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• Bjorken estimated collisional energy loss 
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• « jet-quenching » as QGP signal 
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jet-quenching in 
A-A vs p-p 

(Bjorken, 1982)

medium-induced
parton energy loss

(transferred to
thermal particles)



 single hadron observables, e.g.

 Bjorken’s ‘jet-quenching’ idea opened a vast field
 in QCD theory and phenomenology
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2. Medium modifications of true jets 

jet fragmentation functions D(z)

jet shapes



1. Brief history of induced parton energy loss 

✦ at large E, radiative loss ‘should’ dominate
Gyulassy & Wang 1993 �E

rad

� �E
coll

✦ features of  induced radiation depend on kinematics
  S.P. & Smilga 2008

(1) fast parton suddenly produced  in nuclear medium

(2) forward scattering of  fast ‘asymptotic parton’
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(1) energetic parton suddenly produced in medium
E

ω, k⊥
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parton color CR

✦ induced radiation spectrum
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when ! exceeds q̂RL
2 , tf saturates at tf ⇠ L

due to suppression of tf � L

✦ average energy loss
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(from T. Renk, 1207.4885)



some sources of theoretical uncertainty

• different formalisms: 
opacity expansion, multiple scatterings, higher-twist,  AMY

• different working assumptions: 
medium properties, parton kinematics 

at finite E or small L, �E
coll

⌧ �E
rad

not guaranteed

• different models for QGP evolution

• usually, energy loss at leading order with fixed ↵s



higher orders in may change parametric dependence↵s

| {z }
effect of radiation on pt-broadening (in DLA)
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• within theoretical uncertainty, quantitative agreement
between PQCD predictions and several data features:

, back-to-back dihadron azimuthal correlations, ...Rhadron

AA

‘consensus’: « jet-quenching » observed via inclusive  
  high-pt hadron production in AA is mainly due to  

�E = �ELPM

rad
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coll

)

need for other observables to discriminate between models

jet internal structure: jet shapes, FFs
at LHC, high statistics for fully reconstructed jets

but also:  parton energy loss in other (simpler) situations



(2) forward scattering of fast ‘asymptotic 
parton’ crossing a nuclear medium

setup: high-energy p-A collision in nucleus rest frame

• tag energetic hadron with p0?|hard �
p

q̂L

• parent parton suffers:
• single hard exchange q? ' p0?
• soft rescatterings `2? = (
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initial/final state interference
associated to large tf � L



from fully coherent domain: tf ⇠ !
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coherent radiation

Arleo, S.P., 1204.4609 and 1212.0434             

J/psi suppression in pA collisions
from parton energy loss through cold matter 



J/psi suppression in pA collisions



J/ NA3 Pt/p 
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coherent induced energy loss (�E / E)
explains J/psi suppression in pA collisions

from fixed target to collider energies
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Arleo, S.P. 1407.5054                             
extrapolation of the effect to AB collisions



J/psi suppression in AB from cold energy loss
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sketch of angular ordering in vacuum (DLA)
(Dokshitzer, Khoze, Mueller, Troyan: ‘Basics of  PQCD’, 1991)

• associated soft gluon radiation spectrum
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• parton branching process

2. Medium modification of jets



origin of collinear log
consider gluon formation time tf ⇠
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strong angular ordering



•  ✓ ⌧ ✓1 satisfies (R) 

tf � thard , ✓

2 ⌧ ✓

2
1/x(ii)

Mrad ⇠ +✓1 ✓1✓

(b) (c)

✓

/
~✓

✓2( )
color

+
~✓ � ~✓1

(~✓ � ~✓1)2
( )color

logarithmic angular regions:

•  |~✓ � ~✓1| ⌧ ✓1 satisfies (R) 



•  ✓ � ✓1 )

/
~✓

✓2 ( )
color

+( )color
Mrad [ [

=
~✓

✓2 ( )
color

satisfies (R) 

color coherence:
for ✓ � ✓1, soft gluon cannot probe quark-gluon state

✦ there is NO ordering in emission time

✦ if  one looks for momentum-space gluon distribution:

leading double logs arise from diagrams satisfying (R)

in summary:



✦ jet internal structure in vacuum

CDF (1997)

(from Dokshitzer, hep-ph/0306287)

• inclusive hadron distribution inside jets

energy spectrum of 
partons in MLLA

• NLO
• running coupling 
• exact angular ordering 

Dokshitzer & Troyan (84)
Mueller (83)

+ Local Parton Hadron 
Duality (LPHD)

Dokshitzer, Khoze & Troyan, 
PRD53:89-119 (1996 )



• single inclusive kt-distribution inside jets in NMLLA        
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✦ medium modification of jets -- data features

• di-jet asymmetry

AJ =
ET,1 � ET,2

ET,1 + ET,2

ATLAS, PRL 105 (2010) 252303

di-jet remains
‘back-to-back’

(first observation of jets at LHC)



• inclusive jet suppression

(from Casalderrey-Solana 
& Milov, 1210.8271)



• jet internal structure

• jet fragmentation function (Pb-Pb/p-p ratio)

=
pparticleT

pjetT

ATLAS, 1406.2979



CMS, PLB 730 (2014) 243
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• differential jet shapes 
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jet softening and angular broadening
data features consistent with:

angular-ordered, vacuum parton shower

is embedded in medium (located in space-time)
(defined in momentum space)

in most of models for jet medium modification:
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PROBLEM: a given ‘chain’ is the result 
of summing over various emission times !



✦ medium modification of jets -- theoretical models

• PYQUEN

Lokhtin, Alkin & 
Snigirev, 1410.0147

• jets in pp from PYTHIA

• medium effects:

• expanding QGP
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angular spectrum:
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✦ medium modification of jets -- theoretical models

Pérez-Ramos & Renk 1411.1983

• YAJEM

• medium effects:
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(i) medium-induced virtuality

(ii) shift of splitting function
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•  jets in pp:  PYTHIA + Lund

• 3-d hydro QGP evolution

• two scenarii
• anti-kt algorithm



3) LPM effect 
implemented

 in-medium rescattering
2)

✦ medium modification of jets -- theoretical models

(from K. Zapp: seminar in Subatech, March 2015)

(Zapp, Flörchinger, Krauss & Wiedemann)• JEWEL

1) parton shower in NN 
collisions (PYTHIA)

good description of data



summary
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• theory of medium modification of true jet is starting

puzzle:
combine momentum space angular ordering 

with localized medium effects

• theory of energy loss of leading parton not yet closed
(even in ideal kinematic situations)


