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OCD: still unsolved in non-perturbative region
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Gauge bosons: gluons (8)

e 2004 Nobel prize for “"asymptotic freedom”’

* One of the top 10 challenges for physics!
* QCD: Important for discovering new physics beyond SM

* Nucleon structure is one of the most active areas: spin puzzle, ...

H. Gao



Spin structure of the nucleon

»1980s: “Proton spin crisis” (original EMC result from CERN)

Where does the proton’s spin come from?

p is made of 2 u and 1d quark
(Constituent Quark Model)

S=%=3S§,

Explains magnetic moment
of baryon octet

P

QCD dynamics: Sea quarks and gluons

Check via electron scattering and find

%, ¢ O < quarks carry only ~1/3 of the proton’s spin!

%=%A2+AG+LQ+LQ




Impressive experimental progress in QCD spin physics
in the last 30 years

o Inclusive spin-dependent DIS
= CERN: EMC, SMC, COMPASS
= SLAC: E80, E142, E143, E154, E155
- DESY: HERMES
= JLab: Hall A, Band C

© Semi-inclusive DIS
= SMC, COMPASS
= HERMES, JLab

-

® Polarized pp collisions
= BNL: PHENIX & STAR
= FNAL: POL. DY

© Polarized e+e- collisions
w KEK: Belle

Z. Meziani



Global Analysis: Polarized PDF

Global analysis of spin-dependent parton
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Measurement of the gluon polarization Ag at RHIC
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Longitudinal DSA for Dijet in pp Collisions

First measurement of Az, for midrapidity dijet in polarized pp collisions

B STAR 2009 Di-jet Cross Section
10'E
= -
ERD I 7
0 102 /é NLO pQCD CT10 + UEH <
> E issges '“' -
8 - %3 UEH Systematic Uncertainty oy
5 “’sr °
3|
GH10TE
~E 1sanss:
o [
8 101 s
k) E pp @ Vs=200GeV
o [ Antik,R=08, <08 A
10_5?_[ Ldt =18.6 pb" + 8.8%
- B <
C wd
£ 04 2 7 Q9
8 BE T
W, Q
D PR RRIIILKL
o 0
Q
: -
K 0.2
&
8 04
20 30 40 50 60 70 80 90 100

Di-jet Invariant Mass [GeV/c?]

0.08

0.06

LL

0.04

0.02

eIl Di-JetA

— DSSV 2014

— — NNPDF Pol 1.1
[ Scale Uncertainty
522 PDF Uncertainty

+ 6.5% scale uncertainty
from polarization not shown

:_ [ Rel. Lumi. Uncertainty

:)(

- Sign(n,) = Sign(n,)
O 1 A R R
- STAR 2009 Sign(n,) # Sign(n,)
- p+p— Jet + Jet + X

- s = 200 GeV

- Anti-k;, R =0.6

o

PR I T T S NS ST T SN NS SN TN S N S

30 40 50

P -
60 70

Di-jet Invariant Mass [GeV/c?]

Support analyses that find Ag ~ 0.2 for the region of x>0.05
L. Adamczyk ef al. (STAR Collaboration), Phys. Rev. D 95, 071103(R)

2017).



Gluon Spin From Lattice QCD

First lattice QCD calculation of the gluon spin in the nucleon
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Proton Spin Structure Function at Small-x

Spin effects are found at such small-x (down to 4x107) for the first time
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Deuteron Spin Structure Function

Final COMPASS results:
Longitudinal spin asymmetry Spin-dependent structure function
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GDH Sum Rule

e GDH sum rule
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Generalized GDH Sum Rule for Nucleons

Proton:
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Deuteron Spin Structure Function at Low-0*

Deuteron generalized GDH sum, the moment I'1, and the spin polarizability yo
are determined down to O? ~ 0.02 GeV? for the first time
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The incomplete nucleon: spin puzzle

Jaffe-Manohar, 90
Ji, 96

:—AE+AG+( o+ Ly)
Proton Spin l @ ‘
, ,@ ® @
Quark helicity
Best known
~ 30% AG = /dmAg(m)

~ 20%(STAR Data) Net effect of partons’
transverse motion?

Maybe even more from Lattice



Orbital motion - Nucleon Structure from 1D to 3D
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Unified View of Nucleon Structure
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Access TMDs through Hard Processes
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Global Analysis: Unpolarized TMD

Global analysis of semi-inclusive DIS, Drell-Yan and Z
production data with TMD evolution

SIDIS multiplicity (example) Z production
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Global Analysis: Transversity
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Global Analysis: Polarized TMDs

Sivers
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Transverse Spin Asymmetry in Drell-Yan

First measurement of transverse spin dependent azimuthal
asymmetry in DY

190 GeV/c = beam, transversely polarized NHj3 target
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Sivers Asymmetry for Gluon

First measurement of the Sivers asymmetry for gluon in SIDIS
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Collins Asymmetry in pp Collisions

First measurement of the Collins-like asymmetry, sensitive to
linearly polarized gluon, from pp collisions

Collins-like asymmetry

Collins asymmetry
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Access GPDs through Hard Processes
Deeply Virtual Compton Scattering (DVCS)

Kk k. Interference with Bethe-Heitler (BH) process gives
g Y ! access to real and imaginary part of DVCS amplitude
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Alternative processes: deeply virtual meson production (DVMP),
double DVCS, timelike Compton scattering (TCS)...

H. Gao



Global Analysis of GPDs
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Global Fits of GPDs
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12 GeV Upgrade Project

Upgrade is designed to build on existing
facility: vast majority of accelerator and
experimental equipment have continued use

New Hall

Upgrade arc magnets
and supplies
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The completion of the

12 GeV Upgrade of CEBAF
was ranked the highest priority
in the 2007 NSAC Long Range
Plan. Completed

cryomodules

Scope of the project included:
* Doubling the accelerator beam energy
in existing Halls U * New experimental Hall and beamline

« Upgrades to existing Experimental Halls

Enhanced capabilities




12 GeV Upgrade Physics Instrumentation

GLUEXx (Hall D): exploring origin of
confinement by studying hybrid mesons

CLAS12 (Hall B): understanding nucleon
structure via generalized parton distributions

SHMS (Hall C): precision determination of
valence quark properties in nucleons and nuclei

Hall A: nucleon form factors,
& future new experiments like Moller & SOLID




Hall B E12-06-119 Experiment
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Extensive DVCS experiments at 12-GeV JLab: E12-06-114 (unpolarized proton (@ Hall A),
E12-06-119 (unpolarized proton; long. Pol. proton (@ Hall B), E12-11-003

(unpolarized neutron (@ Hall B), E12-12-010 (trans. polarized proton @ Hall B),
E12-13-010 (unpolarized proton @ Hall C)

H. Gao



Hall C E12-13-010 Experiment

Q? vs xg coverage in Halls A and C
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Quark Angular Momentum

1
dx x|[HI(x £)+E1(x £1)] = : AT+

— Access to quark
orbital angular
momentum with
GPDs
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Solenoidal Large Intensity Device (SoLID) Physics

SoLID provides unique capability:
v’ high luminosity (1037-39)

2) Precise determination of the electroweak couplings
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SoLID-Spin: SIDIS on *He/Proton @ 11 GeV

| SoLID (SIDIS He3) | O (SIDISI
Calorimeter
an,

E12-10-006: Single Spin Asymmetry on

Transverse 3He @ 90 days, rating A Key of SoLID-Spin program:

. . Large Acceptance
E12-11-007: Single and Double Spin Asymmetry + Hieh Luminosit
on 3He @ 35 days, rating A S 4gD 0 yf .
E12-11-108: Single and Double Spin Asymmetries - mapping of asymmetries
on Transverse Proton @120 days, rating A 2 Ten.sor charge, TMDs ... .
Three run group experiments approved: TMDs, | 2Lattice QCD, QCD Dynamics,
GPDs, and Models.

much more
H. Gao



SoLID Impact on Transversity and Tensor Charges
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Dyson-Schwinger equation = Lattice QCD

Phenomenology ¢ Future experiment
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Summary

* Spin remains important and puzzling for nucleon

* Three-dimensional imaging of nucleon will help solve
this remaining puzzle, and uncover the rich dynamics of
QCD

* Major progresses have been made 1n spin and three-
dimensional structure of the nucleon worldwide

* Awaiting new results on nucleon spin, TMDs and GPDs,
especially those planned at 12-GeV JLab

Thanks to J.-P Chen, R. Ent, C. Keppel, T.-B. Liu, Z.-E. Meziani, C. Peng,
A. Prokudin, N. Sato, P. Souder, V. Sulkosky, Z. Ye, X.F. Yan, and Z. Zhao,

and others
(Apology - not all results are included due to the time limit)
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