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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

J)gtf;gon Lab



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!

5 J)e/ff.egon Lab



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
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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*
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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(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 y;isatLP  O(1/ "1t)

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

* The longitudinal polarization y; is at NLP O(l/g7) <= > 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 y;isatLP  O(1/ "1t)

* The longitudinal polarization y; is at NLP O(l/g7) <= > 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) — efpz)

Yy <5 F > \ )
W’(B@F i T
N (p) L\‘}{ (C) N (p) L (@)

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, ...

v\ e(th)
= ‘N’@@; q *
N(p) i‘\!(qz)
| 1y «C
M 2 dx FAa(x, !, 1) GI(x, ;8" #)+ BI(x, 1, 1) &4x,1:6,".#) + O "tiq?
q 1 / \
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.

24 Jgégon Lab



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

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

v\ e(th)
= ‘N’@@; q *
N(p) }i\:(qz)
| 1 g «C
M 2 dx FAa(x, !, 1) GI(x, ;8" #)+ BI(x, 1, 1) &4x,1:6,".#) + O "tiq?
q 1 / \
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

I [P " B 1
H,E (!,t)! e dx HIEY (x,!,t) — _ + —
|1 X" L+ X+ 1"
| ) #q $, ) % (€ GPD moments
= 1 1 o 1 1 1 1
H,E (I,t)! e dx HIEY (x,!,t) — _ —
g 1 X" I+ X+ 1"
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n = 2: [qq] channel --- DVCS (twist-2)

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

1 \&(th)
N(p) }\\L' (%)
! 1 # ! .
M 2 dx FAa(x, !, 1) GI(x, ;8" #)+ BI(x, 1, 1) &4x,1:6,".#) + O "tiq?

g '1 / \

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 Jefferéon Lab
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Combine n =1 and n = 2 channels

d Amplitude level

LP M, : A =1, ("} =+1)
NLP M@ (DA =10 ("A=0; (A =[cd("%=0 +[gg] (highorder)
NNLP: ...

(d Cross section level
s 2 21 2 ! A 4
M|+ M + aa§|— ||\_/.|#_|$+ ?Re(M#|M ||35+ ac

LP NLP

27 J)e,tf:erjson Lab



Combine n =1 and n = 2 channels

d Amplitude level

LP M, : A'=15 (" = £1)
NLP My : (DA =1 ("h=0; (A =[cd("%=0 +/gg](highorder)

NNLP: ...

J Cross section level

M+ M+ A8AE M2+ 2Re (M | )+ 4é
LP NLP
No ¢ modulation. 2! = +1 and 2!, = —1 do NOT interfere until NNLP.

LP M| {p = IMJ°

28 Jgf;gon Lab



Combine n =1 and n = 2 channels

d Amplitude level

LP M, : A'=15 (" = £1)
NLP My : (DA =1 ("h=0; (A =[cd("%=0 +/gg](highorder)

NNLP: ...

J Cross section level

M+ M+ A8AE M2+ 2Re (M | )+ 4é
LP NLP
No ¢ modulation. 2! = +1 and 2!, = —1 do NOT interfere until NNLP.

LP M| {p = IM [
NLP M| 2, =2Re(M |M|,) mmp

cos¢ or singp modulation.

29 Jgf;gon Lab



Combine n =1 and n = 2 channels

d Amplitude level
P My A== 5
NLP M : (1)A =1 ("k =0); (A =[gd("A =0 +][gg] (highorder)
NNLP: ...

J Cross section level

M|+ My + dadl |M# +?Re(MIMII%+aC
LP NLP
No ¢ modulation. 2! = +1 and 2!, = —1 do NOT interfere until NNLP.

LP M| & = M ]?
NLP M| fp =2Re(M M)

25" TS| 7 21 20 St
PP p
p p P

twist-3 20

# cos¢ or singp modulation.
h Interference of different numbers of particles.

\ 4

Unique feature to QFT, beyond non-rel. QM!

“twist-2” : D
J}gtferson Lab



Cross section within NLP

d! 1 d! unpol

: = A 1 ALP ALP
dtd" d#s dcos$d# (292 dtd" d cos$ al+ &e&N L T &St AT COS#s

In the experimental setting (fixed lab frame),
* Nucleon spinvector 5y = (S1,0,"N)

* Electron spinvector 50 = (0,0,"¢)

# " #
+ AUt && AL cos#+ &AND + %NAELL,P sin#

+ st ANT, costts sin#t + AN, sin#s cost

+ &St AT costs costt + AT, sin#s sin#

I

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

\m
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Cross section within NLP

d! 1 d! unpol )
— a1+ Al + &st AL cost
dtd" d#s d cos$ d# (2%2thd" dcos$ ‘,g,‘e&“' L fesT LIS "
4
/ + AT + &l Al cosi + &AYP + &y ALY "sing
LP: fromyr squared  + s; AT, cost#s sin# + AT, sin#s cost

n $
NLP NLP i L
+ &St At 1 COSHs COSH + At ,SIn#s SIN#

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

* Only a cos¢pg modulation

* No single spin asymmetry, only double spin asymmetries

32 Jgf;gon Lab



Cross section within NLP

d! 1 dt unpol Lp Lp
dtd" d#s dcos$d# (2%2thd" deoss & 1Y &e&N A &eSTA“COS#S . ”
/ + NLP + &8 ANLP Cos#+ &ANP 4 &NANLP sin#

LP: from yr squared  + g; A-'}'bf’l costts sin#t + AT, sin#s cos# R
) NLP NLP L
+ &St At 1 COSHs COSH + At ,SIn#s SIN#
d! unpol _ $g m2 L
dtd"dcos# (1+ ")2st2 Y

B | a2 T t .,

| LP — - P2 | I | 21 _ - E2 2
VU T Gz " ¢la) 2, ;l' am? - g ™M (P " F)
A = 1 é. 1, sin?(1/2) (F +F).F 'ty 2 e i

LL = > sinlz(!/2) ! ! 1 2 1 | mZ I+"  me 2 Quadraticin (Fq, F,)

1 "7 1 1+" 1t

AR = | sin?(1/2) (Fi+ Fp) ! 4F + —

T S Si2(112) (1/2) (F1+ Fp) 1 oz 2

33 Jeffer:son Lab
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Cross section within NLP

d! 1 unwol
dtd" d#s dcos$d# (2992 dtd" dcos$

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

a 1+ &8 Al + 8&sT AL costs

; # . 4
v ANU + && AT cost+ &AL + %N ANSP sin# )
+ st ANT, costts sin#t + AN, sin#s cost R

) NLP NLP - H
( &St AT[ 1 COSHs COS#H + AT, SIN#g sIn# D

* No contribution to the rate,

= only to azimuthal modulations (cos¢, sin¢)

* Unpolarized part Ayy, SSA, and DSA

34
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Cross section within NLP

d! 1 diunpol
dtd" d#s dcos$d# (2992 dtd" dcos$

a1+ && ALY

+ & st AL costs

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

#
C NLP + &e&N ANLP COSH + &eANLP + 8LNANLP sin#

NLP

+ St ATU, L Costts sin# + ANy, sin#s cos#

BN

) l 1n $
AR = Llp s g NLP i L
'du m § + &St A COS#s COSH# + AT, SIn#g sIn#
\ %
np _ Tl 2sin" ot 0 4+(11 cos')? . "
VYT om ! Fl,,! 4m2? " 2 !#sin" co("/2) (MlaRevg) ! | T
-t 141 31 cos' Linear in GPD moments Ve = (H,E, H, E)
Fop =1 Y sin"(F1 + F») —F1+F2 + o~ (M2 aReVg)
| : .' t # § 2(3I cos")
H -ll\-lLLF’)l = 28|n ! (Fl + FZ) Fl + 1+ | + a1 m2 F2 T(MgaReVF),
" # Controlled by the real matrix M, same for real and
NP — osin® (Fy+ Fp) Fp+ —Fp 1 200 €8 (1 aReve ), o
S TL2 am2’ ° sin imaginary parts of GPD moments
e oy T I* IS COST L amy
uL m ! sin 2( ! =) Mi =(Mi1,Mij2,Mi3,Mis) (see nextslide)
N . T4+ (! cos") ,
L0 T o in co2("/ 2) (M2 @lm Ve),
np _ A+(@1 cos)® 8 asymmetries < 8 (real) GPD moments
T S cod (T2 (M3 amVg), y ( )
np . 4+(1! cos")? .
! = — M4 almVg). )
TU:27 sin" co2("/ 2) (M £ 35 J}gtferson Lab



Cross section within NLP

d! 1 diunpol
dtd" d#s dcos$d# (2992 dtd" dcos$

a 1+ &8 Al + 8&sT AL costs

“ 3 " 2
o o ¢ AU + &8ENALLT costt &ANT + & ANP 7 sins
NLP: from y;-y; and yr-[qq] interference s A'II\'IlLJF,)l COSHs Sin# + A1I\'“l_JF,)2 sin#s cos#
nn #
‘ + &St AT, costs cost#t + ART, sin#g sin#
\ ’ ’ %
_ : -
Fl _WF2 £(F1+F2) 0 <« M]_
14 t
(1+&)(F1 + Fa) E(F1 + Fy) gFl —&F — (1 +§)WF2 <« M>
M = £2 t t 1—¢2 £ t £t
— — - = M
§(F1+F2) <1+€+4m2>(F1 -i-Fz) §F1+4m2 ¢ 2F2 (1+€+4m2>F1 4m2F2 <«— Ni3
£t t 1—¢ t £t
_ E(F1L + Fy) W(F1+F2) —§F1+4m2 : Fy — (§+4§m2>F1_WF2 _ <« My
H H /7Y H Vl / d tM t O
= y ‘@2 <—— Reconstructed from experiments € '
- - . . I
- M a#|_$ #Vf (complex valued) — Unique solution for GPD moments!
B 9,

36 J)e,tf:erjson Lab



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!

P G

* Clear physical picture: scale separation

- A" =vy"1qql, (99l laqgl. 994] ..

e Azimuthal distribution is dynamical when initial-state || z

* Unique frame for a coherent azimuthal description

SDHEP frame
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| -dependence
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x-dependence problem: LO scaling

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

1 +
F*(x,!
Fo (1, 1) = L dx vy ()!(’+ ’it") # “Scaling integral”: independent of Q, g, or O at leading order

"1+ 2sin"
2m | !

t 2"| 4+ (1! cos")?
4m2° %2 sin" co2("/2)

(M 1 éReV,: )

T

Unknown but does not affect 0 shape

‘ Predictable O shape. E.g., ! i = FZ1

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

» Disadvantage: Difficult to extract x-dependence of GPDs

1
S(x, !t
dx ( .),, =0
‘ Shadow GPD problem g XD+ See Eric’s lecture
S(x!,!,t)= S(x,0,0)=0
39 Jeffggon Lab
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Classification of SDHEPs

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

DVCS ey b DVMP Gy t DDVCS Qy
P( e(p2) P(p) e(p2) add , P

- -
-

br

e(p2)

o e Vvirtuality T
(@) (@) @

O Photo-production (JLab, EIC, ...)
tr !y
ﬁ) h(p)

TCS |V b :(:?HJ b #y
H(pr) H(pr) $
h(p) P P(p) G h(p) QWWV

! (p' ) I
—- '

ANANNAANNL _— ANANAAA — ANNN\NNV
(p) P(p) h'(p) Q14
(%) () ')

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

Ex. DY |'(7
h(p)

-

DHQP...

Gr

o Generic discussion

. i
S GO | ™ ! 1"#$%8'$%&()*&+,-&./,/01%8&,+2,,-3

“(@) (@) 40 .!gf,f;gon Lab




Classification of SDHEPs

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

374 br DVMP Ey
| e PO/ | ep)
,r'r::)

DVCS tr

P (p)

()

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

TCS  1'(w) b @) 5y,
h(p) L) P(p) BAGY
ANN\N\AN\AN\NV — AN NNV
() ()

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

Ex. DY 4 . )
hp  / ! (p2) hep & " (p2)
() \ (%) j

DDVCS Qym

add P(p) -/ e(p2)

virtuality | \P(p), DHQP...
Q)
( #(n) b \ !y&
h(p) m) h(p) W%) !
JI#
')

- J

41

Generic discussion

"#$%&'$%&()*&+,-&./,/01%&,+2,

-3
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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,!)! gllatle) g dxFa(x)Ca(x;Q) (Q="! Q)

A 11

1
o Independent of Q.

- - 0) = T _

> Moment-type sensitivity C(z;0Q) =G(z)-T(Q)) wmmp Fq /1 dr G(x) F(x,&,t) Scaling for F !
1
# Inversion problem: shadow GPD S = dx G(x) S(x,!) =0  14567895&57&:;<&()*&=/+3

i

> 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.

DVCS

42=0 K= g+(x! B
= (x! 1)(2P &q)

—) ; 1dXF(x,!,t)

b1 X+

Exercise: Show for DVCS (at leading power) 2P éq! =

QZ

A

43
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DIS

=[q+ xpl°
= x (2pag) ! Q2
=(2pag) (x! xp)

dxf (x)!'(x! ") =f(Xg)

-
D

\

ffe
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Enhancing sensitivity by breaking the scaling

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

mm) DDVCS 0°=Q?>0

: . 2
k2= g+(x! )P

DVCS = (x! !)(2§éq!)+$@!2 »
= . 2 Q*+ Q” Q*! Q”
12 | = I
qg-=0 k? = qg+(x! P B 21 Xe Q%2+ Q2
= (x! 1) (2P &q) .
' F(x,!,t)
F1 F(x,!,1) ‘ Ildx [ Q2 le# . Scaling violation
—> dx ———1 b XS Qreqr T
b1 o x P+
Q2+ Q!2

Exercise: Show for DDVCS (at leading power) 2/ aq = o
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Two new example processes with enhanced x-sensitivity

)*+,-.%+/01, "#3$%&H#"%o(
"#I&&'SHBC(D ./,//1 +,0 ><BB?: 9 @HEY &:;<%&ABC(&++&./,+D1&+-E
"#$&&'$%&()*&+,E&./,/21&,-2,/0 ><&?;: 9 @QHEY &:;<%&ABO(/01 /2+

><&B?; . 9@HBY &:;<%&H* ./,/01%,E2,/0
"#S& &'S%E&()*&+,-&./,/01%&,+2, -
"#S& & '$%&()®0+./,/01%+H+E,/
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Enhanced x-sensitivity: (1) diphoton mesoproduction

() ¢4

$ |
N (p) TP @)

I"4$&&'$YABC(D /,//1  +,0l
8888 QEEEREEE1&,-2,/03

In addition to

Fol 1) = L dxF(x,!,1)

. XD T+

IM also contains

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

g0 = [

"1l z+tan?("/2)z

(z7) = #a 1! z! tan?("/2)z CE L EASEA)
——t | ———
1t ! 1 X
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Enhanced x-sensitivity: (1) diphoton mesoproduction

O Diphoton process: N!' I N : (1)p! ! n™;@)nt* 1 p"

Ce 21 $ % C t $
! +

=% I =

d ’
=2% %%
ditid" doost _ 2> BN g

"2t $ $ % ' (

I"HSE&'S%& ()* &+ E&.1,[21&,-2,/03

L [Elj2r 2027 Re MHING[EN + M [MIm [T
m | _ _ _ _
=z =+

Nucleon transition GPDs
u — U d

Hpn = Hp ! Hp, etc. YTy ——————— =

1% E_Hpn(w9 &ty 1) G| ——Hp - H, H n(maéata D) 0

' ..... Hl ........... H3 ----- El

" 3 ) Lo Hy

GPD models = GK model 4+ shadow GPDs $ PV s TV 1k

- 5 ) .
¥ ' e S ‘|
C I CSC A I 1t o0 s ;o‘/«"\“;
L “\ 4": ' :' -::I‘ ! -“| ' : 1F “ > :' ' [ \ ~" "
v N -'-_:. e ,{ ;|; 1 1T vty ' A !
) N N !“ 9y V- 1L : A N
5
-

1 | 1"t - 1r Yo
dXS(X’!_):O P n =2 GeV
i x! e 2 '
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Enhanced x-sensitivity: (1) diphoton mesoproduction (at J-PARC or AMBER)

I"HSE&'S%& ()* &+ E&.1,[21&,-2,/03

C‘O> %llll_ pT('_ — n")/")/ at Eﬂ. s 20 GeV C‘O> I pﬂ'_ — ’n")”')’ at Eﬂ- — 100 G'eV
@ j t = —0.2 GeV?, ¢ = 0.2 § o t = —0.2 GeV2, ¢ = 0.2
2 gl — (Ho, Hy) — (Hs, Ho) Q7 — (Ho, Ho) — (Hs, Ho)
B % - - B o - B
S [ — (H., Ho) (Ho, Hy) S : — (Ha, Ho) (Ho, Hy)
< #l — (Ha o) - - (Ho, o) < "8} — (i, Hy) -+ (Ho, o)
S S
3 'Il | 3 !"#_
ST HS% 8 %
o3 L o3 ——
= [ = '
B o8 o N
5 5
=l 0/3\ =
% %&' %&! %&# %&4 % # & '
qr [GeV] qr [GeV]
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Enhanced x-sensitivity: (2) y!n"pair photoproduction

"#$&&'$%&()E0+./,/01 +H+E,/3 IM also contains the special integral
1
# #(cn) / . _ dx F(iﬁ,ﬁ,t)
4 qT I(t7§1z79) _/_1 x—p’(z,@)—l—ze
$ ! .
2 NO AP o g COSCIA D 2,
o T T co2(M12)At )+ 2z B
1 () . , | , .

P P L 1 >

) "H#3%-HE () +,-& (). (+

j<></i i\ <jx x#j/i i/j<x x#j/i i\x<j

< <j ! j

y
x
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Enhanced x-sensitivity: (2) y'n"pair photoproduction (at JLab Hall D)

"#$& &'$%&()E0+./,/01 +H+E,/3

e e ™ Polarization asymmetries

calorimeter -flight __
target -

d! 1 d!
dit|d" dcos#d$  2%d|t|d"d cos#

+' AuT COSZ@S! $!)+ &' ALt sin2($! $! )]

al+ & & AL

chambers

. d! 5 ! i
: = 04,9/ — ! !

central drift

_____________________________________________________________________________________

: i i H Hlj2
oo = M M MR T
i | " | " i
A =21t Re MM T e m P

e .. o
Aur =21 L5 Re M P 7y By B

i | . ! ’
A =20 L im T g )

. Neglecting: (1) E and E; (2) gluon channel J)e/ffe}gon Lab



GPD models !
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Enhanced x-sensitivity: (2) y'n"pair photoproduction (at JLab Hall D)

DUl HSIS # HS %&PT M S %&'$ ]
(_ &S .
—1, " "4t
----- P! Lhe " s
""" ool Thy " "o " o,
-------- Lgl Ly " #g °
L HSIS # HS %8

" $%8&'$ ]

[ . N :‘._"‘\
: ;l; S0 .“- .," '0' '|‘ M
3! 2 voN
| L y/-\
. ) ) ' Re
. [ — ey ' ’
2 R Dglll g " g i
i . gl y
SR LR Lol L e T ey
#P! )
....................
#$&! #1& 1&! 1& $&
#

GK model " shadow GPDs

$&!

$i
#&IT
# ¢

B

#!'* _

U

1 |
dx S(x, 1) -0

-

LR 1S 680 %

— Ity g
_” #n! | ” !u! #n

& #,

l#re
14

J#0(

JLab @ 12GeV

" $ (/01
#S#I'$/01 ¥ $1'$

1#r's
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GPD models !
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Enhanced x-sensitivity: (2) y'n"pair photoproduction (at JLab Hall D)

GK model " shadow GPDs

] "HBIS H# "D %&P " $%&'$ ]

¥ o]

Py p— E R

v non 3 “ !

K J o====- ! $! L $ Y

»e 1 n 3 !

P Dol !y % 5 "
-------- gl Dby " #e

"H$ %&'S

" $%8&'$ ]

L -,
L v -
[ “"' N Al .“
[ n 2% R
1 I N - S~ r - [
o LY N . L .
L K Y Pt v
L R < e ' .
- A A "' M '
L “’,/N
s . M K
L P H . ’
[} . “ .
r .
o — ]y L
. U
= A [
3 vt e | [N " e
. L H $ .-
- % $ i
R A gl " "
o - % - % ‘wt v
I R R
'
#$&! #1& 1&! 1& $&

» : SR N " #.

Ldx S(x, 1)
/=0
g X T+

-

#"11HS 90&(0) % | B

L1 &)
T g

. — ST # S ]

#"_ $ ’ $ __n ll*(%
- T gt ST e gD ]
| __n ll*#
' HHS T H#HH S
r "oy

SUNTRN % & &' #a, 1™

I "l Ik

oy | =5

| s
n "*OA?\ _:" ]
n "*#:_ _:" "*’

o | JLab @ 12GeV |" ™%

m g n ll*l n II*I g

/01 :
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Brief mention of factorization
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Exclusive factorization: large-angle 2 — 2 scattering

Born level

soft connection

Factorization

AY
QI)Z
vs)

Color-neutral pair

mmm) Meson distribution amplitude (DA)

1G5?:J5&F&468KLMN%&()*&+ED,|

OKP<&Q56<&*#65@ 7<&B#IR&CI956IN&(RNI
Zp
u [ | [1]
|+ ’ - dy
=D (7)) = DA
_p’_CEa 1+ (2) T
& 1! 2)p

&”P" Y 10|0)" T sWn 0,y Ju(y )I! * (p)"
I—} “Lightcone wavefunction”
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SDHEP factorization: generic consideration I"HEE&SIE&()*&+,-&.),101%8&,+2, -

br
h " | B
® (p2) .
h'(p)
D (%)
2-3 ERBL region DGLAP region
X| < ! < x| < 1

Soft gluons cancel when coupling to mesons!

C(tn)

or
B (p2)

(%)

GPD
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SDHEP factorization: why single diffractive? I"HEE&SIE&()*&+,-&.),101%8&,+2, -

U From single-diffractive to double-diffractive process?

Glauber pinch for diffractive scattering

N @k

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

N2 (1" z5)po + ks Né

Factorizable thanks to pion Non-factorizable even with hard scale

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

h(p)+ B(pz) ! h'(p’)+ C(a)+ D(p) + E(p)

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

D#% %vs. #% &

2 - 3: Il 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 #%$ & processes
Exercises:

1. Do they carry enhanced sensitivity?
Where is it?

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

5. How do the amplitudes scale?

o LY

IR57I?’RU,/,D/-S
&R57PRU./+,0+0 /,,0<,0/HO3 VoW 6. How to formulate the phase space?
&S?T?RJ,O’_OHE 1] (1] 1 m 1

57 Jgfégon Lab



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 ' -dependence
e Separation of flavor dependence
e Separation of GPD spin structure

* Extending ( and ) coverage

58

moment type vs. enhanced type
multiple processes
azimuthal modulations

various experiment energies
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"H$%8&, ()*
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