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Executive Summary

This proposal, which follows the previous Letter-of-Intent LOI12-15-005/LOI12-23-012, aims at the
measurement of the Double Deeply Virtual Compton Scattering (DDVCS) process in the di-muon
channel (e−p→ e−pγ∗ → e−pµ+µ−) with the SoLID spectrometer supplemented with a forward angle
muon detector.

The Compton scattering of a virtual photon in the deep inelastic regime, or so-called DDVCS,
constitutes a unique access to Generalized Parton Distributions (GPDs). The virtuality of the final
photon enables the de-correlated investigation of the x- and ξ-dependences (respectively, longitudi-
nal momentum fraction and skewness) of GPDs, as opposed to Deeply Virtual Compton Scattering
(DVCS) and Timelike Compton scattering (TCS) which access (at leading order in αs) GPDs along the
diagonals x=±ξ. The main physics goal of the proposed experiment is to determine Compton Form
Factors (CFFs) and GPDs in the region x < |ξ|. Such measurements are of relevance not only for
the precise knowledge of GPDs but most importantly for the understanding of the nucleon structure
properties. This includes nucleon tomography through transverse momentum parton densities which
rely on the extrapolation of the Fourier transform of GPDs in the limit ξ → 0, and the distribution of
spin and forces in the nucleon through the gravitational form factors.

The golden observable of the proposed measurements is the Beam Spin Asymmetry (BSA) which
accesses the imaginary part of Compton Form Factors (CFFs), that is the GPD value at a given
point of the physics phase-space. Similarly to DVCS and TCS, this observable is obtained from the
comparison of the number of experimental events measured for opposite beam helicities. Differently
from DVCS and TCS and because of the smallness of the DDVCS cross section, the event distributions
are first integrated over the muon-pair polar angle, then further integrated over either the muon-pair
azimuthal angle for DVCS-like observable or the final virtual photon azimuthal angle for TCS-like
observables. Additionally, the helicity independent distributions of experimental events allow us to
access the real part of CFFs through the muon charge asymmetry (µCA), that is the comparison of
the number of experimental events obtained for muons of opposite charge at the same point of the
physics phase-space. A first glimpse of this observable was reported in the first ever TCS measurements
with CLAS12 in the e+e− channel. This proposal also intends to explore µCA’s potential for GPDs
determination.

The experiment is proposed to run over 110 days with an 11 GeV polarized electron beam. The
first 60 days are in parallel with the approved SoLID J/ψ experiment (E12-12-006) including 10 days of
calibration and 50 days of production running. We request an additional 50 production days to enhance
the physics for DDVCS. Similar to the J/ψ experiment, it will use a 3 µA beam intensity however
highly polarized (>85%), a 15 cm liquid hydrogen target, at the luminosity of 1.2× 1037/cm2/s. The
SoLID detector system will be complemented at the forward angle with muon detection capabilities,
constituting overall the SoLIDµ spectrometer. It will deliver a significant set of experimental data
about DDVCS di-muon production at different deep inelastic regimes, and will bring novel observables
of GPD physics at x < |ξ|. At the same time, the statistics of the approved J/ψ and TCS (E12-12-
006A) experiments in the di-electron channel will be doubled and new data in the di-muon channel
will be collected.
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1 Introduction

The concept of Generalized Parton Distributions (GPDs) [3] profoundly renewed and extended the
understanding of the structure and dynamics of the nucleon [4, 5]. They parameterize the nucleon
structure in terms of matrix elements describing the correlations between the transverse position of
quarks and gluons and their longitudinal momentum [6, 7]. GPDs so access the internal dynamics
of the nucleon as expressed by the Ji sum rule linking GPDs to the angular momentum [8], and the
second moment of GPDs giving insights about the distribution of nuclear forces [9]. The first moment
of GPDs reduces to the nucleon form factors, while they take the form of parton distributions in their
forward limit. Consequently, GPDs appear as fundamental building elements of the nuclear structure
knowledge, asking for a precise and complete experimental determination.

GPDs can be accessed in the hard scattering regime of exclusive electron scattering reactions when
a high-enough virtual photon (Q2) is exchanged with a parton while the quadri-momentum transfer t
to the nucleon is small enough (|t|/Q2 ≪ 1). This provides the necessary scale difference to separate
the probe (the perturbative hard scattering of a virtual photon) from the object (the nucleon with its
non-perturbative structure), that is to factorize the reaction amplitude [10]. Beside these variables,
GPDs also depend on the longitudinal momentum fraction x of the initial parton and on the transferred
longitudinal momentum fraction or skewness ξ to the final parton. In the Bjorken regime (Q2 ≫ 1
(GeV/c2)2 and t → 0, GPDs may be interpreted as a 1/Q resolution distribution in the transverse
plane of partons carrying some longitudinal momentum fraction [11, 12, 13, 14].

Hard exclusive Compton-like scattering reactions are considered golden channels to access GPDs
because involving only one non-perturbative structure of the nucleon, differently from meson produc-
tion. These comprise: Deeply Virtual Compton Scattering (DVCS) where an initial virtual photon
(Q2) produced by a lepton beam transforms into a real photon; the reciprocal process Timelike Comp-
ton Scattering (TCS) where a real photon transforms into a timelike virtual photon (Q′2) decaying
into a lepton-pair; and the Double Deeply Virtual Compton Scattering (DDVCS) where an initial vir-
tual photon (Q2) scatters off a parton and creates a lepton-pair from the final timelike virtual photon
(Q′2)1. In that respect, DDVCS is the most general case of hard exclusive Compton-like scattering
reactions which limits are TCS when Q2=0 and DVCS when Q′2=0. This reflects in the physics
potential of each processes: while TCS and DVCS access unambiguously GPDs along the diagonals
x=±ξ, DDVCS is not restricted by this condition and can access unambiguously GPDs in the so-called
Efremov-Radyushkin-Brodsky-Lepage (ERBL) evolution region where |x| ≤ ξ [17, 18, 19]. This allows
to decouple the x- and ξ-dependences opening off-diagonal investigation of GPDs. More importantly,
it enables to constrain the deconvolution of these two variables and the zero-skewness extrapolation
required for nucleon tomography [11].

DVCS has been experimentally investigated for the past ∼20 years, and first measurements of
TCS from CLAS12 have recently been published [20]. The combination of cross section smallness
and difficult theoretical interpretation of electron induced DDVCS when detecting the e+e−-pair from
the final virtual photon did forbid up to now any reliable experimental study2. Taking advantage of
the energy upgrade of the CEBAF accelerator and of the development of the SoLID detection and
luminosity capabilities, we propose to investigate the electroproduction of µ+µ− di-muon pairs and
measure the beam-spin asymmetry and the muon charge asymmetry of the exclusive ep → epγ∗ →
epµ+µ− reaction in the hard scattering regime. A specific muon detector is proposed to complement
the planned SoLID spectrometer and allows for the detection of di-muon pairs.

The next section reviews the main characteristics of the DDVCS process and the GPD content of
the experimental observables of interest. The benefits of DDVCS measurements for the achievement
of the GPD experimental program are specifically discussed in the following section, before addressing
the description of the experimental setup constituting the base SoLID spectrometer and the foreseen
extension SoLIDµ required for di-muon detection. Finally, the expected counting rates and experi-
mental data are presented based on the simulation package of the SoLIDµ spectrometer and the VGG
modeling [21] of the Bethe-Heitler and DDVCS cross sections.

1The production of a photon pair with a large invariant mass is another golden channel in that sense; see Ref. [15, 16].
2The e+e−-pair final state requires antisymmetrization of the electron wave function to take into account indiscernible

final electrons as well as the careful treatment of the quantum interference with the decay of the full meson excitation
spectra, which in practice dilute or even cancel an eventual DDVCS signal.
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2 Double deeply virtual Compton scattering

2.1 Access to Generalized Parton Distributions

Similarly as the light diffusion from a material tells about its internal structure, the light scattered by
a nucleon carries information about the parton dynamics and structure, providing that the wavelength
associated to this light is smaller than the nucleon size. The Compton scattering of a virtual photon
with quadri-momentum Q2 > 1 (GeV/c2)2 is capable of resolving the internal structure of the nucleon.
The most general realization of the deep regime of this process is the double deeply virtual Compton
scattering which representation through the handbag diagram (Fig. 1) illustrates the access to GPDs.

Figure 1: DDVCS handbag diagram: the initial and final virtual photon momenta are respectively q
and q′, and similarly for the initial and final proton momenta p and p′; ∆ is the momentum transfer to
the nucleon; the longitudinal momentum flow corresponds to (-)2ξ for the (partons) virtual photons.

At leading twist and leading αs-order, the DDVCS process can be seen as the absorption of a space-
like photon by a parton of the nucleon, followed by the quasi-instantaneous emission of a time-like
photon by the same parton, which finally decays into a lepton/anti-lepton pair (Fig. 1). The scaling
variables attached to this process are defined as

ξ =
Q2 +Q′2

2Q2/xB −Q2 −Q′2 + t
(1)

ξ′ =
Q2 −Q′2 + t/2

2Q2/xB −Q2 −Q′2 + t
(2)

representing the skewness (ξ) and the Bjorken generalized variable (ξ′). If Q′2=0, the final photon
becomes real, corresponding to the DVCS process and the restriction ξ′=ξ in the Bjorken limit. If
Q2=0, the initial photon is real, referring to the TCS process and the restriction ξ′=−ξ in the Bjorken
limit. The DDVCS reaction amplitude is proportional to a combination of the Compton Form Factors
(CFFs) F (with F ≡ {H, E , H̃, Ẽ}) defined from the GPDs F (with F ≡ {H,E, H̃, Ẽ}) as

F(ξ′, ξ, t) = P
∫ 1

−1

F+(x, ξ, t)

[
1

x− ξ′
± 1

x+ ξ′

]
dx− iπF+(ξ

′, ξ, t) (3)

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)] (4)

is the singlet GPD combination for the quark flavor q. In these expressions, the upper sign holds for
vector GPDs (Hq, Eq) and the lower sign for axial vector GPDs (H̃q, Ẽq). In comparison to DVCS
and TCS, the imaginary part of the DDVCS CFFs access the GPDs at x=±ξ′ ̸= ξ instead of x=±ξ,
and the real part of the DDVCS CFFs involves a convolution with different parton propagators.

Varying the virtuality of both incoming and outgoing photons changes the scaling variables ξ′ and
ξ and maps out the GPDs as function of its arguments independently. From Eq. 2-1, one obtains

ξ′ = ξ
Q2 −Q′2 + t/2

Q2 +Q′2 (5)
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indicating that ξ′, and thus the imaginary parts of the CFFs {H, E}, changes sign around Q2=Q′2.
This represents a strong testing ground of the universality of the GPD formalism [22].

As a consequence of the time-like nature of the final photon, the DDVCS process is restricted
to the ERBL region and GPDs can be accessed only in the domain |x| < ξ. Although the whole
physics phase-space is not accessed, this is a tremendous gain of information since no deconvolution is
involved. DDVCS so provides the necessary framework for an uncorrelated measurement of the GPDs
as a function of both scaling variables x and ξ [23].

2.2 Experimental observables

DVCS has been the main focus of experimental programs for the past two decades, since factorization
was shown to hold already at electron beam energies of 6 GeV [24]. Several DVCS observables have
been measured: polarized and unpolarized cross section off the proton [24, 25, 26, 27, 28, 29, 30, 31]
and off the neutron [32, 33], beam spin asymmetries off the proton [34, 35, 36] and more recently
off the neutron [37], target spin asymmetries off longitudinally [38, 39, 40, 41] and transversely [42]
polarized protons, and beam charge asymmetries [43, 44]. The first ever measurement of TCS was
recently released [20] and no measurements so far of DDVCS have yet been performed. With its
high luminosity and large acceptance capabilities, the SoLID spectrometer is ideally suited for the
investigation of the DDVCS process.

2.2.1 Cross section

Figure 2: Reference frames of the reaction 1H(e, e′pl+l−).

Considering the µ+µ−-pair channel of the general di-lepton pair production (Fig. 2)

e(k) + p(p) → e′(k′) + p′(p′) + γ⋆(q′) → e′(k′) + p′(p′) + µ+(l+) + µ−(l−) , (6)

the virtualities of the photons entering the DDVCS process are defined as

Q2 = −q2 Q′2 = q′2 (7)

and the four-momentum to the nucleon as

∆ = p′ − p = q − q′ (8)

with t=∆2. The average photon and nucleon momenta are

q =
q + q′

2
p =

p+ p′

2
(9)

and the DDVCS scaling variables are accordingly [23, 19] (in [19], ξ′ was denoted as ρ)

ξ = −1

2

∆ · q
p · q

ξ′ = −1

2

q · q
p · q

(10)
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Figure 3: The different reaction amplitudes contributing to the ep → epl+l− cross section with, from
left to right: the DDVCS direct and crossed terms, the initial and final state radiation of the Bethe-
Heitler process (BH1), the direct and crossed terms of the vacuum excitation (BH2).

which reduces to Eq. 1 and Eq. 2.
The electroproduction of di-muon proceeds through the coherent sum of three elementary processes

(Fig. 3): the DDVCS process where the di-muon originates from a parton, the Bethe-Heitler mechanism
(BH1) where the di-muon are radiated by the initial or final electron, and the di-muon production
from the vacuum excitation in the vicinity of the nuclear field (BH2). Correspondingly, the di-muon
production cross section induced by a longitudinally polarized (λ) electron beam off an unpolarized
nucleon may be written [23]

d7σλ ≡ d7σλ

dxB dy dt dϕ dQ′2 dΩµ
=

1

(2π)3
α4

16

xBy

Q2
√
1 + ε2

√
1−

4m2
µ

Q′2 |T λ|2, (11)

where the reaction amplitude can generically be expressed as

|T λ|2 = |TDDV CS |2 + Iλ
1 + Iλ

2 + |TBH1
|2 + |TBH2

|2 + TBH12
, (12)

featuring the pure DDVCS amplitude |TDDV CS |2, the beam polarization sensitive interference ampli-
tudes Iλ

1 and Iλ
2 between the DDVCS and BHi processes, and the pure BH amplitude built itself from

the two elementary BHi processes. Following Ref. [23], the harmonic structure of the DDVCS and
interference amplitudes at leading twist and leading αS-order can be written

|TDDV CS |2 =
2ξ′2

Q4y2ỹ2(ξ2 − ξ′2)

2∑
n=0

cV CS
n (φµ) cos(nϕ) , (13)

Iλ
1 =

2ξ′(1− ξ)

Q2∆2y3ỹ3(ξ2 − ξ′2)

ỹ

P1P2

3∑
n=0

[
c1n(φµ) cos(nϕ) + λ s1n(φµ) sin(nϕ)

]
, (14)

Iλ
2 =

2ξ′(1− ξ)

Q2∆2y3ỹ3(ξ2 − ξ′2)

y

P3P4

3∑
n=0

[
c2n(ϕ) cos(nφµ) + λ s2n(ϕ) sin(nφµ)

]
, (15)

with the kinematical parameters

y =
p · q
p · k

ỹ =
p · l−
p · q′

(16)

and the Pi’s propagators of the intermediate leptons of the BH processes

P1 = − 1

2ξ

(k′ +∆)2

p · q
P2 = − 1

2ξ

(k −∆)2

p · q
P3 =

1

2ξ

(l+ +∆)2

p · q
P4 =

1

2ξ

(l− +∆)2

p · q
. (17)

Similarly to spacelike DVCS process, the Fourier coefficient cV CS
n comprise bilinear combinations of

CFFs and the (c1n, s
1
n, c

2
n, s

2
n) are linear combinations of CFFs and nucleon Electromagnetic Form

6



Factors (EFFs). The BHi amplitudes can be exactly calculated following the expressions

|TBH1
|2 = − ξ′(1− ξ)2

Q2∆2y4ỹ4ξ(ξ2 − ξ′2)

(
ỹ

P1P2

)2 4∑
n=0

[
c11n (φµ) cos(nϕ) + s11n (φµ) sin(nϕ)

]
, (18)

|TBH2
|2 = − ξ′(1− ξ)2

Q2∆2y4ỹ4ξ(ξ2 − ξ′2)

(
y

P3P4

)2 4∑
n=0

[
c22n (ϕ) cos(nφµ) + s22n (ϕ) sin(nφµ)

]
, (19)

TBH12 = − ξ′(1− ξ)2

Q2∆2y4ỹ4ξ(ξ2 − ξ′2)

yỹ

P1P2P3P4

3∑
n=0

[
c12n (φµ) cos(nϕ) + s12n (φµ) sin(nϕ)

]
. (20)

The Fourier coefficients write

cin(α) =
∑2

m=0

[
ccinm cos(mα) + csinm sin(mα)

]
(21)

sin(α) =
∑2

m=0

[
scinm cos(mα) + ssinm sin(mα)

]
(22)

for i ≡ (V CS, 1, 2, 11, 12, 22) and α ≡ (φµ, ϕ), correspondingly. The exact expression of each Fourier
coefficient is detailed in Ref. [23]. It is worth noticing here that the BHi propagators exhibit the
symmetry properties

Pi(ϕ) = Pi(2π − ϕ) (23)

Pj(θµ, φµ) = Pj(π − θµ, φµ + π) (24)

for i = {1, 2, 3, 4} and j = {3, 4}. As a consequence, the integration over dθµ in a symmetric interval
around θµ=π/2 for any definite moment in θµ reduces to a characteristic cos(nφµ) Fourier expansion.
Integrating over the muon-pair angles within a θ0-symmetric interval and quoting only the angular
dependencies

d5σλ(ϕ) ≡ d5σλ(ϕ)

dxB dy dt dQ′2 dϕ
=

∫ 2π

0

dφµ

∫ π/2+θ0

π/2−θ0

dθµ sin(θµ)
d7σλ(ϕ, θµ, ϕµ)

dxB dy dt dϕ dQ′2 dΩµ
(25)

a DVCS-like 5-fold differential cross section can be obtained as

d5σλ = d5σBH1 + d5σBH2 + d5σDDV CS + d5σI1 + λ d5σ̃I1 = d5σUU + λ d5σLU (26)

where, following the symmetries properties of the BH2 amplitude, the BH2 interference contributions
vanish; the first index denotes the polarization of the beam (U,L) ≡ (unpolarized, longitudinally
polarized), and similarly for the target with the second index. Alternatively, integrating over the
azimuthal angle of the final virtual photon

d5Σλ(φµ) ≡
d5σλ(φµ)

dxB dy dt dQ′2 dφµ
=

∫ 2π

0

dϕ

∫ π/2+θ0

π/2−θ0

dθµ sin(θµ)
d7σλ(ϕ, θµ, ϕµ)

dxB dy dt dϕ dQ′2 dΩµ
(27)

provides a TCS-like 5-fold differential cross section which can be expressed as

d5Σλ = d5ΣBH1+d
5ΣBH2+d

5ΣBH12+d
5ΣDDV CS+d

5ΣI1+d
5ΣI2+λ d

5Σ̃I2 = d5ΣUU+λ d
5ΣLU . (28)

Consequently, experimental observables defined with d5σλ are sensitive to the interference with the BH1

process which has a relatively large amplitude in the Q′2 < Q2 region, whereas observables defined
with d5Σλ are sensitive to the interference with the BH2 process of more interest in the Q′2 > Q2

region. The contribution of the pure BH2 amplitude to the cross section can be further reduced by an
appropriate choice of θ0, π/4 following the prescription of Ref. [23]. The corresponding cross section,
calculated within the VGG framework using the GK19 modeling of GPDs [45, 46], are shown on Fig. 4
for two typical kinematics within the acceptance of the SoLIDµ spectrometer. Both the DVCS-like
and TCS-like angular dependences are dominated by the modulations of the BHi amplitudes with a
more prominent number of cos(nφµ) contributions. However, the TCS-like cross section tends to be
smaller than the DVCS-like.
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Figure 4: DVCS-like (left) and TCS-like (right) differential cross sections for typical kinematics within
the acceptance of the SoLIDµ spectrometer.

2.2.2 Beam spin asymmetry

The interference amplitudes between the BH and DDVCS processes are observables of interest because
of their linear relationship with CFFs. From Eq. (26) and Eq. (28), it is readily seen that the beam
helicity dependence of the cross section allows us to isolate the helicity dependent part of the Iλ

i

amplitudes. The Beam Spin Asymmetry (BSA) observables can be defined as

Aσλ

LU ≡ Aσλ

LU (ϕ) = λ
d5σ+ − d5σ−

d5σ+ + d5σ− =
λ d5σ̃I1

d5σBH1
+ d5σBH2

+ d5σDDV CS + d5σI1

(29)

AΣλ

LU ≡ AΣλ

LU (φµ) = λ
d5Σ+ − d5Σ−

d5Σ+ + d5Σ− =
λ d5Σ̃I2

d5ΣBH1
+ d5ΣBH2

+ d5ΣBH12
+ d5ΣDDV CS + d5ΣI1

+ d5ΣI2

(30)

where only the azimuthal angular dependence of the observables was quoted. The LU indexes denote
a longitudinally polarized beam and an unpolarized target. Similarly to DVCS and TCS, these ob-
servables access the imaginary part of a linear combination of CFFs. Most notably, d5σ̃I1

and d5Σ̃I2

access the same GPD content of the nucleon i.e. for S=(σ,Σ)

ASλ

LU ∝ ℑm
{
F1H+ ξ′(F1 + F2)H̃ − t

4M2
N

F2E
}
, (31)

a feature of particular interest for experimental consistency. BSA observables are shown on Fig. 5
for two kinematics within the SoLIDµ acceptance. Calculations have been obtained from the VGG
modeling of observables using either VGG or GK19 GPDs. As expected, BSAs are changing sign with
the sign of ξ′ and are somehow sensitive to the GPD model. Because of smaller unpolarized cross
sections, TCS-like BSAs have larger amplitude than DVCS-like ones.

2.2.3 Muon charge asymmetry

As in the case of TCS, charge conjugation asymmetries can be accessed with DDVCS without changing
the electric charge of the beam. Indeed, the Forward-Backward (FB) asymmetry in the µ+µ−-pair
production cross-section, which has been a key observable of the first measurement of TCS at JLab [20],
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Figure 5: DVCS-like (left) and TCS-like (right) BSAs for typical kinematics within the acceptance of
the SoLIDµ spectrometer and different GPD models.
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Figure 6: µCAs for the same kinematics as Fig. 5 and computed following the same prescriptions.

can similarly be accessed with DDVCS thus enabling the investigation of the real part of DDVCS CFFs
in a leading twist and leading αS-order approach. This is even more of interest than there is to-date
no dispersion relationship between the real and imaginary parts of the DDVCS CFFs, contrary to
DVCS/TCS. The DDVCS FB asymmetry or muon charge asymmetry can be defined as

AFB
UU (φµ) =

d5ΣUU (φµ−)− d5ΣUU (φµ− + π)

d5ΣUU (φµ−) + d5ΣUU (φµ− + π)
=
d5ΣUU (φµ−)− d5ΣUU (φµ+)

d5ΣUU (φµ−) + d5ΣUU (φµ+)
= Aµ±

UU (φµ) (32)

with

d5ΣUU (φµ− + π) =

∫ 2π

0

dϕ

∫ π/2+θ0

π/2−θ0

dθµ− sin(θµ−)
d7σ0(ϕ, π − θµ− , φµ− + π)

dxB dy dt dϕ dQ′2 dΩµ−
(33)

=

∫ 2π

0

dϕ

∫ π/2+θ0

π/2−θ0

dθµ+ sin(θµ+)
d7σ0(ϕ, θµ+ , φµ+)

dxB dy dt dϕ dQ′2 dΩµ+

= d5ΣUU (φµ+) .(34)

Following angular properties of the reaction amplitudes, the previous equality can be recast as

Aµ±

UU (φµ) =
d5ΣBH12 + d5ΣI2

d5ΣBH1
+ d5ΣBH2

+ d5ΣDDV CS + d5ΣI1

(35)

which indicates that the Muon Charge Asymmetry (µCA) is generated from the interference of the
BH2 process with the other contributions (BH1 and DDVCS) to the di-muon pair production cross
section. Although the µCA receives some contribution of the interference between the BHi process, this
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precisely calculable part turns out to be non-dominant and thus can be straightforwardly subtracted.
Finally, muon charge asymmetries access the GPD content of the nucleon through

d5ΣI2
∝ −ξ

′

ξ
ℜe

[
F1H+

ξ2

ξ′
(F1 + F2)H̃ − t

4M2
N

F2E
]
. (36)

It is worth noting that, differently from DVCS and TCS, BSAs and µCAs are sensitive to different
CFF combinations. Particularly, the contribution of H to the real part can be suppressed by an
appropriate choice of kinematics enabling more sensitivity to H̃ than for the imaginary part. The
same GPD content can be obtained from the FB asymmetry of d5σ, however with a more intricate

contribution of the pure BHi amplitudes. Aµ±

UU is shown on Fig. 6 for typical kinematics within the
SoLIDµ acceptance and computed with the VGG description of experimental observables using the
VGG and GK19 modeling of GPDs, similarly to previous evaluations of BSAs (see Sec. 2.2.2). The rich
φµ-modulation and the large variation of the expected signal are making a very promising observable.

3 Impact of DDVCS measurements
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Figure 7: (ξ′, ξ) phase space of the DDVCS reaction where the ξ=ξ′ and ξ=-ξ′ trajectories correspond
to the DVCS and TCS limits, respectively; the superposed multi-colored area indicates the phase-space
coverage of the here-proposed SoLIDµ experiment.

The essential benefit of the DDVCS reaction is to provide the experimental possibility to explore
the (ξ′, ξ) phase space supporting GPDs at ξ ̸= ±ξ′ (Fig. 7), that is for instance to access the skewness
dependency of GPDs at a fixed generalized Bjorken variable. This translates into the measurement
of GPDs at ξ ̸= ±ξ′ via the imaginary part of CFFs and the sampling of GPDs at ξ ̸= ±ξ′ via the
real part of CFFs (Eq. (3)). These basic facts have direct consequences on the knowledge of several
key-features of the nucleon structure.

3.1 Nucleon tomography

GPDs provide new visual insight on the partonic structure of matter by allowing for a tomography of
the nucleon [11, 13]. In the particular case of zero skewness, GPDs acquire a well-defined probability
interpretation in the infinite momentum frame, similarly to conventional parton distributions. For
instance, the impact parameter dependent parton distribution related to Hq can be written [47]

q(x,b⊥) =
1

(2π)2

∫
d2∆⊥H

q(x, 0,−∆2
⊥) e

−ib⊥·∆⊥ (37)

telling that q(x,b⊥) is the Fourier transform of Hq(x, 0,−∆2
⊥). Consequently, the knowledge of GPDs

at zero skewness allows to determine the probability to find a parton carrying the light-cone longitudinal

10



momentum fraction x of the nucleon at a transverse distance b⊥ from the center of momentum. In that
respect, recent lattice calculations at the physical pion mass predict that the parton density probability
rapidly decrease as x increases (Fig. 8).

Figure 8: 2-dimensional representation of the momentum dependent impact parameter parton distri-
bution function of the GPD H, from lattice calculations at physical pion mass at different x [48].

On the experimental side, existing data provide only a limited support for such a representa-
tion. The access to 0-skewness GPDs for any momentum fraction x is obtained from a strongly
under-constrained and model dependent interpretation of DVCS data allowing to extrapolate the ξ-
dependence of H [49]. Bringing new GPDs information at ξ ̸= ±x will constrain the theoretical
knowledge of the skewness dependence of GPDs. Ultimately, DDVCS will enable a model-independent
determination of the ξ-dependence, providing a truly experimental determination of the parton trans-
verse densities.

3.2 Gravitational form factors

Similarly to the encoding of the electromagnetic structure of the nucleon through the matrix element
of the electromagnetic current, the matrix elements of the Energy-Momentum Tensor (EMT) of the
nucleon contain information about the mass, spin and mechanical properties of the nucleon [50]. These
are encoded in terms of the so-called EMT Gravitational Form Factors (GFFs) which may be written
for quarks and gluons (a ≡ q, g) as3

⟨p′, s⃗′|T a
µν |p, s⃗⟩ = ū(p′, s⃗′)

{
PµPν

M
Ma

2 (t) +
∆µ∆ν − gµν∆

2

M
Ca(t) +MgµνC̄

a(t) (38)

+
P{µiσν}ρ∆

ρ

2M
Ja(t) +

P[µiσν]ρ∆
ρ

4M
Da(t)

}
u(p, s⃗)

with P=(p+ p′)/2 and where Ma
2 (t) represents the mass/energy distribution inside the nucleon, Ja(t)

the total angular momentum distribution, and Ca(t), C̄a(t) the forces distribution. For instance, the
Fourier transform of C(t) ≡

∑
a C

a(t) allows us to infer the mechanical radius of the nucleon and the
distribution of pressure and shear forces inside the nucleon [51]. GFFs may be probed indirectly in
various exclusive processes including DVCS, TCS, J/Ψ production at threshold, and DDVCS. Partic-
ularly, the D-term parameterizing the GPDs is accessed via DVCS through the dispersion relationship
between the real and imaginary parts of the H CFF which writes at leading order

ℜe [H(ξ, t)] = CH(t) + P
{∫ 1

−1

[
1

ξ − x
− 1

ξ + x

]
ℑm [H(x, t)] dx

}
(39)

where the subtraction constant at leading twist and leading order in αs can be written as

CH(t) = 2
∑
q

e2q

∫ 1

−1

Dq
term(z, t)

1− z
dz = 2

∑
q

e2q

∫ 1

−1

(1 + z)
∑
2n+1

dqn(t)C
3/2
n (z) dz (40)

3The notation v{µwν} = vµwν + vνwµ and v[µwν] = vµwν − vνwµ is used.
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with

Cq(t) =
1

5
dq1(t) . (41)

Thus, the separate measurements of the real and imaginary part of H provide a measurement of the
subtraction constant which in turn leads to the so-called Polyakov-Weiss D-term which relates to the
Cq(t) GFF. While ℑm[H] is obtained directly from the helicity dependent part of the DVCS cross
section, beam of different charges are required to isolate ℜe[H] from the DVCS cross section [52]. It is
indeed a key-measurement of the Positron Physics Program [53] at the future Ce+BAF [54]. On the
basis of existing data, Cq(t) can be obtained from the previous multi-step procedure only using the
guidance of theoretical GPD ansatzs [55].

DDVCS provides another alternative to access the D-term taking advantage of the polynomiality
properties of GPDs. This major property expresses that the (n+1)th Mellin moment of a GPD is a
polynomial in ξ of maximal n+1 order, that is considering H∫ 1

−1

dxxn
∑
q

Hq(x, ξ, t) =

n+1∑
i=0

∑
q

h
q(n)
i (t) ξn . (42)

For instance, the second Mellin moment of the GPD H can be expressed as [8]∫ 1

−1

dxx
∑
q

Hq(x, ξ, t) =
∑
q

Mq
2 (t) +

4

5

∑
q

dq1(t) ξ
2 (43)

which relates the 2nd Mellin moment with GFFs, particularly its skewness dependence with the D-
term. Measuring GPDs at ξ′ ̸= ±ξ, DDVCS provides experimental information to constrain the
calculation of the left-hand side integral at fixed skewness. The imaginary part of CFFs is a direct
constraint on the theoretical modeling of GPDs, while the real part of CFFs helps to constrain the
region |ξ′| < ξ lying outside the physics phase space accessible to Compton-like exclusive reactions.

3.3 Deconvolution of Compton form factors

The determination of GPDs from experimental observables is a difficult problem which starts with the
reaction selected to probe the partonic structure of the nucleon. For instance, Compton-like processes
directly access GPDs while deeply virtual meson production combines the partonic information of
both the nucleon and the produced meson. Nevertheless, Compton-like processes do not generally
access a single CFF but a linear and/or bi-linear combination of CFFs which depends on the target
polarization. Thus, several different experimental observables with different sensitivity to a specific
CFF are required to determine from experimental data the 8 unknown quantities corresponding to the
real and imaginary parts of the nucleon helicity conserving CFFs (H, E , H̃, Ẽ). The situation becomes
even more complex when considering higher-twist effects and higher αS-orders.

Several methods based on the fitting of experimental data have been developed to extract CFFs. In
local fit approaches [56, 57, 58], all experimental observables at a fixed kinematical point of the physics
phase-space are considered to obtain a model independent extraction of CFFs. This last feature is
both an advantage and a drawback of this technique which does not take into account the physics
properties of CFFs and commonly leads to large error bars due to the limited number of observables
and the induced correlation between the deduced CFFs.
In global fit approaches [59, 60, 61], a simultaneous fit of the world data set is performed within the
guidance of theoretical models ensuring basic physics properties and limits of GPDs. Such a global fit
is statistically more precise than a local fit but potentially less selective with respect to the different
theoretical prescriptions which parameters are fitted against experimental data. Novel techniques
based on Artificial Neural Networks [62, 63, 64] have been proposed. These advanced techniques are
most promising since they preserve the physics constraints while allowing for a model independent
global fit.

Extracting GPDs from CFFs, known as the deconvolution problem, is the last step of the process
providing an experimental determination of GPDs. Because of the integral nature of CFFs, it implies
the knowledge of GPDs in the full (ξ′, ξ, t) physics phase space, which cannot be achieved with DVCS
and TCS only. Furthermore, it was shown that the deconvolution problem does not accept a unique
solution but a class of functions fulfilling the required physics constraints and resulting in different
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GPDs for the same observables [65]. The only way to remove this degeneracy is to bring information
from other channels. Exploring the physics phase space away from the diagonal ξ′=±ξ, the DDVCS
reaction will provide additional constraints on this problem and will help the convergence of the GPD-
deconvolution from DVCS and TCS CFFs towards a unique solution.

4 Experimental setup

4.1 SoLIDµ spectrometer

EM Calorimeter
(large angle)

EM Calorimeter
(forward angle)

Target

GEM

Light Gas
Cherenkov

Heavy Gas
Cherenkov

Iron  Yoke

Scint

SoLIDμ

1 m

MRPC
Scint

Beamline

Muon Detector
(forward angle)

Coil 

e-/e+

μ+

μ-

Figure 9: SoLIDµ spectrometer, including the SoLID J/ψ setup with the forward angle muon detector added,
shown in its Geant4 simulation.

The experiment E12-12-006 [66] was approved to measure J/ψ near threshold of J/ψ at 11 GeV.
And the E12-12-006A [67] Timelike Compton Scattering (TCS) experiment for GPD study was also
approved as a run group experiment using the same setup. We are proposing to supplement the
J/ψ setup with a new forward angle muon detector (FAMD) for the DDVCS measurement. It will
form the new SoLIDµ setup as shown in Fig. 9. The data taking can happen for the three experi-
ments at the same time with an appropriate trigger configuration as described in the following sections.

To study DDVCS, the small cross section, detection of multiple final state particles and exclusivity
require a spectrometer with high luminosity capability, large acceptance and good resolution. The
SoLID spectrometer is the perfect detector for such measurement. As an all-new spectrometer in Hall
A during the 12 GeV era [68], it is designed to use a solenoid magnet to sweep away low-energy charged
background particles, and can thus carry out experiments using high-energy electron beams incident
on unpolarized or polarized targets at luminosities up to 1.2 × 1037/cm2/s in the J/ψ setup. It has
two groups of detectors. The forward-angle detectors cover polar angles from 8.5◦ to 16.5◦ and con-
sist of several planes of Gas Electron Multipliers (GEM) for tracking, a light-gas Cherenkov (LGCC)
for e/π separation, a heavy gas Cherenkov (HGCC) for π/K separation, a Multi-gap Resistive Plate
Chamber (MRPC) for time-of-flight, and an Electromagnetic Calorimeter (FAEC). The large-angle
detectors cover polar angles from 18◦ to 30◦ and consist of several planes of GEM for tracking, and an
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Electromagnetic Calorimeter (LAEC). Particles in SoLID will be detected and identified by measuring
their momenta, time-of-flight, number of photons produced in the threshold Cherenkov detectors, and
energy losses in the calorimeters and MRPC.

The SoLID solenoid will reuse the CLEO-II magnet. Its superconducting coil and cryostat remains
unchanged. It has a large inner space with a clear bore diameter of 2.9 m and a coil of 3.1 m diameter.
The coil length is 3.5 m, with a 3.8 m long cryostat. The coil is made of 5 × 16 mm2 aluminum-
stabilized superconductor, and runs at 3300 A. Part of the CLEO-II iron flux return will be modified
and reused, and two new iron endcaps will be added at the front and back of the solenoid. The axial
central field of the solenoidal magnet can reach about 1.4 T.

Six layers of GEM detectors will be used for tracking, providing information on the momentum, an-
gle, and interaction vertex of the detected particles. They will be placed uniformly inside the solenoid
magnet. For the forward angle detectors, five layers except for the first layer of GEM detectors will be
used. In principle, three points are needed to reconstruct the kinematic variables. The fourth and fifth
points will bring enough redundancy to compensate for the inefficiency of the GEM tracking detector.
For large-angle tracking, four layers of GEM detectors (omitting the last two layers) will be used. In
this case, four layers are enough since the background level at large angles is expected to be smaller.
SoLID GEMs will provide full azimuthal angular coverage by using trapezoidal-shaped sectors. The
area of a single sector can be as large as 100 cm × 40 cm. Recent advancements in technology, like
single-mask GEM etching and GEM splicing, makes it possible to fabricate GEM foils up to 100 cm
× 200 cm. The GEM readout is by 2D strips readout by VMM chips developed for the ATLAS Small
Wheel Micromegas detectors.

The Cherenkov detectors at forward angles have two parts. The light-gas one uses a standard CO2

gas radiator and can provide e/π separation up to momenta of 4.9 GeV/c with pion rejection in order
of 103. The heavy-gas one uses C4F8 gas at 1.7 atm and gives a momentum threshold of 2.5 GeV/c
and 7.5 GeV/c for pions and kaons, respectively. In both cases, the Cherenkov light is directed by the
mirror systems onto Multi-Anode PMTs (MAPMTs) for readout.

There is one electromagnetic calorimeter at forward angles and one at large angles. They are made
with identical Shashlyk-type modules. Each module is made of a pre-shower and a shower part. The
pre-shower detector is simply a 2 radiation-length lead layer and a 2 cm thick scintillator with embed-
ded wave-length-shifting (WLS) fibers for readout. The shower detector is of Shashlyk type, consisting
of about 200 layers of 0.5 mm lead and 1.5 mm scintillator, and many WLS fibers penetrating all layers
with a density about 1/cm2 for readout at the back of a module. This type of design can reach a pion
rejection factor of more than 100, with good electron efficiency. Its radiation hardness is in the order
of 500 krad, which satisfies the high-luminosity condition in SoLID.

MRPC-based time-of-flight systems have recently been used in the RHIC STAR and LHC ALICE
experiments, providing a typical time resolution close to 100 ps. With readout strips, it can work inside
a magnetic field. Using low-resistive glass, it can gain even higher rate capability. SoLID experiments
have a forward-angle MRPC as part of the planned baseline equipment.

Scintillator pad detector (SPD) will placed at both forward and large angles. FASPD will provide
combined photon rejection with MRPC, but TOF will rely on MRPC for its better time resolution of
100 ps. LASPD will provide both photon rejection and TOF with time resolution of 150 ps.

4.2 Muon detector

For the forward angle muon detector, we will reuse the iron plates from the CLEO II magnet. Only
two inner layers are planned to be used for the barrel part of the SoLID magnet. The third and most
outer layer of iron made of 8 iron plates about 533x250x36 cm are left unused. 7 of the 8 plates are
currently stored at JLab and we will reuse the 6 of the 7 plates for the forward angle muon detector.
We are planning to lay the iron in 3 layers and following each plate of iron with a tracking detector
and a scintillator detector, as show in Figure 10. There is no known conflict in term of space and
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engineering concern for the planned muon detector location. A TOSCA field calculation confirmed
the solenoid field has almost no effect on those iron plates with the forces at the order of one Newton
and the torques at the order of 2 N-m. A 50 cm gap is left between the SoLID endcap and the 1st
layer of iron to allow space for possible electronics and cables connected to the SoLID forward angle
calorimeter.

Iron

tracker

Forward Angle Muon Detector

SoLID Endcap 

Scintilator

Figure 10: Design of SoLID muon detector at forward angle in Geant4 simulation.

Figure 11: Design of a holder for the iron plates

A preliminary concept design of the iron plate holder by an engineer from the Orsay group is shown
in Figure 11. The 3 layers of tracking detectors and scintillator detectors can be mounted on their own
frame independent of the iron layers for easier maintenance. An estimation of the supporting structure
cost from similar structure at JLab is about $200k.

Each layer needs to cover roughly a full donut shape with an inner radius of 1 m and a outer
radius of 2.85 m, which is about 23 m2 in area. The total area is about 70 m2. The 3 trackers will
reconstruct straight muon track segment and connect that with the track segment detected by the
existing SoLID inner GEM trackers. The 3 scintillator planes will measure the energy deposition of
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muons or background pions, while the latter often has hadronic showers which deposit more energy
with larger spread than the former. Multiple layers can help separate pion showers from the minimum
ionizing muon. The 3rd or last plane of scintillator will also serve as part of trigger system because
it has the best muon/pion ratio after pion blocking by all the materials. We will describe some of
hardware details as follows.

Micro Pattern Gaseous Detectors (MPGD) are widely used as tracking detectors with good position
resolution and rate capability. For the muon tracker, we plan to use µRWell technology, this technology
was introduced in the mid-2010s as a robust, high-rate capable detector with built-in spark protection
using a resistive layer. In practice, the amplification layer is etched directly on top of the readout
strip layers, forming only one key component layer. The cost can be greatly reduced compared with
traditional triple GEM detectors. This technology is adopted by the EIC outer barrel tracking detector
as well (Fig. 12). However, for EIC application, an extra GEM layer was added to make the detector
gain larger for a better position resolution. This GEM layer is optional for our muon detector case,
as we don’t need high position resolution. The total cost for EIC µRWELL PCB is 25K, the size is
roughly 1.8 meters by 0.5 meters. To make a full layer of muon tracker detector, this size is roughly
in the same scale as the muon tracker would need, see Figure 13. The average cost reduces if more
units are ordered, therefore, it is safe to estimate that for a full muon tracking layer, the cost can be
controlled within $300K. And the total of 3 planes would cost $900k.

For the readout electronics option for the muon trackers, the VMM chip is well suited for this
application. It offers adjustable gain, precise timing capabilities, and self-triggering logic for streaming
readout, making it an excellent choice for the muon tracking system. Depending on the position
resolution requirement, the total readout channel count can vary significantly. From the SoLID tracking
study experience, a position resolution of 1 mm for muon trackers is enough to connect to the track
segments between the muon detector and the main detector. Therefore, with capacitive charge sharing
technology, approximately 22k channels with 2D UV strip readout are required for all 3 layers. The
total cost of readout electronics is estimated to be 300k and the entire trackers cost is 1.2M.

Figure 12: µRWELL Hybrid Tracking Detector for EIC.

The scintillator planes of the muon detector need to have good energy measurement for the
muon/pion separation and good timing resolution for coincidence with the inner forward detectors
and triggering purposes. Each scintillator plane with 5 cm thickness will be divided into 60 azimuthal
phi segments. Each segment is about 185 cm long. Its inner/outer radius size is 10/30 cm. Acrylic
light guides with regular PMTs will be used for readout at both ends. Using scintillators from the
suppliers like Bicron or Eljen, such a configuration can achieve 150 ps timing resolution as demon-
strated by CLAS12 forward scintillator system [69]. The design is similar to the SoLID large angle
scintillator pad detector [68] which also has 150 ps timing resolution. And both detectors will be used
for coincidence with electrons detected at the SoLID forward angle detector of 100 ps timing.

4.3 Data acquisition

The GEM and µRWell readout is designed to use the VMM3 readout. The VMM3 chip is a 64 chan-
nels ASIC providing time and amplitude for each channel. A prototype for SoLID GEM readout was
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Figure 13: muon Tracking Layer.

developed to be able to handle up to 10 MHz per channel.

Most photosensors are read out using JLab FADC 250 MHz which are a 16 channels VME board
sitting in a VXS crate. The VXS backplane has 4 point to point high speed serial connection up to
5 Gbps, this allows to create a trigger based on FADC data. One unused lane from FADC was used
for Fast Readout of FADC, increasing the data rate from about 100 MB/s to 500 MB/s, effectively
increasing the bandwidth by a factor 80 since boards can be read out in parallel. This allows to transfer
the FADC data at higher rate to reach a trigger rate of 100 KHz, as the baseline maximum rate for
the experiment.

The J/ψ experiment trigger is a coincidence of positron trigger and electron trigger in the calorime-
ter and light gas Cerenkov for photoproduction with about 60 kHz trigger rate. To run DDVCS in
parallel, an additional di-muon trigger will be set up. Since muons can get through a large amount of
materials, we will use the MIP signal in the last layer of scintillators of the forward angle muon detector
as single muon trigger. It is dominated mainly by secondary pion and muon from pion decay and the
rate is about 600 kHz which includes a safety factor 2 based on the simulation study in Section 5.4.2.
Combining two single muon trigger into a coincidence trigger with a 50 ns timing window, this gives
about 18 KHz di-muon trigger rate. Total expected trigger rate is thus about 78 KHz, which is within
the DAQ capabilities of 100 KHz. Please note that scattering electrons and recoil protons are not in
the trigger and this allows the simultaneous detection of multiple DDVCS topologies and J/ψ and
TCS physics.

Since we do not require very high position resolution from the muon trackers which is going to be
dominated by multiple scattering, assuming a 1 mm position resolution, we will have fairly low number
of 22 k channels for 3 planes of trackers. With a single rate of 600 KHz and a readout window of 250
ns we expect less than 1 accidental hit per trigger giving a rate of 0.7 MB/s at 100 KHz.

The trigger scintillators will be read out by Flash ADcs since rate is low we will only be reading
time and amplitude. Similar to the trackers we expect less than 1 accidental hit per trigger, giving a
data rate of about 2 MB/s at 100 KHz.

4.4 Cost estimate

Cost were estimated for the forward angle muon detector and related DAQ and HV. It is based on
3 planes of uRWell with total 22k channels and 3 planes of scintillators with 360 channels. The
mechanical support for the detector and 3 iron layers are also included. The total is $3.26M as shown
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in Table 1.

System Item Cost (K$)
Tracker planes uRWell 900

VMM readout 300
HV 10

Mechanical 100
Scintillator planes Scint. materials 640

light guide 180
PMT+base 180

FADC 500
HV 150

Mechanical 100
Iron planes Mechanical 200

Total 3,260

Table 1: Cost estimation of the forward angle muon detector and related hardware.

5 Simulation studies

We conducted the simulation study using the SoLID Geant4 program “solid gemc” with the SoLIDµ
setup including all subsystems. It helps us understand the acceptance of the signal events and con-
tamination of background. It also provides information about detector response and rate.

5.1 Acceptance

We plan to mainly detect the 3 fold topology of scattered electrons and decay muons to reconstruct
the DDVCS reaction. Single particle acceptance for both electron and muon are studied by throwing
them evenly into the setup from the target location with vertex covering the full target length of 15
cm. The expected acceptance in polar angle and momentum is shown on Fig. 14. The low momentum
cut off for electrons is mostly from magnetic field and SoLID forward angle boundary, while the low
momentum cut off for muon near 2 GeV is mainly from materials blocking. Both geometry and decay
effect are included in this study. However to account for PID and tracking efficiency, we estimate
the total muon efficiency to be about 90% and total electron efficiency to be about 90%. The total
efficiency for one electron and two muons thus is about 70%. The recoil protons can also be detected
by the time of flight detector and tracking and their acceptance is similar to the scattered electrons.
This 4 fold topology will provide the cleanest data samples but with lower statistics. The other 3 fold
topology of recoil proton and decay muons can also be detected, but it would be overwhelmed by the
real photoproduction of BH events to be used for TCS study only. From now on, we simply refer to
the 3 fold topology with scattered electrons as the 3 fold events.

5.2 Kinematic coverage

Since the DDVCS events are always mixed with the Bethe-Heitler (BH) events with a much larger
cross section, the physics rate estimation is simply based on the BH event generator “grape-dilepton”
[70]. The program is widely used for various studies for ep scattering and its cross section calculation is
based on the exact matrix element in the electroweak theory at tree level. Please note “grape-dilepton”
refers to Compton and BH processes which are what we refer to as the BH1 and BH2 processes shown
in Figure 3.

The results for the 3 fold topology with proton not required are shown in polar angle and momen-
tum at Figure 15 and various kinematic variables at Figure 16.

Using the luminosity 1.2×1037/cm2/s and 100 days running time, it was determined that the total
number of BH events has the muon pair invariant mass distribution shown in 17. There are about
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Figure 14: The acceptance for µ (top) at FAMD and e (bottom) at the SoLID forward angle and large
angle detectors.

2.8M 3 fold BH events detected with 0.32 Hz rate and among them 1.3M events in the resonance
free region (above the mass of 1.2 GeV) with 0.15 Hz rate can be used for the physics analysis. A
factorization cut like −t < Q2 +Q′2 would only cut away a couple percent of events. With such high
statistics, we can afford to bin data into multidimensional kinematic bins to measure asymmetries and
compare to GPD models. A total of 0.2M and 0.1M of 4 fold BH events will also be detected for the
entire mass range and the resonance free region, respectively. They can be used to check the physics
analysis process and systematics.
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Figure 15: Momentum and polar angle distribution of BH 3 fold events
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Figure 16: Kinematic distribution of BH 3 fold events

5.3 Event identification and exclusivity

Requiring 3 final state particles detected already makes the 3 fold BH events very clean. We can
further ensure the exclusivity by examining the missing mass of (eµ+µ−X) for 3 fold BH events,
where X should be at the proton mass for exclusive events with resolution determined by SoLID inner
tracking (not the trackers in FAMD) which is close to the target and has no big multiple scattering
effect. The SoLID inner tracking resolution was evaluated using the electron and proton momentum
tracking resolution for the J/ψ experiment. We use the proton resolution for muons and the estimation
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Figure 17: Event counts of BH muon pairs with scattered electron (3 fold in black) and recoil proton (4
fold in red) detected for the run time. The total event counts for the entire range of Mµ+µ− , as well as the
Mµ+µ− > 1.2 GeV region, are listed in the legend.

is conservative. Further we have added an additional 1.5 safety factor on all tracking resolutions. The
event generator “grape-dilepton” can produce both the elastic BH events which is what we want to
detect and the quasi-elastic BH events which has an additional pion or other particles produced. The
initial radiation effect for the 11 GeV electron beam is also turned on. Then we examine the missing
mass distribution of the 3 fold topology for both types of events. Figure 18 shows that the SoLID
tracking resolution is sufficient to have exclusive elastic BH events by putting a cut at 1.15 GeV. The
quasi-elastic BH event contamination is only about 3-4% for the entire mass range or the resonance
free region of Mµ+µ− . The 4 fold BH events have even smaller quasi-elastic background and will be
used to check systematics.
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Figure 18: Missing mass distribution for 3 fold BH elastic (black) and quasi-elastic (red) events. The cut
near missing mass 1.15 GeV can be used to separate the two types of events. The background quasi-elastic
events only count about 3-4% of the signal elastic events for the entire range of Mµ+µ− (left plot) and for the
Mµ+µ− > 1.2 GeV region (right plot).

5.4 Background

Extensive background studies were carried out for the J/ψ experiment and showed that SoLID could
handle a luminosity of 1.2× 1037, and this luminosity was chosen for optimal reconstruction of J/Psi
events. The background for DDVCS inside of SoLID will be similar to the J/ψ experiment.
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Our background study focuses on the background in the forward angle muon detector using full
Geant4 simulation and physics generators. The beam induced low energy backgrounds were evaluated
with 11 GeV electron beam shooting on the 15 cm long liquid hydrogen target. They are mostly
contained within the SoLID endcap and have negligible effect in the muon detector.

The main background for our measurement is from pions produced at the target. We present our
simulation study for pion blocking and evaluate the remaining background in the following sections.

5.4.1 Pion blocking study

The initial pions from the target need to fly about 10 m before they reach the FAMD and pass its 3
layers of iron. They can be blocked by the heavy materials along the way like ECAL and magnet iron.
Some secondary pions can be generated during those hadronic interactions, and some of them decay
into muons. The best way to suppress pions is to block them with a lot of heavy materials, but there
are always small chances that secondary pions and muons can go through.

A flat distribution of pions from the target location thrown into the SoLIDµ setup in Geant4 is used
to model pion blocking including its reaction with materials along its flight path and its muon decay.
A pion from the target may reach the forward angle muon detector as a primary pion, secondary pions,
a decay muon, or other secondary charged particles like protons and electrons. All of those charged
particles can leave signals in FAMD trackers and scintillators. We call it the pion hit probability as
shown in left plot of Fig. 19 for charged particle hits from the initial pion at 3 different layers of FAMD.
Please note more than one charged particle could have leave hits from a single initial pion. All of them
are included in the probability.
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FAMD, primary and secondary pion

FAMD, muon from primary pion decay

FAMD, muon from primary and secondary pion decay

pion surviving probability

Figure 19: Left: the pion hit probability at 3 layers subdetectors of the FAMD. No other detector,
such as SoLID tracking, is considered. Right: the pion survival probability at the layer3 of FAMD
including SoLID inner tracking. The primary pions from the target can have 0.1% chance to survive,
while secondary pions produced by primary pions along the way can have 1% percent. Muons are
mostly from primary pions and have the probability of decaying and reaching the detector from 0.1%
to 1%.

The aforementioned pion hit probability at the FAMD considered all charged particles from charged
pions at the target. They are good to estimate the single particle rate at the FAMD. But the offline
muon construction from the target will need to consider both track reconstruction from the GEM
trackers inside SoLID and the FAMD response. From the same simulation study, we count the charged
pion and muon at the layer3 of FAMD with a matching track at the GEM tracking planes inside SoLID
and compare them to the initial pion from the target. We call it the pion survival probability as shown
in the right plot of Fig. 19. A pion from the target has a small chance of reaching the end of the
FAMD as a primary pion, a secondary pion, or a decay muon from the two types of pions. Primary
pions are the initial pion and have a survival chance of only 0.1%, while secondary pions produced
by primary pions along the way can increase with momentum and reach 1.2% at 11 GeV/c. Those
secondary pions can be further suppressed by cutting on their energy deposition in the scintillators
of the FAMD which generally have larger values than that of muons and primary pions behaving like
minimum ionizing particles, as shown in the right plot of Fig. 20. This is because the appearance
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of secondary pions at layer3 is an indication that most likely the initial pions have started showering
in the FAMD as in the left plot of Fig. 20. We give the suppression a conservative estimation as a
factor of 2. Additional transverse energy deposition distribution could be used to further enhance the
suppression. Comparing to secondary pions, muons from pion decay can have a maximum of 0.8%
surviving probability near 4 GeV/c. They are mostly from primary pion decay instead of secondary
pions and their behavior in the FAMD is just like muons from the target. The main difference is
their vertex are distributed along the 10 m flight path instead from the target. In summary, those
pion survival probabilities, with an additional factor of 2 suppression for secondary pions, can help us
estimate the final reconstructed background particles from pions produced at the target and compare
to our signal muons.
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Figure 20: Left plot: Geant4 simulation of a muon hitting the left side FAMD with fewer hits and
less energy deposition, compared to a pion hitting the right side with more hits and more energy
deposition. Right plot: Total energy deposition in 3 layers of scintillators in the FAMD for muons,
primary pions and secondary pions which have passed through all 3 layers.

5.4.2 Single pion background

The single pion rate from the LH2 target was evaluated by using the “evgen bggen” event generator [71]
which combines the PYTHIA event generator with resonance models for electroproduction. It was used
for Hall D and SoLID studies and has good agreement with data.

Combining “evgen bggen” output with the pion hit probability, we obtained the single particle rate
at the forward muon detector. Their rate distribution over polar angle and momentum for 3 layers
are shown in Figure 21. The integrated rate of negative pions is 616/285/154 kHz at layer1/2/3. And
the integrated rate of positive pions is 605/281/153 kHz at layer1/2/3. So the total rate is about
1221/566/311 kHz at layer1/2/3. From the same study, we also obtain the rate per area distributions
shown in Figure 22. The combined max rate per area is only 16/8/4 Hz/cm2 at the most inner radius
of layer1/2/3 . We do not expect any issue operating µRWell or GEM trackers which can handle 200-
2000kHz/cm2 easily or scintillators at such low rate. Because the pion hit probability including more
than one charged particle hits from a single initial pion, the rate numbers are somewhat overestimated
this way. This help us obtain conservative upper limit for rate in detectors. A cross-check with the full
simulation by throwing using event generator output directly into Geant4 simulation without using
pion hit probability confirms the results. It is not shown here due to lower statistics.

Our main trigger will be the coincidence trigger requiring two single muon (minimum ionization
particle) triggers at the layer3 of the forward angle muon detector. Considering the total single particle
rate there of 311 kHz, we add a safety factor 2 to make it 600 kHz. Then using a 50 ns coincidence
timing window, the coincidence trigger rate can be estimated to be 18 kHz.
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Figure 21: Single particle rate at layer1 (top), layer2 (middle), layer3 (bottom) of the FAMD. They
are from negative pions (left) or positive pions (right) produced at the target.
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Figure 22: Single particle rate per unit area at layer1 (top), layer2 (middle), layer3 (bottom) of the
FAMD. They are from negative pions or positive pions produced at the target.

5.4.3 Two pion exclusive background

For offline physics analysis, we will have at least 3 particles in the final state including the scattered
electron and two muon candidates with information from both the inner tracker and muon detector.
There could be accidental background from a semi-inclusive event of the scattered electron and at
least one charged pion and a uncorrelated single opposite charged pion event from another vertex. The
semi-inclusive event can have a rate about 5 kHz from the target and it will be reduced to about 25
Hz at the muon detector. On the other hand, the single pion event can have about 30 khz at the muon
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detector. The timing coincidence with a narrow time window like 20 ns, vertex coincidence with 15
cm target length for at least a factor 5 suppression, and missing mass cut can easily suppress those
kind of accidental background below 1% of the signal channel.

The main background is the two pion exclusive channels (2pi). It will pass the two charged particle
coincidence trigger in the muon detector and survive the missing proton mass exclusivity cut because
muon and pion can be miss-identified and their masses are only about 30 MeV part. We used the
event generator “twopeg” [72] to study the channel e−p→ e−pπ+π−. It includes both resonance and
non-resonance regions and fits the five-fold differential structure functions from the recent versions of
the ”JLab-Moscow State University” (JM) model to all results on charged double pion photo- and
electroproduction cross sections from CLAS 6 GeV. To estimate the cross sections in the regions not
covered by 6 GeV data, a specialized extrapolation is used to extend the coverage to 12 GeV beam
to cover in W from the reaction threshold up to 4.5 GeV and the results were in agreement with the
preliminary 12 GeV data.

Combining the “twopeg” generator and the pion survival probabilities with an additional factor of
2 suppresion on the secondary pions, we obtained the counts from the two pion exclusive channels as
shown in Figure 23. Comparing to the SoLID main detectors which will detect 2pi channels directly,
the reduction factor in the FAMD is in the order of between 1e-4 and 1e-5 because 2 muon-like charged
particles are required to be detected. The results are separated into the following cases: neither pion
decays, negative pion decays into muon, positive pion decays into muon, and both pions decay into
muons. The first 3 cases have smaller counts because of the strong pion blocking, while the last one
could be further suppressed by a vertex tracking study. The total counts from the 2pi channel are
about 7% of the BH muon counts for the entire mass range and 5% for the region Mµµ > 1.2 GeV. In
addition, the two pion exclusive channel will also be measured by the SoLID main detectors with high
precision to help control its systematics.
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Figure 23: 3 fold BH and 2pi counts for the run time. The two pion exclusive channel backgrounds
are shown in 4 cases: neither pion decays, negative pion decays into muon, positive pion decays into
muon, and both pions decay. The total counts for all events, and events after the cut of two muon
invariant mass larger than 1.2 GeV, are shown in the legend.
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6 Projected results

Experimental projections were built using the VGG and GK19 model predictions and counting rates
from the realistic simulation described in section 5. DDVCS event selection is determined by detecting
the scattered electron and the produced muon pairs. Proton-detected detection topology has not been
taken into account. Detection is established by the SoLID DDVCS acceptance maps of Fig. 14 and
an overall 70% detection efficiency. Finally, the e−µ+µ−(N) event count is obtained by re-scaling
the acceptance-filtered events accordingly to the expected luminosity of 1.2 × 1037 cm−2 · s−1 and
100 production days of beam time. A detailed description of the binning scheme and the full set of
experimental projections is shown in Section 6.3.

To explore the physics reach of the SoLID detector, we consider the equal-number-of-events binning
scheme shown in Fig. 24. The binning was defined over the (ξ′, ξ, t, φµ) phase space as it is directly
related to the CFF/GPD phase space, which we ultimately intend to explore. Initially, we define ten
bins in the (ξ′, ξ) space, followed by three bins in t. Thirty bins were defined in total. Given the
expected statistics, data allows a four-dimensional exploration of the DDVCS phase space to access
CFFs through precise BSA and muon Charge Asymmetries (µCA). As the factorization scale is given
by Q2 + Q′2 and we are accessing small Q2 values, we can neglect in a first approximation the Q2

dependence of GPDs. Therefore, it is possible to explore the three-dimensional phase space of CFFs
with the foreseen data.
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Figure 24: DDVCS Kinematic reach of the SoLID detector and binning scheme used for experimental
projections. Points represent the mean kinematic values over the five-dimensional binning scheme.

As shown in Fig. 24, the SoLID detector would mainly access the TCS-like region of the DDVCS
phase space (ξ′ < 0). Contrary to DVCS, the factorization condition Q2+Q′2 > 1 GeV2 let us include
in the analysis low Q2 events for large enough Q′2. In particular, we select the Q′2 > 1.4 GeV2 region,
excluding the main vector meson resonances Mµ+µ− > 1.2GeV in the spectrum [20], while Q2 reaches
values as small as 0.2 GeV2 given by the electron acceptance. The access to the DVCS-like region
(ξ′ > 0) is therefore subject to the condition Q2 > Q′2 > 1.4 GeV2, which has a smaller coverage
than the TCS-like region with an 11 GeV beam. Overall, TCS-like observables have similar or better
statistical errors than DVCS-like observables for all of our kinematic coverage, and this is what our
projection study focuses on. DVCS-like observables are still very useful for systematics cross-check
after data collection.

6.1 Beam spin asymmetry

Given the Beam Spin Asymmetry (BSA) prediction ALU from the GK19 model and the simulated
dataset’s event count estimation N , the BSA statistical error bar is computed as

∆Astat
LU =

√
1− (ALU/P )2

N
, (44)

where P = (86 ± 2)% is the polarization of the expected electron beam for SoLID. The systematic
error due to the beam polarization is also included in the BSA error estimate by quadratically adding
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Figure 25: Sample TCS-like BSA projections.

it to the statistical error as:

∆ALU =

√
(∆Astat

LU )2 +

(
ALU

∆P

P

)2

. (45)

Statistical fluctuations are introduced by shuffling the model-predicted ALU value following a Gaussian
distribution centered at ALU and standard deviation ∆ALU (ALU → G(ALU ,∆ALU )).

In Fig. 25, the left plot shows TCS-like BSA projection in one bin from the TCS-like region and
the right plot shows TCS-like BSA projection from the full DVCS-like region. This indicates that the
SoLID detector will allow a first-time observation of the asymmetry sign change when transitioning
between the DVCS-like and TCS-like regions.

It is crucial to notice that the TCS-like BSA is presented as a function of φµ, i.e. using the 5-fold
differential cross-section Σλ obtained when integrating over ϕ and θl as defined in Eq. 27. Although
a DVCS-like BSA constructed with σλ accesses the same CFF information, the kinematic factors
entering the calculation can suppress or enhance the asymmetry amplitude at a given kinematics.
In particular, the integrated Σλ cross-section amplifies the observables on the TCS-like region while
suppressing them on the DVCS-like region. The opposite holds for σλ. In both cases, the same CFF
information is accessed. As a result, the TCS-like BSA is furnished with large amplitudes in the TCS-
like region compared to the DVCS-like region, as shown in Fig. 25. All TCS-like BSA projections
can be consulted in Section 6.3. While the results show feasible measurements in most bins, some
projections present large error bars compared to the asymmetry amplitude. The latter corresponds
to bins of significant statistics. Still, small ξ′, thus justifying the small asymmetry amplitude as it is
predicted to decrease when ξ′ approaches zero, vanish, and change sign accordingly with ξ′.

Let us also consider two bins in ξ′ at relatively large ξ given by 0.3 < ξ < 0.4, being 0.4 the upper
limit of the ξ SoLID acceptance, and integrated over all other variables. The TCS-like BSA associated
with such kinematics is shown in Fig. 26 according to the GK19 model and the GK19 + BDMMS21
model, being the latter a shadow GPD model as described in the reference [65]. Given the foreseen
kinematic reach of the SoLID detector, the experimental projection points to a first-time exploratory
measurement constraining shadow GPD models.

In brief, the experiment covers a broad kinematic range enriched by the -t ≪ Q2 +Q′2 condition,
allowing the measurement of low Q2 events. As a result, the DDVCS reaction can be studied on a four-
dimensional grid, with (ξ′, ξ, t, φµ) a preliminary choice of binning to be optimized for experimental
data. In particular, BSA measurements over such a kinematic grid would allow to constrain GPDs in
uncharted territories as they access the singlet GPD combination contained in the imaginary part of
CFFs. Moreover, the SoLID experimental program would allow a first-time observation of the GPD
sign difference in the TCS- and DVCS-like regions and shadow-GPD-sensitive measurements. The
expected experimental signals enable a meaningful extraction of the CFFs from the φµ-modulation,
thus providing invaluable constraints for GPDs through global fit methods.
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(a) −0.1 < ξ′ < −0.04.
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(b) −0.04 < ξ′ < 0.1.

Figure 26: Projected exploratory TCS-like BSA measurements sensitive to shadow GPDs in the 0.3 <
ξ < 0.4 region.

6.2 Muon charge asymmetry

Following the discussion of 2.2.3, charge conjugation asymmetries are accessible with the DDVCS
process as opposite-charge states are found in the lepton pair. Thus reducing the sources of systematic
uncertainties entering into a Beam Charge Asymmetry with electron and positron beams. Similar to

BSA projections, given the theory prediction Aµ±

UU as of the GK19 model and the simulated dataset’s
event rate estimate N , the statistical error bar for the muon-charge (Forward-Backward) asymmetry
(µCA) is given by:

(∆Aµ±

UU )
stat =

√
1− (Aµ±

UU )
2

N
. (46)

The µCA, as defined in Eq. (32), receives its main contributions from the cos(φµ) and cos(3φµ)
terms. The latter is a consequence of the P3P4(θµ, φµ) propagators in the BH12 and Iλ

2 terms of
the unpolarized cross-section, in Eqs. (20) and (15) respectively. Fig. 27 shows two examples of
the projected µCA. On the one hand, model predictions are similar and point to large asymmetry
amplitudes that can be measured with the SoLID detector. Therefore, accessing the real part of
CFFs out of the ξ = ±ξ′ trajectory as in DVCS and TCS. On the other hand, Fig. 27 shows that the
cos(3φ) modulation might play a major role in some kinematics while being negligible in others. As the
asymmetry accesses the interference between the DDVCS and BH2 components of the cross-section,
both cosine moments would provide valuable information on CFFs. Given the expected statistics, only
the extraction of the cosφ moment is foreseen.
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(a) µCA in the TCS-like region (Bin 24).
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(b) µCA in the DVCS-like region (Bin 7).

Figure 27: Sample µCA projections.
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(a) µCA and the components entering the cosφµ mo-
ment.

(b) Distribution of the cosφµ moment of the µCA
after 10k iterations.

Figure 28: Extraction of cosφµ moment of the µCA on bin 13.

To study the feasibility of the cosine moments and determine the expected statistical errors of its
extraction, we perform a fit to the experimental projection to the function:

AFB
UU = a0 + a1 cos(φ) + a3 cos(3φ), (47)

where the coefficients ak are given by the sum of the VCS·BH2 and BH1·BH2 components as ak =
aV CS·BH2

k +aBH1·BH2

k . Such a fit is performed ten thousand times, shuffling the projected asymmetries
on each iteration and collecting the b1 parameter to construct its statistics. Fig. 28 shows the example
of bin 13, where the BH contribution is relatively small and allows for a cosφµ extraction within a

7.5% error given by the standard deviation of the ∆a1 = afit1 − agen1 distribution. The corresponding
generated values are aV CS·BH2

1 = 0.1364951 and aBH1·BH2
1 = 0.0667959. Therefore, the extraction of

the aV CS·BH2
1 moment is tied to a 11.1% statistical error. Likewise, it is obtained that a cosφ moment

extraction can be obtained with an error smaller or equal to 30% in 13 out of the 30 defined kinematic
bins.

Overall, we can conclude that the DDVCS µCA can be measured with the SoLID detector within
100 days of beam time. Such measurements are exploratory and provide access to the real part of CFFs
over the non-explored regions of the GPD phase space, subject to a suitable control of the systematic
errors involved in the extraction procedure.

6.3 Complete set of experimental projections

In the following, we present the boundaries of the chosen binning scheme in Table 2 and the set of all
experimental projections in Fig. 29, Fig. 30, Fig. 31 and Fig. 32 for the TCS-like BSAs and µCAs.
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Bin ξ′ range ξ range t range (GeV2)

1 −0.255 < ξ′ < 0 0.152 < ξ < 0.176 −5.541 < t < −0.287
2 −0.287 < t < −0.150
3 −0.150 < t < −0.020
4 0.176 < ξ < 0.739 −5.541 < t < −0.287
5 −0.287 < t < −0.150
6 −0.150 < t < −0.020
7 0 < ξ′ < 0.512 0.071 < ξ < 0.126 −5.541 < t < −0.287
8 −0.287 < t < −0.150
9 −0.150 < t < −0.020
10 0.126 < ξ < 0.153 −5.541 < t < −0.287
11 −0.287 < t < −0.150
12 −0.150 < t < −0.020
13 0.153 < ξ < 0.189 −5.541 < t < −0.287
14 −0.287 < t < −0.150
15 −0.150 < t < −0.020
16 0.189 < ξ < 0.739 −5.541 < t < −0.287
17 −0.287 < t < −0.150
18 −0.150 < t < −0.020
19 −0.255 < ξ′ < −0.017 0.071 < ξ < 0.108 −5.541 < t < −0.287
20 −0.287 < t < −0.150
21 −0.150 < t < −0.020
22 0.108 < ξ < 0.122 −5.541 < t < −0.287
23 −0.287 < t < −0.150
24 −0.150 < t < −0.020
25 −0.255 < ξ′ < −0.040 0.122 < ξ < 0.152 −5.541 < t < −0.287
26 −0.287 < t < −0.150
27 −0.150 < t < −0.020
28 −0.040 < ξ′ < −0.017 0.122 < ξ < 0.152 −5.541 < t < −0.287
29 −0.287 < t < −0.150
30 −0.150 < t < −0.020

Table 2: Bin boundaries of the binning scheme shown in Fig. 24.
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(g) Bin 7.

0 50 100 150 200 250 300 350
 (deg)

µ
ϕ

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08λ Σ LU
A

VGG

GK19

SoLID

(h) Bin 8.
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(m) Bin 13.
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(n) Bin 14.
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(o) Bin 15.

Figure 29: Set of all TCS-like BSA experimental projections (1/2).
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(a) Bin 16.
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(c) Bin 18.
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(d) Bin 19.
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(e) Bin 20.
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(f) Bin 21.
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(g) Bin 22.
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(h) Bin 23.
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(i) Bin 24.
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(j) Bin 25.
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(k) Bin 26.
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(l) Bin 27.
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(m) Bin 28.

0 50 100 150 200 250 300 350
 (deg)

µ
ϕ

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

λ Σ LU
A

VGG

GK19

SoLID

(n) Bin 29.
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Figure 30: Set of all TCS-like BSA experimental projections (2/2).
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(a) Bin 1.
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(b) Bin 2.
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(c) Bin 3.
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(d) Bin 4.
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(e) Bin 5.
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(f) Bin 6.
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(h) Bin 8.
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(i) Bin 9.
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(j) Bin 10.
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(k) Bin 11.
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(l) Bin 12.
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(m) Bin 13.
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(n) Bin 14.
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Figure 31: Set of all µCA experimental projections (1/2).
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(c) Bin 18.
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(f) Bin 21.

0 50 100 150 200 250 300 350
 (deg)

µ
ϕ

0.3−

0.2−

0.1−

0

0.1

0.2

0.3F
B

U
U

A

VGG

GK19

SoLID

(g) Bin 22.
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(h) Bin 23.
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(i) Bin 24.
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(j) Bin 25.
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(k) Bin 26.
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Figure 32: Set of all µCA experimental projections (2/2).
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7 Control of systematics effects

Systematics effects on the measurement of BSAs and µCAs originate essentially from the detection of
the reaction products that are the scattered electron and the dimuon-pair.

Whenever observables are defined at the level of the elementary cross section, as BSAs for DVCS
and TCS, detector effects factorize in the numerator and in the denominator and finally cancel. In the
DDVCS case, the smallness of the cross section does not make possible the consideration of BSAs at
the 7-fold differential cross section level. It is mandatory to integrate over the angular distribution of
the reaction products to allow the determination of observables at the 5-fold differential cross section
level. As defined from Eqs. (29) and (30) and Eqs. (25) and (27), DDVCS BSAs and µCAs remain
sensitive to detector effects through the detection efficiency and effective acceptance of the SoLIDµ
spectrometer for each particle.

The 5-fold polarized raw yield Y± can be expressed as

Y±(φµ) =
1

Q±

1

∆Ωe(φµ)∆θµ(φµ)

∫ 2π

0

dϕ

∫ 3π/4

π/4

dθµ sin(θµ)
N±(ϕ, θµ, φµ)

εe(ϕ) εµ+(θµ, φµ)
(48)

where N± is the number of events per ± beam helicity state accumulated for the Q± electron beam
charge, ∆Ωe is the scattered electron solid angle for the considered φµ bin, ∆θµ is the muon polar
acceptance for that same φµ bin, εe is the scattered electron detection efficiency, and εµ+ is the positive
muon detection efficiency; for simplicity of the notation, only the angular dependence of each quantity
is retained. Correspondingly, the raw yield BSA can be defined as

Yλ
LU =

1

λ

Y + − Y −

Y + + Y − ≡ AΣλ

LU (49)

which uncertainty writes as

δAΣλ

LU =
1

λ

√[
AΣλ

LU

]2
(δλ)

2
+

1

2

(
δY

Y

)2

(50)

where the small asymmetry approximation Y+ ≈ Y− = Y is used with

Y =

∫ 2π

0

dϕ

∫ 3π/4

π/4

dθµ sin(θµ)
N±(ϕ, θµ, φµ)

εe(ϕ) εµ+(θµ, φµ)
. (51)

This last equation shows that BSA systematics originate essentially from the knowledge of the SoLIDµ
detection efficiency while detector acceptance effects cancel in the ratio. The experimental realization
of Eq. (51) is the discrete sum over the Nϕ and Nθµ bins

Y =

Nϕ∑
i=1

Nθµ∑
j=1

nij
εi ϵj

=

Nϕ∑
i=1

Nθµ∑
j=1

sin(θj)Nij

εi ϵj
=

Nϕ∑
i=1

Nθµ∑
j=1

yij (52)

which uncertainty can be expressed as

(δY )
2
=

Nϕ∑
k=1

Nθµ∑
l=1

y2kl

(
δnkl
nkl

)2

+

Nϕ∑
k=1

Nθµ∑
l=1

ykl

2(
δεk
εk

)2

+

Nθµ∑
k=1

Nϕ∑
l=1

ylk

2(
δϵk
ϵk

)2

(53)

where the first term of the right-hand side is the statistical error and the other terms contribute to
the systematic error. For the purpose of a practical evaluation of detector systematics effects, one may
assume that the yield and efficiency relative errors are bin-independent i.e.

ykl = y
δεk
εk

=
δε

ε

δϵk
ϵk

=
δϵ

ϵ
. (54)

The detector related absolute systematics on the physics BSA can then be expressed as

[
δAΣλ

LU

]Det.

Sys.
=

1

λ

√
1

Nϕ

(
δε

ε

)2

+
1

Nθµ

(
δϵ

ϵ

)2

(55)
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telling that detector systematics effects can be strongly reduced by a fine enough knowledge of the
detector efficiencies.

Similarly, the charged raw yield Y ± can be expressed as

Y ±(φµ) =
1

Q

1

∆Ωe(φµ)∆θµ±(φµ)

∫ 2π

0

dϕ

∫ 3π/4

π/4

dθµ sin(θµ)
N±(ϕ, θµ, φµ)

εe(ϕ) εµ±(θµ, φµ)
(56)

where N± is the number of µ± accumulated for the Q electron beam charge and ∆θµ± is the µ± polar
acceptance for the considered φµ bin. Correspondingly, the raw yield unpolarized µCA can be defined
as

Yµ±

UU =
Y + − Y −

Y + + Y − ≡ Aµ±

UU (57)

which uncertainty writes as

δAµ±

UU =
2Y +Y −

(Y + + Y −)2

√(
δY +

Y +

)2

+

(
δY −

Y −

)2

(58)

where following the discretisation of Eq. (52) we have

Y ± =
1

∆θ±

Nϕ∑
i=1

Nθµ∑
j=1

nij

εiϵ
±
j

=
1

∆θ±

Nϕ∑
i=1

Nθµ∑
j=1

y±ij . (59)

which shows that µCA systematics originates from the knowledge of the muon detector efficiency and
solid angle while electron acceptance effects cancel. The yield uncertainty can be expressed as

(δY ±)
2

=

Nϕ∑
k=1

Nθµ∑
l=1

(y±kl)
2
(
δnkl
nkl

)2

(60)

+ (Y ±)
2
(
δ∆θ±

∆θ±

)2

+

(
1

∆θ±

)2 Nϕ∑
k=1

Nθµ∑
l=1

y±kl

2(
δεk
εk

)2

+

(
1

∆θ±

)2 Nθµ∑
k=1

Nϕ∑
l=1

y±lk

2(
δϵ±k
ϵ±k

)2

where the first term of the right-hand side is the statistical error and the other terms contribute to
the systematic error. For the sake of a practical evaluation of detector systematics effects, one may
assume that the yields and efficiency relative errors are bin- and muon charge-independent, as well
as solid angles and corresponding relative errors. The detector related absolute systematics on the
physics µCA can then be expressed as

[
δAµ±

UU

]Det.

Sys.
=

1√
2

√(
δ∆θ

∆θ

)2

+
1

Nϕ

(
δε

ε

)2

+
1

Nθµ

(
δϵ

ϵ

)2

(61)

telling that, similarly to BSAs, detector systematics effects can be reduced by a fine knowledge of the
detector efficiencies but get an irreducible contribution from the solid angle accuracy.

The precise control of the acceptance and efficiency parameters of the detector will be obtained
both from simulations and the measurement of specific reference physics channels. In these respects,
the symmetrical configuration of the SoLIDµ spectrometer as well as the solenoidal magnetic field offer
further control possibilities. The detector acceptance for each particle (eµ+µ−) will be obtained from
extensive simulations based of the SoLIDµ GEANT4 model with a typical precision of 3% or better for
each particle. The measurement of the Deep Inelastic Scattering electron cross section simultaneously
to DDVCS will allow us to determine the scattered electron detection efficiency. Electron elastic
scattering will offer further control of this quantity with a typical precision of 7% or better. The muon
detection efficiency involves both the SoLID spectrometer and the additionnal muon detector. The
measurement of exclusive π± production off protons simultaneously to DDVCS will provide an in-situ
control of SoLID efficiency for charged particles very similar to muons. Together with the several
active layers of the muon detector, the muon detector efficiency will be established with an expected
accuracy of 10%. Injecting these numbers into Eqs. (55)-(61) and considering the worst case binning
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scenario (Nϕ=Nθµ=1) as well as a more reasonable case (Nϕ=Nθµ=20) for a 85% polarized beam, we
obtain

0.14 ≤
[
δAΣλ

LU

]Det.

Sys.
≤ 0.03 (62)

0.09 ≤
[
δAµ±

UU

]Det.

Sys.
≤ 0.03 (63)

which provide boundaries on the expected absolute systematic uncertainties of BSAs and µCAs.

8 Summary and beam time request

We propose to measure DDVCS on the proton using an 11 GeV highly longitudinally polarized (>85%)
electron beam with the SoLIDµ setup in the experimental Hall A at Jefferson Lab. For this purpose,
the SoLID spectrometer will be complemented with a forward angle muon detector. The beam spin
asymmetry will be measured in a wide range of space-like and timelike virtualities of the incoming and
outgoing virtual photons, respectively. This will provide novel and unique observables of GPD physics
at x < |ξ| which is otherwise inaccessible by low luminosity or small acceptance detectors anywhere in
the world. The beam spin asymmetry is the highlight to access the imaginary part of DDVCS CFFs.
The muon charge asymmetry will also be explored as a possible access to the real part of DDVCS
CFFs.

Within the collaboration, we have expertise for designing and building the muon detector, experi-
ence of GPD physics analysis, and strong theory support as shown in Table 3.

Item Institution Main contact
Tracker planes JLab X. Bai

Scintillator planes Virginia Tech M. Boer
Electronics JLab A. Camsonne
Software Duke Z. Zhao
Analysis IJCLab J.-S. Alvarado / E. Voutier

Theory Support CPHT Polytechnique / NCNR B. Pire / P. Sznajder / J. Wagner

Table 3: Responsibility

Beam Beam Beam Target Target Beam time
Energy Current Requirements Material Thickness (days)
(GeV) (uA) (cm)
11 3 polarized (>85%) LH2 15

Run Group Calibration time 10
Run Group Production time 50
Requested Production time 50

Total Time 110

Table 4: Beam time summary

As listed in Table 4, the proposed experiment will run concurrently with the SoLID J/ψ experiment
(E12-12-006) approved for 60 days (10 calibration days and 50 production days). We request an
additional 50 days of production leading to a total 110 days. It will use a 3 µA polarized electron
beam and a 15 cm liquid hydrogen target for a total luminosity of 1.2× 1037cm−2 · s−1.

With the newly requested beam time, the approved J/ψ and TCS experiments with e+e− decay
will double their statistics. And the forward angle muon detector will complement them by opening
up the muon-pair detection channel. The SoLIDµ spectrometer will also enable other physics to be
explored in the future, for example, Charged Lepton Flavor Violation (CLFV).
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