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GPD and 3D tomography

DVCS

fi(z,br) = / d2Ar et AT07 Fi(2,0, —AZ)
Parton density in dz d?b

(] Essential features

» Hadron is kept intact

» Parton dynamics

» Extra nonperturbative scale t
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73D image

[M. Burkardt, 2000, 2003]
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Amplitude nature: Exclusive process

Hard scale Q

11

Diffractive process
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Single diffractive hard exclusive process (SDHEP) (i & vu, pro 107 (2023) 014007]

h(p) + B(p2) = h'(p") + C(q1) + D(q2)

2 — 3: minimal kin. configuration!
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Single diffractive hard exclusive process (SDHEP) (i & vu, pro 107 (2023) 014007]

h(p) + B(p2) = h'(p") + C(q1) + D(q2)

B(p2)=e€,7,T
2 — 3: minimal kin. configuration! ZD(%)
O Two-stage process paradigm
Single diffractive: L(p) — h'(p') + A*(pr =p—p)
factorize

Hard exclusive:  A*(p;) + B(ps) — C(p3) + D(p4)
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Single diffractive hard exclusive process (SDHEP) (i & vu, pro 107 (2023) 014007]

h(p) + B(p2) = h'(p") + C(q1) + D(q2)

_—y
h(p) ~\r —~— l
Al =7 B(p) = .7,
2 — 3: minimal kin. configuration! A(%)

J Two-stage process paradigm -
Necessary condition for factorization:

Single diffractive: h(p) — 1'(p') + A*(p1 =p — p') gr > vV—t~Agep t=(p—7p)>

factorize e C,D are produced in a hard process H ~ qr

Hard exclusive:  A*(p;) + B(p2) — C(ps) + D(pa4) A" lives much longer than H
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Classification of SDHEPs
O Electro-production (JLab, EIC, ...)

DvVes y| " bVMP V' " DDVCS V|q
Fw) c(p2) Pp) e(p2) add _ P(p) e(p2)

\P(p')’ \P(p,), virtuality \P(p,),
Y(g2) 7(q2) Q)

DHQP...
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Classification of SDHEPs
O Electro-production (JLab, EIC, ...)

DVCS y| i DVMP y| @ DDVCS V‘q
P(p) e(p2) P(p) (p2) add = rp) e(p2)

: — DHQP...
— - virtuality o> Q
Pp') P(p') P(p')
7(¢2) ™ (¢2) (@)
O Photo-production (JLab, EIC, ...)
cs /1 R A yl
h(p) @) P(p) Q) h(p) o | ) h(p) 2
— ANNANANANNANL —_— ANNANNNL — —_— ANNNNANL
. I
" (g2) 7(q2) 7(q2)



Classification of SDHEPs
O Electro-production (JLab, EIC, ...)
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DDVCS

e(y "
qar
add _ rp) ‘e(pz)

DVCS y| i DVMP y| &
P(p) e(p2) P(p) e(p2)
P(p') \P(p’y
7(q2) 70(q2)

O Photo-production (JLab, EIC, ...)

) /a . Ya) 4 -

TCS i ar
) S0 P )
—- ANNNNNL — ANNNANNL
! ?)

I"(a2) 7 (q2)

L Meso-production (AMBER, J-PARGC, ...)
=(q) i v(q1) @

h(p) m(p2) h(p) 7(p2)
T

n'(p)

DHQP...

virtuality \P(p/)»
(@)

Generic discussion
[Qiu, Yu, PRD 107 (2023), 014007]
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Two-stage paradigm and channel expansion
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Two-stage paradigm and channel expansion
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Two-stage paradigm and channel expansion

Gluon GPD

Quark GPD Energy > virtuality

— To be factorized into GPD 10
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Two-stage paradigm and channel expansion (twist expansion)

EM form factor > 3 parton connection:
Power suppressed

Quark GPD Gluon GPD

Energy > virtuality

— To be factorized into GPD 1
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Virtual photon channel: “GPD background”

M = (0 (1) 72(0) 1)) {C (@) D (a2) 17, 0)| B (p2)

. o
ie
= TF” (p.0") Hy (p1,p2, 15 42)

/ding component
T 1 1

EM form factor FTH™ = ]FF+ (i HT) = EFJr (p1-H+piL-Hi—pi HT) ~OH/[t])
1

MW~ 01/ /1t])

12
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Virtual photon channel: “GPD background”

M = (0 (1) 72(0) 1)) {C (@) D (a2) 17, 0)| B (p2)

C(Ql)
Bethe-Heitler

_ )
=1

. o
ie
= TF” (p.0") Hy (p1,p2, 15 42)

- /dmg component
1 1

EM form factor FTH™ = ]FF+ (i HT) = EFJr (p1-H+piL-Hi—pi HT) ~OH/[t])
1

MW~ 0(1//]t])
ONIVIONN
MO~ 0(1/0) ) MY/ MP o 0Q/V]H)

¥* channel is of a more leading power than GPD contribution,
but higher power in agy

h(p) ")

Generally allowed, except
(1) flavor changing (p —» n, n — p, etc.)
(2) forbidden by symmetry in the hard part 13
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Two-parton channel: GPD factorization  [qiu & vu, PRD 107 (2023), 014007]

ERBL region: [qq'] ~ meson DGLAP region: Glauber pinch

Soft gluons cancel when coupling to (color-neutral) mesons!

) GPD ®

14
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Challenge for GPD: x-dependence = ---------------------oomeeee

L Amplitude nature: exclusive processes

T+ & r—£&

GPD
p p

X ~ loop momentum

cross section: cut diagram

IM ~ de F(x,&,t) - C(x,&,Q/ 1) 1
/—1 oDIS :/ dz f(x)o(z/xp)

__________________________________________

never pin down to some x

15



r‘.\ MICHIGAN STATE UNIVERSITY

Challenge for GPD: x-dependence = ---------------------oomeeee

L Amplitude nature: exclusive processes

T+ & r—£&

GPD
p p

X ~ loop momentum

cross section: cut diagram

IM ~ de F(x,&,t) - C(x,&,Q/ 1) 1
/—1 oDIS :/ dz f(x)o(z/xp)

never pin down tosomex . Jz By
U Sensitivity to x: comes from C(x, &; Q/u) 15 — .
1 107 : f-NTg s(:\adow ,"‘
C(x,¢&; =T Gz, ) x — - -~ T 51 Iy
(2,6 Q/n) =T(Q/n) - Glx,8) o T—=—0 ] -
7 Equally fit! VoY
F t I 51 \ \
I:> iM oc/ dz M = “Iy(&,t)”  “moment” I U
-1 xr —§+ie 00 02 04 06 08 1.0

16
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Enhanced x-sensitivity

O x-sensitivity © 2 — 2 hard scattering

Kinematics:

1 5=28s/(1+§ d=m ¢

2. Oorqr=+§sind/2 “ X

3 ¢ ¢ (A*B) spin states

= T, / de Fa(2) Ca(5:Q)  (Q =8 or qr)

1

> Moment-type sensitivity C(z;Q) = G(z)-T(Q) wwmp Fg :/ dz G(z) F'(x,&,1)

—1

1
|:> Inversion problem: shadow GPD Sa = / dr G(x) S(x,£) =0

—1 17
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Enhanced x-sensitivity

O x-sensitivity © 2 — 2 hard scattering

Kinematics:

1. §=2¢&s/(1+&€ (¢

2. Oorqr=+§sind/2 “ X

3 ¢ ¢ (A*B) spin states

= T, / de Fa(2) Ca(5:Q)  (Q =8 or qr)

1

> Moment-type sensitivity C(z;Q) = G(z)-T(Q) wwmp Fg :/ dz G(z) F'(x,&,1)

—1

> Enhanced sensitivity C(r;Q) #G(2) -T(Q) wwmp do/dQ ~ |C(z;Q) ®, F(z,&,t)|?

18
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Two example processes with enhanced x-sensitivity

P
J-PARC, AMBER JLab Hall D

Qiu, Yu, JHEP 08 (2022) 103 G. Duplancic et al., JHEP 11 (2018) 179
Qiu & Yu, PRD 107 (2023), 014007
Qiu & Yu, 2305.15397

19



r‘.\ MICHIGAN STATE UNIVERSITY

Enhanced x-sensitivity: (1) diphoton production

[Qiu & Yu, JHEP 08 (2022) 103]
In addition to

B 1 dx F(z,&,1)
Fo(gat)_/_l $—£—|—’L€

1M also contains

' dz F(z,¢,1)
1 & — p(z;0) 4+ iesgn[cos?(0/2) — 2]

I(t,f;z,@):/

1 —z+tan?(0/2) 2
1 —2z—tan?(0/2) 2

p(z; '9) - g [ S (_007 _f] U [57 OO)

20
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Enhanced x-sensitivity: (1) diphoton production

[Qiu & Yu, JHEP 08 (2022) 103] " (@ Chiral—even GPD without £ dependence
sl t=-0.1 GeV?
Vary GPD x shapes - | —cu2a0 —wso
w — (08,12) — (15,0.3)
Z 1.0t
T
=
0.5
0.0 - - - -
0.0 0.2 0.4 0.6 0.8 1.0
Different q; shapes x
~_ e O T T E L 0G|
o 113 (a) E=206ev] (b) s 0165
. t, &) = (-0. , 0.15) ]
gqu < 110 LH=(-01GeV% 0.0 ] T 1.05 ®.8)=( ¢ )
—_— D - -
= > = B 1.05} 5 1.00
qT "g 1.00 "g 0.95 — (=0.3,2.24), (-0.22,2.33)
£r " 005t (-03,2.24), (~0.22,2.33) IS Pl 052 052
2 om0 £ 090F — (0512, 08,12
< < < Tz 0.90F — (s12, 0812 J-PARC T; ©5:12, 08,12
% lg 0.85F — (1.5,0.3), (1.5,0.3) ] 0.85F — (1.5,0.3), (15,03
1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.0 1.1 12 13 14 15 16

qr [GeV] qr [GeV] 21
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Enhanced x-sensitivity: (1) diphoton production

[Qiu & Yu, JHEP 08 (2022) 103] " (@ Chiral—even GPD without £ dependence
5[ t=-01 GeV?
— (-0.3,2.24) — (0.5,2)

Vary GPD x shapes

— (0.8,1.2) — (1.5,0.3)

X' HY X, £, 1)
(=)

0.5
0.0 - - - .
0.0 0.2 0.4 0.6 0.8 1.0
Different q; shapes x
L1F (€) E,=150GeV, (t,¢) = (0.1 GeV2, 0.1) LIOF (d) E,=150GeV, (t, &) = (-0.1 GeV?, 0.15) ]
~ ~
q1 3 < 1.05
_ gT - < 1.0 \ =t
N > > 5 \ 3 1,004
) _ ) — (= _
qr = o9} (-0.3,2.24), (=0.22, 2.33) ] = 0950 (-0.3,2.24), (-0.22, 2.33) \
£ S — (0.5,2), (0.5,2) 5 — (0.5,2), (0.5,2)
2 2 0.90 1
‘g, 0.8 — (0.8,1.2), (0.8,1.2) g — (0.8,1.2), (0.8,1.2)
< > < 2 AMBER S 0.85f
— -— — (15,03), (1.5,0.3) — (1.5,0.3), (1.5,0.3)
0.7% : : : : — 0.80 bt
qug 1.0 1.5 2.0 2.5 3.0 3.5 1.0 1.5 20 25 3.0 35 40

qr [GeV] qr [GeV] 22
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Enhanced x-sensitivity: (2) Y-t pair production

i/M also contains the special integral
1
dx F(z,&,1)
I/ . — AW
(t,82,0) /_1 x — p'(z;0) + i€

b cos?(0/2) (1 — 2) — z
plzi0) =& [(3082(9/2) (1—2)+ z] €64

[Qiu & Yu, arXiv:2305.15397]

I 1 € i 'x

23
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Enhanced x-sensitivity: (2) y-m pair production

forward calorimeter
barrel time-of
calorimeter -flight _
target >

I l g
’ forward drift
chambers

central drift
chamber

\ ele o .
tagger magnet bear S . U superconducting
| magnet
tagger to detector distance

is not to scale

[Qiu & Yu, arXiv:2305.15397] 24
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Enhanced x-sensitivity: (2) y-m pair production

Polarization asymmetries

do 1 do
dlt|dédcosOde 2 d|t|déd cos b
+C Ayrcos2 (¢ — ¢~) + ANCALrsin2 (¢ — ¢-)]

2 4 M2 2 +|M 2,

[Qiu & Yu, arXiv:2305.15397]

i ALL = 2ZUURe

MU gl 4 U M[H]*_

Apr =255 Re [MUI T T pq U]
App = 2555 Tm | MU U gl gl

25
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Enhanced x-sensitivity: (2) Y-t pair production

GPD models = GK model + shadow GPDs - / % 0
-

H"(x,£=0.2,t=-0.2 GeVZ2, =2 GeV) 250k

o N (a) do | dt d¢ dcos6 [pb/GeV?]

By i 200} . — (Ho, Ho) = (H3, Hy)
150} —(Hy, Ho) "~ (Ho, H)
'\'”»T(Hzal:lo)""(Ho,Hz)

Y 100}
6K : 1

Gk +S1 % Y

R Gk + 82 % _."'._,-" S0t
u . GK + DS S -
A", £ =02,t=-02 GeV%, 1 =2 GeV) 0.8)
10f ]

S,
5N
DA

AN YA
S Yo Y - Pr
l'. '-_\ :' '. ) ) oy f :' 0_ .- ’.’.,v Ey = 9 GeV
VoL i f —HosHok -

S AR T 1=-02GeV2 =02 | g,
"""" H, =I:IGK+SZ “",.";"-‘ ',': ] —0.4' -

s ; : : -0.5 -0.25 0 0.25 05 -05 -0.25 0 0.25 0.5
-1.0 -0.5 0.0 0.5 1.0

X cosfd cosfd 26
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Enhanced x-sensitivity: (2) Y-t pair production

GPD models = GK model + shadow GPDs - / % 0
-

' u _' —_— 2 '_ ' L
10 " (x’f;‘?ﬁz’t =2 GeVhu=2 (i_eV) ] 100 .(a) do | dt d¢ dcos6 [pb/GeV?] py-pay (b) Aur

‘ 80"{{ . _
St S — (Ho, Hy) = (H3, Hy)

60} ", ) N
. — (H,Hy) " (Hy, Hy)
— (Hy, Hy) =~ (Hy, Hy)

. ' B H “"‘:' 40_ \\ .
.\ - —— Hy= Hax i

VR Hi=Hoe+ Sy ] ] 20}

VIN o Hy=He + S "-__;"._,-" \‘\‘:;‘_'_“ _____________ J -
-1op v Hs=Hgx +D; ] ; —— ¥ H " ! } -
= T T T 0.9 .
A"(,£=0.2,1=-02 GeV2, u = 2 GeV) (© ALL e TN (d) Arr
10f ] re

; 0.6f ..
St IS RS ] 0.3}
PO A A R E, =17 GeV
VoL i f —HosHok -0.3r ¥
! _.-1:11:I:IGK+§1 ",|' :-' _0 6' t: _02 GeVz’ f — 02
""" H2=I:IGK+.§2 Loy .

-10f A : ' : : L ' : : ~-—-0.3
- : : : -0.8 -0.4 0 0.4 -0.8 -0.4 0 0.4 0.8
-1.0  -05 0.0 0.5 1.0

x cosd cosd 27

1-0.1

1-0.2
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Summary

O GPD and hadron 3D imaging

O Single Diffractive Hard Exclusive Processes (SDHEP)

* Systematic factorization.
* Roadmap for known and more new processes!

L GPD x dependence is challenging

* Multi-processes, multi-observables approach

* Moment sensitivity is not sufficient Global « ML/AI

* Enhanced sensitivity ‘ Analysis - e« LQCD

e JLab Hall D (also other halls with good controls
of quasi-real photon beams)

Thank you! ;
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Backup slides

29



(‘.\ MICHIGAN STATE UNIVERSITY

SDHEP: soft gluon and factorization
d Example: 7 (px) + P(p) = v(q1) + v(q2) + N(p')

Gluons in the Glauber region: k, = (\*, A%, \) Q A~ mg/Q, Q ~ qr
Transverse component contribute to the leading region!

30
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SDHEP: soft gluon and factorization
d Example: 7 (px) + P(p) = v(q1) + v(q2) + N(p')

Gluons in the Glauber region: k, = (\*, A%, \) Q A~ mg/Q, Q ~ qr
Transverse component contribute to the leading region!

(1= 2)p—ks)?+ie I
1 Pinched!

%
(zp+ks)®+ic ki +ice

Same conclusion if k, flows through N’!

31
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SDHEP: two-stage paradigm and factorization

O Factorization for 2-parton channel
Only complication:

ks is pinched in Glauber
region for DGLAP region.

>

kT — kP £i0(Q)

Glauber =) h-collinear region

32
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Why single diffractive?

1 Double diffractive process
Glauber pinch for diffractive scattering

N (1—2)p — ks N’ Nl

Both k and k;
are pinched in
Glauber region!

Ny (1::)1)2 + ki Nj
Factorizable thanks to pion Non-factorizable even with hard scale

(d Compare: Drell-Yan process at high twist

p1 P1

—_- D

Q

D

Factorizable Non-factorizable

m 92900

9coof Tileaao

P2 P2

G o> <l o

33




