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The proton in QCD

§ Proton is made of 
§ 2 up quarks + 1 down quarks

§ + any number of quark-antiquark pairs

§ + any number of gluons

2

ü Infinite many body dynamic system of quarks and gluons
ü By changing x and Q, we probe different aspects of the 

proton wave function

valence quarks
sea quarks



Quark and gluon structure of the nucleon 

§ Goal: quantum tomography in terms of quarks and gluons 
§ Momentum: how do the quarks, antiquarks, gluons move inside?

§ Position: where are they located?

§ Orbit: do they orbit, carry orbital angular momentum?

§ Correlation: quantum correlations between motion and overall nucleon 
properties, e.g., spin? How do they respond to the external probes? 
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Internal landscape of the nucleon

Such information are defined as a set of 
parton distribution functions
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Unified view: internal landscape

§ Wigner distributions: a quantum version of phase-space distribution
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Colinear PDFs

§ One dimensional structure of the proton: longitudinal motion
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Moving forward

§ 30+ years’ study, good knowledge about parton’s longitudinal 
motion: 1D

§ Nucleon 3D structure: both longitudinal + transverse momentum 
dependent structure
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f(x)

Longitudinal motion only Longitudinal + transverse motion 

Transverse Momentum Dependent parton distributions (TMDs)

f(x, kT )



TMDs: rich quantum correlations
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Novel insights from TMDs

§ Quantum correlation: spin-spin, spin-momentum (orbit) 
correlations
§ Akin to those in hydrogen atoms and topological insulators

§ 3D imagining
§ Both longitudinal and transverse motion

§ Orbital motion
§ Most TMDs would vanish in the absence of parton orbital angular momentum

§ Color gauge invariance at a very deep level
§ Akin to Aharonov-Bohm Effect
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Using the nucleon as 
a QCD “laboratory”



Standard processes to extract TMDs

§ SIDIS, Drell-Yan, dihadron in e+e−

§ They have a well-established TMD factorization formalism
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TMD factorization in a nut-shell

§ Drell-Yan:

§ Factorized form and mimic “parton model”
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Sivers function: non-universal

§ Sivers function: unpolarized quark distribution inside a transversely 
polarized proton
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Collins 02, Boer-Mulders-Pijlman 03, Kang-Qiu, 09 …

ü 1990: introduced by D. Sivers, to describe the large single spin asymmetry measured in 
inclusive hadron production in p+p collisions at Fermilab

ü 1993: J. Collins shows Sivers function has to vanish due to time-reversal invariance

ü 2002: Brodsky, Hwang, Schmidt performed an explicit model calculation, showed the 
existence of the Sivers function

ü 2002: Original proof missed the gauge link (needed to properly define gauge invariant 
distribution), once added, found Sivers function in SIDIS is opposite to that in Drell-Yan 



Extremely active phenomenology

§ Examples: Pavia, Torino, EIKV, KSPY, DEMS, SV, EKT, …
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Current status of Sivers extraction

§ u/d dominant, sea small
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Echevarria, Kang, Terry, to appear
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Experimental evidence of sign change

§ STAR and COMPASS: the data seem to favor sign change

§ Both theory and experiment has large uncertainty: will be 
improved in the future runs
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Within the standard process

§ Open questions: TMD evolution – how strong is it? 
§ Add the TMD evolution, see what happens

§ Try really really hard
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Echevarria, Kang, Terry, to appear



How to move forward

§ Constraining ourselves ONLY to these three processes would limit 
the productivity of ourselves

§ It is opportune time to explore other opportunities

§ What are they?

16



Open the door is good for us

§ Once you open this door (processes beyond standard ones), a new
world is open for you
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SIDIS DY e+e-

Beyond



Jet Physics at the EIC

§ Jet physics at the EIC: a fast emerging field of research
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Courtesy of F. Ringer at BNL jet workshop in July



Jets for 3D imaging

§ Using jets for 3D imaging of the nucleon 
§ seems to become quite feasible 

§ seems to attract a lot of interest
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How to get TMDs via jets

§ TMD FFs via jet substructure: jet fragmentation functions

§ If one measures only the zh distribution (integrated over jT), one probes 
collinear FFs 
§ unpolarized, longitudinally, transversely polarized

§ If one measures both zh and jT distribution (3D), one probes TMD FFs
§ With all possible polarizations

20

jet
<latexit sha1_base64="++WFYt0P/qAGsLwzrodeHHbOGas="></latexit>

q : quark
<latexit sha1_base64="XbRCGp+TqYr3yiRmEOmuzHNfp1E="></latexit>

h : hadron
<latexit sha1_base64="lHz0Letf5I0xgatCXTVo+ttImIk="></latexit>

(p, Sq)
<latexit sha1_base64="78L+9MnsHBhwtYU99x4QXvxaCjI="></latexit>

pJ
<latexit sha1_base64="Jti5Kd1OeFs/VoXhD8KVoH1MN2A="></latexit>

(ph, Sh)
<latexit sha1_base64="MLN7REIK3kd6E52mZ8qaqe0oOEI="></latexit>

�̂h
<latexit sha1_base64="vwXtDMmpTLAG2xUf8fsNdIuwymk="></latexit> zh =

phT
pJT

jT

<latexit sha1_base64="+zIj1+Wd941vZarcG/6qUnQ1pgg=">AAACDXicbVC7TsMwFHXKq4RXgJHFolAxVQmqBAxIFSyIqUh9SU0UOa7TmDoP2Q5SifoDLPwKCwMIsbKz8Tc4bQYoHMm6R+fca/seL2FUSNP80koLi0vLK+VVfW19Y3PL2N7piDjlmLRxzGLe85AgjEakLalkpJdwgkKPka43usz97h3hgsZRS44T4oRoGFGfYiSV5BoH1Xs3gOfQ9jnCWeJmQWsyyeu1qrpt69Vbt+UaFbNmTgH/EqsgFVCg6Rqf9iDGaUgiiRkSom+ZiXQyxCXFjKh7U0EShEdoSPqKRigkwsmm20zgoVIG0I+5OpGEU/XnRIZCIcahpzpDJAMx7+Xif14/lf6pk9EoSSWJ8OwhP2VQxjCPBg4oJ1iysSIIc6r+CnGAVC5SBairEKz5lf+SznHNqtfObuqVxkURRxnsgX1wBCxwAhrgCjRBG2DwAJ7AC3jVHrVn7U17n7WWtGJmF/yC9vEN+Eea4g==</latexit>



A unified framework for jet and hadron production
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What are these jet functions?

§ They are usually referred to as “semi-inclusive jet function”

§ They follow DGLAP evolution equation
§ All jet substructures are contained in these functions
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TMD hadron distribution inside the jet?

§ Definition

§ Factorization formalism

§ Related to transverse momentum dependent (TMD) fragmenting 
function
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Kang, Liu, Ringer, Xing, 1705.08443

G
h
c (z, zh,!JR, j?, µ) =Hc!i(z,!JR,µ)

Z
d2k?d

2�?�
2 (zh�? + k? � j?)

⇥Dh/i(zh,k?, µ, ⌫)Si(�?, µ, ⌫R)

d�

dpT d⌘dzhd
2j?

/
X

a,b,c

fa ⌦ fb ⌦Hab!c ⌦ Gh
c (z, zh,!JR, j?, µ)



Characteristics: hadron in the jet

§ Soft radiation has to happen inside the jet
§ Only the soft radiation inside the jet can change the hadron transverse 

momentum with respect to the jet axis

§ Restricts soft radiation to be within the jet
§ Cuts half of the rapidity divergence

§ Rapidity divergence cancel between restricted “soft factor” and TMD FFs
§ At least up to this order, the combined evolution is the same as the usual TMD 

evolution in SIDIS, e+e-; justify the use of same TMD evolution here

24

p

p

a

b

c

Z 1

0

dy

y
)

Z tan2 R
2

0

dy

y

y ⇠ `+

`�

p
S(b)Dh

c (zh, b)e+e�)S(b, R)Dh
c (zh, b)pp



Azimuthal angular dependence

§ All the azimuthal angular dependence for single inclusive jet
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Examples

§ Collins effect at the EIC

§ Lambda polarization at the EIC
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Collins asymmetry in p+p

27

Kang, Prokudin, Ringer, Yuan, 1707.00913

§ Universality of Collins function between e+p, e+e, and p+p
§ Test TMD evolution
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TMD PDFs: back-to-back jet production

§ One can also study TMD PDFs via back-to-back jet production
§ e+p→e+jet+X

§ p+p→(Z, 𝛾, …)+jet+X
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Examples

§ Sivers asymmetry at the EIC
§ electron-jet back-to-back production
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Dijet Sivers asymmetry in p+p

§ Dijet spin asymmetry
§ Spin vector and transverse momentum imbalance vector can correlate and 

generate asymmetry 
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Theory

§ A lot of motivations
§ Sivers function and its non-universality

§ TMD factorization breaking

§ …
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Kang, Lee, Shao, Terry, arXiv:2008.05470
Qiu, Vogelsange, Yuan, arXiv:0706.1196, …

Collins, Qiu, 07, Mulers, Rogers, 10
Liu, Ringer, Vogelsang, Yuan, arXiv:2008.03666



Only problem 

§ Asymmetry is too small
§ Cancelation between u and d quark Sivers functions
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All seem to be nice

§ Perception: all seem to be nice, complimentary to SIDIS 
measurement 
§ It seems that something is missing, or has not been discussed much

§ That is flavor separation, which is important in mapping out the flavor and spin 
structure of the nucleon – an essential mission of EIC

§ Flavor separation in DIS or SIDIS
§ In DIS: using different target – proton, deuteron, He3 (neutron)

§ gives us u and d flavor separation

§ In SIDIS: measure different hadrons in the final state (pi+, pi-, K+, K-, etc)
§ Because FFs are different (pi+ will select u quark, pi- more d quark, Kaons for s quark)

§ Of course it is highly important to know very well FFs for these hadrons, in order to 
make firm conclusion on the flavor structure of the nucleon

§ How do we perform flavor separation for jet observables?

33

Sato, Andres, Ethier, Melnitchouk, arXiv:1905.03788 
(strange quark) 

R. Milner, arXiv:1809.05626
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Jet charge

§ Jet charge: a flavor prism

§ Jet charge definition
§ One might use subset of hadrons (pions, Kaons) in jet to construct jet charge 
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Charge of the hadron



Charge distribution of u and d quark jets

§ Jet charge distribution

§ If one sums over all particles, u and d jet charges sum over, we 
have a distribution around QJ ~ 0
§ If one can select the positive jet charge bin, then our result is more sensitive to 

u quark jet

§ Negative jet charge bin: sensitive to d quark jet
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Pick an example

§ Pick an example, demonstrate if it works, how it works
§ Sivers asymmetry in electron-jet back-to-back production

§ In the back-to-back region
§ Nice thing: e+q → e+q dominates at leading power

§ So jet flavor is the same as the incoming quark flavor

§ Factorization formalism
§ Unpolarized production: for a particular quark scattering (qT: imbalance)

§ Jet function: describe transition from a parton i into a jet with pT and R
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Jet charge function

§ Now besides characteristics (pT, R) of the jet, we also want to 
measure the jet charge 
§ Need a new jet function - called it “jet charge function”

§ In comparison with the standard jet production

§ Obviously if one integrates over the jet charge      , one would get back to the 
usual jet function

§ Another NICE thing: due to RG consistency, these two jet functions have the 
same QCD evolution
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The weighting factor

§ The N-th moment of the jet charge in a particular jet charge bin

§ This ratio is RG-invariant, has a small pT*R dependence from NLO as an 
argument in the coupling constant

§ This weighting factor is non-perturbative but universal, thus one can determine 
from other jet production process in p+p, e+e- collisions (recall STAR dijet), it is 
just a number (like NRQCD matrix elements)

§ Then build the cross section in a specific jet charge bin, easily 
generalize to polarized case (Sivers effect): same weighting factor
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The weighting factor

§ The N-th moment of the jet charge in a particular jet charge bin

§ This ratio is RG-invariant, has a small pT*R dependence from NLO as an 
argument in the coupling constant

§ This weighting factor is non-perturbative but universal, thus one can determine 
from other jet production process in p+p, e+e- collisions (recall STAR dijet), it is 
just a number (like NRQCD matrix elements)

§ Then build the cross section in a specific jet charge bin, easily 
generalize to polarized case (Sivers effect): same weighting factor
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Unpolarized: weighting factors

§ Using Pythia for now to determine these non-perturbative 
weighting factors
§ Pythia works well for this observable: u-quark jet

§ Kappa ~ 0.3 – 0.5, the energy dependence of these ratios are extremely small 
(~5%)
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Unpolarized: sensitivity

§ In general, u quark is more dominant (charge enhancement 𝑒"# vs 𝑒$#)
§ By selecting negative jet charge bin, one can enhance the d quark sensitivity a 

lot
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Sivers asymmetry

§ What will experimentalists measure?
§ Sivers asymmetry in different jet charge bins
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Looks familiar?

§ SIDIS Sivers asymmetry of pi+, pi0, pi-

§ Fragmentation functions in SIDIS are replaced by jet charge weighting 
factors in jet production
§ Functions → numbers
§ Both universal: can be determined via global analysis
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Polarized: sensitivity

§ With jet charge bin selection, the sensitivity to d-quark Sivers is 
significantly enhanced 
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Apply jet charge to dijet in p+p

§ Still quite small, but it might be measurable at the RHIC
§ Numerator: only quark Sivers contribution, gluon is small?

§ Denominator: gluon-gluon channel contributes enormously 
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Summary

§ Jets are powerful tools

§ For 3D imaging, jet observables have become quite promising and  
complementary to the standard SIDIS process

§ Flavor separation can be achieved via e.g., jet charge
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