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1 Introduction

Quantum Electrodynamics (QED) is one of the most powerful quantum physics
theories. The highly accurate predictive power of this theory allows not only
to investigate numerous physics phenomena at the macroscopic, atomic, nu-
clear, and partonic scales, but also to test the validity of the Standard Model.
Therefore, QED promotes electrons and positrons as unique physics probes,
as demonstrated worldwide over decades of scientific research at different lab-
oratories.

Both from the projectile and target point of views, spin appears nowadays as
the finest tool for the study of the intimate structure of matter. Recent exam-
ples from the experimental physics program developed at the Thomas Jefferson
National Accelerator Facility (JLab) include: the measurement of polarization
observables in elastic electron scattering off the nucleon [Jon00,Gay02,Puc10],
that established the unexpected magnitude and behaviour of the proton elec-
tric form factor at high momentum transfer (see [Pun15] for a review); the
experimental evidence, in the production of real photons from a polarized elec-
tron beam interacting with unpolarized protons, of a strong sensitivity to the
orientation of the longitudinal polarization of the electron beam [Ste01], that
opened the investigation of the 3-dimensional partonic structure of nucleons
and nuclei via the generalized parton distributions [Mul94] measured through
the deeply virtual Compton scattering [Ji97,Rad97]; the achievement of a
unique parity violation experimental program [Arm05,Ani06,And13] accessing
the smallest ever measured polarized beam asymmetries (∼10−7), which pro-
vided the first determination of the weak charge of the proton [And13] and al-
lowed for stringent tests of the Standard Model at the TeV mass-scale [You06];
etc. Undoubtably, polarization became an important capability and a manda-
tory property of the current and next accelerator generation.

The combination of the QED predictive power and the fineness of the spin
probe led to a large but yet limited variety of impressive physics results.
Adding to this tool-kit charge symmetry properties in terms of polarized
positron beams will provide a more complete and accurate picture of the
physics at play, independently of the size of the scale involved. In the con-
text of the experimental study of the structure of hadronic matter worked-out
at JLab, the electromagnetic interaction dominates lepton-hadron reactions
and there is no stringent difference between the physics information obtained
from the scattering of electrons or positrons off an hadronic target. However,
every time a reaction process is a conspiracy of more than one elementary
mechanism, the comparison between electron and positron scatterings allows
us to isolate the quantum interference between these mechanisms. This is of
particular interest for studying limitations of the one-photon exchange Born
approximation in elastic and inelastic scatterings [Gui03]. It is also essential for
the experimental determination of the generalized parton distributions where
the interference between the known Bethe-Heitler process and the unknown
deeply virtual Compton scattering requires polarized and unpolarized elec-
tron and positron beams for a model independent extraction [Vou14]. Such
polarized lepton beams also provide the ability to test the existence of a new
physics beyond the frontiers of the Standard Model. ... More text about C3q
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(?) and dark matter search.

The production of high-quality polarized positron beams relevant to these
many applications remains however a highly difficult task that, until recently,
was feasible only at large scale accelerator facilities. Relying on the most recent
advances in high polarization and high intensity electron sources [Add10],
the PEPPo (Polarized Electrons for Polarized Positrons) technique [Abb16],
demonstrated at the injector of the Continuous Electron Beam Accelerator
Facility (CEBAF), provides a novel and widely accessible approach based on
the production, within a tungsten target, of polarized e+e− pairs from the
circularly polarized bremsstrahlung radiation of a low energy highly polarized
electron beam. As opposed to other schemes operating at GeV lepton beam
energies [Sok64,Omo06,Ale08], the operation of the PEPPo technique requires
only energies above the pair-production threshold and is teherefore ideally
suited for a polarized positron beam at CEBAF.

This document...

2 Physics motivations

2.1 Elastic lepton scattering

Figure 1. Rosenbluth (green symbols) and polarization transfer (blue, red, and black
symbols) experimental data about the ratio between the electric and magnetic form
factor of the proton, together with an empirical fit of polarization data [Pun15].

The measurement of the electric form factor of the nucleon (GE) at high
momentum transfer, in the perspective of the experimental assessment of per-
turbative Quantum Chromodynamics (QCD) scaling laws [Bro81], motivated
an intense experimental effort targeted by the advent of high energy con-
tinuous polarized electron beams. Indeed, the polarization observables tech-
nique [Akh74,Arn81] is expected to be more sensitive to GE than the cross sec-
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tion method relying on a Rosenbluth separation [Ros50]. However, the strong
disagreement between the results of these two experimental methods (Fig. 1)
came as a real surprise. Following the very first measurements of polariza-
tion transfer observables in the 1H(~e, e~p) reaction [Jon00], the validity of the
Born approximation for the description of the elastic scattering of electrons
off protons was questionned. The eventual importance of higher orders in the
α-development of the electromagnetic interaction was suggested [Gui03] as an
hypothesis to reconciliate cross section and polarization transfer experimental
data, while making impossible a model-independent experimental determina-
tion of the nucleon electromagnetic form factors via solely electron scattering.

Considering the possible existence of second order contributions to the electro-
magnetic current, the so-called 2γ-exchange, the eN -interaction is no longer
characterized by 2 real form factors but by 3 generalized complex form factors

G̃M = eGM + δG̃M , G̃E = eGE + δG̃E , F̃3 = δF̃3 , (1)

where e represents the lepton beam charge. These expressions involve up to 8
unknown real quantities that should be recovered from experiments [Rek04].
Considering unpolarized leptons, the non point-like structure of the nucleon
can be expressed by the reduced cross section

σeR = τG2
M + εG2

E + 2e τGM <e
[
δG̃M

]
(2)

+ 2e εGE <e
[
δG̃E

]
+ e

√
τ(1− ε2)(1 + τ)GM <e

[
δF̃3

]

where the charge dependent contributions denote the additional contributions
from the 2γ-exchange mechanisms. The variable ε characterizing, in the 1γ-
exchange approximation, the virtual photon polarization writes

ε =

[
1− 2

~q · ~q
Q2

tan2

(
θe
2

)]−1

(3)

where θe is the electron scattering angle, q ≡ (~q, ω) is the virtual photon with
four-mometum transfer Q2=−q · q, and τ=Q2/4M2 with M representing the
nucleon mass. In absence of lepton beams of opposite charge, the Rosenbluth
method, consisting in the measurement of the reduced cross section at different
ε-values while keeping constant Q2, allows the determination of a combina-
tion of 1γ and 2γ electromagnetic form factors and requires consequently some
model-dependent input to separate further the electric and magnetic form fac-
tors.
The transfer of the longitudinal polarization of a lepton beam via the elastic
scattering off a nucleon provides 2 additionnal and different linear combina-
tions of the same physics quantities in the form of the transverse (P e

t ) and
longitudinal (P e

l ) polarization components of the nucleon
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σeR P
e
t = −λ

√
2ετ(1− ε)

(
GEGM + eGE<e

[
δG̃M

]
(4)

+ eGM<e
[
δG̃E

]
+ e

√
1 + ε

1− ε
GE<e

[
δF̃3

] )

σeRP
e
l = λ τ

√
1− ε2

(
G2
M + e

[
2 +

√
1 + τ

τ(1− ε)

]
GM<e

[
δF̃3

] )
. (5)

where λ is the lepton beam polarization. The combination of polarized and
unpolarized beam observables of elastic electron scattering involve up to 6
unknown real quantities, requiring at least 6 independent experimental ob-
servables. Therefore, taking into account 2γ-exchange mechanisms electron
beams only can no longer provide an experimental alone determination of the
electromagnetic form factors of the nucleon. However, comparing polarized
electron and positron beams, one can separate the charge dependent and in-
dependent contributions of experimental observables i.e. separate the 1γ and
2γ form factors. For instance,

σ+
R + σ−

R

2
= τG2

M + εG2
E (6)

σ+
R − σ−

R

2
= 2τGM <e

[
δG̃M

]
(7)

+ 2 εGE <e
[
δG̃E

]
+
√
τ(1− ε2)(1 + τ)GM <e

[
δF̃3

]
and similarly for polarized observables. Consequently, the measurement of po-
larized and unpolarized elastic scattering of both electrons and positrons pro-
vide the necessary data for a model independent determination of the nucleon
electromagnetic form factors.

2.2 Deep inelastic lepton scattering

The understanding of the partonic structure and dynamics of hadronic mat-
ter is the major goal of modern Nuclear Physics. The availability of high
intensity continuous polarized electron beams with high energy together with
performant detector systems at different facilities is providing today an un-
precedented but still limited insight into this problem. Similarly to the elastic
scattering case, the combination of measurements with polarized electrons and
polarized positrons in the deep inelastic regime will allow to obtain unique ex-
perimental observables enabling a strict model-independent interpretation.

The generalized parton distribution (GPD) framework [Mul94] constitutes the
most appealling and advanced parameterization of the hadron structure. It
encodes the intimate structure of matter in terms of quarks and gluons and
unifies within the same framework electromagnetic form factors, parton dis-
tributions, and the description of the nucleon spin (see [Die03,Bel05] for a
review). GPDs can be interpreted as the probability to find at a given trans-
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Figure 2. Lowest order QED amplitude of the electroproduction of real photons off
nucleons(nuclei).

verse position a parton carrying a certain fraction of the longitudinal momen-
tum of the nucleon. The combination of longitudinal and transverse degrees
of freedom is responsible for the richness of this universal framework.

GPDs are involved in any deep process and are preferentially accessed in
hard lepto-production of real photons i.e. deeply virtual Compton scatter-
ing (DVCS). This process competes with the known Bethe-Heitler (BH) reac-
tion [Bet34] where real photons are emitted from initial or final leptons instead
of the probed hadronic state (Fig. 2). The lepton beam charge and polarization
dependence of the eN(A)γ cross section off nucleons(nuclei) writes [Die09]

σeλ0 = σBH + σDV CS + λ σ̃DV CS + e σINT + eλ σ̃INT (8)

where the index INT denotes the interference contribution to the cross section
originating from the quantum interference of the BH and DVCS processes.
Polarized electron scattering provide the experimental observables

σ−
00 =

σ−
+0 + σ−

−0

2
= σBH + σDV CS − σINT , (9)

1∆−
λ0 =

σ−
+0 − σ−

−0

2
= λ [σ̃DV CS − σ̃INT ] (10)

involving unseparated combinations of the unknwon INT and DV CS reaction
amplitudes. The comparison between polarized electron and polarized positron
reactions provides the additional observables

∆σ00 =
σ+
00 − σ−

00

2
= σINT (11)

2∆λ0 =
1∆+

λ0 − 1∆−
λ0

2
= λ σ̃INT (12)

which isolate the interference amplitude. Consequently, measuring real photon
lepto-production off nucleons(nuclei) with opposite charge polarized leptons
allows to separate the four unknown contributions to the eN(A)γ cross sec-
tion.
For a spin s hadron, one can define (2s+1)2 parton helicity conserving and chi-
ral even elementary GPDs that can be accessed through DVCS. They appear
within the reaction amplitudes in the form of unseparated linear and bi-linear
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expresssion. Their separation requires additional observables that can be ob-
tained considering polarized targets (S) [Bel02]. The full lepton beam charge
and polarizations dependence of the eN(A)γ cross section can be written
generically [Die09]

σeλS =σeλ0 (13)

+S [λ∆σBH + λ∆σDV CS + ∆σ̃DV CS + eλ∆σINT + e∆σ̃INT ] .

where ∆σBH is the known sensitivity of the BH process to the target polar-
ization and the remaining terms feature four new combinations of the nucleon
GPDs to be isolated. Polarized electron scattering provides the combinations

1∆σ−
0S =

σ−
0+ − σ−

0−

2
= S [∆σ̃DV CS −∆σ̃INT ] (14)

2∆−
λS =

1∆−
λ+ − 1∆−

λ−
2

= S λ [∆σBH + ∆σDV CS −∆σINT ] (15)

and the comparison between polarized electrons and positrons yields

2∆σ0S =
1∆σ+

0S − 1∆σ−
0S

2
= S∆σ̃INT (16)

3∆λS =
2∆+

λS − 2∆−
λS

2
= S λ∆σINT (17)

which once again isolates the interference contribution and allows to separate
the four reaction amplitudes of interest.
Polarized positron beams then appear as a mandatory complement to polar-
ized electron beams for a model independent determination of nucleons and
nuclei GPDs.

2.3 Test of the Standard Model

3 Polarized positron beam at CEBAF
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(G0 Collaboration) D. Androić et al. Phys. Rev. Lett. 104 (2010) 012001;
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