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SU„4… chiral quark model with configuration mixing
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The chiral quark model with configuration mixing and broken SU(3)3U(1) symmetry is extended to

include the contribution fromcc̄ fluctuations by considering broken SU~4! instead of SU~3!. The implications
of such a model are studied for quark flavor and spin distribution functions corresponding to E866 and the
NMC data. The predicted parameters regarding the charm spin distribution functions, for example,Dc,

Dc/DS, Dc/c as well as the charm quark distribution functions, for example,c̄, 2c̄/(ū1d̄), 2c̄/(u1d) and

(c1 c̄)/((q1q̄) are in agreement with other similar calculations. Specifically, we findDc520.009,

Dc/DS520.02, c̄50.03 and (c1 c̄)/((q1q̄)50.02 for the xQM parametersa50.1, a50.4, b50.7,
zE86652122b, zNMC52222b andg50.3; the latter appears due to the extension of SU~3! to SU~4!.

DOI: 10.1103/PhysRevD.67.074001 PACS number~s!: 12.39.Fe, 14.20.Dh
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There has been considerable interest in estimating
possible size of the intrinsic charm content of the nucle
@1–5#. Detailed investigations have been carried out rega
ing the size and implications of the intrinsic charm contrib
tion for the nucleon@6# in a version of the chiral quark mode
(xQM) @7–13# which is quite successful in giving a satisfa
tory explanation of ‘‘proton spin crisis’’@14# including the
violation of the Gottfried sum rule@15–17#. Further, the
same model is also able to account for the existence

significant strange quark contents̄ @18,19# in the nucleon and
is also able to provide a fairly satisfactory explanation for
quark flavor and spin distribution functions@20#, baryon
magnetic moments@8,9,21#, absence of polarizations of th
antiquark sea in the nucleon@22#, hyperon decay paramete
@23–25# etc.

Recently, it has been shown that configuration mixi
generated by spin-spin forces@26–28#, known to be compat-
ible @29–31# with the xQM, improves the predictions o
xQM regarding the quark distribution functions and the s
polarization functions@32#. Further,xQM with configuration
mixing ~henceforth to be referred to asxQMgcm) when
coupled with the quark sea polarization and orbital angu
momentum~Cheng-Li mechanism@21#! as well as ‘‘confine-
ment effects’’@33,34# is able to give an excellent fit@35# to
the octet magnetic moments and a perfect fit for the violat
of the Coleman Glashow sum rule@36#.

The successes ofxQM in resolving the ‘‘proton spin cri-
sis’’ and related issues strongly suggest that constitu
quarks and the weakly interacting Goldstone bosons~GBs!
provide the appropriate degrees of freedom in the nonpe
bative regime of QCD. Thus the quantum fluctuations g
erated by broken chiral symmetry inxQMgcm should be able
to provide a viable estimate of the heavier quark flavor,
example,cc̄, bb̄ and t t̄ . However, it is known that thes
flavor fluctuations are much suppressed in the case ofbb̄ and
t t̄ as compared to thecc̄ because the intrinsic heavy qua
contributions scale as 1/Mq

2 , whereMq is the mass of the
heavy quark@1,30#. Therefore, regarding the intrinsic char
flavor content of the nucleon one should estimate only
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contribution of cc̄ fluctuations and for that one should b
considering the extension of SU~3! symmetry in xQM to
SU~4!.

The purpose of the present paper, on the one hand,
extend xQMgcm with broken SU(3)3U(1) symmetry to
broken SU(4)3U(1) symmetry. On the other hand, usin
the New Muon Collaboration~NMC! @16# and the latest
E866 data@17#, we intend to study the implications of such
model for quark flavor and spin distribution functions,
particular the charm quark flavor and spin distribution fun
tions.

The details ofxQMgcm within the SU~3! framework have
already been discussed in Ref.@32#; here we discuss the es
sentials of its extension to SU~4! xQMgcm. To begin with,
the basic process in thexQM is the emission of a GB which
further splits into aqq̄ pair, for example,

q6→GB01q78 →~qq̄8!1q78 , ~1!

whereinqq̄8 pairs andq8 constitute the ‘‘quark sea’’ withq8
having opposite helicity as that ofq. The effective Lagrang-
ian describing interaction between quarks and the meson
the SU~4! case is

L5g15q̄fq, ~2!

whereg15 is the coupling constant,

q5S u

d

s

c

D
andf represents the SU~4! matrix
©2003 The American Physical Society01-1
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SU~4! symmetry breaking is introduced by consideri
different quark massesMc.Ms.Mu,d as well as by consid-
ering the masses of GBs to be nondegenerate (MD.MK,h
.Mp) similar to the SU~3! case@11–13,21#, whereas the
axial U~1! breaking is introduced by Mh8.MK,h
@10,12,13,21#. The parametera(5ug15u2) denotes the transi
tion probability of chiral fluctuation of the splittingsu(d)
→d(u)1p1(2), whereasa2a, b2a, z2a and g2a denote
the probabilities of transition ofu(d)→s1K2(o), u(d,s)
→u(d,s)1h, u(d,s)→u(d,s)1h8 and u(d)→c

1D̄o(D2), respectively.
The detailed effects of configuration mixing generated

spin-spin forces@26–28# in the context ofxQM has already
been discussed inxQMgcm @32#; however to make the manu
script readable as well as self-contained we include h
some of the essentials of configuration mixing. Followi
Ref. @32#, the wave function for the octet of baryons aft
configuration mixing is given as

uB&5~ u56,01&N50cosu1u56,01&N52sinu)cosf

1~ u70,01&N52cosu81u70,21&N52sinu8)sinf,

~3!

whereu, u8 andf are the mixing angles with

u56,01&N50,25
1

A2
~x8f81x9f9!cs~01!, ~4!

u70,01&N525
1

2
@~f8x91f9x8!c8~01!

1~f8x82f9x9!c9~01!#, ~5!

u70,21&N525
1

A2
@f8xsc8~21!1f9xsc9~21!#.

~6!

The spin wave functions are as follows:

x85
1

A2
~↑↓↑2↓↑↑ !, x95

1

A6
~2↑↑↓2↑↓↑2↓↑↑ !.
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The isospin wave functions for the proton are

f85
1

A2
~udu2duu!, f95

1

A6
~2uud2udu2duu!.

The above mixing can effectively be reduced to nontriv
mixing @28,34,37# and the corresponding ‘‘mixed’’ octet o
baryons is expressed as

uB&[U8,
1

2
1L 5cosfu56,01&N501sinfu70,01&N52 . ~7!

Henceforth, we would not distinguish between configurat
mixing given in Eq.~3! and the ‘‘mixed’’ octet given above

Following Refs.@11,13#, the total probability of no emis-
sion of GB from aq quark (q5u, d, s, c) can be calculated
from the Lagrangian for the SU~4! case and is given by

Pq512( Pq , ~8!

where

( Pu5aS 3

2
1a21

b2

6
1

z2

48
1g2D , ~9!

( Pd5aS 3

2
1a21

b2

6
1

z2

48
1g2D , ~10!

( Ps5aS 2a21
2

3
b21

z2

48
1g2D , ~11!

( Pc5aS 3

16
z21

57

16
g2D . ~12!

Before getting into the details of the calculations one ne
to formulate experimentally measurable quantities hav
implications for the charm content of the nucleon as well
dependent on the unpolarized quark distribution functio
and the spin polarization functions inxQMgcm with broken
SU~4! symmetry. We first calculate the spin polarizations a
the related quantities which are affected by the ‘‘mixe
nucleon. The spin structure of a nucleon for the SU~4! case is
defined in a similar manner as that of the SU~3! case
@10,12,13# and is
1-2
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B̂[^BuNuB&, ~13!

where uB& is the nucleon wave function defined in Eq.~7!
andN is the number operator given by

N5nu1u11nu2u21nd1d11nd2d21ns1s11ns2s2

1nc1c11nc2c2, ~14!

wherenq6 are the number ofq6 quarks. The spin structur
of the ‘‘mixed’’ nucleon, defined through Eq.~7!, is given by

K 8,
1

2
1uNu8,

1

2
1L 5cos2f^56,01uNu56,01&

1sin2f^70,01uNu70,01&. ~15!

Using Eqs.~4! and ~5!, for the proton we get

^56,01uNu56,01&5
5

3
u11

1

3
u21

1

3
d11

2

3
d2, ~16!

^70,01uNu70,01&5
4

3
u11

2

3
u21

2

3
d11

1

3
d2. ~17!

The spin structure after one interaction can be obtained
substituting in the above equations for every quark, for
ample,

q6→Pqq61uc~q6!u2, ~18!

wherePq is the probability of no emission of GB from aq
quark defined in Eq.~8! and the probabilities of transformin
a q6 quark areuc(q6)u2 which are given for the SU~4!
brokenxQM as

uc~u6!u25aS 1

2
1

b2

6
1

z2

48
1

g2

16Du71ad71aa2s7

1ag2c7, ~19!

uc~d6!u25au71aS 1

2
1

b2

6
1

z2

48
1

g2

16Dd71aa2s7

1ag2c7, ~20!

uc~s6!u25aa2u71aa2d71aS 2

3
b21

z2

48
1

g2

16D s7

1ag2c7, ~21!

uc~c6!u25ag2u71ag2d71ag2s7

1aS 3

16
z21

9

16
g2D c7. ~22!

Substituting Eqs.~16!, ~17! and ~18! in Eq. ~15!, we can
derive the spin polarizations, defined asDq5q12q21q̄1

2q̄2, for example
07400
y
-

Du5cos2fF4

3
2

a

3 S 714a21
4

3
b21

1

6
z21

9

2
g2D G

1sin2fF2

3
2

a

3 S 512a21
2

3
b21

1

12
z21

9

4
g2D G ,

~23!

Dd5cos2fF2
1

3
2

a

3 S 22a22
1

3
b22

1

24
z22

9

8
g2D G

1sin2fF1

3
2

a

3 S 41a21
1

3
b21

1

24
z21

9

8
g2D G ,

~24!

Ds52aa2, ~25!

Dc52ag2. ~26!

After having formulated the spin polarizations of vario
quarks in terms of SU~4! xQMgcm, we consider severa
measured quantities which are expressed in terms of
above mentioned spin polarization functions. Some of
quantities usually calculated in thexQM are the weak axial-
vector form factors and are expressed as

~GA /GV!n→p5D35Du2Dd, ~27!

~GA /GV!L→p5
1

2
~2Du2Dd2Ds!, ~28!

~GA /GV!S2→n5Dd2Ds, ~29!

~GA /GV!J2→L5
1

3
~Du1Dd22Ds!. ~30!

Another quantity which is usually evaluated is the total h
licity fraction carried by the quarkq defined as

Dq/DS, ~31!

where

DS5D05Du1Dd1Ds1Dc, ~32!

which is the total quark spin content. It may be added t
the expressions for the Bjorken@38# and Ellis-Jaffe sum rules
@39# are not affected in the present case, however, the c
tributions to these get affected asDu andDd include contri-
butions from charm quark fluctuations also. For the sake
completeness we express these in terms of the above m
tioned spin polarization functions, for example, the Bjork
sum rule is

E
0

1

@g1
p~x,Q2!2g1

n~x,Q2!#dx5
GA /GV

6
, ~33!

whereg1
p(n)(x,Q2) is the spin structure function of the pro

ton ~neutron! and GA /GV is the b decay constant for the
neutron. The Ellis-Jaffe sum rule is given by
1-3
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D85Du1Dd22Ds53F2D, ~34!

where F and D are the axial coupling constants estimat
from the weak decays of hyperons and their relation to
spin polarization functions remain the same in the case
SU~3! and SU~4! xQM, for example,

F5
1

2
~Du2Ds!, ~35!

D5
1

2
~Du22Dd1Ds!. ~36!

However, againDu and Dd take on different values com
pared to SU~3! because there is an additional term cor
sponding to the charm quark fluctuations and also the c
ficient corresponding to theh8 term is different. This can be
seen by comparing the expressions forDu and Dd in the
present case@Eqs.~23! and ~24!# and the corresponding ex
pressions forDu andDd in the SU~3! case@32#.

The unpolarized valence quark distribution functions
not affected by configuration mixing, however these get
fected due to the addition ofcc̄ fluctuations and hence ar
dependent on the SU(4)3U(1) symmetry breaking param
eters. A calculation of these quantities also assumes im
tance in the present case as we attempt to effect a unifie
to spin and quark distribution functions. The quark distrib
tion functions which have implications for the symmet
breaking parameters of SU~4! are the antiquark flavor con
tents of the ‘‘quark sea’’ which can be expressed as@6,10,13#

ū5
1

48
@~2b1z12!2180#a, ~37!

d̄5
1

48
@~2b1z22!21128#a, ~38!

s̄5
1

48
@~z24b!21144a2#a, ~39!

c̄5
51

16
g2a. ~40!

The deviation from the Gottfried sum rule@15–17# can be
expressed in terms of the symmetry breaking parameteb
andz as

F I G2
1

3G5
2

3 Fa

6
~2b1z26!G , ~41!

where I G5*0
1dx„@F2

p(x)2F2
n(x)#/x… is the Gottfried inte-

gral. Similarly, d̄/ū @17,40# measured through the ratio o
muon pair production cross sectionsspn and spp , is ex-
pressed in the present case as follows:

d̄/ū5
~2b1z22!21128

~2b1z12!2180
. ~42!
07400
e
of

-
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Further, some of the quark flavor fractions usually discus
in the literature@2,4,5,19# are also expressed as follows:

f q5
q1q̄

F(
q

~q1q̄!G , ~43!

2s̄

ū1d̄
5

~z24b!21144a2

~2b1z!21108
, ~44!

2c̄

ū1d̄
5

153g2

~2b1z!21108
, ~45!

2s̄

u1d
5

a@~z24b!21144a2#

721a@~2b1z!21108#
, ~46!

2c̄

u1d
5

153g2a

721a@~2b1z!21108#
. ~47!

The q and q̄ distributions in the case of the proton are no
malized as

u2ū52, d2d̄51, s2 s̄50, c2 c̄50. ~48!

The above mentioned spin polarization functions and
quark distribution functions are to be fitted for the E866
well as NMC data. In principle, one can obtain this fit b
considering all possible variations of SU~4! and U~1! sym-
metry breaking parameters as well as the mixing anglef.
However, keeping in mind the general expectation that
cc̄ contribution cannot be large compared to thess̄contribu-
tion as well as to compare our results with the correspond
results ofxQMgcm with SU(3)3U(1) symmetry breaking,
in our analysis we have considered the parametersa, a and
b to be the same as in the SU~3! case. The parameterg,
controlling cc̄ contribution, has been varied from 0.1 to 0
as considered by other authors@6#. The parameterz, as dis-
cussed in Refs.@10,13#, represents the U~1! symmetry break-
ing parameter and is responsible for reproducing the vio
tion of the Gottfried sum rule. Similar to the case of SU~3!,
here also we have derived the relation ofz in terms of b
from the violation of the Gottfried sum rule given in Eq
~41!. Its value undergoes a major change in the case of SU~4!
as compared to that of SU~3!, for example, for E866 we have
z52122b as compared toz520.32b/2 and for NMC
we havez52222b as compared toz520.72b/2. The
mixing parameterf is taken to be 20° as found from neutro
charge radius@28,41# and considered in our earlier wor
@32,35#. The results without configuration mixing can eas
be obtained by substitutingf50 in the expressions for spin
polarization functions.

In Tables I and II we have presented the results of
calculations pertaining to spin distribution and quark dis
bution functions, respectively. In the tables we have also
cluded the results ofxQMgcm with SU~3! symmetry break-
ing, primarily to compare these with the correspondi
1-4
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TABLE I. The calculated values of spin polarization functionsDu, Dd, Ds, Dc, quantities dependent on
these:DS, GA /GV , D8 and the hyperon decay parameters both for NMC and E866 data.

SU~3! SU~4!

xQMgcm xQM xQMgcm

Quantity Data NMC E866 NMC E866 NMC E866

Du 0.8560.04 @20# 0.91 0.92 0.98 1.01 0.92 0.94
Dd 20.4160.04 @20# 20.33 20.34 20.37 20.38 20.31 20.32
Ds 20.0760.04 @20# 20.02 20.02 20.02 20.02 20.02 20.02
Dc 20.3a @3#

20.0260.004a @3# 0 0 20.009 20.009 20.009 20.009
2531024a @3#

D0/25DS/2 0.1960.06 @20# 0.28 0.28 0.29 0.30 0.29 0.30
D35GA /GV 1.26760.0035@42# 1.24 1.26 1.35 1.39 1.23 1.26
D8 0.5860.025@42# 0.62 0.62 0.65 0.67 0.65 0.66
D15 0.56 0.56 0.62 0.64 0.62 0.63
Du/DS 1.62 1.64 1.69 1.68 1.59 1.57
Dd/DS 20.59 20.61 20.64 20.63 20.53 20.53
Ds/DS 20.03 20.03 20.03 20.03 20.03 20.03
Dc/DS 20.0860.01a @3# 0 0 20.02 20.02 20.02 20.02

20.033a @3#

Du/u 0.41 0.42 0.45 0.46 0.42 0.43
Dd/d 20.25 20.26 20.28 20.29 20.24 20.25
Ds/s 20.14 20.20 20.16 20.19 20.16 20.19
Dc/c 0 0 20.30 20.30 20.30 20.30

F 0.462 0.47 0.475 0.51 0.51 0.48 0.485
D 0.794 0.78 0.785 0.88 0.87 0.78 0.775
F/D 0.575 0.60 0.605 0.582 0.586 0.615 0.61

(GA /GV)n→p 1.2660.0035@42# 1.24 1.26 1.35 1.39 1.23 1.26
(GA /GV)L→p 0.7260.02 @42# 0.72 0.73 0.78 0.81 0.72 0.74
(GA /GV)S2→n 20.3460.02 @42# 20.31 20.32 20.35 20.36 20.29 20.30
(GA /GV)J2→L 0.2560.05 @42# 0.22 0.21 0.22 0.22 0.22 0.22

aThese values correspond to the calculated values.
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SU~4! symmetry breaking calculations. Similarly, in the ca
of SU~4! we have also included the results without config
ration mixing which allows the comparison of the two resu
for the SU~4! case. The calculations have been performed
E866 as well as for NMC data and the corresponding res
for each case have been included in the tables.

From Table I, one can immediately find out that calcu
tions in SU~4! xQMgcm are able to maintain the agreeme
achieved in the case of SU~3! xQMgcm for the spin polariza-
tions Du, Dd, Ds and the related quantities such asDS/2,
D8, hyperon decay parametersF andD as well as the weak
axial-vector form factors. Expectedly, the two results app
to be similar with the slight changes occurring in the case
SU~4! in comparison to the SU~3! results primarily due to
changes induced inDu and Dd involving the symmetry
breaking parameters,z andg, which take different values a
compared to SU~3! xQM. One also finds that the quantitie
involving strange quarks are not affected because in
present formalism there is no process which can mix
strange and charm contributions. The main predictions
SU~4! xQM pertains to quantities such as,Dc, Dc/DS and
07400
-

r
ts

-

r
f

e
e
f

Dc/c, which have vanishing amplitudes at the tree level
SU~3! xQM. The charm contribution, corresponding to sp
polarization functions, however is smaller by one order
magnitude as compared to the corresponding paramete
volving the strange quark which is in accord with anoth
recent analysis@6#. Similarly, we find thatD15(5Du1Dd
1Ds23Dc) is also in agreement with the analysis of Re
@6#.

The role of configuration mixing in the present conte
can easily be examined from Table I. We find that the co
figuration mixing effects a uniform improvement in the ca
of spin polarization functions compared to those witho
configuration mixing. For example,Du, D8, hyperon decay
parametersF and D, weak axial-vector form factors
(GA /GV)n→p , (GA /GV)L→p show remarkable improvemen
whereas the results ofDs, Dc, DS, (GA /GV)S2→n and
(GA /GV)J2→L are in a good deal of agreement with th
data.

From Table II, we find that in the SU~4! xQM the impor-
tant measurable quark distribution functions, for examp
d̄2ū, d̄/ū, I G , 2s̄/(ū1d̄), 2s̄/(u1d), f s , f 3 / f 8 etc. are in
1-5
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TABLE II. The calculated values of quark flavor distribution functions and other dependent quantit
calculated in the SU~3! and SU~4! xQM with symmetry breaking with the same values of symmetry break
parameters as used in spin distribution functions and hyperonb decay parameters.

SU~3! xQM SU~4! xQM

Quantity Data NMC E866 NMC E866

ū 0.183 0.189 0.167 0.169

d̄ 0.33 0.31 0.30 0.285

s̄ 0.14 0.10 0.128 0.104

c̄ 0 0 0.03 0.03

d̄2ū 0.14760.039@16# 0.147 0.117 0.133 0.117

0.11860.018@17#

d̄/ū 1.9660.246@40# 1.89 1.59 1.80 1.69

1.4160.146@17#

I G 0.23560.005@16# 0.235 0.255 0.244 0.256
0.25960.005@17#

2s̄

~ū1d̄!

0.47760.051@19# 0.55 0.41 0.55 0.46

2c̄

~ū1d̄!

0 0 0.123 0.126

2s̄

~u1d!

0.09960.009@19# 0.08 0.06 0.07 0.06

2c̄

~u1d!

0 0 0.02 0.02

fu5
~u1ū!

(~q1q̄!

0.65 0.66 0.64 0.65

fd5
~d1d̄!

(~q1q̄!

0.45 0.45 0.44 0.44

fs5
~s1s̄!

(~q1q̄!

0.07660.02 @19# 0.08 0.06 0.07 0.06

fc5
~c1c̄!

(~q1q̄!

0.03a @5#

0.02a @2# 0 0 0.02 0.02
0.01a @4#

f 35 f u2 f d 0.20 0.21 0.20 0.21
f 85 f u1 f d22 f s 0.94 0.99 0.94 0.97
f 3 / f 8 0.2160.05 @10# 0.21 0.21 0.21 0.22

(q̄

(q

0.24560.005@19# 0.178 0.166 0.172 0.164

aThese values correspond to the calculated values.
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good agreement with the data. It may be noted that altho
in the present case some of the symmetry breaking par
eters take different values compared to the SU~3! case still
we find that our results are in good agreement with the d
It may also be noted that the quark distribution functionsū,
d̄ and s̄ assume different values in the present case as c
pared to the SU~3! case because of the changed paramet
however the quantities dependent on these again rema
good agreement with data. The values of the quantities
07400
h
m-

a.

-
s;
in

n-

volving c quark, for example,c̄, 2c̄/(ū1d̄), 2c̄/(u1d) and
f c , are in agreement with the predictions given by oth
authors@2–4#. Interestingly, in the case of 2s̄/(ū1d̄) and
2s̄/(u1d), our predictions are in better agreement with da
compared to another recent analysis@6#, therefore a refine-
ment in the measurement of these would have important
plications for the details of thexQM.

A closer scrutiny of the tables reveals several additio
points. There is a difference in the predictions of the fit c
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responding to E866 and NMC data as is evident in the c
of Du, D3 , (GA /GV)n→p , (GA /GV)L→p , s̄, 2s̄/(ū1d̄),
2s̄/(u1d), f s , f 3 , f 8 and(q̄/(q. This is primarily due to
the fact that the parameterz, responsible for fitting the vio-
lation of Gottfried sum rule, assumes different values in
two cases. It may be of interest to mention that in SU~4!
xQMgcm, Dc/c is independent of any splitting paramet
unlike other similar fractions for different quark flavo
Dq/q.

To summarize, we have extended thexQMgcm with bro-
ken SU(3)3U(1) symmetry to broken SU(4)3U(1) sym-
metry with and without configuration mixing. The implica
tions of such a model have been studied for quark flavor
spin distribution functions corresponding to NMC and t
latest E866 data. The charm dependent quantities suc
charm spin distribution functionsDc, Dc/DS, Dc/c and the
charm quark distribution functionsc̄, 2c̄/(ū1d̄), 2c̄/(u
1d) and (c1 c̄)/((q1q̄), have been calculated and the r
sults are in agreement with other similar calculations. S
cifically, we find Dc520.009, Dc/DS520.02, c̄50.03
e
ai

s.

s

v,

. J
s.

07400
se

e

d

as

-

and (c1 c̄)/((q1q̄)50.02. Interestingly, the SU~4! results
remain in agreement with that corresponding to the SU~3!
calculations despite different values of some of the symme
breaking parameters. It may also be noted that the res
with configuration mixing generally show better overlap wi
data than those without configuration mixing.

In conclusion, we would like to mention thatxQM with
broken SU~4! symmetry, apart from maintaining the su
cesses ofxQM with broken SU~3! symmetry, predicts the
intrinsic charm spin and flavor distribution content of th
nucleon which is found to be almost an order of magnitu
smaller than the strange quark contributions but not entir
insignificant. A measurement of these charm related qua
ties would not only test thexQM but would also provide an
insight into the nonperturbative regime of QCD.
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