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s and Astronomy, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands29Andrzej Soltan Institute for Nu
lear Studies, 00-689 Warsaw, Poland30Yerevan Physi
s Institute, 375036 Yerevan, Armenia(Dated: September 18, 2006)The transfer of polarization from a high-energy positron to a �0 hyperon produ
ed in semi-in
lusive deep-inelasti
 s
attering has been measured. The data have been obtained by the HERMESexperiment at DESY using the 27.6 GeV longitudinally polarized positron beam of the HERA
ollider and unpolarized gas targets internal to the positron (ele
tron) storage ring. The longitudinalspin transfer 
oeÆ
ient is found to be D�LL0 = 0:11�0:10 (stat)�0:03 (syst) at an average fra
tionalenergy 
arried by the �0 hyperon hzi = 0:45. The dependen
e of D�LL0 on both the fra
tional energyz and the fra
tional longitudinal momentum xF is presented.PACS numbers: 13.88+e,13.60.-r,13.60.RjIn this paper the study of the longitudinal spin transferfrom a polarized positron to a �0 hyperon produ
ed inthe deep-inelasti
 s
attering pro
ess is presented. Themeasurements are sensitive to two unknowns: the spinstru
ture of the lightest hyperon, and the spin-dependentdynami
s of the fragmentation pro
ess in deep-inelasti
s
attering.Given the non-trivial spin stru
ture of the proton [1℄,it is of interest to 
onsider the spin stru
ture of otherbaryons. In this respe
t the �0 hyperon is parti
ularly in-teresting, as it is the lightest strange baryon of the SU(3)spin-12 o
tet based on up (u), down (d), and strange (s)quarks. The number density for quarks plus antiquarksof 
avor f in the �0 hyperon is denoted below as q�f(f = u; d; s).In the naive Constituent Quark Model the spin of the�0 hyperon is entirely 
arried by the s quark: �q�s = 1,while the ud pair is in a spinless (singlet) state, i.e.,�q�u = �q�d = 0. Here �q�f � q�+f � q��f , where q�+fand q��f des
ribe the net alignment of the quark spinsalong (+) or against (�) the hyperon spin dire
tion,respe
tively, while the unpolarized number density isq�f � q�+f + q��f . Alternatively, one 
an use SU(3)-
avorsymmetry in 
onjun
tion with the experimental resultson the proton to estimate the �rst moments of theheli
ity-dependent quark distributions in the �0 hyperon.Using su
h assumptions Burkardt and Ja�e found �q�u =�q�d = �0:23� 0:06 and �q�s = 0:58� 0:07 [2℄. A

ord-ing to this estimate, the spins of the u and d quarksand antiquarks are dire
ted predominantly opposite tothe spin of the �0 hyperon resulting in a weak but non-zero net polarization. If su
h an SU(3)-
avor rotation(see Eq. 3 of Ref. [3℄, for example) is applied to the re-
ent semi-in
lusive data on the nu
leon [4℄, the values�q�u = �q�d = �0:09� 0:06 and �q�s = 0:47� 0:07 areobtained instead, favoring a mu
h smaller polarizationof the u and d quarks and antiquarks. A latti
e-QCD
al
ulation [3℄ also �nds small light-quark polarizations,�q�u = �q�d = �0:02� 0:04 and �q�s = 0:68� 0:04. Fi-nally, other authors [5, 6, 7℄ have employed phenomeno-logi
al models to explore the dependen
e of �q�f (x) onthe Bjorken s
aling variable x. These models predi
t a

large positive polarization of the u and d quarks in thekinemati
 region x > 0:3.As it is not experimentally feasible to s
atter dire
tlyfrom hyperon targets, another probe of hyperon spinstru
ture must be found to address these model pre-di
tions. One possibility, as suggested in Ref. [8℄, isto study hyperons produ
ed in the �nal state of thedeep-inelasti
 s
attering (DIS) pro
ess, and to employthe fragmentation pro
ess by whi
h they are formed asa \polarimeter" for the quarks within. More pre
isely,when a longitudinally-polarized lepton beam is s
atteredat high energies from a nu
leon target, angular momen-tum 
onservation di
tates that quarks of a parti
ular spinorientation parti
ipate predominantly in the intera
tion.The outgoing stru
k quark is thus polarized, and hy-perons produ
ed from its fragmentation may \remem-ber" its spin orientation and 
arry a longitudinal po-larization themselves. Formally su
h a 
orrelation maybe expressed in terms of a spin-dependent fragmenta-tion fun
tion, denoted G�1;f (z) in the notation of Ref. [9℄,where z is the fra
tional energy of the �0 hyperon. (Thisfragmentation fun
tion has often appeared in the liter-ature with di�erent symbols, most notably as �D�(z)in Ref. [5℄ or as �q̂�(z) in Ref. [8℄.) The magnitude ofthis spin-dependent fragmentation fun
tion is sensitiveto quark heli
ity 
onservation and to the 
orrelation be-tween quark spins in the 
omplex fragmentation pro
ess.It is also sensitive to the spin stru
ture of the produ
ed�0 hyperon, provided the amount of �0s produ
ed fromunpolarized quarks in the pro
ess of 
olor-string break-ing or from the de
ay of heavier hyperons with di�erentspin stru
ture is not signi�
ant.The polarization of �nal-state �0 hyperons 
an be mea-sured via the weak de
ay 
hannel �0 ! p�� through theangular distribution of the �nal-state parti
les:dNd
p / 1 + �~P� � k̂p: (1)Here dNd
p is the angular distribution of the protons, � =0:642� 0:013 is the asymmetry parameter of the parity-violating weak de
ay, ~P� is the polarization of the �0,and k̂p is the unit ve
tor along the proton momentum in



3the rest frame of the �0. Be
ause of the parity-violatingnature of this de
ay, the proton is preferentially emittedalong the spin dire
tion of its parent, thus o�ering a

essto spin degrees of freedom in the deep-inelasti
 s
attering�nal state.Longitudinal spin transfer to �0 hyperons has pre-viously been explored by the LEP experiments OPALand ALEPH at an energy 
orresponding to the Z0pole [11, 12℄. In these experiments the �0 hyperonsare predominantly produ
ed via the de
ay Z0 ! ss, inwhi
h the primary strange quarks from the de
ay arestrongly (and negatively) polarized at the level of �91%.The OPAL and ALEPH data show a �0 polarization ofabout �30% at z > 0:3. It rises in magnitude as z in-
reases. Here, z is the ratio between the energy of the�0 and that of the primary (fragmenting) quark. TheLEP data have been des
ribed using a Lund-based MonteCarlo model along with the following hypotheses, origi-nally postulated in Ref. [13℄: (1) that the primary quarksprodu
ed in the Z0 de
ay retain their heli
ity throughoutthe fragmentation pro
ess, (2) that the quarks produ
edfrom 
olor-string breaking have no preferred spin dire
-tion, and (3) that the spin stru
ture of the produ
ed hy-perons 
an be adequately des
ribed by the ConstituentQuark Model.In 
ontrast to the LEP experiments, produ
tion of �0hyperons in deep-inelasti
 s
attering of leptons from nu-
leons is dominated by s
attering from u and d quarks.In the NOMAD experiment [14℄, the produ
tion of �0hyperons was studied in �� 
harged-
urrent intera
tions.Also in 
ontrast to the LEP experiments, the NOMADdata are 
on
entrated in the kinemati
 domain xF < 0
orresponding to the so-
alled target fragmentation re-gion. (The Feynman-x variable is de�ned in the stan-dard way as xF � pk=pkmax. Here pk is the proje
tionof the hadron momentum on the virtual-photon (
�) orW -boson (W �) dire
tion, pkmax is its maximum possi-ble value, and all quantities are evaluated in the 
�Nor W �N 
enter-of-mass system, where N is the targetnu
leon). A non-zero longitudinal �0 polarization wasobserved at xF < 0 while at xF > 0 the polarization wasfound to be 
ompatible with zero [14℄. A me
hanismgiving rise to non-zero polarization values in the regionxF < 0 is des
ribed in Ref. [15℄.Using 
harged lepton beams, only two measurements oflongitudinal �0 polarization in deep-inelasti
 s
atteringhave been reported to date. The E665 
ollaboration [16℄measured a negative polarization by using a polarizedmuon beam of 470 GeV. The statisti
al a

ura
y of theE665 experiment is rather limited, however, as only 750�0 events were identi�ed.Results on the longitudinal spin transfer in deep-inelasti
 s
attering were also reported by the HERMES
ollaboration [17℄. These data were obtained using the27.6 GeV polarized positron beam of the HERA e-p
ollider, and were 
olle
ted during the years 1996 and

1997. After subtra
tion of the ba
kground and appli-
ation of several kinemati
 requirements, about 2,000�0 hyperons were re
onstru
ted. The longitudinal spin-transfer 
oeÆ
ient, whi
h is de�ned below in Eq. 2, forforward (xF > 0) �0 produ
tion was measured to beD�LL0 = 0:11�0:17 (stat)�0:03 (sys), at an average fra
-tional energy hzi = 0:45. In deep-inelasti
 s
attering, thefra
tional energy z is de�ned as z = E�=�, where E� isthe energy of the �0 hyperon, � = E � E0, and E andE0 represent the energy of the primary and s
attered lep-ton, respe
tively. Sin
e the energy of the 
urrent (stru
k)quark after absorption of the virtual photon is very 
loseto �, the value z in deep-inelasti
 s
attering is pra
ti-
ally the same as that in the LEP experiments dis
ussedabove, thus allowing 
omparison of both results.Re
ently, the CLAS experiment at Je�erson Labora-tory measured large spin transfers from polarized 2.6GeV beam ele
trons to �0s produ
ed in the ex
lusiverea
tion ~ep ! e0K+~� [18℄. However, due to the ex
lu-sive nature of this rea
tion and the low energy of theexperiment, these data 
annot be readily 
ompared withresults from high-energy deep-inelasti
 s
attering.The HERMES results presented in this paper surpassthe data of Ref. [17℄ in statisti
al pre
ision. The newdata were mostly a

umulated during the very su

ess-ful HERA data-taking period in the years 1999-2000. Inthis period a Ring Imaging �Cerenkov (RICH) dete
tor[19℄ was used for hadron identi�
ation. The old HER-MES D�LL0 data 
olle
ted during the years 1996 and 1997(Ref. [17℄) are in
luded in the analysis, leading to a totalof almost 8,000 �0 events.As 
ompared to previous measurements, the additionaldata allow the exploration of the z-dependen
e of thespin transfer D�LL0 . This is of parti
ular interest, as thez-dependen
e provides a 
ru
ial test for the dominant�0-formation me
hanism. Some models a
tually predi
ta very pronoun
ed z-dependen
e for �0 polarization. Thedata were also binned in the variable xF , enabling a 
om-parison of all the available data 
olle
ted in the target-and 
urrent-fragmentation regions by the HERMES, NO-MAD, and E665 experiments.The paper is organized as follows. Se
tion 2 summa-rizes the spin transfer in the framework of the quark-parton model. Having introdu
ed the relevant variablesin se
tion 2, se
tion 3 is devoted to a brief des
riptionof the experiment and a dis
ussion of the analysis te
h-niques. The experimental results are presented and dis-
ussed in se
tion 4, and se
tion 5 
on
ludes the paperwith summary remarks.II. LONGITUDINAL SPIN TRANSFERThe dominant me
hanism for semi-in
lusive produ
-tion of longitudinally polarized �0 hyperons in polarizeddeep-inelasti
 s
attering is sket
hed in Fig. 1. It should



4be noted that at the moderate energy of the HERMESexperiment the distin
tion between the 
urrent and tar-get fragmentation domain is not very sharp. The 
ondi-tion xF > 0 only sele
ts �0 parti
les moving forward inthe 
�p rest frame but does not ex
lude a 
ontributionfrom the target remnant. Nevertheless, with this require-ment imposed the remnant 
ontribution is assumed to beredu
ed.As indi
ated by the arrows in Fig. 1, a beam positronof positive heli
ity emits a polarized virtual photon (de-noted 
�) whi
h is absorbed by a quark q in the targetproton with the spin dire
tion opposite to that of ~
�.This �xes the spin orientation of the stru
k quark: afterthe spin-1 photon is absorbed, the outgoing quark hasthe same heli
ity as the virtual photon.
Λ

γ

P

X

hadronization

∗

e’

e

q

qFIG. 1: The single-quark s
attering me
hanism leading to�0 produ
tion in polarized deep-inelasti
 positron s
attering.More pre
isely, if the longitudinal polarization of thebeam is given by Pb and the target is unpolarized, thestru
k quark will a
quire a polarization Pq = PbD(y)dire
ted along its momentum. Here y = �=E is thefra
tional energy 
arried by the photon and D(y) '[1 � (1 � y)2℄=[1 + (1 � y)2℄ is the depolarization fa
-tor taking into a

ount the loss of polarization of the vir-tual photon as 
ompared to that of the in
ident positron.Positive beam polarization Pb refers to the 
ase when thebeam positron has preferentially positive heli
ity in thetarget rest frame. The 
omponent of the polarizationtransferred along the dire
tion L0 from the virtual pho-ton to the produ
ed �0 is given byP�L0 = PbD(y)D�LL0 ; (2)where L is the primary quantization axis, dire
ted alongthe virtual photon momentum. The spin transfer 
oef-�
ient D�LL0 in Eq. 2 des
ribes the probability that thepolarization of the stru
k quark is transferred to the �0

hyperon along the se
ondary quantization axis L0. Inprin
iple, the spin transfer 
an be studied experimentallyfor any dire
tion of the L0 axis. Interesting informationon the dynami
s of the rea
tion and on the me
hanismof spin transfer from the stru
k quark to the produ
ed�0 
an be obtained by measuring the longitudinal 
om-ponent of the transferred polarization. Di�erent authorsdi�er in their de�nition of the dire
tion of the longitu-dinal 
omponent [8, 9, 10℄: 
hoi
es for the L0 dire
tionin
lude the dire
tions of the momentum of the virtual-photon, of the produ
ed �0, and of the lepton beam. Asdes
ribed in later se
tions, two of these 
hoi
es were ex-plored in this analysis and gave fully-
ompatible results.In the notation of [9℄, the longitudinal spin-transferfrom the virtual photon to the �0 hyperon in DIS is ex-pressed in terms of a spin-transfer fragmentation fun
tionG1;f :D�LL0(x; z;Q2) = Pf e2f qf (x;Q2)G�1;f(z;Q2)Pf e2f qf (x;Q2)D�1;f (z;Q2) : (3)Here, ef is the 
harge of the quark (or antiquark), andthe sum is taken over quark (antiquark) 
avors f . Thefun
tion qf (x;Q2) is the number density of a quark fin the target, and x = Q2=2Mp� represents the Bjorkens
aling variable, where Mp is the proton mass and Q2 isthe negative four-momentum transfer squared.In Eq. 3, D�1;f (z;Q2) is the familiar spin-independentfragmentation fun
tion des
ribing the number density for�0 produ
tion from a primary quark f . Less familiar isthe spin-dependent fragmentation fun
tion G�1;f [9℄. It isde�ned as G�1;f = D�+1;f+ �D��1;f+, while the unpolarizedfragmentation fun
tion is D�1;f = D�+1;f+ + D��1;f+. Here,the symbols D�+1;f+ or D��1;f+ are used to denote the frag-mentation fun
tions for a quark of heli
ity + to produ
ea �0 of heli
ity + or �, respe
tively. It is assumed thatD�+1;f+ = D��1;f� and D��1;f+ = D�+1;f�.Both the quark-density distributions and the fragmen-tation fun
tions in Eq. 3 are slowly varying with Q2, sothat to a good approximationD�LL0(x; z;Q2) ' D�LL0(x; z)Q2=hQ2i;where hQ2i is the average value of Q2. After integratingover x it reads:D�LL0(z) ' Xf G�1;f (z)D�1;f (z) Z e2f qf (x)D�1;f (z)Pf 0 e2f 0qf 0(x)D�1;f 0 (z)dx= Xf D�LL0;f (z) !�f (z): (4)Here the quantityD�LL0;f denotes the partial spin transferfrom a stru
k quark of 
avor f to a �0 hyperon:D�LL0 ;f (z) = G�1;f(z)D�1;f (z) � D�+1;f+(z)�D��1;f+(z)D�+1;f+(z) +D��1;f+(z) : (5)



5The purity !�f (z) in Eq. 4 is the net probability that a�0 was produ
ed at average Q2 � hQ2i with a fra
tionalenergy z after absorption of a virtual photon by a quarkof 
avor f . It is obvious thatXf !�f (z) = 1: (6)
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0.2 0.4 0.6 0.8FIG. 2: Purities for �0 produ
tion from the proton tar-get within the HERMES a

eptan
e, 
al
ulated separatelyfor quarks and antiquarks of various 
avors at xF > 0 withhQ2i=2.41 GeV2.The purities depend on unpolarized quantities only,and 
an be obtained from a Monte Carlo model. Fig. 2shows purity distributions for quarks of various 
avors
al
ulated using the JETSET Monte Carlo for �0 pro-du
tion from a proton target. The 
al
ulations have beendone in the 
urrent fragmentation region (xF > 0) forHERMES kinemati
s. The strength of the ele
tromag-neti
 intera
tion between a lepton and a quark is propor-tional to the square of the quark 
harge ef . Hen
e �0produ
tion in ele
tron (or muon) indu
ed deep-inelasti
s
attering is dominated by s
attering from u quarks, asshown in Fig. 2. The strange quark plays a minor role atmoderate z. Its 
ontribution is sharply in
reasing onlyat very high z, whi
h is diÆ
ult to a

ess experimentally.It is apparent that the spin-transfer fragmentationfun
tion G�1;f is expe
ted to be related to the spin stru
-ture of the �0 hyperon. For example, under the as-sumptions that the produ
ed hyperon a
tually 
ontainsthe stru
k quark of 
avor f , that it was produ
ed dire
tlyfrom fragmentation (and not from the de
ay of a heav-ier hyperon), and that the original heli
ity of the quark

is preserved during the fragmentation pro
ess, the par-tial spin-transfer 
oeÆ
ient has been estimated using atheoreti
al model of the �0 spin stru
ture to be [20℄D�LL0;f � G�1;fD�1;f ' �q�fq�f : (7)Here, �q�f =q�f may be interpreted as the average polar-ization of quarks of 
avor f in the �0 hyperon, andD�LL0;f as the partial spin transfer averaged over pro-du
tion kinemati
s. Despite the number of simplifyingassumptions that have been made in deriving Eq. 7, itis a useful starting point for developing a qualitative un-derstanding of D�LL0 .It must be noted that Eq. 7 
an be also obtained as a
onsequen
e of the re
ipro
ity relation based on 
rossingsymmetry [21℄. Stri
tly speaking, however, it is expe
tedto be valid only at large values of the Bjorken s
alingvariable for the �0 , x�, and of z, providing an exa
t linkbetween the spin-transfer 
oeÆ
ient and spin stru
tureof the �0 baryon in the limit of x� ! 1, z ! 1.Be
ause of strong u-quark dominan
e, one would ex-pe
t that for ele
tron (or muon) deep-inelasti
 s
atteringD�LL0 � �q�u=q�u : (8)This relation is not 
hanged by the d-quark 
ontributionto the extent that �q�u=q�u = �q�d =q�d be
ause of isospinsymmetry. Further, as shown in Fig. 2, the u=d-quarkdominan
e approximation in Eq. 8 is exa
t for at least70% of the events within the a

essible z-range, rea
hingalmost 90% at intermediate z values of around 0.6. In theConstituent Quark Model, the net u-quark polarizationin the �0 is zero. As explained in the introdu
tion, theuse of re
ent HERMES results on proton stru
ture givesa small negative �q�u of �0:09� 0:06 [4℄, while a latti
eQCD 
al
ulation gives �0:02�0:04 [3℄. The spin transferto �0 hyperons in deep-inelasti
 s
attering might thus be,in prin
iple, a probe of the small non-strange 
omponentsof the �0 spin stru
ture. This is quite di�erent fromthe 
ase of e+e� ! �0X, where the s-quark plays adominant role.III. EXPERIMENT AND EVENT SELECTIONThe �0 ele
troprodu
tion data presented in this pa-per were a

umulated by the HERMES experiment atDESY. In this experiment, the 27.6 GeV longitudinally-polarized positron beam [22℄ of the HERA e-p 
ollider ispassed through an open-ended tubular storage 
ell intowhi
h polarized or unpolarized target atoms in undilutedgaseous form are 
ontinuously inje
ted. The HERMESdete
tor is des
ribed in detail in Ref. [23℄.The data presented here were re
orded during two two-year periods: 1996-1997 and 1999-2000 using positron



6beams. A variety of unpolarized target gases were usedin the analysis. Most of the data were 
olle
ted fromhydrogen and deuterium, but 3He, 4He, 14N, 20Ne and84Kr targets were also in
luded, and the data from alltargets were 
ombined.The s
attered positrons and the �0 de
ay produ
tswere dete
ted by the HERMES spe
trometer in thepolar-angle range from 40 to 220 mrad. A positron trig-ger was formed from a 
oin
iden
e between three s
in-tillator hodos
ope planes and a lead-glass 
alorimeter.The trigger required a minimum energy deposit in the
alorimeter of 3.5 GeV for the data employed in this anal-ysis. Charged-parti
le identi�
ation was based on the re-sponses of four dete
tors; a threshold �Cerenkov 
ounter,a transition-radiation dete
tor, a preshower s
intillatorhodos
ope, and a lead-glass 
alorimeter. Altogether, theparti
le identi�
ation (PID) system provides an averagepositron identi�
ation eÆ
ien
y of 99% with a hadron
ontamination of less than 1%. In 1998 the thresh-old �Cerenkov 
ounter was repla
ed by the Ring Imaging�Cerenkov (RICH) dete
tor [19℄, providing an improvedhadron identi�
ation 
apability.The �0 hyperons were identi�ed in the analysisthrough their p�� de
ay 
hannel. Events were sele
tedby requiring the presen
e of at least three re
onstru
tedtra
ks: a positron tra
k and two hadron 
andidates ofopposite 
harge. If more than one positive or negativehadron was found in one event, all possible 
ombinationsof positive and negative hadrons were used. The require-ments Q2 > 0:8 GeV2 and W > 2 GeV were imposed onthe positron kinemati
s to ensure that the events orig-inated from the deep-inelasti
 s
attering domain. HereW = qM2p + 2Mp� �Q2 is the invariant mass of thephoton-nu
leon system. In addition, the requirementy = 1�E0=E < 0:85 was imposed as the minimum valueof E0 was given by the 
alorimeter threshold of 3.5 GeV.The kinemati
s of the �0 de
ay produ
ts dete
ted bythe HERMES spe
trometer is su
h that the proton mo-mentum is always mu
h higher than that of the pion.These low-momentum pions are often bent so severely inthe spe
trometer magnet that they fail to rea
h the tra
k-ing 
hambers and PID dete
tors in the ba
kward half ofthe spe
trometer. However, it is possible to evaluate themomentumof su
h \short tra
ks" using the hits re
ordedby the HERMES Magnet Chambers, a series of propor-tional 
hambers lo
ated between the poles of the spe
-trometer magnet [24℄. The a

eptan
e for �0 hyperons
an be in
reased by almost a fa
tor of two by in
luding inthe analysis the de
ay pions dete
ted as short tra
ks. Asthe great majority of low-momentum parti
les produ
edin deep-inelasti
 s
attering are pions, parti
le identi�
a-tion is not essential for these tra
ks. By 
omparison,parti
le identi�
ation of the de
ay proton is importantfor ba
kground redu
tion, and PID is 
ru
ial in the iden-ti�
ation of the s
attered lepton. Candidates for these

parti
les were therefore required to be \long tra
ks",i.e.,tra
ks passed through all dete
tors of the spe
trometer.Two spatial verti
es were re
onstru
ted for ea
h eventby determining the interse
tion (i.e., point of 
losest ap-proa
h) of pairs of re
onstru
ted tra
ks. The primary(produ
tion) vertex was determined from the interse
tionof the beamline and the s
attered beam lepton, while these
ondary (de
ay) vertex was determined from the inter-se
tion of the proton and pion tra
ks. In both 
ases,the distan
e of 
losest approa
h was required to be lessthan 1.5 
m. All tra
ks were also required to satisfy a se-ries of �du
ial-volume 
uts designed to avoid the ina
tiveedges of the dete
tor. For tra
ks ful�lling these require-ments the invariant mass of the hadron pair was eval-uated, under the assumption that the high-momentumleading hadron is the proton while the low-momentumhadron is the pion. There is a 
lear �0 peak even withoutba
kground suppression 
uts. This spe
trum is displayedin Fig. 3, left panel.
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lusively produ
ed �0 hyper-ons in deep-inelasti
 s
attering. The left (right) panel showsthe invariant-mass spe
trum before (after) the appli
ation ofba
kground suppression 
uts. The verti
al lines show theboundaries at �3:3 �. The spe
tra in
lude essentially all datare
orded from unpolarized targets by the HERMES spe
trom-eter in the years 1996 { 1997 and 1999 { 2000, 
orrespond-ing to a yield of 30:3� 106 in
lusive deep-inelasti
 s
atteringevents.In order to suppress ba
kground, two di�erent ap-proa
hes were taken, depending on the availability of



7the RICH dete
tor. For the data taken prior to 1998,hadron pairs with leading pions were suppressed withthe help of the threshold �Cerenkov 
ounter. In addi-tion, hadrons emitted from the primary vertex were sup-pressed by introdu
ing a vertex separation requirementof z2 � z1 > 10 
m, with z1 and z2 representing the
oordinates of the primary and se
ondary vertex posi-tions along the beam dire
tion. In later years, with theRICH dete
tor available, no vertex separation 
ut wasused. In this 
ase, protons with momenta larger than4 GeV (whi
h applies to 75% of all protons from �0 de-
ay) 
ould be distinguished from lighter hadrons, pro-viding suÆ
ient ba
kground redu
tion. Without ba
k-ground suppression, 8,200 �0 events were extra
ted fromall unpolarized data, while the �nal data sample, with allrequirements imposed, 
ontained 7,300 �0 events. Thesenumbers were obtained by integrating the �0 peak be-tween the boundaries �3:3�, shown in Fig. 3 with theverti
al lines, and subtra
ting the ba
kground.An average beam polarization of about 55% was typ-i
al during data taking. Reversal of the polarization di-re
tion was performed three times during the 1996-1997data taking period, but more frequently thereafter. Sim-ilar amounts of data were re
orded in ea
h beam heli
itystate.Two independent polarimeters were used to measurethe beam polarization. They used similar te
hniquesbased on laser Compton ba
ks
attering. The polarime-ter TPOL [25℄ measured the transverse beam polariza-tion outside the HERMES spin rotators, while the po-larimeter LPOL [26℄, lo
ated between the spin rotators,measured the longitudinal polarization at the HERMESintera
tion point. In pra
ti
e, the value measured bythe LPOL was taken, ex
ept for periods where only theTPOL was in operation. The fra
tional systemati
 un
er-tainty of the beam polarization measured by the LPOLwas typi
ally less than 2%. For the TPOL measurements,it was less than 3.5%.IV. EXPERIMENTAL RESULTSA. Extra
tion of D�LL0Combining Eqs. 1 and 2, the angular distribution ofde
ay protons may be expressed in terms of the longitu-dinal spin-transfer 
oeÆ
ient D�LL0 :dNd
p / 1 + �PbD(y)D�LL0 
os�pL0 : (9)Here �pL0 is the angle between the proton momentum inthe �0 rest frame and the �0 spin quantization axis L0.Pro
eeding from the dis
ussion in se
tion II, two 
hoi
esof the spin-quantization axis L0 for the �nal-state �0 are
onsidered in this analysis:

Axis 1: along the dire
tion of the virtual photon mo-mentum in the �0 rest frame;Axis 2: along the dire
tion of �0 momentum (not af-fe
ted by the relativisti
 transformation to the �0rest frame).For HERMES kinemati
s, unlike the 
ase of deep-inelasti
 s
attering at very high energies, axes 1 and 2are typi
ally not 
ollinear. It has been found that theangle between axis 1 and axis 2 varies over a wide rangewith an average value of 35 degrees in the �0 rest frame.Hen
e, both possibilities of D�LL0 re
onstru
tion (axis 1and axis 2) were 
onsidered in the analysis.The HERMES spe
trometer is a forward dete
tor witha limited a

eptan
e for the re
onstru
tion of �0 hy-perons. The eÆ
ien
y to dete
t a pion from �0 de
aydepends strongly on its momentum in the laboratoryframe, and on its de
ay angle (� � �pL0 ) in the �0 restframe, resulting in a forward (
os �pL0 > 0)/ ba
kward(
os �pL0 < 0) asymmetri
 a

eptan
e fun
tion.In order to 
an
el this a

eptan
e e�e
t, the spin trans-fer to the �0 has been determined by 
ombining thetwo data sets measured with opposite beam polariza-tions into one heli
ity-balan
ed data sample, in whi
hthe luminosity-weighted average beam polarization forthe sele
ted data isPb � 1L Z Pb dL = 0: (10)Here L = R dL is the integrated luminosity.A detailed derivation based on the method of maxi-mum likelihood leads to the relation [27℄:D�LL0 = 1�P 2b � PN�i=1 Pb;iD(yi) 
os �ipL0PN�i=1D2(yi) 
os2�ipL0 : (11)Here, P 2b � ( 1L ) R P 2b dL is the luminosity-weighted aver-age of the square of the beam polarization.As follows from Eq.11, DLL0 
an be extra
ted from thedata on an event-by-event basis using experimentally-measured values only. As the beam polarization wasreversed every six weeks, no a

eptan
e 
orre
tions areneeded. On the other hand, in order to experimentally es-timate the possible level of false asymmetries and relatedsystemati
 un
ertainties, a pro
ess with similar eventtopology where DLL0 is ne
essarily equal to zero shouldbe analyzed. The best 
andidate is K0s -meson produ
-tion, with its subsequent weak de
ay to �+��: as theK0s is a spin-zero meson, it 
annot be polarized.The �0 polarization was studied as a fun
tion of 
er-tain kinemati
 variables. Using Eq. 11, the spin trans-fer D̂�LL0 was 
al
ulated for the events within the �0invariant-mass peak (between the boundaries �3:3�) inea
h kinemati
 bin. The fra
tion of ba
kground events� = NbgrN�+Nbgr within the peak was typi
ally of order 20%.



896-97 99-00 All DatahD�LL0 i, axis 1 0:12 � 0:17 0:12 � 0:12 0:12 � 0:10hD�LL0 i, axis 2 0:13 � 0:17 0:10 � 0:13 0:11 � 0:10R L, pb�1 226.9 330.5 557.4N� 2,452 4,294 6,746hzi 0.44 0.46 0.45hxF i 0.29 0.31 0.30TABLE I: Results for D�LL0 averaged over kinemati
s with therequirement xF > 0 imposed. (Note that the total number of�0 events N� is redu
ed as 
ompared with that in Fig. 3, rightpanel, due to this requirement.) The quoted un
ertainties arestatisti
al only. The systemati
 un
ertainties are on the levelof �0:03 as dis
ussed in the text.The spin transfer for the ba
kground D�LL0bgr was deter-mined from the events above and below the peak outsideof the �3:3� invariant-mass window. In order to obtainthe �nal result for the net �0 events, the spin transferwithin the �0 peak was 
orre
ted for this ba
kground
ontribution in ea
h kinemati
 bin asD�LL0 = D̂�LL0 � �D�LL0bgr1� � : (12)It should be noted that the sideband (ba
kground) spin-transfer 
oeÆ
ient D�LL0bgr in Eq. 12 was always 
onsis-tent with zero.B. D�LL0 averaged over kinemati
sTable I presents the results for D�LL0 averaged overHERMES kinemati
s with the requirement xF > 0 im-posed. As shown in the table, the results from the 1996-1997 data set (where the RICH dete
tor was not present)are fully 
ompatible with those from the 1999-2000 dataset. Hereafter, only results from the 
ombined data setare 
onsidered.Three sour
es of systemati
 un
ertainties were identi-�ed and evaluated. First, the heli
ity-balan
ed analysismethod outlined above relies on an a

urate normaliza-tion of the data samples with positive and negative beamheli
ity. In order to estimate the asso
iated systemati
un
ertainty, the luminosity of ea
h sample was deter-mined using two di�erent methods: (1) using the num-ber of in
lusive deep-inelasti
 s
attering events found inea
h sample, and (2) using the number of semi-in
lusivedeep-inelasti
 s
attering events 
ontaining an oppositely-
harged hadron pair with invariant mass outside the �0peak. In both 
ases the spe
trometer a

eptan
e is as-sumed to be una�e
ted by the reversal of the beam po-larization. The in
lusive deep-inelasti
 s
attering 
rossse
tion is independent of the beam polarization as thetarget is unpolarized. The same is true for any semi-in
lusive 
ross-se
tion as long as it is fully integrated

over the angular distribution of the �nal-state hadrons.The spin-transfer results were found to di�er by less than0.03 when the two normalizationmethods were used, anda systemati
 un
ertainty of �0:015 was assigned to a
-
ount for this di�eren
e.Se
ond, as a further 
he
k of the systemati
 un
ertain-ties involved in the extra
tion pro
edure, the spin trans-fer 
oeÆ
ient was determined for oppositely-
hargedhadron pairs (h+h�), where the identity of the hadronswas not restri
ted. The invariant mass of ea
h pair was
al
ulated assuming it was a p�� pair with a mass ly-ing outside the �0 window in the mass range indi
atedin Fig. 3. No ba
kground suppression 
uts were appliedin this 
ase (Fig. 3, left panel). In semi-in
lusive hadronprodu
tion, hadron kinemati
s may be sensitive to thesign of the beam polarization [9, 28, 29℄. This may, inprin
iple, result in 
orrelations between 
os�p and Pb,and thus, in nonzero values of D�LL0 for h+h� pairs.These 
orrelations, however, vanish provided that thetarget nu
leon is unpolarized and the 
ross se
tion is fullyintegrated over the angular distribution of the �nal-statehadrons. A statisti
ally signi�
ant nonzero value ofD�LL0for h+h� pairs, though a priori not evident, would mostlikely be an indi
ation of an instability of experimental
onditions over the relatively long time of the data tak-ing. Further, theoreti
al 
on
erns aside, the measuredspin-transfer to h+h� pairs outside the �0 mass windowprovides a 
onservative estimate of the systemati
 erroronD�LL0 . Using this ba
kground sample,D�LL0 was foundto be 
ompatible with zero: 0:005 � 0:014 using axis 1and 0:003� 0:014 using axis 2. Nevertheless, a �0:014
ontribution was added to the overall systemati
 un
er-tainty to a

ount for the statisti
al limitations of thisfalse-asymmetry test.Third, semi-in
lusive K0s produ
tion has been studiedin the experiment using the same kinemati
 
uts as thoseapplied to the � data set. For the K0s sample of 14800events, the spin transfer 
oeÆ
ient was found to be 
om-patible with zero: DK0sLL0 = 0:005� 0:08.The systemati
 un
ertainty of D�LL0 due to beam po-larization measurements was estimated to be less than0.002. Other un
ertainties related to smearing e�e
ts,
hoi
e of the ba
kground-suppression pro
edure, and 
or-re
tions for the ba
kground 
ontribution (Eq. 12) werealso found to be small.Based on these results, one 
an 
on
lude that thesystemati
 un
ertainty on the spin-transfer 
oeÆ
ientis dominated by the normalization un
ertainty of theheli
ity-balan
ed analysis method (�0:015) and possibleexperimental false asymmetries, estimated with the helpof hadron pairs (�0:014). The overall systemati
 un
er-tainty of the measured spin transfer is thus estimated tobe �0:03.As the measured value for D�LL0 shows no signi�-
ant dependen
e on the 
hoi
e of the longitudinal spin-



9z-range hzi D�LL0 , axis 1 D�LL0 , axis 20:05 < z < 0:34 0:28 0:09 � 0:19 0:06 � 0:200:34 < z < 0:44 0:39 0:19 � 0:19 0:21 � 0:190:44 < z < 0:55 0:49 0:12 � 0:20 0:13 � 0:200:55 < z < 1 0:66 0:03 � 0:23 �0:02 � 0:23TABLE II: Measured values of D�LL0 in bins of z, for xF > 0.The quoted un
ertainties are statisti
al only. The systemati
un
ertainties are on the level of �0:03, as dis
ussed in thetext.quantization axis, the results of this se
tion 
an be sum-marized by a single value:D�LL0 = 0:11� 0:10 (stat) � 0:03 (syst): (13)This represents the spin transfer to the �0 along its mo-mentum dire
tion, averaged over the kinemati
 regionwith Q2 > 0:8 GeV2, y < 0:85, and xF > 0. The aver-age fra
tional energy of the �0 hyperons in this sampleis hzi = 0:45, the average momentum transfer hQ2i=2.4GeV2, and the average Bjorken variable hxi=0.088.C. Dependen
e of D�LL0 on z and xFThe dependen
e of D�LL0 on the energy fra
tion z withthe requirement of xF > 0 imposed is presented in Fig. 4and Table II. As the values measured in all bins are
onsistent for the two axis 
hoi
es, only the results foraxis 1 are displayed in Fig. 4. Superimposed on the dataare the phenomenologi
al model 
al
ulations of Ref. [5℄(pQCD and quark-diquark models) whi
h predi
t a pro-noun
ed rise of the spin transfer at high values of z, andthose of the model of Ref. [30℄ (SU(3)-
avor rotation ofproton values) whi
h predi
ts a more gradual in
rease.Although the data presented here extend to the highestvalues of z yet explored in deep-inelasti
 s
attering, theydisplay no eviden
e of a strong kinemati
 dependen
e.One should remember, however, that in the theoreti
almodels dis
ussed above, the �0 hyperon is assumed to beprodu
ed dire
tly from the polarized stru
k quark, i.e.,the 
ontribution from the heavier hyperon de
ays is notin
luded in these models (see subse
tion D).The HERMES results as a fun
tion of xF are presentedin Fig. 5 and Table III.In order to provide a 
omparison with other deep-inelasti
 s
attering experiments, and to illustrate thelevel of agreement in the region of overlap, the HERMESdata are shown in Fig. 5 together with data obtained bythe NOMAD experiment [14℄ at CERN with a 43 GeV ��-beam. Results from the Fermilab E665 experiment [16℄obtained with a 470 GeV polarized muon beam are alsoshown.
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FIG. 4: Dependen
e of the longitudinal spin-transfer 
oeÆ-
ient D�LL0 on z, for xF > 0. The 
urves represent the phe-nomenologi
al model 
al
ulations of Refs. [5, 30℄, as des
ribedin the text. Error bars are statisti
al only.The most pre
ise data are the 
harged-
urrent ��N !��0X measurements from NOMAD. The energy of theNOMAD neutrino beam is similar to the 27.6 GeVpositron beam of the HERMES experiment. However,the spin-transfer 
oeÆ
ient D�LL0 presented by HERMES
annot be immediately 
ompared to the longitudinal �0polarization measured by NOMAD. In the framework ofthe quark-parton model the polarization for the 
harged-
urrent �� intera
tion may be expressed as [14℄:P ��(x; y; z) = � qd(x)G�1;u(z) � (1� y)2 q�u(x)G�1;�d(z)qd(x)D�1;u(z) + (1� y)2 q�u(x)D�1;�d(z) :(14)(Here, qd(x) and q�u(x) represent the number densitiesfor quarks and antiquarks separately, 
ontrary to the
onvention used in the rest of the paper.) The quan-tity �P �� thus represents the spin-transfer D�LL0 from astru
k quark to a �0 hyperon, but for a di�erent mix-ture of quark 
avors than in deep-inelasti
 s
atteringwith ele
tron or muon beams. However, as the NOMADmeasurements were found to be nearly independent ofthe variable y, the intera
tion with d quarks (whi
h 
on-verts d quarks to u quarks) apparently dominates overthe intera
tion with u quarks. Hen
e, �P �� � G�1;u=D�1;u,i.e., the NOMAD result approximatelymeasures the spintransfer from u quarks to �0 hyperons. As �0 produ
-tion at HERMES is also dominated by u quark fragmen-tation, �P �� from NOMAD 
an be qualitatively 
om-pared to D�LL0 from HERMES. As shown in Fig. 5, theNOMAD and HERMES results are indeed 
ompatiblein the kinemati
 region of overlap, �0:2 < xF < 0:3.For xF > 0 with average hxF i = 0:21 NOMAD has



10xF -range hxF i D�LL0 , axis 1 D�LL0 , axis 2�0:2 < xF < 0:06 �0:05 �0:12 � 0:23 �0:16 � 0:230:06 < xF < 0:24 0:15 0:24 � 0:18 0:24 � 0:180:24 < xF < 0:42 0:32 0:06 � 0:16 0:08 � 0:160:42 < xF < 0:56 0:48 0:30 � 0:26 0:33 � 0:260:56 < xF < 1 0:66 0:09 � 0:34 �0:13 � 0:34TABLE III: Measured values of D�LL0 in bins of xF . Thequoted un
ertainties are statisti
al only. The systemati
 un-
ertainties are on the level of �0:03, as dis
ussed in the text.obtained �P �� = 0:09� 0:06 (stat) � 0:03 (syst) whi
his in very good agreement with the HERMES spintransfer for xF > 0 averaged over the kine-mati
s of the experiment (hxF i = 0:31 � 0:01):D�LL0 = 0:11� 0:10 (stat) � 0:03 (syst).All theoreti
al investigations agree that the �0 pro-du
tion me
hanisms for xF > 0 and xF < 0 are di�er-ent in nature. For xF < 0 the average NOMAD resultis �P �� = 0:21� 0:04 (stat) � 0:03 (syst), thus showing atrend towards higher positive values at negative xF . Thisbehavior might suggest a 
hange in the dominant rea
tionme
hanism for �0 produ
tion between the 
urrent andtarget-fragmentation regions, as dis
ussed in Ref. [15℄.
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FIG. 5: Dependen
e of the longitudinal spin-transfer 
oeÆ-
ient D�LL0 on xF . The HERMES measurements are repre-sented by the solid 
ir
les, while the open symbols representdata from NOMAD [14℄ (squares) and E665 [16℄ (
ir
les). Er-ror bars are statisti
al only. As explained in the text, for theneutrino-indu
ed NOMAD data the quantity plotted is �P ��.

D. Dis
ussionThe observation of a small value of D�LL0 points to thedominan
e of s
attering from u or d quarks whose polar-ization within the �0 hyperons is expe
ted to be small,although the 
ondition �q�u = �q�d � 0 does not ne
es-sarily mean that the spin-transfer 
oeÆ
ient vanishes.Further, a

ording to estimates in the framework of theLund-based Monte Carlo model, the fra
tion of �0s pro-du
ed via heavier hyperon de
ays is signi�
ant, and 
om-pli
ates the produ
tion pro
ess: only about 40% of the�0 hyperons are produ
ed dire
tly from string fragmenta-tion within the z < 0:7 kinemati
 range whi
h dominatesthe statisti
s of the present measurement. The �0 hyper-ons produ
ed via �0 , �� or � de
ay (no other hyperonswere found to 
ontribute signi�
antly) may be polarizedif their hyperon parents were produ
ed polarized. Forexample, the average polarization of the �0 produ
ed inthe �0 ! �0
 de
ay is P� = �13P�0 [31℄. Sin
e the uquark is strongly polarized in the �0 hyperon, a nonzerospin transferD�LL0(�0 from de
ay of �0) = �13 �q�0uq�0u (15)is expe
ted for this partial 
hannel [13, 20℄. As thespin stru
tures of the various hyperons di�er dramati-
ally (e.g. in the Constituent Quark Model, �q�0u = +23while �q�0u = 0), the 
ontributions from heavy-hyperonde
ay serve to dilute any net spin transfer from the po-larized stru
k quark to the observed �0.In addition, at the moderate beam energy of theHERMES experiment, a 
ontribution from the target-fragmentation me
hanism to �0 produ
tion is not ex-
luded by the requirement xF > 0. For some fra
tionof the events, the target-remnant diquark will be in aspin-1 triplet state. It will be polarized sin
e its spin ori-entation is �xed by that of the stru
k quark. Hyperonsprodu
ed due to fragmentation of the polarized diquark
an therefore also be polarized, further diluting any netspin transfer to the �0.V. CONCLUSIONSThe polarization transfer from a polarized beampositron to a semi-in
lusively produ
ed �0 hy-peron has been studied in deep-inelasti
 positrons
attering at the HERMES experiment. In theforward-produ
tion region xF > 0, and averagedover the kinemati
s of the measured sample withhzi = 0:45 and hxF i = 0:31, a spin-transfer 
oeÆ-
ient D�LL0 = 0:11� 0:10 (stat) � 0:03 (syst) was ob-tained. This value is in good agreement with the NO-MAD result �P �� = 0:09� 0:06 (stat) � 0:03 (syst) mea-sured for xF > 0 (hxF i = 0:21).



11The HERMES data presented here are the most pre
isemeasurements to date of spin transfer in deep-inelasti
s
attering at large xF . The �nding of a spin-transfer 
o-eÆ
ient 
onsistent with zero is in marked 
ontrast withthe large �0 polarization observed in e+e� annihilationat OPAL and ALEPH. This di�eren
e is not unexpe
ted,as �0 produ
tion in the rea
tion e+e� ! Z0 ! �0X isdominated by the fragmentation of strange quarks, whilein deep-inelasti
 s
attering the fragmentation of u and dquarks, weakly polarized in the �0 hyperon, is the prin-
ipal sour
e.The small spin transfer may also be observed in deep-inelasti
 s
attering at moderate values of z be
ause ofdilution of D�LL0 due to a signi�
ant fra
tion of �0 hy-perons being produ
ed via unpolarized quarks. Althoughin the kinemati
 domain explored experimentally no sig-ni�
ant dependen
e of the spin transfer on either z or xFis observed, the moderate rise ofD�LL0 at high z predi
tedin Refs. [6, 30℄ is not ex
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