
*0
90
6.
39
∣8
*

ar
X

iv
:0

90
6.

39
18

v2
  [

he
p-

ex
] 

 1
8 

D
ec

 2
00

9

Observation of the Naive-T-odd Sivers E�et in Deep-Inelasti SatteringA. Airapetian,12, 15 N. Akopov,26 Z. Akopov,26 E.C. Ashenauer,6 W. Augustyniak,25 A. Avetissian,26 E. Avetisyan,5A. Bahetta,5 B. Ball,15 N. Bianhi,10 H.P. Blok,17, 24 H. B�otther,6 C. Bonomo,9 A. Borissov,5 V. Bryzgalov,19J. Burns,13 M. Capiluppi,9 G.P. Capitani,10 E. Cisbani,21 G. Ciullo,9 M. Contalbrigo,9 P.F. Dalpiaz,9W. Deonink,5, 15 R. De Leo,2 L. De Nardo,15, 5 E. De Santis,10 M. Diefenthaler,14, 8 P. Di Nezza,10 J. Dreshler,17M. D�uren,12 M. Ehrenfried,12 G. Elbakian,26 F. Ellinghaus,4 U. Elshenbroih,11 R. Fabbri,6 A. Fantoni,10L. Felawka,22 S. Frullani,21 D. Gabbert,6 G. Gapienko,19 V. Gapienko,19 F. Garibaldi,21 V. Gharibyan,26F. Giordano,5, 9 S. Gliske,15 C. Hadjidakis,10 M. Hartig,5 D. Hash,10 G. Hill,13 A. Hillenbrand,6 M. Hoek,13Y. Holler,5 I. Hristova,6 Y. Imazu,23 A. Ivanilov,19 H.E. Jakson,1 H.S. Jo,11 S. Joosten,14, 11 R. Kaiser,13T. Keri,13, 12 E. Kinney,4 A. Kisselev,18 V. Korotkov,19 V. Kozlov,16 P. Kravhenko,18 L. Lagamba,2 R. Lamb,14L. Lapik�as,17 I. Lehmann,13 P. Lenisa,9 L.A. Linden-Levy,14 A. L�opez Ruiz,11 W. Lorenzon,15 X.-G. Lu,6X.-R. Lu,23 B.-Q. Ma,3 D. Mahon,13 N.C.R. Makins,14 S.I. Manaenkov,18 L. Manfr�e,21 Y. Mao,3 B. Marianski,25A. Martinez de la Ossa,4 H. Marukyan,26 C.A. Miller,22 Y. Miyahi,23 A. Movsisyan,26 M. Murray,13A. Mussgiller,5, 8 E. Nappi,2 Y. Naryshkin,18 A. Nass,8 M. Negodaev,6 W.-D. Nowak,6 L.L. Pappalardo,9R. Perez-Benito,12 P.E. Reimer,1 A.R. Reolon,10 C. Riedl,6 K. Rith,8 G. Rosner,13 A. Rostomyan,5 J. Rubin,14D. Rykbosh,11 Y. Salomatin,19 F. Sanftl,20 A. Sh�afer,20 G. Shnell,6, 11 K.P. Sh�uler,5 B. Seitz,13T.-A. Shibata,23 V. Shutov,7 M. Stanari,9 M. Statera,9 J.J.M. Steijger,17 H. Stenzel,12 J. Stewart,6 F. Stinzing,8S. Taroian,26 A. Terkulov,16 A. Trzinski,25 M. Tytgat,11 A. Vandenbrouke,11 P.B. van der Nat,17Y. Van Haarlem,11 C. Van Hulse,11 M. Varanda,5 D. Veretennikov,18 V. Vikhrov,18 I. Vilardi,2 C. Vogel,8S. Wang,3 S. Yashenko,6, 8 H. Ye,3 Z. Ye,5 S. Yen,22 W. Yu,12 D. Zeiler,8 B. Zihlmann,5 and P. Zupranski25(The Hermes Collaboration)1Physis Division, Argonne National Laboratory, Argonne, Illinois 60439-4843, USA2Istituto Nazionale di Fisia Nuleare, Sezione di Bari, 70124 Bari, Italy3Shool of Physis, Peking University, Beijing 100871, China4Nulear Physis Laboratory, University of Colorado, Boulder, Colorado 80309-0390, USA5DESY, 22603 Hamburg, Germany6DESY, 15738 Zeuthen, Germany7Joint Institute for Nulear Researh, 141980 Dubna, Russia8Physikalishes Institut, Universit�at Erlangen-N�urnberg, 91058 Erlangen, Germany9Istituto Nazionale di Fisia Nuleare, Sezione di Ferrara andDipartimento di Fisia, Universit�a di Ferrara, 44100 Ferrara, Italy10Istituto Nazionale di Fisia Nuleare, Laboratori Nazionali di Frasati, 00044 Frasati, Italy11Department of Subatomi and Radiation Physis, University of Gent, 9000 Gent, Belgium12Physikalishes Institut, Universit�at Gie�en, 35392 Gie�en, Germany13Department of Physis and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom14Department of Physis, University of Illinois, Urbana, Illinois 61801-3080, USA15Randall Laboratory of Physis, University of Mihigan, Ann Arbor, Mihigan 48109-1040, USA16Lebedev Physial Institute, 117924 Mosow, Russia17National Institute for Subatomi Physis (Nikhef), 1009 DB Amsterdam, The Netherlands18 Petersburg Nulear Physis Institute, Gathina, Leningrad region 188300, Russia19Institute for High Energy Physis, Protvino, Mosow region 142281, Russia20Institut f�ur Theoretishe Physik, Universit�at Regensburg, 93040 Regensburg, Germany21Istituto Nazionale di Fisia Nuleare, Sezione Roma 1, Gruppo Sanit�aand Physis Laboratory, Istituto Superiore di Sanit�a, 00161 Roma, Italy22TRIUMF, Vanouver, British Columbia V6T 2A3, Canada23Department of Physis, Tokyo Institute of Tehnology, Tokyo 152, Japan24Department of Physis and Astronomy, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands25Andrzej Soltan Institute for Nulear Studies, 00-689 Warsaw, Poland26Yerevan Physis Institute, 375036 Yerevan, Armenia(Dated: Deember 21, 2009)Azimuthal single-spin asymmetries of lepto-produed pions and harged kaons were measuredon a transversely polarized hydrogen target. Evidene for a naive-T-odd, transverse-momentum-dependent parton distribution funtion is dedued from non-vanishing Sivers e�ets for �+, �0, andK�, as well as in the di�erene of the �+ and �� ross setions.PACS numbers: 13.60.-r, 13.88.+e, 14.20.Dh, 14.65.-q

http://arxiv.org/abs/0906.3918v2


2The ongoing experimental e�ort in spin-dependenthigh-energy sattering and attendant theoretial workontinue to indiate that the spins of the quarks and glu-ons are not suÆient to explain the nuleon spin [1℄. Theinvestigation of the only remaining ontribution, that oforbital angular momentum of the onstituents, is learlyessential. Transverse-momentum-dependent parton dis-tribution funtions are reognized as a tool to study spin-orbit orrelations, hene providing experimental observ-ables for studying orbital angular momentum. One par-tiular example is the Sivers funtion f?1T [2℄, desribingthe orrelation between the momentum diretion of thestruk quark and the spin of its parent nuleon. Thisorrelation is ommonly de�ned as the Sivers e�et. Anon-vanishing f?1T ontributes to, e.g., single-spin asym-metries (SSAs) in semi-inlusive deep-inelasti sattering(DIS) o� transversely polarized protons, ep" ! e0hX ,where h is a hadron deteted in oinidene with thesattered lepton e0.For a long time, transverse SSAs had been assumedto be negligible in hard sattering proesses. They areodd under naive time reversal, i.e., time reversal of three-momenta and angular momenta, and thus require inter-ferene of amplitudes with di�erent heliities and phases.In QED and perturbative QCD, these ingredients aresuppressed [3, 4℄. Therefore, in semi-inlusive DIS theymust be asribed to the non-perturbative parts in theross setion, i.e., to spei� parton distribution andfragmentation funtions, ommonly ategorized as beingnaive-T-odd. The idea of a naive-T-odd quark distribu-tion funtion goes bak to an interpretation [2℄ of largeleft-right asymmetries observed in pion prodution in theollision of unpolarized with transversely polarized nule-ons [5℄. It was argued that suh asymmetries ould beattributed to a left-right asymmetry in the distributionof unpolarized quarks in transversely polarized nuleons,i.e., an asymmetry that exists before the pion is formedin the fragmentation proess, and that does not vanish athigh energies. A deade after an initial proof [6℄ that thisdistribution funtion, now termed the Sivers funtion,must vanish beause of time-reversal invariane 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 funtions. A gauge link, previously negleted inthe de�nition of gauge-invariant distribution funtions,invalidates the original proof for the ase of transverse-momentum-dependent distribution funtions. The gaugelink provides the phase for the interferene (required fornaive-T-oddness), and an be interpreted as an intera-tion of the struk quark with the olor �eld of the targetremnant [11℄.The inlusion of the gauge link has profound onse-quenes on fatorization proofs and on the onept ofuniversality, whih are of fundamental relevane for high-energy hadroni physis. A diret QCD predition is a

Sivers e�et in the Drell{Yan proess that has the oppo-site sign ompared to the one in semi-inlusive DIS [8℄.For hadron prodution in proton-proton ollisions the sit-uation is more intriate [12℄, leading to a violation ofstandard fatorization and universality, even for the aseof unpolarized ollisions [13℄. Therefore, the study of theSivers e�et in semi-inlusive DIS and other proessesis of utmost importane for our understanding of high-energy sattering involving hadrons.The Sivers e�et has been related to the orbital motionof quarks inside a transversely polarized nuleon sine theseminal work in Ref. [2℄. In the alulation of Ref. [7℄, itbeame lear that orbital angular momentum of quarksis needed for a non-vanishing Sivers e�et as it arisesthrough overlap integrals of wave-funtion omponentswith di�erent orbital angular momenta. However, noquantitative relation has yet been found between f?1T andthe orbital angular momentum of quarks. One faes asimilar quandary with the anomalous magneti moment� of the nuleon: it also requires wave funtion 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 funtion omponents that also appear inthe expressions for � as well as for the total angular mo-mentum in the Ji relation [15℄ for the nuleon-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 interations are attrative, as one would as-sume for the on�ning olor fore, a positive avor on-tribution to � leads to a negative f?1T . (The sign andangle de�nitions follow the Trento Conventions [17℄.)In semi-inlusive DIS, f?1T leads to SSAs in the dis-tribution of hadrons in the azimuthal angle about thevirtual-photon diretion. In general, azimuthal SSAsprovide important information not only about the Siversfuntion but also about other distribution and fragmen-tation funtions. For example, transversity [18℄, de-sribing the distribution of transversely polarized quarksin transversely polarized nuleons, ombined with thenaive-T-odd Collins fragmentation funtion [6℄, also leadsto SSAs. The keys to extrating di�erent ombinationsof the various distribution and fragmentation funtionsare their di�erent dependenes 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-spetively, about the virtual-photon diretion (f. [17℄).The Sivers e�et manifests itself as a sin(�� �S) modu-lation in the azimuthal distribution [19℄.In this Letter lear evidene for a non-vanishing Siversfuntion is reported. The sin(� � �S) modulations insemi-inlusive DIS are measured for pions and hargedkaons, as well as in the di�erene between the �+ and�� ross setions, providing sensitivity to f?1T for both



3valene and sea quarks.The data reported here were reorded during the 2002{2005 running period of the Hermes experiment usinga transversely nulear-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 soure [20℄ based on Stern{Gerlah sepa-ration ombined with radio-frequeny transitions of hy-per�ne states. The nulear spin diretion was ippedat 1{3min time intervals, while both nulear polariza-tion and the atomi fration inside the target ell wereontinuously measured [21℄. The average magnitude ofthe proton-polarization omponent perpendiular to thelepton-beam diretion was 0:725� 0:053.Sattered leptons and oinident hadrons were de-teted by the Hermes spetrometer [22℄. Leptons wereidenti�ed with an eÆieny exeeding 98% and a hadronontamination of less than 1%. Charged hadrons withmomentum 2GeV < jP hj < 15GeV were identi�edusing a dual-radiator ring-imaging �Cerenkov detetor(RICH) [23℄. For this a hadron-identi�ation algorithmwas employed that takes into aount the topology ofthe whole event, in ontrast to the trak-level algorithmin previous analyses [24℄. Events were seleted sub-jet 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 inident lepton, andthe sattered lepton, respetively. Coinident hadronswere aepted if 0:2 < z < 0:7, where z � (P �Ph)=(P �q).The ross setion for semi-inlusive prodution ofhadrons using an unpolarized lepton beam on a trans-versely polarized target an be written as [19, 25, 26℄�(�; �S) = �UU f1 + 2hos�iUU os�+ 2hos 2�iUU os 2�+ jST j [2hsin(���S)iUT sin(�� �S) + : : :℄g; (1)where �ve sine modulations ontribute to thepolarization-dependent part, but, for onveniene,only the sin(� � �S) modulation (the Sivers term), iswritten out expliitly. Here, the subsript UT denotesunpolarized beam and transverse target polarization(with respet to the virtual-photon diretion), while �UUrepresents the �-independent part of the polarization-independent ross setion. The sin(� � �S) amplitudean 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 funtions, respe-tively. The symbol 
 (
W) represents a (weighted) on-volution integral over intrinsi and fragmentation trans-verse momenta pT and KT , respetively.

The amplitudes of the �ve sine modulations in Eq. (1)were extrated 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 perpendiular to thebeam diretion [28℄, was also inluded in the �t.A sale unertainty of 7.3% on the extrated Siversamplitudes arises from the auray of the target-polarization determination. Inlusion in the �t of es-timates [29℄ for the os� and os 2� amplitudes of theunpolarized ross setion had negligible e�ets on theamplitudes extrated. 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℄ andinluded in the systemati unertainty. E�ets from thehadron identi�ation using the RICH, the geometri a-eptane, smearing due to detetor resolution, and radia-tive e�ets are not orreted for in the data. Rather, thesize of all these e�ets was estimated using a simulationtuned to the data, whih involved a fully di�erential poly-nomial �t to the measured azimuthal amplitudes [32℄.The result was inluded in the systemati unertaintyand onstitutes the largest ontribution.Based on a Pythia6 Monte Carlo simulation [33℄tuned to Hermes data, the fration of harged pions(kaons) stemming from the deay of exlusive vetor-meson hannels was estimated to be about 6{7% (2{3%).Among the ontributions of all the vetor mesons to thepion samples, that of the �0 is dominant. A di�erentobservable, for whih the ontributions from exlusive �0mesons anels, is the pion-di�erene asymmetryA�+���UT (�; �S) � 1jST j (��+U"����U" )� (��+U#����U# )(��+U"����U" ) + (��+U#����U# ) ; (3)the SSA in the di�erene in the �+ and �� ross se-tions for opposite target-spin states "; #. In addition,this asymmetry helps to isolate the valene-quark Siversfuntions: under some assumptions, suh as harge-onjugation and isospin symmetry among pion fragmen-tation funtions, one an dedue from Eq. (2) that thisSSA stems mainly from the di�erene (f?;dv1T � 4f?;uv1T )in the Sivers funtions for valene down and up quarks.The resulting Sivers amplitudes for pions, hargedkaons, and for the pion-di�erene asymmetry are shownin Fig. 1 as funtions of x, z, or Ph?. They are positiveand inrease with inreasing z, exept for ��, for whihthey are onsistent with zero. In the ase of �+, K+,and the pion-di�erene asymmetry, the data suggest asaturation of the amplitudes for Ph? & 0:4 GeV and areonsistent with the predited linear derease in the limitof Ph? going to zero.
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