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Generalized parton distribution (GPD)

 From factorization of exclusive diffractive process
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GPD properties: 3D image
L Controllable soft scale t and 3D tomography

p(b) [fm™2] .
20 Proton * Flavor, color blind
Elastic EM 1S  EM charge radius
form factor (‘): * No color elastic form factor
' m==) no color radius
05 10 15  20°[m

Two distinct scales at the same time
* Hard Q: see partons (with x)

DVCS * Low t: probe the confined motion (by)

“Color” density

o

confinement;
nuclear force;

color radius...
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GPD properties: gravitational form factor

O QCD energy-momentum tensor
_ <> _ <>
T =N T with T =g iy DY 9y — g1, (m D — mq) g and TH = Ferpe, v g g (Fo )
i:qvg
O Gravitational form factor

oo PHPY iPg¥) A AMAY — g A2
W' 1T p) = alp) | Ai(t) +Ji(t) = —— + Di(t)

Fma(t) 2 | u)

2m 4dm

(J Connection to GPD moments

1 A
/ drz Fi(x, &) o< (P|Tp) o« u(p) [(Al +&D;)yT + (B —€°D;) Z;m ] u(p)
—1 H_J h_J

1
/ drx H;(x,&,t) / dxx E;(x,&,t)
—1 —1

O Angular momentum sum rule
1
J; = lim drx [Hi(x,&,t) + Ei(z,&, )]

[ ]
[ ]
t—0 J_4 .
[ ]

3D tomography

relations to GFF ) x-dependence!
angular momentum

3
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However, the x-dependence of GPD is hard to measure

O Amplitude nature: exclusive processes

DVCS DVMP TCS

1
X ~ loop momentum M ~ / de F(xz,&,t) - C(x,&;,Q/u)  never pin down to some x
-1
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However, the x-dependence of GPD is hard to measure

O Amplitude nature: exclusive processes

DVCS DVMP TCS

1
X ~ loop momentum M ~ / de F(xz,&,t) - C(x,&;,Q/u)  never pin down to some x
-1

 Sensitivity to x comes from C(x, §; Q/u) _ 12 = GKmodel 0
ot ==+ NLO shadow
bves 4 5 o
C(%@Q/M):T(Q/M)'G(ﬂ?,f)0<m'“ X 0-47""'\.\\_{_\‘_’_
¥ -5qFitthe same CFF! | \/
\

|
=
o

1
F t ——
|:> M O(/ dx P&t = “Fy(&,t)” 00 02 04 06 08 10

1 =&+
[Bertone et al. PRD 103 (2021) 11, 114019] 4
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Types of x-sensitivity

(J Moment-type sensitivity
C(z;Q) = G(z) - T(Q)

1

= Fg :/ dx G(z) F(x,&,t)

—1
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Types of x-sensitivity

(J Moment-type sensitivity
C(z;Q) = G(z) - T(Q)

1

= Fg :/ dx G(z) F(x,&,t)

—1

O Enhanced sensitivity
C(z;Q) # G(x) - T(Q) Q flow entangles with the x flow

) do/dQ ~ |C(2;Q) ®, F(x,&,t)|> gives extra sensitivity to the x dependence
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Types of x-sensitivity

(J Moment-type sensitivity
C(z;Q) = G(z) - T(Q)

1

:>FG=/ dx () F(r,€, 1)

—1

O Enhanced sensitivity
C(z;Q) # G(x) - T(Q) Q flow entangles with the x flow

) do/dQ ~ |C(2;Q) ®, F(x,&,t)|> gives extra sensitivity to the x dependence

Qiu, Yu,
JHEP 08(2022)103 © ) pARC, AMBER 5
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Types of x-sensitivity

(J Moment-type sensitivity
C(z;Q) = G(z) - T(Q)

1

:>FG=/ dx () F(r,€, 1)

—1

O Enhanced sensitivity
C(z;Q) # G(x) - T(Q) Q flow entangles with the x flow

) do/dQ ~ |C(2;Q) ®, F(x,&,t)|> gives extra sensitivity to the x dependence

First introduced by
Qiu, Yu, 1 v G. Duplancic et al.
JHEP 08 (2022) 103 J-PARC, AMBER JLab Hall D JHEP 11 (2018) 179 5
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Exclusive hard diphoton production in TN collision

Hard scale: qr > Aqcp
Soft scale: t ~ A%ZCD
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Exclusive hard diphoton production in TN collision

=(—7) Hard scale: g > Aqcp

 Kinematical observables: t, §, gy t
E=(p— p’)+ /(p er’)Jr Soft scale: t ~ A%)CD

(] Factorization

M (t, & qr) = / do F(x, &t m) - C (2,890 /1) + O (Aqep/qr)  [suppressing DA factor]
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Exclusive hard diphoton production in TN collision

=(—7) Hard scale: g > Aqcp

 Kinematical observables: t, §, gy t
E=(p— p’)+ /(p er’)Jr Soft scale: t ~ A%)CD

(] Factorization

t, & are directly observed

1 do
M (t757QT) :/ dxF<$7£at7:u> ) C(ZL’,S;QT/,LL) +O(AQCD/QT) :> m N |M (t7€7QT)|2

-1 |

X < dqr 6
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Photoproduction of ym pair

[ Crossed process [Qiu, Yu, in preparation]

N(p) +v(py) = N'(0") + 7(q1) + 7v(g2)

(] Factorization:

Gr
)
Nl(p/
qr > vV —t ~ Aqcep

o

JLab Hall D 7(2)
1 Complementary sensitivity
Also sensitive to the D-term. do
\ —E-x x+E /A 4/ E-x x+§ /, \ *—E dt d¢ dcos
-l \ ! F(a:, §, t)
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Sensitivity to GPD x

H N m—> Ny y qT PN x [Qiu, Yu, JHEP 08 (2022) 103]

(a) Chll‘al —even GPD Wlthoutfdependence L1f (c) E =150 GeV , §)_( 01GeV2 0. 1) - LI0F (d) E, =150 GeV, (t, &) = (0.1 GeV2, 0.15) 1
1] ]
= 2 o o
15[ t=-0.1Gev 3 1 osk
= — (-03,224) — (0.5,2) =t 1.0-// \ Y
”;E — (08,12) — (15,03 E E 1.00 =
£ 1.00 — - — (-03,224), (-022,2.
& S 009f (=0.3,2.24), (-0.22,2.33) _:c 0.95 (=0.3,2.24), (-0.22,2.33) ]
3 s — (05,2, 05,2 b — (05,2, (05,2)
"ot 2 2 0.90f ]
: £ 0.8 — (0.8,1.2), (0.8,1.2) s — (0.8,1.2), (0.8,1.2)
E B 0.85}
— (1.5,0.3), (1.5,0.3) — 1503, as03» AMBER
0.0 L L L L 0.7k N N N N X i 0.80L . . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.0 1.5 2.0 2.5 3.0 35 1.0 1.5 20 25 3.0 35 40
* gr [GeV] g7 [GeV]
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Sensitivity to GPD x

d N m—-> Ny Y: qr © X [Qiu, Yu, JHEP 08 (2022) 103]

() Chiral- evenGPlethout.fdependence L1p (c) E =150 GeV , ;—‘)—( 01Gev2 01) 1 L10F (d) E,=150GeV, (1, & = (0.1 GeV, 0.15) ]
1] ]
- 2 o o
1.5p =016V 3 3 1.05}
= — (=03,224) — (05,2) —*él“ 1.0_// \ iév
1‘:“ — (0.8,1.2) — (1.5,0.3) E E 1.00 /
,E 1.0 S g9l T (-03,224) (022,233 ;3 0.95F — (F03.224), (-0.22,2.33) 1
= b — (0.5,2), (0.5,2) 5 — (0.5,2), (0.5,2)
0.5k 2 2 0.90F :
) £ 0.8f — (08,1.2), (0.8,1.2) k= — (0.8,1.2), (0.8,1.2)
E 8 0.85}
— (15,0.3), (1.5,0.3) — 1503, as03» AMBER
0.0 . . : . 0.7k . . . . . 0.80~ ; ! ' '
0.0 0.2 0.4 0.6 0.8 1.0 1.0 1.5 2.0 2.5 3.0 35 1.0 1.5 20 25 3.0 35 40
X qr [GeV] qr [GeV]
/ . . . .
A Ny > Nmy: cos@ < x [Qi, Yu, in preparation]
L4 . . ) i ] o . : . . . .
t;med s(;mpllfied GK model _ 16 I: (~0.8, 5) E, =9 GeV ~ 14 JLab Hall-D
1.2} (forward) > 14f £=-0.08GeV,£=0.13 - P! E,=9GeV
<10 S pof (053 o f=-0.1GeV,&=0.15
203 = 2%
EX & 10} &
250.6 S 8f~I: (-0.2,2) —h =0 : 2
" 5 M 5
0.4 2 6fF ] 3
5 S
0.2f o4 IVi(0.2,1.5) ] =
—vo2ty
0.0t , , " - . 2 . . . . . . ) . . . . ]
0.0 0.2 0.4 0.6 0.8 1.0 —-0.15-0.10-0.05 0.00 0.05 0.10 0.15 -03 -0.2 -0.1 0.0 0.1 0,2 0.3 3
cost, cosf,
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Generalize: Single Diffractive Hard Exclusive Process (SDHEP)

o po . . [Qiu, Yu, PRD 107 (2023), 014007]
1 Unified kinematic structure

2 - 3:
minimal kin.
configuration
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Generalize: Single Diffractive Hard Exclusive Process (SDHEP)

o po . . [Qiu, Yu, PRD 107 (2023), 014007]
1 Unified kinematic structure

2 - 3:
minimal kin.
configuration

i Necessary condition:

h(p) = W' (p') + A*(pr = p — ')
. B p/pW qr >V —1 =~ AQCD
factorize AP Tt /

U Two-stage process paradigm

— "2
A*(p1) + B(p2) = C(p3) + D(pa) h(p) () t=(p-p)
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Two-stage paradigm and channel expansion (twist expansion)

10
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Two-stage paradigm and channel expansion (twist expansion)

10
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Two-stage paradigm and channel expansion (twist expansion)

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

Energy > virtuality
- To be factorized into GPD 10
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Factorization in the two-stage paradigm

O Factorization for 2-parton channel

11
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Factorization in the two-stage paradigm

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

11
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Factorization in the two-stage paradigm

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

11
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Classification of GPD processes
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...

12
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Classification of GPD processes
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 Hall-D, ...)
cs /1 R A yl
h(p) @) P(p) Q) h(p) o | ) h(p) 2
— ANNANANANNANL —_— ANNANNNL — —_— ANNNNANL
4 e
" (g2) 7(q2) 7(q2)

12
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Classification of GPD processes
O Electro-production (JLab, EIC, ...)

DVCS y| i DVMP y| @ DDVCS V‘q
P(p) ¢(p2) P(p) o(p2) add _ rp)

e(p2)

: — DHQP...
— - virtuality o> Q
Pp') P(p') P(p')
7(¢2) ™ (¢2) Q")
O Photo-production (JLab Hall-D, ...)
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)
L Meso-production (AMBER, J-PARGC, ...)
(1) i v(q) i
h(p) 7(p2) h(p) R 7(p2)

[Qiu, Yu, PRD 107 (2023), 014007]
12
7(g2)

> Proved factorization generall
/ T T & y
+((]2)
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Summary

1 Enhanced sensitivity to x dependence

Nm->Nyy

O Single Diffractive Hard Exclusive Processes (SDHEP)

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

Thank you!

13



(‘.\ MICHIGAN STATE UNIVERSITY

Backup slides
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Phenomenology on T~ p — nyy: sensitivity to GPD x

(J GPD models: simplified GK model

2y xP(1 —x)"
Hpp(z,6,t) = 0(z) 209 #/GeV )B(l Er o1 l 3 « Tune (p, T) to control x shape.
1 967 x;(l )7 * Neglect E, E. Neglect evolution effect.
. ) _
Hyp(,€,1) = O(z) p 045 (#/GeV?) = « FixDA: D(z) = N z%63(1 — 2)063
(a) Chiral-even GPD without ¢ dependence 2'5:- (b) Chiral-odd GPD without ¢ dependence
|5l t=-01Gev? ] 2.03_ t=-0.1 GeV?2
= — (-03,224) — (05,2) ] = | — (022,233 — 05,2
:g L0 — (0.8,1.2) — (1.5,0.3) E 15- — (08,12) — (1.5,0.3)
5 ZE 1.0}
T S I
0.5r :
0.5}
0.0 - - - - ] 00—\ T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
X 30
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(b) E, = 20 GeV ]

< L15¢ (a) E,=20GeV :
g S 1050 t, & = (~0.1 GeV2, 0.15)
1.10f (t, &) = (=0.1 GeVZ, 0.1) 1 < 1.05¢ ’ : > V1)
i ¥ 3
q S 1.05f J-PARC S 1.00f
o i
~ |H(:E, £, t)|2 ;8 1.00 _% 005k (03229 (022,239
dt df qu 'y 0.95 — (=0.3,2.24), (-0.22,2.33) IS : 05,2, 05.2)
2 — (05,2), (05,2 Z 090F
= 0.90F E . I — (0.8,1.2), (0.8,1.2)
Td . — (0.8,1.2), (0.8,1.2) o [ J_PARC
0.85F — (15,03), (1.5,0.3) ] 0.85F — (1.5,0.3), (1.5,03)
1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 10 1.1 12 13 14 15 1.6
. GeV
Relative g7 shape qr [GeVl ar [GeV]
— 11b - ' (0.1 GeV2. O.1) 1.10f ;E,r= 15IOG V,I t, _ -0.1 G V2, 6.15 1
Oordo / dgr 5 (€)  E.=150GeV, (8 = (0.1 GeV?, 0.1) - (d) eV, (4, &) = ( c )
S 1.05F
some shape func < 1o / NN ¥
3 S 1.00
_ ;8 0.9} — (03,224, (-0.22,2.33) \ _% 095 — (=0.3,2.24), (-0.22,2.33) \
V3/2 d 5 — (05,2), (05,2) b — (0.5,2), (0.5,2)
o = d —0 2 2 0.90f .
T ey dtdédgr £ 08F — 08,12, 08,12 £ — 08,12, 08,12
- — (1.5,0.3), (1.5,0.3) COMPASS = 0.85 — (1.5,0.3), (1.5,0.3) COMPASS ]
0.7 . . 0.80

1.0 1.5 2.0 2.5 3.0 3.5 1.0 1.5 20 25 3.0 35 4.0

qr [GeV] gr [GeV] 31
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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

32




