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Abstract

We present a measurement of semi-inclusive spin asymmetries for positively and negatively charged hadrons from deep
inelastic scattering of polarised muons on polarised protons and deuterons in the range 0.003-x-0.7 and Q2 )1 GeV2.
Compared to our previous publication on this subject, with the new data the statistical errors have been reduced by nearly a
factor of two. From these asymmetries and our inclusive spin asymmetries we determine the polarised quark distributions of

2 2 Ž .valence quarks and non-strange sea quarks at Q s10 GeV . The polarised u valence quark distribution, Du x , isÕ

Ž .positive and the polarisation increases with x. The polarised d valence quark distribution, Dd x , is negative and theÕ

Ž .non-strange sea distribution, Dq x , is consistent with zero over the measured range of x. We find for the first moments
1 1 1Ž . Ž . Ž .H Du x d xs0.77"0.10"0.08, H Dd x d xsy0.52"0.14"0.09 and H Dq x d xs0.01"0.04"0.03, where we0 Õ 0 Õ 0

Ž . Ž .assumed Du x sDd x . We also determine for the first time the second moments of the valence distributions
1 Ž .H xDq x d x. q 1998 Published by Elsevier Science B.V.0 Õ
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Measurements of spin asymmetries in polarised
deep inelastic scattering provide information about
the spin structure of the nucleon. In particular de-
tailed information can be obtained from polarised

™™semi-inclusive deep inelastic scattering, mqN™m

qXqh, where in addition to the scattered lepton
Ž .hadrons h are also detected. In this paper we

present new results on semi-inclusive asymmetries
w xfrom SMC data including those published in 1 . We

analyse these asymmetries together with the inclu-
sive asymmetries in the framework of the quark

Ž .parton model QPM and determine the polarised
quark distributions of the valence quarks and of the
non-strange sea quarks. This is only possible due to
the semi-inclusive data.
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Our experimental setup at the CERN muon beam
consists of three major components: a polarised tar-
get, a magnetic spectrometer and a muon beam
polarimeter. A detailed description of the experiment
and the analysis of the inclusive data can be found in

w xRefs. 2,3 . Positive muons of a nominal energy of
100 and 190 GeV were used. Most of the data were
taken at 190 GeV. The muon beam polarisation PB

was determined from measured spin asymmetries in
muon-electron scattering and for the 190 GeV data
in addition from the energy spectrum of positrons
from muon decays. It was found to be y0.795"

33 Ž .0.019 y0.81"0.03 for an average beam energy
Ž .of 187.4 GeV 99.4 GeV . The target consisted of

two cells filled with butanol, deuterated butanol or
ammonia. The two cells were polarised in opposite
directions by dynamic nuclear polarisation. The aver-
age polarisations P were approximately 0.90 forT

protons and 0.50 for deuterons with a relative error
DP rP of 3%. The determination of semi-inclusiveT T

asymmetries requires the separation of hadrons from
electrons which originate mainly from photon con-

w xversions. For this purpose we used a calorimeter 4
which consists of an electromagnetic and a hadronic
part. The electromagnetic part amounts to 20 radia-
tion lengths which is sufficient to contain electro-
magnetic showers. The total thickness of the
calorimeter is 5.5 nuclear interaction lengths. For
each shower the ratio of the energy deposited in the
electromagnetic part to the total deposited energy is
calculated. Electrons are eliminated by requiring this
ratio to be smaller than 0.8. There was no hadron
identification, only the charge of the hadron is known.

The asymmetries of the spin-dependent virtual
photon absorption cross sections for production of

Ž .positive negative hadrons are defined as

sqŽy .ysqŽy .
≠ x ≠ ≠qŽy.A s , 1Ž .1 qŽy. qŽy.s qs≠ x ≠ ≠

where the indices ≠x and ≠≠ refer to the relative
Ž .orientation of the nucleus proton or deuteron and

photon spins. Contributions from the asymmetry A2

are neglected. The cross sections sqŽy . refer to the

33 This value results from a recent analysis, to be published.
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number of produced hadrons, i.e. all hadrons de-
tected in one event are counted. The extraction of the
semi-inclusive asymmetries from the counting rates

w xis described in 1 .
The counting rate asymmetry Ae x p is related to

the virtual photon asymmetry A by:1

1
e x pA s A . 2Ž .1 P P DfB T

The depolarisation factor D depends on the event
kinematics and on the ratio R of longitudinal to

w xtransverse virtual photon cross sections 2 . The dilu-
tion factor f accounts for the presence of unpolaris-
able nuclei in addition to the protons or deuterons in
the target. It can be expressed in terms of the num-
bers n of nuclei with mass number A and theA

corresponding total spin-independent cross sections
s t o t. Taking into account radiative effects on theA

w xnucleon 2,5 the effective dilution factor is defined
as

s 1g n s t o t
p ,d p ,d p ,d

fs . 3Ž .t o t t o ts n sÝp ,d A A
A

Here p,d stands for proton or deuteron.
The evaluation of the dilution factor for inclusive

i w xevents, f , is described in Ref. 2 . The main contri-
butions to the total inclusive cross section are the
one photon exchange with vertex and vacuum polari-
sation corrections, and the inelastic, elastic and
quasielastic bremsstrahlung processes. In the elastic
and quasielastic bremsstrahlung processes no hadrons
are produced and therefore these processes do not
contribute to the total semi-inclusive cross section. In
the analysis hadrons are selected if their energy is
above a certain fraction, z, of energy transfer n . This
reduces the energy available for a possible
bremsstrahlung photon accompanying an inelastic
event, relative to the inclusive case. The contribution
from inelastic bremsstrahlung is then reduced. This
reduction was estimated to be small and is included
only in the systematic error of the dilution factor. We
compute the dilution factor for the semi-inclusive
events, f si, without the elastic and quasielastic con-
tributions in the cross section. In the inclusive case,

at low x there is a large contribution of elastic
bremsstrahlung from high Z nuclei in the denomina-

Ž .tor of Eq. 3 . It is not present in the semi-inclusive
case and therefore f si is 30% larger than f i in this
region, whereas the difference is very small for
x)0.1. Using the QPM we compute from f si the
dilution factors for positive, fq, and negative, fy,

w xhadrons 6,7 . For the polarised deuterated butanol
target fq and fy are equal to f si. For the butanol
and ammonia targets, where protons are polarised,
the ratio fqrf si f1.07 and fyrf si f0.88 at xs0.5
and both ratios are close to 1 at low x. The ratios
differ from unity for these targets because more
positive hadrons are produced on protons at large x
as compared to the isoscalar unpolarised target nu-
clei. The correctness of the above procedure for the
evaluation of the dilution factor was verified using a
Monte Carlo in which radiative processes and hadron
production were simulated.

Polarised radiative corrections are applied to the
w xasymmetries as described in Refs. 2,8 . In this pro-

cedure, as for the evaluation of the dilution factor,
contributions of processes where no hadron is pro-
duced are omitted.

Fig. 1. Semi-inclusive spin asymmetries for the proton and the
deuteron as a function of x for positively and negatively charged
hadrons. The error bars are statistical and the shaded areas repre-
sent the systematic uncertainties.
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Table 1
Values of semi-inclusive spin asymmetries Aq , Ay , Aq and Ay . The first error is statistical, the second one systematic.1 p 1 p 1 d 1 d

q y q yx A A A A1p 1p 1d 1d

0.005 0.053"0.034"0.005 0.050"0.038"0.005 y0.030"0.039"0.005 0.032"0.042"0.005
0.008 0.070"0.034"0.007 y0.064"0.038"0.006 y0.039"0.038"0.006 0.013"0.042"0.005
0.014 0.107"0.030"0.011 0.036"0.034"0.004 0.013"0.033"0.004 y0.041"0.036"0.007
0.025 0.049"0.041"0.005 0.089"0.048"0.009 y0.033"0.044"0.006 y0.046"0.049"0.006
0.035 0.125"0.050"0.011 0.121"0.059"0.011 y0.016"0.053"0.004 0.020"0.060"0.005
0.049 0.124"0.042"0.010 0.042"0.052"0.005 0.019"0.046"0.005 0.142"0.053"0.012
0.077 0.195"0.041"0.016 0.109"0.054"0.009 0.119"0.046"0.010 0.076"0.055"0.008
0.122 0.386"0.055"0.027 0.244"0.075"0.018 0.155"0.063"0.012 0.045"0.077"0.007
0.173 0.306"0.078"0.020 0.361"0.112"0.027 0.149"0.093"0.013 0.138"0.116"0.014
0.242 0.454"0.083"0.030 0.405"0.126"0.032 0.345"0.104"0.023 0.183"0.133"0.016
0.342 0.567"0.144"0.035 0.256"0.238"0.021 0.269"0.190"0.017 y0.046"0.248"0.009
0.480 y0.106"0.245"0.011 0.438"0.433"0.040 0.578"0.320"0.032 1.176"0.451"0.063

In order to interpret the results in the QPM a cut
of Q2 )1 GeV 2 is applied. The current fragmenta-
tion region is selected by a cut on zsE rn)0.2.had

After cuts on n , y, the energy and the angle of the
w x 6scattered muon as in Ref. 2 , we obtain 32=10

events. After applying the z cut we obtain 5=106

positive and 4=106 negative hadrons. All of the
data are in the deep inelastic region, W)3 GeV, and
cover the range 0.003-x-0.7 with an average
Q2 f10 GeV 2.

The asymmetries measured in different periods of
data taking are compatible with each other, and thus
all SMC data are combined. The semi-inclusive
asymmetries Aq,y for positive and negative hadrons1 p,d

from the deuteron and the proton are presented in
Fig. 1 and Table 1. The correlations between the
asymmetries are listed in Table 2. The main contri-
butions to systematic errors are due to the uncertain-
ties of the target and beam polarisations, to the
variation in time of the spectrometer acceptance and

Table 2
The correlation coefficients between the asymmetries. In the correlations only the dominating statistical uncertainties are taken into account.

Ž q y. q yTherefore the proton and deuteron asymmetries are uncorrelated. The correlations are given by cor A ,A s- n n
q2 y2 qŽy . qŽy . qŽy .2 qŽy .' 'Ž . Ž .)r -n )-n ) and cor A,A s-n )r -n ) , where n is the number of positive negative hadrons per

scattered muon.

x Correlations
q y q y q y q yŽ . Ž . Ž . Ž . Ž . Ž .A ,A A ,A A ,A A ,A A ,A A ,A1p 1p 1p 1p 1p 1p 1d 1d 1d 1d 1d 1d

0.005 0.32 0.29 0.05 0.31 0.29 0.05
0.008 0.35 0.32 0.06 0.34 0.31 0.05
0.014 0.38 0.34 0.06 0.37 0.34 0.06
0.025 0.41 0.36 0.07 0.40 0.36 0.06
0.035 0.44 0.37 0.07 0.42 0.37 0.07
0.049 0.45 0.37 0.07 0.43 0.38 0.07
0.077 0.47 0.36 0.07 0.44 0.37 0.07
0.122 0.45 0.32 0.06 0.43 0.35 0.06
0.173 0.40 0.27 0.05 0.39 0.30 0.06
0.242 0.34 0.22 0.05 0.33 0.25 0.05
0.342 0.30 0.18 0.04 0.27 0.21 0.05
0.480 0.30 0.17 0.05 0.25 0.18 0.05
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to the uncertainty of the dilution factor. Negligible
contributions arise from secondary interactions of
hadrons in the target, radiative corrections and differ-
ences in acceptance for pions, kaons and protons due
to different absorptions in the target and different
angular distributions.

The inclusive asymmetry A can be expressed in1 p

terms of polarised and unpolarised structure func-
tions:

g p x ,Q2Ž .12A x ,Q sŽ .1 p p 2F x ,QŽ .1

p 2g x ,QŽ .1 2s 2 x 1qR x ,Q . 4Ž .Ž .p 2F x ,QŽ .2

In the QPM the structure functions can be written in
terms of polarised quark distributions Dqsq≠ yqx

and unpolarised quark distributions qsq≠ qqx ,
≠ Ž x .where q q is the distribution of quarks of flavour

Ž .q and spin parallel antiparallel to the nucleon spin.
The published leading order parametrisations of the
unpolarised quark distributions were obtained from
experimental values of F p using the relation2

p 2 2 2 2Ž .F x,Q sxÝ e q x ,Q qq x ,Q . The val-Ž . Ž .2 q q

ues of F p were extracted from cross sections assum-2

ing non-zero values of R. Therefore the expression
for A becomes:1 p

2 2 2e Dq x ,Q qDq x ,QŽ . Ž .Ý q
q2A x ,Q sŽ .1 p 2 2 2e q x ,Q qq x ,QŽ . Ž .Ý q

q

= 21qR x ,Q , 5Ž .Ž .

where e is the fractional charge of the quark q withq

qsu,d,s. For x-0.12 we use a parametrisation of
w xR measured by the NMC 9 and for higher x we use

w x 2the SLAC parametrisation 10 . At our average Q
of 10 GeV 2 the ratio R varies from 0.15 at xs0.005
to 0.07 at xs0.5.

For semi-inclusive processes the asymmetries de-
pend in addition on the fragmentation functions

hŽ 2 .D z,Q , which represent the probability that aq

quark q fragments into a hadron h. Using the quan-

hŽ 2 . hŽ 2 . 1 hŽ 2 .tity D Q defined as D Q sH d z D z,Qq q 0.2 q

we have:

AqŽy . x ,Q2 sŽ .1 p

2 2 h 2 2 h 2e Dq x ,Q D Q qDq x ,Q D QŽ . Ž . Ž . Ž .Ý q q q
q ,h

2 2 h 2 2 h 2e q x ,Q D Q qq x ,Q D QŽ . Ž . Ž . Ž .Ý q q q
q ,h

= 21qR x ,Q , 6Ž .Ž .

where the summation is over pq, Kq and p for
y ypositive hadrons and over p , K and p for nega-

tive hadrons. We assumed the same R for positive
and negative hadrons, and used the same R as for the
inclusive case. It was checked that our acceptance
depends only weakly on z in the region covered by
the integral of the fragmentation functions. Since the
fragmentation process is parity conserving and the
polarisation of hadrons is not observed, the fragmen-
tation functions do not depend on the quark helicity

h hŽ .≠ xD sD . In general D /D , so the measure-q q q q

ment of semi-inclusive asymmetries allows a separa-
Žtion of Dq and Dq, whereas only the sum, Dqq

.Dq , can be determined from the inclusive asymme-
tries.

Using isospin symmetry, similar expressions are
obtained for the deuteron asymmetries. From the
data on proton and deuteron we can separate spin
contributions from u and d quarks. The spin depen-
dent deuteron cross section is considered to be the
sum of the proton and the neutron cross sections
with a correction to account for the D-state probabil-

w xity v s0.05"0.01 of the deuteron, as in Ref. 3 .D

We use the same R for the proton and the deuteron.
Ž . Ž .With Eqs. 5 and 6 and the corresponding

relations for the deuteron our measured inclusive and
semi-inclusive asymmetries can be used to evaluate
the polarised quark distributions. The polarised va-

Ž .lence quark distributions are defined as Du x sÕ

Ž . Ž . Ž . Ž . Ž .Du x yDu x and Dd x sDd x yDd x . ToÕ

Ž .reduce the number of unknowns we assume a SU 3 f
Ž .symmetric sea which we denote by Dq x :

Dq x sDu x sDd x sDs x sDs x .Ž . Ž . Ž . Ž . Ž .
7Ž .
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The sensitivity of our results to this assumption will
be discussed below. In particular the assumption

Ž . Ž .involving Ds x and Ds x has a negligible influ-
ence on our results, because our hadron sample

Ž .contains mainly pions, thus Dq x provides informa-
tion mainly about non strange sea quarks.

The six measured asymmetries are linear combi-
nations of three unknowns: Du , Dd and Dq. SixÕ Õ

equations for the asymmetries can thus be written in
matrix form:

AsBBDq 8Ž .

where As A , Aq , Ay , A , Aq , Ay and DqŽ .1 p 1 p 1 p 1d 1d 1d

s Du ,Dd ,Dq . The elements of the matrix BBŽ .Õ Õ

Ž . Ž .are determined from Eqs. 5 and 6 . They depend
on the unpolarised quark distributions q, the frag-
mentation functions Dh, the ratio R, and v .q D

The asymmetries were measured at average Q2

values in each x bin varying from 1.3 GeV 2 at our
lowest x to 60 GeV 2 at xs0.5. No significant Q2

w xdependence is observed in the inclusive data 3,11 ,
therefore we assume the asymmetries at measured

2 2 2 Ž .Q to be equal to those at Q s10 GeV . In Eq. 8
we use parametrisations of the unpolarised quark

w xdistributions 12 , of the ratio R, and of the fragmen-
w x 2 2tation functions 13 , all at Q s10 GeV . For the

unmeasured fragmentation functions additional as-
sumptions are made, as discussed below.

In order to determine the leading order polarised
Ž . Ž . Ž .quark distributions Du x , Dd x and Dq x weÕ Õ

Ž .solve Eq. 8 in every x-bin independently by min-
imising the quantity

T y12x s AyBBD q Cov AyBBD q , 9Ž . Ž . Ž . Ž .A

where Cov is the covariance matrix of the asymme-A
Ž .tries cf. Table 2 . The results are shown in Fig. 2

and Table 3. We see in the figure that the statistical
Ž .error on Dq x in the region x)0.3 is larger than

Ž . < Ž . <q x which is an upper limit for Dq x . In this
region, in order to reduce the statistical error on

Ž . Ž . Ž .Du x and Dd x , we set Dq x s0 before solv-Õ Õ

ing the system of equations. The results are shown as
open circles in Fig. 2. Uncertainties due to this
assumption were included in the systematic error.

Ž . Ž .We observe that Du x is positive while Dd xÕ Õ

is negative. The polarised sea quark distribution

Ž . Ž .Fig. 2. The polarised quark distributions xDu x , xDd x andÕ Õ

Ž . Ž . Ž .xDq x obtained with the assumption Du x s Dd x . The open
circles are obtained when the sea polarisation is set to zero while
the closed circles are obtained without this assumption. The error
bars are statistical and the shaded areas represent the systematic
uncertainty. The curves correspond to the upper and the lower

Ž . w xlimits " xq x from the unpolarised quark distributions 12
evaluated at Q2 s10 GeV2. In the bottom plot the curves are

Ž Ž . Ž .." x u x q d x r2.

Ž .Dq x is compatible with zero over the full range of
Ž . Ž .x. Fig. 3 shows the polarisation Dq x rq x ofÕ Õ

the valence quarks. The average polarisation is ap-
proximately 50% for the u quarks and y50% forÕ

the d quarks. For the u quarks we observe a lowerÕ Õ

average polarisation of 0.18"0.10 in the interval
Ž .0.003-x-0.06 first six bins and a higher average

polarisation of 0.57"0.05 in the interval 0.06-x-
Ž .0.7 last six bins .

The uncertainties of these results are dominated
by the statistical errors. Contributions from different
sources to the systematic errors on the integrals

0.7 Ž .H Dq x d x are listed in Table 4 and the values of0.003

the integrals in Table 5. The largest contribution is
related to the assumptions made for the unmeasured
fragmentation functions of s quarks. Strange quark
fragmentation functions to pions were assumed to be
equal to the measured unfavoured fragmentation
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pq ,py py
function: D sD . For the favoured fragmenta-s, s u

tion functions of s quarks to kaons we assumed
Ky Kq py

D sD sD . This is motivated by the fact thats s d

in both fragmentation processes, s™Ky and d™
yp , a uu-pair has to be produced to create the

hadron. Values of the unmeasured fragmentation
functions obtained with the above assumptions were
varied by a factor 0.5 to 1.5 and the difference in the
resulting polarised quark distributions was included
in the systematic error. The uncertainty due to the
unpolarised quark distributions was taken to be the
difference resulting from two different parametrisa-

Ž . w x Ž . w xtions, GRV-94 LO 12 and CTEQ 3L LO 14 .
Ž .The systematic error due to the assumption Dq x s

0 in the last two x bins was calculated by setting
Ž . Ž .Dq x s"q x in these bins.

Ž . Ž .In the QPM, with the assumption Du x sDd x ,
w pŽ . nŽ .x Ž .the quantities 6 g x y g x and Du x y1 1 Õ

Ž .Dd x are equal. The former is obtained fromÕ

inclusive data only while the latter can be extracted
using only the four semi-inclusive asymmetries in

Ž .Eq. 8 . The two quantities are generally in good
agreement, as seen in Fig. 4, showing the consis-
tency of the present analysis. The discrepancy in the
last bin is mainly due to the low value of the
asymmetry Aq in this bin. This is also reflected in1 p

Table 3 by the low x 2 probability for this bin. It has
been checked that this low value could not be caused
by a false asymmetry due to a change in the spec-

Ž . Ž .Fig. 3. The polarisation Dq x rq x of the valence quarks.Õ Õ

Only the statistical errors are given.

Ž .trometer acceptance. With the constraint Dq x s0
Ž . Ž .only two unknowns, Du x and Dd x , have to beÕ Õ

determined. This can be done using only the inclu-
sive asymmetries A and A which have a better1 p 1d

statistical accuracy. For this reason adding the semi-
inclusive asymmetries has very little impact in the

Ž . Ž .last two bins, i.e. the results for Du x and Dd xÕ Õ

from A and A only are almost identical with the1 p 1d

values shown in Table 3 where all six asymmetries
are used.

In order to calculate first moments, Dq s
1 Ž .H Dq x d x, of the polarised quark distributions, we0

Ž .need extrapolations of Dq x to the unmeasured
regions of x. Contributions from the unmeasured

Ž .large x region 0.7-x-1 are negligible because
their upper limits given by the unpolarised distribu-

Ž .tions are small there. The low x 0-x-0.003
extrapolation was done in several ways. Two func-

Table 3
Ž . Ž . Ž .Values of the polarised quark distributions x Du x , x Dd x and x Dq x . The distributions were obtained with the assumptionv v

Ž . Ž .Du x sDd x . The first errors are statistical and the second ones are systematic. The values in the last two bins of x correspond to the open
circles in Fig. 2. In the last two columns the value of x 2rn and the corresponding probability p are given.

2Ž . Ž . Ž .x x Du x x Dd x x Dq x x rn pv v

0.005 y0.029"0.064"0.017 y0.105"0.088"0.022 0.027"0.027"0.007 2.4r3 0.50
0.008 0.107"0.059"0.023 y0.050"0.079"0.023 y0.019"0.025"0.009 4.8r3 0.19
0.014 0.115"0.049"0.023 y0.035"0.063"0.025 y0.025"0.021"0.009 4.9r3 0.18
0.025 0.004"0.063"0.007 y0.136"0.082"0.019 0.026"0.027"0.005 2.6r3 0.46
0.035 0.017"0.075"0.026 y0.170"0.097"0.035 0.028"0.032"0.012 2.5r3 0.47
0.049 0.029"0.064"0.005 y0.053"0.082"0.011 0.025"0.027"0.004 4.2r3 0.24
0.077 0.171"0.061"0.021 y0.154"0.079"0.025 0.002"0.026"0.008 9.2r3 0.03
0.122 0.287"0.076"0.040 y0.079"0.097"0.045 y0.026"0.032"0.017 5.1r3 0.16
0.173 0.133"0.105"0.007 y0.101"0.132"0.020 0.035"0.043"0.003 0.6r3 0.90
0.242 0.296"0.103"0.032 0.038"0.127"0.039 y0.021"0.043"0.013 2.1r3 0.55
0.342 0.332"0.041"0.025 y0.198"0.078"0.025 1.8r4 0.77
0.480 0.205"0.033"0.011 y0.064"0.062"0.010 16.2r4 0.003
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Table 4
0.7 Ž .Contributions to the error on the integral H Dq x dx. The abbreviation f.f. stands for fragmentation functions. The values of the integrals0.003

are given in Table 5.
0.7 0.7 0.7Ž . Ž . Ž .Error source H Du x dx H Dd x dx H Dq x dx0.003 v 0.003 v 0.003

Beam polarisation 0.02 0.01 0.000
Target polarisation 0.02 0.03 0.002
Dilution factor 0.02 0.01 0.002
Acceptance variation 0.01 0.03 0.002
Statistical error of f.f. 0.01 0.01 0.005
Assumptions on f.f. 0.05 0.06 0.024
Unpolarised quark distribution 0.02 0.02 0.001

Ž .Dq x s0 0.01 0.01 0.003

Total systematic error 0.07 0.08 0.03

Statistical error 0.10 0.14 0.04

tional forms of the polarised quark distributions were
fitted to our semi-inclusive and inclusive asymme-

w xtries 7 . We also used parametrisations of the po-
larised quark distributions obtained from two differ-

w xent QCD analyses 15,16 of inclusive data. For
every quark distribution we obtained four values for

0.003 Ž .the integral H Dq x and estimated the mean value0

and the error. For the valence quarks these values
Ž .see Table 5 are much smaller than the upper limits
g iven by the unpolarised distributions
< 0.003 Ž . < 0.003 Ž .H Dq x d x FH q x d x. This upper limit is0 Õ 0 Õ

Ž .0.22 0.17 for GRV-94,LO parametrisation of the uÕ

Ž .d quarks. There is no such constraint for the seaÕ

quarks. The first moments of the polarised quark
distributions are

Du s0.77"0.10"0.08,Õ

Dd sy0.52"0.14"0.09,Õ

Dqs0.01"0.04"0.03.

The statistical errors are reduced by almost a factor
w xof two compared to our previous publication 1 . The

contributions to the moments from measured and
unmeasured regions are detailed in Table 5.

In order to study the effect of the assumption of a
Ž . Ž .SU 3 symmetric sea in Eq. 7 we replace it byf

Ž . Ž .only an isospin symmetric sea, Du x sDd x s

Table 5
Ž . Ž .The values for the extrapolations to low x first column , the integrals over the measured range second column and the first moments

Ž .third column . In the last two columns the first error is statistical, the second systematic. The upper part of the table shows the results
Ž . Ž .obtained assuming Du x sDd x , the lower part shows the results without this assumption.

Contributions to the first moments of the polarised quark distributions

Ž . Ž .Du x sDd x x 0y0.003 0.003y0.7 0y1
Du 0.04"0.04 0.73"0.10"0.07 0.77"0.10"0.08v

Dd y0.05"0.05 y0.47"0.14"0.08 y0.52"0.14"0.09v

x 0y0.003 0.003y0.3 0y1
Dq 0.00"0.02 0.01"0.04"0.03 0.01"0.04"0.03

Ž . Ž .Du x /Dd x x 0y0.003 0.003y0.7 0y1
Du 0.04"0.04 0.72"0.11"0.06 0.76"0.11"0.07v

Dd y0.05"0.05 y0.45"0.30"0.25 y0.50"0.30"0.25v

x 0y0.003 0.003y0.3 0y1
Du 0.00"0.02 0.01"0.05"0.01 0.01"0.05"0.02

Dd 0.00"0.02 0.01"0.14"0.12 0.01"0.14"0.12
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Fig. 4. The difference between the spin-dependent structure func-
w pŽ . nŽ .x Žtions of the proton and the neutron, 6 x g x y g x , open1 1

.circles , and the difference between polarised up and down
w Ž . Ž .xvalence quark distributions x Du x y Dd x , as determinedÕ Õ

Ž . Ž .with the assumption Du x s Dd x from SMC semi-inclusive
Ž .asymmetries only closed circles . Errors are statistical. The corre-

lation between these two quantities is about 40%, similar to the
correlation between inclusive and semi-inclusive asymmetries
given in Table 2.

Ž . Ž . Ž . Ž .Dq x and allow Ds x sDs x shDq x , varying
h in the range 0.25-h-1.5. The corresponding
variations of the first moments are of the order of

Ž .0.01. Similar variations are observed if we use Ds x
w xas given in Ref. 15 , where the integral is

1 Ž .H Ds x d xsy0.06, a value consistent with the0
1Ž Ž . Ž ..result H Ds x q Ds x d x s y0.12 " 0.04 ob-0

w xtained from the inclusive analysis 11 . This shows
that the measurement is only sensitive to the polari-
sation of the non-strange sea quarks.

Ž . Ž .Releasing the constraint Du x sDd x and set-
Ž . Ž . Ž Ž . Ž ..ting Ds x sDs x s Du x qDd x r2 leads to

the results given in the lower part of Table 5. The
results are consistent with those obtained with the

Ž .constraint DusDd. The statistical error on Du xÕ

practically does not change, whereas the error on
Ž .Dd x increases by a factor of two.Õ

Polarised semi-inclusive deep inelastic scattering
is presently a unique tool to measure the polarised
valence and sea quark distributions. However, the
corresponding first moments can be determined by

Ž .other methods. With the assumption of a SU 3 f
Ž Ž .. Ž .symmetric sea Eq. 7 and SU 3 symmetry forf

the weak decays in the baryon octet, the first mo-
ments of the valence distributions can be obtained
from the axial matrix elements, F and D, of baryon
decays. It should be noted that the results depend
strongly on these two assumptions, whereas the re-
sults from our semi-inclusive analysis are insensitive

Ž .to any SU 3 assumptions, as discussed above. Withf
w xthe values quoted in Refs. 17,18 one finds Du sÕ

2 F s 0.92 " 0.02 and Dd s F y D s y0.34 "Õ

0.02, which is in good agreement with our results of
Table 5 obtained from deep inelastic scattering only.
Our result for Dq is consistent with the first moment
of the polarised strange quark distribution obtained

w xfrom the inclusive analysis 11 quoted above.
From our polarised quark distributions we find for

the second moments:

1
xDu x d xs0.155"0.017"0.010Ž .H Õ

0

and

1
xDd x d xsy0.056"0.026"0.011 ,Ž .H Õ

0

where the first error is statistical and the second is
systematic. Due to the additional factor x the low x
extrapolations to the unmeasured region give negligi-
ble contributions while the large x contributions
remain small. A calculation of the second moments

w x 1 Ž .in lattice QCD 19 predicts H xDu x d xs0.1890 Õ
1 Ž ." 0.008 and H xDd x d x sy0.0455 " 0.0032,0 Õ

which is in good agreement with our measured val-
ues.

To summarise, we have measured semi-inclusive
spin asymmetries for positively and negatively
charged hadrons from polarised protons and
deuterons and we have determined the polarised

Ž . Ž . Ž .quark distributions Du x , Dd x and Dq x ofÕ Õ

the valence and the non-strange sea quarks. The
polarisation of the u quarks was found to be posi-Õ

tive and to increase with x. The polarisation of the
d quarks was found to be negative while the polari-Õ

sation of the non-strange sea quarks is consistent
with zero. Our results for the first moments of the
polarised valence quark distributions are in good
agreement with results obtained from the axial ma-
trix elements F and D. The second moments are
consistent with lattice QCD predictions.
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