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Recap

O Why GPDs?

 Tomography
e Spin and mass decomposition

* Internal pressure, shear force, ...

(] How to obtain GPDs?

e Lattice QCD
e Model
* Factorization theorem

+ experimental exclusive processes

—

See Cédric’s lecture

Robert and Joe’s lectures
Marija
Christian and Jianwei

Charles and Francois-Xavier
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Physical features for GPD processes

Praen = [ S i 2) e )

1

~ op+ [Hq(%f,t)ﬂ(p’)WU(p) — Ei(z,&,t)a(p)

0 TEA,

2m

u(p)

» Amplitude nature —— Hadron is unbroken —> Exclusive process

1
> Collinear factorization property M:/ dr F(z,&,t) C(z,Q) + O(V—-1t/Q)
—1

e The scale t is unconstrained in the GPD definition itself

* But the GPD factorizability requires a hard scale Q > /—t

‘ A hard scattering with diffractive hadron
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Single-Diffractive Hard Exclusive Process (SDHEP)
h(p) + B(p2) = 1'(p') + C(q1) + D(gz) A(p1) + B(p2) = C(q1) + D(g2)

C(q) -
dr
Large-angle 2-to-2

A(p1) \\9 ‘ B(p2)

—— > exclusive scattering

Single diffraction
Two scales:
* Hard g7
 Softt
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Single-Diffractive Hard Exclusive Process (SDHEP)

h(p) + B(p2) — h'(p") + C(q1) + D(q2) A(p1) + B(p2) = C(q1) + D(g2)

- Clq1) .
qar dr
Large-angle 2-to-2

A(pr) \¥9 ‘ B(p2)

B . :
(p2) (—— g exclusive scattering
\

D(g2)
Single diffraction

Two scales: C(q1)
d Hard qT
 Softt \
— P  C——
. . =P
» Two-stage paradigm AT —"—' Al B(p2)
—‘——
N(p) = N(p') + A"(pr =p—p') @ h(p) > @D \
h/ / 7 D

1 factorize v) @ (a2)

A*(p1) +e(p2) = e(q1) +v(q2) Necessary for factorization: g¢r > v/—t ~ Aqcp
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“Golden” example: Rethinking DVCS as an SDHEP

N(p) +7"(q9) = N(p') +v(q)
NOT a physical process!
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From DVCS to SDHEP (single-diffractive real photon electroproduction)

> Physical process N(p) +e(f) — N +e(l) +~(¢)

A=p —p
El
4 q
Al% Hard scale: Q
p O i
DVCS Bethe-Heitler (BH) process
6 Jefﬁ;gon Lab
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From DVCS to SDHEP (single-diffractive real photon electroproduction)

> Physical process N(p) +e(f) — N +e(l) +~(¢)

A=p —p
4 4
4 q 4 q
\A = Alm Hard scale: Q
T’—O—T p—’—O—’T
DVCS Bethe-Heitler (BH) process

> Switch to SDHEP “point of view” N(p)+ e(p2) = N(p') +e(q1) + v(g2)

Hard scale: qr
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What is the A*? --- channel expansion

8 Jgégon Lab



Channel expansion and power counting

One more physically polarized parton in A*
mmmm) one more suppression of \/—t/qr

i

ces > 3 /a3
Exercise: Show the y* channel scales as 1/v/—t. + (n ) O ( t/qT)

Y

b

<“----->

9
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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

N 4

* Consistent power counting

* Channel expansion = power expansion

NNLP

-« (n>3) O(—t/q%)

Jgfggon Lab



SDHEP frame

11 .ggtf;gon Lab



Two-stage kinematic description

Q Diffractive subprocess N(p) — N(p') + A*(A =p—p')

(Ne) c.m. frame

Tp—Yp—=2p : varying coordinate system
0 Hard scattering A*(A) + e(p2) — e(q1) + v(g2)

12 J,e/tf/e’gon Lab



Two-stage kinematic description

Q Diffractive subprocess N(p) — N(p') + A*(A =p—p')

(Ne) c.m. frame

Describe in diffractive frame: I p H A7 (varying event by event)

Trade azimuthal angle of the diffraction for ¢p¢ (Jacobian = 1)

Kinematic variables: ; _ A2 ¢ _ (P —p) -n) ¢
n:(170707_1)/\/§ (p+p/) o

- determine $ ~ 2£s/(1 + £) of the hard scattering

Tp—Yp—=2p : varying coordinate system
0 Hard scattering A*(A) + e(p2) — e(q1) + v(g2)

13 J)e,tf:evgon Lab



Two-stage kinematic description

Q Diffractive subprocess N(p) — N(p') + A*(A =p—p')

Describe in diffractive frame: I p H A7 (varying event by event)

Trade azimuthal angle of the diffraction for ¢p¢ (Jacobian = 1)

Kinematic variables: ; _ A2 ¢ _ (P —p) -n) ¢
n:(170707_1)/\/§ (p+p/) o

- determine $ ~ 2£s/(1 + £) of the hard scattering

0 Hard scattering A*(A) + e(p2) — e(q1) + v(g2)

Describe in SDHEP frame --- (A*e) c.m. frame: Zg || A

Kinematic variables: 6, ¢ {qT = (V5/2) sin@}

‘ do Ts—1s—%2s: SDHEP frame coordinate system
dt d¢ dopg d cos 0 do

14 Jgfggon Lab




Azimuthal distribution

d ¢ in diffraction N(p) > N(p') + A*(A =p—p')

Fnona-(t, €, ¢g) oc e " ANPs

A ¢ in hard scattering A*(A) + e(p2) — e(q1) + v(q2)

15 .ggtf;gon Lab



Azimuthal distribution

d ¢ in diffraction N(p) > N(p') + A*(A =p—p')

Fnona-(t € ¢g) oc e ANPs

Ay = +1/2 caninterfere to give cos (g, sin ¢g

L transverse spin st = 0

A ¢ in hard scattering A*(A) + e(p2) — e(q1) + v(q2)
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Azimuthal distribution

d ¢ in diffraction N(p) > N(p') + A*(A =p—p')

Fnona-(t, €, ¢g) oc e " ANPs

Ay = +1/2 caninterfere to give cos (g, sin ¢g

L transverse spin st = 0

A ¢ in hard scattering A*(A) + e(p2) — e(q1) + v(q2)

M(t,€,65,0,0) = Y Fyona- (€ 65) © Gareose (3,6, 0)
A*

_ Z [6—¢AN¢SFN_>NA*(,5,€)] 2 [ei(AA—Ae)quA*e_m(g,g)]
A*

17 Jgégon Lab



Azimuthal distribution

d ¢ in diffraction N(p) > N(p') + A*(A =p—p')

Fnona-(t, €, ¢g) oc e " ANPs

Ay = +1/2 caninterfere to give cos (g, sin ¢g

L transverse spin st = 0

A ¢ in hard scattering A*(A) + e(p2) — e(q1) + v(q2)

M(ta 57 ¢S7 07 ¢) — Z FN_>NA* (t’ 57 QbS) %Y GA*€—>€’Y(§7 97 ¢)
A

_ Z [6—¢AN¢SFN_>NA*(,5,€)] 2 [ei(AA—Ae)quA*e_m(g,g)]
A*

Interference of (A4, 4,) channels - cos[(A4)¢)]
Adg = da — Ny sin[(AXa)¢)

18 J)e,tferfon Lab



n = 1: y* channel --- BH subprocess

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

—e
M = - Fy(p,p') Gl(A,p2,q1,q2) =

Sl QN
i
&
2
)
S %
Gy
>
)
=
|
~
>
2
S
)
)
=
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n = 1: y* channel --- BH subprocess

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

—e
M = - Fy(p,p') Gl(A,p2,q1,q2) =

Sl QN
i
&
2
)
S %
Gy
>
)
=
|
~
>
2
S
)
)
=
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n = 1: y* channel --- BH subprocess

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

—€

F]l\Lf<p7p/) GZ(A7p27 di, QZ> —

A==1
l YA i +1 X;}: 0

* Only the transverse polarization yrisatLP  O(1/v—t)

Sl QN
i
&
Z
)
S %
0y
>
)
=
|
~
>
2
S
)
)
=

* The longitudinal polarization y; is at NLP O(1/qr) = >» Combine with n = 2 (DVCS)
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n = 1: y* channel --- BH subprocess

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

= \\Yv_p\/l» ];1 :p2 +
o a2

—e / € " _
MU = — En(0.0) Gii(Asp2, a1, 42) = 5 [Z (Fn -e)(ex-G7) = 2(Fy -n)(n-G7)

A==1
l YA i +1 lei: 0

Fi0.) = (NG OING) = 0y | A0 = Falt) Ty 2 ulos

* Only the transverse polarization yrisatLP  O(1/v—t)

* The longitudinal polarization y; is at NLP O(1/qr) = >» Combine with n = 2 (DVCS)

Difference from Breit frame: (1) Regular ¢ dependence; (2) y* goes from N to e (causality flip: space-like)

22 Jgégon Lab



n = 2: [qq] channel --- DVCS (twist-2)

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

. e(p2) - e(p2)

23 .ggf_f;?son Lab



n = 2: [qq] channel --- DVCS (twist-2)

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

1
M2~ 3 / Az [F9(2,€,6) G9(w, € 5,0, ) + F(2,£,1) G(, £ 5,0, 0)] + O (V=t/d})
g 71

/ N

GPDs (H, E): Defined with y™. GPDs (H, E): Defined with yy-.

Both (F, F) correspond to [qq] or [gg] with total helicity AZ or Ag = 0.

24 Jgégon Lab



= 2: [qq] channel --- DVCS (twist-2)

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

1
=) / de[F(x,€,1) GU(x,€:3,0,¢) + F(z,£,1) GU(x,£;8,6,9)] + O(V~t/a7)
g /-1

/ N

GPDs (H, E): Defined with y™. GPDs (H, E): Defined with yy-.

Both (F, F) correspond to [qq] or [gg] with total helicity 17 or 1 = 0.
\ 4

1 ] 1 1]
— 2 q [9q

GRS NI E :eq/ de {H, E*}(x,&,1) x—€+i6+x+§—756_

€ GPD moments

[ 1 1
d Hq Eq t) —
HE}f, Z / 5| H.6t) r—E&+ie x4+ & — e
25 J)e,tfer:son Lab




n = 2: [qq] channel --- DVCS (twist-2)

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

1
M2~ 3 / Az [F9(2,€,6) G9(w, € 5,0, ) + F(2,£,1) G(, £ 5,0, 0)] + O (V=t/d})
g 71

/ N

GPDs (H, E): Defined with y™. GPDs (H, E): Defined with yy-.
Both (F, F) correspond to [qq] or [gg] with total helicity 17 or 1 = 0.

(] Difference from Breit frame treatment

* Not separate at virtual photon y*(q). Assign it to the hard part.

* In a coherent framework with BH --- “one higher twist” w.r.t. A* = y* channel
* Choosen « p,

26 Jgf;gon Lab



Combine n =1 and n = 2 channels

d Amplitude level

LP  Mp: A" =~0 (\) = £1)
NLP My: (1) A" =77 (M) =0); (2) A" =lqq] (A4 =0) + [gg] (high order)
NNLP: ...

J Cross section level

M+ M+ 2 = (M + 2Re (MiMfp) + -
LP NLP

27 Jgfggon Lab



Combine n =1 and n = 2 channels

d Amplitude level

LP  Mp: A" =~0 (\) = £1)
NLP My: (1) A" =77 (M) =0); (2) A" =lqq] (A4 =0) + [gg] (high order)
NNLP: ...

J Cross section level

Mi+ Mg+ 2 = (M + 2Re (MiMfp) + -
LP NLP

LP IM|Zp = |Mi|*  No ¢ modulation. 1% = +1 and 2%, = —1 do NOT interfere until NNLP.
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Combine n =1 and n = 2 channels

d Amplitude level

LP  M: A" =~5 (A = +1)
NLP Mp: (1) A" =197 (A} =0); (2) A" =[qq] (A} =0) +[gg] (high order)
NNLP: ...

J Cross section level

Mi+ Mg+ 2 = (M + 2Re (MiMfp) + -
LP NLP

LP IM|Zp = |Mi|*  No ¢ modulation. 1% = +1 and 2%, = —1 do NOT interfere until NNLP.

NLP |./\/l|2NLP = 2Re (M My7;) - cos¢ or sin¢p modulation.

29 Jgf;gon Lab



Combine n =1 and n = 2 channels

d Amplitude level

LP  M: A" =~5 (A = +1)
NLP Mp: (1) A" =197 (A} =0); (2) A" =[qq] (A} =0) +[gg] (high order)
NNLP: ...

J Cross section level

Mi+ Mg+ 2 = (M + 2Re (MiMfp) + -
LP NLP

LP IM|Zp = |Mi|*  No ¢ modulation. 1% = +1 and 2%, = —1 do NOT interfere until NNLP.

NLP |./\/l|2NLP = 2Re (M My7;) - cos¢ or sin¢p modulation.

h Interference of different numbers of particles.
2697 | 7 26 26 D oy x2+5 ‘
p p p|Dp
ip ip ip —> Unique feature to QFT, beyond non-rel. QM!

twist-2 twist-3 20 Jgf;gon Lab



Cross section within NLP

do 1 dompol
dtdé dpsdcosfdy — (2m)2 dtdé dcos

In the experimental setting (fixed lab frame),
* Nucleon spin vector Sy = (s7,0, An)

* Electron spin vector 5. = (0,0, \¢)

1+ AANAEY + Nesp AT cos s

+ (AT + AANATLY ) cos o+ (A ADT + ANALGY) sing

+ s (A%Pl cOoS (g sin ¢ + A%f; sin ¢g cos gb)
+ AeST (Ag%Pl COS g COS @ + A?IEZ sin ¢g sin ¢)

Subscripts: (nucleon, electron)
U = Unpolarized
L = Longitudinally polarized
T = Transversely polarized

\m

31 J ff;gon Lab



Cross section within NLP

do 1 do POl L T . o )
— . . . c
dtd§ dpsdcosfdgp  (2m)?(dt d€ dcos NALL TATLCOS PS
/ (ANLP + A )\NANLP) cos ¢ + ( ANLP i )\NANLP) sin
LP: from y squared + s7 (A?U 1 COS g sin @ + A¥U 5 Sin ¢ g cos gb)

+ AeST (Ag%Pl COS g COS @ + A¥%§ sin ¢ sin ¢)

e Control the rate (unpolarized cross section). No ¢ modulation.

* Only a cos¢pg modulation

* No single spin asymmetry, only double spin asymmetries

32 Jgfggon Lab



Cross section within NLP

do 1 do POl A ATP 4 e AT oo ;
dtdé dpsdcosfdy — (2m)2\dt d€ dcos b eMNSLL T e THTL S
/ + (AN AN ATER) cos 6 4+ (A ANEY + Ay ANEP) sin ¢

LP: from y; squared + ST (A%Pl cos ¢g sin ¢ + A?&PQ sin ¢ g Cos gb)

+ AeST (Ag%Pl COS g COS @ + A¥%§ sin ¢ sin ¢)

unpol 3 2
do a  m° _ip

= >
dtdédcos  (1+&)2st2 VY

_ g2
zﬁ}:l—;L—r+me04{(%E§;§—2>(F?—ZLJg)—;%Uﬁ+F91

sin?(6/2) m?
| 1 . —t4¢ /
ALP _ . . 2 . v —
LL EIKJ]P(’J [Sln2(9/2) S11 (9/2)] (Fl + F2) |:F1 (€m2 1+ é‘) m?2 F2] Quadratlc in (Fl, Fz)
I A 1 . 1+¢& —t
TI, EI(}P[,J 2m Sln2(0/2> S111 (9/2) (Fl —|— FQ) 4F1 —|— f m2 F2
33 Jefvar:son Lab
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Cross section within NLP

do 1 do1opol

dt d€ dopg dcos 0 do - (2m)2 dt d€ d cos 6 .

1+ AANATT 4 Aesp AR cos g5
+

AN 4 A ANAYYP) cos 6 4 (A AN Ay AYEP) sin )

NLP: from yr-y; and y-[qq] interference + s (A?U 1 COS @g sin ¢ + A% 5 SIN Qg COS Cb)

+ AeST (Ag%Pl COS g COS @ + A¥%§ sin ¢ sin ¢)

N J

* No contribution to the rate,
= only to azimuthal modulations (cos¢, sin¢)

* Unpolarized part Ayy, SSA, and DSA

34 Jgfggon Lab



Cross section within NLP

do 1 do1opol

dt d€ dopg dcos 0 do - (2m)2 dt d€ d cos 6 .

[1 + AANAEY - Nosp AR cos ¢s

a N
f ; f + (AgD. +F AANALLY) cos o+ (AADL + ANALG ) sing
NLP: from y;-y; and y;-[qq] interference : :
Yr¥L vr-lqq] + s (A%Pl cos ¢g sin ¢ + A?I(},}; sin ¢ g cos gb)
ANLP _ L ( —t ) yNLP NLP
A eE \mys/) T Q— AesT (A rh cos g cos ¢ + App's sin ¢ sin @) D
NLp . Ar 14+& [2sinf [, t 4+ (1—cos)? |
Pl = 2m £ l 13 (Fl a WF2>  sinfcos2(0/2) (M -ReV]:)l, ] . ~ ~ 7
£y = 2T lSine(Fl + ) <1 R +F2) L300y, Rer)] : * Linearin GPD moments Vr = (#,&,H, &)
m & sin 6
ST =2sin6 (Fy + Fy) lFl - (1 ig + 4‘5:712) FQ] + W (M3 -ReVz),
. 23 — cos) * Controlled by the real matrix M, same for real and
NLP _ o : v _ _ .
BrLo = 250 (F o+ F) (F1 T a2 F2> g (Ma-ReVz), imaginary parts of GPD moments

$NLP AT1—|—£3—COSG(M, Im V)
= — 5 1 F)s H

vL m & sinf M; = (M;1, Mo, M3, M;,) (see next slide)
CArd+4(1 — cosf)?

2m sin 6 cos?(0/2)

4+ (1 — cos 0)? 8 i

NLP _ In . . asymmetries < 8 (real) GPD moments
S0 = g oo ©2) (Ms - Im V), Yy ( )
SNLP 4+ (1 —cosf)?

_ M,y -Tm V). 7
TU2™ sinf cos2(0/2) (M 7) 35 J)Qtf-/e;gon Lab
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Cross section within NLP
do 1 doinpol

= N1+ AANAEY 4 A osp ARY
dtd§ dpsdcosOdop  (2m)? dt d€ dcos b T AANALL + AesT A0S 05

(1 (ANEP £ AN ANER cos 6+ (A ANEP 4 Ay ANEPY i g )
NLP: from y;-y; and y7-|qq] interference +osr ( A%ﬁ cos b sin & -+ A%},}; sin dg cos ¢)
‘ Q— AesT (A rh cos g cos ¢ + App's sin ¢ sin @) D
i t
Fy —mﬁb S(F1+F2) 0 <« M,y
14 t
(1+&)(F1 + Fa) E(F1 + Fy) gFl —&F — (1 +§)LWF2 <« M,
M = £2 t t 1—¢2 £ t £t
— — - = M
ﬁ(Fl-i-Fz) <1+€+4m2>(F1 -i-Fz) §F1+4m2 ¢ 2F2 (1+€+4m2>F1 4m2F2 <«— VI3
£t t 1-—¢ t £t
_ E(F1L + Fy) W(F1+F2) —§F1+4m2 : F, — (§+ 4§m2>F1_ WFz <« My
] a4 det M
E V5 | «<— Reconstructed from experiments et M #0 : .
- M ~| =] Unique solution for GPD moments!
H Vs (complex valued)
€] LVl

36
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Comparison between SDHEP frame and Breit frame

d Breit frame: centered around y*(q)

“Incoherent” treatments
for DVCS and BH

¥

Makes their interference
calculation difficult

DVCS-square is in fact the
least important!

Clear physical picture: scale separation
* A" =v"1qql 199l 1999l 1999] .
e Azimuthal distribution is dynamical when initial-state || z

* Unique frame for a coherent azimuthal description

SDHEP frame

37 Jgf;gon Lab



x-dependence

38 Jgfggon Lab



x-dependence problem: LO scaling

No matter which frame to work in, sensitivity to GPD is the same:

1 F—|—
F(€,1) = / 1 dx , _(?j’;e) # “Scaling integral”: independent of , g+, or 0 at leading order

Ar 1 2sinf t 44 (1 — 2
‘ Predictable 8 shape. E.g., SN = — +§[ S (Ff F22)— + (1 — cos0)

2m £ 3  4m? sin 6 cos?(6/2) (My - Re VF)]

T

Unknown but does not affect 0 shape

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

» Disadvantage: Difficult to extract x-dependence of GPDs

1
[ aSesn

‘ Shadow GPD problem 1 =&+ e See Eric’s lecture
S(£€,¢,1) = S(2,0,0) =0

39 J ffggon Lab
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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 ) . ) ©x
T qr
h) W S py) ‘ @)
— A/ N\ NNV — AN\N\AN\N\N
" (q2) 7(q2)
O Meso-production (AMBER, J-PARC, ...
Ex. DY I (q1) . 7(q) .
qr qr
h(p) /. { m(p2) h(p) s l 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]
40
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Classification of SDHEPs

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

pvcs ““/ta DVMP y FT
P(p) -/ e(p2) P(p) e(p2)

P(p)

7(g2)

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

TCS 1) o Ha) 5y o
h) W S py) ‘ @)
" () (1)
O Meso-production (AMBER, J-PARC,
EX.DY 1)/ 4 Sy )
h(p) /. { m(p2) h(p) s l m(p2)
\h’(” T
/ p) h(p)
() Y(q2)
' \_ /

virtuality

41

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. 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?
42 Scaling breaking at LO J,e,tf;gon Lab



Scaling kernels and moment sensitivity

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

Exercise: Show for DVCS (at leading power) 2P - q =

Q2
26

43
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Enhancing sensitivity by breaking the scaling

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

mm) DDVCS ¢ =Q°>0
A2
k= {q’ + (- f)P}

= (=& (2P-¢)+Q"
_Q2_|_Q/2 [ (Q2_Q/2)]
— r—£

! F('CE7 g? t)
‘ dx Q20 .~ Scaling violation
-1 xr-=¢ (‘Q2+Q/2) T 1€
Q*+Q"

Exercise: Show for DDVCS (at leading power) 2P . q’ =

28
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Two new example processes with enhanced x-sensitivity

J-PARC, AMBER

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

45

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 Ty

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 = [

1 — z+tan?(0/2) 2
0 = & - . £y
plait) = € [T | € (~o0, =€) U6, o)
—1 S 0 § 1 L
46 Jeff:egonLab
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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.

200 . L = . 1 = ]
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 :
: R N L 0y RN
-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
47
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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)
& — (Hy, Ho) -~~~ (Ho, Hy) & — (Hi, 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 !
S 1.2t 2 1.2¢
o _ _ e, . .
o S e s e —
C |f—— C ]
| 1.2 1.4 1.6 1.8 1 2 3 4
qr [GeV] qr [GeV]
48 Jeff.;gon Lab

\



Enhanced x-sensitivity: (2) y-mr 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
0082(6/2) (1—2)+z ’

| >
0 5 1 .

‘ Complementary sensitivity

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

49 Nm->Nyy .@t@on Lab




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
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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 °,
-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
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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 |
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 . ]
st
: A S ]
F ;"' N i
0_ - . H SARRE
5:_ \ Ho = Hak Ty 3 _
N I '—‘;' """ Fll = ]:IGK + gl ]
[ Sl Hy=Hek + S, ]
—10r i
-1.0 -0.5 0.0 0.5 1.0
X

140

100}

60}

» 20}
02!
_0.4}

—-0.67

0.8}

E, =9 GeV
t=-0.2GeV?, £=0.2

/ dr S(z,§) _ 0
' 1 x— & Lie
[ (a) do | dt d¢ dcos6 [pb/GeV?] py—->nny (b) Ayr 1

: — (Hy, Ho) — (H3, Hy) ]

: —(H\,Ho) """ (Ho, Hy)

[ — (Ha, Hy) (Ho, H>) |
(c) ALL (d) Arx

JLab @ 12GeV

0.2

1-0.2
1-0.4
1-0.6
1-0.8

1-0.1
iy
-5—0.3
-f—o.4



Brief mention of factorization

53 Jefferson Lab
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Exclusive factorization: large-angle 2 — 2 scattering

Born level

+ soft connection

Factorization

Clé

Color-neutral pair

mmm) Meson distribution amplitude (DA)

[Lepage & Brodsky, PRD 1980;
w P

Adv. Ser. Direct. High Energy Phys. 5, 93 (1989)]
7t — > dy_ 2p Ty T 7 - -
T | = Dum= [ e OO W 0 Ol o)
d (1—2)p -
I—} “Lightcone wavefunction”

54
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SDHEP factorization: generic consideration [Qiu & Yu, PRD 107 (2023), 014007]

2-3 ERBL region DGLAP region
x| < & E<z] <1

Soft gluons cancel when coupling to mesons!

GPD

55 Jgégon Lab



SDHEP factorization: why single diffractive? [Qiu & Yu, PRD 107 (2023), 014007]

U From single-diffractive to double-diffractive process?

Glauber pinch for diffractive scattering

Both k. and k;
are pinched in
Glauber region!

Factorizable thanks to pion

U How to generalize? --- Beyond two to three!

h(p) + B(p2) — W (p") + C(q1) + D(g2) + E(g3)

Examples: DDVCS, diphoton electroproduction, ...
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Comments and suggested exercises

d2->3vs.2-4

» 2 - 3: > 2 - 4.
e simpler kinematics * more intricate kinematics
» straightforward formulation of factorization * more likely to have enhanced sensitivity
* mostly scaling propagators * lower rate

1 Some 2 — 4 processes
Exercises:

q1

. 0 1. Do they carry enhanced sensitivity?

2. Whereisit?

3. Do they have Bethe-Heitler channels?
4. What are the QCD and QED couplings
of GPD and BH channels?

How do the amplitudes scale?

q3

p p

[hep-ph/0208275
hep-ph/0210313 [2003.03263] New . How to formulate the phase space?

hep-ph/0307369
2303.13668]

o v

Reference: Qiu and Yu, PRD 2023, Sec. VI F.
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Summary: towards a global fit

U Single-diffractive hard exclusive process (SDHEP)

* Generic kinematic description
* Encompasses all GPD-related processes
* Clear factorization structure

e Straightforward to generalize

U Towards a global fit

* Sensitivity to the x-dependence
e Separation of flavor dependence
e Separation of GPD spin structure

* Extending ¢ and t coverage

58

moment type vs. enhanced type
multiple processes
azimuthal modulations

various experiment energies
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Thank you!
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