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Outline

• Proton as an composite fundamental particle: 
constituent quark model, parton model and QCD.

• Drell-Yan process:

– E906/SeaQuest at FNAL: PDFs

– COMPASS at CERN: TMDs

– E50 at J-PARC: GPDs

• U.S. EIC program

• Summary
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Composition of the Universe
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Rutherford experiment (1913)
: Nucleus and Sub-atomic Structure
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http://psroc.phys.ntu.edu.tw/bimonth/v29/732.pdf

http://psroc.phys.ntu.edu.tw/bimonth/v29/732.pdf


Quark: the Eightfold Way
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"for his contributions and discoveries concerning the 
classification of elementary particles and their interactions"



e-N Elastic Scattering
Electric (GE) and Magnetic (GM) Form Factors
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proton neutron

E.B. Hughes et al., Phys. Rev. B139, 458 (1965)
Anomalous magnetic moment
Otto Stern, Nobel Prize 1943

https://journals.aps.org/pr/abstract/10.1103/PhysRev.139.B458


Constituent Quark Model
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https://www.hep.phy.cam.ac.uk/~chpotter/particleandnuclearphysics/Lecture_08_QuarkModel.pdf

Anomalous magnetic moment
Otto Stern, Nobel Prize 1943

https://www.hep.phy.cam.ac.uk/~chpotter/particleandnuclearphysics/Lecture_08_QuarkModel.pdf


Proton Electric Charge Radius
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https://www.nature.com/articles/d41586-019-03364-z
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https://pos.sissa.it/413/005/pdf

https://inspirehep.net/literature/1861691

https://www.nature.com/articles/d41586-019-03364-z
https://pos.sissa.it/413/005/pdf
https://inspirehep.net/literature/1861691


Proton in PDG
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https://pdglive.lbl.gov/Particle.action?init=0&node=S016&home=BXXX005

https://pdglive.lbl.gov/Particle.action?init=0&node=S016&home=BXXX005


Deep Inelastic Scattering (~1970)
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“"for their pioneering investigations 
concerning deep inelastic scattering of 
electrons on protons and bound 
neutrons, which have been of essential 
importance for the development of the 
quark model in particle physics"

https://www.nobelprize.org/prizes/physics/1990/press-release/


Quantum Chromo-Dynamics (QCD)
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Color index: 𝛼, 𝛽=1, 2, 3, Nc=3; a, b, c = 1,2,…,8 for SU(3)
Lorentz index: 𝜇, 𝜈=0, 1, 2, 3
Spinor index: I, j = 1, 2, 3, 4
Flavor index: f=1,6
𝑇𝑎𝛼𝛽: generator of SU(3) color group

𝑓𝑎𝑏𝑐: structure constant of SU(3) color group



Asymptotic Freedom of QCD
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https://pdg.lbl.gov/2024/reviews/rpp2024-rev-qcd.pdf

https://pdg.lbl.gov/2024/reviews/rpp2024-rev-qcd.pdf


Factorization 
and Parton Density Functions (PDFs)
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σproton(Q) = fparton(x, Q)⊗ σˆparton(Q)
Calculable by pQCD

MSHT20: https://arxiv.org/abs/2012.04684

x

https://arxiv.org/abs/2012.04684


Evolving Understanding of Protons
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Mass/Spin Decomposition of Proton
(Lattice QCD)
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Quark mass 

Quark energy 

Gluon energy 

Trace Anomaly

PRL 116, 252001 (2016) 

PRL 119, 142002 (2017) PRL 119, 142002 (2017)

Intrinsic spin

Orbital motion

Mass Spin

1 1

2 2
Q GG L +=  +  +

Can the nucleon mass and spin be understood by its partonic structure?



Pressure distribution of Proton
Nature 557, 396 (2018)
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1( ): gravitational form factor

( ) : radial pressure distribution

d t

p r



Longitudinal momentum

Multi-dimensional Partonic Structures
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http://www.int.washington.edu/PROGRAMS/17-3/

( , )f x k⊥

( )f x 1,2( )F t

( , , )f x t

2Q Transverse size

Transverse + longitudinal momentum Longitudinal momentum + 
Transverse size

http://www.int.washington.edu/PROGRAMS/17-3/


Naïve Expectation of Nucleon 

Sea: SU(3) Symmetric
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Gottfried Sum Rule 

22 , : Structure functions of proton and neutron from DISnp FF

?

=

F.E. Close, “An Introduction to Quarks and Partons”



Gottfried Sum
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New Muon Collaboration (NMC), Phys. Rev. D50 (1994) R1

SG = 0.235 ± 0.026

( Significantly lower than 1/3 ! )

S. Kumano, Physics Reports, 303 (1998) 183

1

3



Drell-Yan Process
S.D. Drell and T.M. Yan, PRL 25 (1970) 316
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PRL 25 (1970) 1523



Dimuon Invariant Mass Spectrum
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Drell-Yan

Drell-Yan

Drell-Yan



x-dependence of Sea Quarks

xtarget xbeam
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Acceptance for fixed-target experiment: 

xbeam >> xtarget
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• Naïve Assumption:

• NMC (Gottfried Sum Rule):

• NA51 (Drell-Yan, 1994):

• E866/NuSea (Drell-Yan, 1998):

Light Antiquark Flavor Asymmetry:  

Drell-Yan Experiments

23
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Pauli Exclusive Principle
Field and Feynman, PRD 15, 2590 (1977)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.2590


Origin of ത𝑢(𝑥) ≠ ҧ𝑑(𝑥): 
pQCD effect?

NPB149 (1979) 497

• Pauli blocking

– 𝑔 → 𝑢ത𝑢 is more suppressed than 𝑔 → 𝑑 ҧ𝑑 in the proton since 
|p>=|uud> 
(Field and Feynman 1977)

– pQCD calculation (Ross & Sachrajda, NPB149 (1979) 497)
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g ത𝑞
𝑞

The perturbative effect is too small to explain the antiquark asymmetry!

https://www-sciencedirect-com.ezproxy.cern.ch/science/article/pii/055032137990004X


Origin of ത𝑢(𝑥) ≠ ҧ𝑑(𝑥): 
Non-perturbative QCD effect

• Meson cloud in the nucleons (Thomas 1983, Kumano 

1991): Sullivan process in DIS.

• Chiral quark model (Eichten et al. 1992; Wakamatsu 

1992): Goldstone bosons couple to valence quarks.

Pion cloud is a source of antiquarks in the protons 

and it lead to ҧ𝑑 > ത𝑢.

n
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Flavor structure of nucleon sea

27“Flavor structure of the nucleon sea”, Wen-Chen Chang and Jen-Chieh Peng

Progress in Particle and Nuclear Physics 79 (2014) 95; arXiv:1406.1260



ҧ𝑑(𝑥)/ത𝑢(𝑥) Measured by 

FNAL E906/SeaQuest Experiment

28

Fermilab E906

◼ 𝑥𝐵𝑥𝑇 =
𝑀

𝑠
; smaller s, larger 𝑥𝑇

◼ Unpolarized Drell-Yan using 120 

GeV proton beam from Main 

Injector

◼
1H, 2H, and nuclear targets

( ( ) / ( )) up to 0.45Td x u x x :



E906/SeaQuest Timeline

• Schedules:
– 2002: E906 Approved by Fermilab PAC

– 2006: E906 funded by DOE Nuclear Physics

– 2008: With participation of Japan and Taiwan groups, Stage-II 
approval by Fermilab Director. MOU between Fermilab and E906 
Collaboration finalized.

– 2009-2010: Construction and installation of spectrometer and 
readout electronics.

– The commission of experiment was originally scheduled to start in 
September 2010. Unfortunately a leakage of the upstream beam 
pipe was found, and FNAL spent a lot of efforts in fixing it up.

– Run 1 (Mar. 2012 – Apr.,  2012): commissioning run

– Run 2 (Nov. 2013 – Sep., 2014): 1st physics run

– Run 3 (Nov. 2014 – Jul.,   2015): 2nd  physics run 

– Run 4 (Oct.  2015 – Aug., 2016): 3rd  physics run

– Run 5 (Nov. 2016 – Jul.,   2017): 4th  physics run
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Nature 590, 561–565 (2021)
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https://doi.org/10.1038/s41586-021-03282-z


ҧ𝑑/ത𝑢(𝑥)

31

Extracting ҧ𝑑/ത𝑢(𝑥) by NLO calculations of 𝜎𝐷(𝑥)/2𝜎𝐻(𝑥)

The trends between SeaQuest and NuSea at large x are quite different.

No explanation is found for these differences.



ҧ𝑑/ത𝑢(𝑥)

32
The extracted തd/ത𝑢(𝑥) are consistent with 

CT18NLO and predictions of pion-cloud model.



Decomposition of Proton Spin
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Multi-dimensional Partonic Structures

34
http://www.int.washington.edu/PROGRAMS/17-3/

⚫ Beyond collinear 
approximation

⚫ Related to the orbital 
motion and spin-orbit 
effects.

( , )f x k⊥

( )f x 1,2( )F t

( , , )f x t
TZ TL Pr= 

uuuur r ru

http://www.int.washington.edu/PROGRAMS/17-3/


Leading-Twist Transverse-momentum 
Dependent Parton Density Function (TMDs)
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Sivers Asymmetry 𝐴𝑆𝑖𝑣 in SIDIS 
(Left-Right Asymmetry w.r.t. 𝑆𝑇 )
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COMPASS Collaboration
(Common Muon and Proton Apparatus for Structure and Spectroscopy)
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• 24 institutions from 

13 countries –

nearly 250 

physicists

• Fixed-target 

experiment at SPS 

north area

• Physics programs:

• Nucleon spin 

and partonic

structures

• Hadron 

spectroscopy



CAMERA recoil proton detector 

surrounding the 2.5m long  

LH2 target

ECAL0

ECAL2

ECAL1

38



Polarized NH3 Target
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(0.6 T)

Polarization: 70%

Relaxation time: 1000 hrs



Polarized NH3 Target

40

Magnet



Sivers Asymmetries

41

Sivers Functions

PRD 86, 014028 (2012) 

[arXiv:1204.1239]

COMPASS, PLB 744 (2015) 250
TS

Signals of Sivers functions in SIDIS. 

Flavor dependence.



Sivers Asymmetry in Drell-Yan:
Hint of Sign Change! 

42

Statistics:

2015: 35K

2018: 37K
COMPASS, PRL 133, 071902 (2024)

Agreeing with the sign-change hypothesis

Our results supports the general validity of the TMD approach!

Negative transversity TSA

sign change

no sign change



Multi-dimensional Partonic Structures

43http://www.int.washington.edu/PROGRAMS/17-3/
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Dirac FF

Pauli FF

axial FF

pseudoscalar FF



Global Analysis of GPDs
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https://indico.fnal.gov/event/44147/contributions/192194/attachments/133262/164302/moutarde-snowmass-2020-08-19.pdf

http://partons.cea.fr/partons/doc/html/index.html

https://indico.fnal.gov/event/44147/contributions/192194/attachments/133262/164302/moutarde-snowmass-2020-08-19.pdf
http://partons.cea.fr/partons/doc/html/index.html
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Muller et al., PRD 86 031502(R) (2012)

Deeply Virtual Meson Production 

(DVMP)
2 0q 

 channel crossings u

2 0q  2 0q 

 channel crossings u

+

-
Deeply Virtual Compton Scattering 

(DVCS)

Time-like Compton Scattering 

(TCS)

𝜋

𝛾∗

𝛾∗

𝛾∗

𝛾 𝛾

Generalized Parton Distributions

Collins, Frankfurt and Strikman, PRD 56, 2982 (1997)

Ji, PRL 78, 610 (1997); Radyushkin, PLB 380, 417 (1996)
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Muller et al., PRD 86 031502(R) (2012)

Deeply Virtual Meson Production 

(DVMP)
2 0q 

 channel crossings u

2 0q  2 0q 

 channel crossings u

+

-
Deeply Virtual Compton Scattering 

(DVCS)

Time-like Compton Scattering 

(TCS)

𝜋

𝛾∗

𝛾∗

𝛾∗

𝛾 𝛾

+

-
𝜋

𝛾∗

Exclusive meson-induced DY

2 0q 

Generalized Parton Distributions

Collins, Frankfurt and Strikman, PRD 56, 2982 (1997)

Ji, PRL 78, 610 (1997); Radyushkin, PLB 380, 417 (1996)



J-PARC
Japan Proton Accelerator Research Complex

48

30-GeV proton



Top View

(0.2m) (2.3 m)

(2.4x1.8 m2)

(3.5x2.5 m2)

Muon-ID Wall

Original Configuration
for Charmed Baryon Spectroscopy

Extension part

Stage-1 approved by J-PARC PAC-18, August 12, 2014.

Proposal is currently 

being prepared.

Extension of J-PARC E50 Experiment

for Drell-Yan measurement

49



𝜋−𝑁 → 𝑙+𝑙−𝑋   Missing-mass MX

50

・ 1.5 < Mμ+μ- < 2.9 GeV

・ |t - t0|< 0.5 GeV2 

Pπ = 10 GeV 15 GeV 20 GeV
𝜋− Beam Momentum

MX (GeV) MX (GeV) MX (GeV)

・ “GK2013” GPDs

Exclusive
Drell-Yan

Random
backgrounds

Inclusive 
Drell-Yan

Total

J/𝜓

The exclusive Drell-Yan events could be identified by the 
signature peak at the nucleon mass in the missing-mass 
spectrum for all three pion beam momenta.

・ Data Taking: 50 days 

Takahiro Sawada, Wen-Chen Chang, Shunzo Kumano, Jen-Chieh Peng, 

Shinya Sawada, Kazuhiro Tanaka, PRD 93 (2016) 114034



Proposal to Complete

• The 𝜇-ID system:

– Tracker RPCs: rejection of 

muons from the decay-in-flight 

pions and kaons.

– Material of hadron absorber: 

concrete and steel 

• Updating the GPD modeling.

• Simulate the expected signal-

to-background and yields of 

exclusive DY events.

• Optimize the design of 𝜇-ID 

system and dimuon trigger.

51

Natsuki Tomida (RCNP, Osaka University), Takahiro Sawada (Osaka City University), 

Chia-Yu Hsieh, Po-Ju Lin, Ming-Lee Chu , Wen-Chen Chang (Academia Sinica)

Tracker RPCs𝜇-ID

Commission: 2030 (expected)



U.S. Electron-Ion Collider and 
ePIC Collaboration Year >2035

52

NTU AS

NCU NTHU

Physics Goals

• Precision 3D imaging of protons and nuclei

• Solving the proton spin puzzle

• Search for gluon saturation

• Quark and gluon confinement

• Quarks and gluons in nuclei

https://www.bnl.gov/eic/
https://wiki.bnl.gov/EPIC/index.php?title=Main_Page


U.S. Electron-Ion Collider (EIC)

53

https://indico.phys.sinica.edu.tw/event/88/contributions/416/attachments/501/1250/EIC_Status_NCKU_012924.pdf

https://indico.phys.sinica.edu.tw/event/88/contributions/416/attachments/501/1250/EIC_Status_NCKU_012924.pdf


EIC Schedule

54

2035



Interests of EIC Physics Programs

• Pion and Kaon PDFs (tagged-DIS; Sec. 7.1.3 of YR): 
W.C. Chang, J.W. Chen, C.W. Kao, D. Lin

• GPDs (DVCS, TCS, DVMP; Sec. 7.2.2 of YR ): 
P.J. Lin, J.W. Chen, C.W. Kao

• CGC (di-jet, di-hadron DIS; Sec. 7.3.1 of YR): 
C.M. Kuo, H.N. Li

• Hard Probe (jet, heavy quarks; Sec. 7.3.9 of YR): 
Y. Yang

55EIC yellow report (YR): https://arxiv.org/abs/2103.05419

https://arxiv.org/abs/2103.05419


EIC Detectors

56



Far-Forward detectors

57



ePIC ZDC Prototype with LYSO 
Crystals (Taiwan, Japan, Korea)

• A beam test at Tohoku University in February 
2024 to compare the performance between 
the LYSO and PbWO4 crystals

8x8 LYSO crystal array
64 LYSO crystals produced in Taiwan

58



TIDC Autumn School On EIC
(NTU, Aug. 29-31, 2023)

59

https://indico.phys.sinica.edu.tw/event/78/


The 3rd EIC-ASIA Workshop
(NCKU, Jan. 29-31, 2024)

60

https://indico.phys.sinica.edu.tw/event/88/


Summary
• Proton, a fundamental 

particle, is more than a 
bound state of 3 static quarks. 
It contains rich dynamics of 
valence quarks, sea quarks 
and gluons therein.

• Drell-Yan process has been 
a powerful approach to 
extract proton PDFs and 
TMDs and will be used for 
GPDs.

• In the coming U.S. EIC, a 
deeper understanding of the 
origin of proton’s mass and 
spin is anticipated. 61
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