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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. From these asym-

metries and the previously published inclusive spin asymmetries we determine, for

the �rst time, the x-dependent spin distributions for up and down valence quarks

and for non-strange sea quarks. We �nd that the �rst moments of the valence quark

spin distributions are �uv = 1:01� 0:19� 0:14 and �dv = �0:57� 0:22� 0:11. The

spin distribution function of non-strange sea quarks is consistent with zero over the

measured range of x and the �rst moment is ��u = ��d = �0:02� 0:09� 0:03.
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Recent results from the polarised inclusive deep inelastic scattering of leptons by

protons and deuterons [1, 2, 3, 4, 5] show that the quark spins contribute only about 20%

to the nucleon spin with a relatively large negative contribution of about �10% from the

strange quarks. These conclusions are based on the analysis of the �rst moments of the

spin-dependent structure functions g1(x) of the proton and deuteron in the framework

of the quark parton model (QPM). More detailed information on the spin structure of

the nucleon can be obtained from polarised semi-inclusive deep inelastic scattering, where

in addition to the scattered lepton also hadrons are detected. An early theoretical pre-
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diction for hadron asymmetries in polarised deep inelastic lepton-hadron scattering was

made in ref. [6]. The �rst measurement of these asymmetries was done by EMC with a

polarised proton target [7]. We report on our measurement of semi-inclusive asymmetries

of spin-dependent cross sections for muoproduction of positive and negative hadrons from

polarised protons and deuterons. These semi-inclusive asymmetries and our already pub-

lished inclusive asymmetries [1, 2, 3] are analysed together within the QPM and allow us

to separate for the �rst time the spin distributions of the valence up and down quarks and

of the non-strange sea quarks and to determine their dependence on the Bjorken scaling

variable x.

Our experimental set up at the CERN muon beam consists of three major compo-

nents: a polarised target, a spectrometer and a muon beam polarimeter. Positive muons of

100 and 190 GeV were used. The muon beam polarisation was determined from the shape

of the energy spectrum of positrons from the muon decays. It was found to be �0:82�0:06

[1] and �0:81�0:04 [2] for the 100 and 190 GeV beams, respectively. The target consists of

two cells �lled with butanol or deuterated butanol. The two cells are polarised in opposite

directions by dynamic nuclear polarisation. The average polarisations were 0:86�0:03 for

protons [2] and 0:47 � 0:03 for deuterons [3, 8]. Events originating from both cells were

recorded simultaneously and the spin orientations were reversed every �ve hours. The

scattered muon and produced charged particles were measured in the SMC spectrometer

[2]. Muons were identi�ed behind a 2 m thick iron absorber wall. The spectrometer has
good acceptance for hadrons with z � Ehad=� above 0:1.

The determination of semi-inclusive asymmetries requires the separation of hadrons
from electrons which originate mainly from photon conversions. For this purpose we used
a calorimeter [9]. Its electromagnetic part amounts to 20 radiation lengths which is suf-

�cient to contain entirely high energy electromagnetic showers. The total thickness of
the calorimeter is 5.5 nuclear interaction lengths. For each shower the ratio rem of the
energy deposited in the electromagnetic part to the total deposited energy is calculated.
Electrons are eliminated by requiring rem < 0:8.

A cut Q2 > 1 GeV2 is applied. The range of x covered is 0:003 < x < 0:7 and the

average Q2 is 10 GeV2. For a hadron a cut z > 0:2 is found to be an optimum considering
the e�ective tagging of the struck quark at large z and signi�cant statistics from small z.

After applying kinematic and geometrical cuts we have about 4:5�106 deep inelastic
events on the deuteron at 100 GeV, 4:5�106 events on the proton at 190 GeV and 6�106

events on the deuteron at 190 GeV. After cuts on z and rem the corresponding hadron

samples amount to 1:4�106, 1:2�106 and 1:6�106 charged hadrons, mostly pions, where

the ratio of positive to negative hadrons is about 1.3.
The inclusive cross section �� and the semi-inclusive cross section for the production

of a positive (negative) hadron, �+(�), are related to the number of deep inelastic events

N� and the number of hadrons N+(�). In the QPM the semi-inclusive cross sections

factorise in terms of the quark distribution functions q(x;Q2) and quark fragmentation

functions Dh
q (z;Q

2)

1

��
d �+(�)

dz
=

1

N�

dN+(�)

dz
=

P
q;h e

2
q q(x;Q

2)Dh
q (z;Q

2)
P

q e
2
q q(x;Q

2)
; (1)

where the hadron h can be �+,K+ or p for �+ and ��,K� or �p for ��. The fragmentation

function Dh
q represents the probability that a struck quark with a avour q fragments into

z) Deceased
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a hadron h.

The semi-inclusive asymmetries of the spin-dependent virtual photon absorption

cross sections for production of positive (negative) hadrons on protons and deuterons are

de�ned as

A
+(�)

1p =
�
+(�)

1=2 � �
+(�)

3=2

�
+(�)

1=2 + �
+(�)

3=2

; A
+(�)

1d =
�
+(�)

0 � �
+(�)

2

�
+(�)

0 + �
+(�)

2

: (2)

The indices 1=2, 3=2, 0 and 2 refer to the total spin projection in the direction of the virtual

photon momentum.

Yields of positive and negative hadrons for each target cell and each spin con�gu-

ration are given by

N+(�) = n��+(�)a+(�)[1� f+(�)PBPTDA
+(�)

1 ]; (3)

where n is the area density of nucleons in the target, � the beam ux, �+(�) is the unpo-

larised cross section for muoproduction of charged hadrons and a+(�) the acceptance of

the spectrometer for the simultaneous detection of the scattered muon and the charged

hadrons. The symbols PB and PT denote the beam and the target polarisations. The depo-

larisation factor D depends on the event kinematics and on the ratio R of longitudinal to
transverse unpolarised virtual photon cross sections [10]. The dilution factors f+(�) are cal-

culated separately for the proton and the deuteron target. The yields N+(�) are measured
before (B) and after (A) polarisation reversal for the upstream (U) and the downstream

(D) target. The asymmetries A
+(�)

1 are obtained from the ratio (NB
U N

A
D)=(N

B
DN

A
U ) where

the quantities n, � and �+(�) cancel out. The acceptances also cancel if their ratio for
the two target cells is the same before and after polarisation reversal (aBU=a

B
D = aAU=a

A
D).

Radiative corrections to the asymmetries are small and therefore neglected.
The semi-inclusive asymmetriesA

+(�)

1 for positive and negative hadrons from deuteron

and proton targets are given in �g. 1 and tab. 1. The asymmetries A
+(�)

1p are in agreement
with those measured by the EMC [7]. In addition to the uncertainties discussed in refs.
[2, 3] there is also a contribution to the systematic error from the variation in time of
the spectrometer acceptance for hadrons. The e�ect on the asymmetries from secondary

interactions of hadrons was found to be negligible.
In the QPM, neglecting possible gluon contributions, the inclusive virtual photon

absorption cross sections can be written in terms of the quark spin distribution functions
�q = q" � q#, where q"(#)(x;Q2) is the distribution of quarks with avour q with spin
parallel (antiparallel) to the nucleon spin. For inclusive cross sections the virtual photon

absorption asymmetry is

A1(x;Q
2) =

P
q e

2
q�q(x;Q

2)
P

q e
2
q q(x;Q

2)
; (4)

where eq is the fractional charge of the quark and q = u; d; s; �u; �d; �s. With the assumption
that fragmentation functions do not depend on the quark helicity [11], the virtual photon

spin asymmetries for the production of positive and negative hadrons can be written

A
+(�)

1 (x;Q2) =

P
q;h e

2
q�q(x;Q

2)Dh
q (Q

2)
P

q;h e
2
q q(x;Q

2)Dh
q (Q

2)
; (5)

where Dh
q (Q

2) =
R 1
0:2 dz D

h
q (z;Q

2). Following the usual convention all quark distributions
refer to the proton. By using isospin symmetry the up and down quarks and antiquarks
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in the neutron are replaced by down and up quarks and antiquarks in the proton. The

deuteron cross section is considered to be the sum of the proton and the neutron cross

sections, corrected for the D-state of the deuteron as in ref. [3].

The MRS parametrisation [12] is used for unpolarised quark distributions. There

are 36 fragmentation functions corresponding to three quarks, three antiquarks and six

charged hadrons. The fragmentation functions of non-strange quarks into pions can be

obtained from the EMC measurements [13] by using charge conjugation and isospin sym-

metry. Only these fragmentation functions give substantial contributions to the asymme-

tries. A further reduction of the number of independent fragmentation functions requires

assumptions for unfavoured (e.g. D
[K�=�us]
d = D

[K�=�us]
�d

) and favoured (e.g. D[K�=�us]
s =

D
[��=�ud]
d ) fragmentation. Finally the number of independent fragmentation functions is

reduced from 36 to 6.

The asymmetries are assumed to be independent of Q2, consistent with our observa-

tion for the inclusive case [14]. Quark distribution functions and fragmentation functions

are evaluated at Q2 = 10 GeV2.

For each bin of x eqs. (4) and (5) for proton and deuteron targets constitute a system

of 2 + 4 = 6 linear equations for 2 � 3 = 6 spin distributions of quarks and antiquarks.

Since Dh
q 6= Dh

�q , �q(x) and ��q(x) have di�erent weights and can be separated. For each

avour the valence and sea spin distributions are de�ned as �qv(x) = �q(x)���q(x) and
�qsea(x) = 2��q(x). The weight of the strange quark spin distribution functions in these
equations is small and therefore they cannot be determined. We assume �s(x) = ��s(x) /
�s(x) with

R 0:7
0:003 dx (� �s(x) + � s(x)) = �0:12, according to [3]. We also assume ��u(x) =

� �d(x) and denote it by ��q(x). Measurements of the Gottfried sum rule [15] indicating

that �u(x) 6= �d(x) can be qualitatively explained by the pionic contribution to the quark sea
[16]. The same reasoning applied for the polarised case gives ��u(x) = ��d(x) = 0 [17]. As
mentioned above, in the present analysis we will only assume ��u(x) = ��d(x). The e�ect
of this assumption will be discussed below. The three unknown spin distributions �uv(x),
�dv(x) and ��q(x) are evaluated from the system of six equations by the least squares
method using the full covariance matrix between asymmetries. The values of correlation

coe�cients between semi-inclusive and inclusive asymmetries are given in tab. 2. The
average �2=d:o:f: for the 12 bins of x is 4.0/3.

The distributions x�q(x) evaluated at Q2 = 10 GeV2 are given in tab. 1 and in
�g. 2 (closed circles). We observe that �uv(x) is positive while �dv(x) is negative. The
spin distribution of the non-strange sea ��q(x) is compatible with zero over the full range

of x.
The uncertainty of these results is dominated by the statistical error. The main

contributions to the systematic errors are due to the target and beam polarisations, the

variation of acceptances with time, the statistical errors on the fragmentation functions
and the uncertainty on the unpolarised quark distributions. The latter is estimated from

the di�erence between the MRS [12] and GRV [18] parametrisations. We varied the as-
sumptions about the favoured and unfavoured fragmentation functions discussed above

by a factor 0:5 to 2 and found the e�ect on the quark spin distributions to be smaller
than 10% of the overall systematic error. Errors coming from the assumption on �s(x) are

small. Also negligible errors arise from the di�erence in acceptance for pions, kaons and

protons due to di�erent absorption in the target and di�erent angular distributions. A �t

with ��u(x) and ��d(x) determined independently substantially increases the statistical

uncertainties and we �nd ��u(x) = ��d(x) within statistical errors.
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The statistical error on ��q(x) in the region x > 0:2 is larger than the constraint

from the unpolarized distribution, j��q(x)j � �q(x) (cf. �g. 2c). In this region, in order to

reduce the statistical errors on �uv(x) and �dv(x), we set ��q(x) = 0 before solving the

system of equations. The results are shown as open circles in �g. 2. We computed also

the results using ��q(x) = ��q(x) and included the di�erence in the systematic errors.

In the QPM and with the assumption ��u(x) = ��d(x), the quantities 6[g
p
1(x)�g

n
1 (x)]

and �uv(x) ��dv(x) are equal. The former is obtained from inclusive data only while

the latter can be extracted from semi-inclusive asymmetries of eqs. (5) alone. The data

are in good agreement, as seen in �g. 3, showing the internal consistency of the present

analysis.

An alternative approach to the analysis of the semi-inclusive asymmetries was de-

veloped in ref. [11]. The asymmetries are determined from the di�erences of cross sections

for the positively charged and the negatively charged hadrons as

A+�
1p =

(�+

1=2 � ��
1=2)� (�+

3=2 � ��
3=2)

(�+

1=2 � ��
1=2) + (�+

3=2 � ��
3=2)

; A+�
1d =

(�+
0 � ��0 )� (�+

2 � ��2 )

(�+
0 � ��0 ) + (�+

2 � ��2 )
: (6)

They are functions of the valence quark distributions only

A+�
1p =

4�uv � ��dv

4uv � �dv
; A+�

1d =
�uv +�dv

uv + dv
; (7)

with � calculated from fragmentation functions. The asymmetry A+�
1d does not depend

on fragmentation functions whereas A+�
1p is only weakly sensitive to assumptions about

fragmentation functions. Since the hadrons are not identi�ed in the present experiment

the factor � has to be evaluated by averaging relevant fragmentation functions and is
found to be about 0:5 for z > 0:2. However, the spectrometer acceptance is di�erent for
positive and negative hadrons, and the ratio of these acceptances does not cancel out
in the asymmetries (6) expressed in terms of the hadron yields. We measured this ratio
in dedicated runs with a beam of oppositely charged muons and with a reversed �eld

direction in the spectrometer magnet. It deviates from unity only for x < 0:02 and by
less then 15%. The quark spin distribution functions �uv(x) and �dv(x) obtained using
the asymmetries A+�

1 (eqs. (7)) are shown in �g. 4 with open circles. They are in good
agreement with those determined from A+

1 and A�
1 (eq. (5)) (closed circles) without the

constraint ��u(x) = � �d(x). The results from the two methods are strongly correlated.

Our conclusions concerning the quark spin distributions and their integrals are based on

the analysis of the asymmetries A+
1 and A�

1 (eqs. (2)).

In order to calculate �rst moments �q of the quark spin distributions, �q =
R 1
0 dx�q(x), we need extrapolations of �q(x) to unmeasured regions of x. We assume
that the polarisation, �qv(x)=qv(x), in the unmeasured region is equal to its average
value in the measured region. A 100 % systematic error is assigned to these extrapola-

tions. Contributions from the unmeasured large-x region are found to be negligible. Such

a method cannot be used for the small-x extrapolation of ��q(x) since the integral of
the unpolarized sea quark distribution diverges at small x. Since we do not observe any

x-dependence for ��q(x) , we �t it to a constant which we extrapolate to x = 0. We ob-
tained a negligible contribution to the integral. We estimate the systematic uncertainty

from the error of the �t to the �rst two small-x points only. The resulting integrals over

the measured and unmeasured regions are given in tab. 3 together with the statistical and
systematic errors. The integrals of quark spin distributions are �uv = 1:01� 0:19� 0:14,
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�dv = �0:57 � 0:22 � 0:11 and ��q = �0:02 � 0:09 � 0:03. The release of the constraint

��u(x) = ��d(x) modi�es mostly �dv which becomes close to zero with a statistical error

of 0.46, while �uv is little a�ected.

To summarize, we measured semi-inclusive asymmetries and determined, for the

�rst time, the spin distribution functions �uv(x), �dv(x) and ��q(x) of the valence and

the non-strange sea quarks. Within the statistical accuracy the polarisations �q(x)=q(x)

seem to be independent of x. The results indicate polarisations �uv=uv = 0:5 � 0:1 and

�dv=dv = �0:6 � 0:2. The values of �uv(x) � �dv(x) derived from the semi-inclusive

asymmetries alone agree well with the QPM interpretation of g
p
1(x) � gn1 (x) determined

from the inclusive asymmetries. The total spin contribution from all non-strange sea

quarks is 4��q = �0:08 � 0:36. The spin distribution function of the sea quarks ��q(x) is

compatible with zero over the full measured range of x. The total spin carried by non-

strange quarks ��� 2��s = �uv +�dv + 4��q is consistent with the value deduced from

�rst moments of g1(x) [3, 5].

Our results show a sizeable polarisation of valence quarks, in particular at small x,

which is consistent with the observation of gn1 6= g
p
1 at the smallest x in the SMC data [3].

In the same region we observe that the spin contribution of the non-strange sea is small

and consistent with zero, although the unpolarised sea is large.
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Table 1: Values of semi-inclusive asymmetries A+
1d, A

�
1d, A

+
1p and A�

1p and quark spin

distributions x�uv(x), x�dv(x) and x��q(x). The spin distributions were obtained under

the assumption ��u(x) = � �d(x). The �rst errors are statistical and the second ones are

systematic. The values of quark spins in the last three bins of x correspond to the open

circles in �g. 2.

.8[.9]

hxi A+
1d(x) A�

1d(x) A+
1p(x) A�

1p(x)

0:005 0:033 � 0:070 � 0:006 0:086 � 0:077 � 0:009 0:085 � 0:076 � 0:007 0:024 � 0:081 � 0:0

0:008 �0:079 � 0:064 � 0:007 �0:134 � 0:071 � 0:010 0:081 � 0:071 � 0:007 0:055 � 0:077 � 0:0

0:014 �0:017 � 0:053 � 0:007 �0:203 � 0:058 � 0:014 0:142 � 0:066 � 0:010 0:129 � 0:071 � 0:0

0:025 �0:076 � 0:059 � 0:008 �0:071 � 0:068 � 0:008 �0:026 � 0:089 � 0:006 0:063 � 0:097 � 0:0

0:035 �0:015 � 0:083 � 0:008 �0:032 � 0:093 � 0:009 0:009 � 0:105 � 0:006 0:072 � 0:116 � 0:0

0:049 0:127 � 0:070 � 0:011 0:062 � 0:081 � 0:008 0:204 � 0:090 � 0:014 0:036 � 0:101 � 0:0
0:077 0:013 � 0:071 � 0:010 0:059 � 0:081 � 0:009 0:175 � 0:087 � 0:013 0:162 � 0:103 � 0:0

0:12 0:09 � 0:09 � 0:01 0:16 � 0:11� 0:01 0:54� 0:11 � 0:03 0:38 � 0:14 � 0:02
0:17 0:40 � 0:14 � 0:03 0:26 � 0:17� 0:02 0:34� 0:16 � 0:02 0:41 � 0:21 � 0:03

0:24 0:60 � 0:16 � 0:04 0:05 � 0:20� 0:02 0:37� 0:18 � 0:02 �0:05� 0:20 � 0:01

0:34 �0:29� 0:30 � 0:03 �0:22 � 0:38� 0:02 0:29� 0:31 � 0:02 0:70 � 0:43 � 0:04
0:48 0:78 � 0:52 � 0:06 1:04 � 0:67� 0:07 0:93� 0:48 � 0:06 0:11 � 0:72 � 0:01

.8[.9]

hxi x�uv(x) x�dv(x) x��q(x)

0:005 0:05� 0:15 � 0:01 �0:14 � 0:17� 0:02 0:027 � 0:075 � 0:002
0:008 0:14� 0:13 � 0:02 �0:13 � 0:14� 0:02 �0:018 � 0:062 � 0:004

0:014 0:24� 0:10 � 0:03 0:07 � 0:11� 0:02 �0:085 � 0:047 � 0:012
0:025 �0:01� 0:11 � 0:01 �0:16 � 0:13� 0:02 0:040 � 0:053 � 0:005
0:035 0:04� 0:14 � 0:01 �0:13 � 0:16� 0:02 0:027 � 0:067 � 0:004
0:049 0:22� 0:12 � 0:03 0:08 � 0:13� 0:02 �0:045 � 0:056 � 0:007
0:077 0:10� 0:11 � 0:02 �0:24 � 0:13� 0:02 0:047 � 0:054 � 0:005

0:12 0:25� 0:14 � 0:03 �0:21 � 0:17� 0:02 0:022 � 0:067 � 0:004
0:17 0:24� 0:19 � 0:03 0:15 � 0:22� 0:04 �0:020 � 0:090 � 0:007
0:24 0:21� 0:07 � 0:08 �0:03 � 0:10� 0:08

0:34 0:34� 0:09 � 0:05 �0:25 � 0:12� 0:03
0:48 0:19� 0:06 � 0:02 �0:12 � 0:09� 0:01



Table 2: Values of the correlation coe�cients between semi-inclusive asymmetries,

corr(A+
1 ; A

�
1 ), and between inclusive and semi-inclusive asymmetries, corr(A1; A

+
1 ) and

corr(A1; A
�
1 ), for deuteron and proton.

.8[.9]

hxi corr(A+
1d; A

�
1d) corr(A1d; A

+
1d) corr(A1d; A

�
1d) corr(A+

1p; A
�
1p) corr(A1p; A

+
1p) corr(A1p; A

�
1p)

0:005 0:13 0:32 0:29 0:13 0:33 0:30

0:008 0:12 0:32 0:29 0:13 0:37 0:33

0:014 0:13 0:34 0:30 0:14 0:40 0:37
0:025 0:13 0:36 0:32 0:15 0:44 0:39

0:035 0:13 0:37 0:33 0:15 0:46 0:41

0:049 0:12 0:39 0:34 0:16 0:48 0:41
0:077 0:12 0:40 0:34 0:18 0:50 0:41

0:12 0:12 0:38 0:31 0:16 0:47 0:37
0:17 0:11 0:36 0:28 0:14 0:42 0:32
0:24 0:11 0:30 0:24 0:12 0:35 0:26
0:34 0:11 0:25 0:19 0:12 0:28 0:21

0:48 0:10 0:19 0:15 0:13 0:22 0:16

Table 3: Values of integrals over x of the valence and sea quark spin distributions. The

spin distributions were obtained under the assumption ��u(x) = � �d(x). Contributions

from the large-x region are negligible. In the small-x region the error is systematic. In the
other regions the �rst error is statistical and the second one is systematic.

.8[.9]

x 0� 0:003 0:003� 0:7 0� 1

�uv 0:11 � 0:11 0:90 � 0:19 � 0:09 1:01 � 0:19 � 0:14

�dv �0:06 � 0:06 �0:50 � 0:22 � 0:09 �0:57 � 0:22 � 0:11

x 0� 0:003 0:003� 0:2 0� 1

��q 0:00 � 0:02 �0:02 � 0:09 � 0:02 �0:02 � 0:09 � 0:03
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Figure 1: Semi-inclusive asymmetries of spin-dependent cross sections for muoproduction

of (a) positive hadrons on deuteron, (b) negative hadrons on deuteron, (c) positive hadrons
on proton and (d) negative hadrons on proton. The error bars are statistical and the shaded

areas represent the systematic uncertainty. The open circles represent the asymmetries
measured by EMC [7].
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Figure 2: Quark spin distribution functions (a) x�uv(x), (b) x�dv(x), (c) x��q(x) ob-

tained under the assumption ��u(x) = ��d(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 limits �q(x) from the unpolarised quark

distributions [12] evaluated at Q2 = 10 GeV2.
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Figure 3: The di�erence between the spin-dependent structure functions of the proton and

the neutron, 6x[gp1(x)�g
n
1 (x)], (open triangles and shaded belt), and the di�erence between

up and down valence quark spin distribution functions x[�uv(x)��dv(x)], as determined

from SMC semi-inclusive asymmetries only under the assumption ��u(x) = ��d(x) (closed

circles). Errors are statistical only.
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Figure 4: Quark spin distribution functions (a) x�uv(x) and (b) x�dv(x) obtained from

the asymmetries A+� (eq. (6), open circles) and the asymmetries A+ and A� (eq. (2),
closed circles) without using inclusive asymmetries and without the constraint ��u = ��d.

Errors are statistical.


