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Power counting 
to jet 
quenching
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Jets lose energy and are ``Quenched”
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• We can use the jet 
to access the 
microscopic 
structure of the 
strongly coupled 
QGP.
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• Separate the perturbative physics from 
the non-perturbative by scale  


• Parameterize the non-perturbative 
physics in terms of Gauge invariant 
operators  e.g the PDF in DIS, Drell Yan, 
Higgs production etc. 


• Prove (disprove) universality of non-
perturbative physics across jet observables 

 Universality gives predictive power !                                                

→

→
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Key questions for jet evolution in QGP

We rely on EFT approach to factorization  Explicitly separate physics at 
widely separated scales to all orders in .

→
αs



Goal of this talk 
• Can we factorize jet evolution in  Quark Gluon plasma by scale?                                                     



Chapter 1 

Anatomy of a 
vacuum jet

R ∈ {0.05,0.3} ≪ 1

pT ∼ 100(s) of GeV
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Tree level
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p2 ∼ p2
T Hard Scale

p2 ∼ Λ2
QCD

pT pT
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The parton shower
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p2 ∼ p2
T

p2 ∼ (pTR)2

Hard Scale

Jet Scale

•Selecting events with a jet of radius R sets the angular scale for collinear splittings. 


•Parton splittings preferentially happen at small angles  “ collinear” →

p2 ∼ Λ2
QCD

 ,  E ∼ pT θ ∼ R
Hard collinear
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Hadronization
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p2 ∼ p2
T

p2 ∼ (pTR)2

p2 ∼ Λ2
QCD

Hard Scale

Jet Scale

R

p2 ∼ Λ2
QCD
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A separation of scales

Hard function 

at pT

Jet function at pTR

+O(R2) + O (
Λ2

QCD

(pTR)2 )

The semi-inclusive jet function in SCET 
and small radius resummation for 
inclusive jet production


Zhong-bo Kang, Felix Ringer and Ivan Vitev

JHEP 10 (2016) 125
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× ∫
dz
z

H(z, xa, xb, μ) Jc(z, pT, R, μ)

Physics at scale  ΛQCD
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RG Flow
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μ

pT
Hard function

jet 
function

PDF

pTR

ΛQCD

Time like DGLAP

Space-like DGLAP



Chapter 2 

Introducing the 
QGP medium
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New medium scales
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L ∼ few fm

1
mD

∼
1

gT

QGP temperature T 
 


 
∼ 300 − 800 MeV

mD ∼ T

R ≪ 1
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The basic hierarchy

13

jet pT

T,   mD

  pTR

QGP/Nucleus
ΛQCD,

perturbative ~ 100(s) of GeV

perturbative ~ 10(s) of GeV

non-perturbative ~ 100s of MeV
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Parton in the medium 
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Elastic forward scattering

Medium induced radiation

Typical , 

Angle of deflection  


An EFT with  as the expansion 
parameter  


k⊥ ∼ mD

θ ∼
k⊥

ω
≪ 1

θ
→

k⊥

ω
Coulomb like instantaneous “Glauber” 

gluon exchange ~ 

1
k2

⊥

ωg

ωqk⊥
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Multiple interactions
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  Total average transverse kick 
per parton   

For a dense medium, perturbative?


Qmed →
≥ mDk⊥

ω

L
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Critical angle 
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Critical angle of the medium 


Energetic partons separated by  act 
as independent sources of medium 
induced radiation

θc ∼
1

QmedL
θ ≫ θc

k⊥

L

θ
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The updated hierarchy
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jet pT

T,   mD

,   pTR pTθc

QGP/Nucleus

ΛQCD,

perturbative ~ 100(s) of GeV

perturbative ~ 10(s) of GeV

non-perturbative ~ 100s of MeV

Qmed perturbative/non-perturbative ~ 1- few GeV



Chapter 3 

Jet propagation 
in the medium
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The physical picture
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p2 ∼ p2
T

p2 ∼ (pTR)2

Hard Scale

Jet Scale

The hard process and parton shower for scales  
remain unaffected by the medium

∼ pTR

Parton shower
Hard collinear  ,  E ∼ pT θ ∼ R
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The physical picture
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p2 ∼ p2
T

p2 ∼ (pTR)2

Hard Scale

Jet Scale

Each hard collinear parton separated by  acts as a 
source for collinear soft radiation at virtuality 

θc
∼ Q2

med

p2 ∼ Q2
med Medium Scale

Hard collinear ,  E ∼ pT θ ∼ R

collinear soft ,  θ ∼ R E ∼ Qmed/R
θc ≥ R
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The physical picture
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p2 ∼ p2
T

p2 ∼ (pTR)2

Hard Scale

Jet Scale

p2 ∼ Q2
med Medium Scale

p2 ∼ Λ2
QCD Hadronization

Hard radiation

Hard collinear

collinear soft
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The EFT picture
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Stage I Integrating out the hard physics

× ∫
dz
z

H(z, xa, xb, μ) Hard process   Wilson coeff at → pT

× ∫
ωJ
z

ωJ

dω′￼J ∫ dϵδ(ω′￼J − ωJ − ϵ)
∞

∑
m=1

𝒥i→m(ω′￼J, μ, θc) ⊗θ Sm(ϵ, μ) + O(R2) + O (
Qmed

pTR )
2

Create m prongs  Wilson coeff at → pTR
Medium induced


energy loss function 

AA →
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The medium energy loss function
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Correlator of m Wilson lines



Chapter 4 

Separating the 
medium from the jet
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Looking inside a single prong S1
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 ,     Collinear SoftE ∼ Qmed/R p2 ∼ Q2
med →

Medium partons and dynamics 
 ,   SoftE ≤ Qmed p2 ∼ Q2

med →

A separation in rapidity  

𝒮1 = Tr[U(n)U(n̄)ℳU†(n̄)U†(n)]

An effective field theory for forward scattering 

and factorization violation

I. Rothstein, I. Stewart, JHEP 1608 (2016) 025

Defines an effective action   for CS, S d.o.f 
at leading power in the scattering angle   θ
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Looking inside a single prong S1
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∫ Hdt = ∫ dt[Hcs + Hs + Hcs−s
G ] + ∫ ds𝒪c−s(sn)

Collinear Soft

 Soft

𝒮1 = Tr[U(n)U(n̄)ℳU†(n̄)U†(n)]

Forward Scattering of CS off Soft 

 Medium induced 

CS radiation along world


line of hard prong
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Single prong physics
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S1(n, ϵ, μ) =
∞

∑
i=0

𝒮̄i(n, ϵ, μ)

𝒮̄0(n, ϵ, μ)

All order Vacuum 
cs radiation 

All order CS + Soft 
radiation with 
Single medium 

interaction

∫ d2k⊥

k⊥

𝒮̄1(n, ϵ, k⊥, μ, ν)ℬ(k⊥, μ, ν)

+ + +
k1⊥ km⊥

m medium 
interactions

m

∏
i=1

∫ d2ki⊥ ℬ(ki⊥, μ, ν) 𝒮̄m(n, ϵ, k1⊥, . . . km⊥, μ, ν)+ +

++
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Single interaction 
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Single medium 
interaction

∫ d2k⊥ 𝒮1(n, ϵ, k⊥, μ, ν) ℬ(k⊥, μ, ν)

A gauge invariant operator definition  
Wightman correlator at LO  

→

ℬ(k⊥, μ, ν) ≡ ∫ d2r⊥ei ⃗k ⊥⋅ ⃗r⊥⟨OA
s (r⊥)ρM OA

s (0)⟩

d
d ln ν

ℬ(k⊥, μ, ν) = ∫ d2q⊥KBFKL(k⊥, u⊥)ℬ(u⊥, μ, ν)

d
d ln μ

ℬ(k⊥, μ, ν) = −
αsβ0

π
ℬ(k⊥, μ, ν)

𝒮1(n, ϵ, k⊥, ν)  Soft limit of GLV at LO,  obeys BFKL evolution in → ν

n
snns

q
S SnTSO ψψ αα +=

2
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Medium Jet RG Flow
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μ
pT Hard function

jet 
functionpTR

Time like DGLAP

ν
Collinear 

soft
soft 

medium

Qmed

Qmed Qmed
R

Threshold  

BFKL

Virtuality

Rapidity
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Epilogue
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dσ
dpTdη

∼ f ⊗ f ⊗ H ⊗ 𝒥 ⊗ (S0 + ∫ d2k⊥𝒮1ℬ + . . . . )
Nuclear PDF

Perturbative

 
Non Perturbative?

Qmed

Observable  
dependent

Universal 
medium physics

Emergent  scale?  
Further matching to T?

Qmed

pT pTR Qmed



Thank You 



Back up 
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An EFT within SCET 

• Interaction between d.o.f s is dominated by forward(small angle) scattering mediated 
by the Glauber mode.

LQCD = Lcollinear + Lsoft + LGlauber + O(x2)

≡ LSCET + LG

An effective field theory for forward scattering 

and factorization violation

I. Rothstein, I. Stewart, JHEP 1608 (2016) 025

αα q
S

q
n

qq
csG O

P
OOL 2

1~
⊥

=
nnnn

q
n WnTWO χχ αα +=

2

n
snns

q
S SnTSO ψψ αα +=

2

Gauge invariant building blocks
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A single hard prong 
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Ji(z, ωJ, μ) = ∫
ωJ
z

ωJ

dω′￼J ∫ dϵδ(ω′￼J − ωJ − ϵ)𝒥i→1(n, ω′￼J, μ) ⊗θn
S1(n, ϵ = (1 − z)ω′￼J, μ) + . . .

γq
S1

= − δ(1 − z)
4αsCF

2π
ln

μ2

ω2
J R2

+
αsCF

2π
4

(1 − z)+

p2 ∼ (pTR)2 p2 ≤ Q2
med

γqq
𝒥q→1

= δ(1 − z)
αsCF

2π (4 ln
μ2

ω2
J R2

+ 3) −
αsCF

π
(1 + z)

For a quark jet

γqq
𝒥q→1

+ γq
S1

= Pqq

RG running leads to a resummation of threshold ln(1 − z)

Consistency of factorization
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The mean free path
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Mean free path of a jet  average 
distance between successive 
interactions  emergent scale. 
 Dilute medium 

Dense medium 


Asumption :   Successive 

interactions with color uncorrelated 
medium partons 

→

→
λmfp ≫ L
λmfp ≤ L

λmfp ≫
1

mD
→

k⊥

ω

L

λmfp
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Putting it all together
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Jet  
Radius

Critical  
Angle

Typical medium 
transverse kick

Vacuum Jet scale 

tc = L

Collinear soft   ,   E ∼ Qmed/R θ ∼ R
Hard collinear  ,  E ∼ pT θ ∼ R
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Coherence time 
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Quantum coherence time of radiated 
parton 


No quantum interference for  
 , strong quantum interference  

LPM suppression 


tc ∼
ω
q2

⊥
t ≫ tc

tc ≫ L →k⊥

ω

L

tc
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• QGP is a bath made of soft partons 

• The jet is made up of  collinear partons

Soft Collinear Effective Theory(SCET)
Step 1 :  Identify the relevant degrees of freedom. 

pz

Px

Py

λEJ
λEJ

EJ

pc ∼
pTR

x (1,x2, x)

ps ∼
pTR

x
(x, x, x)

p+

• Interaction between d.o.f s is dominated by forward(small angle) scattering mediated 
by the Glauber mode.

LQCD = Lcollinear + Lsoft + LGlauber + O(x2)

Step 2: Write down an effective Lagrangian at leading power in x(expansion parameter)

pc

ps

Tree level Glauber exchange



               The medium TMDPDF
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SAB
med(k⊥) =

1
k2

⊥ ∫
dk−

2π ∫ d4xe−ik⋅xTr[OA
S (x)OB

S (0)ρQGP]

• SCET Operator version of color source density function   in the CGC ρA

Model independent and 

universal !
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https://arxiv.org/abs/2107.00029

