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2The ongoing experimental e�ort in spin-dependenthigh-energy s
attering and attendant theoreti
al work
ontinue to indi
ate that the spins of the quarks and glu-ons are not suÆ
ient to explain the nu
leon spin [1℄. Theinvestigation of the only remaining 
ontribution, that oforbital angular momentum of the 
onstituents, is 
learlyessential. Transverse-momentum-dependent parton dis-tribution fun
tions are re
ognized as a tool to study spin-orbit 
orrelations, hen
e providing experimental observ-ables for studying orbital angular momentum. One par-ti
ular example is the Sivers fun
tion f?1T [2℄, des
ribingthe 
orrelation between the momentum dire
tion of thestru
k quark and the spin of its parent nu
leon. This
orrelation is 
ommonly de�ned as the Sivers e�e
t. Anon-vanishing f?1T 
ontributes to, e.g., single-spin asym-metries (SSAs) in semi-in
lusive deep-inelasti
 s
attering(DIS) o� transversely polarized protons, ep" ! e0hX ,where h is a hadron dete
ted in 
oin
iden
e with thes
attered lepton e0.For a long time, transverse SSAs had been assumedto be negligible in hard s
attering pro
esses. They areodd under naive time reversal, i.e., time reversal of three-momenta and angular momenta, and thus require inter-feren
e of amplitudes with di�erent heli
ities and phases.In QED and perturbative QCD, these ingredients aresuppressed [3, 4℄. Therefore, in semi-in
lusive DIS theymust be as
ribed to the non-perturbative parts in the
ross se
tion, i.e., to spe
i�
 parton distribution andfragmentation fun
tions, 
ommonly 
ategorized as beingnaive-T-odd. The idea of a naive-T-odd quark distribu-tion fun
tion goes ba
k to an interpretation [2℄ of largeleft-right asymmetries observed in pion produ
tion in the
ollision of unpolarized with transversely polarized nu
le-ons [5℄. It was argued that su
h asymmetries 
ould beattributed to a left-right asymmetry in the distributionof unpolarized quarks in transversely polarized nu
leons,i.e., an asymmetry that exists before the pion is formedin the fragmentation pro
ess, and that does not vanish athigh energies. A de
ade after an initial proof [6℄ that thisdistribution fun
tion, now termed the Sivers fun
tion,must vanish be
ause of time-reversal invarian
e of QCD,it was realized through the pioneering work in Ref. [7℄and subsequently in Refs. [8, 9, 10℄ that this proof ap-plies only to transverse-momentum-integrated distribu-tion fun
tions. A gauge link, previously negle
ted inthe de�nition of gauge-invariant distribution fun
tions,invalidates the original proof for the 
ase of transverse-momentum-dependent distribution fun
tions. The gaugelink provides the phase for the interferen
e (required fornaive-T-oddness), and 
an be interpreted as an intera
-tion of the stru
k quark with the 
olor �eld of the targetremnant [11℄.The in
lusion of the gauge link has profound 
onse-quen
es on fa
torization proofs and on the 
on
ept ofuniversality, whi
h are of fundamental relevan
e for high-energy hadroni
 physi
s. A dire
t QCD predi
tion is a

Sivers e�e
t in the Drell{Yan pro
ess that has the oppo-site sign 
ompared to the one in semi-in
lusive DIS [8℄.For hadron produ
tion in proton-proton 
ollisions the sit-uation is more intri
ate [12℄, leading to a violation ofstandard fa
torization and universality, even for the 
aseof unpolarized 
ollisions [13℄. Therefore, the study of theSivers e�e
t in semi-in
lusive DIS and other pro
essesis of utmost importan
e for our understanding of high-energy s
attering involving hadrons.The Sivers e�e
t has been related to the orbital motionof quarks inside a transversely polarized nu
leon sin
e theseminal work in Ref. [2℄. In the 
al
ulation of Ref. [7℄, itbe
ame 
lear that orbital angular momentum of quarksis needed for a non-vanishing Sivers e�e
t as it arisesthrough overlap integrals of wave-fun
tion 
omponentswith di�erent orbital angular momenta. However, noquantitative relation has yet been found between f?1T andthe orbital angular momentum of quarks. One fa
es asimilar quandary with the anomalous magneti
 moment� of the nu
leon: it also requires wave fun
tion 
ompo-nents with non-vanishing quark orbital angular momen-tum without 
onstraining the net orbital angular momen-tum [14℄. Indeed, f?1T involves overlap integrals betweenthe same wave fun
tion 
omponents that also appear inthe expressions for � as well as for the total angular mo-mentum in the Ji relation [15℄ for the nu
leon-spin de-
omposition [7, 14℄.An interesting link between � and f?1T was suggestedin Ref. [16℄: the sign of the quark-
avor 
ontribution to� determines the sign of f?1T for that quark 
avor. If the�nal-state intera
tions are attra
tive, as one would as-sume for the 
on�ning 
olor for
e, a positive 
avor 
on-tribution to � leads to a negative f?1T . (The sign andangle de�nitions follow the Trento Conventions [17℄.)In semi-in
lusive DIS, f?1T leads to SSAs in the dis-tribution of hadrons in the azimuthal angle about thevirtual-photon dire
tion. In general, azimuthal SSAsprovide important information not only about the Siversfun
tion but also about other distribution and fragmen-tation fun
tions. For example, transversity [18℄, de-s
ribing the distribution of transversely polarized quarksin transversely polarized nu
leons, 
ombined with thenaive-T-odd Collins fragmentation fun
tion [6℄, also leadsto SSAs. The keys to extra
ting di�erent 
ombinationsof the various distribution and fragmentation fun
tionsare their di�erent dependen
es on the two azimuthal an-gles � and �S of the hadron momentum P h and of thetransverse 
omponent ST of the target-proton spin, re-spe
tively, about the virtual-photon dire
tion (
f. [17℄).The Sivers e�e
t manifests itself as a sin(�� �S) modu-lation in the azimuthal distribution [19℄.In this Letter 
lear eviden
e for a non-vanishing Siversfun
tion is reported. The sin(� � �S) modulations insemi-in
lusive DIS are measured for pions and 
hargedkaons, as well as in the di�eren
e between the �+ and�� 
ross se
tions, providing sensitivity to f?1T for both



3valen
e and sea quarks.The data reported here were re
orded during the 2002{2005 running period of the Hermes experiment usinga transversely nu
lear-polarized hydrogen gas target in-ternal to the 27:6GeV Hera lepton (e+ or e�) storagering at Desy. The open-ended target 
ell was fed by anatomi
-beam sour
e [20℄ based on Stern{Gerla
h sepa-ration 
ombined with radio-frequen
y transitions of hy-per�ne states. The nu
lear spin dire
tion was 
ippedat 1{3min time intervals, while both nu
lear polariza-tion and the atomi
 fra
tion inside the target 
ell were
ontinuously measured [21℄. The average magnitude ofthe proton-polarization 
omponent perpendi
ular to thelepton-beam dire
tion was 0:725� 0:053.S
attered leptons and 
oin
ident hadrons were de-te
ted by the Hermes spe
trometer [22℄. Leptons wereidenti�ed with an eÆ
ien
y ex
eeding 98% and a hadron
ontamination of less than 1%. Charged hadrons withmomentum 2GeV < jP hj < 15GeV were identi�edusing a dual-radiator ring-imaging �Cerenkov dete
tor(RICH) [23℄. For this a hadron-identi�
ation algorithmwas employed that takes into a

ount the topology ofthe whole event, in 
ontrast to the tra
k-level algorithmin previous analyses [24℄. Events were sele
ted sub-je
t to the requirements Q2 > 1GeV2, W 2 > 10GeV2,0:1 < y < 0:95, and 0:023 < x < 0:4, where Q2 � �q2 ��(k � k0)2, W 2 � (P + q)2, y � (P � q)=(P � k), andx � Q2=(2P � q). Here, P , k, and k0 represent the four-momenta of the target proton, the in
ident lepton, andthe s
attered lepton, respe
tively. Coin
ident hadronswere a

epted if 0:2 < z < 0:7, where z � (P �Ph)=(P �q).The 
ross se
tion for semi-in
lusive produ
tion ofhadrons using an unpolarized lepton beam on a trans-versely polarized target 
an be written as [19, 25, 26℄�(�; �S) = �UU f1 + 2h
os�iUU 
os�+ 2h
os 2�iUU 
os 2�+ jST j [2hsin(���S)iUT sin(�� �S) + : : :℄g; (1)where �ve sine modulations 
ontribute to thepolarization-dependent part, but, for 
onvenien
e,only the sin(� � �S) modulation (the Sivers term), iswritten out expli
itly. Here, the subs
ript UT denotesunpolarized beam and transverse target polarization(with respe
t to the virtual-photon dire
tion), while �UUrepresents the �-independent part of the polarization-independent 
ross se
tion. The sin(� � �S) amplitude
an be interpreted in the quark-parton model as [19℄2hsin (� � �S)iUT = �Pq e2qf?;q1T (x; p2T )
W Dq1(z;K2T )Pq e2qfq1 (x; p2T )
Dq1(z;K2T ) ;(2)where the sums run over the quark 
avors, the eq are thequark 
harges, and f1 and D1 are the spin-independentquark distribution and fragmentation fun
tions, respe
-tively. The symbol 
 (
W) represents a (weighted) 
on-volution integral over intrinsi
 and fragmentation trans-verse momenta pT and KT , respe
tively.

The amplitudes of the �ve sine modulations in Eq. (1)were extra
ted simultaneously to avoid 
ross 
ontamina-tion. For this a maximum-likelihood �t was used [27℄,with the data alternately binned in x, z, and Ph? �jP h� (Ph�q)qjqj2 j, but unbinned in � and �S . A sixth term,arising from the small but non-vanishing target-spin 
om-ponent that is longitudinal to the virtual-photon dire
-tion when the target is polarized perpendi
ular to thebeam dire
tion [28℄, was also in
luded in the �t.A s
ale un
ertainty of 7.3% on the extra
ted Siversamplitudes arises from the a

ura
y of the target-polarization determination. In
lusion in the �t of es-timates [29℄ for the 
os� and 
os 2� amplitudes of theunpolarized 
ross se
tion had negligible e�e
ts on theamplitudes extra
ted. Possible 
ontributions [28℄ to theamplitudes from the non-vanishing longitudinal target-spin 
omponent were estimated based on measurementsof SSAs on longitudinally polarized protons [30, 31℄ andin
luded in the systemati
 un
ertainty. E�e
ts from thehadron identi�
ation using the RICH, the geometri
 a
-
eptan
e, smearing due to dete
tor resolution, and radia-tive e�e
ts are not 
orre
ted for in the data. Rather, thesize of all these e�e
ts was estimated using a simulationtuned to the data, whi
h involved a fully di�erential poly-nomial �t to the measured azimuthal amplitudes [32℄.The result was in
luded in the systemati
 un
ertaintyand 
onstitutes the largest 
ontribution.Based on a Pythia6 Monte Carlo simulation [33℄tuned to Hermes data, the fra
tion of 
harged pions(kaons) stemming from the de
ay of ex
lusive ve
tor-meson 
hannels was estimated to be about 6{7% (2{3%).Among the 
ontributions of all the ve
tor mesons to thepion samples, that of the �0 is dominant. A di�erentobservable, for whi
h the 
ontributions from ex
lusive �0mesons 
an
els, is the pion-di�eren
e asymmetryA�+���UT (�; �S) � 1jST j (��+U"����U" )� (��+U#����U# )(��+U"����U" ) + (��+U#����U# ) ; (3)the SSA in the di�eren
e in the �+ and �� 
ross se
-tions for opposite target-spin states "; #. In addition,this asymmetry helps to isolate the valen
e-quark Siversfun
tions: under some assumptions, su
h as 
harge-
onjugation and isospin symmetry among pion fragmen-tation fun
tions, one 
an dedu
e from Eq. (2) that thisSSA stems mainly from the di�eren
e (f?;dv1T � 4f?;uv1T )in the Sivers fun
tions for valen
e down and up quarks.The resulting Sivers amplitudes for pions, 
hargedkaons, and for the pion-di�eren
e asymmetry are shownin Fig. 1 as fun
tions of x, z, or Ph?. They are positiveand in
rease with in
reasing z, ex
ept for ��, for whi
hthey are 
onsistent with zero. In the 
ase of �+, K+,and the pion-di�eren
e asymmetry, the data suggest asaturation of the amplitudes for Ph? & 0:4 GeV and are
onsistent with the predi
ted linear de
rease in the limitof Ph? going to zero.
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onsistent,there is a hint of systemati
ally smaller K+ asymmetriesin the large-Q2 region.An interesting fa
et of the data is the di�eren
e in the�+ and K+ amplitudes shown in Fig. 4. On the basisof u-quark dominan
e, i.e., the dominant 
ontribution to�+ and K+ produ
tion from s
attering o� u-quarks, onemight naively expe
t that the �+ and K+ amplitudesshould be similar. The di�eren
e in the �+ and K+amplitudes may thus point to a signi�
ant role of otherquark 
avors, e.g., sea quarks. Stri
tly speaking, even inthe 
ase of s
attering solely o� u-quarks, the fragmenta-tion fun
tion D1, 
ontained in both the numerator anddenominator in Eq. (2), does not 
an
el in general as itappears in 
onvolution integrals. This 
an lead not only
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FIG. 4: Di�eren
e of Sivers amplitudes for K+ and �+ asfun
tions of x for all Q2 (left), and separated into "low-" and"high-Q2" regions as done for Fig. 3.to additional z-dependen
es, but also to a di�eren
e insize of the Sivers amplitude for �+ and K+. Higher-twiste�e
ts in kaon produ
tion might also 
ontribute to thedi�eren
e observed: in the low-Q2 region, where higher-twist should be more pronoun
ed, the �+ and K+ am-plitudes disagree at the 
on�den
e level of at least 90%,based on a Student's t-test, while being statisti
ally 
on-sistent in the high-Q2 region.As s
attering o� u-quarks dominates in these data, thepositive Sivers amplitudes for �+ and K� suggest a largeand negative Sivers fun
tion for u-quarks. This is sup-ported by the positive amplitudes of the di�eren
e asym-metry, whi
h is dominated by the 
ontribution from va-len
e u-quarks. The vanishing amplitudes for �� require
an
elation e�e
ts, e.g., from a d-quark Sivers fun
tionopposite in sign to the u-quark Sivers fun
tion. In 
ombi-nation with deuteron data from the Compass 
ollabora-tion [34℄, a large positive d-quark Sivers fun
tion 
an bededu
ed [35℄. These �ts have yet to be updated with the�nal results presented here, as well as with preliminaryproton data from Compass [36℄.In summary, non-zero Sivers amplitudes in semi-in
lusive DIS were measured for produ
tion of �+, �0,and K�, as well as for the pion-di�eren
e asymme-try. They 
an be explained by the non-vanishing naive-T-odd, transverse-momentum-dependent Sivers distribu-tion fun
tion. This fun
tion also plays an importantrole in transverse single-spin asymmetries in pp 
ollisions,and is linked to orbital angular momentum of quarks in-side the nu
leon. Although no quantitative 
on
lusionabout their orbital angular momentum 
an be inferred,the Sivers fun
tion provides important 
onstraints on thenu
leon wave fun
tion and thus indire
tly on the totalquark orbital angular momentum. For instan
e, in theapproa
h of Ref. [11℄, the measured positive Sivers asym-metries for �+ and K+ mesons 
orrespond to a positive
ontribution of u-quarks to the orbital angular momen-tum, under the assumption that the produ
tion of �+and K+ mesons is dominated by s
attering o� u-quarks.
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