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(a) (b)Fig. 1. Leading order Feynman diagrams for (a) deeply virtual Compton s
attering and (b) theBethe-Heitler pro
ess.
1. Introdu
tionLepton-nu
leon s
attering experiments have long been an important tool in the de-tailed study of nu
leon stru
ture [1℄. Two 
omplementary approa
hes have 
ontributedthe most to our understanding of the nu
leon. Elasti
 lepton-nu
leon s
attering has beenexploited to extra
t nu
leon form fa
tors, whi
h reveal how the ele
tromagneti
 nu
leonstru
ture di�ers from that of a point-like spin-1/2 parti
le. In another approa
h, Par-ton Distribution Fun
tions (PDFs) are extra
ted from Deeply Inelasti
 S
attering (DIS).They represent distributions in the longitudinal momentum fra
tion 
arried by quarksand gluons in a nu
leon moving with \in�nite" momentum. PDFs and form fa
torspresent only one-dimensional pi
tures of nu
leon stru
ture. In re
ent years, a more 
om-prehensive multi-dimensional des
ription of the nu
leon has emerged in the framework ofGeneralized Parton Distributions (GPDs) [2,3,4℄. Their dependen
e on three kinemati
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Fig. 2. De�nition of the azimuthal angle � between the lepton s
attering and photon produ
tion planes.Note that the azimuthal angle de�ned in this work di�ers from that used in Ref. [15℄: � = � � �[15℄.quantities in addition to their evolution with the hard s
ale of the pro
ess 
arries informa-tion on two-parton 
orrelations and quark transverse spatial distributions [5,6,7,8,9,10℄.GPDs embody PDFs as limiting 
ases, while elasti
 form fa
tors appear as 
ertain GPDmoments. Other moments are 
onne
ted with the total parton angular momentum 
on-tribution to the nu
leon spin via the Ji relation [4℄.GPDs 
an be 
onstrained by measurements of hard ex
lusive leptoprodu
tion of a pho-ton or meson in `elasti
' pro
esses that leave the target inta
t. In Deeply Virtual ComptonS
attering (DVCS), a quark absorbs a hard virtual photon, emits an energeti
 real photonand joins the target remnant (see Fig. 1 (a)). DVCS is presently the only experimentallyfeasible hard ex
lusive pro
ess for whi
h the e�e
ts of next-to-leading order [11,12,13℄and next-to-leading twist [14,15,16℄ are under 
omplete theoreti
al 
ontrol [17℄.The �nal state of the DVCS pro
ess 
annot be experimentally distinguished from thatof the Bethe-Heitler (BH) pro
ess, i.e., radiative elasti
 s
attering (see Fig. 1 (b)). Hen
e,the two pro
esses 
an interfere. Ex
lusive leptoprodu
tion on a nu
leon or nu
lear targetA of a real photon with four-momentum q0 is denoted bye(k) +A(p)! e(k0) +A(p0) + 
(q0) ; (1)where k (k0) and p (p0) are the four-momenta of the in
oming (outgoing) lepton andtarget, respe
tively. Averaged over the kinemati
 a

eptan
e of the HERMES experiment,the BH 
ross se
tion is mu
h larger than that of the DVCS pro
ess. However, the BH
ross se
tion has a mu
h weaker Q2 dependen
e than the evolution of the DVCS 
rossse
tion [4℄, so that in the HERMES energy range they 
an be
ome 
omparable nearQ2 = 1GeV2, with �Q2 � q2 = (k � k0)2.Even in kinemati
 
onditions where the DVCS pro
ess makes only a small 
ontributionto the photon produ
tion 
ross se
tion, its interferen
e with the BH pro
ess providesa

ess to the DVCS amplitudes through measurements of 
ross se
tion asymmetries withrespe
t to the 
harge and heli
ity of the in
ident lepton and the polarization of the target.These asymmetries appear in the distribution of the real photons in the azimuthal angle�, de�ned as the angle between the lepton s
attering plane, i.e., the plane de�ned by thein
oming and outgoing lepton dire
tion and the photon produ
tion plane spanned by thevirtual and real photons (see Fig. 2). Signi�
ant azimuthal beam-heli
ity asymmetries inhard ele
troprodu
tion of photons on the proton were �rst reported in Refs. [18,19℄. Later,asymmetries with respe
t to longitudinal [20,21℄ and transverse [22℄ target polarization,4



as well as beam 
harge [23℄ and, with greater pre
ision, beam heli
ity [24,25,26,27℄, werealso measured on the proton.Measurements of azimuthal asymmetries for DVCS on nu
lear targets [28℄ were ad-vo
ated as a useful sour
e of information about partoni
 behavior in nu
lei and nu
learbinding for
es [29℄. If the target nu
leus remains in its ground state the pro
ess is 
alled
oherent, while it is 
alled in
oherent if the nu
leus is broken up. The deuteron is aspin-1 nu
leus, with impli
ations for DVCS observables for the 
oherent rea
tions, whi
h
ontribute mainly at very small values of the momentum transfer to the target. Theasymmetries from the in
oherent pro
ess involve mainly hard ex
lusive ele
troprodu
-tion of a photon on the proton. The neutron 
ontribution to the yield is typi
ally smalldue to the suppression of the BH amplitude on the neutron by the small elasti
 ele
tri
form fa
tor at low and moderate values of the momentum transfer to the target.This paper reports the �rst observation of azimuthal asymmetries with respe
t to beamheli
ity and 
harge for ex
lusive ele
troprodu
tion of a real photon from an unpolarizeddeuterium target (e � d ! e� 
 X). The dependen
e of these asymmetries on the kine-mati
 
onditions of the rea
tion is also presented and 
ertain asymmetry amplitudesare 
ompared with the 
orresponding amplitudes obtained on an unpolarized hydrogentarget (e � p! e� 
 X) at HERMES [27℄.2. GPDs and DVCS2.1. Generalized Parton DistributionsIn the generalized Bjorken limit of large Q2 at �xed values of the Bjorken s
alingvariable xB = Q2=(2p � q) and small squared four-momentum transfer t = (p � p0)2 tothe target, the DVCS pro
ess 
an be des
ribed by the leading (handbag) diagrams inFig. 1(a). Here, the pro
ess fa
torizes [3,12,30℄ into a hard photon-quark s
attering part
al
ulable in quantum ele
trodynami
s, and a soft part des
ribing the nu
leon stru
ture,whi
h 
an be expressed in terms of GPDs [2,3,4℄.Like PDFs, GPDs depend on x and on the fa
torization s
ale Q2. In addition, GPDsdepend on a skewness variable � and the Mandelstam variable t. The skewness � repre-sents half the di�eren
e in the longitudinal momentum fra
tions of the quark before andafter the s
attering, while x is their mean value (following the 
onvention of Ref. [4℄). Inleading order, � is dire
tly a

essible as it is related to the Bjorken s
aling variable xBby � ' xB=(2� xB). In 
ontrast, x is not dire
tly a

essible in DVCS, and some observ-ables appear as x-
onvolutions of GPDs. Hen
e x plays a role di�erent from that of xBin in
lusive DIS. GPDs evolve logarithmi
ally with Q2 in analogy with PDFs [2,3,4,31℄.This dependen
e on Q2 is omitted for simpli
ity in the following.DVCS on spin-1/2 targets, su
h as nu
leons, is des
ribed by four leading-twist quark-
hirality 
onserving GPDs for ea
h quark 
avour q (and also for the gluon g), namely theGPDsHq, Eq , eHq and eEq [15℄. The GPDsHq and Eq are quark-heli
ity averaged whereaseHq and eEq are quark-heli
ity dependent. The GPDsHq and eHq 
onserve nu
leon-heli
itywhile Eq and eEq are asso
iated with a heli
ity 
ip of the nu
leon. In 
ontrast, the 
oherentpro
ess on spin-1 nu
lei, su
h as the deuteron, requires nine GPDs [32℄ | Hq1 , Hq2 , Hq3 ,Hq4 , Hq5 , eHq1 , eHq2 , eHq3 and eHq4 | to des
ribe all DVCS observables. In the forward limit ofvanishing momentum di�eren
e between the initial and �nal hadroni
 state (t ! 0 and5



� ! 0), the GPD Hq(x; 0; 0) redu
es to f q1 (x), the quark number density distribution,and eHq(x; 0; 0) redu
es to gq1(x), the quark heli
ity distribution. Similarly, for spin-1targets the GPDs H1, eH1 and H5 redu
e to the following parton densities in the forwardlimit: Hq1 (x; 0; 0) = q1(x) + q�1(x) + q0(x)3 � fq1 (x) ; (2)eHq1 (x; 0; 0) = q1!(x)� q�1! (x) � gq1(x) ; (3)Hq5 (x; 0; 0) = q0(x)� q1(x) + q�1(x)2 � bq1(x) ; (4)where q�![ ℄(x) represents the number density of a fantig quark with momentum fra
tionfx < 0g x > 0 and positive [negative℄ heli
ity in a rapidly moving deuteron target withlongitudinal spin proje
tion �. The `unpolarized' (polarization averaged) quark densi-ties q� are de�ned as q�(x) = q�!(x) + q� (x). While the probabilisti
 interpretation ofpolarization-averaged and polarization-di�eren
e stru
ture fun
tions f1(x) and g1(x) interms of quark densities is similar to that in the spin-1/2 
ase, the tensor stru
ture fun
-tion b1(x) does not exist for spin-1/2 targets. It has been measured in DIS on a polarizedspin-1 target [33℄. Both H3 and H5 are asso
iated with the 5% D-wave 
omponent ofthe deuteron wave fun
tion in terms of nu
leons [34℄. H3 is related to isos
alar 
urrentsand probes the binding for
es in the deuteron, and H5 involves a tensor term [32,35℄, theanalog of whi
h has no relationship to any lo
al 
urrent due to Lorentz invarian
e.2.2. Deeply virtual Compton s
attering amplitudesFor a target of atomi
 mass number A, the 
ross se
tion for the hard ex
lusive lepto-produ
tion of real photons is given by [35,36℄d�dxA dQ2 djtj d� = xA e632 (2�)4Q4 jT j2p1 + "2 ; (5)where xA � Q2=(2MA�) is the nu
lear Bjorken xB , where MA is the target mass and� � p � q=MA, " � 2xAMA=pQ2, and jT j is the total rea
tion amplitude.As the �nal states of the DVCS and BH pro
esses are indistinguishable, the 
rossse
tion 
ontains the square of the 
oherent sum of their amplitudes:jT j2 = jTBH + TDVCSj2 = jTBHj2 + jTDVCSj2 + TDVCS T �BH + T �DVCS TBH| {z }I : (6)Here, I denotes the BH-DVCS interferen
e term. The BH amplitude is 
al
ulable toleading order in Quantum Ele
trodynami
s (QED) using nu
lear form fa
tors measuredin elasti
 s
attering.The interferen
e term I in Eq. 6 provides separate experimental a

ess to the real andimaginary parts of the DVCS amplitude through measurements of various 
ross-se
tionasymmetries as fun
tions of the azimuthal angle � [36℄. Ea
h of the three terms of Eq. 6
an be written as a Fourier series in � [15℄, whi
h in the 
ase of an unpolarized targetreads 6



jTBHj2 = KBHP1(�)P2(�) � 2Xn=0 
BHn 
os(n�) ; (7)jTDVCSj2 = KDVCS � n
DVCS0 + 2Xn=1 
DVCSn 
os(n�) + �sDVCS1 sin�o ; (8)I = � KIe`P1(�)P2(�) � n
I0 + 3Xn=1 
In 
os(n�) + � 2Xn=1 sIn sin(n�)o : (9)Here, KBH, KDVCS, and KI are kinemati
 fa
tors, e` denotes the lepton beam 
harge inunits of the elementary 
harge, and � the heli
ity of the longitudinally polarized leptonbeam. The squared BH and interferen
e terms have an additional 
os� dependen
e in thedenominator due to the lepton propagators P1(�) and P2(�) in the BH pro
ess [15,36℄.The Fourier 
oeÆ
ients 
In and sIn in Eq. 9 
an be expressed as linear 
ombinations ofCompton Form Fa
tors F(�; t) (CFFs) [35℄, whi
h in turn are 
onvolutions of the 
orre-sponding GPDs F q(x; �; t) with the hard s
attering 
oeÆ
ient fun
tions C�q [11,12,13℄:F(�; t) =Xq Z 1�1 dx C�q (�; x)F q(x; �; t); (10)where the �f+g sign applies to F q = Hq1 ; : : : ; Hq5 n eHq1 ; : : : ; eHq4o in the 
ase of a spin-1target. The real and imaginary parts of the CFFs have di�erent relationships to the 
avorsum over the respe
tive quark GPDs. To leading order in �s,=m fF(�; t)g = ��Xq e2q (F q(�; �; t)� F q(��; �; t)) : (11)Hen
e measurements of 
ross-se
tion asymmetries with respe
t to the beam heli
ity di-re
tly determine 
ombinations of GPDs along the lines x = ��. In 
ontrast, the realparts of the CFFs involve the full interval in x and 
onstrain the x dependen
e of GPDsthrough 
onvolutions:<e fF(�; t)g =Xq e2q �P Z 1�1 dx F q(x; �; t)� 1x� � � 1x+ ��� ; (12)to leading order in �s. Here, P denotes Cau
hy's prin
ipal value. Sin
e the x dependen
eof GPDs is thereby only weakly 
onstrained, experimental asymmetries in beam 
hargemust be 
ompared to the predi
tions of various GPD models.At leading twist (twist-2), the 
oeÆ
ients 
I1 and sI1 are related to the same 
ombina-tion of GPDs. This is also true for the kinemati
ally suppressed 
oeÆ
ient 
I0 / �p�tQ 
I1.The 
oeÆ
ients 
I0 and 
I1 are sensitive to the `D-term' [37,38℄, whi
h 
ontributes only inthe `ERBL' region �� < x < � where quark GPDs have the 
hara
teristi
s of distribu-tion amplitudes for the 
reation of a quark-antiquark pair. It does not 
ontribute in the
omplementary `DGLAP' region jxj > �, where quark GPDs des
ribe the emission andreabsorption of an (anti-)quark in the in�nite momentum frame, thereby having proper-ties analogous to the familiar (anti-)quark distribution fun
tions. The D-term providesa 
onvenient means of representing this profound di�eren
e in GPD properties betweenthe two regions, while, e.g., the absorption of this 
ontribution into the double distri-butions [2,3℄ would require the introdu
tion of terms with unnatural divergen
e, having7



a severity beyond representation by delta fun
tions or their derivatives. In addition to
I1, sI1, and 
I0, the only other Fourier 
oeÆ
ient related to only twist-2 quark GPDs is
DVCS0 . The 
oeÆ
ients 
DVCS1 , sDVCS1 , 
I2, and sI2 appear at the twist-3 level, while 
DVCS2and 
I3 arise from the gluoni
 transversity operator [39,40,41℄ at twist-2 level. The high-est harmoni
s of the interferen
e and squared DVCS terms may also re
eive a twist-4
ontribution [42℄.2.3. Azimuthal 
ross se
tion asymmetriesThe beam-heli
ity asymmetries for a longitudinally (L) polarized lepton beam andan unpolarized (U) target, based on the di�eren
e and sum of yields for the two beam
harges, respe
tively, are de�ned asAILU(�) � [d�+!(�) � d�+ (�)℄ � [d��!(�)� d�� (�)℄[d�+!(�) + d�+ (�)℄ + [d��!(�) + d�� (�)℄ ; (13)ADVCSLU (�) � [d�+!(�)� d�+ (�)℄ + [d��!(�)� d�� (�)℄[d�+!(�) + d�+ (�)℄ + [d��!(�) + d�� (�)℄ ; (14)where! ( ) denotes positive (negative) beam heli
ity and the supers
ript + (�) 
orre-sponds to positron (ele
tron) beam. These de�nitions serve to separate the sin(n�) termsin Eqs. 8 and 9. Similarly, the beam-
harge asymmetry (BCA) for an unpolarized beams
attering from this target is de�ned asAC(�) � d�+(�) � d��(�)d�+(�) + d��(�) (15)= [d�+!(�) + d�+ (�)℄ � [d��!(�) + d�� (�)℄[d�+!(�) + d�+ (�)℄ + [d��!(�) + d�� (�)℄ :In terms of the Fourier 
oeÆ
ients of Eqs. 7{9 these equations read asAILU(�) = � KIP1(�)P2(�) P2n=1 sIn sin(n�)KBHP1(�)P2(�)P2n=0 
BHn 
os(n�) +KDVCSP2n=0 
DVCSn 
os(n�) ; (16)ADVCSLU (�) = KDVCS sDVCS1 sin�KBHP1(�)P2(�)P2n=0 
BHn 
os(n�) +KDVCSP2n=0 
DVCSn 
os(n�) ; (17)AC(�) = � KIP1(�)P2(�) P3n=0 
In 
os(n�)KBHP1(�)P2(�)P2n=0 
BHn 
os(n�) +KDVCSP2n=0 
DVCSn 
os(n�) : (18)At leading twist (twist-2, twist-3, and twist-2, respe
tively in the pre
eding three equa-tions), and negle
ting gluoni
 terms, they redu
e toAILU(�) ' � KIP1(�)P2(�)sI1 sin�KBHP1(�)P2(�)P2n=0 
BHn 
os(n�) +KDVCS 
DVCS0 ; (19)ADVCSLU (�) ' KDVCS sDVCS1 sin�KBHP1(�)P2(�) P2n=0 
BHn 
os(n�) +KDVCS 
DVCS0 ; (20)AC(�) ' � KIP1(�)P2(�) (
I0 + 
I1 
os�)KBHP1(�)P2(�) P2n=0 
BHn 
os(n�) +KDVCS 
DVCS0 : (21)8



To the extent that the DVCS 
ontributions to the 
ommon denominator 
an be ne-gle
ted at HERMES kinemati
s, the lepton propagators P1(�) and P2(�) 
an
el inEqs. 16, 18, 19, and 21. However, this approximation is not invoked in the followingbe
ause it would be subje
t to substantial model un
ertainty.2.4. From Compton form fa
tors to asymmetriesMeasured asymmetries are used to 
onstrain GPD models by dire
t 
omparison of thedata with model predi
tions. However, it is instru
tive to 
onsider 
ertain approximationsrelating CFFs and thereby GPDs to observed asymmetries. (These approximations arenot needed in the 
omparison of GPD model predi
tions with measured asymmetries.)For an unpolarized nu
leon target, the photon-heli
ity-
onserving amplitude fM1;1 isgiven at leading twist by a linear 
ombination of the CFFs H, eH and E , together withthe Dira
 and Pauli form fa
tors F1 and F2 [15℄:fM1;1 = F1H+ xN2� xN (F1 + F2) eH� t4M2N F2 E ; (22)where xN is the Bjorken variable for the nu
leon and MN is the nu
leon mass. At smallvalues of xN and �t, fM1;1 ' F1H for the proton. For the neutron, the term 
ontainingthe CFF E in Eq. 22 be
omes substantial at large �t due to the relative magnitudesof the form fa
tors F1 and F2 for the neutron. The leading Fourier 
oeÆ
ients of theinterferen
e term 
an be approximated as sI1 / =mfM1;1 and 
I1 / <efM1;1. To leadingorder in 1/Q and in HERMES kinemati
 
onditions,AILU(�) / �=mHF1 sin� ; (23)AC(�) / <eHF1 
os� : (24)For the 
oherent pro
ess on the deuteron, the relationship between the Fourier 
oeÆ-
ients and the GPDs is 
ompli
ated. However, the 
oeÆ
ients 
an be expanded in powersof xD , the Bjorken variable for the deuteron target, and � = t=(4M2D), where MD is thedeuteron mass [35℄. Then, to leading order in �s and 1=Q, AILU(�) 
an be expressed interms of the imaginary part of the deuteron CFFs H1, H3 and H5 and the deuteronelasti
 form fa
tors [43℄ G1 and G3 (see Fig. 3). The quantity j� j is typi
ally about 0.003in the range of small �t where the 
oherent pro
ess is signi�
ant, extending up to valuesof � only as large as 0.01. However, as shown in Fig. 3, the magnitude of G3 ex
eeds thatof G1 by more than one order of magnitude. Hen
e 
ertain terms leading in � (but notxD) are retained. De�ningeD1;1U � 3G1H1 � 2� [G1H3 +G3(H1 � 13H5)℄ + 4�2G3H33G21 � 4�G1G3 + 4�2G23 ; (25)the kinemati
 expansion yieldsAILU(�) ' �xD(2� y)q�tQ2 (1� y)2� 2y + y2 =m eD1;1U sin� ; (26)where y � p � q=(p � k). 9



Fig. 3. The deuteron elasti
 form fa
tors a

ording to Parameterization II of Ref. [43℄, and the relative
ontributions to the denominator of, e.g., Eq. 25 of 
ertain terms involving G3 that are not leading in � .The relative 
ontributions of those terms are also shown in Fig. 3; they are less than10% at �t < 0:03GeV2. When these terms are negle
ted, Eq. 26 be
omesAILU(�) ' �xD(2� y)q�tQ2 (1� y)2� 2y + y2 =mH1G1 sin� : (27)The deuteron AC(�) is related to the real part of the same linear 
ombination of CFFsappearing in the deuteron AILU(�):AC(�)'�xDq�tQ2 (1� y)y <e eD1;1U 
os� (28)'�xDq�tQ2 (1� y)y <eH1G1 
os� : (29)For the 
oherent pro
ess on the deuteron, the leading term in the expansion of 
oeÆ-
ients sI1 and 
I1 lead respe
tively to Eqs. 27 and 29 whi
h are analogous to Eqs. 23 and24 for s
attering on the nu
leon. 10



Table 1The beam 
harge and polarization as well as the integrated luminosity in pb�1 of the data sets used forthe extra
tion of the various asymmetries on the unpolarized deuterium target.Beam Beam LuminosityYear Charge Polarization [pb�1℄� = �1 � = +1 � = �1 � = +11996 e+ 0:516 43.91997 e+ � 0:511 53.11998 e� � 0:307 24.11999 e+ � 0:552 0:418 0.9 5.12000 e+ � 0:584 0:552 29.7 9.02005 e� � 0:355 0:377 66.3 65.7Sum 174:1 123:73. The HERMES experimentA detailed des
ription of the HERMES experiment 
an be found in Ref. [44℄. A longi-tudinally polarized positron or ele
tron beam of 27.6 GeV energy was s
attered from anunpolarized 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-
hrotron radiation (Sokolov-Ternov e�e
t) [45℄ in the ar
s of the HERA storage ring. Thetransverse beam polarization was transformed lo
ally into longitudinal polarization bya pair of spin rotators lo
ated before and after the experiment [46℄. The heli
ity of thebeam was typi
ally reversed approximately every two months.The beam polarization was 
ontinuously monitored by two Compton ba
ks
atteringpolarimeters [47,48℄. The average values of the beam polarization for various runningperiods are given in Table 1; the average fra
tional systemati
 un
ertainty was 2.4%.The s
attered leptons and produ
ed parti
les were dete
ted in the polar angle range0:04 rad < � < 0:22 rad. The lepton trigger required a 
oin
iden
e of signals froms
intillator hodos
ope planes and the lo
al deposition of a minimum energy of 3.5 GeVin the ele
tromagneti
 
alorimeter. Lepton identi�
ation was a

omplished using thetransition-radiation dete
tor, the preshower s
intillator 
ounter, and the ele
tromagneti

alorimeter. The average lepton identi�
ation eÆ
ien
y was at least 98% with hadron
ontamination that was less than 1%. Photons were identi�ed by the dete
tion of energydeposited in the 
alorimeter and preshower 
ounter with no asso
iated 
harged-parti
letra
k.4. Event sele
tion and yield distributionsThe data sets used in the extra
tion of the various asymmetries reported here are givenin Table 1. In this analysis, it was required that events 
ontained exa
tly one 
harged-parti
le tra
k 
onsistent with being the s
attered beam lepton, and a single 
luster inthe 
alorimeter with an energy deposit E
 > 5:0GeV and with no asso
iated 
hargedtra
k. The following requirements were imposed on the event kinemati
s: 1GeV2 <11
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troprodu
ed real-photon events versus the squaredmissing mass M2X . The solid 
urve represents a Monte Carlo simulation in
luding 
oherent and in
oher-ent BH and DVCS pro
esses, the BH pro
esses with the ex
itation of resonant �nal states (representedseparately by the dashed-dotted 
urve), and the semi-in
lusive ba
kground (dashed 
urve). The simula-tions and data are both normalized to the number of DIS events. The region between the two verti
allines indi
ates the sele
ted ex
lusive events.Q2 < 10GeV2, W 2N > 9GeV2, � < 22GeV and 0:03 < xN < 0:35, where W 2N =M2N + 2MN� �Q2, xN = Q2=(2MN�), and � � p � q=MN . The nu
leoni
 (proton) massMN was used in all kinemati
 
onstraints on event sele
tion even at small values of�t, where 
oherent rea
tions on the deuteron are dominant, be
ause the experimentdid not distinguish between 
oherent and in
oherent s
attering and the latter dominatesover most of the kinemati
 range. Monte Carlo studies have shown that this 
hoi
e haslittle e�e
t on the extra
ted asymmetries [49℄. In order to redu
e ba
kground from thede
ay of neutral mesons, the angle between the laboratory 3-momenta of the real andvirtual photons was limited to �
�
 < 45mrad. The minimum angle requirement �
�
 >5mrad was 
hosen a

ording to Monte Carlo studies to be 
ompatible with the e�e
ts ofinstrumental resolution in determination of �.`Ex
lusive' single-photon events were sele
ted by requiring the squared missing massM2X to be 
lose to the squared nu
leon mass M2N , where M2X is de�ned as M2X =(q + PN � q0)2 with PN = (MN ; 0; 0; 0). Due to the �nite resolution of the spe
trometerand the 
alorimeter, M2X may be negative. In Fig. 4, the squared missing mass distribu-tion of the sele
ted events is 
ompared with the predi
tions of Monte Carlo simulationsof pro
esses that 
ontribute to both signal and ba
kground. One of the simulations usesan ex
lusive-photon generator for the BH and DVCS pro
esses, in
luding 
oherent andin
oherent rea
tions as well as the ex
itation of resonant �nal states (a 
ategory known12



Data

Monte Carlo sum
incoherent BH + DVCS

coherent BH + DVCS

BH with resonance exc.

-t [GeV2]

10
00

 •
 N

γ /
 N

D
IS

10
-3

10
-2

10
-1

0 0.2 0.4 0.6Fig. 5. Distribution in �t of events sele
ted in the ex
lusive region of M2X . The points represent ex-perimental data while the 
ontinuous 
urve represents the simulation of real-photon produ
tion for allex
lusive �nal states in
luding resonan
es. Ba
kground from �0 de
ay is not in
luded. The dotted anddashed 
urves represent the BH plus DVCS 
ontributions of the 
oherent and in
oherent elasti
 pro
ess,respe
tively. The dash-dotted 
urve shows the resonant BH 
ontributions. The simulations and data areboth normalized to the number of DIS events.as asso
iated produ
tion). The DVCS simulation for in
oherent rea
tions on the protonis based on Ref. [50℄, while that for 
oherent rea
tions on the deuteron is based on themodel from Ref. [35℄. Most of the ba
kground in the vi
inity of the ex
lusive peak 
omesfrom the de
ay of neutral pions. The dominant sour
e of neutral pions is semi-in
lusiveDIS, 
�N ! �0X ! 

X , whi
h is simulated using the Lepto event generator [51℄with a set of Jetset [52℄ fragmentation parameters tuned for HERMES kinemati
 
on-ditions [53℄. In this simulation, the photon originates mainly from de
ay of �0s from DISfragmentation. In
oherent ex
lusive �0 produ
tion, 
�N ! �0N , was simulated usingan ex
lusive Monte Carlo event generator based on the GPD models of Ref. [54℄ andwas found to be negligible [49,55℄. HERMES data support this estimate [56℄. The MonteCarlo yield ex
eeds the data by approximately 2% in the ex
lusive region. This may bedue to the 
ontribution of the DVCS pro
ess in the simulation of both 
oherent andin
oherent pro
esses, whi
h is highly model-dependent and 
an vary between 10% and25% [55℄ for the in
oherent pro
esses. On the other hand, radiative e�e
ts not in
ludedin the simulation would move events from the peak to the 
ontinuum [57℄.Events were sele
ted in the `ex
lusive region', de�ned as �(1:5)2GeV2 < M2X <(1:7)2GeV2 to minimize ba
kground from DIS fragmentation while maintaining rea-sonable eÆ
ien
y [58℄. 13



As the re
oiling target nu
leon or nu
leus was undete
ted, the Mandelstam variablet must be re
onstru
ted from the measured kinemati
s of the s
attered lepton and thedete
ted photon. The resolution in the photon energy from the 
alorimeter is inadequatefor a pre
ise determination of t. Hen
e for events sele
ted in the ex
lusive region in M2X ,the �nal state is assumed to be ex
lusive, leaving the target inta
t, thereby allowing tto be re
onstru
ted with improved resolution using only the photon dire
tion and thelepton kinemati
s [23℄: t = �Q2 � 2 � (� �p�2 +Q2 
os �
�
)1 + 1MN (� �p�2 +Q2 
os �
�
 ) : (30)The further restri
tion �t < 0:7GeV2 is imposed in the sele
tion of ex
lusive events inorder to redu
e ba
kground from the de
ay of neutral mesons.The t distribution of events for the deuterium target is shown in Fig. 5 and 
omparedwith the Monte Carlo simulations dis
ussed above. The simulated 
ontributions of 
o-herent and in
oherent pro
esses on the deuteron are also shown separately. Coherents
attering on the deuteron o

urs preferentially at small values of �t. The Monte Carlosimulation shows that requiring �t < 0:06GeV2 enhan
es the mean fra
tional 
ontribu-tion of the 
oherent pro
ess from 20% to 40% in the HERMES spe
trometer a

eptan
e.Requiring �t < 0:01GeV2 
an further enhan
e the 
oherent 
ontribution to 66%, butonly at the 
ost of a rapidly de
reasing yield. In Se
tions 6.1 and 6.2, the �rst two �tbins 
overing the range 0:00 � 0:06GeV2 will provide a measure of 
oherent e�e
ts; inSe
tion 6.3, an attempt is made to isolate the 
oherent 
ontribution.5. Analysis of the data5.1. Extra
tion of azimuthal asymmetry amplitudesThe distribution of the expe
tation value of the yield for s
attering a polarized leptonbeam from an unpolarized deuterium target is given byhNi(P`; e`; �) =L (P`; e`) �(e`; �)�UU(�)� �1 + P`ADVCSLU (�) + e`AC(�) + e`P`AILU(�)�: (31)Here, L denotes the integrated luminosity, P` the longitudinal beam polarization, � thedete
tion eÆ
ien
y, and �UU(�) the 
ross se
tion for an unpolarized target averaged overboth beam 
harges and both beam heli
ities, whi
h 
an be expressed as�UU (�) = xD32 (2�)4Q4 1p1 + "2� � KBHP1(�)P2(�) 2Xn=0 
BHn 
os(n�) +KDVCS 2Xn=0 
DVCSn 
os(n�)�: (32)The asymmetries AILU(�), ADVCSLU (�), and AC(�) are related to the Fourier 
oeÆ
ientsappearing in Eqs. 7{9, as illustrated by Eqs. 16{18. In analogy to the expansion ofthe 
ross se
tion in Eq. 7-9, these asymmetries are also expanded in terms of the sameharmoni
s in �: 14



AILU(�) ' 2Xn=1Asin(n�)LU;I sin(n�) +A
os(0�)LU;I ; (33)ADVCSLU (�) ' Asin�LU;DVCS sin�+A
os(0�)LU;DVCS ; (34)AC(�) ' 3Xn=0A
os(n�)C 
os(n�) ; (35)where the approximation is due to the trun
ation of the in general in�nite Fourier series
aused by the azimuthal dependen
es in the denominators of Eqs. 16{18.For ea
h kinemati
 bin in �t, xB , or Q2, the sets of azimuthal asymmetry amplitudesAsin(n�)LU;I , Asin �LU;DVCS and A
os(n�)C , hereafter 
alled `asymmetry amplitudes', are simulta-neously extra
ted from the observed ex
lusive sample using the method of maximumlikelihood (des
ribed in detail in Ref. [22℄). Although these asymmetry amplitudes di�ersomewhat from the 
oeÆ
ients given in Eqs. 7{9 and Eqs. 16{18, they are well de�nedand 
an be 
omputed in various GPD models for dire
t 
omparison with the data. Notethat in Eqs. 33 and 34, an additional 
onstant term (n = 0) was introdu
ed as a 
on-sisten
y test. These terms must vanish as they are parity violating. Removing these
onstant terms or also introdu
ing additional harmoni
 terms in the �tting pro
edure donot in
uen
e results for other asymmetry amplitudes [59℄.5.2. Ba
kground 
orre
tions and systemati
 un
ertaintiesIn ea
h kinemati
 bin, the results from the maximum likelihood �t are 
orre
ted forphoton ba
kground arising from semi-in
lusive produ
tion of neutral mesons, mainlypions. A 
orre
ted asymmetry amplitude is obtained asA
orr = Araw � fsemi �Asemi1� fsemi : (36)Here, Araw stands for the extra
ted raw asymmetry amplitude, and fsemi and Asemi thefra
tional 
ontribution and 
orresponding asymmetry amplitude of the semi-in
lusiveba
kground. This fra
tion is obtained from a Monte Carlo simulation (see Se
tion 4) andranges from 1% to 11%, depending on the kinemati
 
onditions. As the semi-in
lusivepro
ess is only very weakly beam-
harge dependent, its asymmetry with respe
t to thebeam 
harge or to the produ
t of the beam 
harge and the beam polarization is assumedto be zero. The asymmetry of the semi-in
lusive �0 ba
kground with respe
t to onlythe longitudinal beam polarization is extra
ted from experimental data by requiring twophotons to be dete
ted in the 
alorimeter with an invariant mass between 0.10 GeVand 0.17 GeV and with no asso
iated 
harged tra
ks. The restri
tion on the energydeposition in the 
alorimeter of the less energeti
 
luster is relaxed to 1 GeV to improvethe statisti
al pre
ision. The fra
tional energy z = E�=� of the re
onstru
ted neutralpions is required to be larger than 0.8. After applying the 
orre
tion of Eq. 36, theresulting asymmetry amplitudes are expe
ted to originate from elasti
 (
oherent), andin
oherent photon produ
tion possibly in
luding nu
leon ex
itation.The 
ombined 
ontribution to the systemati
 un
ertainty from dete
tor a

eptan
e,smearing, �nite bin width, and alignment of the dete
tor elements with respe
t to thebeam is determined from a Monte Carlo simulation using the GPD model des
ribed15



Table 2The main 
ontributions to the systemati
 un
ertainty of extra
ted asymmetry amplitudes of interest,averaged over the full kinemati
 range. Not in
luded is a 2.4% s
ale un
ertainty of the beam-heli
ityasymmetries due to the beam polarization measurement.Amplitude M2X shift Ba
kground 
orr. A

eptan
e, smearing, bin width, alignmentA
os(0�)C 0.001 0.001 0.014A
os�C < 0.001 0.002 0.023Asin�LU;I < 0.001 0.004 0.031Asin�LU;DVCS 0.002 0.006 0.003in Ref. [60℄. Note that a mistake has been found in this GPD model [61℄; however, themodel des
ribed previously reported HERMES beam-
harge [22℄ and preliminary (single-
harge) beam-heli
ity asymmetries well [62℄ and thus is 
onsidered to be adequate forsystemati
 studies. In ea
h bin, the systemati
 un
ertainty is taken as the di�eren
e be-tween the model predi
tion at the mean kinemati
 value of that bin and the respe
tiveamplitude extra
ted from the re
onstru
ted Monte Carlo data. The dominant 
ontribu-tions to the total systemati
 un
ertainty are those from the dete
tor a

eptan
e and �nitebin width. Further sour
es of un
ertainty are asso
iated with the ba
kground 
orre
tionand a relative shift of the M2X spe
tra between the data samples from various runningperiods [22℄. The 
ontributions to the systemati
 un
ertainty are added in quadrature.The main 
ontributions for asymmetry amplitudes of interest are given in Table 2. Notin
luded is any 
ontribution due to additional QED verti
es, as the most signi�
ant ofthese has been estimated to be negligible [63℄.6. Results6.1. Results on beam-
harge and beam-heli
ity asymmetries for an unpolarizeddeuterium targetThe asymmetry amplitudes are shown in Figs. 6{8 as a fun
tion of�t, xN , orQ2. Whilethe variable xD would be the appropriate 
hoi
e when presenting experimental resultsfor pure 
oherent s
attering, the nu
leoni
 Bjorken variable xN is the pra
ti
al 
hoi
ein this 
ase where in
oherent s
attering dominates over most of the kinemati
 range.The variables xN and Q2 are strongly 
orrelated due to the experimental a

eptan
e.The `overall' results in the left 
olumns 
orrespond to the entire HERMES kinemati
a

eptan
e. Figure 6 shows the amplitudes A
os(n�)C , whi
h are related to beam 
hargeonly, and Fig. 7 shows the amplitude Asin�LU;DVCS, whi
h is related to beam heli
ity only,and the amplitudes Asin(n�)LU;I , whi
h are related to both. All amplitudes are listed inTable 3 with the mean kinemati
 values of ea
h bin 17 .Of spe
ial interest is the asymmetry amplitude A
os�C , whi
h is sensitive to the GPD H1(H) for the 
oherent (in
oherent) pro
ess in HERMES kinemati
 
onditions (see Eqs. 29and 24). The present data indi
ates that this amplitude in
reases with in
reasing �t.17These results for only four bins in �t, xN , or Q2, i.e., a binning used in previous HERMES pa-pers [22,23℄, are available in the Durham database.16
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harge asymmetry, whi
h are sensitive to the interferen
e term, in binsof �t, xN , or Q2. The squares represent the results from the present work. The error bars (bands)represent the statisti
al (systemati
) un
ertainties. The �nely (
oarsely) hat
hed bands are theoreti
al
al
ulations for in
oherently 
ombined proton and neutron targets, using variants of a double-distributionmodel [54,66,64℄ with the VGG Regge (VGG Fa
torized) ansatz for GPDs. The lowest panel shows thesimulated fra
tions of 
oherent and resonant produ
tion.The amplitude A
os(0�)C in Fig. 6, whi
h is expe
ted to relate to the same 
ombination ofGPDs as does A
os�C , shows similar behaviour but with opposite sign, as expe
ted [15℄.The other two amplitudes A
os(2�)C and A
os(3�)C , related to twist-3 GPDs and the gluontransversity operator, respe
tively (see Se
tion 2.2), are 
onsistent with zero.The fra
tional 
ontributions to the yield from the 
oherent pro
esses and from pro
esseswith ex
itation of resonant �nal states are presented in the bottom row of Fig. 6 (seealso Table 4), as obtained from the Monte Carlo simulation using the ex
lusive-photongenerator mentioned in Se
tion 4. Note that these fra
tional 
ontributions are subje
t to17
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ity asymmetry sensitive to the interferen
e term. All symbolsare de�ned as in Fig. 6. There is an overall 2.4% s
ale un
ertainty arising from the un
ertainty in themeasurement of the beam polarization.
onsiderable model dependen
e.Figure 7 shows amplitudes of beam-heli
ity asymmetries, with the 
harge-averaged
ase related to the squared DVCS term in the upper row and the 
harge-di�eren
e 
aserelated to the interferen
e term in the other rows. The amplitude Asin�LU;DVCS, whi
h isrelated to twist-3 GPDs, is found to be 
onsistent with zero. Like the amplitude A
os�C , theamplitude Asin �LU;I is also sensitive to the GPD H1 [H ℄ for the 
oherent [in
oherent℄ pro
ess,although these two asymmetries reveal di�erent aspe
ts of the (real) GPD, sele
ted bydi�erent 
onvolutions with (
omplex) hard s
attering amplitudes. While the amplitudeA
os�C is related to the real part of the CFF H1 [H℄, the Asin�LU;I amplitude is proportional tothe imaginary part and shows signi�
ant negative values. The amplitude Asin(2�)LU;I appearsat twist-3 level, but nevertheless it shows a value whi
h is non-zero and positive by 1.7standard deviations of the total experimental un
ertainty. Figure 8 shows the amplitudesthat are forbidden by parity 
onservation but were in
luded in the �t as a 
onsisten
ytest. They are 
onsistent with zero.The two hat
hed bands in Figs. 6 and 7 are theoreti
al 
al
ulations for the in
oherentpro
ess, based on two di�erent ans�atze for modeling GPDs [64℄ in the VGG model [65℄(the 
oherent pro
ess will be 
onsidered in Se
tion 6.3.). In this model, a GPD is writtenas a double distribution [2,3℄ 
omplemented by a D-term [37,38℄:{ In the `fa
torized ansatz' (VGG Fa
t.), the dependen
es on t and (x; �) are un
or-18



Table 3Results for azimuthal Fourier amplitudes of the asymmetries with respe
t to the beam 
harge and heli
ityfor the ex
lusive sample.kinemati
 bin h�ti hxN i hQ2i A
os (0�)C A
os �C A
os (2�)C A
os (3�)C[GeV2℄ [GeV2℄ �Æstat � Æsyst �Æstat � Æsyst �Æstat � Æsyst �Æstat � Æsystoverall 0.13 0.10 2.5 �0:028 � 0:010 � 0:014 0:067 � 0:015 � 0:023 �0:007 � 0:014 � 0:016 0:005 � 0:014 � 0:001�t[GeV2 ℄ 0.00-0.03 0.02 0.07 1.7 �0:004 � 0:023 � 0:003 0:056 � 0:035 � 0:011 0:003 � 0:032 � 0:008 �0:007 � 0:032 � 0:0040.03-0.06 0.04 0.09 2.2 �0:020 � 0:024 � 0:014 0:034 � 0:033 � 0:007 �0:013 � 0:033 � 0:001 �0:041 � 0:034 � 0:0050.06-0.10 0.08 0.10 2.4 �0:008 � 0:024 � 0:020 0:045 � 0:034 � 0:023 0:014 � 0:035 � 0:017 0:059 � 0:035 � 0:0100.10-0.20 0.14 0.11 2.7 �0:029 � 0:021 � 0:024 0:085 � 0:030 � 0:027 �0:026 � 0:029 � 0:023 �0:006 � 0:029 � 0:0060.20-0.35 0.26 0.12 3.1 �0:067 � 0:028 � 0:018 0:093 � 0:039 � 0:022 �0:006 � 0:038 � 0:050 0:044 � 0:037 � 0:0020.35-0.70 0.46 0.11 3.5 �0:066 � 0:042 � 0:029 0:114 � 0:064 � 0:057 �0:015 � 0:056 � 0:049 �0:007 � 0:055 � 0:008x N 0.03-0.06 0.12 0.05 1.3 �0:052 � 0:026 � 0:003 0:092 � 0:040 � 0:036 0:024 � 0:031 � 0:002 0:024 � 0:030 � 0:0050.06-0.08 0.10 0.07 1.8 �0:024 � 0:022 � 0:017 0:049 � 0:031 � 0:028 0:004 � 0:029 � 0:014 �0:027 � 0:030 � 0:0010.08-0.10 0.11 0.09 2.3 �0:030 � 0:025 � 0:016 0:056 � 0:036 � 0:023 �0:014 � 0:035 � 0:013 �0:008 � 0:035 � 0:0080.10-0.13 0.13 0.11 2.9 0:011 � 0:026 � 0:030 0:039 � 0:037 � 0:030 0:004 � 0:037 � 0:029 0:068 � 0:037 � 0:0040.13-0.20 0.17 0.16 4.0 �0:021 � 0:028 � 0:007 0:070 � 0:040 � 0:031 �0:051 � 0:040 � 0:011 0:000 � 0:038 � 0:0020.20-0.35 0.23 0.24 6.1 �0:013 � 0:052 � 0:055 0:136 � 0:074 � 0:022 �0:091 � 0:069 � 0:039 0:000 � 0:069 � 0:008Q2 [GeV2 ℄ 1.0-1.4 0.09 0.05 1.2 �0:032 � 0:022 � 0:016 0:077 � 0:033 � 0:037 0:000 � 0:029 � 0:007 �0:030 � 0:030 � 0:0041.4-1.8 0.10 0.07 1.6 �0:050 � 0:026 � 0:017 0:100 � 0:037 � 0:016 0:000 � 0:034 � 0:018 0:021 � 0:034 � 0:0061.8-2.4 0.12 0.09 2.1 �0:031 � 0:023 � 0:017 0:025 � 0:032 � 0:035 �0:035 � 0:033 � 0:015 0:074 � 0:034 � 0:0092.4-3.2 0.14 0.11 2.8 �0:021 � 0:024 � 0:026 0:106 � 0:038 � 0:013 0:045 � 0:036 � 0:021 �0:042 � 0:035 � 0:0033.2-4.5 0.16 0.14 3.8 �0:010 � 0:027 � 0:014 0:026 � 0:037 � 0:029 0:018 � 0:037 � 0:015 �0:003 � 0:037 � 0:0044.5-10.0 0.23 0.20 5.8 �0:010 � 0:032 � 0:035 0:055 � 0:046 � 0:023 �0:095 � 0:046 � 0:025 0:013 � 0:045 � 0:003kinemati
 bin h�ti hxN i hQ2i Asin �LU;DVCS Asin �LU;I Asin (2�)LU;I[GeV2℄ [GeV2℄ �Æstat � Æsyst �Æstat � Æsyst �Æstat � Æsystoverall 0.13 0.10 2.5 �0:007 � 0:033 � 0:007 �0:192 � 0:035 � 0:031 0:073 � 0:031 � 0:012�t[GeV2 ℄ 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 � 0:0110.03-0.06 0.04 0.09 2.2 �0:101 � 0:077 � 0:013 �0:167 � 0:084 � 0:008 0:034 � 0:072 � 0:0090.06-0.10 0.08 0.10 2.4 0:032 � 0:080 � 0:032 �0:064 � 0:081 � 0:010 0:114 � 0:076 � 0:0320.10-0.20 0.14 0.11 2.7 0:018 � 0:068 � 0:009 �0:215 � 0:071 � 0:016 �0:022 � 0:065 � 0:0130.20-0.35 0.26 0.12 3.1 0:095 � 0:087 � 0:009 �0:286 � 0:095 � 0:008 0:206 � 0:085 � 0:0240.35-0.70 0.46 0.11 3.5 �0:029 � 0:118 � 0:035 0:003 � 0:122 � 0:005 0:133 � 0:124 � 0:030x N 0.03-0.06 0.12 0.05 1.3 �0:007 � 0:064 � 0:021 �0:197 � 0:083 � 0:061 0:080 � 0:066 � 0:0150.06-0.08 0.10 0.07 1.8 0:012 � 0:069 � 0:018 �0:286 � 0:096 � 0:032 0:084 � 0:067 � 0:0140.08-0.10 0.11 0.09 2.3 0:041 � 0:080 � 0:025 �0:017 � 0:080 � 0:031 �0:018 � 0:075 � 0:0100.10-0.13 0.13 0.11 2.9 �0:056 � 0:084 � 0:033 �0:212 � 0:090 � 0:023 0:060 � 0:080 � 0:0130.13-0.20 0.17 0.16 4.0 �0:109 � 0:090 � 0:037 �0:189 � 0:093 � 0:020 0:029 � 0:083 � 0:0020.20-0.35 0.23 0.24 6.1 0:222 � 0:160 � 0:053 �0:313 � 0:161 � 0:032 0:444 � 0:163 � 0:032Q2 [GeV2 ℄ 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 � 0:0111.4-1.8 0.10 0.07 1.6 0:175 � 0:079 � 0:030 �0:222 � 0:087 � 0:049 0:127 � 0:077 � 0:0191.8-2.4 0.12 0.09 2.1 �0:108 � 0:076 � 0:020 �0:124 � 0:077 � 0:029 �0:011 � 0:071 � 0:0072.4-3.2 0.14 0.11 2.8 0:005 � 0:083 � 0:023 �0:244 � 0:091 � 0:037 0:054 � 0:077 � 0:0103.2-4.5 0.16 0.14 3.8 �0:045 � 0:086 � 0:037 �0:169 � 0:088 � 0:022 0:119 � 0:082 � 0:0054.5-10.0 0.23 0.20 5.8 �0:038 � 0:104 � 0:010 �0:233 � 0:105 � 0:006 0:166 � 0:100 � 0:00619
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os(0�) amplitudes (
onstant terms) that are in
luded as a 
onsisten
y test in the �t inEqs. 34 and 33. All symbols are de�ned as in Fig. 6. There is an overall 2.4% s
ale un
ertainty arisingfrom the un
ertainty in the measurement of the beam polarization.related. The t dependen
e is written in a

ordan
e with proton elasti
 form fa
tors.The (x; �) dependen
e is based on double distributions [2℄ 
onstru
ted from ordinaryPDFs 
omplemented with a pro�le fun
tion that 
hara
terizes the strength of the �dependen
e; in the limit b!1 of the pro�le parameter b, the GPD is independent of� [66℄. Note that b is a free parameter to be experimentally determined independentlyfor valen
e and sea quarks.{ The `Regge ansatz' (VGG Regge) implements entanglement of the t dependen
e ofthe GPD with its dependen
e on x and �. This feature is inspired by the traditionalinterpretation of measurements of elasti
 di�ra
tive pro
esses in terms of Regge phe-nomenology [64℄, and �nds further support in more re
ent phenomenologi
al 
on-siderations [67,68℄. This ansatz for GPDs hen
e uses for the t dependen
e of thedouble distributions a soft Regge-type parameterization / j�j��(0)+�0 jtj with �0 =0:8GeV�2 : : : 0:9GeV�2 for quarks.Both theoreti
al 
al
ulations are averaged at the 
ross se
tion level over in
oherentpro
esses on the proton and neutron in ea
h kinemati
 bin. In both 
al
ulations theD-term is assigned the value zero. Earlier, it was found that in
lusion of a D-term withany signi�
ant magnitude in the double-distribution model of Ref. [65℄ employing severalvariants of Regge or fa
torized ans�atze with any 
hoi
e of pro�le parameters fails todes
ribe the BCA amplitudes measured at HERMES on a hydrogen target [22,23℄. Thetheoreti
al bands in Figs. 6 and 7 
orrespond to the range of values of the asymmetryamplitudes obtained by varying the pro�le parameters bval and bsea between unity andin�nity. The theoreti
al 
al
ulations based on the fa
torized ansatz fail to des
ribe thet dependen
e of A
os(0�)C and A
os�C as seen in Fig. 6. The 
al
ulations based on theRegge ansatz for GPDs are in good agreement with the t dependen
e of the measuredasymmetry amplitudes with respe
t to the beam 
harge A
os(n�)C . Both ans�atze predi
tthat A
os�C de
reases with in
reasing xN , whi
h is not seen in the data. Both ans�atzeundershoot the asymmetry amplitudes with respe
t to the beam heli
ity Asin(n�)LU;I .20



Table 4Simulated fra
tional 
ontributions for 
oherent and resonant pro
esses in ea
h kinemati
 bin.kinemati
 bin 
oherent resonantoverall 0.176 0.174
�t[GeV2 ℄ 0.00 - 0.03 0.481 0.0640.03 - 0.06 0.256 0.1100.06 - 0.10 0.130 0.1500.10 - 0.20 0.053 0.2060.20 - 0.35 0.017 0.2890.35 - 0.70 0.005 0.387
x N 0.03 - 0.06 0.258 0.1610.06 - 0.08 0.214 0.1600.08 - 0.10 0.176 0.1730.10 - 0.13 0.127 0.1840.13 - 0.20 0.078 0.2030.20 - 0.35 0.032 0.198
Q2 [GeV2 ℄ 1.0 - 1.4 0.253 0.1331.4 - 1.8 0.209 0.1541.8 - 2.4 0.172 0.1722.4 - 3.2 0.150 0.1933.2 - 4.5 0.109 0.2194.5 - 10.0 0.055 0.2376.2. Comparison of the deuteron results with the HERMES results on beam-
harge andbeam-heli
ity asymmetries on the protonIn Figs. 9{11 the overall asymmetry amplitudes as well as their �t, xN , and Q2 depen-den
es, measured for the unpolarized deuterium target, are 
ompared with the analogousresults obtained from HERMES data on the proton [27℄.The deuteron data in
lude the 
oherent pro
ess e� d ! e� d 
, and the in
oherentpro
ess e� d! e� p n 
, where a nu
leon may be ex
ited to a resonan
e. The proton datain
lude only e� p ! e� p 
 and the 
ase with resonan
e ex
itation. Any di�eren
e thatappears at small values of�tmay be due to the 
oherent pro
ess. Monte Carlo simulationsindi
ate that the in
oherent pro
ess dominates for 0:06GeV2 < �t < 0:7GeV2 (seeFig. 5). As shown in Figs. 9-11, the deuteron and proton results are found to be 
onsistentin most kinemati
 regions. A possible di�eren
e in the last two �t bins of the amplitudeA
os�C (see Fig. 9) may be due to the 
ontributions of the neutron and its resonan
es.The proton and deuteron results for the amplitude Asin(2�)LU;I integrated over the a

eptan
edi�er by 2.5 times the total experimental un
ertainties. This possible dis
repan
y is most21
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ted from deuteron data (squares) and from proton data (triangles). Thepoints for deuterium are slightly shifted along the x-axis for visibility. The error bars (bands) representthe statisti
al (systemati
) un
ertainties. The hat
hed band is for the deuterium target.
evident at large �t and large xN (or Q2). Su
h a dis
repan
y would have no obviousexplanation. 22
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Fig. 10. Fourier amplitudes of the beam-heli
ity asymmetry that are sensitive to the squared DVCS term,in bins of �t, xN , or Q2, extra
ted from deuteron data (squares) and from proton data (triangles). Theerror bars (bands) represent the statisti
al (systemati
) un
ertainties, whi
h in
lude all sour
es apartfrom the 2.4% (2.8%) s
ale un
ertainty for the deuteron (proton) data due to the beam polarization.The hat
hed band is for the deuterium target.6.3. Estimates of the asymmetries from 
oherent s
atteringEstimates of the asymmetries for 
oherent s
attering in the range �t < 0:06GeV2,
orresponding to the �rst two bins, were derived by 
orre
ting for the in
oherent 
ontri-butions of the proton and its resonan
es using the simulated fra
tional 
oherent 
ontri-butions from Table 4, under the assumption that the asymmetries for these 
ontributionsare the same as those on the free proton. The simulated 
ontribution of approximately7% from the pro
ess e� n! e� n 
 is estimated to have an e�e
t on the asymmetries ofless than 0.01. The extra
ted 
oherent asymmetries A
os�C;
oh and Asin�LU;I;
oh are found to be0:11� 0:07 (stat:) � 0:03 (syst:) and �0:29� 0:18 (stat:) � 0:03 (syst:), respe
tively, atthe average kinemati
 values 18 h�ti = 0:03 GeV2, hxDi = 0:04, and hQ2i = 1:9 GeV2.These results for the 
oherent asymmetries are 
ompared in Table 5 with model esti-mates using the models A, B, B0, bB, B0, and C of Refs. [15,35℄, the main parametersof whi
h are listed in Table 6. The model estimates are based on the double distributionansatz [66℄ for nu
leoni
 GPDs, 
ombined with a fa
torized t dependen
e, and with theD-term set to zero. The nu
leoni
 GPDs are 
ombined using the impulse approxima-tion. The 
ontribution of sea quarks is negle
ted in model B0, while it is enhan
ed inmodel C by a 
hoi
e of a smaller value of the parameter bsea, whi
h in
reases the abso-lute value of the beam-heli
ity asymmetry amplitude Asin �LU;I;
oh 
ompared to model A. Inmodel B0 ( bB), the GPD H3 (H5) is taken into a

ount by arbitrarily equating it withH1 (H1(x)�H1(�x)). All other GPDs are kinemati
ally suppressed and are set to zero.The models B0 and C were previously ruled out by the beam-heli
ity and beam-
hargeasymmetry measurements on the hydrogen target [18,19,22,23,27℄.18Nu
leoni
 Bjorken xN is experimentally irrelevant for 
oherent s
attering.23
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ity asymmetry that are sensitive to the interferen
e term,in bins of �t, xN , or Q2, extra
ted from deuteron data (squares) and from proton data (triangles). Theerror bars (bands) represent the statisti
al (systemati
) un
ertainties, whi
h in
lude all sour
es apartfrom the 2.4% (2.8%) s
ale un
ertainty for the deuteron (proton) data due to the beam polarization.The hat
hed band is for the deuterium target.
Table 5 also in
ludes model predi
tions from Ref. [38℄. This model is based on doubledistributions, where only the polarizations of the valen
e quarks are 
onsidered for thenu
leoni
 GPDs. A fa
torized ansatz for the t dependen
e of the nu
leoni
 GPDs is em-ployed and the strange quark 
ontribution is negle
ted. Again the impulse approximationis used to 
ombine the nu
leoni
 GPDs, without in
luding the parti
ular 
ontributionfrom the D-term.All models are 
onsistent within two standard deviations in the total experimentalun
ertainty with the extra
ted results for Asin�LU;I;
oh and A
os�C;
oh, ex
ept for models B0and that of Ref. [38℄, whi
h disagree with the results of A
os�C;
oh by about 3.5 standarddeviations. Here, it should be noted that predi
tions for the real part of the CFFs aresubje
t to deli
ate 
an
ellations [15℄ and hen
e are extremely sensitive to assumptions.24



Table 5Experimental and theoreti
al values of the beam-heli
ity and beam-
harge asymmetries for the 
oherentpro
ess on the deuteron. The theoreti
al predi
tions are for variants of the models of Ref. [15,35℄ and amodel from Ref. [38℄. The experimental un
ertainties do not a

ount for the model dependen
e of thesimulated fra
tional 
ontributions of 
oherent and in
oherent pro
esses.Exp. value Modelvalue � Æstat � Æsyst A B B0 bB B0 C [38℄Asin�LU;I;
oh �0:29� 0:18�0:03 -0.44 -0.38 -0.16 -0.37 -0.39 -0.58 -0.36A
os �C;
oh 0:11� 0:07� 0:03 0.10 0.09 -0.17 0.09 0.09 0.22 -0.15Table 6Model parameter sets for the GPD H1 of the deuteron [15,35℄. The t slope parameter Bsea is used mainlyto 
hange the normalization of the sea quark GPD H1.deuteron H1 GPD ModelModel parameters A B (B0, bB) B0 Cbval 1 1 1 1bsea 1 1 � 1Bsea [GeV�2℄ 20 20 � 157. SummaryAzimuthal asymmetries with respe
t to beam-heli
ity and beam-
harge are measuredfor hard ex
lusive ele
troprodu
tion of photons in deeply inelasti
 s
attering o� an unpo-larized deuterium target. The observed asymmetries are attributed to either the interfer-en
e between the DVCS and the Bethe-Heitler pro
esses or the pure DVCS pro
ess. Theasymmetries are observed in the ex
lusive missing-mass domain �(1:5)2GeV2 < M2X <(1:7)2GeV2. The dependen
es of these asymmetries on �t, xN , or Q2 are investigated.The results from the deuterium target in
lude the 
oherent pro
ess e � d ! e� d 
 andthe in
oherent pro
ess e � d! e� p n 
, where a nu
leon may be ex
ited to a resonan
e.For an unpolarized deuterium target, the leading Fourier amplitude of the beam-heli
ityasymmetry that is sensitive to the interferen
e term is found to be substantial, but nosigni�
ant t dependen
e is observed. The leading amplitude of the beam-
harge asymme-try is substantial at large �t, but be
omes small at small values of �t. The amplitudes ofthe beam-heli
ity asymmetry that are sensitive to the squared DVCS term are found tobe 
onsistent with zero. The data are able to dis
riminate among various GPD models.The measured asymmetry amplitudes from unpolarized deuteron and proton [27℄ tar-gets are 
onsistent in most kinemati
 regions, ex
ept possibly for the leading amplitudeof the beam-
harge asymmetry in the last two �t bins, and the `overall' value of Asin(2�)LU .The beam-
harge and beam-heli
ity asymmetry amplitudes for 
oherent s
atteringfrom the deuteron are extra
ted from the asymmetry amplitudes measured on unpolar-ized deuteron and proton targets. When 
ompared to the GPD models of Refs. [15,35℄,the results disfavor a large sea quark 
ontribution while favoring a non-zero 
ontribu-tion. The results disfavor the variants of the model of Refs. [15,35℄ that omit sea quark
ontributions, and also the model of Ref. [38℄.25
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