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Exclusive Processes and GPDs

Inclusive scattering Exclusive diffraction Factorization
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Exclusive Processes and GPDs

Inclusive scattering Exclusive diffraction Factorization

— Hadron diffraction

t = A2 /
_ o\t p—=p
- (p —p')
(p+p)*t —
(k+ k)™
€T = ( n /)+ «— parton momentum
pTp
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GPD and QCD Tomography

[ Controllable soft scale t

p(b) [fm™]
20 Proton * Flavor, color blind
Elastic EM : * EM charge radius
form factor os * No color elastic form factor
e b =) NO color radius

Two distinct scales at the same time
* Hard Q: see partons (with x)
* Low t: probe the confined motion (br)

@Utf/‘l — ]

. 3Dimage © —
fi(az,bT):/d2ATeZAT'bTF¢(:U,O, —A2T) g \
# |
Parton density in dz d°br \

DVCS

“Color” density

1

.15 confinement;
nuclear force;
' color radius...
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GPD and Hadronic Property

1 QCD energy-momentum tensor
v v . v I Hl/ v,/ . = v a a, v 1 v a
T = T with T = by iy D" g — gy (i D —mg ) ¥y and T4 = FOF™, 2+ 2gt (Fg,)°
1=4q,9

1 Gravitational form factor

pPrpPY iPhgv)A AFAY — ghv A?
"TH p) = a(p') | A i D;(t ¢ (t) g*v
W22 ) = 1) | A7+ ) o Di() S e (09| i)
1 Connection to GPD moments
1 - +A
Fi /le——l— — 7/ Az’ + Bz‘ 10
/_1da:az (,&,t) < (P'|T " |p) o< a(p) [( 7 + ( 5 u(p)
1 ! 1 Y
/ drx H;(x,&,t) / dr x E;(x,&,t) Need {-dependence
O Angular momentum sum rule —1 —1 to extract the D-term
1
T * 3D tomography
J; = lim dex |H;(x,&,t) + B;(x,&,t
t—=0 ) 4 [ ( . ) ( . )] * relations to GFF ‘ x-dependence!
i=q.g e angular momentum
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Why is the GPD x-dependence so difficult to measure?

4 Amplitude nature: exclusive processes

X ~ loop momentum

1
iM ~ / e F(,.0)- O 6 Q/n)

never pin down to some x
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Why is the GPD x-dependence so difficult to measure?

4 Amplitude nature: exclusive processes

Compare with DIS l :
I q !
0 H_q}/—»}k |

P P I
i PDF |

cross section: cut diagram |

X ~ loop momentum

1 1

IM ~ de F(x,&,t) - C(x,&; i 1 X i
/_1 (2,§,t) - Clz,&Q/ 1) i ODIS :/ dz f(z)6(x/zg)

never pin down to some x S . |
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Why is the GPD x-dependence so difficult to measure?

Compare with DIS l
I q !
0 H_q}/—»}k |

P P I
i PDE :

4 Amplitude nature: exclusive processes

X ~ loop momentum

cross section: cut diagram |

1 |
M [ P Cg QU e 1 A i
)  ops / Qe f(2)6(x/zp) |
never pin down to some x S . |
O Sensitivity to x: comes from C(x,§; Q/u) _ 12 —— GK model Fd
1 pl == =+ NLO shadow I
C ; =T . G “ e lllr 5 - I
(2,6 Q/n) =T(Q/n) - G(x,§) T frie v )
| ¥ -s{ Equally fit! VARV
F(x, €t qually I,
» iM x / dx (z,€ ) = “Fu(&,t)”  “moment” 20—
1 x—&E+ie 00 02 04 06 08 10

[Bertone et al. PRD “21] * :
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How to think about the GPD processes?

4 Single diffractive hard exclusive process (SDHEP) [Qiu & Yu, PRD 107 (2023) 014007]

DVCS in lab frame h(p) + B(pz) = h'(p') + C(q1) + D(q2)

2 — 3: minimal
kinematic configuration!
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How to think about the GPD processes?

O Single diffractive hard exclusive process (SDHEP) [Qiu & Yu, PRD 107 (2023) 014007]

DVCS in lab frame h(p) + B(pz) = h'(p') + C(q1) + D(q2)

2 — 3: minimal
kinematic configuration!

Clq1)
1 Two-stage process paradigm D
. : : . . , poy = F -  —
Single diffractive: h(p) = h'(p') + A*(p1 =p—1p') _ = B(ps) = €,7,7
l factorize @ T - \
Hard exclusive: A*(p1) + B(p2) — C(ps3) + D(p4) W (p') @ D(qz)

Necessary condition for factorization: g9 > v—-t>~Aqgep t=(p— p/)2
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SDHEP: Two-stage paradigm and channel expansion
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SDHEP: Two-stage paradigm and channel expansion

C(Ql)
Bethe-Heitler

P %{px\
N =

Superleading powerin 1/Q,
B(py) but higher power in a.,
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SDHEP: Two-stage paradigm and channel expansion

C(Ql)
Bethe-Heitler

P %pr\
IN _ "

Superleading powerin 1/Q,
B(py) but higher power in a.,

Quark GPD Gluon GPD

Energy >> virtuality

—p TO be factorized into GPD
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SDHEP: Two-stage paradigm and channel expansion (twist expansion)

C(Ql)
Bethe-Heitler

P %pr\
1N _ "

Superleading powerin 1/Q,
B(py) but higher power in a.,

> 3 parton connection:
Power suppressed

Quark GPD Gluon GPD

Energy > virtuality

—> To be factorized into GPD |
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Classification of SDHEPs

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

pvcs ")/t DVMP ") T DDVCS 7\1
Pe) /| e Pw) /| e add = ro /| DHQP
\P@’)’ \p(p/y virtuality \P(p/),
V(¢2) ™(g2) Q)
H Jefferdon Lab

—



Classification of SDHEPs

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

pvcs /1 DVMP F DDVCS V \qv
P(p) -/ e(p2) P(p) s e(p2) add > P(p) >/ e(p2) DHQP
o o> virtuality o
Y(q2) T (q2) 7@

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

TCS () @ v(a) " m(q1) @ (@) /4
hip) «NLQI_@ P(p) ‘Lpﬂ o) 0 W A0 W\‘,\ﬁ)
—— —_— AN —_— _—
1" (q2) 7(q2) 7(q2)
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Classification of SDHEPs

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

pvcs “/ta pvmp FT
P(p) -/ {S(Pz) P(p) s e(p2)
7(g2) ™ (q2)

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

TCS 1w/ ) ©x
qr qr
h(p) W ) P(p) ‘ Jw)
— A/ N\ NNV — AN\N\AN\N\N
" (q2) 7(q2)
O Meso-production (AMBER, J-PARC, ...
I~ (q1) @ (@) i
h(p) /. m(p2) h(p) 7(p2)
\h’(” \»
P) W (p')
() 7(g2)

DDVCS 7 &
add P(p) e(ps)
- — > = DHQP...
virtuality o Q
Q")
(q1) i m(ar) ‘@
h(p) 0 | ) h(p) 2@
R E— - MV
K (p') J/0
7(q2)
Generic discussion
[Qiu, Yu, PRD 107 (2023), 014007]
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Where does the sensitivity come from?

 x-sensitivity © 2 — 2 hard scattering
Kinematics:
1. 5=28s/(1+§) <¢mm ¢
2. Qorqr =Vssinf/2 4= x

3 ¢ &= (A7B) spin states
1
M(Q, ) = Y traAp)o. / dz Fa(x) Ca(z; Q) (Q =0 or qr)
A —1
17 Jefferdon Lab
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Where does the sensitivity come from?

 x-sensitivity © 2 — 2 hard scattering
Kinematics:
1.s=28s/(1+§) ¢um ¢
2. 0orqr =Vssinf/2 4= x
3 ¢ @= (A”B) spin states

1

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

A —1

1

> Moment-type sensitivity C(z;Q)=G(z) -T(Q) ) Fg :/ dr G(x) F(x,&,t)

—1

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

 x-sensitivity © 2 — 2 hard scattering
Kinematics:
1.s=28s/(1+§) ¢um ¢
2. 0orqr =Vssinf/2 4= x
3 ¢ @= (A”B) spin states

1

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

A —1

1

> Moment-type sensitivity C(z;Q)=G(z) -T(Q) ) Fg :/ dr G(x) F(x,&,t)

—1

1
# 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) wmmp do/dQ ~ |C(z;Q) ®, F(x,&,1)]
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Electroproduction processes: DVCS vs. DDVCS

1 Moment sensitivity in DVCS
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Electroproduction processes: DVCS vs. DDVCS

1 Moment sensitivity in DVCS

DVCS
U Enhanced sensitivity in DDVCS

F(z,¢,t)
L — xp(f, Q//Q) + 1€

= Q’2 # External scale to entangle with x
1—(Q'/ Q)2]
14+ (Q'/Q)?
Physically appealing, but experimentally challenging...

DDVCS
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Two new example processes with enhanced x-sensitivity

J-PARC, AMBER

Qiu & Yu, JHEP 08 (2022) 103
Qiu & Yu, arXiv:2401.xxxxx

22

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 production

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

In addition to

B 1 dr F(z,&,t)
FO(gat)_[l $—€+i€

1M also contains

' dz F(z,§, 1)
1 — p(z;0) + iesgn [cos?(60/2) — 2]

g0 = [

L 1 — z+tan?(0/2) 2
plz6) =& [1 — 2z —tan?(0/2) z < (=00, =] U, 00)
1 -£& 0 3 1 &
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Enhanced x-sensitivity: (1) diphoton production [Qiu & Yu, arXiv:2401.xxxxx]

o=

do B Cr\? 1 2 [H112 | | AALH]|2 9 t ~ 152
d|t| d€ d cos 0 = am (0‘60‘8 Nc) g [(15 ) ) (IMa 2+ MY )— E+1- > M

d 20._ 1 '_N’u, ]
H;;n — H;; o Hp7 etC. _H;)Ln(m’ 5’ t, l'l') .,'.;l _HO """ - H2 _ _Hpn(m7 S? t? l’l') HO _

[ - ]
10f Deo1 1t . e - H, 1
f— [ ! “ .sl PR 1L sa 0T . ’ )‘.\ 1
moaeils modae shadow S ) ] K% I T 1t T ]
[ ' von s A A 1L A S0 R 2R Y ]
: I 1t R S B ]
[ - N viox M 1t ] ; (S A AL’ 3 “
[ I - [ - ' g o 1L ’ L3N & /-\
L ] X e L) 1t ] . . -
0 LG L —— S . S \- R
X e Ve 7 Ty - 1F v s [} - PO S )
- . ." s s A LY ! ¥ 1} ' .‘ B ! : . R k
[ \d -y E LI | 1T ' - ) ’

.

ey, -
-

P

o Vo ! woo |l At I 8 vr v N
[ ] 1F . .
1 i : iy N P
- : - r‘, L] : : _ N . .I‘ ’
/ dx S(x,§) o -10} Y 1B g=o02 oy
1

_1LU—£:|:’iE - _15_ "_‘-;; __ n =2 GeV
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Enhanced x-sensitivity: (1) diphoton production [Qiu & Yu, arXiv:2401.xxxxx]

°°> 100+ P — nyy at Er = 20 GeV °°> | pm — nyyat By =100 GeV
O ' t =—0.2 GeV?, £ =0.2 3 ol t = —0.2 GeV?, ¢ =0.2
~ _ . N ~ _ — —
i 30 — (Ho, Hy) — (H3, Hy) i | — (Ho, Ho) — (H3, Ho)
& — (Hy, Ho) -~~~ (Ho, Hy) & — (Hy, Ho) -~~~ (Ho, Hy)
< 60f — (Ha,Hy) - (Ho, Ha) Z 0.5 — (Hy Hy) - (Ho, 1)
S S
< 40l < 0.2
5 I y-paRC § | AMBER
¢ 1 v —
2 1.2+ 2 1.2¢
Qo _ _ Qo . .
© — — s e —
S ——— r I
| 1.2 1.4 1.6 1.8 1 2 3 4
qr [GeV] qr [GeV]
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Enhanced x-sensitivity: (1) diphoton production [Qiu & Yu, arXiv:2401.xxxxx]

eg 100l P7~ — nyy at Ex = 20 GeV ] Exclusive Drell-Yan dilepton production
G| t=—0.2 GeV?, £ = 0.2 ‘ ——
}:i 80} — (Ho, Hy) — (Hs, Hy) & | Ex=20GeV
—_— | Ny N Q - 2 _
P _  (HLE) - (Fo, H) S 10} t = —0.2 GeV?, £ = 0.2
" - ~ ~ Qo
¥ 601 — (Ha, Ho) (Ho, H2) i —pnT = nlte
ey [ &~
§ _ :% 1= nnt — pte-
5 I y-paRC =
v S —— 3 -
s | - 5 J-PARC
° 1.2t - ore. . . T
-% . - 1 1.2 1.4 1.6 1.8
————
r J— qr [GeV]
1 1.2 1.4 1.6 1.8 . Lower rate
qr [GeV] « Blind to shadow GPDs
26 Jefferdon Lab
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Enhanced x-sensitivity: (2) y-t pair photoproduction

[Qiu & Yu, PRL 131 (2023) 161902] 1M also contains the special integral
(@) /'h - L dx F t
I’(t7§,z79):/ i (:U7§7 )
12— p'(20) + ie

cos? (6

/
cos?(60/2) (1 — z) + z] c[=&.¢]

o (2:0) = ¢ [
v(q2) / | . | >
—1 —£ 0 £ 1 v

‘ Complementary sensitivity

E-x /i i\ —E-x xX+& /i i/?::,—x X+E /i i\ x-§
) W -

27 Nm->Nyy .ggf,é?son Lab
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Enhanced x-sensitivity: (2) y-t pair photoproduction

barrel time-of
calorimeter -flight __
target -

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

do 1

Polarization asymmetries

do

d[t|dédcosOdy — 2 d[t|dédcost |

1+ AnAy ALz

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

do

_____________________________________________________________________________________

Lyu = \MT]\Q‘F MU 4 \MVT]\Q
M

—~—

ALL = QEE%JRG

AUT = 22&%] Re

M

[H]
_|_

[H]
+

MU ) pgli=]

—~—

MU g

~—

28
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Enhanced x-sensitivity: (2) y-t pair photoproduction

GPD models = GK model + shadow GPDs

L H"(x, £ =0.2,1= —0
10} o
St
0: ' ““‘_”( ‘——0' ;: s
_5:_ Hy = Hgx .
Ly R e Hy=Hgg + 815 %
[y e Hy=Hgk + 5 °,
-10r ¥ Hs = Hgg + Dy
[ H" (x, £ =02, =—-0.2 GeV?, u = 2 GeV) |
10 . ]
sk
O: = —-_ "- SO :
i e S
I Yoo Hy=Hak + S5, ]
[ Sl Hy=Hek + S, ]
—10r i
-1.0 -0.5 0.0 0.5 1.0
X

2 GeVZ, 1 =2 GeV) |

»

250}

200_—
150¢
100}

~0.41

50¢

1-0.7

1-0.9

0.8}

0.4}

1-0.2

/ dr S(z,§) _ 0
' 1 x— & Lie
(a) do | dt d¢ dcosd [pb/GeV?] DYy—=p n’ Y (b) Ayt
— (Ho, Ho) — (H3, Hy) ]
— (H,, Hy) (Ho, Hy)
— (H, Hy) (Ho, H>)
(©) AL — (d) Arr
E, =9 GeV
_ 2 g _
jl.ab @ 12GeV = -0.2 GeV R f =0.2
205 —025 0 025 05 -05 -025 0 025 05
cosd cosd
29
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Enhanced x-sensitivity: (2) y-t pair photoproduction

GPD models = GK model + shadow GPDs

100

80}

0.9}
0.6}
0.3}

—0.3}

—-0.6

60}
40t
20t

O 10
' (a) do | dt d¢ dcosf [pb/GeV?] py->pn'y (b) Ayr

[ -0.2

_(H09I:[0)_(H351~{0) 04

— (H, Hy) (Hy, H1) 0.6

— (H,, Hy) (Ho, H>) .

-0.8

............. — | = dd
(©) AL T (d) Arr |
10

-0.1

| E,=17GeV |,

- JLab @ 22GeV t=-0.2GeV*, £=0.2
08 —04 0 04 08 04 0 04 08
cos6 cosf 5

=0

Otot [Pb]

Total cross section
0.6t
qTZ 1 GeV
It| < 0.2 GeV?
0.4 -
0.2t
—py—nwy
ol —mnYy —>pmwm Y |
5, 10 15 20
VS N [GeV]
JLab @ 22GeV
",
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Summary

d Single Diffractive Hard Exclusive Processes (SDHEP)

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

1 GPD x dependence is challenging

* Multi-processes, multi-observables approach

 Moment sensitivity is not sufficient

* Enhanced sensitivity

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

A long but exciting way to go!

31

C(Ql) i
o) Y | B
T
D(Qz)
SDHEP

Thank you!
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BACK UP
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SDHEP: two-stage paradigm and factorization [Qiu & Yu, PRD 107 (2023), 014007]

_|_
h(p) B ()
ERBL region: [qq'] ~ meson DGLAP region: Glauber pinch
Soft gluons cancel when coupling to (color-neutral) mesons!
Clq) Clq)
- GPD ® H < or H <
B(p2) B(p2)
D(q2) D(go)
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Factorization of gluon channel

.

.

!

.
%2 !

Sy

* Perturbative divergence occurs at endpoint: no phase space
* Regulated by a finite parton transverse momentum
e Collinear factorization artifact
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Photoproduction at EIC?

4 Theoretical challenge: double diffractive factorization?

(1 - Zl)pl — ks

Both k and k;

are pinched in » QED pinch: violates factorization
Glauber region!

U Experimental challenge: how “exclusive” can one go?

n PN * Electron scattering induces photon radiation.
* Exclusive processes could occur only in QCD

s , due to color singlet nature of the hadron.
%)

N N’
A consistent theoretical formalism (& applicable experimental approach) is still unclear now.
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How to think about the GPD processes?

DVCS in Breit frame DVCS in lab frame

* Hard scale Q manifest * Hard scale g7
* Cannot put Bethe-Heitler process
in a coherent framework
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