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What is the decomposition of the proton spin?

● current extraction of Δ𝚺 is around 0.3 (contribution from quarks)

● spin can be extracted from parton distribution functions (PDFs)

● orbital angular momentum can be extracted from GPDs
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Proton spin decomposition

Jaffe & Manohar: 1990
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https://doi.org/10.1016/0550-3213(90)90506-9
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● Sign of Δg is not uniquely determined by existing 
experimental data (DIS W2 > 10 GeV2)

● PDF positivity constraints + data strongly 
disfavors the negative Δg

● Negative Δg violates significantly PDF positivity 
constraint

● PDF positivity is not a strict requirement in QCD

PDF positivity constraint



Δg enters quadratically, and different channels contribute 
with different signs and magnitudes
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● PHENIX collaboration stated that the 
ordering of 𝜋+, 𝜋0 and 𝜋- asymmetries 
can help discriminate Δg solutions

● The two solutions for Δg found by 
JAM describe the data equally well

PHENIX: 1409.1907, 2004.02681
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https://arxiv.org/abs/1409.1907
https://arxiv.org/abs/2004.02681


● PHENIX collaboration stated that negative Δg is 
disfavored by more than 2.8σ

● However, only last 3 high-pT ALL points are well 
described in pQCD (see denominator of ALL)

PHENIX: 2202.08158
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https://arxiv.org/abs/2202.08158
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● qT is required to be comparable to photon 
virtuality Q

● Δg starts to contribute at LO

● The cross section depends on Δg linearly

SIDIS with large ph,T:
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SIDIS with large ph,T:
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Egerer et al: 2207.08733
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https://arxiv.org/abs/2207.08733


● Good description of global data after 
inclusion of LQCD for both solutions 
for Δg

● On the basis of 𝜒2, LQCD cannot 
discriminate fully the sign of Δg

DIS W2 > 10 GeV2
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● Projections of residuals reveal 
strong correlations between 
LQCD data points

● The correlations prevent 
determination of sign of Δg
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● LQCD distorts significantly the negative Δg at x 
> 0.3

● Note that both solutions violate PDF positivity 
bounds in x > 0.3

● Before inclusion of LQCD data, ΔΣ were stable 
for both solutions

● Inclusion of LQCD data forces the ΔΣ to become 
negative at x > 0.4 for the negative gluon 
solution
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● Higgs ALL is directly sensitive to Δg squared at 
LO 

● Calculations of ALL (Higgs) with negative Δg 
can lead to unphysical results (using 
non-LQCD based analysis)

De Florian, Forte & Vogelsang: 2401.10814
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https://arxiv.org/abs/2401.10814


Negative Δg with LQCD 
constraints still admits a 
physical Higgs ALL

Can Higgs ALL fully discriminate negative Δg?
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1370 additional data points for pol DIS (+ high-x DIS)
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● With inclusion of high-x DIS DSAs,  
LQCD data strongly disfavor negative Δg 
solution

● Combined DSA from jet and high-x DIS 
with LQCD allows us to discriminate the 
sign of Δg for the first time!
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● For the first time, we were able to discriminate 
the sign of Δg using data-driven approach

● Constraints from LQCD along with DSAs from 
jets and DIS at large-x were crucial to achieve the 
resolution of Δg sign

● Inclusion of LQCD is becoming increasingly 
important in global analysis

● Experimental constraints at large x on Δg are still 
scarce, and more data are needed to reach 
precision similar to unpolarized gluon density 
(RHIC: dijet, EIC: small x, JLab-12/22: high x)

Summary of collinear section



Proton structure in 3D
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TMD (transverse momentum dependent) distributions:

● longitudinal momentum fraction

● transverse momentum kT
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3D structure in momentum space



● Standard processes: SIDIS, Drell-Yan, e+e-
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Processes to extract TMDs

● Focus: using jets for 3D 

imaging



● Precision probe of QCD

● Explore beyond standard model (BSM) parameters

● Probe quark gluon plasma (QGP)

● …
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Why jets?

Advantage of jet substructure:

● Clean laboratory for TMD physics: only one TMD function is involved

● Tomography: “scan” the longitudinal momentum fraction zh distribution



Single inclusive: only care about a single jet
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Two types of jet production

Exclusive: a fixed number of final state jets

(back-to-back dijet/Z+jet)



● 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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Relation between fragmenting jet functions 
(FJFs) and standard fragmentation functions
If you measure only collinear zh distribution

Kang, Xing, Zhao and Zhou, 2311.00672
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Relation between FJFs and standard 
fragmentation function
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Relation between TMD FFs and TMD FJFs

TMD handbook, 2304.03302 Kang, Xing, Zhao and Zhou, 2311.00672

If you measure both zh and j⟂

How do we connect them?
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https://arxiv.org/abs/2304.03302
https://arxiv.org/abs/2311.00672


TMD FJFs

Hard splitting & 
jet formation Standard 

TMD FFs

Hadron 
fragmentation & soft 
correction.

Kang, Xing, Zhao and Zhou, 2311.00672

ALL coefficients have been computed in our work!

If you measure both zh and j⟂
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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://indico.jlab.org/event/663/contributions/13260/


𝛬-baryon polarization

currently in preparation

Extracted from BELLE data, 2003.04828 35



● collinear transversity PDFs
● TMD transversely polarized FFs

Single inclusive jet production: pp → jet(h)

Kang, Xing, Zhao and Zhou, 2311.00672
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https://arxiv.org/abs/2311.00672


● Kang, Lee, Shao & Zhao: 2106.15624
● Kang, Lee, Xing, Zhao & Zhou: 2505.XXXX

Exclusive jet production

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

● Hadron j⟂: sensitive to TMD FFs

qT = pT + lT
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https://arxiv.org/abs/2106.15624


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

● Recent measurement by LHCb (2208.11691)
● First time differential in both zh and j⟂ (proposed in 1906.07187)
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https://arxiv.org/abs/2208.11691
https://arxiv.org/abs/1906.07187


● JAM fitted FFs (2101.04664, 2202.03372, Zhou: in preparation)
● Data included: e+e-, SIDIS, polarized SIDIS

Exclusive jet production: pp → Z + jet(h)
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https://arxiv.org/abs/2101.04664
https://arxiv.org/abs/2202.03372


● LHCb 2023
● 𝜋± data agree very well ✓

Kang, Lee, Xing, Zhao & Zhou: 2505.XXXX

𝜋±

Exclusive jet production: pp → Z + jet(𝜋±)
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https://doi.org/10.1103/PhysRevD.108.L031103


h±

● LHCb 2023
● h± data agree very well ✓

Kang, Lee, Xing, Zhao & Zhou: 2505.XXXX

Exclusive jet production: pp → Z + jet(h±)
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https://doi.org/10.1103/PhysRevD.108.L031103


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

● Fitted for TMD PDFs & TMD FFs

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

● Broadening of transverse 
momentum distribution

● Behaviour driven by 
collinear FFs

Kang, Lee, Xing, Zhao & Zhou: 2403.XXXX
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https://doi.org/10.1103/PhysRevLett.129.242001
https://doi.org/10.1103/PhysRevLett.129.242001


● 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±

Kang, Lee, Xing, Zhao & Zhou: 2505.XXXX

Exclusive jet production: pPb → Z + jet(h)
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https://doi.org/10.1103/PhysRevLett.129.242001
https://doi.org/10.1103/PhysRevLett.129.242001


● worm-gear function
● longitudinally polarized FFs

Exclusive jet production: ep → e + jet(h)

Kang, Xing, Zhao and Zhou, 2311.00672
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https://arxiv.org/abs/2311.00672


● We established relations between jet fragmentation 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

Summary of TMD section
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