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Deep Inelastic Scattering (DIS)

e R. Hofstader & R. W. McAllister, Phys. Rev. 98, 217 (1955)
— elastic scattering — proton is an extended object of
radius ~ 10713 cm

e M. Breidenbach et al., PRL 23, 935 (1969) — DIS — proton

is a composite object
Ty Jx
}x N}x

DIS (left), optical theorem (right - sum over X states = inclusiveness)

1
O',YN_>X:fo0 dx crwf_»((x)PDFf(x), f = flavor
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Deeply Virtual Compton Scattering (DVCS)

DVCS

@ In the late '90s, Ji, Miiller and Radyushkin introduced the
Generalized Parton Distributions (GPDs) through DVCS
process

@ GPDs enter amplitude at LO via CFF:

CFFpves ~ Pv(fj1 dxéGPD(X,{,t)) — [T, dx im6(x—E)GPD(x.£, )+
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Generalized Parton Distribution

Generalized Parton Distribution ~ “3D version of a PDF (Parton
Distribution Function).” With x the fraction of the hadron’s
longitudinal momentum carried by a quark:

4+

GPDy(x&,t)=3 [ G = (N (p)]ar (5 )7 WI-2/2.2/2ar () IN(D) |, g

GA _ =2 _ /
t:AQZ(p/_p)Z’ 52—%7 P:ﬁ, q:qu

€

Importance

@ Connected to QCD energy-momentum tensor, and so to spin.
GPDs are a way to address the hadron's spin puzzle

o Tomography: distribution of quarks in terms of the
longitudinal momentum and in the transverse plane

2 .
Q(XybL):f % e L AHI(x,0,t=—A2) + HI: a particular GPD
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Limitations of DVCS

@ Problem: currently, GPDs are accessible experimentally in
processes such as deeply virtual (DVCS) and timelike
Compton scattering (TCS), but the LO amplitudes are
restricted to the line x = +£

DVCS (left), TCS (right)
@ GPDs enter amplitude at LO via CFF:

CFFpvos ~ PV (fjl dxXTilgGPD(x,g,t)> — [ dx imb(x—E)GPD(x.£, )+

Similarly for TCS with { — —¢
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Need to go beyond: Double DVCS (DDVCS)

@ Solution by DDVCS: the extra virtuality allows for the
introduction of a new (generalized) Bjorken variable p so that

we can access GPDs for x = p # £

Double DVCS (DDVCS)
@ GPDs enter amplitude at LO via CFF:

1 1 .
CFFppvcs ~ PV (f_l dxéGPD(x,f,t)) —f_l dx itd(x—p)GPD(x,§,t)+
N
2pg
Original papers in DDVCS: Belitsky & Muller, PRL 90, 022001 (2003); Guidal & Vanderhaeghen, PRL 90
012001 (2003); Belitsky & Muller, PRD 68, 116005 (2003)
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Formulation a /a Kleiss-Stirling

@ In the view of new experiments, revisiting DDVCS is timely:
PRD 107 (2023), no. 9, 094035 (our work)

@ Rederivation of DDVCS'’ formulae via Kleiss-Stirling's
methods:

o Amplitudes as complex-numbers
e 2 scalars as building blocks. For a and b as lightlike vectors:

s(a, b) = t(a,+)u(b, —) = —s(b, a)

t(a, b) = u(a, —)u(b,+) = [s(b, a)]*

b0 _ pl

s(a, b) = (a* + ia°) e (a<+ b)

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

e DDVCS amplitude:

. _ —ie* (V) iMA)
IMDDVCS—m (lMDDVCS+IMDDVCS)

@ Vector contribution:
iM](DI))VCS_—E[f(s[,E_,&r s,k’ ,k)—g(se,b—,n*01+)g (s,k’,n,k)—g(sz,é_,n,Z+)g(s,k’,n*,k)]

[(7—[+5)[Y5251g(+, Fsy5Ms rsl)+zs251g( sy r—sy )] £ j5251]

752

@ Axial contribution:

.
M= 5 st )i (s ) [T 485 780" |

V. Martinez-Fernandez EICUG Meeting. Warsaw, Poland July, 24th 2023



DVCS & TCS limits of DDVCS
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Comparison of DDVCS and (left) DVCS and (right) TCS cross-sections for pure VCS
subprocess. GK model for GPDs.

PARTONS
Trento: PRD 70, 117504 (2004); BPD: EPJC23, 675 (2002)
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Observables: cross-section

@ For unpolarized beam and target:

27 3T
auu(deBoP)= dd)f /dGZBDP sin 07, BDP

dle™ dl o
dxgdQ@2dQ’?d|t|dpdQy ppp + dxgdQ2dQ?d|t|d$dy ppp

e Cosine components:

o200 gy e ) o )

@ Cosine moments:

Zoj(nw’BDP):ﬁ foh dée,BDP COS(”¢£,BDP)UUU(¢LBDP)

N =27 forn=0, N=mxforn>0.
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Observables:

cross-section
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bservables: beam-spin asymmetry

@ Single beam-spin asymmetry for longitudinally polarized

electrons:
Aoy y(de, BDP)
AL (e BDP)= "5yt mop)

2 3m/4 :
Aoy(¢e,BDP)= Oﬂd¢fﬂ;r4/ df¢,BDP sinfeBDP

dle— dl o
X _
dxgdQ2dQ"?d|t|d¢dQy ppp  dxgdQ2dQ'2d|t|d$dy ppp

e We consider Q2 > Q2: our DDVCS is “more” timelike than

spacelike
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Observables: beam-spin asymmetry

E.=10.6 GeV fixed target _ E.=5 GeV E,=41 GeV

15n 2n

n n
$ie0e [rad] $ie0p [rad]

E.=22 GeV fixed target E.=10 GeV E,=100 GeV

0 0.5n n 15n 2n 0 05n n 15n 2n
$ye0p [rad] $yeop [rad]
JLab12, JLab20+: up to 15-20% EIC 5x41, EIC 10x100: 3-7%
Experiment Beam energies y |t @ Q"
[GeV] [GeV?]  [GeV?] [GeV?]

JLab12 E.=106,E,=M 05 02 06 25 .
Jlab20+  E.=22,E,=M 03 02 06 25 F’ﬁﬁ"rdh‘s
EIC E.=05, E, =41 0.15 0.1 0.6 2.5
EIC E. =10, E, =100 0.15 0.1 0.6 2.5

V. Martinez-Fernandez i July, 24th 2023 14 /



Monte Carlo study: distribution in y
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JLab12, JLab20+
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10000 events/distribution. Neither acceptance nor detectors response are

taken into account in this study

Experiment  Beam energies  Range of [t| 0locyct £'%ocyct Yuin  Olymmey<1/0locy<1
[Gev] [GeV?] [pb] bt

JLab12 E.=106,E,=M (0.1,08) 0.14 70 0.1 1

JLab20+ E.=2,E,=M (01,08) 0.46 22 0.1 1

EIC E.=5E,=41 (0.05,1) 39 26 0.05 073

EIC E.=10,E,=100 (0.05.1) 47 21 0.05 0.32
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EpIC MC
@ integrated cross-section
! pure DDVCS fraction

Kinematic cuts:

Q% € (0.15, 5) Gev?

Q" € (2.25,9) Gev?

JLab: —t € (0.1,0.8) GeV?
EIC: —t € (0.01, 1) GeV?
¢, pp € (0.1,27 — 0.1) rad
0y € (/4,37 /4) rad
JLab: y € (0.1,1)

EIC: y € (0.05,1)

E0IC

July, 24th 2023



Summary and conclusions

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

@ It is already implemented in PARTONS and EpIC MC
(LO + LT).

@ Asymmetries are large enough for DDVCS to be measurable at
both current (JLab12) and future (JLab20+, EIC)
experiments.

@ Addressing GPD model dependence with cross-sections and
asymmetries is possible.
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T'hank you!
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Models for C-even part of GPD

> eHAN)

Q=ud,s

102

101 1 b3

X X
Distributions of Zq equ(‘*')(x,g7 t) at t = —0.1 GeV?, where g = u, d, s flavours for
(left) £ = x, (middle) & = 0.1 and (right) £ = 0.5. The solid black, dashed red and
dotted green curves describe the GK, VGG and MMS GPD models, respectively. The
C-even part of a given vector GPD is defined as:

Hq(”(x,&, t) = H9(x,&,t) — H(—x, &, t). The scale is chosen as MZF =4 GeV2.
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