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QCD in 1973

§ Asymptotic freedom: papers (Gross-Wilczek, Politzer) published in 
PRL side by side on June 25, 1973
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50 Years of QCD

§ A dedicated conference will be held at UCLA during Sept. 11 – 15, 
2023
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Outline

§ Lecture 1: QCD factorization
§ QCD basics, collinear factorization

§ Lecture 2: Nucleon structure
§ TMDs, SCET, and phenomenology
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The structure of matter

§ The exploration on the structure of matter has a really long history
§ Dalton 1803 (atom)

§ Rutherford 1911 (nucleus)

§ Chadwick 1932 (neutron)

§ Gell-Mann and Zweig 1964 (quark model)

§ Feynman 1969 (parton model), …

§ Central goal of nuclear science
§ To discover, explore, and understand all forms of nuclear matter and the 

associated dynamics
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Exploring the nucleon: fundamental importance in science
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Know what we are made of:
Most abundant particles 

around us
Building blocks of all 

elements

Fundamental properties:
Proton mass, spin, 
magnetic moment,

understand them in terms 
of the internal degrees of 

freedom

Exploring QCD and 
strong interaction:

Confinement, 
Lattice QCD,

Asymptotic freedom, 
perturbative QCD, ...

Tool for discovery:
Colliding high energy nucleons

New Physics beyond SM
LHC, Tevatron, 
RHIC, HERA, ...



Hadron structure

§ Nucleon: quantum many-body system of quarks and gluons

§ High energy scattering: to extract information on the nucleon structure, 
we send in a probe and measure the outcome of the collisions
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Rutherfold’s experiment
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p

Deep Inelastic Scattering (DIS) Proton-Proton collisions



§ Perturbative QCD paradigm: Asymptotic freedom + QCD factorization

How to trace back?
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asymptotic freedom

perturbation theory for 
quarks and gluons

only hadrons are observed in 
experiments (confinement)
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What Do We Know About Glue in Matter?

• Scaling violation: dF2/dlnQ2 and 

linear DGLAP Evolution ! 

G(x,Q2)! 
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Lecture 1: QCD factorization

§ QCD basics, collinear factorization, DGLAP, PDFs, FFs  
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QED: the fundamental theory of electo-magnetic interaction

§ QED Lagrangian:

§ Feynman rule: photon has no charge, thus does not self-interact
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QCD: the fundamental theory of the strong interaction

§ QCD describes the interaction between quarks and gluons

 

§ Feynman rules: gluon carries color, thus can self-interact
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Experimental verification of the color

§ The color does exist: color of quarks Nc = 3 (low energy R=2/3 v.s. 
2)
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Understanding QCD: running coupling (asymptotic freedom)

§ Gluon carries color charges
§ Strong coupling αs depends on the distance (i.e., energy)
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Screening: Anti-screening:↵em(r) " as r # ↵s(r) # as r #



Why does the coupling constant run?

§ Leading order calculation is simple: tree diagrams – always finite

§ Study a higher order Feynman diagram: one-loop, the diagram is 
divergent as q → ∞

§ Make sense of the result: redefine the coupling constant to be 
physical
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Renormalization (Redefine the coupling constant)

§ Renormalization
§ UV divergence due to “high momentum” states

§ Experiments cannot resolve the details of these states 

§ Combine the “high momentum” states with leading order
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Low momentum state High momentum state

LO:

NLO:

Renormalized coupling

No UV divergence!



Simple study of Deep Inelastic Scattering (DIS): parton model

§ DIS has been used a lot in extracting hadron structure

§ Leptonic and hadronic tensor
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Structure functions

§ Hadronic tensor: Lorentz decomposition + parity invariance (for 
photon case) + time-reversal invariance + gauge invariance

§ All the information about hadron structure is contained in the 
structure functions
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The paradigm of perturbative QCD

§ The common wisdom: to trace back what’s inside the proton from the 
outcome of the collisions, we rely on QCD factorization

§ Hadron structure: encoded in PDFs

§ QCD dynamics at short-distance: partonic cross section, 
perturbatively calculable
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Parton Distribution Functions (PDFs):
Probability density for finding a parton in 
a proton with momentum fraction x
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Universal (measured) calculable



Universality of PDFs: extraction from DIS
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What about higher order?

§ pQCD calculations: understand and make sense of all kinds of 
divergences
§ Ultraviolet (UV) divergence                 : renormalization (redefine coupling 

constant)

§ Collinear divergence             : redefine the PDFs and FFs 

§ Soft divergence                : usually cancel between real and virtual diagrams for 
collinear PDFs/FFs; do not cancel for TMDs, leads to new evolution equations

§ Going beyond the leading order of the DIS, we face another 
divergence

20

k ! 1

k//P
k ! 0

= +Wµ�

q

k
1

µ

P

q
�
k

P

q q
�

k

µ



QCD dynamics beyond tree level

§ Going beyond leading order calculation
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QCD factorization: beyond parton model

§ Systematic remove all the long-distance physics into PDFs
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Scale-dependence of PDFs

§ Logarithmic contributions into parton distributions

 

§ Going to even higher orders: QCD resummation of single logs
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DGLAP evolution = resummation of single logs

§ Evolution = Resum all the gluon radiation

§ By solving the evolution equation, one resums all the single 
logarithms of type
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Q2
0 Q2 > Q2

0

Evolutions of PDFs

§ Perturbative change:

§ Feynman diagrams for unpolarized PDFs 
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PDFs also depends on the scale of the probe

§ Increase the energy scale, one sees parton picture differently
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Success of QCD collinear factorization

§ PDFs are universal and evolve via DGLAP equations
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Same idea for hadron production

§ Fragmentation function: another probability
§ Going to NLO, needs also to absorb the collinear divergence, and thus the scale 

dependence of the fragmentation function
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It also works well

§ DSS parameterizations for the fragmentation function
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Summary

§ Asymptotic freedom: allow one to calculate partonic cross sections

§ Parton distribution functions and fragmentation functions

§ Renormalization scale and factorization scale
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Lecture 2: Nucleon structure

§ TMD factorization, jets, SCET
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EIC era: Imaging of proton and nucleus

§ Unraveling the mysteries of relativistic hadronic bound states

§ Beyond 1D: collinear PDFs provide 1D structure – longitudinal 
motion
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The NNPDF4.0 global 
analysis of proton structure

Juan Rojo, VU Amsterdam & Nikhef

ATLAS Standard Model Plenary Meeting

7th October 2021
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Proton Movie

https://drive.google.com/file/d/1NvrZSNqJNWmJgilX6kGB8Mleih2-tR1B/view?usp=sharing


Unified view: internal landscape

§ Wigner distributions: a quantum version of phase-space distribution
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Transverse Momentum Dependent distributions (TMDs)

§ 3D imaging in momentum space
§ Both longitudinal and transverse motion

§ What are the quantum correlations between the motion of the 
quarks/gluons, their spin and the spin of the proton? (TMD PDFs)

§ Similarly precision information on hadronization (TMD FFs)
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Quark TMDs
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momentum
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TMDs with polarization
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Processes to extract TMDs

§ Standard processes: SIDIS, Drell-Yan, dihadron in e+e−

§ New opportunities: jets and jet-like observables
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Two kinds of QCD factorization

§ There are different types of QCD factorization, one should use 
them accordingly to include world data in different processes
§ Collinear factorization: process with ONE single hard scale

§ Single-inclusive hadron/jet in p+p collisions: pT is the hard scale

§ Inclusive deep inelastic scattering (DIS): Q is the hard scale
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Another type: TMD factorization

§ Transverse-momentum dependent (TMD) factorization, used for 
more differential processes
§ TMD factorization: process with TWO momentum scales (Q, qT) with qT << Q

§ Semi-inclusive hadron production in e+p collisions (SIDIS): qT, Q

§ Drell-Yan production in p+p collisions: qT, Q
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TMD factorization in a nut-shell

§ Drell-Yan:

§ Factorized form and mimic “parton model”
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Illustration I
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Illustration II
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Illustration III

§ Please check this hand-writing note

§ It tells how you know how many independent correlator you could 
have and how you define them
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TMD evolves

§ Just like collinear PDFs, TMDs also depend on the scale of the 
probe = evolution

43

F (x,Q)
Collinear PDFs

ü DGLAP evolution

ü Resum

ü Kernel: purely perturbative

F (x,Qi)

F (x,Qf )

Rcoll(x,Qi, Qf )

⇥
�s ln(Q

2/µ2)
⇤n

F (x, k?, Qf )

F (x, k?, Qi)

RTMD(x, k?, Qi, Qf )

F (x, k?;Q)
TMDs

ü Collins-Soper/rapidity 
evolution equation

ü Resum

ü Kernel: can be non-
perturbative when k? ⇠ ⇤QCD

⇥
�s ln

2(Q2/k2?)
⇤n



TMD evolution in a nutshell
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F (x, k⇥;Q) =
1

(2�)2

Z
d2beik?·bF (x, b;Q) =

1

2�

Z �

0
db bJ0(k⇥b)F (x, b;Q)

F (x, b;Q) ⇡ C ⌦ F (x, c/b⇤)⇥ exp

(
�
Z Q

c/b⇤

dµ

µ

✓
A ln

Q2

µ2
+B

◆)
⇥ exp

⇣
�Snon-pert(b,Q)

⌘

longitudinal/collinear part transverse part ü Non-perturbative: fitted from data
ü The key ingredient – ln(Q) piece is 

spin-independent

The presence of non-perturbative evolution kernel 
makes TMD global analysis much more involved 



TMD Handbook
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arXiv:2304.03302

Quark TMDs

�[�+]
q h(x, b) = f1(x, b) + i✏µ⌫T bµs⌫Mf?1 (x, b)
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• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum
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TMD evolution

§ TMD evolution
§ Usual renormalization scale + a rapidity scale
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F (x, b, µ, ⇣) = exp

Z µ

µ0

dµ0

µ0 �µ (µ
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�
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
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✓
⇣

⇣0

◆�
F (x, b, µ0, ⇣0)
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Collins-Soper kernel

Courtesy of I. Stewart



TMD global analysis

§ Outline of a TMD global analysis [lattice input on initial TMD and CS 
kernel]               
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Fourier transform numerical heavy
Kang, Prokudin, Sato, Terry, 1906.05949
Implemented by ResBos? 
[Joshua Isaacson, 2022] yes

Ansatz for TMDs at initial scale

Evolve TMDs to relevant scale 
with TMD evolution

Model ansatz for 
non-perturbative 

Collins-Soper kernel

calculate the cross 
section/asymmetry as well as χ2

no
χ2 minimum?

Fourier transform back to 
momentum space
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Unpolarized cross sections

§ Good fit achieved in the “TMD region” (N3LL)
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JHEP (2020)
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Unpolarized TMDs

§ Extracted unpolarized TMD PDFs and FFs

§ Useful tools
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2103.09741

2206.07598



Progress from standard processes

§ Take an example: Sivers function
§ Data: Jlab 12, HERMES, COMPASS, RHIC W boson
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Echevarria, Kang, Terry, JHEP (2021)
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Distorted distribution

§ Sivers correlation leads to a distortion in u/d quark distribution
§ Left or right shift
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Fundamental feature of Sivers function

§ Sivers function: check its definition

52

Sivers effect

left-right asymmetry

Look closer

ü Naïve time-reversal-odd: 
recall momentum and spin 
change sign under T

ü Forbidden?: such a 
correlation is forbidden in 
QCD, unless there is a phase

Sivers 
function

�S

kT ~S · (p̂⇥ kT )

T̂ (t) !  ⇤(�t)Recall:

�S
sp Left 

Right 



Quantum mechanical phase

§ Quark passes through a color gauge field, generated by the 
remnant of the proton, it will accumulate a phase
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DIS: after the interaction
final state

Drell-Yan: before the interaction
initial state

ei�

remnant

proton

�⇤

quark

anti-quark

� = gs

Z

path
dr ·A

electron
�⇤

quark

remnant

quark

A

Sivers function|DIS = � Sivers function|DY

Collins 02, Boer-Mulders-Pijlman 03, Collins-Metz 04, Kang, Qiu, PRL 09, …



�i = e

Z

path i
d~r · ~A =  1 e

i�1 + 2 e
i�2

§ Pure quantum effect: different paths lead to interference

§ Physics today, September 2009

Sivers effect: QCD version of Aharonov-Bohm effect
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Sivers asymmetry from SIDIS and W

§ Sivers asymmetry has been measured in DIS process

   

 

§ Predictions comparison with DY/W 
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RHIC data: update

§ With TMD evolution, tension in fitting (2016) RHIC W/Z data (very 
large asymmetry), but consistent with 2021 preliminary data
§ Emphasizing the importance of the precision measurement
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OLD data

NEW data

Bury, Vladimirov, Prokudin Echevarria, Kang, Terry



RHIC data: update

§ Major difference: sea quark in relatively large x region

§ This is precisely the main goal of SpinQuest/E1039 Drell-Yan 
experiment at Fermilab is to determine sea quark Sivers functions 

57Courtesy of A. Prokudin



Jets for 3D imaging
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Designed by M. Arratia



Jet fragmentation function
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Jets are useful tools for TMD physics
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§ Active study at the EIC 
§ EIC jet papers grow exponentially
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Back-to-back lepton-jet production

§ Probing TMD PDFs

§ Unpolarized scattering: recent HERA measurement

§ Transversely polarized proton scattering: Sivers function (right plot)
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HERA, arXiv:2108.12376, PRL 22
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Jet substructure: polarized jet fragmentation function

§ One can further measure distribution of hadrons inside the jet
§ Two axes: imbalance controls TMD PDFs, while the hadron transverse 

momentum w.r.t jet axis controls TMD FFs
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x

<latexit sha1_base64="qt4o6cXFMptE+aIX3nJAFlDDbZE=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KokU9Fj04rGC/YA2lM120i7dbOLuRFpC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxuZ37rCbQRsXrASQJ+xAZKhIIztFK7izDGbDztlcpuxZ2DrhIvJ2WSo94rfXX7MU8jUMglM6bjuQn6GdMouIRpsZsaSBgfsQF0LFUsAuNn83un9NwqfRrG2pZCOld/T2QsMmYSBbYzYjg0y95M/M/rpBhe+5lQSYqg+GJRmEqKMZ09T/tCA0c5sYRxLeytlA+ZZhxtREUbgrf88ippXla8aqV6Xy3XbvI4CuSUnJEL4pErUiN3pE4ahBNJnskreXMenRfn3flYtK45+cwJ+QPn8wepApBi</latexit>

y

<latexit sha1_base64="yROZwmE8+zxU+27vIONWJwVaqvU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aTab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/8TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHq1au2uVqlf53EU4QRO4Rw8uIQ63EIDmsBAwjO8wpvz4Lw4787HorXg5DPH8AfO5w+qh5Bj</latexit>

z

<latexit sha1_base64="W+TNK2M6NF1BZDNyl6nbBlVxvG0=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGC/YA2lM120y7dbOLuRKyhf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucJxwP6IDJULBKFqp3UX+iNnTpFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophpd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmmeV7xqpXpbLdeu8jgKcAwncAYeXEANbqAODWAg4Rle4c25d16cd+dj3rri5DNH8AfO5w+sDJBk</latexit>

�̂Sh

<latexit sha1_base64="MV5cx/Pg1hWKCAkcU4w6WN5D6YU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeiF48V7Qc0IWy2m2bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MONMacf5tiobm1vbO9Xd2t7+weGRfXzSVWkuCe2QlKeyH2JFORO0o5nmtJ9JipOQ0144vpv7vQmViqXiSU8z6id4JFjECNZGCmzbi7EuvCxms6B4DOJZYNedhrMAWiduSepQoh3YX94wJXlChSYcKzVwnUz7BZaaEU5nNS9XNMNkjEd0YKjACVV+sbh8hi6MMkRRKk0JjRbq74kCJ0pNk9B0JljHatWbi/95g1xHN37BRJZrKshyUZRzpFM0jwENmaRE86khmEhmbkUkxhITbcKqmRDc1ZfXSfeq4TYbzYdmvXVbxlGFMziHS3DhGlpwD23oAIEJPMMrvFmF9WK9Wx/L1opVzpzCH1ifPw+Vk/E=</latexit>

�̂h

<latexit sha1_base64="pS1iGr4hOLxAf81n3HjD73fQask=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cK9gPaWDbbTbN0swm7E6WE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPTwTX6DjfVmltfWNzq7xd2dnd2z+oHh51dJwqyto0FrHq+UQzwSVrI0fBeoliJPIF6/qTm5nffWRK81je4zRhXkTGkgecEjTSwyAkmA2SkOfDLMyH1ZpTd+awV4lbkBoUaA2rX4NRTNOISaSCaN13nQS9jCjkVLC8Mkg1SwidkDHrGypJxLSXza/O7TOjjOwgVqYk2nP190RGIq2nkW86I4KhXvZm4n9eP8Xgysu4TFJkki4WBamwMbZnEdgjrhhFMTWEUMXNrTYNiSIUTVAVE4K7/PIq6VzU3Ua9cdeoNa+LOMpwAqdwDi5cQhNuoQVtoKDgGV7hzXqyXqx362PRWrKKmWP4A+vzBzQWkvo=</latexit>

Sh?

<latexit sha1_base64="RS9ybw2G2Ikrkae3Yvss+AHK4Vc=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCKsFYwcJYBH1ITRQ5jtNadezIdpCqKAu/wsIAQqx8Bht/g9NmgJYjWT46517de0+YMqq043xbK6tr6xubta369s7u3r59cNhTIpOYdLFgQg5CpAijnHQ11YwMUklQEjLSDyc3pd9/JFJRwR/0NCV+gkacxhQjbaTAPvZCwSI1TcyX3xdBPvZSItMisBtO05kBLhO3Ig1QoRPYX14kcJYQrjFDSg1dJ9V+jqSmmJGi7mWKpAhP0IgMDeUoIcrPZwcU8MwoEYyFNI9rOFN/d+QoUeWOpjJBeqwWvVL8zxtmOr7yc8rTTBOO54PijEEtYJkGjKgkWLOpIQhLanaFeIwkwtpkVjchuIsnL5PeRdNtNVt3rUb7uoqjBk7AKTgHLrgEbXALOqALMCjAM3gFb9aT9WK9Wx/z0hWr6jkCf2B9/gDxj5dI</latexit>

j?

<latexit sha1_base64="R6rG05HWmdXACM+5sHH9aVu/CGo=">AAAB/3icbVDNS8MwHE3n15xfVcGLl+AQPI1WBnocevE4wX3AWkqaZltcmoYkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8kLBqNKO821VVlbX1jeqm7Wt7Z3dPXv/oKuSVGLSwQlLZD9EijDKSUdTzUhfSILikJFeOLku/N4DkYom/E5PBfFjNOJ0SDHSRgrsIy9MWKSmsbmy+zzIPEGkyAO77jScGeAycUtSByXagf3lRQlOY8I1ZkipgesI7WdIaooZyWteqohAeIJGZGAoRzFRfjbLn8NTo0RwmEhzuIYz9fdGhmJVRDSTMdJjtegV4n/eINXDSz+jXKSacDx/aJgyqBNYlAEjKgnWbGoIwpKarBCPkURYm8pqpgR38cvLpHvecJuN5m2z3roq66iCY3ACzoALLkAL3IA26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/AElFlu0=</latexit>

ST

<latexit sha1_base64="VYhKseuvPbgIFYnpL6gXUNvLPI8=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQy0OPQi8eJ+4KtlDRNt7A0KUkqjtJ/xYsHRbz6j3jzvzHdetDNByGP934/8vKChFGlHefbqmxsbm3vVHdre/sHh0f2cb2vRCox6WHBhBwGSBFGOelpqhkZJpKgOGBkEMxuC3/wSKSignf1PCFejCacRhQjbSTfro8DwUI1j82VPeR+1s19u+E0nQXgOnFL0gAlOr79NQ4FTmPCNWZIqZHrJNrLkNQUM5LXxqkiCcIzNCEjQzmKifKyRfYcnhslhJGQ5nANF+rvjQzFqohnJmOkp2rVK8T/vFGqo2svozxJNeF4+VCUMqgFLIqAIZUEazY3BGFJTVaIp0girE1dNVOCu/rlddK/bLqtZuu+1WjflHVUwSk4AxfABVegDe5AB/QABk/gGbyCNyu3Xqx362M5WrHKnRPwB9bnD8qnlO8=</latexit>

R

h

jet

j?

zh = phT /p
jet
T

<latexit sha1_base64="d1X1oH9aMFYoyPpqaT39b8OOEKw="></latexit>

j? : hadron transverse momentum

with respect to the jet

quark

Kang, Lee, Zhao, PLB 20
Arratia, Kang, Ringer, Prokudin, 20
Kang, Lee, Shao, Zhao, JHEP 21
Kang, Terry, Vossen, Xu, Zhang, PRD 22



Collins effect inside the jet

§ STAR measurements: Collins asymmetry for hadron inside the jet 
in transversely polarized p+p collisions
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STAR, 2205.11800

Kang, Prokudin, Ringer, Yuan, 1707.00913, PLB

Kang, Kyle, Zhao, arXiv:2005.02398, PLB



Jet fragmentation function at LHC

§ Example: recent LHCb measurement Z-tagged jet production

64

LHCb, 2208.11691



Summary

§ Great progress has been made for TMD structure of the proton

§ Current: HERMES, COMPASS, Jlab 12, HERA, RHIC spin, and LHC 
provide great experimental measurements for TMD physics

§ Novel new opportunities: use jet/substructure for TMDs (synergy 
with high-energy QCD community)

§ Looking forward to the bright future at the EIC
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