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Outline

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

A DrellYan process:
I E906/SeaQuest at FNAL: PDFs
I COMPASS at CERN: TMDs
I ESO at PARC: GPDs

A U.S. EIC program
A Summary
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Rutherford experiment (1913)
- Nucleus and Suatomic Structure
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Quark: the Eightfold Way

Photo from the Nobel S 2 S

Foundation archive. E+ S ED
Murray Gell-
Mann

"“for his contributions and discoveries concerning the
classification of elementary particles and their interactions”
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Constituent Quark Model
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Mass term  Spin-spin J P_1+ JP=2
interaction : -

m, = 0.362 GeV. my = 0.366 GeV. m, = 0.537 GV

https://www.hep.phy.cam.ac.uk/~chpotter/particleandnuclearphysics/Lecture 08 QuarkModel.pdf

Anomalous magnetic moment
Otto Stern, Nobel Prize 1943
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Mp 5 UN = + MUN  HUN oM,
8
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Baryon pp in Quark Model Predicted [p:n] Observed [pen]

p (vud) %,{:U — %,ud +2.79 +2.793
n (ddu) %,Hd — %;ru —1.86 —1.913
N (uds) fs —0.61 —0.614 + 0.005
L7 (uvs) g—,uu — %Jus +2.68 +2.46 = 0.01
=0 (ssu) Ths — 3fiy —1.44 —1.25 +0.014
= (ssd) %,us — %,ud —0.51 —0.65 +0.01
Q~ (sss) 3pus —1.84 —2.02 4+ 0.05
2 eh 1 eh 1 eh
M= 3om, M7 T32my 1T T 3am,

m, = my = 0.336 GeV. m, ~ 0.509 GeV
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https://www.hep.phy.cam.ac.uk/~chpotter/particleandnuclearphysics/Lecture_08_QuarkModel.pdf

Proton Electric Charge Radius

(r*) = &h dG;é?Z) o, ©.879 frv

® Electron-proton scattering @ Ordinary-hydrogen spectroscopy Muonic-hydrogen spectroscopy

CODATA 2018 CODATA 2014
‘0 : ' i :
2019 Bezginov et al.
3 3 .
2018 ;
: 2017 :
2010
0.81 0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89

Proton radius (fm)

https://www.nature.com/articles/d41586019-03364z
https://inspirehep.net/literature/1861691

https://pos.sissa.it/413/005/pdf
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Proton in PDG

NBARYONS JSON  INSPIREQ,

(S=0,I=1/2)

p N =uudn N=udd
YL I(JP)=1/2(1/2") https://pdglive.lbl.gov/Particle.action?init=0&node=S01 6&home=BXXXJ05
p MASS (atomic mass units u) 1.007276466621 - 0.000000000053 U v
p MASS (MeV) 938.27208816 + 0.00000029 MeV v
|mp — mg|/m, < 7x 107 CL=90.0% v
P/ p CHARGE-TO-MASS RATIO, % |,.f‘{%;} 1.000000000003 + 0.000000000016 v
Il = =)/ = (0.3 +1.6) x 101 v
gy + g5l/e < 7x1071 cL=90.0% v
g+ gel /e <1x10 % v
p MAGNETIC MOMENT 2.7928473446 + 0.0000000008 Ly v
P MAGNETIC MOMENT —2.792847344 + 0.000000004 1ip v
(kp + Kp) / Pip (2+4)x10°° v
p ELECTRIC DIPOLE MOMENT <21x10 P ecm v
P ELECTRIC POLARIZABILITY @, 0.00112 =+ 0.00004 fm? v
P MAGNETIC POLARIZABILITY /3, (2.5+0.4) x 1074fm3(5=1.2) v
p CHARGE RADIUS 0.8409 + 0.0004 fm v
P MAGNETIC RADIUS 0.851 = 0.026 fm v
p MEAN LIFE > 9 x 10% years CL=90.0% v
D MEAN LIFE v
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Deep Inelastic Scattering (~1970)

The Nobel Prize in Physics

1990

Jerome I. Friedman
Prize share: 1/3

k

Henry W. Kendall
Prize share: 1/3

Photo: T. Nakashima
Richard E. Taylor

Prize share: 1/3
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https://www.nobelprize.org/prizes/physics/1990/press-release/

Quantum Chromédynamics (QCD)

Laygg%qbg LA m @ GaG

/6;7/7: “% n - % ngf gbCAbACm n

Colorindex h=1,2,3,NoT F+tX 06X O I MZXIH.
Lorentz indext h =0, 1, 2, 3
Spinorindex: I,j=1,2, 3,4
Flavor index: f=1,6

"Y :generator of SU(3) color group

"QQ : structure constant of SU(3) color group



Asymptotic Freedom of QCD

0.35

0.25

0.2

0.15 |

01

03 F A\

ois(mz) = 0.1180 + 0.0009

T decay (N3LO) —+
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ll’l\]lwlwn the Nobel Foundation ill an om the Nobel Foundation ‘ :iywf:l;;".lri't’i]: the Nobel Foundation August 2023 Q [GGV]
David J. G H. David Polit E k Wil k .
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Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 2004 was awarded
jointly to David J. Gross, H. David Politzer and
Frank Wilczek "for the discovery of asymptotic
freedom in the theory of the strong interaction"
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o Factorization
}" and Parton Density Functions (PDFs)
n (Q) :fparton (X, Q)A LOJr}aarton Q)

Calculable by pQCD
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Evolving Understanding of Protons
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down-Quark
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Gluon

Spin 1/2
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Spin 1
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Mass/Spln Decomposition of Proton
(Lattice QCD)

PRL 116, 252001 (2016)

PRL 119, 142002 (2017) PRL 119, 142002 (2017)
' ' ' %I, ' '
0.4 ¢ .
Mass Spin
100 i 7 0.3 ) . . Ly Lu-rd'-rs
IntFiNsic spin Ya Eurds
0.2
80} 5 : H
En‘ 0.0 T . u;J‘— ] .
= 60 <0 - e
=) O\c i -0.1
=5 - = =3 % -0.2 L :
40r/. \ & c. = . “1 Orbital motion +, 5
¥ & 2 9 S '
g |1ZgF 82 2 & i
20123 |RN SF = 0 Quark orbital angular momentum
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M/ My M M, Total 1_1
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Can the nucleon mass and spin be understood by its partonic structure? 15




Pressure distribution of Proton
Nature 557, 396 (2018)

15

fx [H(x, &, t)+ E(x, &, 1) dx = 2] (t)

Repulsive

-y
o

7 : _ pressure
f xH(x, &, t)dx = M,(t) +|=E%d\(t) | &
5 8.

dl (t) . / jﬂ (Tgfit) p(r) d3 " Confining

pressure

«

dl(t) graVItatlonaI form faCtor AN
p(r) radlal pressure dlSt”bUtl( 0 02 04 06 08 10 12 14 16 18 20

r (fm)

Fig. 1 | Radial pressure distribution in the proton. The graph shows
the pressure distribution rzp(r) that results from the interactions of the
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Multi-dimensional Partonic Structuse

Transverse + longitudinal momentum Longitudinal momentum +

Wigner Distributions Transverse size

Transverse size

Parton Distribution Functions Form Factors

f (X) Longitudinal momentum Fl 2(t)

http://www.int.washington.edu/PROGRAMS/37

Z


http://www.int.washington.edu/PROGRAMS/17-3/
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Nailve Expectation of Nucleon
Sea: SU(3) Symmetric
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Gottfried Sum

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

0.12 ] 0.4 ! 1
il @ NMC(94) ike 0.35- [
| 4 BCDMS(90) ]
1 0.3
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New Muon Collaboration (NMC), Phys. Rev. D50 (1994) R1

S =0.235 £ 0.026
( Significantly lower than 1/3!) 19
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Drell-Yan Process

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

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)

On the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron-hadron inelastic collisions in the limiting region,
s —=, @*/s finite, @° and s being the squared invariant masses of the lepton pair and the
two initial hadrons, respectively. General scaling properties and connections with deep
inelastic electron scattering are discussed. In particular, a rapidly decreasing cross
section as Q%/s —1 is predicted as a consequence of the observed rapid falloff of the in-

elastic scattering structure function +W, near threshold. PRL 25 (1970) 1523
sz |- ! .
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Dimuon Invariant Mass Spectrum
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X-dependence of Sea Quarks

Acceptance for fixed-target experiment:
Xpeam >> Xtarget
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Light Antiquark Flavor Asymmetry:
Drell-Yan Experiments

A Naive Assumption: d(z) = u(z)
A NMC (Gottfried Sum Rule):
/ [d(z) — a(z)] dz £ 0

A NAS5L1 (Drell-Yan, 1994):
J>ﬂatx:().18 |§[_255_

A E866/NuSea (Drell-Yan, 1998): @ A

)75 F

d(z)/u(z) for 0.015 < x < 0.35

225

2 F

05 F

025 |

1/

B E866
A NAS51
— MRSr2
CTEQ4m

[ ] cTEQS

23




Paull Exclusive Principle

Field and Feynman, PRD 15, 2590 (1977)

There is no reliable neutrino information sepa-
rating % from d, but the ep data tell us that the
integral

Il [vWer(x) - qu"(k)]%= fl‘é'(u+ﬁ —d -d)dx

=§+§j: @-d)dx  (2.8)

using the sum rules (2.2). Experimentally this
integral is hard to determine for it depends-on
small differences near x=0. It seems, however,
to be distinctly less than 3° (from the data of Figs.
2 and 3(b) one gets about 0.27), indicating % <d
(although, of course, they must be equal as x— 0).
A likely physical reason for this is the presence

of more of what are called “valence” u quarks than

08}

d quarks, so the pairs uz expected to occur in the
small x region (the “sea”) are suppressed more
than dd pairs by the exclusion principle. We have

I T T
Quark Distributions

(a) Proton

24


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.2590

Origin of (x) # d(x):
PQCD effect?

e Gl
A Pauli blocking g

Z "0 60 is more suppressed than "Q° 'QcJin the proton since
[p>=|uud>

(Field and Feynman 1977)
PQCD calculation (Ross & Sachrajda, NPB149 (1979) 497)

W\% S

(c)
f — WP (x, 4*) — vW5x, ¢)

— [vW3P(x, q3) — vW5(x, qo)]}
~ 0.01(e(q%) — (g5

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

= S~


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

A Meson cloud in the nucleons (Thomas 1983, Kumano
1991): Sullivan process in DIS.

. -
T (ud 1 2 1 1 1
! /L)\ Ip) = VZ |po) + ansp |:—\/§|p0770) +\/§noﬂ+):| + s /p [\/;A;*n‘) —y3147" +‘/E|A8n+>}

17— 1 1
N N(A) u_ W E— _ﬁ +aAK/p|AOK+)+aZK/p [—J;EJI(O)+\/;ZSI(+)i| + ...

A Chiral quark model (Eichten et al. 1992; Wakamatsu
1992): Goldstone bosons couple to valence quarks.

+ -
m (ud) -
\/_lu) + \/7ﬂn/U|UJT ) + \/;aﬁ/gldff+} -I—GK/U|SK+) —+

U= —U

H_ + &, = VZId) famdn >+\@an/0|un>+am|sr<“>+

Pion cloud is a source of antiquarks in the protons
anditleadto’d o.
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Flavor structure of nucleon sea

2.4 E866 Experimen . 1.0 ™
25  —~ Es66data — E866 data 2.2] ‘o Nas: Experiment B E66 Experiment
a=r = ) b 0.06F  — Model 2,0 —Tom o e 08} = ol ot )
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(a) Meson cloud model. Figure from [34]. (b) Chiral quark model. Figure from [37].
2 : . 1.2
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d(x) — d(x) d(x) /Ti(x) at Q2 = 30 GeV?2 1H o Hermes
1_2 2 —— Result of This Paper
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fFlavor structure of the nucleon sead , M@hen Chang and Jen-Chieh Peng 27
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E906/SeaQuest Timeline

A Schedules

2002: E906 Approved by Fermilab PAC
2006: E906 funded by DOE Nuclear Physics

2008: With participation of Japan and Taiwan groups, Stage-ll
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. 20127 Apr., 2012): commissioning run
Run 2 (Nov. 20131 Sep., 2014): 1st physics run
Run 3 (Nov. 2014 1 Jul., 2015): 2nd physics run
Run 4 (Oct. 20157 Aug., 2016): 3rd physics run
Run 5 (Nov. 2016 1T Jul., 2017): 4th physics run
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The fundamental building blocks of the proton—quarks and gluons—have been
known for decades. However, we still have an incomplete theoretical and
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Extracting (f6 ¢ by NLO calculations of, ®w7¥c,
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The trends between SeaQuest and NuSea at large x are quite different.
No explanation is found for these differences.
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CT18NLO and predictions of pion-cloud model.
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Decomposition of Proton Spin

up-Quark

down-Quark

strange-Quark

Antiquark

Gluon

Spin 1/2

L\~ OoRRR

Spin 1

Quark spin (~30%)
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Multi-dimensional Partonic Structuse

| = Wigner Distributions
—L, =10 | |

Beyond collinear
approximation
Related to the orbital

motion and spinrorbit del
effects.

Parton Distribution Functions Form Factors

T(X) F (1)

http://www.int.washington.edu/PROGRAMS/37 34



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

LeadingTwist Transversenomentum
DependentParton Density Functio(TM

I spin of the nucleon

' spin of the parton

Quark

U L T
Nucleon
¥ ) @)-(
numberdens Boer-Mulders
5 14
1 &) ('*’)--«(V)
Helicity
I I" qCl |
A t o (‘ﬁ)‘(”}
@®-@| @@
T Kotzimiam -
Mulders
Sivers Worm gearl'
Igil oli I.l a (e PretZGI(DSIty
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Sivers Asymmetny.;,, In SIDIS
(LeftRight Asymmetry w.r.8 )

The orbital motion of arDquark inside a proton
causes positively charggibons(Q4) to fly off
predominantly to bearveft.

, ds(5)- d< -S)

15[ [Qu AOSNED £ P As sint, £ G

A
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COMPASS Collaboration

(Common Muon and Proton Apparatus for Structure and Spectroscopy)

A 24 institutions from
13 countries i
nearly 250
physicists

A Fixed-target
experiment at SPS
north area

A Physics programs:

A Nucleon spin
and partonic
structures

A Hadron
spectroscopy
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Polarized NH, Target

@ He-3 precocoler 6 80 K Thermal radiation shields

@ Microwave cavity 7 4.2 KThermal radiation shields
Jpstieam C,e” A=\ 3 Target cells Dilution refrigerator

@ Target holder 9 ) He-4 gas-liquid separator

@ Magnets (0.6 T) @ Pulse tube cryocooler

1m

5 mm™ ™
—

Polarization: 70%
Relaxation time: 1000 hrs
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Polarized NH, Target

Dilution refrigerator
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Sivers Asymmetries

" kx(((']:‘eV) w Sr 2 kx(geV) &
COMPASS, PLB 744 (2015) 250 Sivers Functions
8 0.12F T
= 0.05F 0.08
=
= 0.04
= 0
o- g
-0.04F -1 Gev u,
-0.08 F .
5 | | ' 1072 107!
[SW=s] _ —— Phys.Rev. D86 (2012) 014028 X
= 0.05- T - mmms Phys.Rev. D88 (2013) 114012 |-
— — Phys. Rev. D89 (2014) 074013
O12F T T s
_ 0.08F a=1Gev d, 1
; i % T = 0.04F ]
= 0 == ——
| | | 2 W
0.5 1 , Gl\'/?; -ﬂ.ﬂ"—l n 7
py (GeVie) | S ) ]
102 107
Signals of Sivers functions in SIDIS. X
Flavor dependence. PRD 86, 014028 (2012) 41
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Sivers Asymmetry In Drell-Yan:
Hint of Sign Change!

Statistics:
2015: 35K
2018: 37K COMPASS, PRL 133, 071902 (2024)
g” .« COMPASS Drell-Yan ’;m [« COMPASS Drell-Yan
L O 4s M““/(Gewfz)_(i_ sign change t%@ ob MOV
ERTTS—— - s
< i .
0 | JHEP 02(2021)166 | —0.1 e 02(2021)166
L LFCQM [ LFCQM
SR SPM e SPM
- pes | JAM20 no sign change 0.2 s LFC-AM20
—0.1~---- Torino - 525 SPM-JAM20
4x1072 10~ 2x10™ 4%1072 10~ 2x107"
XN AN
Agreeing with the sign-change hypothesis Negative transversity TSA

Our results supports the general validity of the TMD approach!



Multi-dimensional Partonic Stwctglres

uu
Wigner Distributions | = . 3PT
- , Z —

Parton Distribution Functions Form Factors

T(X) F (1)

hitp:/Awww.int. washington.edu/PROGRAMS/17-3/ 43
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Generalized Parton Distribution (GPD)

t=x ®  H,(x0,0)=q (X) =G ( X
“Ho(x0,00= B, (X) = G D X

OFirst momen 1
| >nanH (xx,0)=FE( -
Dirac FF
ndxa E(xx,0=E(-9
i Pauli FF
7 g% g ndxa O (%X, )= g.( -Y
nospin flig H (xx, 9 | B (x x1 - " el e
— xa B(xx,)=g,(-9
spin flip| & (xx, 9 | B (% x9 ﬁj f pseudosceﬂoar FF

1 11 JI1I 6s sum r ul
J. =5 D'S L% EF\Xd){Hf(x,)(,O) E %, x0)]
-1
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Global Analysis of GPDs

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




