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Motivation

Quarkonium Physics 
regarded as an excellent place to study non-
pert phenomenon for a long time 

How  

NRQCD: encoded in  ,  

remains largely unknown: amount of 
energy released? Energy Distribution? 

cc̄ → J/ψ?
⟨𝒪1⟩ ⟨𝒪8⟩
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Motivation

Recent attempts using jet 

Unlike light hadron fragmentation,  
dominated by perturbative radiation  

Dq→J/ψ(z)

z = EJ/ψ /EJ
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Motivation

Recent attempts using jet 

z = EJ/ψ /EJ

Chance to “see” hadronziation? 

Unlike light hadron fragmentation,  
dominated by perturbative radiation  

Dq→J/ψ(z)
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Outline
Motivation 

Energy Correlators  

Adapt to quarkonium studies — the Quankonium 
energy correlator  

Conclusion 
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Energy Correlators

EEC χ

ΣEEC =
1
σ ∫ dσ∑

ij

EiEj

Q2
δ(χ − θij)

=
1

Q2
⟨Jμ(x)ℰ(n1)ℰ(n2)Jν(0)⟩Ω

χ

Sterman, 1975 

Bashman, et al. 1978
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Energy Correlators

EEC χ

Hadron List 1 Hadron List 2

h1 (E, ⃗p, e, …) h1 (E, ⃗p, e, …)

h2 (E, ⃗p, e, …) h2 (E, ⃗p, e, …)

h3 (E, ⃗p, e, …) h3 (E, ⃗p, e, …)
… …

E1E1 E1E2

+ . . .+ . . .

∑i,j EiEj

Q2Ntot

ΣEEC =
1
σ ∫ dσ∑

ij

EiEj

Q2
δ(χ − θij)

Easy to implement, “Jet w/o jet” 
Perturbatively predictable 

χ
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Energy Correlators

ℰ(n1)ℰ(n2) ∼ θ−1+γ𝒪

Scaling rule by 
conformal theory 

Hofman, Maldecena, 2008 



Chen, Moult, Zhu, PRL 2021
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Energy Correlators
As of 2024

ℰ(n1)ℰ(n2) ∼ θ−1+γ𝒪

Over a large 
range of 
energies  

Most precise  
extraction using 
jet substructure 
(Meng et al., 2024)

αs

Spinning gluon 

Liu, XL, Pan, Yuan, Zhu, PRL 2023

NEEC as a 
promising 
probe of 
the gluon 
saturation XL, Zhu, PRL 2023
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Quarkonium EC χ

J/ψ

Quarkonium Energy Correlator

“quarkonim-Jet correlation” 

In quarkonium rest frame!!

EEC

ΣEEC =
1
σ ∫ dσ∑

ij

EiEj

Q2
δ(χ − θij)

χ

Jet-jet-correlation

Chen, XL, Ma, 2405.10056 

Σ𝒬EC(χ) ∝
1

σJ/ψ ∫ dσJ/ψ
Ei

M
δ(χ − χi)

https://arxiv.org/abs/2405.10056
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Quarkonium EC χ

J/ψ

Quarkonium Energy Correlator

Σ𝒬EC(χ) ∝
1

σJ/ψ ∫ dσJ/ψ
Ei

M
δ(χ − χi)

“quarkonim-Jet correlation” 

In quarkonium rest frame!!

EEC

ΣEEC =
1
σ ∫ dσ∑

ij

EiEj

Q2
δ(χ − θij)

χ

Jet-jet-correlation

Chen, XL, Ma, 2405.10056 

~ average energy at the angle χ

https://arxiv.org/abs/2405.10056
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Quarkonium EC χ

J/ψ

Quarkonium Energy Correlator

Σ𝒬EC(χ) ∝
1

σJ/ψ ∫ dσJ/ψ
Ei

M
δ(χ − χi)

“quarkonim-Jet correlation” 

In quarkonium rest frame!!

Chen, XL, Ma, 2405.10056 

~ average energy at the angle χ

  

Hadronization enters as an additive 
correction, not in the form of convolution  

Hadronization could be large 

Σ𝒬EC = Σ𝒬EC,P.T. + Σ𝒬EC,had.

https://arxiv.org/abs/2405.10056
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Hadronization enters as an additive 
correction, not in the form of convolution  

Hadronization could be large 

Σ𝒬EC = Σ𝒬EC,P.T. + Σ𝒬EC,had.

 ,      

  

Σ𝒬EC,P.T. ∼ αs(μ)
E(χ)
M

E2(χ)⟨𝒪1,8⟩

Σ𝒬EC,had. ∼
Mv
M

M2v2⟨𝒪1,8⟩

∼ ∫
Emax E2dE

2E
E
M

⟨𝒪1,8⟩

Quarkonium EC χ

J/ψ

Σ𝒬EC(χ) ∝
1

σJ/ψ ∫ dσJ/ψ
Ei

M
δ(χ − χi)

“quarkonim-Jet correlation” 

In quarkonium rest frame!!

cc̄

https://arxiv.org/abs/2405.10056
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Hadronization enters as an additive 
correction, not in the form of convolution  

Hadronization could be large 

Σ𝒬EC = Σ𝒬EC,P.T. + Σ𝒬EC,had.

 ,      

  

Σ𝒬EC,P.T. ∼ αs(μ)
E(χ)
M

E2(χ)⟨𝒪1,8⟩

Σ𝒬EC,had. ∼
Mv
M

M2v2⟨𝒪1,8⟩

αs(M) ∼ v2 , v ∼ 0.5for J/ψ

Σ𝒬EC,had./Σ𝒬EC,P.T. ∼
Mv
αsE

M2v2

E2
∼

v3

αs

M3

E(χ)3

Σ𝒬EC,had./Σ𝒬EC,P.T. ∼ 50%!

If M/E(χ) ∼ 1

Excellent place to study the  

non-perturbative physics! 

https://arxiv.org/abs/2405.10056
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Quarkonium Energy Correlator

Generic  production configuration in pQCDJ/ψ

cc̄

Es ∼ 𝒪(M), EJaway
∼ 𝒪 (

̂s
2 )EJnear

∼

θ ≳ 2 rCOM frame

r ≡
M2

̂s
≪ 1

dead-cone effects

dσQ→Qg ∼
αsCF

π
dEg

Eg

θ2dθ2

[θ2 + θ2
0]2

θ0 ∼
M

EJ̄/ψ
∼

2M

̂s
= 2 r

Dokshitzer et al., J. Phys. G

Chen, XL, Ma, 2405.10056 

https://arxiv.org/abs/2405.10056
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Quarkonium Energy Correlator

Generic  production configuration in pQCDJ/ψ

Es ∼ 𝒪(M), EJaway
∼ 𝒪 ( ̂s

2M )EJnear
∼

cc̄
χ ≳ π

2boost

 rest frameJ/ψ

COM frame

EJaway
/EJnear

∼
1
2
boost factor2 ∼

2
r

cos χ−1 10

×
2
r

hard radiation 
depopulated, EJnear

∼ M

Chen, XL, Ma, 2405.10056 

https://arxiv.org/abs/2405.10056
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Quarkonium Energy Correlator

Sizable hadronization effect!!

cos χ−1 10

×
2
r

hard radiation 
depopulated, EJnear

∼ M

αs( s /2) = 0.21,⟨𝒪(3S1
1)⟩ = 1.16GeV3

⟨𝒪(1S8
0)⟩ + 4⟨𝒪(3P8

0)⟩/m2
c = 2.0 × 10−2GeV3

e+e− → J/ψ + X

Chen, XL, Ma, 2405.10056 

https://arxiv.org/abs/2405.10056
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Quarkonium Energy Correlator

Sizable hadronization effect!!

αs( s /2) = 0.21,⟨𝒪(3S1
1)⟩ = 1.16GeV3

⟨𝒪(1S8
0)⟩ + 4⟨𝒪(3P8

0)⟩/m2
c = 2.0 × 10−2GeV3

e+e− → J/ψ + X

Ignore interference, rotational covariant   

cc̄[8]
[1] cc̄ [8]

[1]
cc̄[8]

cc̄ [8][8]

Wilson line

interference, boost covariant 

Chen, XL, Ma, 2405.10056 

https://arxiv.org/abs/2405.10056
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Quarkonium Energy Correlator

Relative size between non-inter vs interference Ignore interference, rotational covariant   

cc̄[8]
[1] cc̄ [8]

[1]
cc̄[8]

cc̄ [8][8]

Wilson line

interference, boost covariant 

-1.0 -0.5 0.0 0.5 1.0

0.0

0.5

1.0

1.5

2.0

2.5

“See” the effect of the 
wilson line direction

∼
1

(1 + cos χ)sin χ

Chen, XL, Ma, 2405.10056 

https://arxiv.org/abs/2405.10056
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Quarkonium Energy Correlator Chen, XL, Ma, 2405.10056 

Preselecting particles inside a fat jet

Similar story happens to pp

https://arxiv.org/abs/2405.10056
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Conclusion

Energy correlators provide a new insight to quarkonium hadronization 
The results showed in this talk are quite generic, independent of 
production channels, ee, pp, ep …   
Suitable for LHCb …

Thanks


