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Spin transfer in deep-inelasticL electroproduction has been studied with the HERMES detector using the
27.6 GeV polarized positron beam in the DESY HERA storage ring. For an average fractional energy transfer
^z&50.45, the longitudinal spin transfer from the virtual photon to theL has been extracted. The spin transfer
along theL momentum direction is found to be 0.1160.17(stat)60.03(syst); similar values are found for
other possible choices for the longitudinal spin direction of theL. This result is the most precise value obtained
to date from deep-inelastic scattering with charged lepton beams, and is sensitive to polarized up quark
fragmentation to hyperon states. The experimental result is found to be in general agreement with various
models of theL spin content, and is consistent with the assumption of helicity conservation in the fragmen-
tation process.

DOI: 10.1103/PhysRevD.64.112005 PACS number~s!: 13.60.Rj, 13.87.Fh, 13.88.1e, 25.30.Dh
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Spin-dependent deep-inelastic scattering of charged
tons has provided precise information on the spin structur
the nucleon. Several inclusive experiments on polarized p
ton and neutron targets@1–6# have confirmed the Europea
Muon Collaboration~EMC! result @7#, from which it was
inferred that the quark spins account for only a small fract
of the nucleon spin. Additional information has been o
tained from semi-inclusive polarized deep-inelastic scat
ing experiments, where the correlation between the flavo
the struck quark and the type of hadron observed in the fi
state allows the separation of the spin contributions of
various quark flavors and of valence and sea quarks@8,9#.
Those measurements indicate that the net contribution o
up and down sea quarks to the nucleon spin is small. H
ever, considerable uncertainties remain in the contributi
of strange quarks and gluons.

It has been proposed that one could obtain additional
formation on the polarized quark distributions in the baryo
of the spin 1/2 octet through the production ofL hyperons in
polarized deep-inelastic lepton scattering@10,11#. By mea-
suring the polarization of theL ’s that are likely to have
originated from the struck quark~so-called ‘‘current frag-
mentation’’!, the longitudinal spin transferDLL8

L can be de-
termined. This quantity is defined as the fraction of the v
tual photon polarization transferred to theL. In the naive
quark parton model~QPM! the spin of theL is entirely due
to the strange quark, and the up and down quark polar
tions are zero. On the other hand, assuming SU~3! flavor
symmetry, the up, down and strange quark distributions~and
fragmentation functions! for theL can be related to those i
the proton. If existing data on hyperon decays and polari
structure functions of the nucleon are interpreted in
framework of SU~3! symmetry, the first moments of the po
larized up and down quark distributions in theL can be
estimated to be about -0.2 each@10#. If one assumes in ad
dition that quark helicity is conserved in the fragmentati
process, one obtains this same negative value for the
pected spin transfer from a struck up or down quark to theL.
A measurement of the spin transfer thus has the potentia
provide information on the spin structure of theL hyperon.

*Deceased.
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Longitudinal spin transfer inL production has previously
been studied at theZ0 pole at CERNe1e2 collider LEP. In
the standard model, strange quarks~or quarks of charge -1/3
in general! produced viaZ0 decays have an average pola
ization of -0.91. Both the ALEPH@12# and OPAL Collabo-
rations@13# have reported a measurement of theL polariza-
tion of about20.3 for z.0.3. ~Here,z is the fraction of the
available energy carried by theL.! The interpretation of
these data is not unique. In Ref.@14#, for example, the LEP
data have been confronted with three different scenarios
of which describe the results reasonably well: the naive Q
of theL spin structure, where only the strange quark carr
spin and contributes to polarizedL production~subsequently
referred to as scenario 1!, the SU~3! flavor-symmetric model,
in which up and down quarks also contribute with a negat
sign ~scenario 2!, and a rather extreme hypothesis, in whi
all three light quark flavors contribute equally to theL po-
larization~scenario 3!. An alternative approach may be foun
in the work of @15,16# where calculations of the parton dis
tribution functions in theL have been performed in variou
models. Predictions are then made for theL spin transfer.
These predictions display a markedz dependence which is
directly related to the behavior of the parton distributi
functions in theL at largex. In Ref. @16#, the LEP data are
found to agree well with the prediction, but only if SU~3!
symmetry breaking effects are taken into account. A th
approach is presented in the LEP publications@12,13#. Fol-
lowing the prescription of@17#, the contribution of heavier
hyperon decays to theL spin transfer was carefully consid
ered. When aL is produced from the decay of another h
peron~such as theS* ), its polarization will reflect that of its
parent; the resulting spin transfer from the initial ‘‘struck
quark to theL through this channel will thus be related
the spin structure of theS* rather than theL. In the LEP
analyses, the fractions ofL baryons arising from various
decay channels were estimated using Monte Carlo sim
tions in the Lund fragmentation model, and then combin
with the naive QPM values for the quark polarization in t
various hyperons. The resulting prediction was found
agree well with the data, with up to 50% of the spin trans
arising from heavier hyperon decays. The influence of
heavier hyperons complicates any simple interpretation
the spin transfer in terms of theL spin structure alone; in-
5-2



e
in

er
er

k

B
is
e

io
he
s

he
-

he

he

m
a

l

on
m

a
itie

l
n

s

nt.
r in
m

y
s to

a-

-

-
een

the
n
n-

ex-
on
ns
ro-

ors
he
e

t 20
ing
ht.
1%
the
li-
he
are
ch

ents

d

is
e
net
ter-

MEASUREMENT OF LONGITUDINAL SPIN TRANSFER TO . . . PHYSICAL REVIEW D64 112005
stead, the data must be viewed in the context of mod
describing the spin structure of the several hyperons
volved. In particular, thez dependence of the spin transf
needs to be considered, since the influence of heavy hyp
decays will diminish asz→1.

In the e1e2 experiments at LEP, all three light quar
flavors contributed significantly to the production ofL hy-
perons, with the strange quark playing the dominant role.
contrast,L production in deep-inelastic lepton scattering
dominated by scattering on up quarks. Hence such exp
ments provide a means to distinguish between the var
models of theL spin structure, and to investigate further t
degree of helicity conservation in the fragmentation proce

The polarization ofL hyperons can be measured via t
weak decay channelL→pp2, through the angular correla
tion of the final state

dNp

dV
}11aPW L• p̂. ~1!

Here a50.64260.013 is the asymmetry parameter of t
parity-violating weak decay,PW L is the polarization of theL,
and p̂ is the unit vector along the proton momentum in t
rest frame of theL. For a longitudinally polarized lepton
beam and an unpolarized target, theL polarization is given
in the quark parton model by@11,18#

PW L5q̂PBD~y!

(
f

ef
2qf

N~x,Q2!G1,f
L ~z,Q2!

(
f

ef
2qf

N~x,Q2!D1,f
L ~z,Q2!

, ~2!

where PB is the polarization of the charged lepton bea
2Q2 is the squared four-momentum transfer of the virtu
photon with energyn, andx5Q2/2Mn is the Bjo”rken scal-
ing variable~with M denoting the proton mass!. The frac-
tional energy transferred to the nucleon isy5n/E ~whereE
is the lepton beam energy!, z5EL /n is the energy fraction of
theL, andD(y)'y(22y)/@11(12y)2# is the virtual pho-
ton depolarization factor. Finally,qf

N(x,Q2) is the quark dis-
tribution for flavor f in the nucleon,D1,f

L (z,Q2) is the spin-
independent fragmentation function forL production from
quark flavorf, G1,f

L (z,Q2) is the corresponding longitudina
spin-transfer fragmentation function, andef is the quark
charge in units of the elementary chargee. The symbolq̂
repesents the unit vector along the virtual photon directi
The L polarization may in general be directed along so
other axisL̂8, such as theL momentum@18# or the lepton
beam momentum@11#. However, asL production at the ki-
nematics of the HERMES experiment may be treated as
essentially collinear process, the effects of such complex
should be small.

Following Ref. @11# the component of the longitudina
spin transfer to theL along a longitudinal spin quantizatio
axis L8 is defined as
11200
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L [

PW L•L̂8

PBD~y!
5

(
f

ef
2qf

N~x,Q2!G1,f
L ~z,Q2!

(
f

ef
2qf

N~x,Q2!D1,f
L ~z,Q2!

, ~3!

where the subscriptsL andL8 denote the fact that the spin i
transferred from a polarized photon to a polarizedL and that
the two longitudinal spin quantization axes may be differe
Due to the charge factor for the up quark, the spin transfe
L electroproduction is dominated by the spin transfer fro
the up quark to theL. Moreover, due to isospin symmetr
the spin transfer coefficients from the up and down quark
theL are expected to be equal. Thus Eq.~3! can be approxi-
mated by

DLL8
L .

G1,u
L ~z,Q2!

D1,u
L ~z,Q2!

. ~4!

Consequently,L electroproduction in the current fragment
tion region is most sensitive to the ratioG1,u

L /D1,u
L

;G1,d
L /D1,d

L . Since theQ2 range of the measurement re
ported here is small, it is assumed thatDLL8

L depends only on
the energy fractionz. If the fragmentation process does in
deed possess some degree of helicity conservation betw
the struck quark and the final state hyperon~as supported by
the non-zeroL polarization observed at LEP!, the ratio
G1,u

L /D1,u
L should be related to the polarizationDuL/uL of

the up quark in theL. If a significant fraction of theL ’s are
produced from the decays of heavier hyperons, then the
ratio G1,u

L /D1,u
L will be related instead to a linear combinatio

of the u quark polarizations in the various hyperons i
volved.

The measurement was carried out by the HERMES
periment at DESY using the 27.6 GeV polarized positr
beam of the HERA storage ring. At HERA, the positro
become transversely polarized by the emission of synch
tron radiation@19#. Longitudinal polarization of the positron
beam at the interaction point is achieved with spin rotat
@20# situated upstream and downstream of t
HERMES experiment. Equilibrium polarization values in th
range of 0.40 to 0.65 are reached with a rise time of abou
min. The beam polarization is continuously measured us
Compton backscattering of circularly polarized laser lig
The statistical accuracy of this measurement is typically
in 60 s; its systematic uncertainty is 3.4%, dominated by
normalization uncertainty determined from the rise-time ca
bration@21,22#. The beam helicity was reversed between t
two years of data aquisition. The data for this analysis
combined from two three-week running periods, one in ea
of 1996 and 1997, which were dedicated to measurem
with unpolarized targets of hydrogen, deuterium,3He and
nitrogen with a typical target density of aroun
131015 nucleons/cm2.

A detailed description of the HERMES spectrometer
provided in Ref.@23#. The trajectories of the particles ar
determined in the region in front of the spectrometer mag
by a set of two drift chambers, and the momenta are de
5-3
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mined by matching these to tracks in two sets of drift cha
bers in the back region behind the magnet. In addition th
are three proportional chambers inside the magnet to t
low momentum particles that do not reach the rear sectio
the spectrometer. Particle identification is accomplished
ing a lead glass calorimeter, a scintillator hodoscope p
ceded by two radiation lengths of lead, a transition radiat
detector, and a C4F10/N2 ~30:70! gas threshold Cˇ erenkov
counter. Combining the responses of these detectors
likelihood method leads to an average positron identificat
efficiency of 99%, with a hadron contamination of less th
1%. In addition, the Cˇ erenkov counter is used to distinguis
pions from heavier hadrons for momenta between 4.5
13.5 GeV.

Semi-inclusiveL events were selected by requiring
least three reconstructed tracks: a positron track in coi
dence with two hadron candidate tracks of opposite cha
Both the track of the scattered positron and that of the p
tive hadron candidate are always reconstructed using all
chambers and all particle identification detectors. The ne
tive hadron candidate is allowed to have only partial tra
information. These partial tracks are reconstructed by
drift chambers in the front region and by the wire chamb
located in the magnet region. In this way it is possible to
momentum and charge information from these tracks, tho
no information from the particle identification and dri
chambers in the back portion of the spectrometer exists
almost all negative particles are pions, particle identificat
is not essential for these tracks. In this analysis, the tr
resolution at HERMES is dominated by the resolution of
drift chambers in front of the magnet. Thus the resolution
the partial tracks does not differ significantly from that of t
full tracks. An invariant mass is reconstructed assuming
the positive hadron is a proton and the negative hadron
pion. If more than one positive or negative hadron exists
one event, all possible pairings of positive and negative h
rons are used.

Several requirements were imposed to ensure that
events are in the deep-inelastic scattering region and to
duce the background in the semi-inclusiveL sample:Q2

.1 GeV2, W.2 GeV, andy,0.85, the latter to avoid a
region where radiative corrections might be significant. H
W is defined as the invariant mass of the photon-nucl
system. The calorimeter energy deposited by the scatt
positron was required to be greater than 4 GeV, well ab
the trigger threshold of 3.5 GeV. To ensure that the ev
occurred in the target gas, the longitudinal vertex position
the positron track was constrained to be within the to
length of the target cell (620 cm from the center of the
target!. The positron interaction vertex and theL decay ver-
tex were required to be separated by more than 10 cm
eliminate background hadrons originating from the prima
vertex. Additionally, the distance of closest approach
tween the two hadron tracks was required to be less than
cm. The collinearity, defined as the cosine of the angle
tween theL momentum~computed from the proton and pio
momenta! and theL direction of motion~computed from the
vector displacement between the positron vertex and thL
decay vertex!, was required to be above 0.998. To reduce
11200
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large pion contribution to the positive hadron sample,
positive hadron was required to have no Cˇ erenkov signal.
Finally, to ensure that theL hyperons are primarily from the
current fragmentation region, a positive value ofxF
'2pL /W was required. HerepL is the momentum compo
nent of theL that is longitudinal with respect to the virtua
photon in the photon-nucleon center-of-mass frame. After
these criteria have been implemented, a cleanL signal is
observed in the invariant mass distribution@see Fig. 1~a!#. L
events have been selected by a cut on the invariant m
distribution: 1.109 GeV,M pp,1.123 GeV, resulting in a
total number of 2237L events ~after background subtrac
tion!.

As the HERMES spectrometer is a forward detector,
acceptance for the reconstruction ofL hyperons is limited
and strongly depends on cosQpL8 @see Fig. 1~b!#. HereQpL8

FIG. 1. ~a! Invariant mass spectrum from the reconstruction
candidateL events. The filled and hatched areas, respectively,
dicate the signal and background regions used in the analysis~b!
Spectrum of cosQpL8 for the two beam helicities~circles and
squares!. The asymmetric appearance of these spectra is almos
tirely due to the acceptance of the HERMES spectrometer for
constructingL decays.
5-4
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MEASUREMENT OF LONGITUDINAL SPIN TRANSFER TO . . . PHYSICAL REVIEW D64 112005
is the angle between the proton momentum and theL spin
quantization axis in the rest frame of theL. To minimize
acceptance effects, the spin transfer to theL has been deter
mined by combining the two data sets measured with op
site beam helicities in such a way that the luminosi
weighted average beam polarization for the selected
sample is zero. Using this data sample and assuming tha
spectrometer acceptance did not change between the
beam helicity states, the spin transfer to theL is determined
from the forward-backward asymmetry in the angular dis
butions inL electroproduction@24,25#:

DLL8
L

5
1

a^PB
2&

(
i 51

NL

PB,i cosQpL8
i

(
i 51

NL

D~yi !cos2QpL8
i

. ~5!

The indicated sums are over theL events, and̂ PB
2& is the

luminosity-weighted average of the square of the beam
larization. The extracted quantityDLL8 represents the com
ponent of the spin transfer coefficient along a chosen qu
tization axisL8, which has been taken to be parallel to t
direction of motion of theL baryon. As mentioned earlier
the two similar directions that have also been considere
this analysis may be considered equivalent hypotheses
the true direction of theL polarization, given the collinea
nature of the process at the kinematics of this experimen
addition, the derivation of Eq.~5! requires that there is no
correlation among the kinematic variables, i.e., betweey
and cosQpL8 . This has been verified for this data set.

Equation~5! provides a simple method to extractDLL8 ,
without any influence from the spectrometer acceptan
from a cross section of the form

dNp

dV
}11aPBD~y!DLL8 cosQpL8 . ~6!

However, this form of the cross section presupposes tha
selected spin quantization axisL8 is indeed the direction o
the L polarization. In general, other components of the p
larization may exist. In this case, the extracted result
DLL8 may be contaminated by interference of certain ad
tional terms in the cross section with higher-order terms
the HERMES angular acceptance~see the Appendix!. How-
ever, Monte Carlo studies reveal that even if these ot
components of the polarization were of the same magnit
asDLL8 , they would contribute to the result presented h
at a level of less than 10% of the extracted value.

After applying all the requirements described above,
longitudinal spin transfer to theL was extracted using Eq
~5!. As no nuclear effects were observed within the limit
statistics of this measurement, the data collected on the v
ous targets (1H, 2H, 3He, and 14N) have been added. T
minimize possible acceptance-induced false asymmet
the data have been corrected for the difference in track
efficiencies between the two years by normalizing the nu
ber of L events to the number of all events where two ha
rons and a scattered positron were reconstructed. The
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transferDLL8
L due to background events in the selected

variant mass region has been determined from the ev
above and below theL invariant mass region@indicated by
the hatched areas in Fig. 1~a!#. It was found to be consisten
with zero and has been taken into account as a dilution. A
averagez value of 0.45 the spin transfer to theL is found to
beDLL8

L
50.1160.17(stat)60.03(sys), using theL momen-

tum as the spin quantization axisL8. If instead the virtual
photon~positron beam! momentum is chosen as quantizatio
axis, the result changes to 0.03(0.09) with the same un
tainties. Equations~2! and ~3! are based on the assumptio
that theL hyperons originate from the current fragmentati
region. Contributions from the target fragmentation regi
are suppressed by the requirementxF.0 and have been es
timated by a Monte Carlo simulation to be smaller than 1
The data cover az range of 0.2,z,0.7, with x values of
0.02,x,0.4, and withQ2 varying between 1 and 10 GeV2.
The average values of these kinematic variables are^z&
50.45, ^x&50.08, and ^Q2&52.5 GeV2. The systematic
uncertainty of the measurement is dominated by the un
tainties in detector efficiency differences between the t
data sets. Possible efficiency differences due to the diffe
kinematic distributions of theL decay products and of two
reconstructed hadrons in any event have been explored
found to be negligible. Finally, possible false asymmetr
induced by changes in the detector performance between
two years were investigated using both Monte Carlo simu
tions and samples of hadron pairs outside theL mass peak.
No significant asymmetries were found by these studies.

The three models of Ref.@14# for the L spin structure
~mentioned earlier in comparison to the LEP data! have been
used to predict thez dependence of the spin transfer inL
electroproduction. In contrast to the LEP data, the de
inelastic scattering~DIS! measurements are dominated
scattering from up quarks and can thus impose different c
straints on the variousL spin structure scenarios. Figure
shows a comparison of the present measurement with t
predictions. Following Ref.@14# the data are not given atz
5EL /n but atz8[EL /@EN(12x)#, a variable that account
for the small contamination by target fragmentation. HereEL

andEN are the energies of theL and nucleon, respectively
in the photon-nucleon center of mass system. Also show
the figure is a measurement at a similarz value from the
E665 Collaboration@26#, using DIS with a polarized muon
beam. The E665 measurement is also similar in its aver
Q2 value (̂ Q2&51.3 GeV2) but is at much lowerx (^x&
50.005) than the measurement presented here (^x&50.08).
Further, a recent measurement innm charged current interac
tions @27# has shown aL polarization close to zero in the
current fragmentation region, in agreement with our findi
for the L spin transfer. This measurement is also domina
by L production from polarized up quarks.

Figure 2 indicates that the HERMES measurement
pears to favor the naive QPM of theL spin structure~sce-
nario 1!. However, as discussed earlier, a significant com
cation arises from the fact thatL hyperons may originate
from decays of heavier hyperons. A Monte Carlo estim
shows that only 40–50 % of theL ’s are produced directly;
5-5
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30–40 % originate fromS* (1385) decay, and about 20%
are decay products of theS0. The up quarks in theS* are
expected to carry a significant positive polarization. Po
ized up quarks from the target will thus tend to fragment in
S* hyperons with a positive spin transfer coefficient, whi
is then passed on to theL polarization through the decay
The S0 is of lesser influence, making a smaller contributi
of opposite sign to theL polarization. The net contribution
of S decays to theL sample will thus shift the negativ
prediction of the SU~3! symmetric model~scenario 2!, along
with that of the naive QPM~scenario 1!, toward positive
values. This effect is also observed at the kinematics of
E665 experiment, as can be seen in Ref.@28#.

As pointed out in Ref.@14#, strong contributions from the
decays of heavier hyperons provide one possible cause
the positive spin transfer values of scenario 3. Also, la
positive values for the spin transfer at highz are expected in
models where the polarization of each quark flavor is
pected to be large in the limitx→1 @29,16#: via the Gribov-
Lipatov reciprocity relation@30#, the large quark polarization
at x51 produces a large spin transfer atz51. The present
HERMES result cannot yet distinguish between these v
ous models. Additional data will significantly improve th
precision, and should allow access to higher values oz
where contributions from heavier hyperons are reduced
where the various models predict markedly different resu

In conclusion, HERMES has measured the longitudi
spin transfer from the virtual photon to theL hyperon in
deep-inelastic electroproduction, finding the valueDLL8
50.1160.17(stat)60.03(syst) at an average fractional e
ergy transfer of̂ z&50.45. This result is complementary t
measurements frome1e2 annihilation, as it is uniquely sen
sitive to the fragmentation of polarizedup quarks. The result

FIG. 2. Spin transferDLL8
L as a function ofz85EL /EN(12x)

for the spin quantization axisL8 along theL momentum. The error
bar represents the quadratic sum of statistical and systematic u
tainties. The curves correspond to various models for theL spin
structure from Ref.@14#: the naive QPM~scenario 1!, the SU~3!
flavor-symmetric model~scenario 2!, and a model with equal con
tributions of all light quark flavors to theL polarization~scenario
3!.
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is in general agreement with calculations based on a var
of models of theL spin structure, along with the hypothes
of significant helicity conservation in the fragmentation pr
cess~as suggested by earlier data from LEP!. Forthcoming
data from HERMES will improve the precision of the me
surement, and help both to explore theL spin structure and
to further test the degree of helicity conservation in the fi
state.
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APPENDIX

As described above, the procedure used to extract the
gitudinal spin transfer coefficientDLL8 @Eq. ~5!# is based on
the assumption that the selected spin quantization axisL8 is
indeed the direction of theL polarization. However, if other
components of the polarization exist, the extracted result
DLL8 may be contaminated via interference of certain ad
tional terms in the cross section with higher-order terms
the HERMES angular acceptance.

Let us introduce 3 perpendicular axes in theL center of
mass frame, defined by two chosen unit vectorsĴ and T̂:
ê1[ Ĵ, ê2[ Ĵ3T̂/uĴ3T̂u, ê3[ê13ê2. Further, let the sym-
bol DLi refer to the probability for spin transfer from a lon
gitudinally polarized virtual photon to aL baryon with po-
larization along the axisi; the symbol DUi denotes the
probability for L polarization along the axisi given an un-
polarized beam. We take the vectorĴ to represent our direc
tion of interest for longitudinal spin transfer to theL, namely
the direction of the virtual photon. The quantityDL1 is thus
identical to the quantityDLL8

L defined previously@Eq. ~3!#.

The vectorT̂ may be either of the other two vectors ava
able: the electron beam direction or the momentum of
final stateL. The second axisê2 thus represents the directio
normal to the production plane. The number of interferi
terms is greatly restricted by applying parity and rotation
invariance to a general angular decomposition of the cr
section, and by the fact that the HERMES spectromete
symmetric in the vertical coordinate. Finally one is left wi
only two terms:

er-
5-6
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aDU2 cosQ2@PB sin~nF!# ~A1!

and

aPBD~y!DL3 cosQ3@11Cn cos~nF!#. ~A2!

In obtaining these expressions, it is important to note that
axis ê2, which represents the direction normal to the react
plane, transforms as a pseudo-vector, whileê1 and ê3 trans-
form as vectors. The first contribution@Eq. ~A1!# depends
entirely on a non-zeroPB sin(nF) azimuthal moment inL
production, whereF denotes the angle between theL and
. D

11200
e
n

the electron scattering plane, around theqW vector. Such mo-
ments have been measured to be small in pion production
addition, they are coupled here with a transverseL polariza-
tion and can only appear in the cross section at higher tw
~i.e., they are suppressed at orderpT /Q). The second term
@Eq. ~A2!# corresponds to the other component ofL spin
transfer in the production plane, and could contribute if t
choosen spin quantization axis differs dramatically from
trueL polarization direction. Monte Carlo studies reveal th
even if either of the coefficientsDU2 or DL3 were of the
same magnitude asDL1, they would contribute to the ex
tracted component at a level of less than 10% of its valu
. D
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