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Executive Summary

This proposal, which follows the previous Letter-of-Intent LOI12-15-005, aims at the measurement of56

the Double Deeply Virtual Compton Scattering (DDVCS) process in the di-muon channel (e−p→ e−pγ∗ →57

e−pµ+µ−) with the SoLID spectrometer supplemented with a forward angle muon detector.58

The Compton scattering of a virtual photon in the deep inelastic regime, or so-called DDVCS, constitutes59

a unique access to generalized parton distributions (GPDs). The virtuality of the final photon enables the60

decorrelated investigation of the x- and ξ-dependences (respectively, longitudinal momentum fraction and61

skewness) of GPDs, as opposed to Deeply Virtual Compton Scattering and Timelike Compton scattering62

which access (at leading order in αs) GPDs along the diagonals x=±ξ. The main physics goal of the proposed63

experiment is to determine Compton Form Factors (CFFs) and Generalized Parton Distributions (GPDs) in64

the region x < |ξ|. Such measurements are of relevance not only for the precise knowledge of GPDs but most65

importantly for the understanding of the nucleon structure properties. This includes nucleon tomography66

through transverse momentum parton densities which rely on the extrapolation of the Fourier transform of67

GPDs in the limit ξ → 0, and the distribution of spin and forces in the nucleon through the gravitational68

form factors.69

The golden observable of the proposed measurements is the Beam Spin Asymmetry (BSA) which accesses70

the imaginary part of Compton Form Factors (CFFs), that is the GPD value at a given point of the physics71

phase-space. Similarly to Deeply Virtual Compton Scattering (DVCS) and Timelike Compton Scattering72

(TCS), this observable is obtained from the comparison of the number of experimental events measured for73

opposite beam helicities. Differently from DVCS and TCS and because of the smallness of the cross section,74

the event distributions are preliminary integrated over the muon-pair polar angle and either the muon-pair75

(DVCS-like observable) or the final virtual photon (TCS-like observable) azimuthal angle. Additionally, the76

helicity independent distributions of experimental events allow us to access the real part of CFFs through the77

muon charge asymmetry, that is the comparison of the number of experimental events obtained for muons78

of opposite charge at the same point of the physics phase-space.79

The experiment is proposed to run over 100 days with a 11 GeV polarized electron beam, half of it in80

parallel with the approved SoLID J/ψ experiment (E12-12-006). Similarly, it will use a 3 µA beam intensity81

however highly polarized (>85%), a 15 cm liquid hydrogen target, and the SoLID spectrometer. The SoLID82

detector system will be complemented at forward angles with muon detection capabilities, constituting overall83

the SoLIDµ spectrometer. It will deliver a significant set of experimental data about di-muon production84

at different deep inelastic regimes, and will bring novel observables of GPD physics at x < |ξ|. At the same85

time, this will expand the J/ψ and TCS experiment to the di-muon channel from the approved di-electron86

channel.87
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1 Introduction118

The concept of Generalized Parton Distributions (GPDs) [1] profoundly renewed and extended the under-119

standing of the structure and dynamics of the nucleon [2, 3]. They parameterize the nucleon structure in120

terms of matrix elements describing the correlations between the transverse position of quarks and gluons121

and their longitudinal momentum [4, 5]. GPDs so access the internal dynamics of the nucleon as expressed122

by the Ji sum rule linking GPDs to the angular momentum [6], and the second moment of GPDs giving123

insights about the distribution of nuclear forces [7]. The first moment of GPDs reduces to the nucleon form124

factors, while they take the form of parton distributions in their forward limit. Consequently, GPDs appear125

as fundamental building elements of the nuclear structure knowledge, asking for a precise and complete126

experimental determination.127

GPDs can be accessed in the hard scattering regime of exclusive electron scattering reactions when a128

high-enough virtual photon (Q2) is exchanged with a parton while the quadri-momemtun transfer t to the129

nucleon is small enough (|t|/Q2 ≪ 1). This provides the necessary scale difference to separate the probe130

(the perturbative hard scattering of a virtual photon) from the object (the nucleon with its non-perturbative131

structure), that is to factorize the reaction amplitude [8]. Beside these variables, GPDs also depend on132

the longitudinal momentum fraction x of the initial parton and on the transferred longitudinal momentum133

fraction or skewness ξ to the final parton. In the Bjorken regime (Q2 ≫ 1 (GeV/c2)2 and t→ 0, GPDs may134

be interpreted as a 1/Q resolution distribution in the transverse plane of partons carrying some longitudinal135

momentum fraction [9, 10, 11, 12].136

Hard exclusive Compton-like scattering reactions are considered golden channels to access GPDs because137

involving only one non-perturbative structure of the nucleon, differently from meson production. These138

comprise: Deeply Virtual Compton Scattering (DVCS) where an initial virtual photon (Q2) produced by139

a lepton beam transforms into a real photon; the reciprocal process Timelike Compton Scattering (TCS)140

where a real photon transforms into a timelike virtual photon (Q′2) decaying into a lepton-pair; and the141

Double Deeply Virtual Compton Scattering (DDVCS) where an initial virtual photon (Q2) scatters off a142

parton and creates a lepton-pair from the final timelike virtual photon (Q′2)1. In that respect, DDVCS is143

the most general case of hard exclusive Compton-like scattering reactions which limits are TCS when Q2=0144

and DVCS when Q′2=0. This reflects in the physics potential of each processes: while TCS and DVCS145

access unambiguously GPDs along the diagonals x=±ξ, DDVCS is not restricted by this condition and146

can access unambiguously GPDs in the so-called Efremov-Radyushkin-Brodsky-Lepage (ERBL) evolution147

region where |x| ≤ ξ [15, 16, 17]. This allows to decouple the x- and ξ-dependences opening off-diagonal148

investigation of GPDs. More importantly, it enables to constrain the deconvolution of these two variables149

and the zero-skewness extrapolation required for nucleon tomography [9].150

DVCS has been experimentally investigated for the past ∼20 years, and first measurements of TCS151

from CLAS12 have recently been published [18]. The combination of cross section smallness and difficult152

theoretical interpretation of electron induced DDVCS when detecting the e+e−-pair from the final virtual153

photon did forbid up to now any reliable experimental study2. Taking advantage of the energy upgrade154

of the CEBAF accelerator and of the development of the SoLID detection and luminosity capabilities, we155

propose to investigate the electroproduction of µ+µ− di-muon pairs and measure the beam-spin asymmetry156

and the muon charge asymmetry of the exclusive ep → epγ∗ → epµ+µ− reaction in the hard scattering157

regime. A specific muon detector is proposed to complement the planned SoLID spectrometer and allows158

for the detection of di-muon pairs.159

The next section reviews the main characteristics of the DDVCS process and the GPD content of the160

experimental observables of interest. The benefits of DDVCS measurements for the achievement of the GPD161

experimental program are specifically discussed in the following section, before adressing the description of162

the experimental setup constituting the base SoLID spectrometer and the foreseen extension SoLIDµ required163

for di-muon detection. Finally, the expected counting rates and experimental data are presented based on164

the simulation package of the SoLIDµ spectrometer and the VGG modeling [19] of the Bethe-Heitler and165

DDVCS cross sections.166

1The production of a photon pair with a large invariant mass is another golden channel in that sense; see Ref. [13, 14].
2The e+e−-pair final state requires antisymmetrization of the electron wave function to take into account indiscernable 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 scattering167

2.1 Access to Generalized Parton Distributions168

Similarly as the light diffusion from a material tells about its internal structure, the light scattered by169

a nucleon carries information about the parton dynamics and structure, providing that the wavelength170

associated to this light is smaller than the nucleon size. The Compton scattering of a virtual photon with171

quadri-momentum Q2 > 1 (GeV/c2)2 is capable of resolving the internal structure of the nucleon. The most172

general realization of the deep regime of this process is the double deeply virtual Compton scattering which173

representation through the handbag diagram (Fig. 1) illustrates the access to GPDs.174

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-like175

photon by a parton of the nucleon, followed by the quasi-instantaneous emission of a time-like photon by176

the same parton, which finally decays into a lepton/anti-lepton pair (Fig. 1). The scaling variables attached177

to this process are defined as178

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 becomes179

real, corresponding to the DVCS process and the restriction ξ′=ξ in the Bjorken limit. If Q2=0, the180

initial photon is real, referring to the TCS process and the restriction ξ′=−ξ in the Bjorken limit. The181

DDVCS reaction amplitude is proportional to a combination of the Compton Form Factors (CFFs) F (with182

F ≡ {H, E , H̃, Ẽ}) defined from the GPDs F (with F ≡ {H,E, H̃, Ẽ}) as183

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, and184

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 vector185

GPDs (Hq, Eq) and the lower sign for axial vector GPDs (H̃q, Ẽq). In comparison to DVCS and TCS, the186

imaginary part of the DDVCS CFFs access the GPDs at x=±ξ′ ̸= ξ instead of x=±ξ, and the real part of187

the DDVCS CFFs involves a convolution with different parton propagators.188
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Varying the virtuality of both incoming and outgoing photons changes the scaling variables ξ′ and ξ and189

maps out the GPDs as function of its arguments independently. From Eq. 2-1, one obtains190

ξ′ = ξ
Q2 −Q′2 + t/2

Q2 +Q′2 (5)

indicating that ξ′, and thus the imaginary parts of the CFFs {H, E}, changes sign around Q2=Q′2. This191

represents a strong testing ground of the universality of the GPD formalism [20].192

As a consequence of the time-like nature of the final photon, the DDVCS process is restricted to the193

ERBL region and GPDs can be accessed only in the domain |x| < ξ. Although the whole physics phase-194

space is not accessed, this is a tremendous gain of information since no deconvolution is involved. DDVCS195

so provides the necessary framework for an uncorrelated measurement of the GPDs as a function of both196

scaling variables x and ξ [21].197

2.2 Experimental observables198

DVCS has been the main focus of experimental programs for the past two decades, since factorization199

was shown to hold already at electron beam energies of 6 GeV [22]. Several DVCS observables have been200

measured: polarized an unpolarized cross section off the proton [22, 23, 24, 25, 26, 27, 28, 29] and off the201

neutron [30, 31], beam spin asymmeties off the proton [32, 33, 34] and more recently off the neutron [35], target202

spin asymmetries off longitudinally [36, 37, 38, 39] and transversely [40] polarized protons, and beam charge203

asymmetries [41, 42]. The first ever measurement of TCS was recently released [18] and no measurements204

so far of DDVCS have yet been performed. With its high luminosity and large acceptance capabilities, the205

SoLID spectrometer is ideally suited for the investigation of the DDVCS process.206

2.2.1 Cross section207

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)208

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 as209

Q2 = −q2 Q′2 = q′2 (7)

and the four-momentum to the nucleon as210

∆ = p′ − p = q − q′ (8)
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q'

k k'

q

+l
−l

p p'
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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).

with t=∆2. The average photon and nucleon momenta are211

q =
q + q′

2
p =

p+ p′

2
(9)

and the DDVCS scaling variables are accordingly [21, 17] (in [17], ξ′ was denoted as ρ)212

ξ = −1

2

∆ · q
p · q

ξ′ = −1

2

q · q
p · q

(10)

which reduces to Eq. 1 and Eq. 2 at leading twist.213

The electroproduction of di-muon proceeds through the coherent sum of three elementary processes214

(Fig. 3): the DDVCS process where the di-muon originates from a parton, the Bethe-Heitler mechanism215

(BH1) where the di-muon are radiated by the initial or final electron, and the di-muon production from216

the vacuum excitation in the vicinity of the nuclear field (BH2). Correspondingly, the di-muon production217

cross section induced by a longitudinally polarized (λ) electron beam off an unpolarized nucleon may be218

written [21]219

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 as220

|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 amplitudes221

Iλ
1 and Iλ

2 between the DDVCS and BHi processes, and the pure BH amplitude built itself from the two222

elementary BHi processes. Following Ref. [21], the harmonic structure of the DDVCS and interference223

amplitudes at leading twist and leading αS-order can be written224

|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 parameters225

y =
p · q
p · k

ỹ =
p · l−
p · q′

(16)

and the Pi’s propagators of the intermediate leptons of the BH processes226

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)

8



Similarly to spacelike DVCS process, the Fourier coefficient cV CS
n comprise bilinear combinations of CFFs227

and the (c1n, s
1
n, c

2
n, s

2
n) are linear combinations of CFFs and nucleon Electromagnetic Form Factors (EFFs).228

The BHi amplitudes can be exactly calculated following the expressions229

|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 write230

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 Fourier231

coefficient is detailed in Ref. [21]. It is worth noticing here that the BHi propagators exhibit the symmetry232

properties233

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 around234

θµ=π/2 for any definite moment in θµ reduces to a characteristic cos(nφµ) Fourier expansion. Integrating235

over the muon-pair angles within a θ0-symmetric interval and quoting only the angular dependencies236

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 as237

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;238

the first index denotes the polarization of the beam (U,L) ≡ (unpolarized, longitudinally polarized), and239

similarly for the target with the second index. Alternatively, integrating over the azimuthal angle of the240

final virtual photon241

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 as242

d5Σλ = d5ΣBH1 + d5ΣBH2 + d5ΣBH12 + d5ΣDDV CS + d5ΣI1 + d5ΣI2 + λ d5Σ̃I2 = d5ΣUU + λ d5ΣLU . (28)

Consequently, experimental observables defined with d5σλ are sensitive to the interference with the BH1243

process which has a relatively large amplitude in the Q′2 < Q2 region, whereas observables defined with244

d5Σλ are sensitive to the interference with the BH2 process of more interest in the Q′2 > Q2 region. The245

contribution of the pure BH2 amplitude to the cross section can be further reduced by an appropriate choice246

of θ0, π/4 following the prescription of Ref. [21]. The corresponding cross section, calculated within the247

VGG framework using the GK19 modeling of GPDs [43, 44], are shown on Fig. 4 for two typical kinematics248

within the acceptance of the SoLIDµ spectrometer. Both the DVCS- and TCS-like angular dependences249

are dominated by the modulations of the BHi amplitudes with a more prominent number of cos(nφµ)250

contributions. However, the TCS-like cross section tends to be smaller than the DVCS-like.251
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Figure 4: DVCS-(left) and TCS-like(right) differential cross sections for typical kinematics within the accep-
tance of the SoLIDµ spectrometer.

2.2.2 Beam spin asymmetry252

The interference amplitudes between the BH and DDVCS processes are observables of interest because of253

their linear relationship with CFFs. From Eq. (26) and Eq. (28), it is readily seen that the beam helicity254

dependence of the cross section allows us to isolate the helicity dependent part of the Iλ
i amplitudes. The255

Beam Spin Asymmetry (BSA) observables can be defined as256

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 a257

longitudinally polarized beam and an unpolarized target. Similarly to DVCS and TCS, these observables258

access the imaginary part of a linear combination of CFFs. Most notably, d5σ̃I1
and 5Σ̃I2

access the same259

GPD content of the nucleon i.e.260

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 two261

kinematics within the SoLIDµ acceptance. Calculations have been obtained from the VGG modeling of262

observables using either VGG or GK19 GPDs. As expected, BSAs are changing sign with the sign of ξ′ and263

are somehow sensitive to the GPD model. Because of smaller unpolarized cross sections, TCS-like BSAs264

have larger amplitude than DVCS-like ones.265
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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.

2.2.3 Muon charge asymmetry266
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Figure 6: µCAs for the same kinematics as Fig. 5 and computed following the same prescriptions.

As in the case of TCS, charge conjugation asymmetries can be accessed with DDVCS without changing267

the electric charge of the beam. Indeed, the Forward-Backward (FB) asymmetry in the µ+µ−-pair production268

cross-section, which has been a key observable of the first measurement of TCS at JLab [18], can similarly269

be accessed with DDVCS thus enabling the investigation of the real part of DDVCS CFFs in a leading twist270

and leading αS-order approach. This is even more of interest than there is to-date no dispersion relationship271

between the real and imaginary parts of the DDVCS CFFs, contrary to DVCS/TCS. The DDVCS FB272

asymmetry or muon charge asymmetry can be defined as273

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)

with274

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)
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Following angular properties of the reaction amplitudes, the previous equality can be recast as275

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 BH2276

process with the other contributions (BH1 and DDVCS) to the di-muon pair production cross section.277

Although the µCA receives some contribution of the interference between the BHi process, this precisely278

calculable part turns out to be non-dominant and thus can be straightforwardly subtracted. Finally, muon279

charge asymmetries access the GPD content of the nucleon through280

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 CFF281

combinations. Particularly, the contribution of H to the real part can be suppressed by an appropriate282

choice of kinematics enabling more sensitivity to H̃ than for the imaginary part. The same GPD content283

can be obtained from the FB asymmetry of d5σ, however with a more intricate contribution of the pure BHi284

amplitudes. Aµ±

UU is shown on Fig. 6 for typical kinematics within the SoLIDµ acceptance and computed with285

the VGG description of experimental observables using the VGG and GK19 modeling of GPDs, similarly286

to previous evaluations of BSAs (see Sec. 2.2.2). The rich φµ-modulation and the large variation of the287

expected signal are making a very promising observable.288

3 Impact of DDVCS measurements289
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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-coloured 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)290

phase space supporting GPDs at ξ ̸= ±ξ′ (Fig. 7), that is for instance to access the skewness dependency291

of GPDs at a fixed generalized Bjorken variable. This translates into the measurement of GPDs at ξ ̸= ±ξ′292

via the imaginary part of CFFs and the sampling of GPDs at ξ ̸= ±ξ′ via the real part of CFFs (Eq. (3)).293

These basic facts have direct consequences on the knowledge of several key-features of the nucleon structure.294
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3.1 Nucleon tomography295

GPDs provide new visual insight on the partonic structure of matter by allowing for a tomography of the296

nucleon [9, 11]. In the particular case of zero skewness, GPDs acquire a well-defined probability interpretation297

in the infinite momentum frame, similarly to conventional parton distributions. For instance, the impact298

parameter dependent parton distribution related to Hq can be written [45]299

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 GPDs300

at zero skewness allows to determine the probability to find a parton carrying the light-cone longitudinal301

momentum fraction x of the nucleon at a transverse distance b⊥ from the center of momentum. In that302

respect, recent lattice calculations at the physical pion mass predict that the parton density probabililty303

rapidly decrease as x increases (Fig. 8).

Figure 8: 2-dimensional representation of the momentum dependent impact parameter parton distribution
function of the GPD H, from lattice calculations at physical pion mass at different x [46].

304

On the experimental side, existing data provide only a limited support for such a representation. The305

access to 0-skewness GPDs for any momentum fraction x is obtained from a strongly under-constrained and306

model dependent interpretation of DVCS data allowing to extrapolate the ξ-dependence of H [47]. Bringing307

new GPDs information at ξ ̸= ±x will constrain the theoretical knowledge of the skewness dependence of308

GPDs. Ultimately, DDVCS will enable a model-independent determination of the ξ-dependence, providing309

a truly experimental determination of the parton transverse densities.310

3.2 Gravitational form factors311

Similarly to the encoding of the electromagnetic structure of the nucleon through the matrix element of312

the electromagnetic current, the matrix elements of the Energy-Momentum Tensor (EMT) of the nucleon313

contain information about the mass, spin and mechanical properties of the nucleon [48]. These are encoded314

in terms of the so-called EMT Gravitational Form Factors (GFFs) which may be written for quarks and315

gluons (a ≡ q, g) as3316

⟨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)

3The notation v{µwν} = vµwν + vνwµ and v[µwν] = vµwν − vνwµ is used.
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with P=(p+p′)/2 and whereMa
2 (t) represents the mass/energy distribution inside the nucleon, Ja(t) the total317

angular momentum distribution, and Ca(t), C̄a(t) the forces distribution. For instance, the Fourier transform318

of C(t) ≡
∑

a C
a(t) allows us to infer the mechanical radius of the nucleon and the distribution of pressure319

and shear forces inside the nucleon [49]. GFFs may be probed indirectly in various exclusive processes320

including DVCS, TCS, J/Ψ production at threshold, and DDVCS. Particularly, the D-term parameterizing321

the GPDs is accessed via DVCS through the dispersion relationship between the real and imaginary parts322

of the H CFF which writes at leading order323

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 as324

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)

with325

Cq(t) =
1

5
dq1(t) . (41)

Thus, the separate measurements of the real and imaginary part of H provide a measurement of the subtrac-326

tion constant which in turn leads to the so-called Polyakov-Weiss D-term which relates to the Cq(t) GFF.327

While ℑm[H] is obtained directly from the helicity dependent part of the DVCS cross section, beam of differ-328

ent charges are required to isolate ℜe[H] from the DVCS cross section [50]. It is indeed a key-measurement329

of the Positron Physics Program [51] at the future Ce+BAF [52]. On the basis of existing data, Cq(t) can be330

obtained from the previous multi-step procedure only using the guidance of theoretical GPD ansatzs [53].331

DDVCS provides another alternative to access the D-term taking advantage of the polynomiality prop-332

erties of GPDs. This major property expresses that the (n+1)th Mellin moment of a GPD is a polynomial333

in ξ of maximal n+1 order, that is considering H334 ∫ 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 [6]335 ∫ 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.336

Measuring GPDs at ξ′ ̸= ±ξ, DDVCS provides experimental information to constrain the calculation of the337

left-hand side integral at fixed skewness. The imaginary part of CFFs is a direct constrain on the theoretical338

modelling of GPDs, while the real part of CFFs helps to constrain the region |ξ′| < ξ lying outside the339

physics phase space accessible to Compton-like exclusive reactions.340

3.3 Deconvolution of Compton form factors341

The determination of GPDs from experimental observables is a difficult problem which starts with the342

reaction selected to probe the partonic structure of the nucleon. For instance, Compton-like processes343

directly access GPDs while deeeply virtual meson production combines the partonic information of both the344

nucleon and the produced meson. Nevertheless, Compton-like processes do not generally access a single CFF345

but a linear and/or bi-linear combination of CFFs which depends on the target polarization. Thus, several346

different experimental observables with different sensitivity to a specific CFF are required to determine347

from experimental data the 8 unknown quantities corresponding to the real and imaginary parts of the348

nucleon helicity conserving CFFs (H, E , H̃, Ẽ). The situation becomes even more complex when considering349

higher-twist effects and higher αS-orders.350
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Several methods based on the fitting of experimental data have been developed to extract CFFs. In351

local fit approaches [54, 55, 56], all experimental observables at a fixed kinematical point of the physics352

phase-space are considered to obtain a model independent extraction of CFFs. This last feature is both an353

advantage and a drawback of this technique which does not take into account the physics properties of CFFs354

and commonly leads to large error bars due to the limited number of observables and the induced correlation355

between the deduced CFFs.356

In global fit approaches [57, 58, 59], a simultaneous fit of the world data set is performed within the guidance of357

theoretical models ensuring basic physics properties and limits of GPDs. Such a global fit is statistically more358

precise than a local fit but potentially less selective with respect to the different theoretical prescriptions which359

parameters are fitted against experimental data. Novel techniques based on Artificial Neural Networks [60,360

61, 62] have been proposed. These advanced techniques are most promising since they preserve the physics361

constraints while allowing for a model independent global fit.362

Extracting GPDs from CFFs, known as the deconvolution problem, is the last step of the process pro-363

viding an experimental determination of GPDs. Because of the integral nature of CFFs, it implies the364

knowledge of GPDs in the full (ξ′, ξ, t) physics phase space, which cannot be achieved with DVCS and TCS365

only. Furthermore, it was shown that the deconvolution problem does not accept a unique solution but a366

class of functions fulfilling the required physics constraints and resulting in different GPDs for the same367

observables [63]. The only way to remove this degeneracy is to bring information from other channels. Ex-368

ploring the physics phase space away from the diagonal ξ′=±ξ, the DDVCS reaction will provide additional369

constraint on this problem and will help the convergence of the GPD-deconvolution from DVCS and TCS370

CFFs towards a unique solution.371

4 Experimental setup372

4.1 SoLIDµ spectrometer373

The experiment E12-12-006 [64] was approved to measure J/ψ near threshold of J/ψ at 11 GeV. And the374

E12-12-006A [65] Timelike Compton Scattering (TCS) experiment for GPD study was also approved as a375

run group experiment using the same setup. We are proposing to supplement the J/ψ setup with a new376

forward angle muon detector (FAMD) for the DDVCS measurement. It will form the new SoLIDµ setup377

as shown in Fig. 9. The data taking can happen for the three experiments at the same time with a proper378

trigger configuration as described in the following sections.379

380

SoLID will be an all-new spectrometer in Hall A during the 12 GeV era [66]. It is designed to use a381

solenoid magnet to sweep away low-energy charged background particles, and can thus carry out experi-382

ments using high-energy electron beams incident on unpolarized or polarized targets at luminosities up to383

L = 1.2 × 1037 cm−2 sec−1 in the J/ψ setup. It has two groups of detectors. The forward-angle detectors384

cover polar angle from 8.5◦ to 16.5◦ and consist of several planes of Gas Electron Multipliers (GEM) for385

tracking, a light-gas Cherenkov (LGCC) for e/π separation, a heavy gas Cherenkov (HGCC) for π/K separa-386

tion, a Multi-gap Resistive Plate Chamber (MRPC) for time-of-flight, and an Electromagnetic Calorimeter387

(FAEC). The large-angle detectors cover polar angle from 18◦ to 30◦ and consist of several planes of GEM for388

tracking, and an Electromagnetic Calorimeter (LAEC). Particles in SoLID will be detected and identified by389

measuring their momenta, time-of-flight, number of photons produced in the threshold Cherenkov detectors,390

and energy losses in the calorimeters and MRPC.391

392

The SoLID solenoid will reuse the CLEO-II magnet. Its superconducting coil and cryostat remains un-393

changed. It has a large inner space with a clear bore diameter of 2.9 m and a coil of 3.1 m diameter. The394

coil length is 3.5 m, with a 3.8 m long cryostat. The coil is made of 5× 16 mm2 aluminum-stabilized super-395

conductor, and runs at 3300 A. Part of the CLEO-II iron flux return will be modified and reused, and two396

new iron endcaps will be added at the front and back of the solenoid. The axial central field of the solenoidal397

magnet can reach about 1.4 T.398

399

Six layers of GEM detectors will be used for tracking, providing information on the momentum, angle,400

and interaction vertex of the detected particles. They will be placed uniformly inside the solenoid magnet.401
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Figure 9: SoLIDµ as SoLID J/ψ setup with the forward angle muon detector added, shown in its Geant4 simulation.

For the forward angle detectors, five layers except for the first layer of GEM detectors will be used. In prin-402

ciple, three points are needed to reconstruct the kinematic variables. The fourth and fifth points will bring403

enough redundancy to compensate for the inefficiency of the GEM tracking detector. For the large-angle404

detectors, four layers of GEMs detector except the last two layers will be used. In this case, four layers are405

enough since the background level at large angles is expected to be smaller. SoLID GEMs will provide full406

azimuthal angular coverage by using trapezoidal-shaped sectors. The area of a single sector can be as large407

as 100 cm × 40 cm. Recent advancements in technology, like single-mask GEM etching and GEM splicing,408

makes it possible to fabricate GEM foils up to 100 cm × 200 cm. The GEM readout is by 2D strips readout409

by VMM chips developed for ATLAS Small Wheel Micromegas detectors.410

411

The Cherenkov detectors at forward angles have two parts. The light-gas one uses a standard CO2 gas412

radiator and can provide e/π separation up to momenta of 4.9 GeV/c with pion rejection in order of 103.413

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/c414

for pions and kaons, respectively. In both cases, the Cherenkov light is directed by the mirror systems onto415

Multi-Anode PMTs (MAPMTs) for readout.416

417

There is one electromagnetic calorimeter at forward angles and one at large angles. They are made with418

identical Shashlyk-type modules. Each module is made of a pre-shower and a shower part. The pre-shower419

detector is simply a 2 radiation-length lead layer and a 2 cm thick scintillator with embedded wave-length-420

shifting (WLS) fibers for readout. The shower detector is of Shashlyk type, consisting of about 200 layers421

of 0.5 mm lead and 1.5 mm scintillator, and many WLS fibers penetrating all layers with a density about422

1/cm2 for readout at the back of a module. This type of design can reach a pion rejection factor of more423

than 100, with good electron efficiency. Its radiation hardness is in the order of 500 krad, which satisfies the424

high-luminosity condition in SoLID.425
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426

MRPC-based time-of-flight systems have recently been used in the RHIC STAR and LHC ALICE ex-427

periments, providing a typical time resolution close to 100 ps. With readout strips, it can work inside a428

magnetic field. Using low-resistive glass, it can gain even an higher rate capability. SoLID experiments have429

a forward-angle MRPC as part of the planned baseline equipment.430

431

Scintillator pad detector (SPD) will placed at both forward and large angle. FASPD will provide com-432

bined photon rejection with MRPC, but TOF will rely on MRPC for its better time resolution of 100 ps.433

LASPD will provide both photon rejection and TOF with time resolution of 150 ps.434

435

4.2 Muon detector436

For the forward angle muon detector, we will reuse the iron plates from the CLEO II magnet. Only two437

inner layers are planned to be used for the barrel part of the SoLID magnet. The third and most outer layer438

of iron made of 8 iron plates about 533x250x36 cm long are left used. 7 of the 8 plates are currently stored439

at JLab and we will reuse the 6 of the 7 plates for the forward angle muon detector. We are planning to440

lay the iron in 3 layers and following each plate of iron with a tracking detector and a scintialtor detector,441

as show in Figure 10. There is no known conflict in term of space and engineering concern for the planned442

muon detector location. A preliminary concept design of the iron plate holder by an engineer from the Orsay443

group is shown in Figure 11. A TOSCA field calculation confirmed the solenoid field has almost no effect on444

those iron plates with the forces at the order of one Newton and the torques at the order of 2 N-m.445

Iron

tracker

Forward Angle Muon Detector

SoLID Endcap 

Scintilator

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

The 3 layers of tracking detectors and scintillator detectors can be mounted on their own frame inde-446

pendent of the iron layers. Each layer needs to cover roughly a full donut shape with an inner radius of447
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Figure 11: Preliminary design by Orsay engineer of holder for the iron plates

1 m and a outer radius of 3 m, which is about 25 m2 in area. The total area is about 75 m2. The 3448

trackers will reconstruct straight muon or background pion tracks and connect that with the track detected449

by the existing SoLID inner GEM trackers. Because of the 10 m long flight path and heavy materials along450

the way, the multiple scattering can make the two segments of tracks can reach 10 cm. But it is not a451

problem because the particle rate at the muon detector are low as shown in the simulation sections. The452

3 scintillator planes will measure the energy deposition of muon or background pion, while the latter often453

has hadronic showers and deposit more energies with larger spread than the former. Multiple layers with454

proper segmentations can help separate pion showers from the minimum ionizing muon. The 3rd or last455

plane of scintillator will also serve as part of trigger system because it has the best muon/pion ratio after456

pion blocking by all the materials. The detector design is ongoing with simulation studies, We will describe457

some of possible hardware options as follows.458

Micropattern Gaseous Detector (MGPD) are widely used as tracking detectors with good resolution and459

rate capability. Depending on the budget size, currently there are three different options for composing a460

muon detector tracking system using MGPD.461

Option 1 is to use µRWell technology. this technology was introduced in the mid-2010s as a robust,462

high-rate capable detector with built-in spark protection using a resistive layer. In reality, the amplification463

layer is etched directly on top of the readout strip layers, forming only one key component layer. The cost464

can be greatly reduced compared with traditional GEM detectors. This technology is adopted by the EIC465

outer barrel tracking detector as well (Fig. 12). However, for EIC application, an extra GEM layer was466

added to make the detector gain larger for a better position resolution. This GEM layer is optional for our467

muon detector case, as we don’t need high position resolution. The total cost for EIC µRWELL PCB is468

25K, the size is roughly 1.8 meters by 0.5 meters. To make a full layer of muon tracker detector, this size469

is roughly in the same scale as the muon tarcker would need, see Figure 13. The average cost reduces if470

more units are ordered, therefore, it is safe to estimate that for a full muon tracking layer, the cost can be471

controlled within 300K.472

Option 2 is to use new GEM detectors dedicated for the muon trackers. One promising point is that the473

JLab MPGD center will be completed in a 3 year scale, and the MPGD center will have the capability to474

produce large GEM foils. Given that most of the cost on the GEM detectors is related to tooling and labor,475

when the JLab MPGD center completes, the cost for constructing large area GEM detectors for SoLID will476

be greatly reduced. Here for a comparison, the cost for manufacturing one layer of muon GEM trackers in477

CERN is roughly 400K.478

Option 3 is to reuse the GEM detectors from the current SBS experiments and MOLLER experiments.479

The current SBS spectrometers have in total of 16 layers, each layer is roughly 2 meters by 0.5 meters,480

MOLLER experiments have in total of around 40 chambers, each chamber is about 50 cm by 40 cm. All481

these GEM detectors can cover a total area of 22 m2, which is roughly one layer, therefore reducing the cost482
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by one layer.483

The readout electronics is another major topic for the muon trackers, however, the cost for readout484

electronics can be greatly reduced by reusing the SBS MPD electronics, where the current SBS program485

has roughly around 200K channels. The readout channels can also be further reduced by using the charge486

sharing technology. Depending on the experiment singles rate requirements, the charge sharing technology487

can reduce the total readout channels by a factor of 2 to 8 while maintaining the same position resolution.488

Figure 12: µRWELL Hybrid Tracker Detector for EIC.

Figure 13: muon Tracking Layer.

Scintillators for the muon detector only needs have good energy measurement for the muon/pion sep-489

aration and good timing resolution for coincidence with other detectors and triggering purposes. Plastic490

scintillators with about 5 cm thickness can work well at the relatively low rate environment and reach about491

100ps timing resolution. Each plane could have 30 sectors in the azimuthal direction to match the inner492

segmentation of SoLID inner detectors. To read out the large area Scintillators, wavelegnth shifting fibers493

can be embedded in them to transport lights to PMTs at the boundaries. many other detectors and SoLID494

inner scintillators use the same technique.495
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4.3 Data acquisition496

The GEM readout was initially designed to use the APV25 for the readout but is switching to VMM3 read-497

out. The VMM3 chip is a 64 channels ASIC providing time and amplitude for each channel, a prototype for498

SoLID GEM readout was developed to be able to handle up to 10 MHz per channel.499

500

Most photosensors are readout using JLab FADC 250 MHz which are 16 channels VME board sitting501

in a VXS crate. The VXS backplane has 4 point to point high speed serial connection up to 5 Gbps, this502

allows to create a trigger based on FADC data. One unused lane from FADC was used for Fast Readout of503

FADC, increasing the data rate from about 100 MB/s to 500 MB/s, effectively increasing the bandwidth by504

a factor 80 since boards can be read out in parallel. This allows to transfer the FADC data at higher rate505

to reach a trigger rate of 200 KHz, as the baseline maximum rate for the experiment.506

507

Since muons leave low energy in the calorimeter, a dedicated muon triggers has to be developed based on508

the muon detectors located after the calorimeter. Indeed since muons are heavy leptons they radiate much509

less than electrons and can get through large amount of materials. The signal for triggering will be provided510

by muon trigger scintillator plane signals that will be further fed into a JLab custom logic module. It is a511

250 MHz pipeline module able to built coincidence every 4 ns at 1 ns resolution. The trigger will search512

for coincidence between several layers of trackers looking for zone of interest and clean tracks. The muon513

trigger will look for the coincidence of two candidate muon tracks to reduce the effect of single pion/muon514

background. The main trigger will be a coincidence between the standard calorimeter trigger and the muon515

detector. Additional lower level triggers would also be implemented for a precise understanding of the de-516

tectors acceptances and efficiencies.517

518

The J/ψ experiment triggers are positron and electron in calorimeter and light gas Cerenkov for photo-519

production with about 60 kHz trigger rate. To run DDVCS in parallel, an additional di-muon trigger will be520

set up. Singles rate in muon detector is mostly dominated by pion and muon from pion decay. Rates were521

about 300 KHz for each polarity, giving a 600 KHz total single rates. Assuming a 50 ns coincidence window522

this gives about 20 KHz dimuon trigger rate. Total expected trigger rate is thus about 80 KHz, which is523

well within the DAQ capabilities of 100 KHz.524

525

more content will be added526

5 Simulation studies527

We conducted the simulation study using the SoLID Geant4 program “solid gemc” with the SoLIDµ setup528

including all subsystems. It helps us understand the acceptance of the signal events and contamination of529

background. It also provides information about detector response and rate.530

5.1 Acceptance531

We plan to mainly detect the 3 fold topology of scattered electrons and decay muons to reconstruct the532

DDVCS reaction. Single particle acceptance for both electron and muon are studied by throwing them533

evenly into the setup from the target location with vertex covering the full target length of 15 cm. The534

expected acceptance in polar angle and momentum is shown on Fig. 14. The low momentum cut off for535

electrons is mostly from magnetic field and SoLID forward angle boundary, while the low momentum cut off536

for muon near 2 GeV is mainly from materials blocking. Both geometry and decay effect are included in this537

study. However to count for PID and tracking efficiency, we estimate the total muon efficiency about 87%538

and total electron efficiency about 90%. The total efficiency for one electron and two muons thus is about539

70%. The recoil protons can also be detected by time of flight detector and tracking and their acceptance is540

similar the scattered electrons. This 4 fold topology will provide the cleanest data samples but with lower541

statistics. The other 3 fold topology of recoil proton and decay muons can also be detected, but it would be542

overwhelmed by the real photon BH events and thus hard to be used for the DDVCS physics analysis.543

544
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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.

5.2 Kinematic coverage545

Since the DDVCS events are always mixed with the Bethe-Heitler (BH) events with much large cross section,546

the physics rate estimation is simply based on the BH event generator “grape-dilepton” [67]. The program547

is widely used for various studies for ep scattering and its cross section calculation is based on exact matrix548

element in the electroweak theory at tree level. Please note “grape-dilepton” refers to Compton and BH549
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process which are what we refer as BH1 and BH2 process as shown in Figure [?].550

The results for 3 fold topology with proton not required is shown in polar angle and momentum at Fig-551

ure 15 and various kinematic variables at Figure 16.552

553

0 10 20 30 40 50 60 70 80 90
 (deg)labθ

0

2

4

6

8

10

P
 (

G
eV

)

1

10

210

310

410

scattered lepton

0 10 20 30 40 50 60 70 80 90
 (deg)labθ

0

2

4

6

8

10

P
 (

G
eV

)

1

10

210

310

410

recoil p

0 10 20 30 40 50 60 70 80 90
 (deg)labθ

0

2

4

6

8

10

P
 (

G
eV

)

1

10

210

310

410

-decay lepton

0 10 20 30 40 50 60 70 80 90
 (deg)labθ

0

2

4

6

8

10

P
 (

G
eV

)

1

10

210

310

410

+decay lepton

Figure 15: Momentum and polar angle distribution of BH 3 fold events

Using the luminosity 1.2 × 1037.cm−2.s−1 and 100 days running time, it was determined that the total554

number of BH events has the muons pair invariant mass distribution shown in 17. There are about 2.8M 3555

fold BH events detected and among them 1.3M events in the resonance free region (above the mass of 1.2556

GeV) can be used for the physics analysis. A factorization cut like −t < Q2 +Q′2 would cut away a couple557

percent of events. With such high statistics, we can afford to bin data into multidimensional kinematic bins558

to measure asymmetries and compare to GPD models. 0.2M and 0.1M of 4 fold BH events will be detected559

for entire mass region and resonance free region as well. They can be used to check physics analysis process.560

561

5.3 Event identification and exclusivity562

Requiring 3 final state particles detected already makes the 3 fold BH events very clean. We can further563

ensure the exclusivity by exammining the missing mass of (eµ+µ−X) for 3 fold BH events, where X should be564

at the proton mass for exclusive events with resolution determined by SoLID inner tracking (not the tackers in565

FAMD) which is close to the target and has no big multiple scattering. The SoLID inner tracking resolution566

was evaluated using the electron and proton momentum tracking resolution for the Jpsi experiment. We use567

the proton resolution for muons and the estimation is conservative. Further we have added an additional 1.5568

safety factor on all tracking resolution. The event generator “grape-dilepton” can produced both the elastic569

BH events which is what we want to detect and the quasi-elastic BH events which has additional pion or570

other particles produced. The initial radiation effect for 11 GeV electron beam is also turned on, Then we571

examine the missing mass distribution of the 3 fold toplogy for both types of events. Figure18 shows that572

SoLID tracking resolution is sufficient to have exclusive elastic BH events by putting a cut at 1.15 GeV. The573

quasi-elastic BH events contamination is only about 3-4% for the entire mass region or the resonance free574

region of Mµ+µ− .575
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Figure 16: Kinematic distribution of BH 3 fold events
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5.4 Background576

Extensive background studies were carried out for the J/ψ experiment and showed that SoLID could handle577

a luminosity of 1.2 × 1037 and the luminosity was chosen for optimal reconstruction of J/Psi events. The578
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count about 3-4% of the signal elastic events for the entire range of Mµ+µ− (left plot) and Mµ+µ− > 1.2 GeV region
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background for DDVCS inside of SoLID will be similar to the J/ψ experiment.579

580

Our background study focus on the background in the forward angle muon detector using full Geant4581

simulation and physics generators. The beam induced low energy background were evaluated with 11GeV582

electron beam shooting on the 15 cm long liquid hydrogen target and they are mostly contained within583

SoLID endcap and has negligible effect in the muon detector.584

585

The main background for our measurement is from pions produced at the target. We present our simu-586

lation study for pion blocking and evaluate the remaining background in the following sections.587

5.4.1 Pion blocking study588

The initial pions from the target need to fly about 10 m before they reach FAMD and pass its 3 layers589

of irons. They can be blocked by the heavy materials along the way like ECAL and magnet iron. Some590

secondary pions can be generated during those hadronic interactions. And many of them decay into muons.591

The best way to suppress pions is to block them with a lot of heavy materials, but there are always small592

chances secondary pion and muon can go through.593

A flat distribution of pions from the target location thrown into SoLIDµ setup in Geant4 is used to model594

pion blocking including its reaction with materials along its flight path and its muon decay. A pion from595

the target has a small chance of reaching the forward angle muon detector as pion, decay muon or other596

secondary charge particles. We call it the pion hit probability as shown in Fig. 19 for charge particle hits597

from the initial pion at 3 different layers of FAMD.598
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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 FAMD considered all charged particles at FAMD from charged599
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pions at the target. They are good to estimate the single particle rate at FAMD. But the offline muon600

construction from the target will need to consider both track reconstruction from the GEM trackers inside601

SoLID and FAMD response. From the same simulation study, we count the charged pion and muon at the602

layer3 of FAMD with a matching track at the GEM tracking planes inside SoLID and compare them to the603

initial pion from the target. We call it the pion surviving probability as shown in Fig. 20. A pion from the604

target has a small chance of reaching the back of FAMD as a primary pion, a secondary pion, or a decay muon605

from the two types of pions. Primary pions are the initial pion and has a survival chance of only 0.1%, while606

secondary pions produced by primary pions along the way can increase with momentum and reach 1.2% at607

11 GeV/c. Those secondary pions can be further suppressed by cutting on their energy deposition in the608

scintillators of FAMD which generally have larger values than that of muons and primary pions behaving like609

minimum ionizing particles, as shown in the bottom left plot of Fig. 21. This is because the appearance of610

secondary pions at layer3 is an indication that most likely the initial pions have started showering in FAMD611

as in the top plot of Fig. 21. We give the suppression a conservative estimation as a factor of 2. Additional612

transverse energy deposition distribution could be used to further enhance the suppression. Comparing to613

secondary pions, muons from pion decay can have a maximum of 0.8% surviving probability near 4 GeV/c.614

They are mostly from primary pion decay instead of secondary pions and their behavivor in FAMD is just615

like muons from the target. The main differenence is their vertex are distributed along the 10 m flight path616

instead from the target only as shown in the bottom left plot of Fig. 21. We could potentially use vertex cut617

from tracking to suppress muons from pion decay. But it’s not an easy task because those muons tend to fly618

in the same direction of decaying pions which will make its vertex determination difficult. To be conservative,619

we didn’t apply any suppression on them. In summary, those pion surviving probabilities with a additional620

factor 2 secondary pion suppression can help us estimate the final reconstructed background particles from621

pions produced at the target, while our signal particles are muons from the target.622
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5.4.2 Single pion background623

The single pion rate from the LH2 target was evaluated by using the “evgen bggen” event generator [68].624

which combines PYTHIA event generator with resonance models for electroproduction. It was used for Hall625

D and SoLID study and compared to data.626

Combining “evgen bggen” output with the pion hit probability, we obtained the single particle rate at627

the forward muon detector. Their rate distribution over polar angle and momentum for 3 layers are shown in628

Figure 22. The integrated rate of negative pion is 616/285/154 khz at layer1/2/3. And the integrated rate of629

positive pion is 605/281/153 khz at layer1/2/3. So the total rate is about 1221/566/311 khz at layer1/2/3.630

From the same study, we also obtain the rate per area distributions shown in Figure 23. The combined631

max rate per area is about 16/8/4 Hz/cm2 at the most inner radius of layer1/2/3 . We do not expect any632

issue operating µRWell/GEM trackers which can handle 100-1000kHz/cm2 easily or scitilators with proper633

segmention.634

Our main trigger will be the coincidence trigger requiring two single charge particle at the layer3 of the635

forward angle muon detector. Considering the total single particle rate there 311 khz, we add a safety factor636

2 to make it 600 khz. Then using 50 ns coincidence timing window, the coincidence trigger rate can be637

estimated to be 20 kHz.638
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Figure 22: Single particle rate at layer1 (top),layer2 (middle),layer3 (bottom) of FAMD. They are from
negative pion (left) or positive pion (right) produced at the target.
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5.4.3 Two pion exclusive background639

Because we will always require at least 3 particles in the final state including the scattered electron, and two640

muon candidates. The main background for the offline analysis is the two pion exclusive channels (2pi). It641

will pass the two charge particle coincidence trigger in the muon detector and survive the missing proton642

mass exclusivity cut because muon and pion masses are very close. We used the event generator “twopeg”643

[69] to study the channel e−p → e−pπ+π−. It includes both resonance and non-resonance regions and fits644

the five-fold differential structure functions from the recent versions of the JM model to all results on charged645

double pion photo- and electroproduction cross sections from CLAS 6GeV. To estimate the cross sections646

in the regions not covered by 6 GeV data, a specialized extrapolation is used to extend the coverage to 12647

GeV beam to cover in W from the reaction threshold up to 4.5 GeV and the result were compared to 12648

GeV data.649

Combining the “twopeg” generator and the pion surviving probabilities with additional factor 2 on the650

sceondary pions, we obtained the counts from the two pion exclusive channels as shown in Figure 24. The651

results are separated into the cases for neither pion decays, negative pion decays into muon, positive pion652

decays into muon, and both pions decay into muons. The first 3 cases have smaller counts because of the653

strong pion blocking. The total counts from the 2pi channel are about 7% of the BH muon counts for the654

entire mass range and 5% for the region Mµµ > 1.2 GeV. More detailed study of FAMD response and track-655

ing with vertex cuts could suppress the 2pi background further. In addition, the two pion exclusive channel656

which should have no asymmetry, will also be measured by the SoLID main detectors with high precision to657

help control its systematics.658
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The counts for all events and events after the cut of two muon invariant mass larger than 1.2 GeV are shown,
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6 Projected results660

Experimental projections were built on the VGG and GK19 model predictions while counting rates from661

the realistic simulation described in section 5. DDVCS event selection is determined by detecting the662

scattered electron and the produced muon pairs. Proton-detected detection topology has not been taken663

into account. Detection is established by the SoLID DDVCS acceptance maps of Fig. 14 and an overall 70%664

reconstruction efficiency. Finally, the eµ+µ−(N) event count is obtained by re-scaling the acceptance-filtered665

events accordingly to the expected luminosity of 1.2×1037 cm−2 · s−1 and 100 days of beam time. A detailed666

description of the binning scheme and the full set of experimental projections is shown in section 6.3.667

To explore the physics reach of the SoLID detector, we consider the equal-number-of-events binning668

scheme shown in Fig. 25. The binning was defined over the (ξ′, ξ, t, φµ) phase space as it is directly related669

to the CFF/GPD phase space, which we ultimately intend to explore. Initially, we define ten bins in the670

(ξ′, ξ) space, followed by three bins in t. Thirty bins were defined in total. Given the expected statistics, data671

allows a four-dimensional exploration of the DDVCS phase space to access CFFs through precise BSA and672

muon Charge Asymmetries (µCA). As the factorization scale is given by Q2+Q′2 and we are accessing small673

Q2 values, we can neglect in a first approximation the Q2 dependence of GPDs. Therefore, it is possible to674

explore the three-dimensional phase space of CFFs with the foreseen data.675
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Figure 25: 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.

6.1 Beam spin asymmetry676

Given the Beam Spin Asymmetry (BSA) prediction ALU given by the GK19 model and the simulated677

dataset’s event rate estimate N , the BSA statistical error bar is computed as678

∆Astat
LU =

√
1− (ALU/P )2

N
, (44)

where P = (86 ± 1)% is the polarization of the expected electron beam for SoLID. The systematic error679

due to the beam polarization is also included in the BSA error estimate by quadratically adding it to the680

statistical error as:681

∆ALU =

√
(∆Astat

LU )2 +

(
ALU

∆P

P

)2

. (45)

Statistical fluctuations are introduced by shuffling the model-predicted ALU value following a Gaussian682

distribution centered at ALU and standard deviation ∆ALU (ALU → G(ALU ,∆ALU )).683

As shown in Fig. 25, the SoLID detector would mainly access the TCS-like region of the DDVCS phase684

space (ξ′ < 0). Contrary to DVCS, the factorization conditionQ2+Q′2 > 1 GeV2 let us include in the analysis685
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low Q2 events for large enough Q′2. In particular, we select the Q′2 > 1.4 GeV2 region, excluding the main686

vector meson resonances in the spectrum, while Q2 reaches values as small as 0.2 GeV2 given by the electron687

acceptance. The access to the DVCS-Like region (ξ′ > 0) is therefore subject to the condition Q2 > Q′2 > 1.4688

GeV2, which is difficult to achieve with an 11 GeV beam. Nevertheless, the SoLID detector could provide689

exploratory measurements in the DVCS-like region. Fig. 26 shows the integrated BSA prediction on the690

DVCS-like region, while the set of projected measurements in both TCS- and DVCS-like regions is shown in691

section 6.3. The latter indicates that the SoLID detector will allow a first-time observation of the asymmetry692

sign change when transitioning between the DVCS- and TCS-like regions.693
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(a) BSA in the TCS-like region (Bin 21).
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(b) Integrated BSA in the DVCS-like region.

Figure 26: Sample BSA projections

It is crucial to notice that the BSA is presented as a function of φµ, i.e. using the 5-fold differential694

cross-section Σλ obtained when integrating over ϕ and θl as defined in Eq. 27. Although a BSA constructed695

with σλ accesses the same CFF information, the kinematic factors entering the calculation can suppress696

or enhance the asymmetry amplitude at a given kinematics. In particular, the integrated Σλ cross-section697

amplifies the observables on the TCS-like region while suppressing them on the DVCS-like region. The698

opposite holds for σλ. As a result, the BSA is furnished with large amplitudes, as shown in Fig. 26. All699

BSA projections can be consulted in section 6.3. While the results show feasible measurements in most bins,700

some projections present large error bars compared to the asymmetry amplitude. The latter corresponds to701

bins of significant statistics. Still, small ξ′, thus justifying the small asymmetry amplitude as it is predicted702

to decrease when ξ′ approaches zero, vanish, and change sign accordingly with ξ′.703

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 of704

the ξ SoLID acceptance, and integrated over all other variables. The BSA associated with such kinematics705

is shown in Fig. 27 according to the GK19 model and the GK19 + BDMMS21 model, being the latter706

a shadow GPD model [63]. Given the foreseen kinematic reach of the SoLID detector, the experimental707

projection points to a first-time exploratory measurement constraining shadow GPD models.708
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(a) −0.1 < ξ′ < −0.04.
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Figure 27: Projected exploratory BSA measurements sensitive to shadow GPDs in the 0.3 < ξ < 0.4 region.

In brief, the experiment covers a broad kinematic range enriched by the -t≪ Q2+Q′2 condition, allowing709

the measurement of low Q2 events. As a result, the DDVCS reaction can be studied on a four-dimensional710

grid, with (ξ′, ξ, t, φµ) a preliminary choice of binning to be optimized for experimental data. In particular,711

BSA measurements over such a kinematic grid would allow to constrain GPDs in uncharted territories as712

they access the singlet GPD combination contained in the imaginary part of CFFs. Moreover, the SoLID713

experimental program would allow a first-time observation of the GPD sign difference in the TCS- and714

DVCS-like regions and shadow-GPD-sensitive measurements. The expected experimental signals enable a715

meaningful extraction of the CFFs from the φµ-modulation, thus providing invaluable constraints for GPDs716

through global fit methods.717

6.2 Muon charge asymmetry µCA718

Following the discussion of 2.2.3, charge conjugation asymmetries are accessible with the DDVCS process as719

opposite-charge states are found in the lepton pair. Thus reducing the sources of systematic uncertainties720

entering into a Beam Charge Asymmetry with electron and positron beams. Similar to BSA projections,721

given the theory prediction Aµ±

UU as of the GK19 model and the simulated dataset’s event rate estimate N ,722

the statistical error bar for the muon-charge (Forward-Backward) asymmetry (µCA) is given by:723

(∆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.724

The latter is a consequence of the P3P4(θµ, φµ) propagators in the BH12 and Iλ
2 terms of the unpolarized725

cross-section, in Eqs. (20) and (15) respectively. Fig. 28 shows two examples of the projected µCA. On726

the one hand, model predictions are similar and point to large asymmetry amplitudes that can be measured727

with the SoLID detector. Therefore, accessing the real part of CFFs out of the ξ = ±ξ′ trajectory as in728

DVCS and TCS. On the other hand, Fig. 28 shows that the cos(3φ) modulation might play a major role in729

some kinematics while being negligible in others. As the asymmetry accesses the interference between the730

DDVCS and BH2 components of the cross-section, both cosine moments would provide valuable information731

on CFFs. Given the expected statistics, only the extraction of the cosφ moment is foreseen.732

32



0 50 100 150 200 250 300 350
 (deg)

µ
ϕ

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2F
B

U
U

A
VGG

GK19

SoLID

(a) bin 24.
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Figure 28: Sample µCA asymmetry projections.

To study the feasibility of the cosine moments and determine the expected statistical errors of its extrac-733

tion, we perform a fit to the experimental projection to the function:734

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 +735

aBH1·BH2

k . Such fit is performed ten thousand times, shuffling the projected asymmetries on each iteration736

and collecting the b1 parameter to construct its statistics. Fig. 29 shows the example of bin 13, where737

the BH contribution is relatively small and allows for a cosφµ extraction within a 7.5% error given by738

the standard deviation of the ∆a1 = afit1 − agen1 distribution. The corresponding generated values are739

aV CS·BH2
1 = 0.1364951 and aBH1·BH2

1 = 0.0667959. Therefore, the extraction of the aV CS·BH2
1 moment is740

tied to a 11.1% statistical error. Likewise, it is obtained that a cosφ moment extraction can be obtained741

with an error smaller or equal to 30% in 13 out of the 30 defined kinematic bins.742

Overall, we can conclude that the DDVCS µCA can be measured with the SoLID detector within 100743

days of beam time. Such measurements are exploratory and provide access to the real part of CFFs over the744

non-explored regions of the GPD phase space subject to a suitable control of the systematic errors involved745

in the extraction procedure.746
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(b) Distribution of the cosφµ moment of the µCA after
10k iterations.

Figure 29: Extraction of cosφµ moment of the µCA on bin 13.
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6.3 Complete set of experimental projections747

In the following, we present the boundaries of the chosen binning scheme and the set of all experimental748

projections for the BSAs and µCAs.749

Bin ξ′ range ξ range t range (GeV2)

1 −0.255 < ξ′ < −0.017 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 −0.017 < 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 1: Bin boundaries of the binning scheme shown in Fig. 25.

7 Control of systematics effects750

Systematics effects on the measurement of BSAs and µCAs originate essentially from the detection of the751

reaction products that are the scattered electron and the dimuon-pair.752

Whenever BSAs are defined at the level of the elementary cross section, as for DVCS and TCS, detector753

effects factorize on the numerator and on the denominator and finally cancel-out. In the DDVCS case, the754

smallness of the cross section does not make possible the consideration of BSAs at the 7-fold differential cross755

section level. It is mandatory to integrate over the angular distribution of the reaction products to allow the756

determination of BSAs at the 5-fold differential cross section level. As defined from Eqs. (29) and (30) and757

Eqs. (25) and (27), DDVCS BSAs remain sensitive to detector effects through the detection efficiency and758

effective acceptance of the SoLIDµ spectrometer for each particle.759

more content will be added760
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(m) Bin 13.
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(n) Bin 14.
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Figure 30: Set of all BSA experimental projections (1/2).
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(f) Bin 21.
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(h) Bin 23.
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(m) Bin 28.
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(n) Bin 29.
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Figure 31: Set of all BSA experimental projections (2/2).
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Figure 32: Set of all µCA experimental projections (1/2).
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(c) Bin 18.

0 50 100 150 200 250 300 350
 (deg)

µ
ϕ

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

F
B

U
U

A

VGG

GK19

SoLID
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Figure 33: Set of all µCA experimental projections (2/2).
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8 Summary and beam time request761

We propose to measure DDVCS on the proton using an 11 GeV electron beam with the SoLIDµ setup in762

Experimental Hall A at Jefferson Lab. The SoLID spectrometer will be complemented with a forward angle763

muon detector. The beam spin asymmetry will be measured at a wide range of space-like and timelike764

virtualities of the incoming and outgoing virtual photons,respectively. It brings novel observables of GPD765

physics at x < |ξ| which is otherwise inaccessible.766

The proposed experiment will run concurrently with the SoLID J/ψ experiment (E12-12-006) approved767

60 days (50 production days and 10 calibration days). And we request additional 50 production days beam768

time to have the total production 100 days. It will use a 11 GeV 3 µA electron beam with polarization769

(>85%), a 15 cm liquid hydrogen target, and the SoLID spectrometer.770

This setup will also complement the statistics of the J/ψ and TCS experiment by detecting the muon771

channel at the same time. The luminosity during the experiment is planned to be 1.2 × 1037.cm−2.s−1.772

Depending on the background in the detector and SoLID development, the luminosity might be increased773

to obtain more data.774
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