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In addition to spacelike DVCS ...

(a)

Figure: Deeply Virtual Compton Scattering (DVCS) : IN — I'N'~
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we MUST also study timelike DVCS

Berger, Diehl, Pire, 2002

GPD
(b)
Figure: Timelike Compton Scattering (TCS): YN — ITI~ N’
Why TCS:
» same proven factorization properties as DVCS
universality of the GPDs

>
» another source for GPDs (special sensitivity on real part of GPD H),
>

the same final state as in J/1, but cleaner theoretical description!
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Exciting times - DATA arrives !l

PHYSICAL REVIEW LETTERS 127, 262501 (2021)
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Future of TCS

» Experiments at JLab
» Prospects for EIC

» Yellow Report: Confronting DVCS and TCS results together is a mandatory

goal of the EIC to prove the consistency of the collinear QCD factorization
framework and to test the universality of GPDs.

Preliminary predictions see Daria Sokhan talk at DIS2022
TCS included in EPIC, event generator for exclusive processes, interfaced to

PARTONS (e-Print: 2205.01762 [hep-ph]), see also Kemal Tezgin talk at
DI1S2022

» Ultraperipheral Collisions at the LHC
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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:

v 1 — / v ) +pA
A& 1) = —EQW u(P’) | g (H(f,f)’YJr +E(&:1) WQM p)
~ ~ AT
ieh (F(e.0)7 s +E(6.0) S ulP),
where:

-1

H(E L) = +/ dzx <ZTq(x,£)Hq(m,£,t)+T9(x,§)H9(x,§,t)>

H(E, 1)

—1

—/ dzx <qu(x,£)flq(x,§,t)+Tg(x,£)ﬁg(x,£7t)>.
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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 LO SH*,
Tﬁ L:O _Sﬁ*7
T NLO S 2 0 S
H = - 7TQ aQQ 5
Tﬁ NLO SH + i Q ?'_Z* )

8Q2

The corresponding relations exist for (anti-)symmetric CFFs & (£).
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DVCS CFFs from Artificial Neural Network fit - PARTONS

H. Moutarde, P. Sznajder, J. Wagner, Eur.Phys.J. C79 (2019)
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Figure: Coverage of the (zgj, Q2) (left) and (zmj, —t/Q?) (right) phase-spaces by the
experimental data used in DVCS CFFs fit. The data come from the Hall A (v, V),
CLAS (A, A), HERMES (e, o), COMPASS (M, O) and HERA H1 and ZEUS (¢, ¢)
experiments. The gray bands (open markers) indicate phase-space areas (experimental
points) being excluded from this analysis due to the cuts.
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DVCS vs TCS CFFs

O. Grocholski, H. Moutarde, B. Pire, P. Sznajder, J. Wagner, Eur.Phys.J. C80 (2020)
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Figure: Imaginary (left) and real (right) part of DVCS (up) and TCS (down) CFF for
Q? =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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TCS and Bethe-Heitler contribution to exclusive lepton pair
photoproduction.

P r

Figure: The Feynman diagrams for the Bethe-Heitler amplitude.

The cross-section for photoproduction of a lepton pair:

do __d(oBH + oTCs + oINT)
dQ’? dt d¢ dcos® ~ dQ'? dt dé dcosb
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TCS

Berger, Diehl, Pire, 2002
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Figure: Kinematical variables and coordinate axes in the yp and £T£~ c.m. frames.

do
dQ'"? dt d¢ dcosf

» Important to measure ¢ !

» BH dominates at 6 close to 0 and 7 !
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Interference

B-H dominant for not very high energies (JLAB), at higher energies the
TCS/BH ratio is bigger due to growth of the gluon and sea densities.
Pire, Szymanowski, JW PRD 83
Moutarde, Pire, Sabatié, Szymanowski, JW PRD 87
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Figure: The differential cross section for t = —0.2 GeV? , Q’2 = 5 GeV? , and
integrated over 0 € (w/4,3m/4) as a function of ¢, for s = 103 GeV2.
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Interference

P> The interference part of the cross-section for yp — ¢4~ p with unpolarized protons and
photons is given by:

doinT
dQ’2 dt d cos 0 dy
R ratio:

~ cos - ReH(E, t) « Sensitivity to the D-term!

2/‘27( ¢d¢/37r/4d ds
€08 wa O dQRdtdedo

27 31/4 ds
/ /,r Q’2dtd¢d6

Forward Backward Asymmetry (from Pierre Chatagnon PhD thesis):

)

da(8,$) — do(180° — 6, 180° + ¢)
da (0, $) + do(180° — 0, 180° + )

App(f,¢) =

P The interference part depending on photons circular polarization v:

dorNT

__QIINT ) Ging ImH(E
107 dideosfdy Ve ImAED
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Circular asymmetry

The photon beam circular polarization asymmetry:

ot —o~
A = ——~Im(H
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Figure: Circular asymmetry Aoy evaluated with LO and NLO spacelike-to-timelike
relations for Q2 = 4 GeV?, t = —0.1 GeV2 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 0 € (7/4,3w/4).
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Transverse target asymmetry

dofXy sin S[H— RSP 5]
dQ"d(cos 0)dodtdps ¥s 1— ¢ Azl

The transverse spin asymmetry:

a(ps) —o(ps —m)
o(ps) +a(ps —m)’

Aur(ps) =

1%n 2n

n
@slrad.]

Figure: Transverse target spin asymmetry Ay evaluated with LO and NLO
spacelike-to-timelike relations for Q2 = 4 GeVZ2, t =tg and E, =10 GeV as a
function of ¢g. The cross sections used to evaluate the asymmetry are integrated over

0 € (n/4,3m/4).
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Results from CLAS12
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Preliminary prediction for EIC - D.Sokhan talk at DIS2022

Produced leptons: e*e-

Detected by the trackers and calorimeters in the central barrel.

p(Gov)
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*+¢ Flod: reconstructed @ Integrated luminosity: ~ 0.3 fb-! (~two
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o -‘t*# ® Agreement very good between generated
and reconstructed asymmetries.
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© Uncertainties are not purely statistical - fold
in uncertainties on integrated cross-section
from generator.

© Shape of t-distribution not important -

i

artefact of generator before full

 nGovy
18
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Double DVCS

Belitsky & Muller, PRL 90, PRD 68, Guidal & Vanderhaeghen, PRL 90

(c)

7" (@in)N(P) = 7" (dout)N' (9)
¢ = 7q§ut+q§nn’ )= ot — din .
Qout — Din (p+p) - (gin + qout)
> DDVCS: ¢2, <0, ¢2.:>0, n#E
> DVCS: ¢}, <0, ¢2.=0, n=¢(>0
> TCS: ¢2, =0, ¢2:>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:

i +p
ij(€77]7t) = _eQﬁ ﬂ(P/) g’éb“u (H(fﬂ%t) '_Y+ + 5({77771:) UQMAP)
_ N +
el (e 1)y s + EEn. ) 5 [u(P),

,where:

1
HEm,t) = +/1dl‘ (ZTq z,&,n)H (z,n,t) + T"(w,f,n)Hg(w,n,t)>
-~ 1
HEnt) = /1dw (ZT" &) H (2,1, t) + T (2, &, n) H (=, n,t)>~
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LO

» DVCS vs TCS

PYOSTY g1 (e = (O
PV = i + (v o ) = (M)
PVES Re(H P/ (x,n,t), PVOSIm(H) ~ inH (£n,n,t)
» DDVCS 1
DDVCSrq 2
T — _ —(z— —
Ty r— (z x)

DDVES Re(H) ~ P/ xj:qu(asm,t)7 BYES Im(H) ~ imHY(£E, 1, t)

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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DDVCS - Calculation of amplitudes

New calculation using spinor techniques (Kleiss and Stirling):

nz

iMBDyes = — Ll 50y (Ce s)u(K s 5)vulk, 5) T,

(a,+)u(b, =) = —s(b,a),
(a, =)u(b,+) = [s(b,a)]" .

I
2l

s(a,

b
t(a,b

)
)

Il
I

with:

0 _ pl
sa,h) = (@@ +ia) | B0 @),

Finall expressions in the form:

1 * *
iMSvos = — 5 |:f(827€—7€+; s, k' k) — g(se, €—,n", 1) g(s, k', n, k) — g(se, 0—,n, £1)g(s, k', n »k)}

[(7—[ 4 E)Yagey 9,y rey) + Zagay g(— 7oy )] — —Jffll} :
where all f,g,Y, Z, 7 are given in terms of s(a, b).

Results implementd in PARTONS and EPiC
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Beam-Spin asymmetry in DDVCS
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DDVCS
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DDVCS
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Figure: Distribution of Monte Carlo events as a function of the skewness variable £
and the relative value of generalized Bjorken variable p. Each distribution is populated
by 10000 events generated for the DDVCS sub-process at beam energies specified in
the plot. Extra kinematical conditions, including cuts on the y variable, are specified
in the pape.
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Summary

» TCS is a mandatory complementary measurement to DVCS, cleanest way
to test universality of GPDs. First measurement from CLAS12

» Timelike-spacelike relations at LO/NLO gives us tools to use TCS data in
DVCS CFF fits, with special sensitivity to Q2 dependence,

» First data-driven and model-free predictions for TCS using global DVCS
data

» EIC - TCS study in Yellow Report, TCS included in EPiC event generator.

» Measurement of TCS should also make us more optimistic about the
DDVCS, but We need muon detection!

» New analytical formulae for DDVCS have been derived.

> It is already implemented in PARTONS and EPiC MC generator (LO +
LT).

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

» Addressing GPD model dependence with cross-sections and asymmetries is
possible.
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User Group

The world’s most powerful microscope
for studying the “glue” that binds
the building blocks of visible matter
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Early registration deadline: June 3th, 2023
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