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We report on the first measurement of the beam-spin asymmetry in the exclusive process of
coherent deeply virtual Compton scattering off a nucleus. The experiment used the 6 GeV electron
beam from the CEBAF accelerator at Jefferson Lab incident on a pressurized *He gaseous target
placed in front of the CEBAF Large Acceptance Spectrometer (CLAS). The scattered electron was
detected by CLAS and the photon by a dedicated electromagnetic calorimeter at forward angles.
To ensure the exclusivity of the process, a specially designed radial time projection chamber was
used to detect the recoiling *He nuclei. We measured beam-spin asymmetries larger than those
observed on the free proton in the same kinematic domain. From these, we were able to extract, in
a model-independent way, the real and imaginary parts of the only *He Compton form factor, H.4.
This first measurement of coherent deeply virtual Compton scattering on the *He 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 here

The generalized parton distribution (GPD) framework
offers the opportunity to obtain information about the
momentum and spatial degrees of freedom of the quarks
and gluons inside hadrons [IH]. In impact parameter
space the GPDs are indeed interpreted as a tomography
of the transverse plane for partons carrying a given frac-
tion of the proton longitudinal momentum [6H9]. The
most promising way to access GPDs experimentally is
through the measurement of deeply virtual Compton
scattering (DVCS), i.e., the hard exclusive electropro-
duction of a real photon on a hadron. While other pro-
cesses are also known to be sensitive to GPDs, the mea-
surement of DVCS is considered the cleanest probe and
has been the focus of efforts at Jefferson Lab, HERA, and
CERN [10+H25]. The vast majority of these measurements
focused on the study of the proton and allowed for an
extraction of its three-dimensional image (for reviews of
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FIG. 1: Representation of the leading-order handbag diagram
of the DVCS process off “He.

the field, see [26H31]). These recent developments could
also be applicable to nuclei, giving access to novel infor-
mation about nuclear structure in terms of quarks and
gluons [32H35]. Such a study of the 3D structure of nuclei
appears to be especially interesting in light of the large,
yet unresolved, nuclear effects observed in nuclear par-
ton distribution functions [36H38]. The results presented
in this letter demonstrate the feasibility of such an ap-
proach and constitute the first step toward a tomography
of nuclei.

Figure [I] illustrates the handbag diagram for coher-
ent DVCS on *He, where the four-vectors of the elec-
trons, photons, and *He are denoted by k/k’, q/q’, and
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p/p’ respectively. For large virtual photon 4-momentum
squared, Q% = —(k — k’)?, and small squared momentum
transfer, t = (p—p’)?, the DVCS handbag diagram can be
factorized into two parts [39, [40]. The hard part includes
the photon-quark interaction and is calculable in pertur-
bative QED. The non-perturbative part is parametrized
in terms of GPDs, which embed the partonic structure of
the hadron. The GPDs depend on the three variables x,

&, and t. & relates to the Bjorken variable x 4: £ =~ 2f24 ,

where x4 = %, v is the energy of the virtual photon,
and M 4 is the nuclei mass. x is the quark’s internal loop
momentum fraction and cannot be accessed experimen-
tally in DVCS. We in fact measure Compton form factors
(CFF), which are complex quantities defined as:

Re(Ha) =

1 1
P / GolHa(,€,8) — Halei &,0] CHar6),
0

E‘sm(”HA) = _W(HA(§7£at> - HA(_§7£7t))7 (2)

with H4 a GPD, P the Cauchy principal value integral,
and a coefficient function Ot = xlfg + %4_5

Until now, the only available data on nuclear DVCS
were from the HERMES experiment [12]. In this ex-
periment, the exclusivity of the reaction was obtained
through kinematic cuts using only the measured scat-
tered electron and real photon. This measurement was
performed on a large set of nuclei (*He, 4N, 2°Ne, 85 Kr
and 131Xe), but contamination from incoherent processes
can be suspected to influence the results significantly [41].
The direct detection of the recoil nucleus can however
guarantee that the nucleus remains intact.

The *He nucleus is an ideal experimental target for nu-
clear DVCS, as it is light enough to be detected by our
experimental setting, while it is subject to interesting nu-
clear effects [42]. Its zero spin also leads to an important
simplification, as a spin-zero hadron is parametrized by
only one chiral even GPD (H(x,&,t)) at leading-twist,
while four GPDs arise for the spin—% nucleon. This sig-
nificantly simplifies the interpretation of the data and
allows a model independent extraction of the *He CFF
(Ha) presented at the end of this letter.

The CEBAF Large Acceptance Spectrometer (CLAS)
in Hall B at Jefferson Lab [43] has been previously sup-
plemented with an inner calorimeter (IC) and a solenoid
magnet to measure DVCS observables on the nucleon
[18, 20] 21, 23| 24]. The IC extended the photon de-
tection acceptance of CLAS to polar angles as low as
4°. The 5-T solenoid magnet acted as a guiding field for
the low-energy Mpgller electrons that were absorbed in a
heavy shield placed around the beam line.

In the kinematic range of the present experiment, the
recoil *He nuclei have low momentum, averaging 300
MeV. CLAS could not detect such low-energy « particles,
so in order to ensure the exclusivity of the measurement,

we built a small and light radial time projection chamber
(RTPC). The RTPC was a 20-cm-long cylinder with a di-
ameter of 15 cm, positioned in the solenoid magnet. In
the center of the RTPC was the target cell, a 25-cm-long
and 6-mm-diameter Kapton tube with 27-pm-thick walls
filled with gaseous “He at 6 atm (see [44] for a detailed
description of the RTPC and its performances). The ex-
periment (E08-024) [45] collected data over 40 days at
the end of 2009 using a nearly 100% duty factor, longi-
tudinally polarized electron beam (83.7+3.5% polariza-
tion [40]) at an energy of 6.064 GeV. The RTPC was
calibrated specifically for the detection of *He nuclei us-
ing elastic scattering (e*He — e'?He’) with a 1.2 GeV
electron beam.

To identify coherent DVCS events, we first selected
events where one electron, one *He, and at least one
photon were detected in the final state. Electrons were
identified using their measured momentum, light yield,
time, and energy obtained from the CLAS drift cham-
bers, Cerenkov counters, scintillator counters, and elec-
tromagnetic calorimeters, respectively. The recoiling *He
nuclei were identified in the RTPC using time and energy-
loss cuts for tracks in the fiducial region [47]. In addi-
tion, we applied a vertex-matching cut to ensure that
the electron and helium nucleus originated from a com-
mon reaction vertex in the target cell. The photons were
detected in either the IC or the CLAS electromagnetic
calorimeters. Note that even though the DVCS reaction
has only one real photon in the final state, events with
more than one good photon were not discarded at this
stage. These were mainly caused by accidental coinci-
dences of soft photons and did not directly affect this
measurement, as only the most energetic photon of an
event was considered a DVCS photon candidate. This
prescription however slightly increased the corrections
associated with the 7% and the accidental backgrounds
discussed below.

We selected events with Q2 greater than 1 GeV? for
which the DVCS handbag diagram is believed to be dom-
inant. Then the exclusivity of the reaction was ensured
by applying a set of cuts on the following kinematic vari-
ables: the coplanarity angle A¢ between the (v,7*) and
(v*,*He’) planes, the missing energy, mass, and trans-
verse momentum of the e/*He’~ system, the missing mass
squared of the e/*He’ system, and the angle 6 between
the measured photon and the missing momentum of the
¢*He’ system. The experimental data for the most rele-
vant exclusivity variables and applied cuts are shown in
Fig. |2| (see [47] for additional details). We also rejected
events where a 7° was identified by the invariant mass
of two photons. About 3200 events passed all these re-
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FIG. 2: Four of the six coherent DVCS exclusivity cuts.
The black distributions represent the initial candidate events,
while the shaded distributions represent those that passed all
of the exclusivity cuts except the quantity plotted. The ver-
tical red lines represent the applied cuts. The distributions
from left to right and from top to bottom are: coplanarity an-
gle A, missing energy Fx, missing-mass-squared M%, and
the cone angle 6 between the measured photon and the miss-
ing momentum of the e/*He’ system.
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FIG. 3: Coherent DVCS event distributions for Q? after ex-
clusivity cuts. The distributions are shown as a function
of Bjorken variable zp (left) and as a function of squared-
momentum transfer —¢ (right).

quirements, their kinematic distributions! are shown in
Fig. 3

We identified two main backgrounds, accidental coin-
cidences and exclusive coherent 7% production. The ac-
cidentals have particles originating from different events,
and we estimated their contribution to be 4.1% of the
data sample. We evaluated this contribution by select-
ing events passing all the cuts but with the scattered

2
i With My the
proton mass instead of x 4. This makes it easier to compare these
results with the proton DVCS data available in the literature.

1 We use here and for other results zg =

4

electron and *He originating from different vertices. The
7m0 production can be mistaken for DVCS when one of
the two photons from the 7% decay is produced at low-
energy in the laboratory frame and remains undetected.
To estimate the effect of this contamination, we devel-
oped an event generator tuned on the experimental yield
of exclusive 7° with two photons measured. We used this
generator together with a GEANT3 simulation of our de-
tectors to estimate the ratio of the number of 7° events
where the two photons are detected to those that are
misidentified as DVCS events. This ratio is then mul-
tiplied by the measured yield of exclusive 7% events to
correct the DVCS data. Depending on the kinematics,
we found contaminations of 2 to 4%.

In this work, the physics observable extracted using co-
herent DVCS events is the beam-spin asymmetry, Apy.
On an unpolarized target, Apy is defined as the differ-
ence of cross sections for the reaction with opposite beam
helicities normalized to the total cross section:

diot —dio~

ALU - 4 4 — (3)

dioct + d*o
where d*c* is the DVCS differential cross section for
positive (negative) beam helicity.

In this ratio, luminosity normalization and detector
efficiencies largely cancel and Apy can be extracted from
the reaction yields for the two helicities (N*):

1 Nt —-N-—
Arjy=——7—— 4
U Py Nt + N )
where Pg is the degree of longitudinal polarization of the
incident electron beam.

There is an additional process contributing to the same
final state as the DVCS, the so-called Bethe-Heitler (BH)
process, where the real photon is emitted by the incom-
ing or the outgoing lepton. The DVCS and BH processes
are indistinguishable experimentally and the amplitude
of the electroproduction of a real photon includes a sum
of the amplitudes of these two processes. The BH am-
plitude depends on the target elastic form factors, which
are well known in this kinematic region, while the DVCS
amplitude depends on the GPDs. In our kinematics, the
cross section of the real photon electroproduction is dom-
inated by BH contribution, which varies strongly with
#, the azimuthal angle between the (e,e’) and (7*,*He’)
planes. The DVCS contribution is smaller by about a fac-
tor of two, but independent of ¢ at twist-2 [48], and thus
it is possible to separate these contributions with a cross
section measurement. However, the DVCS-BH interfer-
ence term offers an easier experimental access by generat-
ing spin asymmetries. We have, in particular, for a spin-
zero target the beam spin asymmetry, A, which can
be expressed at leading-order and leading-twist [49] [50]



as

Aru(9) =
() Sm(Ha)
a1(¢) + az(¢) Re(Ha) + az(¢) (Re(Ha)? + Im(Ha)?)
()
Explicit expressions of the kinematic factors «; are de-
rived from expressions in Ref. [50]:

za(l+€%)?

ao(¢) = ” S4 (1) sin(¢)
a1(@) = c(IfH + C?H cos(¢) + CQBH cos(2¢)
ax(9) = AT (@ (0) + Oy (1)cos(9))
2 2\2 _ 2 4 &€,2
as(6) = TANLT N p (ypy(g) 22— WY TV

1+ €2

(6)

where S; (1) and C44(0,1) are the Fourier harmonics
of the interference amplitude in the leptonic tensor, c(]f {{2
the Fourier harmonics of the BH amplitude, and finally
P12(¢) the BH propagators, which include cos(¢) de-
pendencies?. We observe that using the different sin(¢),
cos(¢) and cos(2¢) contributions, one can extract unam-
biguously both the imaginary and real parts of H 4 with
a fit of the Apy(¢) distribution.

We present in Fig. l] Ary as a function of azimuthal
angle ¢ and the kinematical variables Q%, xp, and t.
Due to limited statistics, these latter variables are studied
separately with a two-dimensional data binning. The
curves on the plots are fits using the function presented
in Eq. , where the real and imaginary parts of the CFF
H 4 are the only free parameters.

Studies of systematic uncertainties showed that the
main contributions come from the choice of DVCS ex-
clusivity cuts (8% systematic uncertainty) and the large
binning size (5.1%). These values are relative and quoted
for Apy at ¢ = 90°. Added quadratically, the total sys-
tematic uncertainty is about 10% at 90° (or 0.03, abso-
lute), which is significantly smaller than the statistical
uncertainties at all kinematical bins.

In Fig. |5, the Q?, x5, and t-dependencies of the fitted
Apy at ¢ = 90° are shown. The comparison to HERMES
data shows that we obtain the same sign, but the size of
the error bars and the difference of kinematics do not
permit to say much more. The zp and t-dependencies
are also compared to theoretical calculations by S. Liuti
and K. Taneja [62]. The model accounts for the effect
of the nucleon virtuality (off-shellness) on the quark dis-
tribution. The calculations are at slightly different kine-
matics than the data but still allow us to draw some

2 The explicit expression of all these terms can be found in Ap-
pendix A of [51].
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FIG. 4: Ary as a function of azimuthal angle ¢. Results are
presented for different Q2 bins (top panel), zp bins (middle
panel), and ¢ bins (bottom panel). The error bars represent
the statistical uncertainties. The grey bands represent the
systematic uncertainties, including the normalization uncer-
tainties. The red curves are the results of fits with Eq. .

conclusions. The model appear to predict smaller asym-
metries than observed. The difference may arise from the
theoretical uncertainty in the determination of the cross-
ing point where the parton nuclear distribution becomes
larger than the nucleon one, and reverses the sign of the
nuclear effect.

The Q?, xp, and t dependencies of the *“He CFF H 4
extracted from the fit to the azimuthal dependence of
Apy are shown in Fig. [f] The curves on the graphs
are model calculations, labeled convolution and off-shell.
In the convolution model [53], the nucleus is assumed
to be composed of non-relativistic nucleons, each inter-
acting independently with the probe. The Convolution-
Dual model is based on nucleon GPDs from the dual
parametrization [54], where the Convolution-VGG uses
nucleon GPDs from the VGG model [55] and is based on
the double distributions ansatz [56]. The off-shell model
is the same as in Fig. [b| using a more recent GPD model
for the nucleon [57].

The results in Fig. [f] show that the extraction of the
CFF from the Apy is possible without model-dependent
assumptions beyond leading-twist and leading-order
dominance. The amplitude and the dependencies ob-
served as a function of @2, xg, and t are in agreement
with the theoretical expectations. One can see a differ-
ence between the precision of the extracted imaginary
and real parts, which is due to ag being much smaller
than o in Eq. . While the precision of this measure-
ment is not at a sufficient level to discriminate between
the models, these results demonstrate the possibility of
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FIG. 6: The leading-twist model-independent extraction of
the imaginary (top panel) and real (bottom panel) parts of
the “He CFF M4, as a function of @ (left panel), zp (middle
panel), and ¢ (right panel). The full red curves are the calcu-
lations based on the convolution model from Ref. [53]. The
black-dashed curves are calculations from the same model us-
ing different GPDs for the nucleons (VGG model [55]). The
blue long-dashed curve on the top-right plot is from the off-
shell model as described in Ref. [57].

extracting the CFF of a spin-0 target directly from a Apy
measurement.

In summary, we have presented the first measurement
of the beam-spin asymmetry of exclusive coherent DVCS
off “He using the CLAS spectrometer supplemented with
a RTPC. This setup allowed detection of the low-energy
4He recoils in order to ensure an exclusive measurement
of the coherent DVCS process. The azimuthal depen-
dence of the measured A;y has been used to extract,
in a model-independent way, the real and the imaginary
parts of the “He CFF, H4. The extracted CFF is in

agreement with predictions of the available models. This
first fully exclusive experiment opens new perspectives
for studying nuclear structure with the GPD framework
and paves the way for future measurements at JLab using
12 GeV CEBAF and upgraded equipment [51].
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