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A simple independent-quark model based on the Dirac equation with logarithmic confining poten-
tial of the form V(r)=(1+7%[a In(r/b)] with a,b > 0 is used to calculate the magnetic moments of
light, charmed, and b-flavored baryons. Not only do the results obtained for light baryons agree
reasonably well with experiment, but also the overall predictions for the charmed and b-flavored
baryons compare very well with other model predictions.

I. INTRODUCTION

A great deal of work has been done on the calculation
of magnetic moments of old light baryons in the nucleon
octet! and also of the recent heavier baryons in the
charmed and b-flavored sectors,””> yet the study of
baryon magnetic moments is not a closed chapter. The
various constituent-quark models are able to reproduce
well the general pattern of magnetic moments of light
baryons in the nucleon octet, but there are significant
quantitative failures. However, the phenomenology of
constituent-quark dynamics in hadrons has been reason-
ably successful through the “bag-model” approach,®
which implies that the observed properties of hadrons are
not too inconsistent with the picture of constituent quarks
moving relatively independently within the hadron. In
these models the confinement of the relativistic quarks is
achieved by the fixed finite boundary in terms of the bag
radius or equivalently by the vacuum pressure. Keeping
the essential features of this successful bag model the
same, one can make some alternative scheme, which can
provide a simple, yet unified approach to the understand-
ing of constituent-quark dynamics, particularly in the
context of the magnetic-moment study of the light,
charmed, and b-flavored baryons. With the idea of in-
dependent constituent quarks in the hadrons and the
mechanism of confinement of these quarks to the hadron-
ic dimensions as the two basic ingredients of the bag
models leading to their success, one can make a simpler
alternative approach based on the independent-quark
Dirac equation with some average quark interaction po-
tential of suitable Lorentz structure. Such schemes with
equally mixed scalar and vector parts of the potential in
harmonic,’ linear,” and non-Coulombic powe:r-law8 form
have been followed by many authors in the recent past.
The confinement of individual constituent quarks in had-
rons in such schemes has been achieved through some
average potential with suitable Lorentz structure without
any finite boundary restrictions of the bag models. Here
the confining potential replaces the effects of external
pressure on the bag. Implications of such a scheme in the
context of quark confinement and relativistic consistency
have been studied by Magyari’ in reference to heavy-
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meson spectra. It has been found there that the logarith-
mic potential with a Lorentz structure in the form of an
equal admixture of scalar and vector parts not only can
guarantee relativistic quark confinement but also can gen-
erate charmonium and Y bound-state masses in reasonable
agreement with experiments. The logarithmic potential
has been investigated in the past by Quigg and Rosner
with remarkable success in the nonrelativistic potential-
model studies of heavy mesons.'® The success of this
purely phenomenological logarithmic potential in the
above-mentioned works makes it tempting to use this po-
tential for the study of magnetic moments of baryons.
Therefore in the present work, we intend to understand
the magnetic moments of light, charmed, and b-flavored
baryons in the framework of the independent-quark model
based on the Dirac equation with the confining logarith-
mic potential.

II. THEORETICAL FRAMEWORK

Here we assume that the constituent quarks of baryons
move independently in an average potential taken in the
form

Vo(nN=(1+y(r)=(1+y"[aln(r/b)], (2.1)

where a,b >0 and r is the radial distance from the baryon
center of mass. It is further assumed that the independent
quark of rest mass m, obeys the Dirac equation, so that
the four-component quark wave function ¥,(r) satisfies
the equation (with fi=c=1)

[Y°E,—v-p—my—V, (D], (r)=0 . 2.2)

Following the usual approach of the bag models, if we

now assume that all three constituent quarks of the
baryons are in their ground state with J =5 and

J,=7, then a solution to the independent-quark wave

function ¥,(r) can be written in the two-component form
8

as

igo(r)/r
o Tf (r)/r

N,

¢q(r)=—‘/—i—; X1, (2.3)
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Here N, stands for the overall normalization of 1,(r),
and it can be easily obtained as

NS2=[14+(E;—mg+2alnb—2a(lnr),)/A, 17", (24

where A,=(E,+m,) and the angular brackets (Inr),
mean the expectation value with respect to the normalized
radial-angular part of the upper component of ¢,(r). Fi-
nally the reduced radial parts f,(r) and g,(r) can be found
to satisfy the equations

fq(r)=—)-3q— 4Ll 2.5)
d’g,(r)
2’ +A [(Eq—mg+2anb)—2a Inr]g,(r)=0 .
(2.6)
Now choosing a suitable length scale,
rog=(2ary) "%, 2.7

Eq. (2.6) can be expressed in terms of a dimensionless
variable p=(r /ry) as

d’g,(p)
d:)2 +(e;—Inp)g,(p)=0, (2.8)
where
E —
&= | |2 | +imabiny) | /2. 2.9)

Equation (2.8) provides the basic eigenvalue equation
whose solution by any standard numerical method or the
WKB approximation method would give €, and the nor-
malized function g,(r).

We find the WKB solution as

€,=In(3V7/2) (2.10)

and
4

gq(p)=mcos¢q(p) , (2.11
where the phase factor is

bolp)= [, " dp'(eg—Inp) =\ /4 (2.12)
and the normalization constant A4, is given by

A (8ak,/m)exp(—¢,) . (2.13)

Once ¢, is known, Eq. (2.9) can give the individual-quark
binding E,, which shall now depend on the parameters a,

myg, and b through the relation
E,=m,—a Inc +-ax, , (2.14)

where ¢=2a2b? and x, is the solution of the root equa-
tion obtained through substitutions from (2.9) in the form

xg+In(x, +K)=2¢, , (2.15)
where
2m,
K= P —InC . (2.16)

Thus the simple model under discussion provides a com-
plete description of the relativistic bound states of the
confined constitutent quarks in the baryons with the
quark wave function y,(r) given as in (2.3) and the corre-
sponding binding energy E, given by (2.14).

With the assumption that SU(3) is broken in the quark
rest masses as m, =mg7m;, W€ can now present some
consequences of the model in terms of derived expressions
of some of the measurable quantities of the S-wave
baryons in the nucleon octet which are obtained simply by
appropriately adding the contributions of each individual
quark. With the ground-state quark wave function ¥,(r)
given by (2.3) the expressions for (i) the axial-vector cou-
pling constant g4(n) for neutron B decay, (ii) the mean-
square charge radius {(r?), of the proton, and (iii) the
confined quark magnetic moment u, can be obtained in
the usual manner’ as

g4(n)=54N,*-1)/9, .17
(r)p,=3 e, (r}),=(r?),, (2.18)
q
and
Lo =02Mpe,N> /Ay , (2.19)

where M is the proton mass, e, is the electric charge of
the quark in the unit of proton charge, and puy is the nu-
clear magneton. Here (r?), is the individual contribution
of u quark. The angular brackets (Inr), in (2.4) and
(r?), in (2.18) can be easily obtained through the WKB
approximation method as

(Inr), =lnro,q+eq—% (2.20)

and
(r?),=ro . exp(2¢,)/V73 . (2.21)

Now with the help of Eq. (2.20), the expression (2.4) for
N,* simplifies to
N =LA, /(a+2,) . (2.22)
If we make the usual assumption that the baryon mo-
ments arise solely from the constituent-quark moments,
then, following Johnson and Shah-Jahan? and also the ear-
lier work of Franklin,!! the expressions for magnetic mo-
ments of light, charmed, and b-flavored baryons can be
obtained in terms of the magnetic moments of the corre-
sponding constitutent quarks in the following manner:

pp=(B1|p,0?|B1), (2.23)
q

where |B1) represents the state vectors of the baryons.
In the case of octet nucleons | B1) represents the regular
SU(6) state vectors. For the charmed or b-flavored
baryons, the corresponding state vectors are the straight-
forward extensions as given by Singh.? The relations for
the magnetic moments of baryons in terms of the
constitutent-quark moments as given by Eq. (2.23) are
well known®*>!! and can be used to compute the magnet-
ic moments of baryons with the present model.
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III. RESULTS AND CONCLUSION

The outcome of the present model depends very much
on our choice of the potential parameters a and b and the
quark mass parameters m,(=my), mg;, m., and m,. Al-
though these parameters are a priori unconstrainted, we
have to make a suitable choice by reasonable assumptions.

We make the usual assumption that the average poten-
tial taken in this model for the confined independent
quarks inside the hadrons is flavor independent. There-
fore we use the same set of parameters and quark masses
for the calculation of magnetic moments of light,
charmed, and b-flavored baryons. The quark masses m,
for u, d, s, ¢, and b quarks are obtained by making ap-
propriate reference to some hadronic ground-state masses,
which in this independent-quark model approach would
be given by the sum total of the constituent-quark ener-
gies in the form

M(hadron)=3 E, . (3.1
q

Therefore with the values of the parameters a and b suit-
ably fixed, the value of m, =m, has to be chosen properly
so that when confined within the nucleon by an average
potential (2.1), the up and down quark would have the
binding energy E, =E4=%Mp. Similarly for fixing m;
and m,, we take masses of A and A_, respectively, as in-
puts so as to obtain E;=(M,;—2E,) and
E ,=(MA.—2E,). But in the absence of any knowledge
of the b-flavored baryons, we simply refer to the Y(bb)
mass in fixing m, so as to obtain E, =M, /2.
First of all we adopt the WKB method of solving Eq.
(2.8) and find that with
(a,b)=(124.768 MeV,5.225X 107> MeV~") (3.2
and
m,=my=234.35 MeV , (3.3)

the energy eigenvalue condition (2.14) yields

TABLE II. (i) WKB, (ii) numerical results for
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TABLE 1. (i) WKB, (ii) numerical results for magnetic mo-
ments of the nucleon octet calculated by the present model as
compared with the results of the cloudy-bag model (CBM) (Ref.
12) and the experimental data (Ref. 13) (all numbers in nuclear
magnetons).

Present
calculation CBM Experimental
Baryons (i) (ii) calculation results
p 2.793 2.886 2.60 2.793
n —1.862 —1.924 -2.01 —1.913
A —0.569 —0.580 —0.58 —0.614+0.005
z+ 2.672 2.758 2.34 2.33£0.13
30 0.810 0.834 0.46+0.28
3~ —1.051 —1.089 —1.08 —0.89+0.14
=0 —1.380 —1.414 —1.27 —1.25+0.14
== —0449 —0452 -0.51 —0.691+0.04
(A,2) —1613 —1.666 —1.824038
E,=E;=312.76 MeV , (3.4)

which results in the static nucleon properties
Mp=2.795ny, g4(n)=1.254, M,=938.28 MeV  (3.5)

in close agreement with experiments. Then the parame-
ters given by (3.2) and (3.3) along with the inputs.

(E;,E.,E,)=(490.07,1647.38,4730) MeV (3.6)
yield from (2.14) the quark masses
(mg,m.,m;,)=(483.58,1798.59,5010.86) MeV . (3.7)

The above choice of potential parameters, quark masses,
and the quark-binding energies give the constituent-quark
magnetic moments from (2.19) as

Bu=—213=1.862uy, pu;=-—0.56%uy , 3.8)
e =0.350uy, pp=—0.063uy , '

which can finally be used to compute the baryon mo-

magnetic moments of charmed baryons obtained in

the present model as compared to calculations in the De Rujula-Georgi-Glashow (DGG) model and the

bag model (all numbers in nuclear magnetons).

Baryon Present

symbol Quark calculation DGG model Bag model

(Ref. 3) content 1) (if) (Ref. 5) (Ref. 4)
sHt cuu 2.366 2.448 2.36 1.955
sF cud 0.504 0.524 0.43 0.363
30 cdd —1.358 —1.400 —1.43 —1.23
= cus 0.745 0.779 0.73 0.475
=0 cds —1.117 —1.145 —1.16 —1.09
a? ss¢ —0.876 —0.890 —0.89 —0.98
i ccu —0.154 —0.172 —0.12 —0.167
o ced 0.778 0.790 0.82 0.865
Qr ces 0.657 0.663 0.69 0.838

F clud), 0.350 0.352 0.37 0.503

=t clus), 0.350 0.352 0.37 0.503
=2 c(ds), 0.350 0.352 0.37 0.503
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TABLE III. (i) WKB, (ii) numerical results for the magnetic moment of b-flavored baryons obtained
in the present model as compared to other calculations (all numbers in nuclear magneton).

Present
Baryon Quark calculation DGG model Bag model
symbol content () (ii) (Ref. 5) (Ref. 4)
S5 uub 2.504 2.586 2.5 2.318
=) ubd 0.642 0.662 0.61 0.587
by ddb —1.220 —1.261 —1.28 —1.117
Q5 ssb —0.738 —0.752 —0.55 —0.838
=3 uch 1.496 1.538 1.5 2.04
=% dcb —0.366 —0.385 —0.38 —0.39
ak, cch 0.488 0.491 0.51 0.894
=% ubb —0.705 —0.726 -0.7 —0.614
Zn dbb 0.226 0.236 0.23 0.14
Qp sbb 0.105 0.108 0.105 0.084
0% cbb —0.201 —0.202 —0.21 0.31
=) sub 0.883 0.917 0.87 0.73
=5 sdb —0.979 —1.006 —1.05 —0.977
Q5 scb —0.125 —0.130 —0.11 —0.223

ments, in the light, charmed, and b-flavored sectors.

In order to get an indication as to the error one expects
in the calculation of magnetic moments from the use of
the WKB approximation, we repeat the above calculations
by following the exact numerical methods. We find that
for the same potential parameters and the quark-binding
energies [Egs. (3.2), (3.4), and (3.6)] taken as inputs, the
quark masses turn out to be

(m,=my,m;)=(212.74,464.53) MeV ,
(mg,mp)=(m,,my)=(1781.38,4994.06) MeV ,

(3.9

which are slightly different from the ones obtained in the
WKB method. The magnetic moments of the constituent
quarks as found by this method are

Bu=—2pq=1.924uy, p;=-—0.580uy , (3.10)
[lc=0.352[.lN, ,ub=——0064[.l,[v .

We find these values, as well as the values for the magnet-
ic moments of the baryons, are not drastically different
from the corresponding WKB values.

The WKB and numerical results obtained for the mag-
netic moments of light baryons are presented in Table I,
along with those of the cloudy-bag model'? (CBM) and
the experimental data for comparison. We find that our
results agree well with experiment. In the absence of any
experimental data for the magnetic moments of charmed
and b-flavored baryons, we present our WKB and numeri-
cal results in Tables II and III in comparison with the pre-

dictions of some other models.*> The symbols used in
these tables for charmed and b-flavored baryons are ac-
cording to Ref. 5. We observe that our predictions for
charmed and b-flavored baryons are not drastically dif-
ferent from other model predictions. The root-mean-
square charge radius of the proton is found to be
(r*),'2=1.072 fm, as compared to its experimental
value of 0.88+0.03 fm. The neutron charge radius is ob-
viously zero here in contradiction with the experimental
value (r2),'”2=—0.12 fm. This is of course the case
with most of the models of this kind, including the bag
model.

In the present work we thus find that a simple and uni-
fied approach for the study of magnetic moments of light,
charmed, and b-flavored baryons is possible through an
independent-quark model based on the Dirac equation
with a logarithmic potential (2.1). In view of the simplici-
ty of the model the results obtained are quite encouraging.
It may take a long time for the experimental values of
magnetic moments of baryons in charmed and b-flavored
sectors to come to light; however, the predicted values of
the same in this model may be used in some calculations,
which may be verified experimentally.
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