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Introduction

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

Mass
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Introduction

Proton Spin Structure in Naive Quark Model

B Quark model: H Color structure:
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Bl Proton wave function in spin flavor space:
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The spin of the proton comes entirely from the spin of the quarks!
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Proton Spin Structure

H Experimental data:
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B Global analysis: Bl Lattice calculation:
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Proton Spin Structure

M Spin decomposition:

1 E—
J= 30T+ Ly +AG+L, 7

AY =Au+Ad ~ 0.3

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

spin state 2h=w [(k+ +m)xh — (k' + ikZ)XH k* = k° + k3

xr =w|[(k* +m)xp + (k' — k) x} ] w = [2k*(k° + m)]”

1/2

Quark polarization state k* +m)? — k2
Aq=[fdkM[q' (k) -q'(k)] M= (Zlc’f(lch)T

The Melosh-Wigner rotation predicts decreasing polarization with transverse momentum, and
this prediction should be tested by data.
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Theoretical Framework

Transverse Momentum Dependent PDFs

H Definition

d§~d*§p
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Quark Polarization
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Theoretical Framework
Structure functions of SIDIS

B SIDIS process: ¢() + N(P) —» ¢(I') + h(Py,) + X

1,Py,g""
uthvs1
P=-@, x=-2 y=24 U e
’ 2P-q’ Pl 1B, chY
1.2.2 singy = _ KBl
P.-Py 2Mpyx 1-y-377y 1, Ppr
E=p.q’> Y="0q » ¢ 1 1
q 1_y+EW+ZﬁW
Trento convention

SRS T R SR

Ke Yang

1,884
HOLYS 1L
cos¢pg = —
LS
1,S1veh”
sin¢g = — 1.5,

2026 %7 B, ShEH 8/27



Theoretical Framework

Structure functions of SIDIS

do
dxdydzdP},dgpdés

2 2 2
x;QZ 2(1y— €) (1 + y_) [
Fyy,r +€Fyu,r ++/2¢(1 + E)F;O[S,¢h cos ¢y
+eFyp M cos 2y, + Aer[26(1 - OF ) P sin gy
+ 51 [\ 26 R} singy + ey M sin 2y

+ AeSt[VI—e2Fpp +1[2601 - OF 7% cos #n]
sin(¢y, —¢g) sin(¢p,—pg)
+ ST[ (FUT 7y EFUT,fh s )

sin(¢y, — bs) Fig c(x,2,P1,Q*) ~f®D

sm(¢h ¢s) sm(3¢h -¢5)

+€Fy; sin(¢p, + ¢s) +€Fy; sin(3¢y, — ¢s)

+1/260+ OFL2?S sings +1/26(1 + O F 2 h S Gin(2g, — #s)]

+/1€ST[V1—E F @n= Yb)cos(:ﬁh —¢s)

: lepton polarization
: nucleon polarization

: virtual photon polarization
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al Framework

Double Spin Asymmetry

B Asymmetry from cross section to structure functions:

1 [dopp(+,+) —dopr(=+)] F
ArrL(¢n) = Arr =V1—g2 LL
LA = 1S 10Ae] ~dopr(+,+) + dopr(— +) - LL Fyu,r
cos¢h Fcos¢h
Frr / Frp cosdy _ LL
1-¢2 +4/2e(1 —€)cos . Arr =4/2e(1-¢)
Fyu,r ( )eosdn Fyu,r Fyu,r

B Structure functions as TMD convolutions:

Fyu,r =C[f1D1],  Frp =ClgiLD1l,
m TMD PDF
xgf = X&f + &1L + 37— ML ~ 81L-
My FrGekr)
¢ _ h-pr My, DL
Fi® ('?[ (xeLHl - —glL_) _ 81.(x, kr)
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2M [h -k
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Theoretical Framework

Energy Evolution

H double scale evolution: B {-prescription evolution path:

b=0.2GeV"
dF (x,br; K,
T CEBI) 4, )7 b §)
dF(x,br;u, €
§(d—§T”§) =D bP)FCbriwd) 2,
S

1 10 10°
1 [GeV?]

-D(Q,br)
RIbrs (i»¢) = (Q,Q)] = [fﬂ(Q br)
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World SIDIS Data

Data set Run Target Beam Niot (cut) Process

HERMES  1996-2000 Hy 27.6 GeV e* 80(42) etp - etntX
HERMES  1996-2000 Hy 27.6 GeV e* 80(42) etp > et~ X
HERMES  1996-2000 Dy 27.6 GeV e* 80(39) e*d —» e*ntX
HERMES  1996-2000 Dy 27.6 GeV e* 80(37) e*d - e*n—X
HERMES  1996-2000 D, 27.6 GeV e* 79(40) erd —» e*K+X
HERMES  1996-2000 Dy 27.6 GeV e* 80(38) e*d - e*K~X
CLAS 2009 T4NH;  6GeVe™ 21(8) e~p— e n0X

Total 498(246)

To be consistent with the TMD factorization framework, we apply a data cut:
q7/Q < 0.5. Numbers in parentheses indicate the remaining data points after the cut.
After the cut, 246 data points remain.

= HIRHE RS T R SR 2026 &£ 7 B, FEIMN 12/27



The Electron-Ion Collider in China

Polarized

Electron Source

4

Polarized
on Soarce

Table 1.1: Available particles and their corresponding energy. polarization, luminosity and
integrated luminosity.
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e 35 80%
P 20 16.76 70% 2.00 x 103 50.5
d 12.90 13.48 Yes 8.48x 107 214
SHe™* 1721 15.55 Yes 6.29% 102 159
Lt 11.05 1248 No 9.75 x 102 246
12¢6r 12.90 13.48 No 835x 102 211
Oca® 1290 13.48 No 8.35x 102 211
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Wspps2e 10,17 11.98 No 9.22x 102 233
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Data Description

Data Kinematic Distributions

B World data kinematic coverage:

e CLAS (6<0.5) e CLAS (6>0.5) * + EicC (6<0.5) + EicC (6>0.5)
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The world data cover relatively low Q? region, and therefore we incorporate target mass

corrections.
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Parametrization

W Parametrization of g,; (X, br) at saddle point:

d '
g{L(x, br) = %f,lc ?gAC]n_fl({, br,HopPE) X g{L (%a“OPE)gNP(xa br).

Modified collinear helicity distribution input, with ¢, 8, € as free parameters to be fitted:

(1- x)afxﬁf(l +epX)

n(af,ﬁf’if) g{(xn“OPE)

glfL(xa/"OPE) =Ny

The x-shape modification can be removed by setting o, 3,€ = 0. g; is the collinear helicity
distribution input. The n(e, 3, €) factor is introduced to decouple the normalization from the
shape parameters. The non-perturbative function is parametrized as

gnp (X, br) = exp [—(A1(1 = %) + 2% + X(1 — X)As5)b% |

B TMD helicity distribution at final energy scale:

£1.(x,b13Q,Q2) = R(br, Q)g1(X, bT)
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Numerical Method

M world data fit:

Replica 1 Result 1

Replica 2 Result 2

Result with
uncertainties

Experimental
data

Result N

Replica N

Monte Carlo smearing of Probability density in
original data function space

To remove the systematic underestimation caused by the D’ Agostini bias, we performed
TO-prescription iteration.

M EicC projection: We used the world data fit results to make projections for EicC, and then
added the projected EicC data into the data list and refitted.
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Results

H Extracted three-dimensional helicity distribution functions
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Results

B Polarization of up quark and down quark

g1.(x, k3) = q;(x, k%) — q,(x, k)
oo quantifies the net density difference between quarks with spin
parallel and antiparallel to the spin of a polarized proton.

gin(x, k%) _ qr(x, k3) — q,(x, k%)
fl(x9 k%") qT(x7 k%") +CI¢(x, k%")

quantifies the polarization rate of quarks.

In the intermediate x region where valence quarks dominate,
the polarization is most pronounced at small k; and falls off
with increasing transverse momentum, consistent with the pre-
diction of the Melosh-Wigner rotation effect.

kr(Gev)
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Results

B Polarization of up quark and down quark

Jun
o

=008

[0 This work
Musch et al. (I)
W Musch et al. (IT)

o
)

=
>

Q =2GeV

(k1,Q)
(k1,Q)

7=016

Uy

1
o
'S

91"
f

>
o

0.0 0.1 0.2

0.6 0.7 0.8

0.3 04 0.5
|ki| [GeV]

kr (Gev)

u]

o)
I

l
iht
i
N
0
i)

SRR E S TR



Results

B Polarization of up quark and down quark

glL(x’ k%‘) = qT(xa k%") - Ch(x, k%")
quantifies the net density difference between quarks with spin
parallel and antiparallel to the spin of a polarized proton.

glL(x’ k%‘) — QT(x, kZT) - ql(x’ kZT)
fl(xa k%‘) qT(xa k%‘) +ql(x, k%‘)
quantifies the polarization rate of quarks.

Atlower x, where sea quarks and gluons dominate, the trend of
polarization with k¢ is not obvious, implying rich underlying
QCD dynamics.
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Result

B Impact from EicC pseudo-data

gy, Q = 2Gev)

World data fit
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The proposed EicC

will enhance the precision of helicity distribution especially for

x> 1073,

SRS T R SR

2026 &£ 7 B, FEIMN

21/27



Result

B Consistency with collinear helicity distribution functions
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Summary

B Summary

o We updated the extraction of three-dimensional helicity distributions,
incorporating mass corrections and improving the small-b matching to
NNLO.

o The extracted u and d quark helicity distribution functions are consistent
with collinear results. For sea quarks, current data do not yet provide
strong constraints.

o In the valence quark region, polarization is concentrated at small kr,
consistent with the Melosh-Wigner rotation prediction, while the trend at
small x is not obvious, likely reflecting QCD dynamical effects.

o We performed EicC projection studies and find that the anticipated EicC
data can significantly improve the precision of three-dimensional helicity

distribution extraction.
Thanks
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Some tables

= HIRHE RS T R SR

Parameter Value Parameter Value
x? 491.0577-8 calls 287571270
Ny 0.05283%0:05795 | Ny 0.05220*3:97332
Nj —0.001711t0~% %%g Ng o.ozsaotﬁ;é‘;g
Ny 0.0076283-95555" | N, 0.0983070:1358
oy —1.781%:%‘];9 Bu —0.427sj%;§2.f2,§
u —0.3905f0'_%§§2 Au 0-143ltgﬁo§§16
Ao 0.6072%1;'_%27% Asu -1.057+1-03%
As 0.2341*:0-2%%3 reLas —o.oasloig;&;é’g
"HERMES,p -0.3676 04133 "HERMES.d 0.3828*3-9%0

Parameter Value

Xepaslpt 0.5572

XfERMESplpt  0.7543

XfierMEsalpt  0.7862

X2 lpt 0.7675
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Some tables

Collaboration Run Process Polarization Dilution
HERMES 19962000  e%p — e*hX 6.6% 0
HERMES 1996-2000  e*d — e*hX 5.7% 0
CLAS 2009 e p— e~ 79X 4.5% =2% +4% 5.8% =3%+5%
EicC proposed e p-oentX 2% + 3% 0

EicC proposed e poe X 2%+ 3% 0

EicC proposed e"p—oe KtX 2%+ 3% 0

EicC proposed e p—>e KX 2%+ 3% 0

EicC proposed e n-oentX 2%+ 3%+ 4% 0

EicC proposed en—-en X 2%+ 3%+ 4% 0

EicC proposed e n->e KtX 2%+ 3%+ 4% 0

EicC proposed e n—-e K X 2%+ 3%+ 4% 0

1—‘cusp Yv ﬂresum {[Pl)ert gexact
R al a? a? al al

D,

81L
1 2

S
c© ‘ al = 0{% al = Olg As = Ay

2026 &£ 7 B, FEIMN

25/27



parameters correlation
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Positivity Bound: Toy Model Test

Toy model set:

Input

0.15 “““ Fit without bound F(x) = xo's(l - x)3(1 - \/} + x),
’ ,"‘ B Fit with bound
G(x) = 2x(1 — x)*(1 — v/x + 0.5x),
G(x) < F(x)

—

We generate asymmetry G(x)/F(x) in 15
bins as pseudo-data, with a background distur-
bance B(x). We compare the extracted G(x)
from the pseudo-data with and without the ap-
¥ ' ' plication of the positivity constraint.

Ratio to input

o :
p W =] i

It was found that imposing the bound during
the fitting procedure introduced a bias.
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