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Hard probes and proton structure

[Inclusive scattering] [Exclusive diffraction]

Tomographic images --- GPDs
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Exclusive processes and GPDs

[Inclusive scattering] [Exclusive diffraction]

Tomographic images --- GPDs
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Exclusive processes and GPDs

[Inclusive scattering} [Exclusive diffraction}
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GPD and 3D tomography

 Diffraction probes form factors and spatial density
p(b) [fm™]
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GPD and Hadronic Property

[ QCD energy-momentum tensor
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THY — Z Ti/ﬂ/ with T;L = 1, W(MD )¢q — gH Vg ('VY D — mq) Y, and Tg“ ) Zgu (Fpn>
1=q,9

[ Gravitational form factor
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tl_l;I%) » QUSU[ (ZC, 57 ) + (93757 )]  relations to GFE ‘ x-dependence!

e angular momentum

1 = q,9 [X.-D. Ji, 1997]
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Why is the GPD x-dependence so difficult to measure?

O 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?

O Amplitude nature: exclusive processes

Compare with DIS l
I q !
L H_q}/—»}k i

P P :
: PDF |

X ~ loop momentum

1 . cross section: cut diagram |

1M ~ de F(x,&,t) - C(x,&;Q i 1 X i
/_1 (2, &) - C( /1) i TDIS ™ / dz f(z)6(x/zg)

. ! B :

never pin down to some x e .
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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 :
: PDF :

O Amplitude nature: exclusive processes

X ~ loop momentum

cross section: cut diagram |

1
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1 pl == =+ NLO shadow I
C ; =T . G , — .. J'r 5 1 I
(2, & Q/p) =T(Q/p) - G(z,§) T frie v ﬂ
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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) = W' (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) = W' (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(q)
Bethe-Heitler

B %{px\
IN _ "
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SDHEP: Two-stage paradigm and channel expansion

C(Ql)
Bethe-Heitler

P *pr\
IN _ "

Quark GPD Gluon GPD

Energy >> virtuality

—> To be factorized into GPD |
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SDHEP: Two-stage paradigm and channel expansion (twist expansion)

C(Ql)
Bethe-Heitler

P %pr\
IN _ "

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

O Photo-production (JLab, EIC, ...)
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— 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")
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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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Classification of SDHEPs

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

pves ‘s DVMP y FT
P(p) -/ {E(Pz) P(p) s e(p2)
Y(q2) 7(q2)

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

TCS 1w/ ) ©x
qr qr
h) W S py) ‘ @)
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O Meso-production (AMBER, J-PARC, ...
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Generic discussion
[Qiu, Yu, PRD 107 (2023), 014007]
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Where does the x-sensitivity come from?

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

3 ¢ &= (A7 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. Qorqr = (V§/2)sind 4=mp x

3 ¢ &= (A7 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(()) wmmp F; = /1 dx G(z) F(x,&,t) Scaling for F.

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 x-sensitivity come from?

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

3 ¢ =  (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(()) wmmp F; = /1 dx G(z) F(x,&,t) Scaling for F.

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

> Enhanced sensitivity C(z;Q) # G(z) - T(Q) wmmp do/dQ ~ |C(x;Q) R, F(Q;,é:,m?
19 Scaling breaking at LO J,e,tf;gon Lab



Two new example processes with enhanced x-sensitivity

J-PARC, AMBER

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

20

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

B 1 dr F(z,&,t)
FO(gat)_[l ZE-S-FiE

1M also contains

' dz F(z,§, 1)
1 — p(z;0) +iesgn [cos?(6/2) — 2]

0= [

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 mesoproduction

: / _ I [Qiu & Yu, PRD 109 (2024) 074023]
 Diphoton process: Nm — N'yy: (1) pr~ — nyy; (2) no™ — pyy

do . Cr 2 1 9 (]2 rH] 2 9 t rlE] 2
d|t| d€ d cos 0 = 2m (O‘eas Nc) 25 [(1 § )Z (|Ma ” + Mg ) &+ — Z MG

a=-= 4m a=-=1
&2t [E])2 2 A LH] A B [F] pqLET*
— g > IMIIE =262 37 Re (MUIMIES - mEMIF)
oy e a=x=% a=+1
Nucleon transition GPDs

HY = H!— H?, etc.

W0F L T = T =g
IS-Hpn(w, &ty 1) f'_'._ —H, -~ - H, _ _Hun(maéata D) EO _
: -l ..... Hy e H, ----- El
10 Syl . ik o Hy
GPD models = GK model + shadow GPDs 5t PALOM A TN it :

-5 A A t = —0.2 GeV”® V!

1 T: . £=102

de(x,g) _ 0 5 p =2 QeV
L x—&+ie =I5 A
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
xr xr
22
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Enhanced x-sensitivity: (1) diphoton mesoproduction (at J-PARC or AMBER)

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

°°> 100l PT — nyy at E,. =20 GeV °°> [ pTm — nyYy at £, = 100 GeV
O ' t =—0.2 GeV?, £ =0.2 3 ol t = —0.2 GeV?, ¢ =0.2
~ | —~ —~ ~ I —~ —
i 30 — (Ho, Ho) — (H3, Ho) ﬁ | — (Ho, Ho) — (H3, Ho)
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< 60f — (Ha,Hy) - (Ho, Ha) Z 0.5 — (Hy Hy) - (Ho, 1)
S S
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¢ 1 v !
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o _ _ e, . .
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C |f—— C ]
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qr [GeV] qr [GeV]
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Enhanced x-sensitivity: (1) diphoton mesoproduction (at J-PARC or AMBER)

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

Ratioto GK do/d|t|dédqr [pb/GeV?]

100l PT~ — nyy at Ex = 20 GeV
[ t =—0.2GeV?, £ =0.2
—— (Hy, Hy) — (H3, Hy)

30}
' —— (H1, Hy) -~ (Ho, Hy)
60} — (Hay, Ho) - (Ho, Hy)

401 J_pARC
1.2}
1 1.2 1.4 1.6 1.8
qr [GeV]

24

do /d|t|dédqr [pb/GeV?]

Exclusive Drell-Yan dilepton mesoproduction

0.1L,

N+7m— N +4* [ 0" +47]

- E. =20 GeV
10}

t

—0.2 GeV?, £ =0.2

—pnT = bl
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12 14 16
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Blind to shadow GPDs
Jeff.;gon Lab
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Enhanced x-sensitivity: (2) y-mr 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 -

25 Nm->Nyy .ggf,é?son Lab

2)(1—2)—=z2

dar
:9 ‘im)
o




Enhanced x-sensitivity: (2) y-mr pair photoproduction (at JLab Hall D)

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

barrel time-of
calorimeter -flight __
target -

do 1 do
dit|dé dcos@dop  2m d|t|déd cos O
+C Ay cos 2 (Qb — ¢7> + ANCALT sin 2 (Cb - Qb’y)]

1+ AvAy Arz

= 4 o JIONT e
d|t| d€ d cos 0 = (o) <N> g253 2UU .
2oy = MU 2 o2 g 2,
Av = 255k Re [MP R 4 M54
Aur =235 Re //\/lv[f] MU _ /\/l[f” MU
App = 2555 Im MU AU gD pqlHs

—

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

26



Enhanced x-sensitivity: (2) y-mr pair photoproduction (at JLab Hall D)

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 °,
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[ H" (x, £ =02, =—-0.2 GeV?, u = 2 GeV) |
10 . ]
sk
O: = —-_ "- SO :
i e S
I Yoo Hy=Hak + S5, ]
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—10r i
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200_—
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50¢
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(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
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Enhanced x-sensitivity: (2) y-mr pair photoproduction (at JLab Hall D)

GPD models = GK model + shadow GPDs

[ H"(x, £ =0.2,1=-0.2 GeV?, u =2 GeV) ]
10__ "_‘ e .
5t
0: ! ““'_”( '——" ;: Ky
_5:_ Hy = Hok |
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(c) ALL (d) Arx

JLab @ 12GeV
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Enhanced x-sensitivity: (2) y-m pair photoproduction (at upgraded JLab energy)

GPD models = GK model + shadow GPDs

100

80}

0.9}
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O 10
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............. — | = dd
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cos6 cos6
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0.6t
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0.2t
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5, 10 15 20
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Summary

[ A new perspective to frame GPD processes Clar) i
> Single diffractive hard exclusive processes h(p) N\ | B
> Unified description g <\h’(p’)>
> Two new processes to give enhanced x-sensitivity D(g2)

1 Still not there yet
» Need more processes, more observables
» Need input from lattice QCD

> Need global fit

--- A long challenging but exciting way to go!

Thank you!
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