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. From inclusive to exclusive processes



Inclusiveness and DIS factorization

(d Why can we say the upper quark lines are “hard”?
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Inclusiveness and DIS factorization

(d Why can we say the upper quark lines are “hard”?
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Picture from D. Soper

e Struck parton moves on-shell or closely on-shell, for a long distance.
e But this happens way after the hard interaction.

* Since we do not observe it, cross section is unchanged.



Inclusiveness and DIS factorization

M Inclusiveness and unitarity




Inclusive hadron production at e e~ annihilation




Inclusive hadron production at e e~ annihilation

@ | O~ g

e All soft and collinear pinch singularities are canceled!
* Long-distance effects after hard interaction does not change the rate.

1
Oiot(eTe” — hadrons) = oo (eTe™ — partons) + O (a)



One hadron inclusive production at e™ e~ annihilation




One hadron inclusive production at e™ e~ annihilation

e Soft and unobserved collinear pinches are canceled due to inclusiveness!

* Long-distance effect associated with the observed hadron remains,
* butis factorized from the hard interaction ?



One hadron inclusive production at ep collision

Initial-state long-distance effect = PDF

Final-state long-distance effect = FF

Their communication is power suppressed
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Inclusive processes vs. Exclusive processes

Inclusive process

 Hadron is broken

* Bare color

* Inclusiveness

* One active parton line
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Inclusive processes vs. Exclusive processes

Inclusive process

 Hadron is broken

* Bare color

* Inclusiveness

* One active parton line

Exclusive process

> Large-angle scattering

€
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Inclusive processes vs. Exclusive processes

Inclusive process

 Hadron is broken

* Bare color

* Inclusiveness

* One active parton line

Exclusive process

> Large-angle scattering

» Diffractive scattering

Not to break the hadron!
At least two active parton lines ===) Lower rate
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Exclusive processes: large-angle 2 — 2 hadron scattering

Born level + soft connection

Color-neutral pair

14



Exclusive processes: large-angle 2 — 2 hadron scattering

Born level + soft connection Factorization

&

» My CE <—Ej Mp

&

[Lepage & Brodsky, PRD 1980;

(If
=
Qlé

Color-neutral pair

m) Meson distribution amplitude (DA) Adv. Ser. Direct. High Energy Phys. 5, 93 (1989)]
U Zp, % d
T y izpty” 7 — —
AF == [T 0y W0yl Dl ()
d T-2)p o

I.j> Defined at amplitude level: “Lightcone wavefunction”
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Exclusive processes:

Clq) ‘ a

single-diffractive hard scattering

ERBL region DGLAP region
@] <€ § <zl <1
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Exclusive processes: single-diffractive hard scattering

2 -3 ERBL region DGLAP region
2] < € €< 2] <1

Soft gluons cancel when coupled to mesons!

Generalized parton distribution (GPD) [Qiu & Yu, PRD 107 (2023), 014007]

17



Outline

] Generalized parton distribution (GPD)
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Generalized parton distribution (GPD) 0. Muller et ol Fortsch,Phys. 42, 101.(1991)

A. V. Radyushkin, PRD 56, 5524 (1997)

- o+ _ptp —
AT = 2P =
A:p_p/ . o
F— A2 — Hadr;nﬂ)ff;\/ctlon
5 — (p_p/)+
(p+p)*t -~
(k4 k)T
parton momentum
T )t
dZ iz Pt _
(z,§,1) = Ee <29‘ ( /2)7 Q( z /2>‘p>
1 10 TA
q + q
= o | 0TV ulp) - B 60 1) T Sl
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Generalized parton distribution (GPD)

d Unpolarized and polarized GPDs

Fi(a,6,0) = [ e wlat/2) v al-= /2)lp

1
~ 2Pt

[Hq(fﬁ 6.0 a7 ulp) - B, ) a ()

dZ i:L’P+

Fi(z,&,t) = - 2 ' a(z= /2) v s a(—27 /2)|p)

: [Hq(ﬂiét) (") v ysulp) — Ef(z, &, 1) a ()

~ 2Pt

75 AT
2m
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Generalized parton distribution (GPD)

d Unpolarized and polarized GPDs

Fi(a,6,0) = [ e wlat/2) v al-= /2)lp

1
~ 2Pt

0 TEA,

[Hq(ﬂf &) u (p') vy ulp) — B2, &, 1) (p)

~ dz— . 4+ _
Fi(e,6,t) = | ——e 7" (|a(="/2) v s a(== /2)Ip)
1

~ 2Pt

75 AT

2m

[Hq(fﬁ &)@ () vHysulp) — B4z, ) a(p)

(J GPDs combine PDF and Distribution Amplitude (DA)
Forward limit: HY(x,0,0) = ¢(z), H%(x,0,0) = Aq(z)
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Generalized parton distribution (GPD)

d Unpolarized and polarized GPDs
dz— . o4
Fi(a,6,8) = [ e ™" 0l g /27 e/

iote
— o7 [H@E0T0) 7 ulp) - E(w. €00 0) g ~2ulp)
Fi(a,6,0) = [ e = lam/2)y s o= /)l

1
~ 2Pt

790,602 00) v rsu(p) - B(o. €0 0 ) )]

(J GPDs combine PDF and Distribution Amplitude (DA)
Forward limit: HY(x,0,0) = ¢(z), H%(x,0,0) = Aq(z)

x-regions: E-x / \ —E-x x+E /i i/&—x x+E /i i\ x-§

-1 -E 0 1S 1
! | | | L - x

DGLAP ERBL DGLAP 2




GPD and 3D tomography

] Diffraction probes spatial density

p(b) [fm ]
20 Proton
F.T. t
10 - Electric charge radius
Fio(t) o3

05 10 15  20°Mml



GPD and 3D tomography

[ Diffraction probes spatial density

p®) [fm~?]

20 Proton
1.5
10 - Electric charge radius
05}
10 15 20°m
3D image
- {'
i"\ Proton radius
[ .
\ [ in terms of
0.2
:‘ ]U . parton contents
\ i
. ]' 0.1
fi(z,br) = /dzAT GZAT.bTFZ‘(a}, 0, —A%w) ,_1 _______ 7 f0.05
) R e v
b (fm) : [M. Burkardt, 2000, 2003]

Parton density in dz d*b;
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GPD and mechanical form factor
J PDF and momentum fraction

1
/ dx x f;/p(x) = momentum fraction of P carried by parton i
0

L. _ L (P| T, (0) |P) = 4

more formally 2(P )2 \

energy-momentum tensor T*Y

> Ai=1

1=q,9
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GPD and mechanical form factor
J PDF and momentum fraction

1
/ dx x f;/p(x) = momentum fraction of P carried by parton i
0

L _ 1 mrroip=a, > Ai=1

more formally 2(PT) \ i—q.
energy-momentum tensor TV
(J GPD and mechanical/gravitational form factor
1 .
1 Y — 2
. - . A; B(t
[ e B &) = e 0O ) (A0 +€DU0)7* (B0 ~€Di0)
1 Y 1
- Angular momentum sum rule /_1 dew Hi(w, &, 1) /1d:13xE 7,6:1)
1
J; = lim drx |H;(x,&,t) + E;(x,&, 1
=0 J_, Hi(w,&,t) (@,6,%)] [X.-D. Ji, 1997]

1=4q,9




Outline

J Phenomenology of GPD
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Single-Diffractive Hard Exclusive Process (SDHEP)

h(p) + B (p2) = b (p") + C (q1) + D (g2) A(p1) + B(p2) = C(q1) + D(g2)

C(q) ‘(TT

A(pr) 0 | B(p)
 — > )

Single diffraction
Two scales:
* Hard qr 2 — 3: minimal

« Soft t = (p—p')? kinematic configuration!

Large-angle 2-to-2
exclusive scattering
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Single-Diffractive Hard Exclusive Process (SDHEP)
h(p) + B (p2) = K (p) + C(¢1) + D (¢2) A(p1) + B(p2) = C(q1) + D(g2)

Large-angle 2-to-2

l
 — ) V| B®)  exclusive scattering

C(q) ‘q}

Single diffraction

Two scales:
e Hard qT C(ql)
+ Soft t = (p—7p')?
_p) (—————
{> Two-stage paradigm ] A KPX — ’p" y B(p2)
( —
N(p) = N@ )+ A (pr=p—1p') @
| \ @ D(QQ)\
1 factorize

A*(p1) + B(p2) = C(q1) + D(q2) Necessary for factorization: g¢r > v/—t ~ Aqcp
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Classification of SDHEPs

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

pvcs )/t DVMP r
P(p) e(p2) P(p) , e(p2)
o o
Y(q2) 7(q2)

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

TCS 1~/ . ) 4
qr qr
h(p) { @) P(p) ‘ )
—- AN\N\NAN\AN\NV —- AN\ NNV
" (q2) 7(q2)

DDVCS V w &
add - P(p) - e(p2)

virtuality o
(@)

O Meso-production (AMBER, J-PARC, ...)

I~ (q1) @ v(q1) @
h(p) /. {W(m) h(p) s {W(Pz)

<

\h’(” f \»
) W(p')
+(Q2) (Q2)

Generic discussion
[Qiu, Yu, PRD 107 (2023), 014007]
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Classification of SDHEPs

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

/ e(q) \ e(q1)
pvcs /1@ DVMP r
P(p) e(p2) P(p) > e(p2)
e e
\ 7(q2) / ™ (q2)
O Photo-production (JLab, EIC, ...)
TCS )y, Ta) £y
qr qr
() { S py) ‘ @)
" (g2) v(q2)

DDVCS V w &
add > P(p) - e(p2)

virtuality o
(@)

O Meso-production (AMBER, J-PARC, ...)

I~ (q1) @ v(q1) @
h(p) /. {W(m) h(p) s {W(Pz)

<

\h’(” | \»
) W(p')
(¢2) (g2)

Generic discussion
[Qiu, Yu, PRD 107 (2023), 014007]
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Deeply Virtual Compton Scattering (DVCS) as an SDHEP

N(p) +e(p2) = N®') +e(q1) +v(q2)

two-stage paradigm

e(q1) 7
‘ qr > v/ —t
P(p) . e(p2) ‘
o
v(q2)

Photon electroproduction

* Focus on the full physical process

* Highlight the two-scale feature
Qiu, Sato, Yu, PRD 2025, 2026
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What is the A*? --- channel expansion

4. (n>3)
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Channel expansion and power counting

Bethe-Heitler (BH)

Deeply virtual Compton scattering (DVCS)

n=1

BH and DVCS are treated on the same ground!

v (n>3)
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Channel expansion and power counting

Leading power (LP)

Next-to-leading power (NLP)

n=1

One more physically polarized parton in A*

mmmm) ONE More suppression of \/—t/qr
> 1

Consistent power counting

-

<------>

Channel expansion = power expansion

NNLP

+ .- m>3) O(-t/q})
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SDHEP frame and ¢ distribution

SDHEP frame observables: (t, &, 0, ¢)

M (t7 ga ¢Sa 07 ¢) — Z eZ'(>\A_/\e)(]5}7]\f—>]\714* %Y GA*e—)ev
A*

SDHEP frame
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SDHEP frame and ¢ distribution

SDHEP frame observables: (t, &, 0, ¢)

M (t7 fa ¢Sa 97 ¢) — Z 67;(>\A_>\e)(bl;’]\f—ﬂ\fA* %Y GA*6—>67
A*

M*

SDHEP frame

N(p) /N z @ N\@/) N(p)

e e(q1) A Interference of (A4, 4,) channels cos[(AA4) @]
e m m et(BAXa) AXg =4 — N » sin|(AA4)¢]

‘ ¢ distribution is determined by the quantum interference of different A™ spin states!
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n = 1: y* channel --- BH subprocess

O Advantage: the quasi-real state A* has well-defined helicity foralln =1,2,3, ...
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n = 1: y* channel --- BH subprocess

O Advantage: the quasi-real state A* has well-defined helicity foralln =1,2,3, ...

AN
o v ) e n
T —p; /;31 ‘p2
l y q2

Filp.tf) = (VGO OING) = a0/,5) [0 = Falt) 5 = (o,
MU = _TeFva(P,P’) GL(Ap2,q1,q2) = % [ Y (Fn-&)ex-G) —2(Fy -n) (- G7)
A==1
N = +1 A, =0

* Only the transverse polarization y; is at LP O(1/+v/—t)

* The longitudinal polarization y; is at NLP O(1/qr) < » Combine withn = 2 (DVCS)
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n = 2: [qq] channel --- DVCS (twist-2)

O Advantage: the quasi-real state A* has well-defined helicity foralln =1,2,3, ...
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n = 2: [qq] channel --- DVCS (twist-2)

O Advantage: the quasi-real state A* has well-defined helicity foralln =1,2,3, ...

1
JMW:EJ/ddﬂmwﬁnmma&a@+ﬁ%mwﬂ?@@aawh%xwﬁm%
q — 1

| |

GPDs (H, E): defined with y* (H,E): defined with y*yx

1 1
AT = =509 (75 * e
éq :gq(gv(b)( ! ! )

T—E+ie x4 E—ie
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Combine n =1 and n = 2 channels

d Amplitude level
LP Mp: A" =~7 (XA = +1)
NLP My: (1) A" =97 (A} =0); (2) A" =[qq] (A
NNLP: ...

+ [gg] (high order)
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Combine n =1 and n = 2 channels

d Amplitude level

LP M;: A" =~ (N, ==+1)
NLP Miy: (1) A=~ (A} =0); (2) A" =gq] (A4, =0) +[gg] (high order)
NNLP: ...

O Cross section level cos[(AA4) Q]

’MI + Mg+ - |2 = ‘MI‘Q +?Re (MIMTIZ-F S Sin[(A)\A)(b]
LP NLP

Adg = Aa — N,y




Combine n =1 and n = 2 channels

d Amplitude level
LP Mi: A" =~ (N ==£1)

NLP Myp: (1) A" =97 (A =0); (2) A" = [qq] (X}

NNLP: ...

J Cross section level

’MI+MII+|2:‘MI‘2+2R6(MIMTI)+
N— \ ~ S/
LP NLP

+ [gg] (high order)

cos[(AA4) @]
SiH[(A)\A)¢]

Ay =da — Ny

LP IM|ip = [M1|*> No ¢ modulation. ¥ = +1 and A} = —1 do NOT interfere until NNLP.



Combine n =1 and n = 2 channels
d Amplitude level

LP M A" =~5 (A} = =£1)
NLP Miy: (1) A=~ (A} =0); (2) A" =gq] (A4, =0) +[gg] (high order)
NNLP: ...

d Cross section level cos[(AX4) ]
AXg =g — N
My + Mg+ 2 = [My[> + 2Re (MIM}p) + - - sin[(Ada)g]| 0 A4
—— ~ v
LP NLP
LP IM|ip = [M1|*> No ¢ modulation. ¥ = +1 and A} = —1 do NOT interfere until NNLP.

NLP | M|3%p = 2Re (MiM])) - cos¢ or sing modulation.
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Combine n =1 and n = 2 channels
d Amplitude level

LP M;: A" =~ (N, ==+1)
NLP Miy: (1) A=~ (A} =0); (2) A" =gq] (A4, =0) +[gg] (high order)
NNLP: ...

4 Cross section level cos[(AXa) ]
AXg =Aa — X
’M1+/\/l11-|—...|2:‘M1‘2—|—2Re(/\/llj\/lﬁ)_|_... sin[(AX4)d] A A A
—— -— v
LP NLP
LP IM|Zp = |Mi|*  No ¢ modulation. 2% = +1 and A} = —1 do NOT interfere until NNLP.
NLP |Mip = 2Re (MiM;)) cos¢ or singp modulation.

: ,.:r 1f : : ,.:r L Interference of different numbers of particles.
$2+§ '

“ ” Unique signal of GPDs.
“twist-2" twist-3 46



Cross section within NLP: unpolarized proton

do 1 doepol

dtdé dcosfdd 2 dt dé dcosd

: {1 + AN (t, €, cos0) cos ¢ + A ANEY (¢, €, cos 0) sin ¢
\

|
Interference of y; and GPD moments

SDHEP frame




Cross section within NLP: introducing proton spin

do 1

dtdé dpgdcosOde  (2m)2 dtdEdcosf

In the experimental setting (fixed lab frame),

* Nucleon spinvector Sy = (s7,0, An)

do.unpol

* Electron spin vector S, =

Subscripts: (nucleon, electron)

U =
L =
T

Unpolarized

Longitudinally polarized
Transversely polarized

(0,0, Ac)

[1 + AMNAEY N osp AR cos ¢s

+ (ATEE + AANATET ) cos ¢ + (A AT + ANATEY ) sin ¢

+ s (A?I(jpl CoS ¢g sin ¢ + A?{},PQ sin ¢ g cos gb)
+ AeST (A?Izpl COS ¢g COs ¢ + AjNﬂI,-jg sin ¢ g sin ¢)

¢: of nucleon transverse spin in the “Lab” frame
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Cross section within NLP: full polarization

do 1

do.unpol

dtdf dps dcos0dd  (2m)2 dt dE dcos 0

NLP: from y;-y; and y7-[qq] interference

: [1 -+ )\e)\NAI]jf,—: + )\GSTA%}ZCOS g

a

1
AN = 5o
‘ Soy
FQZ)

lZsign@ <F12 B

—1
mv s

o

NLP
+ ST (ATU,l

+ )\eST

(ANEP | A A ANEPY cos &+ (A ANEP Ay ANEP) cin g )

COS ¢g Sin ¢ + A?%,PQ sin ¢g cos qﬁ)

(A?I,—f)l COS (g COS ¢ + A?Ij—jg

sin ¢g sin gb) D

440 —cosf)?

(Afl - Re V}")] 5

C2m € 4m? sin 6 cos?(0/2) L
_ . Ui . _ T
e _ _% lsinQ(Fl—FFg) (12§F1+F2> L3 Sh(l:(;se (Mz~ReV;)] | Linear in GPD moments Vr = (H,E,H,E)
2(3 —
. . 23— cos) [H,E}(&,t) zzeg/ dx {HY, E1}(z,,1) — + :
ZTL,QZQSIHQ(Fl +F2) <F1+4—WF2>—T(]\/[4-RGV}"), q —1 _$_€+Z€ ZE+€_Z€_
Ar1+E£3—cosh ~ ~ 1 ~  ~ [ 1 1
NP 2T M; -Im V- — 2 q 79 _
UL m € sng 2( - Im VE), {H,E}(f,t)_zq:eqfldx{H , B9} (z, &, t) T Eii TiE i
NLP__AT4+(1_COS‘9) . . i
BLy = 2m sin 6 cos?(0/2) (Mo - Im V),
44 (1 —cosh)? .
Lro. = SinéCOS;(O;/Q)) (Ms - Im V), * 8 asymmetries & 8 (real) GPD moments
. 2
2%1;:4”1 <0S0) 0ty T V). 49

sin 0 cos?(0/2)



Cross section within NLP: full polarization

do 1 do1opol

dtdf dps dcos0dd  (2m)2 dt dE dcos 0

1+ AANATL 4 Aesp AR cos b

(1 (ANEP £ AN ANER cos 6+ (A ANEP 4 Ay ANEP) 6in g )

NLP: from y7-y; and y7-[qq] interference + s7 (AR cos ¢ sin ¢ + ANEE, sin ¢s cos ¢)

‘ + Aest (ARL cos g cos ¢ + ARr ' sin ¢g sin d)
N ’ ’ /
_ ; -
Fl —W.Fb g(F1+F2) 0 <« M1
1+ t
(1+&)(F1 + F3) E(F1 + Fy) €Fl —&F — (1 +€)WF2 <« My
M = £2 t t 1-—¢2 ¢2 t £t
— — - = M.
f(Fl-l-Fz) (1+£+4m2) (F1 -I—Fz) §F1-|—4m2 ¢ 2F2 (1+€+4m2)F1 4m2F2 <— VI3
£t t 1-—¢ / £t
| AR I G LEr— Ll el
o det M # 0
E VQ <—— Reconstructed from experiments ©
X = | : . !
- M 7l = v, (complex valued) — Unique solution for GPD moments
&1 LVl S0




Outline

1 Inverse problem and global analysis of GPD
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Scaling in DVCS

What are constrained by DVCS: “Scaling integral” Commonly called “Compton form factors” (CFFs)

{H,E}(& 1) EZ@?]/_ldx{Hq7EQ}(x,f,t) - PR _ /

|z —&+ie T+ E— i€
independent of Q, g, or 0 at leading order

o B 1 . [ 1 1
{H.e}He0) =§qje§/ldw{HQvK}<%f’“ T Evic w+E—ic)

3 — 0
‘ Predictable 6 shape. E.g., ANY" o8 [

sin 6

FiimH — ——F, ImE +&(Fy+ Fy) ImH
P I

Unknown but does not affect 8 shape

» Advantage: Helps to experimentally confirm parton-dominated dynamics (i.e., parton model)



Scaling in DVCS

Confirmation of scaling phenomenon for the “CFFs” extracted from DVCS data!

5

4

r 15
: S 14
s x% e [ﬁ? E,} 13
- }%[}]{’ Fé 12
- - 11
X0 mole), molP) (negmedonry L —————— 1o
- ADO ImC(F) O15,1.9,23 GeV? T T .
[ m e ReC!F),—Re(C+AC)F) Q%=2.3 GeV3[ ® - 1
e Im C'(F) (VGG) _Z
[ ReC'F (VGG) ’ ]
- ———— —Re (C+AC)(F) (VGG) n " 12
B & o
C | | L1 | | L1 | | L1 1 | L1 | | L1 | | | i | | | | | | | | | | | | | | | | | |

14 16 1.8 2 22 24 -0.3 -0.25 -0.2 -0.15

Q?(GeV?) <t> (GeV?)

JLab Hall A, PRL 97 (2006) 262002
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Scaling in DVCS

What are constrained by DVCS: “Scaling integral”

{H,E}(&, 1) 5263/—1 de {H,E}(z,&,t) _

[H,E} () zzeg/_ldx{ﬁq,ﬁq}(x,g,t) _

Commonly called “Compton form factors” (CFFs)

1 1
|z —&+ie T+ E— i€
1 1
x—&+ie T+ E— i€

» Disadvantage: Difficult to extract x-dependence of GPDs

b S(x,&t)

dx

‘ Shadow GPD problem /
—1

x — &+ i€

=0

S(£€,€,1) = S(2,0,0) = 0

P

independent of Q, g, or 0 at leading order

[
(9]

~ ol GK model /Shadow
ol + NLO shadow ]
° GPD
WL
35: 0 - ‘/ e e e
~
T -59 Equally fit!

_10 ] ] 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

X
[Bertone et al. PRD "21]
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Scaling in DVCS

What are constrained by DVCS: “Scaling integral” Commonly called “Compton form factors” (CFFs)

{H,E}(& 1) zzegf_ldx{ﬂq,Eq}(x,g,t) - PR _ /

|z —&+ie T+ E— i€

_independent of Q, qr, or 0 at leading order

o B 1 . [ 1 1
{H.e}He0) =§qje§/ldw{HQvK}(%f’“ T Evic w+E—ic)

S(£€,€,1) = S(2,0,0) = 0

X ~ loop momentum

never pin down to some x




Where does the x-sensitivity come from?

 x-sensitivity © 2 — 2 hard scattering
Kinematics:
1. s=28s/(1+%) = ¢
2. Oorqgr = (V§/2)sind 4= x
3 ¢ ¢mm  (A'B) spin states

1

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

A —1
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Where does the x-sensitivity come from?

 x-sensitivity © 2 — 2 hard scattering
Kinematics:
1. 5=28s/(1+%) = ¢
2 Oorqr = (V§/2)sin6 4= x

CAN() ¢mm  (A'B) spin states
1
M(Q, ) = Y traAp)o. / dz Fa(x) Ca(z; Q) (Q =0 or qr)
1 —1
1
L o . B Independent of Q.
> Moment-type sensitivity C(z;Q) = G(z) - T((Q)) wmp I = /1 dx G(z) F(x,&,t) Scaling for F.

1
C> Inversion problem: shadow GPD Sg = / dr G(x) S(x,£) =0 [Bertone et al. PRD "21]
—1
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Where does the x-sensitivity come from?

 x-sensitivity © 2 — 2 hard scattering
Kinematics:
1. 5=28s/(1+%) = ¢
2. Oorqgr = (V§/2)sind 4= x

CAN() ¢mm  (A'B) spin states
1
M(Q, ) = Y traAp)o. / dz Fa(x) Ca(z; Q) (Q =0 or qr)
1 —1
1
L o . B Independent of Q.
> Moment-type sensitivity C(z;Q) =G(z) - T(()) wmp Fg = /1 dx G(z) F(x,&,t) Scaling for F.

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

> Enhanced sensitivity C(2;Q) # G(z)-T(Q) wwmp do/dQ ~ |C(z;Q) @, F(x,,t)|°
Scaling breaking at LO
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Scaling kernels and moment sensitivity

Origin of scaling: massless parton approximation + massless external states.
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Enhancing sensitivity by breaking the scaling

Origin of scaling: massless parton approximation + massless external states.

mm) DDVCS ¢ =Q7 >0
k= [q’ + (x — f)Pr

= (-6 2P ¢)+Q"

_ Q2_|_Q/2 [x_€<Q2_Q/2>]
2% Q>+ Q7

: F(x,¢,1)
—> dacx ~ ( 0o Scaling violation

Grrdn ) +ie

The rate of DDVCS is likely too low to be useful...



Scaling breaking at 2 — 3 level

J-PARC, AMBER JLab Hall D
Qiu & Yu, JHEP 08 (2022) 103 G. Duplancic et al., JHEP 11 (2018) 179
Qiu & Yu, PRD 109 (2024) 074023 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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Non-scaling 2 — 3 process: (1) diphoton mesoproduction

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

In addition to

_ [ dzF(z,61)
Fo<5,t>—/_1 Lo

1M also contains

: dr F(z,&,t)
1 — p(2z;0) +iesgn[cos?(0/2) — 2]

I(t,€:2,0) = /

o [ ¢ g
— e
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Non-scaling 2 — 3 process: (1) diphoton mesoproduction

: , _ N [Qiu & Yu, PRD 109 (2024) 074023]
[ Diphoton process: N7m — N'yy: (1) pr~ — nyy; (2) nn™ — pyy

do Cr\* 1 , - . " .
=2 oOlg (1 = [H]}2 [H]12\ _ [ ¢2 [E] 2
d[t| d€ d cos 0 ”(O‘ . Nc) 253 [( f)E(IMQ ? + | MU |> 3 + 73 O;:i\/\/la |

o==%

2 ~ —~ —~
LS R 22 Y e (MRS 4 Mgfwgﬂ*)]
a==
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Non-scaling 2 — 3 process: (1) diphoton mesoproduction

: , _ N [Qiu & Yu, PRD 109 (2024) 074023]
[ Diphoton process: N7m — N'yy: (1) pr~ — nyy; (2) nn™ — pyy

do . CF 2 1 2 [ﬁ] 2 Ao LH] 2 2 t E] 2
d|t| d¢ d cos 6 =27 (OéeasNC) £243 ' [(1_5 ) Z (|Ma ” + MG >— &+ — Z M

a== 4m a=4

WM 2 3 e (MR + M)
m a==+ a==+
Nucleon transition GPDs

u v pyd e L —————————
H,, =H,—H,, etc. 20| ] |
15¢ a 1t ]
L | T | e
GPD models = GK model + shadow GPDs 5t HEETRE A R it DA S s _f

- -al ¢ ! )
- - b I 1 - | ~ N A}
- . Y7o - I \J 1T ! - A e h2 :0' - '
3 L PG L 1t L) A g v
H ol ! 1t ' N —
5 A w— 2 ; s
> - T - B = N ) I CuNEY " - - T .
AT - CRR Y L 1 1t . ' [ ' 2
L . PR | PR r ) [] A ' -
. ! CO Y - - 1€ PR - '
A -1 .. 1 N 1 [ - I
A ] S L RS i

Sl

—52' SR Ch " Ly : 1F t = —0.2 GeV? “‘!~'~
1 10} Y b o g=o02
/ deS(,6) _ ; ¥ it i =2 GeV
1 x—E&+Le -ISp T £ T B
-1 -0.5 0 0.5 1-1 —-0.5 0 0.5 1



Non-scaling 2 — 3 process: (1) diphoton mesoproduction

[Qiu & Yu, PRD 109 (2024) 074023]

°°> 100l PT — nyy at E,. =20 GeV °°> [ pTm — nyYy at £, = 100 GeV _

@ ' t = —0.2 GeV?, £ = 0.2 § ol t=—0.2GeV% £€=0.2 ||

S ol — (Ho, Ho) — (Hs, Hy) s — (Ho, Ho) — (Hy, Hy) |]

s | (B, H) - (Ho, ) s —— (H,, Hy) -~ (Ho, )

< 60} — (M, ) - (Ho, ) g 0.5] —— (Hy, Hy) -~ (Ho, H))

S S

< 40l < 0.2

5 I y-paRC § | AMBER

¢ L v 1 - - - -

S 1.2t 2 1.2¢

o _ _ o | _

r |f—— r
| 1.2 1.4 1.6 1.8 1 2 3 4

qr [GeV] qr [GeV]
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Non-scaling 2 — 3 process: (2) y-rr pair photoproduction

[Qiu & Yu, PRL 131 (2023) 161902] 1M also contains the special integral
1
7(q1) - / dx F(x7§7t)
I'(t,&2,0) =
IQT (,S,Z, ) /1:6_10( 9)—|-Z€
0 | v(p)
Nip) T cos 2(0/2)(1—2) 2] _ e
6082(9/2)(1.—-z)-+-z ’
| >
0 5 1 v

‘ Complementary sensitivity

E-x / i i -E-x xX+& /i i/%—x X+E /i i \ X—§
) v |

Nmt—->Nyy

Y
s
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Non-scaling 2 — 3 process: (2) y-ir pair photoproduction

forward calorimeter
barrel  time-of /
calorimeter -flight _

Polarization asymmetries

do 1 do
dit|dé dcos@dop 2w d|t|déd cos

+( Ay cos2 (¢ — ¢~) + ANCALTsin2 (¢ — ¢)]

[1 -+ )‘N)‘W Arr

central driftd‘ambers ________________________________________________ 2— —_———————— -2- _________ E

\ ‘ | | o ;hanrber do ( ) 2 C F 1 — g > I

tagger magnet \—l Y SuPe;::nn:tCtlng =TTl i
T d|t| d€ d cos 0 AN e 7Y

JLab Hall D

_____________________________________________________________________________________

[Qiu & Yu, PRL 131 (2023) 161902]

S = (M 4+ R Y2

Av = 2555 Re [M AT 4 P 507,

Apr = 2555 Re [ MU U1 — pqUH pq AT
Apr = 2555 Tm [ M A 4 A )

Neglecting: (1) E and E; (2) gluon channel



GPD models = GK model + shadow GPDs

10}

2 GeVZ, 1 =2 GeV) |

L H (x, £ =0.2,¢= -0,
10}

»

250¢

200_—
150¢
100}

_0.4l

Non-scaling 2 — 3 process: (2) y-rr pair photoproduction

50¢

1-0.7

1-0.9

0.8}

0.4}

1-0.2

/ dr S(z,§) _ 0
' 1 x— & *e
(a) do | dt d¢ dcosd [pb/GeV?] DYy —=p n Y (b) Ayt
— (Ho, Ho) — (H3, Hy) ]
— (Hy, Hy) (Ho, H1)
— (Ha, Hy) (Ho, Hy)
(©) AL — (d) Arr
E, =9 GeV
_ 2 g
.”.ab @ 12GeV =-0.2 GeV R f =0.2
205 025 0 025 05 -05 -025 0 025 05
cosf cost

-0.3

1-0.5

1-0.1
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Non-scaling 2 — 3 process: (2) y-rr pair photoproduction

GPD models = GK model + shadow GPDs

10}

2 GeVZ, 1 =2 GeV) |

10}

L H (x,£=0.2,1=—0.

140

100}

60}

» 20}
02|
_0.4}

—0.6¢

—-0.81

dx S(x
_ /1x—§j:ze

=0

| (a) do [ dt d€ dcoso [pb/GeVZ]

E, =9 GeV
t=-02GeV? =02

py-nnty

(b) Ayt

JLab @ 12GeV

0.2

1-0.2
— (Hy, Hy) — (Hs, Hy) ]
(Ho, ~0) (H5, ~0) 1204

— (H,Hy) (Ho, Hy) 1
1 ~0 0 ~1 106

— (H,, Hy) (Ho, Hj) 1
1-0.8

1-0.1
1_02
-5—0.3
|04
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GPD inversion from neural network

Challenge: Shadow GPDs make parametric method biased

‘ Construct GPDs from most flexible pixelation method

GPD Observables

=)

r~
! P
- -
\.\j\ ~ [ ~~d T~
Be N 4 ~NTY 4
f ~~ mm L~ =
[ [ ~l] [ | [ 1]
amal B ~ L~~
L] -
ol L)
-~ L
| T i T T
=t = T
L L _,__._.t_‘_.._‘-
LH
guEnEssy § C FOHEAEH §
L4111 5 | {1
H TR T
— -
-1 L1 L1 ",‘n
- -
171 .4"‘“ NEas /ﬂ“
L1 L1 L 11 L1
-l "/ /‘/ //
d -1 B 4 -1 g8 4
|+ L171 - 1 1
| » L L+ -1
LA L e
/CE/ E i
-

g
&\
ﬂl \
K
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GPD inversion from neural network

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

. |8Df(f)

—1

y = f(Z)

>})D(y) o 7D

Gaussian distribution Np(Z)

GPD Observables Ground-truth data

™ ™
I~ [\\
\‘N[\N ma \‘: e ™~ T
4 . A . = A - B
I T A NNy,
~dd!r  dreaergdarres<satrr 0 T U T
~-\,_‘~~~~: -\.NN..‘N ~~~~~~~~ FN
L] -—4—‘._..j_‘ B Tl B
4 - EEme
N I. ) ‘_‘N""'-'-—— [ }—‘_"“ —'r—r-- o e o W
G (e L Loss T
] |ttt S | L1 g [ElE] .
OWS o CHHHH T
- -
| LT LT L L1
/’_,_,—’ gEECs L
- ’/,—' | -+1 ",.—" - ’/,-—
L |41 - - L
|} = L 41 L L4
11 g 11 o L+
- L L 11 - -
- 1 - - -~ 1
= -1 4 - L1 - -
V/ L1 v | e v 41 »
| A1 L4 -1 41 ~d
L - » » | A~
= E/ L1 L~ A1 -
- |-
| | A |

Optimization 4_| Backward propagation
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Reconstruct with only scaling DVCS integral

Ground Truth (GK H,")

1.0
u-+ 5.0
osy N Hak (2,6, 1)
2.5
0.6 1 /
up 0.0
0.4 1
-25
0.2
21 x 11 , —5.0
0.0 : :
-1.0 —0.5 0.0 0.5 1.0

X

1 Neural network generator

qu\LIF(:Bagat) — H(%K($7£7t) * E(l‘,f,t)

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

 Observable: DVCS integral

b HT(x,€,0)

M[H](g’t)zf_ldx T — &+ ie

O Optimize with a loss function

W,

MUINEI(E, t) — MUIFTexl(g, ¢)

Prior to NF' training

2.5
0.6 0.6 1
0.0 W
0.4- [ B = 0.4
] | —2.5
0.2 1 ’/ 0.2 1
e —5.0
0.0 : 0.0-
—-1.0 .
T

X*(Hxr, Hox) = )

= r- MIH

G

kI(€,1)

5.0

0.8
2.5

0.6 1
0.0 &

0.4
—2.5

0.2
-5.0

0.0

Rel. Err. (%)

-1.0 -0.5 0.0 0.5 1.0

‘ Training with DVCS moment. 7 = 0.01

Reconstructed with DVCS

1.0 7 1.0
L ;
X / 5.0 §
\ 3
y .
_ ; _
0.8 & , 0.8
4 k
5 ;
5 ¢
) ¢
. ;
f )
5 5
5 y
: y
¢
y 7
S /

Rel. Err. (%)

Sensitivity only on the ridge.



Shadow GPDs from pixelation approach

DVCS integral

MPVCS (¢ ) = /

DVCS integral
+ first two x-moments

o - |

n=24

>
H*(0,6,1) &

10

x— &+ e —5-

(z,€,1)

dra" THT(x,6,t) =
—5 1

—10

¢ =0.20

GK

¢ =0.50

DVCS 1
-—- DVCS 2
921 x 11 —- DVCS3 21 x 11
—-1.0 -0.5 0.0 0.5 1.0 —-1.0 -0.5
T
£§=0.20 £E=0.5
\
' \ x  GK
DVCS+Moments 1
=== DVCS+Moments 2
21 x 11 —-= DVCS+Moments 3 21 x 11
—-1.0 -0.5 0.0 0.5 1.0 —-1.0 -0.5

X




Improve GPD extraction with non-scaling photoproduction

! Ht(z,&,t)
Non-scaling integral M [F] tH:/d Ak
on-scaling integral M (&,¢,0) » :z:x_xp<€’9)+i€

+ .

T Ground Truth (GK H,) ' NE T Reconstructed with DVCS+PP T Rel. Err. (%)
A o N A 50 N HE
081 | > 0.81 81
0.6 - DVCS + 0.6 1 67
0.4 ‘ 7 Photoproduction 0.4 |
~25
0.2+ (PP) 0.2
NEESS —5.0 V4
~10  -05 00 0.5 1.0 cosf € [—0.9, 0.9] 0070 05 00 0.5 1.0
x x x

r =0.01
Reconstructed at GPD level



With both non-scaling mesoproduction and photoproduction

10
¢ =0.20 ¢ = 0.50 ¢ = 0.80
5_

=
o
\&: 01 T i w
Ny

—5‘ 4 X GK T T

=== DD: 23 x 23
0 21 x 11 - DD: 8l x sl 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
i X X

Reconstructed at double distribution (DD) level



Recent progress: global fit from GUMP

Fit to DVCS and DVMP data

dodY.o/dt at xg = 0.37, Q2 = 4.6 GeV?

dot¥ s/dt at x5 = 0.37, Q% = 4.6 GeV?

0.005
0.012 - § t=-0.47 GeV2 S e} t?-_o-_“Esz}— 0.000
[ ]
0.006 1 ¥ i ¥ +-o0.005
0.012 7 } t=-0.38 GeV?2 . i t=038Gev2|[ 209
0.008 % £ - 0.000
0.004 1 i3 1 +-0.003
el 7 t=-0.32 GeV? 38 § t=-0.32 Gev? [ 0.0025
0.0084 %% ; - 0.0000
0.004 - - ~0.0025
- 0.004
0012 3 § t=-0.26 GeV2 3t § t=-0.26 GeV?
0.008{ " Lo - 0.000
. L]
C - ~0.004
0.016 3 " 5.38%4
f— 2 ] i 2
0,012 - § t=-0.2 GeV b t=-02GeV2 [ ' oo0
0.008 - x 3 - —0.0025
0 2 4 60 2 4 6
¢ [rad] ¢ [rad]
X ¢-integrated dogy, pves/dt at HERA ¢-integrated do%’, pvpp/dt at HERA
1075 T § x5=0.0006, 0?=5 Ge\? | 102
10° 4 = 2_ 2 \.-\ 3
o] } x6=0.0010, Q?=10 GeV—____ o
109 —— i x5=0.0010, Q?=7.8 GeV? F 10?
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lo-1 1 1 xs=0.0023,Q?=155 Gevz\'E g F10°
10° ; T} x=0.0050, Q?=41 GeV2 [ 1o
107! 4 § x5=0.0037, 0?=25 GeV’*—____, 10-1
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
|t] [GeV?] |t] [GeV?]

Y. Guo, et al., PRL 135 (2025) 26, 261903

Fit to PDF and lattice moments

Fit to unpolarized PDFs f(x) Fit to zero-skewness GPD H, _ 4(x,t)
1.0
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Recent progress: global fit from GUMP Y. Guo, et al., PRL 135 (2025) 26, 261903

Partonic images

Q3 4 x=0.001
up quark down quark 5
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-
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Summary and outlook

 Factorization is extended from inclusive to exclusive processes

] New correlation functions: DAs and GPDs

(J GPDs provide tomographic images

 Single-diffractive hard exclusive processes (SDHEPs) for GPDs

J Two-stage picture of SDHEPs entails a unique quantum interference pattern

3D image
{ Inversion problem makes GPD extraction very difficult @ 0 3 e
[ Two new processes to give enhanced x-sensitivity - - A \ ‘»"
O So far, looks consistent. But still not there yet. !"\ ﬁ“ s
» Need more processes, more observables 'l'*._ _ : ji:.l;
-1 g5 R R :

» Need input from lattice QCD by (fn:)
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