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Abstract44

The CEBAF Large Acceptance Spectrometer (CLAS12) at Jefferson Lab continues to excel in a diverse45

physics program aimed at unraveling the internal structure of nucleons and nuclei. As significant scientific46

data continues to emerge, it becomes increasingly apparent that there are exciting scientific opportunities be-47

yond the current capabilities of CLAS12. Building on the initial concept presented in LOI2-16-004 to PAC44,48

this proposal outlines a comprehensive set of measurements to explore the nucleon’s quark-gluon structure49

using di-muon electro- and photo-production. Our primary focus lies on Double Deeply Virtual Compton50

Scattering (DDVCS). The large-acceptance, high-luminosity detector proposed for DDVCS enables an ex-51

panded research program, including studies of electro- and photo-production of vector mesons—particularly52

near-threshold J/ψ production—and high-statistics measurements of Timelike Compton Scattering (TCS).53

To avoid ambiguities and anti-symmetrization issues, we will study DDVCS and vector meson production54

in the reaction ep → e′p′γ⋆/V → e′µ−µ+(p′). The TCS studies will follow the CLAS12 approach and55

use the reaction ep → p′µ−µ+(e′). Essential requirements for conducting these measurements include high56

luminosity, a large acceptance detector, and excellent muon detection and identification. We envisioned57

an upgrade to CLAS12 to operate at significantly higher luminosities, ≥ 1037 cm−2 sec−1. The main58

elements of the upgrade include replacing the CLAS12 high-threshold Cherenkov counter (HTCC) with59

a calorimeter and tungsten shield and enhancing the central and forward vertex tracking systems with60

high-rate capabilities. By converting the CLAS12 forward detector into a muon spectrometer (µCLAS12),61

employing a fast calorimeter for electron detection, and utilizing available high-intensity electron beams,62

µCLAS12 will be one of the unique detectors to carry out the proposed measurements (another detector63

being the planned SoLID detector in Hall A).64

For the CLAS review committee: The proposal is in good shape, but we aim to improve it further.65

Below is a list of items we are still actively working on, and changes will be included in the next version of66

the proposal:67

• complete the cost estimate for the upgrade to µCLAS12,68

• continue optimization of the shield to lower rates in DC,69

• find an alternative scintillator counter solution for the recoil detector as CND appears unsuitable,70

• perform studies of µ/π separation with 30 cm lead shield,71

• complete studies of extraction of the DDVCS cosϕ term using subtraction of BH contribution from72

the measured asymmetry.73

∗ Co-spokesperson
† Contact-spokesperson: stepanya@jlab.org
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I. INTRODUCTION127

The primary thrust of the 12 GeV science program and the future EIC lies in exploring nuclear128

femtography facilitated by the framework of Generalized Parton Distributions (GPDs) [1–4]. GPDs129

are universal non-perturbative objects, entering the description of hard exclusive electroproduc-130

tion processes and greatly expanding the scope of the physics of traditional elastic form factors and131

PDFs. The program for studying GPDs with the JLAB 12 GeV facilities encompasses measure-132

ments of spin (beam/target) observables and cross sections in Deeply Virtual Exclusive Processes133

(DVEP) [5]. Among these processes, the Deeply Virtual Compton Scattering (DVCS) reaction,134

where the virtual photon generated by the incoming lepton is transformed into a real photon after135

interacting with a parton from the nucleon [1–3] stands out as the most straightforward and clean-136

est reaction for accessing GPDs. A wealth of data on DVCS has been produced and published137

since the early 2000s with 6 GeV [6–12] and recently from 12 GeV experiments [13, 14] at JLAB.138

Additionally, experimental studies of the second Compton process, Timelike Compton Scattering139

(TCS) [15–18], where the incoming photon is real, and the outgoing photon has large timelike140

virtuality, have already begun, and the first results on angular and beam helicity asymmetries have141

been published [19].142

The fundamental limitation of these measurements is that they can access only two of the three143

variables, x, ξ, and t, which define the GPDs. Here, x is the quark internal momentum fraction,144

ξ is the longitudinal fraction of the momentum transfer (the skewness parameter), and t is the145

squared four-momentum transfer. For Compton reactions, the experimental observables depend146

on Compton Form Factors (CFFs), which encompass integrals of GPDs over x (representing the147

real part of Compton amplitude) or GPDs evaluated at a specific kinematical point, x = ±ξ, (the148

imaginary part of Compton amplitude). This poses a significant challenge for inferring GPDs from149

DVCS/TCS data [20, 21]. As demonstrated in [22], extracting GPDs from CFFs is ambiguous due150

to the existence of a large class of functions known as shadow GPDs (SGPDs) with a null CFF and151

a null forward limit at a given scale, contributing to the solutions of any GPD extraction. Although152

the QCD evolution of GPDs (SGPDs) will limit the class of functions that can contribute [23], an153

experimental approach to the deconvolution problem is required, that is, acquiring data from other154

processes sensitive to the full kinematic dependence of GPDs.155

Double Deeply Virtual Compton Scattering (DDVCS) [24–26], characterized by large virtualities156

of both incoming and outgoing photons, provides direct access to GPDs at x ̸= ±ξ at leading157

order in αs (LO), thereby offering invaluable insights into the x-dependence of GPDs, inaccessible158
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otherwise. However, it is a challenging reaction to measure. The cross-section of DDVCS is about159

three orders of magnitude smaller than the DVCS cross-section. In addition, to eliminate the160

ambiguity of like leptons, beam and decay, and anti-symmetrization issues, the outgoing timelike161

photon must be reconstructed through the di-muon decays. Like DVCS and TCS, the Bethe-Heitler162

(BH) process will contribute to the same final state. Leveraging the interference of DDVCS and163

BH will enable us to map out GPDs extensively outside the x = ±ξ ridge.164

Jefferson Lab at the luminosity frontier with large acceptance detectors is the only place where165

DDVCS can be measured. The CLAS12 detector [27] in Hall-B is particularly suited for such166

measurements. Here, we propose to study the electroproduction of muon pairs in the reaction167

ep → e′µ+µ−p′, in a wide range of space-like and timelike virtualities of incoming and outgoing168

virtual photons, respectively. The primary focus of the upgrade involves converting the CLAS12169

Forward Detector (FD) into a muon spectrometer by implementing heavy shielding at its entrance,170

in place of a High Threshold Cerenkov Counter (HTCC), to mitigate electromagnetic and hadronic171

backgrounds when the detector operates at luminosities ≥ 1037 cm−2 sec−1. The shield will encom-172

pass a new PbWO4 calorimeter that will be used to detect scattered electrons. We also envision a173

new tracking system for forward vertex tracking and recoil proton detection.174

The di-muon final state provides an excellent setting to explore Timelike Compton Scattering175

(TCS) and vector meson production, explicitly emphasizing the J/ψ production near the threshold.176

These studies extend the existing JLAB program dedicated to TCS and J/ψ, which is currently un-177

derway. The initial experiments have yielded exciting new results, covering previously unexplored178

kinematic regions. In particular, the CLAS collaboration published pioneering experimental re-179

sults on beam spin and angular asymmetries of TCS [19]. The GlueX collaboration [28, 29] and180

the Hall-C experiment E12-16-007 [30] have published the energy and the transferred momentum181

dependencies of the near-threshold J/ψ production, marking the first exploration of the proton’s182

gluonic gravitational form factors (GFFs) and its mass-radius. We anticipate releasing results183

from CLAS12 experiments on J/ψ production in similar kinematic regions before the end of 2025.184

However, while data are being collected by ongoing 12 GeV experiments, both TCS and J/ψ mea-185

surements will be limited by statistics. For example, we anticipate approximately ∼ 2K J/ψ events186

from each of the ongoing programs, whereas, in the proposed DDVCS experiment, this number187

will be nearly 25 times higher. The high statistics data used for cross-sections and asymmetries188

extractions will provide the precision necessary for the aforementioned GPD deconvolution prob-189

lem and for exploring nucleon GFF and mechanical properties. Finally, the J/ψ electro-production190

data will be used to search and study LHCb hidden charm pentaquarks where large statistics is191
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imperative.192

To summarize, we propose µCLAS12 to study the electro- and photo-production of µ+µ− pairs193

using an 11 GeV longitudinally polarized electron beam, a liquid hydrogen target, and a modi-194

fied CLAS12 detector in Hall-B. To perform the above-mentioned studies of DDVCS, TCS, and195

J/ψ production, we ask for a total of 245 days of beam time, for 200 days of production running196

with µCLAS12 at luminosity of L = 1037 cm−2 sec−1, a 30 days of low-luminosity calibration runs,197

and a 15 days for commissioning of µCLAS12.198
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II. PHYSICS MOTIVATION199

Quantum Chromodynamics (QCD), the theoretical framework that describes the strong force200

that governs the interactions between quarks and gluons, is responsible for most of the mass we201

see in the universe. Yet, while we have made remarkable strides in understanding atoms and202

molecules, the breakdown of nucleons into their constituent quarks and gluons remains a daunting203

challenge. Electron scattering has played a pivotal role in our understanding of the momentum204

and spatial distributions of partons (quarks and gluons) within the nucleon, shedding light on its205

underlying quantum chromodynamic structure. For many decades, the measurements of elastic206

form factors (EFF) and parton distribution functions (PDFs) helped us to extract information207

separately on the shape of the nucleon in coordinate and momentum space, respectively, leaving208

us with an incomplete picture. The formalism of Generalized Parton Distributions (GPDs) offers209

a comprehensive framework to describe the internal structure of the nucleon in terms of quark and210

gluon degrees of freedom. GPDs generalize the concept of parton distribution functions (PDFs)211

and elastic form factors, providing a unified description of the nucleon’s spatial and momentum212

structure. This new avenue allows us to see the nucleon’s partonic picture in 3D and promises213

insights into the origin of the nucleon mass and spin.214

A. The Generalized Parton Distributions and their properties215

GPDs encode the probability amplitudes for finding a particular partonic configuration inside216

the nucleon and provide access to the transverse spatial distribution of partons and their longitu-217

dinal momentum distribution [31, 32]. The factorization theorem provides the basis for accessing218

GPDs experimentally through deeply virtual exclusive processes (DVEP), Compton scattering219

(CS), DVCS and TCS, and Deeply Virtual Meson Production (DVMP), as shown in Fig.1. In such220

processes, the scattering amplitude can be expressed as a convolution of perturbatively calculable221

complex-valued hard-scattering coefficients with the non-perturbative real-valued GPDs:222

A ∼
∑
q

∫ 1

−1
dxCq(x, ξ,Q

2)F q(x, ξ, t), (1)

where Cq are the hard-scattering coefficients, and F q(x, ξ, t) represents GPDs. Compton scattering223

with a large spacelike or timelike virtuality has long been recognized as a pivotal process within224

deep exclusive reactions in the experimental exploration of GPDs.225

GPD is a function of three kinematic variables: the longitudinal momentum fraction x, defined226
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FIG. 1: The factorization concept for Compton scattering and deeply virtual meson production.

relative to the average nucleon momentum P = (p+p′)/2. The skewness parameter ξ characterizes227

the difference in longitudinal momentum fractions between the incoming and outgoing partons228

ξ = (p′ − p)+/(p′ + p)+, and the invariant momentum transfer squared t = (p′ − p)2. They are229

defined through non-forward matrix elements of bilocal operators, connecting the initial and final230

nucleon states:231

F (x, ξ, t) =

∫
dz−

4π
eixP

+z−⟨p′|ψ̄(−z/2)γ+ψ(z/2)|p⟩ (2)

where F (x, ξ, t) represents the generalized parton distribution and ψ(z) is the quark field operator.232

At leading-twist, there are four chiral-even (parton helicity-conserving) GPDs - Ha, Ea, H̃a,233

and Ẽa. Of the four off-forward parton distributions, Ha and H̃a conserve the nucleon helicity,234

while Ea and Ẽa flip the nucleon helicity. The first moments of GPDs relate to elastic form factors:235 ∫ 1

−1
dxHa(x, ξ, t) = F a

1 (t),

∫ 1

−1
dxEa(x, ξ, t) = F a

2 (t),∫ 1

−1
dxH̃a(x, ξ, t) = gaA(t),

∫ 1

−1
dxẼa(x, ξ, t) = haA(t),

(3)

where F1(t) and F2(t) are the Dirac and Pauli form factors, and gA(t) and hA(t) are the axial-vector236

and pseudoscalar form factors of the nucleon. In the forward limit (t → 0), the GPDs H and H̃237

reduce to PDFs:238

Ha(x, 0, 0) = a(x)− ā(x),

H̃a(x, 0, 0) = ∆a(x)−∆ā(x),
(4)

Here the index (a) stands for quark spices and gluons.239

Another remarkable property of GPDs is the connection to the form factors of the QCD energy-240

momentum tensor (EMT) (here we use notations from [33]):241

⟨P ′|Tµν
q,g |⟩P ⟩ = ū

(
P ′)[Aq,g(t)γ(µP̄ ν) +Bq,g(t)P̄ (µiσν)α∆α/2M

+ Cq,g(t)
(
∆µ∆ν − gµν∆2

)
/M + C̄q,g(t)gµνM

]
u(P ) .

(5)
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The x-moments of the GPDs E and H play a specific role in defining the form factors A, B, and242

C:243 ∫ 1

−1
dxxHa(x, ξ, t) = Aa(t) + ξ2Ca(t),∫ 1

−1
dxxEa(x, ξ, t) = Ba(t)− ξ2Ca(t),

(6)

where the form factors A, B, and C (commonly referred to as gravitational form factors) define244

the mass distribution in the nucleon [34]:245

Gm(t) =

[
MAq+g(t) +Bq+g(t)

t

4M
− Cq+g(t)

t

M

]
. (7)

From which the mass radius can be constructed, ⟨r2⟩m = 6 | dGm(t)/M
dt |t=0. The EMT form factors246

also offer crucial information about the proton spin carried by quarks and gluons [33]:247

Jq,g =
1

2
[Aq,g +Bq,g]. (8)

The form factors C(t) (also referred to as D-term) and C̄(t) define pressure and shear force distri-248

butions inside the nucleon [35–37].249

B. Compton scattering and GPDs250

Deeply virtual Compton scattering (DVCS), denoting the exclusive electroproduction of a real251

photon ep→ e′p′γ, see Fig.2.(a), as initially proposed in [2–4], stands out as the primary avenue for252

probing GPDs. Experimental observables of DVCS are parameterized by Compton Form Factors253

(CFFs). GPDs enter CFFs as convolution integrals over a parton longitudinal momentum fraction254

x:255

F(ξ, t,Q2) =

∫
dxF (∓x, ξ, t)

(
1

ξ − x+ iϵ
± 1

ξ + x+ iϵ

)
, (9)

where, F is a generic GPD, and the top and bottom signs apply to the quark-helicity dependent256

and the quark-helicity independent GPDs, and Q2 = −q2 = (e− e′)2, where e and e′ are incoming257

and outgoing electron four momenta.258

At the leading twist, there are eight CFFs (four complex pairs) related to the four relevant259

GPDs, H, E, H̃, and Ẽ. The imaginary part of CFFs contains GPDs evaluated at a specific point260

x = ±ξ and are accessible in single spin asymmetry measurements:261

Im[F ] = iπ
∑
q

[F q(ξ, ξ, t)∓ F q(−ξ, ξ, t)], (10)

11



(a)

𝑝!𝑝
(b)

𝑝!𝑝

ℓ"

ℓ#

𝑒

𝑒!

(c) (d)

𝑒 𝑒!

FIG. 2: Diagrams for Compton processes: (a) DVCS and (c) TCS processes, and accompanying

Bethe-Heitler processes (b) and (d), respectively.

The real part of CFFs, accessible in cross-section or double spin asymmetry measurements, are262

defined as Cauchy principal value integrals of GPDs over x:263

Re[F ] = P
∫ 1

−1
dx

(
1

ξ − x
± 1

ξ + x

)∑
q

[F q(x, ξ, t)∓ F q(−x, ξ, t)]. (11)

In the experiment, one measures DVCS together with the Bethe-Heitler process (BH), where264

the photon emission is mediated by the electron, Fig. 2.(b). So the measured cross section is a265

coherent sum of two amplitudes, TDV CS and TBH :266

σDV CS = |TBH |2 + |TDV CS |2 + I, (12)

with the interference term defined as:267

I = T ∗
BHTDV CS + TBHT ∗

DV CS , (13)

The TBH depends on the nucleon FF and is fully calculable in QED, whereas the TDV CS depends268

on CFFs in convolution with the nucleon FFs. In much of the JLAB kinematics, BH dominates the269

cross-section and poses a challenge to extracting CFF from cross-section measurements. Despite270
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FIG. 3: Diagram of DVCS scattering planes. The angular harmonics of ϕ between the leptonic

and hadronic planes project out the interference term of the scattering amplitude.

FIG. 4: Beam-spin asymmetries for bins only reachable with a 10 GeV electron beam, compared

with the KM15, GK, and VGG GPD models.

its dominance, the interference between the BH and DVCS amplitudes provides a powerful tool for271

studying CFFs. The azimuthal angular dependencies of the interference term, accessible through272

spin (single or double) and lepton charge asymmetries, provide access to the linear combination273

of both the imaginary and real parts of the CFFs. Here, the azimuthal angle refers to the angle274

formed by the leptonic and hadronic planes, see Fig.3.275

Various DVCS asymmetries and cross sections measured and published since the early 2000’276

(with JLab at 6 GeV [6–12], HERMES [38, 39], H1 [40], ZEUS [41], and COMPASS [42]) have so277

far provided the most extensive data set for studying GPDs experimentally. The JLAB 12 GeV278

program just started and produced the first results on DVCS [13, 14]. Both experiments produced279

more than 1000 points of helicity-dependent cross-section and asymmetries. In Fig.4, the beam280

spin asymmetries from [14] in two kinematic points are shown together with estimates with the281

KM15[43], GK[44], and VGG[45] GPD models. In contrast, Timelike Compton Scattering (TCS)282283
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has remained a subject of theoretical discourse [15, 17, 18] but has not been experimentally investi-284

gated until recently. In 2021, the CLAS collaboration at JLAB published the first-ever experimental285

results on the photon beam polarization asymmetry and the decay lepton angular asymmetries of286

TCS [19] using data obtained with the CLAS12 detector where a 10.6 GeV electron beam scattered287

off a hydrogen target. TCS mirrors DVCS in symmetry, featuring a real incoming photon and an288

outgoing photon with substantial timelike virtuality, γp→ p′γ∗ → p′l+l−, as shown in the diagram289

in Fig.2.(c). In TCS, the virtuality of the outgoing photon, denoted as Q′2 ≡ M2(l+l−) (here290

M(l+l−) stands for the invariant mass of the lepton pair) defines the hard scale. As in DVCS,291

the BH process, where the electron mediates lepton pair production (see Fig.2.(d)) contributes292

to the same final state and dominates the cross-section of exclusive lepton pair photoproduction.293

An essential feature of TCS is that the amplitudes for the Compton and Bethe-Heitler processes294

transform with opposite signs under the reversal of the lepton charge. Consequently, the interfer-295

ence term between TCS and BH in the cross-section is odd under the exchange of the l+ and l−296

momenta, while the individual contributions of the two are even. This property provides straight-297

forward access to the real part of CFFs through the angular transformation of θ → π + θ and298

ϕ→ π − ϕ of the decay leptons (see Fig.5) and, thus, the D-term in the parametrization of GPDs299

(this is similar to the lepton charge asymmetry in DVCS). On the other hand, the photon beam300

polarization asymmetry projects out the imaginary part of the Compton amplitude as the beam301

spin asymmetry in DVCS and tests the universality of GPDs. In Fig.6, the results obtained in302

[19] for both asymmetries and for a single kinematic point are shown as a function of transferred303

momentum squared t. The photon circular polarization asymmetry, A⊙U , is in reasonable agree-304

ment with the predictions of GPD-based models that were tuned on the DVCS data supporting305

the universality of GPDs. The angular asymmetry, AFB, is the first direct measurement of the306

real part of the VCS-BH interference term and shows a strong sensitivity to the D-term.307

With experimental data flowing, the next crucial step is inferring information on GPDs from308

DVCS and TCS observables. The process is not straightforward. First, one has to extract CFFs309

from data and then obtain information on GPDs, primarily by constraining GPD models.310

C. Inferring GPDs from experimental observables311

Extracting CFFs from experimental observables, such as asymmetries and cross-sections, is312

a crucial first step in accessing GPDs. Several methodologies have been developed to extract313

CFFs. These methods involve analyzing observables under well-established theoretical frameworks314

14



FIG. 5: Diagram of TCS scattering planes. Relevant angles for TCS θ and ϕ are, respectively, the

angle between the leptonic plane (defined by the outgoing leptons momenta l+ and l−) and the

hadronic plane (defined by the incoming and outgoing proton momenta p and p′).
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FIG. 6: The photon circular polarization (left) and forward-backward (right) asymmetries from

[19]. A reasonable agreement of models with measured A⊙U , the imaginary part of the Compton

amplitude, points towards the universality of GPDs. The AFB on the other hand is proportional

to the real art of the Compton amplitude and shows sensitivity to the D-term.

incorporating the symmetries and kinematic dependencies specific to the scattering process.315

A model-independent extraction of CFFs has been studied with local fits at specific kinematic316

points (xB, t, Q2) at which measurements are performed [46–52]. The advantage of local fits is their317

model-independence, as they directly measure the CFFs. This approach avoids biases introduced318

by specific GPD parametrizations and focuses solely on the experimental data. However, the319

drawback is that local fits do not inherently account for correlations across kinematic points or the320

global structure of GPDs, which can limit their scope for extracting comprehensive insights about321

the internal structure of hadrons.322

Global fits [20, 50, 53, 54] aim to simultaneously describe all available data across the entire323
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kinematic range. This approach uses a parameterized model for the GPDs, which implicitly defines324

the CFFs. The parameters of the GPD model are then optimized by fitting the entire dataset.325

Global fits offer several advantages: they provide a consistent description of the data, constrain326

the GPDs over a broader kinematic range, and often lead to smaller uncertainties due to the larger327

dataset used. However, there are challenges due to the complexity of the GPD parameterizations328

and the computational demands of the fitting procedure. Different theoretical models for GPDs329

exist, each with its own set of parameters that need to be determined through the global fit.330

A promising approach in extracting CFFs involves using Artificial Neural Networks (ANNs) [55].331

ANNs provide a flexible and model-independent way to parameterize CFFs by learning patterns332

directly from experimental data without imposing rigid functional forms. The works of M. Čuić,333

K. Kumerički, and A. Schäfer offer significant advancements in these techniques [56, 57]. They334

leverage global fits, neural networks, and advanced parameterizations to reconstruct CFFs from335

the measured data accurately. These approaches are particularly effective in reducing model de-336

pendence and ensuring compatibility with the constraints imposed by Quantum Chromodynamics337

(QCD).338

The next step, inferring GPDs from CFFs, is a challenging task known as the deconvolution339

problem. The fundamental limitation is that observables in DVCS and TCS reactions can access340

only two of the three variables, x, ξ, and t, that define the GPDs. The variable x is integrated out341

in the convolution integrals, and CFFs do not contain it. This means there is no unique solution342

for going from CFFs to GPDs. Various GPD functions can explain experimental data at different343

scales, and experimental uncertainties will also limit filtering through various GPD models and344

parameters. As shown in Fig.7 from [58], two different GPD models have almost equal values for345

GPD H at x = ξ.346

Moreover, recent studies of deconvolution have revealed the existence of a class of functions,347

shadow GPDs (SGPD) with a null CFF and a null forward limit at a given scale µ2, that will348

contribute to solutions in the GPD extraction [22]. An example of SGPDs is shown in Fig.8 from349

[22]. The QCD evolution of GPDs in ξ and Q2 can be used to exclude a large class of SGPDs350

[22, 23], and there is also a hope of the lattice QCD evaluation of the x dependence of GPDs351

[59]. Nevertheless, a process directly sensitive to the x dependence of GPDs is the only way to352

experimentally challenge the problem.353354
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FIG. 7: The singlet GPD Hu as a function of x, ξ, and Q2. The solid curves are dual

parametrization; the dashed curve is a prediction of the DD model. See details in [58].

D. Double Deeply Virtual Compton Scattering355

1. Overview356

A significant limitation in existing measurements, such as DVCS or TCS, is their inability to357

fully decouple the three GPD variables x, ξ, and t. The observables in these processes can access358

GPDs at x = ±ξ point (imaginary part of CFF) or measure integrals of GPDs over x (the real359

part of CFF). In contrast, Double Deeply Virtual Compton Scattering (DDVCS) [24–26], where360

both the incoming and outgoing photons are virtual, introduces independent tunable scales via the361

spacelike, Q2, and timelike Q′2 ≡ M2(l+l−) virtualities, enabling the exploration of GPDs in the362

x ̸= ξ space.363364

The DDVCS process can be accessed in exclusive electro-production of lepton pairs:365

ep→ e′p′γ∗ → e′p′l+l−. (14)

At leading twist and leading αs-order, DDVCS can be presented as the absorption of a spacelike366

photon by a parton inside the nucleon and emission of a timelike photon, which then decays to a367
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FIG. 8: The singlet GPD Hu as a function of x for ξ = 0.1 and 0.5, −t = 0.5 GeV2, and µ20 = 1

GeV2. The solid curves GK model with added two different SGPDs in dashed orange and dotted

brown curves. See details in [22].

lepton pair, as shown in Fig.9.(a). The CFFs enter the DDVCS amplitude as convolution integrals368

over a parton longitudinal momentum:369

F(ξ′, ξ, t) = P
∫
dx

(
1

ξ′ − x
± 1

ξ′ + x

)∑
q

[F q(x, ξ, t)∓ F q(−x, ξ, t)]

− iπ
∑
q

[F q(ξ′, ξ, t)∓ F q(−ξ′, ξ, t)].
(15)

where the scaling variables, skewness (ξ) and the generalized Bjorken variable (ξ′) (see Fig.9.(a))370

are defined as:371

ξ =
Q2 +Q′2

2Q2/xB −Q2 −Q′2 + t
,

ξ′ =
Q2 −Q′2 + t/2

2Q2/xB −Q2 −Q′2 + t
.

(16)

Varying the virtualities of the incoming (Q2) and outgoing (Q′2) photons, one can map out GPDs372

as a function of x = ξ′ and ξ, a yellow region in Fig.10, outside of the x = ±ξ ridge that DVCS373

and TCS offer. Note that for the case of DVCS, Q′2 = 0, ξ′ ≈ ξ (for −t << Q2). For the case of374

TCS, Q2 = 0, ξ′ ≈ −ξ (for −t << Q′2).375376
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FIG. 9: Diagrams of DDVCS, (a), and BH processes, (b).

FIG. 10: On the left, the longitudinal momentum transfer ξ vs the longitudinal momentum

fraction x for Compton scattering. The yellow region is accessible for DDVCS. The x = ±ξ

correspond to DVCS and TCS limits. On the right, the GPD Hu(x, ξ, t) as a function of x and ξ

at t = 0 according to the VGG model.
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FIG. 11: Scattering planes and definition of angles in lepton pair electroproduction.

As in the case of DVCS and TCS, Bethe-Heitler interferes at the amplitude level. The diagrams377

of the two interfering BH processes are shown in Fig.9.(b). With these three interfering processes,378

the 7-fold differential cross section of electroproduction of lepton pairs can be expressed as [24–26]:379

dσ7

dQ2dtdxBdϕdQ′2dΩl
=

α

16(2π)3
xBy

Q2
(|TBH1 + TBH2|2 + T 2

V CS + TV CS · TBH1 + TV CS · TBH2), (17)

where we use notations of [25] and TV CS · TBH1(2) = TV CS · T ∗
BH1(2) + T ∗

V CS · TBH1(2). The solid380

angle of the lepton pair is defined as dΩl = sinϑldϑldφl, α is the fine structure constant, and381

y = p · q/p · k. The definition of the angles ϕ, φl and ϑl is shown in Fig.11.382383

The most direct information on GPDs is encoded in the observables that arise from the in-384

terference of VCS and BH amplitudes. In DDVCS, isolating TV CST ∗
BH interference term is more385

intricate than in DVCS or TCS. There are two BH processes and three interference terms (includ-386

ing TBH1 · TBH2). The VCS amplitude is odd under the beam lepton charge interchange and even387

under the exchange of decay leptons momenta (l+/l− angle exchange). The first BH amplitude,388

BH1 in Fig.9, is even, while the second, BH2, is odd with respect to the interchange of both the389

beam lepton charge and the decay leptons momenta. These symmetries allow access to DVCS-like390

single-spin asymmetries, such as longitudinal beam spin asymmetry, in 5-five fold cross-section391
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measurement where the integration over the solid angle of decay leptons, Ωl, eliminates the con-392

tribution of the interference of BH2 with the other two amplitudes and only the interference term393

TV CST ∗
BH1 (d5σInt1) remains:394

dσ5

dQ2dtdxBdϕdQ′2dΩl
=

∫ 2π

0
dφl

∫ π

0
dϑl sinϑl

dσ7

dQ2dtdxBdϕdQ′2dΩl
(18)

= d5σBH1 + d5σBH2 + d5σV CS + d5σInt1 + λ(d5σ̃V CS + d5σ̃Int1).

Here σ̃X are beam polarization-dependent cross sections, and λ is the beam polarization. The395

polarized cross-section difference then will read:396

∆σLU = d−→σ 5 − d←−σ 5 = λ[d5σ̃V CS + d5σ̃Int1 ]. (19)

The d5 ˜σV CS ∝ ImTV CST ∗
V CS is expected to be negligible as it arises from twist-three Compton397

form factors [60] and the beam spin asymmetry proportional to T ∗
BH1

ImTV CS and depends on linear398

combination of Compton form factors:399

∆σLU ∝ Im[F1H(ξ′, ξ, t) + ξ′(F1 + F2)H̃(ξ′, ξ, t)− t

4M2
F2E(ξ′, ξ, t)] sinϕ. (20)

Here, the imaginary part of the CFFs relate to the GPDs at the ξ′ and ξ point, as in Eq.15, and400

varying the virtualities of the spacelike and timelike photons can independently vary both scaling401

variables and map out the GPDs in the x = ξ′ and ξ space, offering a new sensitivity to GPDs402

beyond the x = ±ξ constraint of DVCS and TCS.403

2. Observables of interest404

Double Deeply Virtual Compton Scattering (DDVCS) has garnered significant attention in405

theoretical and phenomenological studies due to its potential to provide detailed insights into GPDs.406

Early theoretical frameworks laid the foundation for understanding DDVCS in terms of GPDs [24–407

26] and provided predictions for cross-sections and beam helicity asymmetries, emphasizing the408

feasibility of experimental measurements. More studies of DDVCS, incorporating advancements in409

GPD modeling and experimental capabilities, JLAB e+ and 22 GeV, and the EIC, have followed,410

highlighting key measurements [61–63]. These studies stressed the importance of measuring the411

beam spin asymmetries in both space-like Q2 > Q′2 and time-like Q2 < Q′2 regions and observe412

sign change of ALU :413

ALU =
d−→σ 5 − d←−σ 5

d−→σ 5 + d←−σ 5
. (21)
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FIG. 12: Beam spin asymmetry predictions in DDVCS using the PARTONS framework with

Goloskokov-Kroll model. On the left, asymmetries are shown in the space-like region where the

red (blue) curve corresponds to kinematics Q2 = 3.5 GeV2 and Q′2 = 1.5 GeV2 (Q′2 = 2.5 GeV2),

xB = 0.2 and −t = 0.5 GEV2. On the right are the predicted asymmetries for the time-like region

where the red (blue) curve corresponds to Q′2 = 3.7 GeV2 and Q2 = 1.2 GeV2 (Q′2 = 2.8 GeV2

and Q2 = 0.5 GeV2).

The sign change, shown in Fig.12, is a consequence of the factorization and a strong test for414

the perturbative QCD regime. Studies in [61] show how one can combine measurements of beam415

charge and spin asymmetries with polarized e− and e+ beams to separate the interference (d5σ̃Int1)416

and the DDVCS (d5σ̃V CS) terms in Eq.19. Moreover, combining beam charge and decay lepton417

angular asymmetries offers clean access to the real part of the DDVCS and BH interference part,418

ReTV CST ∗
BH1. In [62], numerical estimates of DDVCS observables at the kinematics of JLAB and of419

the EIC using the PARTONS framework [21] are presented comparing different GPD models, and420

the measurability of the DDVCS reaction in these experimental facilities is demonstrated. Finally,421

the most relevant study of the sensitivity of JLAB DDVCS measurements to GPDs has recently422

been published in [63], where expected results of the proposed upgraded CLAS12 and the future423

SoLID spectrometer are shown. The main challenge of studying DDVCS experimentally is its424

cross-section, a few orders of magnitude smaller than the one of DVCS. In Fig. 13, the differential425

cross-sections for DVCS+BH (left) and DDVCS+BH (right) are presented for E = 10.6 GeV426

electron scattering off a proton. The kinematics of the scattered electron is fixed at Q2 = 2.75427

GeV2 and xB = 0.15. For DDVCS, the virtuality of the outgoing photon is Q′2 = 1.4 GeV2. As it428

can be seen, in the whole t range of interest, cross sections for DVCS and DVCS+BH are about429

four orders of magnitude larger than that of DDVCS and DDVCS+BH. Moreover, the outgoing430
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FIG. 13: Differential cross sections of DVCS (left) and DDVCS (right) processes with E = 10.6

GeV electron beam. The scattered electron kinematics is fixed at Q2 = 2.75 GeV2 and xB = 0.15.

The virtuality of the time-like photon in DDVCS is Q′2 = 1.4 GeV2.

time-like photon must be identified in a di-lepton decay of a different flavor than the beam to431

eliminate ambiguity and anti-symmetrization issues. Otherwise, additional cross terms will arise432

due to the identity of the beam and decay lepton.433

To overcome these challenges, a large-acceptance detector capable of running at very high434

luminosities, ≥ 1037 cm−2 sec−1, with good muon detection is required to study for DDVCS in the435

reaction ep → e′p′µ+µ−. Jefferson Lab at the luminosity frontier is the only place in the world436

where DDVCS in the valence region can be measured.437

E. Near threshold J/ψ production438

1. Overview439

In addition to the critical measurement of DDVCS, the experimental setup described previously440

will be capable of measuring the muon pair produced by the decay of J/ψ mesons. Given that441

the branching ratio of J/ψ → µµ is only 6%, the large luminosity of this experiment combined442

with a good muon detection efficiency will allow to collect a large amount of J/ψ. This will allow443

to explore the gluon content of the proton in great details.444

445
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The photoproduction of the J/ψ meson off a nucleon (in the case of this experiment, a proton)446

has long been identified as an important process to probe the gluon distribution inside the nucleon447

[64]. Figure 14 shows the diagram of the reaction assuming the produced J/ψ interacts with the448

nucleon only by the exchange of gluons. Recent theoretical developments [65–69] have suggested449

that the gluon Gravitational Form Factors (GFFs) of the proton [70, 71] can be accessed via the450

measurement of the t-dependence of the cross section. Lattice QCD calculations have also recently451

provided good estimates for the gluon GFFs [72–74]. Comprehensive reviews of the theoretical and452

experimental results on GFFs can be found in [35, 75, 76].453

FIG. 14: Diagram representing the photoproduction of the meson J/ψ on the proton, assuming

the interaction only involves the exchange of gluons.

2. Existing experimental results454

While photoproduction of J/ψ on a proton target has already been measured both at HERA455

[77, 78] and at LHC experiments in ultra-peripheral collisions, this measurement near its energy456

threshold is only possible when the initial photon has an energy about 8.2 GeV in the lab frame.457

Measurement of this reaction in this kinematic regime with large statistics has been made possible458

by the 12-GeV upgrade of the CEBAF accelerator at JLab [79]. Two recent measurements at459

Jefferson Lab have been published: first by the GlueX collaboration [80], and by the E12-16-007460

experiment in Hall C [81]. A third measurement, performed using data taken by CLAS12 with a461

proton target in 2018 and 2019, is currently under internal collaboration review.462

In the case of the GlueX measurement reported in [80], a tagged-photon beam is incident on a463

hydrogen target and the J/ψ is reconstructed in its electron-positron final state. Both the total464

cross section as a function of the incoming real photon energy and the differential cross section as465
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a function of t have been extracted. The total cross-section measured by GlueX is reported in Fig.466

15.467

FIG. 15: Near threshold J/ψ photoproduction cross-section as a function of the incoming photon

energy. The red data points are the measurement by the GlueX collaboration. Figure from [80]

The Hall C experiment (E12-16-007 or J/ψ-007) used an untagged photon beam scattering of468

a proton target. The electron-positron pair from the decay of J/ψ is then detected in the HMS469

and SHMS spectrometers, respectively. This experiment measured the differential cross-section as470

a function of the squared momentum transferred to the proton, −t, as shown in Fig.16 [81].471

In Hall B, CLAS12 has gathered data on a proton target in 2018 and 2019. The results of the472

E12-12-001A experiment, aiming at measuring the photoproduction of J/ψ from these data are cur-473

rently under internal collaboration review. Both the total cross-section and the t-differential cross474

section have been measured. Figure 17 shows the preliminary total cross-section using CLAS12475

data.476
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FIG. 16: Differential cross-section of the near-threshold photoproduction of J/ψ as a function of

the Mandelstam variable −t, obtained by the E12-16-007 experiment in Hall C [81].

FIG. 17: Near threshold J/ψ photoproduction cross-section as a function of the incoming photon

energy. The blue points are the preliminary results of CLAS12. The red data points are the

measurement by the GlueX collaboration. The blue line and green bands are model predictions

from holographic [68] and GPD [69] models respectively.
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3. Theoretical models and interpretation in terms of gluons distribution in the proton477

The Gravitational Form Factors (GFFs) of the proton have been an active topic of research478

recently. They appear in the matrix element of the QCD energy-momentum tensor which reads:479

⟨pf , sf |Tµ,ν
q,g (0)|pi, si⟩ = (22)

ū(pf , sf )
(
Aq,g(t)γ{µP ν} +Bq,g

iP {µσν}ρ∆ρ

2MN
+ Cg,q

∆µ∆ν − gµν∆2

MN
+ C̄q,g(t)MNg

µ,ν
)
u(pi, si),

where the GFFs are the functions Aq,g(t), Bq,g(t), Cg,q, and C̄q,g(t) for gluons and quarks respec-480

tively. The gluon GFFs can be related to the gluon GPDs, via their integration of the momentum481

fraction x as:482 ∫ 1

0
dxHg(x, ξ, t) = Ag

2,0(t) + (2ξ)2Cg
2 , (23)

483 ∫ 1

0
dxEg(x, ξ, t) = Bg

2,0(t)− (2ξ)2Cg
2 . (24)

Assuming Vector-Meson-Dominance, i.e. the exchange of a pair of gluons between the proton484

and the J/ψ, as depicted in Fig.14, various models have been develop to relate the differential485

cross-section of the near threshold J/ψ photoproduction to the gluon GFFs of the proton. Note486

that in all models so far, the Bq,g(t) form factors are assumed to be small according to the LQCD487

findings [73, 74] and thus ignored. Because it is mostly unknown from lattice calculation, the C̄g(t)488

form factors is ignored, while its true effect might be large [82, 83] as C̄(0) is related to the trace489

anomaly of the QCD EMT.490

Models based on holographic QCD has been developed in [68, 84–86], and models based on491

GPDs has been detailled in [66, 69].492

In both cases, the functional form of the GFFs is not given. Previous works have used a tripole493

dependence for both the A and C form factors:494

Ag(t) =
A(0)(

1− t
m2

A

)3 , Cg(t) =
C(0)(

1− t
m2

C

)3 . (25)

From the differential cross-section data obtained by the Hall C measurement, an extraction of495

the proton gluonic GFFs was performed using both the GPD-based model and the holographic496

QCD model. Figure 18 shows the extracted GFFs obtained from the J/ψ-007 results.497

From the Dg(t) = 4Cg(t) form factors, it is possible to extract the pressure distribution pro-498
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FIG. 18: Extraction of gluonic Gravitational Form Factors Ag(t) and Dg(t), performed using the

differential cross-section extracted by the E12-16-007 experiment in Hall C. Fig. in [81], corrected

in [87]

duced by the gluons in the proton. From the Fourier transform of Dg(t) and assuming a tripole499

dependence, one gets:500

D̃(r) =

∫
d3∆

(2π)3
e−i∆·rD(∆,mC) =

∫
d3∆

(2π)3
e−i∆·r D(0)

(1 + ∆2

m2
C

)3
= D(0)

m3
C

32π
(1 +mCr)e

−mCr, (26)

which can then be used to derive a transverse and shear pressure profile as:501

r2p(r) =
1

6mN

d

dr

(
r2
d

dr
D̃(r)

)
=

1

6mp

4C(0)×m5
C

32π
× r2 × (mC × r − 3)e−mC×r, (27)

and502

r2s(r) = − 1

4mN
r3
d

dr

(
1

r

d

dr
D̃(r)

)
=
−1

4mp

4C(0)×m6
C

32π
× r3e−mC×r, (28)

where the tripole dependence of the GFFs is assumed and Eq.26 is used to compute the derivative.503

Finally, one can also define the mass and scalar radius of the proton:504

⟨r2m⟩g = 6
1

Ag(0)

dAg(t)

dt

∣∣∣∣
t=0

− 6
1

Ag(0)

Cg(0)

M2
N

=
18

m2
A

− 6
1

Ag(0)

Cg(0)

M2
N

, (29)

⟨r2s⟩g = 6
1

Ag(0)

dAg(t)

dt

∣∣∣∣
t=0

− 18
1

Ag(0)

Cg(0)

M2
N

=
18

m2
A

− 18
1

Ag(0)

Cg(0)

M2
N

. (30)
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4. Open-charm and pentaquark contributions505

The interpretation of the J/ψ differential cross-section in terms of gluon GFFs is valid if the506

process can indeed be described by the exchange of two gluons. However, one should also include507

an open-charm loop and potential pentaquark contributions (see Fig.19) to properly describe the508

process near threshold. A lot of work has been done to estimate the impact of both of these509

contributions and their potential signal in the data (see for example [88, 89] for open-charm results,510

and [90–94] for discussions on potential pentaquark contributions).511

FIG. 19: Additional diagrams which have to be considered when describing the photoproduction

of J/ψ near threshold.

The result suggests that VMD might not be applicable and calls for more data, especially as a512

function of the incoming photon energy in the range of the ΛCD̄
(∗) thresholds at 8.7 and 9.4 GeV.513
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III. DETECTOR CONFIGURATION514

The µCLAS12 setup will utilize a modified CLAS12 detector, optimized for operation at lumi-515

nosities ≥ 1037 cm−2 sec−1, with enhanced muon detection capabilities. The CLAS12 detector,516

shown in Fig. 20, has been in operation since 2018, successfully collecting data with cryogenic,517

solid, and polarized targets using electron beams up to 10.6 GeV, operating close to its design518

luminosity of 1035 cm−2 sec−1. The success of running such an open acceptance detector at high519

luminosities lies in effectively shielding sensitive detector elements from electromagnetic background520

(EM-background). Möller scattered electrons create a significant part of the EM-background. The521

CLAS12 forward detector (FD) is shielded from this background with the help of the 5 T field of522

the CLAS12 solenoid magnet and a so-called Möller cone, made of tungsten, that covers forward523

angles up to 2.5◦. A well-shielded FD is the core element of the proposed detector for the DDVCS524

experiment.525

The performance of CLAS12 in terms of efficiencies and resolutions is well understood and526

supported by a validated GEANT4-based Monte Carlo (MC) model, GEMC [95]. Since its in-527

ception, significant efforts have been made to enhance reconstruction and particle identification528

(PID) algorithms, particularly by implementing Machine Learning based methods. One significant529

advancement is ML-aided forward tracking, which has now achieved over 90% efficiency, even at530

luminosities exceeding design specifications. Future tracking detector upgrades are expected to531

enable CLAS12 to operate efficiently at twice the design luminosity.532

ML methods have also been successfully applied to PID, significantly improving particle iden-533

tification in the kinematic regions outside the reach of traditional methods. As demonstrated in534

[19, 96], ML-enhanced electron identification (e-ID) has enabled a clean separation of electrons and535

positrons from pions with momenta above the pion threshold in the High Threshold Cherenkov536

Counter (HTCC), pthr > 4.7 GeV/c. For the µCLAS12 program, the ML tool using the Boosted537

Decision Tree (BDT) method for muon identification, developed for CLAS12 J/ψ studies, is par-538

ticularly valuable. The existing algorithm leverages forward calorimeter (fECal) information to539

enhance muon sample purity. In Fig.21, the implementation of the ML µ-ID in J/ψ photoproduc-540

tion is demonstrated. In the left plot of the figure, the invariant mass distribution of two minimum541

ionizing particles (MIP), dominated by pion pairs, is shown, assuming these are muons. No peak is542

visible at the J/ψ mass peak. With a cut on the BDT classifier, a clear peak at J/ψ mass, ∼ 3.09543

GeV, is visible, right plot. The classifier cut eliminates more than 90% of events, reducing single544

pion contamination in the muon sample by a factor of > 5.545
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FIG. 20: The CLAS12 detector in Hall-B, mid-plane cut view. The detectors that will be

removed/replaced are noted in red.

A. The µCLAS12 detector546

With the physics final states in mind, e′µ+µ−(p′) and µ+µ−p′(e′), the modifications to CLAS12547

for DDVCS measurement have the following goals:548

• Shield the forward detector (FD) from the electromagnetic background to enable high-549

luminosity operation,550

• Enhance muon identification in the forward detector, reaching more than ×100 suppression551

of charged pions,552

• Provide electron reconstruction and vertex determination,553

• Detect the recoil proton in a high background environment.554
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FIG. 21: On the left, the invariant mass distribution of two minimum ionizing particles (MIP),

dominated by pion pairs. The right plot is the invariant mass of pairs after the BDT cluster cut.

These goals will be achieved by replacing the CLAS12 High Threshold Cherenkov Counter555

(HTCC) with a PbWO4 calorimeter surrounded by a tungsten shield (wECal). Before the calorime-556

ter/shield, a high-rate vertex tracker (FVT) will replace the existing forward MicroMegas detectors.557

A new MPGD detector for recoil proton tracking in the solenoid field will replace the central de-558

tector tracking system (CVT) and the central time-of-flight counters (CTOF). Other changes for559

converting CLAS12 to µ-CLAS12 include removing the forward tagger system (FT) and extending560

the Möller cone coverage to up to 7◦ in polar angle. The new PbWO4 calorimeter and a 30 cm561

thick W-shield will cover the 7◦ to 35◦ polar angular range with 2π azimuthal coverage. Other562

detectors that will not be part of µCLAS12 are the backward neutron detector (BAND) and the563

low threshold Cherenkov counter (LTCC).564

The conceptual design of the µCLAS12 setup is modeled in CAD as shown in Fig.28. While565

some engineering details are still being worked out, the CLAS12 GEANT4 model has been modified566

to create a model of µCLAS12 based on the CAD model. Together with the CLAS12 event567

reconstruction algorithm, COATJAVA [97], this tool-set is used to study backgrounds, occupancies,568

and rates in µCLAS12 and event reconstruction. As will be shown below, the detector will be569

operable at luminosities of ≥ 1037 cm−2 s−1 and support the proposed studies, producing high-570

quality results with wide kinematical coverage.571

The following presents details of new detectors, beamline, and the target.572
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FIG. 22: The concept of the proposed DDVCS setup. The W-shield and PbWO4 calorimeter are

installed in the place of HTCC. The FVT and the recoil tracker are inside the solenoid.

1. PbWO4 calorimeter and W-shield573

The calorimeter for the detection of electrons will be mounted at 60 cm from the target center574

and will consist of about 1320, 20 cm long PbWO4 modules. The CAD rendering and engineering575

layout of the wECal (lead-tungsten calorimeter and the tungsten shield) is shown in Fig.23. We576

intend to use tapered crystals arranged to form a ring around the beamline with a hole in the577

center, similar to the Inner Calorimeter (IC) of the Hall-B DVCS experiment [98]. The central578

hole will extend to 7◦, and the outer perimeter of the ring will be at 30◦ of the polar angle. In579

the inner part of the calorimeter, from 7◦ to 12◦ degree polar angular range, the cross-section of580

the front face of crystals will be 1.3 × 1.3 cm2, above 12◦ crystals of 1.5 × 1.5 cm2 will be used.581

Smaller modules at forward angles are needed to keep rates per module at an acceptable level. The582

readout of modules will be performed with APDs from the downstream face of the crystal.583584

Such calorimeters have been successfully used at JLAB since the early 2000s. The first imple-585

mentation of a compact lead-tungsten calorimeter was in Hall-B for the 6 GeV DVCS experiment.586

The so-called inner calorimeter (IC) had 424 channels made of tapered crystals from CMS with587
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FIG. 23: The W-shield and PbWO4 calorimeter.

APD readout. Later, these modules were re-purposed for the Heavy Photon Search experiment588

(HPS), 442 channels [99]. Both calorimeters operated at close to 1 MHz rate per channel and had589

σ/E ≃ 4.5%/
√
E resolution. Another implementation in Hall B was for the PrimEx calorimeter,590

where PbWO4 modules are used to replace lead-glass modules at small angles to improve the energy591

resolution. The modules, in this case, were read out with PMTs. The upgraded calorimeter, HyCal,592

was successfully used in the PRad experiment and achieved energy resolution of σ/E ≤ 2.5%/
√
E.593

In the 12 GeV era, a few more PbWO4 calorimeters have been built and operated in high-rate en-594

vironments. The forward tagger calorimeter (FTECal) [100] in Hall-B uses 332, 1.5× 1.5× 20 cm3
595

crystals read out 1×1 cm2 LAAPDs. The FTCal runs at 0◦C and achieves resolution ∼ 3.5%/
√
E.596

More recently, two large area PbWO4 calorimeters have been built, commissioned, and used in ex-597

periments in Hall C, ∼ 1000 channels NPS[101], and a 1600 module upgrade of the Hall-D GluEx598

forward calorimeter central part. These two detectors use PMTs for light readout. Beam tests of599

a small prototype of GluEx calorimeter, 140, 2.× 2.× 20 cm3 modules, demonstrated the expected600

energy resolution of σ/E ≤ 3%/
√
E [102].601

Collaborations at JLAB and Hall-B, in particular, have extensive experience fabricating and602

running PbWO4 calorimeters.603

2. Forward vertex GEM tracker604

The proposed experiment requires detecting three forward going charged particles: an electron605

(e−) in the calorimeter and a muon pair (µ+, µ−) in the CLAS12 Forward Detector. All three606

particles originate from the target and traverse the strong magnetic field of the CLAS12 solenoid607

before reaching the detectors. Additionally, the muons pass through the calorimeter and shield,608
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undergoing significant energy loss and multiple scattering before their momentum is analyzed.609

A Forward Vertex Tracking (FVT) detector near the target is essential to ensure precise vertex610

reconstruction.611

We propose using a Micro-Pattern Gaseous Detector (MPGD) tracker downstream of the target,612

positioned in front of the calorimeter, to reconstruct track vertex parameters. Specifically, we613

have selected a triple GEM [103] design, which is well-suited for high-rate environments. The614

GEM technology relies on gas avalanche multiplication within micro-scale holes ( 50 µm), with615

multiple cascaded GEM foils providing high gain and operational stability, as illustrated in Fig. 24616

(left). GEM-based tracking detectors have been widely used in Jefferson Lab (JLab) experiments617

since the early 2000s, including Hall B’s Bonus [104], eg6 [105], and the Proton Charge Radius618

[106] experiments. Furthermore, GEM trackers designed for rates of ∼ 1 MHz/cm2 have been619

successfully fabricated and operated in the Hall A SBS [107] spectrometer.620
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FIG. 24: On the left, the working principle of a triple GEM detector. On the right, rendering of a

proposed 6-module GEM vertex tracker for µCLAS12.

We envision a six-station tracking system for µCLAS12 FVT, see Fig.24. Each station comprises621

six trapezoidal modules covering the 2π of azimuthal acceptance from 7◦ to 35◦ in polar angle. We622

plan to use a 2D COMPASS [108, 109] stereo strip readout, where U and V strips will be oriented623

parallel to the trapezoid’s sides. With the expected pitch size of 0.5 mm, each module will have624
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about 1200 readout channels. This arrangement will allow the readout front-end electronics to be625

placed at the trapezoid’s base, outside of the detector acceptance. The first station will be at ∼ 40626

cm from the target. In the present concept, the longest strip in this design will be < 25 cm. Given627

the relatively small detector and short strip lengths and based on operational knowledge of GEM628

detectors for SBS, the proposed tracker can sustain rates of 250 kHz/cm2 with expected position629

resolution better than 100 µm.630

The members of our collaboration from the University of Virginia and the JLAB detector group631

are well-recognized experts in the field and have led the design and construction of several GEM632

trackers. The detector proposed for this experiment does not pose any challenges in terms of633

operational conditions or size.634

3. Recoil tracker635

A recoil detector is essential for tagging protons in quasi-real photoproduction reactions, such636

as time-like Compton scattering and light vector meson production, within the scattering angle637

range of 40◦ to 70◦. In the forward region, the material budget of the tracking detector does638

not significantly impact track reconstruction quality, as the primary energy loss occurs within the639

shielding. Therefore, high-rate capable GEM detectors can be effectively utilized. In contrast,640

minimizing the material budget is crucial for low-energy recoil detection.641

A promising candidate for recoil tracking detectors is the newly developed Micro Resistive642

Well (µRWELL) detector [110]. These detectors offer a low material budget and a relatively643

simple design, making them well-suited for high-precision tracking. Similar to GEM detectors,644

µRWELL detectors feature a drift region where passing charged particles ionize the working gas.645

However, unlike GEMs, µRWELL detectors utilize a single amplification stage, reducing material646

presence along the particle path.647

The initial µRWELL prototype detectors had rate capability limitations, above 100 KHz/cm2
648

gain drop is observed. This is mainly because the collected charge on the resistive layer could649

not dissipate fast enough, and the amplification field inside the wells was effectively reduced. In650

a recent couple of years, more developments in this direction allowed µRWELL detectors to with-651

stand significantly higher rates (> 1 MHz) without compromising the gain [111]. This is achieved652

by adding more grounding lines on the resistive layer (PEP-groove and PEP-dots), significantly653

speeding up the charge evacuation. More details can be found in [111]. Currently, independent654

efforts are also ongoing to test high-rate µRWELL detectors within the CLAS collaboration by sev-655
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eral INFN groups and also in Hall-B within the Laboratory Directed Research and Development656

(LDRD) grant (LD-2507).657

FIG. 25: On the left µRWELL MPGD concept (top) and the rendering of the barrel recoil

detector (bottom). On the right, new detector elements of µCLAS12.

We plan to install a 6-layer, barrel-shaped µRWELL detector in place of the CLAS12 CVT,658

covering polar angles from 40◦ − 70◦. The conceptual design of the recoil tracker is shown in Fig.25.659

The top-left plot is a sketch illustrating the key components of the µRWELL detectors, while the660

bottom-left rendering depicts the barrel recoil tracker. The image on the right shows the new661

detector elements of µCLAS12.662

The recoil tracker will consist of six concentric cylindrical layers, each composed of three sectors663

and featuring a 2D readout. The 2D strip configuration includes Z-strips (parallel to the beam664

direction) and C-strips (perpendicular to the Z axis), enabling precise measurement of both az-665

imuthal coordinates and the “Z” coordinate of the hit. The strip pitch for both Z and C strips666

is 500;µm, ensuring high spatial resolution. The total number of readout channels for the entire667

detector is under 22K, which is well within practical limits for efficient data acquisition.668

The CLAS12 collaboration has substantial experience in building and operating cylindrical669

Micro-Pattern Gaseous Detectors (MPGDs), including the BONUS GEM tracker and the Barrel670

Micromegas Tracker (BMT). These systems have been successfully tested and operated with a671

beam. In addition, ongoing R&D efforts are focused on developing cylindrical µRWELL detectors,672
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as described in [112]. Over the next few years, we aim to validate these cylindrical µRWELL detec-673

tors for use in recoil tracking applications. Should technical challenges arise, an alternative option674

is to construct a GEM-based recoil tracker, leveraging the expertise and existing infrastructure675

within the CLAS12 collaboration.676

B. Beamline and Target677

The proposed luminosity of 1037 cm−2 sec−1 will be achieved with a ∼ 7.5 cm-long liquid678

hydrogen (LH2) target and an electron beam of up to 7 µA. With a few modifications, the Hall-B679

beamline will support high-current beam operation. The primary upgrade requirement is increasing680

the beam dump power. In 2021, we started a two-phase upgrade of the Hall-B beam dump. The681

first phase is completed, enabling the dump to handle a 17 kW beam on an insertable water-cooled682

beam blocker and up to 1 kW on the Faraday cup. The second phase is planned for the next couple683

of years. Several options are under consideration and will increase beam dump capacity to up to684

100 kW, allowing operation at required beam currents for this experiment.685

We will use the Hall-B liquid hydrogen target positioned at the center of the solenoid magnet.686

The 7.5 cm-long target cell is slightly longer than those used in current CLAS12 experiments.687

Unlike the current design, which uses a Kapton cell with aluminum windows, the new target cell688

will be constructed entirely from aluminum to enhance thermal performance and improve heat689

dissipation from the beam, ensuring stable operation under high beam intensity conditions. While690

beam heating will not be an issue keeping liquid hydrogen in the cell, it is expected to have some691

density fluctuations. A density fluctuation because of local boiling is not uncommon for high-692

power targets, and a typical mitigation is to take luminosity scan data to track density changes as693

a function of beam current.694

C. Background studies and luminosity limits695

The CLAS12 GEANT4 simulation software, GEMC [95], has been modified to enable studies696

of backgrounds, detector occupancies, event reconstruction, and experimental reach for the new697

configuration. We integrated in GEMC the µCLAS12 CAD model for the new detector components698

while preserving the existing CLAS12 framework. This approach enabled the use of the CLAS12699

event reconstruction framework, COATJAVA [97], for realistic event reconstruction, providing a700

foundation for conducting physics analyses.701

GEMC has been optimized and validated over the years against experimental data across various702
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beam energies and target configurations. The most critical aspects of the Monte Carlo (MC) tool703

for our study are background rates and detector occupancies from electron-target interactions,704

particle energy loss (ensuring an accurate material budget for detectors), and energy and time705

resolutions (e.g., for fECal).706

Figure 26 presents a comparison of measured and simulated drift chamber occupancies during707

the RG-A run, where 50 nA, 10.6 GeV electrons impinged on a 5-cm long LH2 target. The simulated708

beam background reproduces the observed occupancies within 15%. Another comparison, shown in709

Fig. 27, illustrates the energy depositions from charged pions for both data and simulation across710

the three fECal regions (PCal, ECIn, and ECOut) alongside the simulated muon energy loss. The711

simulation of the calorimeter energy response demonstrates good agreement with the experimental712

measurements.713

FIG. 26: DC occupancies as measured in CLAS12 and simulated in GEMC.
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FIG. 27: The energy distribution for minimum ionizing particles (π±) in the fECal module, PCal,

ECIn, and ECOut. The green distributions are for data from RG-A, the red histograms are MC

for π±, and the blue histograms are for simulated µ±. The histograms are normalized to the total

number of each sample.

These validations demonstrate that GEMC accurately reproduces CLAS12 detector perfor-714

mance, and the newly created MC tool, µGEMC for µCLAS12, as shown in Fig.28, is well suited715

to assess the feasibility of the proposed measurements.716

Several different material types and thicknesses of the shield downstream of the wECal have717

been studied to optimize occupancies in DC Regions 1 and 2, π/µ separation, muon energy loss,718

and the muon momentum resolution. We found a 30 cm thick tungsten or lead acceptable for DC.719

The lead option is preferable from an engineering point of view as a cost-effective and easy-to-make720

solution. The final decision will be made after all MC studies are completed1. Below, we present721

the current state of the background simulations with occupancies and rates in the detectors.722

1. DC Occupancies723

The drift chamber occupancies have been studied with both lead and tungsten shielding. Fig.29724

shows the occupancies generated from the interaction of a 11 GeV electron beam with LH2 target725

at a luminosity of 1037 cm−2s−1 with a 30 cm thick lead shield. The average occupancies, shown726

in the top plot, are approximately 9%, 11%, and 15% for Regions 1, 2, and 3, respectively.727

In previous CLAS12 experiments with nuclear targets, DCs have been operated with occupan-728

cies close to 10%. High occupancies will impact tracking deficiency and momentum resolutions.729

However, it is important to note that occupancies in Regions 1 and 2 are primarily concentrated730

in the very forward and very backward areas of these regions, respectively. Region 1 covers the731

1 MC studies of the background and shield optimization are ongoing. We will have a final working solution before

the PAC submission deadline
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FIG. 28: GEANT4 rendering of the µCLAS12 detector, µGEMC.

angular range starting from 5◦, while µCLAS12 aims to detect tracks in the forward detector above732

7◦. As a result, the high-occupancy area corresponding to the first 15 wires of Region 1 will not733

significantly affect its performance. Similarly, the high-occupancy area in the backward part of734

Region 2 corresponds to scattering angles near 40◦, which are outside the µCLAS12 acceptance.735

The primary challenge lies in Region 3, where the occupancy is the highest and covers a sub-736

stantial portion of the detector. Ongoing studies aim to better understand the sources and nature737

of the background, as well as to optimize the shielding configuration. Available MC data indi-738

cate that a significant portion of the background originates from electrons produced between the739

downstream end of the torus magnet and the forward carriage, with a non-negligible contribution740

from the forward carriage itself. Notably, the energy of these background electrons is low. This741

is evidenced by the introduction of a 2 mm carbon shell, which effectively reduced the average742

occupancy in Region 3 from 20% (shown in the right graphs of Fig.29) to 16% (shown in the left743

graphs).744

Further improvements in shielding and background mitigation are being actively investigated745
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to ensure that optimal detector performance in high-occupancy conditions will be achieved.746

FIG. 29: The drift chamber occupancies at the luminosity of 1037cm−2s−1 with a 30 cm thick

lead shield downstream of the PbWO4 calorimeter. Left: occupancies with a 2 mm thick carbon

shell on the back of the Region 3 DCs. Right: occupancies without the carbon shell. The top

plots show the average occupancies per sector, and the bottom plots are occupancies as a

function of the DC write number for three regions.

2. Rates in the forward GEM tracker747

A scoring plane was implemented in µGEMC at a distance of 40 cm from the target center to748

estimate hit rates in the forward GEM tracker. Any particle with energy exceeding 10 keV that749

crossed the plane within the angular range of 7◦ to 30◦ was counted as a hit.750

Figure 30 shows the flux distribution of charged and neutral particles at a luminosity of751

1037 cm−2sec−1. In the region close to the beam, the total rate, predominantly composed of752

photons, is approximately 20 MHz per cm2. Extensive studies with GEM detectors indicate that753

only 0.5% of photons with energies greater than 10 keV will produce a detectable signal in the754

tracker. Taking this factor into account, along with the charged particle rate of about 450 kHz/cm2
755

at the very forward region, we estimated the highest detectable rate to be less than 500 kHz/cm2.756
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In the current GEM design, the longest strip covers an area of about 1.2 cm2, stretching from757

very small angles with the highest rates to larger angles where rates decrease to around 50 kHz/cm2.758

Averaging the rates over the entire tracker area yields a detectable hit rate of less than 300 kHz/cm2
759

per GEM module.760

FIG. 30: Rates of particles with more than 10 keV energy at a luminosity of 1037 cm−2sec−1

crossing the scoring plane at 40 cm from the target center. Left: total rate; Middle: the rate

charged particles and photons; and Right: the rate from charged particles only.

3. Rates in the PbWO4 calorimeter761

The rates in the calorimeter were estimated using data from a scoring plane positioned at 60 cm762

from the target center. Figure 31 shows the flux distribution of charged and neutral particles at763

a luminosity of 1037 cm−2sec−1 within the acceptance range of wECal, considering particles that764

deposit at least 15 MeV of energy in the calorimeter.765

The highest observed rate is approximately 1 MHz/cm2 in the region close to the beam, pre-766

dominantly driven by photons. In contrast, the rate of charged particles in this region is about767

200 kHz/cm2. The forward calorimeter module, made of PbWO4, has dimensions of 1.3× 1.3× 20768

cm3, covering an area of approximately 1.7 cm2. Therefore, the highest hit rate in a single module769

with a 15 MeV energy threshold is estimated to be less than 2 MHz.770

This rate is considered manageable, as similar calorimeters (e.g., the HPS calorimeter) have771

operated efficiently under comparable rates in modules situated close to the beam.772

4. Rates in the recoil tracker773

The rates in the recoil tracker were estimated using data from a cylindrical scoring plane posi-774

tioned at a radius of 30 cm from the beam. Figure 32 shows the flux distribution of charged and775
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FIG. 31: Hit rates at the scoring plane before wECal at the luminosity of 1037 cm−2sec−1. Left:

the rate for different particles as a function of polar angle with 15 MeV energy cut in the wECal.

Right: the rate from charged particles with the same energy cut.

neutral particles at a luminosity of 1037 cm−2sec−1. The left panel of the figure presents the rates776

for different particle types with a 10 keV energy threshold as a function of polar angle.777

The highest flux is attributed to photons, reaching approximately 300 MHz at small angles778

(30◦). Neutrons contribute the next highest rate, while charged particles exhibit a rate of about779

10 MHz. The longest strips in the recoil tracker are Z-strips with a pitch size of 500 µm, covering780

an area of approximately 3 cm2 at a 30 cm radius.781

Taking into account a 0.5% detection efficiency for photons, the estimated rate per cm2 for the782

recoil tracker is less than 250 kHz/cm2, which remains within the acceptable operational range.783

D. Trigger rates and DAQ784

The trigger for the proposed experiment is a charged track with Minimum Ionizing Particle785

(MIP) energy deposition in the forward electromagnetic calorimeter (fECal). To estimate the rate786

of a single MIP trigger in µCLAS12, we utilized data from the CLAS12 RG-A experiment (a 10.6787

GeV electron beam impinging on a 5 cm long LH2 target), where data were collected using multiple788

trigger settings. One of these settings involved a single fECal hit with energy greater than 10 MeV.789

The raw rate of this trigger (TB8) at a luminosity of approximately 0.6 × 1035 cm−2 sec−1 was790

about 250 kHz, and data from TB8 were recorded with a pre-scale factor of 2049.791

Analyzed data sample with the TB8 yielded around 11000 events containing at least one posi-792

tively or negatively charged track with energy in the fECal below the MIP energy threshold of 300793

MeV. To estimate the rate in µCLAS12, this number must be corrected for the pre-scale factor794

(×2049) and accounting for the luminosity difference between the analyzed data and the proposed795
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FIG. 32: Rates of particles at the cylindrical scoring plane located at 30 cm radius from the beam

at the luminosity of 1037 cm−2sec−1. Left: the rates for different particle types with 10 keV

energy cut as a function of polar angle. Right: azimuthal and z distribution of rates of photons

and charged particles.

luminosity of 1037 cm−2 sec−1 (÷52.7). We also considered the survival fraction of charged hadrons796

through the wECAL and the shield from GEANT4 MC, which is approximately 0.01. Based on797

these corrections and considerations, we estimated a single trigger rate of 21 kHz.798

The CLAS12 Data Acquisition (DAQ) system currently achieves a trigger acceptance rate of 30799

kHz with a live time greater than 90%, significantly exceeding the proposed experiment’s expected800

trigger rate. During routine operations, the CLAS12 DAQ typically runs at rates exceeding 20801

kHz, with a data throughput of approximately 800 MByte/sec. The transition from CLAS12 to802

µCLAS12 will result in a nearly unchanged total channel count since the additional channels from803

new detectors will be compensated by those that are removed or replaced.804

Furthermore, the CLAS12 DAQ system is undergoing a major upgrade to support Streaming805

Readout (SRO), which will enable triggered DAQ operation at up to 70 kHz. If SRO becomes806

available by the time of the experiment, we will leverage it to record a broader range of physics807

final states, enhancing the scientific output.808
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E. Event reconstruction and muon identification809

1. Pion survival rates810

The electromagnetic background generated in the target is effectively absorbed by wECal and811

the shield, significantly reducing the background on the forward detector. The primary background812

in the forward detector and the true muon sample will originate from charged pions. Although the813

calorimeter and shield will absorb a significant fraction of these pions, some will still pass through,814

make a track in DC, and deposit energy in fECal. Figure 33 illustrates how 6 GeV/c π+ and µ+,815

generated using a GEANT4 particle gun, interact with the calorimeter and shield before being816

detected in the CLAS12 forward detector. As seen in the left rendering, most pions will shower in817

wECal, preventing them from leaving a measurable trajectory in the drift chambers or a minimum818

ionizing particle (MIP) signature in fECal. Only a tiny fraction, <∼ 1%, will be detected in the819

forward detector, either directly or through secondaries. In contrast, > 80% of muons will pass820

through wECal with some energy loss and remain detectable in the drift chamber and fECal.821

The strategy for muon identification relies on their characteristic energy deposition signature822

in the forward calorimeter modules, as shown in Fig.27. Another key distinguishing feature is the823

transverse profile of the energy distribution, specifically the number of calorimeter strips involved in824

the energy reconstruction. Pions, which can shower in the calorimeter, produce a wider transverse825

shower profile and involve many strips. A limit imposed on the number of strips involved in826

calorimeter hit reconstruction will further suppress pion contamination. Figure 34 demonstrates827

the effect of this cut, showing the distribution of the fECal sampling fraction (SF = Ecal/p) as828

a function of momentum (p) for positively charged particles reconstructed from generated π+s at829

the target. After applying the strip-count cut, only particles with a clear MIP energy signature830

remain. In the future, more sophisticated algorithms with the inclusion of ML techniques will be831

employed for π-µ separation.832

To estimate pion contamination in the MIP (muon) sample, 3 million pions of both charges833

were simulated with uniform momentum and angular distributions using the GEANT4 particle834

gun. The CLAS12 event reconstruction framework was then used to reconstruct and identify835

particles reaching the forward calorimeters. Figures 35 and 36 display the fraction of positively836

and negatively charged tracks reconstructed as MIP particles originating from the initial π+s and837

π−s samples, respectively. Overall, the survival rate of pions is < 0.8%. Due to secondary particles838

generated in wECal, a negatively (positively) charged MIP track can occasionally be reconstructed839

from the original π+ (π−) sample, albeit with very low efficiency (< 0.2%). We require pairs of840
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FIG. 33: Simulation of 6 GeV/c π+s and µ+ through the µCLAS12 GEANT4 model. Almost all

pions interact in the wECal while muons punch through and get reconstructed in DC and fECal.

MIP tracks for physics analysis, and the above results ensure that pion pairs are suppressed in the841

muon pair sample by at least 5× 10−5.842

2. Muon energy loss and momentum resolution843

Muons with momentum above approximately 1.5 GeV/c will penetrate the wECal and shielding,844

albeit with significant ionization energy loss that can reach up to a GeV, as shown in Fig. 37.845

After passing through the wECal and shield, muons that retain enough energy to traverse the846

torus field and reach the fECal will undergo momentum analysis in the drift chambers. However,847

the reconstructed momentum will correspond to the momentum after energy loss. Therefore,848

momentum corrections are necessary to restore the muon momentum at the production vertex.849

These corrections are crucial for accurate vertexing of the track and for determining the angles and850

position at the production point as the particles pass through a 5 T solenoid field.851

The momentum corrections are derived from simulations by examining the dependence of the852

energy loss on the reconstructed momentum, where the energy loss is defined as a difference between853

reconstructed and generated momenta, ∆P = Prec − Pmc. The bottom row of Fig. 37 shows854

the relative energy loss of negatively (left) and positively (right) charged muons as a function855

of reconstructed momentum. The distributions of ∆P/Prec versus Prec were parametrized as856

polynomial functions and used for the muon energy loss corrections. These functions are depicted857
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FIG. 34: A forward-ECal sampling fraction (SF = Ecal/p) vs. momentum for π+s that passed

the calorimeter-shield and end up in fECal. Distribution in a) is for all pions, and b) those who

survived a number of fECal strip cuts to select true MIP particles.

as red curves in the bottom row of Fig. 37.858

One of the key kinematic variables for identifying the reaction ep→ e′µ−µ+p is the missing859

mass of the final state e′µ−µ+X, where the missing proton must be identified through missing860

momentum analysis. In Fig. 38, the missing mass squared distributions of the reconstructed e′µ−µ+861

final state from the simulation of Bethe-Heitler (BH) events through µCLAS12 are presented. The862

black distribution corresponds to the missing mass calculated with the reconstructed momenta of863

muons, while the red distribution shows the result after applying muon energy loss corrections. A864

significant improvement in the missing mass squared distribution of the missing proton is evident865

after implementing momentum corrections.866

In addition to energy loss, multiple scattering significantly degrades the angular resolution.867

The FVT’s primary purpose is to measure precisely the vertex angles of muons and electrons. It868

is expected that the reconstructed angles, aided by the FVT, will be sufficiently accurate that no869

further corrections would enhance the resolution of kinematic variables. Therefore, at this stage, the870

angles of the reconstructed muons are corrected by assigning the corresponding generated values.871

This angular correction significantly improves the missing mass distribution, as demonstrated by872
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FIG. 35: A distribution of the fraction of positively (a) and negatively (b) charged MIP particles

from simulated 3M π+s after cuts on the number strips in fECal. The original sample of pions

was generated uniformly in momentum and cos θ using a GEANT particle gun.

the green histogram in Fig. 38.873

49



FIG. 36: A distribution of the fraction of negatively (a) and positively (b) charged MIP particles

from simulated 3M π−s after cuts on the number strips in fECal. The original sample of pions

was generated uniformly in momentum and cos θ using a GEANT particle gun.
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FIG. 37: Relative momentum loss (∆P/P) as a function of generated momenta (top row) and

reconstructed momenta (bottom row). correspond to negatively charged muons, while those on

the right correspond to positively charged muons. The red curves in the bottom plots indicate

the corresponding correction functions..
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FIG. 38: The missing mass squared distribution of the reaction ep→ e′µ−µ+X. The black

distribution corresponds to the uncorrected data, the red distribution is obtained after applying

momentum corrections to both muons, and the green distribution shows the result after

additionally correcting the polar and azimuthal angles. .
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F. Physics backgrounds874

There are multiple sources of background reactions that can generate the desired final state par-875

ticles and can potentially contribute to the measurement of the main physics reaction, ep→ e′µ−µ+(p).876

The most significant background sources are listed below:877

• Inelastic muon pair production:878

Reactions of the type ep→ e′µ−µ+(X), where X ̸= p. These are di-muon final states where879

the missing hadronic mass is close to the proton mass, allowing them to pass the missing880

mass cuts defined by the detector resolution. An example of such a background reaction is881

ep→ e′µ−µ+(πN),882

• Pion pair production:883

Reactions such as ep→ e′π−π+(X), where both pions pass the MIP selection cuts, lead to a884

final state that also passes the missing mass cut.885

• Accidental coincidences:886

These occur when two MIP events coincide in the forward detector along with an electron-887

like hit in wECal, which is associated with an inclusive electron. This situation arises when888

µ+µ− or π+π− pairs are produced by an electron scattered at a small angle (close to 0◦) and889

escape detection, while another electron from the same beam bunch is detected along with890

the MIP pair.891

1. Inelastic muon pair production892

The di-lepton event generator GRAPE [113], extensively utilized in HERA data analysis, is893

capable of generating both elastic ep→ e′µ−µ+p and inelastic ep→ e′µ−µ+X (X ̸= p) reactions.894

To estimate the contribution from inelastic muon pair production, events were generated with an895

invariant mass cut of M(µ−µ+) > 1.2 GeV, corresponding to the region of interest for this pro-896

posal. These events were passed through µGEMC and subsequently reconstructed using CLAS12897

reconstruction tools.898

The contribution of inelastic events to the elastic final state was evaluated by analyzing the899

missing mass distribution of e′µ−µ+ events after applying momentum corrections for muons and900

smearing electron momentum for the expected resolution of wECal σ/
√
E = 4%. Figure 39 shows901
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normalized missing mass squared distributions for both elastic (blue) and inelastic (red) events. The902

dashed vertical lines indicate cuts on the missing mass squared to identify elastic scattering, defined903

as 0.4 GeV2 < M2
X < 1.5 GeV2. The fraction of inelastic reactions within this cut is approximately904

5.5%.905
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FIG. 39: Missing mass squared distribution for elastic (blue) and inelastic (red) muon pair

production. Vertical dashed lines represent the missing mass cut.

2. Pion pair production906

To estimate the pion pair background, we analyzed CLAS12 electroproduction data from 10.6907

GeV electron scattering on a 5 cm long liquid hydrogen target. Data corresponding to about908

4.27 fb−1 integrated luminosity is examined, and events containing at least one π−π+ pair were909

selected (approximately 180 million events). This corresponds to about 41 nb of detection cross-910

section. These events were processed through µGEMC and reconstructed using the CLAS12 event911

reconstruction tool. This approach provides the best approximation for pion pair electroproduction912
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in our study since any pions that can be detected as MIPs with µCLAS12 will also be detected in913

CLAS12.914

0 0.5 1 1.5 2 2.5 3 3.5 4
 Invariant mass [GeV]

4−10

3−10

2−10

1−10

1

10

210

310

410

510
 R

at
e 

[H
z/

0.
10

 G
eV

]

Tot. Rate = 382415.596 Hz
Tot. Rate = 0.244 Hz
Tot. Rate = 0.012 Hz
Tot. Rate = 0.000 Hz

FIG. 40: Rates of pion pairs as a function of 2-MIP particle invariant mass. The black

distribution represents all initial pairs selected from CLAS12 data, the red represents events

when at least one pair of oppositely charged MIP particles is detected, and the blue histogram

corresponds to evens when an electron is detected in the µCLAS12 calorimeter. Pink, with no

events, is from the three-particle final state that satisfies the missing mass cut. The numbers in

the figure represent the total integrated rates for the corresponding histogram.

Figure 40 shows the expected rates as a function of the invariant mass of two MIP particles915

at various analysis stages, normalized to a luminosity of 1037 cm−2 sec−1. The black histogram916

represents all initial pion pairs, while the red histogram corresponds to events where both pions917

are reconstructed as MIPs in µCLAS12. The blue histogram shows events where an electron918

is identified in wECal in addition to the MIPs. Finally, the pink histogram (with zero events)919

corresponds to events that pass the missing mass squared cut on the ep → e′MIP−MIP+X final920
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Inclusive Dilepton elastic Dilepton quasi-elastic

cross-section [pb] 152004 4.3633 0.6959

e− momentum range 0.5 GeV - 10.6 GeV No cut No cut

e− θ range 7 deg - 38 deg No cut No cut

µ−/+ momentum range N/A 0.5 GeV - 10.6 GeV 0.5 GeV - 10.6 GeV

µ−/+ θ range N/A 5 deg - 40 deg 5 deg - 40 deg

TABLE I: summary information for inclusive and dilepton generated events before the merging.

state.921

The analyzed statistics did not produce any pion pair events with a detected electron that922

could be reconstructed as e′µ−µ+ and pass the missing mass squared cut. However, with the rate923

of reconstructed e′MIP−MIP+ events, we can confidently conclude that the contribution from the924

pion pair production to the e′µ−µ+ final state is a few times smaller than the true rate of the925

ep → e−µ−µ+ reaction, 0.03 Hz, and the implementing the missing mass squared cut is expected926

to reduce this background by an additional order of magnitude.927

3. Accidental coincidence with inclusive electron928

Accidental coincidences occur when a reconstructed MIP particle pair and an electron from929

an unrelated event are detected within the time window of a single beam bunch. To estimate the930

fraction of these coincidences, we generated inclusive electrons separately using the IncEG generator931

[114], which accurately reproduces CLAS12 inclusive electron scattering data [115]. Additionally,932

we generated muon pairs with GRAPE [113] (both elastic and inelastic) without imposing any933

constraints on the scattered electron momentum.934

The inclusive electron events from IncEG and all particles from the GRAPE generator were935

combined to form new mixed events. These events were then processed through the µGEMC936

simulation and reconstructed using the CLAS12 reconstruction framework.937

We use the known cross sections for di-muon production and inclusive electron scattering to938

calculate the coincidence rate. The coincidence rate is given by:939

RC = σIncl × L× σdilepton × L× 4 ns (31)

where RC is the coincidence rate, L is the luminosity, σIncl is the inclusive cross-section, and σdilepton940

is the dilepton production cross-section from GRAPE.941
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Cross sections and kinematic cuts applied to particles in the IncEG and GRAPE simulations942

are summarized in Table I. While the rate of accidental coincidence muons is comparable to the943

rate of pure BH electroproduction events, energy and momentum conservation cuts suppress those944

accidentals significantly.945
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FIG. 41: Missing mass squared distribution electron-2MI P events for 200 days of running at

1037cm−2s−1 luminosity. The blue distribution represents BH events, red represents the

accidental coincidence of inclusive electrons and elastically produced muon pairs, pink is the

coincidence with inelastic muon pairs, and orange is the sum of elastic and inelastic coincidences.

Figure 41 shows the missing mass squared distribution of electron/di-muon final states for 200946

days of running at a luminosity of 1037cm−2s−1. The distribution includes both true electropro-947

duction of BH di-muons and accidental coincidences. The blue histogram corresponds to pure BH948

events, the red points show accidental coincidences of inclusive electrons with elastic muon pairs, the949

pink points represent coincidences with inelastic muon pairs, and the orange histogram is the sum of950

elastic and inelastic contributions. In the missing mass squared range 0.4 GeV2 < M2
X < 1.5 GeV2,951

the total contribution from accidentals is under 5%.952
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IV. PROPOSED MEASUREMENTS953

The experiment will measure the production of muon pairs in electron-proton scattering (see954

Fig.42) with longitudinally polarized electrons at 11 GeV. Multiple reactions of interest will be955

studied with the exclusive reaction:956

e⃗p→ e′µ+µ−p′. (32)

Physics observables in DDVCS, TCS, and J/ψ production include cross-sections and beam and957

angular asymmetries, measured in a wide range of the center-of-mass energies, s ≡W2 = (q+ p)2,958

the squared four-momentum transfer t = (p′ − p)2, and the spacelike and timelike virtualities of959

incoming and outgoing photons, Q2 = −q2 = −(k−k′)2 and Q′2 ≡M2
µµ = (pµ++pµ−)2, respectively.960

Here k(k′) is the four-momentum vector of the incoming (scattered) electron, p(p′) is the four-vector961

of the target (recoil) proton, and pµ+ and pµ− are the four-momentum vectors of the decay muons.962

FIG. 42: Diagram of the muon pair electroproduction.

For DDVCS and J/ψ analyses, we plan to detect the scattered electron and the muon pairs963

from the timelike photon decay, where the recoil proton will be identified in the missing momentum964

analysis as:965

e⃗p→ e′µ+µ−X,

M2
X = (k + p− k′ − pµ+ − pµ−)2 ≈M2

p .
(33)

The TCS studies use the reaction, where the missing scattered electron will be identified and966

its the kinematics will be deduced through missing momentum analysis, similar to the CLAS12967

TCS analysis:968
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e⃗p→ µ+µ−p′X,

M2
X = (k + p− p′ − pµ+ − pµ−)2 ≈M2

e ,

P⊥
X ≈ 0.

(34)

Additionally, semi-exclusive (e′µ+(−)p′) and exclusive (e′µ+µ−p′) final state that will be ana-969

lyzed to perform systematic checks.970

A. DDVCS measurement971

1. Kinematic coverage972

Fig.43 illustrates the kinematic coverage of the experiment for electroproduction of di-muons973

in terms of W , Q2, t, and M(µ+µ−). The distributions are obtained with full Monte-Carlo sim-974

ulation of Bethe-Heitler events, using the GRAPE event generator[116], processed through the975

GEANT4-based model of µCLAS12 and followed by particle reconstruction using the CLAS12976

event reconstruction tool, COATJAVA[97]. The simulation assumes a proton target and an 11977

GeV electron beam. The scattered electrons are reconstructed in the PbWO4 calorimeter, with978

a detection threshold of k′0 > 0.5 GeV in the angular range 8◦ < θe′ < 30◦. Muon kinematics is979

defined by the µCLAS12 Forward Detector (FD) acceptance, accounting for the energy loss in the980

calorimeter and the shield in front of it.981

The accessible phase space in ξ and ξ′ is shown in Fig.45. The µCLAS12 acceptance predom-982

inantly favors the time-like region largely due to the statistical limit at large Q2 ≫ Q′2
min ≥ 1.4983

GeV2. Nevertheless, expected statistics will allow us to explore DDVCS in the space-like region of984

ξ′ < 0.1.985

Figure 44 shows the coverage in transferred momentum t, demonstrating reasonably good cover-986

age in the relevant region of −t < 1 GeV2 for both space-like and time-like DDVCS measurements.987

We expect to collect more than 0.5 M events for the DDVCS analysis.988

2. Observables to be measured989

The primary goal for DDVCS studies is to measure Beam Spin Asymmetries (ALU ) as a function990

of the angle between leptonic and hadronic planes, ϕL, in a wide range of skewness (ξ) and the991

generalized Bjorken variable (ξ′). The ALU , defined as:992

ALU =
1

Pb

N+ −N−

N+ +N− , (35)
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FIG. 43: Kinematic coverage of µCLAS12 for di-muon electroproduction with an 11 GeV electron

beam. Left: Q2 vs. W =
√
s distribution, where limits are defined by detecting the scattered

electron in the µCLAS12 PbWO4 calorimeter. Right: Distribution of the invariant mass of lepton

pairs detected in the µCLAS12 forward detector as a function of squared momentum transferred.

FIG. 44: Coverage in transferred momentum squared t for the DDVCS measurements in the

time-like region. Left: ξ vs. −t for −0.1 < ξ′ < −0.06. Right: ξ′ vs. −t for 0.17 < ξ < 0.23.
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FIG. 45: ξ vs. ξ′ distribution for reconstructed DDVCS+BH events. The boxes represent

kinematic bins used to illustrate expected beam spin asymmetries in the time-like, Q′2 > Q2, and

space-like, Q′2 < Q2, regions.

where N− and N+ are the number of events with positive and negative beam helicities, respectively,993

and Pb is the beam polarization as measured with Hall B Möller polarimeter. The asymmetry will994

be measured in multiple bins, covering both the space-like (Q′2 < Q2) and time-like (Q′2 > Q2)995

regions. A key objective is to observe the sign change of the asymmetry during the transition996

between these regions.997

Figure 45 shows the kinematic coverage in (ξ′, ξ) after 200 days of beam running with µCLAS12,998

utilizing a liquid hydrogen target and an 11 GeV electron beam. The boxes drawn on the plot999

represent kinematic bins we used to illustrate expected results on ALU in 200 days of beam running1000

with µCLAS12 using a liquid hydrogen target and a 11 GeV electron. For each (ξ′, ξ) bin, shown1001

as red and green boxes in Fig.45, the asymmetry ALU was extracted from simulated data for two1002

different average values of Q′2 and Q2 points as depicted in the left panel of Fig.46. The right1003

panel of the figure displays the corresponding kinematics of the scattered electron.1004

The obtained ALU values, along with the expected statistical uncertainties for four kinematic1005

bins (as indicated in Figs.45 and 46 with color coding), are shown in Fig.47. The beam spin1006
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FIG. 46: The Q′2 vs. Q2 distribution of events for red and green (ξ, ξ′) bins in Fig.45. For each

(ξ, ξ′) bin, the ALU is studied in two different average Q̄′2 and Q̄2 points.

asymmetry for DDVCS was generated using the VGG model [117]. In the space-like region, the1007

statistical uncertainties of ALU are larger than those in the time-like region. Nonetheless, the1008

expected uncertainties are sufficient to accurately extract the sinϕL moment, Asinϕ
LU , with sufficient1009

accuracy, as indicated in the plots.1010

3. Beam Spin Asymmetry and shadow GPD1011

As discussed in the motivation, observables in DVCS and TCS can only access two of the three1012

variables that define GPDs. The variable x effectively drops out in CFFs for these processes,1013

leading to non-unique solutions when reconstructing GPDs from experimental data. Consequently,1014

a large number of functions, so-called shadow GPDs (SGPDs), added to the regular GPDs will1015

explain the experimental data, complicating the interpretation. In contrast, DDVCS observables1016

retain sensitivity to the variable x, allowing all three GPD parameters to vary independently. This1017

makes mapping GPDs in three dimensions possible, providing a more comprehensive and precise1018

understanding of the nucleon structure.1019

Figure 48 shows an example of the proposed ALU measurement, where it is possible to distin-1020

guish between asymmetries generated using GPD parametrization in the Goloskokov-Kroll model1021

(GK19) from PARTONS [21] and asymmetries generated with the same model incorporating an1022

additional NLO SGPD. This demonstrates the potential of DDVCS to resolve ambiguities arising1023
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FIG. 47: The top two plots show expected beam spin asymmetry in the space-like region for two

kinematic points: on the left - Q̄2 = 2.4 GeV2, Q̄′2 = 1.64 GeV2, x̄B = 0.21, and −t̄ = 0.33 GeV2;

on the right - Q̄2 = 3.38 GeV2, Q̄′2 = 2.14 GeV2, x̄B = 0.21, and −t̄ = 0.34 GeV2. The bottom

two plots are ALU s for two bins in the time-like region: on the left - Q̄2 = 1.24 GeV2, Q̄′2 = 3.3

GeV2, x̄B = 0.11, and −t̄ = 0.33 GeV2; on the right - Q̄2 = 1.63 GeV2, Q̄′2 = 4.55 GeV2,

x̄B = 0.1, and −t̄ = 0.34 GeV2.

from SGPD contributions, aiding accurate GPD extraction.1024

However, our measurements alone will not fully resolve the problem of SGPDs. The separation1025

of SGPD contributions will not be possible in every bin of the accessible phase space and may not1026

be feasible for all classes of SGPDs, as illustrated in Fig.8. Nevertheless, the measurements will1027

significantly reduce the number of possible SGPDs and enable more reliable modeling of regular1028

GPDs.1029
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FIG. 48: A comparison of the expected ALU generated with GPD parametrization from the

Goloskokov-Kroll model, GK19 from PARTONS, and with asymmetry predicted with the

addition of an NLO shadow GPD (module GPDBDMMS21 in [118]). The kinematics of the bin

is ξ̄ = 0.36, ξ̄′ = −0.0820637, and −t̄ = 0.82 GeV2.
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B. Electro-production of J/ψ near the production threshold1030

1. Overview1031

The exclusive production of vector mesons has long been identified as one of the primary ways1032

to access the gluon content of the nucleon. Measurements performed in recent years at JLab1033

[28–30] have provided the very first cross-section results on the photoproduction of J/ψ near its1034

production threshold. Since then, these results have led to extensive theoretical interpretations. In1035

the following, we demonstrate that the experimental setup presented in this document is capable1036

of measuring the electroproduction of J/ψ with a pair of muons in the final state.1037

The expected statistics for the total proposed integrated luminosity will be up to 20 times1038

larger than the statistics accumulated by any of the J/ψ experiments at JLab. Additionally, this1039

measurement will provide data for large initial photon virtuality up to 1 GeV2, providing another1040

leverage to understand the gluon content of the proton.1041

2. Kinematic coverage and yield estimation1042

For this proposal, we used the model developed in [119], and implemented in the the elSpectro1043

event generator [120], to simulate J/ψ events produced with a 10.6 GeV beam (the typical beam en-1044

ergy delivered to CLAS12). Additionally, Monte-Carlo samples describing the various backgrounds1045

of these measurements were produced, particularly to describe the mass continuum at lower in-1046

variant mass. The generated events were passed through the µGEMC simulation framework, and1047

events with two detected muons and a generated electron within the geometrical acceptance of the1048

wECal (polar angle in the 8◦ to 30◦ range) were kept for the rest of the analysis. The energy of1049

the electron is smeared by a resolution factor 4%/
√
E, which mimics the expected performances of1050

the wECal. Finally, the momentum of the electron is required to be above 0.5 GeV, which is the1051

estimated threshold above which the pion and electron will be distinguishable in the new wECal.1052

Fig.49 shows the kinematic reach of the µCLAS12 setup for the selected J/ψ events. In partic-1053

ular, a large range of t, from 0.5 GeV2 to 5 GeV2, is accessible as we do not need to detect the1054

scattered proton. This will allow us to measure the t-dependence of the cross-section, which is a1055

key element in understanding the gluons distribution in the proton. The range of initial photon1056

virtuality will go from approximately 0.1 GeV to almost 2 GeV. This allows us to explore the1057

dependence of gluon content of the proton with respect to Bjorken x. Finally, the hadronic mass1058

W range will extend up to 4.45 GeV, allowing the electro-production of pentaquarks to be probed1059
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(see next section).1060

8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 10 10.2
 [GeV]γE

0

1

2

3

4

5

6

7]2
-t

 [G
eV

CLAS12 proposalµ

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
]2 [GeV2Q

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5]2
-t

 [G
eV

CLAS12 proposalµ

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
]2 [GeV2Q

4

4.05

4.1

4.15

4.2

4.25

4.3

4.35

4.4

4.45

4.5

W
 [G

eV
]

CLAS12 proposalµ

FIG. 49: Kinematics of J/ψ electroproduction with 10.6 GeV beam. Top left: −t vs Eγ , top

right: −t vs Q2, bottom: W vs Q2. All distributions are produced using J/ψ events with final

state particles in the acceptance of the proposed experimental setup.

The proposed experiment will run for 200 days with a luminosity of 1037s−1cm−2. We estimated1061

that in these conditions, the total expected J/ψ yield will be of the order of 45k. This projection1062

assumes an electron detection efficiency in the calorimeter fiducial volume close to 100%. With a1063

realistic identification efficiency of 90%, the expected yield is still above 40k, which is 20 times larger1064

than the statistics published by GlueX and the Hall C-007 experiments, respectively. Furthermore,1065

the backgrounds under the J/ψ peak have also been estimated. The contributions from the elastic1066

and inelastic Bethe-Heilter process and coincidence background have been evaluated. As seen1067

in Fig.50, the J/ψ peak is well visible above the background. Although it was not used in this1068

projection, an additional leverage to lower the background is the use of the missing mass of the1069

system peaking at the mass of the proton. As shown on the right panel of Fig.50, one could apply1070

a cut on the missing proton mass to reduce both inelastic and accidental backgrounds. Figures1071

51 and 52 show the distributions in t, Q2, and W of all events with an invariant mass above 2.21072
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GeV. In particular, the t-coverage is clearly visible, with consequent statistics at high-t above 21073

GeV, where current experiments have accumulated only a small amount of data. The coverage1074

in W extends up to 4.45 GeV. This limit is mainly given by the beam energy and the minimum1075

momentum for the detected electron. In section IV C, we demonstrate that the proposed setup is1076

sufficient to study the production of pentaquarks above W=4.4 GeV.1077
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FIG. 50: Left: Invariant mass of reconstructed muons pairs in the J/ψ mass region. The

expected J/ψ yield is about 45k events.

Right: Missing mass of the undetected proton in the 2.2 to 3.4 GeV invariant mass region. The

width of the distribution is mostly dominated by the muons’ momentum resolution.
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FIG. 51: Left: Square of the transferred momentum to the proton t of events in the 2.2 to 3.4

GeV invariant mass region.

Right: Virtuality of the photon Q2 in the 2.2 to 3.4 GeV invariant mass region. The µCLAS12

acceptance for electrons allows to cover a range of virtuality from 0.1 to 1 GeV2.
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FIG. 52: Hadronic mass W in the 2.2 to 3.4 GeV invariant mass region and in the µCLAS12

acceptance. The experimental setup presented in this proposal allows to study the

electro-production of J/ψfrom its threshold production and potentially investigate the production

of charmed pentaquarks of mass below 4.45 GeV. This last point is described in detail in the

following section.

3. Observables to be measured1078

The deliverables of this measurement are the following:1079

• Cross section of J/ψ electro-production as a function of the photon energy (or equivalently1080

W ) in bins of photon virtuality.1081

The experiment E12-12-001 has measured the W-dependence near the threshold at Q2 = 01082

GeV2 using data taken by CLAS12 during the 2018 and 2019 run period. The total number1083

of J/ψ collected for this analysis is 700, and the results obtained for this measurement are1084

shown in Fig.17. With the suggested measurement, we can perform a similar extraction1085

with much larger statistics as seen in Fig.53. This measurement will also cover the energy1086

range where open charm contributions are expected to be the largest (from 8.7 to 9.4 GeV).1087

Finally, we will be able to study the Q2 dependence of the cross-section, up to 1.5 GeV2.1088
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FIG. 53: Error bars projection for extracting the cross-section as a function of the photon energy.

The orange points represent the statistical error, which can be achieved with the proposed beam

time luminosity at a beam energy of 10.6 GeV. The red points show the statistical error expected

in the additional phase space covered if the experiment runs with an 11 GeV beam. The

maximum energy is determined by the minimum momentum of the electron, which can be

reconstructed in the new calorimeter. The model used for the prediction is from [68]. These error

bars are compared to the preliminary ones obtained using data taken by CLAS12 in 2018 and

2019.

• The t-dependence of the differential cross section, dσ/dt1089

The E12-12-001 data presented in 17 have also been used to extract the t-dependence of1090

the cross-section at Q2 = 0 GeV2. With µCLAS12, we will be able to perform a similar1091

extraction with improved error bars and extended t coverage. Extracting the t-dependence1092

of the cross-section is critical in understanding the gluon distribution in the proton and is1093

closely related to the mass radius of the proton. Figure 54 shows the expected error bars1094

of this measurement. As for the cross-section extraction as a function of Eγ , we tested two1095

scenarios: a 10.6 GeV and an 11 GeV electron beam. The obtained errors are compared1096
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with the preliminary ones obtained using the CLAS12 E12-12-001 data, demonstrating the1097

relevance of the measurement.1098

FIG. 54: Error bars projection for extracting the cross-section as a function of t. The orange

points represent the statistical error, which can be achieved with the proposed beam time

luminosity at a beam energy of 10.6 GeV. The red points show the statistical error expected in

the additional phase space covered if the experiment runs with an 11 GeV beam. The model used

for the prediction is from [68]. These error bars are compared to the preliminary ones obtained

using data taken by CLAS12 in 2018 and 2019.

From the t and Eγ dependence of the cross-section, it is possible to extract the gluons GFFs,1099

the mass and scalar radius, and the pressure profiles in the proton, as described in section1100

II E 3. We plan to extract all these quantities, and given the error bars shown in Fig.54,1101
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we expect our measurement to have a great impact on this extraction. To illustrate this1102

statement, we extracted the mass radius of the proton using a simpler dipole model, as1103

introduced in [67]. In this model, the t-dependence of the cross-section is fitted as:1104

dσ

dt
=
dσ

dt

∣∣∣∣
0

· 1

(1− t/m2
S)4

, (36)

and the mS parameter can be related to the mass radius of the proton as:1105

√
⟨r2m⟩ =

√
12

ms
. (37)

The dipole parameter is extracted as a function of photon energy, and the projected errors1106

on these measurements are shown in Fig.55. As stated previously, the J/ψ data collected by1107

µCLAS12 will allow us to probe the gluon content of the proton with the best accuracy to1108

date.1109

• Decay angular distributions and ratio R = σL/σT1110

The angular distributions of muons in the J/ψ rest frame provide information about the1111

photon and J/ψ polarization states. Under the assumption of SCHC [121], the normalized1112

angular distribution can be expressed in the form1113

1

N

dN

d cos θh
=

3

8

[
1 + r0400 + (1− 3r0400) cos2 θh

]
, (38)

1114

1

N

dN

dψh
=

1

2π

[
1− ϵr11−1 cos 2ψh

]
. (39)

Assuming SCHC and natural spin-parity exchange (NPE) [121], the matrix elements r0400 and1115

r11−1 are related by1116

r11−1 =
1

2

(
1− r0400

)
, (40)

and the ratio of the longitudinal to transverse cross section, R = σL/σT , is related to r0400 as:1117

R =
1

ϵ

r0400
1− r0400

. (41)

µCLAS12 will allow to measure the production of J/ψ up to Q2=1.5 GeV2. Thus, we propose1118

to study the ratio R as a function of Q2.1119
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FIG. 55: Error bars projection for extracting the mass radius of the proton as a function of the

real photon energy, following the model in [67]. The orange points represent the statistical error,

which can be achieved with the proposed beam time luminosity at a beam energy of 10.6 GeV

(the highest energy bin is accessible with an 11 GeV beam). These projections are compared with

extractions performed using HallC-007, GlueX, and preliminary CLAS12 data. For readability,

the projected radius values have been shifted to the left of the figure.

C. Search for LHCb pentaquarks1120

1. Overview1121

The LHCb collaboration published the discovery of three exotic structures in the J/ψ+p decay1122

channel, which have been referred to as charmonium-pentaquark states [122]. They labeled these1123

states as Pc(4312), Pc(4440), and Pc(4457). The minimum quark content of these states is cc̄uud.1124

The pentaquarks were observed in the decay Λ0
b → K−P+

c , P+
c → J/ψp.1125

Since these states were observed in the decay mode J/ψ + p, it is natural to expect that they1126

can be produced in the photoproduction process γ∗ + p → Pc → J/ψ + p, where these states will1127

appear as s-channel resonances at photon energy around 10 GeV [91, 119, 123, 124].1128
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2. Kinematic coverage and yield estimation1129

With the setup detailed in this proposal, we will search directly for these pentaquarks in the W1130

spectrum of events tagged with a J/ψ. The pentaquarks manifest themselves as peaks in the spec-1131

trum at their respective mass. To assess whether the proposed setup will produce enough statistics1132

and that the electron momentum resolution will allow to distinguish the peaks, we performed1133

extensive simulation with the elSpectro event generator [120], which implements the pentaquark1134

model of [119], with a 2% branching ratio. Two electron beam energy scenarios have been tested:1135

10.6 GeV or 11 GeV beam on target.1136

In the left panel of Fig.56, theW spectrum obtained in the 10.6 GeV electron beam configuration1137

is shown for events where a J/ψ has been identified. The Pc(4312) is visible, as the electron1138

momentum resolution in wECal is sufficient not to smear the peak. It is estimated that about 2k1139

Pc(4312) will be produced over the 200 days of the experiment.1140
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FIG. 56: Left: Hadronic mass W in the µCLAS12 acceptance, below 4.4 GeV. The invariant

mass of the muon pair is restricted in the 2.7 to 3.2 GeV range. With the proposed integrated

luminosity according to the model in [119], we expect to produce approximately 2000 Pc(4312).

Right: With the proposed integrated luminosity and an 11 GeV electron beam, we expect to

produce approximately 18000 Pc(4457), 90 per day.

In the right panel of Fig.56, the W spectrum obtained with an 11 GeV electron beam config-1141

uration is shown for events where a J/ψ has been identified. In this case, the additional energy1142

provided by the beam allows us to reach the mass of the Pc(4440) and Pc(4457), which are ex-1143

pected to have a larger cross-section. We expect to produce around 18k Pc(4440 − 4457) in this1144

configuration. Note that the expected resolution of the wECal does not allow us to distinguish1145

between the two contributions. The Pc(4312) is also produced at this beam energy, with the same1146
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yield as for the 10.6 GeV beam configuration.1147

3. Observables to be measured1148

The resolution in W and the expected event rate of the proposed experiment will be sufficient1149

to see pentaquark states if they exist, with both 10.6 or 11 GeV beam-on-target configurations.1150

However, an 11 GeV electron beam is preferable to detect the Pc(4457) which is expected to have a1151

larger production rate. We plan to measure the pentaquarks production cross-section (or an upper1152

limit of it).1153

D. Importance of the J/ψ measurement to understand DDVCS data1154

Since the final states for DDVCS and J/ψ are identical, the detector efficiency and resolution for1155

exclusive J/ψ production is very similar to that of DDVCS events in the proposed range of lepton1156

invariant mass. The narrow peak of the J/ψ will make identifying the reaction easier and more1157

suitable for a reliable yield extraction than the DDVCS-BH continuum. The J/ψ electroproduction1158

reaction can thus serve as an important benchmark, allowing us to better understand the systematic1159

uncertainties. The ϕ(1020) could, in principle, also be used in a similar way at the lower end of1160

the invariant mass range.1161

A measurement of the J/ψ cross section in parallel with DDVCS will thus be very benefi-1162

cial for understanding the DDVCS data and help addressing the two main sources of systematic1163

uncertainty, such as acceptance and muon identification.1164

E. Timelike Compton Scattering measurement1165

1. Overview1166

The Timelike Compton Scattering reaction will be measured in the quasi-real photoproduction1167

regime, where the beam electron radiates a quasi-real photon as in:1168

ep→ (e′)p′µ+µ−. (42)

The reaction will be identified by requiring a pair of muons in the Forward CLAS12 detector and1169

a proton in the recoil detector. It is then possible to reconstruct the kinematic of the undetected1170

scattered electron. To select the quasi-real events, the missing mass of the undetected scattered1171
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electron and the virtuality of the initial photon can be constrained to be small. This analysis1172

strategy has been used in the first ever TCS measurement using CLAS12 data in [19].1173

With the proposed experiment, we aim to measure the beam spin asymmetries (BSA) and the1174

Forward-Backward asymmetry of TCS, in a wide range of Eγ , t, and Q′2, and with a very large1175

collected statistics compared to the published CLAS12 results.1176

2. Kinematic coverage and yield estimation1177

To estimate the kinematic coverage and the rates of the TCS measurement in the proposed1178

experimental setup, a sample of 10M Bethe-Heitler events has been run in the GEANT4 simulation1179

of the experiment. Events with two identified muons in the forward detector are selected, and the1180

kinematics of the generated recoil proton is restricted to the active area of the planned recoil1181

detector. Figure 57 shows the polar angle of the proton as a function of the invariant mass of the1182

muon pair. In the case of the TCS measurement, an invariant mass above 1.5 GeV is selected to1183

ensure the GPD formalism applies. In the current CLAS12 configuration, the central detector can1184

detect protons above 0.35 GeV. Considering that the proposed recoil tracker will have a similar1185

geometry, we required a minimum momentum of 0.35 GeV for protons. Figure 57 shows the1186

generated proton’s angle and momenta and the phase space the recoil detector will cover. The1187

total accumulated statistics for 200 days with a luminosity of 1037s−1cm−2 is estimated to be 7.71188

M events. Thus, this measurement will have a three-order-of-magnitude increase in statistics with1189

respect to the first CLAS12 TCS publication.1190
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FIG. 57: Left: Proton polar angle as a function of the invariant mass of the muon pair. Right:

Polar angle as a function of momentum for the proton. Events displayed are required to have a

muon pair detected in µCLAS12. The black line shows the acceptance limit of the recoil detector.

Events within this region are used to estimate the measurement yield.

Figure 58 shows the Mandelstam t as a function of the invariant mass for events with a proton1191

in the acceptance limit of the recoil tracker. With the proposed setup, we will be able to access a1192

wide range of invariant masses, up to 2.3 GeV, with a large coverage of t, especially in the region1193

below 0.4 GeV2, where measurement will be most relevant for the extraction of GPDs.1194
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FIG. 58: Mandelstam t as a function of the invariant mass of the muon pair, for proton within

the acceptance of the recoil detector.
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We also plan to develop a proton identification algorithm based on Boosted Decision Trees,1195

which would use information provided by the new calorimeter. Such algorithms have already been1196

developed for electron and muon pairs in the current CLAS12 calorimeters. This would allow us1197

to extend the proton detection range below 30◦ and thus reach a larger invariant mass up to 2.81198

GeV.1199

3. Observables to be measured1200

• Beam spin asymmetry:1201

In the case of the BSA, the experimental asymmetry reads:1202

BSA =
1

Pb

N+ −N−

N+ +N− , (43)

where Pb is the average polarization of the beam, and N+ and N− are respectively the right-1203

handed and left-handed transverse polarization of the initial real photon. The polarization1204

of the real photon will be estimated using the polarization of the initial beam electron and1205

the well-known polarization transfer given by QED [125].1206

As the phase space covered by this experiment is similar to the one covered by CLAS12, we1207

expect to be able to cross-check our results with those published by CLAS12.1208

• Forward/Backward asymmetry:1209

For the TCS measurement using CLAS12 data [19], it was shown that the Forward-Backward1210

asymmetry (AFB, exchange of decay leptons momenta) of TCS allows direct access to the1211

real part of the CFF H. Similarly, we can measure the TCS AFB using µCLAS12.1212

The Forward-Backward asymmetry is given by:1213

AFB =
NF −NB

NF +NB
, (44)

where NF and NB are the number of events in the forward and backward bins, respectively.1214

The angular range of these two bins is related as ϕB = 180◦ + ϕF and θB = 180◦ − θF . As1215

the angular acceptance of µCLAS12 is the same as the one of CLAS12, we will be able to1216

measure this asymmetry in the same bin as CLAS12 (−40◦ < ϕF < 40◦, 50◦ < θF < 80◦),1217

with a much improved precision.1218

As for the BSA, we will be able to cross-check our results with the one published by CLAS12,1219

as the phase spaces mostly overlap.1220
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• Cross-section:1221

Finally, considering the large amount of data that this experiment will collect for this reac-1222

tion, the extraction of the total and polarized cross-section will be done.1223
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V. SUMMARY AND BEAM TIME REQUEST1224

1225

We propose to study Double Deeply Virtual Compton Scattering (DDVCS) and J/ψ electro-1226

production on the proton using an 11 GeV electron beam and the modified CLAS12 detector in1227

Experimental Hall B at Jefferson Lab. The proposed modifications to the CLAS12 detector serve1228

two primary purposes: (a) to enable the CLAS12 Forward Detector (FD) to operate at luminosities1229

two orders of magnitude higher than the design luminosity and (b) to convert the CLAS12 FD1230

into a muon detector. In this upgraded configuration, scattered electrons will be detected and1231

identified using a new, compact, PbWO4 electromagnetic calorimeter. Additionally, a new vertex1232

tracking system and a compact central detector will be incorporated to vertex forward-going tracks1233

and measure recoil protons. A preliminary cost estimate for these modifications is approximately1234

6 million USD.1235

The beam spin asymmetry in DDVCS will be measured at multiple values of space-like and1236

timelike virtualities of the incoming and outgoing virtual photons, respectively. DDVCS uniquely1237

enables the decoupling of the two variables, x and ξ, allowing access to x independently of ξ and1238

providing valuable new information on Generalized Parton Distributions (GPDs) that is otherwise1239

inaccessible.1240

In the same reaction, J/ψ electroproduction cross sections as a function of the total center-of-1241

mass energy, W , and the squared transferred momentum, t, at various Q2 values will be measured.1242

Using an 11 GeV electron beam, our measurement will cover the energy range where the LHCb1243

collaboration has observed charmed pentaquarks. If these pentaquark states exist, they will be1244

formed as s-channel resonances in ep scattering and will be evident in the W distribution. Based1245

on existing theoretical estimates, our experiment will detect a sufficient number of pentaquarks1246

to perform Partial Wave Analysis (PWA) and extract their quantum numbers. Furthermore,1247

analyzing the decay angular distributions of muons will enable the extraction of σL/σT for the first1248

time near the J/ψ production threshold region.1249

The proposed measurements will also produce substantial Timelike Compton Scattering (TCS)1250

data. We plan to extend the ongoing CLAS12 TCS program with this new data set, extracting ob-1251

servables such as beam helicity and forward-backward asymmetries in significantly finer kinematic1252

bins than currently possible with existing CLAS12 data.1253

To accomplish the objectives of this proposal, we request 200 days of beam time for production1254

running at a luminosity of 1037 cm−2 s−1, 30 days for low-luminosity calibration runs, and 15 days1255

for commissioning the µCLAS12 detector.1256
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[53] K. Kumerički, D. Müller, and K. Passek-Kumerički. Towards a fitting procedure for deeply virtual1363

compton scattering at next-to-leading order and beyond. Nuclear Physics B 794, 244-323, 2008.1364
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