. )
Nuclear Physics A534 (1991) 493-512 NUCLEAR

North-Holland PH YSICS A

MASSIVE-QUARK BARYONS AS SKYRMIONS
Magnetic moments

Yongseok OH, Dong-Pil MIN and Mannque RHO!
Department of Physics®, Seoul National University, Seoul 151-742, Korea

Norberto N. SCOCCOLA
Niels Bohr Institute, DK-2100 Copenhagen, Denmark

Received 16 July 1991

Abstract: The magnetic moments of the massive-quark baryons - strange and charmed hyperons
— are calculated in the skyrmion description in which the baryon with a heavy flavor is
described as a heavy pseudoscalar meson @q composed of a heavy quark Q and a light
antiquark q “wrapped” by - and bound to - an SU(2) soliton. We use the original Skvrme-
type lagrangian supplemented by a symmetry breaking term involving derivatives of the
chiral field U. Both the spectra and the magnetic moments predicted by this model are quite
similar to those of quark models. Our results provide evidence that the skyrmion description
works equally well for massive-quark barycns as it does for light-quark (chiral-symmetry)
baryons, supporting the suggestion that a hierarchy of induced gauge fields associated with
layers of length scales involved in the strong interactions play an important role.

1. Introduction

The bound soliton-pseudoscalar doublet model proposed by Callan and Klebanov !)
has been found to work reasonably well in describing the structure of strangeness-
flavored hyperons such as mass spectrum >) and the magnetic moments %). The
key feature of the model is that a pseudoscalar doublet meson @ made of a massive
quark Q and a light antiquark @ gets wrapped by — and bound to — an SU(2) soliton
to give rise to the hyperons of one or more Q’s. It was suggested recently °) that this
picture should apply equally well to charmed and bottom baryons. This suggestion was
supported by the hyperfine splittings in the heavy-flavor specira but the centroid of
each massive flavor came out too low because of the too strong binding of the @q
with the soliton. This difficulty was resolved by Riska and Scoccola ') by adding to
the usual Skyrme model an additional flavor symmetry breaking term that depends
upon derivatives of the chiral field U, a term recently studied in a different context
by Pari et al. ''). The Riska-Scoccola model (called the RS model in short) differs
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from the usual Skyrme model in that in addition to the symmetry breaking in the @q
mass (from, say, the pion mass), the effect on the decay constants is also taken into
account through the derivative-dependent symmetry breaking. This model has been
recently used to predict the spectra of both ground state and excited charmed and
bottom baryons '3).

The aim of this paper is to provide a stronger case for the thesis of ref. %) by
calculating the magnetic moments of both strange- and charm-flavored baryons in the
RS model. We confirm the results of ref. '°) in 1. -pectra and obtain the hyperon
magnetic moments in a parameter-free manner whi..a agree surprisingly well with
experiments and/or quark model results. What transpires from these results is that not
only is the skvrmion description viable in the heavy-quark sector but also it provides
us a deep insight into the working of induced gauge structure proposed in ref. ).

2. The model

In this paper. we study the usual Skyrme model that conmsists of the quadratic
current algebra term plus the Skyrme quartic term supplemented by symmetry-breaking
terms. !mplementation of vector mesons as in refs. **) would bring in additional
improvements. and so the results reported here can be considered as something that
can be definitely improved upon. We start with the effective action for the simple
Skyrme model with an appropriate symmetry breaking, expressed in terms of the
SU{3)-valued chiral field U(x) as

r= f d'x {%Fi Tr [0,U0"U'] + én[w*a,,u, U*(‘).,U]Z]} + Fwz + Fa,
M,

(1)
where F; is the pion decay constant (= 186 MeV empirically), e is the so-called

Skyrme parameter and M, denotes the (3 + 1)-dimensional spacetime manifold. In
eq. (1), Iwz is the Wess-Zumino action

iNe f Te[(UtdU)], 2)
Myx[0.1]

Iwz = -

2407>

where N, is the number of colors (= 3 in nature) and I3p is responsible for the explicit
symmetry breaking of chiral symmetry. This symmetry breaking is partially due to the

finite mass of the pseudoscalar mesons. in the SU(3) case this effect can be taken into
account by 314)

s / d*x {LF7 (mi +2 mg) Tr (U + U' - 2]
My

+4V3EE (m - mE) Te [2° (U + U")]} (3)

where 1% is the eighth Gell-Mann matrix* and m, and mg represent the pion and
kaon masses, respectively. The symmetry breaking term eq. (3) takes care of the mass

* We use the normalization Tr(A%4?) = 2490,
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difference mg > m, but not necessarily, at least to tree order, of other flavor-symmetry-
breaking effects such as that Fx # F. The main effect of failing to account for the latter
is that the kaon is overbound to the soliton 2*): This overbinding becomes more serious,
the heavier the ®q is. Riska and Scoccola '°) have indeed shown that this defect can be
mostly eliminated if the difference in the decay constants is properly taken into account
in the lagrangian. Following their procedure, we introduce an additional symmetry-
breaking lagrangian '') which naturally arises in chiral perturbation theory '*)

F? - F? 2
ol = K== /M‘ d*xTr [(1 - \/3118) {2mi (U +U'-2)

+ (U3, U'9"U + U, Uo"UY)}]. (4)
Therefore, our total Isg is given by
Isp = Isp™ + 0lsg. (5)

We continue by introducing the Callan-Klebanov (CK) ansatz for the chiral field )

Uk = VUr Us \/Us, (6)
NO i2vV2 { 0 K
\/Un=(01), U3=exp[—[_,n—-(Kf0)], (7)

i K*
= e = . 8
N exp[Fnt n], K (K“) (8)
Inserting eq. (6) into eq. (1) and expanding to second order in kaon fields, we can
obtain the lagrangian density of the system. However, to recover the canonical form

of the free kaon lagrangian when the interaction with the soliton is turned off, it is
convenient to renormalize the kaon field K as K/x, where x is

=k 9
- (9)
This leads to the final form of our kaon-soliton effective lagrangian, which reads
L = Lsue) + Lk, (10)
2
Lsu) = 1 Fe Tr (0.UF 0" Ux) + 37'3 Tr [0,U} Uz, 8, U Us]
e
+ LFmiTr(Un 4+ Ut -2) , (11)
1
Lk = (DK) D"K — Ktafo"K - miK'K — ymi =K' (Uz + Ui —2) K
X
1 1 t t 1 2
- ———K'K Tr [0,U} Uz, 8, U] Us]
8e“F; x
- 8217% {2(D,K) DK Tr(a*a®) + 4(DK) DK Tr (3,U}0" Us)
n
o, o iNe 1 pu (kDK tK (12)
~6(D,K)! [o*,0"] D,K} — —5 —B" [K'DuK — (D.K)'K] ,

Fix
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where
Dy =0y + Yy,
(Z“) = L (N'3,N £ Na,N") (13)
u
and B* is the baryon current
B* = —— e Te [U} (3,Us) U} (05Us) U} (,Un)] - (14)

24xn
In comparing eq. {12) with the corresponding kaon lagrangian used in refs. 12) (where
pions were taken massless), it is clear that the net effect of introducing the extra
symmetry breaking term J/3 is the reduction of the contributions from the Wess-
Zumino term and the Skyrme quartic term. Since the kaon binding energy is mainly
determined by the Wess-Zumino term, its decrease by a factor of 1/%2 (for x > 1)
immediately leads to a smaller binding energy which goes in the right direction to
improve the O(N?) prediction of the model.
Following the standard procedure, we use the hedgehog ansatz

N = exp [it - FF ()] (15)

to determine the soliton properties. The profile function F(r) is of course obtained
by minimizing the soliton energy. Given the soliton profile, one can proceed to solve
the eigenvalue equation of kaons moving in the background potential provided by the
soliton. This determines the kaon energy @ which is of O(N?) in N, counting and its
wavefunction & (r). Finally, to obtain the (hyperfine) splitting between states with same
strange quantum number but different spin-isospin quantum numbers, the soliton has
to be rotated in the SU(2) isospace. This provides the O(1/N;) contribution to the
mass. Details of this procedure which can be found in refs. >*) will be omitted here.
So far, we discussed the procedure for strange hyperons. As proposed first in ref. %),
charmed baryons can be described in the present model by formally extending the field
U to the SU(4) group*. The generalized Callan-Klebanov ansatz can then be written as

U = U Us\/Us, (16)

where U, represents the SU(2) sol*~n field. The explicit form of Uy is

N2 O
Un = ’ 17
( ' 12) (17)
where 1, is the 2 x 2 unit matrix. For U,;, we write
0, KD
Uemexpd i22 [kt 0 0 (18)
"\D' 0O

T‘ It should be stressed that we are not assuming a symmetry group here. It is just a convenience
in organizing the relevant degrees of freedom and can be easily avoided, as discussed in ref. 16),

To the extent that we limit ourselves to quadratic order in @ field, the two procedures are totally
equivalent.
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with 0, the 2 x 2 null matrix. Here, K and D represent the K-meson and the D-meson
doublets, (so far generally denoted as Pq), defined as

1 (K* 1 (D°
et (5) 0-2(Z). w

where we have introduced different meson decay constant ratios x; for different flavored
mesons. Note that in eq. (18), the pseudoscalar D¥ mesons composed of S- and C-
quarks are not included to be consistent with the quadratic approximation that we
make in thc mcson fields ?).

The hamiltonian as well as the equations of motion for K- and D-mesons are obtained
from the lagrangian of eq. (12) with egs. (17) and (18). Since interactions between
the K- and D-mesons can be ignored within the quadratic approximation, the equations
of motion for K and D are formally identical, the only differences being in the meson
masses and the constants y’s. We take the experimental meson masses, mg = 495 MeV
and mp = 1867 MeV. The values for the meson decay constant ratios y; will be given
later.

The mass formula for the baryons is

M,J,n,n3, 0\, J2,Jm) = My + 1@y + N2z + Mo, (20)

Mo = 511—{1(1 + 1)+ (a-c)lah(h +1)

—alh(h+ 1)] +acadu(Jm + 1)
+ [J(J +1)=Ju(Jm + 1) -1 + 1)]

. |ate + a-cah(h+1)-h(Lr+1)
2 2 In(Jm + 1) ’(21)

where M, is the soliton mass and Z the SU(2) moment of inertia. Here n; is the
absolute value of strangeness, n, the charm quantum number and @, and w, are,
respectively, the bound-state energies of the K- and D-mesons. In addition, ¢, is the
hyperfine splitting constant corresponding to K and ¢, the one corresponding to D.
For completeness, the explicit expressions of My, Z and ¢; are given in appendix A.

The angular momenta J, and J, are defined as J; = n;j; with j; standing for the
angular momentum of the bound-state orbital (ji = % for the lowest-energy state in
which we are interested here) and Jy, is given by Jn = Ji + J2,...,| Ji—J2|. J is the
total angular momentum

J =R+ Jn, (22)

where R is the rotor spin. Only J is a good quantum number: Neither R nor Jm
is separately conserved. Within our scheme, the quantum numbers of the physical
hyperons can be obtained by using the quantization rules described in ref. 17). They are
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TaBLE |
Even-parity J = { and 3 baryons. The siates of ¢
and =’ are mixed states of J,, = 0 and 1. See table 2
and discussion in sect. 4.

Particle [ J S C R 4 B Jm
N {14 00 3 0 o0 O
A o §{ -1t 0o 0o } o !
Ry t L -1 0 v 4 o
z- 1 3 -1t o 1 § o
= 14 -2 0 4 1 0 1
= 13 20 4 1 0 1
e 0% 300 ¢ 0 3
4 0 3§ 0 1 0 0 1 3
L t 0 1t 1 0 3 4
z: 3 o0 1t 1 0o {1 3
S 1 0 2 1 0o 1 1
= 43 o0 2 3 0 1 1

Qe 0 3 0 3 0 0o 3 3
Z IR e D T S S SR K
SN T SNl N R B SR S R
T TR A A
Q o 1 -2 1 0 1 3 3
e o 3 -2 1 o0 1 } 3
& 0 § -1 2 0 1 1 %
e o0 3 -1 2 0 } 1 3

summarized in table 1. Using table 1, we can easily read off the baryon wavefunctions.
In table 2, the wavefunctions of spin-up baryons are given in theipasis, ie, | 1,158, C)
| R R:Hr | JisJiz)s | by Jaz)c-

3. Magnetic moments

Given the electromagnetic current J¢™ = J; + 1/1/3J} obtained from our effective
lagrangian by means of Noether’s theorem, the magnetic moment operator is of the
standard form

iy / Exrx Jom. (23)
A lengthy but straightforward calculation leads to the third component of # of the form

W=l +ould, (24)
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TABLE 2
States of spin-up baryons

Particle State

1Py =14.4:0,0, 14, e
In) =14.-4;0,0), 14. D)
|49 =10,0;-1,0); 10,00z | 1. )5
129 = 1La-1,0,{{/Z 1. )r 1. - Hs — V3 1LOr 1. Dis}
1Z%%) =|1,a;-1,0); |1, g | . )s
129y =14+ 3:-2.00 {- /T 1. e 11.0)s + T 13- 11 )5}
|=*9) =13.a+ 3:-2,01 | 3. 5)r |1 Ds

12-) =10.0:~3.0), 10.0) 13, 3)s

(=

14F) =10,0;0,1); |1,0)r | 3, 1)

128) = [La - 10, ) {VZILD& L~ - ViILOr1L D}

|Z59y = {La— 10,1 [1L g |1, D

zay=14a-202,{ - VT 1L O 110 + VI -Dril e}

S =14.a-3:02 13 DrIlL )
|24+) =10,0:0,3) 10,0z |3, 3)c

128y = 1ha— L— L (VI - Dr i Ds 1 De - VETL Dr 1. -Ds 15
129y = | da- L {=v/T 1L -hrit Ds 13 De
—\/'|,,2>R|2, Hsthhe+VE L hrld s 1d-De}

1IZ29 = 1ha- Li-L ) 14 e 14 Ds 138

1920) =10,0;-2, 1>,{\/§ 10,00% 11, I)s |4, — 1) = /T 10.0)g 11,05 1§ 3)c' }
1229 =10,0;-2,1); 10,0)r |1, s 1§, §)c

19:) =10,0:-1,2),{ = /T 10,008 [1. D)5 11,0)c + /Z10.00r 1 1.~ $)s 11 e}
|25%) =10,0;=1,2); 10,0 |4, )5 11, 1)¢

(g

e}
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.“s3 = .“s.()R3 + .us,l-ll3 + ﬂs,ng s
1‘3 =-2 (ﬂv‘ﬂ + ﬂv.llsl + I‘v,ZICl)DB ’ (25)

where $ is the strangeness and C the charm number and D¥ is —PR3/I(I + 1). The
us.’s and p.,’s, expressed in units of Bohr magneton, are given by

Hsp = — EM; fdrr sin® FF', (26)
Bsa = Cipaso — alk, 1), (27)
s> = Copiso + a{Po, 12) s (28)
o = YMNT, (29)
By = blk, 01,24, (30)
iv2 = b{®p,@2.%2), (31)

where

alk,y) = §MN/drr {k cos> %F

+—,l—,—l=; [ L3 = sin’ Fcos’ 4F + k*F' cos* I F + 3kk'F'smF]
e iy r
(32)

blk.onx1) = 1My / drrz{kzcosz 1F (1 - 4sin® }F)

lF 1 {4k—sm Fcos’ 1F (3 - 8sin’ }F)
ol @

+k? F'Zcosz LF (1 - 18sin’ }F)
+ 2k"sin’ F + 3kk'F'sin F (3 — 4sin® } F) }}

Ne My o / dr k2 sin® FF', (33)
6 Fin® xi

and we have denoted the D-meson field by @p*. As is obvious from egs. (26)-(31),
the coefficients p, and u,, can be obtained from the expressions for us, and uvi,
respectively, by replacing the K-meson wavefunction, the eigenenergy w,, the hyperfine
constant ¢, and the ratio y, by the corresponding D-meson ones. It should be noted
that the sign of us, is opposite to that of us,. The reason for the sign change in ps) is

that the charm number, C, of the D-meson is + 1, whereas the strangeness number, S,

of the K-meson is —1.
The explicit formulas for the magnetic moment of each baryon are given, in terms
of the coefficients us;’s and u,’s, in table 3.

* The last term in eq. (33) was missed by the authors of ref. 7). This term which comes from
the Wess-Zumino term plays an important role in the isovector moments v, and gy .
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TABLE 3
Magnetic moment formulae of baryons

Particle Magnetic moment

u(p) = %ﬂs,o + %ﬂv,o
u(n) = 3ps0 - 3tvp
n(A%) = %#5,1
BEY) = Fps0— fsa + o + pvy)
u(z% = '§I‘s, - ?l;[ls'l
) =3ps0- $Hs1 — §(llv,o + #vy)
PZ*Y) = 10 + Sty + (Hyo + iuy)
p(Z*0) = pso + Jus,
u(E) = Hso + iuu (o + o)
uEY) = --Ils.o + 3l‘s.l 9(Ilvo + 2pv)
uE")= _"”S.O + 3”5.! + 9(I‘v0 + 2I‘vl)
”(':'"0) = 2”5.0 + U5y + §(Fv,0 + Z”V.l)
uET) = %”S.O + Usp — %(ﬂv.o + 2py1)
w)= %I‘s,l
w(AF) = usr
mEFr) = %ﬂs,o - %”5.2 + %‘(ﬂv,o + pty2)
HEF) = 3u0 — tus2
BE) = 3u0— fusr— Zivo + 1v2)
RESTY) = pso + 352 + (v + 1)
B(ZESY) = pgo + %ﬂsz
() = Bso + 5Ils.2 = (0 + Bv2)
uELY) = —-us,o + 3us, — 5 (1o + 212)
rEE) = "(,ﬂsO + 3“52 + 2(11\!0 + 2uy2)
uE) = iﬂs,O + 2 + 5 (v + 22)
”('-'cc )= 2.“5,0 + Us2— 3 (ﬂv,o + 2u1,)
u(Qtr)= %l‘s,z
r(EF) = ;_l‘sz
(“c )= 2[‘5,2
n(E) = jﬂso + :l;l‘sl éus,z + 3 (o + By + 2)
n(=0) = 31‘50 + 3/‘51 (,ﬂs.z - %(ﬂv,o + v + B2)
('-'c ) = ﬂs,O + zﬂs,l + 2/‘5.2 + %(Ilv,o + vy + M)
p(Er0) = zus.o +dpgy + Lusy = 2oeg + moy + y2)
w(Q0) = dugy — ts2
ﬂ(g*'o) =ﬂs,l + 5#52
Lt = _"l‘s,l + 3/‘52
[1(9&"’ = zl‘s,l + Us2




502 Y. Oh et al. / Massive-quark baryons
4. Numerical results

The mass formula eq. (20) with (21), despite its opaque form, essentially reflects
the symmetry structure of the model and hence is generic of the meson-soliton bound
picture independently of dynamical details of the effective lagrangian. The dynamics is
encoded in what we will call “mass parameters™ Mg, Z, ¢, ¢2. @) and wa. It has been
shown in ref. °) that when these quantitics are determined by fitting the experimental
masses of N. 4. .1. &. A, and .. eq. (21) gives predictions for the hyperon masses
which are in a remarkably good agreement with the existing empirical data and with
quark model predictions for octet and decuplet baryons. We will refer to the values
of these guantities so determined as “empirical” (i.e.. between quotation marks to
distinguish them from truly empirical quantities) and demand that our dynamical
models predict these quantities™. The “empirical” values are %)

My, =866 MeV., T =1.01fm.
w; =223 MeV, @, =1418MeV,
¢ =0.604, > =0.140. (34)

In our numerical calculation. we will consider two sets of parameters in the SU(2)
sector. In one case. we consider the chiral limit in the SU(2) sector, m, = 0, and fit
F- and e to reproduce the “empirical values™ of M,y and Z. This corresponds to the
result of ref. ')

Fr = 129 MeV, e =545. (35)

The second set of parameters is obtained for m, = 138 MeV. It corresponds to the
result of ref. ')

Fr = 108 MeV, e =4.84. (36)

The predictions of the “mass parameters” in the strange and charm sectors for two
sets of y, are given in table 4. In one case we set x> = l. This corresponds to
switching off the extra symmetry breaking term J/3g given in eq. (4). As mentioned
before. flavored mesons are overbound to the soliton in this case. This effect is present
for both massless and massive pions. When 6/sg is included, we use the empirical
ratio y, = 1.22 in the strange sector. On the other hand, the empirical value of the
ratio y» = Fp/Fx is not very well established. In the case of massless pion, we choose
x> = 1.8 which falls well within the range given in ref. %), i.e., Fp/Fx = 1.8 £0.2.
In the case of massive pion, we use a slightly larger value x> = 2.0 to obtain a beiter
agreement with the “empirical values”. In table 5 we show the baryon masses predicted

* In Yiew of t_he fact that there is paucity of data in the charm sector, this procedure may not be
as reliable as it is in the strange flavor sector. We will see later that our model with its predicted
parameter values gives results in the charm sector which are in better overall agreement with

quark-model results both in the spectra and in the magnetic moments than the “empirical” fit
does.
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TABLE 4

Mass formula parameters entering into eq. (21) calculated within our

model. For the case of m; = 0 we use the values of F; and e given in

eq. (35), while for mz = 138 MeV we use those given in eq. (36). In
both cases M, = 866 MeV and T = 1.01 fm.

1 w; (MeV) I Y2 @3> (MeV) Cs

m,=0 1.00 153 0.62 1.00 760 Q.16
1.22 221 0.50 1.80 1303 0.21
me#G 1.00 146 0.51 1.00 744 -0.02
1.22 209 0.39 200 1342 0.13

TABLE 5

Baryon masses. Column ‘Emp.” is calculated from the “empirical” values

of eq. (34) as in ref. ®). “SET I” means the results of mz = 0. Fr = 129

MeV, e = 545, z;, = 1.22 and 7, = 1.80, “SET II" the results with

my = 138 MeV, Fr = 108 MeV, e = 4.84. z, = 1.22, y» = 2.00. All
values in MeV.

Particle Exp. Emp. SETI SETHl Ref.22) Ref23)

N 939 939 939 939
4 1232 1232 1232 1232
Y| 1116 1116  '106 1086
z 1193 1193 1203 1205
zr 1385 1370 1350 1320
= 1318 1339 1332 1311
=* 1530 1516 1480 1425
Q 1672 1669 1621 1549
Ae (2285) 2285 2172 2209 2200 2260
X (2453) 2452 2327 2379 2360 2440

zx ? 2494 2387 2417 2420 2510
Zee ? 3752 3513 3601 3550

z ? 3793 3574 3639 3610
Qece ? 5127 4791 4898 4810

z. (2470) 2499 2381 2426 2420 2480
z ? 2636 2509 2514 2523 2575
z: ? 2649 2524 2539 2531 2645
Q. (2740) 2786 2643 2647 2080 2730
Qr ? 2811 2674 2662 2720 2790
Qe ? 3939 3700 3764 3730

Qr ? 3964 3730 3778 3770

¢

503
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by our model in comparison with the available experimental data 21) and with the
quark model predictions of refs. 22%). The “SET I” corresponds to

my=0, Fx=129MeV, e=3545, n= 1.22, x2=1.8, (37)
and the “SET II” to
me = 138 MeV, F, =108MeV, e=484, = 1.22, x2=2.0. (38)

We observe that our model, with or without pion mass, works very well for both
strange and charmed baryons. In fact, the predictions of the model are as a whole
in closer agreement with the quark model results for the charmed baryons than the
“empirical” fits. This suggests that we should do an overall fit rather than fix the
necessary parameters to the empirical valucs whose validity may be somewhat doubtful
in the massive-quark sector. We apply this remark to magnetic moments discussed
below. It is interesting to note that for “SET I” our results for the masses of Z. and
E! differ slightly from those given in ref. 19) where the same set of parameters was
used. The reason for this difference is that here we use strange-charmed cascade wave
functions which are linear combinations of those used in ref. '%). We will come back
later to this point which has a dramatic effect in the magnetic moments of these
particles.

Before discussing our predictions for the baryon magnetic moments, we summarize
the present status of the quark-model results available in the literature. Since experi-
mental data are not yet available for charmed baryon magnetic moments, we will make
comparison with quark model predictions. In fact in making a “model-independent”
analysis of the sort we made for the masses, we will have to resort to quark-model
predictions of the coefficients u;> and u,>.

Choudhury and Joshi 2*) calculated the magnetic moments of charmed baryons, ex-
pressing them in terms of the proton and neutron magnetic moments via U(4) symme-
try. Subsequently they used U(8) symmetry to express them all in terms of the proton
magnetic moment, y, [ref. 2%)]. Lichtenberg 2°) used a quark model implemented by
the gauge structure of QCD considered by De Rujula, Georgi and Glashow *?) and

the limit of equal quark masses do the results of ref. 26) reduce to those of Choudhury
and Joshi. The calculation of Jena and Rath 2’) of the magnetic moments of spin-}
charmed baryons in a relativistic logarithmic potential model is, on the other hand,
in good agreement with that of Lichtenberg. We take this to mean that Lichtenberg’s
results are more reliable than those of Choudhury and Joshi. Furthermore, Bose and
Singh used the MIT bag model 2®), obtaining results which are in a fair agreement
with those of Lichtenberg. For instance, Lichtenberg’s magnetic moment relation [our

notation for the mixed (S = —1, C = +1) cascades differs from that of ref. 2%), see
below. ]

p(AF) = p(EF) = p(&9) (39)
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holds well in the MIT bag model. In this work we will compare our results with those
of both ref. %) and ref. 2®), keeping in mind that the present available quark-model
results may not be fully realistic and hence may not describe nature accurately.

As in the case of the mass formula, the magnetic moment formula eq. (24)
with egs. (26)-(31) can be considered in a model-independent way: It reflects
the symmetries of the model. Thus we may determine the coefficients u,,’s and
ivi’s from experiments and/or quark-model results. The “magnetic moment pa-
rameters” so obtained will be referred to as “empirical”. The dynamical content
of a specific model can then be judged by the extent to which the model values
agree with the “empirical” ones. The coefficients uso, #s1, #vo and u,; are deter-
mined by fitting the magnetic moments of the proton, neutron and strange baryons
to the experimental values by the least-square fitting*. There are no experimental
data available to fix us> and u,>, so we wili fix them to Lichtenberg’s quark-
model values for charmed baryons. The “magnetic moment parameters™ so obtained
are:

U0 =0.880, pu, = —1.188, pu» =0.740,
o =3.530, py=-0934, po=—0695. (40)
In the case of massless pion the calculated coefficients in the SU(2) sector are '®)
Hso = 0.555, Hvo = 2.402, (41)
while for m, = 138 MeV one obtains ')
pso = 0.735, Hvo = 2.402. (42)

Note that in both cases the calculated values are below what we call “empirical”
magnetic moment parameters. This leads to a rather small value for the magnetic
moment of the proton g, [refs. '®'%)]. Indeed, using the parameters eq. (41) and
eq. (42) we obtain u, = 1.88 and u, = 1.97, respectively. These values should be
compared with pp® = 2.79 [ref. 21)]. In contrast, the nonrelativistic quark model
predicts 27) uS™ = 2.79 in close agreement with the empirical value while in the
bag model one gets ) up™ = 1.90. On the other hand, it has been established
that the soliton models predict the ratio un/gp quite accurately. As we shall sce,
the ratios of the magnetic moments for both strange and charmed baryons do come
out fairly well.

The predicted “magnetic moment parameters” for the same parameter sets as used to
calculate the “mass formula parameters” are given in table 6. From tables 4 and 6, we
observe that the kaon energy, w), increases whereas the hyperfine constant ¢, decreases
for an increasing y,. Therefore the isoscalar magnetic moment in the strangeness
direction, s, is affected as it is closely related to the hyperfine constant. In contr-
the variation in y does not modify significantly u,,;. In the charmed sector, thir

* In refs. 8), the authors determined the “empirical” moment parameters by fitting the
moments of the proton, neutron, 4% and Z.
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TaBLE 6
Magnetic moment parameters entering in eq. (25) in the unit
of Bohr magneton. The input parameters for the massless and
massive pion cases are the same as in table 4.

X1 M5 By p & Us2 J 2% ]
m=0 100 -083 -0.12 100 061 -0.12

.22 -0.78 -0.43 1.8 040 -0.10
my =0 1080 -119 -0.14 100 063 -0.12

122 -107 -0.16 200 040 -0.10

a bit different: Both the D-meson energy @-» and the hyperfine constant ¢» increase
for an increased y»*. The absolute value of ug,; is small compared to the empirical
moment parameter of eq. (40). but this can be enhanced by introducing vector mesons
as indicated in ref. ¥). The dependence of both > and p.> on y is quite similar to
the strangeness case.

In comparing the values of u., for ¥y = 1 given in table 6 with those reported in
ref. ’) (= —0.05 for massless pions and —0.06 for m; = 138 MeV) we notice that
the effect of the last term in eq. (33) is to increase the absolute value of u,; by more
than a factor of 2. However, our calculated values are still much smaller than the
“empirical™ ones. We expect that the inclusion of other degrees of freedom, e.g. vector
mesons, in our effective action can bring some additional improvement in the model
predictions.

The calculated ratios of the baryon magnetic moments to that of the proton are given
in table 7 in comparison with the existing empirical data %'), quark model and bag
model calculations. The magnetic moments given in table 7 can be obtained simply
by putting into the formulas of table 3 the set of magnetic moment parameters shown
in table 8. As mentioned above, the parameters are generally in good agreement with
experiments and/or quark model results for the isoscalar moments even in heavy flavor
sector. On the contrary, the values of u,; and u, > are smaller than the empirical ones
by factor of 3 ~ 5 in the both cases of massless and massive pions. This fact mainly
causes the differences between the predictions of this model and of experiments (or
quark model) for the non-zero isospin baryons.

Among the magnetic moments listed in table 7, those for the cascades that contain
one S-quark and one C-quark require clarification. If one uses the wavefunctions of
the model as calculated in ref. °) for such cascades, i.e., =F, Z°, Z'* and =2, then
their magnetic moments take the following expressions

+

HEF) = = tio + Spsr + Sts2 — 3 (oo + pva + e2)

* On general grounds, as discussed in ref. !9), one expects ¢, to decrease for increasing w;. This
suggests that something may be missing in the model. For the present system it does not seem
too serious, so we shall not pursue this issue any further.
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TABLE 7
Magnetic moments of baryons. SET 1 and SET II are the same as in
table 5. “Quark model” stands for the results of ref. 26) and “Bag model”
for refs. 282%). All moments are given relative to the proton magnetic
moment.

Particle Exp. SET1 SET 11 Quark model Bag model

p 1.00 1.00 1.00 1.00 1.00
n -0.68 -070 -0.63 -0.67 -0.67
A° -022  -0.21 -0.27 -0.21 -0.25
I+ 0.87 1.07 1.10 0.96 0.97
0 - 0.27 0.34 0.29 0.31
- -0.41 -0.54 -042 -0.38 -0.36
I+ - 1.29 1.24 1.13

z*0 - 0.09 0.10 0.13

- - -1.12  -1.04 -0.87

=0 -0.45 -0.58 —0.66 -0.50 -0.56
=- -024 -007 -0.19 ~0.16 -0.23
=+ - 0.49 0.35 0.25

E*- - -103 -1.07 ~-0.75

Q- - -0.63  —0.82 -0.62

A} - 0.11 0.10 0.13 0.18
Sr - 0.98 0.99 0.85 0.70
It - 0.16 0.21 0.18 0.i3
50 - -065 —0.56 —-0.49 -0.44
Tt - 1.62 1.64 1.47 1.40
D ks - 0.40 0.47 0.47 0.48
0 - -0.82  —0.69 -0.53 -0.43
Ry - -C.17  —0.17 -0.04 0.06
=3 - 0.35 0.32 0.29 0.31
Entt - 1.14 1.13 0.93 0.91
ot - -042  -0.35 -0.07 0.07
Qi+ - 0.32 0.30 0.40 0.52
oy - 0.11 0.10 0.13 0.18
=0 - 0.1 0.10 0.13 0.18
I+ - 0.44 0.39 0.26 0.17
Z10 - -0.59  -0.57 -0.41 -0.39
= - 0.81 0.74 0.59 0.55
0 - -0.72  -0.71 ~0.41 -0.36
QP - -0.31 -0.40 -0.32 -0.35
Qo - -031  -0.44 -0.28 -0.28
QF - 0.21 0.23 0.25 0.30

0.0t -0.07 0.06 0.14

R
+
]
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TABLE 8

Magnetic moment parameters relative to the proton magnetic moment.
SET 1, SET II and “Quark model” are the same as defined in table 7.

Us0 Hs Hs2 Uvo 181 Uv2

Exp. 0315 -0.425 - 1.264 -0.334 -
SET 1 0295 -0417 0213 1278 -0.070 -0.055
SET I 0373 -0545 0203 1.219 -0.079 -0.052

Quark mode! 0.333 -0415 0270 1.250 -0.250 -0.250

}!(E?) == %Au&O + %”&l + %ﬂs.l’ + % (svo + pva + #i2) 5

P A

w(ET) = o + 3 (vo + s + 12)

vy ()

#(EL) = dao — 3 (ivo + sy + 2) - (43)

These are significantly different from the corresponding formulas given in table 4*.
Eq. (43) predicts

u(EF) = - 0.72(-0.70, -0.82), 1(E%) =0.13(0.26,0.14),
#(E¥) = 1.71(1.72,1.80), u(E0%) = —083(-1.17,-1.06), (44)

where the number outside of the parenthesis corresponds to using the “empirical”
magnetic moment parameters, the first number inside the parenthesis to the calculated
magnetic moment parameiers ..r my; = 0 and the second to the same for m, =
138 MeV. These should be compared with the quark-model results u(=*) = 0.37,
2(Z%) =037, u(E*) = 0.73 and u(Z0) = -1.07.

The difference between the two can be readily understood by noting that the two
wavefunctions are related to each other by an orthogonal transformation. To see this,
recall the angular momentum coupling of the mesons when two mesons of different
species are involved. In refs. 1), when there are two mesons of different flavors
bound to the soliton, their spins are first coupled to J» = 0 or 1 which is then
coupled 10 the rotor anguiar momentum R to give the total spin. As the rotor wave
function represents the contribution of the light flavor quark q, we will cail this
the ¢(SC) coupling scheme. On the other hand, the quark-model wave functions
for these mixed cascades are consiructed in a different representation. There the S-
quark is first coupled to the light quark ¢ to give J;, = 0 or 1 which is in turn
coupled to the C-quark to give the total angular momentum. We call this the (¢S)C
coupling scheme. Clearly the bound-state model wave function of ref. ?) is a linear

* The use of different wave functions also affects the predicted values of the =, and =! masses.
However the modified values (e.g., 2540 MeV for = and 2596 MeV for E! with the “empirical”
mass parameters) are not so different form those given in tabls 5.
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combination of the quark wave functions, the relation being given by recoupling
(Racah) coefficients*.

Strictly speaking, in the bound state model the baryon wave functions are defined to
O(N?). At this order, both cascade states are degenerate in energy. This degeneracy is
lifted at O(N;"') when rotational corrections are included. However, within our scheme,
this correction is treated only in first-order perturbation theory and consequently
we cannot distinguish between the different linear combinations. There is of course
the possibility of diagonalizing the rotational hamiltonian in the subspace of the
mixed cascades. However, this would require going beyond O(N.!) which would be
inconsistent since effects of order higher than O(N.* ) have been systematically ignored
in the calculation. Therefore - and in order to make a meaningful comparison with the
quark-model results - for the mixed cascades, we perform a linear combination to give
the quark-model representation. The resulting magnetic moments (for the “empirical™
magnetic moment parameters) ar:

p(EX) =0.37(0.37), u(Z'*) =0.62(0.73),
u(Z%) =0.37(037),  u(E®) = - 1.07(-1.13), (45)

to be compared with Lichtenberg’s quark model values in the parenthesis. We now see
that the agreement is equally good in the mixed cascade sector and that the magnetic
moment relation of eq. (39) holds as well. The results given in table 5 and 7 correspond
to this combination of the wavefunctions**.

An interesting observation to make here is that the magnetic moments of the mixed
cascades are very sensitive to the wavefunctions. For instance, suppose we take our
hamiltonian truncated with no K-D interactions and diagonalize it exactly for the
mixed cascades (although it implies going beyond O(N; ') as already mentioned).
Then we obtain

p(EFr) = -050, u(E*)=149, pu(E?)=-067, u(=)=-003.

Although the mixing is small, the effect on the magnetic moments is substantial.
Implications of this sensitivity to the wave functions will be discussed below.

5. Conclusions

It is shown in this paper that the skyrmion description works equally well for
massive-quark baryons as it does for light-quark systems. The effective lagrangian used

* There seems to be some confusion about the symbols used to denote the mixed cascades. As
in ref. 30), throughout this paper, we use the symbol = for the state with the lower mass and Z¢
for the higher mass. In the (¢S)C basis this corresponds to using the symbol = for the state in
which ¢ and S are in the antisymmetric configuration (previously called the A state) and E; for
the one in which they are in the symmetric configuration (previously called the S state). Note
that our notation differs from that of refs. 2627),

** If quark-model wavefunctions are recoupled in the representation corresponding to the
wavefunctions of ref. 9), they give, u(EF) = -0.76, u(Z2) = 0.17, u(Z=+) = 1.85 and

u(E19) = —0.93, close to what we get in our model.
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was the original Skyrme model which consists of the usual current algebra term plus
the quartic Skyrme term supplemented by symmetry-breaking terms that account for
masses and decay constants of the pseudoscalar meson doublets @q containing the
massive quark Q. Implementation of vector meson degrees of freedom is expected to
improve even more on the predictivity of the model.

It is particularly noteworthy that with only two parameters needed for light-quark
(up and down) systems. and masses and decay constants taken from empirical sources,
the model is able to fit not only the masses but also the magnetic moments of strange
and charmed baryons. The agreement with experiments and quark-model predictions
is quite remarkable and suggests strongly that the model is close to nature in its physics
content. At first sight. this is surprising since the skyrmion model looks so different
from the quark description. The crucial feature of the model is that a massive scalar
doublet carrying the flavor quantum number of the massive quark gets bound to and
wrapped by the SU(2) soliton. the quantum numbers arising through topologically
induced transmutation. much as what happens to a scalar doublet in the presence
of a 't Hooft-Polvakov monopole and to diatomic molecules with electrons coupled
to slowly rotating diatoms '®). The dynamics of the model is encoded in the Wess-
Zumino term which controls essentially both fine and hyperfine structure splittings. As
discussed in ref. '®), the essential dynamics can be understood in terms of a hierarchy
of induced gauge (Berry) connections generated in integrating out layers of length
scales.

One potentially important difference between the soliton model discussed here and
the quark models is that while masses are insensitive, the magnetic moments for the
mixed cascades (and only for the mixed cascades) are quite sensitive to the mixing
between differeat flavor components ignored in the model. The wave functions used
in refs. ') lead to magnetic moment predictions for the mixed cascades that are
markedly different from those of the quark models. It should however be noted that in
our model, within the approximations we make, any linear combination of the mixed
cascades will give the same energy to leading order and hence cannot be distinguished
by energy considerations alone. Therefore in comparing with the quark-model results,
we are allowed to rewrite the wave functions of the soliton model in the representation
used in quark models. This is what we have done for the results given in table 7.
The higher-order terms thus far ignored in the model will certainly lift the degeneracy
and could give us unique wavefunctions. Note that the situation is similar in quark
models *'). Experimental data will eventually tell us which pictures are closer to nature.
It may well be that none of the two schemes is correct.

This work was initiated while one of the authors (M.R.) was visiting the Center for
Theoretical Physics of Seoul National University. He wishes to thank the Center and
the Department of Physics for hospitality. Y.O. and D.P.M. would like to acknowledge

encouragements from and helpful discussions with Yoon Suk Koh and Byung-Yoon
Park.
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Appendix A

In this appendix we write down the explicit expressions of the quantities M.y, T

and the hyperfine splitting constants ¢; appearing in eq. (20). They have been derived
elsewhere.

The soliton mass M, is given by the expression
2 in2 .2 - 2
My, =47t/drr2{F—” [F'z + 2sm2F] + -l—,-&li [sm’ +2F"?
8 r 2 r° r
+imiF(1 - cosF)}, (A1)

and the SU(2) moment of inertia Z by

. 2
nF:/drrzsinzF (l + —:;—, (l”'2 + sm,F)) . (A2)
pEx:

3 r

T =

wita

In addition, eq. (20) contains the hyperfine splitting constants c,. The ¢, for K and D
are formally identical, so we quote only the kaon sector

a=1 —Zcm‘/drkz{5‘3-fr2cos2 iF

___2 d H AN -] 21
F [d—'- (rzsmFF) 3sin® F cos 2F]} R (A3)
with the radial function f defined as
. 2
f=14+ -—zl ziz [F'2 + 2511\217] R (A.4)
e Ftl X| r

and the kaon wave functions subject to the normalization condition
2/drr2k2(fw. +A) =1, (A.5)

where the radial function 4 is given by

N. 1 sin®F _,

A=— — F'. (A.6)
22F 1t
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