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Abstract

The parameterization of the nucleon structure through Generalized Parton Distri-
butions (GPDs) shed a new light on the nucleon internal dynamics. For instance,
GPDs provide an unprecedented experimental access to the orbital momentum of
the nucleon and the distribution of forces experienced by partons. For its direct
interpretation, Deeply Virtual Compton Scattering (DVCS) is the golden channel
for GPDs investigation. The DVCS process interferes with the Bethe-Heitler (BH)
mechanism to constitute the leading order amplitude of the eN → eNγ process.
The study of the epγ reaction with polarized positron and electron beams gives a
complete set of unique observables to unravel the different contributions to the epγ
cross section. This separates the different reaction amplitudes, providing a direct
access to their real and imaginary parts, which greatly simplifies physics interpre-
tation. This procures crucial constraints on the model dependences and associated
systematic uncertainties on GPDs extraction. The real part of the BH-DVCS inter-
ference amplitude is particularly sensitive to the D-term which parameterizes the
Gravitational Form Factors of the nucleon. The separation of the imaginary parts
of the interference and DVCS amplitudes provides insights on possible higher-twist
effects.

We propose to measure the unpolarized and polarized Beam Charge Asymmetries
(BCAs) of the e⃗±p → e±pγ process on an unpolarized hydrogen target with CLAS12,
using polarized positron and electron beams at 10.6 GeV. The azimuthal and t-
dependences of the unpolarized and polarized BCAs will be measured over a large
(xB, Q

2) phase space using a 2400-hour run with a luminosity of 0.66×1035 cm−2·s−1.



Executive Summary
∼ . ∼ . ∼

The Jefferson Laboratory has been a world center for the exploration of the internal
structure and dynamics of nucleons and nuclei for over 25 years: first with the 6 GeV en-
ergy reach of the original Continuous Electron Beam Accelerator Facility (CEBAF), and
for the past several years with the energy-upgraded 12 GeV electron accelerator and the
new and upgraded equipment in the experimental end stations. Nearly all experiments
have been carried out with the extremely precise electron beam of CEBAF. Some of the
high impact science topics can be most cleanly explored in comparison of measurements
carried out with electrons and with positrons. The recent development and successful test
of a spin polarized positron source at Jefferson Lab has opened up a new line of mea-
surements that complement the electron-induced measurements and lead to new insights
into the structure of matter.

The main physics goal of the present proposal is the measurement of the real part of the
Compton Form Factor (CFF) H over the large kinematical domain accessible with the
CLAS12 spectrometer. We propose to carry out measurements of Beam Charge Asymme-
tries (BCAs) in the Deeply Virtual Compton Scattering (DVCS) reaction on an unpolar-
ized hydrogen target using electron and positron beams produced at the future Ce+BAF
injector and accelerated through CEBAF up to 10.6 GeV. These secondary beams with
an intensity of 50 nA and a polarization of 60% will interact within a new hydrogen target
cell featuring a larger diameter to accomodate for larger beam emittances. The existing
Møller polarimeter upstream of the CLAS12 will be upgraded to allow operation for both
electron and positron beams based on Møller and Bhabha scatterings.

The comparison of DVCS measurements with electrons e−(p, e−pγ) and with positrons
e+(p, e+pγ) isolates the quantum interference amplitude between the Bethe-Heitler and
DVCS processes. As such it provides the cleanest, model-independent access to the real
part of a complex CFF, without the need for additional theoretical assumptions in the
extraction procedure. The imaginary part can be directly accessed in the beam spin asym-
metry employing the highly polarized electron or positron beam. Full knowledge of the
real and imaginary parts of the CFF enables employing a dispersion relation that allows
to determine a new form factor which is at the base of a new line of research to access the
mechanical or gravitational properties of the nucleon. These particle properties can be
directly measured only in the interaction of gravity with matter, which is experimentally
a highly impractical proposition.

This BCA experiment was initially proposed to the Program Advisory Committee PAC46
as the Letter-of-Intent LOI12-18-004 followed by the full proprosal PR12-20-009 to PAC48.
The proposal was Conditionally Approved C2 with some concerns about the impact of
positron beams and the choice of experimental observables. The present proposal coming
back to PAC51 has been modified to include a more detailed discussion of these concerns.
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1 Introduction

The challenge of the understanding of the structure and dynamics of the nucleon re-
mains a major goal of modern Nuclear Physics despite extensive experimental scrutiny.
From the initial measurements of elastic electromagnetic form factors to the accurate
determination of parton distributions through deep inelastic scattering, the experiments
have increased in statistical and systematic precision thanks to the development of per-
formant electron beams together with capable detector systems. The availability of high
intensity continuous polarized electron beams with high energy is providing today an
unprecedented but still limited insight into the nucleon structure problem.

The Generalized Parton Distribution (GPD) paradigm [Mul94] offers a universal and most
powerful way to characterize the nucleon structure, generalizing and unifying the special
cases of form factors and parton distribution functions (see [Die03, Bel05] for a review).
The GPDs are the Wigner quantum phase space distribution of partons in the nucleon,
describing the simultaneous distribution of particles with respect to both the position and
momentum in a quantum-mechanical system [Ji03, Bel04]. They encode the correlation
between partons and consequently reveal not only the spatial and momentum densities,
but also the correlation between the spatial and momentum distributions, i.e. how the
spatial shape of the nucleon changes when probing partons of different momentum fraction
x of the nucleon. The combination of longitudinal and transverse degrees of freedom is
responsible for the richness of this framework. The second moment in x of GPDs are
related to form factors that allow us to quantify how the orbital motion of partons in
the nucleon contributes to the nucleon spin [Ji97], and how the parton masses and the
forces on partons are distributed in the transverse space [Pol03], a question of crucial
importance for the understanding of the dynamics underlying nucleon structure, and
which may provide insight into the dynamics of confinement.

The mapping of the nucleon GPDs, and the detailed understanding of the spatial quark
and gluon structure of the nucleon, have been widely recognized as key objectives of
Nuclear Physics of the next decades. This requires a comprehensive program, combining
results of measurements of a variety of processes in eN scattering with structural infor-
mation obtained from theoretical studies, as well as expected results from future lattice
QCD calculations. Particularly, GPDs can be accessed in the lepto-production of real
photons lN → lNγ through Deeply Virtual Compton Scattering (DVCS) corresponding
to the scattering of a virtual photon into a real photon after interacting with a parton
of the nucleon. At leading twist-2, DVCS accesses the 4 quark-helicity conserving GPDs
{Hq, Eq, H̃q, Ẽq} defined for each quark flavor q ≡ {u, d, s...}. They enter the cross section
with combinations depending on the polarization states of the lepton beam and of the
nucleon target, and are extracted from the modulation of experimental observables in
terms of the ϕ out-of-plane angle between the leptonic and hadronic planes. This nuclear
process of interest interferes with the QED (Quantum ElectroDynamics) radiation of real
photons by the incoming and outgoing leptons. The non-ambiguous extraction of GPDs
from experimental data not only requires a large set of observables but also the separation
of the different reaction amplitudes contributing to the lNγ reaction. The combination
of measurements with lepton beams of opposite charges is an indisputable path towards
such separation [Die09].

The physics impact of polarized and unpolarized positron beams at the Continuous Elec-
tron Beam Accelerator Facility (CEBAF) has been assessed [Acc21] and is widely rec-
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ognized [Arr22, Ach23]. A strong R&D program is currently conducted by the Ce+BAF
Working Group towards the implementation of positron beams at CEBAF [Hab22, Gra23,
ASy23, Kaz23, Ush23]. A new positron injector is being designed based on the PEPPo
(Polarized Electrons for Polarized Positrons) technique demonstrated at the CEBAF
injector [Abb16]. PEPPo 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 oper-
ation of the PEPPo technique requires only energies above the pair-production threshold
and is ideally suited for the production of continuous-wave polarized positron beams.

The formal history of this proposal starts with the Letter-of-Intent LOI12-18-004 [Gra18]
where the perspectives of a physics program with positron beams at Jefferson Lab (JLab)
were presented to the JLab Program Advisory Committee PAC46 [PACRp]. As a part
of this program and in the lines of PAC46 recommendations, the proposal PR12-20-
009 [Bur21] focusing on the measurement of Beam Charge Asymmetries (BCAs) in the
DVCS channel was submitted to the JLab PAC48 [PACRp]. The proposal was Condition-
ally Approved C2 with some concerns about the impact of positron beams and the choice
of experimental observables. Providing new information about these concerns, we are
proposing here to measure the unpolarized and polarized BCAs of the lepto-production
of real photons on unpolarized hydrogen with CLAS12 [Bur20], using 10.6 GeV polarized
positron and electron beams at a luminosity of 0.66×1035 cm−2·s−1.

This proposal is organized as follows: in Sec. 2 we review the physics motivations for these
measurements and the BCA sensitivity to GPDs in the kinematical domain of interest at
CLAS12. The impact of positron measurements is addressed in Sec. 3 in terms of the ex-
traction of the physics information. In the remaining sections we discuss the experimental
configuration of BCA measurements at CLAS12, the control of systematic effects attached
to the comparison of electron and positron measurements, and the detailed beam time
request. Further appendix is discussing the current plans for the upgrade of the Hall B
Møller polarimeter.

2 Deeply Virtual Compton Scattering

2.1 Separation of reaction amplitudes

Analogously to X-rays crystallography, the virtual light produced by a lepton beam scat-
ters on the partons to reveal the details of the internal structure of the proton. For this
direct access to the parton structure, the DVCS process corresponding to the reaction
γ⋆N → γN (Fig. 1) is the golden channel. This process competes with the known BH
reaction [Bet34] (Fig. 1) where real photons are emitted from the initial or final leptons.
The lepton beam charge (e) and polarization (λ) dependence of the eNγ cross section off
proton can be expressed as [Die09]

σe
λ = σBH + σDV CS + λ σ̃DV CS + e (σINT + λ σ̃INT ) (1)

where the index INT denotes the BH-DV CS quantum interference contribution to the
cross section; (σBH , σDV CS, σINT ) represent the beam polarization independent contri-
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Figure 1. Lowest QED-order amplitude of the electroproduction of real photons off nucleons.

butions of the cross section, and (σ̃DV CS, σ̃INT ) are the beam polarization dependent
contributions 1 . Polarized electron scattering provides the experimental observables

σ−
0 =

σ−
+ + σ−

−
2

= σBH + σDV CS − σINT , (2)

∆σ−
λ =

σ−
+ − σ−

−
2

= λ [σ̃DV CS − σ̃INT ] (3)

involving unseparated combinations of the unknown INT and DV CS reaction ampli-
tudes. The comparison between polarized electron and polarized positron reactions pro-
vides the additional observables

∆σC
0 =

σ+
0 − σ−

0

2
= σINT (4)

∆σC
λ =

∆σ+
λ −∆σ−

λ

2
= λ σ̃INT (5)

which isolate the interference amplitude. Furthermore,

Σσ0
0 =

σ+
0 + σ−

0

2
= σBH + σDV CS (6)

Σσ0
λ=

∆σ+
λ +∆σ−

λ

2
= λ σ̃DV CS (7)

which access a pure DV CS signal. Consequently, measuring the lepto-production of real
photons off protons with polarized lepton beams of opposite charges allows to separate
the four unknown contributions to the eNγ cross section.

The essential benefit of polarized positron beams for DVCS is to provide a perfect sep-
aration of the reaction amplitudes which consequently permits unambiguous access to
GPDs. In absence of such beams, the only possible approach to this separation is to take
advantage of the different beam energy sensitivity of the DV CS and INT amplitudes.
Measurements [Def17] have shown that this Rosenbluth-like separation cannot be per-
formed without assumptions because of higher twist and higher αs-order contributions
to the cross section. Positron beams offer to this problem an indisputable experimental
method.

1 (σDV CS , σINT ) are related further in Sec. 2.3 to the real part of a Compton form factor, while
(σ̃DV CS , σ̃INT ) are related to its imaginary part.
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2.2 Access to Generalized Parton Distributions

x+ξ

p p'=p+∆

x-ξ

γ *(q) γ (q')

GPD

Figure 2. Leading order and leading twist representation of the DVCS reaction amplitude (+ crossed
term not shown) with main kinematic parameters of GPDs.

GPDs are universal non-perturbative objects entering the description of hard scatter-
ing processes. Although they are not a positive-definite probability density, GPDs cor-
respond to the amplitude for removing a parton carrying some longitudinal momentum
fraction x and restoring it with a different longitudinal momentum (Fig. 2). The skewness
ξ ≃ xB/(2− xB), related to the Bjorken variable xB=Q2/2Mω, measures the transfer of
longitudinal momentum. In this process, the nucleon receives a four-momentum transfer
t = ∆2 whose transverse component ∆⊥ is Fourier-conjugate to the transverse distance
r⊥ between the active parton and the center-of-mass of spectator partons in the tar-
get [Bur07]. In the limit of zero-skewness (ξ=0), GPDs can be interpreted as the Fourier
transform of the distribution in the transverse plane of partons with the longitudinal
momentum fraction x [Bur00, Ral02, Die02, Bel02].

GPDs enter the Leading Order (LO) eNγ cross section through Compton Form Factors

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

F(ξ, t) = P
∫ 1

0
dx

[
1

x− ξ
± 1

x+ ξ

]
F+(x, ξ, t)− iπ F+(ξ, ξ, t) (8)

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)] (9)

is the singlet GPD combination for the quark flavor q where the upper sign holds for
vector GPDs (Hq, Eq) and the lower sign applies to axial vector GPDs (H̃q, Ẽq). Thus
the imaginary part of the CFF accesses GPDs along the diagonals x=±ξ while the real
part probes a convoluted integral of GPDs over the initial longitudinal momentum of the
partons. Analytical properties of the DV CS amplitude lead to a dispersion relationship
between the real and imaginary parts of the CFF [Ani07, Die07, Pol08]

ℜe [F(ξ, t)]
LO
= DF(t) +

1

π
P
∫ 1

0
dx

(
1

ξ − x
− 1

ξ + x

)
ℑm[F(x, t)] (10)

whereDF(t) is the so-calledD-term, a t-dependent subraction constant such that [Kum16]

DH(t) = −DE(t) DH̃(t) = DẼ(t) = 0 . (11)
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Originally introduced to restore the polynomiality property of vector GPDs, the D-
term [Pol99] enters the parameterization of the non-forward matrix element of the Energy-
Momentum Tensor (EMT), which subsequently provides access to the mechanical proper-
ties of the nucleon [Pol03, Bur18, Pol18, Kum19, Bur21-1]. The independent experimental
determination of the real and imaginary parts of the CFF is a key feature for the under-
standing of nucleon dynamics.

2.3 Beam Charge Asymmetries

Considering the incident lepton k ≡ (E,k) scattering into the lepton k′ ≡ (E ′,k′) at
(θe, ϕe) spherical angles after interaction with an unpolarized proton target at rest p ≡
(M,0), the five-fold differential cross section of the eNγ process is written

d5σe
λ

d5Ω
= Φk

T 2
BH + T 2

DV CS + λ T̃ 2
DV CS + e TINT + eλ T̃INT

e6
(12)

where d5Ω=dxB dQ2 dt dϕe dϕ is the hypervolume subtending the elementary solid angle,
and

Φk =
α3

16π2

xB y2

Q4
√
1 + ϵ2

(13)

is a phase-space factor. The kinematical quantities in Eq. (13) are: y=p · q/p · k and
ϵ=2xBM/Q; q ≡ (ω, q)=k− k′ designates the exchanged virtual photon of squared four-
momentum Q2=q2−ω2; additionally, p′ ≡ (Ep′ ,p

′) denotes the recoil proton and q′=q+p-
p′ represents the final state real photon. The different reaction amplitudes in Eq. (12) can
be expressed as a sum of Fourier harmonics [Bel02-1] in terms of the out-of-plane angle
ϕ between the leptonic (k,k′) and hadronic (p′, q′) planes, namely

T 2
BH ≡ 1

Φk

d5σBH

d5Ω
=

e6(1 + ϵ2)−2

x2
By

2tP1(ϕ)P2(ϕ)

2∑
n=0

cBH
n cos(nϕ) (14)

T 2
DV CS ≡

1

Φk

d5σDV CS

d5Ω
=

e6

y2Q2

2∑
n=0

cDV CS
n cos (nϕ) (15)

T̃ 2
DV CS ≡

1

Φk

d5σ̃DV CS

d5Ω
=

e6

y2Q2

2∑
n=1

sDV CS
n sin (nϕ) (16)

TINT ≡ 1

Φk

d5σINT

d5Ω
=

e6

xBy3tP1(ϕ)P2(ϕ)

3∑
n=0

cINT
n cos (nϕ) (17)

T̃INT ≡ 1

Φk

d5σ̃INT

d5Ω
=

e6

xBy3tP1(ϕ)P2(ϕ)

3∑
n=1

sINT
n sin(nϕ) . (18)

The T 2
BH amplitude is exactly calculable from the electromagnetic form factors F1 and

F2 of the proton. All other coefficients feature specific linear or bilinear combinations of
CFF [Bel02-1]. The combinations (CDV CS, CINT ) entering the leading twist-2 coefficients
of the DV CS (cDV CS

0 ) and INT (cINT
0 , cINT

1 , sINT
1 ) amplitudes are
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CDV CS =4(1− xB)
(
HH⋆ + H̃H̃⋆

)
− x2

B

(
HE⋆ + EH⋆ + H̃Ẽ⋆ + ẼH̃⋆

)
−
(
x2
B + (2− xB)

2 t

4M2

)
EẼ⋆ − x2

B

t

4M2
Ẽ Ẽ⋆ (19)

CINT =F1H + ξ(F1 + F2)H̃ − t

4M2
F2E . (20)

The cINT
0,1 (sINT

1 ) coefficients are proportional to the real(imaginary) part of the CINT

combination, and the cDV CS
0 coefficient is proportional to the real part of the CDV CS

combination. The other harmonic coefficients correspond either to twist-3 contributions
(cDV CS

1 ,sDV CS
1 ,cINT

2 ,sINT
2 ) or twist-2 (cDV CS

2 ,sDV CS
2 ,cINT

3 ,sINT
3 ) double helicity-flip gluonic

GPDs. Note that this elegant relationship between twist and harmonic orders, developed
in the original work of Ref. [Bel02-1], is distorted by kinematical corrections and target-
mass effects [Bel10, Bra14]. This does not impact the present discussion but reaffirms the
importance of the separation of the different reaction amplitudes to provide as elementary
as possible an experimental signal to allow for unambiguous interpretation.

Comparing polarized electron and positron beams, the unpolarized BCA AC
UU can be

constructed following the expresssion

AC
UU =

(d5σ+
+ + d5σ+

−)− (d5σ−
+ + d5σ−

−)

d5σ+
+ + d5σ+

− + d5σ−
+ + d5σ−

−
=

d5σINT

d5σBH + d5σDV CS

(21)

which, at leading twist-2, is proportional to the ℜe
[
CINT

]
CFF. It constitutes a selec-

tive CFF signal which becomes distorted in the case of the non-dominance of the BH
amplitude with respect to the polarization insensitive DV CS amplitude. Similarly, the
polarized BCA AC

LU can be constructed as

AC
LU =

(d5σ+
+ − d5σ+

−)− (d5σ−
+ − d5σ−

−)

d5σ+
+ + d5σ+

− + d5σ−
+ + d5σ−

−
=

λ d5σ̃INT

d5σBH + d5σDV CS

(22)

̸=A−
LU =

d5σ−
+ − d5σ−

−
d5σ−

+ + d5σ−
−

=
−λ (d5σ̃INT − d5σ̃DV CS)

d5σBH − d5σINT + d5σDV CS

(23)

̸=A+
LU =

d5σ+
+ − d5σ+

−
d5σ+

+ + d5σ+
−

=
λ (d5σ̃INT + d5σ̃DV CS)

d5σBH + d5σINT + d5σDV CS

(24)

which is proportional to the ℑm
[
CINT

]
CFF at leading twist-2. As AC

UU , A
C
LU is a selective

CFF signal affected by the similar distortions when the BH amplitude does not dominate
the unpolarized cross section. At leading twist-2 and in the BH-dominance hypothesis,
AC

LU is simply opposite sign to the Beam Spin Asymmetry (BSA) A−
LU (Eq. (23)) measured

with polarized electrons, and equal to the BSA A+
LU (Eq. (24)) measured with polarized

positrons. Therefore, the comparison between AC
LU , A

−
LU , and A+

LU provides a handle on
the validity of these hypotheses. In the case of significant differences, the neutral BSA

A0
LU =

(d5σ+
+ + d5σ−

+)− (d5σ+
− + d5σ−

−)

d5σ+
+ + d5σ+

− + d5σ−
+ + d5σ−

−
=

λ d5σ̃DV CS

d5σBH + d5σDV CS

(25)

allows us to distinguish which hypothesis may not be valid.
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Figure 3. Kinematic dependence of unpolarized (top left) and polarized (top right) BCA at a beam
energy of 10.6 GeV, and CFF model sensitivity of observables (bottom panels) for selected kinemat-
ics.

Unpolarized and polarized BCA observables are shown on Fig. 3 (top panel) for a selected
set of kinematics within CLAS12 acceptance and a 10.6 GeV beam energy. They are deter-
mined using the BM modeling of DVCS observables [Bel10] and the KM CFF [Kum10].
The sensitivity to the CFF model is also shown on Fig. 3 (bottom panel) where ob-
servables calculated for 3 typical kinematics using PARTONS [Ber18] CFFs and a H-
dominated choice of VGG [Van99] CFFs are compared to previous evaluations.
The amplitude of AC

UU strongly depends on kinematics and varies not only in magnitude
(within ±30%) but also in shape, exhibiting a dominant cos(ϕ) contribution eventually
distorted by cos(2ϕ) contributions originating from the unpolarized part of the DVCS
cross section. Similarly, the polarized BCA corresponding to the same kinematics also
varies in magnitude (15%-35%) and shape, eventually showing a distorsion of the dom-
inant sin(ϕ) contribution by the cos(nϕ) dependence of the unpolarized DVCS cross
section. A strong sensitivity of the magnitude of AC

UU to the CFF model is also shown
(bottom panel of Fig. 3), confirming the importance of BCA observables for the extrac-
tion of the real part of the interference CFF. The dominance of the sin(ϕ) modulation
from the imaginary part of the interference CFF in AC

LU is also observed with a magnitude
sensitive to the CFF model. This supports the expected purity of this observable for the
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Figure 4. Kinematic dependence of the positron BSA A+
LU (top left), the comparison A+

LU+A−
LU

between electron and positron BSA (middle left), the deviation AC
LU -(A

+
LU -A

−
LU )/2 from the BH–

dominance hypothesis (bottom left) at a beam energy of 10.6 GeV, and CFF model sensitivity of
observables (right panels) for selected kinematics. Curves labels are identical to Fig. 3.
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extraction of the imaginary part of the interference CFF.

Using a polarized positron beam, further observables can be extracted and compared
with polarized electron beam observables. Particularly, the positron BSA, a golden ex-
perimental observable minimizing acceptance and efficiency effects, can be compared with
the electron BSA and the polarized BCA. From Eq. 22-24

A+
LU + A−

LU

2
=λ

d5σ̃DV CS (d
5σBH + d5σDV CS)− d5σ̃INTd

5σINT

(d5σBH + d5σDV CS)
2 − (d5σINT )

2 (26)

AC
LU − A+

LU =λ
d5σ̃INTd

5σINT − d5σ̃DV CS (d
5σBH + d5σDV CS)

(d5σBH + d5σDV CS) (d5σBH + d5σINT + d5σDV CS)
(27)

which, within the BH-dominance hypothesis, provides the relationship

AC
LU =

A+
LU − A−

LU

2
. (28)

Fig. 4 shows the positron BSA (top left), the comparison between positron and electron
BSA (middle left) and the deviation from the BH-dominance hypothesis (bottom left)
for the previous selected set of kinematics. The magnitude of A+

LU strongly depends
on kinematics and exhibits a dominant sin(ϕ) contribution. The comparison between
positron and electron BSA, expressed in terms of the BSA sum, shows the expected ϕ-
modulation in absence of higher twist contributions. Both A+

LU and the BSA sum are
strongly sensitive to the CFF model (right panel of Fig. 4). The deviations from the
BH-dominance hypothesis are generally small but may become sizeable depending on the
CFF scenario.

3 Impact of positron measurements

The importance of BCA observables for the extraction of CFF has been stressed nu-
merous times (see among others [Bel02-1, Die03, Bel05, Dut21]). In that respect, HER-
MES [Air08, Air09, Air12] proved to be very important for the phenomenology of GPDs
at moderate xB [Mou18, Mou19]. Indeed, at leading twist-2 this problem can be seen as
the determination of 8 unknown quantities (4×ℜe [F ] and 4×ℑm [F ]) from a non-linear
system of coupled equations which requires at a minimum 8 independent experimental
observables with different sensitivities to the unknwon quantities. Dispersion relations
and sum rules bring correlations between CFF and links with elastic and deep inelas-
tic experimental data, but the problem is generally complex and requires a large set
of experimental observables. Not to forget that higher twist effects and NLO correc-
tions render the extraction even more difficult. Nevertheless, existing data about DVCS
with lepton beams of opposite charges are limited and restricted to the H1 [Aar09],
HERMES [Air08, Air09, Air12] and COMPASS [Akh19] experiments which explored a
kinematical domain very different from the valence domain accessible at JLab.

The extraction of CFFs from DVCS observables may be classified in two generic groups:
local fits where CFFs are extracted at each kinematics in a GPD model indepedent ap-
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proach, and global fits which encompass a large set of experimental data at different kine-
matics and are sensitive to the technique or the model used to link these data [Kum16].
Both methods still depends on the cross section model (leading twist, target mass correc-
tions, higher twist, NLO corrections...) and of further fitting hypotheses like the number
of CFF to be extracted from data. In that sense, the quantitative evaluations of the im-
pact of positron measurements discussed in this section are necessarily model dependent.
The studies developed here-after are an attempt to evaluate the benefit of unpolarized
and polarized BCA measurements off an unpolarized hydrogen target. This evaluation is
quantified with respect to the CFF extraction performed using local or global fits of a
set of experimental observables.

3.1 Local approach evaluation

The data sets considered in the following consists of already approved CLAS12 p-DVCS
measurements with or without BCA data, considering the proposal parameters of p-DVCS
experiments using a polarized electron beam with unpolarized and longitudinally polar-
ized proton targets. Without impact on the extraction of H, the transversely polarized
target is not considered in these evaluations.

Observable σUU ALU AUL ALL AC
UU AC

LU

Time (d) 80 80 100 100 80 80

L (×1035 cm−2·s−1) 0.6 0.6 2 2 0.66 0.66

Hydrogen fraction 1 1 0.17 0.17 1 1

Systematics (%) 5 3 3 3⊕3 3 3

Time (d) 50 50 40 40 80 80

L (×1035 cm−2·s−1) 0.6 0.6 2 2 0.66 0.66

Hydrogen fraction 1 1 0.17 0.17 1 1

Systematics (%) 10 5 5 5⊕5 5 5

Table 1. Parameters of simulated observables. The upper part of the table features the parameters of
the already approved CLAS12 DVCS proposals with an electron beam, referred in the text as optimum
experimental conditions. The bottom part of the table shows the expected same parameters after
the completion of the data taking, also referred in the text as realistic experimental conditions. The
main differences concern achieved statistical and systematic uncertainties.

Within a first approach, observables are determined for a 10.6 GeV beam energy using
the BM modeling of the cross section [Bel10] combined with different CFFs [Van99,
Kum10, Asc13, Ber18]. The projected statistical errors are obtained from the parameters
of Tab. 1, where the hydrogen fraction, corresponding to the fraction of free hydrogen
protons in the target, results in a luminosity reduction factor. The CFFsH and H̃ are then
simultaneously extracted from projected data using a fitting procedure which assumes
the model values for the non-fitted CFFs. Individual observables are randomly smeared
with the projected statistical uncertainties, and systematically shifted with the projected
systematic uncertainties before CFF fitting. These two steps combined into uncertainties
on the extracted CFFs. The results of the procedure repeated with 4 different CFF models
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Figure 5. Impact of the positron data on the extraction of ℜe[H] with four different CFF model
scenarios: (left panel) projection of extracted ℜe[H] without (blue points) and with (red points)
positron data compared to the model value (line); (right panel) ratios of errors on the extracted
ℜe[H] with positron data with respect to electron data only. The blue points are slightly shifted in
x for visual clarity.
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-t(GeV2)-t(GeV2)

-t(GeV2)-t(GeV2)

Figure 6. Impact of the positron data on the extraction of ℜe[H] assuming the same experimental
conditions as Fig. 5 for extracting 4 CFFs (top panel), or assuming the realistic experimental con-
ditions of Tab. 1 for the extraction of 7 CFFs (bottom panel). The benefit of positron data can be
seen from the comparison of red (without positron data) and black (with positron data) points while
green points represent the model value. The red points are slightly shifted in −t for visual clarity.
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are summarized in Fig 5. The left column shows the model ℜe[H] as a function of t for
different (xB, Q

2) bins (line), together with the extracted values without (blue points)
and with (red points) the positron data. The corresponding set of plots on the right col-
umn shows the ratios of the total uncertainties, statistical and systematic errors added in
quadrature. The impact of the positron data is found to be particularly strong at small |t|
where they can decrease uncertainties on ℜe[H] by over a factor five. The electron data
only scenario tends to give values different from the model values. By providing a pure in-
terference signal, positron data corrects for this deviation and allows the fitting procedure
to recover the input model value. In the case experimental observables are dominated by
H, correlations between CFF are reduced and the impact of positron data should be
minimal. This is indeed observed in the projections of the model labelled VGG where the
positron impact is consistent with the statistics added by positron measurements.

Within a second approach, the same experimental observables are generated using the
VGG model [Van99] and a CFF parameterization which fairly reproduces 6 GeV CLAS

data. In a first study, the H and H̃ CFFs are extracted for the same set of observables
considering optimum experimental conditions of Tab. 1, and in a second one the full set
of 7 CFFs are extracted assuming ℑm[Ẽ ]=0 and considering the realistic experimental
conditions of Tab. 1. In both cases, the VGG modeling of experimental observables is
used for the local fitting procedure [Gui08]. The comparison of the black (with e+) and
red (without e+) points signs the impact of positron measurements while the comparison
with respect to green points tells about the ability to recover the considered model value.
The observed differences in the latter comparison originate from the lack of experimental
constraints on the other CFFs entering experimental observables. Both scenarios predict a
strong impact of positron data, even more determinant in the realistic one where electron
data only do not always succeed to extract a meaningful value for ℜe[H].

3.2 Global approach evaluation

The benefit of global fits of DVCS experimental data is the capability to describe mea-
surements from different experiments at once, whatever experimental observable or kine-
matics are concerned. Several techniques have been proposed to supply the link between
the different kinematical domains from simple modeling of CFFs based on a parameter-
ized GPD ansatz, up to physically-motivated parameterization of the CFFs [Mou18], and
artificial neural network (ANN) techniques [Mou19]. The impact of the measurement of
beam charge asymmetries presented in Ref. [Dut21] and summarized here, is evaluated
from an ANN analysis of all existing data from ZEUS, H1, HERMES, Hall A, and CLAS
experiments. Projected BCA observables are computed according to this ansatz and their
impact is evaluated from a Bayesian reweigthing procedure using optimum experimental
conditions of Tab. 1. The results reported in Fig. 7 show the 68% confidence level on the
value of ℜe [H] without (red band) and with BCAs (blue band). As observed in the local
approach, the benefit of a positron beam is particularly striking at small |t|, a kinematical
region of high interest for the interpretation of the DVCS process. It becomes marginal at
large (xB, Q

2) because of lack of statistics. Nevertheless, the improvement of the quality
of the Q2-coverage of ℜe [H] should be noted as a tool of interest for the determination
of the D-term [Dut21-1].

In summary, both local and global evaluations predict a high impact of positron data with
a reduction of the error bars on the value of ℜe[H] by a factor 3-5 on average. Isolating
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Figure 7. t-dependence of the 68% confidence region for ℜe [H] without (red band) and with (blue
band) positron observables [Dut21].

interference contributions, BCAs provide a pure signal which benefits the extraction of
ℜe[H] by reducing the correlations between CFFs. This feature cannot be achieved using
single charge lepton beams. Such an improvement is particularly relevant for the exper-
imental determination of the mechanical properties of the proton and for universality
studies of GPDs combining DVCS and Time-like Compton Scattering [Cha21].

4 p-DVCS at CLAS12 with a positron beam

4.1 Detector configuration

The experiment will measure the DVCS process e+p → e+pγ with the CLAS12 spectrom-
eter. The arrangement of CLAS12 in the Hall B is shown in a side view in Fig. 8, and the
beam line upstream and downstream of CLAS12 are shown in Fig. 9 (see Ref. [Bur20] for
details). When operating with positron beam the experiment will use the standard Hall
B beam line with the electrical diagnostics in reversed charge mode from operating the
beam line and the experimental equipment with electron beam. This includes the nano-
ampere beam position and current monitors, the beam line magnetic elements including
the tagger magnet, which is energized during beam polarization measurements, and the
charge integrating Faraday cup. The experimental setup will be identical to the standard
electron beam setup with both magnets, the Solenoid and the Torus magnet in reversed
current mode from electron scattering experiments. As the positron beam emittance at
the target will be larger than in standard electron beam operation, the liquid hydrogen
target cell will be redesigned with increased entrance and exit window sizes.
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Figure 8. CLAS12 in Hall B. The positron beam comes from the right and hits the target in the
center of the solenoid magnet, which is at the core of the Central Detector (CD). It is largely hidden
from view inside the HTCC Čerenkov counter.

Figure 9. Hall B beamline.

4.2 Kinematic coverage

The simultaneous kinematic coverage of the DVCS process in the CLAS12 acceptance
is shown in Fig. 10 from a subset of Run Group A (RGA) data and a detector con-
figuration similar to the positron configuration i.e. Torus in OUT-Bending mode and
FTCal ON. Scattered electrons/positrons will be detected in the CLAS12 Forward De-
tectors (FD) including the high threshold Čerenkov Counter (HTCC), the drift chamber
tracking system, the Forward Time-of-Flight system (FTOF) and the electromagnetic
calorimeter (ECAL). The latter consists of the pre-shower calorimeter (PCAL) and the
EC-inner and EC-outer parts of the electromagnetic calorimeter (EC) providing a 3-fold
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Figure 10. Kinematic coverage of CLAS12 for exclusive DVCS events at a beam energy of 10.6 GeV:
scattered lepton reconstruction coverage in polar angle versus momentum (top left); proton recon-
struction coverage in polar angle versus momentum (top right); at polar angles close to 40◦, protons
are partially reconstructed in the FD and partially in the CD; high-energy photon detection cover-
age in polar angle versus photon energy (bottom left); the narrow band below 5◦ indicates photon
detection in the FT calorimeter; difference in reconstructed z-vertex for scattered leptons and the
recoil protons (bottom right).

Figure 11. Kinematic coverage of exclusive DVCS/BH events in Q2 versus xB (left), and in −t
(right) plotted versus the azimuthal ϕ-dependence.

longitudinal segmentation. DVCS photons are measured in the CLAS12 ECAL that covers
the polar angle range from about 5◦ to 35◦. Additionally, high energy photons are also
detected in the Forward Tagger calorimeter (FTCal), which spans the polar angle range
of 2.5◦ to 4.5◦. Protons are detected mostly in the CLAS12 Central Detector (CD) with
momenta above 300 MeV/c, but a significant fraction is also detected in the CLAS12 FD,
especially those in the higher −t range.

The kinematics coverage is shown in Fig. 11. Scattered leptons cover the xB range from
0.1 to 0.7 and a range in Q2 from 1 to 10 GeV2. The range in −t covers 0.05 to 2.5 GeV2.
In Fig. 12 we show the event distribution in the individual FD sectors, the eγX missing
mass distribution with all particles detected, and the ϕ-distributions of exclusive events.
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Figure 12. DVCS/BH event distributions in individual Torus sectors: lepton ϕ-distribution versus polar
angle (θ) (top left), showing a slightly slanted asymmetric distribution due to the solenoid magnetic
field; high energy photon distribution (top right), showing the ECAL (PCAL+EC) coverage at θ > 5◦

and the FT calorimeter coverage at θ < 5◦; the eγX missing mass distribution, peaking at the proton
mass (bottom left), with the radiative tail on the high mass side; the azimuthal distribution of DVCS
events (bottom right).

4.3 Monte Carlo simulations of background

A critical part of operating CLAS12 detector at high luminosities is the simulation not only
of hadronic events but also the simulation of beam-related accidental hits in the CLAS12
detector systems, in particular the tracking devices. Source of accidentals in this exper-
iment is primarily from the positron elastically scattering off atomic electrons (Bhabha
scattering) and their secondary interaction with beamline components. The production
rate of this background sources is orders of magnitude larger than the hadronic produc-
tion rate. In the case of CLAS12 experiments with electron beam, the source of accidentals
is primarily from beam electrons undergoing Møller scattering off atomic electrons in the
liquid hydrogen target. The shielding of the CLAS12 detector from this background was
carefully and extensively studied during the CLAS12 design and construction. The final
solution of the shielding was obtained by combination of magnetic shielding from the
CLAS12 5 T superconducting solenoid and carefully optimized design and fabrication of
the Møller absorber. In studying the background for this experiment, detailed GEANT
simulation were performed based on the CLAS12 realistic simulation package used for
electron beam at luminosity of 1035cm−2·s−1 reversing the Torus field with respect to the
electron beam configuration. We performed detailed comparison of the drifts chambers
occupancy with results obtained with electron beam at the same luminosity taking into
account the correct DC time windows of each region. The summary results of the simu-
lation of the drift chamber occupancies are shown in figure 13. Region 1 has the highest
occupancy of about 3%, region 2 is about 0.8%, and region 3 is about 1.2%. These results
are compatible with the ones obtained with electron beam.
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Figure 13. Results for CLAS12 drift chambers occupancy obtained from GEANT simulations with
positron and electron beams at a luminosity of 1035cm−2s−1.

In summary, no additional shielding is needed for this experiment, and we can switch
between running the experiment with positrons and electrons keeping the CLAS12 con-
figuration and the operating luminosity, the same. Additionally, a realistic simulation
package is essential to take into account the detector occupancies for data taking at a
given luminosity. In order to quantitatively account for this, pre-scaled trigger bits will
be setup to take randomly triggered data simultaneously with the production data. Then
in the offline data analysis we will merge DVCS simulation events with random triggered
events from data to evaluate tracking and particle identification efficiency and monitor
eventual differences between electron and positron running.

5 Control of systematic uncertainties

5.1 Origin of systematic effects

Systematic effects can occur on the one hand from positron beam properties, and on the
other hand from the response of the CLAS12 spectrometer.

The positron beam properties in the physics interaction region differ from the CEBAF
electron beam essentially by a 4-5 times larger emittance [Rob17]. Additional focusing of
the beam will be provided by a set of quadrupoles already installed on the beam line but
residual effects of the beam properties difference may remain and alter the comparison
with electron data. To control these effects DVCS data with an electron beam having the
same properties as the positron beam should be carried out. Such beam can be made out
of the secondary electrons produced at the positron source, which has similar properties
in terms of (x, y) profile and emittance. This will allow for the elimination/correction of
potential beam-related false asymmetries.

Systematic uncertainties for DVCS cross section measurements with electron beams are
part of the currently ongoing program with the CLAS12 spectrometer setup. For positron
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Figure 14. The generic setup of the CLAS12 detector in Hall B in a side view. For the same kinematics
the forward going particles electrons and positrons are following the same path for reversed polarity
of the Torus and the solenoid magnets (both bending away from the beam line).

Figure 15. The generic setup of the CLAS12 detector in Hall B viewed from upstream down the beam
pipe. In this view the proton rotates in the opposite direction, from the case of the electron beam.
When switching the Torus field electrons and positrons experience different phi motions due to the
solenoid (left). When the solenoid field is reversed electrons and positrons get kicks in the opposite
azimuthal directions and positrons and electrons switch place in the FD, but protons are detected
in another CD region. This may lead to false asymmetries that can be controlled with proton elastic
scattering.

beams most of these systematic effects are very similar as far as the CLAS12 detector
properties and normalization issues are concerned. As we aim for measurements of charge
asymmetries most of them will be identical and will therefore drop out in the ratio.
However, there are a few effects that may not drop out and have to be considered.

The experimental setup is generically shown in a side view in Fig. 14, and in a view along
the beam line looking downstream in Fig. 15. For scattered positrons and for the DVCS
photons the detector looks identical to the situation when electrons are scattered off
protons and the magnetic fields in both magnets are reversed. This is not the case of recoil
protons, which will be bent in the solenoid field in the opposite direction compared to the
electron scattering case. This could result in systematic effects due to potentially different
track reconstruction efficiencies and effective solid angles. While these effects are much
smaller than the physics asymmetry, we propose to measure the DVCS process 50% of
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the time with reversed solenoid polarity. Simultaneously to DVCS, the elastic e±p → e±p
scattering cross section will be also measured continuously during the experiments. This
will provide additional cross check and a monitoring tool of the performance of the
detector system throughout the experiment. It should be noted that the elastic e+p → e+p
cross section is equal to the well known elastic e−p → e−p cross section within the
contributions from 2-photon effects, which are very small in the kinematical range that
can be selected for the process [Afa17].

From the simulation calibrated by the measurement of known processes, we aim at keeping
systematic uncertainties due to detector asymmetries below 5% at all kinematics. We also
note that for the positron BSA, which will be measured simultaneously, the systematic
uncertainties are not affected by the aforementioned electron-positron differences.

5.2 Beam charge asymmetry systematics

The unpolarized raw Yield Charge Asymmetry (YCA) is defined experimentally as

YC
UU =

(Y +
+ + Y +

− )− (Y −
+ + Y −

− )

Y +
+ + Y +

− + Y −
+ + Y −

−
(29)

where

Y e
λ =

N e
λ

Qe
λ

= ne
λ (30)

is the beam charge and spin dependent normalized yield determined from the number
of events N e

λ and the corresponding accumulated charge Qe
λ. Comparing electron and

positron measurements taken at different periods of time, the detector may not be exactly
the same. This translates into different efficiencies (ϵ±) and solid angles (∆Ω±) leading
to an excess/deficit of positron events as compared to the true physics event number
expected within the acceptance of electron beam data. Noting δn0

0 the spin and charge
independent positron excess, the charge normalized yield for electrons and positrons can
be expressed as

n−
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[
1− AC

UU ± λ−
(
A0

LU − AC
LU

)]
(31)
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0

(
1 +
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0
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) [
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UU ± λ+
(
A0

LU + AC
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)]
(32)

where n0
0 is the unpolarized normalized neutral yield for identical detectors and the Ai

jk

are the physics BCAs. The detector difference is represented by the ratio

ϵ+∆Ω+

ϵ−∆Ω− = 1 +
δn0

0

n0
0

= 1 + 2ηC (33)

where ηC represents the detector differences correction. The unpolarized physics BCA
can be derived from the experimental YCA following the expression

AC
UU =

(1 + ηC) YC
UU − ηC

1 + ηC − ηC YC
UU

. (34)
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Similarly, the polarized raw YCAs are defined as

YC
LU =

(Y +
+ − Y +

− )/λ+ − (Y −
+ − Y −

− )/λ−

Y +
+ + Y +

− + Y −
+ + Y −

−
(35)

Y0
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(Y +
+ − Y +

− )/λ+ + (Y −
+ − Y −

− )/λ−

Y +
+ + Y +

− + Y −
+ + Y −

−
(36)

from which the polarized physics BCAs are obtained as

AC
LU =

(1 + ηC)YC
LU − ηCY0

LU

1 + ηC − ηC YC
UU

≈ (1 + 2ηC)YC
LU

1 + ηC − ηC YC
UU

(37)

A0
LU =

(1 + ηC)Y0
LU − ηCYC

LU

1 + ηC − ηC YC
UU

≈ 0 (38)

where the approximation holds at twist-2. Because of possible detector asymmetry effects
between beams of opposite charges, polarized BCAs combine unpolarized and polarized
raw asymmetries. Thanks to the polarity reversal of the CLAS12 magnets, the magni-
tude of these effects will be minimized and it is reasonable to expect differences smaller
than 10%. The magnitude of the corrections to raw unpolarized and polarized YCAs are
determined as the deviation from the physics BCAs. The left panel of Fig. 16 reports
the envelope of the possible corrections assuming ηC values within ±0.05 (or ±0.02) and
the twist-2 approximation for polarized BCAs. Detector effects might be sizeable but are
easily corrected once their value is determined.

The precision on these corrections directly enters the systematic errors on BCAs, which
are determined as

δ
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where the additional contributions in Eq. 40-41 take into account the beam polarization
systematics according to the relations

∂AC
LU
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∂A0
LU
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2
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λ− . (43)
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Figure 16. Amplitude of the corrections of raw asymmetries (left) and of the corresponding systematic
errors (right). The shaded areas indicate the possible values of the corrections for a fixed raw
asymmetry assuming that detector difference effects are comprised within ±10% (solid line) or ±5%
(dashed line). Asymmetry systematics is evaluated assuming 5% relative uncertainty on the detector
correction factor ηC and twist-2 approximation for polarized BCAs. The solid black line limits the
variation domain when the unpolarized BCA is comprised within ±20%.
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The right panel of Fig. 16 reports the envelope of systematic errors related to detec-
tor difference effects for unpolarized and polarized BCAs, assuming δηC/ηC=0.05 and
δλ+/λ+=δλ−/λ−=0.03. Furthermore, the polarized BCAs systematic are determined us-
ing the twist-2 approximation and maximizing the contribution of the beam polarization
systematic choosing A+

LU=-A−
LU=0.50. Different domains of ηC and YC

UU values are con-
sidered which define the correction systematic envelopes. The absolute systematics of
unpolarized BCAs is smaller than 0.010, and 0.013 for polarized BCAs. These values can
be considered as the minimal BCAs that can be meaningfully measured.

6 Beam time request

For the main physics program we request 80 days of 5-pass secondary electron and
positron beams at an energy of 10.6 GeV, and a beam current of 50 nA impinging
on a 5 cm long liquid hydrogen target. The beam must be longitudinally polarized with
a polarization of λ=60% or higher. The beam polarization must be switched at a rate
of 30 Hz with direct reporting, and the charge asymmetry between each helicity state
must be kept below 0.1%. These figures are supplemented with 8 days of background
calibration studies. In addition, we request 6 days of 1-pass electron beam at the same
current of 50 nA for systematic effects and cross calibration purposes of the beam line
instrumentation, and 6 days of commissionning of the Hall B equipment with the positron
beam.

6.1 Proposed measurements

The measurements of this proposal are detailed in Tab. 2 and comprise physics data taking
with both electron and positron beams. Electron data using the secondary electron beam
generated at the positron production target will be used to compare with positron data for
constructing BCA observables. Comparing electron and positron data taken with similar
statistics, the same beam properties, the same target cell, the same detector status, and
the same detector configuration is the path we propose to miminize systematic effects
and provide high quality BCA observables.

Immediately before the beginning of the physics run, short electron beam runs will be per-
formed to enable checking for false charge asymmetries by employing elastic e−p → e−p
scattering with a 1-pass beam, and commission the polarimeter in electron mode. This
comprises using both the primary Ce+BAF electron beam and the secondary beam gen-
erated at the positron production target, together with negative and positive solenoid
polarities. The electron beam physics run will be conducted over a period of 40 days,
alternating solenoid polarities and using the secondary electron beam produced simulta-
neously with the positron beam at the production target of the positron source.
After the polarity change of CEBAF, the Hall B beamline equipment and polarimeter will
be commissioned with the positron beam at 1-pass, and a short run on the e+p → e+p
elastic scattering will be performed for direct comparison with electron calibration data.
For this comparison elastic kinematics at low Q2 will be selected to limit the 2-photon
contributions to less than 2-3%. After commissioning Hall B equipment with a 5-pass
positron beam, the e+p → e+pγ DVCS physics run will be conducted.
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Purpose Label

Beam parameters

Target
Sol. Tor.

Timeq
Nat.

E I λ
Pol. Pol.

(e) (GeV) (nA) (%) (h)

ep → ep Cal.

−

P

2.2

50

0

−

+

24

+ 24

Commissioning

S

+ 24

ep → ep Cal.
+ 24

5 cm − 24

ep → epγ Phy.

10.6 60

LH2 − 480

Background Cal. − 48

ep → epγ Phy. + 480

Background Cal. + 48

Commissioning

+ S

2.2

50

0

+

−

48

ep → ep Cal.
+ 24

− 24

Commissioning

10.6
60

5 cm − 72

ep → epγ Phy. LH2 − 480

Background Cal. − 48

ep → epγ Phy. + 480

Background Cal. + 48

Total 2400

Table 2. Detailed description of the beam time request. The beam nature label P indicates the
CEBAF primary electron beam, and S indicates the secondary electron or positron beam generated
at the positron production target. The data taking label Cal. stands for calibration, and Phy. for
physics data taking.

Polarization measurements will be carried out regularly every 2-3 days initially, and once
a week during stable running periods. The current plan is to use Bhabha scattering on a
polarized ferromagnetic foil (see Appendix A).
Additional calibration runs will also be conducted all along the physics run for detector
calibration and background studies. Production data taking is expected with a trigger
rate of up to 20 KHz and a data rate of up to 800 MB/s. Once a week during stable
operation, luminosity scan will be carried out and randomly triggered data will be taken
at various beam currents to simulate realistic background conditions to be used for Monte
Carlo simulations.
The total beam time request amounts to 2400 hours (100 days) of data taking. The
present data taking scenario would benefit for more frequent switch between electron
and positron beams in order to minimize the effects of an eventual drift of the detector
response. A fast (a few shifts) switch of the polarity of the CEBAF magnets would be
mandatory for this purpose.
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6.2 Experimental projections

Expected experimental data are shown in Fig. 17-22 at small and intermediate t us-
ing the BM modeling of DVCS observables [Bel10] and the KM CFF [Kum10], for the
binning used in Sec. 3 to evaluate the impact of positron measurements on the CFF
extraction. Statistical error bars assume 80 days DVCS data taking equaly shared be-
tween secondary electron and positron beams. The data represented in these figures
correspond to a selected set of the data that will be obtained. Typical ϕ-distributions
of AC

UU (Fig. 17-18), AC
LU (Fig. 19-20), and A+

LU (Fig. 21-22) are shown for different
(xB, Q

2)-bins. The (xB, Q
2, t) sensitivity of the magnitude and shape of AC

UU is partic-
ularly noticed. In general, the accuracy of expected data will allow us to identify and
quantitify the ϕ-modulation of DVCS observables with a precision which decreases as
(xB, Q

2) increase.
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Figure 17. Projected AC
UU data in selected small t-bins at a 10.6 GeV positron and electron beam

energy.
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Figure 18. Projected AC
UU data in selected intermediate t-bins at a 10.6 GeV positron and electron

beam energy.
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Figure 19. Projected AC
LU data in selected small t-bins at a 10.6 GeV positron and electron beam

energy.
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Figure 20. Projected AC
LU data in selected intermediate t-bins at a 10.6 GeV positron and electron

beam energy.
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Figure 21. Projected A+
LU data in selected small t-bins at a 10.6 GeV positron beam energy.
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Figure 22. Projected A+
LU data in selected intermediate t-bins at a 10.6 GeV positron beam energy.
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A Beam polarization measurement

The positron beam polarization can be measured using Bhabha scattering, where an inci-
dent positron scatters off an electron in a polarized metallic target. The most likely option
for the design of a Bhabha polarimeter is to modify the existing Møller polarimeter to
accommodate positrons. Though the cross section for Bhabha and Møller scattering are
different, the analyzing power (Azz) for a longitudinally polarized beam and a longitudi-
nally polarized target are the same [Ale02]

Azz (θCM) = −(7 + cos θCM) sin2 θCM

(3 + cos2 θCM)2
(A.1)

where θCM is the center of momentum scattering angle. Particularly, Azz has a maximum
magnitude of 7/9 at θCM = 90◦, which is the central scattering angle of the existing
Møller polarimeter. Forming the beam-helicity-dependent asymmetry gives

A =

(
dσ+

dΩ
− dσ−

dΩ

)/(
dσ+

dΩ
+

dσ−

dΩ

)
= Azz (θCM) P z

BP
z
T , (A.2)

where the ± refers to cases where the beam polarization (P z
B) and the target polarization

(P z
T ) are aligned or anti-aligned. The asymmetry is measured from the yields according

to

A =
N+ −N−

N+ +N−
= ⟨Azz⟩P z

BP
z
T , (A.3)

where ⟨Azz⟩ is the effective analyzing power corrected for the finite-angle acceptance of the
polarimeter and atomic-electron motion (also known as the Levchuk effect [Lev94]). The
CLAS12 Møller polarimeter detects the scattered electrons in coincidence near θCM = 90◦,
the peak of Azz. As compared to single-arm Møller polarimetry, the coincidence method
has the advantage of producing a clean data set without having to do energy-dependent
background subtractions (see, for example Ref. [Arr92]). Accidental background rates
are typically less than 10% of the real coincident rate at the CLAS12 polarimeter, and is
further measured and included as a correction.

25 cm diameter beam pipe

TOP VIEW

Target

Chamber

9.48 m

Quadrupole Quadrupole

Effective field region

96.5 cm 96.5 cm62 cm 199 cm

29.7 cm

particle exit
flange

4.93 m

Detector

Figure A.1. Layout of the CLAS12 Møller polarimeter; detector shielding is not shown.

The CLAS12 polarimeter, which schematic layout is shown on Fig. A.1, relies upon a pair
of quadrupole magnets to separate the scattered electrons from the beam and to deflect
the scattered electrons into the detectors. In Ref. [Gas17], different options of positron
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beam polarization measurements in Hall-C are discussed. In particular their initial study
show that no or relatively modest modification of the Hall-C Møller polarimeter will
be needed to allow measurements of the positron beam polarisation. Hall-C and Hall-B
Møller polarimeter layouts are very similar, and we expect same solutions will work in
Hall-B as well.

A.1 Conicidence mode

In the coincidence mode, both e− and e+ are detected in coincdence, and hence they have
very little background. With the positron beam in order the scattered positron and the
recoil electron to deflect into opposite directions as in the case of the Møller polarimeter, a
dipole magnet(s) should be used instead of the quadrupole magnet. In terms of a e−e+ pair

Figure A.2. Schematic view of the Polarimeter. Top shows one dipole magnet configuration, while
the bottom schematics shows the two dipole configuration.

detection, the dipole magnet is a good solution, however the dipole magnet will deflect
the primary positron beam as well. The deflection of the primary beam can be significant
enough for the beam to miss the tagger dump. As a workaround can be installation of
an insertable dumplette that will be used during polarization measurements. In order to
change to a dipole configuration, either a new dipole magnet can be installed in place
of existing quadropoles, or existing quadropoles can be re-wired to act as a dipole (see
Fig.A.3). The schematic view of the abovementioned setups are shown in Fig. A.2. Top
Figure represents single dipole configuration, and the bottom Figure represents the two
dipole configuration.
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A.2 Single arm measurement mode

Another approach is to do a single arm-measurement. In this case quadrupoles will not
be modified, the beam can be directed to the tagger dump or to the tagger yoke (for
energies above 6 GeV) [Bal20]. With a single arm measurement mode, we will have two
options for running quadropoles:

• Option 1: Deflect negative particles away from the beam and focus positive particles
towards the beam.

• Option 2: Deflect positive particles away from the beam and focus negative particles
towards the beam.

While a realistic GEANT4 simulation is needed before choosing the bast option to run, it
is expected that the option 1 will produce significantly lower background. The reason for
this is the fact that high cross-section physics background processes e.g. Mott scattering,
Wide Angle Bremmstrahlung, produce high energy, low angle positrons, part of which
overlaps (in terms of energy and scattering angle) with positrons from Bhabha scattering
and hence can reach the detector with option 2 settings. With option 1, all these positrons
will be focused towards the beamline. Instead, electrons from the BhaBha scatterng will
reach the detector. In Ref. [Hau99] it is mentioned that during Møller polarimeter studies
in Hall-C the dominating background during the single arm measurement was coming
from the Mott process. As Hall-C Møller polarimeter is very close to the Hall-B polarimer,
at this stage we can assume that with a single arm measurement most of the backgroud
from the Mott process will be absent with option 2.

NN

S S

NN

S S

e+ e-e- e+

Figure A.3. Møller quadrupoles rewired into a dipole configuration as seen looking along the beam
direction. The left (right) panel has electrons (positrons) scattered to the left with positrons (elec-
trons) scattered to the right.

While all these different possibilities will be thoroughly investigated, the single mode or
coincidence mode have the advantage of operating for both electrons and positrons with
only changing the magnet current polarity, an important feature for minimizing systemat-
ics of polarized BCA measurements. Beyond simulations, the experimental investigation
of the single mode operation with the CEBAF electron beam may readily provide some
answer about the feasibility of this option.
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