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Abstract. The strong decays of the heavy baryons X

— Agm are studied by combining the chiral dynam-

ics and the MIT bag model. In the charm sector, we calculate the decay widths I” (Eé*) — A7) and compare
these with the experimental data and other theoretical estimations. In addition, we also predict the strong

decay widths F(Eé*) — Apm).

1 Introduction

The two exotic relatives of the proton and neutron Eé*H

(buw) and Eé*)_ (bdd) were discovered by the CDF collabo-
ration at Fermilab [1]. Their masses are M+ = 5808759 +
b

LTMeV, Mg— = 5816115+ 1.7MeV, Myt = 5829115+
b b
1.7MeV, and M .- = 583773+ 1.7MeV. Due to the

b
mass of the bottom baryon A9, 5624 + 9 MeV [2], the mass
differences M _(.) — My, are all larger than Mz; thus the

dominant decagf modes of these exotic bottom baryons
are the strong decays X"’ — Aym, which are similar to
the ones of the charm baryons 2% 5 Ar. In this pa-
per, we will combine the chiral dynamics and the MIT
bag model to study the strong decays of the heavy baryon
Eg) — AQ?T.

The light quark contribution to the QCD Lagrangian,

Ly=q(iD—my)q,

has an approximate SU(3)z x SU(3) g flavor chiral symme-
try, because the current quark masses are all very small on
the typical hadron energy scale. It became known early on
that this symmetry must be spontaneously broken by the
QCD vacuum, so that the physical spectra of the hadrons
made up of light quarks have only SU(3)r,+r symmetry.
Moreover, due to spontaneous breaking of the chiral sym-
metry, there exist eight pseudoscalar bosons (called Gold-
stone bosons, which include three 7, four K, and one 7).
Their couplings to the hadrons at low energies are deter-
mined by partial conservation of the axial-vector current
(PCAC) and by the current algebra. The chiral proper-

(¢=wu,d,ands), (1)
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ties of a heavy hadron is dictated by its light quark con-
tents. For the heavy baryon, a heavy quark @ will com-
bine the two light quarks to form baryons, Qqiq>. How-
ever, the two light quarks can form a symmetric sextet
or an antisymmetric antitriplet in flavor SU(3) space. For
the ground state baryons, the SU(3) symmetric sextet di-
quarks have spin 1, whereas the SU(3) antisymmetric an-
titriplet diquarks have spin 0. Thus for the SU(3) sym-
metric sextet there are both spin 3 baryons (Bs) and
spin 2 baryons (Bg). For the SU(3) antisymmetric an-
titriplet there are only spin 1 baryons (Bz). Once the fla-
vor SU(3) contents of these heavy baryons are determined,
their couplings to the Goldstone bosons can immediately
be written down following the standard formalism of chiral
dynamics.

The MIT bag model [3,4] is a simple relativistic model
of hadrons, which is consistent with some of the essen-
tial features of QCD, namely confinement, gluon degree
of freedom, and gauge invariance. It has been applied to
the description of the hadron spectroscopy [5,6] and vari-
ous transitions for which the momentum transfers are not
large [6]. The greatest success of the MIT bag model lies in
its description of ground state hadrons, formed with light
quarks, where the agreement with the experimental data is
remarkable.

The paper is organized as follows. In Sect. 2 we re-
view the basic MIT bag model formalism and construct
the heavy baryon wave functions. In Sect. 3 we consider
the dynamics of heavy baryons interacting with the Gold-
stone bosons. We discuss the chiral properties of the
heavy baryons and derive the chiral Lagrangian involv-
ing heavy baryons. Applications and numerical results
for the strong decay widths of some heavy baryons are
worked out in Sect. 4. Finally, our conclusion is given
in Sect. 5.
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2 Formalism of MIT bag model
for heavy baryon

The MIT bag model is essentially a relativistic shell model
that describes quarks moving independently inside a con-
fining spherical cavity of radius R. The bag Lagrangian for
quarks only is

Coms = { 5 (940,00 0, 070] — bt~ B 60(0)
—SIAL), @

where m is the quark mass, Oy(r) = 0(R—r), As(r) =
(R —r), the constant B is the volume energy density,
which comes from the work done against the QCD vacuum
in creating the cavity, and finally a surface term is added to
Lag so that the quarks move as if they had an infinite mass
outside the bag [7].

The Euler-Lagrange equations of motion are

(78, —m)p =0

iyt =
nuﬁl‘(d_ﬂb) =2B

inside the bag, (3)

} on the bag surface,  (4)

where n,, is a covariant inward-pointing vector normal to
the bag surface, n, = (0,—7) for a static spherical bag.
From (3), we see that the Lagrangian density (2) yields
a free Dirac equation inside the bag as expected. The
quadratic boundary condition (the second line of (4)) re-
quires that only j =1/2 modes can be excited within
a static rigid bag. Consequently only the S and P (I =0,1)
orbital angular momenta are allowed, and the single par-
ticle excitation spectrum consists of two classes of states
with total angular momentum j = 1/2, namely nS; /, and
nPy 5 (n is the radial quantum number). Explicit expres-
sions for these solutions are [6]

UO — NO . e_i“’t, (5)

n n

and

(25%) i1 (Xngg) 07 x
(45%) Jo (Xngz) X

£
—
Il

&

where the normalization coefficients N2, N} are fixed by
the integral | R ¥Tpd3r = 1, and jy and j; are the spherical
Bessel functions

sinx sinx cosz

Jo(z) = z Ji(z) = 2 z (7)

x is a Pauli spinor, X,, is the quark’s momentum times R,
and w is the eigenenergy given by

w:<W+§) (8)
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The eigenvalue equations can be derived by substitut-
ing (5) and (6) into the first line of (4). For u?, we get

(2 ) (V)

o 0\ =y () B (Ka)er

B \/(M—Tm)ijo(Xn)) o
— (=) i (X)or )

which leads to
w+m
Xn) = jo(Xn), 10
)=/ (52 sotx) (10)
and finally
tan X, = Xn . (11)
1-mR—+/m2R?+ X2

The corresponding eigenvalue equation for the ul mode is

Xn
1-mR+/m?R2+ X2’

When m — 0, (11) and (12) yield the transcendental equa-
tions

tan X,, =

(12)

Xn

tan X, = ——.
an e

(13)

Some of the low lying solutions to (13) are listed
in Table 1 [8].

After solving the bag equations of motion inside a cav-
ity, we can expand the second quantized light quark field
operator 1, (x) in terms of the quark eigenmodes,

Pe(z) = Z brimUnim (r,t) + djllmvnlm(r, t) (14)

nlm

where b, is the canonical quark annihilation operator

and d;lm is the antiquark creation operator. These opera-

tors satisfy the usual anticommutation relations, namely
—- = $dpim, d! = Gt 1110
nlms Oy 1/ nlmy Q1117 nn’ Ol Omm/ »
(15)

with the other ones equal to zero. We can then readily con-
struct a state of the heavy baryon with spin .S:

|B&' Y =C(S, Sz, 51,82, 83) |a7 (51)a5" (s2)Q(s3))
(16)

Table 1. Bag model eigenmodes for a massless quark

State
Xn

2.043

3.812

5.396

7.002

8.578

10.163
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where C(S, 5., s1, $2, s3) is the familiar Clebsch—Gordan
coeflicient. Each light quark is in a triplet,

g=| d
S

(17)

of the flavor SU(3) group. Since 3® 3 = 6@ 3 and the lowest
lying light quark state has n =1 and | = 0 (S-wave), there
are two different diquarks: a symmetric sextet (s; + s =1)
and an antisymmetric antitriplet (s1 + sz =0). When the
diquark combmes with a heavy quark, the sextet contains
both spin 1 (Bs) and spln 3 (Bg) baryons, and the an-
titriplet contams only spm = (B3) baryons. Explicitly, the
wave functions of the spin 5 B6 baryons are

\[ )| 1)@ 4)
\ﬂuu\fm )+IR 1,
!EM:\/;\/;(|ud>+|du>>m>|cw>
—@@uwwm»

<300+ DI,

Z'+1

14\ _|y+1
¥q T>_ >Q T>(1ﬁd) ’
E/Q+1/2 1\> = |Eg? T>(d—>s) ’
=/—1/2 _ | zr1/2
e T> e >(u—>d) ’
Qo1 =| D5 , 18
20 t)=|55"1) ., (18)

where the superscript denotes the value of the isospin
quantum number 3. An asterisk on the symbol will denote
a corresponding spin 3 baryon:

‘E*“1> \ﬂuumm
o2y 2010+ 1 11@ ),
£83) =/ 300+l i@ b
2 S+ )

x \g(lwwuﬁ)@ﬁ,
g

(u—d)

o121\
55 =18 D

,:/*+1/2 l>
@ 2 (u—d) 7

795

(19)

%3)=|55"3)
2 2 (u—>s)

As to the wave functions of the spin % B3 baryons, they are

[Ag 1) = \/g(lud> - IdU>)\/I(| TH=1MIR 1,

—+1/2 .\ _ =—1/2 .\ _ | =+1/2
=9 T> = |/1Q T>(dﬁs) ) T> = |=Q T>(uad)
(20)
We may use the decomposition
1 1
Q13925 = §(q1iq2j +q15q2i) + 5((]11(]23' —q17G2i)
1

= (Be)ij + —=(B3)ij 21
(Bs)ij \/5( 3)ij (21)

to assemble the sextet and the antitriplet in a systematic
and an antisymmetric 3 X 3 matrix, respectively:

+1 1 y0 1 =/+1/27
2q 720 VT /
_ 1 0 —1 1 =/—1/2
Bg = oLl 25 %55 . (22)
1 _/+1/2 1 =i—1/2
e T 7% o ]
—+1/2 7
0 A  F3Y
By = —Ag 0 s (23)
_551/2 =-1/2 0 |
and a matrix for Bg
*+1 1 %0 1 =/+1/2
2q 7#Ye EEa /
* _ 1 ys0 x—1 1 =rx—1/2
1 tl/20 1 =rx—1/2 0
V2R 2~ Q

3 Chiral dynamics of heavy baryons

Before discussing the interaction between the heavy baryons
and Goldstone bosons, we will first summarize the case
of Goldstone bosons interacting among themselves [9—11].
The chiral symmetry is nonlinearly realized by using the
unitary matrix

¥ =AM/ V2 (25)

where M is a 3 x 3 matrix for the octet of Goldstone
bosons:
0

TN + +
NV K
M= ™ I+l KO (26)
K~ K©° —\/gn

and f =93 MéV is the pion decay constant. Under SU(3) .,
xSU(3) R, X transforms as

Y Y =LXR'. (27)



796

Hence the lowest order Lagrangian for the Goldstone
bosons is
f2

L= Z”TrauETa“E. (28)
In order to facilitate the discussions of the Goldstone
bosons interacting with the heavy mesons, we introduce
a new Goldstone-boson matrix £ = £/2, which transforms
under an SU(3) 1, xSU(3) g as follows:

¢ — ¢ =LeUT =UERT, (29)
where U is an unitary matrix depending on L, R, and M,
so that it is no longer global. Now with the aid of &, we
construct a vector field V,, and an axial-vector field A,,:

% (10,6 + €0,81) | (30)
(10,6~ €0,e) (31)
with the simple transformation properties
V=V, =UV,U +Ud,UT, (32)
A, — A, =UAU". (33)

The chiral transformation of ¢ is given in (26), which is
however not convenient for our purposes. By means of the
following field redefinition [12]:

aw—E&a, ar—Ear, (34)
the light quarks can be made to transform simply as
q—q¢ =Ugq. (35)

and the chiral transformations of the heavy baryons in (22)
and (23) can be established as
Bs — By =UBsU"T,
B; — By =UBzU",
and the covariant derivatives under chiral transformations
for Bg and Bj are
D, Bs = 8,Bs+ V,Bs + BsV,"
Dy B3 =0,B3+V,B;+ B3V, .

Similar equations hold for B§ and D, B§. Then the chiral-
invariant Lagrangian is

L = te[B(i ~ My) By + STr(B5(i D — M) B
+ Te{ B[~ (12 — Mg) +i(vu Dy +7.Dy)
— (P + M¢g)v]Bg"}
+ g1 Tr(Bs7,75 A" Bs) + g2 Tr(Bg 75 A* Bs) + H.c.
+ ggTr(BguA“Be) +H.c.+ g4Tr(BgMA“Bg) +H.c.
+95Te(Bg, 715 A* Bg" ) + g6 Tr(By 5 A Bs)
(40)
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where Beu is a Rarita—Schwinger vector-spinor field for

a spin 3 3 particle [13], and A, is the axial field introduced
in (31)

4 Applications

Using the bag model wave functions constructed in the pre-
vious section, one can proceed to the calculation of the
strong decay coupling constants (g1 ~ gg). However, the six
coupling constants can be reduced to two independent ones
by the heavy quark symmetry (HQS) [9, 10]. Furthermore,
these two coupling constants are independent of the heavy
mass.

Now we will begin with the model calculation for the
coupling constants. The strong coupling constants describe
soft pion emission. Applying PCAC, we can express a soft
pion amplitude to a matrix element of the axial-vector
current

(B'm" (¢)|B) =

Cip |ALIB) - (41)

fﬂ

Here we consider the strong decay 251 — Agm™ firstly.
The Lagrangian equation (40) leads to the coupling

ﬁEQAQﬂ = 251’)/ 75/1@8 o (42)

ffn

If we define ngAQ by

. A
(Aql A, —iA%|Z5") = 94" (¢*) 1 (AQ) vursu (25"

oo (43)

where the unlisted terms vanish at ¢ = 0. Combining (41)
and (43) and comparing with (42), we obtain

ZoA
92=—94°"%(0) (44)
The left hand side of (43) can be calculated in the MIT
bag model, as is diagrammatically illustrated in Fig. 1. The
Al = —1 transition can be described by the current X3
(choosing = 3)

5, :/d3r(A§ —143)
— [ &Brptd 4 t )by 45
r nlm’“ﬂnlm(ﬁ )73’75“71”71(7”7 ) nlm > ( )

where the superscript u(d) represents the u(d) quark. Here
the light quark states have n=1, 1 =0, and m =0 (S-
wave), because we deal with the Bg, Bg, and Bz baryons.
Therefore, we obtain

where
R
T =47rN;Np / drr?
0
) N 1, N B
[0 P Xs 7= i (X P (X 7))
(47)
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Fig. 1. Single particle tran-
sition in the bag. The single
(double) line stands for a light
(heavy) quark, and the cross
represents an external current
operator

we have 7 = r /R, and we have used the identities

0"7"\0'1' 0'-?:27"1'U~7"\—0'i,

[t 7 =5 [@rime

Equations (18) and (20) then give

(01[:]25'1) =g fgn (ar 3wt = 5.

(48)
The decay width of the decay ¥;' — A is
F(EQ — AQW) =
p| 2 2
e M2 gZ‘QAQTr (MEQ - MAQ) - Mrr ) (49)

where p is the pion momentum in the c.m. system and
where

M X Q + M AQ

=, 92
V2fx

is the Goldberger—Treiman relation.

Next, we consider the strong decay EZ;I — Agm. The
Lagrangian equation (40) leads to the coupling

gZ‘QAQw - (50)

L

QAQﬂ' = (51)

ff

We may take advantage of the constraints imposed by
HQS [9,10]:

—V3gs.

The decay width of the decay E*“ — Agmis

(52)

F(EZ? — AQ’/T)

and where
M Ea + M Ag

V2t

is the Goldberger—Treiman relation again.

gE’fQAQW =

797

The parameters we use as input to calculate Z are the
light quark masses m,, 4 and the radius of the bag, R. The
current light quark masses in general are taken as m,, q = 0.
As to the radius R, R2++ =0.945fm, R st = 1.01 fm,

and R ;4 = 0.914 fm were given by [14] in the charm sector,
and R2+ —1.02fm, Ryt = 104 fm, and R0 = 0.996 fm

were given by [15] in the bottom sector. They were ob-
tained by fitting the mass spectrum in the respective sec-
tors. Here we use the parameters m, 4=0 and R=1fm
in (47) and obtain Z = 0.653. Then the strong decay widths
in (49) and (53) can be estimated, and the numerical re-
sults in the charm sector are listed in Tables 2 and 3, re-
spectively. We find that the results are all consistent with
the experimental data. In addition, if the value of m, 4
varies from 0 to 8 MeV and R varies from 0.8 fm to 1.2 fm,
then for example the decay width I'(XF+ — Af#«t) varies
just from 1.90 to 1.94 MeV. That is, these calculations are
insensitive to the values of m,, 4 and R. We also present the
experimental data and other theoretical calculations in the
tables.

Finally, we use the same parameters to predict the rel-
evant strong decay widths in the bottom sector. Because
the neutral bottom baryons X g ) have not been found yet,
we resort to the following supposition to obtain M (.

b

the mass differences A M}, among the bottom baryons E;' ,
P, and X, come from two parts; one part is the quark
mass difference my —m,, and the other part is the elec-
tromagnetic Coulomb energy. Thus we may take the quark
replacement b — s and observe the mass differences among
X+, X0 and ¥~. From [2], it is easy to find that

MEO ~

1
ME*O ~ §(M2*+ +ME*—) .

(55)

1
§(M2++M2—)7

The errors are both smaller than 1073, Therefore, we may
approximately use the similar equations

1
M22—>§(M

1
M2;0—>§(MEZ++M Zf> . (56)
The results of the decay widths I” (EZE*) — Apm) are listed
in Table 4.

5 Conclusion

In this paper we have presented a formalism to describe
the chiral dynamics of the heavy baryons interacting with
the Goldstone bosons. Furthermore, through PCAC, we
have obtained the relevant strong interaction constants in
the MIT bag; model and then estimated the strong decay
widths I'(Xy ") — Ay o). The parameters appearing in this
approach are the light quark masses m,, 4 and the bag ra-
dius R. On the one hand the current masses of the v and
d quarks are both very small on the typical hadron energy
scale and can be taken as zero, and on the other hand the
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Table 2. Decay widths I'(Xc — Acm) (in units of MeV). Experimental data and other

theoretical calculations are also shown

DIt = AFat)

et - A% - Afqa)

< 4.6 (CL = 90%) 2.240.4
2.20 1.87
1.3140.04 1.3140.04
Lgag* ;111
2.85, 5.06 2.45, 4.35
3.2 2.4
1.944+0.57
2.6+0.4 2.240.3
1.70 1.57
3.63+0.27 2.65+0.19

Experiment [2] 2.234+0.30
This work 1.90
CQM [16] 1.31£0.04
CQM [17] 2.0251 oot
HHCPT [9, 10] 2.47, 4.38
HHCPT [18] 2.5
HHCPT [19]

HHCPT [20] input
LFQM [21] 1.64
RTQM [22, 23] 2.8540.19
NRQM [24] 2.414+0.07+0.02

2.79+£0.08£0.02  2.37£0.07£0.02

Table 3. Decay widths I'(Xs — Acw) (in units of MeV). Experimental data and other

theoretical calculations are also shown

Dt = Afr™)

re:t s Aix% 0 s afqa)

Experiment [2] 14.9+1.9
This work 14.7

CQM [16] 20
HHCPT [18] 25
HHCPT [20] 16.7+£2.3
LFQM [21] 12.84
RTQM [22, 23] 21.99+0.87
NRQM [24] 17.52+0.74+0.12

<17 (CL = 90%) 16.1+2.1
15.2 145
20 20
25 25
174423 16.6+2.2
12.40
21.21+0.81

17.31+£0.73£0.12 16.90£0.71£0.12

Table 4. The predictions of the strong decay widths F(Zlg*) — Apm) (in units of MeV)

rzt— Ay
4.35

r(x? — AYx0)
5.65

Iz, —A)r™)
5.77

I

it A
8.50

Iz — AQn°) rEy —A)n)
10.20 10.44

bag radius R = 1 fm was obtained by fitting the mass spec-
trum in the charm [14] and bottom [15] sectors and averag-
ing them. In addition, we also separately vary m,, q from 0
to 8 MeV and R from 0.8 to 1.2 fm and find that the decay
widths are insensitive to these two parameters. Based on
the numerical results being all consistent with the experi-
mental data in the charm sector, we give our predictions
for the strong decay widths I (215*) — Ap). In spite of the
bottom baryons Eé*)o not having been found, we observed
that the masses of the neutral baryons M (.)o almost are
equal to the average of the ones of the charged baryons

M, (s)+ and My (.-, and then we reasoned in analogy to
the masses of the neutral bottom baryons Mz(*)o' We ex-

pect that the deviations of this assumption abnd the pre-
dicted strong decay widths are all small for the future ex-
perimental data.
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