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In the past two decades, deeply virtual Compton scattering of electrons has been successfully used to
advance our knowledge of the partonic structure of the free proton and investigate correlations between the
transverse position and the longitudinal momentum of quarks inside the nucleon. Meanwhile, the structure
of bound nucleons in nuclei has been studied in inclusive deep-inelastic lepton scattering experiments off
nuclear targets, showing a significant difference in longitudinal momentum distribution of quarks inside the
bound nucleon, known as the EMC effect. In this Letter, we report the first beam spin asymmetry (BSA)
measurement of exclusive deeply virtual Compton scattering off a proton bound in “He. The data used here
were accumulated using a 6 GeV longitudinally polarized electron beam incident on a pressurized “He
gaseous target placed within the CLAS spectrometer in Hall-B at the Thomas Jefferson National
Accelerator Facility. The azimuthal angle (¢) dependence of the BSA was studied in a wide range of virtual
photon and scattered proton kinematics. The Q?, xg, and t dependencies of the BSA on the bound proton
are compared with those on the free proton. In the whole kinematical region of our measurements, the BSA
on the bound proton is smaller by 20% to 40%, indicating possible medium modification of its partonic

structure.

DOI: 10.1103/PhysRevLett.123.032502

Electromagnetic probes have played a major role in
advancing our knowledge about the structure of the nucleon.
While Iepton-nucleon elastic scattering measurements have
taught us about the spatial charge and magnetization dis-
tributions [1,2], deep-inelastic scattering experiments have
uncovered the partonic structure of the nucleon and the
longitudinal momentum distributions of the constituent
partons, i.e., quarks and gluons [3]. With nuclear targets,
deeply inelastic lepton scattering measurements have
revealed that the distribution of quarks in a nucleus is not
a simple convolution of their distributions within nucleons,
an observation known as the “European Muon Collaboration
(EMC) effect” [4] (for reviews on the topic, see [5—8]).

A wealth of information on the structure of hadrons lies
in the correlations between the momentum and spatial
degrees of freedom of the partons. These correlations can
be revealed through deeply virtual Compton scattering
(DVCS), i.e., the hard exclusive leptoproduction of a real
photon, which provides access to a three-dimensional (3D)
imaging of partons within the generalized parton distribu-
tions (GPDs) framework [9-13]. The measurement of
free proton DVCS has been the focus of a worldwide
effort [14-26] involving several accelerator facilities such
as Jefferson Lab, DESY, and CERN. These measurements

now enable the extractions of GPDs and a 3D tomography
of the free proton [27,28]. New measurements of DVCS
from the “He nucleus are a critical step towards providing a
similar 3D picture of the quark structure of the nucleus
[29]. In the nuclear case, however, two channels are
available, the coherent channel where the scattering is
off the entire nucleus, which is left intact in the final state
[30], and the incoherent channel where the DVCS occurs
on a nucleon, which is ejected from the nucleus. The latter
is the focus of this Letter and provides a unique access to
the modification of the partonic structure of the bound
nucleons [31-33]. The *He nucleus is an ideal experimental
target for this measurement as it is characterized by a strong
binding energy, a relatively high nuclear core density, and a
large EMC effect [34]. Moreover, it remains simple enough
that precise calculation of its structure can be performed,
making this nucleus the perfect target for our investigation
of the medium modifications of the nucleon’s partonic
structure. The previous measurements of DVCS off nuclei,
and in particular off “He, performed at HERMES [35],
yielded results with both “coherent enriched” and “inco-
herent enriched” event samples; hence they are not fully
exclusive, but significant enough to be compared with our
results below.
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FIG. 1. Representation of the leading-order, twist-2, handbag
diagram of the incoherent DVCS process off 4He, where the four
vectors of the electrons, photons, and protons are denoted by
k/k', q/q’, and p/p’, respectively. x + & is the nucleon longi-
tudinal momentum fraction carried by the struck quark, —2¢ is the
longitudinal momentum fraction of the momentum transfer A
(=qg—¢'), and t (= A?) is the squared momentum transfer
between the initial and the final state nucleon.

In this Letter, we present the first exclusive measurement
of the beam-spin asymmetry (BSA) in deeply virtual
electroproduction of a real photon off a bound proton in
“He. Figure 1 illustrates the leading-twist handbag diagram
for the DVCS process. In the Bjorken regime, i.e., large
virtual photon four-momentum squared [Q? = —¢* =
—(k—k)?], and at small invariant momentum transfer
[t = (¢ — ¢')*], the DVCS scattering process can be fac-
torized, leaving the nonperturbative structure of the nucleon
to be parametrized in terms of four chirally even GPDs: H,
E, H, and E, representing the four helicity-spin combina-
tions of the quark-nucleon states [36,37]. Experimentally,
we measure the squared sum of the Bethe-Heitler (BH) and
the DVCS amplitudes. The BH process, where the real
photon is emitted by the incident or the scattered electron
rather than the nucleon, dominates the cross section at our
kinematics. The BSA arises from the interference of these
two terms and is directly sensitive to the DVCS amplitude
that contains the information on the GPDs. Using a
longitudinally polarized electron beam (L) and an unpo-
larized target (U), the BSA is defined as

Aot —d’o”
Ay = Pot + Po-" (1)
o +do

where d>6"(d°6™) is the virtual photoproduction differ-
ential cross section for a positive (negative) beam helicity.

Following the cross section decomposition provided
in [38], the different components can be expressed in
terms of Fourier coefficients associated with ¢ harmonics,
where ¢ is the angle between the leptonic and the hadronic
planes of the reaction. At leading twist, the BSA can be
parametrized as

ag sin(¢)
1 + a, cos(¢p) + a, cos(2¢)’

ALU(¢) = (2)

where the parameters q ; , are combinations of the afore-
mentioned Fourier coefficients. The sin(¢) harmonic is
dominant in A;; and is proportional to the following
combination of Compton form factors (CFFs) H, &, and H
as [27]

1 XB

6100<Im|:F1H 4M2F25+7(F]+F2)'F{ y (3)

where F; and F, are the Dirac and Pauli form factors,
respectively, and xp the Bjorken scaling variable. The
real and the imaginary parts of the CFF H relate to the
GPD H as

R(H) =P /0 L d[H(x & 1) — H(—x. E0]CH(x.), (4)

S(H) = —a[H(&.&.1) - H(=¢.&.1)]. (5)

with P the Cauchy principal value integral and C* a
coefficient function defined as [1/(x—¢&) + 1/(x + &)],
where £ is the skewing factor and can be related to xp
by &~ (xp/2—xp). Similar expressions apply for the
GPDs E, H, and E [27]. At the forward limit, £ — 0
and ¢t — 0, the GPD H reduces to quark, antiquark parton
distribution functions, and its zeroth moment in x repre-
sents the elastic Dirac form factor F.

The experiment (E08-024 [39]) took place in Hall-B of
Jefferson Lab using the nearly 100% duty factor, longitu-
dinally polarized electron beam (83% polarization) from
the Continuous Electron Beam Accelerator Facility
(CEBAF) at an energy of 6.064 GeV. The data were
accumulated over 40 days using a 6-atm-pressure, 292-
mm-long, and 6-mm-diameter gaseous “He target centered
64 cm upstream of the CEBAF Large Acceptance
Spectrometer (CLAS) coordinate center. For DVCS experi-
ments, the CLAS baseline design [40] was supplemented
with an inner calorimeter (IC) and a solenoid magnet. The
IC extended the photon detection acceptance of CLAS
down to a polar angle of 4°. The 5-Tesla solenoid magnet,
in the center of which the target was located, prevented the
high-rate low-energy Mgller electrons from reaching the
CLAS drift chambers by guiding these electrons inside a
tungsten shield placed around the beam line.

Incoherent DVCS events were selected by requiring
an electron, a proton, and at least one photon in the final
state using the standard particle identification framework
of the CLAS event reconstruction (see [41] for addi-
tional details on the particle identification). Note that,
even though the DVCS reaction has only one real photon
in the final state, events with more than one photon were
not discarded at this stage. These extra photons were
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mostly soft photons from accidental coincidence which,
as will be discussed below, the DVCS exclusivity cuts
easily eliminated. In the following stage, the most
energetic photon was considered as the DVCS photon
candidate.

Further requirements were applied to clean the identified
initial set of incoherent DVCS events from accidental
and physics background events. First, events were selected
with Q? greater than 1 GeV? and the y*p invariant mass

[W = /(g + p)?, assuming that the initial nucleon is at
rest] greater than 2 GeV. This is a commonly accepted
region of kinematics used by the previous DVCS experi-
ments and avoids the nucleon resonance region. The
squared transferred momentum to the recoil proton f,
calculated from the four-momentum vectors of the incom-
ing and outgoing photons, was required to be greater than a
minimum kinematically allowed value (f,,;,) at given Q>
and W defined as

(1=xp)(1 = V1+e€*) +é

tmin = —Q22
min dxg(1 — xg) + €

. (0)

where ¢ = (4M3x%/Q?) and M, is the proton mass. This
cut was applied to avoid accepting events that appear in
unphysical regions of kinematics due to detector resolution
and radiative effects. We specifically use the kinematics
of the photons to determine ¢ because the initial proton
kinematics is unknown due to Fermi motion.

In the final sample, the exclusivity of the incoherent
DVCS events was ensured by imposing a series of con-
straints based on the four-momentum conservation in the
reaction ep — ¢'p’y. These kinematical variables are the
coplanarity angle A¢ between the (y, y*) and (v*, p’)
planes, the missing energy, mass, and transverse momen-
tum of the ¢’y and ¢’ p’y systems, the missing mass squared
of the ¢’'p’ system, and the angle 0 between the measured
photon and the missing momentum of the ¢’p’ system. The
experimental distributions for the most relevant exclusivity
variables are shown in Fig. 2. Because of the Fermi motion
of the nucleons in the helium nucleus, the cuts indicated by
the dashed lines are slightly wider than those previously
used for free proton experiments [21]. After the corrections
discussed below, the asymmetries appear to be stable as a
function of cut width, and we saw no sizable effect that
could be related to the initial momentum of the nucleons.
We also rejected events where a z° was identified by the
invariant mass of two photons. At the end of this selection
process, about 30k events passed all the requirements.

The two main backgrounds that contributed to the event
sample after the exclusivity cuts are due to accidental
coincidences and exclusive z° production, where one of the
photons from the 7z° decay escapes detection. The con-
tribution from accidental events, i.e., e’ p’y collections with
particles originating from different electron scatterings, was

800 900 | : :
700 800 F H .
00 700 : .
500 6oor
400 sop :
400 : :
300 o0F  ff A
200 200 F . :
100 100 F i 1
0 07505 0 05 1 is
E(epyX) [GeV]
1400 © e 500 :
1200 f i :
1000 | e 400t
800 | i 300 F :
600 | y 200 £ H
400 | :
200 F 100 :
05520 o2 % 1 2 3 43

MZ(epyX) [GeV?] 6(y,epX) [deg.]
FIG. 2. The distributions from left to right and from top to
bottom are A¢, missing energy, missing mass squared, and the
cone angle (¢) between the measured and the calculated photons
in the ¢’p’ final-state system. The incoherent DVCS exclusivity
cuts are represented by the vertical red-dashed lines. The black
distributions represent the incoherent DVCS event candidates
before the exclusivity cuts. The shaded distributions represent the
incoherent DVCS events that passed all of these cuts except the
quantity plotted.

evaluated to be 6.5% by selecting events passing all our
selection cuts but originating from different vertices. The z°
contamination was estimated and subtracted using detector
simulation and experimental data. From simulation, we

calculated the ratio (R = N/ /NZI ) of the number of z°
events that were wrongly identified as exclusive ep —
ly

«m) to the number of events correctly

identified as exclusive ep — ¢/p'z® (N1 ). Then, in each
kinematical bin and for each beam-helicity state, the z°-

subtracted experimental DVCS events were calculated as

.} !t 0 ! /! 0
— ep—epy ep—eprn ep—epy ep—eprn
N = Nexp — RNexp , where Nexp (Nexp )

is the number of the experimentally identified ep — ¢'p'y
(ep — €'p'z°) events. Depending on the kinematics, we
subtracted between 8% and 10% of the data due to the 7°
contamination.

Experimentally, A;; is defined as

e'p'y events (N

4o_ 1 N'-N
T Pg(1=C)Nt + N~

(7)

where N* and N~ are the number of DVCS events for
the positive and negative beam-helicity states, Py is the
longitudinal beam polarization, and C stands for the
contamination percentage of the accidental coincidences.

In the kinematical phase space of our experiment, the ¢
dependence of A;; is most sensitive to the imaginary part
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The incoherent A;;; as a function of ¢ for different 7 bins. The error bars represent the statistical uncertainties. The gray

bands represent the systematic uncertainties, including the normalization uncertainties. The black curves are the results of our fits

with the form [aq sin(¢)/1 + a; cos(¢)].

of the CFFs through the a, term of Eq. (2), as confirmed by
high statistics measurements on the free proton [21,26].
In the determination of a, in Eq. (3), the CFF £ and H are
suppressed due to form factors and the smallness of the
coefficients. Therefore, the dominant contribution to the
BSA comes from the CFF H and, hence, the GPD H.

Because of limited statistics, the data were binned two
dimensionally into 36 bins. That is, four bins in one of the
kinematical variables of interest (Q?, xp, or ¢) and then nine
bins in the azimuthal angle (¢). Figure 3 presents the
measured incoherent A;;; as a function of ¢ in bins of ¢
(integrated over the full Q% and xj ranges). The curves on
the plots are fits of the form [agsin(¢)/1 + a; cos(¢)].
The main contributions to systematic uncertainties on these
fits are from the choice of the DVCS exclusivity cuts (6%)
and the large bin size (7%). The systematic uncertainties
sum up to less than 10% for all data points and, thus,
always remain significantly smaller than the statistical
uncertainties.

Figure 4 presents the dependence of the fitted A,y
values at ¢ = 90° (aq parameter from the individual fits
in Fig. 3) on the kinematical variables Q2, Xxg, and t.
Within the given uncertainties, A; ;; does not show a strong
dependence on Q. The xz and ¢ dependencies are
compared to the theoretical calculations performed by

S. Liuti and K. Taneja [31]. Their model uses a nuclear
spectral function and mainly considers the effect of the
nucleon off shellness. The calculations are carried out at
slightly different kinematics than our data but still provide
important guidance. The experimental results appear to
have smaller asymmetries especially at small xp than the
calculations. These differences may arise from nuclear
effects that are not taken into account in the model,
such as long-range interactions and final state interactions
of the knocked-out proton. On the graph for the —tf
dependence, we show previous measurements by
HERMES Collaboration [35], in which only electrons
and photons were measured. Because of the large exper-
imental uncertainties of the HERMES points, the two
measurements are completely compatible.

One can use the nuclear DVCS to measure a “general-
ized” EMC effect in order to see if significant nuclear
effects are also visible within the GPD framework. To
explore this idea, we constructed the ratio of A; ;; for bound
protons to that on a free proton target. Figure 5 presents
the BSA ratio based on interpolation of the free proton
asymmetries from CLAS [21] as a function of the kin-
ematical variable ¢. The A, ratios show 25%—-40% lower
asymmetries that are independent of ¢ for a bound proton
compared to the free proton. The measurements disagree

B x,=027,-t=0.51

2.
=051, Q= 2.2 W x=027,Q°=22
) %=0.11, Q%= 2.8

— =010, Q%= 12 ,
X=0.11, Q?=2.8

m— 10,33, Q°= 2.1

— x5=0.13, Q°= 1.2

A {néoh (900)
=3
)
T

— xy=0.24, Q%= 2.1

: ] I v
S L AL }
Dl - e ———— e — I e e ——
I 1 1 1 1 | USSR (TR SR S NSNS S Y 1 L L N 1 L L L L 1
1 2 3 4 0 0.2 0.4 0.6 0 0.5 1
Q?[GeV?] Xg -t[GeV?]

FIG. 4. The Q? (left), x;z (middle), and ¢ dependencies (right) of the fitted A, ;; at ¢p = 90° (black squares). The error bars represent the
statistical uncertainties, while the gray bands represent the systematic uncertainties. On the middle plot, the curves are theoretical
calculations from [31]. On the right plot, the solid (empty) green circles are the HERMES — A, ;; (a positron beam was used) inclusive
measurements for the incoherent (coherent) enriched region [35]; the curves represent theoretical calculations from [31].
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FIG.5. The A,y ratio of the bound to the free proton at ¢p = 90°
as a function of ¢. The black squares are from this work, the green
circle is the HERMES measurement [35]. The error bars represent
the statistical uncertainties, while the gray band represents the
systematic uncertainties. The blue and red curves are results of
off-shell calculations [31]. The solid and dashed black curves are
from on-shell calculations [33].

with the off-shell [31] and the on-shell calculations that
use the medium-modified GPDs as calculated from the
quark-meson coupling model [33]. Our results show that
an important nuclear effect is missing from the existing
models in order to explain this strong quenching of the
BSA. More theoretical developments will be needed to
identify the origin of this quenching, in particular, it will be
important to differentiate initial from final state effects and
how they affect the DVCS asymmetries.

In summary, we have presented the first BSA measure-
ment associated with bound proton DVCS off “He using an
upgraded setup of the CLAS spectrometer at Jefferson Lab.
Our results are compared to model calculations based
on different assumptions of the nuclear medium effects
at the partonic level. The bound-proton BSA is largely
suppressed compared to the free proton BSA. This result is
a first step in using a novel experimental method of
understanding the properties of bound nucleons directly
from the basic degrees of freedom of QCD, quarks, and
gluons. Planned experiments at Jefferson Lab will continue
and extend these studies of the bound nucleon structure
using DVCS. We have an experimental program called
ALERT using the CLAS12 detector in Hall-B of Jefferson
Lab. These experiments will improve the DVCS measure-
ments with the detection of nuclear fragments to better
control the final state interactions and the initial state
kinematics of the bound nucleon.
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