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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 *He targets, in the kinematic
range 0.023 < x < 0.6 and 1 GeV 2 < Q? < 10 GeV 2. Polarized quark distributions are extracted as a function of x for up
(u+ 1) and down (d + d) 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 Ags is consistent with the prediction based on the Bjorken sum rule. The
moments of the polarized quark distributions are compared to predictions based on SU(3); flavor symmetry and to a
prediction from lattice QCD. © 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
challenge since it was demonstrated by EMC [1] and
later experiments [2—13] using inclusive deep-inelas-
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
polarized [14]. These conclusions follow from the
extraction of the first moments of up, down and
strange quark spin distributions from the inclusive
data by assuming SU(3); flavor symmetry. With
semi-inclusive polarized deep-inelastic scattering ex-
periments, the separate spin contributions Ag; of
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
to test SU(3); symmetry by comparing the first
moments of the flavor distributions to the SU(3),
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

! Deceased.

fina state. The two processes can be characterized
by two functions: the quark distribution function
g;(x,Q?), and the fragmentation function D{'(z,Q?).
The semi-inclusive DIS cross section o "(x,Q?,2) to
produce a hadron of type h with energy fraction
z=FE, /v isthen given by

o "(x,Q%z) o ) e (x,Q?)DM(z,Q?). (1)
f

The sum is over quark and antiquark types f=
(u,0,d,d,s,3). In the target rest frame, E, is the
energy of the hadron, v=E — E' and —Q? are the
energy and the squared four-momentum of the ex-
changed virtual photon, E(E’) is the energy of the
incoming (scattered) lepton and e, is the quark
charge in units of the elementary charge. The Bjorken
variable x is calculated from the kinematics of the
scattered lepton according to x = Q?/2Mv 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 A in the semi-inclusive cross section for produc-



126 K. Ackerstaff et al. / Physics Letters B 464 (1999) 123-134

tion of a hadron of type h by a polarized virtual
photon is given by

Zeszqf(X!Qz) th(ZIQz)

£

ZefZQf(XaQZ) th(Z!Qz)
f

Al(x,Q%,z) =

(1+R(x.Q%)
(1+v2)

where Ag,(x,Q%) =g/ "(x,Q?) — g, *(x,Q?) isthe
polarized quark distribution function and
g 7 V(x,Q?) isthe distribution function of quarks
with spin orientation paralel (anti-parallel) to the
spin of the nucleon. The ratio R= o, /oy of the
longitudinal to transverse photon absorption cross
sections appears in this formula to correct for the
longitudinal component that is included in the exper-
imentally determined parametrizations of g(x,Q?%)
but not in Aq,(x,Q?). It is assumed that the ratio of
longitudinal to transverse components is flavor and
target independent and that the contribution from the
second spin structure function g,(x,Q?) can be ne-

glected. The term y = \/&/V is a kinematic factor.
Eq. (2) can be used to extract the quark polarizations
Ag;(x)/g;(x) from a set of measured asymmetries
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
HERMES experiment [15] using the 27.5 GeV beam
of longitudinally polarized positrons in the HERA
storage ring at DESY, incident on a longitudinally
polarized *He or *H internal gas target.

The positron beam at HERA becomes trans
versely polarized by synchrotron radiation emission
through 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
experiment [17]. The beam polarization is measured
continuously using Compton backscattering of circu-
larly 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-
tional systematic error was 4.0% (3.4%) for the *He

(2)

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

The internal target consists of polarized *He (H)
gas 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
*He atoms [21] in 1995, and by an atomic beam
source of nuclear-polarized hydrogen based on
Stern-Gerlach separation [22] in 1996 and 1997. The
tube was constructed of 125 um (75 um) thick
ultra-pure aluminum and was cooled to typicaly 25
K (100 K) [21]. This provided a target with an areal
density of approximately 3.3 x 10 *He-atoms,/cm?
(7 x 10" H-atoms/cm?). During H operation, a dri-
film-coated cell [23] was used to minimize wall
collision effects. There is good evidence that recom-
bination is further suppressed by water deposited on
the cell surface during normal operation [20]. The
polarization direction was defined by a 3.5 mT (335
mT) magnetic field parallel to the beam direction
and was reversed every 10 (1-2) minutes. The polar-
izations of the *He gas in both the pumping and the
storage cell were measured continuously with optical
polarimeters. The average *He target polarization
was 0.46 with a fractional uncertainty of 5%. The
relative populations of the hydrogen atomic states
were 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
mMA at injection to about 10 mA.

The HERMES detector is an open-geometry for-
ward spectrometer. A detailed description is given in
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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and a gas threshold Cerenkov counter. This system
provides positron identification with an average effi-
ciency of 98% and a hadron contamination of less
than 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 *He and hydrogen. As the wave
function for *He is dominated by the configuration
with the two protons paired to zero spin, most of the
asymmetry from *He is due to the neutron [26]. The
analysis procedure described in Refs. [12,13,27,28]
was applied. The inclusive (semi-inclusive) asymme-
try A\ was extracted from the measured asymmetry
A" using the relation

AP =AP/[D(1+yn)], (3)

where D is the depolarization factor for the virtual
photon and 7 is a kinematic factor as given in Ref.
[13]. In Eqg. (3) the approximation is used that the
contribution of the second spin structure function g,
to A\ can be neglected. In the kinematic region of
our measurement g, was previously measured to be
consistent with zero for the proton and neutron
[29,30]. In each kinematic bin the value of A" was
extracted from the measured counting rates using

Tl T NI T
(Hh)= n - Nn L )
Nﬂ)lLPTT_i_N(ﬂ)TLgL

(4)

where NTT (NT!) are the numbers of DIS events
for target polarization paralel (anti-parallel) to the
beam polarization, and N,' T (N, ‘) are the corre-
sponding numbers of hadrons in coincidence with a
DIS event. Here, L' "(" 1) are the luminosities for
each spin state corrected for dead time, and L} (T ¢)
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
requirements to select DIS events (Q?>1 GeV?,
W2 >4 GeV? and y < 0.85), 2.2 X 10° (2.3 x 10°)
events were available for analysis on *He (H). Here,
y = v/E 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 GeV2< Q%< 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
Xg = 2p /W of 0.1, where p,_ is the longitudinal
momentum of the hadron with respect to the virtual
photon in the photon-nucleon center of mass frame.
A minimum W2 cut of 10 GeV? was additionally
imposed for these events to improve the separation
between the current and target fragmentation regions.
After applying all cuts, 284 x 103 (306 x 10®) posi-
tive and 178 x 10° (175 X 10%) negative hadrons
remained for the *He (H) target. Small corrections
were applied to account for charge symmetric back-
ground processes (e.g. y — 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,
where 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 *He data
[12] 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
measured spin asymmetries Af(x,Q?,z) were inte-
grated in each x bin over the corresponding Q?-range
and the zrange from 0.2 to 1 to yield A%(x). Also
shown are inclusive results measured a a similar
energy at SLAC [5,6,29,33] and hadron asymmetries
on 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 612 times higher average Q?, shows that
the semi-inclusive asymmetries are Q? independent
within the present accuracy of the experiments.

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

Agi(x) (1+R(x))
q(x) (1+9?)

AL(X) = Zf:Pfh( X) (5)
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Fig. 1. The inclusive (a) and semi-inclusive asymmetries for positively (b) and negatively (c) charged hadrons on the proton (top) and *He
(bottom) target. The inclusive asymmetries are compared to SLAC results for g, /F, (open triangles). The hadron asymmetries on the
proton are compared to SMC results (open squares) truncated to the HERMES x-range. The data points are given for the measured mean Q?
at each value of x, which is different for the different experiments. The error bars of the HERMES (SLAC and SMC) data are statistical
(total) uncertainties and the bands are systematic uncertainties of the HERMES data.

where P(x) are the integrated purities [28,35] de-
fined as

1
efai(x) [ DI(2) ¢z

PM(x) = . .
Yefau(x) [ Di(Z)dz
! 0.2

(6)

The inclusive asymmetry A, is similarly expressed
by replacing P by P, where P,(x)=e?q,(x)/
Y €%q.(x). After integrating over z, Eq. (5) to-

gether with the corresponding inclusive case can be
written in matrix form
A(X) =2(x) - Q(X), (7)
where the vector A = (A, Al Al Aje, Alle
Al contains as elements the measured asymme-
tries. The vector Q(x) contains the quark and anti-
quark polarizations. The matrix & contains the ef-
fective integrated purities for the proton and *He as
well as the (1+ R) /(1 + y?) 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
LUND string fragmentation model [36], a model of
the detector, the CTEQ Low-Q? parametrizations
[37] for the unpolarized parton distributions and val-
ues for R from Ref. [38]. The LUND fragmentation
parameters were tuned to fit the measured hadron
multiplicities. For the *He data, a correction was
applied for the non-zero polarization of the protons
of —0.028 + 0.004 and the neutron polarization of
0.86 + 0.02 [39]. Eqg. (7) can be solved for Q(x) by
minimizing

X' =(A-2-Q)' 7 (A-2-Q), (8)
where 7, is the covariance matrix of the asymme-
try vector A. In the fit procedure constraints were
imposed on the sea polarization to improve statistical
significance. In view of rather ambiguous theoretical
model predictions [40,41], two alternatives were cho-
sen for relating the spin distributions of the sea
flavors. As afirst possibility it was assumed that the
polarization Ag{x)/q4x) of sea quarks is indepen-
dent of flavor:

Auy(x) Ady(x) As(x)  AU(x)
U(x)  d(x)  s(x)  T(x)
Ad( x AZ( x

SELCNELUR ©
(x)  8(x)
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:

Aug( x) = Ad( x) = As( X) = AT( x) = Ad( X)
= A3( X). (10)
The flavor decomposition is obtained by solving

Eq. (7) for a vector Q, which contains the sum of
quarks and antiquarks

Au( X) + AT(X) Ad( x) + Ad( x)
u(x) +a(x) " d(x)+d(x)
As( x) + AS( x)
W) &
where due to assumption (9) the polarizations of the

strange quarks and of the total sea are equal: (As(x)
+ A3(x)) /(s(x) + &(x)) = Agx) /g x). For x>

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 overal 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
by comparing different parametrizations [37,42] of

06 L (Au+Au)/(u+u) +
0.4 [ . ¢
0.2 F . *
0L T e e N
0.5 - -
E (Ad+Ad)/(d+d) T
0 s m e e e e
e % e T +
-0.5

o
o
e R

Fig. 2. The flavor decomposition (Au(x)+ AT(x))/ (u(x)+
U(x), (Ad(x)+ Ad(x))/(d(x)+ d(x)) and Agylx)/ g x) of
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 anaysis.
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 Egs.
(9) and (10) respectively. The fitted quark polariza-
tions change by typicaly less than 0.01 when the
assumption in Eq. (9) is replaced by (10). The
uncertainty in the purities was determined by com-
paring different fragmentation models [43,44] and
varying the fragmentation parameters in the Monte
Carlo code.

The polarized quark distributions Ag(x) were
determined by forming the products of the polariza
tions Ag;(x)/qg;(x) and the unpolarized parton dis-
tributions from Ref. [37] at Q%= 2.5 GeV?2. It was
assumed that the polarization is independent of Q?
within the Q? range of this measurement. This as-
sumption is justified by the weak Q? dependence
predicted by QCD and by the experimenta result
that there is no significant Q2 dependence observed
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
[45-47]. Parametrizations that were fitted to spin
asymmetries A, under the assumption R= 0 do not
fit the HERMES data for x(Au(x) + AU(x)). They
can be brought into agreement with the HERMES
results by dividing by 1 + R. Fig. 3 demonstrates the
size of the effect for the parametrization by Gluck et
al. Parametrizations that are derived from fits to g,
instead of A, (e.g. Gehrmann and Stirling) do not
need this correction.

The upper plots in Fig. 4 show the polarized
valence quark distributions xAu,(x) and xAd, (x),
derived from the relation Ag,(x) = (Aq(x) +
AQ(x)) — 2A7(x). Since for scattering off sea quarks
the contribution from ug and U quarks dominates,
the polarized xAU(x) sea distribution is shown in
the lower plot. Fig. 4 includes results from SMC [34]
obtained at Q%= 10 GeV?2, which are shown here
for the x-range explored by HERMES and which are
extrapolated to Q2= 2.5 GeV? by assuming a Q*
independent polarization Aq(x)/q(x). The SMC
results are derived under the assumption presented in
Eg. (10) rather than (9). The positivity limit and a
parametrization of data from Ref. [46] are included
in Fig. 4. The parametrization and the SMC results

X (Au+Au)
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’ /

- GlCK(14R) 4t

o©
w
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Fig. 3. The quark spin distributions at Q? = 2.5 GeV ? separately
for x(Au(x)+ AT(x)) and x(Ad(x)+ Ad(x)) as a function of
X. They are compared to different sets of parametrizations which
correspond to the following publications: De Florian et al. (0.1 <
AG < 0.8, LO) [45], Gehrmann and Stirling (‘ Gluon A’, LO) [46],
and Gluck et a. (‘Standard Scenario’, LO) [47]. The De Florian
and Gluck parametrizations are corrected by a factor (1+ 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-
tainties of the HERMES data for xAu,(x) and
XATU(x) are much smaller than for the SMC data.

In the quark parton model the isospin non-singlet
combination AQNS(x) = Au(x) + ATU(x) — Ad(x)
— Ad(x) is directly related to the spin structure
functions according to AgMS(x) = 6(gf(x) —
gM(x)). Fig. 5 illustrates that the HERMES result for
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0.05

-0.05 “

0.1 E

0.03

Fig. 4. The spin distributions at Q? = 2.5 GeV ? separately for the
valence quarks xAu,(x), xAd,(x) and the sea quarks X AT( x) as
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 Q? = 2.5 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
parametrization from Gehrmann and Stirling (‘Gluon A’, LO)
[46].

AqNS(x) isin 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 Ag; is obtained as

A Xit1
ag= Y[ S0 [ g0 o], (12)
i Sl X
where (Aq;/q,)l; is constant within each bin
(x,%,,) and g;(x) is a parametrization given in
Ref. [37]. Outside the measured region 0.023 < x <
0.6, extrapolations are required. There is no clear
prediction for the low-x extrapolation [6]. For com-
parison with previous measurements we quote the
integrals assuming a simple Regge parametrization

[48,49] of Ag,(x) o x ¢ with « =0 fitted to the
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 x = 1 was obtained by
fitting the functional form from Ref. [47] to our data.
The fit is constrained to fulfill the positivity limit
|4g,(x)/q; (0l < (1 + vy /(1 + R(x). The sys
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
results from the SU(3); analysis of the inclusive
data. The comparison is performed by using the Aq,
value 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
rather depends on the assumptions of SU(3); symme-
try for the inclusive case and on the sea symmetry
condition (Eg. (9)) for the semi-inclusive case. To

w [
b4 L

5 0.5 - — De Florian/(1+R)
< o Glick/(1+R)

Gehrmann

Fig. 5. The non-singlet contribution xAqNS(x) at Q? = 2.5 GeV 2.
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 As+ AS does not represent a direct measurement of the strange sea but relies on the assumption in
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
xAu, and xAd, denote the second moments. Aqg uses Eq. (10) whereas al other quantities use Eq. (9) as symmetry condition. The
HERMES results are given for Q? = 2.5 GeV 2. The Q? values of the predictions are quoted in GeV 2.

Measured region Low-x Tota integral Prediction Q?
Au+ AT 0.51 + 0.02 + 0.03 0.04 0.57 + 0.02 + 0.03 0.66 + 0.03 SU®) 25
Ad+ Ad —0.22 + 0.06 + 0.05 -0.03 —0.25+ 0.06 + 0.05 -0.35+0.03 SU®) 25
As+ A3 —0.01+0.03+ 0.04 0.00 —0.01+0.03+ 0.04 —0.08 + 0.02 SU®) 25
AT —0.01+0.02 + 0.03 0.00 —0.01+0.02+ 0.03
Ad —0.02+ 0.03 + 0.04 0.00 —0.01+ 0.03 + 0.04
Aq, 0.28 + 0.04 + 0.09 0.01 0.30 + 0.04 + 0.09 0.23+0.04 SU3) [14] 25
Ad, 0.74 £+ 0.07 + 0.06 0.07 0.84 + 0.07 + 0.06 101+ 0.05 Bjorken 25
Agg 0.32 + 0.09 + 0.10 0.01 0.32 + 0.09 + 0.10 0.35+0.07 non-SU(3) [58] 25
Adg 0.33+0.10+0.11 0.00 0.33+0.10+0.11 0.46 + 0.03 F&D 25
Au, 0.52 + 0.05 + 0.08 0.03 0.57 + 0.05 + 0.08 0.84 4+ 0.05 Lattice [59] 5
Ad, -0.19+0.11+0.13 -0.03 -0.22+0.11+ 013 —0.25+ 0.02 Lattice [59] 5
x4u, 0.12+0.01 + 0.01 0.00 0.13+0.01 + 0.01 0.198 + 0.008 Lattice [59] 4
xAd, —0.02 + 0.02 + 0.02 0.00 —0.02 +0.02 + 0.02 —0.048 + 0.003 Lattice [59] 4
interpret the differences that are observed in the = 0.6 [
contributions from up and down quarks, the flavor < - & Equal Aqy/q

distributions have been separated into SU(3); singlet
(Aqy), triplet (Aqgy), and octet (Agg) contributions,
as shown in Table 1. The total spin integral
Agy = [HAu(x) + AT(X) + Ad(x) + Ad(x)+

As(x) + A(x)) dx = 0.23 + 0.04 agrees well with
the HERMES result 0.30 + 0.04(stat.) + 0.09(syst.).
The large theoretical uncertainties on the extrapola-
tion a low x are not included here. The triplet
contribution Aqg, = [3AqNS(x) dx = 0.84 +

0.07(stat.) + 0.06(syst.) is directly related to the
Bjorken sum rule [50] according to

%

[ AGN(x) dx = |=*| X Coep (13)
0

v

with the QCD correction Cqc, according to Refs.
[14,51,52]. Higher twist corrections are expected to
be 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 4™ order in
as=0.35+ 0.04 for Q%= 2.5 GeV 2. The large the-

* 0.5 |- o Equal Aq,
0.4 r —— De Florian/(1+R)
03F Gehrmann
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Fig. 6. The SU(3); octet combination xAgg(x) at Q? = 2.5 GeV 2
assuming a flavor symmetric sea (open circles) or a flavor inde-
pendent polarization (full circles). The data are compared to the
same sets of parametrizations as in Fig. 3. The error bars shown
are the statistical and the upper (lower) band shows the systematic
uncertainties which correspond to the open (full) circles.



K. Ackerstaff et al. / Physics Letters B 464 (1999) 123134 133

oretica error of the Bjorken sum rule prediction
comes from the uncertainties in .

The Ellis-Jaffe sum rule [57], which is based on
SU(3); flavor symmetry and on the assumption of a
zero polarization of strange quarks, has been found
to be violated [1-13]. Models to explain this discrep-
ancy invoke either SU(3); symmetry breaking, a
large negative strange quark polarization, or SU(3);-
asymmetric polarized sea distributions. Semi-inclu-
sive data provide a test of such models. This is
illustrated for two examples: (i) a model with sym-
metric sea (Eqg. (10)) and unbroken SU(3); and (ii) a
model which is not SU(3); symmetric combined
with a flavor asymmetric sea according to Eq. (9).

In the first case the octet combination Aqgg =

A Au(x) + ATU(X) + Ad(x) + Ad(x) — 2(A(x) +
A3(x)))dx can be related to the hyperon decay
constants F and D according to Agg = (3F — D) X
Cacp = 046 + 0.03, where Cypy is taken from Ref.
[52]. The semi-inclusive result yields Agg = 0.33 +
0.10(stat.) + 0.11(syst.) which is lower than the pre-
diction, but still consistent. A similar deviation shows
up a low x in the comparison of the semi-inclusive
result of Agg(x) with the fits from Refs. [45—47]
which are dominated by inclusive data (see Fig. 6).

In the second case we assume a flavor asymmetric
polarized sea according to Eq. (9) and obtain from
the semi-inclusive analysis the result Agg = 0.32 +
0.09(stat.) + 0.10(syst.). Following Ref. [58] Agg can
be calculated according to

2€Aqy + 3(3F — D) Cocp
B 3+ 2¢

where e is estimated from the averaged ratio of
distribution functions in Ref. [37] according to 1 + €
= (Ad(x)/45(x) )= (d(x) /5(x) )= 48 + 0.4,
The model yields Agg = 0.35 + 0.07.

The results are compatible with both assumptions
and do not allow for a definite statement about the
question whether the polarized quark distributions
violate SU(3) flavor symmetry. A direct measure-
ment of the strange seais 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
distributions Au,(x) and Ad (x) have been ex-
tracted (see Table 1) and are compared to SMC
results [34] (see Table 2). For this comparison the

Agg : (14)

Table 2

Comparison of the HERMES integrals of valence and sea spin
distributions with SMC results. The SMC values are extrapolated
to Q? =25 GeV? and integrated over the HERMES x-range of
0.023< x<0.6.

HERMES SMC
AT —0.01+0.02+0.03 0.02+0.03+0.02
Ad —0.02+0.03+0.04 0.02+0.03+0.02
Au, 0.5240.05+0.08 0.59+0.084 0.07
Ad, —0.19+0.11+0.13 —0.33+0.11+0.09
xAu, 0.1240.01+0.01 0.15+0.0240.01
xAd, —0.02+0.02+0.02 —0.05+0.02+0.02

SMC values have been extrapolated to Q?=25
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
Au,(x) from predictions by lattice QCD [59]. Notice
however, that the QCD calculation has been per-
formed in the quenched approximation. The relative
factor between the measured value and the lattice
value for the second moment of Au (x) is similar to
that observed in the unpolarized case [60].

In summary, inclusive and semi-inclusive spin
asymmetries on longitudinally polarized hydrogen
and *He 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
a Q=25 GeV2 The results for the flavor-sep-
arated first moments differ from the inclusive results
from Ref. [14] that are based on SU(3), flavor
symmetry. The measured value of the octet combina
tion Aqgg(x) is lower but still consistent with the
value 3F — D predicted by SU(3); symmetry argu-
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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