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Decay processes of ground and excited bottom baryons are studied in the 3P, nonrelativistic quark model
with all model parameters fixed in the sector of light quarks. Using as an input the recent mass of =, and the

theoretical masses of &

» and E), narrow decay widths are predicted for the ground-state bottom baryons & and

&), The work predicts large decay widths, about 100 MeV for the p-type orbital excitation states of E,.
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I. INTRODUCTION

The first bottom baryon A, with the udb configuration
and a mass around 5640 MeV, was reported by the UAI
Collaboration at CERN in the late 1990s [1]. Later the A,
was confirmed by other experiments such as the DELPHI
Collaboration [2], ALEPH Collaboration [3], and CDF Col-
laboration [4] with neutral charge and mass between 5614 to
5668 MeV. The mass of A, was further measured to be 5619.7
MeV by the CDF Collaboration at Fermilab [5]. In 2007, five
new bottom baryons, E}()*) and E, were reported by the CDF
and DO Collaborations [6-9] in proton-antiproton collisions
(Ppp) at /s = 1.96 TeV. Recently the doubly strange bottom
baryon €2, was first observed in pp collisions at /s = 1.96
TeV by the DO Collaboration at Fermilab with a mass of
6165 MeV [10].

Decay processes of the ground-state (S wave) bottom
baryons, X, — Apm and X} — Apm were studied in the
Bethe-Salpeter formalism under the covariant instantaneous
approximation [11], in the combined chiral dynamics and
MIT bag model [12] and in the nonrelativistic 3P, quark
model [13]. The theoretical results for the decay widths of
El(,*) are consistent with the experimental data. However, the
strong decay reactions of excited (P wave) bottom baryons
have not been studied systematically.

In this work we aim to explore decay widths of both S-wave
and P-wave bottom baryons by studying the decay processes:
S-wave X}(%p) - Apm, S-wave Ej(E)) - Epm, P-wave
8, - Zpm, and P-wave &, — E,m, in the 3p, quark
dynamics with the effective coupling strength of the 3 P, vertex
determined by the decay processes of the X(1385) baryons
and all other model parameters taken from other works. The
employment of the 3(1385) to fix model parameters is based
on the consideration that the baryons couple weakly to the
Aw, 7, and NK channels via P wave and are likely to be
3g dominant particles. The article is arranged as follows. In
Sec. II transition amplitudes of various decay processes are
evaluated in the 3 Py model. The decay widths for S-wave and
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P-wave bottom baryons are displayed in Sec. III. A discussion
and conclusions are given in Sec. IV.

II. GROUND AND EXCITED =, BARYONS DECAY
IN 3 P, QUARK DYNAMICS

The processes X (Xp) — Apm, Ef(E},) — Epm, P-wave
8, — Epm,and P-wave E;, — B, are studied in this work
by using the 3Py nonrelativistic quark model. The generic
diagram for the processes is shown in Fig. 1.

The transition amplitudes of the decay processes in the > P,
quark model are defined as

T = (Vr|Ver| Vi), (1)

where W, and W; are, respectively, the final and initial states
of the reactions. Vg7 is the quark-antiquark 3P, vertex (see
Appendix A). The wave functions of the charm and bottom
baryons in question are constructed in the framework of the
flavor SU(3) (u, d, and s quarks) and spin SU(2) symmetries.
For the light quark sector, however, we apply the flavor SU(2)
(u and d quarks) and spin SU(2) symmetries. As shown in
Tables I and II, ¢° and ¢* are the flavor wave functions
with the two light flavors of the charm and bottom baryons
symmetric and antisymmetric, respectively. x5, x”, x*, and
x4 are, respectively, the symmetric, p type, A type, and anti-
symmetric spin wave functions. The radial wave functions of
ground-state baryon 0, and A excitation types are Woo(h, 0),
v (A ), and W, (X, p ), respectively, taking the Gaussian
form

Woo(h, B) = Npi e~ w2
W (R, B) = Nga e~ PP (ap ) Y1,0(p), )
WA (K, B) = Ngs e Ot (ap; )Yy, (R),

where N = 3%4a3/m3/? and N, = 23/23Y443 /. The mo-
menta p, and p, are defined as

>

1 . R - d R N
Pp = ﬁ(pl —p2), Pr= %(m + p2—2m,p3), (3)

where d =3/(1 +2m,) and m, = m,/m, with g being c
and b quarks for the charm and bottom baryons and being
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FIG. 1. Diagram for ground and excited E, baryons decay in the
3 Py quark model.

s quark for X (1385) baryons. Note that the A orbital excitations
involve the excitation of the “odd” quark (b quark) while the
p orbital excitations involve the excitation of the light-diquark
as depicted in Fig. 2.

In this work we have also a 7 meson involved. We use
the Gaussian form for the radial wave function of the
meson

N IR TENEER
W(py, pr) = Ny e b*(p1—p2) /8’ 4)

where the normalization factor N,, = b*/?/m3/4,

The hadron wave functions employed in this work are
just the first-order approximation of more realistic wave
functions. In principle, one should use wave functions based
on more realistic interaction models rather than the simple
harmonic oscillator interaction. However, considering that the
3Py quark model may give a 30% overall agreement with
experimental data for baryon masses and decay widths, the
harmonic oscillator wave-function approximation is consid-
ered reasonable for low-lying baryons. A work by Isgur ef al.
[14], based on one-gluon-exchange interactions, concludes
that the wave function of nucleon is dominated by a single
harmonic oscillator wave function to about 80% in terms of
the harmonic oscillator model. It is revealed [15,16] that the
wave functions of low-lying baryons that are likely to be 3¢g
particles are usually dominated by a single harmonic oscillator
wave function. Recently, Ref. [13] applied single harmonic

TABLE 1. Quantum numbers, total wave functions, and masses
of the ground-state baryons in question.

Symbols I(J%) wave functions masses

(GeV)
g; 13N 9O @ Wolymsp 5965
g, IATY ¢ P @ Wolymyy 5935
Ep %({r) DX Q@ Woly=iy2 5.792
E.(2645)** ICTY ¢ @ Wilymyy  2.646
gt IATY gD @ Welymrp 2467
%,(5836)* 1CY) o9 @ Wlysy 5836
£,(5829)*+ 1G9 ® @ Wlysy 5829
25(5816)" 135 ¢OP @ Wlymp 5815
2,(5807)* 14D ¢ @ Weolymp 5807
Ay 01" ¢V @ Welimry 5620
$.(2520)* 1) 9O @ Wolymsy 2518
$(2455)° 13 o9 ® @ Wolymry 2453
A 01"y NP @ Wolymyy  2.286
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TABLE II. Quantum numbers, total wave functions, and masses
of excited E; baryons.

Symbols I(J?) wave functions masses

(GeV)
OHEN) D) PN XP @ W, _os—ilszp  6.113
HEN) 13D PP [xP @V —os,—1lsz1p  6.105
8GN 16D POXP @ Wy o —olymsy 6213
g e PO P ® Wy i —olymrjp  6.205
g3 16O PP P @ W _1gy—0lysp 6213
g7 ee) PP ® Wy i fmolyzip 6.205

oscillator wave functions for baryons to calculate the decay
widths of charmed baryons and ground-state bottom baryons
and derived theoretical results consistent with the experimental
data.

To verify the applicability of our model, we studied various
decay processes in the sector of light and charmed baryons,
for example, the reactions X.(2520) — A.m, E.(2645) —
E.r and E(1530) > Exm and found that the theoretical
results are well consistent with the experimental data, as
shown in Table V. One may conclude in line with the
theoretical results in Table V that it is reasonable to apply
single harmonic oscillator wave functions for low-lying
baryons.

To perform more accurate calculations rather than using
the simple * Py quark model, one must employ more realistic
wave functions, for example, the ones based on given inter-
action models taking into account the constraints of heavy
quark symmetry [17,18]. The wave functions developed in
coordinate space [17,18] lead to satisfactory predictions for
the relevant hyperon masses. However, it is really difficult
for the simple * Py model to apply to such complicated wave
functions.

Table I shows the quantum numbers, total wave functions,
and masses of ground-state bottom baryons Ay, ¥, and Ej.
For comparison, the decays of the charm baryons ¥, and
8. are also studied in the same model, and hence we also
list properties of these particles. For the Ej baryon (bsd)
the diquark (sd) has spin § =1 and the total spin J = 3/2
while the diquark of E; baryon has § = 1 and J = 1/2. The
theoretical masses of B} and Ej are taken from Ref. [19]
while the masses of others come from the Particle Data Group
(PDG) [20].

Shown in Table II are the quantum numbers, wave func-
tions, and suggested masses by theoretical works of excited
bottom baryons E;,. The theoretical masses of the A-type

DT

q

FIG. 2. Schematic view of the A and p orbital excitations.
q and b denote the light (u, d, s) and heavy quarks, respectively.
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orbital excitations Eg(%f) and E}(3 ) are the averages of the
predictions of Refs. [21-23]. The masses of the corresponding
p-type orbital excitations are typically 100 MeV heavier than

the A-type ones as suggested in Ref. [24]. Note that the E/ !

(E,’jz) is the p-type orbital excitation with the symmetric
(antisymmetric) flavor and antisymmetric (symmetric) spin
wave functions for the two light quarks.

The decay width of the studied processes takes the form in
terms of the partial wave transition amplitudes [25]

_ 27TE1E2k 1

= Trml, 5
e 2Si+1MZA;|LM| (5)

where k is the final momentum at the rest frame of the initial
particle, Mg the mass of the initial baryon, and E; and E, are
the energies of the two final particles.

The transition amplitudes, for the decay processes of
ground-state baryons as listed in Table V, are derived in the
3 Py model to take the form

T = Ci f()C(Simi, 1m, Sym )Y}, (k) (6)
with
o) 3/3a3b32k[Om, + 3)a® + b22m, + )] _, o
= e ) s
(3a2 + b2)5/2 (2m, + 1)73/4
(7
where
g 20wt Dat b @02 b 4)

8(3a? + b»)(2m, + 1)?
The coefficients C; in Eq. (6) are the color-spin-flavor factors

for different reactions, as listed in Table III. S; and S in the

TABLEIII. Color-spin-flavor factors C; in Egs. (6)
and (9) for various decay processes.

Processes
EZ g Ebﬂ
E; — Ebﬂ

Y, (5836) — Ay
%,(5829)F > A,
¥,(5816)" — Ay
,(5807)" — A,m
(25200 — Afw-
£.(2455)° — Atm-
E.(2645)+ — Tt
E(1530) - En
$(1385) — Ax

mAg3= 1™ =
B35 .3 )= gy

T 1= (RTINS T ko

ple3— 1— /
B, (5,53 )—>Em
2237 1~ =
g8, (G .3 ) —> By
p2,3= 1— ’
B, (5,53 )—>Em
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C-G coefficient in Eq. (6) are, respectively, the spins of the
initial and final baryons. m, in Egs. (7) and (8) is the ratio of
the light quark mass to the heavy quark one of baryons, that
1S, m, = myq,5)/ Mc,p) for the bottom and charm baryons and
m, = myg)/m; for baryons in the light quark sector.

The transition amplitudes for the decay processes of excited
baryons, as listed in Table VI, take the form

1 o
T=Ci - |Totk)—+T- (k)Y*m(k)) , )
where C; are the color-spin-flavor factors for different
reactions, as listed in Table III. Ty(k) and T»(k) are as
follows:

B )
Totk) = (VAT A + — ) %%, 10
o) ( i +¢E>e {10

[9
To(k) = Be ¥ [~ (—1)M~mi C(10, 10, 20)
20
-C(dm; — M, 1m —m; + M, 2m)

C(Simi, Im —m; + M, Sym + M)
~C(Simi, 1M — m;, JM), (11)

with
_ 9VBatp?
©2(3a? + b2y PpS
B = —3v3a*b**k*[6a> + b*(m, + 2)]
[(Om, + 3)a® + b*2m, + 1)]
2(3a% + b2)22m, + 127 1/4°
where S; and Sy are the spin angular momenta of the initial
and final baryons and J is the total angular momentum of
the initial baryons, resulting from the coupling of the spin

angular momentum S§; and the orbital angular momentum
=1

12)

13)

III. RESULTS FOR GROUND AND EXCITED STATE
BOTTOM BARYONS

We first evaluate the decay widths of the reactions of
ground-state baryons X} — A,m, ¥ — Ay, Bf — &,
and B, — 8,7 in the 3p, quark model with all model
parameters determined by other processes.

The meson size parameter b is determined to be 3.24 GeV~!
by the reaction p — eTe™ as in the work of Refs. [26,27]. This
meson size parameter leads to an rms radius (r2)!'/? = 0.39 fm
for the s-wave mesons. In the study of the reactions of NN
annihilation [28-32], the meson size parameter b is globally
adjusted to the rms radius 4.1 GeV~' ((r?)!/? = 0.50 fm).
However, a small pion radius ((r?)!/?> < 0.4 fm) is needed to
reproduce the energy dependence of the 77~ and 7t~ 7°
cross sections of NN annihilations [32,33]. The optimum
meson size parameter derived by fitting to the partial widths of
higher quarkonia [34] is b = 2.5 GeV~!. With such a meson
size parameter, however, the decay width of the p meson is
largely underestimated in Ref. [34]. To reproduce the decay
width of the p meson in the framework of Ref. [34] one does
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TABLE IV. Summary of input parameters.

My(d) 300 MeV
mg 500 MeV
me 1270 MeV
"y 4200 MeV
b 3.24 GeV~!
Ma =2.0GeV™) 2.66
AMa =2.5GeV™") 201

need a meson size parameter around the value applied in this
work for light mesons. Various values have been employed
in different works for the baryon size parameter, ranging
from a = 1.7 GeV~! to 3.1 GeV~! [13,15,28-32,35-37].
In this work we use a = 2.0 and 2.5 GeV~!, just mild
values.

The effective strength parameter A of the 3 Py quark vertex
is fixed by the reaction X(1385) — A to be 2.66 and 2.01 for
the baryon size parametera = 2.0 and 2.5 GeV~!, respectively.
The constituent masses of u, d, and s quarks, as shown
in Table IV, are applied to the evaluation of the process
% (1385) — Am. For simplicity, however, we let the s quark
take the same constituent mass as the u and d quarks for the
bottom and charm baryons. The masses of ¢ and b quarks are
taken from the PDG.

By applying the * Py quark model with model parameters
as shown in Tables I and IV, the decay widths of ground
state Epc), 2p() and other light baryons are evaluated and
shown in Table V. It is found that the decay widths of
E.(2645)*F, E(1530)°, E(1530)7, £.(2520)*°, and =.(2455)°
are consistent with the PDG. The predictions for the decay
widths of the reactions X,(5836)*~ — Apm, £,(5829)* —
Apm, Tp(5816)" — Apm, and X,(5807)" — Apm are also
in line with the experimental estimations. The work predicts
very narrow decay widths 1.8 and 0.05 MeV for &} and &),
respectively.

For the excited bottom baryons, partial decay widths are
calculated by considering both A and p type orbital excitations.
Shown in Table VI are the predicted partial decay widths for

TABLE V. Model predictions for decay widths (MeV) of ground
state Ep(), Zn(c), and other light baryons compared with experimental
data. The 3P, results are displayed for @ = 2.0 and 2.5 GeV~!,
respectively.

Reactions 3 Py results PDG [20]
g8; — gy 1.85,1.83 -

g, > Epm 0.052, 0.052 —
2,(5836)" — Apm 12.34,11.81 ~15 Ref. [7]
255829t — A,m 10.06, 9.68 ~15 Ref. [7]
¥,(5816)" — A,m 6.49, 6.31 ~8 Ref. [7]
2,(5807)" — Apm 4.94,4.82 ~8 Ref. [7]
$.(2520)0 — Atz 17.60, 17.27 16.1£2.1
.(2455)° — Afm- 1.81,1.84 22+04
B.(2645)*" — Efx” 2.86,2.88 <3.1
E(1530)° — Ex 8.50, 8.68 9.1+0.5
E(1530)" — Ex 9.21,9.39 9.9+
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TABLE VI. Model predictions for decay widths (MeV)
of excited E, baryons with @ =2.0 and 2.5 GeV~!,

respectively.
Reactions 3 P, results
G > B 0.02, 0.03
(i) - g 11.55,10.15
””‘(2 ) — By 0.65, 0.90
g7 — g 97.29,77.33
E)°G7) - By 8.09, 9.48
B (17— B 132.87, 80.91
g°G7) — By 0.86, 1.20
g1 - g 129.73,103.11

the various allowed processes. It is found that baryons of spin
3/2 have much smaller decay widths than those of spin 1/2.
The partial decay widths of J? = %7 p-type excitations are
very large, about 100 MeV.

IV. DISCUSSION AND CONCLUSION

The decay widths of the ground and excited state bottom
baryons are calculated in this work by applying the * Py quark
model with all model parameters either taken from other works
or determined in the light quark sector.

The model predictions for decay widths of the ground-state
bottom baryons X,(5836)*, %,(5829)*", %,(5816)~, and
¥,(5807)" are in line with the experimental estimations.
The work predicts very narrow decay widths for the bottom
baryons Ej and E;J, based on the theoretical masses taken from
Ref. [19]. However the theoretical results are very sensitive
to the E; and E; masses since those masses, especially for
g, are just a few MeV above the mass threshold of the
reactions.

The work predicts large partial decay widths, about 100
MeV for the p-type orbital excitations of Ey,.
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APPENDIX: ? P, QUARK-ANTIQUARK VERTEX

The 3 Py nonrelativistic quark model was first proposed by
Micu in Ref. [38]. Later the model was further developed by
Yaouanc [39-41]. This model is successful and widely used
in calculating the hadron processes [15,16,26,42—-48]. The 3p,
quark-antiquark vertex has the form

— 5 Cij Ej8(pi + b))
= AZ\/ — (=D liyiu(pi — p;) Cij Fijd (B + b)),

(AL)

Vij = Aoij - (pi

055201-4
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with
Gy =210% (A2)
2
B) = 1Y 1), (A3)

where p = p/|p|, o; are Pauli matrices and Yy,,(p) are the
spherical harmonics. p; and p; are the momenta of the quark
and antiquark, which are pumped out from a vacuum, and
Ci ; and E; ; are, respectively, the color and flavor operators

PHYSICAL REVIEW C 82, 055201 (2010)

projecting a quark-antiquark pair to a vacuum in the color and
flavor spaces. The operators’ properties can be displayed as

(0,01 F4|T, T.) = ~/287.057. 0. (A4)
(0,010 1% ® x1um) = (=DYV28,18 . (AS)
(0,01Cij|q.a]) = Sup- (A6)

The derivation and interpretation of the quark-antiquark 3 P
dynamics may be found in the literature [39—41].
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