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Correlation functions

‣ Correlation functions measure how different parts of a system are related to each other

⟨O1O2 . . . . ON⟩

Spatial correlations

Temporal correlations

Angular correlations

-how a quantity varies across space at different 
points

-how a quantity evolves over time

-how a quantity depends on direction

For a given system, the object O determines what aspect of it we want to probe

⟨O1(x)O2(y)⟩

⟨O1(t)O2(t′￼)⟩

⟨O1(θ)O2(ϕ)⟩
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A sensor associated to each point measures the 
temperature of a 2D room

We can think of temperature as a field  and 
we will focus on its fluctuations

T(xi, yi)

(xi, yi) → Ti

Question: How temperatures at different points related to each other?

 δT(x, y) = T(x, y) − T̄

  is mean temperatureT̄

Temperature fluctuation



Balbeer Singh LIP3

rij = (xi − xj)2 + (yi − yj)2

C(r) = ⟨δT(xi, yi)δT(xj, yj)⟩

Correlation of temperature fluctuations

Not governed by underlying theory so not universal!

We now want to calculate spatial correlation of 
temperature fluctuations and define the quantity

  is distance between the sensors defined asr

  measures how temperature fluctuation 
correlation vary as 
C(r)

r

Can obtain some qualitative behavior of correlations
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From temperature to energy correlations

‣ In high energy collision, particles carry energy flowing into the detector

δTi → Ei

xi, yi → ηi, ϕi

r → θ

‣ Instead of temperature fluctuation, we study energy 
correlators

⟨δTiδTj⟩ → ⟨EiEj⟩

‣ Particles and their interactions are governed by underlying 
theory

‣ Energy correlations probe the fundamental properties of 
underlying theory, universal scalings 
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Energy correlators (ECs) characterize angular structure of energy flow into the detector

dσ
dRL

= ∑
ij

∫ dσ(R′￼L)
pT,ipT,j

p2
T,jet

δ(R′￼L − RL)

RL = Δη2
ij + Δϕ2

ij

Angular separation

pT,1pT,2

p2
T,jet

ℰ( ⃗n) = lim
r→∞ ∫

∞

0
dt r2 ni T0i(t, r ⃗n)

Energy weights

Phys. Rev. Lett. 41 (1978) 1585

‣ IRC safe and well defined in QFT

Particle distribution inside the jet is defined by energy flow operators ℰ( ⃗n)

Energy correlators            ⟨Ψ |ℰ( ⃗n1)ℰ( ⃗n2) . . . ℰ( ⃗nk) |Ψ⟩

̂n1

̂n2

RL,12

1

2

LIP

ECs in particle collisions

Talk by Andrey and Joao



ALI-PREL-540229

Impressive agreement with the data

Two distinct scaling behaviors, additive

ALI-PREL-540229 Schindler, Stewart, Sun ‘23
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Why ECs?

PerturbativeNon-
perturbative
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ECs in HICs

Imprints of medium interactions appears 
in the modification of scaling behavior

source: PRL 132, 011901 (2024)

CMS-PAS-HIN-23-004



2312.12527
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ECs in HICs

CMS-PAS-HIN-23-004

PRL 132, 011901 (2024)

I will focus on factorization and general 
class of ECs
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μH ≫ μJ

‣ In pp collision environment only two scales

‣ For  two scales are widely separatedχ ≪ 1

Ei

Ej

RL = χ
x measurement

‣  and  are energies of two particlesEi Ej

Detector

Jet initiating hard parton 

pp collision 

π±

K±

l±
p

n

Energy fraction of jet initiating parton

LIP

Factorization approach in pp collision

PT χ
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‣ Differential cross section can be factorized 

1
σ0

dσ
dχ

= ∑
i∈{q,q̄,g}

∫ dxx2Hi(xQ, μ) Ji(xQ, χ, μ)

Jet functionhard function

Production mechanism Subsequent evolution of jet

‣ Hard function: production of jet 
initiating parton, known to higher 
order

‣ Jet function: subsequent evolution in 
vacuum, known to higher orders

‣ Hard function does not depend on the 
measurement imposed on final state 
particles

‣  is factorization scaleμ

Factorization approach in pp collision

LIP
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T ∼ mD → medium temperature

θc ∼
1
̂qL3

→ critical angle

̂q → jet quenching parameter

Scale hierarchy: μH ≫ μJ ≫ T ∼ mD ≥ ΛQCD

τf ∼
ω
q2

⊥
→ formation time

‣ Presence of medium introduces many direct and indirect scales

lmfp → mean free path
Direct 
scales

emergent 

scales

LIP

Jets in a medium

We will use these scales to  as a guide for the EFT
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‣ SCET is an EFT of QCD designed to study  and  radiationscollinear soft

: Boosted along jet directioncollinear

 : No preferred direction soft

ℒ0
SCET = ℒs(ψs, As) + ∑

ni

ℒ0
ni
(ξni

, Ani
) + ℒG(ξni

, Ani
, ψs, As)

Exchange gluons 

Soft thermal partons

p− ≫ p⊥ ≫ p+

p− ∼ p⊥ ∼ p+

SCET 1410.1892

nμ = (1,0,0,1) n̄μ = (1,0,0, − 1)

n ⋅ n̄ = 2

p+ = n ⋅ p p− = n̄ ⋅ p

pμ = (p−, p+, ⃗p⊥)

‣ All hard emission ℒ0
n

‣ Jet and medium interactions ℒG

‣Medium interactions ℒs

Systematically obtained from QCD 

Soft Collinear Effective Theory (SCET)

LIP

Energetic jet parton
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EFT modes

Medium :   with         soft mode ps ∼ Q(λ, λ, λ) Qλ = T ≈ Qmed

Medium induced emissions :         collinear soft pcs ∼ Qλ(1,λ, λ2)

Jet :  collinear mode pc ∼ Q(1,λ2, λ)

k ∼ Q(λ, λ2, λ)Glauber : Scale such that interaction should not change the off-shellness of collinear or soft modes

Transverse momentum scaling of c mode is fixed 
by the measurement , which is pc⊥ = Qχ χ

Region I :  GeV for   and  fmQ ≫ Qχ ∼ Qmed = [2 − 3] ̂q = [1 − 2]GeV2fm−1 L = 5

Region II :  , two stage EFTQ ≫ Qχ ≫ Qmed cs modes are also collinear modes but 
softer than collinear modes but energy 
larger than medium partons

Production :  hard mode ph ∼ Q(1,1,1)

‣ At least need four types of momentum modes

LIP

θ ∼ χ
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‣ Soft and collinear soft modes sits on same mass hyperbola

‣Mode diagram with onshell condition

‣ Non-trivial running in both virtuality and rapidity, DGLAP and BFKL

p2 = p+p− − p2
⊥ = 0

Qχ ∼ Qmed Qχ ≫ Qmed

Logs and runnings

LIP

Mode diagrams

RG runnings

(Qχ)2

Qχ
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‣ Phase space region populated by each mode is assessed using Lund diagrams

q⊥ = zωθ zω = τf q2
⊥

ln q⊥

Qχ ∼ Qmed Qχ ≫ Qmed

‣ Emissions with  are resolved by the mediumθ > θc

Lund plane representation

LIP

Qχ ∼ Qmed Qχ ∼ Qmed

Qχ
Qχ

ω

zω, q⊥
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2. Time evolution of the jet is defined through 
system density matrix evolution

ρ(0) = |e+e−⟩⟨e+e− | ⊗ ρE(0)

1. Factorized total initial density matrix 

ρ(t) = e−iHtρ(0)eiHt

H = HS + HE + HG + C(Q)lμjμ ≡ H0 + 𝒪H

dσ
dχ

= lim
t→∞

Tr[ρ(t)ℳ] = |C(Q) |2 Lμν lim
t→∞ ∫ d4xd4yeiq⋅(x−y)Tr[e−iH0tjμ(x)ρ(0)ℳjν(y)eiH0t]

Hard interaction

3. Hard operator creates hard scattering event that 
produces the jet

jμ = χ̄nγμχn

e+

e−

Subsystem Environment

Subsystem HS

Environment HE

Interaction HG

Jet as open quantum system

LIP

Can be solved to get 
Lindblad equation

ρE =
e−βHE

Tr[e−βHE]
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Factorizing hard function

dσ
dχ

= ∑
i∈{q,q̄,g}

∫ dxx2Hi(xQ, μ) Ji(xQ, χ, μ)

‣ OPE for factorizing hard scales μH ∼ Q

μJ ∼ Q χ
μS ∼ Qmed

‣ At this stage  contains both vacuum and medium physicsJ(xQ, χ, μ)

Soft scale depends only 
on the Glauber momentum 
which is transferred to the 
jet by the medium

LIP

μH

μS

μJ

L

H(xQ, μH)

μJ ∼ Qχ
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Measurement factorization

Jq(χ) =
1

2Nc ∑
X

Tr[ρE(0)
n̄
2

eiHnst T̄{e−i ∫t
0 dt′￼HG,I(t′￼) χn,I(0)}

Glauber interaction

ℳ |X⟩⟨X | T{e−i ∫t
0 dt′￼HG,I(t′￼) χ̄n,I(0)}

Glauber interaction

e−iHnst]

Factorizing measurement function

2004.11381

LIP

|X⟩ = |Xn⟩ ⊗ |Xs⟩

ℳ = ̂E(χ) |X⟩ =
1
Q ∑

i∈{Xn,Xs}
(Ei,nΘ(χ − θn,i) + Ei,sΘ(χ − θs,i)) |Xn⟩ |Xs⟩

‣ Soft contributions to the measurement are power suppressed

‣ Glaubers being off-shell modes do not contribute to the measurement

‣ Now we can separate vacuum and medium induced jet function in Jq
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Vacuum jet function

LIP

Jq(ω, χ, μ) =
∞

∑
i=0

J(i)
q (ω, χ, μ)

J(0)
q (ω, χ, μ) =

1
2Nc ∑

Xn

Tr[ n̄
2

⟨0 |χn(0)ℳ |Xn⟩⟨Xn |δ(ω − n̄ ⋅ 𝒫)δ2(ℙ⊥)χ̄n(0) |0⟩]

‣ Leading order

q

p

q

p

q

p

J(0)
q (ω, χ) = δ(χ) +

αsCF

π
−

3
2ϵ

δ(χ) +
3
2 [ 1

χ ]
+

−
3
2

δ(χ)ln ( μ2

ω2 ) −
19
3

δ(χ) + 𝒪(ϵ)

Jq(ω, χ, μ) = J(0)
q (ω, χ, μ)

i = 0, vacuum
i = 2, single scattering
i ≥ 4, multiple scattering

‣ Soft function does not depend on the measurement and becomes identity

3
2 [ μ2

ω2χ ]
+

Log in cumulant

ω = xQ

Expansion in Glauber Hamiltonian

Vacuum jet function  
diagrams



Balbeer Singh 19

Medium induced jet function

LIP

Jq2(χ) =
1

2Nc ∑
X

Tr[ρE(0)
n̄
2

eiHnst ∫
t

0
dt′￼HG,I(t′￼) χn,I(0)ℳ |X⟩⟨X | ∫

t

0
dt′￼HG,I(t′￼) χ̄n,I(0)e−iHnst] + c . c .

Jq2(χ; L) = L∫
d2k⊥

(2π)2
Jq2(χ, k⊥, L) ⊗ B(k⊥)

Production of medium induced emissions Medium correlator

Collinear and soft operators act on their corresponding states so can be separated

HG = c ∑
i,j∈q,g

∫ d3y 𝒪ia
n (y)

1
𝒫2

⊥
𝒪ja

s (y)

Glauber Hamiltonian

l

k

p

q k

rMedium induced jet 
function diagrams l

k

p

q

k

r

l

k

p

q

k
r

l

k

p

q

k

r

𝒪qA
n = χ̄nTA n̄

2
χn

𝒪qA
s = χ̄sTA n

2
χs
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Jq2(χ, ω, k⊥) =
4CFNcg2 L

π ∫
dz
z ∫

d2q⊥

(2π)2

⃗q⊥ ⋅ ⃗k⊥

⃗q2
⊥ ⃗κ2

⊥

⃗κ= ⃗q⊥− ⃗k⊥

(1 −
zω
⃗κ2
⊥L

sin[ L ⃗κ2

zω

LPM

]) 2z δ(χ2 −
q2

⊥

z2ω2 ) Nucl. Phys. B 594 (2001) 371–419 

Agreement with GLV

Comes from 
measurement 
function

Medium induced jet function in the soft limit

Divergent if measurement 
is not energy

Divergence require a regulator and in this set-up its a rapidity regulator and corresponding resummation 
resums the logs of energies

For two point energy correlator the divergence is expected to appear and NNLO accuracy 

Medium induced jet function
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Medium function

‣ Allows for dynamic treatment of the medium through medium correlation function

10-1 100 101
0.

1.

2.B(k) = ∫ d4r eik⋅r ⟨ρEOa
s (r)Oa

s (0)⟩

‣ Thermal expectation value of soft operators

BLO(k⊥) ≈
f(k⊥)
k4

⊥
≡

f(k⊥)
(k2

⊥ + m2
D)2

B L
O

(k
⊥
)

‣Medium function can be computed non-perturbatively using lattice gauge theory to give fully model 
independent description of jet-medium interactions

LIP

Weak dependence on 
transverse momentum

Soft loop correction on 
Glauber propagator

Medium function has BFKL anomalous dimension

LO medium function

JHEP 06 (2025) 071
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Resummed EEC jet function

0.01 0.12 0.23 0.34

1.

2.

3.

JHEP 06 (2025) 071

‣ Resums  terms which are relevant in small  limit∼ αs log χ χ

LIP

JR
q2(k⊥, μ, νf) = ∫ d2l⊥Jq2(l⊥, μ, ν0)∫

dξ
2π

k−1+2iξ
⊥ l−1−2iξ

⊥ ein(ϕk−ϕl)e− αs(μ)Nc
π χ(n,r)log

νf
ν0

Scale for jet function

ν0 ∼
Qmed

χ

νf ∼ QmedMedium scale

JR q2
/J

q2

Resummed and NLO ratio
RG running

Qmed

χ
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Projected energy correlators

‣ N-point projected energy correlators are defined for M number of  particles

LIP

dσ[N]

dχ
= ∑

M
∑

1≤i1,...,iN<M

1
QN ∫ dσcd→XM(

N

∏
a=1

Eia)δ(χ − max (θi1i2, θi1i3,...,iN−1,iN
))

For M=1
EN

i1

QN
For M=2

(Ei1 + Ei2)
N

QN
−

EN
i1

QN
−

EN
i2

QN

‣  can take any non-integer valueν

‣ For IRC safe ν > 0

‣ Small  values are sensitive to small-  physics ν x

W[ν]
1 (ia) =

Eν
ia

Qν

W[ν]
2 (i1, i2) =

(Ei1 + Ei2)
ν

Qν
− ∑

a=1,2

W[ν]
1 (ia)

‣  These are binomial expansions and can be analytically continued to non-integer values N → ν

1

2

3

R L,
12

R L,23

RL,13

2004.11381
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‣  can take any value even a complex numberν

‣ For IRC safe ν > 0

‣ Small  values are sensitive to small-  physics ν x

W[ν]
1 (ia) =

Eν
ia

ων
W[ν]

2 (i1, i2) =
(Ei1 + Ei2)

ν

ων
− ∑

a=1,2

W[ν]
1 (ia)

‣  -correlators are defined by analytic continuation of PENC with ν N → ν

LIP

PENC(χ) ≡
dσ[N]

dχ
= ∑

M
∫ dσX[ ∑

1≤b1≤M

W[N]
1 (b1) δ(χ) + ∑

1≤b1<b2≤M

W[N]
2 (b1, b2)δ(χ − ΔRb1,b2

) + …

+ ∑
1≤b1<..<bM=N

W[N]
M (b1, . . , bM) δ(χ−max{ΔRb1,b2

, . . , ΔRbM−1,M
})]

Projected -correlatorsν
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Factorization for -correlatorsν

dσ[ν]

dχ
= ∑

i∈{q,q̄,g}
∫ dxxνHi(ω = xQ, μ) J[ν]

i (ω, χ, μ)

‣ Analytically continued energy weights do not change the power counting of the modes 

μH ∼ Q

μJ ∼ Qχ

μS ∼ Qmed

- Does not affect the scalings of the modes  

LIP

Factorization structure

J[ν]
q (ω, χ) = J[ν]

q0 (ω, χ)

vacuum

+ J[ν]
q2 (ω, χ; L) + …

medium induced
J[ν]

q2 (χ; L) = L∫
d2k⊥

(2π)2
J[ν]

q2(χ, k⊥, L) ⊗ B(k⊥)

J[ν]
q2 (χ) =

1
2Nc ∑

X

Tr[ρE(0)
n̄
2

eiHnst T̄{e−i ∫t
0 dt′￼HG,I(t′￼) χn,I(0)}

Glauber interaction

ℳ[ν] |X⟩⟨X | T{e−i ∫t
0 dt′￼HG,I(t′￼) χ̄n,I(0)}

Glauber interaction

e−iHnst]



Balbeer Singh 26

-correlator jet functionν

LIP

J[ν]
q2(χ, ω, k⊥) = J[ν]

qR(χ, ω, k⊥)

real emission

ℳ[ν] + J[ν]
qR(χ, ω, k⊥) −

virtual
J[ν]

qV(χ, ω, k⊥)

=0

δ(χ)

ℳ[ν] = (zν − νz) [δ(χ) − δ(χ − θ)]
For ν = 2 ℳ[2] = − 2z [δ(χ) − δ(χ − θ)]

For ν = 0 ℳ[0] = 0 Exact real and virtual cancellation

Measurement function

For ν ≪ 1 ℳ[ν] = zν [δ(χ) − δ(χ − θ)]

J[ν]
q2(χ, ω, k⊥) =

4CFNcg2 L
π ∫

dz
z ∫

d2q⊥

(2π)2

⃗q⊥ ⋅ ⃗k⊥

⃗q2
⊥ ⃗κ2

⊥

⃗κ= ⃗q⊥− ⃗k⊥

(1 −
zω
⃗κ2
⊥L

sin[ L ⃗κ2

zω

LPM

])ℳ[ν]

Scaling behavior in vacuum

J[ν]
0 (χ) ∝

1
χ

J[ν]
0 (χ) ∝

1
χ1−γ(ν+1)

Measurement function is dominated by different terms



Small  point energy correlators are more sensitive to large angle radiationsν

Balbeer Singh

0.05 0.1 0.15 0.2
-60.

-40.

-20.

0.

20.

40.

27

For small  values correlators saturate at small  valuesν ν L = 5 fm

LIP

Ratio with two point EC

T = 0.5 GeV αs = 0.3

Jet function for various  valuesν

NLO jet function



Less effect of resummation across different -valuesν

Balbeer Singh

J[ν]
R (χ, k⊥) =

1
πk⊥

π
14ζ(3)ᾱY

e(ap−1)Y ∫ d2l⊥
J[ν](χ, l⊥)

l⊥
e− log2(k⊥/l⊥)

14ζ(3)ᾱY

28

 
Y = log(ν′￼0/ν′￼f) ν′￼0 ∼

Qmed

χ
ν′￼f ∼ Qmed

Phys.Lett.B 872 (2026) 140079

0.03 0.09 0.15 0.21 0.27 0.33
-45.

-35.

-25.

-15.

-5.

5.

Resummed jet function

LIP

JEWEL simulation

Ratio with two point ECRatio of resummed and fixed order
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Vacuum vs vacuum like emissions
‣ Vacuum distribution scales as 1/ν

dσ[ν]
vle

dχ
∼

αs(μ)
χ ∫ dz(ν − zν−1) ≡

αs(μ)
χ (ν −

1
ν )

ν > 1, ∼
ναs(μ)

χ

ν < 1, ∼
αs(μ)

νχ

‣ In-medium emissions can be vacuum like and medium-induced emissions

Vacuum like emissions

- Produced with large transverse momentum q⊥ ≫ q⊥,med = Qmed

- Short formation time τf,vac ≫ τf,med

Medium-induced emissions

- Produced by interactions with medium
q⊥ ∼ q⊥,med = Qmed

- larger formation time τf,med =
zω

̂q

LIP

dσ[ν]
vle

dχ
= ∑

i,j∈J
∫ dz dθij

dP
dz dθij

ℳ[ν](z, θij, χ)
Lund diagram
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Vacuum like emissions 

dσvle

dχ
∼

αs(μ)
χ ∫ dz(ν − zν−1)Θ(τf,med − τf,vac)Θ(L − τf,vac)

‣ Differential distribution of VLEs

dΣvle

dχ
ν→0≡

αs(μ)
χ

log( 1
χωL ) + 𝒪(ν)

Restricts emissions inside the medium

-10.

-6.

-2.

2.

6.

10.

10.-2 10.-1 10.0

0.5

1.

Prelim
inary

LIP

dσ[ν]
vle

dχ
= ∑

i,j∈J
∫ dz dθij

dP
dz dθij

ℳ[ν](z, θij, χ)

‣ Phase space kills   behavior of VLEs1/ν

Higher values of  seems to be betterν

VLE distribution and ratio with vac
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Medium induced emission

‣ BDMPS-Z splitting function L = 5 fm ̂q = 1.5 GeV2 fm−1 ω = 100 GeV

Prelim
inary

0.2 0.4 0.6 0.8

-6.

-4.

-2.

0.

LIP

-20.

-12.

-4.

4.

12.

20.

10.-2 10.-1 10.0
0.2

0.6

dP
dzdθ

=
αs,med

L
8ωc

z3ω
Θ(ωc − zω)(ω2θ)∫

L

0

dt e− ω2θ2
̂q(L − t)

̂q(L − t)

Small values of  seems to be better for large angle MIEν

dσ[ν]
mie

dχ

Ratio with two point EC

MIE distribution and ration with vac
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JEWEL Simulations

w/recoil

w/o recoil

vac

ν = 0.1

-2.5

-2

-1.5

-1

-0.5d
σ

/
d

χ

10−2 10−1 1
0

0.5

1

1.5

2

2.5

χ

R
a

ti
o

vac
w/ recoil

ν = 0.1
γ+jet

|ηγ| < |1.4|
|η J | < 2

pJ
T > 30 GeV

80 < pγ

T < 120 GeV

10−2 10−1 1

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

χ

dσ
/

dχ

‣Medium induced distribution is enhanced in all ranges of angular separations

100 < pT < 120 GeV |η | < 1.9

Prelim
inary

Prelim
inary

Small -values seems to be better for recoilν

R Elyavalli, BS and V Vaidya, In preparation 

LIP

Distribution inclusive + jet distributionγ
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Summary/conclusions

LIP

‣ EFT provides a systematically improvable framework for jet-medium interaction dynamics

‣ -correlators can be pivotal for separating the dynamics of large and small angle radiations.ν

‣ Smaller  values are more sensitive to large angle scalings compared to ν ν > 1

‣ General scaling of -correlators for large angle enhancement?ν

‣ Higher order jet function will be needed to fully understand the resummation effects on -correlatorsν



• Sinc function leads to LPM terms
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• sinc function leads to LPM terms
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• Soft/Medium function explicitly factors out
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SCET operators
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B(k⊥) = Dg
>(k) + Dq
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• Medium function can be obtained from spectral function which can computed in perturbatively and 
can also be evaluated on lattice

D>(k) = (1 + f(k0))ρ(k)
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• In SCET framework spectral function is obtained from soft 
operators in the medium and also depends on the local properties 
of the plasma through soft operators  

• Leading order medium function
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SCET operators

 is Weightman 
correlator in a thermal 

medium and depends on 
the properties of the 

medium

D>(k⊥)
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Medium function
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• Bose enhance and Pauli blocking for quark and gluons

• At leading order medium function has somewhat weak dependence on Glauber momentum

LIP
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• From RG consistency the jet function obeys BFKL evolution equation 

Scale for jet function

• Solution for k⊥ ∼ l⊥

• Fixed order NLO jet function sets the boundary condition 
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• Running from jet scale to medium scale 

ν0 ∼
Qmed

χ

νf ∼ Qmed

Medium scale

• Resums (ap − 1)log(ν0/k⊥)
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HG(x) = ∑
ij

CijO
ij
ns(x)

Jq,o(ω, χ; L) = L∫
d2k⊥

(2π)2
Jq,R(ω, χ, k⊥, μ, ν; L) ⊗ B(k⊥, μ, ν)

• Real contribution with Glauber insertions

• Medium and jet interaction constraint to medium length L

•  pulls out Glauber momentumℙ2
⊥

• Order by order factorization for jet and medium functions
B(k⊥, μ, ν) → medium function

Jq,R(ω, χ, k⊥, μ, ν; L) → single scattering jet function
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Medium induced jet function
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• sinc function leads to LPM terms

•  now depends on medium parametersJq,R(ω, χ, k⊥; L)
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• Soft/Medium function explicitly factors out

•  does not depend on measurementB(x, y)

•  depends only on medium parametersB(x, y)
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Jq,s(ω, χ; L) = L∫
d2k⊥

(2π)2
Jq,V(ω, χ, k⊥, μ, ν; L) ⊗ B(k⊥, μ, ν)

•  expansion at the same side 𝒪(H2
G)

• Soft/Medium function explicitly factors out

• Sinc function leads to LPM terms

+ c.c
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•  expansion at the same side 𝒪(H2
G)

• Soft/Medium function explicitly factors out

• Sinc function leads to LPM terms
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•  expansion at the same side 𝒪(H2
G)

• Soft/Medium function explicitly factors out

• Sinc function leads to LPM terms
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• At leading order jet parton gets kicks from the medium

JR,LO(ω, χ) = − δAB ∫
d4p

(2π)4
δ(p2)δ(p− − ω)δ2( ⃗p⊥ − ⃗k⊥)∫

dl+

2π ∫
dr+

2π
n̄ ⋅ l

l2 + iϵ
n̄ ⋅ r

r2 − iϵ
n̄ ⋅ pe−i( L

2 (l+−r+))Sinc[ L
2

(l+ − r+)]δ(χ) .

JR,LO = − 4δABδ(χ) JV,LO = − 4δABδ(χ)

• Both real and virtual contribution

• Measurement function is δ(χ)

• Total contribution vanishes

l p r

Medium induced jet function

LIP
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Full NLO quark jet function

LIP

• NLO jet function for quark

J1,NLO(χ, ω, k⊥) =
αsCF

2π2 ∫ dzz(1 − z)∫ d2q⊥[{ −
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⊥
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⊥p−q−



Balbeer Singh

Refactorization

LIP

Jq = J(0)
i (ω, χ, μ) +

∞

∑
m=1

m

∑
j=1

𝒥j
i→m({m}, θc, ω, μ) ⊗θ 𝒮m,j({m}, χ, μ)

Matching function Collinear-soft function
{ {

• Matching function describes the production of  resolved hard partons from 
initial parton 

m
i

• Collinear soft function describes the production of medium induced 
radiation

• Perturbative matching coefficient  starts at 𝒥i→m 𝒪(αm−1
s )
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Multiple scatterings

LIP

Broadening of vacuum emission Broadening of medium induced emission

S(n)
B (ϵL, k1⊥, k2⊥, . . . , kn⊥) =

αs(N2
c − 1)

4π2 ∫ d2q⊥ ∫
dq−

q−
Θ (q⊥ −

q−R
2 )[δ(ϵL) − δ(q− − ϵL)]∫

d2p⊥

(2π)2 ∫
d2beip⊥⋅b

(p⊥ + q⊥)2

n

∏
i=1

(e−iki⊥⋅b − 1)
k2

i⊥

𝒮1,B(ϵL, μ) ≈
αs(N2

c − 1)
4π2 ∫

dq−

q− [δ(ϵL) − δ(q− − ϵL)]∫
d2p⊥

(2π)2 ∫
d2q

(q⊥ + p⊥)2
Θ (q⊥ −

q−R
2 ) (P(p⊥, L) − δ2(p⊥))

• The jet function can be written as a distribution in the impact parameter space

• In the Markovian limit and  limit, i.e.,  L → ∞ tf ≪ L Phase space constraint for the measurement 
is qf⊥/ω ∼ R
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 scaleQmed

LIP
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Multiple scatterings lead to larger momentum transfer from medium to jet parton

0. 5. 10. 15. 20. 25. 30.
0.

0.001

0.002

0.003

Peak in the distribution provides an estimate for the emergent scale  through multiple scatteringQmed

• Exact value of the emergent scale depends on medium properties and parameters

B.S. and V.Vaidya, 2412.18967
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Towards all order factorization

LIP

• For a dense medium multiple scatterings are important and 
can lead to non trivial evolution equations

The factorization formula assumes that medium correlators are not correlated beyond the 
scattering length

dσ
dpTdη

= ∑
i∈q,q̄,g

∫
1

0

dz
z

Hi (ω =
ωJ

z
, μ) Ji(z, ωJ, μ)

Ji(z, ωJ, μ) = ∫
1

0
dz′￼∫

∞

0
dϵL δ(ω′￼J − ωJ − ϵL)∑

m

m

∏
j=2

∫
dΩ(nj)

4π
𝒥i→m({n}, z′￼, ω′￼J =

z′￼ωJ

z
, μ, μcs)𝒮m({n}, ϵL, μcs)

𝒮(n)
1 (ϵL, μ) = |CG |2n [

n

∏
i=1

∫
L

0
dx−

i Θ(x−
i − x−

i+1)∫
d2ki

(2π)3
B(ki⊥, μ, ν′￼, x−

i )]S(n)
1 (ϵL; k1⊥, …, kn⊥; x−

1 , …x−
n ; ν′￼)
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<latexit sha1_base64="rG56pSj4i/HBe+pMCi6B/1qDJi4=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwISFJa1t3RRFcVrAPaGKZTCft0JkkzEyUEvofblwo4tZ/ceffOGkrqOiBC4dz7uXee/yYUaks68PILS2vrK7l1wsbm1vbO8XdvbaMEoFJC0csEl0fScJoSFqKKka6sSCI+4x0/PFF5nfuiJA0Cm/UJCYeR8OQBhQjpaXby37qnriCQxZJOe0XS5Z5Vq86pw60TMuqOeVqRpxaxSlDWysZSmCBZr/47g4inHASKsyQlD3bipWXIqEoZmRacBNJYoTHaEh6moaIE+mls6un8EgrAxhEQleo4Ez9PpEiLuWE+7qTIzWSv71M/MvrJSqoeykN40SREM8XBQmDKoJZBHBABcGKTTRBWFB9K8QjJBBWOqiCDuHrU/g/aTumXTUr15VS43wRRx4cgENwDGxQAw1wBZqgBTAQ4AE8gWfj3ng0XozXeWvOWMzsgx8w3j4Bi9qSkw==</latexit>

E loss … 

<latexit sha1_base64="oWxlHYu1150n6BvODMvU2ia7BLI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF/EUwTwwWcLsZDYZMo9lZlYIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DrpMesSzNHdpCd65Ypf9WdAyyTISQVy1Hvlr25fkVRQaQnHxnQCP7FhhrVlhNNJqZsammAywgPacVRiQU2YzS6eoBOn9FGstCtp0Uz9PZFhYcxYRK5TYDs0i95U/M/rpDa+CjMmk9RSSeaL4pQjq9D0fdRnmhLLx45gopm7FZEh1phYF1LJhRAsvrxMmmfV4KJ6fn9eqV3ncRThCI7hFAK4hBrcQh0aQEDCM7zCm2e8F+/d+5i3Frx85hD+wPv8ATblkKE=</latexit>Jm

pT

pTR

Qmed, mD

Vacuum}
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