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Deeply Virtual Compton Scattering (DVCS)

4 DIS
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Deeply Virtual Compton Scattering (DVCS)

4 DIS
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How to separate the GPD moments in DVCS? [Consider unpolarized target]

J Azimuthal modulation in the Breit frame

DVCS Photon electroproduction

Breit frame observables: (B, Q?, t, ?)

do [A.V. Belitsky et al., 2002]
—> [B. Kriesten et al., 2020, 2022]
2
drp dQ* dt do [Y. Guo et al., 2021, 2022]

> (xg,0%) determine: (1) electron scattering, (2) y* kinematics

» (t,¢) describe the y*N scattering

¢ dependence in the DVCS amplitude: ei()‘N_A”Y* )¢ + polarization # separate GPDs (?)
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Bethe-Heitler subprocess! [Consider unpolarized target]

J Azimuthal modulation in the Breit frame

DVCS Photon electroproduction

(J DVCS is just a subprocess!

N(p) +e(l) = N(') +e) +~(d)

I I
I ¢ q ¢ q
\ e
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Measurement in Breit frame [Consider unpolarized target]

] Experiments measure cross section N(p) +e(f) = N(p') +e(l') +~v(¢)
o x |[Mpn + Mpvcs|? = [Mpu|? + 2Re{ My Mpvest + [Mpves|?
\ J

: : Y : 1 1
contains ¢ in denominator o X

P1(9)P2(¢) (1 + acos@)(1 + bcos )

[ Analysis procedure

> For each event, boost to Breit frame and compute observables (5, Q2 t, ?)
> Bin (xp, Q%,t).

> For each (xg, Q%, t) bin, make histogram of ¢.

> Subtract |Mgy|? using known (F{, F,) measurements.
> Fit ¢ histogram to some harmonic template.

» Compare with theory to extract GPD moments.

The binning introduces extra systematic uncertainties! DVCS
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A better way to think about DVCS

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

[Qiu, Sato, Yu, PRD 111 (2025) 094014]

View in lab frame | N(p) +e(p2) = N(') +e(q1) +v(g2) [in preparation]
e(q) /4
qr
Two scales:
P(p) L e(ps) . Hafrd qr
* Softt
\ o
P(p') tz(p—p/)2
7(g2)
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A better way to think about DVCS

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

[Qiu, Sato, Yu, PRD 111 (2025) 094014]

View in lab frame  N(p) +e(p2) = N(') +e(q1) + 7v(q2) lin preparation]
e(q) /& Quasi-real state
" Two scales: e(q1)
P(p) g e(ps)  Hard qy
\P(p/)>  Softt N “ /p\
t=(p-p) A(fpx
V(q2) ,—
2 @ —
' N(p) N
] Two-stage process paradigm (p 7(42)

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
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Channel expansion and power counting
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Channel expansion and power counting

DVCS
+
BH and DVCS are treated on the same ground!
+
+l--- (n>3)
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Channel expansion and power counting

Leading power (LP) Next-to-leading power (NLP)

n=1

NNLP

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

e
9

Consistent power counting

a-

<------>

Y

+ - m>3) O(-t/q})
* Channel expansion = power expansion

10

Jgfggon Lab




SDHEP frame and ¢ distribution

SDHEP frame observables: (t, &, 0, ¢)

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

M]*

SDHEP frame

S ) | ~<a) A Interference of (A4, 4,) channels » cos[(AX4)Q]
o m m Adg = Aa — Ny Y

» ¢ distribution is determined by A spin states!

» Both A" and e are along z axis, so there is no ¢ in denominators.
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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)
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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
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
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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
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Combine n =1 and n = 2 channels

d Amplitude level
LP My A* =~ (N} ==£1)

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

L Cross section level cos[(AA4)d] N \ N

M+ My + - |* = |[Mi]? +2Re (MiM]p) + - - sin[(AX4)¢)] AT AT

N~ N ~~ ~
LP NLP
LP IM|Zp = |Mi|*  No ¢ modulation. 1% = +1 and 2%, = —1 do NOT interfere until NNLP.
26$y Y, 2%
p p
p p
“twist-2" 15 Jefferdon Lab
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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: ...

4 Cross section level cos[(AA4)d]
. AXg =g — N
M+ M+ ? = [Mi]” +2Re (MiMy) +- - sin[(AX4)¢] AT AT
——— ~ ”
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.
Unique signal of GPDs.
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Cross section within NLP: unpolarized proton

do 1 doepol

dtdé dcosfdd 2 dt dé dcosd

: {1 + AN (t, €, cos0) cos 4+ A ANEY (¢, €, cos §) sin ng
\

|
Interference of y; and GPD moments

2sin 6 t 4+ (1 — cosf)? t
Apg” Ff——F5 | — F - —F [+ F
vy = £ ( Loam? 2) sin 6 cos?(6/2) [ 1 Re#t 4m? pRe&+E(+ Z)ReH]

_ 0 t ~
ANLP o 381%‘;8 [Fl mH - P lmé +&(F +F2)Im7—l]

SDHEP frame
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Cross section within NLP: unpolarized proton

do 1 doepol

dtdé dcosfdd 2 dt dé dcosd

Generate 10° events and reconstruct

: {1 +[A§I(}P (t,&, cosB) cos ¢]+ A ANEE (€, cos 0) sin gb}

unpolarized

13 (a) Reconstructed azimuth
- Eo =12 GeV. (st, Ay, Ae) = (0, 0, 0) 1
s it =00 > SDHEPfitto 1.00 +0.190cos¢ mp (AN =0.190

RE —> Breitfitto 1.00 4+ 0.15cos ¢ — 0.12cos2¢ — 0.01 cos 3¢ + 0.01 cos 4¢

0.9 . * No straightforward interpretation of the coefficients.

0.8 ¢ = Gupper ﬁy g, 21 GeV * Need to introduce more gears in GPD extraction.

~}~I<Fi_{ .
:_ ----- ¢ = (I)BREIT [t £0.2 GeVz_i

T [A.V. Belitsky et al., 2002]
0 0.5 1 1.5 b /2 [B. Kriesten et al., 2020, 2022]
[Y. Guo et al., 2021, 2022]
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(normalized)



Cross section within NLP: unpolarized proton

do 1 doepol

dtdé dcosfdd 2 dt dé dcosd

Generate 10° events and reconstruct

F+ T 1 1] 1 T
— (a) Reconstructed azimuth
" Ee =12 GeV. (s1, Ay Ae) = (0,0, 0)

=

- ¢ = Osprer }_‘i_{k‘lﬁ FP Or21GeV

0.7; """ ¢ = (I)BREIT Itl<0.2 GeVz_f

0 05 1 15 2
o6/ =

(normalized)

: {1 +[AEI(}P (t, &, cos ) cos b+ A ANE (¢, €, cos 0) sin ¢

single electron polarization

\4
L L L I
— (b) Reconstructed azimuth

L Ec =12 GeV. (s1, An, 2e) = (0, 0, 1)

5 1.00 +0.19 cos ¢ + 0.51 sin ¢

b

(ANEF) = 0.19
(ANEPY = 0.51

5
=
B
,
’ —
B
. \

T O = Ospree G4 21GeV
o = darer It <0.2 GeV?; Not clear how to fit...
0 05 1 15 2
o6/
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Cross section within NLP: introducing proton spin

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

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

\m
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Cross section within NLP: full polarization

do 1 do POl Ao AT oy e Al ;
— ) e 68 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 cOoS (g sin ¢ + A?&PQ sin ¢g cos gb)
Junpol o3 m? - + AeST (A?%Pl COS ¢g coS ¢ + A¥%2 sin ¢g sin gb)
uu

dtd€ dcosf (14+€&)% st?

T = [m - Sin2(0/2)] K%;—Z — 2) <F12 — 4#1@2) - #(Fl - F2)2]

1 1 ) —t 4 t
ALp = nLP [sin2(9/2) - Sm2(0/2)] (F) + F) [Fl (gmz 1 fg) a WFQI Quadraticin (Fy, F3)
p_ 1 _ Ar 1 a2 _ 1+¢ v
ATL = ZI&% om Lm2(0/2) S1n (9/2)] (Fl == Fg) [ 4F1 =F f 2 F2]

Control the rate (unpolarized cross section). No ¢» modulation.
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Cross section within NLP: full polarization

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 ¢ + Aggg $in ¢ g O ¢)
Q— AeST (Ag%Pl Cos ¢g Ccos ¢ + A¥%§ sin ¢ sin ¢) )
No contribution to the rate, |
= only to azimuthal modulations (cos¢, sing)
22 Jefferéon Lab
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Cross section within NLP: full polarization

do 1 do1opol

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

[1 + AANAEY - Nosp AR cos ¢s

4 )
+ (ANEP L AN ATER) cos b+ (AADEY + Ay ATEP) sin ¢
NLP: from y;-y; and y;-[qq] interference : :
V¥ vr-laql + s (A%Pl CoS ¢g sin ¢ + A¥g§ sin ¢ g cos o)
ANLP _ L ( —t > yNLP NLP
XX T v T Q_ AeST (ATL,l COS ¢g COs ¢ + A¥%§ sin ¢ g sin gb) D
NLp . A7 14+& [2sinf [, s 4+ (1 — cosf)? -
2u0 = 2m ¢ l § (Fl - WF2> ~ sinfcos2(0/2) (M1 -ReV]:)] ’ . . ~
mP — 2T lsine(Fl + Fy) (1 o+ Fz) 229989 (g, Rer)] , * Linearin GPD moments Vi = (,&,H, &)
m & sin 6
Srr = 2sin6 (Fy + F) [Fl + (1 ig + 45212) FQ] + w (M - Re V),
; 23 — cosf) * Controlled by the real matrix M, same for real and
Zris = 2sinb (Fi+ F2) (Fl " WFQ) — g ARk imaginary parts of GPD moments

Ar14+£3 —cosf

ENLP — M, -
vk m £ sin 6 (M, - Tm V),
A1 4+ (1 —cosf)?
Lo 2m sin 6 cos?(0/2) (Mo - Im V),
4+ (1 — cos 0)?
ENLP _ + ( cos ) (M3 . Im V]—") ’

TUL ™ sinf cos2(0/2)
$NLP _ 4+ (1 —cosf)?

TU2™ sinf cos2(0/2) (My - Im V).

M,; = (Milp Mig, Mi3, M7,4) (see next slide)

8 asymmetries < 8 (real) GPD moments
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Cross section within NLP: full polarization
do 1 dorpol

= 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(Fl-l-Fz) 0 <« M,y
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 <«— 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

24
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Summary --- SDHEP frame vs. Breit frame

d Breit frame: centered around y*(q)

* Center around a high-virtuality state
e Mixes soft and hard scales

* Inconsistent for DVCS and BH

* Complicated ¢ modulations

e Center around a low-virtuality state
* Clear physical picture: scale separation

* Unifies y* and GPD channels coherently: A* = y*, [qq], ...

 Clear azimuthal distributions

e Unified frame for ALL SDHEPs
SDHEP frame
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Thank you!
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