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Spin structure functions for three-nucleon systems: Neutrons and protons
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The relativistic quark model of nucleon and the quark-exchange formalism is used to calculate the spin
structure functions~SSF! of 3He, 3H, neutrons and protons. We consider the quarks to be exchanged at most
between two nucleons. The up and down quarks treated separately and a well behaved polarized distribution is
found by considering energy-momentum conservation properly. The SSF of3He and 3H and convolution
approximation are used to find the SSF of protons and neutrons and the validity of the Bjorken sum rule was
tested. Finally it is shown that the result of our calculation agrees qualitatively well with the available experi-
mental data, i.e., E142, E143, SMC, and recent E154 experiments.@S0556-2813~98!03002-7#
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I. INTRODUCTION

In recent years, there have been a large number of ex
ments on both the polarized deep-inelastic lepton scatte
by nucleons and nuclei@1–4#. In the light of these experi-
ments the understanding of ‘‘nucleon’’ structure has beco
a hot topic in particle and nuclear physics.

These reports have revealed the following striking resu
~1! There is a significant difference between the structure
free nucleons and bound nucleons~EMC effect! @4#. ~2!
Quarks carry collectively only a fraction of the nucleon sp
and the fraction which is carried by thes quark is negative
and quite large@5#. ~3! The Bjorken sum rule may have bee
violated @5#.

In our previous works@6–8# and @9# we have studied
points~1! and~2!, respectively. But in this article we woul
like to examine point number three in more detail theore
cally. In this context besides the spin structure function
the proton, one should calculate the spin structure func
~SSF! of the neutron as well. Recently, this was obtain
from deep-inelastic scattering of polarized lepton off pol
ized deuteron~SMC @1#!, and 3He ~E142 and E154@3#!,
targets. These results together with previous data of E
group@4# on the proton SSF are being currently used to t
the Bjorken sum rule@5#.

Of particular relevance are the experiments of the3He
target, which we intend to consider in this work, since t
3He nucleus can be viewed as an effective neutron tar
The proton pair in this nucleus are mainly in1S0 state, so the
proton contribution will be averaged out@3# and the SSF of
3He is mostly due to neutron rather than protons. In the sa
way one can argue about3H nucleus and consider it as
proton.

Up to now, the theoretical description of three nucle
(3He and 3H) SSF have been mainly given in terms
plane-waves impulse approximation and convolution
proaches by introducing the spin-dependent spectral func
@10–12#.

*Permanent address.
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Several years ago a formalism was developed by Hoo
hoy and Jaffe~HJ! @13# to investigate the multiquark ex
change in the nuclear system. This method, which was ba
on the nonrelativistic quark model, was later applied to
light nuclei @14# and nuclear matter@6,15# to calculate the
quark distribution function in nucleons and nuclei~EMC ef-
fect!. The result was encouraging.

In this article we intend to use the same formalism
calculate the SSF of3He and 3H nuclei, as well as the SSF
of neutron and proton by using the HJ quark-exchange
malism and the convolution model.

So the paper is organized as following. We begin Sec
by introducing various definitions such as the polariz
deep-inelastic cross section, the spin structure function,
sum rules, etc. In Sec. III we develop the quark-exchan
formalism to calculate the spin dependent quark momen
distribution in three nucleon systems. The momentum dis
bution will be written as a sum of direct and exchange pa
with new indices for different flavors and spin polarization
Section IV is concerned with the relation of the distributio
function to the probability of removing quarks from the ta
get and the explicit calculation of the polarized spin struct
function for various quarks flavor. Finally the numerical r
sults and the conclusion are presented in Sec. V.

II. POLARIZED NUCLEON STRUCTURE FUNCTION

The spin structure function of nucleong1 andg2, which
are determined experimentally, are related to the antis
metric part of the hadronic tensor,

Wmn
A ~p,s,q!5

i

p•q
«mnabqaFMsbG1~n,Q2!

1
1

M S sb2
s•q

p•q
pbDG2~n,Q2!G , ~1!

through the spin-dependent inelastic form factor, i.e.,

g1~x,Q2!5M2nG1~x,Q2!, g2~x,Q2!5Mn2G2~x,Q2!.
~2!
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526 57M. M. YAZDANPANAH AND M. MODARRES
In the scaling limit (Q2→`,n→`) they will reduce simply
to g1(x) andg2(x) wherex is the Bjorken variable which is
defined as

x5
Q2

2Mn
,

whereM is the mass of nucleon.
In 1966 a sum rule was derived by Bjorken@16# which

relates the difference of the first moments of protons a
neutrons to the weak coupling constants for neutron de
i.e., gA and gV . By including the first order perturbativ
quantum chromodynamics~QCD! corrections@17# this sum
rule is written as

E
0

1

„g1
p~x!2g1

n~x!…dx5
1

6UgA

gV
S 12

as~Q2!

p D U, ~3!

whereas(Q
2) is the QCD coupling constant. There are al

separate sum rules for the proton and neutron which w
derived by Ellis and Jaffe@18#. By using this assumption tha
we have the SU~3! symmetry and the unpolarized stran
sea, they are given by the following equations:

E
0

1

g1
p~x!dx.

~9F2D !

18p
„12as~Q2!…,

~4!

E
0

1

g1
n~x!dx.

~9F24D !

18p
„12as~Q2!…

whereF andD are the invariant matrix elements of the ax
vector current@18#. The above two integrals have other i
terpretations in the quark-parton model as well, i.e.,

G1
p5E

0

1

g1
p~x!dx.

1

2p S 4

9
Du1

1

9
Dd1

1

9
DsD „12as~Q2!…,

~5!

G1
n5E

0

1

g1
n~x!dx.

1

2p S 1

9
Du1

4

9
Dd1

1

9
DsD „12as~Q2!…,

where

Dqj5E
0

1

@qj
↑~x!2qj

↓~x!#dx ~6!

which gives the ‘‘spin-measures’’ up, down, and stran
quarks in the nucleons. Usually the neutron beta decay
the hypron decay relations, Du2Dd5F1D and
Dd2Ds5F2D, are taken to extractDu, Dd, andDs @and
are used in Eq.~5!#.

III. POLARIZED QUARK-EXCHANGE FORMALISM

As in the previous works@6,8,13–15# we start by making
our nucleon from three quarks:

ua&5Na†
u0&5

1

A3!
Nm1m2m3

a qm1

† qm2

† qm3

† u0&, ~7!
d
y,

re

e
nd

where a stands for$PW ,MS ,MT% nucleon states andm de-
notes the quark states$kW ,ms ,mt ,c%. There is a summation on
the repeated indices, i.e., summation over all values of
coordinates including integration over momenta.q† (q) are
the creation~annihilation! operators for quarks andNm1m2m3

a

is the totally antisymmetric nucleon wave function:

Nm1m2m3

a 5
1

A3!
ec1c2c3

1

A2

3 (
s,t50,1

Cms1
msMS

~1/2!s~1/2!Cms2
ms3

ms

~1/2!~1/2!sCmt1
mtMT

~1/2!t~1/2!Cmt1
mt2

mt

~1/2!~1/2!t

3d~kW11kW21kW32PW !f~kW1 ,kW2 ,kW3 ,PW !, ~8!

wheref(kW1 ,kW2 ,kW3 ,PW ) is the nucleon wave function and it i
approximated by a Gaussian distribution, i.e.,

f~kW1 ,kW2 ,kW3 ,PW !5S 3b4

p2 D ~3/4!

3expF2b2
~k1

21k2
21k3

2!

2
1

b2p2

6 G .
~9!

Cm1m2m
j 1 j 2 j are the familiar Clebsch-Gordon coefficients a

ec1c2c3
is the color factor. The normalization off is chosen

such that

^PW MSMTuPW 8MS8MT8&5d~PW 2PW 8!dMSM
S8
dMTM

T8
~10!

and the overall antisymmetrization is provided b
(1/A3!)ec1c2c3

.
For quark creation and annihilation operators we have

usual fermions anticommutation relations, i.e.,

$qm ,qn
†%5dmn , ~11!

while the nucleon composite operatorsNa andNa†
obey the

following anticommutation relations:

$Na,Nb†
%5dab2Nab, ~12!

where

Nab53Nn1n2n3

a Nm1m2m3

b dm3n3

3S dm2n2
qm1

† qn1
2

1

2
qm1

† qm2

† qn2
qn1D . ~13!

($qm ,qn% and$Na,Nb% as well as their complex conjugate
are zero, as usual.!

The full calculation of quark-exchange effects becom
very tedious if all of the three nucleons are allowed to ov
lap simultaneously. But since in the3He and 3H nuclei
~small nuclear size! the nuclear density is on average low
then it should be a good approximation to ignore the qua
exchange among three nucleons simultaneously.
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Before we consider the above approximation let us de
the nucleus model state as follows:

uAi53&5~3! !2 1/2xa1a2a3Na1
†Na2

†Na3
†
u0&, ~14!

where the nuclear wave functionxa1a2a3, which is com-
pletely antisymmetric in the nuclear coordinates, is just
conventional three-nucleon wave function and will be d
cussed in more detail later on. Now we can define the m
mentum distribution of a quark with a given flavor and sp
polarizations in the three-nucleon systems as

rm̄~kW ;Ai !5
^Ai53uqm̄

†
qm̄uAi53&

^Ai53uAi53&
, ~15!

where by the bar sign overm we mean omission of the
summation onms ,mt and integration overkW in them indices.
In order to calculaterm̄(kW ;Ai) it is enough to evaluate

^Ai53uqm̄
†
qm̄uAi53&. ~16!

Then, the calculation of̂ Ai53uAi53& would become
straightforward, i.e., just a summation overm̄,

^Ai53uAi53&5
1

9
^Ai53uqm

† qmuAi53&

5x* a1a2a3~da1b1da2b2da3b3

2Emm
a1a2a3 ,b1b2b3!xb1b2b3,

where

Emm
a1a2a3 ,b1b2b35Nm1m2m3

a2 Nm2m3r1

b2 Nr1r2r3

a3 Nm1r2r3

b3 da1b1.

~17!

After doing some algebra, which would be long but not d
ficult, and ignoring the three-body exchanged diagram~it
will be discussed later on!, one would find the following
equation for the above expectation value@Eq. ~16!#:

^Ai53uqm̄
†
qm̄uAi53&

59x* a1a2a3~U
m̄m̄

a1a2a3 ,b1b2b32V
m̄m̄

a1a2a3 ,b1b2b3!xb1b2b3,

where
e

e
-
-

U
m̄m̄

a1a2a3 ,b1b2b35N
m̄s2s3

a1 N
m̄s2s3

b1 da2b2da3b3 ~18!

and

V
m̄m̄

a1a2a3 ,b1b2b3

53N
ms̄2s3

a1 N
ms̄2s3

b1 Nm1m2m3

a2 Nr1m2m3

b2 Nr1r2r3

a3 Nm1r2r3

b3

14N
mm̄1m2

a2 N
mm̄2r1

b2 Nr1r2r3

a3 Nm1r2r3

b3 da1b1

12Nm1m2m3

a2 N
mm̄2m3

b2 N
mr̄2r3

a3 Nm1r2r3

b2 da1b1. ~19!

The diagrammatic representation of the above equation
given in Fig. 1~a!. The omitted three-body exchanged cont
bution is displayed in Fig. 1~b!. As we mentioned before, th
summation over all indices will simply raise to the multipl
cation factor 9̂Ai53uAi53&. By using the following defi-
nition in Eq. ~8!, for Clebsch-Gordon coefficients, i.e.,

D~s,m,n;a i !5
1

A3!
ec1c2c3

1

A2
(

s,t50,1
Cmss

msMSa i

~1/2!s~1/2!

3Cmsm
msn

ms

~1/2!~1/2!sCmts
mtMTa i

~1/2!t~1/2! Cmtm
mtn

mt

~1/2!~1/2!t ~20!

we can explicitly write the five terms in Eqs.~17!, ~18!, and
~19! as

FIG. 1. ~a! The graphical representation of quark one-body o
erator up to two-nucleon correlation.~b! The omitted three-nucleon
correlation term.
N
ms̄2s3

a1 N
ms̄2s3

b1 da2b2da3b35d~PW a1
2PW b1

!ud~PW a2
2PW b2

!d~PW a3
2PW b3

!S 3b2

2p2D 3/2

3expF2
3

2
b2S kW1

qW

3
D 2GD~m̄,s2 ,s3 ;a1!D~m̄,s2 ,s2 ,s3 ;b1!da2b2da3b3, ~21!

N
ms̄2s3

a1 N
ms̄2s3

b1 Nm1m2m3

a2 Nr1m2m3

b2 Nr1r2r3

a3 Nm1r2r3

b3 5DS 9b4

8p2D 3/2

expF2
3

2
b2S kW1

qW

3
D 2GexpF2b2

uW 2

3
Gexp[2b2vW 2]

3D~m̄,s2 ,s3 ;a1!D~m̄,s2 ,s3 ;b1!D~m1 ,m2 ,m3 ;a2!

3D~r1 ,m2 ,m3 ;b2!D~r1 ,r2 ,r3 ;a3!D~m1 ,r2 ,r3 ;b3!, ~22!
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N
m̄m1m2

a2 N
m̄m2r1

b2 Nr1r2r3

a3 Nm1r2r3

b3 da1b15DS 9b4

7p2D 3/2

expF2
12

7
b2S kW2

qW

6
2

uW

2
D 2GexpF2b2

uW 2

3
Gexp@2b2vW 2#D~m1 ,m2 ,m̄;a2!

3D~r1 ,m2 ,m̄;b2!D~r1 ,r2 ,r3 ;a3!D~m1 ,r2 ,r3 ;b3!da1b1, ~23!

Nm1m2m3

a2 N
mm̄2m3

b2 N
mr̄2r3

a3 Nm1r2r3

b2 da1b15DS 9b4

4p2D 3/2

expF23b2S kW2
qW

6
1

vW

2
D 2G expF2b2

uW 2

3
G exp@2b2vW 2#D~m1 ,m2 ,m3 ;a2!

3D~m2 ,m3 ,m̄;b2!D~m̄,r2 ,r3 ;a3!D~m1 ,r2 ,r3 ;b3!da1b1, ~24!

Nm1m2m3

a2 Nm2m3r1

b2 Nr1r2r3

a3 Nm1r2r3

b3 da1b15DS 3b2

4p2D 3/2

expF2b2
uW 2

3
Gexp@2b2vW 2#D~m1 ,m2 ,m3 ;a2!D~r1 ,m2 ,m3 ;b2!

3D~r1 ,r2 ,r3 ;a3!D~m1 ,r2 ,r3 ;b3!da1b1, ~25!

with

uW 5
~pW a1pW b!

2
, vW 5~pW b2pW a!

and

D5d~pW a1
2pW b1

!d~pW a2
1pW a3

2pW b2
2pW b3

!.

For three nucleons, we use the Jacobi coordinates and the same definition as the one we did forC-G coefficients in Eq.~20!,
i.e,

D~a1 ,a2 ,a3 ;Ai !5
1

A2
(

S,T50,1
CMSa1

MSMSi

~1/2!S~1/2! CMSa2
MSa3

MS
~1/2!~1/2!S CMTa1

MTMTi

~1/2!T~1/2! CMTa2
MTa3

MT
~1/2!~1/2!T , ~26!

to write the nuclear wave function as follows:

xa1a2a35x~PW ,qW !D~a1 ,a2 ,a3 ;Ai !. ~27!

Then by assuming the nucleus to be in the rest frame and defining the Fourier transform ofx(PW ,qW ), we can write the
expectation values of Eqs.~21!–~25! between the nucleus wave function as

x* a1a2a3N
ms̄2s3

a1 N
ms̄2s3

b1 da2b2da3b3xb1b2b35S 3b2

2p2D 3/2

expF2
3

2
b2kW2GD~m̄,s2 ,s3 ;a1!D~m̄,s2 ,s2 ,s3 ;b1!

3D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !d
a2b2da3b3, ~28!

x* a1a2a3N
ms̄2s3

a1 N
ms̄2s3

b1 Nm1m2m3

a2 Nr1m2m3

b2 Nr1r2r3

a3 Nm1r2r3

b3 xb1b2b3

5I S 27b2

8p2 D 3/2

expF2
3

2
b2kW2GD~m̄,s2 ,s3 ;a1!D~m̄,s2 ,s3 ;b1!D~m1 ,m2 ,m3 ;a2!D~r1 ,m2 ,m3 ;b2!D~r1 ,r2 ,r3 ;a3!

3D~m1 ,r2 ,r3 ;b3!D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !, ~29!

x* a1a2a3N
m̄m1m2

a2 N
m̄m2r1

b2 Nr1r2r3

a3 Nm1r2r3

b3 da1b1xb1b2b3

5I S 27b2

7p2 D 3/2

expF2
12

7
b2kW2GD~m1 ,m2 ,m̄;a2!D~r1 ,m2 ,m̄;b2!D~r1 ,r2 ,r3 ;a3!

3D~m1 ,r2 ,r3 ;b3!D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !d
a1b1, ~30!
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x* a1a2a3Nm1m2m3

a2 N
m̄m2m3

b2 N
m̄r2r3

a3 N
m1r2r3d

1
ab1

b2 xb1b2b3

5I S 27b2

4p2 D 3/2

exp@23b2kW2#D~m1 ,m2 ,m3 ;a2!D~m2 ,m3 ,m̄;b2!D~m̄,r2 ,r3 ;a3!

3D~m1 ,r2 ,r3 ;b3!D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !d
a1b1, ~31!

x* a1a2a3da1b1Nm1m2m3

a2 Nm2m3r1

b2 Nr1r2r3

a3 N
m1r2r3d

1
ab1

b3 xb1b2b3

5I S 3

2D 3

D~m1 ,m2 ,m3 ;a2!D~r1 ,m2 ,m3 ;b2!D~r1 ,r2 ,r3 ;a3!

3D~m1 ,r2 ,r3 ;b3!D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !d
a1b1, ~32!

where

I 58p2E
0

`

x2dxE
0

`

y2dyE
21

1

d~cosu!expF2
3x2

4b2G ux~x,y,cosu!u2.

All of the above equations, i.e.,~28!–~32!, have been calculated with the same approximation as the one used by HJ@13# and
other authors@6,7,15#, i.e., a leading order expansion forx(PW ,qW ). This means that we ignore the Fermi motion in t
three-nucleon systems. But the validity of this approximation has been verified by HJ@13# and Modarreset al. @6#. They have
found that forb,1 fm it is possible to ignore the variation in the nuclear wave function over the nucleon size distances
is justified for the low densities and the small nucleon radius. However, in general the Fermi motion is approx
important forx.0.85 @6#.

By assumingmt5 j and doing some angular momentum algebra@19# ~in order to perform the summation over variou
‘‘ m’ ’ values and reduce the number of D coefficients to the 3j , 6j , and 9j symbols as is discussed in the Appendix and R
@14#!, we can calculate the spin polarization momentum density for each flavor as

Dr j~kW ;Ai !5r j↑~kW ;Ai !2r j↓~kW ;Ai !, ~33!

where

Dr j~kW ;Ai !5(
j ,k

M jkexp~2akkW
2!. ~34!

The explicit matrix representation of Eq.~34! for Ai5
3He and 3H by using the Appendix is as follows:

S Dru~kW ;3H!

Drd~kW ;3H!

Dru~kW ;3He!

Drd~kW ;3He!
D 5

b3

110.552IS 0.367 20.313I 1.612I 20.026I

20.201 0.162I 0.601I 0.026I

20.201 0.162I 0.601I 0.026I

0.367 20.313I 1.612I 20.026I
D S expS 2

3

2
b2kW2D

expS 2
3

2
b2kW2D

expS 2
12

7
b2kW2D

exp~23b2kW2!

D . ~35!
rs
g to

rec-
IV. NUCLEUS STRUCTURE FUNCTION

The polarized momentum distribution for various flavo
in each nucleus, Eq.~35!, can be related to the correspondin
parton distribution at the hadronic scaleQ0

2 according to the
following equation@20#:

Dqj
v~x,Q0

2 ;Ai !5
m

xME Dr j~kW ;Ai !dS x2
k1

M DdkW , ~36!

where m (M ) is the quark~nucleon! mass andk1 is the
light-cone momentum of initial quarks (k15k02kz). But
this is not entirely correct, since~i! Dqj
v(x,Q0

2 ;Ai) do not
vanish forx.1 andx,0, ~ii ! Eq. ~36! is not covariant, and
~iii ! no final state interaction is included. In order to take in
account the above requirements and the relativistic cor
tions we should rewriteDqj

v(x,Q0
2 ;Ai) as @20#

Dqj
v~x,Q0

2 ;Ai !5
1

~12x!2E Dr j~kW ;Ai !dS x

~12x!
2

k1

M DdkW .

~37!

Now by doing the angular integration we find
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Dqj
v~x,Q0

2 ;Ai !5
2pM

~12x!2E
kmin

`

Dr j~kW ;Ai !kdk ~38!

with

kmin~x!5

S xM

12x
1e0D 2

2m2

2S xM

12x
1e0D ~39!

and

k05~kW21m2!1/22e0 , ~40!

wheree0 is the quark binding energy. The calculation wit
out the above correction has been discussed in Ref.@21#.
Finally the spin polarized structure function for each nucle
can be written as follows:

g1~x;Ai !5
1

2(j
ej

2Dqj
v~x,Q0

2 ;Ai !. ~41!

V. RESULTS AND DISCUSSION

In order to do the numeric calculation forg1(x;Ai), we
first fix e0 and the quark mass by using the unpolariz
nucleon structure function~NSF! according to Eqs.~37!–
~40! @but by omitting D andAi from these equations an
considering a Gaussian approximation forr j (kW ) with param-
eterb#. Then we fit the above nucleon structure function
the recent NSF which have been given in Ref.@22# at
Q0

254 GeV2 @we use the leading-order evolution formalis
~LO!#. The comparison of our NSF with LO is given in Fig
2. We find that NSF is~not! very sensitive tom (e0 and
0.7 fm<b<1fm) as is seen from Fig. 2. However, we cho
the values ofe05215 MeV,b50.8 fm, andm5180 MeV
~the nearest fit to LO!.

We consider3He and 3H wave functions (x) to have

FIG. 2. Comparison of unpolarized nucleon structure funct
used in our calculation with corresponding NSF from Ref.@22#
~LO!.
s

d

only thes-channel partial wave and we take them from Re
@13,23# ~it has been calculated by solving Faddeev equat
and the result is comparable with those of Ref.@26#! since
the d-channel contribution is very small due to the centrif
gal barrier~the mixed symmetrys8-channel andd-channels
account for about 1 – 2 % and 5 – 9 %, respectively, as
been discussed in more detail in Refs.@13,14,23–25#! and it
tends to reduce nucleon overlap in excess of the nucle
nucleon short-range repulsion. However the contributions
the different components of3He and 3H wave functions to
their charge density distribution have been investigated
Friar et al. @23# and it indicates that it is a good approxim
tion to ignore such components. So because our results
not very sensitive to theb parameter, we can absorb th
effect by changingb.

Now we are in a position to calculateg1(x;3He) and
g1(x;3H) using Eqs.~35! and ~41!. The results are given in
Figs. 3 and 4 for various values of theb parameter. Since, to

n FIG. 3. g1

3He(x), our calculation~full curves! and E154 experi-
ment @3# ~full box!. Dashed (b50.7 fm! and dotted (b51.0 fm!
curves are without quark-exchange effect, respectively. He
dashed curve is Kaptariet al. ~KUCSK! result.

FIG. 4. g1

3H(x), our calculation~full curves!, and SMC experi-
ment @1# ~full box!.
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a large extent3He (3H) can be regarded as a neutron~pro-
ton! target, we also present the data points from E154~SMC!
experiments in Fig. 3~4! as well. In Fig. 3 we also give SS
of 3He without quark-exchange effect forb50.7 and 1.0 fm.
One can see that the quark-exchange effect brings the c
lation closer the experimental data. The heavy dashed c
in Fig. 3 stands for the calculation of Kaptariet al.
~KUCSK!, @10#. We should mention here that the authors
Ref. @10# have used the free SSF of neutron and proton fr
various experiments~i.e., E142, E143, and SMC! to calculate
the SSF of3He. Consequently their result depends on th
spectral functions as well as the parametrization of SSF
nucleons at smallx values.

However, in order to see how the SSF of proton and n
tron would look like without nuclear structure effect, we ca
culate them by using the convolution approximation acco
ing to Ref.@27#. In this respect we write

Dqj
v~x,Q0

2 ;Ai !5a(
N

E Dqj
vS x

yAi

,Q0
2 ;ND f N/Ai

~yAi
!dyAi

,

~42!

where f N/Ai
(yAi

) are the Fermi gas nucleon distributions

each nuclei anda is the nuclear asymmetry@27# ~when
j 51/2, a51!. Next we expandDqj

v(x/yAi
,Q0

2 ;N) of Eq.

~42! aroundx/^yAi
& with ^yAi

&511 ē /M , and by taking

into account this fact thatf N/Ai
(yAi

) are narrow around

^yAi
&, we can write@28#

Dqj
vS x

^yAi
&

,Q0
2 ;ND 5Dqj

v~x,Q0
2 ;Ai !. ~43!

For ē , the average removal energy of the nucleon in
nucleus, we use value of226 MeV corresponding to3He
and 3H nuclei @27#.

The comparison of numeric calculation of SSF for proto
and neutrons with the corresponding experimental data
given in Figs. 5 and 6. The results of Glu¨ck et al. @29# and
Kaptari et al. @10# by using the NLO radiative parton mode

FIG. 5. g1
p(x), our calculation~full curves!, SMC experiment@1#

~full box!, and E143 experiment@2# ~full triangle!.
u-
ve

f

ir
of

-

-

e

s
re

~based on fitting! and the appropriate spectral function, r
spectively, are also displayed.xg1

p(x) is displayed in Fig. 7,
and the work of Gehrmann and Stirling@30# is also given for
comparison. It is seen that our results are in good agreem
with the experimental data. In order to see the effect of c

volution approximation we also present theg1

3He(x) in Fig. 6.
The up and down quark SSF functions in the proton
given in Figs. 8 and 9.

Table I shows the comparison ofDup, Ddp, G1
p , andG1

n

with the corresponding experiments. It is seen that we ge
overall agreement with the various experiments. From t
table it is possible to obtain a value for the Bjorken sum ru
Eq. ~3!. Doing so, one obtainsG1

p2G1
n50.2029760.0335,

which can be compared with the experimental prediction
the SMC groupG1

p2G1
n50.2060.0560.04.

In conclusion the spin-dependent inelastic electron s
tering from polarized3He and 3H were studied. This was

FIG. 6. g1
n(x), our calculation~full curves!, HERMES@3# ~full

circle!, E154 experiment@3# ~full box!, and E142 experiment@3#
~full triangle!. The results of Glu¨ck et al. @29# and Kaptariet al.
@10# are shown by GRSV and KUCSK, respectively. Dashed cu
represents3He result of Fig. 3.

FIG. 7. xg1
p(x), our calculation~full curves!, SMC experiment

@1# ~full box!, and Gehrmann and Stirling@30# ~dashed curve!.
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done by defining a model for nuclei which takes into acco
the quark-exchange structure in a constituent picture. We
state that the quark-exchange effect are not negligible
they should be observable in both unpolarized and polar
deep inelastic scattering from nuclei. Our results show t
3He and3H nuclei are indeed good neutron and proton s
targets~for 0.7 fm<b<1.0 fm!. However, our result should
be considered as quantitative because of the variation of
rameterb introduced in our model. So we can argue th
further investigation on the polarized deep-inelastic cr
section can reveal more information about quark structur
neutrons and protons~both experimentally and theoretically!.
The model we developed here can be extended to other
clei by taking into account the short range nucleon corre

FIG. 8. As in Fig. 7 but forxDu(x).
t
an
d
d

at
n

a-
t
s

of

u-
-

tions properly. Better calculations can be done by consid
ing the two-nucleon spectral function rather than the sim
convolution model in order to calculate the SSF of proto
and neutrons. The effect of possible excitations of a nucl
to a D can be built in above model calculations. However
more sophisticated calculation is needed to check the m
nitude of these effects. Finally we have found that t
present data ong1

p,n(x,Q2) are in agreement with the mode
developed by us. These suggest that the quarks are acc
able for about half the nucleon spin.

APPENDIX
The results of the ‘‘m’ ’ sums for various terms in the tex

are as follows. For Eq.~21!:

FIG. 9. As in Fig. 7 but forxDd(x).
D~m̄,s2 ,s3 ;a1!D~m̄,s2 ,s2 ,s3 ;b1!D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !d
a2b2da3b3

5dmsm̄
m

sm̄
8 dSS8ds1s

18
ds2s

28
ds3s

38 (
S

@1/2#2@S#S 1/2 1/2 S
2msm̄

2MSi
msm̄

1MSi
D 2S S 1/2 1/2

1/2 s1 1/2

1/2 1/2 S
D

3dmtm̄
m

tm̄
8 dTT8d t1t

18
d t2t

28
d t3t

38 (
T

@1/2#2@T#S 1/2 1/2 T
2mtm̄

2MTi
mtm̄

1MTi
D 2S T 1/2 1/2

1/2 t1 1/2

1/2 1/2 T
D .

For Eq.~22!:

TABLE I. The comparison of various quantities explained in Eqs.~5! and ~6! with experimental data.

Q2(GeV2) Dup Ddp G1
p G1

n

Our calculation
4 0.791160.126 20.427260.075 0.152060.024 20.0509760.0095

SMC 10 1.0160.1960.14 20.5760.2260.11 0.13660.01160.11
E143 3 0.12760.00460.010
E142 2 20.02260.011
E154 5 20.03760.00460.010
HERMES 2.5 20.03760.01360.011



57 533SPIN STRUCTURE FUNCTIONS FOR THREE-NUCLEON . . .
D~m̄,s2 ,s3 ;a1!D~m̄,s2 ,s3 ;b1!D~m1 ,m2 ,m3 ;a2!D~r1 ,m2 ,m3 ;b2!D~r1 ,r2 ,r3 ;a3!

3D~m1 ,r2 ,r3 ;b3!D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !

5dmsm̄
m

sm̄
8 dSS8ds1s

18
ds2s

28
ds3s

38 (
S

@1/2#4@S#S 1/2 1/2 S
2msm̄

2MSi
msm̄

1MSi
D 2S S 1/2 1/2

1/2 s1 1/2

1/2 1/2 S
D S 1/2 1/2 S

s3 1/2 1/2

1/2 s2 1/2
D

3dmtm̄
m

tm̄
8 dTT8d t1t

18
d t2t

28
d t3t

38 (
T

@1/2#4@T#S 1/2 1/2 T
2mTm̄

2MTi
mtm̄

1MTi
D 2S T 1/2 1/2

1/2 t1 1/2

1/2 1/2 T
D S 1/2 1/2 T

t3 1/2 1/2

1/2 t2 1/2
D .

For Eq.~23!:

D~m1 ,m2 ,m̄;a2!D~r1 ,m2 ,m̄;b2!D~r1 ,r2 ,r3 ;a3!D~m1 ,r2 ,r3 ;b3!D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !d
a1b1

5dmsm̄
m

sm̄
8 ds1s

18
ds3s

38 (
SSkSl

~21!s21s281Sk1Sl1msm̄
2MSi@1/2#3@S#1/2@S8#1/2@s2#1/2@s28#1/2@Sk#@Sl #@S#

3W~1/2,S,1/2,S8;1/2,S!W~Sk,1/2,1/2,s3 ;1/2,1/2!W~S,s28,1/2,1/2;s2,1/2!S 1/2 1/2 S
2MSi

MSi
0D

3S 1/2 1/2 S
2msm̄

msm̄
0D S S Sk Sl

S 1/2 1/2

S8 1/2 1/2
D

3dmtm̄
m

tm̄
8 d t1t

18
d t3t

38 (
TTkTl

~21! t21t281Tk1Tl1mtm̄
2MTi@1/2#3@T#1/2@T8#1/2@ t2#1/2@ t28#1/2@Tk#@Tl #@T#

3W~1/2,T,1/2,T8;1/2,T!W~Tk,1/2,1/2,t3 ;1/2,1/2!W~T,t28,1/2,1/2;t2,1/2!S 1/2 1/2 T
2MTi

MTi
0D

3S 1/2 1/2 T
2mtm̄

mtm̄ 0D S T Tk Tl

T 1/2 1/2

T8 1/2 1/2
D S Tl T Tk

1/2 t28 1/2

1/2 t2 1/2
D .

For Eq.~24!:

D~m1 ,m2 ,m3 ;a2!D~m2 ,m3 ,m̄;b2!D~m̄,r2 ,r3 ;a3!D~m1 ,r2 ,r3 ;b3!D~a1 ,a2 ,a3 ;Ai !D~b1 ,b2 ,b3 ;Ai !d
a1b1

5dmsm̄
m

sm̄
8 ds1s

18
ds3s

38 (
SSkSl

~21!Sk1Sl2msm̄
1MSi@1/2#3@S#1/2@S8#1/2@Sk#@Sl #@S#W~1/2,S,1/2,S8;1/2,S!W

3~Sk,1/2,1/2,s3 ;1/2,1/2!W~Sl ,1/2,1/2,s2 ;1/2,1/2!W~S,Sk,1/2,1/2;Sl ,1/2!S 1/2 1/2 S
2MSi

MSi
0D S 1/2 1/2 S

2msm̄
msm̄

0D
3S S Sk Sl

S 1/2 1/2

S8 1/2 1/2
D dmtm̄

m
tm̄
8 d t1t

18
d t3t

38 (
TTkTl

~21!Tk1Tl2mtm̄
1MTi@1/2#3@T#1/2@T8#1/2@Tk#@Tl #@T#

3W~1/2,S,1/2,S8;1/2,S!W~Sk,1/2,1/2,s3;1/2,1/2!W~Sl ,1/2,1/2,s2;1/2,1/2!W~S,Sk,1/2,1/2;Sl ,1/2!
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3S 1/2 1/2 S
2MSi

MSi
0D S 1/2 1/2 S

2msm̄
msm̄

0D S S Sk Sl

S 1/2 1/2

S8 1/2 1/2
D dmtm

2m
tm
28 d t1t

18
d t3t

38

3 (
TTkTl

~21!Tk1Tl2mtm
- 1MTi@1/2#3@T#1/2@T8#1/2@Tk#@Tl #@T#

3W~1/2,T,1/2,T8;1/2,T!W~Tk,1/2,1/2,t3;1/2,1/2!W~Tl ,1/2,1/2,t2;1/2,1/2!W~T,Tk,1/2,1/2;Tl ,1/2!

3S 1/2 1/2 T
2MTi

MTi
0D S 1/2 1/2 T

2mtm̄
mtm̄ 0D S T Tk Tl

T 1/2 1/2

T8 1/2 1/2
D .

In the above equations, we setMSi
5 1/2, MTi

5 1/2 or 2 1/2 ~for 3He and 3H nuclei!, msm̄
561/2 ~for two quark

polarizations!, andmtm̄
5 1/2 or 2 1/2 ~for up and down quarks!.
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