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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{8)1) symmetry is extended to
include the contribution fronec fluctuations by considering broken $4) instead of SW3). 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,
Ac/AS, Ac/c as well as the charm quark distribution functions, for example2c/(u+d), 2c/(u+d) and
(c+?)/2(q +E) are in agreement with other similar calculations. Specifically, we fim=—0.009,
Ac/AS=-0.02, c=0.03 and ¢+c)/=(q+q)=0.02 for the yQM parametersa=0.1, a=0.4, =0.7,
Leges= —1—2B, {nme=—2—2B and y=0.3; the latter appears due to the extension of33tb SU(4).
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There has been considerable interest in estimating thgontribution of cc fluctuations and for that one should be
possible size of the intrinsic charm content of the nucleorconsidering the extension of $8) symmetry in yQM to
[1-5]. Detailed investigations have been carried out regardsuy(4).
ing the size and implications of the intrinsic charm contribu-  The purpose of the present paper, on the one hand, is to
tion for the nucleori6] in a version of the chiral quark model extend yQMg, with broken SU(3)XU(1) symmetry to
(xQM) [7—13 which is quite successful in giving a satisfac- broken SU(4}X U(1) symmetry. On the other hand, using
tory explanation of “proton spin crisis{14] including the the New Muon CollaboratiofNMC) [16] and the latest
violation of the Gottfried sum rul§15—17. Further, the E866 datd17], we intend to study the implications of such a
same model is also able to account for the existence of model for quark flavor and spin distribution functions, in

significant strange quark cont&{l&lg:l in the nucleon and Particular the charm quark flavor and spin distribution func-

is also able to provide a fairly satisfactory explanation for thelons-

guark flavor and spin distribution functiorf0], baryon
magnetic momentf8,9,21], absence of polarizations of the
antiquark sea in the nucled@2], hyperon decay parameters
[23-25 etc.

Recently, it has been shown that configuration mixing
generated by spin-spin forcE26—28, known to be compat-
ible [29—-31] with the yQM, improves the predictions of
xQM regarding the quark distribution functions and the spin
polarization function$32]. Further,yQM with configuration
mixing (henceforth to be referred to 3gQMyc,) when
coupled with the quark sea polarization and orbital angUIaﬁaving opposite helicity as that of The effective Lagrang-

momentum(Cheng-Li. mechanisrﬁZl]) as well as “confine- 5, describing interaction between quarks and the mesons in
ment effects”[33,34 is able to give an excellent fi85] to the SUA4) case is

the octet magnetic moments and a perfect fit for the violation
of the Coleman Glashow sum rul&e6].
The successes gfQM in resolving the “proton spin cri- L=0+:0¢ 2

- : ) 9150¢0q, (2
sis” and related issues strongly suggest that constituent
guarks and the weakly interacting Goldstone bos@Bs)
provide the appropriate degrees of freedom in the nonpertuwhereg;s is the coupling constant,
bative regime of QCD. Thus the quantum fluctuations gen-
erated by broken chiral symmetry ¥QMg, should be able
to provide a viable estimate of the heavier quark flavor, for

example,cc, bb and tt. However, it is known that these
flavor fluctuations are much suppressed in the casdbaeind

tt as compared to thec because the intrinsic heavy quark
contributions scale as M/ﬁ, whereM, is the mass of the

heavy quari1,30]. Therefore, regarding the intrinsic charm
flavor content of the nucleon one should estimate only thend ¢ represents the S4¥) matrix

The details ofyQMgn, within the SU3) framework have
already been discussed in RE32]; here we discuss the es-
sentials of its extension to §4 xQMgcn,. To begin with,
the basic process in theQM is the emission of a GB which

further splits into aqapair, for example,
d-—GB+qL—(qq’)+a’, @

whereinqa’ pairs andq’ constitute the “quark sea” withy’

O un aQ C
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SU(4) symmetry breaking is introduced by considering The isospin wave functions for the proton are
different quark massed .>M¢>M,, 4 as well as by consid-
ering the masses of GBs to be nondegenerbtg XMy , b= i(udu—duu) o= i
>M ) similar to the SU3) case[11-13,2], whereas the 2 ' J6
axial U(1) breaking is introduced byM,,>M ,

[10,12,13,2] The parametea(=|g;5?) denotes the transi- The above mixing can effectively be reduced to nontrivial
tion probability of chiral fluctuation of the splittings(d)  mixing [28,34,37 and the corresponding “mixed” octet of
—d(u)+7"(), whereasa?a, B%a, {%a and y?a denote baryons is expressed as

the probabilities of transition ofi(d)—s+K (), u(d,s)

—u(d,s)+ 7, u(d,s)—u(d,s)+ »’ and u(d)—c |B)=
+D°(D ™), respectively.

The detailed effects of configuration mixing generated byenceforth, we would not distinguish between configuration
spin-spin force$26—29 in the context ofyQM has already  mixing given in Eq.(3) and the “mixed” octet given above.
been discussed ipgQMgcm [32]; however to make the manu-  Following Refs.[11,13, the total probability of no emis-
script readable as well as self-contained we include hergjon of GB from aq quark @=u, d, s, c) can be calculated

some of the essentials of configuration mixing. Followingfrom the Lagrangian for the S4) case and is given by
Ref. [32], the wave function for the octet of baryons after

configuration mixing is given as

(2uud—udu—duu).

1
8’§+> =c05¢|56,0" )n=o+SiNp|70,0 ) y=2. (7)

Pi=1-2 Pq, 8)
|B)=(|56,0")n=oCOSO+|56,0" ) —»Sin H) cOS
] ) where
+(|70,07)y=2C088’ 470,27 )y_5Sin0')sin ¢,
3) > P,=a 3. 2+’8—2+€—2+ 2 9)
2T e Tast Y )
where#, 0’ and ¢ are the mixing angles with s
> Pg=a SO TS (10
1 727 e Tag" Y
56,0 )n=02=—=(x"¢" + X" ¢")¢%(0"), 4
V2 2 22
> Ps=a| 2a%+ 5 B2+ =+ 2], (11)
1 3 48
70,0 ) n=2=5[(¢' X"+ ¢"x") ' (07)
2 3 57
2 Po=a| 750+ 157 (12
+(9' X' —¢"X )y (07)], (5
Before getting into the details of the calculations one needs
1 o st to formulate experimentally measurable quantities having
70,2 )n=2= E[d) XY (27)+ "X (27)]. implications for the charm content of the nucleon as well as
©) dependent on the unpolarized quark distribution functions

and the spin polarization functions QM. with broken

SU(4) symmetry. We first calculate the spin polarizations and

the related quantities which are affected by the “mixed”
1 nucleon. The spin structure of a nucleon for the($ldase is

1 . . -
S — — , " 211 — — ) defined in a similar manner as that of the (8Ucase
X \/E(T” T, x \/5( TH=111=111) [10.12.13 and is

The spin wave functions are as follows:
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B=(B|N|B), (13)

where|B) is the nucleon wave function defined in Eq)
andN is the number operator given by

N=n,+u*+n,-u +ng+d"+ng-d”+ng+s*+ng-s

+ne+ct+ng-c, (14

whereng- are the number ofi™ quarks. The spin structure

of the “mixed” nucleon, defined through E7), is given by

1 1
<8§+|N|8,§+> =cog ¢(56,0"|N|56,0)

+sirf¢(70,0'|N|70,07). (15
Using Eqgs.(4) and(5), for the proton we get
1 1 2
(56,0"|N|56,0") = —u++3u + = d++ d‘ (16
4 2 2 1
— _nt —_n- At A
<70,0+|N|70,W>—3u +3u +3d +3d ) (17

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

ample,

(18)

whereP,, is the probability of no emission of GB from@

quark defined in Eq8) and the probabilities of transforming

a q* quark are|#(q)|? which are given for the S(4)
brokenyQM as

2
lp(u™)[?=a +%+j_8+ 16 ut+ad*+aa’s”
+ay’c”, (19
2 2 2
|p(d*)|>=au™+a 2+%+ j—8+1y—6 d* +aa’s”
+ay’c”, (20)
2 2
|4(s7)|?=aa’u” +aa’d" +a| 3 5° 2, Y e
48 16
+ay’ct, (21)

|?=ay?u™+ay’d*+ay’s”

l(c™)

2
a 16§ +167 (22

Substituting Eqgs(16), (17) and (18) in Eg. (15), we can
derive the spin polarizations, defined Ag=q"—q~+q"
—q~, for example
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4 9
- T e 2 2 2,2 2
Au=cog¢ 33| 7H4a +3,8 + = g ”
r.|2 1 2 9 2
+si ¢ 5+2a? +3ﬁ+ 2§+Zy ,
(23
a 1 9
Ad=C052¢—§—§ a——ﬁ—— 2—§'y”
+ sir? 4+ o+ Z B2+ 2,22
S ¢ (¢4 B 4§ 87 ’
(24
As=—aa?, (25)
Ac=—ay?. (26)

After having formulated the spin polarizations of various
quarks in terms of SW) xQMycn, We consider several
measured quantities which are expressed in terms of the
above mentioned spin polarization functions. Some of the
quantities usually calculated in theQM are the weak axial-
vector form factors and are expressed as

(GAlGy)n_p=As=Au—Ad, 27)
1
(GalGV)s—p=5(2Au—Ad-As), (28)
(GalGy)s- .n=Ad—As, (29)
1
(Ga/GV)z- .= 5(Aut+Ad—2As). (30)

Another quantity which is usually evaluated is the total he-
licity fraction carried by the quarly defined as

Ag/AS, (39

where

AY=Ap=Au+Ad+As+Ac, (32
which is the total quark spin content. It may be added that
the expressions for the Bjork¢B8] and Ellis-Jaffe sum rules
[39] are not affected in the present case, however, the con-
tributions to these get affected As1 andAd include contri-
butions from charm quark fluctuations also. For the sake of
completeness we express these in terms of the above men-
tioned spin polarization functions, for example, the Bjorken
sum rule is

1 G,/G
fo[gﬂx,QZ)—gE(x,QZ)]dx: ol (33

6 1
wheregP(™(x,Q?) is the spin structure function of the pro-

ton (neutron and G, /Gy, is the B decay constant for the
neutron. The Ellis-Jaffe sum rule is given by
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Ag=Au+Ad—2As=3F-D, (34) Further, some of the quark flavor fractions usually discussed
in the literaturg]2,4,5,19 are also expressed as follows:
whereF and D are the axial coupling constants estimated

from the weak decays of hyperons and their relation to the _ q+a
spin polarization functions remain the same in the case of fq= _1 (43
SU(3) and SU4) xQM, for example, [% (q+q)
F=2(au-As) (35) 2s 4)2+ 144a?
==(Au—As), s - +
5 25 ({=4p) | )
u+d (2B8+¢)%+108
1
u+d (28+¢)2+108
However, againAu and Ad take on different values com- utd (28+)°+108
pared to SU3) because there is an additional term corre- — o2 5
sponding to the charm quark fluctuations and also the coef- 2s _ al({—4p)"+144a7] ' (46)
ficient corresponding to the’ term is different. This can be u+d  72+a[(28+¢)%+108|
seen by comparing the expressions fon and Ad in the
present casgEgs. (23) and(24)] and the corresponding ex- 2c 153y%a
pressions fou andAd in the SU3) case[32]. (47)

+d 2 '
The unpolarized valence quark distribution functions are utd 72+a[(28+¢)*+108g]

not affected by configuration mixing, however these get af-

fected due to the addition afc fluctuations and hence are ;Zﬁige?jn:sq distributions in the case of the proton are nor
dependent on the SU(K)U(1) symmetry breaking param-
eters. A calculation of these quantities also assumes impor- U—U=2 d-d=1 s-s=0. c—c=0 (49)
tance in the present case as we attempt to effect a unified fit ' ’ ' '
to Spin and quark distribution functions. The quark distribU'The above mentioned spin po|arization functions and the
tion functions which have implications for the symmetry quark distribution functions are to be fitted for the E866 as
breaking parameters of $4) are the antiquark flavor con- \ell as NMC data. In principle, one can obtain this fit by
tents of the “quark sea” which can be expressed@$0,13  considering all possible variations of $1) and U1) sym-
metry breaking parameters as well as the mixing anfle
T i[(2,8+§+2)2+80]a, (37) However, keeping in mind the general expegation that the
48 cc contribution cannot be large compared to sontribu-
1 tion as well as to compare our results with the corresponding
g - _ 92 results of yQMg.m With SU(3)XU(1) symmetry breaking,
d 48[(2'3Jrg 2)"+128a, (38) in our analysisgwe have considered the parametets and
B to be the same as in the 8) case. The parametey,

_ 2 2 controlling cc contribution, has been varied from 0.1 to 0.3
£=4p)"+144a7]a, (39 as considered by other authdf. The parametet, as dis-
cussed in Refd.10,13, represents the (1) symmetry break-
— 51, ing parameter and is responsible for reproducing the viola-
=17 & (400 tion of the Gottfried sum rule. Similar to the case of (3
here also we have derived the relation fofn terms of 8
The deviation from the Gottfried sum ru[@5-17 can be from the violation of the Gottfried sum rule given in Eq.

expressed in terms of the symmetry breaking paramegers (41). Its value undergoes a major change in the case ¢45U
and( as as compared to that of $8), for example, for E866 we have

{=-1-2B as compared t@d=—0.3— /2 and for NMC
we havel=—-2-28 as compared tgd=—0.7—8/2. The
; (41)  mixing parameter is taken to be 20° as found from neutron
charge radiug28,41] and considered in our earlier work
where | g= [3dx((F3(x) — F}(x)]/x) is the Gottfried inte- [32,35. The results without configuration mixing can easily
gral. Similarly, d/u [17,40 measured through the ratio of be obtained by substitutingg=0 in the expressions for spin

. . . . polarization functions.
muon pair production cross sections,, and o, is ex-

. ) In Tables | and 1l we have presented the results of our
pressed in the present case as follows:

calculations pertaining to spin distribution and quark distri-
bution functions, respectively. In the tables we have also in-
_ )2
dlu= (28+5=2)"+ 128_ (42)  cluded the results ofQMg.m with SU(3) symmetry break-
(2B+(+2)?+80 ing, primarily to compare these with the corresponding

SZIS(

1 _2 a
e 3173 6(23+§—6)
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TABLE I. The calculated values of spin polarization functidng, Ad, As, Ac, quantities dependent on
these:AS, GAo/Gy, Ag and the hyperon decay parameters both for NMC and E866 data.

SU(3) SU4)
XQMgcm XQM XQMgcm

Quantity Data NMC E866 NMC E866 NMC E866
Au 0.85+0.04[20] 0.91 0.92 0.98 1.01 0.92 0.94
Ad —0.41+0.04[20] -0.33 -0.34 -0.37 —-0.38 -0.31 -0.32
As —0.07+0.04[20] —-0.02 -0.02 —-0.02 —-0.02 —-0.02 —-0.02
Ac -0.2[3]

—0.02+0.004'[3] 0 0 —0.009 -0.009 -0.009 -0.009

—5x10 *[3]
Aol2=A3/2 0.19+-0.06[20] 0.28 0.28 0.29 0.30 0.29 0.30
A3=G,A/Gy 1.267+0.0035[42] 1.24 1.26 1.35 1.39 1.23 1.26
Ag 0.58+0.025[42] 0.62 0.62 0.65 0.67 0.65 0.66
Aqs 0.56 0.56 0.62 0.64 0.62 0.63
AU/AY 1.62 1.64 1.69 1.68 1.59 1.57
Ad/AS -059 -0.61 —0.64 —-0.63 —0.53 —-0.53
As/AZ —-0.03 -0.03 —0.03 —-0.03 —0.03 —-0.03
Ac/AY —0.08+0.0[3] 0 0 —0.02 —0.02 —-0.02 —0.02
—0.033[3]

Au/u 0.41 0.42 0.45 0.46 0.42 0.43
Ad/d —-0.25 —-0.26 —0.28 —-0.29 —-0.24 —-0.25
Asls -0.14 -0.20 —0.16 —-0.19 —0.16 —-0.19
Ac/c 0 0 -0.30 -0.30 -0.30 -0.30
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)an 1.26+0.0035[42] 1.24 1.26 1.35 1.39 1.23 1.26
(GalGY) A—p 0.72+0.02[42] 0.72 0.73 0.78 0.81 0.72 0.74
(GAlGy)s-—n —0.34+0.02[42] -0.31 -0.32 —-0.35 —0.36 —0.29 —-0.30
(GAlGy)z-—a 0.25+0.05[42] 0.22 0.21 0.22 0.22 0.22 0.22

#These values correspond to the calculated values.

SU(4) symmetry breaking calculations. Similarly, in the caseAc/c, which have vanishing amplitudes at the tree level in
of SU(4) we have also included the results without configu-SU(3) yQM. The charm contribution, corresponding to spin
ration mixing which allows the comparison of the two resultspolarization functions, however is smaller by one order of
for the SUA4) case. The calculations have been performed fomagnitude as compared to the corresponding parameter in-
E866 as well as for NMC data and the corresponding result¥olving the strange quark which is in accord with another
for each case have been included in the tables. recent analysig6]. Similarly, we find thatA,5(=Au+Ad
From Table I, one can immediately find out that calcula-+As—3Ac) is also in agreement with the analysis of Ref.
tions in SU4) QMg are able to maintain the agreement[6]- S
achieved in the case of $8) yQMg, for the spin polariza- The r_ole of conflguratlon mixing in the present context
tions Au, Ad, As and the related quantities such &3 /2, can easily be examined from Table I. We find that the con-
Ag, hyperon decay parametefsandD as well as the weak figura.tion mix?ng .effects a_uniform improvement in the.case
axial-vector form factors. Expectedly, the two results appeaPf spin polarization functions compared to those without
to be similar with the slight changes occurring in the case ofonfiguration mixing. For exampléyu, Ag, hyperon decay
SU(4) in comparison to the S@) results primarily due to Parametersk and D, weak axial-vector form factors
changes induced iMu and Ad involving the symmetry (Ga/Gv)n_p, (Ga/Gy) 4., Show remarkable improvement
breaking parameterg,andy, which take different values as Whereas the results ofs, Ac, A, (Ga/Gy)s-_, and
compared to S(B) yQM. One also finds that the quantities (Ga/Gv)=-_ are in a good deal of agreement with the
involving strange quarks are not affected because in théata.
present formalism there is no process which can mix the From Table II, we find that in the S¥) yQM the impor-
strange and charm contributions. The main predictions ofant measurable quark distribution functions, for example,

SU(4) xQM pertains to quantities such as¢, Ac/AS and  d—u, d/u, Ig, 2s/(u+d), 2s/(u+d), fs, f3/fg etc. are in

074001-5



H. DAHIYA AND M. GUPTA PHYSICAL REVIEW D 67, 074001 (2003

TABLE II. The calculated values of quark flavor distribution functions and other dependent quantities as
calculated in the S(B) and SU4) yQM with symmetry breaking with the same values of symmetry breaking
parameters as used in spin distribution functions and hypgrdacay parameters.

SU(3) QM SU4) xQM
Quantity Data NMC E866 NMC E866
u 0.183 0.189 0.167 0.169
q 0.33 0.31 0.30 0.285
S 0.14 0.10 0.128 0.104
Y 0 0 0.03 0.03
a-u 0.147+0.039[16] 0.147 0.117 0.133 0.117
0.118+0.018[17]
alu 1.96+0.246[40] 1.89 1.59 1.80 1.69
1.41+0.146[17]
Is 0.235+0.005[16] 0.235 0.255 0.244 0.256
0.259+0.005[17]
55 0.477+0.051[19] 0.55 0.41 0.55 0.46
(u+d)
o 0 0 0.123 0.126
(u+d)
55 0.099+0.009[19] 0.08 0.06 0.07 0.06
(u+d)
o 0 0 0.02 0.02
(u+d)
(D) 0.65 0.66 0.64 0.65
Y 3(g+0)
(d+d) 0.45 0.45 0.44 0.44
d= p—
2(g+q)
(s+9 0.076+0.02[19] 0.08 0.06 0.07 0.06
° 3(g+0)
(c+9) 0.03'[5]
f.= -
 S(q+9)
0.02[2] 0 0 0.02 0.02
0.022[4]
fa=f,—fq 0.20 0.21 0.20 0.21
fg="f,+fq—2fs 0.94 0.99 0.94 0.97
falfg 0.21+0.05[10] 0.21 0.21 0.21 0.22
sq 0.245+0.005[19] 0.178 0.166 0.172 0.164
=q

&These values correspond to the calculated values.

good agreement with the data. It may be noted that althougiolving c quark, for exampleg, 2¢/(u+d), 2¢c/(u+d) and

in the present case some of the symmetry breaking paranf. | are in agreement with the predictions given by other

eters take different values compared to the(Bltase still authors[2—4]. Interestingly, in the case ofgz(UJrg) and

we find that our results are in good agreement with the datazg(u+d), our predictions are in better agreement with data

It may also be noted that the quark distribution functions compared to another recent analyi#$, therefore a refine-

d ands assume different values in the present case as conment in the measurement of these would have important im-
pared to the S(B) case because of the changed parameterslications for the details of thg QM.

however the quantities dependent on these again remain in A closer scrutiny of the tables reveals several additional
good agreement with data. The values of the quantities inpoints. There is a difference in the predictions of the fit cor-
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responding to E866 and NMC data as is evident in the casgnd (c+c)/=(q+q)=0.02. Interestingly, the SW) results
of Au, Az, (GaA/Gy)nops (GAlGy)a—p, S, 2s/(u+d), remain in agreement with that corresponding to thg U
2s/(u+d), f, fs, fg and=q/=q. This is primarily due to ~ calculations despite different values of some of the symmetry
the fact that the parametér responsible for fitting the vio- breaking parameters. It may also be noted that the results
lation of Gottfried sum rule, assumes different values in thewith configuration mixing generally show better overlap with
two cases. It may be of interest to mention that in(§U data than those without configuration mixing.
XQMgcm, Ac/c is independent of any splitting parameter  In conclusion, we would like to mention thgQM with
unlike other similar fractions for different quark flavors broken SW4) symmetry, apart from maintaining the suc-
Adg/q. cesses ofyQM with broken SU3) symmetry, predicts the
To summarize, we have extended th@Mg., with bro- intrinsic charm spin and flavor distribution content of the
ken SU(3)xU(1) symmetry to broken SU(4U(1) sym-  nucleon which is found to be almost an order of magnitude
metry with and without configuration mixing. The implica- smaller than the strange quark contributions but not entirely
tions of such a model have been studied for quark flavor anénsignificant. A measurement of these charm related quanti-
spin distribution functions corresponding to NMC and theties would not only test thg QM but would also provide an
latest E866 data. The charm dependent quantities such &sight into the nonperturbative regime of QCD.
charm spin distribution functionsc, Ac/AZ,, Ac/c and the The authors would like to thank S.D. Sharma and M.

charm quark distribution functions, 2c¢/(u+d), 2¢/(u  Ranghawa for a few useful discussions. H.D. would like to
+d) and (€+c¢)/Z(q+q), have been calculated and the re- thank CSIR, Govt. of India, for financial support and the
sults are in agreement with other similar calculations. Spechairman, Department of Physics, for providing facilities to
cifically, we find Ac=-0.009, Ac/AY=-0.02, c=0.03 work in the department.
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