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Abstract

Spin asymmetries of semi-inclusive cross sections for the production of positively and negatively charged hadrons have
been measured in deep-inelastic scattering of polarized positrons on polarized hydrogen and 3He targets, in the kinematic
range 0.023-x-0.6 and 1 GeV2 -Q2-10 GeV2. Polarized quark distributions are extracted as a function of x for up
Ž . Ž .uqu and down dqd flavors. The up quark polarization is positive and the down quark polarization is negative in the
measured range. The polarization of the sea is compatible with zero. The first moments of the polarized quark distributions
are presented. The isospin non-singlet combination Dq is consistent with the prediction based on the Bjorken sum rule. The3

Ž .moments of the polarized quark distributions are compared to predictions based on SU 3 flavor symmetry and to af

prediction from lattice QCD. q 1999 Published by Elsevier Science B.V. All rights reserved.

The understanding of the spin structure of the
nucleon in terms of quarks and gluons remains a

w xchallenge since it was demonstrated by EMC 1 and
w xlater experiments 2–13 using inclusive deep-inelas-

Ž .tic scattering DIS that only a fraction of the nu-
cleon spin can be attributed to the quark spins and
that the strange quark sea seems to be negatively

w xpolarized 14 . These conclusions follow from the
extraction of the first moments of up, down and
strange quark spin distributions from the inclusive

Ž .data by assuming SU 3 flavor symmetry. Withf

semi-inclusive polarized deep-inelastic scattering ex-
periments, the separate spin contributions Dq off

quark and antiquark flavors f to the total spin of the
nucleon can be determined as a function of the
Bjorken scaling variable x. Semi-inclusive data can
be used to measure the sea polarization directly and

Ž .to test SU 3 symmetry by comparing the firstf
Ž .moments of the flavor distributions to the SU 3 f

predictions.
Hadron production in DIS is described by the

absorption of a virtual photon by a point-like quark
and the subsequent fragmentation into a hadronic

1 Deceased.

final state. The two processes can be characterized
by two functions: the quark distribution function
Ž 2 . hŽ 2 .q x,Q , and the fragmentation function D z,Q .f f

hŽ 2 .The semi-inclusive DIS cross section s x,Q , z to
produce a hadron of type h with energy fraction
zsE rn is then given byh

s h x ,Q2 , z A e2q x ,Q2 Dh z ,Q2 . 1Ž .Ž . Ž . Ž .Ý f f f
f

The sum is over quark and antiquark types fs
Ž .u,u,d,d,s,s . In the target rest frame, E is theh

energy of the hadron, nsEyEX and yQ2 are the
energy and the squared four-momentum of the ex-

Ž X.changed virtual photon, E E is the energy of the
Ž .incoming scattered lepton and e is the quarkf

charge in units of the elementary charge. The Bjorken
variable x is calculated from the kinematics of the
scattered lepton according to xsQ2r2 Mn with M
being the nucleon mass. It is assumed that the frag-
mentation process is spin independent, i.e. that the
probability to produce a hadron of type h from a
quark of flavor f is independent of the relative spin
orientations of quark and nucleon. The spin asymme-
try Ah in the semi-inclusive cross section for produc-1
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tion of a hadron of type h by a polarized virtual
photon is given by

e2Dq x ,Q2 Dh z ,Q2Ž . Ž .Ý f f f
fh 2A x ,Q , z sŽ .1 2 2 h 2e q x ,Q D z ,QŽ . Ž .Ý f f f
f

=
1qR x ,Q2Ž .Ž .

, 2Ž .21qgŽ .
Ž 2 . ≠ ≠ Ž 2 . ≠ x Ž 2 .where Dq x,Q sq x,Q yq x,Q is thef f f

polarized quark distribution function and
≠ ≠ Ž≠ x .Ž 2 .q x,Q is the distribution function of quarksf

Ž .with spin orientation parallel anti-parallel to the
spin of the nucleon. The ratio Rss rs of theL T

longitudinal to transverse photon absorption cross
sections appears in this formula to correct for the
longitudinal component that is included in the exper-

Ž 2 .imentally determined parametrizations of q x,Qf
Ž 2 .but not in Dq x,Q . It is assumed that the ratio off

longitudinal to transverse components is flavor and
target independent and that the contribution from the

Ž 2 .second spin structure function g x,Q can be ne-2
2(glected. The term gs Q rn is a kinematic factor.

Ž .Eq. 2 can be used to extract the quark polarizations
Ž . Ž .Dq x rq x from a set of measured asymmetriesf f

on the proton and neutron for positively and nega-
tively charged hadrons.

This paper reports on the extraction of polarized
quark distribution functions from data taken by the

w xHERMES experiment 15 using the 27.5 GeV beam
of longitudinally polarized positrons in the HERA
storage ring at DESY, incident on a longitudinally
polarized 3He or 1H internal gas target.

The positron beam at HERA becomes trans-
versely polarized by synchrotron radiation emission

w xthrough its asymmetric spin-flip probabilities 16 .
The required longitudinal polarization direction at
the HERMES experiment is obtained using spin
rotators located upstream and downstream of the

w xexperiment 17 . The beam polarization is measured
continuously using Compton backscattering of circu-

w xlarly polarized laser light 18,19 . The average polar-
ization for the analyzed data was 0.55. The fractional
statistical error for a single 60 s polarization mea-
surement was typically 1–2% and the overall frac-

Ž . 3tional systematic error was 4.0% 3.4% for the He

Ž .H measurement, dominated by the uncertainty in
the calibration of the beam polarimeters.

3 Ž .The internal target consists of polarized He H
w xgas confined in a storage cell 20 , which is a 400

mm long open-ended thin-walled elliptical tube
mounted coaxially with the HERA positron beam. It
was fed by an optically pumped source of polarized
3 w xHe atoms 21 in 1995, and by an atomic beam
source of nuclear-polarized hydrogen based on

w xStern-Gerlach separation 22 in 1996 and 1997. The
Ž .tube was constructed of 125 mm 75 mm thick

ultra-pure aluminum and was cooled to typically 25
Ž . w xK 100 K 21 . This provided a target with an areal

density of approximately 3.3=1014 3He-atomsrcm2

Ž 13 2 .7=10 H-atomsrcm . During H operation, a dri-
w xfilm-coated cell 23 was used to minimize wall

collision effects. There is good evidence that recom-
bination is further suppressed by water deposited on

w xthe cell surface during normal operation 20 . The
Žpolarization direction was defined by a 3.5 mT 335

.mT magnetic field parallel to the beam direction
Ž .and was reversed every 10 1–2 minutes. The polar-

izations of the 3He gas in both the pumping and the
storage cell were measured continuously with optical
polarimeters. The average 3He target polarization
was 0.46 with a fractional uncertainty of 5%. The
relative populations of the hydrogen atomic states

w xwere measured in a Breit-Rabi polarimeter 24 . A
target gas analyser was used to measure the atomic
and the molecular content of the hydrogen gas. The
average proton target polarization was 0.86 with a
fractional uncertainty of 5%. The luminosity was
measured by detecting Bhabha-scattered target elec-
trons in coincidence with the scattered positron. Dur-
ing the course of a positron fill of typically 8 hours,
the current in the ring decreased from typically 40
mA at injection to about 10 mA.

The HERMES detector is an open-geometry for-
ward spectrometer. A detailed description is given in

w x Ž .Ref. 25 . The geometrical acceptance of " 40–140
mrad in the vertical direction and "170 mrad in the
horizontal direction allows detection of hadrons pro-
duced in coincidence with the scattered lepton. The
DIS trigger is formed from a coincidence between
signals in scintillator hodoscope planes and a lead-
glass calorimeter. The identification of the scattered
lepton is accomplished using the calorimeter, a
preshower counter, a transition radiation detector,
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ˇand a gas threshold Cerenkov counter. This system
provides positron identification with an average effi-
ciency of 98% and a hadron contamination of less

ˇthan 1%. The threshold Cerenkov counter provides
pion identification in a limited kinematic range.

Polarized quark distributions have been extracted
from a combination of inclusive and semi-inclusive
asymmetry data on 3He and hydrogen. As the wave
function for 3He is dominated by the configuration
with the two protons paired to zero spin, most of the

3 w xasymmetry from He is due to the neutron 26 . The
w xanalysis procedure described in Refs. 12,13,27,28

Ž .was applied. The inclusive semi-inclusive asymme-
try AŽh. was extracted from the measured asymmetry1

AŽh. using the relationI

Žh. Žh.A sA r D 1qgh , 3Ž . Ž .1 I

where D is the depolarization factor for the virtual
photon and h is a kinematic factor as given in Ref.
w x Ž .13 . In Eq. 3 the approximation is used that the
contribution of the second spin structure function g2

to AŽh. can be neglected. In the kinematic region of1

our measurement g was previously measured to be2

consistent with zero for the proton and neutron
w x Žh.29,30 . In each kinematic bin the value of A wasI
extracted from the measured counting rates using

N ≠ x L≠ ≠ yN ≠ ≠ L≠ x
Žh. Žh.Žh.A s , 4Ž .I ≠ x ≠ ≠ ≠ ≠ ≠ xN L qN LŽh. P Žh. P

≠ ≠ Ž ≠ x .where N N are the numbers of DIS events
Ž .for target polarization parallel anti-parallel to the

≠ ≠ Ž ≠ x .beam polarization, and N N are the corre-h h

sponding numbers of hadrons in coincidence with a
DIS event. Here, L≠ ≠ Ž≠ x . are the luminosities for
each spin state corrected for dead time, and L≠ ≠ Ž≠ x .

P

are the luminosities corrected for dead time and
weighted by the product of beam and target polariza-
tions for each spin state.

After applying data quality criteria and kinematic
Ž 2 2requirements to select DIS events Q )1 GeV ,

2 2 . 6 Ž 6.W )4 GeV and y-0.85 , 2.2=10 2.3=10
3 Ž .events were available for analysis on He H . Here,

ysnrE is the fractional energy transfer to the vir-
tual photon and W is the invariant mass of the initial
photon-nucleon system. The data cover the ranges

0.023-x-0.6 and 1 GeV 2 -Q2 -10 GeV 2. For
the semi-inclusive asymmetries, the hadrons contain-
ing information on the struck quark were distin-
guished from target region fragments by requiring
each hadron to have a minimum z of 0.2 and
x f2 p rW of 0.1, where p is the longitudinalF L L

momentum of the hadron with respect to the virtual
photon in the photon-nucleon center of mass frame.
A minimum W 2 cut of 10 GeV 2 was additionally
imposed for these events to improve the separation
between the current and target fragmentation regions.

3 Ž 3.After applying all cuts, 284=10 306=10 posi-
3 Ž 3.tive and 178=10 175=10 negative hadrons

3 Ž .remained for the He H target. Small corrections
were applied to account for charge symmetric back-

Ž q y.ground processes e.g. g™e e . Smearing correc-
tions were applied to all data and QED radiative
corrections were applied only to the inclusive asym-
metries, but not to the semi-inclusive asymmetries,

w xwhere the corrections are negligible 31,32 .
The dominant sources of systematic uncertainties

in the measured asymmetries are: the target and
beam polarization measurements, the uncertainty as-
signed for observed yield fluctuations in the 3He data
w x w x12 and the systematic uncertainty on R 13 . By
averaging over data taken with opposite beam helici-
ties, a possible instrumental bias is further reduced.
Fig. 1 shows the extracted inclusive asymmetries and
the semi-inclusive asymmetries for positively and
negatively charged hadrons on both targets. The

hŽ 2 .measured spin asymmetries A x,Q , z were inte-1

grated in each x bin over the corresponding Q2-range
hŽ .and the z-range from 0.2 to 1 to yield A x . Also1

shown are inclusive results measured at a similar
w xenergy at SLAC 5,6,29,33 and hadron asymmetries

w xon hydrogen measured by SMC 34 . The data are in
agreement within the quoted uncertainties. The
agreement of the HERMES data with the SMC data,
taken at 6–12 times higher average Q2, shows that
the semi-inclusive asymmetries are Q2 independent
within the present accuracy of the experiments.

Ž .Eq. 2 is used to extract polarized quark distribu-
tion functions from semi-inclusive asymmetries. It
can be written as

Dq x 1qR xŽ . Ž .Ž .fh hA x s P x , 5Ž . Ž . Ž .Ý1 f 2q x 1qgŽ . Ž .ff
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Ž . Ž . Ž . Ž . 3Fig. 1. The inclusive a and semi-inclusive asymmetries for positively b and negatively c charged hadrons on the proton top and He
Ž . Ž .bottom target. The inclusive asymmetries are compared to SLAC results for g rF open triangles . The hadron asymmetries on the1 1

Ž . 2proton are compared to SMC results open squares truncated to the HERMES x-range. The data points are given for the measured mean Q
Ž .at each value of x, which is different for the different experiments. The error bars of the HERMES SLAC and SMC data are statistical

Ž .total uncertainties and the bands are systematic uncertainties of the HERMES data.

hŽ . w xwhere P x are the integrated purities 28,35 de-f

fined as

12 he q x D z dzŽ . Ž .Hf f f
0.2hP x s . 6Ž . Ž .f 1 X X2 h

X X Xe q x D z dzŽ . Ž .Ý Hf f f
X 0.2f

The inclusive asymmetry A is similarly expressed1
h Ž . 2 Ž .by replacing P by P where P x se q x rf f f f f

2 Ž . Ž .X X XÝ e q x . After integrating over z, Eq. 5 to-f f f

gether with the corresponding inclusive case can be
written in matrix form

A x sPP x PQ x , 7Ž . Ž . Ž . Ž .
Ž hq hy hq

where the vector A s A , A , A , A , A ,1 p 1 p 1 p 1He 1He
hy .A contains as elements the measured asymme-1He

Ž .tries. The vector Q x contains the quark and anti-
quark polarizations. The matrix PP contains the ef-
fective integrated purities for the proton and 3He as

Ž . Ž 2 .well as the 1qR r 1qg factor. These purities
describe the probability that the virtual photon hit a
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quark of flavor f when a hadron of type h is
detected in the experiment. They include the effects
of the acceptance of the experiment and have been
determined with a Monte Carlo simulation using the

w xLUND string fragmentation model 36 , a model of
the detector, the CTEQ Low-Q2 parametrizations
w x37 for the unpolarized parton distributions and val-

w xues for R from Ref. 38 . The LUND fragmentation
parameters were tuned to fit the measured hadron
multiplicities. For the 3He data, a correction was
applied for the non-zero polarization of the protons
of y0.028"0.004 and the neutron polarization of

w x Ž . Ž .0.86"0.02 39 . Eq. 7 can be solved for Q x by
minimizing

T2 y1x s AyPPPQ VV AyPPPQ , 8Ž . Ž . Ž .A

where VV is the covariance matrix of the asymme-A

try vector A. In the fit procedure constraints were
imposed on the sea polarization to improve statistical
significance. In view of rather ambiguous theoretical

w xmodel predictions 40,41 , two alternatives were cho-
sen for relating the spin distributions of the sea
flavors. As a first possibility it was assumed that the

Ž . Ž .polarization Dq x rq x of sea quarks is indepen-s s

dent of flavor:

Du x Dd x Ds x Du xŽ . Ž . Ž . Ž .s s
s s s

u x d x s x u xŽ . Ž . Ž . Ž .s s

Dd x Ds xŽ . Ž .
s s . 9Ž .

s xŽ .d xŽ .
This approach is used for all calculations unless
otherwise stated. As a second approach, a pure sin-
glet spin distribution of the sea is considered:

Du x sDd x sDs x sDu x sDd xŽ . Ž . Ž . Ž . Ž .s s

sDs x . 10Ž . Ž .
The flavor decomposition is obtained by solving
Ž .Eq. 7 for a vector Q, which contains the sum of

quarks and antiquarks

Du x qDu x Dd x qDd xŽ . Ž . Ž . Ž .
Qs , ,ž u x qu xŽ . Ž . d x qd xŽ . Ž .

Ds x qDs xŽ . Ž .
, 11Ž ./s x qs xŽ . Ž .
Ž .where due to assumption 9 the polarizations of the

Ž Ž .strange quarks and of the total sea are equal: Ds x
Ž .. Ž Ž . Ž .. Ž . Ž .qDs x r s x qs x sDq x rq x . For x)s s

0.3 the sea polarization is set to zero and the corre-
sponding effect on the results for the non-sea polar-
izations is included in their systematic uncertainties.
Fig. 2 shows the results. The up quark polarizations
are positive and the down quark polarizations are
negative over the measured range of x. Their abso-
lute values are largest at large x and remain different
from zero in the sea region. The sea polarization is
compatible with zero over the measured range of x.
The overall x 2 per degree of freedom of the fit is
1.1.

The systematic uncertainties, shown by the shaded
band in Fig. 2, were determined from the uncertain-
ties on the measured asymmetries, the unpolarized
parton distributions and the purities. The uncertainty
on the unpolarized parton distributions was derived

w xby comparing different parametrizations 37,42 of

Ž Ž . Ž .. Ž Ž .Fig. 2. The flavor decomposition Du x q Du x r u x q
Ž .. Ž Ž . Ž .. Ž Ž . Ž .. Ž . Ž .u x , Dd x q Dd x r d x q d x and Dq x rq x ofs s

the quark polarization as a function of x, derived from the
HERMES inclusive and semi-inclusive asymmetries. The sea
polarization is assumed to be flavor symmetric in this analysis.
The error bars shown are the statistical and the bands represent the
systematic uncertainties.
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the world data. The uncertainty coming from the
symmetry assumption of the sea polarization was
derived by comparing the results produced by Eqs.
Ž . Ž .9 and 10 respectively. The fitted quark polariza-
tions change by typically less than 0.01 when the

Ž . Ž .assumption in Eq. 9 is replaced by 10 . The
uncertainty in the purities was determined by com-

w xparing different fragmentation models 43,44 and
varying the fragmentation parameters in the Monte
Carlo code.

Ž .The polarized quark distributions Dq x weref

determined by forming the products of the polariza-
Ž . Ž .tions Dq x rq x and the unpolarized parton dis-f f

w x 2 2tributions from Ref. 37 at Q s2.5 GeV . It was
assumed that the polarization is independent of Q2

within the Q2 range of this measurement. This as-
sumption is justified by the weak Q2 dependence
predicted by QCD and by the experimental result
that there is no significant Q2 dependence observed

Ž w x.in the inclusive asymmetries see e.g. Ref. 13 and
in the semi-inclusive asymmetries as shown in Fig.
1. The results for the up and down distributions are
shown in Fig. 3 and compared with different sets of
parametrizations of world data in leading order QCD
w x45–47 . Parametrizations that were fitted to spin
asymmetries A under the assumption Rs0 do not1

Ž Ž . Ž ..fit the HERMES data for x Du x qDu x . They
can be brought into agreement with the HERMES
results by dividing by 1qR. Fig. 3 demonstrates the
size of the effect for the parametrization by Gluck et¨
al. Parametrizations that are derived from fits to g1

Ž .instead of A e.g. Gehrmann and Stirling do not1

need this correction.
The upper plots in Fig. 4 show the polarized

Ž . Ž .valence quark distributions xDu x and xDd x ,Õ Õ

Ž . Ž Ž .derived from the relation Dq x s Dq x qÕ

Ž .. Ž .Dq x y2 Dq x . Since for scattering off sea quarks
the contribution from u and u quarks dominates,s

Ž .the polarized xDu x sea distribution is shown in
w xthe lower plot. Fig. 4 includes results from SMC 34

obtained at Q2 s10 GeV 2, which are shown here
for the x-range explored by HERMES and which are
extrapolated to Q2 s2.5 GeV 2 by assuming a Q2-

Ž . Ž .independent polarization Dq x rq x . The SMC
results are derived under the assumption presented in

Ž . Ž .Eq. 10 rather than 9 . The positivity limit and a
w xparametrization of data from Ref. 46 are included

in Fig. 4. The parametrization and the SMC results

Fig. 3. The quark spin distributions at Q2 s2.5 GeV 2 separately
Ž Ž . Ž .. Ž Ž . Ž ..for x Du x q Du x and x Dd x q Dd x as a function of

x. They are compared to different sets of parametrizations which
Žcorrespond to the following publications: De Florian et al. 0.1-

. w x Ž . w xDG-0.8, LO 45 , Gehrmann and Stirling ‘Gluon A’, LO 46 ,
Ž . w xand Gluck et al. ‘Standard Scenario’, LO 47 . The De Florian¨

Ž .and Gluck parametrizations are corrected by a factor 1q R to¨
allow for a direct comparison. The error bars shown are the
statistical and the bands represent the systematic uncertainties.

are consistent with the HERMES results within the
statistical and systematic uncertainties. The uncer-

Ž .tainties of the HERMES data for xDu x andÕ

Ž .xDu x are much smaller than for the SMC data.
In the quark parton model the isospin non-singlet

NSŽ . Ž . Ž . Ž .combination Dq x s Du x q Du x y Dd x
Ž .yDd x is directly related to the spin structure

NSŽ . Ž pŽ .functions according to Dq x s 6 g x y1
nŽ ..g x . Fig. 5 illustrates that the HERMES result for1
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Fig. 4. The spin distributions at Q2 s2.5 GeV 2 separately for the
Ž . Ž . Ž .valence quarks xDu x , xDd x and the sea quarks xDu x asÕ Õ

a function of x. The error bars shown are the statistical and the
bands the systematic uncertainties. The distributions are compared
to results from SMC, extrapolated to Q2 s2.5 GeV 2. The error
bars of the SMC result correspond to its total uncertainty. The
solid lines indicate the positivity limit and the dashed lines are the

Ž .parametrization from Gehrmann and Stirling ‘Gluon A’, LO
w x46 .

NSŽ .Dq x is in good agreement with parametrizations
of other published inclusive data.

The first and second moments of spin distribu-
tions have been calculated and compared to other
experimental data and to model predictions. In the
measured x-region, the integral Dq is obtained asf

xDq iq1f
<Dq s q x dx , 12Ž . Ž .Ý iHf fž /q xf ii

Ž . <where Dq rq is constant within each binif f
Ž . Ž .x , x and q x is a parametrization given ini iq1 f

w xRef. 37 . Outside the measured region 0.023-x-

0.6, extrapolations are required. There is no clear
w xprediction for the low-x extrapolation 6 . For com-

parison with previous measurements we quote the
integrals assuming a simple Regge parametrization

w x Ž . ya48,49 of Dq x Ax with as0 fitted to thef

data for x-0.075. Due to the strong model depen-
dence of the result, no error is quoted for the extrap-
olation. The extrapolation to xs1 was obtained by

w xfitting the functional form from Ref. 47 to our data.
The fit is constrained to fulfill the positivity limit
< Ž . Ž . < Ž 2 . Ž Ž ..Dq x rq x F 1 q g r 1 q R x . The sys-f f

tematic uncertainty of the high-x extrapolation is
small and included in the quoted uncertainty of the
total integral.

The results are listed in Table 1. The spin carried
by up, down and strange quarks is compared to

Ž .results from the SU 3 analysis of the inclusivef

data. The comparison is performed by using the Dq0
w xvalue and the QCD corrections from Ref. 14 . We

obtain values for the up, down and strange contribu-
tions which differ from our semi-inclusive result.
The sea quark contribution is found to be close to
zero in this semi-inclusive analysis whereas the
strange quark sea is significantly negative in the
inclusive analysis. Neither result represents a direct
measurement of the strange spin distribution but

Ž .rather depends on the assumptions of SU 3 symme-f

try for the inclusive case and on the sea symmetry
Ž Ž ..condition Eq. 9 for the semi-inclusive case. To

NS Ž . 2 2Fig. 5. The non-singlet contribution xDq x at Q s2.5 GeV .
The result is compared to the same sets of parametrizations as in
Fig. 3. The error bars are the statistical and the band the system-
atic uncertainties.
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Table 1
The integrals of various spin distributions. The results are given for the measured region 0.023-x-0.6, for the low-x extrapolation and for
the total integral. Note that the entry for DsqDs does not represent a direct measurement of the strange sea but relies on the assumption in

Ž . Ž .Eq. 9 see text . An uncertainty of the Regge-type extrapolation at low-x is not included in the quoted error for the total integral. The items
) Ž . Ž .xDu and xDd denote the second moments. Dq uses Eq. 10 whereas all other quantities use Eq. 9 as symmetry condition. TheÕ Õ 8

HERMES results are given for Q2 s2.5 GeV2. The Q2 values of the predictions are quoted in GeV2.
2Measured region Low-x Total integral Prediction Q

Ž .DuqDu 0.51"0.02"0.03 0.04 0.57"0.02"0.03 0.66"0.03 SU 3 2.5
Ž .DdqDd y0.22"0.06"0.05 y0.03 y0.25"0.06"0.05 y0.35"0.03 SU 3 2.5
Ž .DsqDs y0.01"0.03"0.04 0.00 y0.01"0.03"0.04 y0.08"0.02 SU 3 2.5

Du y0.01"0.02"0.03 0.00 y0.01"0.02"0.03

Dd y0.02"0.03"0.04 0.00 y0.01"0.03"0.04

Ž . w xDq 0.28"0.04"0.09 0.01 0.30"0.04"0.09 0.23"0.04 SU 3 14 2.50

Dq 0.74"0.07"0.06 0.07 0.84"0.07"0.06 1.01"0.05 Bjorken 2.53
Ž . w xDq 0.32"0.09"0.10 0.01 0.32"0.09"0.10 0.35"0.07 non-SU 3 58 2.58

)Dq 0.33"0.10"0.11 0.00 0.33"0.10"0.11 0.46"0.03 F&D 2.58

w xDu 0.52"0.05"0.08 0.03 0.57"0.05"0.08 0.84"0.05 Lattice 59 5Õ

w xDd y0.19"0.11"0.13 y0.03 y0.22"0.11"0.13 y0.25"0.02 Lattice 59 5Õ

w xxDu 0.12"0.01"0.01 0.00 0.13"0.01"0.01 0.198"0.008 Lattice 59 4Õ

w xxDd y0.02"0.02"0.02 0.00 y0.02"0.02"0.02 y0.048"0.003 Lattice 59 4Õ

interpret the differences that are observed in the
contributions from up and down quarks, the flavor

Ž .distributions have been separated into SU 3 singletf
Ž . Ž . Ž .Dq , triplet Dq , and octet Dq contributions,0 3 8

as shown in Table 1. The total spin integral
1Ž Ž . Ž . Ž . Ž .Dq s H Du x q Du x q Dd x q Dd x q0 0

Ž . Ž ..Ds x qDs x dxs0.23"0.04 agrees well with
Ž . Ž .the HERMES result 0.30"0.04 stat. "0.09 syst. .

The large theoretical uncertainties on the extrapola-
tion at low x are not included here. The triplet

1 N S Ž .contribution D q s H D q x dx s 0.84 "3 0
Ž . Ž .0.07 stat. "0.06 syst. is directly related to the

w xBjorken sum rule 50 according to

g1 aNSDq x dxs =C , 13Ž . Ž .H QCDg0 Õ

with the QCD correction C according to Refs.QCD
w x14,51,52 . Higher twist corrections are expected to

w xbe small 53–56 and have been neglected. The
semi-inclusive result agrees with the prediction of
the Bjorken sum rule of 1.01"0.05 obtained includ-
ing an estimate of the QCD correction in 4th order in
a s0.35"0.04 for Q2 s2.5 GeV 2. The large the-s

Ž . Ž . 2 2Fig. 6. The SU 3 octet combination xDq x at Q s2.5 GeVf 8
Ž .assuming a flavor symmetric sea open circles or a flavor inde-

Ž .pendent polarization full circles . The data are compared to the
same sets of parametrizations as in Fig. 3. The error bars shown

Ž .are the statistical and the upper lower band shows the systematic
Ž .uncertainties which correspond to the open full circles.
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oretical error of the Bjorken sum rule prediction
comes from the uncertainties in a .s

w xThe Ellis-Jaffe sum rule 57 , which is based on
Ž .SU 3 flavor symmetry and on the assumption of af

zero polarization of strange quarks, has been found
w xto be violated 1–13 . Models to explain this discrep-

Ž .ancy invoke either SU 3 symmetry breaking, af
Ž .large negative strange quark polarization, or SU 3 -f

asymmetric polarized sea distributions. Semi-inclu-
sive data provide a test of such models. This is

Ž .illustrated for two examples: i a model with sym-
Ž Ž .. Ž . Ž .metric sea Eq. 10 and unbroken SU 3 and ii af

Ž .model which is not SU 3 symmetric combinedf
Ž .with a flavor asymmetric sea according to Eq. 9 .

In the first case the octet combination Dq s8
1Ž Ž . Ž . Ž . Ž . Ž Ž .H Du x qDu x qDd x qDd x y2 Ds x q0
Ž ...Ds x dx can be related to the hyperon decay

Ž .constants F and D according to Dq s 3FyD =8

C s0.46"0.03, where C is taken from Ref.QCD QCD
w x52 . The semi-inclusive result yields Dq s0.33"8

Ž . Ž .0.10 stat. "0.11 syst. which is lower than the pre-
diction, but still consistent. A similar deviation shows
up at low x in the comparison of the semi-inclusive

Ž . w xresult of Dq x with the fits from Refs. 45–478
Ž .which are dominated by inclusive data see Fig. 6 .

In the second case we assume a flavor asymmetric
Ž .polarized sea according to Eq. 9 and obtain from

the semi-inclusive analysis the result Dq s0.32"8
Ž . Ž . w x0.09 stat. "0.10 syst. . Following Ref. 58 Dq can8

be calculated according to

2eDq q3 3FyD CŽ .0 QCD
Dq s , 14Ž .8 3q2e

where e is estimated from the averaged ratio of
w xdistribution functions in Ref. 37 according to 1qe

s Dd x rDs x s d x rs x s 4.8 " 0.4.² : ² :Ž . Ž . Ž . Ž .
The model yields Dq s0.35"0.07.8

The results are compatible with both assumptions
and do not allow for a definite statement about the
question whether the polarized quark distributions

Ž .violate SU 3 flavor symmetry. A direct measure-
ment of the strange sea is required for a final conclu-
sion about the reason for the violation of the Ellis-
Jaffe sum rule.

The first and second moments of the valence spin
Ž . Ž .distributions Du x and Dd x have been ex-Õ Õ

Ž .tracted see Table 1 and are compared to SMC
w x Ž .results 34 see Table 2 . For this comparison the

Table 2
Comparison of the HERMES integrals of valence and sea spin
distributions with SMC results. The SMC values are extrapolated
to Q2 s2.5 GeV 2 and integrated over the HERMES x-range of
0.023- x-0.6.

HERMES SMC

Du y0.01"0.02"0.03 0.02"0.03"0.02

Dd y0.02"0.03"0.04 0.02"0.03"0.02
Du 0.52"0.05"0.08 0.59"0.08"0.07Õ

Dd y0.19"0.11"0.13 y0.33"0.11"0.09Õ

xDu 0.12"0.01"0.01 0.15"0.02"0.01Õ

xDd y0.02"0.02"0.02 y0.05"0.02"0.02Õ

SMC values have been extrapolated to Q2 s2.5
2 Ž .GeV and integrated according to Eq. 12 in the

HERMES x-range. There is good agreement with the
SMC data. Significant deviations are observed be-
tween the measured first and second moments of

Ž . w xDu x from predictions by lattice QCD 59 . NoticeÕ

however, that the QCD calculation has been per-
formed in the quenched approximation. The relative
factor between the measured value and the lattice

Ž .value for the second moment of Du x is similar toÕ

w xthat observed in the unpolarized case 60 .
In summary, inclusive and semi-inclusive spin

asymmetries on longitudinally polarized hydrogen
and 3He targets were measured and used to extract
the individual quark spin polarizations for up and
down quarks, and for valence and sea quarks. The up
distributions are positive, the down distributions are
negative and the sea quarks show no significant
polarization. The values for the integrals of the
polarized quark distributions have been determined
at Q2 s2.5 GeV 2. The results for the flavor-sep-
arated first moments differ from the inclusive results

w x Ž .from Ref. 14 that are based on SU 3 flavorf

symmetry. The measured value of the octet combina-
Ž .tion Dq x is lower but still consistent with the8

Ž .value 3FyD predicted by SU 3 symmetry argu-f

ments. It provides a test for models trying to explain
the violation of the Ellis-Jaffe sum rule. The first
moment of the non-singlet combination of the polar-
ized quark distributions agrees with predictions from
the Bjorken sum rule. Predictions from a quenched
lattice QCD calculation overestimate the first and
second moments of the polarized valence up quark
distribution.
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