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Outline

• Jets in vacuum


• Jets as ‘colored’ hard probes. What can we learn ? For 
QCD, for the physics of the QGP ? 


• Jets in medium: loss of coherence, medium-induced 
gluon branching


• The jet quenching parameter 


• The in-medium QCD cascade, and its characteristic 
features (energy flow, angular structure)


• Summary

Thanks to  F. Dominguez, E. Iancu and Y. Mehtar-Tani



Examples of 2 and 3 jet events at LEP

Jets in ‘vacuum’
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• Jets originate from energetic partons that 
successively branch into additional partons 



• Elementary branching process is enhanced in the 
collinear region ⟹  Collimated jets  
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Jets in vacuum



hadronspartons

Q0 ⇠ ⇤QCD

• The jet is a coherent object,  successive branchings 
are ordered  from larger to smaller angles 

Q ⌘ E ✓jet

𝜃1 >  𝜃2  >  … > 𝜃n

𝜃1

𝜃2

𝜃3

Jets in vacuum

• large separation of scales (QCD-factorization) Q � ⇤QCD
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OPAL data, Q = 90 GeV
ALEPH data, Q = 130 GeV

• Perturbative QCD prediction for 
the distribution of hadrons in a jet  



• 2 scales: Q0 = ΛQCD   Q= E 𝜃jet 

• Angular Ordering: soft gluon 
emissions (large l)  are suppressed 

[Dokshitzer, Khoze, Mueller, Troyan, 
Kuraev, Fong, Webber…80']

l = ln(Ejet/Eh)

Fragmentation Function

Jets in vacuum



Jets in a quark-gluon plasma

Jets are quenched due to interactions with the QGP



S. CHATRCHYAN et al. PHYSICAL REVIEW C 84, 024906 (2011)

FIG. 1. (Color online) Example of an unbalanced dijet in a PbPb collision event at
√

s
NN

= 2.76 TeV. Plotted is the summed transverse
energy in the electromagnetic and hadron calorimeters vs η and φ, with the identified jets highlighted in red, and labeled with the corrected jet
transverse momentum.

The data provide information on the evolution of the dijet
imbalance as a function of both collision centrality (i.e.,
the degree of overlap of the two colliding nuclei) and the
energy of the leading jet. By correlating the dijets detected
in the calorimeters with charged hadrons reconstructed in the
high-resolution tracking system, the modification of the jet
fragmentation pattern can be studied in detail, thus providing
a deeper insight into the dynamics of the jet quenching
phenomenon.

The paper is organized as follows: The experimental
setup, event triggering, selection and characterization, and jet
reconstruction are described in Sec. II. Section III presents the
results and a discussion of systematic uncertainties, followed
by a summary in Sec. IV.

II. EXPERIMENTAL METHOD

The CMS detector is described in detail elsewhere [29]. The
calorimeters provide hermetic coverage over a large range of
pseudorapidity |η| < 5.2, where η = − ln[tan(θ/2)] and θ is
the polar angle relative to the particle beam. In this study, jets
are identified primarily using the energy deposited in the lead-
tungstate crystal electromagnetic calorimeter (ECAL) and the
brass and scintillator hadron calorimeter (HCAL) covering
|η| < 3. In addition, a steel and quartz-fiber Cherenkov
calorimeter, called hadron forward (HF), covers the forward ra-
pidities 3 < |η| < 5.2 and is used to determine the centrality of
the PbPb collision. Calorimeter cells are grouped in projective
towers of granularity in pseudorapidity and azimuthal angle
given by $η × $ϕ = 0.087 × 0.087 at central rapidities,
having a coarser segmentation approximately twice as large
at forward rapidities. The central calorimeters are embedded
in a solenoid with 3.8 T central magnetic field. The event
display shown in Fig. 1 illustrates the projective calorimeter

tower granularity over the full pseudorapidity range. The CMS
tracking system, located inside the calorimeter, consists of
pixel and silicon-strip layers covering |η| < 2.5, and provides
track reconstruction down to pT ≈ 100 MeV/c, with a track
momentum resolution of ∼1% at pT = 100 GeV/c. A set
of scintillator tiles, the beam scintillator counters (BSC), are
mounted on the inner side of the HF calorimeters for triggering
and beam-halo rejection. CMS uses a right-handed coordinate
system, with the origin located at the nominal collision point
at the center of the detector, the x axis pointing toward the
center of the LHC ring, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the counterclockwise
beam direction. The detailed Monte Carlo (MC) simulation of
the CMS detector response is based on GEANT4 [30].

A. Data samples and triggers

The expected cross section for hadronic inelastic PbPb
collisions at

√
s

NN
= 2.76 TeV is 7.65 b, corresponding to

the chosen Glauber MC parameters described in Sec. II C.
In addition, there is a sizable contribution from large impact
parameter ultra-peripheral collisions (UPCs) that lead to the
electromagnetic breakup of one or both of the Pb nuclei [31].
As described later, the few UPC events which pass the online
event selection are removed in the offline analysis.

For online event selection, CMS uses a two-level trigger
system: level-1 (L1) and high level trigger (HLT). The events
for this analysis were selected using an inclusive single-jet
trigger that required a L1 jet with pT > 30 GeV/c and a HLT
jet with pT > 50 GeV/c, where neither pT value was corrected
for the pT-dependent calorimeter energy response discussed in
Sec. II D. The efficiency of the jet trigger is shown in Fig. 2(a)
for leading jets with |η| < 2 as a function of their corrected pT.
The efficiency is defined as the fraction of triggered events out
of a sample of minimum bias events (described below) in bins

024906-2

Di-jet asymmetry

there is more to it than just ‘quenching’...

Missing energy is associated with additional 
radiation of many soft quanta at large angles 

This reflects a genuine feature 
of the in-medium QCD cascade.



•  the initial parton ‘evolves’ (branching) 
•  color coherence 
•  hadronization  
•  geometry, expansion, triggger 
•  jet definition 
•  need space-time picture 
•  etc

Jets are complicated objects

Extra complications when ‘in medium’

Some idealization is needed



Theorist’s  idealization

• Hard parton (gluon or quark) propagating in a QGP


•  Ignore vacuum radiation and its interference with 
medium induced radiation



Questions: 
!
•   Can we build a probabilistic picture? 
•   If yes, what are its characteristic features?



Propagation of a hard parton in a medium

Induced radiation, LPM effect, Energy loss

Momentum broadening



NB. Weak coupling, high energy (nearly eikonal)

� k2
? ' q̂ �t

jet quenching 
parameter



Momentum broadening
Probabilistic equation

w(q) =
nNcg4

q4 ⇠ d2�el

d2q

Differential version - Diffusion approximation

(« dipole cross-section »)

(harmonic approximation)

Jet quenching parameter



Momentum broadening

Dipoles, Wilson lines

Momentum distribution and dipole forward amplitude

(For validity beyond leading order, see A.H. Mueller and S. Munier , 2012)

•  Almost eikonal propagation


 



• Interaction with medium (collisions) treated as


interaction with a random color field

(dipole cross-section)

Exponentiation (multiple scattering)



•  Perturbative corrections (Arnold, Xiao, 2008)


!

•  Euclidean correlators near the light cone 


(Caron-Huot, 2009) 



!
•  Lattice calculations 



(Panero, Rummukainen, Schaëfer, 2013)


!

•  Radiative corrections


(Liou, Mueller, Wu, 2013


Mehtar-Tani, 2013  


JPB, Mehtar-Tani, 2014


Iancu, 2014)



Corrections to the jet quenching parameter



The BDMPSZ mechanism 

Gluon emission is linked to momentum broadening

defines time scale for the branching process

⌧br . L) ! . !c !c ⇠ q̂L2Medium of finite extent

[Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000) Zakharov (1996)]

⌧ ⇠ 2!
k2
?

k2
? ⇠ q̂⌧Matching of and

⌧br(!) ⇠
s

2!
q̂

Typical branching kT and angle 



Radiative corrections to momentum 
broadening

Double logarithmic correction

(Mueller, Liou, Wu, 2013)

Can be interpreted as a renormalization of  
(Y. Mehtar-Tani)

q̂



Same correction for momentum broadening

and energy loss

Universality of the dominant radiative correction



From talk by Yacine Mehtar-Tani at the h3QCD workshop, ECT*, 
Trento, June 2013



From talk by Yacine Mehtar-Tani at the h3QCD workshop, ECT*, Trento, June 2013



Path length dependence of mean energy loss

Weak coupling 

Strong coupling 

Weak coupling + Radiative corrections 

�E ⇠ L2

�E ⇠ L3

�E ⇠ L2+� 0 < � ⌘
p

4↵sNc/⇡ < 1



BDMPSZ spectrum
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Hard emissions

- rare events, with probability 
- dominate energy loss:  
- small angle, not important for di-jet asymmetry 

BRIEF ARTICLE

THE AUTHOR

∼ O(αs)

1

BRIEF ARTICLE

THE AUTHOR

∼ O(αs)

Ehard ∼ αsωc

1

Soft emissions
- frequent, with probability 
- weaker energy loss:  
- but arbitrary large angles: control di-jet asymmetry
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large angles emissions are dominated by soft multiple branchings



Multiple emissions

JPB, F. Dominguez, E. Iancu, Y. Mehtar-Tani, arXiv: 1209.4585

In medium, interference effects are subleading, and 


independent emissions are enhanced by a factor

When
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√

ωc

ω
= ᾱ
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need to be resummed.

Since independent emissions dominate, the leading order resummation is equivalent 


to a probabilistic cascade, with nearly local branchings
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Density of gluons with momentum k inside a parton with 
momentum p:

Inclusive Gluon Distribution

x

dN

dx d

2k
⌘ D(x,k, t)

x = !/E

Leading order equation



Energy flow

Formally analogous to DGLAP. But very different kernel... and physics.

A QCD cascade of a new type

Integrating over transverse momentum yields equation for energy flow

(See also  R. Baier, A. H. Mueller, D. Schiff, D. T. Son (2001) S. Jeon, G. D. Moore(2003))

Exhibits wave turbulence



At short time, single emission by the leading particle  
D is the BDMSZ spectrum

Short  times
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ω
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(D0(τ = 0, x) = δ(x− 1))

1

How do multiple branchings affect this spectrum ? 



One finds (exact result) 

Fine (local) cancellations between gain and loss terms

BDMPS spectrum emerges as a fixed point, scaling spectrum  
(energy conservation and spectrum in         )

Characteristic features of wave turbulence

1/
p

x



0.01 0.02 0.05 0.10 0.20 0.50 1.00
10-4

0.001

0.01

0.1

1

x

x
D
Ht,x
L

Energy is injected  
at x=1, at a 
constant rate

The population of 
the various x-modes 
grows, keeping the 
shape of the 
spectrum at small x

At this (fixed) point 
ALL the energy flows 
through the whole 
system

Digresssion: source problem 



The angular structure of the in-medium cascade

JPB, Y. Mehtar-Tani, M. Torres


A. Kurkela, U. Wiedemann



JPB, L. Fister, Y. Mehtar-Tani



Angular structure
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Summary

This cascade provides a simple and efficient mechanism for the 
transfer of jet energy towards very large angles. The mechanism 
is intrinsic, not related to a specific coupling between the jet and 
the medium. 

In a medium of large size, the successive branchings can be 
treated as independent, giving rise to a cascade that is very 
different from the vacuum cascade (no angular ordering, turbulent 
flow) 

This turbulent cascade may play a role in the latest  
stages of the thermalization of the quark-gluon plasma  
produced in ultra-relativistic heavy ion collisions

The angular structure is qualitatively compatible with the data

There are large radiative corrections to the jet quenching parameter


