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t. Spin Density Matrix Elements (SDMEs) des
ribing the angular distribution of ex
lusive�0 ele
troprodu
tion and de
ay are determined in the HERMES experiment with 27.6 GeV beamenergy and unpolarized hydrogen and deuterium targets. Eight (�fteen) SDMEs that are related(unrelated) to the longitudinal polarization of the beam are extra
ted in the kinemati
 region1 GeV2 < Q2 < 7 GeV2, 3:0 GeV < W < 6:3 GeV, and �t < 0:4 GeV2. Within the givenexperimental un
ertainties, a hierar
hy of relative sizes of heli
ity amplitudes is observed. Kinemati
dependen
es of all SDMEs on Q2 and t are presented, as well as the longitudinal-to-transverse�0 ele
troprodu
tion 
ross se
tion ratio as a fun
tion of Q2. A small but statisti
ally signi�
antdeviation from the hypothesis of s-
hannel heli
ity 
onservation is observed. An indi
ation is seen ofa 
ontribution of unnatural-parity-ex
hange amplitudes; these amplitudes are naturally generatedwith a quark-ex
hange me
hanism.PACS. 13.60.-r,13.60.Le,13.88.+e
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1 Introdu
tionIn ex
lusive produ
tion of ve
tor mesons su
h as �, !or � from deep-inelasti
 lepton s
attering (see Fig. 1),measurements of angular and momentum distributionsof the s
attered lepton and ve
tor meson de
ay prod-u
ts allow one to study the produ
tion me
hanism and,in a model-dependent way, the stru
ture of the nu-
leon.For more than 40 years, many basi
 features of ve
-tor meson produ
tion by a virtual photon have beensu

essfully explained in terms of the Ve
tor MesonDominan
e (VMD) model [1,2℄. In this model, the vir-tual photon 
u
tuates into a ve
tor meson whose inter-a
tion with the nu
leon 
ould be des
ribed, for exam-ple, using Regge phenomenology. More re
ently, in the
ontext of perturbative Quantum Chromo-Dynami
s(pQCD), ex
lusive meson produ
tion at suÆ
ientlylarge values of the photon virtuality Q2 and the invari-ant mass of the photon-nu
leon system W is assumedto be dominated by so-
alled handbag-diagrams (seeFig. 2) that involve various non-perturbative nu
leonstru
ture fun
tions, known as Generalized Parton Dis-tributions (GPDs) [3,4,5,6℄.In pQCD, the 
ommon model of the produ
tionof ve
tor mesons at high Q2 and W 
an be 
onsid-ered as three 
onse
utive steps [7℄: i) disso
iation ofthe virtual photon into a quark-antiquark (q�q) pair,ii) s
attering of the pair on a nu
leon (nu
leus), iii)

−Q
2

e(k)

e’(k’)

tN(p) N’(p’)

γ∗

(v)ρo

2
W

(q)

Fig. 1. A generi
 t-
hannel ex
hange pro
ess for 
?N !�0N 0. Ea
h parti
le's four-momentum is denoted in paren-theses.formation of the observed ve
tor meson from the q�q-pair. (A full quantum me
hani
al treatment in
ludesall possible time orderings, whi
h may be more impor-tant at lower energies.) The intera
tion of the q�q-pairwith the nu
leon 
an pro
eed via two distin
t me
ha-



3nisms. The �rst one, two-gluon ex
hange, is des
ribedby the Feynman diagram shown in Fig. 2a. This pro-
ess transfers the same quantum numbers as pomeronex
hange in the Regge pi
ture, and is anti
ipated toexhibit a similar phenomenology. The se
ond me
ha-nism is des
ribed by the ex
hange of a q�q-pair, alsopossibly with additional gluons 
onne
ting them, andis 
alled quark-ex
hange (Fig. 2b). The 
orrespondingpro
ess in Regge phenomenology [8℄ is the ex
hangeof \se
ondary" reggeons, su
h as �, !, f2 and a2 inthe 
ase of natural-parity ex
hange (NPE), in whi
hthe spin J and parity P asso
iated with the reggeontraje
tory are JP = 0+; 1�; 2+; :::, or �, a1, b1 mesonswith JP = 0�; 1+; ::: in the 
ase of \unnatural-parity"ex
hange (UPE). In the GPD formalism, NPE (UPE)pro
esses are des
ribed by H and E ( eH and eE) GPDs.In the intermediate energy range of the HERMES ex-periment (3 GeV < W < 6 GeV) and the moderatevalues of photon virtuality (1 GeV2 < Q2 < 7 GeV2)both Regge phenomenology and pQCDmay be appliedto des
ribe ex
lusive ve
tor meson produ
tion. The in-terpretations they o�er of the experimental data areoften 
omplementary, although not ne
essarily 
onsis-tent.The main fo
us of this work is on the measurementof Spin Density Matrix Elements (SDMEs) of the �0meson, whi
h des
ribe the distribution of �nal spinstates of this produ
ed ve
tor meson. These elementsdepend on amplitudes for the angle- and momentum-dependent transition pro
esses between initial spinstates of the virtual photon and �nal spin states of theprodu
ed ve
tor meson. The values of SDMEs serveto establish the hierar
hy of heli
ity amplitudes thatare 
ommonly used to des
ribe ex
lusive �0 produ
-tion. In this way the relative importan
e of the vari-ous 
� ! �0 transitions is revealed. Two main order-ing prin
iples are observed in ve
tor meson leptopro-du
tion, s-
hannel heli
ity 
onservation (SCHC) andthe dominan
e of NPE over UPE me
hanisms. SCHCimplies that only 
� ! �0 transitions with the sameheli
ities of virtual photon and �0 o

ur in the rea
-tion when 
onsidered in the \hadroni
" 
enter-of-massframe (de�ned below). These 
on
epts apply both inthe reggeon-ex
hange pi
ture and in pQCD. In par-ti
ular, we note that a signal of UPE is eviden
e ofquark-antiquark ex
hange (Fig. 2b), as the pomeronhas natural parity.At high energies pomeron ex
hange dominates, andse
ondary-reggeon ex
hanges with natural parity aresuppressed by a fa
tor �M=W [8℄ in their amplitudes;M is an energy s
ale in Regge phenomenology 
ho-sen to be equal to the nu
leon mass. Also suppressed,by a fa
tor � (M=W )2 [8℄, are the most importantunnatural-parity ex
hanges mediated by �, a1, and b1reggeons. Therefore substantial UPE 
ontributions 
anbe expe
ted only at lower values of W .In the pQCD framework, the leading-twist 
ontri-bution des
ribes the transition of longitudinal photons

q

ρ0

qg

b)a)
P P’ P’P

γ

g

0γ∗ ∗ ρ

Fig. 2. Examples of a) a two-gluon ex
hange diagram andb) a quark-ex
hange diagram, shown for the lowest orderin the strong 
oupling 
onstant �s.to longitudinal ve
tor mesons, whi
h is s-
hannel he-li
ity 
onserving and 
orresponds to natural-parity ex-
hange. As it is not agreed how strongly the variousother 
ontributions are suppressed at a given energy,measurements of SDMEs in the HERMES kinemat-i
s help to distinguish these 
ontributions and are ofparti
ular interest. Non-
onservation of s-
hannel he-li
ity in ex
lusive �0 produ
tion was already observedat 
ollider energies [9,10,11℄. At lower energies it wasobserved at HERMES [12℄, and for ex
lusive ! pro-du
tion at CLAS [13℄.At suÆ
iently large values of W , experiments aretypi
ally sensitive to partons that 
arry small nu
leonmomentum fra
tion x, where the parton density in thenu
leon is dominated by gluons. High-energy data ofH1 and ZEUS [9,10,11,14℄ are well des
ribed by two-gluon ex
hange. At lower values of W , larger valuesof x are probed, where the parton density in the nu-
leon re
eives signi�
ant 
ontributions from quarks.Indeed, a 
ontribution from the quark-ex
hange me
h-anism has been suggested to be ne
essary to des
ribeex
lusive �0 produ
tion at intermediate virtual-photonenergies, as in the 
ase of the HERMES data [15,16,17,18℄ and 
orresponding 
al
ulations [19,20,21,22℄.In leptoprodu
tion, the spin transfer from the vir-tual photon to the ve
tor meson is 
ommonly des
ribedby heli
ity amplitudes, from whi
h SDMEs 
an be 
on-stru
ted. The dete
tion of the s
attered lepton and theve
tor meson de
ay produ
ts allows one to re
onstru
tthe full rea
tion kinemati
s and the three-dimensionalangular distribution of the produ
tion and de
ay ofthe �0 meson. For an unpolarized or heli
ity-balan
edlepton beam, the expression for this distribution 
on-tains a set of \unpolarized" SDMEs as 
oeÆ
ients. Anadditional set of \polarized" SDMEs, whi
h appear inprodu
ts with the beam polarization in the expressionfor the angular distribution with polarized beam, 
anbe determined if information on the longitudinal polar-ization of the lepton beam is available [23,24℄. In a veryre
ent new 
lassi�
ation s
heme of SDMEs [25℄, alsothe 
ases of longitudinal and transverse target polar-izations are des
ribed. However, the analysis in this pa-per follows the representation introdu
ed in Ref. [23℄.



4 Early theoreti
al 
al
ulations [2℄ of SDMEs in ve
-tor meson produ
tion were based on the VMD model.More re
ent 
al
ulations 
ombining this model withpQCD models [7,26,27,28,29,30℄ and with Regge phe-nomenology [31,32℄ are mainly fo
used on the high-energy kinemati
s of the HERA 
ollider data. A 
on-temporary a

ount of the various theoreti
al approa
hesis given in Ref. [14℄. Re
ent model 
al
ulations basedon GPDs present SDMEs for both high and inter-mediate energies, 
onsidering �rst only two-gluon ex-
hange [33℄, and re
ently in
orporating quark ex
hange [34,35℄.In this analysis, the beam polarization is used forthe �rst time in an SDME extra
tion, thereby makingpossible the determination of the additional 8 polar-ized SDMEs. The high-statisti
s data samples a

u-mulated at HERMES in the years 1996{2005 on bothhydrogen and deuterium targets are used to determine�0 de
ay angle distributions with an a

ura
y superiorto that of the previously published HERMES 3He datafrom 1995 [16℄ and of the preliminary HERMES resultsfrom hydrogen data 
olle
ted in 1996{1997 [12,36℄.The improved statisti
al a

ura
y permits the studyof the nature of the ex
hange me
hanism, and in par-ti
ular the testing of the hypothesis of s-
hannel he-li
ity 
onservation. The availability of both hydrogenand deuterium targets o�ers the possibility to sear
hfor signi�
ant 
ontributions of se
ondary reggeon ex-
hange with isospin I = 1 and natural parity.The stru
ture of this paper is as follows. The kine-mati
s, SDME formalism, and HERMES experimentare des
ribed in the next three se
tions. The analysispro
edure in
luding event sele
tion and ba
kgroundsubtra
tion is dis
ussed in se
tion 5. The extra
tionof the SDMEs from the data using a Monte Carlobased maximum likelihood method is des
ribed in se
-tion 6. The experimental results on SDMEs integratedover the entire observed kinemati
 region are pre-sented in se
tion 7, and their kinemati
 dependen
esare shown in se
tion 8. An indi
ation of the 
ontribu-tion of unnatural-parity-ex
hange amplitudes is dis-
ussed in se
tion 9. Contributions of heli
ity-
ip andUPE amplitudes to the 
ross se
tion are estimated inse
tion 10. The ratio of longitudinal to transverse �0ele
troprodu
tion 
ross-se
tions is presented in se
tion11. The results are summarized in se
tion 12.2 Kinemati
sFigure 1 identi�es the kinemati
 variables of �0 lepto-produ
tion, 
� +N ! �0 +N 0; (1)where N(N 0) denotes the initial (s
attered) nu
leon.The four-momenta of the in
oming and outgoing lep-ton are denoted by k and k0, the di�eren
e of whi
hde�nes the four-momentum q of the virtual photon 
�.

In the laboratory (lab) frame, # is the s
attering an-gle between the in
oming and outgoing lepton, whosein
oming and outgoing energies are denoted by E andE0. The photon virtuality is given by:Q2 = �q2 = �(k � k0)2 lab� 4EE0 sin2 #2 ; (2)whi
h is positive in leptoprodu
tion. In this equationthe ele
tron rest mass is negle
ted. The four-momentaof the target nu
leon and of the re
oiling baryon aredenoted by p and p0, respe
tively, and both have restmass M of the nu
leon, irrespe
tive of target.The Bjorken s
aling variable xB is de�ned as1xB = Q22 p � q = Q22M � ; (3)with � = p � qM lab= E �E0; (4)so that � represents the energy transfer from the in-
oming lepton to the virtual photon in the labora-tory frame. The squared invariant mass of the photon-nu
leon system is given by:W 2 = (q + p)2 =M2 + 2M � �Q2: (5)The squared four-momentum transfer from virtual pho-ton to ve
tor meson equals that between the momentaof the initial and �nal nu
leons or nu
lei,t = (q � v)2 = (p� p0)2; (6)where v is the four-momentum of the ve
tor meson.The variables t, t0, andt0 = t� t0 (7)are always negative, where �t0 represents the smallestkinemati
ally allowed value of �t at �xed � and Q2.In the photon-nu
leon 
enter-of-mass frame 
onsideredhere, the 
ondition t = t0 
orresponds to the 
asewhere the momentum of the produ
ed �0 is 
ollinearwith that of the 
�. Typi
ally for ex
lusive pro
essesat intermediate and high energies, jt0j is mu
h smallerthan jtj and therefore t0 � t.At very low t, the approximation �t0 � v2T holds,where vT is the transverse momentum of the ve
tormeson with respe
t to the dire
tion of the virtual pho-ton, i.e., the subtra
tion of t0 removes the 
ontribu-tion of the longitudinal 
omponent of the momentumtransfer.1 This kinemati
 observable is to be distinguished fromthe variable x of the quark parton model, whi
h representsin the GPD formalism the average longitudinal momentumfra
tion of the probed parton in the initial and �nal states.
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Fig. 3. De�nition of angles in the pro
ess 
?N !�oN 0 ! �+��N 0 [37℄. Here � is the angle between the�0 produ
tion plane and the lepton s
attering plane in the\hadroni
" 
enter-of-mass system of virtual photon andtarget nu
leon. � and � are polar and azimuthal angles ofthe de
ay �+ in the ve
tor meson rest frame.The variable � represents the ratio of 
uxes of lon-gitudinal and transverse virtual photons:� = 1� y � y2 Q24�21� y + 14y2(Q2�2 + 2) (8)lab� 11 + 2(1 + �2Q2 ) tan2 #2with y = p � q=p � k lab= �=E.The \ex
lusivity" of �0 produ
tion is 
hara
terizedby the variable�E = M2X �M22M lab= EV � (E�+ +E��); (9)where MX is the invariant mass of the re
oiling sys-tem, EV = �+ t=(2M) is the energy of the ex
lusivelyprodu
ed �0 meson, and (E�++E��) is the sum of theenergies of the two pions. For ex
lusive ve
tor mesonprodu
tion (1), MX = M holds and hen
e �E = 0,given perfe
t dete
tor and beam energy resolution.Angles used for the des
ription of the pro
ess
?N ! �oN 0 ! �+��N 0 are de�ned a

ording toRef. [37℄ and presented in Fig. 3. The heli
ity amp-litudes are de�ned in the \hadroni
" 
enter-of-masssystem of virtual photon and target nu
leon, wherethe Z-axis is dire
ted along the virtual photon three-momentum q. The Y -axis of the right-handed systemis parallel to q� v. It is the normal to the �0 produ
-tion plane spanned by the three-momenta q and v, of

the virtual photon and �0-meson, respe
tively. The an-gle � between the �0-produ
tion plane and the lepton-s
attering plane in the \hadroni
" 
enter-of-mass sys-tem is spe
i�ed by:
os� = (q� v) � (k� k0)jq� vj � jk� k0j ; (10)sin� = [(q� v)� (k� k0)℄ � qjq� vj � jk� k0j � jqj :The angle � between the �0-produ
tion plane and�0-de
ay plane is de�ned by:
os� = (q � v) � (v � p�+)jq� vj � jv � p�+ j ; (11)sin� = [(q� v) � v℄ � (p�+ � v)j(q� v) � vj � jp�+ � vj ;where p�+ is the three-momentum of the positive de-
ay pion in the \hadroni
" 
enter-of-mass system.The polar angle � of the de
ay �+ in the ve
tormeson rest frame, with the z-axis aligned opposite tothe outgoing nu
leon momentum P0 and the y-axisparallel to Y and dire
ted along P0 � q, is de�ned by:
os� = �P0 �P�+jP0j � jP�+ j ; (12)where P�+ is the three-momentum of the positive de-
ay pion.Note that the relation between this notation andthe notations of the so-
alled \Trento 
onvention" [38℄and Ref. [25℄ is: � = ��[25℄ = ��h[38℄, � = '[25℄,� = #[25℄.3 Formalism3.1 Heli
ity AmplitudesEx
lusive ve
tor meson leptoprodu
tion (1) is 
om-monly des
ribed by heli
ity amplitudes F�V �0N ;�
�N ,de�ned in the \hadroni
" 
enter-of-mass system of vir-tual photon and target nu
leon [23℄ (see Fig. 3). He-li
ity indi
es �
 and �V des
ribe the spin states ofvirtual photon and � meson, respe
tively, while �N(�0N ) is the heli
ity of the initial (s
attered) nu
leon.The heli
ity amplitude 
an be expressed as the s
alarprodu
t of the matrix element of the ele
tromagneti

urrent ve
tor J� and the virtual-photon polarizationve
tor e(�
)� :F�V �0N ;�
�N = (�1)�
 hv�V ; p0�0N jJ�jp�N ie(�
)� ; (13)where e(�1)� des
ribes the transverse and e(0)� the lon-gitudinal polarization of the virtual photon. The ketve
tor jp�N i 
orresponds to the in
ident nu
leon and



6the bra ve
tor hv�V ; p0�0N j des
ribes the �nal state ofthe �0 meson and s
attered nu
leon. The amplitudesdepend on Q2,W and t. For 
onvenien
e, these depen-den
es may be omitted in the following.The amplitudes obey the relation [23℄F��V ��0N ;��
��N =(�1)(�V ��0N )�(�
��N )F�V �0N ;�
�N ; (14)whi
h is a 
onsequen
e of parity 
onservation in thestrong and ele
tromagneti
 intera
tions.3.2 Natural and Unnatural-Parity-Ex
hangeAmplitudesA heli
ity amplitude F 
an be de
omposed into anamplitude T for natural-parity ex
hange and an am-plitude U for unnatural-parity ex
hange:F�V �0N ;�
�N = T�V �0N ;�
�N + U�V �0N ;�
�N ; (15)with T�V �0N ;�
�N =12�F�V �0N ;�
�N + (�1)��V +�
F��V �0N ;��
�N �; (16)U�V �0N ;�
�N =12�F�V �0N ;�
�N � (�1)��V +�
F��V �0N ;��
�N �: (17)From de�nitions (16), (17) and relation (14) the amp-litudes T and U obey the symmetry relations [23℄:T�V �0N ;�
�N = (�1)��V +�
T��V �0N ;��
�N= (�1)�0N��NT�V��0N ;�
��N ; (18)U�V �0N ;�
�N = �(�1)��V +�
U��V �0N ;��
�N= �(�1)�0N��NU�V ��0N ;�
��N : (19)For 
onvenien
e, we introdu
e the abbreviationfP � 12P�0N�N for the summation over the �nal nu-
leon heli
ity indi
es and averaging over the initial spinstates of the nu
leon. In the following the nu
leon he-li
ity indi
es of the amplitudes are impli
it, but willbe in
luded when required for 
larity. If T�V �
 appearswithout the symbol fP, all nu
leon heli
ity indi
es areequal to 1=2.For NPE amplitudes, transitions diagonal in nu-
leon spin (�0N = �N ) are dominant. Furthermore,sin
e for s
attering o� an unpolarized target thereis no interferen
e between nu
leon spin-
ip and non-spin-
ip amplitudes, the fra
tional 
ontribution of nu-
leon spin-
ip NPE amplitudes to SDMEs is of the

order of �t0=(4M2), whi
h is small at low t0. In this
ase, negle
ting the small nu
leon spin-
ip amplitudesT�V �1=2;�
�1=2 and using (18) redu
es the summationand averaging fP to one term:gXT�V �
T ��0V �0
 � 12 X�N�0NT�V �0N ;�
�NT ��0V �0N ;�0
�N= T�V 1=2;�
1=2T ��0V 1=2;�0
1=2+T�V �1=2;�
1=2T ��0V �1=2;�0
1=2� T�V 1=2;�
1=2T ��0V 1=2;�0
1=2 � T�V �
T ��0V �0
 ; (20)where T � represents the 
omplex 
onjugate quantity.For UPE amplitudes in general, the dominan
e ofdiagonal transitions (�N = �0N ) 
annot be proven, sothat no relation similar to (20) 
an be derived andtherefore fP is always used.For unpolarized targets, there is no interferen
e be-tween NPE and UPE amplitudes [23℄ asgXT�V �
U��0V �0
 = 0 ; (21)following from relations (18) and (19) without addi-tional assumptions.3.3 Spin Density Matri
es of Photon and Ve
torMesonThe photon spin density matrix normalized to unit
ux of transverse photons 
omprises the unpolarized(U) and polarized (L) matri
es2, with Pbeam being thelongitudinal polarization of the beam:%U+L�
�0
 = %U�
�0
 + Pbeam %L�
�0
 ; (22)%U�
�0
 (�; �) = (23)120� 1 p�(1 + �)e�i� ��e�2i�p�(1 + �)ei� 2� �p�(1 + �)e�i���e2i� �p�(1 + �)ei� 1 1A;%L�
�0
 (�; �) =p1� �2 0�p1 + � p�e�i� 0p�ei� 0 p�e�i�0 p�ei� �p1 + �1A : (24)The spin density matrix ��V �0V of the produ
edve
tor meson is related to that of the virtual photon,%U+L�
�0
 , through the von Neumann formula:��V �0V =12N X�
�0
�N�0NF�V �0N ;�
�N %U+L�
�0
 F ��0V �0N ;�0
�N ; (25)2 The adje
tives \(un)polarized" are used here with thesame meaning as when applied to SDMEs.



7where F�V �0N ;�
�N denotes the heli
ity amplitude ofthe 
�N ! �0N transition de�ned in (13). The nor-malization fa
tor is given byN = NT + �NL; (26)with NT =gX(jT11j2 + jT01j2 + jT�11j2+ jU11j2 + jU01j2 + jU�11j2); (27)NL =gX(jT00j2 + 2jT10j2 + 2jU10j2): (28)Equation (28) is obtained by using symmetry relations(18) and (19).If the spin density matrix of the photon is de
om-posed into the standard set of nine hermitian matri
es�� (� = 0; 1; :::; 8), a set of nine matri
es ���V �0V isobtained for the ve
tor meson [23℄:���V �0V = 12N� X�
�0
�0N�NF�V �0N ;�
�N���
�0
F ��0V �0N ;�0
�N� 1N�gX�
�0
F�V �
���
�0
F ��0V �0
 : (29)The four matri
es �� for � = 0; 1; 2; 3 in (29) des
ribeve
tor meson produ
tion by transverse virtual pho-tons: unpolarized, linearly polarized in two orthogonaldire
tions, and 
ir
ularly polarized, respe
tively. Forthese 
ases N� = NT . Ve
tor meson produ
tion bylongitudinal virtual photons 
orresponds to � = 4 in(29) andN� = NL. The interferen
e between the amp-litudes of ve
tor meson produ
tion by transverse andlongitudinal virtual photons is des
ribed by (29) for� = 5; 6; 7; and 8 with N� = pNTNL.3.4 Cross Se
tionsThe di�erential 
ross se
tion of the rea
tion 
�N !�0N ! �+��N is given byd�full(W;Q2)dt d� d� d 
os� = f(W;Q2)4�� X�
�0
�V �0V �N�0N F�V �0N ;�
�N %U+L�
�0
 (�; �) F ��0V �0N ;�0
�N� Y1�V (�; 
os�) Y �1�0V (�; 
os�); (30)in terms of %U+L�
�0
 , the virtual-photon spin density ma-trix, the heli
ity amplitudes F�V �0N ;�
�N des
ribingthe transition of the virtual photon with heli
ity �
to the ve
tor meson with heli
ity �V , and the spher-i
al harmoni
s Y1m(�; 
os�);m = �1; 0 (de�ned asin [23,14,25℄) that des
ribe the angular distribution of

the pions from the de
ay �0 ! �++��. It is assumedhere that the bran
hing ratio of the �0-meson de
ayinto �+�� is 100%. The kinemati
 fa
torf(W;Q2) = 116�(�2 +Q2) (31)in (30) a

ounts for the fa
t that the 
ux of transversephotons in ele
troprodu
tion is not unity (see Ref. [23℄for the relation of the di�erential virtual-photon 
rossse
tion to the di�erential ele
troprodu
tion 
ross se
-tion).The singly di�erential 
ross se
tion d�fulldt for �0meson produ
tion is obtained by integrating (30) over�; �; 
os�. The integration over � eliminates theinterferen
e between 
ontributions of transverse andlongitudinal photons and makes the photon densitymatrix diagonal. For this 
ase, the full di�erential 
rossse
tion be
omes the linear 
ombination of the 
rossse
tions d�Tdt and d�Ldt of ve
tor meson produ
tion withtransverse and longitudinal photons, respe
tively:d�fulldt = �d�Ldt + d�Tdt ; (32)where d�idt (W;Q2; t) = f(W;Q2)Ni(W;Q2; t); (33)for i = L; T , where NT and NL are de�ned in (27) and(28), respe
tively.The \di�erential" longitudinal-to-transverse 
rossse
tion ratio is de�ned as:R(W;Q2; t) � d�Ldt =d�Tdt = NLNT : (34)The 
omplete representation for R in terms of heli
ityamplitudes is obtained by inserting (28) and (27) into(34). Approximate expressions for R related to SCHCor NPE will be dis
ussed in se
tion 11.3.5 A

essible Spin Density Matrix ElementsFor an unpolarized target and a longitudinally polar-ized beam, the 3-dimensional angular distribution of�0 produ
tion and de
ay is des
ribed by 26 matrix el-ements ���V �0V [23℄. If the experiment 
an be performedonly at one beam energy, the matrix elements �0�V �0Vand �4�V �0V 
annot be disentangled, so that only 23 el-ements are a

essible. It is 
ustomary to extra
t fromthe experimental data the following elements:r04�V �0V = (�0�V �0V + �R�4�V �0V )=(1 + �R);r��V �0V = 8<: ���V �0V(1+�R) ; � = 1; 2; 3;pR���V �0V(1+�R) ; � = 5; 6; 7; 8: (35)



8From now on, we will designate r04�V �0V and r��V �0V(� = 1-3, 5-8) as the Spin Density Matrix Elements(SDMEs).In Appendix A, (77)-(99), the SDMEs are ex-pressed in terms of NPE and UPE amplitudes, as ob-tained by 
ombining (29) and (35).3.6 Extra
tion of SDMEs from Measured AngularDistributionsMeasurement of the 3-dimensional �0 produ
tion andde
ay angular distributionWU+L(W;Q2; t; �; �; 
os�)� d�fulldt d� d� d 
os�=d�fulldt (36)reveals the heli
ity stru
ture of the 
�N ! �0N tran-sition. Its integral over the variables �, �, and 
os� isequal to unity. TheW;Q2 and t dependen
es ofWU+Lare 
ontained in the 
orresponding dependen
es ofthe SDMEs r��V �0V . The full angular dependen
e ofWU+L(�; �; 
os�), as a linear fun
tion of the SDMEsr��V �0V , is given in (37-39) as derived in Ref. [23℄. (Notethat these formulae are on the next page.)3.7 s-Channel Heli
ity Conservation.The measurement of SDMEs allows the determinationof the extent to whi
h s-
hannel heli
ity is 
onservedfor a given pro
ess and kinemati
 
onditions. SCHCimplies that the 
ontributions from all non-diagonaltransitions F�V �0N ;�
�N with �
 6= �V are zero. Interms of NPE and UPE amplitudes, only T00, T11, andU11 remain. As a 
onsequen
e, all spin density matrixelements vanish ex
ept the unpolarized SDMEs r0400 ,r11�1, Imfr21�1g, Refr510g, Imfr610g, and the polarizedones Imfr710g and Refr810g, as 
an be seen from (77-99) of Appendix A. If SCHC holds, SDMEs are notindependent, as the following relations apply:r11�1 = �Imfr21�1g; (40)Refr510g = �Imfr610g; (41)Refr810g = Imfr710g: (42)The measurement of SDMEs also allows the deter-mination of the extent to whi
h the unnatural-parity-ex
hange me
hanism is relevant for a given pro
ess andkinemati
 
onditions. If natural-parity ex
hange dom-inates, so that the amplitude U11 
an be negle
ted, anadditional relation is obtained:1� r0400 = 2r11�1 = �2Imfr21�1g: (43)

4 The HERMES Experiment
The HERMES experiment at DESY used a 27.6 GeVlongitudinally polarized positron or ele
tron beam im-pinging on pure hydrogen or deuterium gas targets in-ternal to the HERA storage ring. Parts of the data setwere 
olle
ted with longitudinally or transversely po-larized targets, the polarization of whi
h was 
ippedapproximately every minute. The average over the tar-get polarization values was 
on�rmed to be 
onsistentwith zero, as required for the extra
tion of SDMEs inthis analysis. The lepton beam was transversely self-polarized by the emission of syn
hrotron radiation [39℄.Longitudinal polarization at the intera
tion point wasa
hieved by spin rotators lo
ated upstream and down-stream of the HERMES apparatus. For both positiveand negative beam heli
ities, the beam polarizationwas 
ontinuously measured by two Compton polarime-ters [40,41℄. The average beam polarization for thehydrogen (deuterium) data set was 0.45 (0.47) afterrequiring 0:15 < Pbeam < 0:8, and the fra
tional sys-temati
 un
ertainty of the beam polarization was 3.4%(2.0%) [40,41℄.The data sample re
orded with a longitudinally po-larized hydrogen (deuterium) target, representing 14%(38%), of the total statisti
s, has a residual polariza-tion of 0:0221� 0:0001 (�0:0036� 0:0009). The datasample re
orded with a transversely polarized hydro-gen target, representing 35%, has a residual polariza-tion of 0:0028� 0:0001. The systemati
 un
ertainty ofthe target polarization measurement is typi
ally 0.04.The HERMES spe
trometer is des
ribed in de-tail in Ref. [42℄. It was a forward spe
trometer inwhi
h both s
attered lepton and produ
ed hadronswere dete
ted within an angular a

eptan
e �170mrad horizontally, and �(40 - 140) mrad verti
ally.The s
attered-lepton trigger was formed from a 
oin-
iden
e between three s
intillator hodos
opes and alead-glass 
alorimeter. The trigger required an energyof more than 3.5 GeV deposited in the 
alorimeter.The tra
king system had a momentum resolution of� 1:5% and an angular resolution of � 1 mrad. Lep-ton identi�
ation was a

omplished using a lead-glass
alorimeter, a preshower dete
tor 
onsisting of a s
in-tillator hodos
ope pre
eded by a lead sheet, and atransition-radiation dete
tor. Until 1998 the parti
leidenti�
ation system in
luded a gas threshold �Ceren-kov 
ounter, whi
h was repla
ed in 1999 with a dual-radiator ring-imaging �Cerenkov dete
tor (RICH) [43℄.Combining the responses of these dete
tors in a likeli-hood method leads to an average lepton identi�
ationeÆ
ien
y of 98% with a hadron 
ontamination of lessthan 1%.



9WU+L(�; �; 
os�) =WU(�; �; 
os�) +WL(�; �; 
os�); (37)WU(�; �; 
os�) = 38�2 "12(1� r0400) + 12(3r0400 � 1) 
os2 � �p2Refr0410g sin 2� 
os �� r041�1 sin2 � 
os 2�� � 
os 2��r111 sin2 � + r100 
os2� �p2Refr110g sin 2� 
os�� r11�1 sin2� 
os 2��� � sin 2��p2Imfr210g sin 2� sin �+ Imfr21�1g sin2 � sin 2��+ p2�(1 + �) 
os��r511 sin2 � + r500 
os2� �p2Refr510g sin 2� 
os�� r51�1 sin2 �
os2��+ p2�(1 + �) sin��p2Imfr610g sin 2� sin�+ Imfr61�1g sin2 � sin 2��#; (38)WL(�; �; 
os�) = 38�2Pbeam"p1� �2�p2Imfr310g sin 2� sin�+ Imfr31�1g sin2� sin 2��+ p2�(1� �) 
os��p2Imfr710g sin 2� sin�+ Imfr71�1g sin2� sin 2��+ p2�(1� �) sin��r811 sin2� + r800 
os2� �p2Refr810g sin 2� 
os �� r81�1 sin2� 
os 2��#: (39)5 Data Analysis5.1 Ex
lusive �0 EventsEvents a

epted for the analysis are required to ful�llthe following 
riteria (see Refs. [12,44℄ for details):{ three tra
ks originate from the target and arere
orded in the spe
trometer;{ two oppositely 
harged hadrons and one leptonwith the same 
harge as the beam are identi�edthrough the likelihood analysis of the 
ombinedresponses of the four parti
le-identi�
ation dete
-tors [42℄;{ the re
onstru
ted virtual photon satis�es the kine-mati
 
onstraint 1 GeV2 < Q2 < 7 GeV2;{ the �0 meson is sele
ted by requirements on the in-variant mass of the two hadrons of opposite 
harge:0:6 GeV < M�+�� < 1:0 GeV when both hadronsare assumed to be pions, and the veto 
onstraintMK+K� � 1:06 GeV, the latter under the hypoth-esis that both hadrons are kaons. The veto 
on-straint ex
ludes 
ontamination from � ! K+K�de
ay. Two-pion invariant mass distributions in theHERMES a

eptan
e for proton and deuteron dataare presented in Fig. 4. A detailed des
ription ofthe invariant mass peak of ex
lusive �0 events ispublished in Refs. [15,18℄ and also presented inRef.[12℄. The distribution of these events in both�E and t0 is presented in Fig. 5.{ ex
lusive �0 events are sele
ted by the requirement�1:0 GeV < �E < 0:6 GeV (
alled the \ex
lusiveregion" in the remainder of the text). The appli
a-bility of su
h a 
onstraint was explained in detailin Ref. [18℄, as well as in Refs. [15,16,12℄. In the

�E spe
trum the resolution due to instrumentale�e
ts ranges between 0.26 and 0.38 GeV depend-ing on the spe
trometer 
on�guration.{ the \�nal event sample" of �0 events is obtainedfrom the sample of ex
lusive events by the addi-tional requirement �t0 < 0:4 GeV2. This require-ment ensures that the semi-in
lusive ba
kgrounddoes not ex
eed a level of about 10% in the kine-mati
 bins of Q2 and t0 presented below.After the appli
ation of all the above requirements,the entire kinemati
 region 
ontains 16362 �0 eventsfrom hydrogen and 25940 events from deuterium, whi
hare used in the subsequent physi
s analysis.5.2 Ba
kgrounds for Ex
lusive �0 EventsIn ex
lusive ve
tor meson produ
tion, the target nu-
leon remains inta
t. At HERMES the re
oiling tar-get nu
leon was not dete
ted and hen
e, given the ex-perimental resolution, also a 
ertain number of non-ex
lusive events will satisfy the requirements for ex-
lusive events. They appear as ba
kground remainingunderneath the �E peak.a) Ba
kground from Semi-In
lusive Deep-Inelasti
 S
at-teringBa
kground events originate mainly from fragmenta-tion pro
esses in Semi-In
lusive Deep-Inelasti
 S
at-tering (SIDIS), in whi
h the �nal state 
ontains a pairof oppositely 
harged hadrons in the spe
trometer.Only a small fra
tion of this ba
kground passes the
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lu-sive �0 produ
tion.The amount of SIDIS ba
kground and its angulardistributions in the ex
lusive region 
an not be de-termined with the present apparatus. Therefore, thePYTHIA 
ode [45℄ tuned for HERMES kinemati
 
on-ditions [46,47,48℄ is used. Ex
lusive pro
esses wereex
luded from the simulated sample. The simulated
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Fig. 6. Distribution of �E for the 1996-2005 hydrogendata sample shown for four intervals in t0 after appli
ationof all event sele
tion requirements, ex
ept the one for �E.The shaded areas represent the SIDIS ba
kground 
al
u-lated by PYTHIA, normalized to the data in the region2 GeV < �E < 20 GeV.SIDIS events were passed through the same 
hain ofkinemati
 requirements as the experimental ones. Verygood agreement between the experimental data andthe simulation is observed for the shape of the �Edistributions in the region �E > 2 GeV for ea
h kine-mati
 interval in Q2, x or t0, and for both targets.This agreement in shape is demonstrated in Fig. 6,whi
h shows four intervals in t0 as an example. Sin
eno absolute normalization between data and simula-tion is required to determine the SDMEs (as shownin the next se
tion), for every kinemati
 interval thefra
tional ba
kground 
ontribution fbg in the ex
lusiveregion 
an be obtained by normalizing the simulationto the data in the region 2 GeV < �E < 20 GeV.That is,fbg = (NMCex
l =Ndataex
l ) (Ndata2�20=NMC2�20); (44)where Ndata2�20, NMC2�20 and Ndataex
l , NMCex
l are the totalnumber of measured and simulated events at 2 GeV <�E < 20 GeV and in the ex
lusive region, respe
-tively. This 
ontribution amounts to 8% for the entirekinemati
 region and ranges between 3 and 12% in thedi�erent kinemati
 intervals. These values will be usedfor the subtra
tion of the SIDIS ba
kground angulardistributions, as des
ribed in se
tion 6.2.b) Ba
kground from Non-resonant Ex
lusive �+�� PairsThe 
ontribution of non-resonant �+�� produ
tionand its interferen
e [49℄ with resonant �0 ! �+ ��



11produ
tion are determined using a modi�ed Breit-Wigner �t to the invariant mass distribution. We donot distinguish between resonant and non-resonant
ontributions in �0 produ
tion, following the pra
-ti
e of previous experimental [9,50℄ and theoreti
alpubli
ations [29,31,33,34℄. Therefore the present datawere not 
orre
ted for non-resonant ba
kground, whi
hamounts to � 4 { 8% depending on the kinemati
s [15,17,12℄. Note that the 
ontribution of �0-! interferen
ehas been found to be negligible [15℄.
) Ba
kground from Proton-Disso
iative Pro
essesAnother possible ba
kground 
onsists of events inwhi
h the target proton is ex
ited to some other bary-oni
 resonan
e, whi
h then de
ays to a proton andtypi
ally a soft pion. In the absen
e of a re
oil de-te
tor, su
h events 
annot be distinguished, but their
ontribution to the ex
lusive �0 produ
tion 
ross se
-tion at HERMES was found to be small (4� 2%) [15℄.No 
orre
tion has been applied for this ba
kground, asthe extra
ted SDMEs were found to 
hange negligiblyat a value of �E=0.2 GeV, where this ba
kground isstrongly suppressed. This approa
h is supported by re-sults from ZEUS, where the de
ay angle distributionsof the proton-disso
iative rea
tion have been found tobe 
onsistent with those of ex
lusive events [9,10℄.6 Extra
tion of SDMEs6.1 Maximum Likelihood MethodIn ea
h bin of Q2 or t0, or the entire a

eptan
e,the SDMEs are obtained by minimizing the di�er-en
e between the 3-dimensional (
os�; �; �) produ
-tion and de
ay angle distribution of the experimen-tal events and that of a sample of fully re
onstru
tedMonte Carlo events, using a binned maximum likeli-hood method. For the Monte Carlo simulation, eventsare generated isotropi
ally in (�; �; 
os�) using therhoMC generator [15,16,44℄ for ex
lusive �0 produ
-tion, simulated in the instrumental 
ontext of the spe
-trometer, and passed through the same re
onstru
-tion 
hain as the experimental data. Introdu
tion ofestimated misalignments of the spe
trometer into theMonte Carlo simulation used for the SDME extra
tionwas found to have a negligible e�e
t on the results. Thevariables 
os�, �, and � are binned in 8� 8� 8 
ells.The 
ontent of ea
h of the 512 
ells is weighted using(37), whereby the 23 matrix elements are treated asfree parameters. The number of events di in ea
h 
ellis assumed to obey a Poisson distribution:P (di; 
Nm0i) = (
Nm0i)didi! e�
Nm0i ; (45)

with mean value 
Nm0i, where 
N = (Pj dj)=(Pj m0j)is a normalization fa
tor a

ounting for the di�eren
ein the total number of events in the data (dj) and simu-lated (m0j) sample, and m0i is the (re)weighted numberof simulated events in 
ell i. The likelihood fun
tion isthen de�ned as [51℄L(�) = 
ellsYi P (di; 
N (�)m0i(�)) ; (46)where � represents the 23 �t parameters that are the23 SMDEs. The best �t parameters were determinedby maximizing the logarithm of the likelihood fun
-tion,lnL(�) =Xi [di ln (
N (�)m0i(�)) � 
N (�)m0i℄+ 
onstant ; (47)or equivalently by minimizing � lnL(�).The minimization itself and the un
ertainty 
al
u-lation are performed using the MINUIT pa
kage [52℄.In the �tting pro
edure the samples with negative andpositive beam heli
ity are �tted simultaneously. Thevalues of �2 per degree of freedom (�2=d:o:f:) for the16 kinemati
 intervals (Q2, t0 or x), 
al
ulated af-ter 
ompleting their likelihood �ts, range between 0.6and 1.2 for 8� 8� 8� 23 degrees of freedom. For ev-ery SDME, the averages of the SDMEs extra
ted fromthe two separate beam heli
ity samples are found tobe 
onsistent with ea
h other and the result from the
ommon �t.In Fig. 7 one-dimensional angular distributions areshown for the hydrogen and deuterium data samples,where the positive-heli
ity sample is 
hosen as repre-sentative. In addition to distributions in 
os�, �, and�, the angular distribution in  = � � � is shown,whi
h embodies the entire azimuthal dependen
e inthe 
ase of SCHC. For ea
h panel, the data are 
om-pared with the isotropi
 input distributions as modi-�ed by instrumental e�e
ts su
h as a

eptan
e, tra
k-ing resolution, and re
onstru
tion eÆ
ien
ies, as wellas the one-dimensional proje
tions of the �tted 3-di-mensional angular distribution. These proje
tions are
learly in agreement with the data.6.2 Ba
kground Subtra
tionBefore �tting SDMEs to the (
os�; �; �) angular dis-tributions, the SIDIS ba
kground in the ex
lusive re-gion is subtra
ted. This subtra
tion is performed sep-arately for ea
h interval in t0, Q2 or x. In a given(
os�; �; �) 
ell, the number of ba
kground events inthe ex
lusive region is 
al
ulated as follows:N bg
ell = NMC
ell Ndata2�20NMC2�20 ; (48)
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Fig. 7. Angular distributions with 
ommon arbitrary normalization for �0 meson produ
tion and de
ay. Data pointsrepresent the positive heli
ity sample of the proton (deuteron) data in the left (right) half of the �gure. The dotted linesrepresent isotropi
 input Monte Carlo distributions as modi�ed by the HERMES a

eptan
e, while the dashed lines arethe results of the 23-parameter �t. Here 16 bins are 
hosen for a more detailed 
omparison. The data 
orrespond to thefull kinemati
 region of the analysis.where the number of SIDIS Monte Carlo events in agiven 
ell is NMC
ell , while Ndata2�20 and NMC2�20 are de�nedas in equation (44).6.3 Systemati
 Un
ertaintiesa) Ba
kground Subtra
tionThe systemati
 un
ertainty of the ba
kground subtra
-tion pro
edure is estimated as the di�eren
e betweenthe SDMEs obtained with and without any ba
kground
orre
tion.b) rhoMC Input ParametersThe SDME extra
tion pro
edure starts from isotropi
distributions in 
os�, �, and � generated by rhoMC,as explained above. The parameterization of the to-tal ele
troprodu
tion 
ross se
tion in rhoMC is 
hosenin the 
ontext of a VMD model that in
orporates apropagator-type Q2 dependen
e, and also 
ontains adependen
e on R(Q2). As the HERMES spe
trometera

eptan
e depends on Q2, di�erent input parametersresult in slightly di�erent re
onstru
ted angular dis-tributions. The 
orresponding systemati
 un
ertaintyof the resulting SDMEs is obtained by varying theseparameters within one standard deviation in the totalun
ertainty of the parameters given in Refs. [15,16℄.

The total systemati
 un
ertainty is obtained byadding in quadrature the un
ertainty from the ba
k-ground subtra
tion pro
edure and that due to the un-
ertainty in the rhoMC input parameters, whi
h areapproximately of equal size.
) Further Systemati
 StudiesSeveral further studies using generated and re
onstru
-ted event samples are performed to estimate possiblesystemati
 un
ertainties:i) A 
onsisten
y 
he
k of the extra
tion method isperformed by using several known sets of SDMEs asinput to the rhoMC [15,16,44℄ simulation and 
om-paring the SDMEs extra
ted from the simulated datawith those used as input to the rhoMC generator.First, isotropi
 angular distributions were simulated,
orresponding to all SDMEs vanishing ex
ept r0400 = 13 .Alternatively, events were generated assuming SCHC,implying that only �ve unpolarized and two polarizedSDMEs are non-zero, as explained in se
tion 3.7. Fi-nally, the extra
ted 23 SDMEs are used as input pa-rameters. In all 
ases, good agreement is found be-tween input and extra
ted SDMEs at the given levelof statisti
al a

ura
y.ii) Several tests are performed to ensure that the
hoi
e of the (
os�; �; �) 
ell size does not bias theresults of the maximum likelihood pro
edure. A sam-ple of about 40000 simulated events with angular de-penden
es determined by the (normally) extra
ted 23



13SDMEs is �tted after binning the data in several num-bers of angular 
ells, varying from 5�5�5 to 12�12�12. The �2=d:o:f: 
al
ulated between sets of SDMEsextra
ted with 8 � 8 � 8 and 12 � 12 � 12 binning is0:14. Hen
e the 
ell size used in the maximum likeli-hood pro
edure is not treated as a sour
e of systemati
un
ertainty.iii) Variations of the restri
tions onM�+�� , t0, and�E result in slightly di�erent amounts of SIDIS ba
k-ground. The resulting systemati
 un
ertainty is mu
hsmaller than that estimated for the ba
kground sub-tra
tion pro
edure, and hen
e is negle
ted.iv) In the SDME extra
tion pro
edure, only theshape of the 3-dimensional angular distribution mat-ters. As events in whi
h a radiative photon is emit-ted with an energy larger than 0.6 GeV are removedfrom the analysis by the 
onstraint �E < 0:6 GeV,the impa
t of radiative e�e
ts on the shape of the 3-dimensional angular distribution is strongly redu
ed.Two approa
hes are used to quantify this e�e
t. First,the DIFFRAD 
ode is used to 
al
ulate the radiativee�e
ts for ex
lusive �0 produ
tion [53,54℄, as was donealso in Refs. [9,12℄. As the emission of a real photon bythe positron alters the dire
tion of the virtual photon,the angle � between lepton s
attering plane and �0produ
tion plane also 
hanges. The e�e
t of a smallvariation (< 2:5 %, as suggested in Ref. [54℄) of theshape of the �-distribution is studied by re-weightingthe isotropi
 input angular distribution. The di�er-en
e between SDMEs obtained with and without re-weighting is found to be less than 0.0012 for all SDMEs(�2=d:o:f: < 0:1), i.e., radiative e�e
ts are negligible.As an independent 
ross 
he
k, radiative e�e
ts onthe extra
ted SDMEs are studied using a Monte Carlosimulation of ex
lusive �0 produ
tion with events fromthe PYTHIA generator [45℄. Two statisti
ally inde-pendent isotropi
 angular distributions are generated,with and without the emission of radiative photons. Aset of SDMEs is extra
ted from the (real) data samplefor ea
h of these isotropi
 input angular distributions.The di�eren
e between the resulting SDMEs is statis-ti
ally indistinguishable (�2=d:o:f: � 0:2).As a further 
he
k we use the extra
ted 23 SDMEsas input parameters to rhoMC and 
ompare the shapesof the simulated distributions with the data. In orderto restri
t the 
omparison to ex
lusive �0 events, prop-erly normalized SIDIS ba
kground distributions fromPYTHIA are subtra
ted from the data. In the maxi-mum likelihood �t method, the extra
tion of SDMEsonly requires simulated event distributions normalizedto the data. The shape 
omparison reveals good agree-ment for all variables, some of whi
h are presented inFig. 8.
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Fig. 8. Shape 
omparison of the distributions in W , Q2,t0 and P�+ , the momentum of the �+ from �0 de
ay in thelaboratory system, for the hydrogen data sample (squares).The shaded areas show rhoMC results using the extra
ted23 SDMEs as input for the simulation, normalized to thedata. Ba
kground has been subtra
ted from the data.7 Results on SDMEs Integrated over theEntire Kinemati
 Region7.1 Classi�
ation of SDMEsThe presentation of the extra
ted SDMEs will be basedon a hierar
hy of NPE heli
ity amplitudes:jT00j � jT11j � jT01j > jT10j & jT1�1j: (49)A similar hierar
hy was dis
ussed for the �rst time inRef. [26℄. In perturbative QCD this is valid at asymp-toti
ally high Q2. It was experimentally 
on�rmed atthe HERA 
ollider [9,10,11℄ and dis
ussed in Refs. [14,31,33℄. In the following it will be shown that it appliesalso at Q2 values typi
al of the HERMES experiment.The extra
ted 23 SDMEs are 
ategorized into �ve
lasses a

ording to the hierar
hy shown above. ClassA 
omprises SDMEs dominated by the heli
ity-
onser-ving amplitudes T00 and T11 whi
h des
ribe the tran-sitions 
�L ! �0L and 
�T ! �0T , respe
tively. Class B
ontains SDMEs that 
orrespond to the interferen
e ofthe above two amplitudes. Class C 
onsists of all thoseSDMEs in whi
h the main term 
ontains a 
ontribu-tion linear in the s-
hannel heli
ity non-
onserving am-plitude T01, 
orresponding to the 
�T ! �0L transition,ex
ept for a term involving r100 for whi
h the T01 
ontri-bution is quadrati
. The 
lasses D and E are 
omposedof the SDMEs in whi
h the main terms 
ontain a 
on-tribution linear in the small heli
ity-
ip amplitudesT10 (
�L ! �0T ) and T1�1 (
��T ! �0T ), respe
tively.Equations (77-99) in Appendix A show the represen-tation of all the SDMEs in terms of heli
ity amplitudesordered a

ording to the �ve 
lasses de�ned above.



14Table 1. Values of �0 SDMEs for proton and deuteron data ordered in 
lasses by horizontal lines a

ording to theexpe
ted hierar
hy of heli
ity amplitudes. Elements r�ij with � = 3; 7; 8 are polarized. The �rst un
ertainty is statisti
al,the se
ond systemati
. The statisti
al signi�
an
e of the magnitude of ea
h SDME expe
ted to vanish in the 
ase ofSCHC is shown in 
olumn three or �ve as its absolute value in units of standard deviations of its total un
ertainty,denoted as SDME/tot. Similarly, the four bottom rows of the table show deviations from zero of 
ertain 
ombinationsof SDMEs that would thereby violate SCHC and NPE dominan
e (see text).proton deuteronelement SDME �stat� syst SDME/tot SDME �stat� syst SDME/totr0400 0.412 � 0.010 � 0.010 0.416 � 0.007 � 0.013r11�1 0.246 � 0.011 � 0.019 0.247 � 0.008 � 0.014Im r21�1 �0:227 � 0.010 � 0.012 �0:234 � 0.008 � 0.019Re r510 0.161 � 0.004 � 0.010 0.165 � 0.003 � 0.010Im r610 �0:167 � 0.003 � 0.009 �0:156 � 0.003 � 0.006Im r710 0.112 � 0.021 � 0.011 0.104 � 0.016 � 0.004Re r810 0.074 � 0.019 � 0.006 0.114 � 0.014 � 0.009Re r0410 0.031 � 0.004 � 0.008 3.5 0.030 � 0.003 � 0.008 3.5Re r110 �0:032 � 0.007 � 0.012 2.3 �0:020 � 0.006 � 0.010 1.7Im r210 0.022 � 0.007 � 0.015 1.3 0.014 � 0.006 � 0.017 0.8r500 0.109 � 0.009 � 0.009 8.7 0.111 � 0.007 � 0.008 10.4r100 0.011 � 0.019 � 0.008 0.6 �0:038 � 0.015 � 0.016 1.7Im r310 �0:017 � 0.015 � 0.004 1.1 0.031 � 0.011 � 0.003 2.7r800 0.035 � 0.050 � 0.010 0.7 0.053 � 0.038 � 0.006 1.4r511 �0:01 � 0.003 � 0.013 1.2 �0:021 � 0.003 � 0.013 1.6r51�1 0.005 � 0.004 � 0.006 0.7 0.013 � 0.003 � 0.006 1.9Im r61�1 �0:002 � 0.004 � 0.007 0.3 �0:007 � 0.003 � 0.006 1.0Im r71�1 �0:035 � 0.030 � 0.005 1.2 �0:058 � 0.023 � 0.009 2.3r811 0.036 � 0.024 � 0.001 1.6 0.026 � 0.018 � 0.003 1.4r81�1 0.019 � 0.029 � 0.005 0.6 �0:066 � 0.022 � 0.008 2.8r041�1 �0:011 � 0.005 � 0.005 1.5 �0:002 � 0.004 � 0.008 0.2r111 �0:025 � 0.007 � 0.008 2.3 �0:002 � 0.006 � 0.013 0.1Im r31�1 �0:024 � 0.018 � 0.001 1.3 �0:004 � 0.014 � 0.004 0.3relation SCHC? SCHC?r11�1 + Im r21�1 0.018 � 0.012 � 0.011 1.1 0.013 � 0.009 � 0.014 0.8Re r510+ Im r610 �0:006 � 0.004 � 0.001 1.5 0.010 � 0.003 � 0.005 1.7Im r710� Re r810 0.038 � 0.029 � 0.006 1.3 �0:011 � 0.022 � 0.006 0.5relation SCHC and NPE? SCHC and NPE?1� r0400 � 2r11�1 0.097 � 0.017 � 0.046 2.0 0.091 � 0.013 � 0.038 2.37.2 Representation of the Integrated DataSeparate maximum likelihood �ts to the proton anddeuteron data samples are performed in the entire kine-mati
 region: 1 GeV2 < Q2 < 7 GeV2, 3 GeV <W < 6:3 GeV (
orresponding to 0:03 < xB < 0:25),and 0 GeV2 < �t0 < 0:4 GeV2. The resulting �0 me-son SDMEs r��V �0V are listed in Tab. 1 and displayedin Fig. 9, ordered a

ording to the 
lasses des
ribedabove. The statisti
al un
ertainties are larger for theeight polarized SDMEs (shown in the shaded areas ofthe �gure) due to the non-unity of the beam polar-ization and the kinemati
 suppression fa
tor p1� �
(see (39)). In order to fa
ilitate 
omparison with a re-
ently introdu
ed new representation of SDMEs [25℄,the proton SDMEs in that representation are shownin Tab. 14 of Appendix E.In Fig. 9 the SDMEs are shown multiplied by 
er-tain fa
tors in order to allow their 
omparison at thelevel of dominant amplitudes (see (77-99)). For all
lasses numeri
al fa
tors are 
hosen in su
h a waythat the 
oeÆ
ient of the dominant terms is equalto unity. The plotted representatives for the elementsof 
lass A are 
hosen so that their main terms areequal to jT11j2=N ; in parti
ular this requires that theterm 1 � r0400 be 
hosen. The 
oeÆ
ients for 
lass B
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scaled SDME

proton
deuteron

A:  γ *L  →  ρ 0L

γ *T  →  ρ 0T

B: Interference  γ *L  →  ρ 0L  &   γ *T  →  ρ 0T

C:  γ *T  →  ρ 0L

D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extra
ted from �0 data: proton (squares) and deuteron (
ir
les) in the entire HERMES kinemati
swith hxi = 0:08; hQ2i = 1:95 GeV2, h�t0i = 0:13 GeV2. The SDMEs are multiplied by prefa
tors in order to representthe normalized leading 
ontribution of the 
orresponding amplitude (see (77-99)). The inner error bars represent thestatisti
al un
ertainties, while the outer ones indi
ate the statisti
al and systemati
 un
ertainties added in quadrature.SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The verti
al dashedline at zero is indi
ated for SDMEs expe
ted to be zero under the hypothesis of SCHC.are 
hosen to have the main 
ontribution to the plot-ted representatives for the unpolarized and polarizedSDMEs equal to RefT11T �00g=N and ImfT11T �00g=N ,respe
tively. This 
orresponds to the general rule thatis appli
able to 
lasses B to E: the dominant 
ontribu-tion of the unpolarized (polarized) element presentedin Fig. 9 is proportional to the real (imaginary) partof a produ
t of two amplitudes. Class C 
ontains themain terms T01T �00=N (for r500=p2 and r800=p2) and
T01T �11=N . The dominant 
ontributions for 
lasses Dand E 
ontain terms T10T �11=N and T1�1T �11=N , re-spe
tively.Given the s
aled SDMEs in Fig. 9, it easily 
anbe seen that the two unpolarized SDMEs of 
lass Bhave large values, similar to those of 
lass A. Thissuggests the presen
e of a substantial interferen
e be-tween the two dominant amplitudes T00 and T11. Thetwo polarized 
lass B SDMEs are signi�
antly non-



16zero for proton and deuteron as well. It is also seenthat the values of elements in 
lass C that 
ontainthe dominant term T01T �11 are similar for the unpo-larized SDMEs (Refr0410g, Refr110g, Imfr210g). Thoseunpolarized 
lass C elements measured with good a
-
ura
y, Refr0410g and r500, are mu
h smaller than the
lass B SDMEs, whereas the unpolarized 
lass C ele-ments are larger than the unpolarized 
lass D and 
lassE SDMEs. This shows that the anti
ipated hierar
hyis supported by the data. For 
lass D SDMEs, slightlypositive (negative) values are observed in the polarized(unpolarized) 
ase. Finally, values of 
lass E SDMEsfor the proton target tend to deviate from zero, whilethose for the deuteron ones are 
onsistent with zero.We note that no signi�
ant di�eren
e is found be-tween the sets of SDMEs for proton and deuteron,as a �2=d:o:f: = 22:5=23 is obtained taking into a
-
ount the total un
ertainties. Hen
e there appears tobe no indi
ation of signi�
ant 
ontributions of se
-ondary reggeons with isospin I = 1 and natural parity.7.3 Test of the SCHC HypothesisAs explained in se
tion 3.7, only the following sevenSDMEs are not restri
ted to be zero in the 
ase ofs-
hannel heli
ity 
onservation: r0400 , r11�1, Imfr21�1g,Refr510g, Imfr610g and Imfr710g, Refr810g. All otherSDMEs are required by SCHC to be zero. The mag-nitudes of their measured o�sets from zero, expressedin units of the standard deviation of their un
ertainty,are shown in one of two separate 
olumns of Tab. 1,next to the respe
tive SDME. Several elements are in-
onsistent with the hypothesis of SCHC, in parti
ularseveral members of 
lass C.The SDME r500 is observed to be non-zero at thelevel of nine (ten) standard deviations in the totalun
ertainty for the proton (deuteron) result, provings-
hannel heli
ity non-
onservation. This was alreadyobserved earlier by the HERA 
ollider experiments [9,11℄ at a lower signi�
an
e level, and with high sig-ni�
an
e very re
ently [10℄. For the �rst time, HER-MES observes s-
hannel heli
ity non-
onservation alsoin other 
lass C SDMEs, in parti
ular Refr0410g.The polarized elements r800 and Imfr310g, relatedto the terms ImfT01T �00g and ImfT01T �11g respe
tively(89,90), are extra
ted using a longitudinally polarizedlepton beam for the �rst time. Both elements are 
on-sistent with zero (Figs. 9, 13) within the un
ertainties.The relations imposed by the hypothesis of SCHC(40-42) are satis�ed within about one standard devia-tion of the total un
ertainty, as 
an be seen from the
orresponding rows of Tab. 1. The sensitivity of theserelations to SCHC is low. In the 
ase of the relation(40) only the 
ontributions of small double-heli
ity-
ipamplitudes (see (78,79) ) violate SCHC. For the rela-tions (41-42), equations (80-83) show that the largestSCHC amplitude T00 is multiplied by the smallest T1�1

amplitude in the terms that violate SCHC. The re-lation 
orresponding to the 
ombined hypotheses ofSCHC and NPE dominan
e (43) is marginally vio-lated by two standard deviations in the total un
er-tainty. In evaluating the un
ertainties of these rela-tions, 
orrelations between the 
orresponding elements(see Tabs. 15,16), are taken into a

ount.7.4 Phase Di�eren
e between T11 and T00The phase di�eren
e Æ between the amplitudes T11 andT00 
an be evaluated as follows:
os Æ = 2p�(Refr510g � Imfr610g)qr0400(1� r0400 + r11�1 � Imfr21�1g) : (50)This results in jÆj = 26:4� 2:3stat� 4:9syst degrees forthe proton and jÆj = 29:3�1:6stat�3:6syst degrees forthe deuteron (see Fig. 12). Using polarized SDMEs,also the sign of Æ 
an be determined:sin Æ = 2p�(Refr810g+ Imfr710g)qr0400(1� r0400 + r11�1 � Imfr21�1g) : (51)Equations (50) and (51) are derived in Appendix B.Se
ond order 
ontributions of spin-
ip amplitudes arenegle
ted in obtaining these formulae.Using (51) it is determined, for the �rst time, thatthe sign of Æ is positive: Æ = 30:6 � 5:0stat � 2:4systdegrees for the proton and Æ = 36:3� 3:9stat � 1:7systfor the deuteron. These values are 
onsistent with ea
hother and their magnitudes are in agreement with theresults obtained with (50) for 
os Æ.We note that in the GPD-based model of Ref. [35℄,the phase di�eren
e between the amplitudes T11 andT00 is found to have a value of about 3 degrees. Thisappears to be in
onsistent with the HERMES resultsand also, to a lesser extent, with the H1 results [11℄;the two experimental results agree within their totalun
ertainties.8 The Q2 and t0 Dependen
es of theSDMEsIn the following, the Q2 dependen
es are presented infour bins, where the �rst bin is de�ned by 0:5 GeV2 <Q2 < 1 GeV2 with hQ2i = 0:83 GeV2. For the t0 depen-den
es, also shown in four bins, only data with Q2 > 1GeV2 are in
luded. The average value of t0 is almostindependent of Q2 and W .8.1 Class A: Dominant Transitions 
�L ! �0L and
�T ! �0TClass A 
omprises SDMEs 
orresponding to the dom-inant transitions, 
�T ! �0T and 
�L ! �0L, des
ribed
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-t/ (GeV2)Fig. 11. Q2 and t0 dependen
es of the 
lass B SDMEs des
ribing the interferen
e of the dominant transitions 
�L ! �0Land 
�T ! �0T . Filled squares (
ir
les) 
orrespond to proton (deuteron) data. Total un
ertainties are depi
ted, 
al
ulatedas statisti
al and systemati
 un
ertainties 
ombined in quadrature.



18

0

20

40

1 2 3 4

Q2 (GeV2)

δ 
(d

eg
)

( ) proton (integrated)
( ) deuteron (integrated)

Fig. 12. The Q2 dependen
e of the phase di�eren
e Æ be-tween T11 and T00 amplitudes 
al
ulated a

ording to (50)for the proton (�lled squares) and deuteron (�lled 
ir
les)data. The values of Æ, for yields integrated over the range1 GeV2 < Q2 < 7 GeV2, are shown as open symbols. Theinner (outer) bars represent the statisti
al (total) un
er-tainty.by the amplitudes T11 and T00. The Q2 and t0 de-penden
es for the 
lass A SDMEs 1 � r0400 , r11�1, andImfr21�1g are shown in Fig. 10. The three elementsexhibit somewhat similar Q2 dependen
es. They arefound to be approximately 
onstant over the measuredt0 range, as also observed by ZEUS [10℄ for r0400 at av-erage Q2 values of 3 and 10 GeV2. Su
h a t0 indepen-den
e indi
ates similar t0-slopes for longitudinal andtransverse 
omponents of the ve
tor meson produ
tion
ross se
tion.We note that there is good agreement between thehighest Q2 points of the HERMES proton data andthe GPD-based model 
al
ulations of Ref. [35℄.8.2 Class B: Interferen
e of 
�L ! �0L and 
�T ! �0TTransitionsClass B 
omprises SDMEs des
ribing the interferen
eof the dominant transitions 
�T ! �0T and 
�L ! �0L,i.e., those 
orresponding to a produ
t of the amplitudeT11 and the 
omplex 
onjugate of T00. Polarized (un-polarized) SDMEs 
orrespond to the real (imaginary)part of this produ
t.Figure 11 shows the Q2 and t0 dependen
e of theseSDMEs. It is apparent that the SCHC relations (41)and (42) are approximately ful�lled over the mea-sured kinemati
 ranges. Considering (80-83), this im-plies that 
ontributions of single- and double-heli
ity-
ip amplitudes are small.

An indi
ation of a Q2 dependen
e of the phasedi�eren
e Æ between the amplitudes T11 and T00 (see(50)) is presented in Fig. 12. The result of a �t with alinearQ2 dependen
e has a �2=d:o:f: = 1.41/2 (1.42/2)for the proton (deuteron) data, whi
h is smaller thanthe �t result with no Q2 dependen
e: �2=d:o:f: =4.52/3 (4.38/3). Note that at the lowest Q2, the valueof Æ has the largest systemati
 un
ertainty due to therapidly falling a

eptan
e of the HERMES spe
trome-ter. No t0 dependen
e of Æ is observed, for either target.8.3 Class C: Heli
ity-Flip Transition 
�T ! �0LClass C 
onsists of all those SDMEs with the mainterm 
ontaining a produ
t of the s-
hannel heli
ity vi-olating amplitude T01 des
ribing the heli
ity-
ip tran-sition 
�T ! �0L, and the 
omplex 
onjugate of T00,T11 or T01, (see (84-90)). No 
lear Q2 dependen
e isobserved for 
lass C SDMEs (see Fig. 13).As suggested by general properties of heli
ity-
ipkinemati
s at low t0 values, a dependen
e onp�t0 thatmonotoni
ally in
reases from zero is expe
ted for theamplitude T01 [25℄. This is 
onsistent with the mea-sured SDMEs 
ontaining this amplitude, as is 
learlyseen for r500 and Refr0410g in the third row of Fig. 13.8.4 Class D: Heli
ity-Flip Transition 
�L ! �0TClass D 
onsists of SDMEs for whi
h the main termsin (91-96) 
ontain a produ
t of the small heli
ity-
ipamplitude T10 with the 
omplex 
onjugate of T11. Un-polarized (polarized) SDMEs represent the real (imag-inary) part of this produ
t. Correspondingly, they de-s
ribe the interferen
e of the heli
ity-
ip transition
�L ! �0T with the heli
ity-
onserving transition 
�T !�0T . Figure 14 shows that the 
lass D SDMEs dependsonly weakly on Q2 and t0, and are 
onsistent with zeroas �t0 ! 0, as expe
ted.8.5 Class E: Double Heli
ity-Flip Transition
��T ! �0TClass E 
onsists of the SDMEs with the main termdes
ribing the interferen
e of the transition 
��T ! �0Twith 
�T ! �0T . This 
orresponds to a produ
t of thedouble spin-
ip amplitude T1�1 with the 
omplex 
on-jugate of the heli
ity-
onserving amplitude T11. Unpo-larized (polarized) SDMEs represent the real (imag-inary) part of this produ
t. Their Q2 and t0 depen-den
es are presented in Fig. 15, where it 
an be seenthat the 
lass D SDMEs depend only weakly on Q2and t0, and are 
onsistent with zero as �t0 ! 0, asexpe
ted.
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-t/ (GeV2)Fig. 13. Q2 and t0 dependen
e of the 
lass C SDMEs des
ribing the interferen
e of the heli
ity-
ip transition 
�T ! �0Land one of the dominant heli
ity-
onserving transition. Filled squares (
ir
les) 
orrespond to proton (deuteron) data.Total un
ertainties are depi
ted, 
al
ulated as statisti
al and systemati
 un
ertainties 
ombined in quadrature.
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-t/ (GeV2)Fig. 14. Q2 and t0 dependen
es of 
lass D SDMEs des
ribing the interferen
e of the heli
ity-
ip transition 
�L ! �0Tand the dominant transition 
�T ! �0T . Filled squares (
ir
les) 
orrespond to proton (deuteron) data. Total un
ertaintiesare depi
ted, 
al
ulated as statisti
al and systemati
 un
ertainties 
ombined in quadrature.
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-t/ (GeV2)Fig. 15. Q2 and t0 dependen
es of the 
lass E SDMEs des
ribing the interferen
e of the double-heli
ity-
ip transition
��T ! �0T and the dominant transition 
�T ! �0T . Filled squares (
ir
les) 
orrespond to proton (deuteron) data. Totalun
ertainties are depi
ted, 
al
ulated as statisti
al and systemati
 un
ertainties 
ombined in quadrature.9 Unnatural-Parity Ex
hangeFor �0 produ
tion on the proton, or in
oherent pro-du
tion on the deuteron, the existen
e of unnatural-parity ex
hange 
an be tested by evaluating the fol-lowing 
ombinations of SDMEs:u1 = 1� r0400 + 2r041�1 � 2r111 � 2r11�1; (52)u2 = r511 + r51�1; (53)u3 = r811 + r81�1: (54)If UPE is absent, all three 
ombinations are expe
tedto vanish without resort to SCHC. A non-zero resultfor u1 =gXf4�jU10j2 + 2jU11 + U�11j2g=N (55)indi
ates the existen
e of UPE 
ontributions, while thevalue foru2 + iu3 = p2gXf(U11 + U�11)�U10g=N (56)
an vanish despite the existen
e of UPE 
ontributions.Su
h a behavior 
an be explained if a hierar
hy existsalso for unnatural-parity-ex
hange amplitudes:gXjU11j2 �gXjU10j2;gXjU01j2;gXjU�11j2: (57)

This hierar
hy is analogous to (49) and 
an be assumedto be a general property of UPE amplitudes.The proton result u1 = 0:125�0:021stat�0:050systfor the entire HERMES kinemati
 region di�ers fromzero at a level of more than two standard deviationsin the total un
ertainty, suggesting the existen
e ofunnatural-parity-ex
hange 
ontributions. The deuteronresult u1 = 0:091 � 0:016stat � 0:046syst also ex
eedszero, but with smaller signi�
an
e. Note that for bothtargets, systemati
 un
ertainties strongly dominate.The dependen
es on Q2 and t0 of u1 for the protonand deuteron are presented in Fig. 16 and Tab. 10.Although the un
ertainties are large due to the largenumber of SDMEs involved in relation (52), all mea-sured values of u1 are positive over the whole kinemati
range. For the 
al
ulation of un
ertainties in (52), the
orrelations between SDMEs are taken into a

ount(see Tabs. 15,16).For 
oherent �0 produ
tion on the deuteron (iso-spin zero), only isos
alar meson ex
hange is allowed;hen
e there are no 
ontributions from �, a1, or b1 ex-
hange.The in
oherent 
ontribution to the 
ross se
tion onthe neutron is expe
ted to have an unnatural-parity-ex
hange 
ontribution similar to that for the proton.The resulting value of u1 for the deuteron is hen
eexpe
ted to be smaller than that for the proton dueto the admixture of 
oherent s
attering. A possible
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Fig. 16. The Q2 and t0 dependen
e of u1 = 1 � r0400 +2r041�1�2r111�2r11�1 for proton (�lled squares) and deuteron(�lled 
ir
les) data. The values of u1 for yields integratedover the range 1 GeV2 < Q2 < 7 GeV2 are shown asopen symbols. The inner (outer) error bars represent thestatisti
al (total) un
ertainties.indi
ation of this behavior is observed in the lowestt0 bin of the right se
tion of Fig. 16, where u1 of theproton ex
eeds that of the deuteron.The HERMES results on u1; u2, and u3 are pre-sented in Fig. 17 and in the top se
tion of Tab. 11.The value of u3 is measured here for the �rst time. The
ombination of proton and deuteron data shows the ex-isten
e of UPE amplitudes on the level of almost threestandard deviations in the total un
ertainty: up+d1 =0:106� 0:036. In addition, results on u1 and u2 fromother experiments are given in Fig. 17 and in the bot-tom panel of Tab. 11. While u2 is measured to be 
om-patible with zero by all experiments, u1 is found to be
onsistent with zero only for high values of W , as ex-pe
ted for �, a1, and b1 ex
hanges. For low values ofW , the averaged result from the older measurements,ulowW1 = 0:70� 0:16, is in agreement with the 
on
lu-sion that UPE amplitudes exist at HERMES kinemat-i
s.It is worth re
alling that the existen
e of unnatural-parity ex
hange in �0produ
tion by a virtual photon,with longitudinally polarized beam and target, resultsin a double-spin asymmetry [21℄. At HERMES [17℄ thisasymmetry was found to be non-zero for the proton,with a signi�
an
e of 1.7 standard deviations of thetotal un
ertainty; the asymmetry for the deuteron wassmaller, as dis
ussed in Refs. [14,21℄.We note that there is no agreement between theHERMES measured value of u1 at Q2 = 3 GeV2 andvalues of u1 
al
ulated in variants of a GPD-basedmodel [35℄.10 Contribution of the Heli
ity-Flip andUPE Amplitudes to the Full Cross Se
tionNon-
onservation of s-
hannel heli
ity arises from theexisten
e of non-zero heli
ity-single-
ip and/or heli
ity-
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Fig. 17. Average values of u1, u2 and u3 
al
ulated a
-
ording to (52-54) from HERMES proton (�lled squares)and deuteron (�lled 
ir
les) SDMEs are shown togetherwith the values 
al
ulated from published SDMEs fromDESY [37℄, SLAC'79 [55℄, SLAC'74 [56℄, ZEUS BPS [9℄,ZEUS DIS [10℄ and H1 [11℄. For HERMES (other exper-iments) systemati
 un
ertainties are 
ombined in quadra-ture with (without) a

ounting for 
orrelations between theSDMEs. The HERMES deuteron and SLAC'74 data pointsare presented with a small horizontal o�set to improve theirvisibility.double-
ip amplitudes. It 
an be quanti�ed by mea-suring ratios �ij , of heli
ity-
ip amplitudes Tij to thesquare root of the sum of all amplitudes squared,�ij = jTij jpN ; (58)with N = �NL + NT as de�ned in Se
tion 3. Thesquared ratio �2ij represents the fra
tional 
ontributionfrom the amplitude Tij to the full 
ross se
tion. The�ij 's 
an be expressed in terms of SDMEs, as shown inAppendix C.For the heli
ity-
ip amplitude T01, des
ribing thetransition 
�T ! �0L, the quantity �01 is approximatedas: �01 � p�p(r500)2 + (r800)2p2r0400 : (59)For the heli
ity-
ip amplitude T10, des
ribing the tran-sition 
�L ! �0T , the quantity �10 is given by�10 � q(r511 + Imfr61�1g)2 + (Imfr71�1g � r811)2q2(r11�1 � Imfr21�1g) ; (60)
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Fig. 18. Ratios of 
ertain heli
ity-
ip amplitudes to thesquare root of the sum of all amplitudes squared: �01, �10,and �1�1. HERMES results on proton (�lled squares) anddeuteron (�lled 
ir
les) are 
al
ulated a

ording to (59-61),while results from DESY [37℄, SLAC'79 [55℄, SLAC'74 [56℄,ZEUS BPS [9℄, ZEUS DIS [10℄ and H1 [11℄ are 
al
ulateda

ording to (62-64). For HERMES (other experiments)systemati
 un
ertainties are 
ombined in quadrature with(without) a

ounting for 
orrelations between the SDMEs.The HERMES deuteron and SLAC'74 data points are pre-sented with a small horizontal o�set to improve their visi-bility.and for the heli
ity-double-
ip amplitude T1�1, de-s
ribing the transition 
��T ! �0T , the quantity �1�1 isgiven by�1�1 � q(r111)2 + (Imfr31�1g)2qr11�1 � Imfr21�1g : (61)The resulting �ij values for proton and deuteron dataare presented in Fig. 18 and in the top se
tion ofTab. 12 for the entire HERMES kinemati
 region. Non-
onservation of s-
hannel heli
ity is 
learly observedfor the amplitude T01 and, for the �rst time, for theamplitude T10, although with somewhat lower statis-ti
al signi�
an
e.Polarized SDMEs 
annot be determined from 
ol-lider data, as the 
ollider kinemati
 
onditions imply� � 1. A

ording to (39), this suppresses the 
ontribu-tion of polarized SDMEs to WL.

In Ref. [9℄ the amplitude ratios are approximatedas follows: e�01 � r500p2r0400 ; (62)e�10 � Refr0410g+Refr110gpr0400 ; (63)e�1�1 � jr111jq2r11�1 : (64)In 
ontrast to (59-61), these expressions rely on the as-sumption of zero phase di�eren
e between the 
onsid-ered amplitude (T01; T10, or T1�1) and the 
orrespond-ing dominant amplitude (T00 or T11). Results for thequantities e�ij from ZEUS and other experiments, 
al-
ulated from unpolarized proton SDMEs, are shown inFig. 18 and in the bottom se
tion of Tab. 12.The 
ombined e�e
t of s-
hannel heli
ity non-
on-servation and of a 
ontribution of UPE to the full 
rossse
tion 
an be estimated a

ording to (32,33, 27,28) asfollows. First note thatd�fulldt � fN0�1 + �2T + �2UPE�; (65)where N0 = �jT00j2 + jT11j2 (66)
ontains only the 
ontributions of s-
hannel heli
ity
onserving NPE amplitudes. The s-
hannel heli
itynon-
onserving fra
tional 
ontribution of NPE amp-litudes to the 
ross se
tion is de�ned as�2T = �2�jT10j2 + jT01j2 + jT1�1j2�=N0� 2��210 + �201 + �21�1: (67)The HERMES result for �2T is 0:025 � 0:003stat �0:003syst and 0:028� 0:002stat� 0:002syst for the pro-ton and deuteron, respe
tively.Correspondingly, the UPE 
ontribution is de�nedas: �2UPE =gX�2�jU10j2 + jU01j2 + jU1�1j2 + jU11j2�=N0: (68)Be
ause the 
ontributions of amplitudes U01 and U1�1to (68) are negligibly small, �2UPE and u1 (55) 
an beapproximately related to one another as: �2UPE � u1=2.A

ordingly, the �rst determination of the fra
tionalUPE 
ontribution to the full 
ross se
tion �2UPE is0:063 � 0:011stat � 0:025syst and 0:046 � 0:008stat �0:023syst for the proton and deuteron, respe
tively.11 Longitudinal-to-Transverse CrossSe
tion RatioIn prin
iple the longitudinal-to-transverse 
ross se
-tion ratio R (34) 
an experimentally be determined



24dire
tly from the two 
ross se
tions if they 
an be ex-tra
ted separately from the data using, e.g., the Rosen-bluth de
omposition te
hnique [57℄. For given valuesof Q2 and W (or Q2 and xB), this requires data setsat di�erent values of �, so that measurements at dif-ferent beam energies are ne
essary [23℄. No data onve
tor meson produ
tion using su
h a de
ompositionhave been published.11.1 Approximations for RA 
ommon approximation to the ratio R is experimen-tally determined from the measured SDME r0400 :R04 = 1� r04001� r0400 : (69)The quantity R04 represents the ratio of 
ross se
tionsfor longitudinal and transverse �0 polarization, and itis not identi
al to the true R that represents the ratioof the 
ross se
tions with respe
t to the polarizationof the virtual photon. The relation between R04 andR is obtained by 
omparing (69,77) with (34,28,27):R = R04 � �(1 + �R04)�(1 + �) ; (70)with � = (1 + �R04)N�gXfjT01j2 + jU01j2 � 2�(jT10j2 + jU10j2)g (71)(see Appendix D). In the 
ase of SCHC, � = 0 andR04 = R. The quantity R04 
an be either smaller orlarger than R, depending on the sign of the small pa-rameter �. The latter 
an be 
al
ulated from data bynegle
ting the small 
ontributions of the heli
ity-
ipUPE amplitudes U10, U01 in (71):� � (1 + �R04)(�201 � 2��210) ; (72)where �01 and �10 are given in (59-60).Regge phenomenology suggests that 
ontributionsof unnatural-parity ex
hange are more signi�
ant atthe lower energies typi
al of this experiment, and de-
rease at 
ollider energies. In order to allow a 
om-parison of HERMES results on R with those at highenergy and also with GPD-based 
al
ulations, the ra-tio RNPE is determined from R04 by subtra
ting the
ontributions of all UPE amplitudes. The dependen
eof the di�eren
e �RUPE = R04�RNPE on jUij j2 
anbe determined in a linear approximation as�RUPE =Xij �R04�jUij j2 jUij j2 :
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Fig. 19. Q2 dependen
e of the longitudinal-to-transverse
ross se
tion ratio measured at HERMES. Results fromproton (deuteron) data are shown in the left (right) panel.Filled symbols represent the value of R04 
al
ulated fromr0400 (69), open symbols 
orrespond to the true value ofR 
al
ulated a

ording to (70,72), and 
rosses (diamonds)represent RNPE (75). Total un
ertainties are shown, 
al-
ulated by 
ombining the statisti
al and systemati
 un
er-tainties in quadrature. The data points for R and RNPEare presented with a small horizontal o�set to improve theirvisibility.Assuming the hierar
hy (57) of UPE amplitudes, this
an be approximated by retaining only U11:�RUPE � �R04�jU11j2 jU11j2 : (73)A

ording to (70) and (71), R04 
an be approximatedby R = NL=NT , whi
h yields, along with (27,28),�RUPE � �NLN 2TgXjU11j2= �R � fPjU11j2NT + �NL � NT + �NLNT� �R04 � u12 � (1 + �R04) : (74)Here u1 � 2fPjU11j2=(NT + �NL) is used instead of(55). The �nal approximate formula forRNPE = R04��RUPE isRNPE � R04[1 + u12 (1 + �R04)℄ : (75)11.2 HERMES Results on REvaluations of R from HERMES data are performedfor the entire interval 0 GeV2 < �t0 < 0:4 GeV2.The Q2 dependen
es of the quantities R04 (69) andR (70,72) are presented in Fig. 19. In the HERMESkinemati
 
onditions, at � � 0:8, the value of � is about0.1 (�0:1) for the proton (deuteron), and the magni-tude of the di�eren
e between R and R04 is small, ofthe order of 0:1.
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Fig. 20. Q2 dependen
e of the longitudinal-to-transverse 
ross se
tion ratio for ex
lusive �0 produ
tion on the proton.Left panel: R04 
al
ulated from the SDME r0400 a

ording to (69). HERMES proton data (�lled squares) are 
ompared tomeasurements of CLAS [58,59℄, Cornell [60℄, E665 [61℄, H1 [11℄, and ZEUS [9,10℄. The more re
ent CLAS data [59℄ (smallsquares) are from a narrow bin in xB with approximately the same hxBi as the HERMES data, whi
h are integratedover the xB a

eptan
e. Right panel: R04 for ZEUS (triangles) and RNPE for HERMES (squares), �tted separatelya

ording to (76). For all data points, total un
ertainties are shown. Theoreti
al 
al
ulations [35℄ of R0 = jT00j2=jT11j2are shown as dashed line at W= 5 GeV; the un
ertainties arising from the un
ertainties in the parton distributionfun
tions are shown as a shaded band [35℄.In se
tion 10 it was shown that by analyzing theamplitudes that 
omprise the SDMEs, a statisti
allysigni�
ant, non-zero UPE 
ontribution to the 
rossse
tion exists. At the intermediate energy of the HER-MES experiment this 
ontribution is small. If it is
aused by ex
hange of �, a1, or b1, this 
ontributionwould be negligible at higher energies [8℄. In order to
ompare the HERMES results on R with those of ex-periments at higher energy, it is appropriate to 
orre
tR04 for the UPE 
ontribution and 
onsiderRNPE . Thevalue of �RUPE is about �0:11 (�0:08) for the pro-ton (deuteron) at HERMES kinemati
s. The resultingvalues of RNPE are shown in Fig. 19 and Tab. 13.11.3 Comparison to World Data and ModelsResults for R from di�erent experiments 
an be 
om-pared only if either R is independent of t0, or the t0 de-penden
es of the 
ross se
tions d�Ldt and d�Tdt and the t0intervals of the measurements of R are the same. Thet0 dependen
e of R is determined essentially by the t0dependen
e of the SDME r0400 (see (77)), whi
h is foundto be approximately 
at in t0 both at HERMES (seeFig. 10) and at H1 [11℄ and ZEUS [10℄ kinemati
s. Forthis 
ase, the ratio of the total 
ross se
tions 
oin
ideswith the ratio of the 
ross se
tions that are di�erentialin t (see (34)).

The left panel of Fig. 20 shows HERMES resultson the Q2 dependen
e of R04, as measured on the pro-ton, in 
omparison to world data. Given the experi-mental un
ertainties, there is no dis
repan
y with thedata at lower energies from CLAS [58,59℄ and COR-NELL [60℄. The HERMES data at intermediate en-ergies are not expe
ted to agree exa
tly with thoseat high energies be
ause of the UPE 
ontributions ob-served in the HERMES data, as dis
ussed in se
tions 9and 10. We note that SCHC violating amplitudes arealso observed in the new CLAS data [59℄. Additionalreasons may be the importan
e of valen
e-quark ex-
hange for NPE amplitudes and also a generally di�er-ent W dependen
e of the longitudinal and transverse
ross se
tions, as re
ently dis
ussed in Ref. [35℄ in the
ontext of a GPD-based model.The right panel of Fig. 20 presents the HERMESresults on the longitudinal-to-transverse 
ross se
tionratio RNPE , whi
h is 
orre
ted for the UPE 
ontribu-tions shown in the previous se
tion to be of substantialsize at intermediate energy. The HERMES data are
ompared to the re
ent high energy data on R04 fromZEUS [10℄, for whi
h the UPE 
ontribution is expe
tedto be strongly suppressed.In order to investigate a possible W dependen
e ofthe longitudinal-to-transverse 
ross se
tion ratio, theHERMES and ZEUS data are �tted separately to a



26Q2 dependen
e suggested by VMD models [2,7,62℄:R(Q2) = 
0� Q2M2V �
1 ; (76)where 
0 and 
1 are free parameters and MV is themass of the �0 meson. The �t results are 
0 = 0:56�0:08, 
1 = 0:47 � 0:12 for HERMES and 
0 = 0:69�0:22, 
1 = 0:59�0:15 for ZEUS, with �2=d:o:f: = 0:45and 0.15 respe
tively. These �2 values indi
ate thatthe �ts are dominated by systemati
 un
ertainties.A W dependen
e of the Q2 slope is 
onsistent withre
ent 
al
ulations using a GPD-based model [35℄. Wenote the agreement of these 
al
ulations performed atW = 5 GeV for Q2 values down to 3 GeV2 (see dashed
urve in Fig. 20) with the highest Q2 = 3 GeV2 pointof HERMES. Un
ertainties in the model 
al
ulationsoriginating from un
ertainties in the parton distribu-tions employed are shown as a shaded band superim-posed on the 
urve.12 SummaryHERMES has studied ex
lusive �0 produ
tion on theproton and deuteron at intermediate energies (hW i =4:8 GeV), at the average values of hQ2i = 1:95 GeV2,h�t0i = 0:13 GeV2, and hxBi = 0:08, using polarizedbeams and unpolarized targets.By performing a maximum likelihood �t, �fteenunpolarized SDMEs and, for the �rst time, eight po-larized SDMEs are obtained. The measured SDMEsare grouped a

ording to their theoreti
ally expe
tedhierar
hy. This fa
ilitates the investigation of the rela-tive importan
e of various heli
ity amplitudes des
rib-ing di�erent 
� ! �0 transitions. Within the givenexperimental un
ertainties, the expe
ted hierar
hy ofrelative sizes of heli
ity amplitudes is observed.Non-zero values are observed for the two heli
ity-
ip amplitudes T01 and T10, indi
ating a small butstatisti
ally signi�
ant deviation from the hypothesisof s-
hannel heli
ity 
onservation.The phase di�eren
e between the heli
ity-
onser-ving amplitudes T11 and T00 is 
on�rmed to be signif-i
antly non-zero and is also seen to have a possible Q2dependen
e. For the �rst time, the sign of the phasedi�eren
e is determined using the polarized SDMEs.The kinemati
 dependen
es of all 23 SDMEs aremeasured for both hydrogen and deuterium targets.Clear dependen
es on Q2 and t0 are observed for 
er-tain SDMEs. No signi�
ant di�eren
e between protonand deuteron results is seen.The evaluation of 
ertain linear 
ombinations ofSDMEs provides an indi
ation that at the interme-diate energy of the HERMES experiment, 
ontribu-tions of unnatural-parity-ex
hange amplitudes exist.Su
h amplitudes are naturally generated by a quark-ex
hange me
hanism.

In order to determine the longitudinal-to-transverse 
ross se
tion ratio with respe
t to thepolarization of the virtual photon, an approximationR04 to the ratio R of the 
ross se
tions for longitudinaland transverse �0 polarizations is 
al
ulated from theSDME r0400 as a fun
tion of Q2. The results obtainedfor other SDMEs permit us to improve this approx-imation of R by taking into a

ount transitions ofnatural parity that do not 
onserve s-
hannel heli
ity.In order to fa
ilitate 
omparison with high-energy
ollider data, a 
orre
tion is applied to R04 to ex
lude
ontributions from unnatural-parity ex
hange. The
omparison of the Q2 dependen
es of R at low andhigh values of W suggests a possible W dependen
eof the ratio.A
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howsky and T.S.H. Lee, Phys. Lett. B 379,1 (1996).Appendix A. The 23 Spin-Density MatrixElements Expressed in Terms of Heli
ityAmplitudesThe basi
 expressions for the 23 spin density matrix el-ements measurable with a polarized lepton beam andan unpolarized target, ordered a

ording to the ex-pe
ted hierar
hy of amplitudes, are given in (77){(99).(COMMENT FOR THE EDITORS: these formulaeappear on the next page).Appendix B. Derivation of Formulae for 
os Æand sin ÆNegle
ting small 
ontributions of the produ
ts of spin-
ip amplitudes T10T �01 and U10U�01 in (80)-(83) we ob-



28 A : 
�L ! �0L and 
�T ! �0Tr0400 =gXf�jT00j2 + jT01j2 + jU01j2=g=N ; (77)r11�1 = 12gXfjT11j2 + jT1�1j2 � jU11j2 � jU1�1j2g=N ; (78)Imfr21�1g = 12gXf�jT11j2 + jT1�1j2 + jU11j2 � jU1�1j2g=N ; (79)B : interferen
e of 
�L ! �0L and 
�T ! �0TRefr510g = 1p8gXRef2T10T �01 + (T11 � T1�1)T �00g=N ; (80)Imfr610g = 1p8gXRef2U10U�01 � (T11 + T1�1)T �00g=N ; (81)Imfr710g = 1p8gXImf2U10U�01 + (T11 + T1�1)T �00g=N ; (82)Refr810g = 1p8gXImf�2T10T �01 + (T11 � T1�1)T �00g=N ; (83)C : 
�T ! �0LRefr0410g =gXRef�T10T �00 + 12T01(T11 � T1�1)� + 12U01(U11 + U1�1)�g=N ; (84)Refr110g = 12gXRef�T01(T11 � T1�1)� + U01(U11 + U1�1)�g=N ; (85)Imfr210g = 12gXRefT01(T11 + T1�1)� � U01(U11 � U1�1)�g=N ; (86)r500 = p2gXRefT01T �00g=N ; (87)r100 =gXf�jT01j2 + jU01j2g=N ; (88)Imfr310g = �12gXImfT01(T11 + T1�1)� + U01(U11 � U1�1)�g=N ; (89)r800 = p2gXImfT01T �00g=N ; (90)D : 
�L ! �0Tr511 = 1p2gXRefT10(T11 � T1�1)� + U10(U11 � U1�1)�g=N ; (91)r51�1 = 1p2gXRef�T10(T11 � T1�1)� + U10(U11 � U1�1)�g=N ; (92)Imfr61�1g = 1p2gXRefT10(T11 + T1�1)� � U10(U11 + U1�1)�g=N ; (93)Imfr71�1g = 1p2gXImfT10(T11 + T1�1)� � U10(U11 + U1�1)�g=N ; (94)r811 = � 1p2gXImfT10(T11 � T1�1)� + U10(U11 � U1�1)�g=N ; (95)r81�1 = 1p2gXImfT10(T11 � T1�1)� � U10(U11 � U1�1)�g=N ; (96)E : 
��T ! �0Tr041�1 =gXRef��jT10j2 + �jU10j2 + T1�1T �11 � U1�1U�11g=N ; (97)r111 =gXRefT1�1T �11 + U1�1U�11g=N ; (98)Imfr31�1g = �gXImfT1�1T �11 � U1�1U�11g=N ; (99)



29tain the approximate relations:p2(Refr510g � Imfr610g) � Re(T11T �00)=N= jT11jjT00j 
os Æ=N ; (100)p2(Refr810g+ Imfr710g) � Im(T11T �00)=N= jT11jjT00j sin Æ=N : (101)Negle
ting jT01j2 and jU01j2 in the numerator in rela-tion (77) we get r0400=� � jT00j2=N : (102)Re
alling the formulae (27), (28), and (26) for N , weobtain from (77) the approximate relation1� r0400 �gXhjT11j2 + jU11j2i=N (103)if we negle
t small 
ontributions of spin-
ip amplitudesin the numerator of (103). As seen from relation (103)the di�eren
e 1 � r0400 
ontains jU11j2; to 
an
el this
ontribution, the di�eren
e of two SDMEs de�ned by(78) and (79) is 
onsidered:r11�1 � Imfr21�1g =gXhjT11j2 � jU11j2i=N : (104)Adding (103) and (104) together the relation(1� r0400 + r11�1 � Imfr21�1g)=2 � jT11j2=N (105)is obtained. Dividing (100) and (101) by the squareroot of the produ
t of (102) and (105), formulae (50)and (51) are obtained respe
tively.Appendix C. Derivation of Formula for �10Here we derive the formula for �10 only; formu-lae for �01 and �1�1 
an be derived in an analo-gous way. If we retain only linear 
ontributions ofsmall s-
hannel heli
ity-
ip amplitudes in the basi
formulae for SDMEs (77)-(99), negle
ting unnatural-parity-ex
hange 
ontributions and bilinear produ
ts ofheli
ity-
ip amplitudes we obtain:r0400 = �jT00j2=N0 ; (106)Refr0410g = Ref�T10T �00 + 12T01T �11g=N0 ; (107)Refr110g = �12RefT01T �11g=N0 ; (108)r11�1 = �Imfr21�1g = 12 jT11j2=N0 ; (109)r511 = Imfr61�1g = 1p2RefT10T �11g=N0 ; (110)Imfr71�1g = �r811 = 1p2ImfT10T �11g=N0 ; (111)

where N0 = �jT00j2 + jT11j2 (see (66)).The parameter e�10 was de�ned in [9℄ by the relatione�10 = jT10j=pjT00j2 + jT11j2 (112)and estimated from (106,107,108) with the formulae�10 � Refr0410g+Refr110gpr0400= jT10j 
os Æ10pjT00j2 + jT11j2=� (113)where Æ10 = arg(T10)� arg(T00). Comparison of(112) and (113) shows that they are equal to ea
h otherif � � 1 and Æ10 � 0.Instead of (113) we derive a formula whi
h is ap-pli
able for any values of Æ10 and �. Combining (110)and (111), we obtain(r511 + Imfr61�1g)2 + (Imfr71�1g � r811)2= 2N 20 h(RefT10T �11g)2 + (ImfT10T �11g)2i= 2N 20 jT10j2jT11j2: (114)Dividing (114) by 2r11�1 � 2Imfr21�1g = 2jT11j2=N0(see (109)) we get the �nal approximate formula�10 � jT10j=pN0� q(r511 + Imfr61�1g)2 + (Imfr71�1g � r811)2q2(r11�1 � Imfr21�1g) :(115)Sin
e N0 = N within the approximation under 
onsid-eration, formula (115) 
orresponds to de�nition (58) of�10. In the 
ase � = 1, whi
h was 
onsidered in Ref. [9℄,the estimate (115) for �10 
oin
ides with the de�nitiongiven in (112).Appendix D. Derivation of Relationsbetween R04 and RFrom (69,77,26) it follows that�R04 = fPf�jT00j2 + jT01j2 + jU01j2gNT + �NL �fPf�jT00j2 + jT01j2 + jU01j2g =�NL +fPf�2�(jT10j2 + jU10j2) + jT01j2 + jU01j2gNT �fPf�2�(jT10j2 + jU10j2) + jT01j2 + jU01j2g ;(116)where in the se
ond step we have used the formula forNL (28) for the transformation of (116). Dividing both



30the numerator and denominator in (116) by NT andremembering the de�nition (34) of R we get�R04 = �R+ �1� � (117)with� =gXf�2�(jT10j2 + jU10j2) + jT01j2 + jU01j2g=NT= �(1 + �R)1 + �R04 : (118)The last relation follows from 
omparison of (118) andthe de�nition (71) of �. Equation (117) 
an be easilyrewritten in the formR = R04 � �� (1 + �R04) (119)whi
h is equivalent to (70) if we take into a

ount therelation (118) between � and �.Appendix E. Kinemati
 Intervals, Mean Val-ues for Kinemati
 Variables and SDMEs, forProton and DeuteronThe resulting SDMEs with statisti
al and systemati
un
ertainties are presented below in tabular form forhydrogen and deuterium targets. First, in Tab. 2 themean kinemati
 values are presented for the entirekinemati
 region of the measurement and for ea
h binused in the Q2, t0 and xB dependen
es. In Tabs. 3,4, 5 (6, 7, 8) the results of the measurement of theQ2, t0 and xB-dependen
es, respe
tively, for the pro-ton (deuteron) are listed. The values of the phase dif-feren
e Æ between T11 and T00 amplitudes, from protonand deuteron data, are 
ontained in Tab. 9. The kine-mati
 dependen
es of the u1 value used for the study ofunnatural-parity-ex
hange amplitudes are in Tab. 10.The SDMEs measured over the entire kinemati
 re-gion from proton data, but presented using the re
entrepresentation of Ref. [25℄ are listed in Tab. 14. The
orrelation matri
es of the 23 SDMEs measured for theproton and deuteron over the entire kinemati
 regionare presented in Tabs. 15 and 16.



31Table 2. The de�nition of intervals and the mean values for kinemati
 variables for hydrogen (deuterium) data.bin hQ2i, GeV21 GeV2 < Q2 < 7 GeV2 1.95 (1.94)0:5 GeV2 < Q2 < 1:0 GeV2 0.82 (0.82)1:0 GeV2 < Q2 < 1:4 GeV2 1.19 (1.18)1:4 GeV2 < Q2 < 2 GeV2 1.66 (1.66)2 GeV2 < Q2 < 7 GeV2 3.06 (3.04)ht0i, GeV20:0 GeV2 < �t0 < 0:04 GeV2 0.019 (0.018)0:04 GeV2 < �t0 < 0:10 GeV2 0.068 (0.068)0:10 GeV2 < �t0 < 0:20 GeV2 0.146 (0.145)0:20 GeV2 < �t0 < 0:40 GeV2 0.281 (0.283)hxBi0:0 < xB < 0:05 0.042 (0.042)0:05 < xB < 0:08 0.064 (0.064)0:08 < xB < 0:35 0.120 (0.119)1 GeV2 < Q2 < 7 GeV2 h�i = 0:80 � 0:01Table 3. The 23 unpolarized and polarized SDMEs for �0 produ
tion from the proton in Q2 bins de�ned by the limits0.5, 1.0, 1.4, 2.0, and 7.0 GeV2. The �rst un
ertainties are statisti
al, the se
ond systemati
.Element hQ2i = 0:82 GeV2 hQ2i = 1:19 GeV2 hQ2i = 1:66 GeV2 hQ2i = 3:06 GeV2r0400 0.349 � 0.026 � 0.061 0.368 � 0.018 � 0.011 0.397 � 0.017 � 0.018 0.454 � 0.014 � 0.011r11�1 0.283 � 0.023 � 0.049 0.262 � 0.018 � 0.024 0.274 � 0.019 � 0.024 0.204 � 0.017 � 0.012Im r21�1 �0.294 � 0.019 � 0.038 �0.255 � 0.016 � 0.022 �0.239 � 0.017 � 0.011 �0.197 � 0.017 � 0.012Re r510 0.151 � 0.028 � 0.026 0.171 � 0.007 � 0.000 0.161 � 0.006 � 0.004 0.141 � 0.006 � 0.008Im r610 �0.149 � 0.015 � 0.010 �0.167 � 0.007 � 0.003 �0.167 � 0.006 � 0.005 �0.156 � 0.006 � 0.010Im r710 0.079 � 0.068 � 0.011 0.092 � 0.038 � 0.010 0.039 � 0.036 � 0.004 0.187 � 0.034 � 0.018Re r810 0.040 � 0.043 � 0.011 0.020 � 0.031 � 0.008 0.074 � 0.034 � 0.002 0.098 � 0.032 � 0.005Re r0410 0.028 � 0.028 � 0.020 0.029 � 0.007 � 0.003 0.035 � 0.007 � 0.011 0.026 � 0.007 � 0.003Re r110 �0.037 � 0.044 � 0.032 �0.043 � 0.012 � 0.006 �0.036 � 0.012 � 0.012 �0.009 � 0.013 � 0.010Im r210 0.023 � 0.019 � 0.007 0.022 � 0.012 � 0.018 0.005 � 0.012 � 0.024 0.022 � 0.013 � 0.008r500 0.121 � 0.038 � 0.039 0.094 � 0.017 � 0.017 0.057 � 0.015 � 0.019 0.151 � 0.015 � 0.007r100 �0.054 � 0.039 � 0.013 0.011 � 0.032 � 0.018 0.007 � 0.031 � 0.009 0.037 � 0.034 � 0.002Im r310 0.002 � 0.041 � 0.008 �0.041 � 0.026 � 0.005 �0.074 � 0.025 � 0.005 0.048 � 0.024 � 0.006r800 0.022 � 0.079 � 0.026 0.040 � 0.084 � 0.014 0.054 � 0.086 � 0.011 0.010 � 0.085 � 0.016r511 �0.015 � 0.010 � 0.007 �0.011 � 0.006 � 0.006 �0.008 � 0.006 � 0.011 �0.021 � 0.006 � 0.016r51�1 0.009 � 0.011 � 0.019 0.008 � 0.007 � 0.006 �0.013 � 0.007 � 0.003 0.020 � 0.007 � 0.008Im r61�1 �0.011 � 0.010 � 0.013 0.002 � 0.007 � 0.007 0.002 � 0.007 � 0.004 �0.010 � 0.007 � 0.007Im r71�1 �0.003 � 0.078 � 0.021 0.023 � 0.056 � 0.013 �0.005 � 0.055 � 0.010 �0.109 � 0.047 � 0.004r811 0.019 � 0.053 � 0.007 0.056 � 0.045 � 0.004 0.051 � 0.044 � 0.006 �0.002 � 0.035 � 0.005r81�1 0.013 � 0.062 � 0.008 0.072 � 0.053 � 0.011 �0.018 � 0.054 � 0.004 0.004 � 0.045 � 0.014r041�1 �0.024 � 0.013 � 0.021 �0.014 � 0.010 � 0.010 �0.019 � 0.010 � 0.003 0.001 � 0.009 � 0.007r111 �0.039 � 0.017 � 0.018 �0.034 � 0.013 � 0.013 �0.023 � 0.013 � 0.008 �0.018 � 0.012 � 0.010Im r31�1 0.021 � 0.051 � 0.010 0.000 � 0.033 � 0.004 �0.031 � 0.032 � 0.007 �0.026 � 0.028 � 0.005



32Table 4. The 23 unpolarized and polarized SDMEs for �0 produ
tion from the proton in �t0 bins de�ned by the limits0.0, 0.04, 0.1, 0.2, and 0.4 GeV2. The �rst un
ertainties are statisti
al, the se
ond systemati
.Element h�t0i = 0:019 GeV2 h�t0i = 0:068 GeV2 h�t0i = 0:146 GeV2 h�t0i = 0:281 GeV 2r0400 0.393 � 0.018 � 0.019 0.394 � 0.018 � 0.025 0.415 � 0.019 � 0.021 0.481 � 0.019 � 0.028r11�1 0.235 � 0.021 � 0.014 0.265 � 0.021 � 0.012 0.260 � 0.020 � 0.031 0.203 � 0.020 � 0.030Im r21�1 �0.204 � 0.020 � 0.008 �0.243 � 0.019 � 0.011 �0.232 � 0.019 � 0.041 �0.231 � 0.019 � 0.021Re r510 0.156 � 0.007 � 0.005 0.156 � 0.007 � 0.010 0.153 � 0.007 � 0.007 0.153 � 0.008 � 0.009Im r610 �0.162 � 0.007 � 0.005 �0.170 � 0.007 � 0.010 �0.155 � 0.007 � 0.006 �0.153 � 0.008 � 0.008Im r710 0.103 � 0.040 � 0.007 0.112 � 0.040 � 0.007 0.081 � 0.042 � 0.011 0.163 � 0.047 � 0.033Re r810 0.042 � 0.037 � 0.011 0.059 � 0.037 � 0.006 0.100 � 0.036 � 0.013 0.114 � 0.039 � 0.015Re r0410 0.018 � 0.008 � 0.004 0.027 � 0.008 � 0.011 0.035 � 0.008 � 0.007 0.038 � 0.008 � 0.003Re r110 �0.009 � 0.014 � 0.005 �0.045 � 0.014 � 0.024 �0.013 � 0.015 � 0.009 �0.046 � 0.016 � 0.015Im r210 �0.001 � 0.014 � 0.011 0.030 � 0.014 � 0.019 0.015 � 0.013 � 0.019 0.030 � 0.015 � 0.013r500 0.039 � 0.016 � 0.001 0.068 � 0.016 � 0.030 0.136 � 0.018 � 0.010 0.219 � 0.020 � 0.022r100 0.019 � 0.035 � 0.020 0.015 � 0.035 � 0.027 �0.026 � 0.036 � 0.021 �0.005 � 0.041 � 0.013Im r310 �0.035 � 0.028 � 0.001 �0.044 � 0.027 � 0.004 0.018 � 0.029 � 0.007 0.009 � 0.032 � 0.025r800 �0.013 � 0.103 � 0.011 0.128 � 0.097 � 0.012 �0.028 � 0.095 � 0.028 0.066 � 0.097 � 0.012r511 �0.009 � 0.007 � 0.004 �0.011 � 0.006 � 0.009 �0.009 � 0.007 � 0.011 �0.031 � 0.006 � 0.024r51�1 �0.009 � 0.008 � 0.003 0.005 � 0.008 � 0.004 0.003 � 0.008 � 0.008 0.012 � 0.008 � 0.008Im r61�1 0.010 � 0.008 � 0.002 �0.010 � 0.008 � 0.008 0.006 � 0.008 � 0.003 �0.009 � 0.008 � 0.002Im r71�1 �0.034 � 0.064 � 0.011 �0.040 � 0.060 � 0.004 �0.076 � 0.060 � 0.015 �0.005 � 0.058 � 0.008r811 0.018 � 0.050 � 0.003 �0.010 � 0.048 � 0.009 0.061 � 0.045 � 0.006 0.068 � 0.042 � 0.006r81�1 0.021 � 0.062 � 0.005 0.024 � 0.058 � 0.009 �0.019 � 0.055 � 0.007 0.051 � 0.053 � 0.006r041�1 0.008 � 0.011 � 0.003 0.008 � 0.011 � 0.010 �0.033 � 0.011 � 0.008 �0.029 � 0.010 � 0.003r111 �0.022 � 0.015 � 0.016 0.002 � 0.015 � 0.009 �0.036 � 0.014 � 0.003 �0.034 � 0.014 � 0.012Im r31�1 �0.038 � 0.036 � 0.008 �0.015 � 0.035 � 0.001 �0.014 � 0.036 � 0.006 �0.036 � 0.036 � 0.010



33Table 5. The 23 unpolarized and polarized SDMEs for �0 produ
tion from the proton in xB bins de�ned by the limits0.0, 0.05, 0.08, and 0.35. The �rst un
ertainties are statisti
al, the se
ond systemati
.Element hxBi =0.042 hxBi=0.064 hxBi=0.120r0400 0.349 � 0.044 � 0.031 0.405 � 0.017 � 0.013 0.448 � 0.014 � 0.012r11�1 0.297 � 0.036 � 0.006 0.253 � 0.014 � 0.023 0.216 � 0.015 � 0.019Im r21�1 �0.308 � 0.032 � 0.024 �0.229 � 0.031 � 0.008 �0.198 � 0.014 � 0.015Re r510 0.151 � 0.027 � 0.014 0.176 � 0.008 � 0.007 0.146 � 0.006 � 0.012Im r610 �0.172 � 0.015 � 0.006 �0.169 � 0.005 � 0.003 �0.157 � 0.006 � 0.012Im r710 0.132 � 0.067 � 0.015 0.045 � 0.061 � 0.016 0.160 � 0.032 � 0.018Re r810 0.021 � 0.041 � 0.002 0.067 � 0.042 � 0.000 0.092 � 0.032 � 0.011Re r0410 0.023 � 0.021 � 0.005 0.038 � 0.017 � 0.010 0.033 � 0.006 � 0.005Re r110 �0.013 � 0.035 � 0.014 �0.050 � 0.011 � 0.010 �0.021 � 0.011 � 0.019Im r210 0.035 � 0.021 � 0.017 0.009 � 0.022 � 0.015 0.027 � 0.011 � 0.017r500 0.079 � 0.051 � 0.034 0.056 � 0.013 � 0.017 0.130 � 0.013 � 0.014r100 0.044 � 0.064 � 0.016 0.000 � 0.029 � 0.005 0.067 � 0.030 � 0.007Im r310 �0.025 � 0.042 � 0.001 �0.067 � 0.033 � 0.001 0.014 � 0.022 � 0.005r800 0.100 � 0.092 � 0.011 0.030 � 0.074 � 0.003 �0.005 � 0.090 � 0.031r511 0.005 � 0.022 � 0.011 �0.014 � 0.011 � 0.005 �0.019 � 0.004 � 0.016r51�1 �0.014 � 0.020 � 0.002 0.017 � 0.007 � 0.004 0.000 � 0.006 � 0.005Im r61�1 0.000 � 0.017 � 0.003 0.003 � 0.014 � 0.007 �0.001 � 0.006 � 0.007Im r71�1 0.019 � 0.099 � 0.012 0.071 � 0.135 � 0.019 �0.142 � 0.044 � 0.010r811 0.042 � 0.060 � 0.007 0.081 � 0.079 � 0.008 �0.002 � 0.033 � 0.009r81�1 0.089 � 0.065 � 0.003 0.031 � 0.077 � 0.003 0.005 � 0.043 � 0.009r041�1 �0.025 � 0.020 � 0.007 �0.001 � 0.012 � 0.010 �0.016 � 0.008 � 0.003r111 �0.067 � 0.030 � 0.008 �0.018 � 0.014 � 0.011 �0.032 � 0.010 � 0.009Im r31�1 �0.020 � 0.067 � 0.014 �0.017 � 0.061 � 0.009 �0.001 � 0.026 � 0.004



34Table 6. The 23 unpolarized and polarized SDMEs for �0 produ
tion from the deuteron in Q2 bins de�ned by thelimits 0.5, 1.0, 1.4, 2.0, and 7.0 GeV2. The �rst un
ertainties are statisti
al, the se
ond systemati
.SDME hQ2i = 0:82 GeV2 hQ2i = 1:18 GeV2 hQ2i = 1:66 GeV2 hQ2i = 3:04 GeV2r0400 0.365 � 0.015 � 0.058 0.386 � 0.017 � 0.010 0.445 � 0.012 � 0.022 0.407 � 0.011 � 0.013r11�1 0.294 � 0.013 � 0.060 0.278 � 0.016 � 0.022 0.235 � 0.013 � 0.012 0.216 � 0.014 � 0.008Im r21�1 �0.287 � 0.014 � 0.047 �0.267 � 0.013 � 0.034 �0.194 � 0.014 � 0.020 �0.219 � 0.014 � 0.017Re r510 0.159 � 0.008 � 0.025 0.173 � 0.005 � 0.002 0.160 � 0.005 � 0.006 0.154 � 0.005 � 0.005Im r610 �0.159 � 0.008 � 0.015 �0.165 � 0.005 � 0.001 �0.155 � 0.005 � 0.003 �0.139 � 0.005 � 0.007Im r710 0.070 � 0.042 � 0.004 0.080 � 0.028 � 0.011 0.102 � 0.030 � 0.004 0.125 � 0.026 � 0.007Re r810 0.080 � 0.028 � 0.012 0.080 � 0.023 � 0.003 0.132 � 0.026 � 0.006 0.117 � 0.024 � 0.012Re r0410 0.021 � 0.007 � 0.019 0.036 � 0.006 � 0.004 0.026 � 0.006 � 0.016 0.023 � 0.005 � 0.006Re r110 �0.025 � 0.011 � 0.031 �0.017 � 0.009 � 0.002 �0.014 � 0.010 � 0.015 �0.031 � 0.010 � 0.013Im r210 �0.006 � 0.011 � 0.017 0.016 � 0.009 � 0.018 0.015 � 0.010 � 0.038 0.004 � 0.010 � 0.018r500 0.097 � 0.017 � 0.035 0.088 � 0.013 � 0.011 0.113 � 0.012 � 0.018 0.119 � 0.012 � 0.006r100 0.019 � 0.028 � 0.014 �0.018 � 0.024 � 0.019 �0.031 � 0.025 � 0.020 �0.036 � 0.026 � 0.009Im r310 0.005 � 0.029 � 0.004 0.003 � 0.019 � 0.008 0.024 � 0.021 � 0.003 0.062 � 0.018 � 0.003r800 0.138 � 0.061 � 0.010 0.221 � 0.066 � 0.021 0.058 � 0.069 � 0.016 �0.098 � 0.063 � 0.007r511 �0.009 � 0.006 � 0.005 �0.013 � 0.004 � 0.009 �0.017 � 0.004 � 0.013 �0.027 � 0.004 � 0.015r51�1 0.008 � 0.007 � 0.016 0.009 � 0.005 � 0.002 0.006 � 0.006 � 0.004 0.021 � 0.006 � 0.011Im r61�1 �0.007 � 0.007 � 0.018 �0.003 � 0.005 � 0.004 �0.003 � 0.006 � 0.006 �0.013 � 0.006 � 0.005Im r71�1 �0.066 � 0.052 � 0.008 �0.040 � 0.040 � 0.016 �0.026 � 0.044 � 0.001 �0.100 � 0.037 � 0.013r811 0.007 � 0.039 � 0.003 �0.011 � 0.035 � 0.010 0.047 � 0.033 � 0.008 0.037 � 0.028 � 0.001r81�1 �0.015 � 0.047 � 0.014 �0.055 � 0.040 � 0.015 �0.083 � 0.041 � 0.003 �0.072 � 0.036 � 0.017r041�1 0.000 � 0.009 � 0.021 0.003 � 0.008 � 0.012 �0.006 � 0.008 � 0.009 �0.008 � 0.007 � 0.003r111 �0.029 � 0.012 � 0.019 �0.002 � 0.009 � 0.013 �0.003 � 0.010 � 0.011 �0.012 � 0.010 � 0.007Im r31�1 0.006 � 0.031 � 0.010 �0.017 � 0.024 � 0.008 �0.023 � 0.026 � 0.003 0.029 � 0.022 � 0.004



35Table 7. The 23 unpolarized and polarized SDMEs for �0 produ
tion from the deuteron in �t0 bins de�ned by thelimits 0.0, 0.04, 0.1, 0.2, and 0.4 GeV2. The �rst un
ertainties are statisti
al, the se
ond systemati
.Element h�t0i = 0:018 GeV2 h�t0i = 0:068 GeV2 h�t0i = 0:145 GeV2 h�t0i = 0:283 GeV2r0400 0.440 � 0.014 � 0.017 0.396 � 0.015 � 0.024 0.389 � 0.015 � 0.017 0.434 � 0.017 � 0.032r11�1 0.225 � 0.015 � 0.014 0.261 � 0.017 � 0.011 0.272 � 0.016 � 0.029 0.247 � 0.018 � 0.029Im r21�1 �0.208 � 0.014 � 0.015 �0.258 � 0.015 � 0.019 �0.239 � 0.015 � 0.028 �0.229 � 0.016 � 0.026Re r510 0.155 � 0.005 � 0.006 0.153 � 0.006 � 0.010 0.172 � 0.006 � 0.009 0.154 � 0.007 � 0.009Im r610 �0.154 � 0.005 � 0.003 �0.150 � 0.005 � 0.004 �0.150 � 0.006 � 0.006 �0.154 � 0.007 � 0.010Im r710 0.084 � 0.029 � 0.006 0.122 � 0.028 � 0.008 0.108 � 0.034 � 0.007 0.086 � 0.039 � 0.015Re r810 0.161 � 0.026 � 0.010 0.095 � 0.028 � 0.007 0.081 � 0.027 � 0.006 0.099 � 0.030 � 0.012Re r0410 0.016 � 0.006 � 0.005 0.025 � 0.006 � 0.011 0.034 � 0.006 � 0.005 0.046 � 0.007 � 0.005Re r110 �0.010 � 0.010 � 0.005 �0.002 � 0.011 � 0.021 �0.020 � 0.011 � 0.010 �0.047 � 0.013 � 0.018Im r210 0.012 � 0.010 � 0.010 0.018 � 0.010 � 0.018 0.005 � 0.011 � 0.018 0.036 � 0.013 � 0.017r500 0.053 � 0.012 � 0.003 0.085 � 0.013 � 0.033 0.108 � 0.014 � 0.003 0.215 � 0.018 � 0.032r100 �0.077 � 0.026 � 0.025 �0.001 � 0.028 � 0.034 �0.053 � 0.029 � 0.028 �0.040 � 0.035 � 0.030Im r310 0.020 � 0.020 � 0.003 0.043 � 0.020 � 0.003 0.022 � 0.023 � 0.004 0.033 � 0.027 � 0.006r800 0.157 � 0.073 � 0.013 0.111 � 0.076 � 0.011 �0.147 � 0.070 � 0.013 0.078 � 0.079 � 0.012r511 �0.018 � 0.005 � 0.007 �0.014 � 0.005 � 0.009 �0.012 � 0.005 � 0.005 �0.025 � 0.006 � 0.023r51�1 0.001 � 0.006 � 0.003 0.007 � 0.006 � 0.004 0.006 � 0.006 � 0.007 0.017 � 0.007 � 0.008Im r61�1 �0.007 � 0.006 � 0.002 �0.005 � 0.006 � 0.005 0.001 � 0.006 � 0.009 �0.003 � 0.007 � 0.002Im r71�1 �0.037 � 0.043 � 0.006 �0.041 � 0.045 � 0.004 �0.060 � 0.046 � 0.002 �0.080 � 0.048 � 0.008r811 �0.030 � 0.036 � 0.002 �0.003 � 0.037 � 0.004 0.078 � 0.035 � 0.001 0.056 � 0.037 � 0.008r81�1 �0.095 � 0.044 � 0.010 �0.055 � 0.044 � 0.008 �0.030 � 0.044 � 0.008 �0.091 � 0.045 � 0.006r041�1 0.016 � 0.008 � 0.004 �0.005 � 0.009 � 0.006 �0.021 � 0.009 � 0.001 �0.013 � 0.009 � 0.008r111 0.026 � 0.011 � 0.013 �0.004 � 0.012 � 0.015 �0.036 � 0.012 � 0.004 �0.016 � 0.012 � 0.011Im r31�1 0.003 � 0.025 � 0.002 �0.036 � 0.026 � 0.005 �0.033 � 0.028 � 0.002 0.052 � 0.031 � 0.005



36Table 8. The 23 unpolarized and polarized SDMEs for �0 produ
tion from the deuteron in xB bins de�ned by thelimits 0.0, 0.05, 0.08, and 0.35. The �rst un
ertainties are statisti
al, the se
ond systemati
.Element hxBi=0.042 hxBi=0.064 hxBi=0.119r0400 0.410 � 0.017 � 0.032 0.413 � 0.012 � 0.014 0.411 � 0.011 � 0.010r11�1 0.233 � 0.019 � 0.018 0.263 � 0.013 � 0.022 0.223 � 0.011 � 0.012Im r21�1 �0.226 � 0.020 � 0.039 �0.234 � 0.011 � 0.019 �0.218 � 0.012 � 0.018Re r510 0.162 � 0.005 � 0.021 0.168 � 0.005 � 0.007 0.148 � 0.004 � 0.011Im r610 �0.162 � 0.003 � 0.017 �0.160 � 0.004 � 0.004 �0.132 � 0.005 � 0.009Im r710 0.102 � 0.038 � 0.028 0.106 � 0.026 � 0.006 0.099 � 0.025 � 0.005Re r810 0.080 � 0.017 � 0.018 0.080 � 0.020 � 0.005 0.145 � 0.024 � 0.018Re r0410 0.044 � 0.005 � 0.009 0.027 � 0.005 � 0.012 0.026 � 0.005 � 0.005Re r110 �0.017 � 0.013 � 0.027 �0.016 � 0.010 � 0.009 �0.025 � 0.009 � 0.018Im r210 0.013 � 0.008 � 0.031 0.024 � 0.009 � 0.019 0.011 � 0.010 � 0.017r500 0.138 � 0.014 � 0.043 0.075 � 0.011 � 0.014 0.120 � 0.010 � 0.014r100 �0.010 � 0.023 � 0.061 �0.056 � 0.022 � 0.011 �0.019 � 0.024 � 0.009Im r310 0.048 � 0.026 � 0.020 0.010 � 0.018 � 0.005 0.040 � 0.017 � 0.002r800 0.199 � 0.043 � 0.024 0.074 � 0.058 � 0.005 �0.059 � 0.062 � 0.016r511 0.010 � 0.007 � 0.021 �0.006 � 0.004 � 0.005 �0.030 � 0.004 � 0.015r51�1 0.018 � 0.009 � 0.011 0.000 � 0.005 � 0.002 0.020 � 0.004 � 0.007Im r61�1 �0.010 � 0.011 � 0.002 0.001 � 0.005 � 0.008 �0.012 � 0.005 � 0.005Im r71�1 �0.081 � 0.033 � 0.032 �0.028 � 0.037 � 0.003 �0.081 � 0.036 � 0.010r811 �0.028 � 0.026 � 0.007 0.020 � 0.029 � 0.001 0.049 � 0.026 � 0.004r81�1 �0.116 � 0.042 � 0.028 �0.046 � 0.035 � 0.004 �0.073 � 0.034 � 0.017r041�1 0.004 � 0.008 � 0.020 �0.003 � 0.007 � 0.012 �0.007 � 0.006 � 0.002r111 �0.023 � 0.016 � 0.020 �0.007 � 0.009 � 0.011 �0.010 � 0.009 � 0.010Im r31�1 �0.001 � 0.013 � 0.019 �0.032 � 0.022 � 0.004 0.027 � 0.019 � 0.004Table 9. The values of the phase di�eren
e Æ between T11 and T00 amplitudes 
al
ulated a

ording to (50) for the protonand deuteron in Q2 bins de�ned by the limits 0.5, 1.0, 1.4, 2.0, and 7.0 GeV2. The �rst un
ertainties are statisti
al, these
ond systemati
.target hQ2i = 0:82 GeV2 hQ2i = 1:19 GeV2 hQ2i = 1:66 GeV2 hQ2i = 3:06 GeV2proton 36.17 � 12.33 � 7.09 18.76 � 6.99 � 5.62 26.52 � 3.92 � 0.91 36.53 � 2.79 � 3.65deuteron 33.18 � 4.55 � 9.88 22.55 � 4.07 � 2.83 30.37 � 3.13 � 0.54 36.58 � 2.28 � 3.99Table 10. Values in di�erent kinemati
 bins of the variable u1 = 1 � r0400 + 2r041�1 � 2r111 � 2r11�1, used for the test ofNPE dominan
e, for proton and deuteron data. The �rst un
ertainties are statisti
al, the se
ond systemati
.bin u1 proton u1 deuteron0:5 GeV2 < Q2 < 1 GeV2 0.114 � 0.053 � 0.045 0.104 � 0.035 � 0.0611:0 GeV2 < Q2 < 1:4 GeV2 0.148 � 0.035 � 0.044 0.069 � 0.026 � 0.0481:4 GeV2 < Q2 < 2:0 GeV2 0.063 � 0.037 � 0.077 0.078 � 0.028 � 0.0282:0 GeV2 < Q2 < 7 GeV2 0.178 � 0.038 � 0.040 0.169 � 0.032 � 0.0240:0 GeV2 < �t0 < 0:04 GeV2 0.197 � 0.043 � 0.035 0.091 � 0.029 � 0.0240:04 GeV2 < �t0 < 0:10 GeV2 0.090 � 0.040 � 0.041 0.082 � 0.032 � 0.0390:10 GeV2 < �t0 < 0:20 GeV2 0.073 � 0.041 � 0.078 0.097 � 0.033 � 0.0680:20 GeV2 < �t0 < 0:40 GeV2 0.125 � 0.040 � 0.107 0.077 � 0.036 � 0.0950:0 < xB < 0:05 0.142 � 0.099 � 0.005 0.180 � 0.063 � 0.0750:05 < xB < 0:08 0.123 � 0.037 � 0.029 0.070 � 0.027 � 0.0310:08 < xB < 0:35 0.152 � 0.031 � 0.055 0.149 � 0.027 � 0.039



37Table 11. Results on u1, u2 and u3, 
al
ulated a

ording to (52-54), shown together with average value or range in Q2andW . Top se
tion: HERMES results from proton and deuteron data, shown with statisti
al and systemati
 un
ertaintiesseparately. Bottom se
tion: results from other experiments 
al
ulated from published SDMEs, with statisti
al andsystemati
 un
ertainties 
ombined in quadrature without a

ounting for 
orrelations between the SDMEs.Experiment Q2, GeV2 W, GeV u1 u2 u3HERMES p 1.95 4.8 0.125 � 0.021 � 0.050 �0:011� 0.004 � 0.012 0.055 � 0.045 � 0.006HERMES d 1.94 4.8 0.091 � 0.016 � 0.046 �0:008� 0.003 � 0.010 �0:040� 0.035 � 0.007ZEUS DIS [10℄ 2.4 90 0.018 � 0.066 0.018 � 0.011ZEUS BPC [9℄ 0.41 45 0.058 � 0.078 �0:002� 0.016H1 [11℄ 2.5{3.5 30{100 0.065 � 0.15 �0:017� 0.034SLAC [55℄ 0.9 3.14 0.85 � 0.32 �0:050� 0.072SLAC [56℄ 0.9 3.14 1.174 � 0.379 0.039 � 0.082DESY [37℄ 1.05 2 { 2.8 0.73 � 0.33 �0:040� 0.064Table 12. Ratios of 
ertain heli
ity-
ip amplitudes to the square root of the sum of all amplitudes squared: �01for the transition 
�T ! �0L, �10 for the transition 
�L ! �0T , and �1�1 for the transition 
��T ! �0T . Top se
tion:HERMES results from proton and deuteron data 
al
ulated a

ording to (59-61), shown with statisti
al and systemati
un
ertainties separately. Bottom se
tion: results from other experiments 
al
ulated a

ording to (62-64), with statisti
aland systemati
 un
ertainties 
ombined in quadrature without a

ounting for 
orrelations between the SDMEs.HERMES �01 �10 �1�1proton 0.114 � 0.007 � 0.010 0.075 � 0.030 � 0.003 0.051 � 0.029 � 0.010deuteron 0.122 � 0.007 � 0.006 0.090 � 0.022 � 0.011 0.007 � 0.025 � 0.015Experiment e�01 e�10 e�1�1ZEUS BPC[9℄ 0.069 � 0.027 0.003 � 0.029 0.048 � 0.028ZEUS DIS[10℄ 0.078 � 0.016 �0:010� 0.028 0.013 � 0.032H1 [11℄ 0.088 � 0.036 0.019 � 0.065 0.035 � 0.109SLAC [55℄ 0.095 � 0.165 0.030 � 0.133 0.112 � 0.231SLAC [56℄ 0.084 � 0.177 0.412 � 0.430 0.042 � 0.389DESY [37℄ 0.041 � 0.247 0.335 � 0.436Table 13. The longitudinal-to-transverse 
ross se
tion ratios R04, R, and RNPE for the proton and deuteron in Q2bins de�ned by the limits 0.5, 1.0, 1.4, 2.0, and 7.0 GeV2. The total un
ertainties are shown.Ratio Target hQ2i = 0:82 GeV2 hQ2i = 1:19 GeV2 hQ2i = 1:66 GeV2 hQ2i = 3:06 GeV2R04 proton 0.694 � 0.187 0.701 � 0.063 0.798 � 0.080 1.053 � 0.074deuteron 0.748 � 0.179 0.755 � 0.063 0.973 � 0.098 0.870 � 0.061R proton 0.649 � 0.188 0.671 � 0.065 0.794 � 0.083 1.068 � 0.087deuteron 0.677 � 0.180 0.583 � 0.067 0.958 � 0.102 0.922 � 0.074RNPE proton 0.755 � 0.190 0.783 � 0.068 0.840 � 0.090 1.225 � 0.084deuteron 0.809 � 0.182 0.798 � 0.067 1.041 � 0.102 0.994 � 0.065



38Table 14. The SDME results from the proton data, integrated over the entire HERMES kinemati
 range, presentedin the notation of Ref. [25℄. The �rst un
ertainties are statisti
al and the se
ond systemati
.u00++ + �u0000 = r0400 0.412 � 0.010 � 0.010Re (u0+0+ � u�00+) = p2(Im r610 � r510) �0.464 � 0.005 � 0.028u++++ + u��++ + 2�u++00 = 1� r0400 0.588 � 0.010 � 0.010u�+�+ = r11�1 � Im r21�1 0.473 � 0.012 � 0.029Re u000+ = �r500=p2 �0.077 � 0.006 � 0.006u0+++ � u�0++ + 2�u0+00 = 2Re r0410 0.062 � 0.008 � 0.016Re u0+�+ = Re r110 � Im r210 �0.054 � 0.009 � 0.027Re (u0�0+ � u+00+) = p2(Im r610 +Re r510) �0.008 � 0.005 � 0.015Re (u�+++ + �u�+00 ) = r041�1 �0.011 � 0.005 � 0.005Re u++�+ = r111 �0.025 � 0.007 � 0.008Re (u++0+ + u��0+ ) = �p2r511 �0.023 � 0.004 � 0.018Re u�+0+ = (Im r61�1 � r51�1)=p2 �0.005 � 0.005 � 0.008u00�+ = r100 0.011 � 0.019 � 0.008Re u+0�+ = Re r110 + Im r210 0.009 � 0.009 � 0.004Re u+�0+ = �(Im r61�1 + r51�1)=p2 �0.002 � 0.005 � 0.001Re u+��+ = r11�1 + Im r21�1 0.018 � 0.012 � 0.011Im (u0+0+ � u�00+) = Im r710 +Re r810 0.264 � 0.030 � 0.023Im u000+ = r800=p2 0.025 � 0.035 � 0.007Im (u0+++ � u�0=+) = �2Im r310 0.034 � 0.030 � 0.008Im (u0�0+ � u+00+) = p2(Im r710 �Re r810) 0.054 � 0.035 � 0.008Im u�+++ = �Im r31�1 0.024 � 0.018 � 0.001Im (u++0+ + u��0+ ) = p2r811 0.51 � 0.034 � 0.001u�+0+ = (r81�1 + Im r71�1)=p2 �0.012 � 0.039 � 0.007u+�0+ = (r81�1 � Im r71�1)=p2 0.038 � 0.039 � 0.001
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Table15.The
orrelationmatrixforthe23SDMEsobtainedfromthehydrogentargetdata.The
olumnheadingsdo
notindi
atetherealandimaginarypartsofanySDMEsinordertokeepthetable
ompa
t.

SDME r0400 r0410 r041�1 r111 r100 r110 r11�1 r210 r21�1 r511 r500 r510 r51�1 r610 r61�1 r310 r31�1 r710 r71�1 r811 r800 r810 r81�1r0400 1.00Re r0410 0.16 1.00r041�1 -0.05 -0.01 1.00r111 -0.04 -0.01 0.62 1.00r100 -0.02 0.12 -0.18 -0.48 1.00Re r110 0.00 -0.41 -0.08 -0.03 0.02 1.00r11�1 -0.65 -0.22 -0.05 0.00 0.00 0.02 1.00Im r210 0.02 0.33 -0.03 -0.03 0.07 -0.17 -0.10 1.00Im r21�1 0.54 0.23 0.00 -0.03 0.01 -0.11 -0.32 0.07 1.00r511 -0.17 0.15 0.02 -0.04 0.09 -0.03 0.10 0.07 -0.07 1.00r500 0.37 0.01 0.06 0.09 -0.26 0.02 -0.27 0.00 0.20 -0.50 1.00Re r510 -0.10 0.08 -0.13 -0.12 0.06 -0.18 -0.03 0.08 0.04 -0.01 -0.12 1.00r51�1 -0.05 -0.15 0.10 0.10 -0.09 0.01 0.04 0.02 -0.08 -0.43 0.08 -0.04 1.00Im r610 0.15 -0.02 -0.08 -0.05 -0.06 0.20 -0.01 -0.21 0.00 -0.05 0.19 -0.34 0.04 1.00Im r61�1 0.04 0.16 -0.07 -0.13 0.02 0.06 -0.09 0.06 0.05 0.46 -0.09 -0.05 -0.27 -0.04 1.00Im r310 0.07 0.00 0.03 0.00 -0.05 0.04 -0.05 -0.03 0.01 -0.02 0.06 -0.05 0.02 0.07 0.00 1.00Im r31�1 0.00 0.03 0.02 0.00 0.00 0.00 -0.01 -0.01 0.00 -0.01 0.00 -0.06 0.00 0.01 0.04 -0.02 1.00Im r710 0.08 0.06 0.07 0.00 -0.09 -0.02 -0.12 0.03 0.04 -0.02 0.00 -0.08 -0.03 0.08 0.00 0.51 -0.11 1.00Im r71�1 -0.05 -0.05 0.01 0.01 -0.01 0.05 0.00 0.00 0.00 -0.01 0.01 0.02 0.02 0.00 0.02 -0.13 0.24 0.04 1.00r811 -0.11 -0.04 -0.01 0.05 -0.03 0.00 -0.02 -0.02 0.00 0.01 -0.01 0.04 -0.01 -0.05 0.00 -0.19 -0.10 0.03 0.39 1.00r800 0.11 0.07 -0.01 -0.03 0.05 0.01 -0.03 -0.03 0.04 0.00 -0.01 -0.05 0.00 0.05 0.00 -0.05 -0.02 0.03 -0.12 -0.51 1.00Re r810 0.12 -0.02 -0.07 -0.03 0.10 -0.03 -0.11 -0.05 0.06 0.02 0.00 -0.10 -0.03 0.09 0.08 0.10 0.15 -0.07 -0.04 -0.06 0.08 1.00Im r81�1 -0.06 -0.06 0.00 0.03 -0.01 -0.02 -0.04 -0.05 -0.01 0.00 0.01 0.00 -0.01 -0.01 0.03 -0.19 -0.06 0.04 0.17 0.46 -0.16 -0.10 1.00SDME r0400 r0410 r041�1 r111 r100 r110 r11�1 r210 r21�1 r511 r500 r510 r51�1 r610 r61�1 r310 r31�1 r710 r71�1 r811 r800 r810 r81�1



40Table16.The
orrelationmatrixforthe23SDMEsobtainedfromthedeuteriumtargetdata.The
olumnheadings
donotindi
atetherealandimaginarypartsofanySDMEsinordertokeepthetable
ompa
t.

SDME r0400 r0410 r041�1 r111 r100 r110 r11�1 r210 r21�1 r511 r500 r510 r51�1 r610 r61�1 r310 r31�1 r710 r71�1 r811 r800 r810 r81�1r0400 1.00Re r0410 0.12 1.00r041�1 -0.07 -0.01 1.00r111 -0.05 0.00 0.61 1.00r100 -0.03 0.10 -0.16 -0.48 1.00Re r110 0.04 -0.39 -0.10 -0.02 0.05 1.00r11�1 -0.60 -0.18 0.03 0.04 0.02 -0.04 1.00Im r210 -0.01 0.32 -0.04 -0.02 0.04 -0.14 -0.06 1.00Im r21�1 0.52 0.19 -0.04 -0.03 -0.03 -0.06 -0.27 0.04 1.00r511 -0.17 0.15 0.04 -0.05 0.12 -0.02 0.12 0.07 -0.05 1.00r500 0.39 0.04 0.06 0.10 -0.29 -0.01 -0.26 -0.01 0.22 -0.51 1.00Re r510 -0.12 0.06 -0.15 -0.11 0.00 -0.20 -0.02 0.04 0.01 0.02 -0.14 1.00r51�1 -0.06 -0.17 0.08 0.08 -0.09 0.01 0.00 -0.01 -0.08 -0.42 0.08 -0.04 1.00Im r610 0.17 0.00 -0.04 -0.03 0.00 0.19 -0.03 -0.19 0.02 -0.05 0.18 -0.36 0.05 1.00Im r61�1 0.02 0.15 -0.06 -0.09 0.01 0.04 -0.08 0.08 0.11 0.45 -0.09 -0.02 -0.24 -0.07 1.00Im r310 0.05 0.01 0.02 -0.01 -0.01 0.02 -0.05 -0.02 0.02 0.00 0.03 -0.04 0.02 0.06 -0.04 1.00Im r31�1 -0.03 -0.01 -0.03 -0.04 0.00 -0.01 -0.01 0.03 0.02 -0.01 -0.01 -0.06 -0.01 -0.04 0.07 -0.04 1.00Im r710 0.04 0.02 0.05 0.00 -0.06 -0.01 -0.06 -0.01 0.04 0.03 -0.03 -0.03 -0.02 0.04 -0.01 0.48 -0.11 1.00Im r71�1 -0.04 -0.04 -0.01 -0.02 -0.01 0.05 -0.02 0.03 0.02 0.02 -0.01 -0.03 -0.03 0.00 0.03 -0.14 0.24 0.01 1.00r811 -0.08 -0.02 0.00 0.05 -0.05 0.02 0.00 -0.03 0.02 0.00 0.00 0.02 0.00 -0.02 -0.01 -0.16 -0.09 0.03 0.40 1.00r800 0.11 0.08 -0.02 -0.05 0.12 0.03 -0.06 0.00 0.02 0.00 -0.03 -0.08 -0.01 0.08 -0.01 -0.04 -0.04 0.04 -0.12 -0.50 1.00Re r810 0.10 0.07 -0.09 -0.03 0.13 0.03 -0.13 0.01 0.06 -0.01 -0.01 -0.12 0.00 0.10 -0.01 0.09 0.11 -0.10 -0.03 -0.02 0.04 1.00Im r81�1 -0.04 -0.05 0.03 0.04 -0.05 -0.03 0.03 -0.05 0.00 0.02 0.01 0.02 -0.01 -0.02 0.00 -0.16 -0.07 0.06 0.20 0.47 -0.13 -0.09 1.00SDME r0400 r0410 r041�1 r111 r100 r110 r11�1 r210 r21�1 r511 r500 r510 r51�1 r610 r61�1 r310 r31�1 r710 r71�1 r811 r800 r810 r81�1
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