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Energy Correlators
—mapping microscopic correlations among partons into 
macroscopic correlations among hadrons
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Motivation: Understand the glue that binds us all
Physics Objectives

• Seeing confined motion


• Access hadronization


• Resolve spin structure


• BFKL and gluon saturation
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Parameters screened invisible physics, 
Physics theory are about relations between observables 

4

⟨ΔP⟩⟨ΔX⟩ ≥ ℏ/2 , ⟨ΔE⟩⟨Δt⟩ ≥ ℏ/2

Scattering amplitude 

Renormalizability = Factorization 
of UV physics beyond Planck scale

Hadronic dynamics

Observable = NP P ⊗
the heart of factorization:(Planck Scale , ∞)

(ΛQCD , Planck Scale)

(0 , ΛQCD)

Real-time short-distance dynamics



The SIDIS Landscape
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Observable = NP P ⊗

C(μ) = 1

Ob NP P

DIS PDFs DIS 
coefficients

Spectator 
ECs NECs DIS 

coefficients
Back-to-back 

Jets TMDs Finite S matrix

Rapidity 
Gapped Jets ???

rapidity : y = − ln tan
θ
2 y < − 2.5

y > 2.5
y ∼ 0

y ∼ 5 y ∼ 5
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Finite S matrix as SCET Wilson coefficient

ℒ𝖲𝖢𝖤𝖳 = ∑
j=1

ℒj + ℒ𝗌𝗈𝖿𝗍 + ∑
i

ZiCi𝒪i
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Rapidity Renormalization Group I
the Collins-Soper Kernel
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[J.Y.Chiu, A.Jain, D.Neil, I.Z.Rothstein] 7

K(b⊥, μ) = − 2Aq
cusp(μ, μb) + γq

R(μb)



Small-x resummation of Linearly 
Polarized Gluon TMDFFs

Polarized N3LO twist-2 matchings + NNLO DGLAP
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[M.x.Luo, T.Z.Yang, H.X.Zhu and Y.J.Zhu]

[M.A.Ebert, B.Mistlberger and G.Vita]
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Why Energy Correlators?
EEC: model-independent probe, final-state EEC jet perturbative N4LL, no jet algorithm!

dσ(qT) = σ0 H(Q, μ) f q
1 (x, ζn, kT, μ) ⊗ Dq

1 (z, ζn̄, qT − kT, μ)

dσ(qT) = σ0H(Q, μ) f q
1 (x, ζn, kT, μ) ⊗ 𝒥q (ζn̄,

QR
2

, qT − kT, μ)
[Gutierrez-Reyes, Scimemi, Waalewijn and Zoppi]

e+ e� e�

e�

✓

✓

R
R

p

q

q

R

R

1. Convolution in qT space, needs 
simultaneous fit of both initial-
state and final-state TMDs


2. Needs empirical models

1. Need clustering algorithms


2. Hindered by  NGLs (WTA)


3. In low-energy machine? 
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• SIDIS qT


• Jet based 
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[Jun, Hai Tao, Yu Jiao (to appear)]



The SIDIS Landscape
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Observable = NP P ⊗

C(μ) = 1

Ob NP P

DIS PDFs DIS 
coefficients

Spectator 
ECs NECs DIS 

coefficients
Back-to-back 

Jets TMDs Finite S matrix

Rapidity 
Gapped Jets ???

rapidity : y = − ln tan
θ
2

y > 2.5



Energy Correlators Resolving Proton Spin
⟨Ê( ̂n)⟩N = ∫ d4x eiq⋅x⟨N, S∥ |J(x)Ê( ̂n)J(0) |N, S∥⟩

Motivation
• Spin decomposition, Ji sum rule (frame independent), Jaffe–Manohar (infinite-momentum frame):

14

ℏ
2

= 1
2 ΔΣ + ΔG + ℓq + ℓg

pretzelosity h⊥q
1T

TMD PDFs NECs
DIS
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Target Fragmentation
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Oi;Γ
n (ω±, θ) =

1
ω+

[χ̄(i)
n,ω1

Γ Ê(θ)χ(i)
n,ω2]

Og;Γ
n (ω±, θ) =

−1
ω2

+
[ℬ⊥μ

n,ω1
Γμν Ê(θ)ℬ⊥ν

n,ω2]

ℱEC
i/N (z, ln

Ea sin θ
μ

, μ) = fi(z, μ) − ∫
1

z

dξ
ξ

𝖨ij ( z
ξ

, ln
Ea sin θ

μ
, αs(μ)) ξ fj(ξ, μ) + 𝒪 (

ΛQCD

qT )

FEC
i/N ∼ ⟨P, S∥ |Oi;Γ

n |P, S∥⟩

Twist-2 matching

[Xiaohui, H.X.Zhu]Nucleon Energy Correlators

qT ∼
Q
2

θ
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Crossing initial-state target to the final-state identified hadron

⟨Ê( ̂n)⟩h = ∫ d4x eiq⋅x⟨h, S∥ |J(x)Ê( ̂n)J(0) |h, S∥⟩

Crossing
xB → 1/xB

17
Inversion relation between Bjorken variable 
x_B and Feynman variable z_F=1/x_B  

Motivation: probe hadronization, quark transversity

⟨Ê( ̂n)⟩h = ∫ d4x eiq⋅x⟨0 |J(x)Ê( ̂n)a†
h ahJ(0) |0⟩ TMD FFs FECs

SI
A



Collinear limit

18

PN

q
PH !χ

Fragmentation Energy Correlators

[DFEC
h/q ]

ij (z, ln
Eh sin χ

μ
, μ) ≡ z∫

dt−

2π
eit− P+

h
z ⟨0 |W(∞ , t−)Ψi(t−)Ê(χ) |h; X⟩⟨h; X |Ψ̄jW(0 , ∞) |0⟩

[DFEC
h/g ]

μν (z, ln
Eh sin χ

μ
, μ) ≡

z2

2P+
h ∫

dt−

2π
eit− P+

h
z ⟨0 |𝒲(∞ , t−)F+μ(t−)Ê(χ) |h; X⟩⟨h; X |F+ν𝒲(0 , ∞) |0⟩

𝒟FEC
h/i (z, ln

Ea sin χ
μ

, μ) = − di(z, μ) + ∫
1

z

dξ
ξ

1
ξ

dj(ξ, μ)𝖢ji ( z
ξ

, ln
Ea sin χ

μ
, αs(μ)) + 𝒪 (

ΛQCD

qT )
Twist-2 Matching  Ea = Eh /z

[Xiaohui Liu, H.X.Zhu]
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Towards High-Energy Diffractive Energy Correlators

19



EEC of Mueller-Navelet Jets

20
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θb
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Factorization and Factorization Violation

A
k1

k2

k1 + k2

bŷ

x

z

1

Dijet TEEC Spectator-Active 

[Anjie Gao, Ian Moult, Hai Tao Li, H.X.Zhu] 21



Process-dependence of TMDs &  NECs

11-2001�
8624A06

S

current�
quark jet

final state�
interaction

spectator�
system

proton

e–�

γ*

e–�

quark

22

[Brodsky, Hwang and Schmidt (2002)]Proton target transverse spin S⊙

SSA given by interference between ± helicity :

δσ = |𝒜(S⊙) |2 − |𝒜(−S⊙) |2 ∝ Im [𝒜( + )𝒜*( − )]
𝒜( ± ) = |𝒜( ± ) |eiχ± ⟹ δσ ∝ sin(χ+ − χ−)



Rapidity Renormalization Group II
Regge Trajectory BFKL & Beyond

am
s lnm −t

s
am

s (iπ)lnm−1 −t
s

αm
s (iπ)2lnm−2 −t

s

P1 + k1 P1 + k2

P2 − k1 P2 − k2

k1 −k2 + qk2 − k1

LL NLL NNLL …
…

…

…

Regge Trajectory 1
ν

d
dν

S8 = − 2γ(1,1) S8

SCET_G

( s
−t )

1+α(t)

k1 + k2
k1

k2

+ + …

BFKL Pomeron

LL Pomeron (singlet) RG:

1
ν

d
dν

S1 = − Γ(2,2) ⊗ S1 − S1 ⊗ Γ(2,2)

rapidity cut-ofν :
23



Reggeon Field Theory vs. Glauber SCET

24



Non-Renormalization Theorem

25



Virtual Vs. Cut

26

The Reggeon & Glauber 
gluons should be 
defined in a regulator-
independent way! 



Why Energy Correlators?

• a single observable that embraces (1) hard radiation (2) current fragmentation (3) target 
fragmentation (4) multi-regge kinematics


• collinear-safe, allows consistent matching between perturbative and non-perturbative regions, 
thus can describe QCD phase transition from free parton gase to non-perturbative confinement


• strict operator definition in terms of correlation functions of local operators, which offers a 
promising avenue to probe the nonperturbative spin structure of the proton from first principles

27



OutLook
Tame Confined Motion with Energy Correlators

• Lattice QCD computation of Nucleon Energy Correlators


• Energy Correlators Resolving Quark Transversity & Sivers Effects


• Energy Correlators for high-energy diffractive processes

BFKL Program

• Two-loop Non-renormalization for Gluon and Quark Reggeization 


• Small-x Resummation: a) sudakov region  b) target fragmentation region



Impact of BLNY18 at perturbative region

lN → l'+h+X s12=141GeV qT>3GeV W>10GeV
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