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Motivations
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The Generalized Parton Distributions

Understanding the inner structure of nucleons is challenging
— Perturbative formalism not applicable to QCD at low energies
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Figures in Belitsky, Radyushkin, Physics Reports, 2005 ('
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Accessed via Deep Inelastic
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What can we learn from GPDs ?
@ Tomography of the nucleon The Fourier transform of

the GPDs can be interpreted as a probability density:
d?A |
(2m)?

Burkardt, Int.J.Mod.Phys.A, 2002 &'

HI(x, b)) = e PLALHI(x,0,-A%)

@ Spin puzzle
1
= =J, J
> Q+Je

Ji's sum rule:

1
1
=) 3 /_ o x(H(x,6,0) + E7(x,6,0)
q

Ji, Phys. Rev. Lett, 1997 &3

@ Mechanical properties
Link to the Energy-Momentum Tensor (EMT) FFs

1
/ dx xHI(x, &, t) = A9(t) + £2D9(t)
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1
/ dx xE9(x, €, t) = BI(t) — £2D(t)
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Timelike Compton Scattering
DVCS: ep — e'p'y TCS: yp — ete p'

) Kinematic definitions

P(p) ! P')

TCS (factorization regime t=(p—p')>?
—t/Q2 < 1) Bethe-Heitler Ql2 =] (k + k/)2
@ BH cross section only depends on electromagnetic FFs ogH >> o7cs at JLab energies

@ Unpolarized interference cross section Berger, Diehl, Pire, Eur.Phys.).C23:675-689,2002

d*ont 1-+cos?(9) i——
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@ Polarized interference cross section
d4UINT _ d4a/NT |unpol.
dQ2dtdQ dQ2dtd)

—v.-Ak [ sin(¢) 1"'::(59;9) ImM~~ + ...

Both Im?# and Re? can be accessed by TCS
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Motivations to measure TCS

Test of universality of GPDs
@ TCS is parametrized by GPDs

@ Comparison between DVCS and TCS results allows to test the of GPDs

(especially the imaginary part of H)

@ TCS does not involve Distribution Amplitudes unlike Deeply Virtual Meson Production

— direct comparison between DVCS and TCS

Real part of CFFs and nucleon D-term

@ Re?H is still not well constrained by existing data.

1

1 1
Re'H({,t):P/ dx — —— | ImH(&, t)
()

@ A(t) related to the EM FF D9(t), related to
of the nucleon.

A(t) o DO(t) o /d3r p(r)@

Review in Polyakov, Schweitzer, International Journal of Modern Physics A, 2018 (e
M.V. Polyakov. PLB, 2003 &'
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Experimental setup and data set

Experimental setup: JLab and the CEBAF

0 @ Jefferson Laboratory is located in Newport
News, Virginia, USA

@ Continuous Electron Beam Accelerator
Facility provides a beam of polarized
electrons up to 12 GeV

@ Two anti-parallel linacs, with recirculating
arcs on both ends

Recirculation arcs

@ 4 experimental halls: A,B,C and D

— A-C Small acceptance, large luminosity

B Housing CLAS12, large acceptance
detector

D Photon beam, dedicated to

U spectroscopy

CLAS12in Hall B

First TCS measurement with CLAS12
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Experimental setup: CLAS12 at Jefferson Lab

Figure in Burkert et al., NIM A, 2020 &'

Data set used in this work

@ Fall 2018 run period @ Inbending torus magnetic field
® LH, target / 10.6 GeV polarized e~ beam @ Accumulated charge: ~ 150 mC (200 fb—1)

First TCS measurement with CLAS12 8
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Experimental setup: CLAS12 at Jefferson Lab

o Forward Detector (6 sectors)

® Torus magnet
® Drift Chambers
® Forward Time-of-Flight
® Calorimeters

(EC and PCAL)
Cherenkov counters

Data set used in this work

o Fall 2018 run period @ Inbending torus magnetic field
@ LH, target / 10.6 GeV polarized e~ beam @ Accumulated charge: ~ 150 mC (200 fb—1)
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Experimental setup and data set

Experimental setup: CLAS12 at Jefferson Lab

o Forward Detector (6 sectors)

® Torus magnet
® Drift Chambers
® Forward Time-of-Flight
® Calorimeters

(EC and PCAL)
Cherenkov counters

@ Central Detector

® Solenoid magnet

® Central Vertex Tracker
(Silicon and micromegas)

¢ Central Time-of-Flight

® Central Neutron Detector

’ Figure in Burkert et al., NIM A, 2020 &'

Data set used in this work

o Fall 2018 run period @ Inbending torus magnetic field
@ LH, target / 10.6 GeV polarized e~ beam @ Accumulated charge: ~ 150 mC (200 fb—1)
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Analysis strategy

CLAS12 PID + e" NN ID

ep—()p— (X)e e p

PX = Pbeam + Ptarget — Pet+ — Pe— — Pp/ |M%| < 0.4 GeV? % < 0.05
— @< 0.1 GeV?
after momentum corrections and fiducial cuts

Simulation Data

2
Mass? e (GeV?)
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Positron identification

Above 4.5 GeV, the HTCC cannot distinguish positron from pions

Signal: e' identified as et  Background: 7" identified as et

Strategy and discriminating variables: take advantage of the ECAL segmentation

Positron: electromagnetic shower Pion: Minimum lonizing Particle (MIP)

Y0P 0

_ Egep(EC Layer) 1 3
SFEC Layer = —  p M2 =3 ZU,V,W W — 6 variables
strip
M>1.5 GeV
8 T
0. n m
0. E
N b
i \
—— ROC from data ‘
0.9 ®  Cutat05
| —— systematic variation |
—— ROC from simulation | | A . .
o 0.2 0.4 0.6 08 1
BackGround Rej.
@ Signal in data=- Outbending electrons
B/S: 50% — 5% for P,y > 4.5 GeV @ Background in data= ep — e}

n
_+(n)
First TCS measurement with CLAS12 PID=e*%5
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Data/Simulation comparison

Phase space of interest @ Vector mesons peaks are visible in data:
15 GV < — . V2 w (770 MeV), p (782 MeV), ¢ (1020 MeV) and
@ 0.15 GeV”? < —t < 0.8 Ge /% (3096 MeV)
@ Data/simulation are matching at 15 % level, up to
normalization factor. No evident high mass vector
meson production (p (1450 MeV, 1700 MeV)

@ 1.5GeV < My - <3 GeV
@ 4 GeV < E, <10.6 GeV

10°

102

Event/0.05 GeV

10

—e— Simulation

1
—|—Data : :
P IR I RS 1 i i

0.5 1 1.5 2 2.5 3
M (GeV)
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Observable 1: Photon polarization asymmetry (A )

Definition
3 2 =
_ %em 1 Mp 1 Lo o (L4cos” 0) —_—
Ay dotodo~ _ Tane @ T /i1 U mom e
OU = Yottdo— dopgy
Experimental measurement
S 2 ] 2
Sod +0.15<—t(GeV 1<025 | s 25<-4(GeV?)<0.34
0.4 0.4
. _ 1 Nt—NT 0.2F 0.2
o Apu(—t,Ev, M; ) = Py NTTN= ] i
where N+ = Z ﬁptrans. -0.2F + -0.2
@ Pirans. is the transferred o4 o +
. . 0.6/ Agy 0.166 £ 0.084 ~0.6| Agu 03101 0.0725
polarization from the electron to
. 50 100 150 200 250 300 35 50 100 150 200 250 300 35
the photon, fully calculable in o0) 00
QED . i’; ok 0.34<-(GeV?)<0.48 % odf 0.48<-t(GeV?)<0.8
Olsen, Maximon, Phys. Rev.114 (1959) (& ya 04
@ Py is the polarization of the + 02 _|_
CEBAF electron beam (85%) 9
-0.2
@ The ¢-distribution is fitted with a odb
sine function ~0.6| Agu 0.3056 + 0.0656 ~0.6| Agy 0.1768 £0.0647

L , L , L s
50 100 150 200 250 300 3(5) 50 100 150 200 250 300 3(5)
() 9
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.114.887

Agu results

@ A sizeable asymmetry is measured
(above the expected vanishing Agy of
BH)

— signature of TCS

@ Theoretical predictions were provided
by M.Vanderhaeghen, JGU Mainz
(VGG model)
and P.Sznajder, NCBJ Warsaw (GK
model)

@ Size of the asymmetry is well
reproduced by VGG and GK models
— model dependent hints for
universality of GPDs

First TCS measurement with CLAS12
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< M>=18 GeV; < Ey >=7.29 GeV,
<0 >=92°
> 0.6¢
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Observable 2: Forward-Backward asymmetry

@ Use the different parity of the TCS and BH amplitudes under the inversion of the leptons

directions
k < k' <= (0, ¢) <> (180° — 0,180° + ¢)
BH cross section Int. cross section
dosy ltcos?9 FB dogH d*omr L licos2(0) FB doinT
N Lo [Cecosa(@)y ™5, “7INT
dQdtdq 28 dQ2 dt dQ2 dQ7adn & 1) 0m dQ? dt dQ2

AFB formula

|

_Sem 1™ 1 Ly (teos? 0) o for——
do (6o, po) — do(180° — By, 180° + ¢pg) 4ms2 £ @ T ;L cos do gy eM

do (6, do) + do(180° — 0o, 180° + o) dosn(6o, do) + dosr(180° — 6o, 180° + ¢o)
Integration over forward angular bin: 6 € [50°,80°]/¢ € [—40°,40°]

Arg(6o, o) =

@ Concept initially explored for J/W production
Gryniuk, Vanderhaeghen, Phys. Rev. D, 2016 (.

@ Exploratory studies for TCS performed alongside this work.

@ Predictions for TCS have been published very recently + LO radiative correction negligible
Heller, Keil, Vanderhaeghen, Phys. Rev. D, 2021 .
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.074001
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Afrg results

@ Arp measured in two mass regions:
M € [1.5 GeV, 3 GeV] and
M € [2 GeV, 3 GeV]

@ The measured Agg is non-zero:
evidence for signal beyond pure BH
contribution

@ Three model predictions

1 VGG without D-term
2 VGG with D-term

D-term in Pasquini et al., Physics Letters B, 2014 (3
3 GK without D-term

@ Measured asymmetry is better
reproduced by the VGG model
including the D-term in both mass
bins

— importance of the D-term in the
parametrization of GPDs

— TCS is a prime reaction to
constrain the D-term

First TCS measurement with CLAS12
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Results
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< M>=18 GeV; < Ey >=7.24 GeV

Forward angular bin:

06 6 0[50°,80°], @ O[-40°, 40°]

0.4

0.2

o
o Zi 4 DATA [ Tot. Syst.
) r -+ BH ++ GK, no D-term
040l —VGG_--'VGG, no D-term
01 03 04 05 06 07 08

-t (GeV?)

<M >=225GeV;< E, >=18.13 GeV

0 6;F0rward angular bin:
O 0 0[50°80°], ¢ O[-40°, 407
0.4
0.2 7
o
o 2i <4 DATA [] Tot. Syst.
h r -+ BH ++ GK, no D-term
o4l ) ) . |—VGG --VGG, no D-term
01 02 03 04

05 06 07 08
-t (GeV?)
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Timelike Compton Scattering at the EIC ?

Accessing the Gluons GPDs with the EIC
At the EIC, one can probe small x and access
the gluons GPDs via the measurement of TCS 10

Current DVCS data at fixed targets:

4 HERMES-A; A HERMES-Acw
4 HERMES: AL A A
4 HERMES-A7 * Hall A-GFFs
o * CLAS-AL K CLAS A
o 1%
> Planned DVCS at fixed targ
v COMPASS- dofdl Acss Acs
1) JLABT2- ol A s A
o
[}

Current DVCS data at colliders:
O ZEUS- total xseo
o ZEUS doict

O Hi-total xseo
B I dodt
L
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TCS Forward-Backward asymmetry at the EIC

3
At small £, the TCS CFFs are expected to behave %
very differently from the DVCS ones w
— sign flip in Re(H) for small & 3

— Forward-Backward asymmetry flips its sign too !

First TCS measurement with CLAS12
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Figure in Muller, Pire, Szymanowski, Wagner PRD 2012 g


https://arxiv.org/pdf/2103.05419.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.031502

Results
oooe

Conclusions

@ TCS observables were measured for the first time

@ Sizeable Agy (sensitive to Im#) and Agg (sensitive to Re?) are clear signatures of TCS
@ The results obtained allow to draw physical conclusions:

o the Agy is well reproduced by models that reproduce existing DVCS data
— hints for universality of GPDs
o the Forward/Backward asymmetry appears to be better reproduced by model with a
D-term
— promising path to the measurement of the D-term
— access to the mechanical properties of the proton

Opportunities ahead to measure TCS:

@ EIC, Ultra-peripheral collisions (LHC) — Access gluons GPDs
Mueller, Pire,Szymanowski,Wagner, PRD, 2012 ('

@ CLAS12 high lumi/high energy upgrades — improve constraints on D-term

PRL article: 10.1103/PhysRevlett.127.262501 (&'

Direct access to the
TCS article
First TCS measurement with CLAS12 19
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Acceptance
Acceptance calculation using BH-weighted events
NREC
Accs = @ NEEC= N Effeor w NGV = S w

RECeB GENeB

Multidimensional binning of the acceptance

4 bins in —t, 3 bins in E, and Q'?, 10° x 10° bins in the ¢/6 plane. Bins with AA’iic > 0.5 and
Acc < 0.05 are discarded (AAcc is statistical error).

Large region with no acceptance
(¢ ~0°/6 ~ 180° and ¢ ~ 180°/6 ~ 0°)

3.5<Q%(GeVA)<5 0.34<-t (GeV)<0.48 8.4<Ey (GeV)<10.6

Efficiency corrections

@ Data-driven correction for the proton
detection efficiency derived using
ep — e'mTm—(p’) reaction

@ Efficiency correction from background
merging using random trigger events

First TCS measurement with CLAS12 o) 21
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Positron identification

Above 4.5 GeV, the HTCC cannot distinguish positron from pions

Signal: e' identified as et  Background: 7" identified as et

Strategy and discriminating variables: take advantage of the ECAL segmentation

Positron: electromagnetic shower  Pion: Minimum lonizing Particle (MIP)

Zstrip(x—D)2~ln(E)

_1 P =N )
Mz = 3 Zu,v,w = — 6 variables
strip n( )

Egep(EC Layer)
SFec Layer — epf

PCAL :

ECIN :

Signal Eff.

L \
ECOUT: v r \
% ; ; 0. L
m2PCAL : ) y C \ lI
S 0saf

o

m2ECIN : F \
0.
m2ECOUT : £ T ROC from data \
0.9 Cutat0.5
——— Systematic variation |
Bias node : —— ROC from simulation N N .
04 06 08 T
v Output layer BackGround Rej.
Output: Signal — 1 Background — 0 . . "
P & £ @ Signal in data=- Outbending electrons
B/S from 50% to 5% @ Background in data= ep — enr?’

n
_+(n)
First TCS measurement with CLAS12 PID=et%%



Systematics

<Ey>=7.3 GeV,<M>=1.8 GeV

[~ oaTa
ot syst.
-

0.7

0.8
-t (GeV?)

Fethod

Effciency

EXCIUSIVRY (EaIve UeeTamy)
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Method
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o

@ Calculated from generated BH events, and
full-chain simulated events.

Proton

@ Apply X2 cut for the proton identification

Positron Identification

@ Vary the positron ID cut (0.5 & 0.3; max.
significance region)

Efficiency

@ Calculate observable with/without data-driven
proton efficiency

Exclusivity cuts

@ Vary the values of the exclusivity cuts:

| Pt/P |< 0.0540.01, | M2 |[< 0.4 +0.1 GeV?
Fully integrated relative uncertainty

Acceptance

@ Calculate observable with acceptance produced
using BH-weighted events or unity weights

@ Neighboring bins uncertainties are averaged
@ Then added in quadrature
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