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Abstract

Azimuthal asymmetries in exclusive electroproduction of a real photon from an unpolarized
deuterium target are measured with respect to beam helicity and charge. They appear in the
distribution of these photons in the azimuthal angle ¢ around the virtual-photon direction, rel-
ative to the lepton scattering plane. The extracted asymmetries are attributed to either the
deeply virtual Compton scattering process or its interference with the Bethe-Heitler process.
They are compared with earlier results on the proton target. In the measured kinematic region,
the beam-charge asymmetry amplitudes and the leading amplitudes of the beam-helicity asym-
metries on an unpolarized deuteron target are compatible with the results from unpolarized
protons.
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Fig. 1. Leading order Feynman diagrams for (a) deeply virtual Compton scattering and (b) the
Bethe-Heitler process.

1. Introduction

Lepton-nucleon scattering experiments have long been an important tool in the de-
tailed study of nucleon structure [1]. Two complementary approaches have contributed
the most to our understanding of the nucleon. Elastic lepton-nucleon scattering has been
exploited to extract nucleon form factors, which reveal how the electromagnetic nucleon
structure differs from that of a point-like spin-1/2 particle. In another approach, Par-
ton Distribution Functions (PDFs) are extracted from Deeply Inelastic Scattering (DIS).
They represent distributions in the longitudinal momentum fraction carried by quarks
and gluons in a nucleon moving with “infinite” momentum. PDFs and form factors
present only one-dimensional pictures of nucleon structure. In recent years, a more com-
prehensive multi-dimensional description of the nucleon has emerged in the framework
of Generalized Parton Distributions (GPDs) [2-4]. Their dependence on three kinematic
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Fig. 2. Definition of the azimuthal angle ¢ between the lepton scattering and photon production planes.
Note that the azimuthal angle defined in this work differs from that used in Ref. [15]: ¢ = m — ¢[15}.

quantities in addition to their evolution with the hard scale of the process carries in-
formation on two-parton correlations and quark transverse spatial distributions [5-10].
GPDs embody PDFs as limiting cases, while elastic form factors appear as certain GPD
moments. Other moments are connected with the total parton angular momentum con-
tribution to the nucleon spin via the Ji relation [4].

GPDs can be constrained by measurements of hard exclusive leptoproduction of a
photon or meson in ‘elastic’ processes that leave the target intact. In Deeply Virtual
Compton Scattering (DVCS), a quark absorbs a hard virtual photon, emits an energetic
real photon and joins the target remnant (see Fig. 1 (a)). DVCS is presently the only
experimentally feasible hard exclusive process for which the effects of next-to-leading
order [11-13] and next-to-leading twist [14—16] are under complete theoretical control [17].

The final state of the DVCS process cannot be experimentally distinguished from that
of the Bethe-Heitler (BH) process, i.e., radiative elastic scattering (see Fig. 1 (b)). Hence,
the two processes can interfere. Exclusive leptoproduction on a nucleon or nuclear target
A of a real photon with four-momentum ¢’ is denoted by

e(k) + A(p) — e(K') + A(p') +~(d) (1)

where k (k') and p (p’) are the four-momenta of the incoming (outgoing) lepton and
target, respectively. Averaged over the kinematic acceptance of the HERMES experiment,
the BH cross section is much larger than that of the DVCS process. However, the BH
cross section has a much weaker Q2 dependence than the evolution of the DVCS cross
section [4], so that in the HERMES energy range they can become comparable near
Q? =1GeV? with —Q? = ¢®> = (k- k')~

Even in kinematic conditions where the DVCS process makes only a small contribution
to the photon production cross section, its interference with the BH process provides
access to the DVCS amplitudes through measurements of cross section asymmetries with
respect to the charge and helicity of the incident lepton and the polarization of the target.
These asymmetries appear in the distribution of the real photons in the azimuthal angle
¢, defined as the angle between the lepton scattering plane, i.e., the plane defined by the
incoming and outgoing lepton direction and the photon production plane spanned by the
virtual and real photons (see Fig. 2). Significant azimuthal beam-helicity asymmetries in
hard electroproduction of photons on the proton were first reported in Refs. [18,19]. Later,
asymmetries with respect to longitudinal [20,21] and transverse [22] target polarization,
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as well as beam charge [23] and, with greater precision, beam helicity [24-27], were also
measured on the proton.

Measurements of azimuthal asymmetries for DVCS on nuclear targets [28] were ad-
vocated as a useful source of information about partonic behavior in nuclei and nuclear
binding forces [29]. If the target nucleus remains in its ground state the process is called
coherent, while it is called incoherent if the nucleus is broken up. The deuteron is a
spin-1 nucleus, with implications for DVCS observables for the coherent reactions, which
contribute mainly at very small values of the momentum transfer to the target. The
asymmetries from the incoherent process involve mainly hard exclusive electroproduc-
tion of a photon on the proton. The neutron contribution to the yield is typically small
due to the suppression of the BH amplitude on the neutron by the small elastic electric
form factor at low and moderate values of the momentum transfer to the target.

This paper reports the first observation of azimuthal asymmetries with respect to beam
helicity and charge for exclusive electroproduction of a real photon from an unpolarized
deuterium target (e *d — e v X). The dependence of these asymmetries on the kine-
matic conditions of the reaction is also presented and certain asymmetry amplitudes
are compared with the corresponding amplitudes obtained on an unpolarized hydrogen
target (e *p — ety X) at HERMES [27].

2. GPDs and DVCS
2.1. Generalized Parton Distributions

In the generalized Bjorken limit of large Q? at fixed values of the Bjorken scaling
variable 15 = Q?/(2p - q) and small squared four-momentum transfer ¢t = (p — p’)? to
the target, the DVCS process can be described by the leading (handbag) diagrams in
Fig. 1(a). Here, the process factorizes [3,12,30] into a hard photon-quark scattering part
calculable in quantum electrodynamics, and a soft part describing the nucleon structure,
which can be expressed in terms of GPDs [2—4].

Like PDFs, GPDs depend on z and on the factorization scale Q2. In addition, GPDs
depend on a skewness variable ¢ and the Mandelstam variable t. The skewness £ repre-
sents half the difference in the longitudinal momentum fractions of the quark before and
after the scattering, while z is their mean value (following the convention of Ref. [4]). In
leading order, £ is directly accessible as it is related to the Bjorken scaling variable x5 by
& ~xp/(2—xp). In contrast, x is not directly accessible in DVCS, and some observables
appear as z-convolutions of GPDs. Hence z plays a role different from that of zp in
inclusive DIS. GPDs evolve logarithmically with @Q? in analogy with PDFs [2-4,31]. This
dependence on Q? is omitted for simplicity in the following.

DVCS on spin-1/2 targets, such as nucleons, is described by four leading-twist quark-
chirality conserving GPDs for each quark flavour ¢ (and also for the gluon g), namely the
GPDs HY, E%, H? and E* [15]. The GPDs H? and E? are quark-helicity averaged whereas
HY and E1 are quark-helicity dependent. The GPDs H? and H¢Y conserve nucleon-helicity
while E? and E? are associated with a helicity flip of the nucleon. In contrast, the coherent
process on spin-1 nuclei, such as the deuteron, requires nine GPDs [32] — HY, Hi, HY,
HY, HY H?, HI, H? and HY — to describe all DVCS observables. In the forward limit of
vanishing momentum difference between the initial and final hadronic state (¢t — 0 and
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¢ — 0), the GPD HY(x,0,0) reduces to f(z), the quark number density distribution,
and HY(z,0,0) reduces to g{(z), the quark helicity distribution. Similarly, for spin-1
targets the GPDs Hy, H; and Hs reduce to the following parton densities in the forward
limit:

Hf(l‘,o,()) = 3 Eff(l‘), (2)
H{(2,0,0) = ¢ (z) — ¢=}(x) = gi(x), (3)
H(2.0,0) = (@) - LT gy 0

where ¢*, (] (x) represents the number density of a {anti} quark with momentum fraction
{z < 0} > 0 and positive [negative| helicity in a rapidly moving deuteron target with
longitudinal spin projection A. The ‘unpolarized’ (polarization averaged) quark densi-
ties ¢* are defined as ¢ (z) = ¢* (z) + ¢* (). While the probabilistic interpretation of
polarization-averaged and polarization-difference structure functions fi(x) and g1(x) in
terms of quark densities is similar to that in the spin-1/2 case, the tensor structure func-
tion by (z) does not exist for spin-1/2 targets. It has been measured in DIS on a polarized
spin-1 target [33]. Both Hs and Hs are associated with the 5% D-wave component of
the deuteron wave function in terms of nucleons [34]. Hj is related to isoscalar currents
and probes the binding forces in the deuteron, and Hj involves a tensor term [32,35], the
analog of which has no relationship to any local current due to Lorentz invariance.

2.2.  Deeply virtual Compton scattering amplitudes

For a target of atomic mass number A, the cross section for the hard exclusive lepto-
production of real photons is given by [35,36]

do x4 €l 1T

Az dQ2dt[de 3221 Q* Vit o2

where 14 = Q?/(2Mav) is the nuclear Bjorken xp, My is the target mass and v =
p-q/Ma, = 2zAMA/\/@, and 7 is the total reaction amplitude.

As the final states of the DVCS and BH processes are indistinguishable, the cross
section contains the square of the coherent sum of their amplitudes:

(5)

1T = |Ton + Toves|” = |Toul” + [Toves|” + Toves Tan + Toves Tom - (6)

I

Here, I denotes the BH-DVCS interference term. The BH amplitude is calculable to
leading order in Quantum Electrodynamics (QED) using nuclear form factors measured
in elastic scattering.

The interference term I in Eq. 6 provides separate experimental access to the real and
imaginary parts of the DVCS amplitude through measurements of various cross-section
asymmetries as functions of the azimuthal angle ¢ [36]. Each of the three terms of Eq. 6
can be written as a Fourier series in ¢ [15], which in the case of an unpolarized target
reads



2 _ Kgu - BH
|TBH| - Pl (¢)P2(¢) X ngocn COS(”¢)7 (7)
2
|Thvesl? = Kpves X {cEVCS + Z cPVES cos(ng) + AsPVS sin qﬁ} , (8)
n=1
I= S X {cé + i cr, cos(ng) + A i st sin(nqb)} . 9)
Pr(@)Ps(0) 2. 2%

Here, Kpn, Kpvcs, and Ki are kinematic factors, e, denotes the lepton beam charge in
units of the elementary charge, and A the helicity of the longitudinally polarized lepton
beam. The squared BH and interference terms have an additional cos ¢ dependence in the
denominator due to the lepton propagators Pi(¢) and P2(¢) in the BH process [15,36].

The Fourier coefficients cl, and sl in Eq. 9 can be expressed as linear combinations

of Compton Form Factors F(&,t) (CFFs) [35], which in turn are convolutions of the
corresponding GPDs F(z, §,t) with the hard scattering coefficient functions C;~ [11-13]:

f(&at) = Z[l dz Cj(f,w)Fq(l’,f,t), (10)

where the —{+} sign applies to F'? = H{, ..., H} {ﬁf, . .,}NIZ} in the case of a spin-1
target. The real and imaginary parts of the CFF's have different relationships to the flavor
sum over the respective quark GPDs. To leading order in «s,

Sm{F(E )} = -7 er (FI&E ) FFI(=6,6,1)) . (11)

Hence measurements of cross-section asymmetries with respect to the beam helicity di-
rectly determine combinations of GPDs along the lines x = +£. In contrast, the real
parts of the CFFs involve the full interval in « and constrain the x dependence of GPDs
through convolutions:

Re {F(e. )} =3 e2 [P/

q —

1
1 1
de Fi(z,&,t) | —— £ , 12
o e (et ) "
to leading order in ais. Here, P denotes Cauchy’s principal value. Since the x dependence
of GPDs is thereby only weakly constrained, experimental asymmetries in beam charge
must be compared to the predictions of various GPD models.

At leading twist (twist-2), the coefficients ¢} and s} are related to the same combina-

tion of GPDs. This is also true for the kinematically suppressed coefficient ¢ oc 7%611_

The coefficients ¢}, and ¢! are sensitive to the ‘D-term’ [37,38], which contributes only in
the ‘ERBL’ region —¢ < & < ¢ where quark GPDs have the characteristics of distribu-
tion amplitudes for the creation of a quark-antiquark pair. It does not contribute in the
complementary ‘DGLAP’ region |z| > &, where quark GPDs describe the emission and
reabsorption of an (anti-)quark in the infinite momentum frame, thereby having proper-
ties analogous to the familiar (anti-)quark distribution functions. The D-term provides
a convenient means of representing this profound difference in GPD properties between
the two regions, while, e.g., the absorption of this contribution into the double distri-
butions [2,3] would require the introduction of terms with unnatural divergence, having
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a severity beyond representation by delta functions or their derivatives. In addition to
cl, si, and ¢, the only other Fourier coefficient related to only twist-2 quark GPDs is
c5VES. The coefficients cPVCS, sPVES L and sl appear at the twist-3 level, while ¢5VCS
and c} arise from the gluonic transversity operator [39-41] at twist-2 level. The high-
est harmonics of the interference and squared DVCS terms may also receive a twist-4

contribution [42].
2.3. Azimuthal cross section asymmetries

The beam-helicity asymmetries for a longitudinally (L) polarized lepton beam and
an unpolarized (U) target, based on the difference and sum of yields for the two beam
charges, respectively, are defined as

() = [T (0) = drt(0)] = [0~ (¢) —do= ()
P Aot () + dot (@) + [dom = (0) + dom ()]
(Aot~ (¢) — dot=(9)] + [do~~(9) — do~(9)] "
[dot=(¢) + dot=(¢)] + [do=(¢) + do=—(¢)] ’

where — (+) denotes positive (negative) beam helicity and the superscript + (—) corre-

sponds to positron (electron) beam. These definitions serve to separate the sin(n¢) terms

in Egs. 8 and 9. Similarly, the beam-charge asymmetry (BCA) for an unpolarized beam

scattering from this target is defined as

_ do*(¢) —do(¢)
A= 105(6) + a7 (0
_ [do"(¢) +do™(9)] — [do~ " (¢) + do™(¢)]
[do*=(¢) +dot=(9)] + [do=(¢) + do~(4)]
In terms of the Fourier coefficients of Eqs. 7-9 these equations read as

(13)

ADVCS (¢) =

(15)

W Zn 1 Sn Sll’l(n¢))

P (f;)Pz(qs) > Bl cos(ng) + Kpves Yoo cRVOS cos(ng)
DVCS sin ¢

ALy (9) =

ADVCS( ) = = Kpvcs 57
AL > Bl cos(ng) + Kpves Yoo cRVOS cos(ng)
Ac(e) = _ ~ B Pa@) Loneo Ch C08(n9) |
P Yo B cos(ng) + Kpvos oo cRVOS cos(ng)
At leading twist (twist-2, twist-3, and twist-2, respectively in the preceding three equa-
tions), and neglecting gluonic terms, they reduce to

(18)

K j
~ P @) Pag) 515 ¢

Afy(6) ~ (19)
W Zn —oCp COS(”¢) + Kpvcs CDVCS
Kpyes sPV sin ¢
A 0) = — 2 BH DVCS ’ (20)
P1(p)P2(d) > n—o cattcos(ng) + Kpvces ¢
1
*W(CO + 01 cos @)
Ac(¢) = —5— 1(@)P2(@) o

P Soneo B cos(ng) + Kpyes cfVOS |
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To the extent that the DVCS contributions to the common denominator can be ne-
glected at HERMES kinematics, the lepton propagators P;(¢) and Pa(¢) cancel in
Eqgs. 16, 18, 19, and 21. However, this approximation is not invoked in the following
because it would be subject to substantial model uncertainty.

2.4. From Compton form factors to asymmetries

Measured asymmetries are used to constrain GPD models by direct comparison of the
data with model predictions. However, it is instructive to consider certain approximations
relating CFFs and thereby GPDs to observed asymmetries. (These approximations are
not needed in the comparison of GPD model predictions with measured asymmetries.)

For an unpolarized nucleon target, the photon-helicity-conserving amplitude ML s
given at leading twist by a linear combination of the CFFs H, H and &, together with
the Dirac and Pauli form factors F} and F» [15]:

N ~

t
F+FR)H- —
7oy L1 T )M AM?

MY = H RE, (22)
where zy is the Bjorken variable for the nucleon and My is the nucleon mass. At small
values of zx and —t, M'! ~ F| H for the proton. For the neutron, the term containing
the CFF &€ in Eq. 22 becomes substantial at large —t due to the relative magnitudes
of the form factors Iy and Iy for the neutron. The leading Fourier coefficients of the
interference term can be approximated as s} o SmM®b! and ¢! oc ReMBL. To leading
order in 1/Q and in HERMES kinematic conditions,

Ay () o~ g (23)
1
Ac(¢) x %;H cos . (24)
1

For the coherent process on the deuteron, the relationship between the Fourier coeffi-
cients and the GPDs is complicated. However, the coefficients can be expanded in powers
of zp, the Bjorken variable for the deuteron target, and 7 = t/(4M3), where Mp is the
deuteron mass [35]. Then, to leading order in as and 1/Q, A] ;(¢) can be expressed in
terms of the imaginary part of the deuteron CFFs H;, Hs and Hs5 and the deuteron
elastic form factors [43] G; and G (see Fig. 3). The quantity |7| is typically about 0.003
in the range of small —t where the coherent process is significant, extending up to values
of 7 only as large as 0.01. However, as shown in Fig. 3, the magnitude of G3 exceeds that
of Gy by more than one order of magnitude. Hence certain terms leading in 7 (but not
xp) are retained. Defining

Bl — 3G1H1 — 27[G1Hs + Gs(Hy — éHs)] + 412GsH;
v 3G3 — 47G1G3 + 472G3 ’

the kinematic expansion yields

(25)

ep(2—y)y/ gz (1 —y)
2 -2y +y?

Al y() =~ — Smﬁb’l sin ¢, (26)

where y =p-q/(p- k).
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Fig. 3. The deuteron elastic form factors according to Parameterization II of Ref. [43], and the relative
contributions to the denominator of, e.g., Eq. 25 of certain terms involving G3 that are not leading in 7.

The relative contributions of those terms are also shown in Fig. 3; they are less than
10% at —t < 0.03 GeV2. When these terms are neglected, Eq. 26 becomes

ep(2=y)\/ 5z (1 = ¥) gmp,
S

I ~
Aplo) = —— 55—

ing. (27)

The deuteron Ag(¢) is related to the real part of the same linear combination of CFFs
appearing in the deuteron Aj ;;(¢):

ep\gr(l—y) |
Ac (@) ~ —TﬁeDU’ cos ¢ (28)
[=t(1 —
~ —xD @ d-y Re cos ¢ . (29)
Y G

For the coherent process on the deuteron, the leading term in the expansion of coeffi-
cients s! and ¢} lead respectively to Egs. 27 and 29 which are analogous to Eqs. 23 and
24 for scattering on the nucleon.
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Table 1
The beam charge and polarization as well as the integrated luminosity in pb~! of the data sets used for
the extraction of the various asymmetries on the unpolarized deuterium target.

Beam Beam Luminosity

Year Charge Polarization [pb™1]
A=—-1A=+1 A=—-1A=+1

1996 et 0.516 43.9

1997 et —0.511 53.1

1998 e~ —0.307 24.1

1999 et —0.552  0.418 0.9 5.1

2000 et —0.584 0.552 29.7 9.0

2005 e~ —0.355 0.377 66.3 65.7

Sum 174.1  123.7

3. The HERMES experiment

A detailed description of the HERMES experiment can be found in Ref. [44]. A longi-
tudinally polarized positron or electron beam of 27.6 GeV energy was scattered from an
unpolarized deuterium gas target internal to the HERA lepton storage ring at DESY.
The lepton beam was transversely polarized via the asymmetry in the emission of syn-
chrotron radiation (Sokolov-Ternov effect) [45] in the arcs of the HERA storage ring. The
transverse beam polarization was transformed locally into longitudinal polarization by a
pair of spin rotators located before and after the experiment [46]. In the years 1996-1998
data were taken with one beam helicity only, while in the years 1999, 2000 and 2005 the
helicity of the beam was typically reversed approximately every two months.

The beam polarization was continuously monitored by two Compton backscattering
polarimeters [47,48]. The average values of the beam polarization for various running
periods are given in Table 1; the average fractional systematic uncertainty was 2.4%.
The scattered leptons and produced particles were detected in the polar angle range
0.04 rad < € < 0.22 rad. The lepton trigger required a coincidence of signals from
scintillator hodoscope planes and the local deposition of a minimum energy of 3.5 GeV
in the electromagnetic calorimeter. Lepton identification was accomplished using the
transition-radiation detector, the preshower scintillator counter, and the electromagnetic
calorimeter. The average lepton identification efficiency was at least 98% with hadron
contamination that was less than 1%. Photons were identified by the detection of energy
deposited in the calorimeter and preshower counter with no associated charged-particle
track. Data quality requirements were applied to the event sample to ensure the uniform
response of the spectrometer.

4. Event selection and yield distributions

Beam charge and polarization as well as the integrated luminosity of the data sets
used in the extraction of the various asymmetries reported here are given in Table 1. The
beam was always longitudinally polarized. In this analysis, it was required that events
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Fig. 4. The measured distribution (points) of electroproduced real-photon events versus the squared
missing mass M)Q( The solid curve represents a Monte Carlo simulation including unpolarized coherent
and incoherent BH and DVCS processes, the BH processes with the excitation of resonant final states
(represented separately by the dashed-dotted curve), and the semi-inclusive background (dashed curve).
The simulations and data are both normalized to the number of DIS events. The region between the two
vertical lines indicates the selected exclusive events. Data from the year 2005 are shown.

contained exactly one charged-particle track consistent with being the scattered beam
lepton, and a single cluster in the calorimeter with an energy deposit F, > 5.0 GeV
and with no associated charged track. The following requirements were imposed on the
event kinematics: 1GeV? < Q% < 10GeV?, W% > 9GeV?, v < 22GeV and 0.03 <
rn < 0.35, where W% = M3% + 2Myv — Q?, xx = Q?/(2Myv), and v = p- q/My. The
nucleonic (proton) mass My was used in all kinematic constraints on event selection even
at small values of —t, where coherent reactions on the deuteron are dominant, because the
experiment did not distinguish between coherent and incoherent scattering and the latter
dominates over most of the kinematic range. Monte Carlo studies have shown that this
choice has little effect on the extracted asymmetries [49]. In order to reduce background
from the decay of neutral mesons, the angle between the laboratory 3-momenta of the
real and virtual photons was limited to 0+, < 45mrad. The minimum angle requirement
0« > bmrad was chosen according to Monte Carlo studies to be compatible with the
effects of instrumental resolution in the determination of ¢.

‘Exclusive’ single-photon events were selected by requiring the squared missing mass
M?% to be close to the squared nucleon mass M%, where M% is defined as M% = (¢ +
Py — ¢')? with Py = (My,0,0,0). Due to the finite resolution of the spectrometer and
the calorimeter, M% may be negative. In Fig. 4, the squared missing mass distribution of
the selected events of the effectively helicity-balanced data sample from the year 2005 is
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Fig. 5. Distribution in —t of events selected in the exclusive region of M)Q( The points represent ex-
perimental data while the continuous curve represents the simulation of real-photon production for all
exclusive final states including resonances. Background from 7 decay is not included. The dotted and
dashed curves represent the BH plus DVCS contributions of the coherent and incoherent elastic process,
respectively. The dash-dotted curve shows the resonant BH contributions. The simulations and data are
both normalized to the number of DIS events. Data from the year 2005 are shown.

compared with the predictions of Monte Carlo simulations of processes that contribute to
both signal and background. One of the simulations uses an exclusive-photon generator
for unpolarized BH and DVCS processes, including coherent and incoherent reactions as
well as the excitation of resonant final states (a category known as associated production).
The DVCS simulation for incoherent reactions on the nucleon is based on Ref. [50], while
that for coherent reactions on the deuteron is based on the model from Ref. [35]. Most of
the background in the vicinity of the exclusive peak comes from the decay of neutral pions.
The dominant source of neutral pions is semi-inclusive DIS, v*N — 7°X — vX, which
is simulated using the LEPTO event generator [51] with a set of JETSET [52] fragmentation
parameters tuned for HERMES kinematic conditions [53]. In this simulation, the photon
originates mainly from decay of 7% from DIS fragmentation. Incoherent exclusive 7°
production, v*N — 7°N, was simulated using an exclusive Monte Carlo event generator
based on the GPD models of Ref. [54] and was found to be negligible [49,55]. HERMES
data support this estimate [56]. The Monte Carlo yield exceeds the data by approximately
2% in the exclusive region. This may be due to the contribution of the DVCS process
in the simulation of both coherent and incoherent processes, which is highly model-
dependent and can vary between 10% and 25% [55] for the incoherent processes. On the
other hand, radiative effects not included in the simulation would move events from the
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peak to the continuum [57].

Events were selected in the ‘exclusive region’, defined as —(1.5)2GeV? < M3% <
(1.7)> GeV? to minimize background from DIS fragmentation while maintaining rea-
sonable efficiency [58].

As the recoiling target nucleon or nucleus was undetected, the Mandelstam variable
t must be reconstructed from the measured kinematics of the scattered lepton and the
detected photon. The resolution in the photon energy from the calorimeter is inadequate
for a precise determination of ¢. Hence for events selected in the exclusive region in M%,
the final state is assumed to be exclusive, leaving the target intact, thereby allowing ¢
to be reconstructed with improved resolution using only the photon direction and the
lepton kinematics [23]:

o —Q*—2v (v —\/V?+ Q? cosly-r) (30)
1+ ﬁ (v — /2 + Q2 cosl,-r )

The further restriction —¢ < 0.7 GeV? is imposed in the selection of exclusive events in
order to reduce background from the decay of neutral mesons.

The t distribution of the same event sample is shown in Fig. 5 and compared with
the Monte Carlo simulations discussed above. The simulated contributions of coherent
and incoherent processes on the deuteron are also shown separately. Coherent scattering
on the deuteron occurs preferentially at small values of —¢. The Monte Carlo simulation
shows that requiring —t < 0.06 GeV? enhances the mean fractional contribution of the
coherent process from 20% to 40% in the HERMES spectrometer acceptance. Requiring
—t < 0.01 GeV? can further enhance the coherent contribution to 66%, but only at the
cost of a rapidly decreasing yield. In Sections 6.1 and 6.2, the first two —t bins covering
the range 0.00 — 0.06 GeV? will provide a measure of coherent effects; in Section 6.3, an
attempt is made to isolate the coherent contribution.

5. Analysis of the data
5.1. Extraction of azimuthal asymmetry amplitudes

The distribution of the expectation value of the yield for scattering a polarized lepton
beam from an unpolarized deuterium target is given by

<N>(P€a €, ¢) =L (Pfa 6() 77(6@’ ¢) UUU(¢)
x [1+ P ARYS(9) + erAc(9) + eePeALy(9)]. (31)
Here, £ denotes the integrated luminosity, P, the longitudinal beam polarization, n the

detection efficiency, and oyy(¢) the cross section for an unpolarized target averaged over
both beam charges and both beam helicities, which can be expressed as

- D 1
ouu (¢) - 39 (27T)4 Q4 /—1 T -2
2 2
{% 2 cBH cos(ng) + Kpves ; cPVCS cos(ng) } (32)
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The asymmetries Al ;(¢), APYCS(4), and Ac(¢) are related to the Fourier coefficients
appearing in Eqgs. 7-9, as illustrated by Egs. 16-18. In analogy to the expansion of
the cross section in Eq. 7-9, these asymmetries are also expanded in terms of the same
harmonics in ¢:

Z AP sin(ng) + ATET? (33)
sin cos(0
AEI\J/CS (¢) = ALU pves Sin ¢ + ALUSDd\)/)CS ) (34)
¢) ~ Z ACCOS(W) cos(ne) , (35)
n=0

where the approximation is due to the truncation of the in general infinite Fourier series
caused by the azimuthal dependences in the denominators of Eqs. 16—-18.

For each kinematic bin in —t, x5, or @2, the sets of azimuthal asymmetry amplitudes
Ai‘[r}(?‘z)) ASI{} bves and ACOS(W) hereafter called ‘asymmetry amplitudes’, are simulta-
neously extracted from the observed exclusive sample using the method of maximum
likelihood (described in detail in Ref. [22]). Although these asymmetry amplitudes differ
somewhat from the coefficients given in Egs. 7-9 and Eqgs. 16-18, they are well defined
and can be computed in various GPD models for direct comparison with the data. Note
that in Egs. 33 and 34, an additional constant term (n = 0) was introduced as a con-
sistency test. These terms must vanish as they are parity violating. Removing these
constant terms or also introducing additional harmonic terms in the fitting procedure do
not influence results for other asymmetry amplitudes [59].

5.2. Background corrections and systematic uncertainties

In each kinematic bin, the results from the maximum likelihood fit are corrected for
photon background arising from semi-inclusive production of neutral mesons, mainly
pions. A corrected asymmetry amplitude is obtained as

ACOH _ raw fseml * Lsemi ) (36)
- fsemi

Here, A,.w stands for the extracted raw asymmetry amplitude, and fsomi and Agem; the
fractional contribution and corresponding asymmetry amplitude of the semi-inclusive
background. This fraction is obtained from a Monte Carlo simulation (see Section 4) and
ranges from 1% to 11%, depending on the kinematic conditions. As the semi-inclusive
process is only very weakly beam-charge dependent, its asymmetry with respect to the
beam charge or to the product of the beam charge and the beam polarization is assumed
to be zero. The asymmetry of the semi-inclusive 7° background with respect to only
the longitudinal beam polarization is extracted from experimental data by requiring two
photons to be detected in the calorimeter with an invariant mass between 0.10 GeV
and 0.17 GeV and with no associated charged tracks. The restriction on the energy
deposition in the calorimeter of the less energetic cluster is relaxed to 1 GeV to improve
the statistical precision. The fractional energy z = E/v of the reconstructed neutral
pions is required to be larger than 0.8. After applying the correction of Eq. 36, the
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Table 2

The main contributions to the systematic uncertainty of extracted asymmetry amplitudes of interest,
averaged over the full kinematic range. Not included is a 2.4% scale uncertainty of the beam-helicity
asymmetries due to the beam polarization measurement.

Amplitude M)Q( shift Background corr. Acceptance, smearing, bin width, alignment
AZ09) 0.001 0.001 0.014
AL® ¢ < 0.001 0.002 0.023
Ai‘g? < 0.001 0.004 0.031
AT Dves 0.002 0.006 0.003

resulting asymmetry amplitudes are expected to originate from elastic (coherent), and
incoherent photon production possibly including nucleon excitation.

The combined contribution to the systematic uncertainty from detector acceptance,
smearing, finite bin width, and alignment of the detector elements with respect to the
beam is determined from a Monte Carlo simulation using the GPD model described
in Ref. [60]. Note that a mistake has been found in this GPD model [61]; however, the
model described previously reported HERMES beam-charge [22] and preliminary (single-
charge) beam-helicity asymmetries well [62] and thus is considered to be adequate for
systematic studies. In each bin, the systematic uncertainty is taken as the difference be-
tween the model prediction at the mean kinematic value of that bin and the respective
amplitude extracted from the reconstructed Monte Carlo data. The dominant contribu-
tions to the total systematic uncertainty are those from the detector acceptance and finite
bin width. Further sources of uncertainty are associated with the background correction
and a relative shift of the M% spectra between the data samples from various running
periods [22]. The contributions to the systematic uncertainty are added in quadrature.
The main contributions for asymmetry amplitudes of interest are given in Table 2. Not
included is any contribution from QED radiative corrections, as the most significant of
these has been estimated to be very small for single-spin asymmetries, not exceeding 0.1
per cent for the kinematics of the HERMES experiment [63].

6. Results

6.1. Results on beam-charge and beam-helicity asymmetries for an unpolarized
deuterium target

The asymmetry amplitudes are shown in Figs. 6-8 as a function of —t, zy, or Q2. While
the variable zp would be the appropriate choice when presenting experimental results
for pure coherent scattering, the nucleonic Bjorken variable xx is the practical choice
in this case where incoherent scattering dominates over most of the kinematic range.
The variables zx and Q? are strongly correlated due to the experimental acceptance.

The ‘overall’ results in the left columns correspond to the entire HERMES kinematic
cos(ne)

acceptance. Figure 6 shows the amplitudes A , which are related to beam charge
only, and Fig. 7 shows the amplitude iltr}%vcs’ which is related to beam helicity only,
sin(ne)

and the amplitudes Aj;;"7, which are related to both. All amplitudes are listed in
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Fig. 6. Amplitudes of the beam-charge asymmetry, which are sensitive to the interference term, in bins
of —t, xn, or Q2. The squares represent the results from the present work. The error bars (bands)
represent the statistical (systematic) uncertainties. The finely (coarsely) hatched bands are theoretical
calculations for incoherently combined proton and neutron targets, using variants of a double-distribution
model [54,66,64] with the VGG Regge (VGG Factorized) ansatz for GPDs. The lowest panel shows the
simulated fractions of coherent and resonant production.

Table 3 with the mean kinematic values of each bin 7.

Of special interest is the asymmetry amplitude AZ” ¢ which is sensitive to the GPD H,
(H) for the coherent (incoherent) process in HERMES kinematic conditions (see Eqs. 29
and 24). The present data indicates that this amplitude increases with increasing —t.

The amplitude ACCOS(%) in Fig. 6, which is expected to relate to the same combination of

17 These results for only four bins in —t, zx, or Q2, i.e., a binning used in previous HERMES pa-
pers [22,23], are available in the Durham database.
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GPDs as does Aéosd), shows similar behaviour but with opposite sign, as expected [15].

The other two amplitudes ACCOS(%) and ACCOS(?’@, related to twist-3 GPDs and the gluon

transversity operator, respectively (see Section 2.2), are consistent with zero.

The fractional contributions to the yield from the coherent processes and from processes
with excitation of resonant final states are presented in the bottom row of Fig. 6 (see
also Table 4), as obtained from the Monte Carlo simulation using the exclusive-photon
generator mentioned in Section 4. Note that these fractional contributions are subject to
considerable model dependence.

Figure 7 shows amplitudes of beam-helicity asymmetries, with the charge-averaged
case related to the squared DVCS term in the upper row and the charge-difference case
related to the interference term in the other rows. The amplitude Ai’{}ﬁ)vcs, which is
related to twist-3 GPDs, is found to be consistent with zero. Like the amplitude AZ” ¢ the
amplitude Ai’{}di is also sensitive to the GPD H; [H] for the coherent [incoherent] process,
although these two asymmetries reveal different aspects of the (real) GPD, selected by
different convolutions with (complex) hard scattering amplitudes. While the amplitude
AL” ¢ is related to the real part of the CFF H; [H], the Ai’g? amplitude is proportional to
the imaginary part and shows significant negative values. The amplitude Ailg(}w appears
at twist-3 level, but nevertheless it shows a value which is non-zero and positive by 1.7
standard deviations of the total experimental uncertainty. Figure 8 shows the amplitudes
that are forbidden by parity conservation but were included in the fit as a consistency
test. They are consistent with zero.

The two hatched bands in Figs. 6 and 7 are theoretical calculations for the incoherent
process, based on two different ansétze for modeling GPDs [64] in the VGG model [65]
(the coherent process will be considered in Section 6.3.). In this model, a GPD is written
as a double distribution [2,3] complemented by a D-term [37,38]:

— In the ‘factorized ansatz’ (VGG Fact.), the dependences on ¢ and (z,§) are uncor-
related. The t dependence is written in accordance with proton elastic form factors.
The (z,£) dependence is based on double distributions [2] constructed from ordinary
PDFs complemented with a profile function that characterizes the strength of the &
dependence; in the limit b — oo of the profile parameter b, the GPD is independent of
£ [66]. Note that b is a free parameter to be experimentally determined independently
for valence and sea quarks.

— The ‘Regge ansatz’ (VGG Regge) implements entanglement of the ¢ dependence of
the GPD with its dependence on x and &. This feature is inspired by the traditional
interpretation of measurements of elastic diffractive processes in terms of Regge phe-
nomenology [64], and finds further support in more recent phenomenological con-
siderations [67,68]. This ansatz for GPDs hence uses for the ¢ dependence of the
double distributions a soft Regge-type parameterization oc [¢|~*O+e It with o/ =
0.8GeV~2...0.9GeV~2 for quarks.

Both theoretical calculations are averaged at the cross section level over incoherent
processes on the proton and neutron in each kinematic bin. In both calculations the
D-term is assigned the value zero. Earlier, it was found that inclusion of a D-term with
any significant magnitude in the double-distribution model of Ref. [65] employing several
variants of Regge or factorized ansétze with any choice of profile parameters fails to
describe the BCA amplitudes measured at HERMES on a hydrogen target [22,23]. The
theoretical bands in Figs. 6 and 7 correspond to the range of values of the asymmetry
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Table 3
Results for azimuthal Fourier amplitudes of the asymmetries with respect to the beam charge and helicity

for the exclusive sample.

kinematic bin (—t) (zn) (Q2) A(éos (0¢) Aéos k4 Aéos 29) A(éos (39)
[GeV2] [GeV2] +dstat £ Isyst +dstat £ Isyst +dstat £ dsyst +dstat £ Isyst
overall 0.13 0.10 2.5 —0.028 £ 0.010 4+ 0.014 0.067 #+ 0.015 4+ 0.023 —0.007 4+ 0.014 £+ 0.016 0.005 4 0.014 £ 0.001
0.00-0.03 0.02 0.07 1.7 —0.004 4+ 0.023 £ 0.003 0.056 4+ 0.035 £ 0.011 0.003 £ 0.032 + 0.008 —0.007 £ 0.032 + 0.004
& [0.03-0.06 0.04 0.09 2.2 —0.020 £ 0.024 4+ 0.014 0.034 #+ 0.033 4 0.007 —0.013 4 0.033 £ 0.001 —0.041 £ 0.034 £ 0.005
>o 0.06-0.10 0.08 0.10 2.4 —0.008 + 0.024 4 0.020 0.045 + 0.034 4+ 0.023 0.014 4+ 0.035 £ 0.017 0.059 £ 0.035 £ 0.010
%‘ 0.10-0.20 0.14 0.11 2.7 —0.029 £ 0.021 4+ 0.024 0.085 + 0.030 4 0.027 —0.026 4+ 0.029 £ 0.023 —0.006 £ 0.029 + 0.006
: 0.20-0.35 0.26 0.12 3.1 —0.067 £ 0.028 4+ 0.018 0.093 + 0.039 4 0.022 —0.006 4 0.038 £ 0.050 0.044 4 0.037 £ 0.002
0.35-0.70 0.46 0.11 3.5 —0.066 £ 0.042 4+ 0.029 0.114 4+ 0.064 4+ 0.057 —0.015 4+ 0.056 £ 0.049 —0.007 £ 0.055 £ 0.008
0.03-0.06 0.12 0.05 1.3 —0.052 4 0.026 £ 0.003 0.092 4 0.040 £ 0.036 0.024 £ 0.031 + 0.002 0.024 + 0.030 + 0.005
0.06-0.08 0.10 0.07 1.8 —0.024 4+ 0.022 £ 0.017 0.049 4+ 0.031 £ 0.028 0.004 £ 0.029 + 0.014 —0.027 £ 0.030 %+ 0.001
> | 0.08-0.10 0.11  0.09 2.3 —0.030 £ 0.025 4+ 0.016 0.056 + 0.036 4 0.023 —0.014 4 0.035 £ 0.013 —0.008 £ 0.035 + 0.008
&8 0.10-0.13 0.13 0.11 2.9 0.011 £ 0.026 + 0.030 0.039 £ 0.037 + 0.030 0.004 + 0.037 4+ 0.029 0.068 4+ 0.037 £ 0.004
0.13-0.20 0.17 0.16 4.0 —0.021 £ 0.028 £ 0.007 0.070 £ 0.040 + 0.031 —0.051 + 0.040 4+ 0.011  0.000 =+ 0.038 4 0.002
0.20-0.35 0.23 0.24 6.1 —0.013 £ 0.052 4 0.055 0.136 + 0.074 4 0.022 —0.091 4 0.069 £ 0.039 0.000 £ 0.069 + 0.008
1.0-1.4 0.09 0.05 1.2 —0.032 4+ 0.022 £ 0.016 0.077 4 0.033 £ 0.037 0.000 £ 0.029 + 0.007 —0.030 + 0.030 + 0.004
& 1.4-1.8 0.10 0.07 1.6 —0.050 4 0.026 £ 0.017 0.100 4 0.037 £ 0.016 0.000 £ 0.034 + 0.018 0.021 + 0.034 + 0.006
>o 1.8-2.4 0.12  0.09 2.1 —0.031 £ 0.023 4+ 0.017 0.025 + 0.032 4+ 0.035 —0.035 4+ 0.033 £ 0.015 0.074 £ 0.034 £ 0.009
t&l 2.4-3.2 0.14 0.11 2.8 —0.021 £ 0.024 4+ 0.026 0.106 + 0.038 4= 0.013  0.045 4 0.036 £ 0.021 —0.042 £ 0.035 £ 0.003
< 3.2-4.5 0.16 0.14 3.8 —0.010 £ 0.027 4+ 0.014 0.026 + 0.037 4+ 0.029 0.018 4+ 0.037 £ 0.015 —0.003 £ 0.037 £ 0.004
4.5-10.0 0.23 0.20 5.8 —0.010 #+ 0.032 4 0.035 0.055 + 0.046 4 0.023 —0.095 4 0.046 £ 0.025 0.013 £ 0.045 + 0.003
kinematic bin (—t) (zy) (Q2> iilrj,%VCS 118,(11) Aii[r}’(lqu)
[GeV2] [GeV2] +dstat £ Isyst +dstat £ dsyst +dstat £ dsyst
overall 0.13 0.10 2.5 —0.007 + 0.033 4+ 0.007 —0.192 + 0.035 £+ 0.031 0.073 4+ 0.031 4 0.012
0.00-0.03 0.02 0.07 1.7 —0.042 £+ 0.074 £ 0.011 —0.296 £ 0.104 + 0.006 0.056 £+ 0.071 + 0.011
& [0.03-0.06 0.04 0.09 2.2  —0.101 + 0.077 £ 0.013 —0.167 + 0.084 £+ 0.008 0.034 4+ 0.072 £ 0.009
>o 0.06-0.10 0.08 0.10 2.4 0.032 £ 0.080 # 0.032 —0.064 + 0.081 4+ 0.010 0.114 4+ 0.076 4 0.032
%‘ 0.10-0.20 0.14 0.11 2.7 0.018 £+ 0.068 4+ 0.009 —0.215 + 0.071 4+ 0.016 —0.022 4+ 0.065 4+ 0.013
: 0.20-0.35 0.26 0.12 3.1 0.095 + 0.087 4+ 0.009 —0.286 + 0.095 4+ 0.008 0.206 + 0.085 4 0.024
0.35-0.70 0.46 0.11 3.5 —0.029 +0.118 +0.035 0.003 £ 0.122 4+ 0.005 0.133 4+ 0.124 £+ 0.030
0.03-0.06 0.12 0.05 1.3 —0.007 £ 0.064 + 0.021 —0.197 4 0.083 + 0.061 0.080 % 0.066 £ 0.015
0.06-0.08 0.10 0.07 1.8 0.012 + 0.069 4+ 0.018 —0.286 + 0.096 4+ 0.032 0.084 4+ 0.067 4 0.014
> |0.08-0.10 0.11  0.09 2.3 0.041 £ 0.080 4 0.025 —0.017 £ 0.080 4 0.031 —0.018 + 0.075 4 0.010
8 0.10-0.13 0.13 0.11 2.9 —0.056 + 0.084 4+ 0.033 —0.212 + 0.090 £+ 0.023  0.060 4 0.080 £ 0.013
0.13-0.20 0.17 0.16 4.0 —0.109 £ 0.090 + 0.037 —0.189 £ 0.093 4+ 0.020 0.029 + 0.083 + 0.002
0.20-0.35 0.23 0.24 6.1 0.222 + 0.160 #+ 0.053 —0.313 £ 0.161 4+ 0.032 0.444 + 0.163 4 0.032
1.0-1.4 0.09 0.05 1.2 —0.028 £+ 0.068 £+ 0.035 —0.208 £ 0.082 + 0.060 0.052 £ 0.065 + 0.011
& 1.4-1.8 0.10 0.07 1.6 0.175 £ 0.079 + 0.030 —0.222 + 0.087 4+ 0.049 0.127 4+ 0.077 £ 0.019
>o 1.8-2.4 0.12 0.09 2.1 —0.108 + 0.076 4+ 0.020 —0.124 + 0.077 £+ 0.029 —0.011 4+ 0.071 £ 0.007
Ng' 2.4-3.2 0.14 0.11 2.8 0.005 £ 0.083 4 0.023 —0.244 + 0.091 4+ 0.037 0.054 4+ 0.077 4 0.010
< 3.2-4.5 0.16 0.14 3.8 —0.045 + 0.086 4+ 0.037 —0.169 + 0.088 £+ 0.022 0.119 4+ 0.082 4 0.005
4.5-10.0 0.23 0.20 5.8 —0.038 4+ 0.104 £ 0.010 —0.233 £ 0.105 £ 0.006 0.166 £ 0.100 % 0.006
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Fig. 7. The first row shows the sin¢ amplitude of the beam-helicity asymmetry that is sensitive to
the squared DVCS term, in bins of —t, xx, or Q2. Correspondingly, the second (third) row shows the
sin¢ (sin2¢) amplitude of the beam-helicity asymmetry sensitive to the interference term. All symbols
are defined as in Fig. 6. There is an overall 2.4% scale uncertainty arising from the uncertainty in the
measurement of the beam polarization.
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Fig. 8. The cos(0¢) amplitudes (constant terms) that are included as a consistency test in the fit in
Egs. 34 and 33. All symbols are defined as in Fig. 6. There is an overall 2.4% scale uncertainty arising
from the uncertainty in the measurement of the beam polarization.

amplitudes obtained by varying the profile parameters by, and bge, between unity and

infinity. The theoretical calculations based on the factorized ansatz fail to describe the
COS

t dependence of A 09) and ACCOW as seen in Fig. 6. The calculations based on the

20



Table 4
Simulated fractional contributions for coherent and resonant processes in each kinematic bin.

kinematic bin coherent resonant
overall 0.176 0.174

0.00 - 0.03 0.481 0.064
_10.03 -0.06 0.256 0.110
% 0.06 - 0.10 0.130 0.150
EET 0.10 - 0.20 0.053 0.206
0.20 - 0.35 0.017 0.289
0.35 - 0.70 0.005 0.387
0.03 - 0.06 0.258 0.161
0.06 - 0.08 0.214 0.160

> |0.08 - 0.10 0.176 0.173
; 0.10 - 0.13 0.127 0.184
0.13 - 0.20 0.078 0.203
0.20 - 0.35 0.032 0.198
1.0-14 0.253 0.133

_ | 14-18 0.209 0.154
C% 1.8-24 0.172 0.172
c\% 2.4-32 0.150 0.193
3.2-45 0.109 0.219
4.5-10.0 0.055 0.237

Regge ansatz for GPDs are in good agreement with the ¢ dependence of the measured
asymmetry amplitudes with respect to the beam charge ACCOS(W). Both ansétze predict
that ACCOW decreases with increasing zy, which is not seen in the data. Both ansatze

. . Lo .. sin(ne)
undershoot the asymmetry amplitudes with respect to the beam helicity AL[LI .

6.2. Comparison of the deuteron results with the HERMES results on beam-charge and
beam-helicity asymmetries on the proton

In Figs. 9-11 the overall asymmetry amplitudes as well as their —¢, 2, and Q? depen-
dences, measured for the unpolarized deuterium target, are compared with the analogous
results obtained from HERMES data on the proton [27].

The deuteron data include the coherent process e®*d — e* d~, and the incoherent
process et d — e* pn -, where a nucleon may be excited to a resonance. The proton data
include only e® p — e® pv and the case with resonance excitation. Any difference that
appears at small values of —¢ may be due to the coherent process. Monte Carlo simulations
indicate that the incoherent process dominates for 0.06 GeV? < —t < 0.7GeV? (see
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Fig. 5). As shown in Figs. 9-11, the deuteron and proton results are found to be consistent
in most kinematic regions. A possible difference in the last two —t bins of the amplitude
AL (see Fig. 9) may be due to the contributions of the neutron and its resonances.
The proton and deuteron results for the amplitude Ailg(}w integrated over the acceptance
differ by 2.5 times the total experimental uncertainties. This possible discrepancy is most
evident at large —t and large xn (or Q2). Such a discrepancy would have no obvious

explanation.

6.3. Estimates of the asymmetries from coherent scattering

Estimates of the asymmetries for coherent scattering in the range —t < 0.06 GeV?,
corresponding to the first two bins, were derived by correcting for the incoherent contri-
butions of the proton and its resonances using the simulated fractional coherent contri-
butions from Table 4, under the assumption that the asymmetries for these contributions
are the same as those on the free proton. The simulated contribution of approximately
7% from the process e * n — e® n 1 is estimated to have an effect on the asymmetries of
less than 0.01. The extracted coherent asymmetries AZ%S) and Ai‘{}? o are found to be
0.11 £ 0.07 (stat.) £ 0.03 (syst.) and —0.29 £ 0.18 (stat.) £ 0.03 (syst.), respectively, at
the average kinematic values '® (—t) = 0.03 GeV2, (zp) = 0.04, and (Q?) = 1.9 GeV2.

These results for the coherent asymmetries are compared in Table 5 with model esti-
mates using the models A, B, By, B, B’, and C of Refs. [15,35], the main parameters
of which are listed in Table 6. The model estimates are based on the double distribution
ansatz [66] for nucleonic GPDs, combined with a factorized ¢ dependence, and with the
D-term set to zero. The nucleonic GPDs are combined using the impulse approxima-
tion. The contribution of sea quarks is neglected in model By, while it is enhanced in
model C' by a choice of a smaller value of the parameter bge,, which increases the abso-

lute value of the beam-helicity asymmetry amplitude Ai’g? con compared to model A. In

model B’ (E), the GPD Hjs (Hjs) is taken into account by arbitrarily equating it with
Hy (Hy(z) — Hi(—x)). All other GPDs are kinematically suppressed and are set to zero.
The models By and C were previously ruled out by the beam-helicity and beam-charge
asymmetry measurements on the hydrogen target [18,19,22,23,27].

Table 5 also includes model predictions from Ref. [38]. This model is based on double
distributions, where only the polarizations of the valence quarks are considered for the
nucleonic GPDs. A factorized ansatz for the ¢t dependence of the nucleonic GPDs is em-
ployed and the strange quark contribution is neglected. Again the impulse approximation
is used to combine the nucleonic GPDs, without including the particular contribution
from the D-term.

All models are consistent within two standard deviations in the total experimental
uncertainty with the extracted results for Ai‘{}ﬁycoh and Agifh, except for models By

and that of Ref. [38], which disagree with the results of A% by about 3.5 standard
deviations. Here, it should be noted that predictions for the real part of the CFFs are
subject to delicate cancellations [15] and hence are extremely sensitive to assumptions.

18 Nucleonic Bjorken zp is experimentally irrelevant for coherent scattering.
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Fig. 9. Fourier amplitudes of the beam-charge asymmetry, which are sensitive to the interference term,
in bins of —t, xy, or Q2, extracted from deuteron data (squares) and from proton data (triangles). The
points for deuterium are slightly shifted along the x-axis for visibility. The error bars (bands) represent
the statistical (systematic) uncertainties. The hatched band is for the deuterium target.

7. Summary

Azimuthal asymmetries with respect to beam-helicity and beam-charge are measured
for hard exclusive electroproduction of photons in deeply inelastic scattering off an unpo-
larized deuterium target. The observed asymmetries are attributed to either the interfer-
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Fig. 10. Fourier amplitudes of the beam-helicity asymmetry that are sensitive to the squared DVCS term,
in bins of —t, 2, or Q2, extracted from deuteron data (squares) and from proton data (triangles). The
error bars (bands) represent the statistical (systematic) uncertainties, which include all sources apart
from the 2.4% (2.8%) scale uncertainty for the deuteron (proton) data due to the beam polarization.
The hatched band is for the deuterium target.

Table 5

Experimental and theoretical values of the beam-helicity and beam-charge asymmetries for the coherent
process on the deuteron. The theoretical predictions are for variants of the models of Ref. [15,35] and a
model from Ref. [38]. The experimental uncertainties do not account for the model dependence of the
simulated fractional contributions of coherent and incoherent processes.

Exp. value Model
value & dstat = Jayst A B Bo B B C [38]
Afme o 0.2940.18+0.03 -0.44 -038  -0.16 -0.37 -0.39 -0.58  -0.36
A 01140074003 010 009  -0.17 009 009 022  -0.15
Table 6

Model parameter sets for the GPD H; of the deuteron [15,35]. The t slope parameter Bgea is used mainly
to change the normalization of the sea quark GPD Hj.

deuteron H; GPD Model
Model parameters A B (B, E) Bo C
byal 1 o0 o0 1
bsea oo 00 — 1
Bsea [GeV 2] 20 20 - 15

ence between the DVCS and the Bethe-Heitler processes or the pure DVCS process. The
asymmetries are observed in the exclusive missing-mass domain —(1.5)? GeV? < M% <
(1.7)2 GeV?2. The dependences of these asymmetries on —t, zy, or Q? are investigated.
The results from the deuterium target include the coherent process e *d — e* d~ and
the incoherent process e ¥ d — e® pn~, where a nucleon may be excited to a resonance.
For an unpolarized deuterium target, the leading Fourier amplitude of the beam-helicity

24



: ez IS S— ]
10° 10" 10" 1 10
overall -t [GeVZ] Xy Q2 [GeVZ]

Fig. 11. Fourier amplitudes of the beam-helicity asymmetry that are sensitive to the interference term,
in bins of —t, 2, or Q2, extracted from deuteron data (squares) and from proton data (triangles). The
error bars (bands) represent the statistical (systematic) uncertainties, which include all sources apart
from the 2.4% (2.8%) scale uncertainty for the deuteron (proton) data due to the beam polarization.
The hatched band is for the deuterium target.

asymmetry that is sensitive to the interference term is found to be substantial, but no
significant ¢ dependence is observed. The leading amplitude of the beam-charge asymme-
try is substantial at large —t, but becomes small at small values of —¢. The amplitudes of
the beam-helicity asymmetry that are sensitive to the squared DVCS term are found to
be consistent with zero. The data are able to discriminate among various GPD models.

The measured asymmetry amplitudes from unpolarized deuteron and proton [27] tar-
gets are consistent in most kinematic regions, except possibly for the leading amplitude
of the beam-charge asymmetry in the last two —¢ bins, and the ‘overall’ value of Aizg (2¢),

The beam-charge and beam-helicity asymmetry amplitudes for coherent scattering
from the deuteron are extracted from the asymmetry amplitudes measured on unpolar-
ized deuteron and proton targets. When compared to the GPD models of Refs. [15,35],
the results disfavor a large sea quark contribution while favoring a non-zero contribu-
tion. The results disfavor the variants of the model of Refs. [15,35] that omit sea quark
contributions, and also the model of Ref. [38].
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