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Jet quenching

Energy loss: Initial proposal

Medium-induced parton energy loss: Possible detector for the
formation of a QGP in Heavy ion collision, ...

Parton propagation in a QCD medium

Rescattering of a hard parton in a partonic/hadronic medium

Ε εΕ − 

p

p

A A

+ ε

Energy loss due to medium-induced gluon emission
leading to jet quenching in heavy ion collisions

[ Bjorken 82; Gyulassy, Wang 92 ]

Francois Arleo (LAPTH) Fragmentation Functions Rencontres QGP France 16 / 25

Through inspection of Modification
factors RAA, ...

Important issues to be understood: Energy dependence (constant, E ,
log E), size effect (length independent, L or L2 dependence, new:
double log due to multiple gluon radiation), theoretical definition of jet
and the experimental tagged untagged.
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Jet quenching

Parton formation

Place of birth of the parton: Parton produced
either inside the medium and then accelerated
or outside (an asymptotic parton)

This affect the dominance of different "traditional" loss mechanisms
Induced gluon emission due to multiple scattering.
Single coherent scattering (less traditional).
Elastic scattering.
The synchrotron radiation, an additional mechanism provided a
chromomagnetic field is formed (less traditional).
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Jet quenching

Limited or large number scattering centers

Canonical way to characterize interaction inside the medium:
scattering center. We could have

L/λ� 1, large number of scattering
or L/λ ∼ 1 few scattering centers are enough, opacity expansion,
first order, second order,...or N = 1, N = 2,...

This affect the energy dependence
∆EBDMPS ∼ CL2 log(L/λ), seemingly no energy dependence,
few scattering centers, N = 1 or first opacity expansion:
∆EGL ∼ CL2 log(E/µ)
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The new physical configuration

Heterogenous medium:

Some of the flux tubes didn’t materialize yet gluon scattering centers
(as part of the plasma), quarks are already in.

General set up:

Synchrotron radiation by a fast high transverse
momentum parton in a chromomagnetic field plus scattering centers.

H. Zaraket (Lebanese University) "Synchrotron radiation" in a medium Grenoble 2017 6 / 20



The new physical configuration

Heterogenous medium:

Some of the flux tubes didn’t materialize yet gluon scattering centers
(as part of the plasma), quarks are already in.

General set up: Synchrotron radiation by a fast high transverse
momentum parton in a chromomagnetic field

plus scattering centers.

H. Zaraket (Lebanese University) "Synchrotron radiation" in a medium Grenoble 2017 6 / 20



The new physical configuration

Heterogenous medium:

Some of the flux tubes didn’t materialize yet gluon scattering centers
(as part of the plasma), quarks are already in.

General set up: Synchrotron radiation by a fast high transverse
momentum parton in a chromomagnetic field plus

scattering centers.

H. Zaraket (Lebanese University) "Synchrotron radiation" in a medium Grenoble 2017 6 / 20



The new physical configuration

Heterogenous medium:

Some of the flux tubes didn’t materialize yet gluon scattering centers
(as part of the plasma), quarks are already in.

General set up: Synchrotron radiation by a fast high transverse
momentum parton in a chromomagnetic field plus scattering centers.

H. Zaraket (Lebanese University) "Synchrotron radiation" in a medium Grenoble 2017 6 / 20



Path integral approach

Non random background

A particle in a back ground field:
A parton satisfying KG equation (∂µ∂

µ + m2)φ = 0
Fast parton: light cone or infinite momentum frame

i
∂φ

∂z
=

{
(p− gQA)2

⊥ + m2

2E
+ gQ(Ao − A3)

}
φ .

Solution φpz ,p⊥(z, ρ) = ei~p⊥·ρe
−i

z∫
0

(
p2
⊥+m2

2pz

)
dz

Momentum p⊥ is the classical momentum dp/dz is the force FQ .
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Path integral approach

Random field: scattering centers

A particle that is scattering in a random background field

〈〈exp(iQA(ρq, z)− iQA(ρq̄, z))〉〉 ≈ exp(iv)

where v is a kind of potential: for the qq̄ it can be approximated by i
multiplied by the dipole cross section (v ∼ −in(z)σ2). And for the qq̄g
system needed in the gluon radiation process it gives the three body
cross section known as σ3.
Proposal We have to put the two effects together: random +
non-random fields.
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Path integral approach

General frame to energy loss mechanisms

General frame was set, general expression of energy loss obtained
allowing recovering as a special case:

Synchrotron radiation, switch off the medium
The first order opacity expansion, switch off the field

We could switch on the medium effect and have a localized field, an
impulse: new energy loss "linear" in L and E .
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Constant background field

Synchrotron plus medium

In the N = 1 case, and in the dipole approximation

dσ
dx

∣∣∣∣
N=1
≈ α2

sCT CF A(x)Re
∫

d2l
(l2 + µ2

s)2
(Pm − Pvacuum)

The expression of the vacuum contribution Pvacuum coincides with
previous calculation for synchrotron radiation in vacuum.
Hence a "convolution" of scattering and synchrotron radiation process.
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Localized field configuration

Impulse field

Parton could be receiving a strong deviation for a very short
period/length due to

an impulse approximation for the field

H = Hoδ(z − zs)

Dipole approximation for the random scattering
Gluon radiation probability

dP
dx

=

∫ L

0
dzn(z)

dσeff (x , z)

dx

≈

ψ∗
f nσ3/2 ψm

−
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Localized field configuration

Impulse field, the N = 1

Assuming we consider only single soft scattering. We have two limiting
cases:

Scattering event in the proximity of the field impulse point:

x
dP
dx

= Ccolor (x)L log
(

1 +
µ2

s
f

)
With f field dependent cutoff.
To be compared with Peigné result for the N = 1 soft plus hard
scattering

x
dP
dx

= (2CR − Nc)
αs

π

L
λg

log
(

1 +
µ2

s
(q⊥)2x2

)
Integrated spectrum (integrate over x): δE ∼ EL, same energy
and L dependence, just relabel the parameter q⊥ .
Scattering event is infinitely far from the field impulse point, we
rediscover the so called N = 1 in GVL and Zakharov (2001)

δE ∼ L2 log(E)
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Conclusions

Conclusions

A gauge independent treatment is formulated to calculate the
synchrotron radiation in QCD in a medium.
The synchrotron radiation is found to an important energy loss
mechanism for strong fields when coupled to scattering
The possibility of a treatment of generalized background field plus
scattering.
Integrated spectrum of Peigné et al. gives similar L and E
dependence.
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BackupI: hard scattering

Non traditional contribution

Large formation length domain: if the we have a large pt tagged parton
we need "hard" scattering besides multiple soft scattering inside the
medium:

hard q⊥

+
soft
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Backup II: Why chromo-magnetic field?

Five stages heavy ion collision
 

z: space 

t: time 

CGC 
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Backup II: Why chromo-magnetic field?

Simplification: uniformity & classicality

We consider asymptotic parton
Uniform field, or synchrotron approximation succession of circular
motions, OR an impulse field approximation (a kick).
Classical background (e.g. just the small x part in CGC)
Previous work: Synchrotron and bremsstrahlung do not overlap;
each calculated separately.
New contribution: synchrotron plus bremsstrahlung.
Just chromo-magnetic, no pair creation yet.
Rq � L� Lf

Gluon synchrotron radiation

q ω ≫ mg

Rq

Lf ≪ min(Rq, Rq′, Rg)

E,E′ ≫ mq

q′

Rq′

Rg

g

The small angle approximation is applicable at the scale L � Lf ) One can definedP=dxdL, and calculate it for a slab with thickness Rg;q � L� Lf .

Gluon emission due to multiple scattering and synchrotron radiation should be treated on
even footing, but we neglect the interference of the two mechanisms

N = 0 N = 1 N = 2 Moriond QCD'09 { p.4
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Backup II: Why chromo-magnetic field?

Color/glass/condenstate

CGC
Color Glass condensate: High gluon density (condensate), sources of
gluon fields are static (glass).

Classical gluon fields at small x .
Static sources of gluons at large x (stochastic).

E ⊥ B ⊥ z

The	  gluon	  density	  is	  high	  in	  the	  high	  energy	  limit:	  

Gluons	  dominate	  the	  proton	  wavefuncDon	  
Proton	  size	  grows	  slowly	  	  

AsymptoDc	  Freedom:	  High	  density	  
systems	  are	  weakly	  coupled	  because	  

typical	  distances	  are	  short	  

Should	  be	  possible	  to	  
understand	  from	  first	  principles	  
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Backup II: Why chromo-magnetic field? From CGC to glasma

CGC-Glasma-Plasmaheavy ion collision : space-time evolution

QUANTUM CHROMODYNAMICS – p.33

CGC initial condition for the glasma evolution.
No clear scenario for the transition from glasma to QGP.

 

  Initial conditions 

  ? 
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Backup II: Why chromo-magnetic field? From CGC to glasma

Glasma

Lots of gluons in the initial CGC stage, why not infinite number of
gluons? splitting versus recombination: saturation BK/JIMWL evolution
equation.

Typical 
radius 
of tubes 
~1/Qs; 
Qs saturation 
momentum 

Electric  
and  
magnetic  
flux tubes 
uniform in 
longitudinal 
direction 

The gauge field configurations are not necessarily tube-like, although 
we simplify them as ensemble of the tubes with various radius.   

The CGC forms the initial sources for the later glasma evolution.

Tuomas Lappi September 2008

Glasma field after the collision
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Backup II: Why chromo-magnetic field? From CGC to glasma

Glasma transverse/longitudinalTuomas Lappi September 2008
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Transition
CGC: transverse field
Glasma first stage: longitudinal fields E ‖ B ‖ z for τ < 1/Qs
(Qs ∼ 1-1.5 GeV LHC/RHIC)
Glasma second stage: τ > 1/Qs longitudinal ∼ transverse fields.
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