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Introduction
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Protons and neutrons are the primary constituents of visible matter in the universe.

Mass Spin
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Proton Spin Structure in Naïve Quark Model
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M. Gell-Mann, Phys. Lett. 8, 214 (1964); 

G. Zweig, CERN Report No. TH-401 (1964). Quark model:

Proton wave function in spin flavor space

Ordinary mesons

Ordinary baryons

Color structure:

The spin of the proton comes entirely from the spin of the quarks!
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Proton Spin Structure
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Global analysis: Lattice calculation:

Experimental data:

J. Ashman et al. (EMC) PLB 206, 364 (1988). J. Ashman et al. (EMC) NP B328, 1 (1989). 

I. Borsa et al. Phys.Rev.Lett. 133, 151901 (2024).
JAM Collaboration, PR D 93, 074005 (2016). χQCD Collaboration, PR D 91, 014505 (2015).
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Proton Spin Structure
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Spin decomposition:

Melosh-Wigner rotation: nucleon in its rest frame   V.S.   in infinite momentum frame

spin state:

Quark polarization state:

The Melosh-Wigner rotation predicts decreasing polarization with transverse 

momentum, and this prediction should be tested by data.

R. Jaffe and A. Manohar, Nucl.Phys. B337 (1990) 509.

E. P. Wigner, Annals Math. 40, 149 (1939);

H. J. Melosh, Phys. Rev. D 9, 1095 (1974).

B.-Q. Ma, J. Phys. G 17, L53-L58 (1991);B.-Q. Ma, Z.Phys. C 58, 479 (1993).
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Transverse Mometum Dependent PDFs
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Definition:

R. Boussarie, et al. TMD Handbook, arXiv:2304.03302
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Structure functions of SIDIS
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SIDIS process:



Ke Yang

Structure functions of SIDIS
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SIDIS process:

18 structure functions
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Double Spin Asymmetry
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Double spin asymmetry:

Structure functions:

TMD PDF:

TMD FF:
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Energy Evolution
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I. Scimemi and A. Vladimirov, J. High Energy Phys. 06 (2020) 137

R. Boussarie, et al. TMD Handbook, arXiv:2304.03302

𝜁-prescription evolution path:Evolution equation:

R. Boussarie, et al. TMD Handbook, arXiv:2304.03302
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Parametrization
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Unpolarized TMDs:

I. Scimemi and A. Vladimirov, J. High Energy Phys. 06 (2020) 137

SV19 Model

Optimal TMD 

PDF&FF 

at saddle point

Collinear unpolarized PDF input,

NNPDF3.1

Collinear unpolarized FF input,

DSS

Operator product expand energy scale:

Parametrization for Non-perturbative functions:

Unpolarized TMDs at final energy scale:
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Parametrization
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TMD helicity distribution:

Parametrization for TMD helicity distribution at saddle point： 

Modified collinear helicity distribution input, 

left 𝜶, 𝜷, 𝜺 as free parameters to be fitted:

The 𝒏(𝜶, 𝜷, 𝜺) factor is introduced to the 

correlation between normalization and the shape.

The x −shape modification can be 

removed by setting 𝜶, 𝜷, 𝜺 = 0.

We take the same form of non-perturbative 

function as SV19 model takes for 𝒇𝟏.

TMD helicity distribution at final energy scale:

Collinear helicity distribution input,

NNPDFpol1.1
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World data
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HERMES, Phys. Rev. D 99,  112001 (2019),

CLAS, Phys. Lett. B 782, 662 (2018).
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Fit Procedure
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World data fit:

Experimental 

data

Replica 1

Replica 2

Replica N

...

Result 1

Result 2

Result N

...
Result with 

uncertainties

Monte Carlo smearing of 

original data

Probability density in 

function space
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Results
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Result of 3D helicity distributions 
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Results
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Polarization of up quark and down quark: 

➢ In the relative large region, where valence quark dominate, 

the polarizations decrease with increasing transverse 

momentum, consistent with the prediction of Melosh-

Wigner rotation effect.

quantifies the net density difference between quarks with spin 

parallel and antiparallel to the spin of a polarized proton.

quantifies the polarization rate of quarks.
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Results
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Polarization of up quark and down quark: 

➢ In the relative large region, where valence quark dominate, 

the polarizations decrease with increasing transverse 

momentum, consistent with the prediction of Melosh-

Wigner rotation effect.

quantifies the net density difference between quarks with spin 

parallel and antiparallel to the spin of a polarized proton.

quantifies the polarization rate of quarks.

MAP, Phys.Rev.Lett. 134, 12, 121901 (2025)
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Results
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Polarization of up quark and down quark: 

➢ At lower 𝑥 region, where sea quarks and gluon dominate, 

we observe slightly increasing polarization, which imply 

the rich dynamics of QCD.

quantifies the net density difference between quarks with spin 

parallel and antiparallel to the spin of a polarized proton.

quantifies the polarization rate of quarks.
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Exploration of Azimuthal Modulation
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CLAS

The TMD helicity extracted can also 

explain the cos𝜙ℎ modulation of the 

DSA measurement of the SIDIS.
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Polarized Electron Ion Collider in China (EicC)
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D. P. Anderle et al. Front.Phys.(Beijing) 16 (2021) 6, 64701 
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Polarized Electron Ion Collider in China (EicC)
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D. P. Anderle et al. Front.Phys.(Beijing) 16 (2021) 6, 64701 
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Polarized Electron Ion Collider in China (EicC)
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D. P. Anderle et al. Front.Phys.(Beijing) 16 (2021) 6, 64701 
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EicC Projection Results
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Result of 3D helicity distributions: 

The proposed EicC will enhance the precision of sea quark and gluon helicity 

distributions.
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EicC Projection Results
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Result of zeroth moment

The proposed EicC will enhance the precision of helicity distribution especially 

among the range 𝑥~0.01 − 0.5

Result of parton polarization:
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Summary
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⚫We extracted the TMD helicity functions with error bands from SIDIS data;

⚫Around the peak of 𝑥 dependence, the polarization is concentrated on the low 𝑘𝑇 region, 

which is consistent with Melosh Wigner rotation;

⚫At lower 𝑥 region, we observe slightly increasing polarization, which imply the rich 

dynamics of QCD;

⚫Helicity distribution extracted can also explain cos𝜙ℎ modulation data without including 

them;

⚫ The proposed EicC will enhance the precision of three-dimensional helicity distribution, 

especially among the range 𝑥~0.01-0.5.
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Backup——Comparison with Data
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HERMES:
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Backup——Comparison with Data
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HERMES:
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Backup——Comparison with Data
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HERMES:
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Backup——Comparison with Data
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HERMES:
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Backup——Comparison with Data
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HERMES: CLAS:
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Backup——Comparison with Data: cos𝝓𝒉 Modulation
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HERMES:
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Backup——Comparison with Data: cos𝝓𝒉 Modulation
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HERMES:
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Backup——Comparison with Data: cos𝝓𝒉 Modulation
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HERMES:
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Backup——Comparison with Data: cos𝝓𝒉 Modulation
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HERMES: CLAS:
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Backup——Energy Evolution
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Evolution equation:

𝜁-prescription: Saddle point:

equipotential lines:



Ke Yang

Backup——𝝌𝟐 and Correlative Uncertainties
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𝝌𝟐 form:

Covariance matrix:

Correlative uncertainties: 𝑎 is the overall correlative uncertainty factor 

comes from dilution factors and overall 

uncertainties of polarization of target and 

lepton beams.
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Backup——Parameters Results
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World data fit:
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Backup——Parameters Correlation
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Backup——Positivity Bound
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Positivity bound: 

𝑔1𝐿 𝑥, 𝑘𝑇 < 𝑓1 𝑥, 𝑘𝑇 .

The positivity bound comes from 

probabilistic interpretation of 

parton distribution, however, 

should not be imposed during 

fitting procedure, which will result 

in results with bias.

We examine our result and no 

bound breaking is observed with 

the consideration of uncertainties.
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Backup——Positivity Bound: Toy Model Test
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Toy model set:

We generate asymmetry 𝐺 𝑥 /𝐹 𝑥 in 15 

bins as pseudo-data, with a background 

disturbance 𝐵 𝑥 .  We compare the extracted 

𝐺 𝑥 from the pseudo-data with and without 

the application of the positive constraint.

It was found that imposing the bound 

during the fitting procedure introduced a 

bias.
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Backup——Fit with Fixed 𝒙 dependent
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The collinear helicity distribution input with 𝑥-

shape modification:

By setting 𝜶,𝜷, 𝜺 = 0, one can remove 𝑥-

shape modification.

The results show consistency within current  

uncertainties.
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Backup——Fit with variation of TMD FFs
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We vary the DSS FF input to 

a larger value as variation 1 

and to a smaller value as 

variation 2.

It turns out that the quark 

polarizations

are not sensitive to the FF 

input.  
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