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• 3D imaging of the nucleon: one of the most 
important research topics in hadron physics


• Back-to-back electron-jet production from 
 collision  probe TMD PDFsep ⇒

Motivation

e(l) + p(P) → e(l′ ) + Jq(pJ) + X

2
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• Back-to-back electron-jet production from  collision,ep

Motivation

   -collinear:            -collinear:       

    global soft:           Soft-collinear:  

n kc ∼ pT(λ2,1,λ)n,n̄ nJ kJ ∼ pT(R2,1,R)nJ,n̄J

kgs ∼ pT(λ, λ, λ) ksc ∼ pT R(λR, λ /R, λ)nJ,n̄J

( + , − , ⊥ )
Relevant modes ( ):λ = qT /pT

dσep→e+jet+X

dpTdqT
= f1(x, ) ⊗ Sglobal( ) ⊗ Ssc( )

× H(Q) Jc(pTR)

kc,⊥ kgs,⊥ ksc,⊥

Unpolarized:

qT = | l′ T + pT | ,

e(l) + p(P) → e(l′ ) + Jq(pJ) + X

 : jet transverse momentumpT

H1 Collab., PRL `22
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Kang, Lee, Shao, Zhao, JHEP `21
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Motivation
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 :  directed flow

 :  elliptic flow

 :  triangular flow 

 :  quadrapole flow …

v1
v2
v3
v4

E
d3N
d3p

=
1

2π
d2N

ptdptdy (1 + 2
∞

∑
n=1

vn cos [n (φ − ΨRP)]) , vn (pt, y) = ⟨cos[n(φ − ΨRP)]⟩

Reaction 
plane ΨR

• Anisotropic flow expansions in heavy-ion collisions,

STAR Collab., PRC `20STAR Collab., PRC `20



Motivation
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d3N
d3p

=
1

2π
d2N

ptdptdy (1 + 2
∞

∑
n=1

vn cos [n (φ − ΨRP)]) , vn (pt, y) = ⟨cos[n(φ − ΨRP)]⟩

• Anisotropic flow expansions in heavy-ion collisions,

• Azimuthal anisotropy in 
unpolarized  collisions,ep

Hatta, Xiao, Yuan, Zhou PRL `21
Tong, Xiao, Zhang PRL `22
Esha, Kang, Lee, Shao, Zhao, `23

 :  directed flow

 :  elliptic flow

 :  triangular flow 

 :  quadrapole flow …
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• Back-to-back electron-jet production from  collision,ep

Polarized jet anisotropy

e(l, λe) + p(P, S) → e(l′ ) + Jq(pJ) + X
dσ

d2pTdyJdϕJd2qT
= FUU + λpλeFLL + ST[sin(ϕq − ϕS)Fsin(ϕq−ϕS)

UT + λe cos(ϕq − ϕS)Fcos(ϕq−ϕS)
LT ]
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Kang, Lee, Shao, Zhao, JHEP `21

FAB : AB = UU, LL, UT, LT
 : electron polarizationA
 : proton polarizationB

∼ f1 ∼ g1 ∼ f⊥
1T

∼ g1T

λe

λp, ST



• Back-to-back electron-jet production from  collision,ep

dσ
d2pTdyJdϕJd2qT

= FUU + λpλeFLL + ST[sin(ϕq − ϕS)Fsin(ϕq−ϕS)
UT + λe cos(ϕq − ϕS)Fcos(ϕq−ϕS)

LT ]
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vn
AB(pT, yJ, λe, S, ϕS, ϕq)

=
dσ

2πd2pTdyJqTdqT [1 + 2
∞

∑
n=1

∑
AB

vn
AB cos(n(ϕq − ϕJ))]

AB = UU, LL, UT, LT
 : electron polarizationA
 : proton polarizationB

qT = l′ T + pT

 : jet rapidityyJ

 : transverse momentum imbalanceqT

Kang, Lee, Shao, Zhao, JHEP `21
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Polarized jet anisotropy

e(l, λe) + p(P, S) → e(l′ ) + Jq(pJ) + X

 : jet transverse momentumpT
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 : azimuthal angle of transverse 
momentum imbalance

ϕq

 : azimuthal angle of jet transverse 
momentum

ϕJ

 : anisotropic Fourier coefficientsvn
AB

dσ
d2pTdyJdϕJd2qT

= FUU + λpλeFLL + ST[sin(ϕq − ϕS)Fsin(ϕq−ϕS)
UT + λe cos(ϕq − ϕS)Fcos(ϕq−ϕS)

LT ]
=

dσ
2πd2pTdyJqTdqT [1 + 2

∞

∑
n=1

∑
AB

vn
AB cos(n(ϕq − ϕJ))]

• Back-to-back electron-jet production from  collision,ep

Kang, Lee, Shao, Zhao, JHEP `21
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Polarized jet anisotropy

e(l, λe) + p(P, S) → e(l′ ) + Jq(pJ) + X

 : azimuthal angle of initial proton 
transverse spin

ϕS

vn
AB(pT, yJ, λe, S, ϕS, ϕq)
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dσ
d2pTdyJdϕJd2qT

= FUU + λpλeFLL + ST[sin(ϕq − ϕS)Fsin(ϕq−ϕS)
UT + λe cos(ϕq − ϕS)Fcos(ϕq−ϕS)

LT ]
=

dσ
2πd2pTdyJqTdqT [1 + 2

∞

∑
n=1

∑
AB

vn
AB cos(n(ϕq − ϕJ))]

• Back-to-back electron-jet production from  collision,ep

Kang, Lee, Shao, Zhao, JHEP `21
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Polarized jet anisotropy

e(l, λe) + p(P, S) → e(l′ ) + Jq(pJ) + X

vn
AB(pT, yJ, λe, S, ϕS, ϕq)

 : azimuthal angle of transverse 
momentum imbalance

ϕq

 : azimuthal angle of jet transverse 
momentum

ϕJ

 : anisotropic Fourier coefficientsvn
AB

 : azimuthal angle of initial proton 
transverse spin

ϕS



10

• E.g. Fsin(ϕq−ϕS)
UT :

Fsin(ϕq−ϕS)
UT = ̂σ0H(Q, μ)∑

q

e2
q𝒥q(pT R, μ)∫

bdb
2π

e−iqT⋅bxf̃⊥,q,(1)
1T (x, b2, μ, ζ)

× ∫
dϕbq

2π
ib cos(ϕbq)MSglobal(b, μ)Scs(b, R, μ)

Fsin(ϕq−ϕS)
UT =

∞

∑
n=0

ASivers
n

ASivers
n ≡ ̂σ0H(Q, μ)∑

q

e2
q𝒥q(pT R, μ)∫

b2db
2π

xMf̃⊥ q,(1)
1T (x, b2, μ, ζ)(−i)n( 1

2 )
δ0n

(Jn+1(qTb) − Jn−1(qTb))

× ∫
dϕbJ

2π
cos(n(ϕbJ − ϕqJ))Sglobal(b, μ)Scs(b, R, μ)

ib cos(ϕbq)e−ibqT cos(ϕbq)

= − b (−J1 +
∞

∑
n=1

−in (Jn−1 − Jn+1) cos(nϕbq))

Polarized jet anisotropy

Jacobi-Anger identity
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• E.g. Fsin(ϕq−ϕS)
UT :

R⟨cos(nϕ)⟩
UT =

∫ ASivers
n cos(nϕ) dϕ

2π

∫ ASivers
0

dϕ
2π

,

ϕ = ϕqJ

Fsin(ϕq−ϕS)
UT =

∞

∑
n=0

ASivers
n

ASivers
n ≡ ̂σ0H(Q, μ)∑

q

e2
q𝒥q(pT R, μ)∫

b2db
2π

xMf̃⊥ q,(1)
1T (x, b2, μ, ζ)(−i)n( 1

2 )
δ0n

(Jn+1(qTb) − Jn−1(qTb))

× ∫
dϕbJ

2π
cos(n(ϕbJ − ϕqJ))Sglobal(b, μ)Scs(b, R, μ)
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global and collinear soft functions
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• E.g. Fsin(ϕq−ϕS)
UT : ϕS =

π
4

, ϕJ = 0
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ASivers
n ≡ ̂σ0H(Q, μ)∑

q

e2
q 𝒥q(pT R, μ)∫

b2db
2π

xM f̃⊥ q,(1)
1T (x, b2, μ, ζ)(−i)n( 1

2 )
δ0n

(Jn+1(qTb) − Jn−1(qTb))∫
dϕbJ

2π
cos(n(ϕbJ − ϕqJ))Sglobal(b, μ)Scs(b, R, μ)



ASivers
n ≡ ̂σ0H(Q, μ)∑
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• E.g. Fsin(ϕq−ϕS)
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Summary

• We study back-to-back polarized lepton-jet production in polarized  
collisions. In this work, we study the azimuthal anisotropy with 
azimuthal angle dependence on  and 


• Soft gluon radiation would lead to even more rich dynamics with 
nontrivial and novel features in polarized scattering: how soft gluon 
radiation would distort the azimuthal asymmetric pictures in the 
transverse plane related to the Sivers function 


• The polarized jet anisotropy observables have measurable magnitudes 
and can be a valuable tool in exploring spin structures, polarized TMD 
PDFs in the lepton-jet correlations in future EIC.

ep

ϕq, ϕJ ϕS

14



Backup
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• The global soft function: soft radiation that has no phase space 
restriction and does not resolve the jet cone.

Sglobal(b, μ, ν) = 1 +
αs

2π
CF {[−

2
η

+ ln
μ2

ν2
+ 2yJ + 2 ln(−2i cos(ϕbJ))] ( 1

ϵ
+ ln

μ2

μ2
b )

Scs(b, R, μ) = 1 −
αs

2π
CF [ 1

ϵ2
+

2
ϵ

ln ( −2i cos(ϕbJ)μ
μbR ) + 2 ln2 ( −2i cos(ϕbJ)μ

μbR ) +
π2

4 ]

• The collinear-soft function: soft radiation which is only sensitive to the 
jet direction and resolves the jet cone

+
2
ϵ2

+
1
ϵ

ln
μ2

μ2
b

−
π2

6 }

,  with  and  are the azimuthal angles 
of the vector  and jet transverse momentum 

μb = 2e−γE /b ϕbJ ≡ ϕb − ϕJ ϕb ϕJ
b pT

16
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