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Abstract. The magnetic moments, transition magnetic moments and the radiative decay widths of singly
charmed baryons are calculated with J = %+ and JF = g+ in the constitute quark model. Further, the
strong decay rates for S, P and D wave transitions are also presented. The singly charmed baryon masses
used in the calculations were obtained from the hypercentral Constitute Quark Model (hCQM) without
and with first-order relativistic correction. Obtained results are compared with experimental observation
as well as with the other theoretical predictions.

1 Introduction

The ground state masses of singly charmed baryons are well established and many of their radially and orbitally
excited states masses are well known experimentally [1] as well as theoretically in our previous work [2]. In order to
understand the structural properties of the singly charmed baryons, it is necessary to analyze the decay modes from
theoretical study. Experimental observations for the radiative decay of singly charmed baryons are rare, whereas their
strong decay rates, widths and lifetimes are measured by various experimental groups [3-12] till date. The various
properties of heavy baryons are nicely presented in the review articles [13-16].

In order to improve the structural understanding of baryons (made of both light and heavy quarks) the magnetic
moment is an important tool. There are many theoretical approaches which study the individual contribution of
quarks in the magnetic moments of baryons; such as heavy chiral perturbation theory [17,18], effective quark mass
scheme [19], bag model [20], QCD sum rule model [21], lattice QCD [22-24], relativistic quark model [25, 26], non-
relativistic quark model [27, 28], chiral constitute quark model [29], etc. For the radiative decay, there is no phase
space and isospin conservation constraint for the transitions of mass-less photon among the charmed baryons. There
are many phenomenological approaches: relativistic quark model [30], bag model [20], QCD sum rule model [31, 32],
non-relativistic constitute quark model [33-35], heavy hadron chiral perturbation theory [36-39], etc.; these have
calculated the contribution of radiative interaction in the decay of singly charmed baryons. The future experiments at
J-PARC, PANDA [40-44] and LHCb are expected to give further information on charmed baryons.

The fundamental theory of the strong interactions, Quantum Chromodynamics (QCD), simplifies enormously in the
presence of a system containing one heavy quark (c or b) and two light quarks (u, d or s). It will provide the understand-
ing of the SU(4) spin-flavor symmetry of heavy quark and the SU(3) symmetry of light quarks. Such a heavy quark
symmetry arises when the mass of the heavy quark is much larger than the QCD limit Aqcp ~ 0.2 GeV [45]. In this
heavy quark limit the dynamics of heavy and light quarks are decouple and providing a number of model-independent
relations between various decay mode of the heavy baryons. The chiral Lagrangian corresponding to the heavy baryon
coupling to the pseudoscalar mesons were first introduced in ref. [46] in 1992. Theoretically, the relativistic constitute
quark model [30], the non-relativistic quark model with various QCD inspired potentials [13,47,48], light-front quark
model [49,50], Heavy Hadron Chiral Perturbation Theory (HHCPT) [39,46,51], and the QCD sum rules on the light
cone [52], etc., are used for studying the strong decays of singly charmed baryons by an exchange of a single pion.

This paper is organized as follows: The basic methodology adopted for generating the mass spectra of singly charmed
baryons is described in sect. 2. The magnetic moments and the electromagnetic radiative decays from their transition

magnetic moments of ground state with J* = %+ and J = %+ are presented in sect. 3. The details of hadronic strong
decays of singly charmed baryon are presented in sect. 4. In the last section, we draw our discussion and conclusion.
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Table 1. The masses of singly charm baryons [2] (in MeV); M4 — without first-order correction masses; Mp — with first-order
correction masses.

Baryon State My Mp PDG [1]
n 25+1LJ

AF 128% 2286 2286 2286.46 + 0.14
Xt 125% 2449 2454 2453.97 +0.14
i 125% 2444 2452 2452.9 + 0.4
X0 125'% 2444 2453 2453.75 4+ 0.14
= 125% 2467 2467 2467.87 + 0.30
=0 1251 2470 2470 2470.87103%
° 128% 2695 2695 2695.2 + 1.7
Xatr 145% 2505 2530 2518.417531
ot 148% 2506 2501 2517.5+2.3
0 145% 2506 2529 2518.48 4 0.20
=t 14s% 2625 2619 2645.53 4 0.31
Zx0 1453 2584 2610 2646.32 £ 0.31
20 145% 2740 2745 2765.9 & 2.0
AT IQP% 2607 2692 2592.25 4+ 0.28
onms 12Py 2842 2890 28017%

t 12Py 2831 2849 2792114

0 12P% 2824 2873 280615

AF IQP% 2592 2612 2628.11 + 0.19
rrt 12P% 2814 2860 -
rrt 14P% 2791 2835 -

2 Methodology

The mass spectra of singly charmed baryons [2,53-55] are generated by the Hamiltonian

P2
H=-= 1
2+ V), 1)
in the hypercentral Constitute Quark Model (hCQM). Here, m = —2™ is the reduced mass and z is the six-

mp+mx
dimensional radial hypercentral coordinate of the three-body system. In this case, we consider the hypercentral po-
tential V' (z) as the color Coulomb plus power potential with first-order correction as

1 1
V(z)=V? —+— | V! Vi 2
@) = V@) + (a4 o ) VA0 + Vo o) @
where Vgp(z) represents the spin-dependent potential, V°(z) is the sum of hyper Coulomb (hC) interaction and a
confinement term,

VO(z) = g + Bz, (3)

and the first-order correction is employed by Koma et al. [56]:

Viz) = —chAii . (4)
42

We have used this correction not only for baryons but mesons as well [57-59]. Here, the hyper-Coulomb strength
T = —%as; where % is the baryon color factor and « represents the strong running coupling constant and is =~ 0.6
considered in the present study. ( is the string tension of the confinement; and C'r and C'4 are the Casimir charges of
the fundamental and adjoint representation. The details of all the constants can be found from ref. [2].

For the u, d, s and ¢ quarks, we set the constituent quark masses m, = 338 MeV, myg = 350 MeV, m, = 500 MeV
and m, = 1275MeV. The 1S and 1P state masses of singly charmed baryons are tabulated in table 1 with PDG
masses [1]. M4 and Mp are the masses of without and with first-order relativistic correction to the potential energy
term, respectively. We will use these masses in the calculation of magnetic moments, the radiative decays and the
strong decays in next sections.
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Table 2. Magnetic moments of the singly charmed baryons with J© = % (in pw).

Baryon Expression A B [18] [22—-24] [20] [19] [60] [29] [25]
AL e 0.421 0.421 0.21 0.411 0.370 0.385 0.39 0.42
oHt %,uu - %/LC 1.835 1.831 1.50 1.499(202) 1.679 2.09 2.279 2.540 1.76
X0 %,ud — %pc —-1.095 —-1.091 -1.25 —0.875(103) —1.043 —-1.230 —-1.015 —1.46 —1.04
by %uu + %,ud — %uc 0.381 0.380 0.12 0.318 0.550 0.500 0.540 0.36
= 2pa+ Fps — spe  —1.012 —1.012 019 0.192(17)  —0.914 —0.940 —0.966 —1.23
=7 %,u“ + %us — %,uc 0.523 0.523 0.24 0.235(25) 0.591 0.75 0.711 0.770 0.41
2 %us — %,LLC —-1.127 -1.179 —0.67 —0.667(96) —0.774 —0.890 —0.960 —0.900 —0.85

Table 3. Magnetic moments of the singly charmed baryons with J¥ = %+ (in pun).

Baryon Expression A B [20] [19] [60] [29] [27] [21]
Xt 2t + phe 3.264 3.232 3.127 3.630 3.844 4.390 4.814+1.22
Xt P + g F fhe 1.134 1.136 1.085 1.180 1.256 1.390 2.00 & 0.46
0 2ta + fhe —-1.054 —1.044 —0.958 —1.180 —0.850 —1.610 —1.99 —0.81+0.20
Zx0 pa + prs +pe  —0.846 —0.837  —0.746 —1.020 —0.690  —1.260 —1.49
=t f + s + fhe 1.330 1.333 1.270 —1.390 1.517 1.740 1.68 £0.24
20 s + pe —1.127  —1.129 —0.547 —0.840 —0.867 —0.910 —0.860 —0.62+£0.18

3 Magnetic moments and radiative decays

The magnetic moments and the radiative decays are computed using spin-flavour wave functions of the participating
baryons. The magnetic moments are obtained in terms of spin, charge and effective mass of the bound quarks of
baryons. In radiative decay, there is an exchange of massless photon among the singly charmed baryons. Such a decay
does not contain phase space restriction. Therefore, some of the radiative decay mode of heavy baryons contribute
significantly to the total decay rate.

3.1 The magnetic moments

The magnetic moment is the fundamental property of baryons in both light and heavy quark sector and purely depends
upon the masses and spin of their internal constitutions. The magnetic moment of the baryon (up) is given by the
expectation value [28,33] as

B = Z<¢sf|ﬂqz|¢sf>§ q=u,d,s,c, (5)
q
where @, represents the spin-flavour wave function of a participating baryon and p4 is the magnetic moment of the
individual quark given by
e
Mg = 27,nqeff " 0q, (6)
q

with e, the charge and o, the spin of the constitute quark of the particular baryonic state, and the effective mass of
cach constituting quark (mg™) can be defined in terms of the constituting quark mass (mg) as

mgﬁ =my, (1 + £H17>1q> , (7)

where the Hamiltonian is given in the form of the measured or predicted baryon mass (M) as (H) = M —>_ 4 Mq- Here,
the mgﬁ represents the mass of the bound quark inside the baryons by taking into account its binding interactions
with other two quarks described in eq. (1) in the case of hCQM.

Using these equations and taking the constituent quark mass of [2], we determine the ground state magnetic
moment of the singly charmed baryons with J* = %+ and J¥ = %Jr without and with first-order relativistic correction

as set A and set B, respectively. We present our results in tables 2 and 3 in the unit of nuclear magnetons (uy = fo;p ).
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Table 4. The transition magnetic moments |up, . p: | of singly charmed baryons (in pn).

Transition Expression A B [19] [34] [31]
(ngm) (ems) (ses)

Pt 4t %(Mu — Uq) 1.2722 1.2680 2.28 2.28 2.15 1.347 1.48 £0.55
[T 22 (j — pue) 0.9984 09885 141 119 123  1.080  1.06+0.38

T Y2y + pa—2uc) 00089 0.0089  0.09 0.04 008 0008 0.45+0.11

fiss=o 50 22 (11 — pie) 1.0220  1.0127  1.22 111 1.07  1.064  0.19+0.08

Pyt gt \/g (tu — 1) 17546 1.7582 1.857

Pex+ =4 \/g(/iu — ps) 0.9832 0.9852 2.02 1.96 1.94 0.991 1.47 £ 0.66

T \/é(ud — 1) 0.2552  0.2527  0.26 025 018  0.120  0.16 +0.07

f220 0 22 (g — i) 0.8734 08719  0.92 0.88 090  0.908

3.2 The radiative decays

The electromagnetic radiative decay width is mainly the function of radiative transition magnetic moment p BL—B.
(in pn) and photon energy (k) [33,34,60] as

k2 e o
= — - /7 8
ol A 2J+1m12)uBc—>BL) ( )

where m,, is the mass of proton, J is the total angular momentum of the initial baryon (B.). Such transition magnetic
moments (up,p;) are determine in the same manner by sandwiching eq. (7) between the appropriate initial (®,y,_)
and final state (®sy,, ) singly charm baryon spin-flavour wave functions as

pB.—~B, = Psfa, | 1B, gzjszé>- (9)

To determine the radiative decay of the channel X** — A¥~, we first need to calculate the transition magnetic
moment given as

Kyt _ o+ = <¢8f2;+ :“ACQ— @szz_>; (10)

the spin-flavour wave functions (@) of X** and A} baryons are expressed as

Pasen) = (\2@“ du)c) : (\}gm + 11T+ m)) : ()

oy ) = (\}E(ud—du)c) : (\}5(” —11) T> . (12)

Following the orthogonality condition of quark flavour and the spin states, for example, (u TdTcl|uTd ] cT) =0,
we will get the expression of transition magnetic moment as

2
Kyt _poF = \/;(:uu — Hd) - (13)

The transition magnetic moments are given in table 4. Using the masses and transition magnetic moment of the
participating baryons, we compute its radiative decay width. The obtained results are listed in table 5 for both set A
and set B with other theoretical predictions.
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Table 5. The radiative decay widths (I7,) of singly charmed baryons (in keV).

Decay Mode A B [35] [36] [32] [34] [61] [20] [37) [30] [31]
TE(1%S)) = Afy 58131 66.660 80.6 164 60.55 120 46.1 88  60.7+15
T (1'Sy) - By 08504 20597 394 116 3567 115 1.6 0826 14 2.65 =& 1.60

— YTy 9x107° 4x107° 0.004 0.85 0.187 0.00006 0.0001 0.004 0.002 0.14 4 0.004 0.40 4 0.22

— X0 1.2049  2.1615 3.43 292 1.049 1.12 1.2 108 1.2 0.08 +0.042

— 5ty 17.479  15.686 139 502 152.4 63.32 71 44.3 54 54+ 3 52+ 32

)

)

)

) — Afy  143.97 13530 373 893 409.3 15448 310 126 147  151+4  130+65
)

) — =0y 04535 08114 0.0 036 1318 0.30 1.7 0908 11 0.68+0.04 0.66=+0.41
)

— 20 0.3408  0.4645 0.89 4.82 1.439 2.02 0.71  1.07

4 The strong decays

The effective coupling constant of the heavy baryons is small, which leads to their strong interactions perturbatively
and makes it easier to understand the systems containing only light quarks. Such a theory describes strong interactions
in the low-energy regime by an exchange of light Goldstone boson, which is developed well by the co-ordination of chiral
perturbation theory and heavy quark effective theory, called Heavy Hadron Chiral Perturbation Theory (HHCPT).
This hybrid effective theory has been applied to study the strong and the electromagnetic decays of ground and excited
states in the both charm and bottom sector [46,62,63]. By using the Langrangian in ref. [51], we calculated a strong
P-wave couplings among the s-wave baryons, S-wave couplings between the s-wave and p-wave baryons, and the strong
couplings of D-wave from p-wave to s-wave baryons in this section. Such a chiral Lagrangian gives the expressions of
typical decay rate of single pion transitions between singly charmed baryons mentiond in egs. (15)—(20) [13]. The pion
momentum for the two-body decay © — y + 7 is

1
pw_?mm

\/[m% = (my + mg)?][m — (my —mz)?]. (14)

P-wave transitions

The decay rates corresponding to the P-wave transitions from the isospin partners of 25(125%) and E;‘(l‘lS%) to the
state Aj(le%) by an exchange of single pion are

ai  My+

r . = — L p3 15
ZJ/ZC—MLTW 271_‘]07% Mzér/z* DPr ( )

where p3 represents the momentum corresponding to the P-wave transition. The pion decay constant f, = 132 MeV [46]
and the strong coupling constant a; = 0.612 as in ref. [51] are obtained from quark model calculations.

S-wave transitions
S-wave transitions of Aj(lzP%) into the isospin partners of 20(125'%) by an exchange of single pion are

B Ms )
r =5 g2, 16
AF—X.m 271_]07% MA;"(]’A’Pl) D ( )
2

where p, represents the S-wave transitions and, when the single pion is at rest, F; ~ m,. The coupling constants
by = 0.572 and by = /3 - by are taken from ref. [51]. The decay rates for the decay of isospin triplets Zc(lzPé) into
AF(1281)m are

by M,

+
=2 "L g2y 17
c_’A:ﬂ' 27_‘_.]1:7% A[EC 7\'p ( )

Iy
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Table 6. Strong one-pion decay rates (in MeV).

Decay mode A B PDG [1] [13] [30] [49] [48] [47] [51] Others

P-wayve transitions

TITA%Sy) - Afnt 172 234 189700 2.85+0.19 1.64 2.5 2.41 +0.07 2.025 1.967397 [64]
TH(A%8y) — Afa® 160 259 <46 2375, 3.63+£027 170 3.2 2.79 £ 0.08 2.2870:97 [64]
P2(1%5y) — Afm™ 117 221 183754, 1970,  2.65+£0.19 157 2.4 2.37+£0.07 1.94 1.9473%7 [64]

TH(tSy) — Afnt 1311 21.34 14781050 14.5707 21,09 +0.87 12.84 17.5240.75 17.9 14.719S [64]
2:*(145%) — AFr® 1428 12.83 <17 152798 25 15.31 £0.74 15.379:C [64]
T:°(1"Ss) — Afm™ 1340 20.97 15.375% 147795 21.21 +0.81 12.40 16.90 £0.72 13.0 14.779% [64]
S-wave transitions

AL(1PPy) — XFPaT 392 554 0.72703%  0.7940.09 2.15 0.55733, 0.64 [65]
Aj(lQP%) — X0t 445 563 2.6+0.6 0777035 0.83+£0.09 261 1.740.49 1.2 [65]
AF(12P1) — 7% 452 5.62 1577092 0.984+0.12 1.73 0.89+0.86 0.84 [65]

SIT(1PPy) — Afat 6819 T2.67 75T 7571515 [66)
TI(1PPy) — Afx® 6292 64.54 6275 6275152 [66]
ZO(1PPy) — Afr~ 6644 TLIL 7273 61715733 [66]
D-wave transitions

Af(1Pg) — £ ™ 0.001 0.0012 0.029 0.076 £0.009 2.15  0.013 0.011 [65]
AF(1PPy) — £2x* 0.011 0.0013 <097  0.020 0.080£0.009 2.61  0.013 0.011 [65]
AL(12Pg) — SFx®  0.033 0.0025 0.041 0.095+0.012 1.73  0.013 0.011 [65]

Zj+(12P%) — Afzt 13.22 19.61 ~ 12

2j+(14Pg) — Afnt 10.68 15.91 ~ 12

2j+(12P%)_>2j7r+ 1.70  2.86
E:r+(12P%) — Xrtat 0.61  1.46
2j+(12P%) — Xt ta0 065 0.95

D-wave transitions

The decay of /15(12P% ) into the isospin partners of Ec(12P% ) are considered as D-wave transitions. For that the decay
rates are

203 My
r = B X5 ’
AL(2Pg)=Ser = gy g P ,

where p2 represents the D-wave transitions and the coupling constant b3 = 3.50 x 1073 MeV ! ref. [51]. The ¥
with (12P%) and EC(14Pg) are expected to decay into Aj(le%)er through D-wave couplings as

4b2 MA+
r = < pl; 19
EC++—>AC+7T+ 157rf72r MZ]C*JF Prs ( )

here, the coupling constant by = 0.4 x 1072 MeV ! ref. [51]. According to the quark model relation, b5 = /2 - by. Using
this, we obtained the decay rates for the decay of X7 (1°Py) into XF (1251 )", it (1183)n™ and Z5++ (149 )n°
are determined as M
b zE/%x 5
Pettstnt/sim = qop 12 Mg T 2

Summing up, the decay rates of these three decay modes of Ej*(lzP%) will be 2.97 MeV and 5.27 MeV for set A

and for set B, respectively, and the value of set A is closer to ~ 3.16 MeV of ref. [51]. The obtained results for these
three, S-, P- and D-wave transitions are listed in table 6.
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5 Discussion and conclusion

The electromagnetic radiative decays of singly charmed baryons by an exchange of massless photon are determined
by using the parameters obtaining in the framework of hypercentral Constitute Quark Model (hCQM).
There are no experimental information available about the magnetic moments of singly charmed baryons. Our

predictions for the ground state magnetic moment of singly charmed baryons, with J© = 1% and JP = %Jr, see table 2
and table 3, respectively, for set A and set B, are comparable to the results obtained from bag model [20], effective
quark mass scheme [19], non-relativistic quark model [60], chiral constitute quark model [29] and relativistic quark

model [25]. For JF = %+, our results are smaller than the results based on the QCD sum rule model [21]. The recent

paper of Wang et al. [18] based on heavy chiral perturbation theory and those by Can et al. [22], Bahtiyar et al. [23,24]
are based on lattice QCD; their calculated magnetic moments for J© = %+ are less than our predictions.

The expression of electromagnetic radiative decay rate contains a term transition magnetic moment (up,—p,) of
the participating singly charmed baryons by which the decay takes place. Our calculated transition magnetic moments
and radiative decay rates are smaller than the other theoretical predictions. For =, =*9 and 20 our predictions
are much smaller than the others and, for X**  the radiative decay rate is of the order of 107! to 107°keV; in our
case it is 1075 keV. Our results for the transition magnetic moment and radiative decay of X7, X*++ 3*+ and X*0
are smaller but reasonably close to other theoretical predictions, see tables 4 and 5, respectively.

The strong P-wave transitions of isospin partners 26(128’%) and 22(145%) are calculated and found to be in
rE
XCraa) is 7.62 for
the set A and 9.12 for the set B, and from the PDG [1] it is 7.82 consistent with set A. For the strong decay channel
23(145’%) — 2'5(125%)777 the mass difference AM (mX* —mX.) is smaller than the mass of the single pion. Therefore,

there is no sufficient phase space for this respective decay. Such decay is kinematically forbidden.
For the S-wave transitions of Aj(lQP% ) that decay into isopartners of X.(125 1), values are overestimated compared

to others because, here, the mass of Aj(lQP%) is higher than that of the PDG [1] value (table 1). Also, as for the
decay of the isotriplet Ec(lzP%) into A7, their decay widths are consistent with PDG [1] and ref. [66]. The D-wave
transitions of X7t with (12P%) decay into the various decay mode shown in table 6. The decay rates of Z;H‘(l‘lP%)

accordance with other model predictions and experimental measurements. In our case, the ratio of

decaying into Aj‘(lzP%)w‘”‘ are also determined. Experimentally, both states are not confirmed yet and only few
theoretical results are available, whereas the D-wave transitions of A} (12Ps) into the isospin partners of Z‘c(lzP% )
are kinematically barely allowed to have an extremely small width and this study will be useful for the experimental
determination of their decay widths < 0.97 [1].

From these calculations we noted that the decay of Ej(lQS%) and E:+(14Sg) into Aj(lQS%) are common in both
strong and radiative decays. So we are interested in calculating their total decay width and branching fractions.

The total decay rate is simply the sum of the decay rates of each individual decay. The branching fraction for
particular decay mode is the ratio of the decay rate of a particular decay rate to the relatively total decay rate. For
example, the total decay widths of Ej(lQS%),

Loz = Ispazsyymageo ¥ Torazsy)maty (21)
are ~ 1.66 MeV and ~ 2.66 MeV for set A and set B, respectively, and the branching fractions of XF (125 1 ) for the
strong decay,

inu?s%p/ﬁwo

. ) | 22
Z‘:T(12S%)_’A:rﬂ'0 Ftot(Ej—) ( )

are ~ 96.49% and ~ 97.49% for set A and set B, respectively. Similarly, the branching fractions of Ej(lZS%) for the
radiative decay,
5 sz(ps%)ﬂzljy (23)
bqeg )b, = 23
T (125 )—Acy Ftot(zj)
are ~ 3.50% and ~ 2.50% for set A and set B, respectively.
In the same manner we determine the total decay rate of Z‘j‘,‘*(l‘LS%)7 and they are ~ 14.42 MeV and ~ 12.96 MeV
for set A and set B, respectively. For their strong decay, the branching fractions are ~ 99.00% and ~ 98.96% for set A
and set B, respectively, and, for the radiative decay, they are ~ 1.00% and ~ 1.04% for set A and set B, respectively.
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So we conclude that such singly charmed baryons, ¥} (129 1 ) and XrH(1%S 3 ), are purely decaying through strong

interaction and this is consistent with the PDG [1] value, ~ 100%. We see that the contribution of the radiative decay
is small to their total decay. Therefore, our results are in accordance with the present theoretical and experimental
status of singly charmed baryons; the strong decays are dominant over the electromagnetic radiative decays. We hope
that future experiments, like PANDA, will be in a unique position for providing contribution to the radiative decay
of the charm sector.

For the success of a particular model, it is required to produce not only the mass spectra but also the decay
properties of these baryons. The masses obtained from the hypercentral Constitute Quark Model (hCQM) are used
to calculate the radiative and the strong decay widths. Such calculated widths are reasonably close to other model
predictions and experimental observations (where available). This model has been successful in determining these
properties, thus, we would like to use this scheme to calculate the decay rates of singly bottom baryons.
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