear state be identical in
both amplitude and complex conjugate, the δζ− and ζ⊥
integrals are limited by the size of a nucleon, i.e., the
same nucleon that is struck in the amplitude, is also
struck in the complex conjugate. The ζ− integral is lim-
ited by the formation time of the radiation τ− or the
light-cone length L− that has to be traversed in the nu-
cleus by the parton. The scattering exchanges a trans-

verse momentum ~k⊥ between the radiated gluon and the
medium, along with (+)-momentum k2

⊥/(2q
−), and (−)-

momentum k2
⊥/(2p

+) � q−. The (−)-momentum ex-
changed has already been integrated out in Eq. (5), as
it makes a negligible change in the (−)-momenta of the
produced quark and gluon.

 (GeV)xk
50− 0 50 100 150

)
x

H
(k

 

3−10

2−10

1−10  = 50 GeVx l

 = 5 GeVx l

FIG. 2. Plot of Eq. (8) for ly = ky = 0 GeV, q− = 50 GeV,
and y = 0.5, as function of kx for two choices of lx. The
blue dashed lines at kx ∼ lx ± (lx/2) isolate the portion of
the function where the value is within 95% of the maximum
value.

While not made clear in prior publications, there is
a tension between the 2nd and 3rd lines of Eq. (5), re-
garding the dominant range of the k⊥ integration. While
explicitly demonstrated in the subsequent sections, it is
immediately clear that the expectation of the operator
product in the 3rd line of Eq. (5), is enhanced for separa-
tions ζ⊥ ∼ 1/pB⊥ ∼ 1/ΛQCD. Thus, the matrix element
prefers k⊥ ∼ ΛQCD. However, the 2nd line of Eq. (5)
prefers k⊥ ∼ l⊥, the transverse momentum of the radi-
ated gluon. This is consistent with the idea of coherence
first expounded in Refs. [33–35]. To clearly illustrate this,
we briefly make the approximation that, in a large nu-
cleus, one can assume longitudinal translation invariance
of the matrix element, i.e., on average, all nucleons are
similar and thus,〈

pB

∣∣∣Aa+(ζ−+ δζ−, ~ζ⊥)Aa+
α (ζ−)

∣∣∣ pB〉 (6)

'
〈
pA

∣∣∣Aa+(δζ−, ~ζ⊥)Aa+
α (0)

∣∣∣ pA〉 .
In the above expression, nucleon A is at the origin ~ζ = 0,
and nucleon B is at (ζ−, 0). In this approximation, we
can factorize the location integrals into the second and
third lines of Eq. (5), obtaining

dNg
dydl2⊥

=
αs
2π2

P (y)

∫
d2k⊥
(2π)2

(7)

×
∫ τ−

0

dζ−
2− 2 cos

{
(l⊥−k⊥)2ζ−

2q−y(1−y)

}
(l⊥ − k⊥)4

×
∫
dδζ−d2ζ⊥e

−i k2
⊥

2q−
δζ−+i~k⊥·~ζ⊥

×
〈
pB

∣∣∣Aa+(δζ−, ~ζ⊥)Aa+
α (0)

∣∣∣ pB〉 .
We define the integral in the second line of the Eq. (7)

as

H(k⊥, l⊥, q
−, y) =

∫ τ−

0

dζ−
2− 2 cos

{
(l⊥−k⊥)2ζ−

2q−y(1−y)

}
(l⊥ − k⊥)4

,(8)

where the formation time τ− = 2q−/µ2 and µ2 ∼ l2⊥.
This function (normalized) is plotted in Fig. 2 as a func-
tion of k⊥,x for two different values of l⊥x= 5, 50 GeV.
We choose the projection along k⊥,y = l⊥,y = 0, q− = 50
GeV, and y = 0.5. As one immediately notes, increasing
l⊥, which in transverse space corresponds to making the
quark-gluon dipole smaller, selects k⊥ exchanges that are
of the same order as l⊥, i.e., wavelengths that can resolve
the quark-gluon dipole as separate partons.

To completely uncouple the terms in the second line
with those in the third and fourth line of Eq. (7), a
Taylor expansion in k2

⊥/l
2
⊥ (odd powers vanish due to

cylindrical symmetry) is carried out. Using by parts in-

tegration, the product
∫
d2ζ⊥i~k⊥ exp[i~k⊥ · ~ζ⊥]Aa+(~ζ⊥)

can be converted to
∫
d2ζ⊥ exp[i~k⊥ · ~ζ⊥]∂⊥A

a+(ζ⊥) '∫
d2ζ⊥ exp[i~k⊥ · ~ζ⊥]F a+

⊥ (~ζ⊥), where F a+
⊥ is the gluon
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chromo-magnetic field transverse to the direction of prop-
agation of the hard parton. The first non-vanishing con-
tribution, from the term k2

⊥/l
2
⊥, is contained within the

transport coefficient q̂, now written with the ζ− depen-
dence re-introduced as,

q̂(ζ−) =

∫
dδζ−

2π

∫
d2k⊥d

2ζ⊥
(2π)2

e
−i k2

⊥
2q−

ζ−+i~k⊥·~ζ⊥ (9)

×
〈
pB

∣∣∣F a+α(ζ−+ δζ−, ~ζ⊥)F a+
α (ζ−)

∣∣∣ pB〉 .
It should be pointed out that while coherence effects

(2nd line of Eq. (7) above), require a k⊥ ∼ l⊥ for en-
ergy loss to take place on a virtual parton, momentum
fluctuations where k⊥ � ΛQCD, are suppressed in a nu-
cleon. As a result, q̂τ− � l2⊥. Extending this argument
further, it will be assumed that higher power corrections
e.g., k4

⊥/l
4
⊥, which yield terms such as

J=

〈
pB

∣∣∣∂⊥F a+α
(ζ−+ δζ−, ~ζ⊥)∂⊥F

a+
α (ζ−)

∣∣∣ pB〉
l4⊥

, (10)

are suppressed compared to the q̂τ−/l2⊥, and are ignored
in the remainder of this paper. The reader will note
that this statement depends on assumptions regarding
the distribution of momentum originating from the nu-
cleon state. In Sect. IV, we will present a model which
obeys this approximation. Given these, we obtain the
medium induced spectrum of gluons radiated from a sin-
gle scattering in the medium as

dNg
dyd2l⊥

=
αSP (y)

2π2

∫ τ−

0

dζ−q̂(ζ−)

×
2− 2 cos

{
(l⊥)2ζ−

2q−y(1−y)

}
(l⊥)4

. (11)

In the subsequent section, we use the above formula to
compose a multiple emission formalism to compute the
yield of hadrons fragmenting from the hard parton.

III. MULTIPLE EMISSIONS AND MEDIUM
MODIFIED DGLAP

In this paper, we will focus on high momentum single
hadron production. In the next section, we will extend
this to nuclear collisions, at RHIC this implies a pT ≥ 8
GeV, while at the LHC we will restrict calculations to
pT ≥ 10 GeV. Hard partons start out with a virtuality
that is much higher than any medium scale. In this stage,
medium modification is power suppressed, and is a per-
turbative correction to the virtuality ordered vacuum-like
emissions from the hard parton. In this paper, it will be
assumed that partons remain in this state as they exit
the large nucleus (dense medium), and then fragment in
vacuum to produce hadrons. This picture is obviously
not true for most of the hadrons that emanate from this
process, many will be produced within or will be affected

by the nuclear medium. However, this picture is appro-
priate for the highest energy hadrons which are produced
in the fragmentation of the highest energy parton, which
is expected to exit the nuclear medium prior to fragmen-
tation.

In the case of no stimulated emission, the yield of
hadrons carrying a momentum fraction z of the original
parton from the fragmentation of a single parton with
virtuality µ2

0, is obtained using the fragmentation func-
tion D(z, µ2

0). The change of the yield due to multiple
emissions from a parton with a different virtuality µ2 is
obtained as,

D(z, µ2) = D(z, µ0) (12)

+

µ2∫
µ2
0

dµ2
1

µ2
1

1∫
z

dy

y
P+(y)D

(
z

y
, µ2

0

)
+ . . . ,

where the . . . represent 2 and the higher number of emis-
sions. The subscript + on the splitting function indicates
that we have subtracted the virtual correction which con-
tains the product of the leading amplitude, and the next-
to-leading order complex conjugate for no emission (and
vice-versa). This virtual correction removes the infra-
red divergence from soft gluon emission in the splitting
function. Contributions from multiple emissions can be
resummed by solving the DGLAP evolution equation,

∂D(z, µ2)

∂ logµ2
=
αS
2π

∫
dy

y
P+(y)D

(
z

y
, µ2

)
. (13)

In order to add the contribution from medium induced
emission, we simply convert from transverse momentum
to virtuality l2⊥ = µ2

1y(1 − y) in Eq. (11), and integrate
µ2

1 from µ2
0 to µ2. The ensuing term can be added to

the kernel of the DGLAP equation above to obtain the
medium modified DGLAP evolution equation. Given the
form of Eq. (11), one necessarily obtains a medium mod-

ified fragmentation function D̃(z, µ2, ζ−i )|q− , which addi-
tionally depends on the light-cone momentum q− of the
hard parton, and on the location ζ−i , where the parton
is produced in the medium (z is the momentum fraction
carried by the hadron with respect to the parent parton,
and µ2 is the scale of the function, or virtuality of the
parton). This is obtained as a solution to the medium
modified DGLAP evolution equation[7, 36],

∂D̃
(
z, µ2, ζ−i

)∣∣∣
q−

∂ logµ2
=
αS
2π

1∫
z

dy

y

[
P+(y)D̃

(
z

y
, µ2, ζ−i

)∣∣∣∣
yq−

+

(
P (y)

y (1− y)

)
+

D̃

(
z

y
, µ2, ζ−i + τ−

)∣∣∣∣
yq−

×
ζ−i +τ−∫
ζ−i

dζ−
q̂ (ζ−)

µ2

{
2− 2 cos

(
ζ−

τ−

)} . (14)

The first line of the equation above, is identical to the
evolution equation of the vacuum fragmentation func-
tion, except that the functions now also depend on the
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origin of the hard parton. The second and third line rep-
resent the medium modified portions, which mix func-
tions at location ζ−i with partons formed ahead in the
medium by a formation time τ− = 2q−/µ2. The reader
will note that we mention the parent parton’s energy q−

(or yq−) separate from the other variables in the frag-
mentation function. This is because, the rescaling of the
energy on the right-hand side of the DGLAP equation
takes place in the case of Eq. (13) as well, but is usu-
ally suppressed as vacuum fragmentation functions are
invariant under boosts in the parton’s direction. In the
presence of a medium, the fragmentation functions are
no longer boost invariant, however, parametrically this is
not a new dependence such as the position dependence.

IV. CALCULATING q̂ AND ITS DEPENDENCE
ON JET SCALE IN A QGP

In the preceding sections we discussed the underly-
ing assumptions and approximations that constitute the
higher-twist scheme of energy loss and the formalism of
medium modified fragmentation functions. While much
of this is standard knowledge, it is important to recapitu-
late it here as it affects the phenomenological calculation
of q̂ in terms of a parton distribution function (PDF) in
a dense medium.

Consider a hard quark or gluon propagating through a
large nucleus undergoing multiple scattering off the gluon
field within the nucleons in the large nucleus. Consider
this process in the Breit frame where the nucleus itself
is traveling towards the hard parton. A portion of the
gluon field inside boosted nucleons at a resolution scale
µ2 � Λ2

QCD may be described as independent partons.
Thus, without any prior knowledge, we can write q̂ as:

q̂ =

∫ K2

µ2
0

dk2
⊥
dq̂

dk2
⊥
. (15)

In the equation above, we identify a separation scale µ2
0.

For transverse momentum (k⊥) exchanges that are softer
than this scale, the contributions to q̂ cannot be com-
puted in perturbation theory. For exchanges k2

⊥ > µ2
0 up

to the maximum allowed limit K2
⊥, the contributions to

q̂ can be calculated in perturbation theory assuming a
single gluon exchange between the jet parton and a par-
ton obtained from the PDF of the medium. This is the
process highlighted in Fig. 1. In what follows, we assume
µ2

0 = 1 GeV2.
A close examination Eq. (8) and Fig. 2 indicates that

for a given virtuality of the hard parton (µ2 ∼ l2⊥), the
dominant integration range of k2

⊥ for q̂ lies in µ±µ/2. In
fact, as the virtuality (or l2⊥) increases, the range of k2

⊥
that contributes to q̂ also shifts to a higher interval. This
is consistent with the idea of coherence [33–35]: Smaller
dipoles are affected by gluons from the medium that have
a wavelength of the order of the size of the dipole. The
first outcome of this observation is that at virtualities

µ2 � µ2
0, we can approximate q̂ '

∫K2

µ2
0
dk2
⊥dq̂/dk

2
⊥.

To further mimic this effect we define the effective
q̂(µ2) as a function of virtuality µ2 of the hard jet par-
ton. A simple choice is to integrate the range between
the blue dashed lines in Fig. 2, i.e.,

q̂(µ2) =

∫ (µ+∆µ)2

(µ−∆µ)2
dk2
⊥
dq̂

dk2
⊥
. (16)

The problem with the formula above is that the inte-
gral ranges from µ2/4 to 9µ2/4, i.e., ∆µ ∼ µ/2; this will
involve carrying out a the calculation for q̂ in a region
where k2

⊥ exchanges are below 1 GeV. In realistic calcu-
lations of the single hadron RAA and v2, µ2 ranges from
p2
T down to µ2

0 = 1 GeV2.
We deal with this issue in two ways: In method [A], we

keep the range of the integral from µ2/4 to 9µ2/4, but
restrict the scale of all quantities within the integrand to
be larger than µ2

0:

q̂[A](µ2) =

∫ 9µ2/4

µ2/4

dk2
⊥
dq̂

dk2
⊥

[Max(k2
⊥, µ

2
0)]. (17)

We will also use an alternate formula [B] which
strongly restricts the lower bound of the integral, but
ensures the integrand is always evaluated at k2

⊥,

q̂[B](µ2) =

∫ 9µ2

µ2

dk2
⊥
dq̂

dk2
⊥

[k2
⊥]. (18)

One could argue that we have simply redefined µ2 to
represent the lower bound of the integral, rather than
the midpoint. This is a minor correction, as long as the
upper and lower limits of the integral are of the same
order, which is the case here. Alternatively, we could
argue that we have redefined the meaning of q̂(µ2) to be
the inclusion of interactions from µ2 to 9µ2 (i.e. inclusion
of interactions at the scale of µ2).

Considering the origin of the q̂ to be from a single
gluon exchange with a parton obtained from the Parton
Distribution Function (PDF) of the target, we obtain the
expression for the scale dependent q̂ as a product of the
density of nucleons in the nucleus at a light-cone loca-
tion ζ−, the PDF of that nucleon, and the 2 → 2 hard
scattering cross section, weighted by the square of the
transverse momentum exchanged,

q̂(µ2, q−, ζ−)=

∫
d2k⊥

k2
⊥d

2σ̂

d2k⊥
ρ(ζ−)

1∫
k2
⊥

2p+q−

dxG(x, k2
⊥). (19)

We computed q̂ by applying Cutkosky’s rules [30] to for-
ward scattering diagrams at LO (Fig. 1) and NLO which
involved single gluon loop corrections to the target par-
ton and exchanged gluons. A full derivation of the above
Eq. (19) and other applications to jets shall appear in
a future publication [37]. In Eq. (19), instead of using
the local q̂, we average over an appropriate length tra-
versed by the hard parton prior to emission denoted as
L−. This is typically the emission length, equal to the
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formation length of the radiation, set by the off-shellness
and the light-cone momentum of the hard parton (when
the formation length exceeds the length of the medium,
L− represents the medium’s length),

q̂(µ2, q−) =
1

L−

∫
d2k⊥

k2
⊥d

2σ̂

d2k⊥

ζ−i +L−∫
ζ−i

dζ−ρ(ζ−)

×
∫ 1

k2
⊥

2p+q−

dxG(x, k2
⊥). (20)

In both equations above, x refers to the momentum
fraction of a parton within a nucleon, which scatters via
single gluon exchange with the jet parton. The jet par-
ton is formed in a prior hard interaction at the loca-
tion ζ−i . It interacts with a transverse gluon from a nu-
cleon within a light-cone distance L−. In the equation
above, we have not mentioned the limits of integration
of k2

⊥, this depends on the prescription used [prescrip-
tion [A] or [B] as described in Eqs.(17,18)]. Given the
range of integration of the k2

⊥ integral, we can also re-
place G(x, k2

⊥) ∼ G(x, µ2). This replacement has almost
a minimal effect on the calculation of q̂ using Eq. (20).

Extending the above formalism to jets traversing
through a QGP depends strongly on the assumption of
independent scatterings, valid for highly energetic and
virtual partons. In all calculations of perturbative QCD
based jet quenching in a QGP, one assumes subsequent
scatterings to be independent of each other, thus all cal-
culations obtain Eq. (4), and as an extension that the
energy lost by a hard parton ∆E ∝ q̂L2. In a large nu-
cleus, one can identify the nucleon radius as the maximal
distance over which the gluon fields may be correlated.
In the case of a QGP, this distance is the much smaller
quantity of the Debye screening length: Locations be-
yond this length are not correlated. The Debye length
is, however, temperature dependent, and as such a hard
parton traverses several different screening lengths on its
way out of the QGP.

The second extension relates to the definition of the
momentum fraction. We define a “nucleonic” xN =
q̂L/(2MNE), where MN is the mass of a nucleon (= 1
GeV in the following), and E is the energy of the jet in
the rest frame of the struck portion of the QGP. We de-
fine this quantity due to a lack of knowledge of mQGP ,
the mass of a degree of freedom, or a correlated enclo-
sure within a QGP; all estimates of this mass place it
at mQGP ∼ gT . MN . Thus at best, our xN = ξ(T )x,
where x is the actual momentum fraction of a parton
within a QGP degree of freedom, and 0 < ξ(T ) < 1 is a
temperature dependent scaling factor.

For intermediate values of xN , the scale and energy
dependent q̂ is obtained from the diagram in Fig. 1:
Partonic fluctuations (indicated by solid lines with ar-
rows), which may be a quark or a gluon at a scale ∼ µ2,
collinear with the target state of a nucleon or a QGP con-
stituent (with target momentum p+), radiate a Glauber

gluon [38], with resolved transverse momentum k2
⊥ ∼ µ2,

which scatters off the outgoing jet parton, with momen-
tum q−,

q̂(µ2, q−) =
1

L−

∫
d2k⊥k

2
⊥
d2σ̂

d2k⊥

∫ L−

0

dy−ρ(y−)

×
∫ 1

k2
⊥

2p+q−

dxNG(xN , µ
2). (21)

In the equation above, G(xN , µ
2) represents the parton

distribution at the scale µ2 of a degree of freedom in the
target (the density of which is ρ), i.e. the lower blob in
Fig. 1. In the subsequent section, we will evaluate the
RAA and v2 for single hadrons at two different collision
energies, using both prescriptions for the transverse mo-
mentum range of the q̂ integral. The fits to RAA and v2

will allow us to extract the from of the QGP-PDF. This
will depend somewhat on the prescription used. The dif-
ference will be factored into the uncertainty of the ex-
tracted QGP-PDF. In spite of this uncertainty, we will
find that this scale dependence of q̂ will lead to a smaller
value of q̂ at higher resolution scales, leading to an effec-
tively smaller q̂ at LHC, due to larger jet energies than
at RHIC, at the same temperature.

V. SINGLE HADRON RAA AND v2.

In the preceding section, we outlined a model for cal-
culating a scale and energy dependent q̂. Using the prin-
ciple of coherence, as demonstrated in Fig. 2, we noted
that the scale at which the medium is probed by a par-
ton with a virtuality ∼ µ2 is comparable to that scale.
Thus as the scale of the parton increases, the effective q̂
will continue to change. In what follows, we will com-
pute the nuclear modification factor RAA and azimuthal
anisotropy v2 of inclusive hadrons at high pT , using both
the prescriptions outlined for q̂.

The input to such a calculation is the form of the PDF
(xN dependence) within the QGP at the lower scale of
µ0 = 1 GeV. The PDF at any higher scale is obtained by
DGLAP evolution. For this first attempt, we parametrize
the PDF in standard form:

G(x, µ2 = 1 GeV2) = Nxα(1− x)β . (22)

The three coefficients are not independent of each other:
The choice of α and β restricts the choice of N, which
now replaces the overall normalization q̂0. For simplicity,
we approximate the QGP-PDF GQGP(x, µ2) ≡ G(x, µ2)
whose evolution is govern by rules of the DGLAP equa-
tion given as:

∂G(x, µ2)

∂ logµ2
=
αs(µ

2)

2π

1∫
x

dy

y
G(x, µ2)P

(
x

y

)
. (23)

In our calculation, we assume the function P (x) =
Pgg(x), where Pgg is the standard AP splitting function
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FIG. 3. Nuclear Modification factor at two different colli-
sion energies for four different centralities at RHIC and LHC.
The parameters of the QGP-PDF are dialed to fit the bottom
two panels. The scale dependence of q̂ is calculated using
prescription [A] in Eq. (17) and represented with the dashed
lines.

for the gluon with momentum fraction x coming from
a gluon in the plasma. Note, in the above equation we
have ignored the flavor-dependence. Extracting the fla-
vor dependent QGP-PDF would increase the number of
fit parameters in our full model calculations and would
be well suited for Bayesian statistical analysis to be done
in future.

In this paper, we present results for the event averaged
RAA. Our calculations closely follow the methodology of
Ref. [39] (See Eqs. (2-5) in [39]), which calculates the
RAA given a q̂0, assuming that q̂ scales with the local
entropy density (q̂ = q̂0s/s0, where s0 = 96/fm3). The
main difference in the current work is the scale and en-
ergy dependence of q̂0, as obtained from Eq. (21). This
evolution causes a reduced q̂ at most values of xN probed,
leading to a natural reduction in the mean value of q̂/T 3

at LHC compared to RHIC. This reduction is generic and
independent of the prescription ([A] or [B]) used to define
q̂, it is also independent of whether we pick a valence-like
or sea-like QGP-PDF as input for the calculation of q̂. As
it has been pointed out in Sec. II and IV that for a given
virtuality of the hard parton (µ2 ∼ l2⊥), the dominant in-
tegration range of k2

⊥ for q̂ lies in µ± µ/2. This sets the
scale of q̂ to be same as the scale of the medium-modified
fragmentation function. Note, the scale µ2 runs with the
scale of the medium-modified fragmentation function in
[Eq. (14)].

For the input QGP-PDF, we vary α and β to obtain
the combined best fit for the 0-5% centrality bin at the
LHC and the 0-10% centrality bin at RHIC, as these have
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FIG. 4. Same as Fig. 3, except that q̂ is calculated using
prescription [B] in Eq. (18), and represented with the solid
lines.

the smallest error bars. The variation with pT , central-
ity, and now also

√
s of the collision are predictions. The

results from this particular choice of α and β using pre-
scription [A] for q̂ [Eq. (17)], for 4 different centralities
is presented in Fig. 3 for both RHIC and LHC energies.
We stress once again that there is no re-normalization
between RHIC and LHC energies. The reduction in the

interaction strength Q̂ = q̂/T 3 is entirely caused by scale
evolution in q̂. The same procedure is followed for pre-
scription [B] and the results are presented in Fig. 4. This
demonstrates the somewhat mild sensitivity to the cho-
sen prescription for the calculation of q̂.

We also compare the azimuthal anisotropy v2 from the
angle dependent RAA, for 4 different centralities at RHIC
and LHC energies in Fig. 6, where

RAA(pT , φ) = RAA [1 + 2v2 cos(2φ− 2Ψ) + . . .] . (24)

where Ψ is the event plane angle determined by the ellip-
tic flow of soft hadrons. As the quenching of jets is carried
out on a “single-shot” or event averaged hydro calcula-
tion, there is a well defined event plane in these fluid
dynamical simulations. In Fig. 5, we plot the azimuthal
anisotropy for the case where q̂ is calculated using pre-
scription [A]. In Fig. 6 we plot the v2 using prescription
[B]. One should note that both Figs. 5,6 represent pa-
rameter free calculations. All input parameters have been
set in the angle integrated RAA calculations presented in
Figs. 3,4.

The improved fit with experimental data (χ2/d.o.f=4.8
for Fig. 3 and 5.6 for Fig. 4) without the need for an ar-

bitrary renormalization of Q̂, between RHIC and LHC
energies indicates that scale dependence of q̂ represents
an actual physical effect for jets traversing a QGP. This
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FIG. 5. Azimuthal anisotropy at two different collision ener-
gies for four different centralities at RHIC and LHC. Calcu-
lations are carried out using prescription [A] for q̂, and repre-
sented with the dashed lines.
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FIG. 6. Same as Fig. 5, except calculations are carried out
using prescription [B] for q̂ and represented using solid lines.

fit also adds confidence in the input PDF at µ2
0 = 1 GeV2,

within a QGP constituent. We have attempted several
values of α and β and obtained minima in χ2/d.o.f. This
allowed us to isolate the input distribution to lie within
the bands in Fig. 7. The preferred shape does depend on
the choice of prescription for the calculation of q̂. Using
prescription [A] we obtain a minimum for a sea-like PDF.
This is indicated by the dashed blue line in Fig. 7. The
resulting RAA and v2 from this particular input PDF

is also indicated by the blue dashed lines in Figs. 3,5.
Using prescription [B], the isolated range of input distri-
butions has a “valence” like bump around xN ∼ 0.8 and
a large “sea” like contribution at small-xN . The wide
bump around xN ∼ 0.8 would be consistent with that
obtained from a temperature dependent plasma of quasi-
particles. The large sea contribution likely represents the
strong interaction between these.

The uncertainty bands from the input distributions for
both [A] and [B] prescriptions overlap and are reported
together as the systematic error in the extracted QGP-
PDF. We should point out that while the reader may
discern certain properties of the QGP by looking at the
extracted PDF, this is still somewhat premature given
the uncertainty. What is certain is that regardless of the
choice of prescription of calculating q̂ and the uncertainty
in the extracted PDF, the reduction in q̂ with increasing
virtuality of the hard parton leads to a good fit to data at
both RHIC and LHC energies without the need for any
refitting between them. We have also explored the case
where MN is increased to 2 GeV; this choice deteriorates
the fit, increasing the χ2/d.o.f. beyond 8. This confirms
our assumption that a mass of 1 GeV captures more than
a degree of freedom within the QGP.
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FIG. 7. Color Online: Left: The input PDF [G(xN )] at µ2 =
1 GeV2, used in the calculation of the scale dependence of q̂.
The dashed blue line corresponds to the minimum in χ2 when
q̂ is calculated using prescription [A] [Eq. (17)], The solid blue
line corresponds to the minimum in χ2 when q̂ is calculated
using prescription [B] [Eq. (18)]. Right: xN times the PDF.
The band in both plots represents the range of functions that
yield very similar χ2/d.o.f. when compared with Fig. 4.

Even though the extracted PDF shows some differ-
ences between the two prescriptions for the calculation
of q̂, the resulting q̂ as a function of scale, once the pa-
rameters have been set, are actually quite similar. In the
left panel of Fig. 8 we show the q̂ as a function of scale µ2,
for partons with an energy of 50 GeV for the two different
prescriptions. In the case of prescription [A] we used the
best fit sea like distribution, for prescription [B] we used
a valence like distribution. For the case of prescription
[B], we have also shown the effect of replacing the upper
limit of the exchanged momentum with its limit given
by K2

⊥, this may be given by either the kinematic bound
(2xNp

+q−) or the scale Q2, up to which the medium
modified fragmentation function is being evolved.
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Using the best fit PDF for prescription [A], we also cal-
culate the size of the 〈k4

⊥〉/µ2/L− terms. These are terms
that arise from the twist expansion and were highlighted
in Eq. (10). Typically these are ignored in all higher-twist
calculations of energy loss. In this case, since we have an
explicit model of q̂, we demonstrate that these terms are
indeed quite smaller than terms such as 〈k2

⊥〉/L− which
yield q̂L/µ2 and are retained in the calculation. This is
an aposteriori justification of the twist expansion carried
out in Sect. II.
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FIG. 8. (Color Online) Left: Calculations of q̂/T 3 using dif-
ferent choices of the scale for the input PDF in Eq. (20),
such as the exchanged transverse momentum scale k2⊥ (black
solid line), the lower limit of the exchanged momentum, µ2

(red dotted line). The blue dashed line shows the minimal
change obtained by changing the upper limit from 9µ2 to the
kinematic bound of K2

⊥ = 2xp+q− [Eq. (21)]. Right: A com-
parison between q̂ = 〈k2⊥〉/L− and the fourth moment of the
transverse momentum exchange 〈k4⊥〉/L− (scaled by the me-
dian value of k2⊥ ∼ µ2), both scaled by T 3, in the model of
Eq. (21).

VI. CONCLUDING DISCUSSIONS.

In this paper, we have presented an alternative ex-
planation to the diminishing value of the interaction

strength Q̂ = q̂/T 3 at LHC compared to RHIC, due
to the increased resolution of higher virtuality partons
at higher jet energies at the LHC. As the virtuality of
the partons increases with energy, the transverse size of
the dipole formed by the parton and the emitted gluon
decreases, and as a result, can only sample gluons from
the medium that have wavelengths comparable to this
size. Alternatively, the exchanged transverse momentum
k2
⊥ has to be of the order of the transverse momentum

of the emitted gluon (l2⊥) to effect a medium induced
radiation (as shown in Fig. 2). This causes the jet par-
ton to become sensitive to harder gluons emitted from
the medium. For k2

⊥ > µ2
0 = 1 GeV2 this can be reliably

calculated using a perturbative single gluon exchange for-
mula involving a PDF of a degree of freedom within the
medium.

Several approximations were made in this first attempt
involving a QGP-PDF: The calculation was formulated
within the framework of single hadron production in DIS

on a large nucleus. Both formulae for gluon emission for
a given q̂, and the calculation of the q̂ using single gluon
exchange with a parton from a nucleonic PDF, were then
extended to the case of jets propagating through a QGP.
Calculations were carried out in the higher-twist scheme
of energy loss, where a Taylor expansion of 〈k2

⊥〉/l2⊥ is
carried out and only the first term is retained. This was
justified in the right panel of Fig. 8.

To numerically carry this out, we defined q̂(µ2) using
two different prescriptions for the range of transverse mo-
mentum exchanged in the calculation of q̂. This was done
to restrict the lower limit of the exchanged transverse mo-
mentum to always remain in the region k2

⊥ ≥ 1 GeV2. A
comparison of these approximations for the resulting q̂
as a function of the scale is presented in the left panel
of Fig. 8. The lack of knowledge of the mass of a QGP
degree of freedom, led us to define the nucleonic xN , the
minimum of which is xN = k2

⊥/2ME where E is the
energy of the jet parton, and M = 1 GeV, assuming
that the mass of a QGP degree of freedom will be less
than 1 GeV. We have increased this to 2 GeV and found
a slightly worse fit to the data. In spite of these ap-
proximations, we have clearly demonstrated that in the
regime where q̂ can be estimated within pQCD, using
Eq. (21), there is a clear diminishing of the interaction
strength with increasing parton energy and virtuality at
LHC compared to RHIC. Also, the obtained suppression
in q̂ is consistent with that required by the experimental
data. In the process, we have isolated the possible PDF
of a QGP degree of freedom.

In this paper, we have presented the first successful at-
tempt to explain the JET puzzle: the downward renor-

malization of the interaction strength Q̂, at the same
temperature, at LHC energies compared to RHIC ener-
gies. This was achieved by allowing q̂ to vary with the
scale of the jet. Fits with experimental data on RAA
and v2 at 4 different centralities from both RHIC and
LHC were presented. The inferred input distribution at
the lowest possible perturbative scale of 1 GeV2, has a
valence-like bump and a large sea-like distribution. The
bands in Fig. 7 represent the uncertainty in the input
PDF. In future efforts, we intend to carry out a more
extensive study using scale dependent q̂, involving both
leading hadrons and jets, and perform a flavor dependent
extraction of the QGP-PDF.
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