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● Confinement: extraction of information is indirect

● High energy collision: send in a probe and measure 

the outcome

Hadron structure & formation



TMD (transverse momentum dependent) distributions:

● longitudinal momentum fraction

● transverse momentum kT
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3D structure in momentum space



● Standard processes: e+e-, SIDIS, pp collisions

● Using jets for 3D imaging
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Processes to extract TMDs



Single inclusive: only care about a single jet Exclusive: a fixed number of final state jets

(back-to-back dijet/Z+jet)
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Two types of jet production



● Collinear PDFs: only one scale pT is 
measured.

● TMD FFs: when hadron transverse 
momentum distribution is measured.

Single inclusive jet production
Kang, Ringer & Vitev: 16; Dai, Kim & 
Leibovich: 16; Kaufmann, Mukherjee & 
Vogelsang: 15

● zh: large momentum fraction 
of  hadron v.s. jet

● j⟂: hadron transverse 
momentum w.r.t jet axis
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Collinear and TMD fragmenting 
jet functions (FJFs)



Relation between TMD FFs and TMD FJFs

TMD handbook: 2304.03302

If you measure both zh and j⟂

How do we connect them?
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Kang, Xing, Zhao and Zhou: 2311.00672

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2304.03302___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6Y2VjZjoxY2ZmMjlhNDk0NGU5MmFkMTMxODk2MDU4Y2YxOTRlZmU4YjA0NGMwMGYzYWQwNTdkNzdlYTAyZjg2MjViZGYxOnA6VDpO
https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2311.00672___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6ZjM1ZTplYTM0M2JkMWYzODEzNTQwZjk2ZjFiYzNhNWI2ZWJjMjU1NTIzMWU5YTQ5MmNhZmQ5OTEzOWMxZTMwY2I5ODIxOnA6VDpO


TMD FJFs

Hard splitting & 
jet formation Standard 

TMD FFs

Hadron 
fragmentation & soft 
correction.

ALL coefficients have been computed in our work!

If you measure both zh and j⟂
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Kang, Xing, Zhao and Zhou: 2311.00672

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2311.00672___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6Yzg2Mjo3M2M3NjNiY2YzM2IwNmJiMjY2NWE4ODIxMzY0ZTJmMTAzNWQwM2FiYWMzZTdlMDVkOGFlNTk0ZDg2MDE4ZTdiOnA6VDpO


STAR, 2023

𝛬-baryon polarization

● Large transverse polarization 
found for 𝛬 produced in 
unpolarized hadron 
scattering

● STAR recent measurement: 
test of universality of 𝛬 
polarized FFs
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https://protect.checkpoint.com/v2/___https://indico.jlab.org/event/663/contributions/13260/___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6NDU0ODo4ZDVmYzA4NDMzNDE0ZmY4YWM3OGY1MTgzMWU4MWQ3ZDAyNmE0YjU1MDI3NjkxOWEyYWIxYjQyNzY0ZTRjM2JjOnA6VDpO


𝛬-baryon polarization

currently in preparation

Extracted from BELLE data 2003.04828 10

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2003.04828___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6NTU2NjpkOWRmMjFkZjU4ZDM4NGQ0OTQwZTBkZjVkZDM5MjUxNzUyODJlMGMwNThkZjZhNzBmYzllYzAzMjRhZDliMjE4OnA6VDpO


Kang, Lee, Shao & Zhao: 2106.15624

● Momentum imbalance qT: sensitive to 
initial-state TMD distributions

● Hadron j⟂: sensitive to TMD FFs

qT = pT + lT
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Exclusive jet production

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2106.15624___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6MTA1MjowZThmMmYwY2FjOWVhMDlkM2ZhMDgyYzVjMjQxNGFkYWI5MGIzMGVjOWVlN2ZiMjRhZDM5Y2M2NTVhNmQ4NDQ5OnA6VDpO


● worm-gear function
● longitudinally polarized FFs

Kang, Xing, Zhao and Zhou: 2311.00672
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Exclusive jet production: ep → e + jet(h)

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2311.00672___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6YWZjNjozMDk2MzI1MWMxZDBmOGE1MGJjY2RlMTQ4MWRlNDVlNjE3NzMwNGI1YTJjOWFhY2I4ZDRhYmMwNTRjYTkxOGIzOnA6VDpO


● Recent measurement by LHCb (2208.11691)
● First time differential in both zh and j⟂ (proposed in 1906.07187)

13

Exclusive jet production: pp → Z + jet(h)

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2208.11691___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6MWUxMDo1Nzk0MGVkM2Y3MGM5NzkwNDQ2ODcyYmJkYmIyYzU2ZmYyYmJhM2NmYTJmMWZjOWQxNzUwZTU1ZTk4ZDQ0NTNjOnA6VDpO
https://protect.checkpoint.com/v2/___https://arxiv.org/abs/1906.07187___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6N2UyODpmOGM0MDUxMzJkYmFiOWM2YjkxYWFhZmY1ODFiNGFhN2Y1NDk1OTk5ZGJkOTY1NzZlZjhmMjEzMmEwOTBmMDRmOnA6VDpO


● LHCb 2023
● 𝜋± data agree very well ✓

𝜋±
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Exclusive jet production: pp → Z + jet(𝜋±)

https://protect.checkpoint.com/v2/___https://doi.org/10.1103/PhysRevD.108.L031103___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6MTM3ODo1NGI0M2VmMjY1NGU5MWNhYTAwNDczMmE3ZjI2NjJiZTgxMGY4NTQzZTc5YzkyMDIwYzg2OTE0MDZjNjFiNzE3OnA6VDpO


h±

● LHCb 2023
● h± data agree very well ✓
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Exclusive jet production: pp → Z + jet(h±)

https://protect.checkpoint.com/v2/___https://doi.org/10.1103/PhysRevD.108.L031103___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6Yzc3MTphOGI3ZmYwZGIxOWUzOGY2MTU2MTAzZmEwNmNkYjA0ZmFlNDNlNzk1MjRkMzZkNGRhNGE3NmRiMzQ4ZWRkYWE4OnA6VDpO


● Nuclear TMD modification extracted in 
Alrashed, Anderle, Kang, Terry and Xing, 
2107.12401

● Fitted for TMD PDFs & TMD FFs

● Broadening of transverse 
momentum distribution

● Behaviour driven by 
collinear FFs

16

Exclusive jet production: pPb → Z + jet(h)

https://protect.checkpoint.com/v2/___https://doi.org/10.1103/PhysRevLett.129.242001___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6ZTc1YjplOWI0NDNlNWViYTAzZTRkYzU4OTFmY2VhMDEzZTlmZDcwYzU3ZTJlZmM2YWUwOGFiNmVhNDFmNTJiNTU5YTk2OnA6VDpO
https://protect.checkpoint.com/v2/___https://doi.org/10.1103/PhysRevLett.129.242001___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6ZTc1YjplOWI0NDNlNWViYTAzZTRkYzU4OTFmY2VhMDEzZTlmZDcwYzU3ZTJlZmM2YWUwOGFiNmVhNDFmNTJiNTU5YTk2OnA6VDpO


● Nuclear TMD modification extracted in 
Alrashed, Anderle, Kang, Terry and Xing, 
2107.12401

● The reaction is pPb → Z + jet(𝜋±)

● LHC is interested in the observable and is 
planning to measure it

𝜋±
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Exclusive jet production: pPb → Z + jet(h)

https://protect.checkpoint.com/v2/___https://doi.org/10.1103/PhysRevLett.129.242001___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6YjA1NDphNDVjMzY2OGU3ZTRiMDRmMDFjZmUzYjJmNmMwNjBkNjBkNjFmZmY1NGYxNTc5YTQyYmM2NTkyNzFkMDQxMzk3OnA6VDpO
https://protect.checkpoint.com/v2/___https://doi.org/10.1103/PhysRevLett.129.242001___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6YjA1NDphNDVjMzY2OGU3ZTRiMDRmMDFjZmUzYjJmNmMwNjBkNjBkNjFmZmY1NGYxNTc5YTQyYmM2NTkyNzFkMDQxMzk3OnA6VDpO


Transverse energy-energy correlator
(TEEC)
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Energy-energy correlator (EEC)

Moult and Zhu, 1801.02627

● Two-point energy correlator
● One of the first infrared safe event shape in QCD

○ Basham, Brown, Ellis & Love: 1978, 1979
● Probe jet substructure when 𝜒→0
● In e+e- annihilation:
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https://protect.checkpoint.com/v2/___https://arxiv.org/abs/1801.02627___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6ZTc5ZTpmYTdjMzUzMWMzNzE3M2EzNTYwZGEyMWZlYTUyN2Y1YjYyMDVlZjY0NWVjNzhkMjVmNzVhNGQ0YzZiZjgxZGU1OnA6VDpO
https://protect.checkpoint.com/v2/___https://doi.org/10.1103/PhysRevLett.41.1585___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6NWViMjo4OGUyYWE0NjljZDA1YmZmM2Y5ZDdhNjhmZjkwNjZjOTdiMjU1YjI1OTJjYjg4MzU4ZGJjOWViNzZkMTczMTY4OnA6VDpO
https://protect.checkpoint.com/v2/___https://doi.org/10.1016/0370-2693(79)90601-4___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6ZjRmYjo0YTM1MzQ5NmYzMDY4NTRiOGU1ODllYzIxOWRjNWI5OTlhZTA1MjFlZDc5ZTRhOWQ3NWQ0MTBiYzkxODYzMTE3OnA6VDpO


Transverse EEC (TEEC) at EIC

● Two-point energy correlator in azimuthal 
plane

● Generalization of energy-energy 
correlator
○ Ali, Pietarinen & Stirling (1984)

● In ep → e + h:

● sum over final 
state hadrons

● weighted cross section
● soft radiation does not 

contribute at LO
20

https://protect.checkpoint.com/v2/___https://doi.org/10.1016/0370-2693(84)90283-1___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6ZmEzNDphODdlYWIyMGQ5MWVjZDBjYzA2MDIxZjVjZTVhNGQ3NTIwNTFiNDczMDViNGE2YzI4YzAyMWUzNmJiYjI2NThlOnA6VDpO


TEEC: LO and NLO corrections

p1

p2

p3

p4

leading order initial-state radiation

x

y

z

(𝜋-
𝜙)2~(p1y/pT)2
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TEEC: LO and NLO corrections

p1

p2

p3

p4

final-state radiation global soft radiation

x

(𝜋-
𝜙)2~(ksy/pT)2

(𝜋-𝜙)2~(p3y/𝝃3pT)2

y

z
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TEEC: ep → e + h

● TMD PDFs

● TEEC jet function
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● Quark TMD PDFs expanded in 
terms of small-x gluon dipoles

● Allows us to probe small-x gluon 
saturation  physics

● We further combined TMD 
evolution + small-x evolution (BK)

TEEC - ep → e + h
Marquet, Xiao & Yuan: 0906.1454
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https://protect.checkpoint.com/v2/___https://arxiv.org/abs/0906.1454___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6OTU1NDo4ODg4Y2EwNWM4NWE3NDUyOGNjY2YxMzU3OTgyMDg2ZDhjZGQ5ZWM0ZTk1MTgwNDdjMjQwYjdkMzc4NjQ4NDE4OnA6VDpO


Probe small x PDFs with TEEC

● Can both describe 
inclusive DIS

● Significant difference 
in TEEC

Kang, Penttala, Zhao & Zhou: 2311.17142
25

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2311.17142___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6YjEzMzo0NjdkNTZkNThmYWZkNzNjOWU2ZjA2YWM1MjA0ZTdiYzNkMGE5NDY1M2QzNDI3YzE3ZmQ1MTQxMzFkMzllM2EwOnA6VDpO


TEEC: pPb → Z + h

● Nuclear broadening effect of transverse 
momentum

● Different rapidity bins probe different 
kinematic regions

Kang, Lee, Penttala, Zhao & Zhou: 2410.02747
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https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2410.02747___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6OGVjMDplYzNmZDBhNDVhMzM0MWFkYTM5NWNmMThhN2M4ODZjMmM4MTZlZjFjNzNkYTk2NGIxNjg2NjEyMmRmMzUwODYyOnA6VDpO


Currently working on…

27

No non-perturbative 
modelling

Implement 
NP kernelATLAS: 2309.09318

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2309.09318___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6YTgzZToyOTBjOTFiNTk0N2RiYzA1YTljMTBkNWJjMzYzMWMwN2E1YmRjODFhMjFmMTkyYmU5Y2IwOWQwZDY5ZWIwN2NkOnA6VDpO


Currently working on…

JAM: 2302.01192

https://protect.checkpoint.com/v2/___https://arxiv.org/abs/2302.01192___.YzJ1OnN0b255YnJvb2s6YzpnOjU3OWMzOTJiMGRhNThkM2U0NGViMjI5MDVhNDBlOWEwOjY6NTZiYTpjMzczOTAzODNkY2ViN2I3NGE0ZWMwM2M3OWY0NzZjZTAwMTVjYWE3M2YzOTI2YTMzNjI2NWQ4NjViMTQyY2QwOnA6VDpO


● We established relations between fragmenting jet functions 
and standard fragmentation functions in all possible 
polarizations

● We use them to describe experimental data at RHIC and LHC
○ Kaon FFs can be further constrained from LHCb data
○ 𝛬 polarization in jet from STAR can be described by our 

formalism
● Nuclear TMD corrections can also be studied with our 

formalism
● Transverse energy-energy correlators offer new opportunities 

in probing TMD physics

Summary
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Thank you for your attention!
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