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Introduction
Broadening of a probe in the medium

Controls the (radiative) energy loss:

Jet transport parameter: 
           = mean transferred momentum squared per unit length

Fundamental medium property
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Energy dependence of jet transport parameter and parton saturation in quark-gluon
plasma
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(Dated: May 24, 2007)

We study the evolution and saturation of the gluon distribution function in the quark-gluon
plasma as probed by a propagating parton and its effect on the computation of jet quenching or
transport parameter q̂. For thermal partons, the saturation scale Q2

s is found to be proportional to
the Debye screening mass µ2

D. For hard probes, evolution at small x = Q2
s/6ET leads to jet energy

dependence of q̂. We study this dependence for both a conformal gauge theory in weak and strong
coupling limit and for (pure gluon) QCD. The energy dependence can be used to extract the shear
viscosity η of the medium since η can be related to the transport parameter for thermal partons in
a transport description. We also derive upper bounds on the transport parameter for both energetic
and thermal partons. The later leads to a lower bound on shear viscosity-to-entropy density ratio
which is consistent with the conjectured lower bound η/s ≥ 1/4π. Implications on the study of jet
quenching at RHIC and LHC and the bulk properties of the dense matter are discussed.

I. INTRODUCTION

Experimental data from the Relativistic Heavy-ion
Collider (RHIC) have shown significant suppression of
both high transverse momentum single inclusive hadron
spectra and back-to-back dihadron correlation in cen-
tral high-energy heavy-ion collisions [1, 2, 3]. The ob-
served jet quenching phenomena can be attributed to
parton energy loss and medium modification of the effec-
tive parton fragmentation functions [4, 5, 6] due to gluon
bremsstrahlung induced by multiple parton scattering.

Within the picture of multiple parton scattering in
QCD, the energy loss for an energetic parton propagat-
ing in a dense medium is dominated by induced gluon
bremsstrahlung. Taking into account of the non-Abelian
Landau-Pomeranchuck-Midgal (LPM) interference, the
radiative parton energy loss [7],

∆E =
αsNc

4
q̂RL2, (1)

is found to depend quadratically on the medium length
L and a jet transport or energy loss parameter,

q̂R = ρ

∫
dq2

T
dσR

dq2
T

q2
T , (2)

which describes the averaged transverse momentum
transfer squared per unit distance (or mean-free-path).
Here R is the color representation of the propagating
parton in SU(3) and ρ is the color charge density of
the medium. According to this picture, jet quenching
as observed in high-energy heavy-ion collisions is a direct
measurement of the jet transport parameter q̂R in dense
medium which not only characterizes the color charge
density but also the interaction strength between the
propagating parton and the medium.

Phenomenological studies based on variations of the
parton energy loss picture [8, 9, 10, 11] all indicate the
formation of an extremely high density matter in the
initial stage of high-energy heavy-ion collisions at the

RHIC energy. The averaged transport parameter ex-
tracted from different phenomenological studies of the
single inclusive high pT hadron suppression in the most
central Au + Au collisions at RHIC is [12] q̂F ∼ 1 − 15
GeV2/fm (for a propagating quark) at an initial time
τ0 = 1 fm/c. A recent simultaneous fit of the next-
to-leading order (NLO) pQCD calculation to both sin-
gle and back-to-back dihadron suppression [13] narrows
the uncertainty to q̂F = 1.1 − 1.4 GeV2/fm, which is
still about 100 times higher than that in a cold nucleus
q̂F ≈ 0.013 GeV2/fm as extracted from leading hadron
suppression in deeply inelastic scattering off large nuclei
[14].

In most of the theoretical studies of parton energy
loss [7, 15, 16, 17, 18], except the twist-expansion ap-
proach [19], a static potential model for jet interaction
with the medium was assumed which led to the factor-
ized dependence of parton energy loss on the transport
parameter q̂R in Eq. (1). In this static potential model,
energy and longitudinal momentum transfer between a
jet parton and the medium is ignored. Therefore, elastic
energy loss due to the recoil of the medium parton dur-
ing the jet-medium interaction is neglected in the cal-
culation of radiative parton energy loss. Furthermore,
the static potential model does not include the effect of
inelastic break-up (or parton radiation) of the medium
partons which can give rise to jet energy dependence of
the transport parameter q̂R. In a dynamical picture, the
transport parameter can be related to gluon distribution
density of the medium [7]. The jet energy dependence
of the transport parameter is then directly related to the
scale and momentum fraction dependence of the gluon
distribution density. Understanding the jet energy de-
pendence of the transport parameter not only helps us
to improve the phenomenological study of experimental
data on jet quenching but also provides additional infor-
mation about the structure of the dense quark-gluon mat-
ter in heavy-ion collisions. Furthermore, as illustrated in
a recent study [20], the low energy limit (E ∼ T temper-
ature of the medium) of the transport parameter in jet

LHC allows to study jets in a large energy range
Does     depend on Energy?
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and the Gluon Distribution Function
Transverse broadening of the probe: 

⇒scattering with thermal particles

Unintegrated gluon 
distribution function

E 3T

~~

The value of x decreases with the probe energy!

If the gluon distribution is independent of x

Gluon distribution per 
scattering center

A closer look leads to
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Evolution

High Energy Jets

⇒ x is small

Large momentum transfer

⇒ large scales µ2 

The gluon distribution function grows = Evolution

Since both x-1 and the scale are large

⇒ Evolution via the Double Logarithmic Approximation (DLA)

For scales µ>>µD the medium effects on the evolution are small 
            ⇒ We use vacuum DLA evolution

Initial condition for evolution deduced from HTL.
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Saturation

Maximum length for interference

Multiple coherent scattering
                               ⇒ saturation

Saturation scale is determined by:
x G(x,Q)

eiq  x+ !
Q

!p

Q2
!

" LI

The QGP density is much larger than  nuclear density  

Saturation sets at larger x

The saturation scale is larger
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Coherence Length 

Lc is comparable to typical path length

The effect of ΛQCD leads to non trivial scale dependence

Lc = 5 fm  for E=300 GeV and T=0.6 GeV
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Saturation: Length Dependence

Qs grows with path length. Coherence length stops the growth.

The abrupt change for L=Lc is a consequence of simplified treatment

Evolutions leads to Qs
2~Lp, p≈ 0.7 (from numerics) 

                                                                 slower than linear!
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Saturation: Energy Dependence

We obtain large values for the saturation scale (large density)

For L>Lc fast grow 

Significant energy dependence:
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q from the Thermal Gluon Distribution
Simplified treatment of the unintegrated gluon distribution

Linear evolution for Q2>Q2
s

Constant  for Q2<Q2
s

We find

The transport coefficient is determined by the saturation scale                    
             (as expected)

DLA

Q

!

Q 22
s

!
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Evolution leads to energy dependence

Non trivial lenght dependence

Apparent divergence of q is due to Qs
2~Lp, p≈ 0.7 (from numerics) 



 Jorge Casalderrey-Solana 11

Jet Acoplanarity

Look for γ + jet events

γ gives the initial direction

The back-jet broadens in its propagation

The jet acoplanarity is sensitive to the 
transferred momentum

Since γ does not lose energy, the typical length is the average 
length 

Cross check for the jet energy loss since it depends on the broadening

pout
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Large Vacuum Acoplanarity
Acoplanarity in p+p

Thanks to: I. Dominguez Jimenez, G. Paic
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Multi-parton radiation is one of the more com-
plex aspects of perturbative Quantum Chromodynamics
(pQCD) and its theory and phenomenology are being ac-
tively studied for the physics programs at the Fermilab
Tevatron Collider and the CERN LHC [1]. The proper
description of radiative processes is crucial for a wide
range of precision measurements as well as for searches
for new physical phenomena where the influence of QCD
radiation is unavoidable. A clean and simple way to
study radiative processes is to examine their impact on
angular distributions. Dijet production in hadron-hadron
collisions, in the absence of radiative effects, results in
two jets with equal transverse momenta with respect
to the beam axis (pT ) and correlated azimuthal angles
∆φ dijet = |φjet 1 − φjet 2| = π. Additional soft radiation
causes small azimuthal decorrelations, whereas ∆φ dijet

significantly lower than π is evidence of additional hard
radiation with high pT . Exclusive three-jet production
populates 2π/3 < ∆φ dijet < π while smaller values of
∆φ dijet require additional radiation such as a fourth jet
in an event. Distributions in ∆φ dijet provide an ideal
testing ground for higher-order pQCD predictions with-
out requiring the reconstruction of additional jets and
offer a way to examine the transition between soft and
hard QCD processes based on a single observable.

A new measurement of azimuthal decorrelations be-
tween jets produced at high pT in pp̄ collisions is pre-
sented in this Letter. Jets are defined using an iter-
ative seed-based cone algorithm (including mid-points)
with radius Rcone = 0.7 [2]. The same jet algorithm
is used for partons in the pQCD calculations, final-state
particles in the Monte Carlo event generators, and recon-
structed energy depositions in the experiment. ∆φ dijet

is reconstructed from the two jets with highest pT in
an event. The observable is defined as the differential
dijet cross section in ∆φ dijet, normalized by the dijet
cross section integrated over ∆φ dijet in the same phase
space (1/σdijet) (dσdijet/d∆φ dijet). (Theoretical and ex-
perimental uncertainties are reduced in this construc-
tion.) Calculations of three-jet observables at next-to-
leading order (NLO) in the strong coupling constant αs,
have recently become available [3, 4]. Quantitative com-
parisons with data yield information on the validity of
the pQCD description and increase sensitivity for gaug-
ing potential departures that could signal the presence of
new physical phenomena.

Data were obtained with the DØ detector [5] in Run II
of the Fermilab Tevatron Collider using pp̄ collisions at√

s = 1.96 TeV. The primary tool for jet detection was a
compensating, finely segmented, liquid-argon and ura-
nium calorimeter that provided nearly full solid-angle
coverage. Calorimeter cells were grouped into projective
towers focused on the nominal interaction point for trig-
ger and reconstruction purposes. Events were acquired
using multiple-stage inclusive-jet triggers. Four analysis
regions were defined based on the jet with largest pT in
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FIG. 1: The ∆φ dijet distributions in four regions of pmax
T .

Data and predictions with pmax
T > 100 GeV are scaled by suc-

cessive factors of 20 for purposes of presentation. The solid
(dashed) lines show the NLO (LO) pQCD predictions.

an event (pmax
T ) with the requirement that the trigger

efficiency be at least 99%. The accumulated integrated
luminosities for events with pmax

T > 75, 100, 130, and
180 GeV were 1.1, 21, 90, and 150 pb−1 (±6.5%), re-
spectively. The second leading pT jet in each event was
required to have pT > 40 GeV and both jets were re-
quired to have central rapidities with |yjet| < 0.5 where
yjet = 1

2 ln ((E + pz)/(E − pz)) and E and pz are the
energy and the longitudinal momentum of the jet.

The position of the pp̄ interaction was reconstructed
using a tracking system consisting of silicon microstrip
detectors and scintillating fibers located within a 2 T
solenoidal magnet. The vertex z-position was required to
be within 50 cm of the detector center which preserved
the projective nature of the calorimeter towers. The sys-
tematic uncertainty associated with the vertex selection
efficiency is less than 3% for ∆φ dijet > 2π/3 and ≈ 8%
for ∆φ dijet ≈ π/2. The missing transverse energy was
calculated from the vector sum of the individual trans-
verse energies in calorimeter cells. Background from cos-
mic rays and incorrectly vertexed events was eliminated
by requiring this missing transverse energy to be below
0.7 pmax

T . Background introduced by electrons, photons,
and detector noise that mimicked jets was eliminated

Medium effect (Gaussian)
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Conclusions

Ø q is determined from the unintegrated gluon distributions

               High energy jets probe the small x region 

Ø  The growth of the gluon distribution leads to saturation (in 
the plasma)

               Large densities lead to large Qs

Ø q depends on the saturation scale (as expected)

               Rapidity dependent Qs leads to energy dependent q

Ø The energy and length dependence of q is significant in the 
kinematic range of LHC jets.



 Jorge Casalderrey-Solana 14

Back up
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Large Vacuum Acoplanarity

Initial state radiation ⇒ Large vacuum acoplanarity 

Thanks to: I. Dominguez Jimenez, G. Paic
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Broadening of Thermal Particles
For thermal particles, q is computed via  HTL

With the HTL propagator:

We use this as 
initial condition at 
µ=T 

For a maximum momentum 
transfer of order T

φ(x,qT)


