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Nucleon spin and 3D structure

With asymptotic freedom, we can access the nucleon structure by higher-energy
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To access the full nucleon spin structure, \(/

we also need to localize the particle in ¢y
coordinate space for the orbital AM. &

Generalized Parton Distributions (GPDs) §
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3D mass & spin structures with GPDs

GPDs are 3D distributions unifying parton distributions and form factors
F(x,A?) = F (x,&,1)

x : parton momentum fraction
¢ : skewness parameter — longitudinal momentum transfer £ = —n - A/2

¢ : total momentum transfer squared ¢ = A?

GPDs reduce to form factors when integrated over x

/dxH(x,f,t) = Fi(t) /dx cH(z, &) = A(t) + (26)C(1)

Charge FFs Gravitational FFs

/da:E(x,f,t) = F5(t) /dx vE(x,€,t) = B(t) — (26)*C(t)

[ We cannot easily access GFFs in experiment, but we can access GPDs! ]
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x : parton momentum fraction
¢ : skewness parameter — longitudinal momentum transfer £ = —n - A/2

¢ : total momentum transfer squared ¢ = A?
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Unp d2A —i1A-b 2
Pq (l‘,b) — (27_‘_)26 Hq(.l',—A ) :f%ﬂq(mab)
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3D mass & spin structures with GPDs

GPDs are 3D distributions unifying parton distribL AP L.
Flz, A") = F (z, ¢ W\
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¢ : total momentum transfer squared ¢ = A?
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x : parton momentum fraction ®
¢ : skewness parameter — longitudinal momentu 5 v .

¢ : total momentum transfer squared ¢ = A? _
3D quark/gluon dist.

GPDs also provide an intuitive 3D image of nucleon:

Ynp (g b)) = A e A (x,—A?) = A (z,b)
’Oq ? o (27.‘.)2 g\*» - g\

which contains information of nucleon spin structure, e. g. transverse spin
T 2 T
J, (x) = /d b(bY x xPT)p, (x,b)

Yuxun Guo @ CNF GPD workshop 16



_urement

Parton must go back to the nucleon to avoid breaking it!

Yuxun Guo @ CNF GPD workshop 17
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Challenge in measurement

Parton must go back to the nucleon to avoid breaking it!

Deeply virtual Compton scattering

1 1
Herr(S,E) = ZQ / <x—§+i0+x+£—iO>Hq(x’£’t)’

Yuxun Guo @ CNF GPD workshop
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General strategy of GPD global analysis

Parameterization of GPDs

Compute GPD observables
Inputs (constraints) on GPDs

Compare and iterate
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General strategy of GPD global analysis

Parameterization of GPDs = Various GPD species and flavors

= Both x-space and moments
Compute GPD observables

= QCD scale evolution

Inputs (constraints) on GPDs

Compare and iterate
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General strategy of GPD global analysis

Parameterization of GPDs

Various GPD species and flavors

Both x-space and moments
Compute GPD observables

QCD scale evolution

: Constraints in x- and moment space
Inputs (constraints) on GPDs P

Compton form factors (with convolution)

Compare and iterate

Computation efficiency required!
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The conformal moment parameterization of GPD is helpful

.o

F(z,&t) =Y (=1)pj(x,€)F;(1)

7=0

Yuxun Guo @ CNF GPD workshop

D. Mueller and A. Schafer
Nucl. Phys. B 739 1-59 (2006)
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Parameterization of GPD

The conformal moment parameterization of GPD is helpful

0

F(z,&t) =Y (=1)pj(x,€)F;(1)
j=0
Advantages:
1
= Polynomiality condition: /1dm” YE(x,€,) Z 8 P et

k=0,even

- In moment space, you get this almost for free.
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Parameterization of GPD

The conformal moment parameterization of GPD is helpful

0

Pla&t) = ) (=1)p;(2, ) F; (&)
Advantages: g

1
= Polynomiality condition: /1dm” YE(x,€,) Z 8 P et

k=0,even

- In moment space, you get this almost for free.

» Conformal moments are (LO) multiplicatively renormalizable
- Solve evolution equation in x space is much slower.

GPDs through Universal Moment Parameterization (GUMP)

Collaborators: Xiangdong Ji, Kyle Shiells, Gabriel Santiago, Jinghong Yang
Yuxun Guo @ CNF GPD workshop
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Inputs for the global analysis

Experiments Lattice

« PDFs from global analysis « Lattice results themselves have tensions

0.25

- Polarized and unpolarized PDFs from JAM ]
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« Charge form factors from global analysis H ‘H |
- I 1‘1 -
- YAHL global analysis of EM form factors o0 i {ﬂ H

- Flavor separation combing proton and neutron data T 02 o 06 08 10

« DVCS cross-section measurements

- Combined data from CLAS and Hall A (UU and LU) - Lattice form factors and GPDs from a single group.

- H1 experiments at HERA
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Extracted CFFs and GPDs

Extracted CFFs close to the local extraction

2l @ JLabHallA
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Extracted CFFs and GPDs

Extracted CFFs close to the local extraction Example of extracted GPD
1 0 — GPDs Hy at & = /3 and — = 0.69 GeV~
N e AN R
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Caveats: ansatzes and empirical constraints used
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tations of GPDs

GPDs involve different partonic interpretations

quark distribution distribution amplitude antiquark distribution
= 2 e A Sy Ay
7 P \ \ v N
n n n n n n
n<x<l —-nN<x<n —l<x<—

A. Belitsky, Phys. Rept. 418 1-387 (2005)
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Partonic interpretations of GPDs

GPDs involve different partonic interpretations

quark distribution distribution amplitude antiquark distribution
+n + n+ + —n + IX\T—np+ x |2+np+
¥ ot
n<x<l —nN<x<n —l<x<—n

We would want something like:
Fq(ﬂﬁ,f,t) = Fq(ﬂ?,f,t) T qu(iC,f,t) + ch(_x7£7t)
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Partonic interpretations of GPDs

GPDs involve different partonic interpretations

quark distribution distribution amplitude antiquark distribution
X x— X X— Ix|— x|
5 T ey A sd el
7 i j \ \ i ; v v A\
2} 2 2} o 2} 2
n<x<l —nN<x<n —l<x<—n

We would want something like:

Fy(@,6,1) = Fy@,6,t) + Fyqle. &) F Fy(—a,&,t)
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D-terms DA-terms
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D-terms DA-terms

Gravitational form factors C or D
1
/ d33$Hq(:U,§,t) = Aq(t) + (25)2061(15)
-1

Generalized form factors C or D

n

1
/1 d:cx2"+1Hq(x, §t) = Z(Qf)mAgn-u,zi + (25)2n+2C§n+2
- i=0
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-terms

D-terms

Gravitational form factors C or D
1
[ dwatto.6.0) = 4400+ (29°C,(0
-1

Generalized form factors C or D

1 n
/1 dea®™ T Hy(z, € t) = 2(25)211437&2,2@' +(26)"*2C4, 1
- i=0

Radyushkin double distribution

Hoy(z,&,t) = Hy'" (x,&,t) + |€]0(|¢] — [2]) Dy(2, &, 1)

Yuxun Guo @ CNF GPD workshop
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D-terms and DA-terms

D-terms
Gravitational form factors C or D
1
/_ danH(@,6,1) = Ay(D) + (29°C,(0

Generalized form factors C or D

n

1
/ ) dxx2n+1Hq(x, £7 t) - 2(26)2114(2]71—1—2,21' + (2£)2n+203n+2
B 1=0

Radyushkin double distribution
Hy(z,&,t) = HYP (2,€,1) + [€]0(|¢] — |2]) Dy(, €, )

Dispersive analysis

1
F(£,9,A2%,Q% :%/0 dg’( L L )%m}"(g’—io,ﬂ,Az,QQ)+C(19,A2,Q2).

BT ol

Yuxun Guo @ CNF GPD workshop

DA-terms

38



D-terms and DA-terms

D-terms

Gravitational form factors C or D
1
/_ danH(@,6,1) = Ay(D) + (29°C,(0

Generalized form factors C or D

1 n
/ 1 dxx2n+1HQ(x7 ga t) - 2(25)2114(2171—1—2,21' + (2£)2n+2cé]n+2
- 1=0

Radyushkin double distribution
Hy(z,&,t) = HYP (2,€,1) + [€]0(|¢] — |2]) Dy(, €, )

Dispersive analysis

1
F(£,9,A2%,Q% :%/0 dg’( L L )%mf(i’—z’O,ﬂ,AQ,Cf)+C(§,A2,Q2).

BT ol

DA-terms

GPDs in the DA-like regions only
HDA(xvgat) = 0 for |£13’ > g

Yuxun Guo @ CNF GPD workshop
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D-terms and DA-terms

D-terms DA-terms
Gravitational form factors C or D
/11 dexHy(z,&,t) = Ay(t) + (26)%Cy(t) GPDs in the DA-like regions only
Generalized form factors C or D Hpa(x,&,t) =0 for |z| > &

1 n
/ dxx2n+1HQ(x7 ga t) - 2(25)2114(2171—1—2,21' + (25)2n+2cé]n+2
—1 i=0

Radyushkin double distribution « D-terms are one kind of DA-terms

Hy(z,&,t) = HPP (2,€,t) + €]0(1€] — |2|)Dy(z, &, 1) « Each generalized form factors could

, _ _ have corresponding DA-terms
Dispersive analysis

T 1 il
A2 0%) = = ! o~ o 2 N2 2 02).
Fl0 A0 w/0d5 <£_£,3F€+€,> SmF (& — 10000, 107 e, AT 0F)
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N

The DA-terms become non-trivial as xi increases
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on

The DA-terms become non-trivial as xi increases

GPDs H, at ¢ = 1/3 and ~t = 0.69 GeV-~

Yuxun Guo @ CNF GPD workshop 43



region

The DA-terms become non-trivial as xi increases

GPDs H at & = ] /3 and —t =0.69 GeV-* GP]? Hu—'d at ;l“ =|] /.? apd ._t = 069 Cl?eyz tlungd iln ]?A'—lilke‘regioln_

- -- Original value — Tuned with DA terms == Lat. ref. value -

06  -04 02 0.0 0.2 0.4 0.6 0.8 oa o2 o0 oz T Toa T T o
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GPD in DA-like region

The DA-terms become non-trivial as xi increases

GPDs H at & = 1/3and -t = 0.69 GeV~ GPD H,_4 at & = 1/3 and —t = 0.69 GeV~ tuned in DA-like region

£ A 1 8; Original value — Tuned with DA terms Lat. ref. value |
I —_— HI/l ] 6L
r — Ha i
2t N
: Ll
2+ [
I _4}
Ll :
I O N S ~or

06 04 02 00 0.2 0.4 0.6 0.8 T - - S—

X X

Extra inputs crucial to determine the shape of GPDs in the middle regions.
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phenomenology
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Potential extraction of leading moments from CFFs with medium/large xi?

Yuxun Guo @ CNF GPD workshop
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plications

on phenomenology

Potential extraction of leading moments from CFFs with medium/large xi?

Extraction of the D-terms from DVCS analysis
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2 b
Confining
pressure 1 =
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V. D. Burkert et. al., Nature 557 7705, 396-399 (2018)

ReH
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K. Kumericki, Nature 570 7759, E1-E2 (2019)
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Potential extraction of leading moments from CFFs with medium/large xi?

Yuxun Guo @ CNF GPD workshop

49



Some implications on phenomenology

Potential extraction of leading moments from CFFs with medium/large xi?

Extraction of the GFFs from threshold heavy quarkonium production
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Some implications on phenomenology

Potential extraction of leading moments from CFFs with medium/large xi?

Extraction of the GFFs from threshold heavy quarkonium production
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Some implications on phenomenology

Potential extraction of leading moments from CFFs with medium/large xi?

Extraction of the GFFs from threshold heavy quarkonium production
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Some final comments

The different interpretations of GPDs in different regions do have physical relevance.

quark distribution distribution amplitude antiquark distribution
X+n i+ XN+ n -+ +
2 2P T T
f \ i ; J i :[
= 4
b P
n<x<l —N<x<n —1<x<—77

To implement such picture is easier with moment param. for which the results appear encouraging.
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Summary and outlook

Summary

R GPDs reveals the nucleon 3D structures including mass and spin.
R Global analysis program by parameterization moments of GPDs.

R Interesting developments utilizing the skewness effects and DA-terms

Outlook

v Global analysis for gluon GPDs with meson production
v Higher order evolutions/corrections and more quark flavor

v More developments on the skewness effects of GPDs






