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GPD and hadron structure

J Generalized parton distribution (GPD)

Fi(z,€,t) = / Cf—ﬁ_e‘wpv (' |3 (27 /2)vTa (=27 /2)| p)
— o[BG 6080 ) - B 60 86 T2 )
0 Tomography L Emergent hadron properties
filz, br) = /d2AT eATET (1,0, —A2) /_11 dvz Fi(2,€,t) o< (P|T(0)lp)  © =4, 9

3D image /1 drz Hi(z,£,t) = Ai(t) + £ Di(t)
] -
; | / dzx E;(x,&,t) = B;(t) — €2 Dy(t)

—1

1

) J; = lim [ dzz[Hi(z,{t) + Bi(z,§,1)] X.-D. Ji, 1997

—1

M. Burkardt,
2000, 2003

Need full x-dependence at a substantial range of (¢, &)!
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x-dependence problem for GPD

O Amplitude nature: exclusive processes

Compare with DIS l

I q !

: q k I

I X :

P P :

| PDF I

X ~ loop momentum :
1 cross section: cut diagram i

M(E6Q) = [ do (a6 ti) Ol 5Qui) i 1 A a
1 ; ODIS = dz f(z)6(z/vB) :

never pin down to some x L L l
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x-dependence problem for GPD

O Amplitude nature: exclusive processes

X ~ loop momentum

1

M(E4:Q) = / do F (o, €,t; 1) O, € Q) )

—1
never pin down to some x

U Sensitivity to x: comes from C(x, &; Q, w)

C5 (2, & Q. 1) = T(Q/n) - G, €) x ——

x— &+ e

“Scaling integral”

W M Q) x / dx F+(w’€’?)

1 xT—&+ze
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Compare with DIS l
I q !
L H_q}/—»}k i

DR

cross section: cut diagram |

ODIS z/: dr f(z)6(x/zp)

__________________________________________________

15
a] 0= Yhiosn Shad
pl -— shadow | aaow
J'f > GPD
=0
T -51 Equally fit!

~10
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[Bertone et al. PRD "21] Jeff_evr:son Lab
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Pixelated construction of GPD

Shadow GPDs make parametric method biased

‘ Construct GPDs from most flexible pixelation method

GPD Observables
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Normalizing flows

Normalizing flows = A set of differentiable and invertible changes of variable.

y = f(Z)

Gaussian distribution Np(Z)

Observables Ground-truth data
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Optimization 4_| Backward propagation
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Reconstruct with only scaling DVCS integral

Ground Truth (GK H,")

1.0 7
b 5.0
081 ™\ HG_IE (213, 5, t)
2.5
0.6 1 |
W 0.0
0.4
—2.5
0.2
5.0
002X 11 ,
~-1.0  -05 0.0 0.5 1.0

X

1 Neural network generator

Hyp(,8:t) = Hex (2,€,1) * (2,8, 1)

e(x,&,t) is generated by NF

1 Observable: DVCS integral

1
M[H](€7t> :/ dr H+(aj7§7t>

-1 $—€+Z€

O Optimize with a loss function

M[HNF](g )

Prior to NF' training

1.0
5.0

0.8
2.5

0.6 1
0.0

0.4 1
—-2.5

0.2
-5.0

0.0

-1.0 -0.5 0.0 0.5 1.0

Rel. Err. (%)

Training with DVCS moment. 7 = 0.01

Reconstructed with DVCS

X (Hxp, Hok) = )

€t
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Rel. Err. (%)

Sensitivity only on the ridge.
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How to understand the result? [Neglecting complication of NF for now]

MU (£ 1) :/ g (2,6 1) :P/ da;H(a;,g,t)[ 24 ] —in[H(E,6,) — H(—&,&,1)]

1 x—E&+1e _1 x? — &2

Each GPD pixel is independent.

» Optimization process

—>| Calculate observable and get loss

<

Backward propagation

O x?
OHnr(z,€,1)

o [t (e ) = Miterl (g, ]| 2

5132—52

(Real part only)

Optimization (gradient descent)

ox?
OHnr(z,&,1) ,

7/24 Jgf;gon Lab
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How to understand the result?

M[H](g,t) :/ dx Ht(xz,&, 1) :p/ dr H(x,&,t) [%] —iﬁ[H(é,f,t) —H(—f,ﬁ,t)]

—1 xr — g _|_ iE -1 5
1.0
Each GPD pixel is independent. 0l
: . -
> Optimization process o
- +
— Calculate observable and get loss 0.2} =t
0.0 : :
‘ ~1.0 ~0.5 0.0 0.5 1.0
Backward propagation x
— Tunning of each pixel is deterministic!
2
a(X ) oc | MNP (¢ 1) - plHex] (¢ t)} _ 2255 ' Determined by the sign of
8HNF X, f, t ’ ’ Xre — 5
MUENel (g ¢y — pmlHerd (e ¢
(Real part only) (5 ) (5 )
Optimization (gradient descent) in the initial input.
ox* Keeps tunning until hi “solution”
Hxp(z, €,1) — Hyp(z, €,1) —Ir - p g until reaching a “solutio
NE (@, &, 1) NE (@, 1) OHNp(z,&,t) — shadow GPD!
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Shadow GPDs from pixelation approach

DVCS integral

1 H_|_
MDVCS(g,t) — /_1 dr :L,_(Z-j’_f,;e)

DVCS integral
+ first two x-moments

RN
n=24

1
dex" 'H™ (x,€,t)

H(x,§,1)

—~
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Types of x-sensitivity [Qiu, Yu, PRD 107 (2023) 014007; Qiu, Sato, Yu, PRD 111 (2025) 094014]

 x-sensitivity & 2 — 2 hard scattering
Kinematics:
1. 5=28s/(1+%) &=
2. 0orqr = (V§/2)sin6 <€mp x
3 ¢ =  (A"B) spin states

1

M(Q,¢) = Y traAn)o. / dz Fa(x) Ca(z; Q) (Q =10 or qr)

A —1
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Types of x-sensitivity [Qiu, Yu, PRD 107 (2023) 014007; Qiu, Sato, Yu, PRD 111 (2025) 094014]

 x-sensitivity & 2 — 2 hard scattering
Kinematics:
1. 5=28s/(1+%) &=
2. 0orqr = (V§/2)sin6 <€mp x
3 ¢ =  (A"B) spin states

1

M(Q,¢) = Y traAn)o. / dz Fa(x) Ca(z; Q) (Q =10 or qr)

A —1

1

> Scaling kernel C(z;Q) =G(z) -T(Q) =y F, = / dx G(x) F(x,£,t) Independent of Q.

—1

1
# Inversion problem: shadow GPD Sg = / dr G(x) S(x,£) =0 [Bertone et al. PRD "21]
—1
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Types of x-sensitivity [Qiu, Yu, PRD 107 (2023) 014007; Qiu, Sato, Yu, PRD 111 (2025) 094014]

 x-sensitivity & 2 — 2 hard scattering
Kinematics:
1. 5=28s/(1+%) &=
2. 0orqr = (V§/2)sin6 <€mp x
3 ¢ =  (A"B) spin states

1

M(Q,¢) = Y traAn)o. / dz Fa(x) Ca(z; Q) (Q =0 or qr)

A —1

1

> Scaling kernel C(z;Q) =G(z) -T(Q) =y F, = / dx G(x) F(x,£,t) Independent of Q.

—1

1
# Inversion problem: shadow GPD Sg = / dr G(x) S(x,£) =0 [Bertone et al. PRD "21]
—1

> Non-scaling kernel  C(2;Q) # G(z) - T(Q) wmmp do/dQ ~ |C(z;Q) ®, F(x,&,1)|°
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Two processes with non-scaling hard coefficients

J-PARC, AMBER

Qiu & Yu, JHEP 08 (2022) 103
Qiu & Yu, PRD 109 (2024) 074023

13/24

JLab Hall D

G. Duplancic et al., JHEP 11 (2018) 179

G. Duplancic et al., JHEP 03 (2023) 241

G. Duplancic et al., PRD 107 (2023), 094023
Qiu & Yu, PRD 107 (2023), 014007

Qiu & Yu, PRL 131 (2023), 161902
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Enhanced x-sensitivity: (1) diphoton mesoproduction

[Qiu & Yu, JHEP 08 (2022) 103;
PRD 109 (2024) 074023]

In addition to scaling integral

B 1 dr F(z,&,t)
FO(gat)_ﬁl $—€+i€

M also contains non-scaling integral

' dz F(z,§, 1)
1« — p(z;0) + iesgn [cos?(0/2) — 2]

0= [

1 — z+tan?(0/2) 2
0) =¢ - c (—o0, =§l U ¢,
plz0) =& [1—2—tan2(9/2)z (=00, =¢] V£, 00)
—1 £ 0 ¢ 1 v
14124 Jeff;gon Lab
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Enhanced x-sensitivity: (2) y-m pair photoproduction

[Qiu & Yu, PRL 131 (2023) 161902] M also contains the non-scaling integral
1
7(q1) - / dx F(x7§7t)
I'(t, & 2,0) =
IQT (,S,Z, ) /1$—p(9)—|-7,€
0 | 7(p2)
Nip) T cos 2(0/2)(1—2) 2] _ e
0082(6/2) (1—2)+z ’

| >

0 5 1 L

‘ Complementary sensitivity

E-x

X+E /i i/?::,—x xX+E /i i \ X—§
) W -

15124 Nm->Nyy .@t@on Lab




Improve GPD extraction with non-scaling integrals

1 2
HT(xz,&,t) X 21
Non-scaling integral MUl(¢ ¢ 9) = dx e A ‘ X ———
St 1 = zp(§,0) e OH(z,&,t)  x? —
1.0\( ; . , : - 1.0 = : . .
(a 3
08 R osf . F Y -
0.6 \ / ! 0.6
w w
0.4} — + - ‘ 0.4 — +
st . 0.2 : S N
02 x| =€ p(0,2) - competing region
0.0 : —— : 0.0 . -
1.0 ~0.5 0.0 0.5 1.0 ~1.0 0.5 0.0 0.5 1.0
Xr X
16/24 Jeff.e,gon Lab
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Improve GPD extraction with non-scaling integrals

Non-scaling integral M[H](g,tje):/

1.0
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Photoproduction —2.5
2
(PP) 50
0

1.0

cos 6 € [—0.95,0.95]

r = 0.01
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Pixelated construction of GPD with polynomiality [neglect the D-term]

1 n

GPDs satisfy polynomiality due to Lorentz covariance / drx™ Hi(x,§,t) = Z (26)* A i)
—1 i=0,2,---

H(x, &, t) at different &’s are not independent! ‘ Construct GPDs from double distribution (DD)

1
H(x, &, t) = /_1 dBdaf(1 —|a| — |B])0(x — B — &a) f4(B,a,t) Linear transformation!

Double distribution (DD) GPD

a

1 19 1 (5 £
0 5 I [

| Y I [ O [
[ 77
=1

RPEEEEE E E E e E S S
~~ g AREEEE
A\
\ '
AW TR W EER] | 0T P P fE AT
B3-SR -~ F T I A A&
\

| B [ E R 1o
4 TP O AT
Jrofoafoag g g
(S5 520 Py o 4

-

G ‘ Normalizing » |

Flow

g»

\ Y L L W L L
, TR, L O, L R L |
PREEE G E!
TV T T
R I W R T I
YA L R W L T T
R
AEEEEEEE
R W W R G
R T W VA W W =

02 O L e Y D Y (Y (£

Ny

fNF(/Baa7t) — fGK(ﬁaO‘)t) * 6(5,05,t)
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Choice of relative DD and GPD sizes

Conversion from DD to GPD is non-invertible! H%(z,&,t) = /

-----
oooooo
.......

-----
oooooo
.......
--------
ooooooooo

........
ooooooooo

# independent DD points: Npp = N2 /2 >

N N\ 1
mmm) Consider 3 scenarios: Db ( ) = —, 1, 2

1

—1

df da6(1 — |a| = |8]) o(x = § — &a) f(B, o 1)

|
N, = 2N — 1

Nagpp 2N¢

19/24
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# independent GPD points: Napp = 2N€2
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Polynomiality enhances sensitivity

Fix GPD to (N, x N¢) = (21 x 11)

Ground Truth (GK H)

\\\ u _|_ //
HGK (iIZ‘, 57 t)

1.0

0.8 1

0.6 1
0.4 1
0.2 1
002X 11 \,
—1.0 —0.5 0.0 0.5 1.0
X
More faithful

The extra DD layer induces extra inter-pixel correlation

L0
08
0.6 1
0.4

0.2

Reconstructed with DVCS

1DD: 15 x 15
| GPD: 21 x 11

DD: 23 X 23
GPD: 21 x 11

Reconstructed with DVCS
-

Reconstructed with DVCS

il op: 23 x zil

jlcrp: 21 x

Rel. Err. (%)

N
\.

B
i DD: 31 x 31
GPD: 21 x 11

Jetterson Lab



Extract with observables: DVCS + evolution

Evolution induces an array of observables in Q*

: b OH (3,6t 07 = Q7)
DVCS 2\
MEVES'(,0,0%) = [ ar m

Breaks shadow GPD in principle ...

... but quantitatively insignificant.

[Bertone et al. PRD "21]

Q € [1,5] GeV

Lo Reconbtructed with DVCS+EV0 0 Rel. Err. (%)
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0.6 1 .
0.4 |
0-21pD: 23 x 23 l DD: 23 x 23
0.0 LGPD: 21 X1 jlcrp: 21 x 11
~1.0 —0.5 0.0 0.5
T

25
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Real part Imaginary part

—— 1.0 GeV?

DD: 23 x 23 DD: 23 x 23 14 GeV?

\ GPD: 21 x 11 GPD: 21 x 11 16 GeV?

= 2.0 GeV?
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Extract with observables: DVCS + photoproduction integral

Non-scaling integral entangles x with the observed 6.

11 ]
K\v& Photoproduction 0
1 01 —_—— —— Photoproduction
NSI _ + S 4 S
M (£7t79) _ de'H <x7€7t) K(x7€79) X X —— (=01 —— £=06
—1 5 —21 < £€=0.2 £€=0.7
é_g- §—4- A
. eps —— =04 £=09
Breaks shadow GPD more significantly. n i s Iy
0.9 —0.6 —0.3 0.0 03 0.6 0.9 0.9 —0.6 —0.3 0.0 0.3 0.6 0.9

C089 & [—09709] cos 6 cos

. OReconstructed with DVCS+Photo. Lo Rel. Err. (%) " N DD 9
081 8 Ngpp
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' 081 081 8
09 . | ) 2.5
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0.0 GPD: 21 x 11 GPD™] x 11 My Y 0.0 W
~1.0 —05 , 1.0 0.4 . ¥ 0.4 1 4
T ~2.5
021DD: 31 x 81 ) o 0.2 Dj: 31 x 3 2
GPD: 21 x 11 |§ —o. GED: 21 x 11
0.0- - ' 0.0 — / 0
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
x x
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Extract with observables: DVCS + photoproduction integral

Non-scaling integral entangles x with the observed 6.

11 ]
K\ Photoproduction 0

1 01 — —— Photoproduction

NSI _ + S 4 S
M (£7t7 9) _ / de'H <x7€7t) K(x7€79) X X —— (=01 —— £=06
—1 5 —21 o £€=0.2 £=0.7
é_g- §—4- A
. g —— £=04 € =09
Breaks shadow GPD more significantly. n e s 1o

0.9 —0.6 —0.3 00 03 0.6 0.9 0.9 —06 —0.3 0.0 03 0.6 0.9
cosf € [—0.9,0.9] cosd cost
10
5_ 4 4
Aw
—5' 4 X GK 7 7
=== DD: 23 x 23
o L2xu 7= DD:31x31 21 x 11 21 % 11
—-1.0 -0.5 0.0 0.5 1.0 —-1.0 -0.5 0.0 0.5 1.0 —-1.0 -0.5 0.0 0.5 1.0
X x X
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Summary

» Extracting x-dependence of GPDs has difficulty from exclusiveness

» Pixelation + Normalizing Flow provides a way to visualize the fitting process

> Allows to address the sensitivity region, resolution, and model ambiguity

» Scaling integrals such as DVCS mostly constrain the ridge x = +¢ (even with evolution)
» Non-scaling integrals are needed to constrain other regions

» Future: incorporate correlation observables from Lattice QCD

Thank you!

<

2
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