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QCD: still unsolved in non-perturbative region 

•  2004	  Nobel	  prize	  for	  ``asympto?c	  freedom’’	  
•  non-‐perturba?ve	  regime	  QCD	  ?????	  
•  One	  of	  the	  top	  10	  challenges	  for	  physics!	  
•  QCD:	  Important	  for	  discovering	  new	  physics	  beyond	  SM	  
•  Nucleon	  structure	  is	  one	  of	  	  the	  most	  ac?ve	  areas:	  spin	  puzzle,	  …	  	  	  

Gauge	  bosons:	  gluons	  (8)	  

H.	  Gao	  
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Spin structure of the nucleon	  
! 1980s:	  “Proton	  spin	  crisis”	  	  (original	  EMC	  result	  from	  CERN)	  



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

"  Inclusive spin-dependent DIS   
➥ CERN: EMC, SMC, COMPASS 
➥ SLAC: E80, E142, E143, E154, E155 
➥ DESY: HERMES 
➥ JLab: Hall A, B and C 

"  Semi-inclusive DIS 
➥ SMC, COMPASS 
➥ HERMES, JLab 

"  Polarized pp collisions 
➥ BNL: PHENIX & STAR 
➥ FNAL: POL. DY 

 
"  Polarized e+e- collisions 

➥ KEK: Belle 

 

Z.	  Meziani	  
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Global Analysis: Polarized PDF 
Global analysis of spin-dependent parton 
distribution functions 

J.J. Ethier et al. (JAM Collaboration), Phys. Rev. Lett. 119, 
132001 (2017). 5	  

(µ2 =1 GeV2) 



Measurement of the gluon polarization Δg at RHIC 

D.	  de	  Florian	  et	  al,	  
PRL	  113	  (2014)	  012001	  
	  
E.	  Nocera	  et	  al,	  
NPB	  887	  (2014)	  276	  

Dominates 
at high pT 

Dominates	  
at	  low	  pT	  

ʃdxΔg(x,Q2=10GeV2)	  =	  0.20+.06-‐.07	  	  	  
0.05	  

1	  

ʃdxΔg(x,Q2=10GeV2)	  =	  0.17+-‐0.06	  	  	  
0.05	  

0.2	  
NNPDFpol1.1	  

DSSV++	  

Phys.	  Rev.	  Le].	  115	  (2015)	  092002	  Phys.	  Rev.	  D	  90	  (2014)	  012007	  	  

6	  

Surrow	  et	  al	  	  on	  sea	  quark	  spin	  
from	  W	  producaon	  at	  RHIC	  

ʃdxΔg(x,Q2	  =	  1	  GeV2)	  =	  0.5+-‐0.4	  	  	  
0.001	  

0.8	  
JAM15	  



Longitudinal DSA for Dijet in pp Collisions 
First measurement of ALL for midrapidity dijet in polarized pp collisions 

L. Adamczyk et al. (STAR Collaboration), Phys. Rev. D 95, 071103(R) 
(2017). 7	  

Support analyses that find Δg ~ 0.2 for the region of x>0.05 



Gluon Spin From Lattice QCD 
First lattice QCD calculation of the gluon spin in the nucleon  

Y.-B. Yang et al. (χQCD Collaboration), Phys. Rev. Lett. 118, 102001 
(2017). 8	  

µ2 =10 GeV2 µ2 =10 GeV2 

p = 0 mπ = 0.139 GeV 

ΔG ≈ Sg (|p|→∞) :  0.251(47)(16) 

50(9)(3)% of the total proton spin 

(µ2 =10 GeV2) 



Proton Spin Structure Function at Small-x 
Spin effects are found at such small-x (down to 4×10-5) for the first time 

M. Aghasyan et al. (COMPASS Collaboration), arXiv:1710.01014 [hep-ex]. 
9	  



Deuteron Spin Structure Function 
Final COMPASS results: 

C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B 769, 34 (2017). 
10	  

Longitudinal spin asymmetry Spin-dependent structure function 

Flavor singlet axial charge (COMPASS deuteron data alone) 
(NLO) 



GDH Sum Rule 

•  GDH	  sum	  rule	  

•  Generalized	  GDH	  sum	  rule	  
	  

11	  

3.1 The GDH sum rule

Being derived from the dispersion relation and the low energy theorem [53, 54], the

GDH sum rule for the nucleon of spin-1
2
takes the form of

IGDH
N “

ª 8

⌫th

d⌫

⌫

´
� 3

2
p⌫q ´ � 1

2
p⌫q

¯
“ 2⇡2↵

2

M2
, (3.1)

where ⌫th is the pion production threshold for the target nucleon. In this equation, � 1
2

and � 3
2
are the helicity dependent photoabsorption cross sections with total helicity

projection of 1
2
and 3

2
, respectively. Figure 3.1 illustrates these two processes and

the corresponding helicity projections between the photon and the nucleon. In the

parton model, � 1
2
and � 3

2
are related to the parton density fq in the photon-parton

Breit frame. In the case of total helicity of 1
2
, the photon can only be absorbed by a

quark with the same helicity as the nucleon because the quark spin should remain 1
2
,

so � 1
2
only depends on f Ò

q . For the same constraint only a quark with the opposite

helicity can be involved in � 3
2
, which thus relates to f Ó

q . Consequently, the average

over these two helicity dependent cross sections leads to the transverse term of the

total photoabsorption cross section⇤:

� 1
2

` � 3
2

“ 2�T , (3.2)

while the helicity di↵erence is related to the transverse-transverse interference term:

� 1
2

´ � 3
2

“ 2�TT . (3.3)

Based on the GDH sum rule, precise knowledge of a particle’s anomalous magnet-

ic moment serves as an experimentally testable prediction to the weighted integral

of its excitation spectrum, which relates to the particle’s intrinsic degrees of free-

dom. Intensive experimental e↵orts have been devoted to test the GDH sum rule for

nucleons or light nuclei.

⇤Equation (2.38) has already revealed these relations.

26

energy region, but the ⇡0 contribution was found to be a probable cause for the

discrepancy in a later experiment by LSC collaboration [61] at the Laser Electron

Gamma Source (LEGS) at Brookhaven National Laboratory (BNL). The experiment

measured inclusive pion production from both hydrogen and deuteron with polarized

photon beams covering the � (1232) resonance region, resulting in a correction of

´17.5 ˘ 5.7 µb to the Mainz and Bonn results. Consequently, these results lead to

208˘6(stat)˘14(sys) µb [61], which is consistent with the prediction for the proton

GDH integral.

The first experimental investigation of the neutron GDH sum rule was conducted

by GDH collaboration [62] at ELSA. The experiment measured the helicity dependent

total photoabsorption cross sections from a longitudinally polarized LiD target with

the photon energy from 815 MeV to 1825 MeV, and extracted a value of 33.9 ˘

5.5(stat) ˘ 4.5(sys) µb for the neutron GDH integral in the corresponding photon

energy range. For the unmeasured part below 815 MeV, theoretical estimates of

125.7 µb and ´2.5 µb for the single ⇡ and ⌘-meson contributions are given by the

MAID [60] and ETA-MAID [63] models, respectively. In addition, the contribution

from ⇡⇡N channel in this range has been roughly estimated utilizing the proton

model from [64], and results in 40 µb. The non-resonance contribution at high photon

energy can be evaluated via the Regge approach [65], which obtains 30 µb for the

neutron GDH integral above 1825 MeV. Combining all the above experimental and

theoretical results, the full GDH integral on neutron is found to be approximately

´227 µb, and agrees with the prediction of 233 µb.

For the nuclear target with spin-S equation (3.1) is generalized to

IGDH
“

ª 8

⌫th

d⌫

⌫
p�P p⌫q ´ �Ap⌫qq “ 4⇡2↵

2

M2
S, (3.5)

where ⌫th becomes the two-body breakup threshold for the nuclear target (2.2 MeV
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hand side (LHS) of this equation results in

Re rgTT p⌫, Q2
q ´ gpoleTT p⌫, Q2

qs “

2↵

M2
ITT pQ2

q⌫ ` �TT pQ2
q⌫3

` Op⌫5
q. (3.13)

The leading term yields the generalized GDH sum rule ITT pQ2
q, whose expression

can be obtained by comparing the Taylor expansion of the right-hand side (RHS) in

equation (3.12), and thus reads

ITT pQ2
q “

M2
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ª 8
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(3.14)

The second term, denoted as �TT pQ2
q, is known as the generalized form of the forward

spin polarizability. Its expression corresponds to the Op⌫3
q term in the dispersion

relation of gTT :

�TT pQ2
q “

1
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ª 8
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2
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(3.15)

In the real photon limit (Q2
“ 0), ITT pQ2

q and �TT pQ2
q reduce to ´2

N{4 and the

forward spin polarizability �0, respectively.

Applying the same procedure to gLT , one extracts the sum rule for ILT pQ2
q:

ILT pQ2
q “

2M2

Q2

ª xth

0

“
g1px,Q2

q ` g2px,Q
2
q

‰
dx, (3.16)

and the generalized longitudinal-transverse polarizability:

�LT pQ2
q “

16↵M2

Q6

ª xth

0

“
g1px,Q2

q ` g2px,Q
2
q

‰
x2dx. (3.17)
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Generalized GDH Sum Rule for Nucleons 
Proton: 

Provided by V. Sulkosky 
(Preliminary result of E97110) 

12	  

Neutron: 

R. G. Fersch et al. (CLAS 
Collaboration), Phys. Rev. C 96, 
065208 (2017). 



Deuteron Spin Structure Function at Low-Q2 

Deuteron generalized GDH sum, the moment Γ1, and the spin polarizability γ0  
are determined down to Q2 ~ 0.02 GeV2 for the first time 

K.P. Adhikari et al. (CLAS Collaboration), Phys. Rev. Lett. 120, 062501 (2018). 13	  

energy region, but the ⇡0 contribution was found to be a probable cause for the

discrepancy in a later experiment by LSC collaboration [61] at the Laser Electron

Gamma Source (LEGS) at Brookhaven National Laboratory (BNL). The experiment

measured inclusive pion production from both hydrogen and deuteron with polarized

photon beams covering the � (1232) resonance region, resulting in a correction of

´17.5 ˘ 5.7 µb to the Mainz and Bonn results. Consequently, these results lead to

208˘6(stat)˘14(sys) µb [61], which is consistent with the prediction for the proton

GDH integral.

The first experimental investigation of the neutron GDH sum rule was conducted

by GDH collaboration [62] at ELSA. The experiment measured the helicity dependent

total photoabsorption cross sections from a longitudinally polarized LiD target with

the photon energy from 815 MeV to 1825 MeV, and extracted a value of 33.9 ˘

5.5(stat) ˘ 4.5(sys) µb for the neutron GDH integral in the corresponding photon

energy range. For the unmeasured part below 815 MeV, theoretical estimates of

125.7 µb and ´2.5 µb for the single ⇡ and ⌘-meson contributions are given by the

MAID [60] and ETA-MAID [63] models, respectively. In addition, the contribution

from ⇡⇡N channel in this range has been roughly estimated utilizing the proton

model from [64], and results in 40 µb. The non-resonance contribution at high photon

energy can be evaluated via the Regge approach [65], which obtains 30 µb for the

neutron GDH integral above 1825 MeV. Combining all the above experimental and

theoretical results, the full GDH integral on neutron is found to be approximately

´227 µb, and agrees with the prediction of 233 µb.

For the nuclear target with spin-S equation (3.1) is generalized to

IGDH
“

ª 8

⌫th

d⌫

⌫
p�P p⌫q ´ �Ap⌫qq “ 4⇡2↵

2

M2
S, (3.5)

where ⌫th becomes the two-body breakup threshold for the nuclear target (2.2 MeV
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The incomplete nucleon:  spin puzzle 
Jaffe-Manohar, 90 
Ji, 96 

Quark helicity  
Best known  

⇠ 30%

Gluon helicity 
Start to know 

⇠ 20%(STAR Data)

Orbital Angular Momentum 
of quarks and gluons 

Little known 

Net	  effect	  of	  partons’	  
transverse	  moaon?	  

Proton	  Spin	  

1

2
=

1

2
�⌃+�G+ (Lq + Lg)

Maybe	  even	  more	  from	  Laice	  



Orbital motion - Nucleon Structure from 1D to 3D  

[Bacchetta’s talk (2016)] 
H.	  Gao	  

Generalized	  parton	  distribuFon	  (GPD)	  
Transverse	  momentum	  dependent	  parton	  distribuFon	  (TMD)	  



Wp
u(x,kT,rT )  Wigner distributions

d2kT

PDFs 
f1

u(x), .. 
h1

u(x)

d2rT   

TMD PDFs 
f1

u(x,kT), .. 
h1

u(x,kT)

3D imaging 

5D Dist. 

Form 
Factors
GE(Q2), 
GM(Q2)

d2rT   
dx &
Fourier Transformation    

1D 

Unified View of Nucleon Structure 

GPDs/IPDs

d2kT 

H.	  Gao	  



Quark	  polarizaFon	  

Un-‐Polarized	   Longitudinally	  Polarized	   Transversely	  Polarized	  

N
uc
le
on

	  P
ol
ar
iza

ao
n	  

U	  

L	  

T	  

Leading Twist TMDs 

f 1T
⊥ =

f1 =

g1 =

g1T ⊥ =

h1L
⊥ =

h1
⊥ =

h1T =

h1T
⊥ =

Transversity	  

Boer-‐Mulder	  

Pretzelosity	  
Sivers	  

Helicity	  

Nucleon Spin
Quark Spin

H.	  Gao	  



Access TMDs through Hard Processes 

Partonic scattering amplitude 

Fragmentation amplitude 

Distribution amplitude 

proton 

lepton lepton 

pion 
Drell-Yan 

BNL	  
JPARC	  FNAL	  

proton 

proton lepton 

antilepton 

EIC 

SIDIS 

electron 

positron 

pion 

pion 

e–e+ to pions 
1 1(SIDIS) (DY)h h⊥ ⊥= −

BESIII 

1 1(SIDIS) (DY)q q
T Tf f⊥ ⊥= −

Drell-Yan Programs 
H.	  Gao	  



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

A. Bacchetta et al., J. High Energy Phys. 06 (2017) 081. 
19	  

SIDIS multiplicity (example) 

Drell-Yan cross section 

Z production 

Transverse momentum distribution 



Global Analysis: Transversity 

20	  

M. Radici and A. 
Bacchetta, arXiv:
1802.05212[hep-ph] 

Z.-B. Kang et al., 
Phys. Rev. D 93, 
014009 (2016). 

M. Anselmino et al., 
Phys. Rev. D 92, 
114023 (2015). 



Global Analysis: Polarized TMDs 
Sivers Transversity Pretzelosity 

Anselmino et al, EPJA39, 
89 (2009) 

Anselmino et al, PRD92, 
114023 (2015) 

Lefky et al, PRD91, 
034010 (2015) 

Collins fragmentation 

Anselmino et al, PRD92, 
114023 (2015) 

                         PRD93, 
034025 (2016) 

21	  



Transverse Spin Asymmetry in Drell-Yan 
First measurement of transverse spin dependent azimuthal  
asymmetry in DY  

M. Aghasyan et al. (COMPASS Collaboration), Phys. Rev. Lett. 119, 
112002 (2017). 22	  

190 GeV/c π–  beam, transversely polarized NH3 target 

Sivers	  
Transversity	  

Pretzelosity	  

Sign change test 

with sign change 

without sign change 



Sivers Asymmetry for Gluon 
First measurement of the Sivers asymmetry for gluon in SIDIS  

C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B 772, 854 (2017). 
23	  



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

L. Adamczyk et al. (STAR Collaboration), Phys. Rev. D 97, 
032004 (2018). 24	  

Collins asymmetry Collins-like asymmetry 



Access GPDs through Hard Processes 

H.	  Gao	  

Deeply Virtual Compton Scattering (DVCS) 

Interference with Bethe-Heitler (BH) process gives 
access to real and imaginary part of DVCS amplitude  

e.g.: 

Access different GPDs 

Alternative processes: deeply virtual meson production (DVMP), 
double DVCS, timelike Compton scattering (TCS)… 



Global Analysis of GPDs 

Kumerički and Müller NP B841, 1(2010) 

H.	  Gao	  

Goloskokov and Kroll, EPJ C53, 367(2008) 

Goldstein et al., PR D84, 034007(2011) 



Global Fits of GPDs 

27	  
K. Kumericki et al., EPJ Web Conf. 112 (2016) 01012. 



12 GeV Upgrade Project 

Scope of the project included:  
•  Doubling the accelerator beam energy 
•  New experimental Hall and beamline 
•  Upgrades to existing Experimental Halls 

Maintain capability to 
deliver lower pass beam 
energies: 2.2, 4.4, 6.6…. 

New Hall 

Add arc 

Enhanced capabilities 
in existing Halls 

Add 5 
cryomodules 

Add 5 
cryomodules 

20 cryomodules 

20 cryomodules 

Upgrade arc magnets  
and supplies 

CHL 
upgrade 

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

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



12 GeV Upgrade Physics Instrumentation 
GLUEx (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 

H.	  Gao	  

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)	  	  



Hall C E12-13-010 Experiment 

H.	  Gao	  
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→ 	  Access to quark 
orbital angular 
 momentum with 
GPDs 

Quark Angular Momentum 

Ji’s sum rule: 

H.	  Gao	  



Solenoidal	  Large	  Intensity	  Device	  (SoLID)	  Physics	  
SoLID	  provides	  unique	  capability:	  

# 	  high	  luminosity	  (1037-‐39)	  
# 	  large	  acceptance	  with	  full	  φ	  coverage	  

	  

$	  mula-‐purpose	  program	  to	  maximize	  
	   	  	  	  the	  12-‐GeV	  science	  potenaal	  

1)	  Precision	  in	  3D	  momentum	  space	  imaging	  of	  the	  nucleon 3)	  J/ψ	  producFon	  cross	  secFon 

à	  Constrain	  
the	  QCD	  trace	  
anomaly,	  	  
Proton	  mass	  ,	  
LHCb	  charmed	  
pentaquark 

à	  A	  search	  for	  new	  
physics	  in	  the	  10-‐20	  
TeV	  region,	  
complementary	  to	  
the	  reach	  at	  LHC.	  

2)	  Precise	  determinaFon	  of	  the	  electroweak	  couplings 

33	  

Quark
Energy
33!

Quark
Mass
11!

Gluon
Energy
34!

Trace
Anomaly
22!



SoLID-Spin: SIDIS on 3He/Proton @ 11 GeV 

E12-‐10-‐006:	  	  	  	  	  Single	  Spin	  Asymmetry	  on	  
Transverse	  3He	  @	  90	  days,	  raFng	  A	  

E12-‐11-‐007:	  	  	  	  	  Single	  and	  Double	  Spin	  Asymmetry	  
on	  3He	  @	  35	  days,	  raFng	  A	  

E12-‐11-‐108:	  	  	  Single	  and	  Double	  Spin	  Asymmetries	  
on	  Transverse	  Proton	  @120	  days,	  raFng	  A	  

Three run group experiments approved: TMDs, 
GPDs, and  

much more 

Key of SoLID-Spin program: 
Large Acceptance ���
+ High Luminosity���
 $ 4-D mapping of asymmetries ���
$ Tensor charge, TMDs …
$ Lattice QCD, QCD Dynamics, 
Models.

EM Calorimeter 
(large angle) 

EM Calorimeter 
(forward angle) 

Target 

GEM 

Light Gas 
Cherenkov 

Heavy Gas 
Cherenkov 

 Coil and Yoke 

Scint 
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1 m 

MRPC 
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H.	  Gao	  
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•  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 in 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 
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