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We report the first fully exclusive measurement of coherent Deeply Virtual Compton Scattering
off a nucleus for A > 1. The experiment used the 6 GeV electron beam from the CEBAF machine
at Jefferson Lab incident on a 4He gas target in the center of the CEBAF Large Acceptance Spec-
trometer. A new Radial Time Projection Chamber was used to detect the recoiling 4He nuclei and
ensure the exclusivity of the process. The measured Beam Spin Asymmetries are larger than that
observed on the proton in the same kinematic domain. Since 4He is a spin zero target, we were
able to extract, in a completely model independent way, the real and imaginary parts of the 4He
Compton Form Factors, HA, which are functions of the Generalized Parton Distribution HA. This
pioneering measurement of coherent Deeply Virtual Compton Scattering on the 4He nucleus, with a
fully exclusive final state via nuclear recoil tagging, leads the way toward 3D imaging of the partonic
structure of nuclei.

PACS numbers: Valid PACS appear here16

Rich information on Quantum Chromodynamics17

(QCD) can be extracted from the internal structure of18

hadrons. In the recent past, development of the General-19

ized Parton Distributions (GPDs) framework has offered20

a possibility to obtain new information about the mo-21

mentum and spatial degrees of freedom of the quarks and22

gluons inside hadrons [1–5]. In impact parameter space,23

the GPDs are indeed interpreted as a tomography of the24

transverse plane for partons carrying a certain longitudi-25

nal momentum [6–9].26

The most promising way to access GPDs experimen-27

tally is through the measurement of Deep Virtual Comp-28

ton Scattering (DVCS), i.e. the hard exclusive electro-29

production of a real photon. While other processes are30

known to be sensitive to GPDs, the measurement of31

DVCS is considered the cleanest probe and has been the32

focus of worldwide efforts [10–21] involving several accel-33

erator facilities such as Jefferson Lab (JLab), HERA and34

CERN. The vast majority of these measurements focused35

on the study of proton structure and allowed extraction36

of the tomography of the nucleon (for details on the for-37

malism, see [22–27]). This framework is also applicable38

to nuclei, giving access to completely new information39

about nuclear structure in terms of quarks and gluons40

[28]. Study of the 3D structure of nuclei appears to be41

especially important in light of the large nuclear effects42

observed in nuclear parton distribution functions [29–31].43
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FIG. 1: Representation of the leading order handbag diagram
of the DVCS process off 4He.

One must overcome two major experimental challenges44

in measuring coherent nuclear DVCS, eA→′ A′γ. First,45

the cross section of coherent scattering is suppressed due46

to the nuclear form factor, and second, the recoil nucleus47

(A′) must be detected to ensure coherence. Figure 1 il-48

lustrates the hand bag diagram for coherent DVCS on49

4He. Similar to the proton case, at large virtual photon’s50

4-momentum square Q2 = −(k − k′)2 and small squared51

momentum transfer t = (p−p′)2 (in terms of the electron,52

k(k′), and 4He, p(p′), four-vectors), the DVCS handbag53

diagram can be factorized into two parts [32, 33]. The54

hard part includes the photon-quark interaction and is55
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calculable in perturbative QCD. The non-perturbative56

part is parametrized in terms of GPDs, which embed the57

partonic structure of the hadron. The GPDs depend on58

the three variables x, ξ and t as introduced in Figure59

1. The parameter ξ relates to the Bjorken variable xB :60

ξ ≈ xB

2−xB
, where xB = Q2

2Mν with M the proton mass61

and ν = k0 − k0′, the t is squared momentum transfer62

to the target. The parameter x is the quark’s internal63

loop momentum fraction and cannot be accessed experi-64

mentally. In the experiment we measure Compton Form65

Factors (CFF) [27], complex amplitudes defined as:66

<e(HA) =

P
∫ 1

0

dx[HA(x, ξ, t)−HA(−x, ξ, t)]C+(x, ξ),
(1)

=m(HA) = HA(ξ, ξ, t)−HA(−ξ, ξ, t), (2)

with HA the GPD, P the Cauchy principal value integral,67

and C+(x, ξ) a coefficient function (= 1
x−ξ + 1

x+ξ ).68

Until now, the only available data on nuclear DVCS69

was from the HERMES experiment [34], where coher-70

ence in the reaction was based only on kinematic cuts on71

the measured scattered electron and real photon. That72

measurement was performed on a large set of nuclei (4He,73

N, Ne, Kr and Xe), but the mixing of the coherent and74

incoherent processes could affect the measurement sig-75

nificantly [35]. In this regard, direct detection of the76

low-energy recoil nucleus is the best way to guarantee77

the nucleus remains intact and that the reaction did not78

occur on a bound nucleon. The CEBAF Large Accep-79

tance Spectrometer (CLAS) in Hall-B at JLab is already80

optimized for DVCS measurements [16, 18–21].81

In order to measure DVCS on 4He with a fully exclusive82

final state, we built a specialized radial time projection83

chamber (RTPC) for detection and identification of low84

energy recoiling light nuclei. The 4He nucleus is an ideal85

experimental target in this regard, as it is light enough86

to be detected in such a setting, while it is subject to87

significant nuclear effects [36] and has rather high density.88

A helium target leads to another important advantage, as89

the number of GPDs defined for a hadron depends on its90

spin. The structure of a spin zero nucleus, such as 4He, is91

parametrized by only one chiral even GPD (HA(x, ξ, t))92

at leading twist, while 4 GPDs arise in the nucleon case.93

This significantly simplifies the interpretation of the data94

and allows a model independent extraction of the 4He95

CFF (HA) presented at the end of this letter.96

The experiment E08-024 took place in Hall-B at Jeffer-97

son Lab in 2009 using the nearly 100% duty factor, lon-98

gitudinally polarized electron beam (83% polarization)99

at energy of 6.064 GeV. The data were collected over 40100

days using a 6 atm gaseous 4He target placed 64 cm up-101

stream of the nominal center of CLAS. For DVCS exper-102

iments, the CLAS baseline design [37] is supplemented103

with an inner calorimeter (IC) and a solenoid. The IC104
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FIG. 2: Left: A picture of the E08-024 RTPC before insertion
into the solenoid. Right: A cross section of the E08-024 RTPC
perpendicular to the beam direction. An illustration of a 4He
track originating from the pressurized straw target is shown
along with the electrons produced in the drift region.

extends the photon detection acceptance of CLAS to po-105

lar angles as low as 4◦. The low-energy Møller electrons106

produced in the target form a very high rate background107

that is suppressed by a 5 Tesla solenoid placed around108

the target.109

In our kinematics, the recoil 4He nuclei produced in110

DVCS have a low average momentum around 300 MeV/c.111

CLAS cannot detect such low energy α particles, so in112

order to ensure the exclusivity of the measurement, we113

built a small and light RTPC to complement CLAS. In114

Figure 2 a picture of RTPC installed in the experimen-115

tal hall, and the rendering showing detector components116

and the 4He detection concept are presented. The 4He117

gaseous target, a 25 cm long Kapton straw with 27 µm118

thick wall, was part of the RTPC assembly and installed119

on the axis of the detector. The RTPC was calibrated120

specifically for the detection of 4He nuclei using elastic121

scattering with a 1.2 GeV electron beam.122

To identify coherent DVCS events, we first select123

events where one electron, one 4He, and at least one pho-124

ton are detected in the final state. Electrons are iden-125

tified using measured momentum, time, and energy in126

the fiducial volume of the CLAS system’s drift cham-127

bers, Cerenkov counters, scintillator counters, and elec-128

tromagnetic calorimeters. The recoiling 4He nuclei are129

identified in the RTPC using time, track quality, and130

energy loss cuts for tracks in the fiducial region. In ad-131

dition, we apply a vertex matching cut to ensure that132

the electron and helium nucleus originate from the same133

position. The photons are detected in either the IC or134

the CLAS electromagnetic calorimeter. Note that even135

though the DVCS reaction has only one real photon in136

the final state, events with more than one good photon137

are not discarded at this stage. This is motivated by the138

fact that, while soft photons are likely to be produced139

in random coincidence, they cannot be mistaken for the140

large energy DVCS photons (> 2 GeV). The most ener-141
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FIG. 3: Four of the six coherent DVCS exclusivity cuts. The
black distributions represent the coherent DVCS events can-
didate. The shaded distributions represent the events which
passed all the exclusivity cuts except the quantity plotted.
The vertical red lines represent the applied exclusivity cuts.
The distributions from left to right and from top to bottoms
are: ∆φ, missing energy, missing mass squared and the cone
angle (θ) between the measured and the calculated photons.

getic photon is always considered as the DVCS photon142

candidate.143

To ensure the interaction occurs at the partonic level144

and the DVCS handbag diagram is dominant, we select145

events with Q2 > 1 [GeV 2/c2]. Exclusivity of the co-146

herent DVCS reaction is optimized by applying a set147

of cuts on the following kinematic variables: the co-148

planarity angle (∆φ), i.e., the angle between the (γ, γ∗)149

and (γ∗,4He′) planes, the missing energy, the missing150

mass squared, the missing transverse momentum of the151

e′4He′γ system, the missing mass squared of the e′4He′152

system, and the angle (θ) between the measured photon153

and the missing momentum of the e′4He′ system. The154

most relevant of these cuts are presented in Figure 3,155

which shows 3σ cuts except for the missing energy (which156

appears to be too large and for which we reduced the cut157

window to [-0.45,0.5] GeV). We also reject events where158

a π0 is identified by invariant mass reconstruction of two159

photons. After these requirements, we have about 3200160

DVCS events left, and Figure 4 presents their kinematic161

distributions in (Q2,xB) and (Q2,−t).162

In this work, the physics observable extracted using163

coherent DVCS events is the Beam Spin Asymmetry164

(BSA). The BSA on an unpolarized target, ALU , is mea-165

sured as the difference of cross sections of the reaction166

at opposite beam helicities normalized to the total cross167

section:168

ALU =
d5σ+ − d5σ−

d5σ+ + d5σ−
, (3)
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FIG. 4: Coherent DVCS event distributions for Q2 as a func-
tion of xB (left) and Q2 as a function of −t (right) after the
exclusivity cuts.

where d5σ+(−) is the DVCS differential cross section for a169

positive (negative) beam helicity. In this ratio, luminos-170

ity normalization and detector efficiencies largely cancel171

and ALU can be expressed in terms of helicity-state yields172

(N+/−)173

ALU =
1

PB

N+ −N−

N+ +N−
, (4)

where PB is the beam polarization.174

The DVCS and well-known Bethe-Heitler (BH) pro-175

cesses, where the real photon is emitted by the incoming176

or the outgoing lepton, have the same final state and177

are indistinguishable. The amplitude of real photon elec-178

troproduction is a sum of the amplitudes of these two179

processes. The BH amplitude is defined by the target180

form factors, while the DVCS amplitude is a combina-181

tion of the form factors and GPDs. At our kinematics,182

the cross section of real photon electroproduction is dom-183

inated by the BH contribution, while the DVCS contri-184

bution is very small. Its effect is however enhanced in the185

observables sensitive to the interference term, e.g. beam186

spin asymmetry. The three terms entering the cross sec-187

tion calculation, the BH and DVCS amplitudes squared188

and their interference term, can be decomposed into a189

finite sum of Fourier harmonics in the azimuthal angle φ190

between the (e, e′) and (γ∗,4He′) planes, as shown for the191

nucleon in [38] and for the spin-zero targets in [39, 40].192

Based on this work, the beam-spin asymmetry (ALU ) of193

a spin-zero hadron can be expressed as:194

ALU (φ) =

α0(φ)=m(HA)

α1(φ) + α2(φ)<e(HA) + α3(φ)
(
<e(HA)2 + =m(HA)2

) ,
(5)

where =m(HA) and <e(HA) are the imaginary and real195

parts of the 4He CFF HA that depends on the GPD HA.196

In Eq. 5, φ is the azimuthal angle between the (e,e′)197

and (γ∗,4He′) planes. The kinematic factors αi depend198
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on azimuthal angle φ, the nuclear form factor FA(t), Q2
199

and xB . These factors are written as:200

α0(φ) =
xA(1 + ε2)2

y
S++(1) sin(φ), (6)

α1(φ) = cBH0 + cBH1 cos(φ) + cBH2 cos(2φ), (7)

α2(φ) =
xA(1 + ε2)2

y
(C++(0) + C++(1)cos(φ)) , (8)

α3(φ) =
x2At(1 + ε2)2

y
P1(φ)P2(φ) · 2

2− 2y + y2 + ε2

2 y
2

1 + ε2
,

(9)

where xA = xBMN

MA
with MA(MN ) is the 4He (nucleon)201

mass, ε = 2xAMA√
Q2

and y = Q2

2xAMAEbeam
, P1(φ) and P2(φ)202

are the Bethe-Heitler propagators. The factors cBH0,1,2,203

cDV CS0 , cINT0,1 and sINT1 are the Fourier coefficients of the204

BH, and S++(1), C++(0), and C++(1) are the Fourier205

harmonics in the leptonic tensor. The explicit expres-206

sions of these terms can be found in [40] and show that,207

by using the sin(φ) and cos(φ) contributions, it is possi-208

ble to extract =m(HA) and <e(HA) from the beam spin209

asymmetry.210

In this work the azimuthal dependence of the BSA,211

ALU , has been studied for a wide range of kinematics.212

We identified two main backgrounds to our measurement,213

accidental coincidences and exclusive coherent π0 pro-214

duction. The accidentals have particles originating from215

different events, and we estimate their contribution to be216

4.1% of our sample. We evaluated this contribution by217

selecting events passing all our cuts but with an electron218

and helium originating from different vertices. Regarding219

the π0 production, it can easily be mistaken for DVCS220

when one of the two photons from the π0 decay is pro-221

duced at low energy in the laboratory frame and remains222

undetected. To estimate the importance of this back-223

ground, we developed an event generator tuned on the224

experimental yield of exclusive π0 measured by our exper-225

iment. We used this generator together with a GEANT3226

simulation of our detector to estimate the ratio between227

the number of π0 events where the two photons are de-228

tected and those that is misidentified as DVCS events.229

This ratio is then multiplied by the measured yield of ex-230

clusive π0 events to correct the DVCS data. Depending231

on the kinematics, we found contaminations of 2 to 4%.232

The study of systematic uncertainties showed that the233

main contributions come from the choice of the DVCS234

exclusivity cuts (8%) and the large binning size (5.1%).235

However, added quadratically,the total systematic uncer-236

tainty is about 10%, which is significantly smaller than237

statistical uncertainties in all kinematical bins.238

Due to limited statistics, dependence on the kinemat-239

ical variables Q2, xB , and t has been studied separately.240

In Figure 5, ALU for the three sets of binning is pre-241

sented. The curves on the plots are fits with the function242
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FIG. 5: The coherent ALU as a function of φ. Results are
presented for different Q2 bins (top panel), xB bins (middle
panel), and −t bins (bottom panel). The error bars represent
the statistical uncertainties. The gray bands represent the
systematic uncertainties, including the normalisation uncer-
tainties. The red curves are the results of our fits with the
form of equation 5.

presented in Eq. 5, where the real and imaginary parts243

of the CFF HA are the free parameters of the fit. In Fig-244

ure 6 the Q2, xB , and −t-dependencies of the fitted ALU245

at φ = 90◦ are shown. The xB and −t-dependencies246

are compared to theoretical calculations performed by247

S. Liuti and K. Taneja [41]. The model relies on the248

impulse approximation and uses advanced spectral func-249

tions of nuclei. The calculations are at slightly different250

kinematics than our data but still provide some guidance.251

The experimental results appear to have larger asymme-252

tries than the calculations. These differences may arise253

from nuclear effects, such as long-rage interactions, which254

are not taken into account in the model.255

The Q2, XB , and t dependencies of the 4He CFF HA256

extracted from the fit to the azimuthal dependence of257

ALU are shown in Figure 7. Curves on the graphs are258

model calculations, labelled convolution and off-shell. In259

the convolution model [42], the nucleus is assumed to260

be composed of non-relativistic nucleons, each interact-261

ing independently with the probe. The Convolution-262

Dual model is based on nucleon GPDs from the dual263

parametrization [43], where the Convolution-VGG uses264

nucleon GPDs from the VGG model and is based on the265

double distributions ansatz [45]. The off-shell model [46]266

relies on the impulse approximation and uses advanced267

spectral functions of nuclei that account for all configu-268

rations of the final nuclear system and the binding effects269

between the nucleons.270
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The results in Figure 7 show that the extraction of the271

CFF from the beam spin asymmetry is possible with-272

out any model dependent assumptions. The amplitude273

and the dependencies observed as a function of Q2, xB ,274

and −t are in agreement with the theoretical expecta-275

tions. One can see a difference between the precision of276

the extracted imaginary and real parts, which is expected277

from Eq. 5 because α2 is much smaller than α1. While278

the accuracy of our results does not allow to discrimi-279

nate between the models, they demonstrate possibility280

of extraction of the CFF of spin 0 target in a model in-281

dependent way.282

In summary, we present the first exclusive measure-283

ment of coherent DVCS off 4He using the CLAS spec-284

trometer supplemented with a Radial Time Projection285

Chamber and a high pressure gaseous target. This setup286

allowed detection of the low energy 4He recoils in or-287

der to ensure an exclusive measurement of the coherent288

DVCS process. The azimuthal dependence of the mea-289

sured beam spin asymmetry (ALU ) has been used to ex-290

tract, in model independent way, the real and the imagi-291

nary parts of the 4He CFF, HA. The extracted CFF is in292

agreement with predictions of the available models. This293

first fully exclusive experiment opens new perspectives294

for studying the nuclear structure with the GPD frame-295

work and paves a way for future measurements at JLAB296

using 12 GeV CEBAF and upgraded equipment.297
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