
Eur. Phys. J. A manuscript No.
(will be inserted by the editor)

An experimental program with high duty-cycle polarized and
unpolarized positron beams at Jefferson Lab

A. Accardi2,31, A. Afanasev4, I. Albayrak35, S.F. Ali62, M. Amaryan41,
J.R.M. Annand29, J. Arrington8, A. Asaturyan64, H. Avakian2,
T. Averett72, C. Ayerbe Gayoso39, X. Bai14, L. Barion23, M. Battaglieri2,3,
V. Bellini13, F. Benmokhtar70, V. Berdnikov62, J.C. Bernauer54,60,
V. Bertone28, A. Bianconi10,42, A. Biselli66, P. Bisio26, P. Blunden63,
M. Boer21, M. Bondì3, K.-T. Brinkmann27, W.J. Briscoe4, V. Burkert2,
T. Cao31, A. Camsonne2, R. Capobianco56, L. Cardman2, M. Carmignotto2,
M. Caudron1, L. Causse1, A. Celentano3, P. Chatagnon1, T. Chetry39,
G. Ciullo23,24, E. Cline54, P.L. Cole7, M. Contalbrigo23, G. Costantini10,42,
A. D’Angelo50,52, L. Darmé14, D. Day14, M. Defurne28, M. De Napoli13,
A. Deur2, R. De Vita3, N. D’Hose28, S. Diehl27,56, M. Diefenthaler2,
B. Dongwi31, R. Dupré1, H. Dutrieux28, D. Dutta39, M. Ehrhart1,
L. El-Fassi39, L. Elouadrhiri2, R. Ent2, J. Erler36, I.P. Fernando31,
A. Filippi59, D. Flay2, T. Forest48, E. Fuchey56, S. Fucini45,46, Y. Furletova2,
H. Gao19, D. Gaskell2, A. Gasparian30, T. Gautam31, F.-X. Girod56,
K. Gnanvo14, J. Grames2, G.N. Grauvogel4, P. Gueye22, M. Guidal1,
S. Habet1, T.J. Hague30, D.J. Hamilton29, O. Hansen2, D. Hasell12,
M. Hattawy41, D.W. Higinbotham2, A. Hobart1, T. Horn62, C.E. Hyde41,
H. Ibrahim67, I. Ilyichev38, A. Italiano13, K. Joo56, S.J. Joosten69,
V. Khachatryan19,20, N. Kalantarians71, G. Kalicy62, D. Keller14,
C. Keppel2, M. Kerver41, M. Khandaker18, A. Kim56, J. Kim69, P.M. King5,
E. Kinney9, V. Klimenko56, H.-S. Ko1, M. Kohl31, V. Kozhuharov25,53,
V. Kubarovsky2, V. Krnjaic6,15, T. Kutz4,12, L. Lanza50,52, M. Leali10,42,
P. Lenisa23,24, N. Liyanage14, Q. Liu36, S. Liuti14, J. Mammei63, S. Mantry17,
D. Marchand1, P. Markowitz37, L. Marsicano3,26, V. Mascagna16,42,
M. Mazouz40, M. McCaughan2, B. McKinnon29, D. McNulty48,
W. Melnitchouk2, Z.-E. Meziani69, S. Migliorati10,42, M. Mihovilovič34,
R. Milner12, A. Mkrtchyan64, H. Mkrtchyan64, A. Movsisyan23,
H. Moutarde28, M. Muhoza62, C. Muñoz Camacho1, J. Murphy5,
P. Nadel-Turoński55, E. Nardi25, J. Nazeer31, S. Niccolai1, G. Niculescu32,
R. Novotny27, J.F. Owens58, M. Paolone68, L. Pappalardo23,24,
R. Paremuzyan21, B. Pasquini42,43, E. Pasyuk2, T. Patel31, I. Pegg62,
C. Peng69, D. Perera14, M. Poelker2, K. Price1, A.J.R. Puckett56,
M. Raggi25,51, N. Randazzo13, M.N.H. Rashad41, M. Rathnayake31,
B. Raue37, P.E. Reimer69, M. Rinaldi45,46, A. Rizzo50,52, J. Roche5,
O. Rondon-Aramayo14, F. Sabatié28, G. Salmè49, E. Santopinto3, R. Santos
Estrada56, B. Sawatzky2, A. Schmidt4, P. Schweitzer56, S. Scopetta45,46,



2

V. Sergeyeva1, M. Shabestari44, A. Shahinyan64, Y. Sharabian2,
S. Širca34, E. Smith2, D. Sokhan29, A. Somov2, N. Sparveris47, M. Spata2,
H. Spiesberger36, M. Spreafico26, S. Stepanyan2, P. Stoler56, I. Strakovsky4,
R. Suleiman2, M. Suresh31, P. Sznajder61, H. Szumila-Vance2,
V. Tadevosyan64, A.S. Tadepalli2, M. Tiefenback2, R. Trotta62, M. Ungaro2,
P. Valente51, P. Vanderhaeghen36, L. Venturelli10,42, H. Voskanyan64,
E. Voutier1,a, B. Wojtsekhowski2, M.H. Wood11, S. Wood2, J. Xie69,
W. Xiong57, Z. Ye65, M. Yurov33, H.-G. Zaunick27, S. Zhamkochyan64,
J. Zhang14, S. Zhang2, S. Zhao1, Z.W. Zhao19, X. Zheng14, J. Zhou19,20,
C. Zorn2

1Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
2Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
3INFN, Sezione di Genova, 16146 Genova, Italy
4The George Washington University, Washington, DC 20052, USA
5Ohio University, Athens, OH 45701, USA
6Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
7Lamar University, Beaumont, TX 77710, USA
8Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
9University of Colorado, Boulder, CO 80309, USA
10Università degli Studi di Brescia, 25121 Brescia, Italy
11Canisius College, Buffalo, NY 14208, USA
12Massachusetts Institute of Technology, Cambridge, MA 02139, USA
13INFN, Sezione di Catania, 95123 Catania, Italy
14University of Virginia, Charlottesville, VA 22904, USA
15Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
16Università degli Studi dell’Insubria, 22100 Como, Italy
17The University of North Georgia, Dahlonega, GA 30597, USA
18Energy Systems, Davis, CA 95616, USA
19Duke University, Durham, NC 27708, USA
20Triangle Universities Nuclear Laboratory, Durham, NC 27708, USA
21University of New Hampshire, Durham, NH 03824, USA
22Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI 48824, USA
23INFN, Sezione di Ferrara, 44122 Ferrara, Italy
24Università degli Studi di Ferrara, 44121 Ferrara, Italy
25INFN, Laboratori Nazionali di Frascati, 00044 Frascati, Italy
26Università degli Studi di Genova, 16146 Genova, Italy
27Universität Gießen, 35390 Gießen, Germany
28IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France
29University of Glasgow, Glasgow G12 8QQ, United Kingdom
30North Carolina A&T State University, Greensboro, NC 27411, USA
31Hampton University, Hampton, VA 23668, USA
32James Madison University, Harrisonburg, VA 22807, USA
33Los Alamos National Laboratory, Los Alamos, NM 87545, USA
34Univerza v Ljubljani, Faculteta za Matematico in Fiziko, 1000 Ljubljana, Slovenia
35Akdeniz Üniversitesi, 07070 Konyaalti/Antalya, Turkey
36PRISMA+ Cluster of Excellence, Institut für Kernphysik, Johannes Gutenberg Universität, 55099 Mainz, Germany
37Florida International University, Miami, FL 33199, USA
38Institute for Nuclear Problems, Belarusian State University, 220040 Minsk, Belarus
39Mississippi State University, Mississippi State, MS 39762, USA
40Faculté des Sciences de Monastir, Monastir, Tunisia
41Old Dominion University, Norfolk, VA 23529, USA
42INFN, Sezione di Pavia, 27100 Pavia, Italy
43Università degli Studi di Pavia, 27100 Pavia, Italy
44University of West Florida, Pensacola, FL 32514, USA
45INFN, Sezione di Perugia, 06123 Perugia, Italy
46Università degli studi di Perugia, 06123 Perugia, Italy
47Temple University, Physics Department, Philadelphia, PA 19122-180, USA
48Idaho State University, Pocatello, ID 83209, USA
49INFN, Sezione di Roma, 00185 Roma, Italy
50INFN, Sezione di Roma Tor Vergata, 00133 Roma, Italy
51Sapienza Università di Roma, 00185 Roma, Italy
52Università degli Studi di Roma Tor Vergata, 00133 Roma, Italy
53University of Sofia, Faculty of Physics, 1164 Sofia, Bulgaria



3

54Center for Frontiers in Nuclear Science, Stony Brook University, Stony Brook, NY 11794, USA
55Stony Brook University, Stony Brook, NY 11794, USA
56University of Connecticut, Storrs, CT 06269-3046, USA
57Syracuse University, Syracuse, NY 13244, USA
58Florida State University, Tallahassee, FL 32306, USA
59INFN, Sezione di Torino, 10125 Torino, Italy
60RIKEN BNL Research Center, Upton, NY 11973, USA
61National Centre for Nuclear Research (NCBJ), 02-093 Warsaw, Poland
62The Catholic University of America, Washington, DC 20064, USA
63University of Manitoba, Winnipeg, MB R3T 2N2, Canada
64A. Alikhanyan National Laboratory, Yerevan Physics Institute, Yerevan 375036, Armenia
65Tsinghua University, Beijing 100084, P.R. China
66Fairfield University, Fairfield, CT 06824, USA
67Cairo University, Giza 12613, Egypt
68New Mexico State University, Las Cruces, NM 88003, USA
69Argonne National Laboratory, Lemont, IL 60439, USA
70Duquesne University, Pittsburgh, PA 15208, USA
71Virginia Union University, Richmond, VA 23220, USA
72The College of William & Mary, Williamsburg, VA 23185, USA

Draft : May 5, 2021

Abstract Positron beams, both polarized and unpo-1

larized, are identified as essential ingredients for the ex-2

perimental program at the next generation of lepton ac-3

celerators. In the context of the Hadronic Physics pro-4

gram at the Jefferson Lab (JLab), positron beams are5

complementary, even essential, tools for a precise un-6

derstanding of the electromagnetic structure of the nu-7

cleon, in both the elastic and the deep-inelastic regimes.8

For instance, elastic scattering of (un)polarized elec-9

trons and positrons off the nucleon enables a model10

independent determination of the electromagnetic form11

factors of the nucleon. Also, the deeply virtual scatter-12

ing of (un)polarized electrons and positrons allows us to13

separate unambiguously the different contributions to14

the cross section of the lepto-production of photons and15

of lepton-pairs, enabling an accurate determination of16

the nucleon Generalized Parton Distributions, and pro-17

viding an access to its Gravitational Form Factors. Fur-18

thermore, positron beams offer the possibility of alter-19

native tests of the Standard Model through the search20

of a dark photon, the precise measurement of electro-21

weak couplings, or the investigation of charged lepton22

flavor violation. This document discusses the perspec-23

tives of an experimental program with positron beams24

at JLab.25

Keywords Positron beams · Two-photon exchange ·26

Nucleon and nuclei tomography · Tests of the Standard27

Model28

aContact person: voutier@ijclab.in2p3.fr

1 Introduction29

Quantum Electrodynamics (QED) is one of the most30

powerful quantum physics theories. The highly accu-31

rate predictive power of this theory allows us not only to32

investigate numerous physics phenomena at the macro-33

scopic, atomic, nuclear, and partonic scales, but also34

to test the validity of the Standard Model of Parti-35

cle Physics. Therefore, QED promotes electrons and36

positrons as unique physics probes, as demonstrated37

worldwide over decades of scientific research at differ-38

ent laboratories.39

Both from the projectile and the target points of40

view, spin appears nowadays as the finest tool for the41

study of the inner structure of matter. Recent exam-42

ples from the experimental physics program developed43

at the Thomas Jefferson National Accelerator Facil-44

ity (JLab) include: the measurement of polarization45

observables in elastic electron scattering off the nu-46

cleon [1–3], that established the unexpected magnitude47

and behaviour of the proton electric form factor at48

high momentum transfer (see [4] for a review); the ex-49

perimental evidence, in the production of real photons50

from a polarized electron beam interacting with unpo-51

larized protons, of a strong sensitivity to the electron52

beam helicity [5], that opened the investigation of the53

3-dimensional partonic structure of nucleons and nuclei54

via the Generalized Parton Distributions (GPDs) [6]55

measured through the Deeply Virtual Compton Scat-56

tering (DVCS) [7,8]; the achievement of a unique parity57

violation experimental program [9–17] that accessed the58

smallest polarized beam asymmetries ever measured (a59
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few 10−7) and provided the first determination of the60

weak charge of the proton [17], along with the first non-61

zero observation of the neutral-current electron-quark62

vector-axial coupling [18], allowing for stringent tests63

of the Standard Model at the TeV mass-scale; etc. Un-64

doubtedly, polarization became an important capabil-65

ity and a mandatory property of the current and next66

generation of accelerators.67

The combination of the QED predictive power and68

the fineness of the spin probe led to a large but yet lim-69

ited variety of impressive physics results. Adding to this70

tool-kit charge symmetry properties in terms of polar-71

ized positron beams will provide a more complete and72

accurate picture of the physics at play, independently73

of the size of the scale involved. In the context of the74

experimental study of the structure of hadronic mat-75

ter carried out at JLab, the electromagnetic interaction76

dominates lepton-hadron reactions and there is no in-77

trinsic difference between the physics information ob-78

tained from the scattering of electrons or positrons off79

an hadronic target. However, when a reaction process80

is a combination of more than one elementary QED-81

mechanism, the comparison between electron and posi-82

tron scattering allows us to isolate their quantum in-83

terference. This is of particular interest for studying84

limitations of the one-photon exchange Born approx-85

imation in elastic and inelastic scatterings [19,20]. It86

is also essential for the experimental determination of87

the GPDs where the interference between the known88

Bethe-Heitler (BH) process and the unknown DVCS re-89

quires polarized and unpolarized electron and positron90

beams for a model independent extraction of the differ-91

ent contributions to the cross section [21]. Such polar-92

ized lepton beams also provide the ability to test new93

physics beyond the frontiers of the Standard Model via94

a precise measurement of the electroweak coupling pa-95

rameters [22], the investigation Charged Lepton Flavor96

Violation (CLFV) [23], and the search for new particles97

linked to dark matter [24,25].98

The production of high-quality polarized positron99

beams to suit these many applications remains how-100

ever a highly difficult task that, until recently, was fea-101

sible only at large scale accelerator facilities. Relying102

on the most recent advances in high polarization and103

high intensity electron sources [26], the PEPPo (Polar-104

ized Electrons for Polarized Positrons) technique [27],105

demonstrated at the injector of the Continuous Elec-106

tron Beam Accelerator Facility (CEBAF), provides a107

novel and widely accessible approach based on the pro-108

duction, within a high-Z target, of polarized e+e− pairs109

from the circularly polarized bremsstrahlung radiation110

of a low energy highly polarized electron beam [28,29].111

As opposed to other schemes operating at GeV lep-112

ton beam energies [30–32], the operation of the PEPPo113

technique requires only energies above the pair-produc-114

tion threshold and is thus ideally suited for a polarized115

positron beam at CEBAF.116

This document aims at an introduction to the Top-117

ical Issue of the European Physics Journal A about118

Positron beams and physics at Jefferson Lab (e+@JLab).119

It presents the main physics merits of an experimental120

program with high energy positron beams at JLab. The121

next sections discuss their benefits for the investigation122

of two-photon exchange mechanisms, for the study of123

the partonic structure of nucleons and nuclei, and for124

testing the Standard Model. The last section addresses125

the production and implementation of polarized and126

unpolarized positron beams at JLab.127

2 Two-photon exchange physics128

Measuring the differences between positron scattering129

and electron scattering is one of the best ways to isolate130

the effects of two-photon exchange (TPE). The leading131

contribution of TPE beyond the one-photon exchange132

level (OPE) is the interference between OPE and TPE,133

which changes sign with a reversal of lepton charge.134

A positron source at CEBAF would open the possibil-135

ity of constraining TPE through a number of observ-136

ables, some of which have never been measured before137

(see [33] for a recent review of the status of TPE in138

elastic electron-proton scattering).139

TPE became a serious concern for high-precision de-140

terminations of the proton’s elastic form factors with141

the advent of the technique of polarization transfer, in142

the early 2000s. Measurements of polarization transfer143

in elastic electron-proton scattering at JLab [1–3,34–144

43] and elsewhere [44–46] produced surprising results:145

the proton’s form factor ratio, µpGE/GM , falls steadily146

with Q2. This trend is contrary to decades-worth of147

observations made using Rosenbluth separations of un-148

polarized cross section data [47–54], as shown in Fig. 1.149

While the cause of this discrepancy has not been defini-150

tively determined, the leading hypothesis is that the ef-151

fects of hard two-photon exchange are responsible [19,152

20]. Two-photon exchange cannot be calculated in a153

completely model-independent way and is not fully ac-154

counted for in standard approaches to radiative correc-155

tions (e.g., Refs. [55,56]). It is possible that the two156

methods of extracting the proton’s form factor ratio157

are susceptible in different ways to this effect, produc-158

ing the apparent discrepancy.159

Two-photon exchange is one of the sub-leading con-160

tributions to the elastic scattering amplitude, as shown161

in Fig. 2, and is one of several radiative processes at162

the same order in the fine structure constant, α. TPE163
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Fig. 1 A representative sample of the world data on the
proton’s form factor ratio, µpGE/GM shown as a function
of squared four-momentum transfer, Q2. Rosenbluth separa-
tions of unpolarized cross sections are shown in blue [47–52].
Polarized measurements are shown in red [34–39]. A global fit
to unpolarized cross sections [57] is shown, along with statis-
tical and systematic uncertainties, by a blue curve with light
blue bands.

affects the cross section at order α3, as an interference164

term between TPE and the leading OPE amplitude.165

Electron-scattering experiments typically report cross166

sections that are corrected back to the level of one-167

photon exchange using a radiative corrections prescrip-168

tion that also depends on the experiment’s capabilities169

for resolving energy lost to soft bremsstrahlung emis-170

sion. Due to the difficulties in calculating the TPE am-171

plitude, standard prescriptions only treat TPE in the172

so-called “soft limit”, in which one of the exchanged pho-173

tons carries negligible 4-momentum. In this way, TPE174

is only partially treated; any residual effect beyond the175

soft-limit is termed hard TPE. Until the emergence of176

the proton form factor discrepancy, the effects of hard177

TPE were assumed to be negligibly small for almost all178

relevant purposes.179

The challenge in calculating hard TPE lies in fact180

that the diagram has an off-shell hadronic propagator.181

TPE belongs to a larger class of hadronic box diagrams182

– including γZ exchange, relevant for parity-violating183

electron scattering [58], γW± exchange, relevant for184

beta decay [59] – which can only be calculated with185

some degree of model dependence.186

Broadly speaking there are two theoretical approa-187

ches: hadronic methods and partonic methods. In the188

former, the hadronic propagator is represented as a sum189

of contributions from all hadronic states, i.e., the nu-190

cleon, the delta, theN∗ resonances, etc., with +1 charge191

and allowed spin and parity. The sum is truncated to a192

finite number of considered states. This approach was193

first employed by Blunden et al. [20], and has since194

e p →e p 

= +

proton

electron

OPE TPE

+ + ...

other radiative
effects

Fig. 2 Feynman diagram series for elastic electron-proton
scattering. The two-photon exchange amplitude contributes
at the same order as several other radiative processes.

been used in numerous other calculations [60–62], and195

further improved by using dispersion relations [63–69]196

to eliminate un-physical divergences that arise in the197

forward limit. Hadronic calculations suggest that TPE198

has a percent-level effect on the elastic cross section,199

and that the effect magnitude increases as backward200

angles, and may be sufficient to resolve the form fac-201

tor discrepancy [70]. Hadronic calculations are expected202

to be valid for smaller momentum transfers, approxi-203

mately Q2 < 3 (GeV/c)2.204

By contrast, partonic calculations of TPE should205

be increasingly valid in the limit of large momentum206

transfer. Partonic calculations model the interactions of207

the exchanged photons with individual quarks, whose208

distributions within the proton are described by gen-209

eralized parton distributions (GPDs) (e.g. in Refs. [71,210

72]) or distribution amplitudes (e.g., in Refs. [73,74]).211

Such approaches must assume factorization between the212

hard and soft parts of the amplitude and must further213

model the distribution of quarks within the proton. De-214

pending on the assumptions made, there can be a wide215

spread in predictions, as shown in Fig. 3 for examples of216

hadronic [68] and partonic [72] calculations, and a phe-217

nomenological estimate based on the size of the form218

factor discrepancy [57].219

While TPE poses significant challenges for theory,220

it can be determined through a number of experimental221

observables. Though positron-scattering is not the only222

way to experimentally constrain hard two-photon ex-223

change, it is one of the best. Since the interference term224

between one- and two-photon exchange changes sign be-225

tween electron-scattering and positron scattering, TPE226

induces asymmetries in many observables when mea-227

sured with electrons versus positrons. In fact, three re-228

cent experiments were conducted to measure the ratio229

of the unpolarized positron-proton to electron-proton230

elastic scattering cross sections, with the goal of deter-231

mining if TPE is the cause of the proton form factor232

discrepancy [75–78]. The results, while showing mod-233

est indications of hard TPE, were far from conclusive234

because of their limitation to low-Q2 kinematics (Q2 <235

2 (GeV/c)2) where the form factor discrepancy is small.236

More decisive measurements at higher Q2 and with237

larger beam energies are needed. The regime between238

3 < Q2 < 5 (GeV/c)2 is particularly interesting because239
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Fig. 3 The positron-proton to electron-proton elastic scat-
tering cross section ratio predicted by examples of three ap-
proaches to calculating hard TPE: a hadronic calculation
(Blunden and Melnitchouk N + ∆ [68]) in blue, a partonic
calculation (Afanasev et al., Gaussian GPD model [72]) in
red, and a phenomenological extraction from the magnitude
of the form factor discrepancy (Bernauer et al. [57]) in green.
The calculations are for fixed ε = 0.742, and assume the Mo
and Tsai [55] convention for the definition of soft TPE. Also
shown are available data for 0.722 < ε < 0.762 from CLAS
[77], OLYMPUS [78] and measurements from the 1960s [79–
81].

not only is the form factor discrepancy large, but it also240

sits between the regions where hadronic and partonic241

calculations are expected to work best.242

Quantifying the amount of hard TPE is both impor-243

tant for improving our understanding of proton struc-244

ture, but also for improving radiative corrections rele-245

vant to several other problems in precision electroweak246

physics. Until TPE can be decisively quantified over a247

wide kinematic range, it remains an obstacle to refin-248

ing our knowledge about proton structure, both for the249

push to high Q2, the focus of the new JLab SBS pro-250

gram, and at low Q2 where significant uncertainty re-251

mains about the proton radius. Measurements on TPE252

also provide valuable constraints on model-dependent253

theoretical calculations of the γZ-box corrections in254

parity-violating electron scattering, as well as the γW±-255

box, relevant for radiative corrections to β-decay life-256

times.257

Currently, of the facilities around the world that can258

produce positron beams, none possess both an accelera-259

tor of the energy of CEBAF as well as detector systems260

in the same league as those operating in and planned261

for the JLab experimental Halls. This deficit renders262

a number of highly impactful potential measurements263

out of reach for now. A high-quality positron beam in264

CEBAF would permit a diverse and exciting program265

of measurements of two-photon exchange that would266

provide crucial experimental constraints, help solidify267

our understanding of nucleons structure, and even help268

test the limits of the standard model.269

This Topical Issue presents a number of experimen-270

tal concepts for measurement of TPE via several differ-271

ent observables. Three concepts employ the most tra-272

ditional approach: comparing the unpolarized elastic273

positron-proton scattering cross section to that of elec-274

tron-proton scattering. The most comprehensive mea-275

surement could be performed with the CLAS12 detec-276

tor [82] in Hall B, where the enormous acceptance would277

provide unparalleled kinematic reach [83], and where278

the typical beam currents match what the proposed279

positron source could provide. This could be comple-280

mented by a rapid two-week measurement, focusing on281

low-ε kinematics, in Hall A [84], where the planned282

Super BigBite Spectrometer would allow higher lumi-283

nosity running. The spectrometers in Hall C would be284

well-suited for performing a so-called super-Rosenbluth285

measurement with positrons [85], in which an L/T sep-286

aration is performed from cross sections in which only287

the recoiling proton is detected. The results of a posi-288

tron super-Rosenbluth measurement could be directly289

compared to those of a previous measurement in Hall290

A, taken with electrons [52].291

Positrons would be valuable for constraining TPE292

through observables different from unpolarized elastic293

cross sections. Polarization Transfer, while expected to294

be more robust to the effects of hard TPE, is sen-295

sitive to a different combination of generalized form296

factors, and a measurement with both electrons and297

positrons provides new constraints. A 90-day measure-298

ment [86], at Q2=2.6 and 3.4 (GeV/c)2 would be pos-299

sible in Hall A [87], using Super BigBite in a similar300

configuration to the upcoming GEp-V experiment [88].301

Super BigBite would also be useful for a measurement302

of the target-normal single-spin asymmetry in positron-303

proton scattering [89]. Transverse single-spin asymme-304

tries are zero in the limit of one-photon exchange, and a305

non-zero asymmetry measurement can either be caused306

by an imaginary component in the TPE amplitude,307

or some unknown T-violating process. A measurement308

with electrons and positrons can distinguish between309

the two.310

In addition to high-Q2 electron scattering, TPE at311

low Q2 is a topic of special interest by itself [90]; though312

it has received extra attention due its possible affects on313

the extraction of the proton radius [91]. The proton’s314

charge radius, which defined as the slope of the charge315

form factor at Q2=0 (GeV/c)2 [92], does not depend on316

the probe; any difference in the apparent size of the pro-317

ton is an indication of higher order effects or analysis318

differences not being properly taken into account [20,319

93]. The MUSE experiment [94,95], which has begun320
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running at the Paul Scherrer Institute, investigates lep-321

ton universality in electron and muon elastic scatter-322

ing on the proton at low Q2. Using the new Prad-II323

setup [96], electron and positron scattering at low Q2
324

can be studied with high precision with not only pro-325

tons, which as gaseous hydrogen target, but also other326

gaseous nuclear targets such as deuterium [97] can be327

used with the novel Prad-II target [98].328

Lastly, measurements of TPE in elastic lepton-nuc-329

leus scattering [99] would be useful for helping to con-330

strain nuclear models used for calculations of γW± box331

diagrams, constituting important radiative corrections332

in β-decay. The β-decay widths for a number of super-333

allowed transitions are important inputs for tests of the334

unitarity of the first row of the CKM Matrix. Mea-335

surements of TPE via the unpolarized e+A/e−A cross336

section ratio on a number of specific isotopes can help337

improve the radiative corrections necessary to searching338

for new physics in the quark sector. A key to this mea-339

surement is the ability to resolve the events in which340

the nucleus remains in the ground state, but resolu-341

tion of the spectrometers in Halls A and C are more342

than sufficient, especially since the rates would be low343

enough to permit the use of drift chambers for track-344

ing. A 25-day measurement would be sufficient to cover345

six different nuclei in three different kinematics to 1%346

statistical precision [100].347

Two-photon exchange is important to measure not348

least of all to solidify our understanding of nucleon form349

factors, but also because it touches on a number of open350

problems relating to radiative corrections in parity vio-351

lation and β-decay. For the time being, a positron beam352

at CEBAF would be the only feasible avenue for pur-353

suing the broad TPE program described in this issue.354

3 Nucleon & nuclear tomography355

Quantum chromodynamics (QCD) has been established356

as the theory that describes the interaction between the357

quarks and the gluons, the fundamental particles form-358

ing hadronic matter. As of yet, however, exact QCD-359

based calculations are not capable of explaining the360

properties of hadrons in terms of their constituents. One361

has to resort to phenomenological functions to inter-362

pret experimental measurements in order to understand363

how QCD works. The GPDs are nowadays the object364

of an intense research effort in the perspective of un-365

derstanding nucleon internal structure and dynamics.366

They can provide a tomographic image of the nucleon367

(and atomic nuclei) [101,102], by correlating the longi-368

tudinal momentum and the transverse spatial position369

of the partons inside the nucleon, and give access to370

the contribution of the orbital angular momentum of371

quarks to the nucleon spin [7].372

The GPDs of a nucleon (or nucleus) are accessed
in the measurement of the exclusive lepto-production
of either a photon (eN → eNγ, or DVCS, and eN →
eNγ? → eNl+l−, or DDVCS) or a meson (eN → eNm,
or DVMP). The factorization theorems establish that
these scattering amplitudes are dominated by terms in-
volving the convolution of a hard scattering kernel with
the nucleon GPDs if the invariant momentum trans-
fer squared Q2 and the invariant energy transfer µ =

q · P/M are sufficiently high [103,104]. At leading or-
der and leading twist, considering only the quark sec-
tor and quark-helicity conserving quantities, there are 4
GPDs for each quark flavor (Hq, Eq, H̃q, Ẽq), and each
depends on three variables: the invariant momentum
transfer t to the nucleon, the longitudinal momentum
fraction x carried by the active parton, and the scaling
variable ξ representing the parton skewness, as well as
the QCD evolution scale Q2 (omitted for simplicity of
notation).
The t-variable of the GPDs is the conjugate variable of
the impact parameter b. At ξ=0, for which t=−∆2

⊥,
an impact parameter version of GPDs can be derived
through the Fourier integral

ρqF (x,b⊥) =

∫
d2∆⊥
(2π)2

eib⊥·∆⊥ F q+(x, 0,−∆2
⊥) (1)

where F+(x, 0, t) is the 0-skewness singlet GPD combi-
nation (F q+ ≡ {H

q
+, E

q
+, H̃

q
+, Ẽ

q
+}) for the quark flavor

q, defined as

F q+(x, 0, t) = F q(x, 0, t)∓ F q(−x, 0, t) , (2)

with 0 ≤ x ≤ 1; the upper sign holds for vector GPDs373

(Hq, Eq) and the lower for axial vector GPDs (H̃q, Ẽq).374

For instance, ρqH(x,b⊥) can be interpreted as the den-375

sity of quarks of flavor q with longitudinal momentum376

fraction x at a transverse position b⊥ from the nucleon377

center-of-mass [101], which founds the basis ground for378

the tomography of nucleons and nuclei.379

The skewness dependency of GPDs contains unique in-380

formation about the nuclear dynamics. It particularly381

expressed in the second Mellin moments of the GPD H382

and E which can be written383 ∫ 1

−1
dxx

∑
q

Hq(x, ξ, t) = M2(t) +
4

5
ξ2d1(t) (3)

∫ 1

−1
dxx

∑
q

Eq(x, ξ, t) = M2(t)− 4

5
ξ2d1(t) (4)

where d1(t) is the first Gegenbauer coefficient of the
D-term expansion, and only the forward limit (t → 0)
of M2(t) is known, from the momentum distribution of
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quarks and anti-quarks at the QCD scale Q2 [105]. The
D-term, sometimes referred as the last unknown global
property of hadrons, reflects the internal dynamics of a
hadron through the distribution of forces [106]. It par-
ticularly encodes the distribution of pressure and shear
forces inside hadrons, which are related to the gravi-
tational form factors of the energy-momentum tensor
(EMT) [7]. While it is hopeless to expect direct obser-
vation of the interaction of a graviton with a nucleon,
GPDs offer a unique indirect way to access these prop-
erties. The relation between the GPDs and the EMT of
the nucleon also offers the ability to resolve the long-
standing puzzle of the decomposition of the nucleon
spin. This is expressed by the Ji’s sum rule [7]

lim
t→0

∫ 1

−1
dxx [Hq(x, ξ, t) + Eq(x, ξ, t)] = Jq . (5)

which links the forward limit of the sum of the second384

moments of the GPDs Hq and Eq to the total angular385

momentum carried by the quarks inside the nucleon.386

Accessing nucleon tomography or the QCD dynamics387

of the nucleon asks for the mapping of the x-, ξ-, and388

t-dependences of the GPDs over the full physics phase-389

space, an evidently ambitious and demanding experi-390

mental program.391

The GPDs do not enter directly in the DV CS am-392

plitude, but only as combinations of integrals over the393

average light-cone momentum fraction x. The remain-394

ing variables are purely kinematic, in that they are mea-395

sured event-by-event in the scattering process. These in-396

tegrals are referred to as Compton Form Factors (CFFs)397

F (with F ≡ {H, E , H̃, Ẽ}) defined as398

F(ξ, t) = P
∫ 1

0

dx

[
1

x− ξ
± 1

x+ ξ

]
F+(x, ξ, t)

− iπ F+(ξ, ξ, t) (6)

where P denotes the Cauchy’s principal value integral,
and

F+(x, ξ, t) =
∑
q

(eq
e

)2
[F q(x, ξ, t)∓ F q(−x, ξ, t)] . (7)

Though the GPDs are purely real functions, the CFFs399

are complex-valued. Analytical properties of theDV CS400

amplitude at the Leading Order (LO) approximation401

link the real and imaginary parts of the CFFs through402

the dispersion relation [109–111]403

<e [F(ξ, t)]
LO
= DF (t) (8)

+
1

π
P
∫ 1

0

dx

(
1

ξ − x
− 1

ξ + x

)
=m[F(x, t)]

where DF (t) is a t-dependent subtraction constant re-404

lated to the D-term. Thus, the independent knowledge405

Fig. 4 Radial distribution of the pressure r2p(r) (top) and
shear forces s(r) (bottom) resulting from the interactions of
the quarks in the proton [107,108]. The middle lines corre-
sponds to the information extracted from the D-term fitted
to DVCS CLAS data at 6 GeV. The bands represent the range
of uncertainties without (outer band) and with (inner band)
CLAS data.

of the real and imaginary parts of the CFFs allows us to406

access the nucleon dynamics. This feature was remark-407

ably developed in recent works [107,108] determining408

the radial distribution of pressure and shear forces in409

the proton from existing DVCS data. Considering the410

present status of experimental knowledge of GPDs and411

the resulting lack of constraint with respect to the hy-412

potheses formulated to extract the D-term, the precise413

shape of the derived distribution should be taken with414
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caution [112,113]. However, these curves clearly demon-415

strate the physics potential of DVCS data with respect416

to the investigation of QCD dynamics, and advocate for417

the unambiguous measurements of the real and imagi-418

nary parts of the CFFs.419

Given the complexity of the GPDs and their compli-420

cated link to experimental observables, their measure-421

ment is a highly non-trivial task. This necessitates a422

long-term experimental program comprising the mea-423

surement of different DVCS observables (to single out424

the contribution of each of the 4 GPDs), on the pro-425

ton and on the neutron (to disentangle the quark-flavor426

dependence of the GPDs): cross sections, beam-, lon-427

gitudinal and transverse target- single polarization ob-428

servables, double polarization observables, and beam-429

charge asymmetries. Such dedicated experimental pro-430

gram, concentrating on a proton target, has started431

worldwide in these past few years.432

After the first observations of a sin(φ) dependence433

for ~ep→ epγ reaction in low statistics beam-spin asym-434

metry measurements by HERMES [114] and CLAS [5],435

various high-statistics DVCS experiments were perfor-436

med. The HERA collider experiments measured DVCS437

cross sections at high Q2 and low xB [115,116]. Polar-438

ized and unpolarized cross sections measured at JLab439

Hall A indicated, via a Q2-scaling test, that the factor-440

ization and leading-twist approximations dominate the441

cross sections (at the ∼ 80% level) already at relatively442

low Q2 (∼ 2 GeV2) in the quark valence region [117].443

High-statistics and wide-coverage beam-spin asymme-444

tries [118] and cross sections [119] measured in Hall B445

with CLAS, brought important constraints for the pa-446

rameterization, in particular, of the imaginary part of447

the CFF of the GPD H. These data were expanded448

with results from JLab experiments at 6 GeV of longi-449

tudinally polarized target-spin asymmetries along with450

double-polarization observables, which provided a first451

look at the imaginary part of the CFF of the GPD452

H̃ [120]. Initial constraints on the E GPD, crucial to the453

Ji spin sum rule [7], were obtained with DVCS measure-454

ments on the neutron [121] and on a transversely polar-455

ized proton [122]. These data have led to many empir-456

ical models and model-based global fits of GPDs [105,457

123–128].458

The energy upgrade of the CEBAF to 12 GeV was459

undertaken in order to pursue the experimental study of460

the confinement of quarks and of the three dimensional461

quark-gluon structure of the nucleon with a particular462

focus on the GPDs study. An extensive program is on-463

going in the Halls A, B, and C, on both proton and464

neutron DVCS observables with polarized beam and465

targets, with wide acceptance (CLAS12) and with high466

luminosity (Halls A and C). The addition of a polarized467

proton

electron

γ e p →e p 

=

DVCS

+ +

Bethe-Heitler

Fig. 5 Lowest order diagrams of the eNγ process featuring
the DV CS and the BH reaction amplitudes.

positron beam to the CEBAF accelerator would open468

up the perspective of measuring new GPD-related ob-469

servables, specifically beam-charge dependent asymme-470

tries (BCAs).471

For instance, the fully differential cross section of472

the ~eN → eNγ reaction (Fig. 5) - involving the in-473

teraction of a longitudinally polarized lepton beam of474

helicity λ and charge e with an unpolarized nucleon -475

may be expressed as [129]476

d5σeλ = d5σBH + d5σDV CS

+ λ d5σ̃DV CS − e
[
d5σINT + λ d5σ̃INT

]
(9)

where the BH index denotes the pure Bethe-Heitler re-477

action amplitude (the elastic ep amplitude with the de-478

tected real photon emitted by either the initial or final479

electron), the DV CS index denotes the pure γ∗N →480

γN ones, and the INT index represents the interfer-481

ence amplitude between these two mechanisms; here482

the d5σi’s are the beam-helicity independent contri-483

butions to the cross section, and the d5σ̃i’s are the484

beam-helicity dependent ones. At small t, the BH am-485

plitude is accurately calculable from the electromag-486

netic form factors of the nucleon such that the d5σeλ487

cross section involves 4 unknown quantities. Compar-488

ing lepton beams of opposite helicities, the beam spin-489

dependent and -independent parts of the cross section490

can be determined. Comparing lepton beams of oppo-491

site charges, the INT contributions can be separated492

from the DV CS ones. Therefore, the combination of493

polarized electron and positron beams isolates the 4494

unknown components of the ~eNγ cross section out-of-495

which GPDs are determined, and similarly for polarized496

targets [21].497

Beam and target single-spin dependent cross sections498

are proportional to the imaginary part of the interfer-499

ence amplitude. Thus the difference of polarized elec-500

trons or polarized positrons DVCS cross sections gives501

nearly direct access to the imaginary part of the CFFs,502

which are in turn equal to the GPDs on the diago-503

nal x=±ξ. In addition, the DDVCS process which in-504

volves a final time-like virtual photon allows to access505

the x 6= ±ξ phase-space [130,131]. Beam-charge depen-506

dent observables in DVCS have the unique property to507

isolate the contributions from the real-part of the inter-508

ference amplitude.509
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While beam and target single spin asymmetries are510

proportional to the imaginary part of the DV CS-BH511

interference amplitude, accessing the real part is sig-512

nificantly more challenging. It appears in the unpolar-513

ized cross sections for which either the BH contribu-514

tion is dominant, or all three terms (pure BH, pure515

DV CS, and interference amplitudes) are comparable.516

TheDV CS and INT terms can be separated in the un-517

polarized cross-sections by exploiting their dependen-518

cies on the incident beam energy, a generalized Rosen-519

bluth separation. This is an experimentally elaborated520

procedure, and necessitates some theoretical hypoth-521

esis to extract the physics content [132,133]. The real522

part also appears in double spin asymmetries, but these523

can receive significant direct contribution from the BH524

process itself, and are also experimentally challenging.525

Unpolarized BCAs are directly proportional to the real526

part of the INT term, and receive no direct contribu-527

tion from the BH process. As such they provide the528

cleanest access to this crucial observable, without the529

need for additional theoretical assumptions in the CFFs530

extraction procedure.531

The present Topical Issue conjugates this feature532

with several experimental scenarios addressing the real533

part of CFFs through the direct comparison of electron534

and positron cross sections or BCA observables. In Hall535

C, the association of the High Momentum Spectrometer536

with the Neutral Particle Spectrometer would enable537

high precision e+pγ cross section measurements at se-538

lected kinematics [134]. Compared with electron beam539

data [135] to come within the next years, a precise de-540

termination of the real part of the CFFsH and H̃ would541

be achieved. Polarized and unpolarized BCA observ-542

ables off the proton [136] would be measured using the543

CLAS12 spectrometer, enabling the mapping of the real544

part of the CFF H over a wide kinematical domain and545

probing the relative importance of higher-twist effects.546

Similarly, polarized and unpolarized BCA observables547

off the neutron [137] could also be measured, allowing548

us to extract the real part of the CFF En and H̃n, ul-549

timately leading to the quark-flavor separation of the550

CFFs. Complementing CLAS12 with the ALERT low551

energy recoil tracker [138] will permit the investigation552

of coherent and incoherent DVCS off nuclei [139], pro-553

viding a novel method to look at nuclear forces and554

modifications of the nucleon structure through the real555

part of the CFFs. The addition of a muon detector to556

the SoLID spectrometer would enable measurements of557

polarized electron and positron beams DDVCS cross558

sections, giving a direct access to the real and imagi-559

nary parts of the CFF H(ξ′, ξ, t) related to the GPD560

out-of the diagonals x=±ξ [140].561

A program of both electron and positron scattering562

with CEBAF at JLab (and the future Electron Ion Col-563

lider) would have much greater impact than simply a564

quantitative change of GPD uncertainties. Direct access565

to the real part of the CFFs would be a qualitative shift566

for 3-D imaging of nucleons and nuclei. The measure-567

ment of DVCS with a positron beam is a key factor for568

the completion of the ambitious scientific program for569

the understanding of the 3-D structure and dynamics570

of hadronic matter.571

4 Tests of the Standard Model572

Our understanding of the Standard Model of Parti-573

cle Physics reached an important milestone in 2012,574

brought about by the experimental observation of the575

Higgs boson by the ATLAS and the CMS collabora-576

tions at the LHC [141,142]. Since then, the research577

of both medium- and high-energy particle physics has578

focused on high precision tests of the Standard Model579

and searching for Beyond-the-Standard-Model (BSM)580

physics. Most recently, experimental results on the b581

quark decay [143] and the muon g−2 measurement [144]582

raised challenges to lepton universality, adding fresh583

and exciting information to the field.584

The CEBAF has provided an essential tool in our585

pursuit of understanding the strong interaction and the586

nucleon and nuclei structure since the late 1990’s. In587

the recent decade, studies of electroweak (EW) physics588

has emerged as a new direction for the JLab research589

program, and is complementary to high-energy exper-590

iments, adding unique information to Standard Model591

research worldwide. A positron beam at JLab will open592

up new possibilities to test the Standard Model. In the593

following we focus on three specific examples: the mea-594

surement of a new set of EW neutral-current (NC) cou-595

plings (geqAA), the investigation of charged lepton flavor596

violation, and the search for BSM dark photons.597

4.1 Access to the geqAA electroweak couplings598

At energies much below the mass of the Z0 boson (the599

Z-pole), the Lagrangian of the EW NC interaction rele-600

vant to electron deep inelastic scattering (DIS) off quarks601

inside the nucleon is given by [145]602

LeqNC =
GF√

2

∑
q

[geqV V ēγ
µeq̄γµq + geqAV ēγ

µγ5eq̄γµq

+ geqV A ēγ
µeq̄γµγ5q + geqAA ēγ

µγ5eq̄γµγ5q] , (10)

where GF is the Fermi constant. The geqV V terms are603

typically omitted because their chiral structure (vector-604

vector or V V ) is identical to, and thus is inseparable605
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from, electromagnetic interactions of QED. The other606

four-fermion couplings can be measured experimentally.607

The coupling geqAV was best determined in atomic par-608

ity violation experiments [146–148], while geqAV , g
eq
V A and609

geqAA can be measured in lepton scattering off a nucleon610

or nuclear target. Any discrepancy between their exper-611

imentally extracted and Standard Model values could612

point to BSM physics.613

Recent parity-violating electron scattering experi-614

ments at JLab have improved the precision of the geqAV615

and geqV A couplings [17,18,149], which correspond to616

the axial-vector (AV ) and the vector-axial (V A) chi-617

ral structures of the NC interaction between leptons618

and quarks, respectively. In contrast, there exist only619

one measurement on the axial-axial (AA) coupling, us-620

ing the muon beams at CERN [150]. Their results give621

2gµqAA − gµqAA = 1.57 ± 0.38 which can be compared622

to the tree-level SM value of 1.5. However, the geqAA623

couplings for electrons have never been measured di-624

rectly due to a lack of high-luminosity and high-energy625

positron beams. The addition of positron beams to CE-626

BAF opens up the possibility of measuring lepton-charge627

asymmetry between positron and electron scattering628

and accessing geqAA. More specifically, the asymmetry629

Ae
+e− between unpolarized e+ and e− beams DIS off a630

deuterium target has an electroweak contribution that631

is directly proportional to the combination 2geuAA− gedAA632

[22].633

The extraction of geqAA from Ae
+e− faces both exper-634

imental and theoretical challenges. Experimentally, un-635

like parity-violation experiment where the asymmetries636

are taken between right- and left-handed beam elec-637

trons and helicity-correlated differences in the electron638

beam can be controlled to high precision using real-time639

feedbacks, switching between e+ and e− beams will take640

weeks and thus measurements of e+ and e− scatterings641

must be treated as separate experiments. Differences in642

beam energy, intensity, and the detection of the scat-643

tered particles between e+ and e− runs will cause siz-644

able contributions to Ae
+e− , though fortunately these645

effects have a calculable kinematic-dependence and can646

be separated from electroweak contributions. Theoreti-647

cally, electromagnetic interaction causes an asymmetry648

between e+ and e− scatterings at the next-to-leading649

order (NLO) and higher levels. The QED NLO contri-650

bution varies between a factor two to five larger than651

the electroweak contribution to Ae
+e− at the Q2 values652

of JLab’s 11 GeV beam. Therefore the higher-order con-653

tributions must be calculated precisely (to 10−2 level654

or better) and subtracted from data. While pure QED655

(and probably QCD) effects can be calculated to the re-656

quired precision, contributions that arise from hadronic657

and non-perturbative effects will be challenging to quan-658

tify. We are confident that with dedicated efforts and659

inputs from data, extraction of geqAA from the measured660

Ae
+e− data is possible and the required precision on the661

radiative corrections can be reached in the near future.662

4.2 Charged Lepton Flavor Violation663

A polarized positron beam at CEBAF would also pro-664

vide an opportunity to probe CLFV through a search665

for the process e+N → µ+X [23]. The discovery of neu-666

trino oscillations provided conclusive evidence that lep-667

ton flavor is not a conserved quantity. However, lepton668

flavor violation in the charged lepton sector has never669

been observed. Even though the non-zero mass of neu-670

trinos predicts CLFV processes such as µ− → e−γ, the671

predicted branching fraction Br(µ− → e−γ) < 10−54672

[151] is too small, and far beyond the reach of any673

current or future planned experiments. However, many674

BSM scenarios predict higher rates, within the reach of675

current or future experiments. In fact, BSM scenarios676

based on Leptoquarks or R-parity violating supersym-677

metry allow for tree-level CLFV mechanisms.678

A polarized positron beam can play an important679

role in the search for the CLFV process e+N → µ+X.680

The H1 [152] and ZEUS [153] collaborations at HERA681

have sets limits on this CLFV process. A 11 GeV posi-682

tron beam impinging on a proton target could signifi-683

cantly improve on the HERA limits. Due to the much684

smaller center of mass energy, the cross section for the685

CLFV DIS process will be much smaller than at HERA.686

However, the CEBAF facility will have an instantane-687

nous luminosity that is larger by a factor of ∼ 106 or688

107, allowing for an improvement over the HERA limits689

by up to two orders of magnitude. A polarized positron690

beam will also allow for independent constraints on left-691

handed and right-handed Leptoquark states.692

This program with high luminosity polarized posi-693

trons would also complement planned CLFV studies at694

the future Electron-Ion Collider (EIC), where e → τ695

CLFV transitions between the first and third genera-696

tion leptons will be investigated [154–157]. For CLFV697

transitions between the first two lepton generations, the698

CEBAF positron facility is still expected to provide699

stronger constraints.700

4.3 Search for BSM particles701

The e+e− annihilation process is a promising channel702

to search for Light Dark Matter (LDM). LDM is a new703

compelling hypothesis that identifies dark matter with704

new sub-GeV “hidden sector” states, neutral under stan-705

dard model interactions and interacting with our world706
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through a new force mediated by a new boson: the dark707

photon or A′. Experiments with positron beams are par-708

ticularly interesting since, for any given beam energy,709

there is a range of masses where the dark boson can710

be produced through positron resonant annihilation on711

atomic electrons in the target, yielding a huge enhance-712

ment in the production rate. The combination of a high713

energy and continuous, high intensity positron beam714

available at JLab would allow to probe large unexplored715

regions in the dark photon parameter space.716

Two complementary experimental setups have been717

proposed [158]. The first makes use of a thin target to718

produce A′s through the annihilation process e+e− →719

A′γ. By measuring the emitted photon, the mediator720

of the DM-SM interaction will be identified and its721

(missing) mass measured. The program proposed at722

JLab represents an extension of the PADME experi-723

ment. This pioneering measurement is currently taking724

data with the low energy positron beam available at725

LNF in Italy. The higher energy positron beam avail-726

able at JLab will extend the mass range by a factor of727

four with two orders of magnitude higher sensitivity to728

the DM-SM coupling constant.729

The second uses a thick active target and a total absorp-730

tion calorimeter to detect remnants of the light dark731

matter production in a missing energy experiment. Ex-732

ploting the A′ resonant production by positron annihi-733

lation on atomic electrons, the A′ invisible decay will be734

identified by the resulting peak in the missing energy735

distribution, providing a clear experimental signature736

for the signal. This experiment has the potentiality to737

cover a wide area of the parameter space and hit the738

thermal target with sensitivity to confirm or exclude739

some of the preferred light DM scenarios.740

Although LDM models represent a particularly inter-741

esting target, the proposed experimental setups can be742

used more generally to search for a large range of feebly743

interacting particles. In particular, dark photon limits744

straightforwardly apply to any invisibly-decaying vec-745

tor boson.746

Besides the proposed program that does not rely747

on polarized positrons, polarization observables are ex-748

pected to provide significant leverage to suppress back-749

ground to identify the experimental physics signal of750

interest extending the reach of the above mentioned751

experiments. The availability of a positron beam will752

make JLab an ideal facility to explore the Dark Sector753

and BSM physics.754

5 Positron beams at JLab755

The prospect of polarized as well as unpolarized posi-756

tron beams for nuclear physics experiments at CEBAF757

naturally raises many issues, in particular the gener-758

ation of positrons and their formation into beams ac-759

ceptable to the 12 GeV CEBAF accelerator.760

5.1 Polarized Electrons for Polarized Positrons761

The theoretical investigation of polarization phenom-762

ena in electromagnetic processes [159–161], precisely763

the polarization of the bremsstrahlung radiation gen-764

erated by an electron beam in the vicinity of a nuclear765

field [28] drove the development of polarized photon766

beams: an unpolarized electron beam is predicted to767

generate a linearly polarized photon beam, while a po-768

larized electron beam would generate a circularly po-769

larized photon beam with polarization directly propor-770

tional to the electron beam initial polarization. These771

features were used extensively at numerous accelerator772

facilities, and more recently in the experimental hall773

B [162] and D [163] of JLab to operate high energy774

polarized photon beams.775

As a reciprocal process to bremsstrahlung, polar-776

ization observables of the pair production process can777

be deduced from bremsstrahlung observables [28], how-778

ever paying special attention to finite lepton mass ef-779

fects [164] which express differently in the bremsstral-780

hung and pair creation processes [29]. A circularly po-781

larized photon beam is then predicted to create a polar-782

ized e+e−-pair whose longitudinal and transverse polar-783

ization components are both proportional to the circu-784

lar polarization of the photon beam. The experimental785

demonstration of the circular-to-longitudinal polariza-786

tion transfer has been carried out at KEK [31], SLAC787

[32], and JLab [27] using completely different techniques788

for producing polarized photon beams.789

Following these proof-of-principle experiments, the790

production of polarized positrons at linear accelerator791

facilities may be separated in two categories: a first one792

requiring high-energy electron beams (from a few GeV793

to several tenths of GeV) available only at large scale794

facilities, and a second one accessible since a few MeV795

electron beam energies. The latter corresponds to the796

PEPPo concept [27] which consists in the transfer of797

the longitudinal polarization of an electron beam to the798

positrons produced by the bremsstrahlung polarized ra-799

diation of initial electrons interacting within a high Z800

material. This technique can be used efficiently with a801

low energy (∼10-100 MeV/c), high intensity (∼mA),802

and high polarization (>80%) electron beam driver,803

providing a wide and cost-efficient access to polarized804

positron beams [165].805



13

Fig. 6 Conceptual scheme of the integration of a positron source into CEBAF: polarized electrons (blue line) generated at
the gun are accelerated up to 120 MeV/c and deviated at the end of the injector into a new tunnel dedicated to positron beam
production and formation; at the end of the positron source system, symbolized by its three main elements, the positron beam
(red line) is deviated to enter the main accelerating section of the injector before final acceleration into CEBAF.

5.2 PEPPo @ JLab806

The PEPPo technique, which was demonstrated [27]807

at the CEBAF injector with 8.2 MeV/c electrons, is808

the method selected for the production of polarized809

(and unpolarized) positron beams in support of the810

previously described physics program at JLab 12 GeV.811

PEPPo established the existence of a strong correla-812

tion between the momentum and the polarization of813

the positrons: the larger the momentum, the higher the814

positron beam polarization, and the smaller the produc-815

tion rate. The quantity of interest, which characterizes816

a polarized source and further enters the statistical er-817

ror of the measurement of experimental signals sensitive818

to the beam polarization, is the Figure-of-Merit (FoM)819

corresponding to the product of the beam intensity with820

the square of the average polarization of the beam pop-821

ulation. Based on simulations confirmed by PEPPo ob-822

servations, the optimum FoM of the PEPPo technique823

is obtained at roughly half of the initial electron en-824

ergy [166]. In that respect, the essential differences be-825

tween PEPPo and conventional unpolarized positron826

sources are the used of an initially polarized electron827

beam and the selection of high-momentum positron sli-828

ces, that is a momentum region featuring high polar-829

ization transfer. Conversely, selecting low-momentum830

positrons would increase the positron beam intensity831

at the expense of a lower polarization. Given the rapid832

increase in the production efficiency - i.e., of positrons833

within a useful phase volume - with the energy of the834

initial electron beam, one might speculate that a very835

intense positron beam would benefit from the high elec-836

tron beam energies available at CEBAF. This leads837

to the formulation of different possible designs operat-838

ing electron beam energies from 10 MeV up to 1 GeV.839

Cost-efficient and flexible operation between polarized840

and unpolarized modes favors moderate energy designs,841

where high intensity polarized electron sources [167,842

168] offer an appealing alternative to compensate for843

the loss in the positron production efficiency. Corre-844

spondingly, a conceptual scheme of a PEPPo source845

based on the 120 MeV/c electrons (Fig. 6), available at846

the end of the CEBAF injector section, has been pro-847

posed [169]. It involves the construction of a new tun-848

nel, next to the existing injector tunnel, where positrons849

are generated and formed into beams suitable for CE-850

BAF injection. In this concept, it is proposed to use the851

same injector section to accelerate electrons towards the852

production energy and positrons towards CEBAF in-853

jection energies. Key apparatus of the positron source854

are the production target, the collection system, and855

the emittance filter device forming positron beams to856

match CEBAF admittance [170].857

The performances of such a source, simulated with858

Geant4 [171] extented with polarization phenomena in859

electromagnetic processes [172], are shown in Fig. 7 as860

function of the normalized positron kinetic energy as-861

suming a fully longitudinally polarized electron beam.862

They are expressed in terms of the efficiency (top pa-863

nel), the average longitudinal polarization (middle pa-864

nel), and the FoM (bottom panel) evaluated for a 4 mm865

thick tungsten target, i.e. for the optimum target thick-866

ness at 120 MeV/c. For each central momentum, the867

positron population emitted from a limited transverse868

area (D-diameter circular aperture), within a selected869

momentum bite∆p/p and an angular acceptance∆θe+ ,870

is evaluated. This selection parameters intend to mimic871

the acceptance of the collection and emittance filter872



14

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
)     e-2m

-
 / (T+T

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

3−
10×

∈

° 10± = +eθ∆
° 5± = +eθ∆

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
)     e-2m

-
 / (T+T

0

0.2

0.4

0.6

0.8

1

P

° 10± = +eθ∆
° 5± = +eθ∆

 5%±p/p = ∆
D = 2 mm

 = 120 MeV-T

 = 4.0 mmWt
 = 100%-eP

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
)     e-2m

-
 / (T+T

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

3−
10×

 2

P ∈

° 10± = +eθ∆
° 5± = +eθ∆

Fig. 7 Simulated reduced kinetic energy dependency of the
positron production efficiency (top), of the average longitudi-
nal polarization of positrons (middle), and of the FoM (bot-
tom) for a 120 MeV longitudinally polarized (Pe−) electron
beam impinging on a 4 mm thick tungsten target. The trans-
verse position of positrons at the exit of the target is con-
tained within a 2 mm diameter circular aperture. At each
positron energy, the positron population within a momentum
bite of ±5%, and an angular acceptance of ±10◦ (open sym-
bols) or ±5◦ (closed symbols), is quantified.

systems. The maximum efficiency and FoM define the873

source operation in unpolarized and polarized modes,874

respectively. The essential difference between these two875

modes is the energy of the positron to collect: about 1/3876

of the electron beam energy for optimized efficiency,877

and 1/2 for optimized FoM. Angular and momentum878

acceptance effects strongly affects the production rate879

and marginally the average polarization. These param-880

eters are driving the design of the magnetic collection881

system and of the RF-cavities based emittance filter882

device.883

Even more ambitious alternative concepts may also884

be sketched, like starting from a positron-dedicated,885

high-intensity electron accelerator [173], or implement-886

ing a PEPPo source with multi-GeV electrons. Beyond887

these considerations, the propagation of positrons into888

CEBAF is an additional concern requiring, among oth-889

ers, to change the polarity of arc-recirculating magnets890

and to upgrade beam diagnostics. It is the purpose of891

the current accelerator R&D effort to determine the892

most appropriate scheme for positron beams implemen-893

tation at JLab, and elaborate a conceptual design by894

the end of 2022.895

6 Conclusion896

This document discussed the main physics reach of posi-897

tron beams at JLab, which is further detailed in the898

contributions to the Topical Issue of the European Phy-899

sics Journal A about Positron beams and physics at Jef-900

ferson Lab (e+@JLab). It focused on: the multi-photon901

exchange effects - beyond the Born approximation of902

the electromagnetic current - in the determination of903

the nucleon and nuclear electromagnetic form factors;904

the study of the partonic structure and dynamics of905

hadrons through the unambiguous determination of the906

real and imaginary parts of their Compton form factors;907

selected tests of the Standard Model looking for devi-908

ations with respect to established predictions, or the909

evidence of new particles characterizing possible sce-910

narios of BSM physics; and the production of polarized911

and unpolarized positron beams at CEBAF.912

Positron beams at JLab would open up possibilities913

for the decisive study of two-photon exchange physics,914

which is today a significant obstacle to high-precision915

determinations of the electromagnetic form factors. Fur-916

thermore, the immense capabilities of the existing and917

planned JLab detectors would offer the opportunity to918

quantify two-photon exchange effects in several new ob-919

servables, solidifying our understanding of other hadronic920

box processes.921

High energy and high duty-cycle positron beams at922

JLab would procure a tremendous qualitative shift for923

the study of the partonic structure of hadrons. En-924

abling a direct unambiguous access to the real part of925

Compton form factors, positron beams would provide926

the missing tools to establish high-precision determina-927

tions of Compton form factors and consequently gen-928

eralized parton distributions. This would allow an un-929

precetented access to 3-D imaging and QCD dynamics930

of hadrons.931

Positron beams would also serve the search for beyond-932

the-Standard-Model physics in several channels as: the933
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determination of the never directly measured geqAA elec-934

troweak couplings via the comparison of electron and935

positron deep inelastic scatterings on a deuterium tar-936

get; the search for the process e+N → µ+N and for937

left-handed and right-handed Leptoquark states; and938

the search for dark matter particles in the e+e− → γA′939

process.940

This is by no means an exhaustive list of the exper-941

imental program that positron beam capabilities would942

enable at JLab. More specific examples are presented in943

the Topical Issue and more opportunities may be fore-944

seen, especially regarding to polarized targets where the945

expected positron beam intensities do not limit the ex-946

perimental reach.947

Acknowledgements This article is part of a project that948

has received funding from the European Union’s Horizon 2020949

research and innovation program under agreement STRONG950

- 2020 - No 824093. It is based upon work supported by the951

U.S. Department of Energy, Office of Science, Office of Nu-952

clear Physics under contract DE-AC05-06OR23177.953

References954

1. (Jefferson Lab Hall A Collaboration) M.K. Jones,955

et al., Phys. Rev. Lett. 84, 1398 (2000). DOI956

10.1103/PhysRevLett.84.1398957

2. (Jefferson Lab Hall A Collaboration) O. Gayou,958

et al., Phys. Rev. Lett. 88, 092301 (2002). DOI959

10.1103/PhysRevLett.88.092301960

3. A.J.R. Puckett, et al., Phys. Rev. Lett. 104, 242301961

(2010). DOI 10.1103/PhysRevLett.104.242301962

4. V. Punjabi, C.F. Perdrisat, M.K. Jones, E.J. Brash,963

C.E. Carlson, Eur. Phys. J. A 51, 79 (2015). DOI964

10.1140/epja/i2015-15079-x965

5. (CLAS Collaboration) S. Stepanyan, et al.,966

Phys. Rev. Lett. 87, 182002 (2001). DOI967

10.1103/PhysRevLett.87.182002968

6. D. Müller, D. Robaschik, B. Geyer, F.M. Dittes,969

J. Hořejši, Fortsch. Phys. 42, 101 (1994). DOI970

10.1002/prop.2190420202971

7. X.D. Ji, Phys. Rev. Lett. 78, 610 (1997). DOI972

10.1103/PhysRevLett.78.610973

8. A.V. Radyushkin, Phys. Rev. D 56, 5524 (1997). DOI974

10.1103/PhysRevD.56.5524975

9. (G0 Collaboration) D.S. Armstrong, et al.,976

Phys. Rev. Lett. 95, 092001 (2005). DOI977

10.1103/PhysRevLett.95.092001978

10. (HAPPEX Collaboration) K.A. Aniol, et al.,979

Phys. Rev. Lett. 96, 022003 (2006). DOI980

10.1103/PhysRevLett.96.022003981

11. (HAPPEX Collaboration) K.A. Aniol, et al., Phys. Lett.982

B 635, 275 (2006). DOI 10.1016/j.physletb.2006.03.011983

12. (HAPPEX Collaboration) A. Acha, et al.,984

Phys. Rev. Lett. 98, 032301 (2007). DOI985

10.1103/PhysRevLett.98.032301986

13. D. Androić, et al., Phys. Rev. Lett. 104, 012001 (2010).987

DOI 10.1103/PhysRevLett.104.012001988

14. D. Androić, et al., Phys. Rev. Lett. 108, 122002 (2012).989

DOI 10.1103/PhysRevLett.108.122002990

15. D. Androic, et al., Phys. Rev. Lett. 107, 022501 (2011).991

DOI 10.1103/PhysRevLett.107.022501992

16. D. Androić, et al., Phys. Rev. Lett. 111, 141803 (2013).993

DOI 10.1103/PhysRevLett.111.141803994

17. D. Androić, et al., Nature 557, 207 (2018). DOI995

10.1038/s41586-018-0096-0996

18. D. Wang, et al., Nature 506, 67 (2014). DOI997

10.1038/nature12964998

19. P.A. Guichon, M. Vanderhaeghen, Phys. Rev. Lett. 91,999

142303 (2003). DOI 10.1103/PhysRevLett.91.1423031000

20. P. Blunden, W. Melnitchouk, J. Tjon, Phys.1001

Rev. Lett. 91, 142304 (2003). DOI1002

10.1103/PhysRevLett.91.1423041003

21. E. Voutier, Nucl. Theor. 33, 142 (2014)1004

22. X. Zheng, J. Erler, Q. Liu, H. Spiesberger,1005

arXiv:2103.12555 (2021)1006

23. Y. Furletova, S. Mantry, arXiv: (2021)1007

24. B. Wojtsekhowski, AIP Conf. Proc. 1160, 149 (2009).1008

DOI 10.1063/1.32320231009

25. L. Marsicano, AIP Conf. Proc. 1970, 020008 (2018).1010

DOI 10.1063/1.50402021011

26. P. Adderley, et al., Phys. Rev. ST Accel. Beams 13,1012

010101 (2010). DOI 10.1103/PhysRevSTAB.13.0101011013

27. D. Abbott, et al., Phys. Rev. Lett. 116, 214801 (2016).1014

DOI 10.1103/PhysRevLett.116.2148011015

28. H. Olsen, L. Maximon, Phys. Rev. 114, 887 (1959). DOI1016

10.1103/PhysRev.114.8871017

29. E. Kuraev, Y. Bystritskiy, M. Shatnev, E. Tomasi-1018

Gustafsson, Phys. Rev. C 81, 055208 (2010). DOI1019

10.1103/PhysRevC.81.0552081020

30. A. Sokolov, I.M. Ternov, Sov. Phys. Dokl. 8, 1203 (1964)1021

31. T. Omori, et al., Phys. Rev. Lett. 96, 114801 (2006).1022

DOI 10.1103/PhysRevLett.96.1148011023

32. G. Alexander, et al., Phys. Rev. Lett. 100, 2108011024

(2008). DOI 10.1103/PhysRevLett.100.2108011025

33. A. Afanasev, P.G. Blunden, D. Hasell, B.A. Raue,1026

Prog. Part. Nucl. Phys. 95, 245 (2017). DOI1027

10.1016/j.ppnp.2017.03.0041028

34. O. Gayou, et al., Phys. Rev. C 64, 038202 (2001). DOI1029

10.1103/PhysRevC.64.0382021030

35. V. Punjabi, et al., Phys. Rev. C 71, 0552021031

(2005). DOI 10.1103/PhysRevC.71.055202,1032

10.1103/PhysRevC.71.069902. [Erratum: Phys.1033

Rev.C71,069902(2005)]1034

36. M. Paolone, et al., Phys. Rev. Lett. 105, 072001 (2010).1035

DOI 10.1103/PhysRevLett.105.0720011036

37. X. Zhan, et al., Phys. Lett. B 705, 59 (2011). DOI1037

10.1016/j.physletb.2011.10.0021038

38. A.J.R. Puckett, et al., Phys. Rev. C 85, 045203 (2012).1039

DOI 10.1103/PhysRevC.85.0452031040

39. A.J.R. Puckett, et al., Phys. Rev. C 96, 055203 (2017).1041

DOI 10.1103/PhysRevC.96.0552031042

40. B. Hu, et al., Phys. Rev. C73, 064004 (2006). DOI1043

10.1103/PhysRevC.73.0640041044

41. M.K. Jones, et al., Phys. Rev. C 74, 035201 (2006). DOI1045

10.1103/PhysRevC.74.0352011046

42. G. MacLachlan, et al., Nucl. Phys. A 764, 261 (2006).1047

DOI 10.1016/j.nuclphysa.2005.09.0121048

43. G. Ron, et al., Phys. Rev. C 84, 055204 (2011). DOI1049

10.1103/PhysRevC.84.0552041050

44. B.D. Milbrath, et al., Phys. Rev. Lett. 80,1051

452 (1998). DOI 10.1103/PhysRevLett.80.452,1052

10.1103/PhysRevLett.82.2221. [Erratum: Phys. Rev.1053

Lett.82,2221(1999)]1054

45. T. Pospischil, et al., Eur. Phys. J. A 12, 125 (2001).1055

DOI 10.1007/s1005001700461056



16

46. C.B. Crawford, et al., Phys. Rev. Lett. 98, 0523011057

(2007). DOI 10.1103/PhysRevLett.98.0523011058

47. J. Litt, et al., Phys. Lett. B 31, 40 (1970). DOI1059

10.1016/0370-2693(70)90015-81060

48. W. Bartel, et al., Nucl. Phys. B 58, 429 (1973). DOI1061

10.1016/0550-3213(73)90594-41062

49. L. Andivahis, et al., Phys. Rev. D 50, 5491 (1994). DOI1063

10.1103/PhysRevD.50.54911064

50. R.C. Walker, et al., Phys. Rev. D 49, 5671 (1994). DOI1065

10.1103/PhysRevD.49.56711066

51. M.E. Christy, et al., Phys. Rev. C 70, 015206 (2004).1067

DOI 10.1103/PhysRevC.70.0152061068

52. I.A. Qattan, et al., Phys. Rev. Lett. 94, 142301 (2005).1069

DOI 10.1103/PhysRevLett.94.1423011070

53. T. Janssens, R. Hofstadter, E.B. Hughes, M.R.1071

Yearian, Phys. Rev. 142, 922 (1966). DOI1072

10.1103/PhysRev.142.9221073

54. C. Berger, V. Burkert, G. Knop, B. Langenbeck,1074

K. Rith, Phys. Lett. B 35, 87 (1971). DOI 10.1016/0370-1075

2693(71)90448-51076

55. L.W. Mo, Y.S. Tsai, Rev.Mod.Phys. 41, 205 (1969).1077

DOI 10.1103/RevModPhys.41.2051078

56. L.C. Maximon, J.A. Tjon, Phys. Rev. C 62, 0543201079

(2000). DOI 10.1103/PhysRevC.62.0543201080

57. J.C. Bernauer, et al., Phys. Rev. C 90(1), 015206 (2014).1081

DOI 10.1103/PhysRevC.90.0152061082

58. P.G. Blunden, W. Melnitchouk, A.W. Thomas,1083

Phys. Rev. Lett. 109, 262301 (2012). DOI1084

10.1103/PhysRevLett.109.2623011085

59. W.J. Marciano, A. Sirlin, Phys. Rev. Lett. 96, 0320021086

(2006). DOI 10.1103/PhysRevLett.96.0320021087

60. P. Blunden, W. Melnitchouk, J. Tjon, Phys.Rev. C72,1088

034612 (2005). DOI 10.1103/PhysRevC.72.0346121089

61. S. Kondratyuk, P. Blunden, W. Melnitchouk,1090

J. Tjon, Phys.Rev.Lett. 95, 172503 (2005). DOI1091

10.1103/PhysRevLett.95.1725031092

62. S. Kondratyuk, P. Blunden, Phys.Rev. C75, 0382011093

(2007). DOI 10.1103/PhysRevC.75.0382011094

63. M. Gorchtein, Phys.Lett. B644, 322 (2007). DOI1095

10.1016/j.physletb.2006.11.0651096

64. D. Borisyuk, A. Kobushkin, Phys.Rev. C74, 0652031097

(2006). DOI 10.1103/PhysRevC.74.0652031098

65. D. Borisyuk, A. Kobushkin, Phys.Rev. C86, 0552041099

(2012). DOI 10.1103/PhysRevC.86.0552041100

66. D. Borisyuk, A. Kobushkin, Phys.Rev. C89(2), 0252041101

(2014). DOI 10.1103/PhysRevC.89.0252041102

67. O. Tomalak, M. Vanderhaeghen, Eur. Phys. J. A 51, 241103

(2015). DOI 10.1140/epja/i2015-15024-11104

68. P.G. Blunden, W. Melnitchouk, Phys. Rev. C 95,1105

065209 (2017). DOI 10.1103/PhysRevC.95.0652091106

69. J. Ahmed, P.G. Blunden, W. Melnitchouk,1107

Phys. Rev. C 102(4), 045205 (2020). DOI1108

10.1103/PhysRevC.102.0452051109

70. J. Arrington, W. Melnitchouk, J. Tjon, Phys. Rev. C1110

76, 035205 (2007). DOI 10.1103/PhysRevC.76.0352051111

71. Y. Chen, A. Afanasev, S. Brodsky, C. Carlson, M. Van-1112

derhaeghen, Phys. Rev. Lett. 93, 122301 (2004). DOI1113

10.1103/PhysRevLett.93.1223011114

72. A.V. Afanasev, S.J. Brodsky, C.E. Carlson, Y.C. Chen,1115

M. Vanderhaeghen, Phys. Rev. D 72, 013008 (2005).1116

DOI 10.1103/PhysRevD.72.0130081117

73. D. Borisyuk, A. Kobushkin, Phys.Rev. D79, 0340011118

(2009). DOI 10.1103/PhysRevD.79.0340011119

74. N. Kivel, M. Vanderhaeghen, Phys. Rev. Lett. 103,1120

092004 (2009). DOI 10.1103/PhysRevLett.103.0920041121

75. I.A. Rachek, et al., Phys. Rev. Lett. 114, 062005 (2015).1122

DOI 10.1103/PhysRevLett.114.0620051123

76. D. Adikaram, et al., Phys. Rev. Lett. 114, 0620031124

(2015). DOI 10.1103/PhysRevLett.114.0620031125

77. D. Rimal, et al., Phys. Rev. C 95, 065201 (2017). DOI1126

10.1103/PhysRevC.95.0652011127

78. B.S. Henderson, et al., Phys. Rev. Lett. 118, 0925011128

(2017). DOI 10.1103/PhysRevLett.118.0925011129

79. D. Yount, J. Pine, Phys. Rev. 128, 18421130

(1962). DOI 10.1103/PhysRev.128.1842. URL1131

https://link.aps.org/doi/10.1103/PhysRev.128.18421132

80. A. Browman, F. Liu, C. Schaerf, Phys. Rev. 139, B10791133

(1965). DOI 10.1103/PhysRev.139.B10791134

81. J. Mar, B.C. Barish, J. Pine, D.H. Coward, H.C.1135

DeStaebler, J. Litt, A. Minten, R.E. Taylor, M. Brei-1136

denbach, Phys. Rev. Lett. 21, 482 (1968). DOI1137

10.1103/PhysRevLett.21.4821138

82. V. Burkert, et al., Nucl. Instrum. Meth. A 959, 1634191139

(2020). DOI 10.1016/j.nima.2020.1634191140

83. J.C. Bernauer, V.D. Burkert, E. Cline, A. Schmidt,1141

Y. Sharabian, arXiv:2103.03948 (2021)1142

84. E. Cline, J.C. Bernauer, A. Schmidt, arXiv:2103.063011143

(2021)1144

85. J.R. Arrington, M. Yurov, arXiv:2103.03752 (2021)1145

86. A.J.R. Puckett, J.C. Bernauer, A. Schmidt,1146

arXiv:2104.11879 (2021)1147

87. J. Alcorn, et al., Nucl. Instrum. Meth. A 522, 2941148

(2004). DOI 10.1016/j.nima.2003.11.4151149

88. E. Cisbani, M.K. Jones, N. Liyanage, L.P. Pentchev,1150

A.J.R. Puckett, B. Wojtsekhowski, et al., Jefferson Lab1151

E12-07-109 (2019)1152

89. G.N. Grauvogel, T. Kutz, A. Schmidt, arXiv:2103.052051153

(2021)1154

90. P. Talukdar, V.C. Shastry, U. Raha, F. Myhrer,1155

Phys. Rev. D 101(1), 013008 (2020). DOI1156

10.1103/PhysRevD.101.0130081157

91. C.E. Carlson, Prog. Part. Nucl. Phys. 82, 59 (2015).1158

DOI 10.1016/j.ppnp.2015.01.0021159

92. G.A. Miller, Phys. Rev. C 99(3), 035202 (2019). DOI1160

10.1103/PhysRevC.99.0352021161

93. S.K. Barcus, D.W. Higinbotham, R.E. McClellan,1162

Phys. Rev. C 102(1), 015205 (2020). DOI1163

10.1103/PhysRevC.102.0152051164

94. R. Gilman, et al. Studying the Proton ”Radius” Puzzle1165

with \mu p Elastic Scattering (2013)1166

95. R. Gilman, et al. Technical Design Report for the1167

Paul Scherrer Institute Experiment R-12-01.1: Studying1168

the Proton ”Radius” Puzzle with µp Elastic Scattering1169

(2017)1170

96. A. Gasparian, et al. PRad-II: A New Upgraded High1171

Precision Measurement of the Proton Charge Radius1172

(2020)1173

97. T.J. Hague, et al., arXiv:2102.11449 (2021)1174

98. J. Pierce, et al. The PRad Windowless Gas Flow Target1175

(2021)1176

99. D. Borisyuk, A. Kobushkin, Ukr. J. Phys. 66(1), 31177

(2021). DOI 10.15407/ujpe66.1.31178

100. T. Kutz, A. Schmidt, arXiv:2104.11779 (2021)1179

101. M. Burkardt, Phys. Rev. D 62, 071503 (2000). DOI1180

10.1103/PhysRevD.62.071503. [Erratum: Phys. Rev. D1181

66, 119903 (2002)]1182

102. M. Diehl, Eur. Phys. J. C 25, 223 (2002). DOI1183

10.1007/s10052-002-1016-9. [Erratum: Eur.Phys.J.C 31,1184

277–278 (2003)]1185

103. J.C. Collins, L. Frankfurt, M. Strikman, Phys. Rev. D1186

56, 2982 (1997). DOI 10.1103/PhysRevD.56.29821187

104. J.C. Collins, A. Freund, Phys. Rev. D 59, 074009 (1999)1188

105. K. Goeke, M.V. Polyakov, M. Vanderhaeghen, Prog.1189

Part. Nucl. Phys. 47, 401 (2001)1190



17

106. M.V. Polyakov, P. Schweitzer, Int. J. Mod. Phys. A 33,1191

1830025 (2018). DOI 10.1142/S0217751X183002591192

107. V.D. Burkert, L. Elouadrhiri, F.X. Girod, Nature 557,1193

396 (2018). DOI 10.1038/s41586-018-0060-z1194

108. V.D. Burkert, L. Elouadrhiri, F.X. Girod,1195

arXiv:2104.02031 (2021)1196

109. I. Anikin, O. Teryaev, Phys. Rev. D 76, 056007 (2007).1197

DOI 10.1103/PhysRevD.76.0560071198

110. M. Diehl, D.Y. Ivanov, Eur. Phys. J. C 52, 919 (2007).1199

DOI 10.1140/epjc/s10052-007-0401-91200

111. M. Polyakov, Phys. Lett. B 659, 542 (2008). DOI1201

10.1016/j.physletb.2007.11.0121202

112. K. Kumerički, Nature 570, E1 (2019). DOI1203

10.1038/s41586-019-1211-61204

113. H. Dutrieux, C. Lorcé, H. Moutarde, P. Sznajder,1205

A. Trawiński, J. Wagner, Eur. Phys. J. C 81, 300 (2021).1206

DOI 10.1140/epjc/s10052-021-09069-w1207

114. A. Airapetian, et al., Phys. Rev. Lett. 87, 1820011208

(2001). DOI 10.1103/PhysRevLett.87.1820011209

115. F. Aaron, et al., Phys. Lett. B 659, 796 (2008). DOI1210

10.1016/j.physletb.2007.11.0931211

116. S. Chekanov, et al., JHEP 0905, 108 (2009). DOI1212

10.1088/1126-6708/2009/05/1081213

117. C. Muñoz Camacho, et al., Phys.Rev.Lett. 97, 2620021214

(2006). DOI 10.1103/PhysRevLett.97.2620021215

118. (CLAS Collaboration) F.X. Girod, et al.,1216

Phys. Rev. Lett. 100, 162002 (2008). DOI1217

10.1103/PhysRevLett.100.1620021218

119. H.S. Jo, PoS QNP2012, 052 (2012). DOI1219

10.22323/1.157.00521220

120. (CLAS Collaboration) E. Seder, et al., Phys.1221

Rev. Lett. 114, 032001 (2015). DOI1222

10.1103/PhysRevLett.114.0320011223

121. M. Mazouz, et al., Phys. Rev. Lett. 99, 242501 (2007).1224

DOI 10.1103/PhysRevLett.99.2425011225

122. A. Airapetian, et al., Phys. Lett. B 704, 15 (2011). DOI1226

10.1016/j.physletb.2011.08.0671227

123. M. Vanderhaeghen, P.A.M. Guichon, M. Guidal, Phys.1228

Rev. D 60, 094017 (1999)1229

124. M. Guidal, M.V. Polyakov, A.V. Radyushkin, M. Van-1230

derhaeghen, Phys. Rev. D 72, 054013 (2005)1231

125. K. Kumericki, D. Mueller, K. Passek-Kumericki,1232

Nucl. Phys. B 794, 244 (2008). DOI1233

10.1016/j.nuclphysb.2007.10.0291234

126. C. Mezrag, H. Moutarde, F. Sabatié, Phys. Rev. D 88,1235

014001 (2013). DOI 10.1103/PhysRevD.88.0140011236

127. K. Kumerički, D. Mueller, Int. J. Mod. Phys. Conf. Ser.1237

40, 1660047 (2016). DOI 10.1142/S20101945166004781238

128. B. Berthou, et al., Eur. Phys. J. C 78, 478 (2018). DOI1239

10.1140/epjc/s10052-018-5948-01240

129. M. Diehl, in CLAS12 European Workshop, Genova1241

(Italy) (2009)1242

130. M. Guidal, M. Vanderhaeghen, Phys. Rev. Lett. 90,1243

012001 (2003). DOI 10.1103/PhysRevLett.90.0120011244

131. A.V. Belitsky, D. Müller, Phys. Rev. Lett. 90, 0220011245

(2003). DOI 10.1103/PhysRevLett.90.0220011246

132. M. Defurne, et al., Nature Commun. 8, 1408 (2017).1247

DOI 10.1038/s41467-017-01819-31248

133. B. Kriesten, S. Liuti, arXiv:2011.04484 (2020)1249

134. J. Grames, M. Mazouz, C. Muñoz Camacho, et al.,1250

arXiv: (2021)1251

135. T. Horn, C. Hyde, C. Muñoz Camacho, R. Paremuzyan,1252

J. Roche, et al., Jefferson Lab E12-13-010 (2013)1253

136. V. Burkert, L. Elouadrhiri, F.X. Girod, S. Niccolai,1254

E. Voutier, et al., arXiv:2103.12651 (2021)1255

137. S. Niccolai, P. Chatagnon, M. Hoballah, D. Marc-1256

hand, C. Munoz Camacho, E. Voutier, arXiv:2104.091581257

(2021)1258

138. N. Baltzell, R. Dupré, K. Hafidi, M. Hattawy, Z.E.1259

Meziani, M. Paolone, et al., arXiv:1708.00888 (2017)1260

139. S. Fucini, M. Hattawy, M. Rinaldi, S. Scopetta,1261

arXiv:2105.00435 (2021)1262

140. S. Zhao, A. Camsonne, D. Marchand, M. Mazouz,1263

N. Sparveris, S. Stepanyan, E. Voutier, Z.W. Zhao,1264

arXiv:2103.12773 (2021)1265

141. M. Aaboud, et al., Phys. Lett. B 786, 59 (2018). DOI1266

10.1016/j.physletb.2018.09.0131267

142. A.M. Sirunyan, et al., Phys. Rev. Lett. 121, 1218011268

(2018). DOI 10.1103/PhysRevLett.121.1218011269

143. R. Aaij, et al., arXiv:2103.11769 (2021)1270

144. B. Abi, et al., Phys. Rev. Lett. 126, 141801 (2021). DOI1271

10.1103/PhysRevLett.126.1418011272

145. P.A. Zyla, et al., Progress of Theoretical and1273

Experimental Physics 2020 (2020). DOI1274

10.1093/ptep/ptaa104. 083C011275

146. C.S. Wood, S.C. Bennett, D. Cho, B.P. Masterson, J.L.1276

Roberts, C.E. Tanner, C.E. Wieman, Science 275, 17591277

(1997). DOI 10.1126/science.275.5307.17591278

147. J. Guena, M. Lintz, M.A. Bouchiat, Mod. Phys. Lett. A1279

20, 375 (2005). DOI 10.1142/S02177323050168531280

148. G. Toh, A. Damitz, C.E. Tanner, W.R. Johnson, D.S.1281

Elliott, Phys. Rev. Lett. 123(7), 073002 (2019). DOI1282

10.1103/PhysRevLett.123.0730021283

149. D. Wang, et al., Phys. Rev. C 91, 045506 (2015). DOI1284

10.1103/PhysRevC.91.0455061285

150. A. Argento, et al., Phys. Lett. B 120, 245 (1983). DOI1286

10.1016/0370-2693(83)90665-21287

151. A. Baldini, et al., Eur. Phys. J. C 76, 434 (2016). DOI1288

10.1140/epjc/s10052-016-4271-x1289

152. F. Aaron, et al., Phys. Lett. B 701, 20 (2011). DOI1290

10.1016/j.physletb.2011.05.0231291

153. S. Chekanov, et al., Eur. Phys. J. C 44, 463 (2005). DOI1292

10.1140/epjc/s2005-02399-11293

154. M. Gonderinger, M.J. Ramsey-Musolf, JHEP 20101294

(2010). DOI 10.1007/jhep11(2010)045. URL1295

http://dx.doi.org/10.1007/JHEP11(2010)0451296

155. V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti, B. Yan,1297

JHEP 03, 256 (2021). DOI 10.1007/JHEP03(2021)2561298

156. D. Boer, et al., arXiv:1108.1713 (2011)1299

157. R. Abdul Khalek, et al., arXiv:2103.05419 (2021)1300

158. M. Battaglieri, et al., arXiv: (2021)1301

159. A. Sommerfeld, Ann. Physik 11 (1931). DOI1302

10.1002/andp.193140303021303

160. G.C. Wick, Phys. Rev. 81, 467 (1951). DOI1304

10.1103/PhysRev.81.467.21305

161. M.M. May, Phys. Rev. 84, 265 (1951). DOI1306

10.1103/PhysRev.84.2651307

162. B.A. Mecking, et al., Nucl. Instrum. Meth. A 503, 5131308

(2003). DOI 10.1016/S0168-9002(03)01001-51309

163. S. Adhikari, et al., Nucl. Instrum. Meth. A 987, 1648071310

(2021). DOI 10.1016/j.nima.2020.1648071311

164. J. Dumas, J. Grames, E. Voutier, AIP Conf. Proc. 1160,1312

120 (2009). DOI 10.1063/1.32320181313

165. M. Schirber, APS Physics 9, 58 (2016). DOI1314

10.1103/Physics.9.581315

166. J. Dumas, Feasibility studies of a polarized positron1316

source based on the bremsstrahlung of polarized elec-1317

trons. Ph.D. thesis, Université de Grenoble, Grenoble1318

(France) (2011). NNT:2011GRENY031319

167. J. Grames, D. Moser, P. Adderley, J. J. Han-1320

sknecht, R. Kazimi, M. Poelker, M. Stutzman,1321

R. Suleiman, S. Zhang, PoS 324, 028 (2017). DOI1322

10.22323/1.324.00141323

168. R. Suleiman, P. Adderley, J. Grames, J. Hansknecht,1324

M. Poelker, M. Stutzman, AIP Conf. Proc. 1970,1325

050007 (2018). DOI 10.1063/1.50402261326



18

169. L.S. Cardman, AIP Conf. Proc. 1970, 050001 (2018).1327

DOI 10.1063/1.50402201328

170. S. Golge, C.E. Hyde, A. Freyberger, AIP Conf. Proc.1329

1160, 109 (2009). DOI 10.1063/1.32320161330

171. S. Agostinelli, et al., Nucl. Instrum. Meth. A 506,1331

250 (2003). DOI https://doi.org/10.1016/S0168-1332

9002(03)01368-81333

172. R. Dollan, K. Laihem, A. Schalicke, Nucl.1334

Instrum. Meth. A 559, 185 (2006). DOI1335

10.1016/j.nima.2005.11.2161336

173. S. Golge, Feasibility and conceptual design of a C.W.1337

positron source at CEBAF. Ph.D. thesis, Old Dominion1338

University, Norfolk, VA (United States) (2010). DOI1339

10.2172/10047571340


