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W.J. Briscoe,12 W.K. Brooks,37, 36 D. Bulumulla,29 V.D. Burkert,36 D.S. Carman,36 J.C. Carvajal,105

M. Caudron,20 A. Celentano,15 T. Chetry,24, 28 G. Ciullo,13, 9 L. Clark,41 P.L. Cole,22 M. Contalbrigo,136

G. Costantini,39, 19 V. Crede,11 A. D’Angelo,16, 32 N. Dashyan,45 M. Defurne,3 R. De Vita,15 A. Deur,367
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38Università degli Studi dell’Insubria, 22100 Como, Italy61
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We present the first measurement of the Timelike Compton Scattering process, γp→ p′γ∗(γ∗ →70

e+e−), obtained with the CLAS12 detector at Jefferson Lab. The photon beam polarization and71

the decay lepton angular asymmetries are reported in the range of timelike photon virtualities72

2.25 < Q′2 < 9 GeV2, squared momentum transferred 0.1 < −t < 0.8 GeV2, and average total73

center-of-mass energy squared s = 14.5 GeV2. The photon beam polarization asymmetry, similar to74

the beam-spin asymmetry in Deeply Virtual Compton Scattering, is sensitive to the imaginary part75

of the Compton Form Factors and provides a way to test the universality of the Generalized Parton76

Distributions. The angular asymmetry of the decay leptons accesses the real part of the Compton77

Form Factors and thus the D-term in the parametrization of the Generalized Parton Distributions.78

Most of the mass of the observable universe comes79

from protons and neutrons. The mass of nucleons comes80

mainly from the interactions between their fundamen-81

tal constituents, the quarks and the gluons (also re-82

ferred to as “partons”), which are described by the Quan-83

tum Chromodynamics (QCD) Lagrangian [1]. However,84

QCD-based calculations cannot yet be performed to fully85

explain the properties of nucleons in terms of their con-86

stituents. Therefore, phenomenological functions are87

used to connect experimental observables with the dy-88

namics of partons in nucleons. Typical examples of such89

functions are the form factors (FFs) and parton distribu-90

tion functions (PDFs). Generalized Parton Distributions91

(GPDs) combine and extend the information contained92

in FFs and PDFs [2]. They describe the correlations93

between the longitudinal momentum and transverse spa-94

tial position of the partons inside the nucleon, giving ac-95

cess to the contribution of the orbital momentum of the96

quarks to the nucleon, and they are sensitive to the cor-97

related q-q̄ components [3–8].98

Compton scattering has long been identified as a99

golden process among deep exclusive reactions to study100

GPDs experimentally. Deeply Virtual Compton Scat-101

tering (DVCS), the exclusive electroproduction of a real102

photon (ep → e′p′γ), has been the preferred tool for103

accessing GPDs until now [9–14]. Another Compton104

process, Timelike Compton Scattering (TCS), has been105

widely discussed theoretically [15–18] but never measured106

experimentally. This article reports on the first measure-107

ment of TCS on the proton, γp → p′γ∗(γ∗ → e+e−),108

with quasi-real photon beam. TCS is the time-reversal109

symmetric process to DVCS: the incoming photon is real110

and the outgoing photon has large timelike virtuality. In111

TCS, the virtuality of the outgoing photon, Q′2 ≡ M2,112

where M is the invariant mass of the lepton pair, sets113

the hard scale. In the regime −t
Q′2 � 1, where t is the114

squared momentum transfer to the target proton, the115

factorization theorem [19] applies (see Fig. 1, left). The116

TCS amplitude can then be expressed as a convolution117

of the hard scattering amplitude with GPDs, appearing118

in Compton Form Factors (CFFs). At leading order in119

αs, the CFF for the GPD H is defined in Ref. [15] using120

the notations of Ref. [20] as:121

H(ξ, t) =

∫ 1

−1
dx H(x, ξ, t)

(
1

ξ − x+ iε
− 1

ξ + x+ iε

)
,

(1)122

where x, ξ, and t are defined in Fig. 1. Similar equations123

apply to the other GPDs E, Ẽ, and H̃. With a beam124

of circularly polarized photons TCS can access both the125

real and imaginary parts of the CFFs [16].126

As in the case of DVCS, the Bethe-Heitler process,127

which can be computed in a quasi-model-independent128

way, contributes to the same final state (see Fig. 1, right).129

The cross section for exclusive lepton pair photoproduc-130131

tion on the proton can be expressed as:132

σ(γp→ p′e+e−) = σBH + σTCS + σINT , (2)133

where INT stands for the TCS-BH interference term. As134

presented in Ref. [15, 16], the BH contribution dominates135

over the TCS in the total cross section by two orders of136

magnitude in the kinematic range accessible at Jefferson137

Lab (JLab). Therefore, the best practical way to access138

GPDs with the TCS reaction is to measure observables139

giving access to the TCS-BH interference. At leading140

order and leading twist in QCD, σINT can be expressed141

as a linear combination of GPD-related quantities [15]:142

d4σINT
dQ′2dtdΩ

= A
1 + cos2 θ

sin θ
[ cosφ ReM̃−−

−ν· sinφ ImM̃−−],

(3)143
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FIG. 1. Left: handbag diagram of the TCS process; right: di-
agram of the Bethe Heitler (BH) process. t = (p− p′)2 is the
squared four-momentum transfer between the initial and final
protons. ξ = τ

2−τ is the momentum imbalance of the struck

quark, where τ = Q′2

(s−m2
p)

, s is the squared center-of-mass en-

ergy, and mp is the proton mass. x is the average momentum
fraction of the struck quark.

where144

M̃−− =

[
F1H− ξ(F1 + F2)H̃ − t

4m2
p

F2E
]
, (4)145

A is a kinematic factor given in Ref. [15], φ and θ are de-146

fined in Fig. 2, Ω is the solid angle defined by θ and φ, ν147

is the circular polarization of the photon beam (equal to148

+1 for right-handed and -1 for left-handed polarization),149

mp is the proton mass, F1 and F2 are the electromag-150

netic form factors, and H, H̃, and E are the TCS Comp-151

ton Form Factors (CFFs) of the H, H̃, and E GPDs,152

respectively, which are given in Eq. 1. The first term,153

independent of the polarization, is proportional to the154

real part of the combination of CFFs M̃−−. The second,155

polarization-dependent term is proportional to ν multi-156

plied by the imaginary part of M̃−−. As the coefficients157

of H̃ and E in Eq. 4 are suppressed, especially in the kine-158

matics covered at JLab, measuring observables linked to159

the TCS-BH interference cross section provides access160

mainly to the real part of the H CFF.161162

In this work, two TCS observables were measured for163

the first time: the photon polarization asymmetry and164

the forward-backward asymmetry. The photon polariza-165

tion asymmetry for circularly polarized beam (�) and166

unpolarized target (U), defined as:167

A�U =
dσ+ − dσ−

dσ+ + dσ−
, (5)168

is proportional to the sinφ moment of the polarized in-169

terference cross section and allows access to the imagi-170

nary part of H. Here the superscript +/− stands for the171

right-handed/left-handed circular polarization of the real172

photon.173

The forward-backward asymmetry AFB , defined as:174

AFB(θ, φ) =
dσ(θ, φ)− dσ(180◦ − θ, 180◦ + φ)

dσ(θ, φ) + dσ(180◦ − θ, 180◦ + φ)
, (6)175

FIG. 2. Definition of the relevant angles for the TCS reac-
tion. φ and θ are, respectively, the angle between the lep-
tonic plane (defined by the outgoing leptons momenta) and
the hadronic plane (defined by the incoming and outgoing
proton momenta) , and the angle between the electron and
the recoiling proton in the leptons center-of-mass frame.

projects out the cosφ moment of the unpolarized cross176

section, proportional to the real part of the CFF H. This177

asymmetry has the advantage to remove a potential false178

asymmetry arising from the integration over the finite179

angular coverage of the detectors, compared to the cross-180

section ratio proposed in Ref. [15]. Both A�U and AFB181

are zero if only BH contributes to the γp → p′γ∗ cross182

section. Furthermore it was shown in Ref. [21] that the183

QED radiative corrections are negligible for both of these184

observables.185

The experiment was carried out in Hall B at Jeffer-186

son Lab, using a 10.6-GeV electron beam, produced by187

the CEBAF accelerator, impinging on a 5-cm-long liquid-188

hydrogen target placed at the center of the solenoid mag-189

net of CLAS12 [22]. Potential quasi-real photoproduc-190

tion events (ep → p′e+e−X) were selected with one re-191

constructed electron, one positron, and one proton. The192

trajectories of charged particles, bent by the torus and193

solenoid magnetic fields of CLAS12, were measured by194

the Drift Chambers (DC) and in the Central Vertex195

Tracker (CVT), providing the charge and momentum196

of each track. The electrons and positrons were identi-197

fied combining the information from the High-Threshold198

Cherenkov counters (HTCC) and the Forward Electro-199

magnetic Calorimeters (ECAL) [23]. Leptons with mo-200

menta below 1 GeV were removed to eliminate poorly201

reconstructed tracks in the Forward Detector (FD). The202

background due to positive pions in the positron sam-203

ple was minimized by means of a neural-network-based204

multi-variate analysis of transverse and longitudinal pro-205

files of showers in the ECAL. The protons were identi-206

fied by analyzing the β (β = v/c where v is the parti-207

cle’s velocity and c the speed of light) of positive tracks208

measured by the CLAS12 time-of-flight systems (FTOF,209

CTOF) as a function of their momentum. The momenta210

of the protons were corrected for energy loss in the detec-211

tor materials using Monte Carlo simulations. Additional212

data-driven corrections were included, to account, in the213

case of the leptons, for radiative losses, and, in the case214
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of protons, for detector-dependent momentum shifts not215

accounted by the simulation.216

Once the p′e−e+ events were selected, exclusivity se-217

lection criteria were applied to ensure kinematics in the218

quasi-real photoproduction regime. The 4-momenta of219

the scattered electron and initial quasi-real photon were220

determined via energy-momentum conservation from the221

measured 4-momenta of the final-state proton and the222

lepton pair. Then the mass and the transverse momen-223

tum fraction Pt/P of the scattered electron were con-224

strained to be close to zero (Pt/P < 0.05, | M2 |< 0.4225

GeV2). These selection criteria ensure that the virtuality226

of the incoming photon is low (Q2 < 0.15 GeV2). In fact,227

Q2 can be written as:228

Q2 = 2EbEX(1− cos θX), (7)229

where Eb is the energy of the electron beam, EX is the230

energy of the undetected scattered electron and θX =231

arcsin(Pt/P ) is its scattering angle in the lab frame.232

The invariant mass spectrum of the outgoing lep-233

ton pair after exclusivity selection is shown in Fig. 3.234

The vector meson resonances decaying into an electron-235

positron pair (ρ0/ω, φ, and J/ψ) are clearly visible. 2921236

M (GeV)
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237

FIG. 3. Invariant mass spectrum of the electron-positron238

pairs. The peaks, indicated by the arrows, correspond to239

the ρ0/ω, φ and J/ψ mesons. The TCS events, represented240

by the histogram, were selected in the 1.5-3 GeV mass range241

(within the dotted vertical lines). In this range the data are242

compared to Monte-Carlo simulation (dots) of Bethe-Heitler243

events. The simulation is normalized to the total number of244

events. The data/simulation bin-by-bin ratio agrees at the245

15% level.246247

248

events with invariant mass between 1.5 GeV and 3 GeV249

were selected to measure the TCS observables. Indeed250

in this region the factorization condition −t/Q′2 � 1251

needed for the GPD formalism to apply is fulfilled. In252

Fig. 3 the experimentally measured invariant mass dis-253

tribution is compared with BH Monte-Carlo events. The254

good agreement between the two distributions rules out255

the possible contamination of the data by high mass me-256

son resonances decaying into e+e− pairs (e.g. ρ(1450)257

and ρ(1700)).258

The photon polarization asymmetry was computed in259

four bins of −t. Each bin has an equal number of events260

to yield comparable statistical uncertainties. As this261

analysis is done on quasi-real photoproduction events,262

where the quasi-real photon is radiated by the initial263

electron beam, the circular polarization of the photon264

can be inferred from the initial longitudinal polarization265

of the electron beam. An electron polarized (with polar-266

ization Pb) in the direction (opposite) of the beam emits267

a right-(left-) handed circularly polarized photon, with a268

transferred polarization Ptrans that can be calculated an-269

alytically [24] for each event. Taking advantage of the po-270

larization transfer, the asymmetry A�U , integrated over271

θ, is measured as:272

A�U (−t, Eγ ,M ;φ) =
1

Pb

N+ −N−

N+ +N−
, (8)273

where the number of events with reported positive and274

negative electron helicity in each bin is corrected by the275

acceptance and efficiency of CLAS12 (Acc) for the γp→276

p′e−e+ reaction, and by the polarization transfer, as:277

N± =
∑ 1

Acc
Ptrans. (9)278

Acc was estimated using the CLAS12 GEANT-4 [25]279

based simulations framework [26]. A Monte-Carlo sam-280

ple of 36 million generated events was used. The ac-281

ceptance was calculated in a 5-dimensional grid of bins282

in the variables describing TCS (−t, Eγ , Q′2, θ, φ). In283

a given bin, the acceptance is defined as the number of284

events reconstructed in this bin divided by the number of285

events generated in this bin. Low-occupancy bins, yield-286

ing an acceptance below 5% and with a relative uncer-287

tainty greater than 50%, were discarded from the analy-288

sis.289

The obtained φ-distributions of the asymmetry of Eq. 8290

are shown in Fig. 4. The distributions are fitted with a291

sinusoidal function. In Fig. 5, the −t dependence of the292

amplitude of the sinusoidal modulation is presented.293

In-depth systematic checks were performed to vali-294

date this measurement. For each identified source of295

systematic uncertainty, a value of systematic shift was296

calculated for each bin and added in quadrature after297

a smoothing procedure. This procedure was necessary298

to avoid the large fluctuations of the systematic uncer-299

tainties from bin-to-bin due to the low statistics of this300

analysis. Seven sources of systematic uncertainties were301

studied: the uncertainties associated with the binning of302

the acceptance corrections and with the rejection of low-303

acceptance bins; the uncertainties associated with the304

Monte Carlo model used to calculate the acceptance and305

the related efficiency corrections; the systematic shifts306

induced by the identification procedure of protons and307
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FIG. 4. Photon polarization asymmetry as a function of φ for
the four t-bins used in this analysis. The sine fit function is
superimposed. The amplitude of the fit A�U is plotted as a
function of −t in Fig. 5.

positrons; the impact of the variation of the exclusiv-308

ity selection criteria. The total systematic uncertainties,309

given by the quadratic sum of all contributions, are al-310

ways smaller than the statistical uncertainties, typically311

by more than 50%. The major contribution to the sys-312

tematic uncertainties comes from the exclusivity selec-313

tion.314

In Figs. 4 and 5, a clear photon beam polarization315

asymmetry is observed. This agrees with the expected316

contribution of the BH-TCS interference term to the317

cross section as the expected asymmetry for the BH318

contribution only, which was estimated using BH-only319

Monte-Carlo simulation, is zero. The photon polariza-320321

tion asymmetries were compared to predictions of the322

VGG model (based on a double-distribution parametriza-323

tion with Regge-like t-dependence) [27–30] and of the324

GK model (based on a double-distribution parameriza-325

tion with t-dependence expressed in the forward limit)326

[31–33] computed within the PARTONS framework [34].327

Both of these calculations were performed at leading or-328

der in αs, which is a reasonable approximation in our329

kinematics, while QCD corrections have been shown to330

be quite important at lower values of ξ [35–37]. The331

measured values are in approximate agreement with the332

predictions of GPD-based models, while BH-only calcu-333

lations show no asymmetry. This observation validates334

the application of the GPD formalism to describe TCS335

data and hints at the universality of GPDs, as the VGG336

and GK models also describe well the 6-GeV DVCS data337

from JLab [38].338

Using the same data set, the FB asymmetry, defined339

in Eq. 6, was measured for four bins in −t, integrat-340

ing over all other kinematic variables due to the limited341

)2-t (GeV
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

 U
A

0.3−
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0.1−

0

0.1
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0.5

0.6

DATA Tot. Syst.
BH GK
VGG

FIG. 5. Photon polarization asymmetry A�U as a function
of −t at the averaged kinematic point Eγ = 7.29± 1.55 GeV;
M = 1.80± 0.26 GeV. The errors on the averaged kinematic
point are the standard deviations of the corresponding dis-
tributions of events. The data points are represented in blue
with statistical vertical error bars. The horizontal bars rep-
resent the bin widths. The shaded error bars show the total
systematic uncertainty. The red triangles show the asym-
metry computed for simulated BH events. The dashed and
dashed-dotted lines are the predictions of, respectively, the
VGG [27–30] and the GK [31–33] models, evaluated at the
average kinematics.

statistics of the event sample. Moreover, the angular342

coverage of CLAS12 allowed us to measure AFB only in343

a limited angular range. Thus, the forward and back-344

ward angles (φF , θF , φB , θB , with φB = 180◦ + φF345

and θB = 180◦ − θF ) were extracted in a forward re-346

gion defined by −40◦ < φF < 40◦, 50◦ < θF < 80◦,347

and in a corresponding backward region (B) defined by348

140◦ < φB < 220◦, 100◦ < θB < 130◦. The value of AFB349

was computed, for each −t bin, as:350

AFB =
NF −NB
NF +NB

, (10)351

where NF/B are the number of events in the for-352

ward/backward angular bins, corrected by the accep-353

tance and the bin volume. The bin volume correction354

accounts for the difference in coverage between the for-355

ward and the backward directions, that could induce false356

asymmetries. This correction assumes that the cross sec-357

tion of the TCS reaction is constant within the volume358

of the forward (resp. backward) bin and that it can be359

estimated only by measuring it in the volume covered by360

the acceptance of CLAS12. These approximations were361

accounted for in the systematic uncertainties by com-362

puting AFB with BH-weighted simulated events. The363

difference between the expected value (null asymmetry,364

as the BH cross section is symmetric in φ around 180◦)365

and the obtained value was then assigned as a systematic366

uncertainty.367

Figure 6 shows AFB for 1.5 < M < 3 GeV. In order368

to explore the dependence on the hard scale (Q′2 ≡M2)369

of the FB asymmetry, it was extracted separately for the370
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lepton invariant mass region 2 GeV to 3 GeV. The re-371

sults for the high-mass region are shown in Fig. 7. The372

asymmetries in both mass regions are not comparable373

with the zero asymmetry predicted if only the BH process374

was contributing to the total cross section. This confirms375

that the TCS diagram contributes to the γp → p′e+e−376

cross section. The experimental results were compared377

)2-t (GeV
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

F
B

A
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VGG VGG, no D-term

378

FIG. 6. FB asymmetry as a function of −t at the average379

kinematics Eγ = 7.23±1.61 GeV; M = 1.81±0.26 GeV. The380

solid line shows the model predictions of the VGG model with381

D-term (from Ref. [39]) evaluated at the average kinematic382

point. The other curves are defined in the caption of Fig. .383
384

385
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386

FIG. 7. FB asymmetry as a function of −t at the average387

kinematics Eγ = 8.13±1.23 GeV; M = 2.25±0.20 GeV. The388

curves are defined in the captions of Figs. and .389
390

391

with model predictions. The asymmetries seem to be392

better described by the VGG model when the D-term393

(taken from Ref. [39]) is included, although the error bars394

are still too large to completely rule out the case with-395

out the D-term. The D term, a poorly known element396

of GPD parametrizations that appears as a subtraction397

term in dispersion relations of DVCS amplitudes, has re-398

cently gained relevance for its links to the mechanical399

properties of the nucleon [40–43]. The GK model pre-400

dictions largely underestimate the asymmetry in both401

mass regions. This could be in part explained by the402

absence of the D-term in this prediction, although GK403

differs also from VGG without the D-term. The compar-404

ison was also done in the high-mass region in Fig. 7. In405

this region, where factorization-breaking terms are more406

strongly suppressed, the previous conclusion stands, sup-407

porting the interpretation in terms of GPDs and the im-408

portance of the D-term in their parametrization.409

In summary, we reported in this letter the first ever410

measurement of Timelike Compton Scattering on the411

proton. Both the photon circular polarization and412

forward/backward asymmetries were measured. The413

asymmetries are clearly non-zero, providing strong evi-414

dence for the contribution of the quark-level mechanisms415

parametrized by GPDs to the cross section of this re-416

action. The comparison of the measured polarization417

asymmetry with model predictions points toward the in-418

terpretation of GPDs as universal functions. Further-419

more, the reported results on the FB asymmetry open420

a new promising path toward the extraction of the real421

part of H, and ultimately to a better understanding of422

the internal pressure of the proton via the extraction of423

the D-term. Future measurements of TCS at JLab will424

provide a wealth of data to be included in the ongoing fit-425

ting efforts to extract CFFs [44–47]. In particular, TCS426

measurements should have a strong impact in constrain-427

ing the real part of CFFs [48] and in the determination428

of the D-term that relates to the gravitational form fac-429

tor of the nucleon. A comparison of these results with430

possible measurements of TCS at the EIC [49] and in431

ultra-peripheral collisions at the LHC [50] could provide432

a better understanding of the behaviour of the CFFs of433

TCS at low x [36, 37].434
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[18] M. Boër, M. Guidal, and M. Vanderhaeghen, Eur. Phys.491

J. A 52, 33 (2016).492

[19] J. C. Collins and A. Freund, Phys. Rev. D 59 (1999),493

10.1103/physrevd.59.074009.494

[20] A. Belitsky, D. Müller, L. Niedermeier, and A. Schäfer,495
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[45] R. Dupré, M. Guidal, S. Niccolai, and M. Vander-540

haeghen, Eur. Phys. J. A 53, 171 (2017).541

[46] H. Moutarde, P. Sznajder, and J. Wagner, Eur. Phys. J.542

C 78, 890 (2018).543

[47] H. Moutarde, P. Sznajder, and J. Wagner, Eur. Phys. J.544

C 79, 614 (2019).545

[48] O. Grocholski, H. Moutarde, B. Pire, P. Sznajder, and546

J. Wagner, Eur. Phys. J. C 80, 171 (2020).547

[49] R. A. Khalek et al., (2021), arXiv:2103.05419548

[physics.ins-det].549

[50] B. Pire, L. Szymanowski, and J. Wagner, Phys. Rev. D550

79, 014010 (2009).551


