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Proton spin puzzle
Quark spin only contributes a small 
fraction to the nucleon spin.
J. Ashman et al., PLB 206, 364 (1988); NP B328, 1 (1989).

Spin decomposition

JAM Collaboration, PR D 93, 074005 (2016).

Lattice QCD 
(kinetic decomposition)

χQCD Collaboration,  
PR D 91, 014505 (2015).

2

~ 0.3

=

JAM15

JAM17: ΔΣ = 0.36 ± 0.09

JAM Collaboration, PRL 119, 132001 (2017).

Gluon spin from LQCD: Sg = 0.251(47)(16) 

50% of total proton spin
Y.-B. Yang et al. (χQCD Collaboration), PRL 118, 102001 (2017).

Nucleon Spin Structure
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Wigner Rotation Effect
Melosh-Wigner rotation

quark spin in a rest proton  quark spin in a moving proton≠

χ↑
T = w [(k+ + m) χ↑

F − (k1 + ik2) χ↓
F]

χ↓
T = w [(k+ + m) χ↓

F + (k1 − ik2) χ↑
F]

If applying a kinetic boost, one may relate the spin states in proton rest frame 
to the spin states in infinite momentum frame

k+ = k0 + k3

w = [2k+ (k0 + m)]
−1/2

E.P. Wigner, Ann. Math 40 (1939) 149; H.J. Melosh, Phys. Rev. D  9 (1974) 1095.

The effect on quark polarization

Δq = ∫ d3kℳ [q↑(k) − q↓(k)] ℳ =
(k+ + m)2 − k2

T

2k+(k0 + m)

It predicts decreasing polarization with , which should be tested by data. 
This interpretation is based on a kinetic boost, but a complete boost including QCD 
dynamics is challenging.

kT

B.-Q. Ma, J. Phys. G 17 (1991) L53-L58; B.-Q. Ma, Q.-R. Zhang, Z. Phys. C 58 (1993) 479.
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Inclusive DIS at a large momentum transfer: Q ≫ ΛQCD
• dominated by the scattering of the lepton 

off an active quark/parton 

• not sensitive to the dynamics at a hadronic 
scale ~ 1/fm 

• collinear factorization:  
 

• overall corrections suppressed by 

σ ∝ H(Q) ⊗ fi/P(x, μ2)

1/Qn

• indirectly “see” quarks, gluons and their 
dynamics 

• predictive power relies on  
— precision of the probe 
— universality of  fi/P(x, μ2)

Lepton-Hadron Deep Inelastic Scattering

Modern “Rutherford” experiment.
1 Introduction

Two regimes of ep scattering are distinguished by the virtuality of the exchanged photon
between the electron and proton, which is defined using the square of the four-momentum
difference between the incoming and scattered electron as: Q2 ⌘ �q2 = �(k� k0)2. Neutral
current deep inelastic scattering (NC DIS) occurs at large virtualities (Q2 � 1GeV2) of
the exchanged photon which, at leading order, strikes a single quark within the proton.
Photoproduction (�p) processes occur for quasi-real exchanged photons (Q2 . 1GeV2), and
are further sub-divided into two categories at leading order: direct and resolved. In direct
processes, the photon couples directly to a quark as in DIS. Resolved processes occur when
the photon fluctuates non-perturbatively into partons, which then scatter with one or more
partons in the proton. The DIS and resolved photoproduction regimes are illustrated in
Fig. 1.

(a) Neutral current deep inelastic scattering. (b) Resolved photoproduction.

Figure 1: Schematic illustration of initial scattering in (a) deep inelastic scattering and (b)
an example of resolved photoproduction. The electron beam is represented by the lines with
arrows. The partonic contents of the proton and photon are represented as large and small
pale circles, respectively. The exchanged photon is shown as a wavy line. Quarks are shown
as spheres while gluons are shown in gold.

A wide variety of measurements in heavy-ion collisions [1–6] indicates the formation of a
new state of quantum chromodynamics (QCD) matter in local thermal equilibrium, the so-
called quark-gluon plasma (QGP). One of the key observables of the QGP is the collective
behaviour of final-state particles. Recent measurements from colliding systems such as p+p,
p+ A, and photo-nuclear A+ A suggest that a QGP may even form in systems previously
thought too small to attain thermal equilibrium [7–14]. The deep inelastic scattering of

1

[Figure from DESY-21-099]
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Semi-inclusive DIS: a final state hadron (Ph) is identified

• enable us to explore the emergence of color 
neutral hadrons from colored quarks/gluons 

• flavor dependence by selecting different types of 
observed hadrons: pions, kaons, … 

• a large momentum transfer Q provides a short-
distance probe 

• an additional and adjustable momentum scale  

• multidimensional imaging of the nucleon

PhT

Semi-inclusive Deep Inelastic Scattering

Ph

l'

X
P

q

l
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Figure 8: Sketch, not to-scale, of kinematical regions of SIDIS in terms of the produced
hadron’s Breit frame rapidity and transverse momentum. In each region, the type of sup-
pression factors that give factorization are shown. (The exact size and shape of each region
may be very different from what is shown and depends on quantities like Q and the hadron
masses.) In the Breit frame, according to Eq. (9.7), partons in the handbag configura-
tion are centered on y ⇡ 0 if �k

2

i
⇡ k

2

f
= O

�
m

2
�
. The shaded regions in the sketch are

shifted somewhat toward the target rapidity yP,b (the vertical dashed line) to account for
the behavior of Eq. (9.1) when zN and xN are small.

R1 ⇡ 0.8 for kaons. If R1 ⇡ 0.8 is taken to be large, then confidence that one is in the
current region deteriorates. The flavor of the final state hadron has little effect on the
transverse momentum hardness, R2, from Eq. (8.16). From Fig. 11 (a) and Fig. 11 (c) flavor
dependence is only noticeable at low Q and even then the effect is small. To summarize,
the produced hadron mass affects collinearity R1 significantly, but does not appear to be a
primary factor in determining transverse hardness R2.

Within a specific example, collinearity R1 and transverse hardness R2 have helped us
to map out the current kinematic region (small R1) and to separate the "small" from the
"large" transverse momentum regions (small R2 vs large R2). The former will reasonably
correspond to a region where we expect TMD factorization to apply, while for the latter
a collinear factorization will be appropriate. At this stage, one might wonder whether
a LO calculation could be enough or whether higher order perturbative corrections are
necessary. This is where R3 comes into the game: large R3 coupled with large R2 signal a
large qT region where presumably higher order pQCD corrections are relevant, while small

– 27 –

Sketch of kinematic regions of the produced hadron

[Figure from JHEP10(2019)122] is defined in the photon-hadron framePhT

SIDIS Kinematic Regions

= PhT /z

PhT ∼ Q

PhT ≪ Q

σ ∼ H(Q, PhT) ⊗ fi/P(x) ⊗ Dj→h(z)

σ ∼ H(Q) ⊗ fi/P(x, kT) ⊗ Dj→h(z, pT)
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Structure Functions of SIDIS

SIDIS differential cross section
in terms of 18 structure functions 

A: lepton polarization 
B: nucleon polarization 
C: virtual photon polarization

dσ
dxB dy dz dP2

hT dϕh dϕS

=
α2

xByQ2

y2

2(1 − ϵ) (1 +
γ2

2xB )
× {FUU,T+ϵFUU,L+ 2ϵ(1 + ϵ)Fcos ϕh

UU cos ϕh + ϵFcos 2ϕh
UU cos 2ϕh+λe 2ϵ(1 − ϵ)Fsin ϕh

LU sin ϕh

+SL [ 2ϵ(1 + ϵ)Fsin ϕh
UL sin ϕh + ϵFsin 2ϕh

UL sin 2ϕh]+λeSL [ 1 − ϵ2FLL+ 2ϵ(1 − ϵ)Fcos ϕh
LL cos ϕh]

+ST [(Fsin(ϕh − ϕS)
UT,T +ϵFsin(ϕh − ϕS)

UT,L ) sin (ϕh − ϕS) + ϵFsin(ϕh + ϕS)
UT sin (ϕh + ϕS)

+ϵFsin(3ϕh − ϕS)
UT sin (3ϕh − ϕS) + 2ϵ(1 + ϵ)Fsin ϕS

UT sin ϕS + 2ϵ(1 + ϵ)Fsin(2ϕh − ϕS)
UT sin (2ϕh − ϕS)]

+λeST [ 1 − ϵ2Fcos(ϕh − ϕS)
LT cos (ϕh − ϕS)

+ 2ϵ(1 − ϵ)Fcos ϕS
LT cos ϕS + 2ϵ(1 − ϵ)Fcos(2ϕh − ϕS)

LT cos (2ϕh − ϕS)]}

FAB,C(xB, z, P2
hT, Q2)

xB =
Q2

2P ⋅ q

y =
P ⋅ q
P ⋅ l

z =
P ⋅ Ph

P ⋅ q

γ =
2xBM

Q
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Leading Twist TMDs
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Quark Polarization
U L T
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L
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_
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⊥

⊥

⊥
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Longitudinal Double Spin Asymmetry

9

Longitudinal DSA in SIDIS

ALL ≡
σ++ − σ+− + σ−− − σ−+

σ++ + σ+− + σ−− + σ−+
=

1 − ε2FLL (x, z, P2
hT, Q2)

FUU (x, z, P2
hT, Q2)

In TMD region: 

FUU (x, z, P2
hT, Q2) ∼ f1(x, k2

T) ⊗ D1(z, p2
T)

FLL (x, z, P2
hT, Q2) ∼ g1L(x, k2

T) ⊗ D1(z, p2
T)

 dependent DSA measurementsPhT

g1L Several global analyses of collinear helicity 
but no extraction of TMD helicity before!

(both collinear and TMD)

HERMES: proton ( ) and deuteron ( ) targetsH2 D2

HERMES Collaboration, Phys. Rev. D 99 (2019) 112001.

JLab CLAS: proton ( ) targetNH3
CLAS Collaboration, Phys. Lett. B 782 (2018) 662.
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First Extraction of TMD Helicity
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Nonzero signals for u and d quarks, while sea quarks and gluons are loosely constrained. 

K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. Lett. 134 (2025) 121902.

NLO+NNLL analysis results
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Comparison with Data
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K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. Lett. 134 (2025) 121902.

Compare with HERMES data
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Comparison with Data

12

K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. Lett. 134 (2025) 121902.

Compare with HERMES data
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Comparison with Data
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K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. Lett. 134 (2025) 121902.

Compare with HERMES data
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Comparison with Data
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K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. Lett. 134 (2025) 121902.

Compare with HERMES data
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K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. Lett. 134 (2025) 121902.

Compare with HERMES data

°0.6

0.0

0.6

°0.6

0.0

0.6

°0.6

0.0

0.6

°0.6

0.0

0.6

°0.6

0.0

0.6

0.2 0.5 0.8

°0.6

0.0

0.6

0.2 0.5 0.8 0.2 0.5 0.8 1.1

e±p ! e±º+X

e±p ! e±º°X

e±d ! e±º+X

e±d ! e±º°X

e±d ! e±K+X

e±d ! e±K°X

PhT (GeV)

0.2 < z < 0.35

PhT (GeV)

0.35 < z < 0.5

PhT (GeV)

0.5 < z < 0.8

A
L

L
,C

S
A

0.075 < x < 0.1 °0.6

0.0

0.6

°0.6

0.0

0.6

°0.6

0.0

0.6

°0.6

0.0

0.6

°0.6

0.0

0.6

0.2 0.5 0.8

°0.6

0.0

0.6

0.2 0.5 0.8 0.2 0.5 0.8 1.1

p ! º+X

p ! º°X

d ! º+X

d ! º°X

d ! K+X

d ! K°X

PhT (GeV)

0.2 < z < 0.35

PhT (GeV)

0.35 < z < 0.5

PhT (GeV)

0.5 < z < 0.8

A
L

L
,C

S
A

0.075 < x < 0.1



Tianbo Liu

Comparison with Data

16

K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. Lett. 134 (2025) 121902.

Compare with CLAS data
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 gives the absolute number 
density difference between spin-parallel 
and spin-antiparallel quarks. 

The ratio  measures 
the polarization rate of quarks.

g1L(x, k2
T)

g1L(x, k2
T)/f1(x, k2

T)

• At large x, where valence components 
dominate, the polarization decreases with 
increasing  
Qualitatively consistent with kinetic Wigner 
rotation effects 

• At low x, where the valence component is 
no longer adequate, distributions are highly 
driven by complex QCD dynamics 
The polarization is found increasing with 

kT

kT

K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. Lett. 134 (2025) 121902.
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Transversity distribution

(Collinear & TMD)

A transverse counter part to the longitudinal spin 
structure: helicity g1L, but NOT the same.

Chiral-odd: 
No mixing with gluons 
Valence dominant 
Couple to another chiral-odd function. 

Transversity Distribution

TMD Handbook 169
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Figure 5.15: Left panel: Comparison of extracted transversity from Refs. [387, 213] (solid lines and
vertical-line hashed region) at &2 = 2.4 GeV2 with Torino-Cagliari-JLab 2013 extraction [388] (dashed
lines and shaded region). Right panel: The extracted functions ⌘1(G), 5 ?(1)1) (G), and �

?(1)
1 (I) at &2 = 4

GeV2 from JAM20 global analysis [18] (red solid curves with 1-� CL error bands). The functions from
other groups [388, 339, 213, 389, 376, 390, 391, 392] are also shown. Plot from Ref. [18]
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3D binned data are presented by HERMES in Ref. [369]. The favored Collins functions describe
valence quarks fragmenting to the pion while unfavored correspond to nonvalence quarks.

HERMES [368, 369] and JLab Hall A [372] include the kinematic factor ?1 from Eq. (2.187)
in the measured asymmetry,

�
sin()⌘+)()
*)

|�⇢'"⇢( ⌘ hsin()⌘ + )()i = ?1�
sin()⌘+)()
*)

. (5.31)

The COMPASS Collaboration uses muon beam of energy 160 GeV and have measured
Collins asymmetries on both NH3 (proton) [371], see Fig. 5.14, and LiD (deuterium) [370]
targets. The data are presented as function of G⌫, I⌘ , and %⌘?. Results on the proton target are
compatible with HERMES findings and asymmetries are found to be compatible with zero on
the deuterium target. The beam energy of COMPASS is higher than the energy of HERMES
and thus COMPASS reaches lower values of G ⇠ 10�3. For each point in G the scale &

2 is
higher at COMPASS as one has &

2 ' BGH. Both experiments consider &
2 > 1 GeV2 in order

to be in DIS region and center-of-mass energy of the ✏⇤
? system, ,2 > 10 GeV2 for HERMES

and ,
2 > 25 GeV2 for COMPASS in order to be outside of the resonance region.

The COMPASS Collaboration considers I⌘ > 0.2 region and the HERMES Collaboration
uses 0.2 < I⌘ < 0.7 in order to minimize both target fragmentation effects and exclusive
reaction contributions. All other experimental cuts are described in Refs. [368, 370, 371]. The
definition of azimuthal angle )( of COMPASS experiment is such that

�
Collins
*)

|⇠$"%�(( = ��sin()⌘+)()
*)

. (5.32)

We mention that f⊥ð1Þ
1T ðxÞ and H⊥ð1Þ

1 ðzÞ are essentially
identical between the two fits (JAM3D-22 and JAM3D-22
no LQCD). This demonstrates that, although the Sivers
function can be influenced by transversity due the fact that
both enter Aπ

N, the main constraint on f⊥ð1Þ
1T ðxÞ is from the

Sivers effects in SIDIS and DY. Likewise, even though
h1ðxÞ couples toH

⊥ð1Þ
1 ðzÞ in the Collins effect in SIDIS and

Aπ
N fragmentation term, the Collins effect in SIA has the

most significant impact on the Collins function’s size
and shape.

FIG. 1. The extracted functions h1ðxÞ, f
⊥ð1Þ
1T ðxÞ,H⊥ð1Þ

1 ðzÞ, and H̃ðzÞ atQ2 ¼ 4 GeV2 from our JAM3D-22 global analysis (blue solid
curves with 1-σ CL error bands) compared to JAM3D-20+ global analysis (red dashed curves with 1-σ CL error bands). The generated
Soffer bound (SB) data are also displayed (cyan points).

FIG. 2. The extracted functions h1ðxÞ and H̃ðzÞ at Q2 ¼ 4 GeV2 from our JAM3D-22 global analysis (blue solid curves with 1-σ CL
error bands) compared to a fit without lattice QCD data (green dashed curves with 1-σ CL error bands). The generated Soffer bound data
are also displayed (cyan points). The functions f⊥ð1Þ

1T ðxÞ and H⊥ð1Þ
1 ðzÞ are essentially identical between the two fits, so we do not show

them here.
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JAM Collaboration, PRD 104, 034014 (2022).Z.-B. Kang, A. Prokudin, P. Sun, F. Yuan, PRD 93, 014009 (2016).

Phenomenological extractions

Effect in SIDIS:  
transverse single spin asymmetry 
(Collins asymmetry)

h1

Asin(ϕh+ϕS)
UT ∼ h1(x, k2

T) ⊗ H⊥
1 (z, p2

T)
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Semi-inclusive  annihilation:e+e−

Complementary Process

e+e− → h1h2X

d5σ
dz1dz2d2Ph⊥d cos θ

=
3πα2

2Q2
z2
1 z2

2[(1 + cos2 θ) Fh1h2
UU + sin2 θ cos (2ϕ0) Fh1h2

Collins]

In TMD region:  and  are near back-to-back, h1 h2 PhT ≪ Q Fh1h2
Collins ∼ H⊥h1

1 ⊗ H⊥h2
1

Experimental measurements:
Belle:     
BaBar:   
BESIII: 

s = 10.58 GeV
s = 10.6 GeV
s = 3.68 GeV

Phys. Rev. D 78 (2008) 032011; 86 (2012) 039905(E).
Phys. Rev. D 90 (2014) 052003;  Phys. Rev. D 92 (2015) 111101.
Phys. Rev. Lett. 116 (2016) 042001.
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Sea Quark Transversity

Anti-u quark favors negative distribution 
Anti-d quark consistent with zero with current precision

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, PRD 109 (2024) 056002.

First determination of sea quark transversity, including TMD evolution
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New COMPASS Data

SIDIS on transversely polarized deuteron target

COMPASS Collaboration, Phys. Rev. Lett. 133 (2024) 101903.

spectrometer magnet, located 18 m downstream from the
target, and the acceptance is !50 and !25 mrad in the
horizontal and vertical plane, respectively. The detector
components, the front-end electronics, the triggering sys-
tem, the data acquisition and the data storage were designed
to stand the associated rate of secondaries.
In 2022, the spectrometer configuration was very similar

to that used in 2007 and 2010 [45], when SIDIS off
transversely polarized protons was measured. In particular,
the 180 mrad angular acceptance was significantly larger as
compared to that of 70 mrad of the 2002–2004 measure-
ments with the deuteron target.
The data were collected using a μþ beam with a nominal

momentum of 160 GeV=c, as for all COMPASS measure-
ments to study transverse-spin effects. The muons origi-
nated from the decay of π and K mesons produced by the
400 GeV SPS proton beam on a primary beryllium target
and were naturally polarized by the weak decay mecha-
nism. The beam polarization was about −80% and the
momentum spread was Δp=p ¼ !5%.
The target magnet can provide both a solenoid field up to

2.5 T and a dipole field up to 0.6 T. With such a
configuration, the target polarization can be oriented either
longitudinally or transversely to the beam direction. The
target was cooled by a 3He-4He dilution refrigerator,
reaching ∼50 mK in the frozen-spin mode. As for the
previous measurement, 6LiD was used as a deuteron target,
since its favorable dilution factor (∼0.4) and the high
polarization achievable (∼0.5) are of utmost importance.
The target consisted of three cylindrical cells with a
diameter of 3 cm, mounted coaxially to the beam. The
central cell was 60 cm long, and the two outer ones were
30 cm long and 5 cm apart. Neighboring cells were
polarized in opposite vertical directions, so that data for

both spin directions were recorded at the same time. The
data taking was organized in periods, which were charac-
terized by stable spectrometer performances. In the middle
of each period, i.e., after three to six days, the spin
orientation in the target was reversed to further minimize
systematic effects.
In this Letter we present the analysis and the results from

seven out of ten periods (corresponding to about two-thirds
of the total statistics collected in 2022), for which data
processing and systematic studies are completed. Candidate
events are required to have reconstructed incoming and
outgoing muons and reconstructed charged hadrons stem-
ming from the muon interaction vertex. In order to ensure
the DIS regime, only events with photon virtuality
Q2 > 1 ðGeV=cÞ2, 0.1 < y < 0.9, andmass of the hadronic
final state system W > 5 GeV=c2 are considered. The
hadrons are required to have a transverse momentum with
respect to the virtual photon direction of pT > 0.1 GeV=c
and a fraction of the available energy of z > 0.2, leading to a
total of about 40 × 106 positive hadrons and about 32 × 106

negative hadrons. Most of these hadrons are pions (about
70% for positive and 75% for negative hadrons), almost
independent of the Bjorken variable x, of z and of pT [46].
The asymmetries are measured separately for positive

and negative hadrons as a function of x, z, or pT. The
binning is the same as used for the deuteron results from the
2002–2004 data [9] and the proton results from the 2007
and 2010 data [10,30,31]. In every bin of x, z or pT, for
each period the asymmetries are extracted from the number
of hadrons produced in each cell for the two directions of
the target polarization. Using an extended unbinned maxi-
mum likelihood estimator [10], all the 8 azimuthal mod-
ulations expected in the transverse spin-dependent part of
the SIDIS cross section [11] are fitted simultaneously. In
order to extract the Collins and Sivers asymmetries, the

FIG. 2. Results for the Collins (top) and Sivers (bottom) asymmetries for deuterons from 2022 data as a function of x, z and pT for
positive (red circles) and negative (black triangles) hadrons. The error bars are statistical only. The bands show the systematic point-to-
point uncertainties.

PHYSICAL REVIEW LETTERS 133, 101903 (2024)

101903-4
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Transversity Distributions

New COMPASS data have significant impact on  and  distributions.d d̄
C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Tensor Charge
Tensor charge

• A fundamental QCD quantity:  matrix element of local operators. 
• Moment of the transversity distribution: valence quark dominant. 
• Calculable in lattice QCD.

Dq/h
1 (x, p?) = Dq/h

1 (x)
1
⇡ h

q
exp
0
BBBB@�

p2
?

h
q

1
CCCCA (20)
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4

Larger uncertainties when including anti-quarks (less biased) 
Compatible with lattice QCD calculations C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Electron-ion Collider in China

Electron Ion Collider in China

HIAF + HIAF-U

EicC • Based on HIAF

• energy in c.m.: 15 ~ 20 GeV 
• luminosity: ≳ 2 × 1033 cm-2 . s-1 
• electron beam: 3.5 GeV, polarization ~ 80% 
• proton beam: 20 GeV, polarization ~ 70% 
• other available polarized ion beams: d, 3He++ 
• available unpolarized ion beams: 7Li3+, 12C6+, 40Ca20+, 197Au79+, 208Pb82+, 238U92+

[Figure by EicC Accelerator WG]
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Fig. 1.3 Illustration of the quark and the partonic structure
of the proton.

model, the underlying dynamics among quarks/gluons is
a lot more interesting and intricate, and offers much more
important information regarding the internal structure of
nucleons as a composite many-body system.

In high-energy scatterings, the proton can be viewed
as a cluster of high energy quarks and gluons, which are
collectively referred to as partons. The probability distri-
butions of partons within the proton are called the parton
distribution functions (PDFs). In general, PDFs give the
probabilities of finding partons (quarks and gluons) in a
hadron as a function of the momentum fraction x w.r.t.
the parent hadron carried by the partons. Due to the QCD
evolution, quarks and gluons can mix with each other, and
their PDFs depend on the resolution scale. When the res-
olution scale increases, the numbers of partons and their
momentum distributions will change according to the evo-
lution equations. These evolution equations can be de-
rived from the perturbation QCD, although PDFs them-
selves are essentially non-perturbative objects. Thanks to
QCD factorization theorems, PDFs can be extracted from
measurments of cross-sections and spin-dependent asym-
metries.

The partonic structure of the nucleon was firstly stud-
ied in experiments of electron–nucleon Deeply Inelastic
Scattering (DIS). Since electrons are point-like particles
and they do not participate in the strong interaction,
they are the perfect probe for studying the internal struc-
ture of hadrons in high energy scatterings. Therefore, the
DIS experiment is also known as the “Modern Ruther-
ford Scattering Experiment”, which opens up a new win-
dow to probe the subatomic world. In 1969, the pioneer
DIS experiments at SLAC discovered the so-called Bjorken
scaling [16], which showed that the proton is composed
of point-like partons with spin 1/2 (which are known as
quarks afterward). Starting from DIS with unpolarized
fixed targets, DIS experiments are later extended to unpo-
larized collider experiments and fixed-target experiments
with polarized beam and targets. These DIS experiments
have revolutionized our understanding of the subatomic
structure of nucleons and nuclei. Later on, high energy
DIS experiments observed the violation of Bjorken scal-
ing [17], which indicates the existence of gluon and QCD
evolution mentioned above. All these results across a wide
range of energy scales have verified that QCD is the cor-
rect theory for the strong interaction between quarks and
gluons within hadrons. In addition, within the current ex-

perimental accuracy, lepton and quark are still point-like
particles at the scale of 10−3 fm, which is one-thousandth
of the size of the proton.

With better experimental precisions, our understanding
of nucleon structure continues to improve even in unpo-
larized PDFs. Furthermore, many interesting phenomena,
such as the isospin asymmetry of ū and d̄ quark distribu-
tions and the asymmetry between strange and anti-strange
quark distributions in the proton, were discovered. These
phenomena are still compelling issues in medium and high
energy physics research.

In the wake of the development of polarized source in
the 1970s, the study of the nucleon spin structure became
possible by exploring the helicity distributions of quarks
and gluons, also defined as the longitudinally polarized
PDFs analog to their unpolarized counterparts discussed
above, from high-energy scattering processes involving po-
larized leptons and/or polarized nucleons. A lot more
interesting phenomena have been unraveled by polarized
DIS experiments. One of them is the so-called “proton
spin crisis”. Experimental data showed that the sum of the
spin from quarks and anti-quarks is only a small fraction
of the total spin of a proton. It triggered a series of exper-
imental and theoretical investigations on the origin of the
proton spin. From the QCD perspective, we now know
that the proton spin is built up from the spin and orbital
angular momenta of quarks and gluons. Currently, except
the quark spin contribution, other decomposed contribu-
tions in the spin sum rule, especially the ones from or-
bital angular momenta, are largely unexplored. Through
semi-inclusive DIS and other interesting processes, recent
experimental and theoretical developments have enabled
us to extend our research on nucleon structure from one-
dimensional PDFs to three-dimensional imaging. These
have been providing us new insights into the proton spin
puzzle.

Currently, there are two immediate and important is-
sues in the research frontier of nucleon structure: i) The
precision measurement of the one-dimensional spin struc-
ture of the polarized nucleon; ii) The study on the three-
dimensional imaging of the partonic structure of the nu-
cleon.

An interesting question when studying the one-
dimensional spin structure of the nucleons is how to
clearly decompose the individual contributions from dif-
ferent quark flavors. Despite the large uncertainty, the
recent measurement at Relativistic Heavy Ion Collider
(RHIC) implies that the sea quark helicity distributions
also have flavor asymmetries. Furthermore, the polarized
quark distribution of different flavors, especially for sea
quarks, still have large uncertainties. This directly im-
poses a challenge to our efforts to understand the proton
spin structure. Therefore, the precise determination of
various quark helicity distributions is a fundamental issue
which is needed to be addressed.

In the meantime, three-dimensional imaging of the par-
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quark gets struck out of the proton and becomes a final
state jet, which consists of many hadrons clustered inside
a narrow cone. This final state hadronization process can
be described by fragmentation functions. The final-state
hadron contents in the jet carry the flavor information
of the initial state quark, therefore this process offers a
way to tag the flavor of the produced quark. If one mea-
sures a pion or a kaon in the SIDIS process in addition to
the recoiled electron, one can separate spin contributions
from quarks of different flavors. In this case, the polarized
structure function in the parton model can be written as

g1(x,Q
2, z) =

1

2

∑

q

e2q
[
∆q(x,Q2)Dq→h(Q2, z)

+∆q(x,Q2)Dq→h(Q2, z)
]
, (2.2)

where Dq→h(Q2, z) describes the fragmentation process
from a quark q to a hadron h. z represents the momen-
tum fraction of the final state hadron with respect to the
momentum of the produced quark, experimentally, it is
defined as z = Phadron·p

q·p .
Through measurements in e+e− and e–p scatterings, we

have been studying and extracting various hadron frag-
mentation functions. Using these hadron fragmentation

functions as inputs, we can further separate and extract
the polarized quark distributions of certain flavor accu-
rately from polarized SIDIS data measured at EicC. Fig-
ure 2.3 shows the EicC projection of the polarized sea
quark and gluon distributions, respectively, for various fla-
vors of quarks obtain from longitudinally polarized double
spin asymmetry measurements via DIS and SIDIS pro-
cesses. In these figures, the light blue band represents the
original uncertainty of the DSSV14 global data fit [51].
The red (green) dashed band is the uncertainty from a
next-to-leading order fit using ePump [52, 53] by adding
DSSV14 fit with EicC DIS (SIDIS) pseudodata with in-
tegrated luminosity of 50 fb−1 for both electron–proton
(3.5 GeV + 20 GeV) and electron–3He collisions (3.5 GeV
+ 40 GeV). One can tell that the SIDIS data, taking ad-
vantage of π± and K± final states from both proton and
effective neutron targets, is more powerful comparing to
DIS data in the flavor separations. The plots clearly show
that EicC can significantly improve the precision of helic-
ity distributions of sea quarks and gluons in the x > 0.005
region. This can have an impact on the understanding of
the proton spin puzzle, since the current sea quark con-
tribution to the proton spin

∫
∆q(x)dx (q = ū, d̄, s) has

an uncertainty of 100%–200%. The measurement at EicC

Fig. 2.3 Results on the uncertainty band of polarized sea quark and gluon distributions after a next-to-leading order fit by
including EicC pseudodata. The light blue band represents the original DSSV14 global fit. The red (green) band shows the
results by adding DSSV14 fit with EicC DIS (SIDIS) pseudodata with integrated luminosity of 50 fb−1 (10 months of running
at 2 × 1033 cm−2 · s−1 instantaneous luminosity) for both electron–proton (3.5 GeV+ 20 GeV) and electron–3He collisions
(3.5 GeV+ 40 GeV). During the pseudodata analysis, the following cuts were applied: Q2 > 2 GeV2, W 2 > 12 GeV2,
0.05 < y < 0.8, 0.05 < z < 0.8.
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Fig. 2.13 The statistics error of the projected Acos φ
LL asymmetry for π0 production in DVMP process at EicC. The CLAS

data is taken from Ref. [119].

essential for ultimately yielding the complete 3D images
of proton from the large x down to the saturation regime,
and for much more profound understanding of the proton
spin puzzle as well.

2.3 Partonic structure of nucleus

The electron–ion collision has been recognized as an ideal
process to explore the distributions of quarks and gluons
inside the nucleus, as well as to study the QCD dynam-
ics of multiple parton interactions in the nuclear medium.
In this process, the electron scattering part, which can
be well controlled both experimentally and theoretically,
provides a high precision probe to reveal the detailed par-
tonic structure of the nucleus which is impossible to be
calculated theoretically. Besides, the nucleus can also
serve as a QCD laboratory at the fermi scale to investigate
the strong interactions between the energetic parton and
the nuclear medium by carefully studying the so-called
hadronization process which largely depends on the type
of the nucleus. The detailed analysis of these nontrivial
nuclear medium effects can help us to probe the funda-
mental differences of partonic properties in free nucleons
and the nuclear medium, as well as to understand the
mystery of hadronization mechanisms and the QCD con-
finement of quarks and gluons.

2.3.1 The nuclear quark and gluon distributions

A full understanding of the difference between the proper-
ties of quarks and gluons inside a free nucleon and that in-
side a nucleon bounded within the nucleus will help us un-
derstand how the nucleus is formed at the partonic level.
The longitudinal momentum distributions of quarks and
gluons in a free nucleon are characterized by the usual
leading twist parton distribution functions (PDFs) which

have been precisely measured in the high-energy electron–
proton collisions. A natural question is: how these PDFs
are modified by the nuclear medium when the nucleon
is bounded? To answer such a fundamental question re-
mains one of the biggest challenges in the nuclear physics
community. Due to the lack of experimental data and
the limited kinematic coverage, the precision for nPDFs
global extraction is far less than that for PDFs in free nu-
cleons [120–126]. In particular, the extraction of nPDFs of
sea-quarks and gluons is suffering from even much larger
uncertainties. It is strongly desired to perform more high-
precision measurements of conventional experimental ob-
servables as well as to explore new observables that are
sensitive to the sea-quark and gluons.

In the past three decades, various experiments have
confirmed that the PDFs measured in free nucleons and
bounded nucleons are significantly different. Data shown
in Fig. 2.14 reveal the cross-section ratios for inclusive DIS
between eA and eD collisions in terms of Bjorken x distri-
butions. The solid circles, the open squares, and stars cor-
respond to the data from SLAC E139 [20], BCDMS [19],

Fig. 2.14 The cross section ratio between electron–ion and
electron–deuteron deep inelastic scattering [128].
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Fig. 2.17 Left: The cross section ratios for π+,K+ and p between electron–ion and electron–proton collisions at EicC energy
region, i.e., 3.5 GeV electron beam and 20 GeV per charge for heavy ion beam, as a function of virtual photon energy ν. Right:
The transverse momentum broadening for π and J/ψ at future EicC.

tions. By looking at the dependence of Rh
M as a function

of the virtual photon energy ν, the capability of particle
identification as well as the kinematic coverage in EicC
will allow us to disentangle the hadronization mechanism
from the parton energy loss effect as indicated by the dif-
ference between solid and dashed curves. Though the two
models give very similar nuclear modification effect for π+

production, enormous differences for p and K+ are pre-
dicted. These differences can be identified in EicC consid-
ering its high luminosity 50 fb−1, which leads to invisible
statistical uncertainty as shown in Fig. 2.17.

The transverse momentum broadening effect is very
sensitive to the QCD dynamics of multiple parton interac-
tions in the nuclear environment and the nuclear medium
transport property. It has been extensively studied in
heavy-ion collisions, see for example [134, 146, 147]. Sim-
ilarly, we can also use this observable to probe the funda-
mental properties of the nuclear medium in eA collisions.
Comparing to pA collisions, eA collisions is much cleaner
due to the absence of the strong interaction between the
beam electron and the target nucleus. Based on the as-
sumption that the partons hadronize outside the nuclear
medium, we show in Fig. 2.17 the transverse momentum
broadening for light hadron (red curve) and J/ψ (blue
curve), which can be used to probe the jet transport pa-
rameters for quark jet and gluon jet, respectively. Notice
that the available measurements on the gluon jet trans-
port parameter are very limited, and EicC can make a
significant contribution to this subject.

2.4 Exotic hadronic states

Hadron spectroscopy started a new era in 2003 when the
D∗

s0(2317), Ds1(2460) and X(3872)1) were discovered at
the B factories. Since then many new hadron resonances
or resonant structures were discovered at various experi-

1)It is denoted as χc1(3872) according to its quantum numbers in the
latest version of Review of Particle Physics (RPP) by the Particle
Data Group [148].

ments all over the world. In particular, most of them con-
tain at least one heavy (charm or bottom) quark, and have
properties at odd with expectations from quark model.
The meson states discovered in the heavy-quarkonium
mass region are called XYZ states, see Table 2.2 for a
list. Notable examples include the X(3872), Zc(3900),
Zc(4020) and others. In 2015 and 2019, the LHCb Col-
laboration discovered pentaquark candidates with hidden
charm, Pc(4312), Pc(4440) and Pc(4457). The charged
heavy-quarkonium like Zc and Zb states as well as these
Pc states are clearly beyond the scope of the conventional
quark model for mesons and baryons, and thus excellent
candidates of exotic multiquark states. Understanding
the nature of these structures has been the main concern
for hadron spectroscopy, and is a challenge that needs to
be solved toward revealing the mystery of how massive
hadrons emerge from the interaction between quarks and
gluons.

Various models were proposed to explain (some of)
these observations, including multiquark states, hadronic
molecules, hybrid states, mixing of different components
and non-resonant effects such as kinematical singularities
and interference. These investigations were witnessed by
a large number of review articles in the past few years, see
Refs. [29, 148–169] emphasizing on various aspects of these
new resonant structures. Many of the observed structures
need to be confirmed by other experiments, and most of
the theoretical models also predicted light-flavor and/or
heavy-quark partner states of the observed ones. Thus, in
order to understand the pattern behind the messy spec-
trum of these new hadrons and to be able to classify them
into a clear picture, which can in turn give important hints
towards understanding the confinement mechanism, more
experimental measurements are urgently needed.

2.4.1 Status of hidden-charm and hidden-bottom hadron
spectrum

In Fig. 2.18, we show the spectrum of the charmonium(-
like) and bottomonium(-like) states listed in RPP [148].
The hidden-charm structures that were reported in var-
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Fig. 1.4 Illustration of conventional and exotic hadrons.

1.1.3 Exotic hadronic states

Quark model was invented before QCD to classify var-
ious hadrons composed of light (up, down and strange)
quarks [14, 15]. After incorporating the QCD dynamics,
it was able to provide an excellent description of the mass
spectrum of hadrons up to a few exceptions (see, e.g.,
Refs. [26, 27]). In the traditional quark model, a meson
is formed by a quark and an antiquark, and a baryon is
formed by three quarks. Most of the hadrons discovered
in the last century can be classified into flavor multiplets
in the quark model. But quarks and gluons can consti-
tute other types of hadronic objects: the so-called com-
pact tetraquark and pentaquark states contain more than
three (anti-)quarks as a single colorless cluster; hadronic
molecules are bound states of hadrons formed by the me-
diation of the strong force, just like that the deuteron is a
proton-neutron bound state; there can be colorless states
with both quark and gluonic excitations, i.e., the hybrid
states; glueballs composed of gluons. These different types
of hadrons are shown in Fig. 1.4. Such hadrons beyond
the traditional quark model are collectively called exotic
hadron states. Although such a classification is a quark
model notation, the hadron spectrum as observed presents
a grand challenge to understand from QCD, and the ex-
perimental search of exotic hadrons is one of the most
important handles towards understanding how the mas-
sive hadrons emerge from the underlying nonperturbative
strong interactions among quarks and gluons.

Since the beginning of the 21st century, experimental
study on hadron states has made significant progresses.
Experiments such as BESIII (Beijing Spectrometer III) at
Beijing Electron-Positron Collider (BEPC) in China, Belle
at KEK in Japan, BABAR at the SLAC National Accelera-
tor Laboratory in US, LHCb at the Large Hadron Collider
(LHC) in Europe and many others have reported fasci-
nating discoveries of candidates of exotic hadron states.
These discoveries have opened up a new exciting window

in the nonperturbative regime of QCD at the low-energy
frontier of the Standard Model. However, until now there
is no unified picture for understanding the new experimen-
tal discoveries, and the internal structure of these states
is still a mystery to be resolved.

EicC can contribute significantly in studying exotic
hadron states, especially the charmonium-like states and
hidden-charm pentaquarks, which can be produced abun-
dantly. EicC has a unique place for studying their pho-
toproduction, beyond the JLab 12 GeV programme. In
particular, given the existing measurements, the interpre-
tation of some of the prominent candidates of hidden-
charm tetraquarks and pentaquarks (either compact or
of hadronic molecular type) is not unambiguous due to
the the so-called triangle singularity contribution. Such
singularities are due to the simultaneous on-shellness and
collinearality of all intermediate particles in a triangle dia-
gram and are able to produce resonance-like signals when
the special kinematics required by the Coleman–Norton
theorem [28] is fulfilled [29]. However, for the photopro-
duction processes at EicC, the production mechanism is
free of such kinematic singularities. Therefore, one can
investigate the properties of pentaquark states and other
hidden-charm hadrons in a more clear way. The energy
coverage of EicC also allows for the seek of hidden-bottom
exotic hadrons. A clearer picture of the hadron spectrum
is foreseen with the inputs from EicC.

1.2 Polarized electron ion collider
in China (EicC)

The polarized electron ion collider in China (EicC) aims
at achieving the highlighted physics goals presented above.
It will be based on the existing High Intensity heavy-ion
Accelerator Facility (HIAF). HIAF is the major national
facility focusing on nuclear physics, atomic physics, heavy
ion applications and interdisciplinary researches in China.
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Fig. 2.23 The distributions of invariant masses, transverse momenta, pseudo-rapidities and rapidities of the Zc(3900)
+ in

different Q2 ranges.

then merge to form the exotic hadrons which couple to
them strongly, and the long-distance piece can be com-
puted at the hadronic level. The mechanism is shown in
Fig. 2.24. This mechanism, when applied to hadron collid-
ers, can produce cross sections for the prompt production
of the χc1(3872) if the momentum integration range for
the hadron-hadron Green’s function extends up to a few
hundreds of MeV [272, 274, 275].

As an example, in Fig. 2.25 we show the differential

Fig. 2.24 The mechanism considered in Ref. [270] for the
semi-inclusive production of exotic hadrons (denoted as X)
which couple strongly to a pair of hadrons (H and H ′) in
lepton-proton collisions.

cross sections generated using Pythia [276] for the semi-
inclusive productions of the D∗0D̄∗0 and Σ∗+

c D̄0 pairs in
electron–proton collisions with the electron and proton
beam energies set to 3.5 and 20 GeV, respectively. The
distribution can be well fitted by a k2 dependence with
k the c.m. momentum of the open-charm hadrons. The
XHH ′ coupling in Fig. 2.24 can be extracted from mea-
surements or evaluated in phenomenological models. In
particular, for the hadronic molecular model, the coupling
is connected to the binding energy (see [159]). The loop
in Fig. 2.24 is ultraviolet divergent, and the divergence
in principal needs to be absorbed into the multiplicative
renormalization of the short-distance part. For an order-
of-magnitude estimate, the loop integral is evaluated us-
ing a Gaussian regulator with a cutoff Λ of 0.5 and 1 GeV.
We list rough estimates for the production cross sections
of the χc1(3872), Zc(3900)+,0, X(4020)0 and the Pc states
observed by LHCb in Table 2.4. The estimates for four
more Pc states predicted in the hadronic molecular model
using heavy quark spin symmetry [192, 197, 277] are also
presented with masses and couplings taken from Ref. [192].
Considering an integrated luminosity of 50 fb−1, this leads
to O(105) events for each of the Pc states, and O(106) for
the χc1(3872) and O(107) events for Zc states. Notice
that neither branching fractions of further decays nor the
detection efficiency is taken into account here. For more
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Fig. 2.19 The dependence of the photoproduction cross sec-
tions on the γp c.m. energy for the exclusive γp → J/ψp and
semi-inclusive γp → cc̄X processes [173, 180–190]. The EicC
energy coverage is denoted by the shaded area. Here, X de-
notes the all particles that are not detected and should not be
confused with the X charmonium-like states.

ted using parametrization origined from the vector-meson
dominance model of Ref. [191]. The cross section for the
electroproduction process is about two orders of magni-
tude smaller due to an additional factor of electromag-
netic coupling α. Considering an integrated luminosity
of 50 fb−1, one may estimate that the J/ψ events pro-
duced from the exclusive process is about O(5×106). Be-
cause almost all excited charmed mesons (baryons) will
decay into D (Λc) and their antiparticles, one can expect
that there must be many more D and Λc events. There-
fore, in addition to the hidden-charm channels, the XYZ
charmonium-like states, including the highly excited ones
beyond the capability of BESIII and JLab or those that
cannot be produced through the B meson decays, can be
studied through open-channel final states. As a bench-
mark, the production of the χc1(3872) and Zc(3900) are
simulated and will be discussed in Section 2.4.3.

• Hidden-charm pentaquarks
So far, the only observations of hidden-charm pen-

taquarks came from LHCb: Pc(4312), Pc(4380), Pc(4440)
and Pc(4457) [175, 176].1) In fact, the existence of narrow
hidden-charm baryon resonances, as hadronic molecules
of a pair of charm meson and charm baryon, have been
predicted to exist in the mass region above 4 GeV [193–
199]. As mentioned above, similar to the existence of
many hidden-charm XYZ states, there should also be lots
of hidden-charm baryonic excited states. Searching for
them and verifying the LHCb observations will provide
valuable inputs to understanding the spectroscopy of ex-
cited hadrons. The nonobservation of the Pc states at
the GlueX experiment [173] indicates that the branching

1)The Pc(4380) here is a broad structure introduced to improve
the fitting quality in the 2015 LHCb analysis [175], and it is not
needed to fit the updated J/ψp invariant mass distribution [176].
However, there is a hint for the existence of a narrow Pc(4380) [192]
in the new LHCb data.

fractions of the Pc states into J/ψp to be small (for a com-
bined analysis of the GlueX and LHCb measurements, see
Ref. [200]). Then the dominant decay modes of the Pc

should be the open-charm channels, including the D̄(∗)Λc

and D̄(∗)Σc [192, 201–203]. Therefore, at EicC, the Pc

need to be searched for in exclusive processes with the final
states being not only the J/ψN , but also the open-charm
D̄(∗)Λc and D̄(∗)Σc channels [204, 205]. Semi-inclusive
processes of these processes will also be a crucial part as
they have much larger cross sections. Pentaquarks with
both hidden charm and hidden (or open) strangeness can
also be searched for in analogous processes. For an esti-
mate of the semi-inclusive production rates in the hadronic
molecular model of the Pc states, see the next subsection.

From the above discussions, one sees that an efficient
detection of the D/D̄ and Λc particles is essential for the
study of the hidden-charm mesons and baryons. From
RPP [148], one finds that the most important decay chan-
nels of the D+ are K−2π+ [(9.38± 0.16)%] and K0

Sπ
+π0

[(7.36 ± 0.21)%], those for the D0 are K−π+π0 [(14.4 ±
0.5)%] and K−π+ [(3.950 ± 0.031)%], and those for the
Λ+
c are Λπ+π0 [(7.1±0.4)%] and pK−π+ [(6.28±0.32)%].

Thus, both the charged and neutral pions and kaons need
to be efficiently detected. Once one of the open-charm
final state particles is reconstructed, the events for the
other one can be selected from the missing mass spec-
trum in the relevant energy region. In this way, searching
for hidden-charm states in the open-charm final states is
promising.

• Bottom hadrons
In Fig. 2.20, we show the cross sections for the exclu-

sive photoproduction of the Υ and for the semi-inclusive
bb̄. The shaded area in corresponding to the EicC energy
region covers the hidden-bottom hadron masses. The ex-
clusive data are taken from Refs. [206, 207] (ZEUS), [185]
(H1), and [208] (CMS); the semi-inclusive data are taken
from Refs. [209] (EMC) and [210] (H1). The models used

Fig. 2.20 The dependence of the photoproduction cross sec-
tions on the γp c.m. energy for the exclusive γp → Υp and
semi-inclusive γp → bb̄X processes. The EicC energy coverage
is denoted by the shaded area.

64701-28 Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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Complementarity of EicC and EIC-US

R.G. Milner and R. Ent, Visualizing the proton 2022 

gluon dominates gluon + sea quarks valence dominates

Nucleon spin:  
EicC is optimized to systematically explore the gluon 
and sea quarks in moderate x regime 
At a crucial place between JLab and EIC-US
Proton mass / quarkonium production:  
Systematic investigation of ϒ near threshold production 
Complementary kinematic coverage to EIC-US 
Combine with J/ψ production at JLab
Exotic hadron states: 
Independent confirmation of hidden-charm pentaquarks 
and search for hidden-bottom analogues 
Exotic hadron production: final particles in mid-rapidity

Partonic structure in 
nuclear environment: 
Parton distribution in nuclei at 
moderate x 
Fast parton/hadron interaction 
with cold nuclear matter

[Figure from EicC White paper]
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EicC Impact on TMD Helicity

EicC can significantly improve the precision of TMD helicity distributions,  
especially for sea quarks.

Fit world data
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EicC Impact on Transversity
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EicC can significantly improve the precision of transversity distributions,  
especially for sea quarks.

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, PRD 109 (2024) 056002.
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The Sivers Function

4 A. BACCHETTA

Fig. 2. – The up and down quark density distortion in transverse-momentum space, obtained
by studies of the Sivers function [17].

distortion exactly opposite to Fig. 5. This striking prediction, due to John Collins [22],
should be confirmed (of falsified!) in the next few years by planned experiments (e.g.,
COMPASS at CERN, AnDY at Brookhaven National Lab).

In order to study all these interesting issues, we need first of all to get acquinted with
the underlying formalism.

2. – Notation

These notes are written using the so-called “Amsterdam notation,” as done in Piet
Mulders’s lectures. In the recent paper [23] a slightly di↵erent notation was adopted.
Notation di↵erences are a common source of headaches, but it would be too di�cult in
these lecture notes to abandon the Amsterdam notation. Here, however, a correspon-
dence table is provided:

Amsterdam [23] Description

p k momentum of parton in distribution function
pT k? parton transverse momentum in distribution function
k p momentum of fragmenting parton
kT p? trans. momentum of fragmenting parton w.r.t. final hadron
KT P? trans. momentum of final hadron w.r.t. fragmenting parton
Ph? PhT transverse momentum of final hadron w.r.t. virtual photon

3. – Inclusive DIS

Inclusive DIS has been discussed in depth in the lectures of Piet Mulders. I will not
repeat here all the discussion and summarize only some of the relevant results, adding
some details here and there.

We consider the process

(1) `(l) + N(P )! `(l0) + X,
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Sivers TMD distribution function

[Figure from A. Bacchetta]

Transverse momentum distribution  
distorted by nucleon transverse spin

Sign change prediction:

Effect in SIDIS:  
transverse single spin asymmetry 
(Sivers asymmetry)

sizable Sivers asymmetry observed 
by HERMES, COMPASS, JLab

A naive T-odd distribution function

COMPASS Collaboration, PRL 119, 112002 (2017).
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EicC Impact: Sivers function

of the proton data and the neutron data are slightly different
but still overlap in a wide range.
The SSAvalues of the pseudodata are calculated with the

central value of the result from the fit to the world data.
Since a realistic estimation of systematic uncertainties is
only possible when the detailed designs of detectors are
available, we only consider some expected dominant
sources of systematic uncertainties. For the proton data,
we assign 3% relative uncertainty to account for the
polarization of the proton beam, and for the neutron data,
we assign 5% relative uncertainty to account for the
polarization of the 3He ion beam and the nuclear effect.
Total uncertainties are evaluated via the quadrature combi-
nation of statistical uncertainties and systematic uncertain-
ties. The precise EicC data with wide kinematics coverage
allows us to adopt a more flexible parametrization of
the Sivers functions. Therefore, we remove the artificial
assumptions in Eq. (59), while still keep ϵū ¼ ϵd̄ ¼
ϵs ¼ ϵs̄ ¼ 0, and then we have 26 free parameters, as
listed in Table VI. To estimate the impact of the EicC on the
extraction of the Sivers function, we perform a simulta-
neous fit to the world data and the EicC pseudodata as
described above. Following the same procedure, 100
replicas are created by randomly shifting the values
according to the simulated statistical uncertainty. The fit
reaches χ2=N ¼ 1.15 for only statistical uncertainties and
χ2=N ¼ 1.13 for both statistical and systematic uncertain-
ties. The average values of the parameters and their
uncertainties are provided in Table VI. The results of the

EicC projection of the Sivers functions are shown in Fig. 7
via slices at various x values, in Fig. 8 via the truncated
zeroth transverse momentum moment, and in Fig. 9 via the
truncated first transverse momentum moment in compari-
son with the results of the fit to existing world data.

IV. SUMMARY

In this paper, we present a quantitative assessment of
the impact of EicC SIDIS program on the determination
of TMDs. Taking the Sivers function as an example,
we perform a global fit of the Sivers asymmetry data in
SIDIS at small transverse momentum, including the TMD
evolution at the NNLL accuracy. The impact of EicC is
studied by adding the EicC pseudodata. In this study, both
statistical uncertainties and dominant systematic uncertain-
ties are taken into account for the EicC pseudodata, while
complete detailed systematic uncertainty studies are left for
the future when the detector design is ready. It has been
demonstrated that the Sivers functions can be precisely
determined for various quark flavors, and particularly the
sea quark distributions, including the strange and anti-
strange, can be extracted at high precision with the future
EicC SIDIS data.
Once the precise data are available from EicC, one will

be able to have less biased extractions of the Sivers
functions by using much more flexible parametrizations.
Besides, in the EicC era, one can have a cleaner selection of
data for TMD studies, e.g., by applying a more strict
requirement on δ≡ jPh⊥j=ðzQÞ to restrict data in the low

FIG. 7. The transverse momentum distribution of the Sivers functions at different x values. The green bands represent the uncertainties
of the fit to world SIDIS data, the red bands represent the EicC projections with only statistical uncertainties, and the blue bands
represent the EicC projections including systematic uncertainties as described in the text.

ZENG, LIU, SUN, and ZHAO PHYS. REV. D 106, 094039 (2022)

094039-12

C. Zeng, T. Liu, P. Sun, Y. Zhao, Phys. Rev. D 106 (2022) 094039.
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EicC Impact: Sivers function

transverse momentum region and higher W and W0 cuts to
avoid the resonance region. It is important to remark that
both polarized electron-proton and electron-3He data are
necessary for a complete flavor separation. To fully explore
the potential of 3He as an effective neutron source, detailed
nuclear effect corrections should be further investigated
both experimentally and theoretically in the future, since it
is the dominant source of systematic uncertainty in reality
by using 3He data.
In principle, the EicC enables us to measure all 18

TMDs-related structure functions in SIDIS via the
combination of different electron and ion beam polariza-
tion configurations and the separation of different azimu-
thal modulations. The study of the Sivers function as
presented in this paper can be extended to other TMDs.

Multidimensional binning on x, Q2, z, and ph⊥ will be
available for the spin asymmetry measurements, and the
coverage of x by EicC can reach down to about 0.005.
Given the existing fixed-target experiments covering the
low-Q2 and high-x region and the Electron-Ion Collider to
be built at BNL in US (US-EIC) reaching much lower x
values, EicC will fill the kinematics gap between the
coverage between the JLab-12 GeV program and the
US-EIC. Combining the measurements at all these facili-
ties, we will be able to have a complete physical picture
of the three-dimensional structures of the nucleon with
systematically controllable uncertainties. Therefore, EicC
will play an important role in the understanding of
nucleon spin structures with its unique significance for
sea quarks.

FIG. 9. The first transverse moment of the Sivers functions as defined in Eq. (61) with the k⊥ integral truncated at 0.6 GeV. The green
bands represent the uncertainties of the fit to world SIDIS data, the red bands represent the EicC projections with only statistical
uncertainties, and the blue bands represent the EicC projections including systematic uncertainties as described in the text.

FIG. 8. The zeroth transverse moment of the Sivers functions as defined in Eq. (60) with the k⊥ integral truncated at 0.6 GeV. The
green bands represent the uncertainties of the fit to world SIDIS data, the red bands represent the EicC projections with only statistical
uncertainties, and the blue bands represent the EicC projections including systematic uncertainties as described in the text.

TOWARD THREE-DIMENSIONAL NUCLEON STRUCTURES AT … PHYS. REV. D 106, 094039 (2022)

094039-13

The central values of the parameters together with their
uncertainties are listed in Table VI. The β parameters turn
out to be negative for up and down quarks while positive for
sea quarks, which gives us some hints that in small-x region
the Sivers effect for sea quarks is weaker than that of up and
down quarks. On the other hand, existing world data are not
precise enough, and therefore, a decisive conclusion will
rely on future data from electron-ion colliders. The com-
parisons between experimental data and the calculations
by using replicas are shown in Figs. 2–5, where the filled
data points with δ < 0.5 are included in the fit while the
open data points with δ > 0.5 are not. The results of the
Sivers functions are shown in Fig. 7 via slices at various x
values. For better visualization of the x dependence, we
also present k⊥-integrated distributions of the Sivers
function via its zeroth and first transverse momentum
moments,

f⊥ð0Þ
1T ðxÞ ¼ π

Z
dk2

⊥f
⊥
1Tðx;k2

⊥Þ; ð60Þ

f⊥ð1Þ
1T ðxÞ ¼ π

Z
dk2

⊥
k2
⊥

2M2
f⊥1Tðx;k2

⊥Þ: ð61Þ

Since TMDs are well defined at small transverse momen-
tum and the fit only includes data in the small transverse
momentum region, we truncate the integrals at kmax

⊥ ¼
0.6 GeV. The truncated zeroth and first transverse momen-
tum moments are shown in Figs. 8 and 9, respectively. Our
results are compared with BPV20 [39] in Fig. 10. Within
uncertainty, the results are consistent with each other.

TABLE IV. The values of the parameters from the fit to world
SIDIS SSA data. The central values are the average of the results
from 100 fits, and the uncertainties are the standard deviations.
The values of ru, rd, and rsea are provided in unit of GeV2 and the
others are dimensionless.

Parameter Value Parameter Value

ru 0.08þ0.04
−0.03 Nu −0.08þ0.02

−0.04

rd 0.2þ0.9
−0.2 Nd 1.0þ2.6

−0.5

rsea 0.2þ1.5
−0.2 Nū 0.1þ0.7

−0.1

βu −0.5þ0.2
−0.2 Nd̄ 0.0þ0.9

−0.2

βd −0.97þ0.12
−0.02 ϵu 10þ7

−2

βsea 0.4þ2.2
−0.8 ϵd 113þ215

−82

TABLE V. The χ2 values for different datasets. N is the number
of data points for each experimental dataset.

Dataset N χ2=N

COMPASS [33] 10 1.08þ0.52
−0.41

COMPASS [34] 10 1.29þ0.61
−0.44

HERMES [32] πþ 26 1.95þ0.48
−0.48

HERMES [32] π− 26 1.83þ0.46
−0.37

HERMES [32] Kþ 26 2.23þ0.63
−0.48

HERMES [32] K− 26 2.35þ0.49
−0.48

JLab [36,37] 6 1.03þ0.75
−0.46

Total 130 1.90þ0.18
−0.18

TABLE VI. The parameters from the fit to world SIDIS data and EicC pseudodata. The central values are the average of the results
from 100 fits, and the uncertainties are the standard deviations. The values of ru, rd, rs, rū, rd̄, and rs̄ are provided in unit of GeV2 and
the others are dimensionless. The “Stat.” column means that only statistical uncertainties of EicC pseudodata are considered in the fit,
while “Stat.þ Syst.” column means that both statistical and systematic uncertainties of EicC pseudodata are included in the fit.

Parameter Stat. Stat.þ Syst. Parameter Stat. Stat.þ Syst.

ru 0.068þ0.002
−0.001 0.067þ0.002

−0.002 Nu −0.075þ0.001
−0.001 −0.075þ0.001

−0.001

rd 0.092þ0.003
−0.003 0.091þ0.003

−0.003 Nd 0.72þ0.02
−0.02 0.72þ0.02

−0.02

rs 0.005þ0.044
−0.005 0.009þ0.054

−0.009 Ns −0.001þ0.001
−0.001 −0.001þ0.001

−0.001

rū 0.065þ0.011
−0.008 0.064þ0.012

−0.009 Nū 0.012þ0.001
−0.001 0.012þ0.001

−0.001

rd̄ 0.044þ0.008
−0.006 0.044þ0.007

−0.007 Nd̄ −0.016þ0.001
−0.001 −0.016þ0.001

−0.001

rs̄ 1.1þ6.7
−1.0 × 10−8 1.5þ12.2

−1.4 × 10−8 Ns̄ 0.002þ0.001
−0.001 0.001þ0.001

−0.001

βu −0.44þ0.02
−0.03 −0.44þ0.02

−0.03 αu 2.57þ0.04
−0.04 2.55þ0.07

−0.05

βd −0.9840þ0.0003
−0.0003 −0.9840þ0.0003

−0.0004 αd 2.52þ0.06
−0.05 2.56þ0.08

−0.06

βs 0.2þ3.8
−0.6 0.2þ4.1

−0.6 αs 6þ4
−2 6þ4

−2

βū −0.37þ0.04
−0.04 −0.38þ0.05

−0.05 αū 4.60þ0.36
−0.27 4.53þ0.39

−0.39

βd̄ 0.17þ0.08
−0.07 0.16þ0.10

−0.08 αd̄ 1.003þ0.008
−0.002 1.004þ0.006

−0.003

βs̄ −0.7þ0.1
−0.1 −0.7þ0.2

−0.1 αs̄ 7þ3
−1 7þ3

−2

ϵu 5.5þ0.9
−0.5 5.5þ1.2

−0.6 ϵd 24þ11
−11 25þ13

−12

TOWARD THREE-DIMENSIONAL NUCLEON STRUCTURES AT … PHYS. REV. D 106, 094039 (2022)

094039-9

C. Zeng, T. Liu, P. Sun, Y. Zhao, Phys. Rev. D 106 (2022) 094039.
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Trans-helicity worm-gear distribution

Double Spin Asymmetry and Worm-gear

• Longitudinally polarized quark density in a 
transversely polarized nucleon 

• Overlap between wave functions differing by 
one unit of orbital angular momentum

Effect in SIDIS: 
A longitudinal-transverse 
double spin asymmetry

Phenomenological extraction

K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. D 110 (2024) 034036.

kT ⋅ ST

M
g⊥

1T(x, k2
T)

Acos(ϕh−ϕS)
LT ∼ g⊥

1T ⊗ D1
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EicC Impact on Trans-helicity Distributions

K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, arXiv:2403.12795, PRD (2024).

Fit world data
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Summary
• Spin always surprises since its discovery nearly 100 years ago 
• Nucleon spin structure is still not well understood 
• Rich information is contained in TMDs 

- helicity: quark polarization has nontrivial dependence on transverse momentum; 
- transversity: sea quarks may have nonzero transverse polarization, suggest intrinsic sea; 
- Sivers: quark transverse momentum is distorted by the nucleon transverse spin; 
- … 

• SIDIS with polarized beam and target is a main process to study polarized TMDs 
• Electron-positron annihilation is an important complementary reaction to constrain TMDs 

and to understand the role of spin in hadronization process 
• There are still challenges on the theoretical side 

- power correction, radiative correction, target fragmentation, … 
• Opportunities from existing experiments at JLab12, BESIII, BelleII, and future facilities, 

EIC, EicC, STCF, to understand nucleon spin structures and fragmentation functions.

35

Thank you!
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TMD Evolution
Evolution equations

-prescriptionζ

J
H
E
P
0
6
(
2
0
2
0
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Figure 2. In the (ζ, µ) plane we show the force-lines of the TMD evolution field E at different values
of b (in grey, with arrows). The thick continuous gray lines are null-evolution (equipotential) lines.
Red lines are the equipotential lines that define the saddle point. The red line which crosses each
panel from left to right is the special evolution curve where the TMD are defined. The blue dashed
lines in each plot correspond to the final scale choice (µf , ζf ) for typical experimental measurements.
The black points indicate the initial evolution scales for Q = 5, 91 and 150 GeV cases. Black dashed
lines with arrows are paths of evolution implemented in eq. (2.73).

to any point of ζi = ζQ(b). In figure 2 this path is visualized by black-dashed lines. The

resulting expression for the evolved TMD distributions is exceptionally simple

F (x, b;Q,Q2) =

(
Q2

ζQ(b)

)−D(b,Q)

F (x, b). (2.73)

We recall that this expression is same for all (quark) TMDPDFs and TMDFF. Substitut-

ing (2.73) into the definition of structure functions W we obtain,

W f
f1f1

(Q, qT ;x1, x2) = |CV (−Q2, Q2)|2 (2.74)

×
∫ ∞

0
db bJ0(bqT )f1,f←h(x1, b)f1,f̄←h(x2, b)

(
Q2

ζQ(b)

)−2D(b,Q)

,

W f
f1D1

(Q, qT ;xS , zS) = |CV (Q
2, Q2)|2 (2.75)

×
∫ ∞

0
db bJ0(bqT )f1,f←h(xS , b)D1,f→h(zS , b)

(
Q2

ζQ(b)

)−2D(b,Q)

.

These are the final expressions used to extract the NP functions.

The simplicity of expressions (2.74), (2.75) is also accompanied by a good convergence

of the cross section. In figure 3 we show the comparison of curves for DY and SIDIS

cross-section at typical energies. In the plot the TMD distributions and the NP part of

the evolution are held fixed while the perturbative orders are changed. The perturbative

series converges very well, and the difference between NNLO and N3LO factorization is of

order of percents. This is an additional positive aspect of the ζ-prescription, which is due

to fact that all perturbative series are evaluated at µ = Q.

– 19 –

μ2 dF(x, b; μ2, ζ)
dμ2

=
γF(μ, ζ)

2
F(x, b; μ2, ζ)

ζ
dF(x, b; μ2, ζ)

dζ
= − 𝒟(μ, b)F(x, b; μ2, ζ)

−ζ
dγF(μ, ζ)

dζ
= μ

d𝒟(μ, b)
dμ

= Γcusp(μ)

γF(μ, ζ) = Γcusp(μ) ln
μ2

ζ
− γV(μ)

F (x, b; μf , ζf) = exp [∫P (γF(μ, ζ)
dμ
μ

− 𝒟(μ, b)
dζ
ζ )] F (x, b; μi, ζi)

F (x, b; Q, Q2) = ( Q2

ζQ(b) )
−𝒟(Q,b)

F(x, b), μ2
f = ζf = Q2

equipotential lines:
d ln ζμ(μ, b)

d ln μ2
=

γF (μ, ζμ(μ, b))
2𝒟(μ, b)

𝒟 (μ0, b) = 0, γF (μ0, ζμ (μ0, b)) = 0
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Trans-helicity Worm-gear Distributions
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K. Yang, TL, P. Sun, Y. Zhao, B.-Q. Ma, Phys. Rev. D 110 (2024) 034036.
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Collins Fragmentation Functions

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, PRD 109 (2024) 056002.

Extracted Collins FFs:
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Sivers Functions
Global analysis of SIDIS, Drell-Yan,  production dataW±/Z0

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Sivers Functions
Global analysis of SIDIS, Drell-Yan,  production dataW±/Z0
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Transversity Distributions

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Collins Fragmentation Functions
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Collins Fragmentation Functions
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HIAF in Huizhou (惠州)
HIAF in Huizhou city, Guangdong Province

under construction

High Intensity heavy-ion Accelerator Facility
• a national facility on nuclear physics, atomic 

physics, heavy-ion applications … 
• open to scientists all over the world 
• provide intense beams of primary and 

radioactive ions 
• beam commissioning is planned in 2025

Huizhou


