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Outline

•  Motivation - the role of jets 


•  The T-odd jet in DIS and  collisions


•  Summary

e+e−

Liu, HX, 2104.03328, 2021 
Liu, HX, Zhang, 2021 
Lai, Liu, Wang, HX, 2021
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• Jet as a tool for QGP tomography • Quantum interference in jet substructure

Chen, Moult, Zhu, PRL 2021 
talk by H. Chen

See e.g., review by Cao, Wang, Rept.Prog.Phys 2021

Motivation - jet is powerful in many fields



4

Jet for spin related physics
• Jet in DIS for Sivers and helicity distributions

• Jet fragmentation -> polarized fragmentation functions ( )J/ψ, Λ

Liu, Ringer, Vogelsang, Yuan, PRL 2019

Kang, Qiu, Ringer, HX, Zhang 
PRL 2017

Boughezal, Petriello, HX, PRD 2017

Kang, Lee, Zhao, PLB 2020

Quarkonium production in the jet

§ J/!-in-jet measurement from LHCb

15

Production: Baumgart, Leibovich, Mehen, Rothstein, JHEP 14
Polarization: Kang, Ringer, Xing, et.al., PRL17

PRL 17

d�J/ (!`+`�)

d cos ✓
/ 1 + �F cos2 ✓ �F =

(
+1, transversely polarized

�1, longitudinally polarized



5

Rapid growing interests for jets @ EIC
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Electron Ion Collider (US)
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Mapping out the nucleon structure via EICs worldwide 
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Jet vs hadron

• Semi-inclusive DIS

σh ∼ ∑
i,j

̂σei→e′ j fi/p(x, kT) ⊗ Dj/h(z, k′ T) ⊗ S(kT)

The nonperturbative fragmentation 
functions -> extra uncertainty 

• Jet production in DIS

σJ = ∑
i,j

̂σei→e′ j fi/p(x, kT) ⊗ J(pT, R) ⊗ S(kT, pTR)

Sum all hadrons within jet, hard for 
flavor separation 

Identified hadrons can be used 
as flavor separation 

Jet functions can be calculated 
perturbatively -> controllable uncertainty 
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Jet charge for nucleon/nucleus flavor separation

Qκ = ∑
h (

ph,T

pJ )
κ

Qh

Definition:

Field, Feynman, 1978 

Krohn, Schwartz, Lin, Waalewijn,  2013 Kang, Liu, Mantry, Shao, PRL 20200. 0.5 1. 1.5 2. 2.5
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Flavor dependent Sivers effect


Positive charge: u


Negative charge: d

Flavor dependent nuclear PDFs


Positive charge: u


Negative charge: u, d, sea

Liu, HX, Zhang, in preparation, 2021
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The role of T-odd fragmentation functions

QCD requires all physical observables should preserve time reversal invariance!


The T-odd FFs provide us abundant opportunities to probe nucleon structure.

Bacchetta, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP 2007
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In conventional wisdom, perturbative jet is 
T-even, thus many spin structures vanish. 

Limited power of jet probing - conventional wisdom
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Revisit jet production in DIS

• Factorization frame
ST

l′ 

l

J

P

l p(P, sT) → γ*(q) → l′ J(PJ) + X

Pμ =
P−

2
(1,0,0,1) =

P−

2
nμ Pμ

J =
P+

J

2
(1,0,0, − 1) =

P+
J

2
n̄μ

qT = q −
q ⋅ n

2
n̄ −

q ⋅ n̄
2

n

• Winner-take-all jet

WTA jet TMD has the same RG as TMD FFs
Reyes, Scimemi, Waalewijn, Zoppi, PRL 2018

Bertolini, Chan, Thaler, JHEP 2014

qT ≪ Q
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Revisit jet production in DIS

• Only consider photon exchange


•  is leptonic tensorLμν

ST

l′ 

l

J

P

l p(P, sT) → γ*(q) → l′ J(PJ) + X

 In small  limitqT

ξn(n̄) = W†
n(n̄)χn(n̄)SCET quark field:
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Decomposition  into different Dirac structuresΦ
�(⇣, pT ) =

1

2

(
f1n/� f?

1T

✏⇢�T pT�sT�

M
n/+ g1s�5n/

+ h1T
[sT/, n/]�5

2
+ h?

1s
[pT/, n/]�5

2M
+ ih?

1
[pT/, n/]

2M

)
+ . . .

<latexit sha1_base64="6Ed3uZpK2fpTfMK++oS06VBsriQ="></latexit><latexit sha1_base64="6Ed3uZpK2fpTfMK++oS06VBsriQ="></latexit><latexit sha1_base64="6Ed3uZpK2fpTfMK++oS06VBsriQ="></latexit><latexit sha1_base64="6Ed3uZpK2fpTfMK++oS06VBsriQ="></latexit>
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Decomposition of  into different Dirac structuresΔ

For single hadron production:

• h is not in the k-S plane 

• Non-perturbative

To observe the asymmetry (Collins 2002): 

Final state interactions 
generate an asymmetry

S
k

γ*

hadron h

proton

∝ ϵαβμνkα
⊥ sβ

⊥Pμ
h nν

�(z, kT ) =
1

2

(
D1n̄/+ iH

?
1
[kT/, n̄/]

2Mh

)
+ . . .

<latexit sha1_base64="e3E5mB7OYTuClUQ+d7twJQHpGAw="></latexit><latexit sha1_base64="e3E5mB7OYTuClUQ+d7twJQHpGAw="></latexit><latexit sha1_base64="e3E5mB7OYTuClUQ+d7twJQHpGAw="></latexit><latexit sha1_base64="e3E5mB7OYTuClUQ+d7twJQHpGAw="></latexit>

Collins function -> T-odd
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S
k

γ*

jet axis

proton

J (z, kT ) =
1

4

(
J1n̄/+ iJT

[kT/, n̄/]

2Mh

)
+ . . .

<latexit sha1_base64="eQ2sqgk1UbusOfsJqzfx2c3T618="></latexit><latexit sha1_base64="eQ2sqgk1UbusOfsJqzfx2c3T618="></latexit><latexit sha1_base64="eQ2sqgk1UbusOfsJqzfx2c3T618="></latexit><latexit sha1_base64="eQ2sqgk1UbusOfsJqzfx2c3T618="></latexit>

T-even jets limit the power of jet probe! 

Decomposition of  into different Dirac structures𝒥

• Jet is in the k-S plane 

• perturbative



Decompose quark field correlation functions into different Dirac structures 

S
k

Jet axis

γ*

recoiled hadrons

proton
Lai, Liu, Wang, HX, 2021

J (z, kT ) =
1

4

(
J1n̄/+ iJT

[kT/, n̄/]

2Mh

)
+ . . .
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Not true -> existence of T-odd jet component
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Jet axes can be different with different artificial algorithms
Cal, Neill, Ringer, Waalewijn, JHEP 2020

• Jet is not in the k-S plane 

• Can be non-perturbative
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Constrain T-odd jet in  collisionse+e−

Azimuthal asymmetry:

RJ1J2 = 1 + cos(2ϕ1)
sin2 θ

1 + cos2 θ
FT(qT)
FU(qT)

FU = qT ∑
q

e2
q ∫

db b
2π

J0(qTb)Jq(b)J̄q̄(b)

Factorization for WTA jet 

FT = qT ∑
q

e2
q ∫

d2b
(2π)2

e−iqT⋅b (2
qα

T

qT

qβ
T

qT
+ gαβ) ∂bαJq

T(b)∂bβJ̄q̄
T(b)

Reyes, Scimemi, Waalewijn, Zoppi, PRL 2018

Liu, HX, 2104.03328, 2021

𝒥q
ββ′ 

(z, kT, R) = δ(1 − z)Jq
ββ′ 

(kT) + 𝒪 ( k2
T

p2
J R2 )
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Can be extracted directly from BELLE or 
BaBar data 
The lower the jet energy the better (if 
statistics guaranteed)

qT = − PJ1,⊥

s = 10.48GeV

Azimuthal asymmetry in e+e−

• This is for illustration only, because the 
non-perturbative T-odd jet functions are 
yet to be determined.

R = 2∫ d cos θ
dϕ1

π
cos(2ϕ1)RJ1J2

• Follow the parametrization for Collins 
TMD (Kang, Prokudin, Sun, Yuan, 2015)
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Using T-odd jets to constrain the nucleon tensor charge

T-odd jet with jet charge measurement 
can serve as a fantastic probe for 
nucleon tensor charge.

Factorization in DIS

Gamberg, Kang, Pitonyak, Prokudin, Sato, PLB 2021

Nucleon tensor charge:
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Conclusion
•  Jet is a powerful tool in many fields.

•  Two fundamental difficulties in conventional jet

Flavor separation -> Jet charge 


Limited power of jet probing on nucleon spin structure -> T-odd jet

•  More comprehensive and precise analyses will come soon - stay tuned!
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Thanks for your attention!


