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Excited states of heavy baryons in the Skyrme model
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We obtain the spectra of excited heavy baryons containing one heavy quark by quantizing the
exactly solved heavy meson bound states to the Skyrme soliton. The results are comparable to the
recent experimental observations and quark model predictions, and are consistent with heavy quark
spin symmetry, However, the somewhat large dependence of the results on the heavy gquark mass
strongly calls for the incorporation of the soliton-recoil effects.
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L. INTRODUCTION

Up to the present, most ground state. charm baryons
containing one ¢ quark, from A} to ©2, have been ob-
served {1]. There has been a lot of effort to find excited
charm baryons and recently experimental evidence for
T3(2530) [2], A2(2593), and A%(2625) {3-6] was reported.
Although their quantume numbers are not identified yet,
the spin parity of the £X{2530) is interpreted as _7 ,
and A7(2593) and A%(2625) decaying to Atxtn ‘are

regarded as candidates for the ;7 = 37 and 7 ex-
cited states, respectively, in accordance with the quark

model predictions [7-12]. The small mass splittings be-

tween 17(2530) and X,(2453) and between A2(2593) and

A7(2625) are consistent with heavy quark spin symmetry
[13,14], according to which the hadrons come in degen-
erate doublets with:total spin j,. = 7, +1 5 (unless j,, the
total angular momentum of the light degrees of freedom,
is zero) in the limit of the heavy quark mass going to
infinity.

On the other hand, the excited heavy baryons have
been extensively studied not only in various quark and/or
bag models [7-12,15] but also in heavy hadron chiral per-
turbation theory [16] and in the bound state approach of
the Skyrme model [17-20]. In the bound state model, the
heavy baryons are described by bound states of heavy
mesons and a soliton [21,22]. A natural explanation of
the low-lying A(1405) is one of the successes of the bound
state approach (23}, where this j* = %_ state is described
by an S-wave K meson loosely bound to a soliton. The
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same picture was straightforwardly applied to the excited

AZ(37) in Ref. [17]. The lack of heavy quark symme-
try in this first trial was later supplied by treating the
heavy vector mesons on the same footing as the heavy
pseudoscalar mesons [22], and a generic structure of the
heavy baryon spectrum of orbitally excited states was
established [18].

However, these works were done under the approxima-
tion that both the soliton and the heavy mesons are in-
finitely heavy and so they exist on top of each other. It is
evident that this approximation cannot describe well the
orbitally and/or radially excited states due to the ignor-
ing of any kinetic effects. In Ref. [19], the kinetic effects
for the excited states are estimated by approximating
the static potentials for the heavy mesons to a quadratic
form with the curvature determined at the origin. Such
a harmonic oscillator approximation is valid only when
the heavy mesons are sufficiently massive so that their
motions are restricted to a very small range. The situa-
tion is improved in Ref. [20] by making an approximate
Schrodinger-like equation and by incorporating the light
vector mesons. In a recent paper [24], we obtained all the
energy levels of the heavy meson bound states by solv-
ing exactly the equations of motion from a given model
Lagrangian without using any approximations. {See also
Refs. [25,26].) In this paper, we quantize those states by
following the standard collective coordinate quantization
method to investigate the excited heavy baryon spectra.

In the next section, we briefly describe our model
Lagrangian and the method of solving the equations
of motion to cbtain the bound states, Then, in
Sec. ITI, we quantize the soliton—heavy-meson bound sys-
tem based on the standard collective coordinate quanti-
zation method and derive the mass formula. The re-
sulting mass spectra of A., &, Ay, and I, baryons are
presented in Sec. IV and compared with the recent ex-
perimental observations and with the quark model pre-
dictions. Some detailed expressions are given in the Ap-
pendix.
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II. THE MODEL

We will work with a simple effective chiral Lagrangian
of Goldstone mesons and heavy mesons [27]:

£ = L3+ D,3D*3t — m} et - La el
+m%. 3@ + fo(PARDL + B A" ST
+1goe (@], x5 + 8545001, (2.1)
Here, £5M is an effective chiral Lagrangian of Gold-
stone pions presented by an SU(2) matrix fleld U =
exp(iT-m/ fr), which is simply taken as the Skyrme model
Lagrangian

2 1
¥ = En@u100) + o T Uta, U UtR,UT,

(2.2)

with the pion decay constant f, and the Skyrme param-
eter e. With the help of the Skyrme term, it supports a
stable baryon-number-1 soliton solution under the hedge-
hog configuration

Uo(r) = expliT - #F(r)], (2.3)

where F(r) satisfies the boundary conditions F(0) = =
and F(oc) =0.

The heavy pseudoscalar and vector mesons containing
a heavy quark ¢ are represented by anti-isodoublet fields
® and &}, with their masses my and mg., respectively.
As an example, in the case of @ = ¢, they are D and D*
meson antidoublets:

& = (D°, D) and ®* = (D*°, D**). (2.4)

The chiral transformations of the fields are defined as

¢ — Lent = heRT,
(2.5)
* 1 1t
&, &7 — BRI, B3AT,

where £ = VU = exp(iT - ®/2fx), L € SU(2), R €
SU(2)gr, and & is an SU(2) matrix depending on L., R,
and &. The field £ defines vector and axial vector fields
as

Vn = %(513,,,{ + {3,,,{*),
(2.6)
A, = %(f*@,@ - 53#51‘)_

Then the covariant derivatives are expressed in terms of
V. as

D,® = (3, +V1), @7

and a similar equation for ®},, which defines the field
strength tensor of the heavy vector meson fields as @, =
D, — D2,

In our Lagrangian, we have a few parameters, f-, e,
Mg, Mg., fo, and gg, which in principle have to be
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fixed from the meson dynamics. We will use the experi-
mental values for the heavy meson masses. In order for
the quantized soliton to fit the nucleon and A masses
[28], the pion decay constant has been adjusted down to
fx = 64.5 MeV (with e = 5.45). However, recently it was
shown that, taking into account the Casimir effect of the
fluctuating pions around the soliton configuration (29],
one can get reasonable nucleon and A masses with the
empirical value of the pion decay constant (~93 MeV).
As for the coupling constants fo and gg, there are no
sufficient experimental data to fix them. What is known
to us is that, in order for the Lagrangian to respect the
heavy quark symmetry, they should be related to each
other as
mae fo/2me: = 1092 =9, (23)
and the nonrelativistic quark model prediction for the
unjversal constant g is —0.75 [27], while the experimen-
tally determined upper bound is g250.5 [30]. We will
take fo and go as free parameters, keeping the relation
(2.8) and the nonrelativistic prediction in mind. The pa-
rameter dependence of the results will be discussed in
detail in Sec. IV. The Lagrangian (2.1) is the simplest
version of the heavy meson effective Lagrangian and one
may include the light vector meson degrees of freedom
such as p and w [26,31] and the higher-derivative terms
to improve the model predictions.

The equations of motion for the heavy mesons can be
read off from the Lagrangian (2.1) as

D,D*®' + mid! = fo4*3]],
- (2.9)
D&t 4 m3. 8 = —fo A" 9" + goe M0 4,81,

with an auxiliary condition for the vector meson fields,

m3. 0,8 = - D, D, & ~ foD,(AY®T)

+ gge" D, (ArB})), (2.10)
which reduces to the Loreniz condition 3“@;* = 0 in the
case of free vector meson fields. To avoid any unnecessary
complications associated with the antidoublet structure
of & and @}, we work with ¥t and ti?;". When the static
hedgehog configuration of Uy is substituted, the vector
and axial vector fields become

V= (V,V) = 0,—ilr x Do),
(2.11)

A% = (40,8) = O, Hor ()7 + 0a(rdér £,

where v(r) = [sin?(F/2)]/r, ar{r) =
as(r) = F' — (sin F)/r.

Then the problem becomes one of finding the classical
eigenmodes (especially the bound states) of the heavy
mesons moving under the static potentials formed by the
soliton field. The equations are invariant under parity

(sin F}/r, and
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operations and the “grand spin” rotation generated by
the operator

K=J+I=L+8+], (2.12)
where L, S, and I are the orbital angular momentum,
spin, and isospin operators of the heavy mesons, re-
spectively. This allows us to classify the eigenstates by
the grand spin quantum numbers (k, ks) and the parity
7. We will denote the set of quantum numbers by {n}
(= {A;k, k3;7}, where #i is a quantum number to dis-
tinguish the radial excitations). For a given grand spin
(k, k3) with parity m = (—1)"='/2, the general wave func-
tion of an energy eigenmode can be written as

1e +},a
8l (r,8) = et (NYS(F),

By1 (v, 1) = etientiph  (mVE(#), (2.13)

* ien * N ~ * +)ra
&xH(r,t) = etonipl (M) VD (#) + 03 () LY (B)
+p5 (1) GV (#)],

where G = —i(f#x L) and 37;52,2 (%) is the (iso)spinor spher-
ical harmonic obtained by combining the eigenstates of
L and 1. The wave functions should be normalized so
that the eigenmodes carry a unit heavy flavor number
(€ = +1 and B = —1). The normalization condition is
given in the Appendix. Note the different sign conven-
tion of the energy in the exponent for the time evolution
of the eigenmodes and that @}(r) [p3(r)] is absent in
the case of k™ = 1¥ (7). Substituting Eq. (2.13) into
the equations of motion (2.9) and the auxiliary condition
{2.10), one can obtain coupled differential equations for
the radial functions ¢(r) and % (r) (¢ = 0,...,3). {See
Ref. [24] for more details.)

Given in Fig. 1 is a typical energy spectrum of bound
heavy meson states obtained by solving the equations nu-
merically with experimental heavy meson masses (mp =
1867 MeV, mp. = 2010 MeV and mp = 5279 MeV,
mp- = 5325 MeV), f, = 64.5 MeV, ¢ = 5.45, and
fo/2ma. = go = ~0.75. We present the binding en-
ergies defined as Ae = myg — . Comparing it with the
energy spectrum obtained in the infinite heavy mass limit
[18], one can see that the “parity doubling” artifact is re-
moved by the centrifugal energy contribution and there
appear many radially excited states. As a trace of the
heavy quark symmetry, the energy levels come in nearly
degenerate doublets with grand spin k+ = ke £ £ (unless
k; = 0) and parity m = (—1)* [18], where K; = K ~ 8¢
with the heavy quark spin Sg. The energy levels are ob-
tained in the soliton-fixed frame, which must be a crude
approximation. The soliton-recoil effects should be incor-
porated in order for the bound state approach to wark
well with heavy flavors. In this work, however, we will
proceed without incorporating the soliton-recoil effects.
We will discuss some possible modifications of the results
in Sec. IV, leaving the rigorous and detailed investiga-
tions {o our future study.
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FIG. 1. Energy levels-of k™ bound heavy meson states ob-
tained with fr = 64.5 MeV, ¢ = 5.45, mp = 1867 MeV,
mp+ = 2010 MeV, mg = 5279 MeV, mp. = 5325 MeV, and
fo/2mas = gg = —0.75. The dash-dotted line is the binding
energy obtained in the infinite mass limit.

III. QUANTIZATION

The soliton—heavy-meson bound system described so
far does not carry any good quantum numbers except
the grand spin, parity, and baryon number. In order to
describe baryons with definite spin and isospin quantum
numbers, we should quantize the system by going to the
next order in 1/N, [21]. This can be done by introducing
collective variables to the zero modes associated with the
invariance of the soliton—heavy-meson bound system un-
der simultaneous isospin rotation of the soliton together
with the heavy meson fields:

&(r,t) = C(t) &o(x) CT(2),

B(r, 1) = Bue(r, t) CH{t), (3.1)

@L(r, t) = @;f,,u(rat) ct (t),

where £2 = Uy and C(2) is an SU(2) matrix. The sub-
script “bf” is to denote that they are the fields in the
body-fixed (isospin comoving) frame. (Hereafter, we will
drop it to shorten the notation and all the heavy meson
fields appearing in equations are those in the body-fixed
frame unless specified.) Assuming sufficiently slow col-
lective rotation, we will work in the Born-Oppenheimer
approximation where the bound heavy mesons remain in
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an unchanged classical eigenmode,
Introduction of the collective variables as Eq.. (3.1)
leads us to an additional Lagrangian of O(1/N.),

Loy =3iTw® +w- 0, (3.2)
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where the angular velocity w of the collective rotation is
defined by
CtC=ir w, (3.3)

and Z is the moment of inertia of the soliton [28]. The
explicit form of @ is

®= f dsr{%({bTV@T — BTy dt 4+ 4Tyt — 3¥Ty &) + L[B* Ty Dd)! — (D'03) Ty &)

~1fo(@T A%y + 35T 2T) — fgoe* @™ {Ty, A7} 2" -

where {A, B}, = AB + BA and

Ty = L(glréo + Lore]) = 1 (r)T + ta(r)Er - &,
(3.5)

Ta E%(fg"fo — EoTE) = ta(r) (T x ),

with ¢1(r) = cos F, t2(r) = 1 —cos F¥, and t3{r) = sin F.
Note that it is nothing but the isospin current of the
heavy mesons interacting with Goldstone bosons (modulo
the sign) as discussed in Ref. [18]

The spin operator J and isospin opera.tor I of the sys-
tem can be obtained by applying the Nother theorem to
the invariance of the Lagrangian under the corresponding
rotations:

I, = Dap(C) Ry, ‘
(3.6)

J=R+be>

where R is the rotor spin conjugate to the collective vari-
ables,

L

R = S Iw + ©. . 3D

Ky is the grand spin operator of the heavy meson
fields (in the 1sospm comoving frame) and Dgp(C)
= ErIT(TaCTbCT)] is the adjoint representa.tlon of the
collective variables. Note that the grand spin operator
plays the role of the spin operator for the heavy mesons,
that is, their isospin is transmuted into a part of the spin.
The physical heavy baryon states with spin parity ™
and isospin ¢ can be obtained by combining the rotor spin
eigenstates and the heavy meson bound states of grand
spin k with the help of the Clebsch-Gordan coefficients:

| i 3™ da)) = 3 (3, ja—ks, ki ks 5, da) | 4593, Ja—ks}
ks

x | @iy ky ka3 Y, (3.8a)

190e (D' @) T 48 + ST, D0},

(3.4)

with k = |7 ~4,|7 — 4 + 1,.
(m]_,mg —7:, —i+ ].
rotor-spin operator Ra,

..yt + j. Here, | ¢;mq,m2}
., %) denotes the eigenstate of the

R?|i;my,ma} = i(i + 1) | i3ma, ma ),

R, | iymy,me} = my | i;my, ma},

(3.8b)

I | 43ma,me} = ma | ima,me),

and | 7i; ko, kg m r} is the single-particle Fock state of the
heavy meson fields where one classical eigenmode of the
correspondmg grand spin quantum number is occupied:

be | ﬁ;k: kg;’ﬂ') = k(k + 1) | ﬂ;k,kg;ﬂ"),
(3.8¢)

K,z | 5k, kay ) = ks | sk, kay 7).

As an artifact of large N, feature of the Skyrme model,
one may have baryon states with higher isospin ¢ > 2. We
will restrict our considerations to the heavy baryons with
i =10 {Ap) and i =1 (,). To be precise, in Eq. (3.8),
one maycilave to sum over the possible &k as

= 3 oy lis js—ka, k. ks | 4, 3)

ko ks
X lzn i3rj3_k3} | ﬁ;k,ka;ﬂ'),

|Ii,i3;jﬁ-) .73»
(3.9)

with the expansion coefficients &y, to be determined by
diagonalizing the Hamiltonian. However, as far as the
heavy baryon states are concerned, the mixing effects are
rather small. It is shown in Ref. [18] that there is no
mixing even when two states become degenerate in the
mg — co limit. {Such a mixing effect plays the most
important role in establishing the heavy quark symrmetry
in the pentaquark baryons [32).) Thus we will involve
only one single-particle Fock state in the combination
(3.8). .

The physical baryons should be the eigenstates of the
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Hamiltonian and their masses come out as eigenvalues.
The Hamiltonian can be obtained by taking the Legen-
dre transformation with the collective variables and the
heavy meson fields taken as dynamical degrees of free-
dom. Up to the order of 1/N,, we have

H=H" 4 H + H !, (3.10a)

where H™ (m = +1,0, —1) is the Hamiltonian of O(NT).
The Hamiltonian of the leadmg order in N, is the sohton
mass [28]:

HYY = M., (3.10b)

and HO is the Hamiltonian of the heavy meson fields
which yields the eigenenergy ¢, when it acts on the
single-particle Fock state | {n}):

H® [{n}) = en [ {n}).

Finally, the Hamiltonian of the order of 1/N, arlsmg from
the cellective rotation is in the form of :

(3.10¢)

H1 R - G))2 (3.104)

27 ( \
We will take the 1/N. order term as a perturbation:

Then the mass of the heavy baryon state (3.8) is obtained
as

| (R—-©)% |47,

(3.11)

1, .
M =) = Msot + &, + ﬁ((m

where £, is the eigenenergy of the heavy meson bound
state involved in the construction of the state |¢; 77 %. If
only one single-particle Fock state | f; k, k3; 7} is involved
in Bq. (3.8), we can write the mass formula in a more
convenient form as

3 1. .
Mij7) = Mol + e + o gf[an(J +1)

+(1 — ¢, )i(i + 1) — e, k(k + 1)]. (3.12)

Here, we have used the Wigner-Eckart theorem to express
the expectation value of @ as

{(nik kg;m | © | Ry k, kg )

= —c Ak, kg | Kor | Ak, kaym), (3.13)
which defines the “hyperfine splitting” constant ¢,. The
explicit expressions for ¢, are given in the Appendix. In
evaluating the expectation value of @2, we have used the
fact that ® is the isospin operator {with opposite sign),
which implies

®% | nyk, kg m) =

3 | ik, kg m). (3.14)

IV, RESULTS AND DISCUSSIONS

As for the Ag baryons that are constructed with the
i = {) rotor spin state and one single-particle Fock state

1609

| A; k=7, ks;m), the mass formula can be further simpli-
fied as
=my + mg + Ae,,

Mg (5) = Mo + &, + (4.1)

8T
where m is the nucleon mass (my = M + 3/8Z) and
Ag,, = g, ~mg. Thus the mass spectrum of Ag baryons
is exactly the same as Fig. 1 with the Az = 0 line replaced
by the my + mg threshold. However, the Ag spectrum
obtained with the parameters of Fig. 1 (set 1) is not at
the level of being compared with experiments. As can
be seen in Fig. 1, the binding energy (~ 380 MeV) and
the mass splitting (~ 200 MeV) between the first excited
A’ and the ground state are too small compared with
the experimental values, ~ 520 and ~ 310 MeV, respec-
tively. However, we can easily improve the situation by
adjusting the parameters within a reasonable range, Ta-
ble I summarizes the parameter sets that we will examine
and the parameter dependence of A, spectra is shown in
Fig. 2.

What we want to have is inore deeply bound states
with wider level splittings, which can be achieved if we
have deeper and narrower interacting potentials in the
equations of motion for the heavy mesons. One way of
obtaining such potentials in a given model Lagrangian is
to take the empirical value for fr instead of f, = 64.5
MeV. Since thie soliton wave function F(7) is only a func-
tion of a dimensionless variable z = efz7 (in the chiral
limit), the functions a;(r) and az(r) appearing in the
potentials scale with the factor ef,. Furthermeore, the
soliton mass M, and the moment of inertia I come out
in the form of [28]

M= Mfr/€ and T = /(€% fx), (4.2)
with dimensionléss quantities M and T that are indepen-
dent of e and fr. If we are to have a correct A-N mass
splitting {3/27}, we have to fix the value of e so that e3 £,
does not change. This condition yields e = 4.82 when
Jr = 93 MeV, which implies that the soliton mass be-
comes. as heavy as 1.4 GeV. We expect that the Casimir
energy of fluctuating pions [29] can reduce it down to
0.87 GeV. In this work, for comparison, we fix the nu-
cleon mass to 840 MeV for all parameter sets. Compared
with f,=64.5 MeV and e=5.45, ef,. becomes 1.3 times
larger and thus the potential becomes deeper and nar-
rower by the same factor. This is shown by the dashed
line of Fig. 3. The change in f, alone (set 2} helps the
gro'und A, mass to come down to 2339 MeV with the

TABLE I. Parameter sets.
quantities are dimensionless.

Fr is in MeV and the other

fr e ge Sq/2me-
Set 1 64.5 5.45 —0.75 -0.75
Set 2 93.0 4.82 —0.75 ~0,75
Set 3 64.5 5.45 . —0.92 —0.92
Set 4 93.0 . 4.82 —0.81 —0.81
Set 5 93.0 4,82 -0.70 —0.85
Set6 - 93.0 4.82 —0.65 ~0.65
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FIG. 2. Parameter dependence of A; mass spectrum.

A*-A. mass difference being 270 MeV,

Another way of improving the results is simply to take
a larger |gg| value (putting aside the experimental up-
per limit on |gg| for a while), which makes the potential
deeper. The dotted line in Fig. 3 is that obtained by
varying go and fo/2ms- to —0.92 while keeping fr=64.5
MeV (set 3). Surprisingly, this nearly 20% change in cou-
pling constants results in about 50% enhancement in the
binding energy, while the mass splitting is not so much
improved compared with that of set 1. In the same way,
we take the empirical value for fr and vary gg so that
the ground A. mass becomes close to the experimental
value, which is achieved with gg ~ —0.81 (set 4). This
parameter set yields a comparable A, mass spectrum to
the experiments, which looks quite encouraging. Fur-
thermore, if we break the heavy quark spin symmetric
relation fo/2mp. = gg between the two coupling con-
stants, we can obtain more realistic mass splitting be-
tween AX(37) and AZ(27). As an example, we choose
gg = —0.70 and fg/2mp. = —0.85 with fr = 93 MeV
(set 5). Unfortunately, these coupling constants are not

0.0 =
(GeV)
-0.2 .
0.4 m
-0.6 Set 1 ~
Set 2
-0.8 Set 3 B
-1.0 -
PR T OO DOV U T U S A S WO VAN N N TN OV YO P W A W
0.0 0.5 Lo 1.5 2.0 2.5
r (fm)

FIG. 3. Shape of $gg[e1(r)—az(r)] with various parameter
sets.
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close to the recent estimates of —0.2 ~ —0.5 [33]. We
regard this fact as an indication of the important role of
higher-order corrections such as light vector mesons.

In Fig. 4, we present our results on the A, spec-
trum {(obtained with parameter set 5) together with the
experimental values and the other model calculations;
SM (Skyrme model with the heavy pseudoscalar mesons
only) [17], QM1 (quark model) {7], QM2 (8], and QM3
{9]. Our result can compete with the quark model cal-
culations quantitatively. Especially one can notice that
it is much improved compared with the first trial, SM
[17], i the Skyrme model. One may improve the result
by adjusting all the parameters for the best fit. What
we have done in this work is just to vary two coupling
constants around the values given by the nonrelativistic
quark model prediction and the heavy quark symmetric
relation, ie., fo/2msg. = go = —0.75. As for the other
parameters, we used the empirical value for f; with e
being fixed by the A-N mass splitting, and experimental
values for the heavy meson masses.

Given in Fig. 5 are the spectra of I, of our prediction
(obtained with set 5) and the other model calculations.
As a reference line, the ground state of A, is adopted.
Our result is again comparable to the others. However,

Mty
i 3 2669 1
(GeV) Y7 S —
] P 12653 % 2625
2505 T 2630° i P
26 32— —— i -._-_2590-_. —
12— i : ; 2593
i 25683 i k : .
L5 2501 R
i [— 2510 1
24 2399 7
. C 2289 1282 i
172+ , . —
| 2265 | 2260 . 2285
22k i N
Set5 SM QM1 QM2 QM3 Expt.

FIG. 4. Mass spectrum of A.(j7). The results with set 5
are presented. For a comparison, we use the experimental
nucleon mass in set 5. The predictions of other models, SM
(Skyrme model with only pseudoscalar heavy meson) [17],
QM1 (quark model} {7}, QM2 {8], and QM3 [9] are also given.
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FIG. 5. Mass spectrum of T (7). Notations are the same
as in Fig. 4. -

the splitting between I} [S.(2")] and T, appears too
small compared with the experimental data. Note that
the same is true for the quark models except QM2, It is
also interesting to note that one cannot improve this sit-
uation simply by making the hyperfine constant ¢ larger
in any way. By eliminating ¢, and T in the mass formula
(3.12), we obtain a model-independent relation

mg, —my, = (ma —my) = Fimg, —my ). (43)
{The same model-independent mass relation holds in the
nonrelativistic quark model of De Rijula, Georgi, and
Glashow [34].) Thus, when our model successfully repro-
duces all the experimental values for my, ma, my,, and
ms,, we get

myg. — My~ 40 MeV (4.4)

as our best prediction. It is only half of the value evalu-

ated with the recent L3(2533) [2].

We present the A, mass spectrum obtained with this
parameter set in Fig. 6 with the other model calculations.
The parameter set used for the charm baryons does not
work well in the bottom sector; set 5 yields the ground A,
mass as 5492 MeV which is ~ 150 MeV below the experi-
mental value. We may repeat the same process of varying

the go (keeping the empirical value 93 MeV for f,) to fit

the Ay mass of 5641 MeV. We also expect that the heavy
quark symmetry relation (2.8) holds well in the bottom
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FIG. 6. Mass spectrum of A,(77). The predictions of set 5
and set 6 are presented with the results of SM (17], QM1 (7],
and QM3 [9].

sector. This process leads us to gg = fo/2mp. = —0.65
(set 6). The results with this parameter set are also given .
in Fig. 6. The mass splitting (~ 180 MeV) between the
excited A} and the ground state A, appears much smaller
than that of the A, given in Tig. 4, while the quark
model calculations show nearly independent mass split-
tings whether the heavy constituent is a ¢ quark (~ 370
MeV) or a b quark (~ 330-390 MeV). Together with
the differences in coupling constants fitting the charm
baryons and the bottém baryons, this apparent differ-
ence in the mass splitting is certainly at odds with the
heavy quark flavor symmetry. Such a heavy quark flavor
symmetry is expected to be somehow broken because of
the mass difference between the ¢ quark and b quark.
However, since both are much heavier than the typical
scale of the strong interaction (Aqcp ~ 200 MeV), the
actual amount of symmetry breaking in nature that oc-
curs at the order of Agcp/mg would not be so large.
Such behavior can also be seen in the ¥ spectrum
given in Fig. 7. Since there are no experimental data for
the ¥ baryons, we can oanly compare our results with
the quark model predictions. Omne can find that the mass
splitting between the ground A, and the Eb(—y—) is 180-
190 MeV, which is comparable to the quark model predic-
tions. Also the small mass splitting {~ 10 MeV} between

25(%+) and 21,(§+) is still consistent with the quark
model predictions. However, as in the Aj, spectrum, the
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excitation energy {~ 170 MeV) of £5(5 ) again appears
smaller than the quark model values (~ 280 MeV).

It may be the ignoring of the soliton-recoil effect in
our work that causes the larger breakdown of the heavy
quark flavor symmetry than what is actually implied
in the model. In order to see this, let us go back to
Fig. 1. We can see that the kinetic effect reduces the
binding energy of the lowest D (B) meson bound state
by 410 (240) MeV from its infinitely heavy mass limit
Agse = —3gF'(0) ~ 790 MeV [24]. Note that the ratio
of the kinetic effects (410/240 ~ 1.7) and the ratio of
energy splittings between the first excited state and the
ground state (~ 300/200) are very close to the square
root of the (inverse) mass ratio (v/2.6 ~ 1.6). One can
easily understand this feature in the harmonic oscilla-
tor approximation. Thus, in our working frame, the fact
that B mesons are 2.6 times heavier than D mesons be-
comes directly reflected in the results. A simple way of
estimating the soliton-recoil effect is to use the “reduced
mass” of the soliton-heavy-meson system, as discussed
in Refs. [20,24]. With the soliton mass about I GeV, the
reduced masses of the I mesons and B mesons become
~ 2/3 GeV and ~ 5/6 GeV, respectively. Then the use
of these small reduced masses can widen the energy split-
tings and their small ratio ~ 5/4 will not break the heavy
quark flavor symmetry so seriously. (See also Fig. 4 of
Ref. {24].) On the other hand, it will require stronger
potentials to overcome the larger kinetic energies, which
should be supplied by including the light vector mesons
and/or higher-derivative terms into the Lagrangian [31].

In summary, we have studied the heavy baryon spec-
trum in the bound state approach to the Skyrme model
by using the exactly solved heavy meson bound states of
a given Lagrangian. Our results are quelitatively and/or
gquantitatively comparable to the experimental observa-
tions and the quark model calculations in the charm
and/or bottom sector. The nearly degenerate doublets
in the spectrum are consistent with the heavy quark spin
symmetry, and our work shows a great improvement com-
pared with the first trial {17] of this model. However, the
absence of the soliton recoil in our framework breaks the
heavy quark favor symmetry more than the model really
implies. To be consistent with both the heavy quark spin
and flavor symmetry, such a soliton-recoil effect should
be incorporated into the picture.
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APPENDIX

In this Appendix, we present the normalization con-
dition of the heavy meson fields and the explicit form
of the hyperfine counstants. As discussed in Sec. II, the
heavy meson fields are normalized to give a unit heavy
flavor number. For a given grand spin k& with parity
T = (-—-1)““‘:1/ 2. this condition can be written explicitly
as

1= /d'"‘z{%n[lsﬂ2 + 121 + Axled)® + Axled]?)

¥* * 1
+os ot + 0T ed) + (wal el + w3l ob)vns + (05 0s + wilel) (; + '}';v) Ar

—galleiles + o3lohains + (01T0y + o5 eDarus + 037 (a1 + a2

+H3 (a1 + ag)pz + (113 + w;*so;)aw;]},

(A1)
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where the constants Ay, g4, and 1+ are written in terms of & as

M= (k= 1/2)(k+1/2), A= (k+1/2)(k+3/2),

pe=k-1/2, p=—(k+3/2), (A2)
Yo = /A = Y(k+1/2), 7o = pofAe = ~1/(k +1/2) .
- The ¢ value defined in Eq. (3.13) can be written as
(fisk, ks m = (—1)FF2{ © [ Ay b, kay 7w = (—1)F*17)
+ & nay(E + ny(FE ) (F)
=c7 aﬁk??’ :Eks) te yi(ckg)TLyI(cka) + ngx(cka) Gk,
= wea(fisk, kgym = (~1)FEY2 | Kg | Asky kaym = (~1)451/7), (A3)

where the functionals ¢}, ¢7, and ¢} are obtained by inserting Eqgs. (2.11), (2.13), and (3.5) into Eq. (3.4). Their

explicit expressions are:

“= fdrf’z{sn(|<p|2 + @1 12) (t1 + 2) + €l [(ts + £2) A + topts] + Enlod[P[(t1 + t2) A5 + tzpiz)
+en(erl e+ oxTebna + Mot Tt + ot ol )t + t2)
1
+1{etos + w3lor) [U[(t1 +t2)As + topeslys + (; + v'y;) ,u:t]

* * * * 1
#3058 +5108) [rans + (w12 ) [+ ke + ]

—290(p3T0% + 05T 03) (a1 + az)(ts + t2) Ay — 29 (ps ke + ks Mo

—Lgo(o3ths + kL odtapa + Loo (e ks + klo3)ta(2 + pa -%QQ(¢§Tk3+k§€P§)t3Mi}, (Ad)

g = fdrrz{en,¢lzt27¢ + en|0i 1P (2t + t2)7F +2nl@hPtave (1 — Ax —~ ps)
tenl@3 (20 + todng — tovapg] + e (s 05 + 05 031 — vanz) — Soh et + i ei ) (2t A+ ta)vs
+ 13 on + 03T en) [vta(l = Ax — pa)y + (& -
3o @3 + ©a g) [vta( £ = B )VE + ; +vve ) (1= yrpa)

* * * * 1
+%(‘190T(P3 + ‘PsT‘Po) [’U’Y:t(l — YeHz) + (; + ’U’Y:F) [(2¢1 + t2) s — tz’)’i#?]]

—1faletes + viloitavs — 1golwiles + el elaitive ~ oo (e} + e3TeDart (1 + 72)

—390lle3|® + @52 (1 + y2)] (01 + a2} (t1 + £2) — Loo(p3lwh + 031wl (a1 + az)(ts -+ t2) s

+3g0(01 ks + kjwl)tsvs + 190 (p3ths + kSo3)ta(1 + v£)(1 + ux)
+ig0(es ks + ESwp)ts (1 + pea)ve — %gq(w?kz + koDt (2 + padre

+Ligo(wstks + klodta[l + pa(1+ ’Y:I:)]}v (A5)
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o = fd?‘rz{enlwlzfz'm + eal0112 (281 + t2)vx + enlsiPta[l + 45 (1 - Ax — pa)]

1 _xs

—eal3 (2t + to)pz + talveer — V)] +enl03' 05 + 0303 v e + 300 T0T + 01708 ) (261 + t2)y

+1 (3T 05 + 03 0h) [vtzll sl = Ax — pa)ys + (; + mf:p) ’Y:t#:i:]

1
+1(pgles + ooy [U’Yiﬂi - (; + vvzp) (21 +t2) s + tolvpps — 1)]]

+1ifoletel + volo)tare — 1ga(elel + w5 etast (14 vz)
+igolert ol + estelative + Lgolesl*(er + az)(ty + 42)7e

—Loo(eslos + sty

3)(ax + az)(ts + t2)(1 — ) — Lol ke + ko] )tare

—Lgq(esthy + klw3)talve + pr (1 +v2)] — 2oo(ws ks + klos)ta[ya (1 + ps) — 1]

+19q(ws k2 + Kle3)tall + v (2 + )] -

The functionals ky, ko, and k3 are defined by

D x &1 = ifky (r) $V5) + ko(r) LVLE + ks(r) GV,
(A7)
which gives
* 1 *
k1= —p3 (; +'U'7:i:) Ar — 3V,
* 1 *f 1 *
k2 = ) POULAC Bl § 2 et 23 (A8)

* */ 1 *
ks = pivye — |92 + -3 ).

To obtain those formulas, we have used the conjugate
form of Eq. (2.13):

3(r, t)=e —iet f(,,.)y(i)'f( ),

By(r,t) = —e iyl (rVIP(E),

B*(r,t) = e [}t () VT () £ + 03T () VE(#) L

Al )y,fz?*( B(G-20)],  (A9)

where all the operators act on the right-hand side.

Then from Eq. {A3), we can write ¢, as
1
Cn = Hms kg el 7| s B o)
VE(k + 1){(2k + 1){ {
g {ni k; w||Liin; ks )

+¢5 (n; ks wl| Glln; ki) b, (A10)

where the “reduced matrix elements” are calculated as

ﬁQQ(ﬂr’;Tks + k:‘;‘f’g)fs(l + 'Y:l:)/-":l:}-

(A6)

[
(ks = (—1) 2y = (—1)H/2)

_ (k+1)(2k + 1)
\/Wk‘ )

YU
o [k(2k+1)
V¥ k+1
DLk = (—1)F172)

1 /(k+1)l(c2k+1),

{ksm = (=1)* 27|y = (-1

{kim = (=

(ki = (1)L = (-1)2)
N /k(zk + 1
*3) k41
Ak = (_1)k+1/2”GHk;ﬂ, — (_1)k+1/2>
i3y, [ 2EtL
T 2(k+2) k(k-l-l)’
(s = (—1F 2GRy = (—1)+2/2)
2k+1

= %(k— i) ma

(A11)

and the others are zero.
As a specific example, the ¢ values for the k™ = —é-
states are given below:

H.
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cy+ = /drr2{§81+[|<p|2(—t1 + t2) + 2 (Bt + t2) ~ 2|32 (f1 + £2)]
2 2

+3 (et 0t + 01103 ) (3t +t2) + E(ppl 03

+ @3 pg)v(ts + t2)

1 *
+2 foletes + w5l )ts + 290(or vt + w3101 [a1t1 +2 (— - v) ta] — 2g90l031* (a1 + a2)(tL + tz)},

and

Ci
H

%( *JT *

*1‘*

@0 ¥1+ Pl ‘Po’)(—tl +t2) ~ {pp s

(A12)

- = /d’f’fz{g 1 -Uel?(3t1 + t2) + @12 (—t1 + t2) — 2|03 | (81 +12))]
2

+ 5t 0p) (" ""U) (t1 + £2)

—2foletpy + w5 o)ts — ag(etlel + 03t (aits — 2uts) — 2g0lei[*(ar + az)(tr + t2) } (A13)

11] Particle Data Group, L. Montanet ef aol, Phys. Rev. D
50, 1173 (1994).

{2] SKAT Collaboration, V. V. Ammosov et al., Pis'ma Zh.
Eksp. Teor. Fiz. 58, 241 (1993) [JETP Lett. 58, 247
{1993)).

[3] ARGUS Collaboration, H. Albrecht et al., Phys. Lett B
317, 227 (1993).

(4] E687 Collaboration, P. L. Frabetti et al., Phys. Rev. Lett.
72, 961 (1994).

[5] CLEO Collaboration, D. Acosta et al., in Lepton and
Photon Interactions, Proceedings of the 16th Interna-
tienal Symposium, Ithaca, New York, 1993, edited by
P. Drell and D. Rubin, AIP Conf. Proc. No. 302 (AIP,
New York, 1994); CLEO Collaboration, M. Battle et ol.,
bid.

(6] CLEQO Collaboration, K. W. Edwards et al., Phys. Rev.
Lett. 74, 3331 (1995).

[7] 8. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986).

[8] L. A. Copley, N. Isgur, and G. Karl, Phys. Rev. D 20,
768 (1979).

[9] C. S. Kalman and B. Tran, Nuovo Cimento A 102, 835
(1989).

[10] C. S. Kalman and D. Pfeffer, Phys Rev. D 27, 1648
(1983); 28, 2324 (1983).

[11] K. Maltman and N. Isgur, Phys. Rev. D 22, 1701 (1980).

{12] J. L. Rosner, Comments Nucl. Part. Phys. 21, 369 {1995).

[13] M. B. Voloshin and M. A. Shifman, Yad. Fiz. 45, 463
(1987); 47, 801 (1988) [Sov. J. Nucl. Phys. 45, 292
(1987); 47, 511 (1988)]; N. Isgur and M. B. Wise, Phys.
Lett. B 232, 113 (1989); 287, 527 (1990).

[14] N. Isgur and M. B. Wise, Phys. Rev. Lett. 66, 1130
(1991).

[15) D. lzatt, C. DeTar, and M. Stephenson, Nucl. Phys.
B199, 269 (1982).

[16] P. Cho, Phys. Rev. D 50, 3295 (1994),

[17] M. Rho, D. O. Riska, and N. N. Scoccola, Phys. Lett. B
251, 597 (1990); Z. Phys. A 841, 343 (1992).

[18] Y. Oh, B.-Y. Park, and D.-P. Min, Phys. Rev. D 50, 3350
{1994).

[19] C-K. Chow and M. B. Wise, Phys. Rev. D 50, 2135
(1994).

[20] J. Schechter and A. Subbaraman, Phys. Rev. D 51, 2311
(1995).

[21} C. G. Callan and I. Klebanov, Nucl. Phys. B262, 365

(1985).

[22] E. Jenkins, A. V. Manohar, and M. B. Wise, Nucl. Phys.
B396, 27 (1993); E. Jenkins and A. V. Manohar, Phys.
Lett. B 294, 273 (1992); Z. Guralnik, M. Luke, and A.
V. Manohar, Nucl. Phys. B390, 474 (1993); M. Nowak,
M. Rho, and 1. Zahed, Phys. Lett. B 303, 130 (1993); H

- K. Lee and M. Rho, Phys. Rev. D. 48, 2329 (1993); K. 8.
Gupta, M. A. Momen, J. Schechter, and A. Subbaraman,
ibid. 47, 4835 (1993); A. Momen, J. Schechter, and A.
Subbaraman, ibid. 49, 5970 {1994); D.-P. Min, Y. Oh,
B.-Y. Park, and M. Rho, Int. J. Mod. Phys. E 4, 47
(1995).

[23] K. Dannbom, E. M. Nyman, and D, O. Riska, Phys, Lett.
B 227, 291 (1989); C. L. Schat, N. N. Scoccola, and C.
Gobbi, Nucl. Phys. A585, 627 {1995).

(24] Y. Oh and B.-Y. Park, Phys. Rev. D 51, 5016 (1995).

[25] Y. Oh, B.-Y. Park, and D.-P. Min, Phys. Rev. D 49, 4649
(1994).

[26] J. Schechter, A, Subbaraman, S. Vaidya, and H. Wejgel,
Nucl. Phys. A590, 655 (1995).

[27] T-M. Yan, H.-Y. Cheng, C.-Y. Cheung, G.-L. Lin, Y. C.
Lin, and H.-L. Yu, Phys. Rev. D 46, 1148 (1992).

(28) G. 8. Adkins, C. R. Nappi, and E. Witten, Nucl. Phys,
B228, 552 (1983).

[29] B. Moussalam and D. Kalafatis, Phys. Lett. B 272, 196
(1991}); G. Holzwarth, Nucl. Phys. A572, 69 (1994); G
Holzwarth and H. Walliser, ibid. A587, 721 (1995).

[30] ACCMOR Collaboration, 3. Barlag et al., Phys. Lett. B
278, 480 (1992); CLEO Collaboration, S. Butler et al.,
Phys. Rev. Lett. 69, 2041 (1992).

[31] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R.
Gotto, F. Feruglio, and G. Nardulli, Phys. Lett. B 292,
371 (1992); 299, 139 (1993); P. Ko, Phys. Rev. D 47,
1964 (1993); J. Schechter and A. Subbaraman, ibid. 48,
332 (1993).

[32] Y. Oh, B.-Y. Park, and D.-P. Min, Phys. Lett. B 331,
362 (1994).

(33] P. Colangelo, G. Nardulli, A. Deandrea, N. Di Bar-
tolomeo, R. Gatto, and F. Feruglio, Phys. Lett. B 339,
. 151 {1994); P. Jain, A. Momen, and J. Schechter, Int. J.
Mod. Phys. A 10, 2467 (1995).

[34] A. De Rijula, H. Georgi, and 8. L. Glashow, Phys. Rev.
D 12, 147 (1975).



	I. INTRODUCTION
	II. THE MODEL
	III.QUANTIZATION
	IV. RESULTS AND DISCUSSIONS
	ACKNOWLEDGMENTS
	APPENDIX

