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Deeply Virtual Compton Scattering (DVCS)

4 DIS

W (p.q) = i/d"lz €' (plJ" (2/2)J" (—2/2))lp)

4
[Nz quV 1 2 1 " p-q n v p-q , 2
q

q
TV TV

Fi(z5,Q%) Fi(zp,Q%)

d Ao
da:BZQQ = ng‘z [xBy2F1(xB, Q%) + (1 —y— a5y @) Fs(xp, QQ)] Rosenbluth method > Separate F; and F,

J DVCS T“”(p,p/,q) _ i/d4z €i(q+q/)'z<p/‘T{JV(Z/2)JH(_Z/2))}|]9> (demends o the choice of
(! o 'O'nA N N A .
= B et on - e | @)+ [l 0w - 0 B2 | (i) buto.s

1 [ 1 1 ]
— 2 q 19 <— GPD moments
{H,E}(&,¢) = queq/ldx{ﬂ , B} (2,&,1) o +$+§_i€_

) - o7 Both Re and Im parts
[H,E) (e t) = Ze?]/ doe {H?, E1}(z,€,1) « 8 real dof’s in total!
—1
q

_az—f—l—ie_x+§—ie_
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How to separate the GPD moments in DVCS?

d Azimuthal dependence in the Breit frame?

Breit frame observables: (B, Q3 t, ¢s, ?)
do

[A.V. Belitsky et al., 2002]

‘ [B. Kriesten et al., 2020, 2022]
drg dQ? dt dos do [Y. Guo et al., 2021, 2022]

¢ dependence in the DVCS amplitude: 6i(>‘N_>"Y*)¢ + polarization # separate GPDs (?)
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Bethe-Heitler subprocess!

J DVCS is not a physical process

/ / /
N(p)+e(l) = N@') +el)+7(q) A=y —p
4 4
¢ ¢ ¢ %
\ —

l
4
’6\

i)

4
4
’B\

DVCS Bethe-Heitler (BH) process

 Breit frame is NOT convenient for describing BH sy | hadrop pl

 The virtual photon y*(q) does not exist
* The z axis is purely kinematical
* ¢ dependence in the denominators

Pi=0U0—-A?=-20-A+t D20, xcosp
Po=—q)=-20-¢ D 24, ¢, X cos @

BH contaminates the azimuthal distribution = makes GPD extraction harder!
3
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A better way to think about DVCS

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

[arxiv: 2409.06882, in preparation]
DVCSin lab frame N(p) +e(p2) = N(®") + e(q1) + v(¢2)

6(@1) -
qr
Two scales:
Po) o ‘ ep) Ha;d qr
e Softt
\ o
ikl t=(p—p)°
7(612)
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A better way to think about DVCS

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

[arxiv: 2409.06882, in preparation]
DVCSin lab frame N(p) +e(p2) = N(®") + e(q1) + v(¢2)

e(q) /& Quasi-real state
q
: Two scales: e(q1)
P(p) e(ps) * Hard g7
> \ * Softt “
/p\

P(p')

(@) t=(p— p/)2 A* (fpx
Y\ q2 -
; —
@ N (p)
1 Two-stage process paradigm N (p 7(g2)

Single diffractive: N(p) > N(p')+ A" (pr=p—p')
Necessary condition for factorization:

l factorize
i * >/t~ A
Hard exclusive: A*(p1) + e(pa) = e(q1) + v(q2) qar QCD

5 .ggf,g?son Lab



Channel expansion and power counting
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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

+ .- m>3) O(-t/q})

7 Jgfggon Lab



SDHEP frame and ¢ distribution

SDHEP frame observables: (t, &, ¢s, 0, ®)

M (t7 fa ¢Sa 97 ¢) — Z 67;(>\A_>\eMbl_?]\f—ﬂ\fA* %Y GA*e—)ev
A*

M]*

\_}_
Y A Interference of (A4, 1) channels » cos[(AA4)e)]
A, A c(r2) 2(@) D@\(zﬂ AXg =4 — N s 2004

- ¢ distribution is determined by A™ spin states!
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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, ...

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

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

9 J)gtf;gon Lab



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

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

1
WEESD / de[F(x,€,t) GU(x,€:8,0,9) + F(x,6,t) G2, £ 5,6, 9)] + O(V~1/47)
q Al

l l

GPDs (H,E): defined with y* (H,E): defined with y*yx

10 J’e/tf/e’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 y Jgf;gon Lab



Cross section within NLP

do 1 do1opol

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

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

+ s (A%Pl COS ¢g sin ¢ + A?&PQ sin ¢g cos gb)

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

12 Jefferson Lab



Cross section within NLP

do B 1 donpol L A e AR 1y e AL s
dt d¢ dpgdcosfdo — (2m)2 dt d€ dcos b eANLLL T AeSTATLEDS @S

+ (ANEP + A AN ATEP) cos ¢ 4+ (A ANEY 4+ Ay AVEY) sin ¢

+ s (A%Pl cOoS (g sin ¢ + Ag&% sin ¢g cos gb)

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

In the experimental setting (fixed lab frame), ¢@g: of nucleon transverse spin in the Lab frame
* Nucleon spin vector Sn = (s7,0, An)

* Electron spinvector 5. = (0,0, \.)

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

13 J fferson Lab

\m



Cross section within NLP

do 1 do POl Ao AT oy e Al ;
— ) € e COS
dtd§ dpsdcosOdop  (2m)2|dt d€ dcos b NLL L S
/ (AP AN AYERY cos o+ (A ANEP 4 Ay ANEP) i
LP: from y squared + s (A%Pl COS ¢g sin ¢ + A?&PQ sin ¢g cos gb)

NLP : :
Junpol o3 m? + AeST (ATL’l COS (g COS ¢ + A¥%§ sin ¢g sin gb)

— ELP
dtdédcos®  (1+&)2st2 YV

T = [m - Sin2(0/2)] K%;—Z — 2) (Ff — AI#F;) - #(Fl - F2)2]

1 1 ) —t 4 t
ALp = nLP Lin2(9/2) - Sm2(0/2)] (F) + F) [Fl (gmz 1 fg) a WFZI Quadraticin (Fy, F3)
p_ 1 _ Ar 1 a2 _ 1+¢ v
ATL = ZI&% om [31n2(9/2) S1n (9/2)] (Fl == Fg) [ 4F1 =F f 2 Fg]

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

14 Jefferson Lab



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

g + (AgT. F AANALLY) cos b+ (A AYE + ANALGY) Sin¢\
NLP: from y;-y; and y7-|qq] interference +osr ( A?%ﬁ cos dg sin ¢ + A%},}; $in ¢ g O ¢)
Q— AeST (A?%Pl Cos ¢g Ccos ¢ + A¥%§ sin ¢ sin ¢) )
No contribution to the rate, |
= only to azimuthal modulations (cos¢, sing)
15 Jefferéon 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 + AANATL 4 Aesp AR cos ds

a ™
+ (AT + AANATLY ) cos o+ (A ADT + ANALGY) sing
NLP: from y7-y; and y7-[g¢q] interference : :
Yr¥i vr-lqq] + S (A%Pl COS ¢g sin ¢ + A?&PQ sin ¢g cos gb)
AXY = - ( — > %5 NLP NLP
SE \mys/) T Q— AeST (ATL’l Co8 @5 Cos ¢ + Apf o sin g sin ¢) D

np . Ar 148 [2sinf (5, _él—lr(l—cose)2 |

200 = 2m & l £ (Fl WF2> sin 6 cos?(0/2) (My - Re V]:)] ’ ~ ~
_ * Linear in GPD momen =
z?%Pz—% lsinG(F1+F2)<1—£€F1+F2)+Bsi§(;se(M2-Rer)], earin G oments Vr = (#,£,H, &)
Sria = 2sin6 (F1 + F) [Fl + (1 ig + 4«5;2) le + W (Ms - ReVz),
. 23— cost) * Controlled by the real matrix M, same for real and

NLP _ o v _ _ .

1L = 2sinf (B + F) (F1 T 2 F2> g (Ma-ReVz), imaginary parts of GPD moments
Ar 1+ &3 —cosb

wNLP 2T , M, -Im V), .

v m € smg (himVr) M; = (M;1, Mo, M3, M;,) (see next slide)

e Ar 4+ (1 —cosb)?
SLu = ~ 2m sinfcos?(0/2) (M - Im V),

np _ 4+ (1= cosd)? « 8 asymmetries & 8 (real) GPD moments
Xri1 = sin 6 cos?(6/2) (Ms - Im V), y ( )
e _ 4+ (1—cosf)® (My-Im V).

TU2™ sinf cos2(0/2)

16 Jgf;gon Lab



Cross section within NLP

do 1 do1opol

= 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 + s7 (ATEE cos ¢ sin ¢ + AVEE, sin ¢s cos ¢)

‘ Q— AeST (A?%Pl COS g COS @ + A¥%§ sin ¢ sin ¢) D
R —4#1«3 E(Fy + Fy) 0 1 <—
A+OF+F) R+ E) r R - (11O F | <— My
M= e e m (15:6 + 4;2> (FL + Fy) —€F) + 47;2 ! ;525‘2 _ (1€:€ + 4;2> Fi— 4%1?2 <« M3
E(F) + F) %(Fﬁﬁg) —§F1+4;21—§€2F2 —(§+4€;2>F1—%F2 <«— My
I_E| . gl / <—— Reconstructed from experiments EREIR0
- M a#|_$ = #Vig (complex vaIueZ) — Unique solution for GPD moments!
i ¥,

17 Jgfggon Lab



Summary --- SDHEP frame vs. Breit frame

d Breit frame: centered around y*(q)

Inconsistent treatments
for DVCS and BH

b

Makes their interference
calculation difficult

* Clear physical picture: scale separation
* A" =v"1qql 1991 l999] [994], ..
* Generalizable to high orders and twists

 Azimuthal distribution is !"#$%¢& '$( when initial state || z

* Unique frame for a coherent azimuthal description

18 ' "#$%&' ()* Jgf;gon Lab
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"H$%8&, ()*
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Two-stage kinematic description

A Diffractive subprocess N(p)! N({)+ A (! =p" p)

(Ne) c.m. frame

Describe in diffractive frame: ¥p | '! T (varying event by event)

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

Kinematic variables: _ | 2 | _ (p! p)an

n=(1,0,0! 1) 2 " (p+ p)an’

mm) determine §! 2!S/(1+ !) of the hard scattering

®¥p Dy B : varying coordinate system
O Hard scattering A'(! )+ e(p2) ! e(mqm)+ ! (k)

20 Jgfggon Lab



Two-stage kinematic description

A Diffractive subprocess N(p)! N({)+ A (! =p" p)

Describe in diffractive frame: ¥p | '! T (varying event by event)

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

Kinematic variables: _ | 2 | _ (p! p)an

n=(1,0,0! 1) 2 " (p+ p)an’

mm) determine §! 2!S/(1+ !) of the hard scattering

O Hard scattering A'(! )+ e(p2) ! e(mqm)+ ! (k)

Describe in SDHEP frame --- (A*e) c.m. frame: Dg ! '!

Kinematic variables: !, " Or = (: 8/ 2) sin!

d o
¥s By ErY : SDHEP frame coordinate system
‘ dtd" d#s d cos$ d#

21 Jgf;gon Lab




Azimuthal distribution

d ¢ in diffraction N(p)! N()+ A (! =p" p)

Fni nat (B 1,7g) 1 e Min's

Ay = +1/2 caninterfere to give COS! 5, Sin! g

L transverse spin st = 0

O ¢ in hard scattering A'(! )+ e(p2) ! e(m)+ ! (o)

22 Jgégon Lab



Azimuthal distribution

d ¢ in diffraction N(p)! N()+ A (! =p" p)

Fni nat (B 1,7g) 1 e Min's

Ay = +1/2 caninterfere to give COS! 5, Sin! g

L transverse spin st = 0

O ¢ in hard scattering A'(! )+ e(p2) ! e(m)+ ! ()

M, "s,#°)=  Fnronat (B1,"8)! Garer o (8,#")
Al
b i # # $i(" Y R
= e NTSENyronar (D) D eV A P Garer e (6,#)
Al

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

23 JefferSon Lab



Simple numerical examples

do 1 dompol
= A1+ ANNAEY N\ s ALY
dt d€ dps dcosOds  (2m)2 dtdE dcosf [ T AANALL + AcSTAFLCOS f5
NLP NLP NLP NLP .-
Generate 10° events and reconstruct + AANALT ) cos ¢ + ( AN Ay +ANALD ) sin ¢
+ s (A%Pl COS ¢g sin ¢ + A?&PQ sin ¢g cos gb)
unpolarized + A ST (Ag%Pl COS (g COS ¢ + A¥%§ sin ¢g sin gb)

- ‘ T T T T .
k 1.3—(a) Reconstructed a2|muth -

©
¥ Ee=12GeV. (sr, $n $e) = (0,0,0)]
'l 2
i

0.8-—" = " soHep }_‘E_L‘Iﬁ HP O; &1 GeV
I no_mn e (y 2:

0 7; - BREIT |t| 00.2 GeV_—
5 A N T A S SO SO SO N NS A N g
0 0.5 1 15 2

"

(normalized)

24 Jefferdon Lab



Simple numerical examples

do 1

dt dé dds dcosOdp

Generate 10° events and reconstruct

dO.unpol

unpolarized

—(a) Reconstructed a2|muth
C Ee =12 GeV. (st, $n, $e) = (0, O, O)

F O; &1 GeV i
t] %0.2 GeV?]

L5,

2

(normalized)

(2m)2 dt d€ d cos 6

+ ST (ATU,l

+ Aest (AT

= —> SDHEP fitto 1.00 +0.190cod

“d — > Breitfitto 1.00 +0.15cod !

: [1 + AANAEY - Nosp AR cos ¢s

(ANEP)+ A dy ANEP) cos 6 + (A ANEP + Ay AYEP) sin ¢

NLE cos g sin ¢ + A?&PQ sin ¢g cos gb)

sin ¢ g sin gb)

COS Pg cos ¢ + A¥%§

- AN " = 0.19C

0.12cos2 ! 0.01cos3 +0.01cos4

No straightforward interpretation of the coefficients.
Need to introduce more gears in GPD extraction.

[A.V. Belitsky et al., 2002]
[B. Kriesten et al., 2020, 2022]
[Y. Guo et al., 2021, 2022]

25
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Simple numerical examples

do 1 do1opol

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

: [1 + )\EANA%E + )\esTACI;P,—iCOS g

Generate 10° events and reconstruct +

AN ANEPY cos 6+ (A ANEP| 4 Ay ANEP sin
+ st (A?U cos ¢g sin ¢ + AFE,

sin ¢ g cos gb)

# desr (A5 Ngs s con £ AT sin s sin )|

_ - T T T T ‘ T T T T ‘ T T T T ‘ T T T
T 1.3 (a) Reconstructed azimuth

T ]
= 21~ (b) Reconstructed azimuth .
#  FE.=12GeV. (st $n $e) = (0, 0, 0) )
H*
N

L Ee = 12 GeV. (st, %y, %) =(0,0, 1) _
1 »1.00+0.19cod +0.51sin!

.
- 7 0y
, y
” .
— ‘ —]
. 7
g N\
’ g
3 Ky
. .
0y

}F\\\\I\\A

=
=
T T TR

A E C Y i IAN " =0.1¢
0.0F - : | Y IANP v = 0 51

- % ; . 0.5 ]
0'8;_ "= soner FP»PH_I{:P Gr &1GeV C "= sonep 0; &1 GeV ]
07 T e |t] %0.2 GeV?] ob i — It] %0.2 GeV? ?

B | | | | | | | | | | | ] L1 | | | | | | | | [

0 0.5 1 1.5 /| 2 0 0.5 1 15 /) 2

single electron polarization —>
26 Jefferson Lab

—



NLP and LO

d Amplitude level

LP Mi: A" =77 (A = =£1)
NLP  Mp: (1) A" =77 (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+§ ‘
p p p|Dp
ip ip ip —> Unique feature to QFT, beyond non-rel. QM!

twist-2 twist-3": LO 27 Jgf;gon Lab



Expectation beyond LO

d Amplitude level F9 and E¢

LP My A =1L (" = £1) l
NLP My: A =1 ("A=0; @A =[0d("a=0; B)A =[gd ("2 =022
NNLP: ...

gluon transversity F7
O Cross section level

My + My + - - ‘2 = ‘MI‘Q +?Re (MIMTI)/—I—
LP NEP

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

NLP | M|4p = 2Re (MiM)) cos¢ or singh modulation, and cos3¢ or sin3¢ modulation

Balad iﬁi

“twist-2” “twist-3”: NLO

28 Jgf;gon Lab



Expectation beyond NLP

d Amplitude level

LP My A =17 (",=1%1)
NLP Myt (DA =1 ("A=0; QA =[gd("i=0; A =[gd("2=0z%2
NNLP My @ (1) A" = [aad ("{* = £1); (2 A’ = [ggd ("3 = £1,£3)

J Cross section level

M|+ M, +M, +addkE Il\_/j,#_|§+ _gRe(M#.M i|33+ ?Re(M I|\/|,,!%!)+ IM |, |§3+ 4 é

LP NLP NNLP

LP IM|ip = [M:]?  No ¢ modulation.
NLP | M|4p = 2Re (MiM)) - cos¢ or singp modulation, and cos3¢ or sin3¢ modulation

| 2Re(M M in)

NNLP M| £
| | NNLP ||V| | |2

- constant, cos2¢ or sin2¢, and cos4¢ or sin4¢ modulations

NLO due to F‘g and F;’g

29 J)e,tf:erjson Lab



Expectation beyond NLP

d Amplitude level

LP Mi: Al =11 (", =%1)
NLP My (DA =1 ("4=0; QA =[d("1=0; (A =[gd ("} =0%2)
NNLP My : (D) A" = [ged ("3%=+1):; (2 A’ =[god ("R = +1,+3)

J Cross section level

M|+ M, +M, +addkE Il\_/j,#_|§+ _gRe(M#.M i|33+ ?Re(M I|\/|,,!%!)+ IM |, |§3+ 4 é

LP NLP NNLP

LP IM|ip = [M:]?  No ¢ modulation.
NLP | M|4p = 2Re (MiM)) - cos¢ or singp modulation, and cos3¢ or sin3¢ modulation

| 2Re(M M in)

NNLP M| £
| | NNLP ||V| | |2

- constant,[coqub or sianb} and cos4¢ or sin4¢ modulations

t |

(-$./081#$23.-/45/268R/9:;0< 4@E )*+ to this power! NLO due to FJ and F.?

30 J)e,tf:erjson Lab



Expectation beyond NLP

d Amplitude level
P My A=l ("y =)
NLP My (A ' =1 ("A=0; @A =[0@d("a=0; @A =od("R=0%2
NNLP My : (1) A = [ogd ("= +1); (2) A’ =[ggd ("3% = £1,+3)

d Cross section level
M+ M + My +4aaddfk ||\_/.|#_|?$+ ?RE(M#IM i%"‘ ?Re(M IM..!H)"‘ LT |§B+ ac

LP NLP NNLP
; E 15 g § :'\: x2+§ 208 Y| Xy + |
p|p
p p p
“twist-2" “twist-3” \_ “twist-4”

# DVCS-square term belongs to NNLP and shall be considered together with twist-3 GPD!
Jgf;gon Lab
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