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HERMES: DVCS On Transversely Polarised Hydrogen 3Abstra
t. Azimuthal asymmetries in ex
lusive ele
troprodu
tion of real photons aremeasured for the �rst time with respe
t to transverse target polarisation, providingnew 
onstraints on Generalized Parton Distributions. From the same data set on ahydrogen target, new results for the beam-
harge asymmetry are also extra
ted withbetter pre
ision than those previously reported. By 
omparing model 
al
ulationswith measured asymmetries attributed to the interferen
e between the deeply virtualCompton s
attering and Bethe-Heitler pro
esses, a model-dependent 
onstraint isobtained on the total angular momenta 
arried by up and down quarks in the nu
leon.PACS numbers: 13.60.-r 24.85.+p 13.60.Fz 14.20.Dh1. Introdu
tionThe partoni
 stru
ture of the nu
leon has traditionally been des
ribed in terms ofParton Distribution Fun
tions (PDFs) of the parton's longitudinal momentum as afra
tion of the nu
leon's momentum in a frame in whi
h the nu
leon is moving atalmost the velo
ity of light. These fun
tions appear in the theoreti
al des
ription of,e.g., Deep-Inelasti
 S
attering (DIS). However, in the 
ontext of the rapid theoreti
aldevelopments of the last de
ade, PDFs have been 
on
eptually subsumed within thebroader framework of Generalized Parton Distributions (GPDs), whi
h also des
ribeelasti
 form fa
tors and amplitudes for hard-ex
lusive rea
tions leaving the targetnu
leon inta
t [1, 2, 3℄. Most often dis
ussed are the four twist-2 quark-
hirality
onserving quark GPDs: the polarisation-independent distributions Hq and Eq andthe polarisation-dependent distributions eHq and eEq. The GPDs Hq and eHq 
onservenu
leon heli
ity, while Eq and eEq are asso
iated with a heli
ity 
ip of the nu
leon. GPDsdepend on the kinemati
 variables x and �, whi
h represent respe
tively the average anddi�eren
e of the longitudinal momentum fra
tions of the probed parton in the initial and�nal states. The variable � is typi
ally nonzero in hard-ex
lusive rea
tions. GPDs alsodepend on the squared four-momentum transfer t = (p� p0)2 to the nu
leon, with p (p0)the four-momentum of the nu
leon in the initial (�nal) state. PDFs and nu
leon elasti
form fa
tors appear as kinemati
 limits (t! 0) and x-moments of GPDs, respe
tively.Strong interest in the formalism of GPDs and their experimental 
onstraint has emergedafter moments of 
ertain GPDs were found to relate dire
tly to the total (in
ludingorbital) angular momenta 
arried by partons in the nu
leon, via the Ji relation [2℄:limt!0 Z 10 dx x (Hq(x; �; t) + Eq(x; �; t)) = Jq (1)This �nding o�ers for the �rst time a path towards solving the `nu
leon spin puzzle' ofhow the heli
ities and orbital angular momenta of quarks and gluons 
ombine to formthe spin of the nu
leon. More re
ent dis
ussions have fo
used on the potential of GPDsas multi-dimensional representations of hadrons at the partoni
 level, 
orrelating thelongitudinal momentum fra
tion with transverse spatial 
oordinates [4, 5, 6, 7, 8℄.
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Figure 1. Leading-order diagrams for (a) deeply virtual Compton s
attering(handbag diagram) and (b) Bethe-Heitler pro
esses.2. Deeply virtual Compton s
atteringGeneralized Parton Distributions are a

essible through ex
lusive pro
esses that involveat least two hard verti
es, yet leave the target nu
leon inta
t. Among all presentlypra
ti
al hard ex
lusive probes, the Deeply Virtual Compton S
attering (DVCS)pro
ess, i.e., the hard ex
lusive leptoprodu
tion of a real photon (e.g., 
�N ! 
 N 0),appears to have the most reliable interpretation in terms of GPDs. In ele
troprodu
tion,dire
t a

ess to the DVCS amplitude TDVCS is provided by the interferen
e between theDVCS and Bethe-Heitler (BH) pro
esses, in whi
h the photon is radiated from a quarkand from the lepton, respe
tively (see Fig. 1). Sin
e these pro
esses are intrinsi
allyindistinguishable, the 
ross se
tion is proportional to the squared photon-produ
tionamplitude written asjTj2 = jTDVCSj2 + jTBHj2 + TDVCST�BH + T�DVCSTBH| {z }I ; (2)where `I' denotes the interferen
e term. The BH amplitude TBH is pre
isely
al
ulable from measured elasti
 form fa
tors of the nu
leon and provides the dominant
ontribution in Eq. 2 in the kinemati
 
onditions of the present measurement. Theseamplitudes depend on Q2 = �q2 with q = k � k0 and k (k0) the four-momentum of thelepton in the initial (�nal) state, the variable xB = Q2=(2M�) with � = p � q=M andM the nu
leon mass, and t. In addition, the amplitudes depend on � and, in the 
aseof a target polarisation 
omponent orthogonal to ~q, on �S, the azimuthal angles aboutthe virtual-photon dire
tion that are de�ned in Fig. 2. The dependen
es on � relatedto beam heli
ity and beam 
harge have been investigated experimentally [9, 10, 11, 12℄,resulting in �rst 
onstraints on GPDs.At Leading Order (LO) in the �ne-stru
ture 
onstant �em, the squared BHamplitude jTBHj2 is independent of the target polarisation with an unpolarised beam,and independent of the lepton 
harge. In 
ontrast, the squared DVCS amplitudejTDVCSj2 and the interferen
e term I 
an depend on the target polarisation even withan unpolarised beam, and the sign of the interferen
e term depends also on the lepton
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Figure 2. Momenta and azimuthal angles for ex
lusive ele
troprodu
tion of photonsin the target rest frame. The quantity � denotes the angle between the lepton plane
ontaining the three-momenta ~k and ~k0 of the in
oming and outgoing lepton and theplane 
orrespondingly de�ned by ~q = ~k�~k0 and the momentum ~q 0 of the real photon.The symbol �S denotes the angle between the lepton plane and ~S?, the 
omponent ofthe target polarisation ve
tor that is orthogonal to ~q. These de�nitions are 
onsistentwith the Trento 
onventions [13℄.
harge. For an unpolarised lepton beam and a transversely polarised nu
leon target,these dependen
es read [14, 15℄jTBH j2 = KBHP1(�)P2(�)�
BH0;UU + n
BH1;UU 
os�+ �
BH2;UU 
os(2�)	o�; (3)jTDV CSj2 = KDVCS�
DVCS0;UU + 
DVCS2;UU 
os(2�) + �
DVCS1;UU 
os�	+ S?h
DVCS0;UT sin (�� �S)+ 
DVCS2;UT sin(�� �S) 
os(2�)+ sDVCS2;UT 
os(�� �S) sin(2�) (4)+�
DVCS1;UT sin(�� �S) 
os�+ sDVCS1;UT 
os(�� �S) sin�	i�;I = �KIelP1(�)P2(�)�
I1;UU 
os�+ 
I3;UU 
os(3�)+�
I0;UU + 
I2;UU 
os(2�)	+ S?h
I1;UT sin (�� �S) 
os�+ sI1;UT 
os (�� �S) sin�+ 
I3;UT sin(�� �S) 
os(3�) + sI3;UT 
os(�� �S) sin(3�)+ �
I0;UT sin (�� �S)+ 
I2;UT sin(�� �S) 
os(2�)+sI2;UT 
os(�� �S) sin(2�)	i�: (5)Here, S? denotes the magnitude of the transverse target polarisation, el the beam
harge in units of the elementary 
harge, P1(�)P2(�) 
ontains the �-dependent leptonpropagators, and the bra
es en
lose terms that are kinemati
ally suppressed by 1=Q.The subs
ripts `UU' and `UT' denote an unpolarised beam with unpolarised andtransversely polarised targets, respe
tively. The dependen
es of the 
oeÆ
ients 
n



HERMES: DVCS On Transversely Polarised Hydrogen 6and sn on GPDs are elaborated in Ref. [15℄, where the kinemati
 fa
tors K arede�ned. The fa
tor KDVCS in Eq. 4 suppresses the squared DVCS amplitude by twoorders of magnitude relative to the interferen
e term in the kinemati
s of the presentmeasurement. Note that the azimuthal angles de�ned here are di�erent from those usedin Ref. [15℄ (� = � � �[15℄ and �� �s = � + '[15℄), leading to opposite signs for some ofthe 
oeÆ
ients given below.The terms of parti
ular interest in this paper appear in bold fa
e in Eqs. 4 and 5.The 
orresponding 
oeÆ
ients 
an be approximated as
DVCS0;UT / � p�tM ImnHE��EH�+ �eE eH�� eH �eE�o ; (6)
I1;UU / p�tQ Re�F1H + �(F1 + F2) eH� t4M2F2E� ; (7)
I0;UU / � p�tQ 
I1;UU; (8)
I1;UT / � MQ Im� t4M2 �(2� xB)F1E � 41� xB2� xBF2H�+xB� �F1(H + E)� (F1 + F2)( eH + t4M2 eE)�� ; (9)
I0;UT / � p�tQ 
I1;UT; (10)sI1;UT / � MQ Im� t4M2 �41� xB2� xBF2 eH� (F1+ �F2)xBeE� (11)+ xB �(F1 + F2)��H+ t4M2E�� �F1( eH + xB2 eE)�� ;with the skewness � approximated by � � xB=(2 � xB). The Compton form fa
torsH, E , eH and eE are 
onvolutions of hard s
attering amplitudes with the 
orrespondingtwist-two quark GPDs Hq, Eq, eHq and eEq, while F1 and F2 are the nu
leon Dira
 andPauli form fa
tors [15℄. In Eqs. 6-11, the use of bold fa
e di�ers from that in Eqs. 4and 5. Here, the terms not in bold fa
e are suppressed relative to those in bold fa
e inthe same equation by either xB (or �) or t=M2, whi
h are of order 0.1 in the kinemati

onditions of this measurement. The terms 
ontaining xB eE (or � eE) are not suppressedbe
ause the pion-pole 
ontribution to eE s
ales as 1=xB.The 
oeÆ
ients 
I0;UU and 
I1;UU provide an experimental 
onstraint on the real partof the Compton form fa
tors, and 
an be used to test various models for GPDs as inRef. [12℄. Most importantly for the present work, the 
oeÆ
ients 
DVCS0;UT , 
I0;UT and 
I1;UTprovide rare a

ess to the GPD E with no kinemati
 suppression of its 
ontributionrelative to those of the other GPDs. Measurements sensitive to these 
oeÆ
ients mayprovide via the Ji relation (Eq. 1) an opportunity to 
onstrain parameterisations of theGPD Eq in terms of Jq [16℄. The 
oeÆ
ient 
I0;UU (
I0;UT) has approximately the samedependen
e on GPDs as 
I1;UU (
I1;UT). The apparent overall suppression of 
I0;UU and
I0;UT by p�t=Q with respe
t to 
I1;UU and 
I1;UT is 
ompensated by an enhan
ement from
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tors that are not shown, where y = p � q=p � k. These fa
tors range fromtwo to four in the kinemati
 
onditions of the present measurement. The previouslymentioned strong kinemati
 suppression of the squared DVCS amplitude relative to theinterferen
e term is partially 
ompensated by the unshown kinemati
 fa
tors that applyto Eqs. 6, 9 and 10. The net suppression is only about one order of magnitude in theHERMES kinemati
 
onditions, and some sensitivity to the GPD E may therefore beprovided by 
DVCS0;UT . The 
oeÆ
ient sI1;UT provides experimental sensitivity to the GPDeE, and also to eH, whi
h was already probed experimentally through measurementsof longitudinal target-spin asymmetries [17, 18℄. The 
oeÆ
ients 
DVCS2;UT , sDVCS2;UT , 
I3;UU,
I3;UT and sI3;UT re
eive twist-two 
ontributions involving the unknown gluon heli
ity-
ipGPDs [19℄. These GPDs do not mix with quark GPDs via Q2 evolution and thus probethe intrinsi
 gluoni
 properties of the nu
leon [20℄. As the 
ontribution of gluon heli
ity-
ip is suppressed by the strong 
oupling 
onstant �S, this 
ontribution 
ompetes withthat from twist-four quark GPDs, whi
h is suppressed by a fa
tor M2=Q2 but not by�s [21℄. Aside from 
DVCS0;UU and 
DVCS2;UU , all other 
oeÆ
ients appearing in Eqs. 4 and 5 arerelated to twist-three quark GPDs.3. The experimentHard ex
lusive produ
tion of real photons in the rea
tion ep" ! e0
p0 is studied. Datawith a transversely polarised hydrogen target [22℄ were a

umulated using the HERMESspe
trometer [23℄ and the longitudinally polarised 27.6 GeV ele
tron and positron beamsof the HERA a

elerator at DESY. This �nal data set with the transversely polarisedtarget was 
olle
ted over the years 2002-2005. The integrated luminosities for theele
tron and positron samples are approximately 100 pb�1 and 70 pb�1, respe
tively.Events are sele
ted if there were dete
ted exa
tly one photon and one 
hargedtra
k identi�ed as the s
attered lepton. The hadron 
ontamination in the lepton sampleis kept below 1% by 
ombining the information from a transition-radiation dete
tor,a preshower s
intillator dete
tor, and an ele
tromagneti
 
alorimeter. The kinemati
requirements imposed are 1 GeV2 < Q2 < 10 GeV2, 0.03 < xB < 0.35, and � < 22 GeV.The real photon is identi�ed through the appearan
e of a `neutral signal 
luster', whi
his de�ned as an energy deposition larger than 5 GeV in the 
alorimeter with a signallarger than 1 MeV in the preshower dete
tor, and the absen
e of a 
orresponding 
hargedtra
k in the ba
k region of the spe
trometer. The angular separation �
�
 between thevirtual and real photons is required to be larger than 5 mrad. This value is determinedmainly by the lepton momentum resolution. An upper bound of 45 mrad is imposed onthis angle in order to improve the signal-to-ba
kground ratio [24℄.The re
oiling proton was not dete
ted. Instead, an `ex
lusive' sample of eventsis sele
ted by requiring the squared missing mass M2X = (q + p � q0)2 of the rea
tionep ! e0
X to be 
lose to the squared proton mass, where q0 is the four-momentum ofthe real photon. The sele
tion 
riterion was 
hosen by means of a Monte Carlo (MC)simulation of the distribution in M2X . The simulation is shown in 
omparison with
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Figure 3. Distributions in squared missing-mass from data with positron (�lledpoints) and ele
tron (empty 
ir
les) beams and from Monte Carlo simulations (solidline). The latter in
lude elasti
 BH (dashed line) and asso
iated BH (�lled area)pro
esses as well as semi-in
lusive ba
kground (dotted line). The simulations and dataare both absolutely normalized. The verti
al solid (dashed) lines en
lose the sele
tedex
lusive region for the positron (ele
tron) data. See text for details.experimental data in Fig. 3. In the MC simulation [25℄, the Mo-Tsai formalism [26℄is used for the elasti
 BH pro
ess that leaves the target nu
leon inta
t, as well asthe BH pro
ess where the nu
leon is ex
ited to a resonant state (a 
ategory knownas asso
iated produ
tion). For the latter, a parameterisation of the total 
�p 
rossse
tion for the resonan
e region is used [27℄. The individual 
ross se
tions for single-meson de
ay 
hannels, e.g., �+ ! p�0, are treated a

ording to the Maid2000model [28℄. The remaining 
ontribution is assigned to multi-meson de
ay 
hannels,e.g., �+ ! p�0�0, whose relative 
ontributions are determined a

ording to isospinrelations. The simulation also takes into a

ount the semi-in
lusive produ
tion of neutralmesons (mostly �0) where either only one de
ay photon is dete
ted or the de
ay photons
annot be resolved. For this, the MC generator Lepto [29℄ is used in 
onjun
tion witha set of Jetset [30℄ fragmentation parameters that had previously been adjusted toreprodu
e multipli
ity distributions observed by HERMES [31℄. Not shown in Fig. 3 isthe 
ontribution from ex
lusive �0 produ
tion, whi
h is found to be less than 0.5% inthe ex
lusive region using the model in Ref. [32℄. The MC yield ex
eeds the data byabout 20% in the ex
lusive region. This may be due to radiative e�e
ts not in
luded inthe simulation, whi
h would move events from the peak to the 
ontinuum and improvethe agreement [33℄. On the other hand, if the DVCS pro
ess were in
luded in thesimulation, its 
ontribution would in
rease the elasti
 peak. This 
ontribution is highly
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an vary between 10 and 25% [34℄. The ex
lusive region for thepositron data is 
hosen to be �(1:5 GeV)2 < M2X < (1:7 GeV)2, where the value of�(1:5 GeV)2 is displa
ed from the squared proton mass by three times the resolution inM2X , and the value of (1.7 GeV)2 is the point where the 
ontributions from the signal andba
kground are equal. As theM2X spe
trum of the ele
tron data is found to be shifted byapproximately 0.18 GeV2 towards smaller values relative to that of the positron data,the ex
lusive region for the ele
tron data is shifted a

ordingly. One quarter of thee�e
t of this shift on the results presented below is assigned as a systemati
 un
ertainty
ontribution.As the re
oiling proton remains undete
ted, t is inferred from the measurementof the other �nal-state parti
les. For elasti
 events (leaving the proton inta
t), thekinemati
 relationship between the energy and dire
tion of the real photon permits tto be 
al
ulated without using the measured energy of the real photon, whi
h is thequantity subje
t to larger un
ertainty. Thus the value of t in the ex
lusive region is
al
ulated as t = �Q2 � 2 � (� �p�2 +Q2 
os �
�
)1 + 1M (� �p�2 +Q2 
os�
�
) ; (12)whi
h is exa
t for elasti
 events. Using this method, the average resolution (RMS) in tis improved from 0.11 to 0.03 GeV2. Ex
lusive events are sele
ted with �t < 0.7 GeV2in order to redu
e ba
kground.4. Azimuthal asymmetriesExperimental observables that provide sensitivity to the 
oeÆ
ients appearing in Eqs. 4and 5 are the Beam-Charge Asymmetry (BCA)AC(�) � d�+(�)� d��(�)d�+(�) + d��(�) ; (13)and the Transverse Target-Spin Asymmetries (TTSAs)ADVCSUT (�; �S) �1S? � d�+(�; �S)� d�+(�; �S + �) + d��(�; �S)� d��(�; �S + �)d�+(�; �S) + d�+(�; �S + �) + d��(�; �S) + d��(�; �S + �) ; (14)AIUT(�; �S) �1S? � d�+(�; �S)� d�+(�; �S + �)� d��(�; �S) + d��(�; �S + �)d�+(�; �S) + d�+(�; �S + �) + d��(�; �S) + d��(�; �S + �) : (15)Here the subs
ripts on the A's represent dependen
e on beam Charge (C) or Transverse(T) target polarisation, with an Unpolarised (U) beam, and the supers
ripts � stand forthe lepton beam 
harge. These asymmetries are related to the 
oeÆ
ients in Eqs. 3{5
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In;UU 
os(n�)KBHP1(�)P2(�) P2n=0 
BHn;UU 
os(n�) +KDVCSP2n=0 
DVCSn;UU 
os(n�) (16)' �KIh
I1;UU 
os(�)iKBH
BH0;UU ; (17)ADVCSUT (�; �S) =KDVCShP2n=0 
DVCSn;UT sin(�� �S) 
os(n�) +P2n=1 sDVCSn;UT 
os(�� �S) sin(n�)iKBHP1(�)P2(�) P2n=0 
BHn;UU 
os(n�) +KDVCSP2n=0 
DVCSn;UU 
os(n�) ; (18)' KDVCS
DVCS0;UT sin(�� �S)KBHP1(�)P2(�)
BH0;UU (19)AIUT(�; �S) =� KIelP1(�)P2(�)hP3n=0 
In;UT sin(�� �S) 
os(n�) +P3n=1 sIn;UT 
os(�� �S) sin(n�)iKBHP1(�)P2(�) P2n=0 
BHn;UU 
os(n�) +KDVCSP2n=0 
DVCSn;UU 
os(n�) (20)' �KIelh
I1;UT sin(�� �S) 
os�+ sI1;UT 
os(�� �S) sin(�)iKBH
BH0;UU : (21)HERMES reported the �rst measurement of the BCA [12℄, providing a

ess to 
I1;UU,the 
oeÆ
ient of the 
os� modulation of the interferen
e term for an unpolarised target.The present paper reports more pre
ise BCA results using a 
onsiderably larger newdata set from the �rst DVCS measurement done with transverse target polarisation.Most importantly, the extra
ted TTSAs provide a

ess to 
DVCS0;UT , 
I0;UT and 
I1;UT, whi
hare sensitive to the total angular momentum of quarks in the nu
leon, as noted above.4.1. Extra
tion of azimuthal asymmetry amplitudesThe distribution in the expe
tation value of the yield is given by:hN i(S?; el; �; �S) = L (S?; el) �(el; �; �S) �UU(�)�h1 + S?ADVCSUT (�; �S) + elAC(�) + elS?AIUT(�; �S)i: (22)Here L is the integrated luminosity, � the dete
tion eÆ
ien
y, and �UU the 
ross se
tionfor an unpolarised target averaged over both beam 
harges. The BCA AC(�) and theTTSAs ADVCSUT (�; �S) and AIUT(�; �S) in Eq. 22 are expanded in terms of the sameharmoni
s in � and �S as those appearing in Eqs. 4 and 5 (as well as the harmoni
s
os(�� �S) sin(3�) and sin(�� �S) 
os(3�) in Eq. 24, in
luded as a systemati
 
he
k):AC(�;�C) = 3Xn=0 A
os(n�)C 
os(n�); (23)



HERMES: DVCS On Transversely Polarised Hydrogen 11ADVCSUT (�; �S;�DVCSUT ) = 3Xn=0 Asin(���S) 
os(n�)UT;DVCS sin(�� �S) 
os(n�)+ 3Xn=1 A
os(���S) sin(n�)UT;DVCS 
os(�� �S) sin(n�); (24)AIUT(�; �S;�IUT) = 3Xn=0 Asin(���S) 
os(n�)UT;I sin(�� �S) 
os(n�)+ 3Xn=1 A
os(���S) sin(n�)UT;I 
os(�� �S) sin(n�): (25)Here �C, �DVCSUT and �IUT represent the sets of Fourier 
oeÆ
ients or azimuthalasymmetry amplitudes, hereafter 
alled `asymmetry amplitudes', appearing in the right-hand sides of Eqs. 23{25 des
ribing respe
tively the dependen
es of the squared DVCSamplitude and interferen
e term on beam Charge (C), Transverse (T) target polarisationor both, with an Unpolarised (U) beam. These 18 asymmetry amplitudes embody theessential sensitivities to GPD models of the 
oeÆ
ients of the 
orresponding fun
tionsof � appearing in Eqs. 4 and 5, to the degree that one 
an negle
t the e�e
ts of the
oeÆ
ients 
BH1;UU and 
BH2;UU and the squared unpolarised DVCS amplitude in Eqs. 18{20and the e�e
t of the �-dependen
e of the BH propagators. In any 
ase, the extra
tedasymmetry amplitudes are well de�ned and 
an be 
omputed in various GPD modelsfor dire
t 
omparison with the data. For ea
h kinemati
 bin in �t, xB or Q2, they aresimultaneously extra
ted from the observed ex
lusive event sample using the method ofMaximum Likelihood. The distribution of events is parameterised by the fun
tion Npar,whi
h is de�ned asNpar(S?; el; �; �S;�DVCSUT ;�C;�IUT) = L (S?; el) �(el; �; �S) �UU(�)�h1 + S?ADVCSUT (�; �S;�DVCSUT ) + elAC(�;�C) + elS?AIUT(�; �S;�IUT)i: (26)While the net beam polarisations of both positron and ele
tron data samples used inthe 
urrent measurement are not 
ompletely negligible (0:03 � 0:02 and �0:03 � 0:02,respe
tively), algebrai
 investigations (
on�rmed by MC studies) show that this doesnot a�e
t the asymmetry amplitudes presented here. Not in
luded in Eqs. 23-25 arenegligible terms involving the small 
omponent of the target polarisation that is parallelto ~q [35℄.Within the s
heme known as Extended Maximum Likelihood [36℄, the likelihoodfun
tion L to be minimized is taken as� lnL(�DVCSUT ;�C;�IUT) = eNpar(�DVCSUT ;�C;�IUT)� NoXi=1 lnh1 + Si?ADVCSUT (�i; �iS;�DVCSUT ) + eilAC(�i;�C)+ eilSi?AIUT(�i; �iS;�IUT)i; (27)



HERMES: DVCS On Transversely Polarised Hydrogen 12where No is the observed number of events, and the parameterised total number eNparof events is eNpar(�DVCSUT ;�C;�IUT) =Z dS? d� d�S Xel=�1Npar(S?; el; �; �S;�DVCSUT ;�C;�IUT): (28)The 
ross se
tion �UU and the dete
tion eÆ
ien
y � do not depend on �DVCSUT , �C or�IUT and thus 
annot a�e
t the lo
ation of the likelihood maximum. Hen
e they havebeen omitted in the logarithms in Eq. 27. It is also not ne
essary to 
onsider themexpli
itly in evaluating eNpar(�DVCSUT ;�C;�IUT) in Eq. 28, be
ause the needed informationabout them is en
oded in the total yields obtained by 
ombining events for bothtarget polarisations and beam 
harges. Luminosity imbalan
es between beam 
hargesor target polarisations are taken into a

ount by assigning weights wi to the events,whi
h are adjusted to provide e�e
tively vanishing net target polarisation and net beam
harge for this 
ombined data set. The weights are normalized to also retain the sameintegrated luminosity L tot as the observed `unweighted' data sample. The resultingevent distribution 
orresponds to the produ
t L tot �(�; �S) �UU(�). In this manner, anevent distribution 
orresponding to Eq. 26 is 
onstru
ted to estimate the parameterisedtotal number of events in Eq. 28:eNpar(�DVCSUT ;�C;�IUT) � NoXi=1 wiL (S?; el)=L tot�h1 + Si?ADVCSUT (�i; �iS;�DVCSUT ) + eilAC(�i;�C) + eilSi?AIUT(�i; �iS;�IUT)i:4.2. Ba
kground 
orre
tions and systemati
 un
ertaintiesThe results from the minimization of Eq. 27 in ea
h kinemati
 bin are 
orre
ted forba
kground from semi-in
lusive and ex
lusive produ
tion of neutral mesons, mainlypions, in order to estimate the true asymmetry amplitude:At = Ar � s �As � e � Ae1� s� e ; (29)where Ar stands for the extra
ted raw asymmetry amplitude, and s and As (e andAe) the fra
tional 
ontribution and 
orresponding asymmetry amplitude of the semi-in
lusive (ex
lusive) ba
kground. The 
ombination of these ba
kground 
ontributionss+ e ranges from 2� 1% to 11� 5% in the kinemati
 spa
e [34℄. As these ba
kground
ontributions are only very weakly beam-
harge dependent, their asymmetries withrespe
t to the beam 
harge or to the produ
t of the beam 
harge and the transversetarget polarisation are negle
ted. The asymmetry of the semi-in
lusive �0 ba
kgroundwith respe
t to only the transverse target polarisation is extra
ted from experimentaldata by requiring two `neutral signal 
lusters' in the 
alorimeter with their invariant massbetween 0.10 and 0.17 GeV. The restri
tion on the energy deposition in the 
alorimeter
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 neutral signal 
luster is relaxed to 1 GeV to improve the statisti
alpre
ision. The fra
tional energy of the re
onstru
ted neutral pions is required to belarge, z = E�=� > 0:8, as only these 
ontribute to the ex
lusive region a

ordingto MC simulations [34℄. These simulations showed that the extra
ted �0 asymmetrydoes not depend on whether only one or both photons are in the a

eptan
e. It is
onvenient to use the dire
tion of the re
onstru
ted pion in pla
e of that of the photonto 
al
ulate the azimuthal angles � and �S. For the ex
lusive �0 ba
kground, theasymmetry amplitudes with respe
t to only target polarisation are not extra
ted dueto the limited statisti
al pre
ision but rather assumed to be 0 � 1. After applyingEq. 29, the resulting asymmetry amplitude At is expe
ted to originate from only elasti
and asso
iated produ
tion. On average 12% of the BH 
ross se
tion arises from thelatter [34℄, a

ording to the simulation des
ribed above. The kinemati
 dependen
es ofthis 
ontribution are shown in Fig. 4. No 
orre
tion is made or un
ertainty assigned forasso
iated produ
tion, as it is 
onsidered to be part of the signal.
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Q2 (GeV2)Figure 4. Kinemati
 dependen
es of the simulated fra
tional 
ontributions fromasso
iated produ
tion. See text for details.The dominant 
ontributions to the total systemati
 un
ertainty are those fromthe dete
tor a

eptan
e and �nite bin width, and the determination of the targetpolarisation [34℄. The 
ombined 
ontribution to the systemati
 un
ertainty from thedete
tor a

eptan
e, �nite bin width, and the alignment of the dete
tor elements withrespe
t to the beam, in
luding possible e�e
ts from the beam and tra
k 
urvature inthe transverse magneti
 �eld of the target, is determined from MC simulations based on�ve GPD models des
ribed in Ref. [37℄. In ea
h kinemati
 bin, it is de�ned as the RMSdi�eren
e between the asymmetry amplitude extra
ted from the MC data in that bin byminimizing Eq. 27 and the 
orresponding model predi
tions 
al
ulated analyti
ally atthe mean kinemati
 values of that bin given in Table 1. The other sour
es are asso
iatedwith the ba
kground 
orre
tion, 
alorimeter 
alibration and the relative shift of the M2Xspe
tra between the positron and ele
tron data. These 
ontributions, given in Table 2,are added in quadrature to form the total systemati
 un
ertainty per kinemati
 bin,appearing in Table 1. Not in
luded is any 
ontribution due to additional QED verti
es,as the most signi�
ant of these has been estimated to be negligible [38℄.
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Q2 (GeV2)Figure 5. Asymmetry amplitudes des
ribing the dependen
e of the interferen
e termon the beam 
harge (AC), for the ex
lusive sample. The squares represent the resultsfrom the present work, while data represented by triangles (shifted right for visibility)were reported in Ref. [12℄. The �lled symbols indi
ate those results of greatest interest(see text). The error bars (bands) represent the statisti
al (systemati
) un
ertainties.The 
urves are predi
tions of variants of a double-distribution GPD model [32, 39℄,with pro�le parameters given in Table 3. See text for details.5. ResultsFigures 5{7 show as a fun
tion of �t, xB or Q2, in four bins, the results from the
ombined �t. The `overall' results in the left-most 
olumns 
orrespond to the entireexperimental a

eptan
e. Fig. 5 shows the amplitudes related to only beam 
harge,while Figs. 6 and 7 show the amplitude AUT;DVCS, whi
h relates to transverse targetpolarisation only, and AUT;I, whi
h relates to both. For simpli
ity of presentation, theamplitudes AUT;DVCS and AUT;I for the same azimuthal dependen
e are shown togetherin ea
h panel, even though they typi
ally do not relate to the same GPDs. The �lledsymbols represent the asymmetry amplitudes of interest here (see Table 1), related to
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Q2 (GeV2)Figure 6. Asymmetry amplitudes des
ribing the dependen
e of the squared DVCSamplitude (
ir
les, AUT;DVCS) and the interferen
e term (squares, AUT;I) on thetransverse target polarisation, for the ex
lusive sample. The �lled symbols indi
atethose results of greatest interest (see text). The 
ir
les (squares) are shifted right(left) for visibility. The error bars represent the statisti
al un
ertainties, while the top(bottom) bands denote the systemati
 un
ertainties for AUT;I (AUT;DVCS), ex
ludingthe 8.1 % s
ale un
ertainty from the target polarisation measurement. The 
urves arepredi
tions of the GPD model variant (Reg, no D) shown in Fig. 5 as a 
ontinuous
urve, with three di�erent values for the u-quark total angular momentum Ju and �xedd-quark total angular momentum Jd = 0 [16℄. See text for details.the 
oeÆ
ients given in Eqs. 6{11, of the 
orresponding harmoni
s of � appearing inEqs. 4 and 5.Of parti
ular interest is the asymmetry amplitude A
os �C in the upper row of Fig. 5.Equation 7 shows that this amplitude is sensitive to the GPD H in the HERMESkinemati
 
onditions. Also shown in this �gure is the previously published result, whi
hhas been shown to 
onstrain GPD models [12℄. The greatly improved pre
ision ofthe present measurement 
on�rms that this amplitude in
reases with in
reasing �t. Asmentioned above regarding the 
orresponding 
oeÆ
ients 
I0;UU and 
I1;UU, the amplitudeA
os 0�C is expe
ted to relate to the same 
ombination of GPDs as does A
os�C . The resultsshown in Fig. 5 suggest that the magnitude of this amplitude also in
reases with �t,while its opposite sign is expe
ted from Eq. 8.Of spe
ial interest in this work are the amplitudes Asin(���S) 
os(n�)UT;I ; n = 0; 1,presented in the top two rows of Fig. 6. Equations 10 and 9 show that these amplitudes
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Q2 (GeV2)Figure 7. Asymmetry amplitudes that are expe
ted to be suppressed, presented asin Fig. 6, ex
ept that the 
urves are 
al
ulated only for Ju = 0:4.are sensitive to the GPD E and hen
e to the total angular momenta of quarks. Theseamplitudes are found to have substantial magnitudes with opposite signs but littlekinemati
 dependen
e, possibly in
reasing in magnitude with �t. Their opposite signsare expe
ted from Eq. 10. Also of interest is the amplitude Asin(���S)UT;DVCS , shown in the toprow of Fig. 6, whi
h Eq. 6 suggests is also sensitive to the GPD E. The overall result isnon-zero by 2.8 times the total un
ertainty. These data tend to in
rease in magnitudeat larger values of Q2. (In �xed-target experiments, xB and Q2 are strongly 
orrelated.)They provide the �rst experimental eviden
e for an azimuthal harmoni
 in the squaredDVCS amplitude, in this 
ase related to transverse target polarisation.The amplitude A
os(���S) sin�UT;I shown in the bottom row of Fig. 6 is sensitive mainlyto the GPDs eH and eE, while the 
ontribution from the GPD E is suppressed by anadditional fa
tor of xB (see Eq. 11). The measured asymmetry amplitudes are 
onsistentwith zero.The amplitudes represented by the un�lled symbols are expe
ted to be suppressed,and are indeed found to be typi
ally small. However, values that depart from zero by
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e the total un
ertainty are found for the entire experimental a

eptan
efor two of the four amplitudes in Fig. 7 that re
eive a 
ontribution from gluon heli
ity-
ip, whi
h are A
os(���S) sin(2�)UT;DVCS and A
os(���S) sin(3�)UT;I . The asymmetry amplitudes relatedto the squared DVCS amplitude in the bottom two rows of Fig. 7 
orrespond to
oeÆ
ients that do not appear in Eq. 4 as a 
onsequen
e of the one-photon ex
hangeapproximation. They are found to be 
onsistent with zero.6. Comparison with theoryThe data are 
ompared with various theoreti
al 
al
ulations to LO in �em and �s,whi
h do not a

ount for the 
ontributions of asso
iated produ
tion. The 
al
ulationsshown in Figs. 5{7 employ variants of a GPD model developed in Refs. [32, 39℄.These are based on the widely used framework of double distributions involving aprodu
t of PDFs representing the forward limit and a pro�le fun
tion representing theskewness dependen
e [40℄. The forward limits of the GPDs Hq are 
onstru
ted usingthe MRST98 [41℄ parameterisation of PDFs evaluated at the measured Q2 value forea
h data point. More modern parameterisations are expe
ted to result in a negligibledi�eren
e [16℄. In the model des
ription for eH and eE, the forward limit of the GPD eHis �xed by the quark heli
ity distributions �q(xB; Q2), while the GPD eE is evaluatedfrom the pion pole, whi
h provides only the real part. The 'pro�le parameters' bvaland bsea 
ontrol the skewness dependen
e of GPDs for the valen
e and sea quarks,respe
tively [40, 42℄. The t dependen
e of the GPDs is 
al
ulated in either the simplestansatz where the t dependen
e fa
torises from the t{independent part Hq(x; �), or inthe Regge-inspired ansatz. The GPDs H and E are optionally modi�ed by the so-
alled(t{independent) D{term [43℄ 
ontribution to the double-distribution part of the GPD,with a value 
al
ulated in the 
hiral{quark soliton model [44℄. The twist-three GPDsare treated in the Wandzura-Wil
zek approximation, and the gluon heli
ity-
ip GPDsare not in
luded. The quark total angular momenta Jq of quarks and antiquarks of
avour q (q = u,d) enter as model parameters for the GPD E. The strange sea isnegle
ted. The 
omputational program of Ref. [45℄ is used. The 
al
ulation is doneat the average kinemati
s of every bin (see Table 1). For the 
omparison of the BCAamplitudes to the double-distribution model shown in Fig. 5, the model variations ofinterest are those that 
hange the GPD H, sin
e the impa
t of the GPDs eH and E issuppressed at HERMES kinemati
 
onditions (see Eq. 7). Four di�erent variants aresele
ted by 
hoosing either a fa
torised (Fa
) or a Regge-inspired (Reg) t dependen
e,ea
h with or without the 
ontribution of the D-term. While these four variants lead tovery di�erent model predi
tions for A
os�C as illustrated in the �gure, the variation ofthe pro�le parameters bval and bsea lead to smaller 
hanges [24℄. However, by 
omparingthe data for the 
os� amplitude with predi
tions of all four variants of this model in
ombination with four spe
i�
 sets of values for the pro�le parameters, it is found thatthe 
al
ulation using the Regge-inspired t dependen
e without the D{term and bval =1,bsea = 1 results in a 
on�den
e level mu
h higher than all the alternatives. Here, b = 1
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orresponds to a substantial skewness dependen
e, whi
h is eliminated for b = 1. Allthe variants shown in Fig. 5 are 
al
ulated using pro�le parameter values that yieldthe best agreement with data (see Table 3). For any 
hoi
e of the pro�le parameters,the variant Regge with a D-term is ex
luded, while the fa
torised ansatz is disfavouredeither with or without the D-term. The fa
torised t dependen
e is also disfavoured ontheoreti
al grounds [46, 47℄.The theoreti
al 
al
ulations of the TTSA amplitudes shown in Figs. 6 and 7 aremade using the Regge inspired t dependen
e without the D-term and bval = 1 andbsea = 1, a 
ombination that is favoured by the BCA data as des
ribed above. However,while the 
al
ulated TTSA amplitudes are less sensitive to that 
hoi
e, some of themare quite sensitive to the 
hoi
e of the quark total angular momenta Jq [16℄. Thissensitivity is illustrated by the 
urves in Fig. 6 evaluated with three di�erent valuesof Ju (0.2, 0.4, 0.6), while �xing Jd = 0 [16℄. Although this model fails to des
ribethe data for Asin(���S)UT;DVCS , the model 
urves 
on�rm the expe
tation from Eqs. 6, 9 and10 that the TTSA amplitudes Asin(���S)UT;DVCS , Asin(���S) 
os �UT;I and Asin(���S)UT;I have signi�
antsensitivity to Ju. However, for this double-distribution model, the amplitudes related tothe interferen
e term are in reasonable agreement with the data, of whi
h Asin(���S) 
os�UT;Ihas the greatest sensitivity. The 
urves in Fig. 5 and 7 are evaluated with �xed Ju = 0:4and Jd = 0, sin
e the sensitivity here to Ju and Jd is negligible.The BCA amplitude A
os �C and the TTSA amplitudes Asin(���S)UT;I and Asin(���S) 
os�UT;Iare also 
ompared to 
al
ulations based on the `dual-parameterisation' model ofGPDs [48, 49℄ in Figs. 8 and 9. Cal
ulations for all other amplitudes are not shownsin
e the model 
ontains neither GPDs eH and eE nor higher-twist 
ontributions. Forthe BCA amplitude, the 
urves in Fig. 8 are evaluated with �xed Ju = Jd = 0,whi
h best des
ribes the TTSA amplitudes as dis
ussed below. The t dependen
eof the GPDs is assumed to be either fa
torised and exponential, or non-fa
torisedand Regge-inspired [39℄. Both 
hoi
es des
ribe the BCA data equally well, but witha smaller 
on�den
e level (�2/d.o.f.=2.2 for both Fa
 and Reg) than the favoureddouble-distribution model des
ribed above. On the other hand, the existing beam-spinasymmetry data [51℄ are better des
ribed by this dual-parameterisation model. TheRegge-inspired variant of this model with Ju = 0, 0.2, and 0.4, and Jd = 0 is used forthe 
al
ulations shown in Fig. 9. It is apparent that also in the dual-parameterisationmodel, the amplitudes Asin(���S) 
os�UT;I and Asin(���S)UT;I are sensitive to Ju.7. Quark total angular momentumIn either GPD model dis
ussed above, the GPD E is parameterised in terms of Juand Jd [39, 16℄. In both 
ases these two parameters are �t to the measured overallTTSA amplitudes Asin(���S) 
os�UT;I and Asin(���S)UT;I appearing in the left 
olumn of Figs. 6and 9, respe
tively. The other parameters for the respe
tive GPD models are the sameas used for the 
urves in Figs. 6 or 9. The area in the (Ju, Jd)-plane in whi
h theredu
ed �2��2min value is not larger than unity 
orresponds to a one-standard-deviation
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urve), with threedi�erent values for the u-quark total angular momentum Ju and �xed d-quark totalangular momentum Jd = 0. See text for details.
onstraint on Ju vs Jd. This area is found to be one of the sloped bands in Fig. 10,whi
h in units of ~ 
an be represented in the 
ase of the double-distribution model asJu + Jd=2:8 = 0:49� 0:17(exptot); (30)and in the 
ase of the dual-parameterisation model asJu + Jd=2:8 = �0:02� 0:27(exptot): (31)The un
ertainty is propagated from the total experimental un
ertainty in the measuredTTSA amplitudes. This un
ertainty dominates the e�e
ts of variations within eitherof the GPD models of the values of pro�le parameters b and the in
lusion of the Dterm. The variation of the value of Ju + Jd=2:8 obtained by �tting the amplitudesin the bins of the three kinemati
 variables is found to be not larger than �0:15. The
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Figure 10. Model-dependent 
onstraints on u-quark total angular momentum Juvs d-quark total angular momentum Jd, obtained by 
omparing DVCS experimentalresults and theoreti
al 
al
ulations. The 
onstraints based on the HERMES datafor the TTSA amplitudes Asin (���S) 
os�UT and Asin(���S)UT;I use the double-distribution(HERMES DD) [32, 39℄ or dual-parameterisation (HERMES Dual) [49℄ GPD models.The additional band (JLab DD) is derived from the 
omparison of the double-distribution GPD model with neutron 
ross se
tion data [55℄. Also shown as small(overlapping) re
tangles are results from latti
e gauge theory by the QCDSF [52℄ andLHPC [47℄ 
ollaborations, as well as a result for only the valen
e quark 
ontribution(DFJK) based on zero-skewness GPDs extra
ted from nu
leon form fa
tor data [53, 54℄.The sizes of the small re
tangles represent the statisti
al un
ertainties of the latti
egauge results, and the parameter range for whi
h a good DFJK �t to the nu
leon formfa
tor data was a
hieved. Theoreti
al un
ertainties are unavailable.results from �tting the two azimuthal amplitudes separately were found to be 
onsistent.The large di�eren
e between the 
onstraints obtained using the double-distributionand dual-parameterisation models is an indi
ation of a large model dependen
e of the(Ju; Jd) 
onstraint obtained, whi
h may be related to the failure of both models to fullydes
ribe all other available DVCS data. Both 
onstraints are 
onsistent with results,also shown in Fig. 10, from unquen
hed latti
e gauge simulations by the QCDSF [52℄and the LHPC [47℄ 
ollaborations. The statisti
al un
ertainties of the latti
e gaugeresults are 
omparable to the size of the plotted symbols. The QCDSF 
al
ulation ofthe �rst moments of the GPDs, the so-
alled generalized form fa
tors, is based on asimulation using dynami
al Wilson fermions with pion masses down to 350 MeV. Thedynami
al LHPC 
al
ulation is based on a hybrid approa
h of rooted staggered sea and
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e quarks. In both 
al
ulations the generalized form fa
tors have beensimultaneously extrapolated in t and m2� to t = 0 and the physi
al point, respe
tively,using the same results from 
hiral perturbation theory. Both 
al
ulations in
lude only
ontributions from 
onne
ted diagrams. The un
ertainties are primarily statisti
al butin
lude some systemati
 un
ertainties from the 
hiral, 
ontinuum and in�nite volumeextrapolations. Also shown in Fig. 10 is a result for only the valen
e 
ontributionto the quark total angular momenta [53, 54℄. It is based on the extra
tion of zero-skewness GPDs from nu
leon form fa
tor data, assuming handbag diagram dominan
eand exploiting well known sum rules. The size of the plotted symbol 
orresponds to theparameter range for whi
h a good �t to the nu
leon form fa
tor data was a
hieved.Table 1. Results of parti
ular interest for the asymmetry amplitudes of theasymmetries with respe
t to the beam 
harge and transverse target polarisation forthe ex
lusive sample.kinemati
 bin h�ti hxBi 
Q2� A
os (0�)C A
os �C Asin (���S)UT;DVCS(GeV2) (GeV2) �Æstat � Æsyst �Æstat � Æsyst �Æstat � Æsystoverall 0.12 0.09 2.5 �0:011� 0:010� 0:017 0:043� 0:014� 0:015 �0:073 � 0:024 � 0:0080.00{0.06 0.03 0.08 1.9 0:010� 0:016� 0:010 �0:003� 0:022� 0:012 �0:070 � 0:041 � 0:009�t(GeV2 ) 0.06{0.14 0.10 0.10 2.5 �0:006� 0:019� 0:017 0:015� 0:026� 0:011 �0:067 � 0:043 � 0:0170.14{0.30 0.20 0.11 2.9 �0:026� 0:022� 0:018 0:120� 0:030� 0:012 �0:066 � 0:050 � 0:0110.30{0.70 0.42 0.12 3.5 �0:074� 0:036� 0:024 0:163� 0:052� 0:007 �0:153 � 0:080 � 0:0150.03{0.07 0.10 0.05 1.5 �0:006� 0:017� 0:009 0:051� 0:024� 0:008 �0:008 � 0:051 � 0:008x B 0.07{0.10 0.10 0.08 2.2 �0:027� 0:019� 0:014 0:032� 0:027� 0:012 �0:079 � 0:049 � 0:0100.10{0.15 0.13 0.12 3.1 0:000� 0:022� 0:014 0:037� 0:030� 0:011 �0:105 � 0:047 � 0:0130.15{0.35 0.20 0.20 5.0 �0:003� 0:029� 0:021 0:029� 0:039� 0:022 �0:201 � 0:058 � 0:0271.0{1.5 0.08 0.06 1.2 �0:014� 0:019� 0:016 0:025� 0:026� 0:011 0:044 � 0:056 � 0:012Q2 (GeV2 ) 1.5{2.3 0.10 0.08 1.9 �0:004� 0:018� 0:016 0:070� 0:026� 0:015 �0:080 � 0:046 � 0:0102.3{3.5 0.13 0.11 2.8 �0:023� 0:021� 0:015 0:058� 0:030� 0:008 �0:113 � 0:049 � 0:0123.5{10.0 0.19 0.17 4.9 �0:003� 0:023� 0:016 0:005� 0:032� 0:014 �0:143 � 0:048 � 0:015kinemati
 bin h�ti hxBi 
Q2� Asin (���S)UT; I Asin (���S) 
os �UT; I A
os (���S) sin�UT; I(GeV2) (GeV2) �Æstat � Æsyst �Æstat � Æsyst �Æstat � Æsystoverall 0.12 0.09 2.5 0:035� 0:024� 0:024 �0:164� 0:039� 0:023 0:005 � 0:040 � 0:0150.00{0.06 0.03 0.08 1.9 �0:030� 0:031� 0:008 �0:152� 0:068� 0:026 �0:100 � 0:069 � 0:044�t(GeV2 ) 0.06{0.14 0.10 0.10 2.5 0:022� 0:044� 0:021 �0:073� 0:068� 0:008 0:054 � 0:076 � 0:0300.14{0.30 0.20 0.11 2.9 0:133� 0:050� 0:025 �0:244� 0:078� 0:028 0:144 � 0:083 � 0:0200.30{0.70 0.42 0.12 3.5 0:085� 0:082� 0:028 �0:294� 0:126� 0:026 0:024 � 0:113 � 0:0290.03{0.07 0.10 0.05 1.5 0:083� 0:051� 0:021 �0:166� 0:084� 0:047 �0:034 � 0:081 � 0:025x B 0.07{0.10 0.10 0.08 2.2 0:037� 0:048� 0:021 �0:148� 0:078� 0:034 �0:078 � 0:080 � 0:0150.10{0.15 0.13 0.12 3.1 �0:033� 0:048� 0:021 �0:100� 0:072� 0:020 0:078 � 0:073 � 0:0250.15{0.35 0.20 0.20 5.0 0:048� 0:055� 0:024 �0:182� 0:084� 0:026 0:066 � 0:088 � 0:0561.0{1.5 0.08 0.06 1.2 0:117� 0:056� 0:024 �0:174� 0:092� 0:047 �0:034 � 0:093 � 0:018Q2 (GeV2 ) 1.5{2.3 0.10 0.08 1.9 �0:043� 0:046� 0:026 �0:170� 0:073� 0:031 �0:036 � 0:079 � 0:0202.3{3.5 0.13 0.11 2.8 0:066� 0:049� 0:028 �0:249� 0:078� 0:025 0:028 � 0:076 � 0:0263.5{10.0 0.19 0.17 4.9 �0:002� 0:049� 0:020 �0:059� 0:072� 0:011 0:056 � 0:079 � 0:035
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lusionsTransverse target-spin azimuthal asymmetries in ele
troprodu
tion of real photonsare measured for the �rst time, and for both beam 
harges. A 
ombined �t ofthis data set separates for the �rst time the azimuthal harmoni
s of the squaredDVCS amplitude and the interferen
e term. The extra
ted 
harge asymmetry ofthe interferen
e term is mu
h more pre
ise than previously published results, and
onstrains models for Generalized Parton Distributions. By 
omparing GPD-model
al
ulations with extra
ted azimuthal asymmetry amplitudes asso
iated with bothbeam 
harge and transverse-target polarisation, a model-dependent 
onstraint onthe total angular momenta 
arried by u and d-quarks in the nu
leon is obtainedas Ju + Jd=2:8 = 0:49 � 0:17(exptot) using a double-distribution GPD model, andJu + Jd=2:8 = �0:02� 0:27(exptot) using the dual-parameterisation model. Thus, su
hdata have the potential to provide quantitative information about the spin 
ontent ofthe nu
leon when GPD models be
ome available that fully des
ribe all existing DVCSdata. Table 2. Systemati
 un
ertainties of the results of parti
ular interest for the azimuthalamplitudes of the asymmetries with respe
t to the beam 
harge and transversetarget polarisation for the ex
lusive sample. Those results involving transversetarget polarisation are also subje
t to an additional 8.1% s
ale un
ertainty from thedetermination of the target polarisation.
Sour
e A
os(0�) C A
os� C Asin(��� S) UT;DVCS Asin(��� S) UT;I Asin(��� S)
os� UT;I A
os(��� S)sin� UT;IM2X shift 0.004 0.001 0.000 0.000 0.001 0.001Ba
kground 
orre
tion 0.000 0.001 0.005 0.001 0.004 0.000Calorimeter 
alibration 0.001 0.003 0.002 0.002 0.005 0.003A

eptan
e, bin width, alignment 0.017 0.015 0.002 0.024 0.019 0.014
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