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DVCS

The simplest and best known process is Deeply Virtual Compton Scattering:
ep —>epy
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Factorization into GPDs and perturbative coefficient function - on the level of
amplitude.

DIS : o = PDF ® partonic cross section
DVCS : M = GPD ® partonic amplitude
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GPD definition.
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2 5o € P'la(=52)7" q( z) |p) oo
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» Skeweness: Y )
— x
§= _q ~ = , IB= Q
2g-P 2—zp 2q-p
momentum transfer between proton initial and final state:
t=' -p)?

» Factorization scale dependance,
» Three variables =, &, t .
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GPD - properties,

» Forward limit:

H%z,0,0) = gq(x), for x>0,
H%(z,0,0) = —q(=), for <0,
HY(x,0,0) zg(z),

similarly for polarized disributions and PDFs.

» Reduction to the Dirac and Pauli form factors:

1 1
/ dx H(z,&,t) = FI(t), / dzx E%(x,&,t) = Fy(t),
—1 —1

» polynomiality and positivity

> Ji sum rule:

1
lim/ de x [H¢(z,&,t) + Er(x,&,t)] = 2J5
-1

t—0

where J; is fraction of the proton spin carried by quark f (including spin
and orbital angular momentum).
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Energy momentum tensor and D-term

» Gravitational Form Factors:

ra [ e PuPo o i P AF
W T @) = [A O e
p— 2 . ’
+ D7) SeSe e +mé“<t>gx}“ o
m

» Form Factor D(t) connected to pressure
» fixed-t dispersion relation for DVCS

' 1 1
ReH(E,t) = A(t) + P.V./0 ;Im?—[(w,t) (H 3 m) dx

with some approximations: A(t) ~ Zq D9(t) + ... First attempts made
(Burkert et al, Nature 557 (2018)), but difficult to perform in a model
independent way.
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Impact parameter representation

At&=0 = —t =A% :
[ dPAL oA _
H(x,bj_)—/ @n)? e H(z,0,—A.)

can be interpreted as probability of finding a parton with longitudinal
momentum fraction x at a given b .

longitudinal K/

{(aﬂs\’erse

0.001 0.01 0.1
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DVCS - Coefficient functions and Compton Form Factors

CFFs are the GPD dependent quantities which enter the amplitudes. They are
defined through relations:

, 5 - +ﬂAp
A“”(g,t>—e2(P+1P,)+u<P>lg; (e +e6.0 )

- - +
it (Al 0y s + 860 512) ] u(P),

,where:
H(EL) = +/ da <2Tq(x,§)Hq(x,§,t)+Tg(;c,§)Hg(x,§,t)>

GPDs enter through convolutions! At LO in ag:

1
DVCSmq _ 2 _ _
T! = eqix—i—f—is (x — —x)
PVESRe(H) ~ P / et @ e, T ~in (€ 6 1)
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DVCS Observables
» DVCS and Bethe-Heitler

i Qe QS

» The Ip — Ipy cross section on an unpolarized target for a given beam
charge, e; in units of the positron charge and beam helicity h;/2 can be
written as :

da" 1 (¢) = dovu () [1 + hiAvu pves(d) + ethiAvu1(6) + et Ac(9)]

One can define various asymmetries:

Ao(é) = m [(dai tdot) — (do + da“)] .
1 % & 5 z
ALU,I((b) = m |:(d0' —do )— (da —do ):| 5
Arupves(¢) = m [(daj _ do"t) + (da; _ dg“)] .
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Observables

cos ¢
AC
Asm )

LU, I

sin ¢
AUL I

cos ¢
ALL I

cos (0¢)
ALL,DVCS

sin (¢p—¢s)
uT,DVCS

sin (p—¢s) cos ¢
AUT

[ ~ t
Re [Fint+e(m + P - [ e
L am

~ t
Im |:F1'H + &(F1 + FQ)'H - 72F251| s
4m

Im -§(F1 + Fy)(H + %He) + P H— €5 "
3 3

Re |:§(F1 + Fy)(H + mé‘) +F17:Z_§(1+§F1 + 4]\22

i+ ——F»)&E
+ 4A42 2) }

F2)g] ;

Re _4(1 — &) (MA* + HMY) — 462 (HE* + EH* + HE™ + W)

£
_45(1+§ + 4M2

) (68" + &%),
[m(%s*) —5|m(ﬁ$~*)} ,
im | = s (P - Fle) +E(Fi+ oy F) (H+€)

w9

~&(F+ Fo)(H

9/48



DVCS data

Table 3: DVCS data used in this analysis.
Kinematic ~ No. of points
No. Collab. Year  Ref. Observable dependence used / all
1 HERMES 2001 Aty o 10 /10
2 2006 Ao t 4/4
3 2008 AP Tp; 18 /24
{smw ¢5)wsm
UT,DVCS
11sm(q; ¢s) cosid
cus(d} bs)sinid i
4 2009 i Tny 35 /42
5 2010 z; 18 /24
6 2011 Tny 24 /32
1
{:cs(d: ms)cws i Q.
Af‘,‘.ﬂ?"’s“‘"”’ i=1,
7 2012 Ay i . In; 35 / 42
Az;}fgvcs i=1
r"?s i
8 CLAS 2001 Apginie — 0/2
9 2006 Ag e — 2/2
10 2008 ATy ) 283 / 737
11 2009 Ao ) 22 /33
12 2015 o N ) 311 / 497
13 2015 gy, o 1333 / 1933
14 Hall A 2015 Ad'or, o 228 / 228
15 2017 Adtor,, ) 276 / 358
16 COMPASS 2018 — 1/1
SUM: 2600 / 3970
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Example of parametric fit

H.Moutarde, P.Sznajder and JW, Eur.Phys.J. C78 (2018)

» Border function: ~
For the GPDs H? and H? at £ = 0 we use an Ansatz that is commonly
used in phenomenological analyses of GPDs:

G(,0,t) = pdf;(x) exp(f&(2)t) -

The profile function, f&(x), fixes the interplay between the = and ¢
variables, and it is given by:

fe(z) = AL log(1/x) + BL(1 —2)* + CL(1 — 2)w
» Skewness function:

_ Gz, & t)
g& (@, &, t) = G1(2,0,t) °

In our case:
Gq(a,‘,x,t) = Gq(x707t) gg;(%%t) )
We assume the following form (suggested by F. Yuan, Phys. Rev. D69)
q

gL (w2, 1) = gl (2,t) = ﬁ (1 +t(1 — 2) (b + c& log(1 + 2))) |
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fit vs experiments
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Comparison between the results of this analysis, some selected GPD models and experimental data published by
Hall A (left) and CLAS (right). The solid curves and the gray bands surrounding those curves are for the results of
this analysis and 68 % confidence levels for the uncertainties coming from DVCS data, respectively. The
corresponding bands for (un-)polarized PDFs and EFFs are indicated by the labels. The dotted curve is for the GK
GPD model, while the dashed one is for VGG. The curves are evaluated at the kinematics of experimental data.
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Compton Form Factors

PARTONS Fits 2018

PARTONS fits 2018-1
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Real (left) and imaginary (right) parts of the CFF 7{ obtained in this work as a function of £ at t = —0,3 GeV?

and Q2 = 2 GeV2.
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Position of up quarks in an unpolarized proton (upper plot) and longitudinal polarization of those quarks in a
longitudinally polarized proton (lower plot) as a function of the longitudinal momentum fraction x. For the lower

plot only the valence contribution is shown.
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Fit with ANN + Genetic algorithm
H. Moutarde, P. Sznajder, J. Wagner, Eur.Phys.J. C79 (2019)
> ANNs

normalization

linearization

inverse normalization
inverse linearization

Scheme of a single neural network that is used in this analysis to represent either the real or the imaginary part of a

single CFF.
generation of
initial population

» Genetic algorithm

result

stopping criteria

Scheme of the genetic algorithm. 15/48



Observables

15

a0 [nb/Gev]

¢[r:ad] ¢[rr‘ad]
CLAS data for d*o;,, at xgj = 0,244, t = —0,15 GeV> and Q> = 1,79 GeV? (left) and for
Ay, at wpj = 0,2569, t = —0,23 GeV?, Q% = 2,019 GeV? (right). The gray bands

corresppnd to the results of this analysis. The dotted curve is for the GK GPD model, while the
dashed oneis‘for VGG.
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HERMES data for A% (left) and A;’“T(f’d’S)c“w (right) at ¢ = —0,12 GeV? and

Q% = 2,5 GeVZ2.
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results for CFFs

Elma#
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e w5 w4 1
3 3
Real (left) and imaginary (right) parts of the CFF # as a function of £ for t = —0,3 GeV? and Q2 = 2 GeV?2,
The blue solid line surrounded by the blue hatched band denotes the result of our previous analysis.
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Real (left) and imaginary (right) parts of the CFF H as a function of £ for t = —0,3 GeV? and Q2 =2 GeV?2.
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Subtraction Constant

() 02 04 06 08 1
-t [GeV?]

- Non-parametric

- Model dependent extraction
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Status of DVCS fits

v

v

v

This were just the examples, many other groups:

»
>
>
>
>

>

Kumericki, Muller,

Guidal, Vanderhaeghen, Dupre,
Burkert, Elouadrhiri, Girod

Liuti, Goldstein, Kriesten et al.
GUMP (Guo, Ji, Santiago, Shiells)
Kumericki NN,

Most fits still at LO and LT - effectively Compton Form Factors fits

higher twist needed, especially for JLab kinematics

NLO fits! (first attempts for low-x by Kumericki, Mueller, Lautenschlager
recently Marija Cui¢, Goran Duplanéi¢ , KreSimir Kumericki, Kornelija
Passek-K.)

Switch from CFFs to GPDs - flexible modelling,

Include charm mass effects.

More channels needed:
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Other channels

> DVMP

» DVCS on neutron

without CLASI2 nDVCS with CLAS12 nDVCS with CLAS12 nDVCS

uw quark

;:2“ Y2 d quark NN
gl N ’ P
SN D>sss | N7
10 2 N\ / N\
= J /////////////////////////,/,/

ap =015 Tp =015 t=—02GeV?
0 02 04 0 02 04 [ 02
—t [GeV? —t [GeV? 3

FIG. 6.  Extraction of up (u, coarser shading, red online)
and down (d, finer shading, blue online) quark contributions
to SmH (top) and ImE (bottom) as a function of —t (left
and middle) and ¢ (right). The leftmost column shows the
extraction of the two CFFs without the CLAS12 nDVCS data,
which are instead included in the other two columns.

2406.15539 CLAS and Cuié, Kumerigki
Kopeliovich, Schmidt, Siddikov
JW, Szymanowski, Pire
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Other channels

» Photoproduction of Heavy Vector Mesons:

Ivanov, Schafer, Szymanowski, Krasnikov
Y

> 2 jets

Braun, lvanov
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Other channels
Two particle final states:

» 2~ electro- and photo-production
Grocholski, Pedrak, Pire, Szymanowski, Sznajder, JW

9 € k1, e

X

ka, €

(z+¢)

» yM and M N pairs:

Duplané¢i¢, Saad Nabeebaccus,Passek-Kumericki, Pire, Szymanowski, Wallon

t (small)
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Limited and enhanced sensitivity

» Most of those processes (at least at LO) are sensitive only to = = ¢ line
» Non-invertability (Shadow GPDs and shedding light on them)

Bertone, Dutrieux, Mezrag, Moutarde, Sznajder
» Another possible source of information about x # £ - lattice

» Other ideas: processes with more particles in the final states.
J.Qiu,Z.Yu

» Possible problems with factorization in the gluon exchange chanell
reported recently:
Nabeebaccus, Schonleber, Szymanowski, Wallon - 2311.09146
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DDVCS

» Simplest:

(©

Double Deeply Virtual Compton Scattering (DDVCS): yN — 1ti— N/

» Proposed in:
Belitsky & Muller, PRL 90, 022001 (2003)
Guidal & Vanderhaeghen, PRL 90, 012001 (2003)
Belitsky & Muller, PRD 68, 116005 (2003)

» No problems with factorization.
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First step - timelike DVCS

Berger, Diehl, Pire, 2002

(b)

Timelike Compton Scattering (TCS): yN — 171~ N’

Why TCS:

» universality of the GPDs
» another source for GPDs (special sensitivity on real part of GPD H)
> first step towards DDVCS

> spacelike-timelike crossing (different analytic structure - cut in Q?)
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Spacelike vs Timelike

D.Mueller, B.Pire, L.Szymanowski, J.Wagner, Phys.Rev.D86, 2012.

Thanks to simple spacelike-to-timelike relations, we can express the timelike
CFFs by the spacelike ones in the following way:

TH I—é) SH*,

Tﬁ I—£ _Sﬁ:«7

T NLO s 9 0 s

H = —imr Q 8Q2 ,
7. NLO S5
H = 7—[ +z7rQ 6Q2 S

The corresponding relations exist for (anti-)symmetric CFFs & ().
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DVCS vs TCS CFFs

O. Grocholski, H. Moutarde, B. Pire, P. Sznajder, J. Wagner, Eur.Phys.J. C80 (2020)

£ Im®3

£Im'H

Imaginary (left) and real (right) part of DVCS (up) and TCS (down) CFF for Q2 = 2 GeV? and t = —0,3 GeV?
as a function of £. The shaded red (dashed blue) bands correspond to the data-driven predictions coming from the
ANN global fit of DVCS data and they are evaluated using LO (NLO) spacelike-to-timelike relations. The dashed
(solid) lines correspond to the GK GPD model evaluated with LO (NLO) coefficient functions.
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Circular asymmetry
The photon beam circular polarization asymmetry:

+ —
ot —0o
Acu =

=i " imi)

0.4

Yam 1%n 2n

0.2

Acy
o

0.4
103 102 101
3

Circular asymmetry Ay evaluated with LO and NLO spacelike-to-timelike relations for Q’2 = 4 GeV?,
t = —0,1 GeV? and (left) E~ = 10 GeV as a function of ¢ (right) and ¢ = 7 /2 as a function of £. The cross
sections used to evaluate the asymmetry are integrated over 8 € (7w /4,37 /4). 28/48



Experimental status

» First measurement: P. Chatagnon et al. (CLAS), PRL 127, 262501 (2021)

PHYSICAL REVIEW LETTERS 127, 262501 (2021)

First Measurement of Timelike Compton Scattering

P. Chatagnon®," S, Niccolai,” S. Stepanyan,” M.J. Amaryan,” G. Angelini,”” W.R. Amstrong,' H. Atac,”®
C. Ayerbe Gayoso,*"' N. A. Baltzell,*® L. Barion," M. Bashkanov,” M. Battaglieri,""* L. Bedlinsk . Benmokhtar,

A. Bianconi.”"’ L. Biondo,"*"**" A. S. Biselli,* M. Bondi."” F. Bossi." . Boiarinov,™ W. J. Briscoe e

‘W. K. Brooks,

» TCS has the same final state as J/v, already measured in UPCs!  LHCb,
CMS, ALICE, AFTER

BReR,

AB dnA ~B dnB ~A
™" = [ dka—0"" (Wa(ka))+ [ dkp——0"" (Wg(kg))
dka dkp

» Measurement of TCS should also make us more optimistic about DDVCS!
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Double DVCS

(c)

Double Deeply Virtual Compton Scattering (DDVCS): v N — 11— N’

¥ (@in)N(p) = 7" (qout) N'(p')
Variables, describing the processes of interest in this generalized Bjorken limit,
are the scaling variable ¢ and skewness n > 0:

fo Tout @, out = din
Qout — G (p+p') - (@in + qout)

> DDVCS: ¢2, <0, q2u>0, n#E
> DVCS:  ¢2, <0, ¢2:=0, n=¢>0
> TCS: ¢, =0, qu>0, n=-£(>0
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Coefficient functions and Compton Form Factors

CFFs are the GPD dependent quantities which enter the amplitudes. They are
defined through relations:

ioctP
AR (& m,t) = *eQﬁ a(P') | g7 (’H(&n,t) Y+ E(E 1) QMA”)
- - +
wieg (H&n 07"+ E€n ) 512 [up),
,where:
H(&m,t) = +/ da (ZTq z, &) H (z,n, 1) +T%(x, &, H (:v,nyt)>
HEm,t) = / dx (ZTq & mH (x,n,t) + T (2,6, m) H <x,n,t>> :
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LO

» DVCS vs TCS

DVCSTq — _egwl_ie _ ([l? N _x) _ (TCSTq)*
PYOSFU bt (s )= (TS
DVES po(a) ~ P / o Hwnt), PO Im(H) ~ i ()
» DDVCS 1
bRVOSTY — 2~ (- —x)
T+ & —ic
PPVCSRe() ~ P / xi i @n.t), PVOS Im(H) ~ im H (£€, 1, t)
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DDVCS - our calculation
Deja, Martinez-Fernandez, Pire, Sznajder, JW, PRD 107 (2023)

» In the view of new experiments, revisiting DDVCS is timely
» DDVCS is a subprocess in the electroproduction of a lepton pair

(from left to right) DDVCS, BH1, BH2.

» Rederivation of DDVCS formulae via Kleiss-Stirling’s methods:
» Direct calculation of amplitudes
» 2 scalars as building blocks, a and b as light-like vectors:

s(a,b) = u(a,+)u(b,—) = —s(b,a)
t(a,b) = u(a, —)u(b,+) = [s(b,a)]*

B0 — pl
a0 — ql

s(a,b) = (a® + ia3) —(a+b)

Kleiss & Stirling, Nuclear Physics B262 (1985) 235-262
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DDVCS subprocess a la Kleiss-Stirling

» DDVCS subprocess amplitude:

—16’4

; V) g (A)
PMDDVOS = (G730 (@? T i0) ( MDDVCS_HMDDVCS)
» Vector contribution:
(v
lM](DD)VCS:_% |:f(3[7277Z+;Sak/7k)—g(3£,[7 ¥l )g(s,k nk)—g(se,l— ,n,£+)g(s,k/,n*,k¢)}

X [(HAE) Yagar 9+ mrey )4 Zagay a(—r o mr— o))~ £ T2, |

» Axial contribution:

v +
MG, 5= T et (sl £ ) o b 1) [T 4550 7250
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DVCS & TCS limits of DDVCS

4 g 125
g X3=0.2, Q*=3 GeV?, —opves E Q?=3 GeV?, t= —TCS
< t=-0.1 GeV?, E.=160 GeV == DDVCS in limit 2 i Bueor=1.5n/4, ~-- DDVCS in limit
g3 -
3 3oz
£ 2 @
s 2
s
z § 05
2 1 s
(<3 = 025
5 5
J g
Z o 2 0
> 0 05n n 15n 2n ‘g 0 0.5n n 15n 2n
o $rrento [rad] o #1800 [rad]
< £0s
] Xg=0.2, Q*=40 GeV?, —oves 3 Q2=33 GeV?, t=-0.25 GeV?, —TCS
5 5] =025 GeV?, E.=160 GeV =~ DDVCS in limit % 04l Oeop=1.51/4, E,=160 GeV -~ DDVCS in limit
~a =
&3
= %oz
=, 8
2 3
(<3 = o4
%4 5
g g
S 0 05n n 15n 2n 5 0 05n n 15n 2n
© $rrento [rad] © 1,00 [rad]

Comparison of DDVCS and (left) DVCS and (right) TCS cross-sections for pure VCS subprocess.

ARTEONS
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Observables: cross-section

> We consider Q2 > Q?: our DDVCS is “more” timelike than spacelike

0.

o
N

(=4
=

oyy [pb/GeV©]

E.=10.6 GeV fixed target

0.0:

n
$ie0p [rad]

E.=22 GeV fixed target

05n n 2n n
$ue0p [rad] $1,800 [rad]
JLab12, JLab20+ EIC 5x41, EIC 10x100
Experiment Beam energies y |t Q ’
[GeV] [GeV?]  [GeV?]  [GeV?]
JLab12 E.=106,E,=M 05 02 0,6 25 SARTONS
JLab20+ E.=2 E,=M 03 02 0,6 25 7 ﬁl
EIC E.=5 E,=41 015 01 0,6 25
EIC E. =10, E, =100 0,15 0,1 0,6 2,5
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Observables: beam-spin asymmetry

0.3

E.=10.6 GeV fixed targ

E.=5 GeV E,=41 GeV

n i5n 2n
$re0p [rad]

n 15n 2n
$ie0p [rad]

E.=22 GeV fixed target

E.=10 GeV E,=100 GeV

n i5n 2n
$re0p [rad]

JLab12, JLab20+: up to 15-20 %

n
$ie0p [rad]

EIC 5x41, EIC 10x100: 3-7 %

Experiment Beam energies y |t Q 5
[GeV] [GeV?]  [GeV?]  [GeV?]
JLab12 106, E,=M 05 02 0.6 25 SARTONS
JLab20+ 2 E,=M 03 02 0,6 25 7 ﬁl
EIC E.=5E,=41 015 01 0,6 25
EIC E.=10,E, =100 015 0,1 0,6 25
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Monte Carlo study: distribution in y

2
=106 Gev fied target 8 £.5 Gov o1 Gev
2500 5000
o5 * 015
£ 200 —+ 5 fow
5 1500 Bt 01 & B0 o1
B - g 5 .
£ oo . e g £ 4+
g 0os & 2 fa e 005
500 . & 1000 T e -
.4 . .
025 05 075 1 025 05 - 075 1
v v
2 2
£.=22 Go fied target 8 £.710 Gev E,-100 Gev
g 1500 Bl . s B g 700 o
¢ -+ O ER
5 . A + s
E’ 1000] [ . 01 8 -gh 5000 *++ + 01
% s B R N 4+ foos
&
. z 3 —+
.
G o7 R T a— R
v y
JLab12, JLab20+ EIC 5x41, EIC 10x100

10000 events/distribution. Neither acceptance nor detectors response are taken into

account in this study

(+59100+ HE)/SONAQ

(+S$100+ HE)/SONAQ

Experiment Beam energies

Range of [t olocy<r

Gev] GV bl

JLab12 E. =106, E,

[ (01,08 04

b0+ E=2,E, (01,08 046
EIC E.=5E=1  (0051) 39
EIC E.=10,E,=100 (0051) 47

Emk\o?yq Ymin  Olymin<y<1/Tlocy<t
e

70 0,1
22 0,1

| 0,05
21 0,05

0,73
0,32

EpIC MC
@ integrated cross-section
.I pure DDVCS fraction

Kinematic cuts:

Q2 € (0,15, 5) Gev2

Q"2 € (2,25,9) Gev2

Jlab: —t € (0,1, 0,8) Gev2
EIC: —t € (0,01, 1) Gev2

¢, ¢y € (0,1,2w — 0,1) rad
0p € (w/4,3m/4) rad

JLab: y € (0,1, 1)

EIC: y € (0,05, 1)

E0IC
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Higher twists - why do we need them?

1. Nucleon tomography is a Fourier transform in A that requires data on a
sizable range of t:

2K, _ip A -
TSl L AL HY(2,0,t=—A2)

a(@b)=[

Increase the range of useful experimental data:

PARTONS Fits NN 2019

100
°
& °
Sw1 ° e
! o PO o
So o
RS
o0 o
°
o °
10-2 oo o
10-4 103 10-2 101 100
Xgj

Data come from the Hall A (v, V), CLAS (A, A), HERMES (e, 0), COMPASS (M, [(J) and HERA H1 and ZEUS (4, {) experiments.
The gray bands (open markers) indicate phase-space areas (experimental points) being excluded in the analysis of H. Moutarde, P.
Sznajder, J. Wagner, EPJC 79, 614 (2019).
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Conformal twist expansion

> We use the results of Braun, Ji & Manashov, JHEP 2021, 51 (2021). OPE
to all twists!!

» They use a conformal symmetry to constrain the coefficients of the
expansion around the light-cone.

» Kinematic power expansion. No higher-twist GPDs.

|t‘ P M2 P
~ @ y @ P

Thin — 2
2

P=

> Scale of DDVCS:
Q= Q?+ Q2+t
» This formalism satisfies QED gauge and translation invariance.
» Succesfully used for DVCS Braun, Ji & Manashov in JHEP 01 (2023) 078
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Why spin-0 target?

> It is the simplest case (spin-1/2 and spin-1 targets to be studied later).

> Study of DVCS on scalar and pseudo-scalar nuclei, e.g. *He:

S. Fucini, S. Scopetta, & M. Viviani, PRC 98, 015203 (2018).

> Study of meson GPDs () through the Sullivan process: v*p — yrTn
J. D. Sullivan, PRD 5, 1732 (1972).
Pion GPDs from J. M. Morgado-Chavez et al., PRD 105, 094012 (2022).
D. Amrath, M. Diehl, J.-P. Lansberg, EPJC 58, 179-192 (2008).

J. M. Morgado Chavez, PRL 128, 202501 (2022).

» Kinematical higher twist contributions recently studied in related process
%y — w77 access to pion GDAs:

C. Lorcé, B. Pire, Q.-T. Song, PRD 106, 094030 (2022); B. Pire, Q.-T. Song, PRD 107, 114014 (2023) .
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Starting point: OPE + CFT (Braun-Ji-Manashov)

ThY i/d4z 1= ! | TG ()7 () Hp) =

1 1
1 i 1
i PATTAL D G — L VS T LT du 6(a,0) — zH (Y —iaY) dv 6(1,v)
im2 (=22 +i0)2
0 0
1 I 1 I
1 i t
- | =AY — (v & ) du dv O(a,v) — —z" ok du u dv 6(a,v)
—22 440 |2 4
0 0 0 0

+ many more lines...

Operators &' above are understood as matrix elements, that is:

e A2 711000 (8,a,1)

(p'|6(A1,22)|p)=

where
Lxp,ag =—MA=A12[Bp— §(a+1)4]

and ®*) is given by the usual DDs hy, g; as

e 2
e Ban=) (L) 2 Ban. oD (B.an=05hs+000s

More details on: Braun, Ji & Manashov, JHEP 03 (2021) 051; and JHEP 01 (2023) 078.
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Scalar and pseudo-scalar target

» Spin-0 target = vector component of T#" is enough.
> Parameterization of 7" — helicity amplitudes, A4F .
> Spin-0 = A48 = H*B /2 (5 CFFs in total).

THY — Aooi(qq/)Q ququ\/m+q(qu)§ — qu,VR27Q +g'tg Q?
R2Q?2 R — qq’ Q’ 2(qq")2Q’ (aq")Q’

2 aq’
A+O t m |l v
A R 9 ot
\/5 qq/
_ A%t 5 H Y 4 0d"
R|:5L|pJ' |: Q ? @a

- A'H'gi" , R =1/(4d")? +Q%Q"?

> Read out projectors — AP = oas e
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Example: AT~ = O(twist-4)

R 1 _ _ ~ =~ ny
Al/@g = m (PL,APL,V *PJ_,;LPJ_,V)T

4p2 by
P T x
_ A s y(,,ﬁ

=28 iz s) H®P (z,6,t), De =60
—1

x — p+1i0
log

—z — 30 _
Y(f 5):7§+p10gp z—i0 &£—p +210g ?
E+z E+p -z E—p

€€

—x — 0

> DVCS# limit: Q'2 — 0,p — &

T 2z & —ax—10
Ypvces E = §+1103T

> TCS limit: Q2 — 0, p — —£(1 — 2¢/Q’ 2)

x 2z £+ x+ 10
Y- -] = log ——— —
ros (2) = e

# Results for the spin-0 target in DVCS were already published by Braun, Manashov & Pirnay in PRD 86, 014003 (2012); and with an
alternative method by Braun, Ji & Manashov in JHEP 01 (2023) 078.
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Phenomenology for pion target
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Fig. 4.1. Real (left) and imaginary (right) parts of the transverse-helicity conserving
amplitude, A"+, for ¢ = 0.2, Q> = 1.9 GeV? and two values of t: —0.1 GeV? (first
row) and —0.6 GeV? (second row); as a function of virtualities ratio. Black and red lines
represent the LT and higher-twist results, respectively. The results have been obtained
for the GPD model of Ref. [124]. 45/48



Phenomenology for pion target
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Fig. 4.2. Numerical estimate for the transverse-helicity flip amplitude, A*~. For a
further description see the caption of Fig. 4.1.
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Summary DDVCS

» DDVCS is a potentially important source of information on GPDs in the
unexplored £ # x domain

» New analytical formulae for the electroproduction of a lepton pair have
been derived.

> Implemented in PARTONS and EplC MC (LO + LT)
» Asymmetries are large enough for DDVCS to be measurable at both
current (JLab12) and future (JLab20+, EIC) experiments

» By means of the conformal twist expansion by Braun, Ji & Manashov we
compute the higher-twist corrections of DDVCS, DVCS & TCS on a scalar
target.

» DDVCS can provide unique information, but is very challenging
experimentally. But recent measurement of TCS should also make us more
optimistic about DDVCS! We need muon detection!
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Addendum

DDVCS coefficient functions:

» At LO trivial

» At NLO calculated by several groups, but in a nonphysical region and then
continued for DVCS to £ — i¢, which can by understood as s + i€ in

2

&= Q;QFW - does not work for general DDVCS or TCS (additional cut in
Q")

> So we have just calculated NLO for physical region - keeping directly ie in
the calculation.

» then we realized that for DVCS and TCS all the poles and cuts where in

—8—ie U i€

the § and 4 of the subprocesses, in the form of In oz and In
terms, where § = 2; Q? and 4 = ‘5” o

» is this observation usefull for DDVCS? At NLO easy to check, the
calculation is done, has to be rewritten in a more decent form.

» At NNLO ... ?
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