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We calculate the 1D, 2P, and 2§ mass spectra of the singly bottom baryons and their strong decay
widths. The calculations are performed within a harmonic oscillator quark model that incorporates the spin,
spin-orbit, isospin, and flavor interactions. To obtain the model parameters, we conducted a fit using only
13 of the 22 experimentally observed states. Our predictions align well with the observed states, showing a
root-mean-square deviation of 9.6 MeV. We calculate the three-quark strong decay widths within the 3P
model, which has only one free parameter, the pair creation strength y; this is the first time that the A7,
o, Zip, Mot Nyoo, B K, BL K, Ej K, B, K*, B, K*, and E;K* channels have been considered in the
calculation of the strong decay widths of the excited A, states; the X,n, E,K, Z,p, Z;p, App, Zin, Zp17,
o, B, KE K, B,K*, B K", B;K*, S0, Xjw, X3B;, AB, N(1520)B, N(1535)B, N(1680)B, and
N(1720)B channels in the calculation of the strong decay widths of the excited X, states; the A,K*, E,p,
B0, Brp, T K5 2o K5 B!, B, Bort', By, By o, By w, By, B b, Ej ¢, Eg By, ZgB*, and X,y B channels
in the calculation of the strong decay widths of the excited =, and Ez states; the 5, K", 5, K*, E; K", Q,1,
Qrn, Qu, b, Q' , Qiif', Bg B, and 2o B channels in the calculation of the strong decay widths of the Q,
states. Moreover, in Appendix D, we give the flavor couplings that can be useful for other articles. In
Appendix E, our partial decay widths are reported for each open flavor channel; these may be useful to the
LHCb, ATLAS, and CMS experimentalists in order to plan in which particular channels to look for missing
bottom baryons. The experimental masses and widths of the discovered A, (6146)° and A, (6152)° states
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are consistent with our mass and width predictions for the D, excitations with quantum numbers J* = %*

and J¥ = 3, respectively. Moreover, the masses and widths of the new E,(6327)" and 5, (6333)° states

agree with our calculations for the D, excitations with quantum numbers J¥ = %+ and JP = 5

5+
P

respectively. Finally, we calculate the electromagnetic decay widths from P-wave states to ground states.
We give the exact analytical expressions of the spin-flip and orbit-flip transition amplitudes, both of which
are functions of the photon-transferred momentum. The electromagnetic decays are dominant when the
strong decays are suppressed. A relevant case is the Q, missing spin excitation, with J¥ = %*, which

cannot decay strongly, but has a nonvanishing predicted electromagnetic decay width in the £,y channel.
Therefore, we suggest the Q;y electromagnetic decay channel as a golden channel in which to search for
this state. In all of our calculations, we report the uncertainties related to the experimental and model errors

by means of the Monte Carlo bootstrap method.

DOI: 10.1103/PhysRevD.110.114005

I. INTRODUCTION

To date, only a few singly bottom baryons have been
discovered, even though if further discoveries are expected
in the coming years. Currently, the Particle Data Group [1]
lists 21 singly bottom baryons (25 if one considers the
different charge states). None of their quantum numbers
have been measured yet, so the isospin I, parity P, and
angular momentum J reported by the PDG are based on
quark model expectations. Most importantly, since we do
not know the quantum numbers of those states, it is not yet
possible to distinguish between three-quark and quark-
diquark structures.

As there are many missing states, this sector is interesting.
Therefore, the main aim of this study was to give predictions
for the 1D, 2P, and 2§ singly bottom baryons that are still
waiting to be discovered, and in particular, to provide their
partial strong decay widths by considering new decay
channels (as will be explained later).

In 1981, the production of the AY) baryon was first
observed by the CERN-ISR experiment (R415) [2] (with a
60 statistical significance). In 1991, this result was con-
firmed by the experiment R422 [3] and the UAIl
Collaboration [4], which observed this state with a stat-
istical significance of about 46 and 5o, respectively. In
2007, a bottom baryon with quark content dsb, namely a
&, , was observed by the DO [5] and CDF [6] Collaborations
with 5.5¢ and 7.7¢ statistical significance, respectively. In
the same year, the £ and X;* were discovered by the CDF
Collaboration [7] (with a statistical significance greater than
5.20) and confirmed in [8]. In 2008, the DO Collaboration [9]
discovered the ground state Q, (ssb) (5.40), which was
confirmed by CDF [10]. In 2011, the CDF Collaboration [11]
observed the Eg ground state baryon (usb) (6.8¢). In 2012,
CMS [12] discovered an excited state, most likely corre-
sponding to the J* = 3/27 partner of £, denoted as E;, with
a statistical significance exceeding So. In the same year, two
narrow P-wave AY baryons, denoted as A,(5912)° and
A, (5920)°, were discovered by the LHCb Collaboration
[13], with 5.2¢ and 10.20, respectively, and confirmed by the

CDF Collaboration [14] one year later. In 2015, the Z}~ was
discovered and the E;~ was confirmed by the LHCb
Collaboration [15] with a statistical significance greater than
106. In 2018 the LHCb Collaboration reported the discovery
of one excited &, state, E,(6227)" [16] (7.90), and two
excited T, states, ¥,(6097)% [17] (12.65). In 2020, two
D-wave A candidates, A,(6146)° and A,(6152)°, were
discovered by LHCb in the A2ﬂ+ﬂ_ spectrum [18]; both
states were discovered with statistical significance exceeding
six standard deviations. In the same year, the LHCb col-
laboration [19] reported the observation of four narrow peaks
in the Z) K~ invariant mass spectrum, €,(6316), Q,(6330),
Q,,(6340), and Q,(6350), with 2.1¢, 2.60, 6.76, and 6.20
statistical significance, respectively, and the CMS collabo-
ration [20] reported evidence of a broad excess of events
in the AYz* 7~ channel in the region of 6040-6100 MeV
with 4¢; this was confirmed by LHCDb [21] exceeding 7¢ in
the same decay channel and was called A, (6070). In 2021
the CMS collaboration discovered the =,(6100)” in the
E,7n 7~ invariant mass spectrum [22]. More recently, in
2021, the LHCb collaboration reported the discovery of two
new =, states, namely Z,(6327)° and =,(6333)°, in the
AYK~z* channel, with a statistical significance larger than
nine standard deviations [23]. In 2023, the LHCb [24]
discovered the E,(6087) and E,(6095)° states, which are
not yet on the PDG. As will be discussed in Sec. V, E,(6087)
[24], will be associated by us with the 1P 1/2~ state, while
=, (6095)° will be considered by us to be the neutral partner of
E,(6100)~ reported by the PDG; thus, according to our
assignments, there are in total 22 discovered states.

The first theoretical predictions of the A, and X, baryon
mass spectra within the quark model were published by
Capstick and Isgur in their pioneering work in 1986
[25,26], using a three-quark string-like confinement plus
an OGE-inspired potential. The first QCD spectral sum rule
calculation for X, and A, baryons was performed by Bagan
etal [27]in 1992. Later in 1995, Roncaglia et al. used the
Feynman-Hellmann theorem to estimate the ground state
singly bottom baryon masses [28]. In 1996, Silvestre-Brac
published the mass spectra for Ay, Z;, E,, 2}, and Q, [29]

114005-2


https://doi.org/10.1103/PhysRevD.110.114005
https://doi.org/10.1103/PhysRevD.110.114005
https://doi.org/10.1103/PhysRevD.110.114005
https://doi.org/10.1103/PhysRevD.110.114005

STRONG DECAY WIDTHS AND MASS SPECTRA OF THE 1D, ...

PHYS. REV. D 110, 114005 (2024)

using a nonrelativistic model. The A,, X, 5, &}, and Q,
ground and excited states (up to 1 GeV excitation energy)
were displayed in the figures with a large energy scale, but
only the numerical values for the ground state were
provided in a table, making it difficult to extract from
the figures the precise numerical values for the excited state
masses. In 1996, Bowler et al., in the first exploratory
lattice study [30], estimated the ground state singly bottom
baryon masses by extrapolating the lattice data, first in the
light quark masses and then in the heavy quark mass.
Jenkins studied the ground state bottom baryon masses by
using a combined expansion in 1/mg, 1/N. and SU(3)
flavor symmetry breaking of the heavy hadron masses in
the heavy quark effective theory [31]. In the 2000s, Mathur
et al. calculated the ground state singly bottom baryon
masses by using quenched lattice nonrelativistic QCD [32].
In 2004, Albertus et al. used a variational method for the
solution of the non-relativistic three-body problem for the
ground state of the singly heavy baryons, considering
the one-gluon exchange plus the pion and the ¢ meson
exchange potential [33]. Later, in Refs. [34—36], this model
was extended to include some exchange of K and # mesons,
and was applied to the study of excited singly heavy baryon
states. Ebert et al. developed a relativistic quark-diquark
description [37,38]. Some examples of the recent wide
literature on theoretical investigations of heavy baryon
spectroscopy are: the non-relativistic quark model
(NRQM) [39-41], the Regge phenomenology [42], the
hypercentral constituent quark model [43—46], which has
been used to study the excited Q,, states [47], the QCD sum
rules (QCDSR) [48-52], and the symmetry-preserving
Schwinger-Dyson equation approach [53]. Further discus-
sions involving other models can be found in Refs. [54-59].
For more references, see the review articles [60-65].

None of the previous three-quark theoretical articles
calculated the possible states up to all the 1D, 2P, and 25,
but only a subset of them (as will be more evident in
Tables VII-XI in which our three-quark model results are
compared with those of the other three-quark models). We
also observe that none of the previous theoretical articles
discussed the constructions of the states up to the 1D, 2P,
and 2S.

In addition to the mass spectrum, the decay properties are
one of the main features in assigning consistent quantum
numbers to hadrons. Matching experimental data with the
predicted mass spectra and decay widths is a reliable
method for identifying these states.

Only a few studies have addressed the strong decays of
singly bottom baryons [66—-82] and most have used the
constituent quark model [66-78].

All the constituent quark model calculations of singly
bottom baryon strong decays [66—78] use harmonic oscil-
lator wave functions. This choice is not only because,
otherwise, the calculations would be too difficult but also
because, as observed by Kokoski and Isgur in 1985 [83],
the excited hadrons are well described by harmonic

oscillator wave functions. For these reasons, the use of
harmonic oscillator wave functions is now a standard in
hadron decay calculations. In 2010, the authors of Ref. [66]
calculated the decay widths of the E;, ground and P-wave
excited states by using the masses from Karliner [40] and
PDG, within the 3P, strong decay model with h.o. wave
functions. In Refs. [67,68,70,77] the authors calculated the
strong decay by using the nonrelativistic quark pseudoscalar
meson coupling, also known as chiral strong decay model
(yQM) or elementary emission model (EEM). In
Refs. [67,68,70,77] the authors used the masses from the
relativistic quark-diquark model by Ebert ez al. [38], and they
used three-quark baryon harmonic oscillator wave functions.
Specifically, the authors of Refs. [67,68] studied the strong
decays of the S- P- and D-wave singly heavy baryons with
emission of # and K meson only. In Ref. [69], the two
previous studies were extended to the P ,-mode excitations by
using the masses from the three-quark model by Yoshida
et al. [41]. In 2020, following the discovery of Z,(6097) by
LHCb [17], the strong decay widths of the P-wave %, states
were calculated in Ref. [70] within yQM, but the authors
considered the pion emission only. In Refs. [71-76] the
authors calculated the strong decay widths by using the Ebert
et al. quark-diquark masses [38] within the 3P, model for the
strong decays and the h.o. wave functions.

In particular, in Ref. [71] the authors calculated the
P-wave Q,, strong decay widths only. Later on, the same
authors used the 3P, model to study the A, (6072)° baryon
decays [72]. In a subsequent study, [73], this analysis
was further extended to the Eg) strong decays up to the
D-wave, but only the emission of pions or K mesons was
considered. In Refs. [75,76], the authors calculated the
E,(6227) and X,(6097) decays with pion emission only.
References [71-76] examined the 2-mode excitations only.

The 22*) — A,z strong decay widths were also calcu-
lated in Ref. [79] within the MIT model. The study of X, —
Ay and X, — A,z decays also has been conducted using
the partial conservation of the axial current in Ref. [80].
The P-wave Q, states were studied using light-cone sum
rules within HQET in Ref. [81]. The strong decay widths of
the X,, X;, 5}, and E; ground states were studied within
chiral effective theory in Ref. [82].

However, all these studies [66—82] did not include the
decays into the bottom baryon-vector meson channels or
the bottom meson-octet/decuplet baryon channels, which
are the main focus of this article. Furthermore, a compre-
hensive investigation of the mass spectra that includes the
strong decay width calculations for both ground and
excited states up to the second shell within the same model
has never been performed.

The main aim of this article is to study the strong decay
channels that have never been investigated. Indeed, this is
the first time that the A,n, Z,p, Zip, Ay, Ay, B, K, B} K,
E,K, E,K*, E,K* and Z; K* channels have been consid-
ered in the calculation of the strong decay widths of the
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excited A, states; the X1, E,K, X0, Zip, App, Zon, Zp1t',
o', B K, B K, B, K", B, K*, Z; K", L0, Zjw, X4 By, AB,

(1520)B N(1535)B, N(1680)B, and N(1720)B chan-
nels in the calculation of the strong decay widths of the
excited X, states; the A,K*, B,p, E)p, E;p, T, K*, Z;K*,
B, 8, Eonls Byw, B, By, Epyd, B b, Bp¢, EgBy,
2gB*, and Z,yB channels in the calculation of the strong
decay widths of the excited Z, and Z} states; and the 2, K™,
EZK*, _.bK Qb}’], Z}’], de’? ngb, anla QZ}’]’, ESB, and
E,oB channels in the calculation of the strong decay widths
of the Q, states.

For the radiative transitions, a few articles have been
dedicated to the radiative decays of singly heavy baryons, as
evidenced by references using yQM [67,68], light-cone QCD
[84-90], and chiral perturbation theory (yPT) [91-93].
Further results yielded by other models can be found in
Refs. [94-97]. However, there are no available experimental
data for the electromagnetic decays of singly bottom baryons
to compare with the theoretical predictions.

In a previous study [98], prompted by the discovery of
the five Q. baryons by LHCb [99], a harmonic oscillator
three-quark model was developed (a mass formula), which
will be used in the present article. This model in Ref. [98],
was applied to the 1P Q. and €, mass spectra, and to the
Q) strong decay widths into the £/, K~ and E), K~
channels, using the 3P, strong decay model. It is note-
worthy that the predictions for the masses and widths of
1P Q, states were subsequently confirmed by the LHCb
experiment [19], which cited the paper [98].

Subsequently, the model of Ref. [98] was also applied
to the 2, E., E,, and &} 1P mass spectra and strong decay
widths in Ref. [100], without changing the previous
parameters, and provided an accurate description of the
LHCb data concerning Z.(2923)°, =.(2939)°, and
E.(2965)° for both masses and widths, as reported in
Ref. [101]. In particular, in Ref. [100] the 1P E /b strong
partial decay widths into %, /bK, = /575 4%, /,,K , B, /bﬂ'
Ay oK, B, /»7, and E. ,n were calculated, by using both the
EEM and the 3P0 model, and also the electromagnetic
decay widths. In Ref. [102], a more systematic investiga-
tion was made, which involved a further application of the
model of Ref. [98] to the cqq, cgs, and css singly charm
baryon up to 1D, 2P, and 2S. That study calculated the
three-quark and quark-diquark mass spectra of the singly
charm baryons and the decay widths of the ground and
excited singly charm baryon states (p- and 1-mode exci-
tations) into singly charm baryon-(vector/pseudoscalar)
meson pairs and (octet/decuplet) light baryon-(pseudosca-
lar/vector) charmed meson pairs. It is worth noting that the
experimental mass and decay widths of Q.(3327) states,
which LHCb has recently observed [103], agree with the 1
D3, predicted mass and decay widths of Ref. [102]. The

reproduction of the masses and widths of the E.(2923)°,
E.(2939)%, E.(2965)°, Q.(3000), Q.(3050), €.(3066),
Q,(3090), Q.(3119), ©,(3327), Q,(6316), Q,(6330),

Q,(6340), and Q,(6350) states is an indication of the
predictive power of this model.

In Ref. [104], the mass formula of Ref. [98] was applied
to the singly, doubly, and triply charm and bottom baryons
up to the P-wave and only the electromagnetic decays were
calculated.

In that study [104] the authors did not evaluate the exact
expression of the orbit-flip operator, since they replaced p,
with im;kyA and p,, with im, kop. Similarly to the approach
taken in Ref. [102] for the charm sector, the aim of this
article was to expand the application of the model presented
in Ref. [98], in the bottom sector, to the 1D, 2P, and 2§
states, in both the three-quark and quark-diquark schemes,
and to study the strong decay widths within the 3P, model.
This is the first time that the Ay, Zpp, Xp, Apf', Apo,
5K, 2K, B, K, E,K*, EZK*, and E;K* channels have
been considered in the calculation of the strong decay
widths of the excited A, states; the X5, E,K, X,p, Zjp,
App, Zim, 2o, 2o, B K, B3 K, By KF, B K B K, o,
Yro, XgBg, AB, N(1520)B, N(1535)B, N(1680)B, and
N(1720)B channels in the calculation of the strong decay
widths of the excited X, states; the A,K*, B,p, B} p, E;p,
%, K5 K5 B, By, B, By, Bl o, Ejw, Eyp, B,
B¢, EgBy, XgB*, and X;(B channels in the calculation of
the strong decay widths of the excited Z;, and =) states; the
._.bK*, :ZK*, :;;K Qb}’], b?’], Qb¢ Qr ¢ Qbi’] th’[ . ‘—‘SB’
and Z,oB channels in the calculation of the strong decay
widths of the Q, states. Moreover, in Appendix G, we
calculate the electromagnetic decay widths of the S- and
P-wave singly bottom baryons, and report the analytical
expressions of the relevant matrix elements for the electro-
magnetic couplings. Finally, the uncertainties are propa-
gated with the Monte Carlo bootstrap method [105], which
is based on the estimation of the probability density
functions of the fitted parameters.

II. MASS SPECTRA

The masses of the bottom baryon states are calculated as
the eigenvalues of the Hamiltonian introduced in Ref. [98],
which we report below for convenience
H = Hy, + aSStzot + as Sor - Lot + a1 + aréz, (1)
where Hj , corresponds to the sum of the constituent
masses and the harmonic oscillator Hamiltonian. In Eq. (1)
the symbols S, Ly, I and Cz denote the spin, orbital
angular momentum, isospin, and the SU/(3) Casimir

operators, respectively, and they are weighted with the
model parameters ag, ag , ar, and ag.

A. Mass spectra of the bottom baryons
within three quark model

In the case where baryons are modeled as three-quark
systems, the H;, term of Eq. (1) can be expressed using
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FIG. 1. The p coordinate describes the excitations within the
light quark pair while the A coordinate describes the excitations
between the light quark pair and the bottom quark b.

the Jacobi coordinates p = (r; —r,)/v/2 and A = (r; +
ry —2r3) /+/6 and their conjugate momenta p, and p, as

1 1
H! *Zm to - pp —l— P +2mpwpp2+§m,1w%/lz,

(2)

where m; with i = 1, 2 are the light quark masses, ms is
the bottom quark mass; m, = (m; +m,)/2, and m, =
3m,ms/(2m, + ms). The p- and 1-oscillator frequencies

are w,(;) = % where K, is the harmonic oscillator
constant. Here the p coordinate describes the excitations
within the light quark pair while the A coordinate describes
the excitations between the light quark pair and the bottom

quark b, as depicted in Fig. 1.

The Hﬁi_ Hamiltonian described in Eq. (2) has the
eigenstates given in Appendix A 1, see Eq. (AS), and its
eigenvalues are

3
= Zmi +w,n, + wn;. (3)
i=1

We use the usual definitions for n,; = 2k, +l/,()
k/,(,l) =0,1,..., and l,,(ﬂ) =0,1,...; where, l ) is the
orbital angular momentum of the p(4) oscillator, and
k,(») is the number of nodes (radial excitations) in the
p(A) oscillators.

In the three-quark model, the eigenvalues of the
Hamiltonian 1, proposed in Ref. [98], are given by the
following mass formula,

m(A) —m(A") = m, —|—m2 —m) —

+aSL [J(J"_ ) tot( t0t+1)

+a1[1(1+ )= I'(I'+ 1)

my + W, N, +wn,; — (a);,n;, + win) + as[Si (S + 1) =

- Stot(Stot =+ 1)

+ w;n; + aS[Slot(Stot + 1)]

3
39 — .
E —g m; + w,n,
i=1

+aSL [J(J‘i‘ )
- Stot(Stot + D]+ a[I(1 + 1)]

Liot(Lio + 1)

+ap3lp(p+3)+ala+3)+ pal. @

We observe that the model is completely analytical, i.e., it
is an algebraic model, or in other words, the Hamiltonian of
Eq. (1) in combination with Eq. (2) is completely diagonal in
the harmonic oscillator, spin, flavor, and color basis. The
eigenvalues are given in Eq. (4) and the eigenstates are those
given in Appendix A 1. Even though the confinement
potential is expected to have a linear behavior, we opted
for a harmonic oscillator confinement in order to achieve a
fully analytical model. However, in Ref. [26], Capstick and
Isgur emphasized that the effective parameters of the quark
model can compensate for model limitations.

It is worth mentioning that the model of Ref. [98] has
successfully described both the singly charm and singly
bottom sectors. In the charm sector, it was applied to the E.
states and the authors provided an accurate description of
the LHCb data concerning E.(2923)%, E.(2939)° and
2.(2965)° for both masses and widths [100], as reported
in Ref. [101]. In the bottom sector, its predictions for the
masses and widths of Q, states were subsequently con-
firmed by the LHCb experiment [19], which cited Ref. [98].

In Eq. (4), the spin-dependent term splits the states with
different S,;. The contribution of this term is smaller than
in the charm baryons sector, in agreement with the heavy
quark spin symmetry (see Sec. IIF). The spin-orbit
interaction, which is small in light baryons [25,37], turns
out to be fundamental to describe the heavy-light baryon
mass patterns [98]. The effect of the spin-orbit term is to split
the states with different J. Finally, the flavor-dependent term
splits the baryons belonging to the flavor sextet, 6 with
(p.q) = (2,0), from the baryons of the antitriplet, 3p

w1th (p.q) = (0,1).

B. Applications of the equal-spacing mass formulas

The mass formula presented in Eq. (4), which was
introduced in [98], can be used to calculate the mass
splitting between states of the same multiplet

S(ot(Stot )]

- J/(-]/ + 1) + Ltot(L{ot + ) + Stol(S{Ot + 1)]

114005-5
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For example, in the charm sector, the experimental mass
splitting, as from LHCb [101]

m(€,(3050)) — m(E.(2923))

~ m(€,(3065)) — m(E.(2939))
~ m(€,.(3090)) — m(EL(2965))
~ 125 MeV

can be immediately explained by using Eq. (5) and the
parameters from Ref. [102]

m(>tHQ,) ;) —m(>TH(EL);) = 1154+ 30 MeV,

which is in agreement with the experimental data [101].

It is natural to expect a similar pattern in the bottom
sector; therefore, the equal-spacing rules can guide future
experimental searches in the bottom sector. For example,
the D,-wave excited states obey the following spacing
rules:

m(3(Qy),) = m(B(E),) = my—m, + 2w - @3")
—%al ~ 95+ 36 MeV
(6)

m(SH(E,),) = m(SH(Z,),) = my — m, + 205 — @)
—%a1:58i41 MeV
(7)

m(>$*1(E,),) = m(STU(A,),) = my — m, + 2(w;" — @)
+%a1 ~ 129 + 26 MeV.
(8)

For the D,-wave excited states we have
m(SH(Qy),) = mCSHE)),) = my = m, +2(af = )
—%al ~ 56 + 48 MeV
©)
m(SH(E) ) = m(5(E,),) = my —my + 20 — )
—%a124:|:40 MeV
(10)
M5 E,),) = mCH (Ap),) = my = m, o+ 20" - 0})
—I—%al ~ 75+ 40 MeV.
(11)

TABLE I. Fitted parameters for the three-quark model (second
column) and the quark-diquark model (third column). The
symbol “...” indicates that the parameter is absent in that model.

Parameter Three-quark value Diquark value

m, 4930° {2 MeV 46771 MeV
mg 46418 MeV e

My 299*10 MeV e

mp, e 133173 MeV
mp_ e 118575 MeV
mp, e 1045557 MeV
K, 0.02547 09012 GeV? 0.02451 03923 GeV?
as 1073 MeV 817 MeV
as;. 473 MeV 617 MeV
a 367 MeV 1973 MeV
ar 607% MeV 1319 MeV

These calculations are based on the parameters reported in
Table I, and the wﬁg values are computed for each bottom

baryon by using Eq. (3). It should be noted that @® = @
and o™ = @™, due to their identical quark content.
Therefore, we only use three different labels: Q,, &,
and X,.

The values obtained from these equal-spacing rules can
provide additional guidance for experimentalists searching
for bottom baryons.

C. Mass spectra of the bottom baryons
within the quark-diquark model

If baryons are modeled as quark-diquark systems,
the H,, term of Eq. (1) can be expressed by using only
one relative coordinate r=r; —r, and momentum
P, = (mypp — mppy)/(my, + mp), namely, the quark-
diquark model [106]. In this picture, the two light quarks
are regarded as a single diquark object interacting with a
heavy quark. Thus, the H;,, term of Eq. (1) can be
expressed by using the relative coordinate r and its
conjugate momentum p, as

2

Hio = mp +my, +g—;+%uw3r2, (12)
where mp and m,; are the diquark and bottom quark
masses, respectively, u = mymp/(m;, + mp) is the reduced
mass of the system. The Hﬁg. Hamiltonian described in
Eq. (12) has the eigenstates given in Appendix A 2, see
Eq. (A13), and its eigenvalues are

3K
Elqlg = mp + my, + N, with W, = —b’ (13)
o. p

n, =2k, + [, where k, = 0, 1, ... is the number of nodes,
[,=0,1,... is the orbital angular momentum of the r
oscillator, and K, is the harmonic oscillator constant.
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In the quark-diquark scheme, the eigenvalues of the
Hamiltonian 1, proposed in Ref. [98], are given by the
following mass formula,

EIP — mp +my, +w,n, + as[S[ot(Stot + 1)]

1
+ aSLE[J(J'f' 1) - Ltot<Ltot =+ 1)

= Stot(Seot + D] + a[I(I + 1)]

taglp(p+3) +alg+ ) +pa  (14)

D. Singly bottom baryon states
within three-quark model

We first construct the singly bottom baryon states in both
the three-quark and the quark-diquark models.

In the three-quark model, the bottom baryons are
described as three quark states made up of one b quark
and two light quarks (u, d, or s). In this model, the spatial
degrees of freedom of the bottom states are expressed by
the p coordinate, which describes the excitations within the
light quark pair, and the A coordinate, which describes the
excitations between the light quark pair and the bottom
quark b (see Fig. 1).

The total angular momentum, J = L, + Sy, is the sum
of the orbital angular momentum, L, =1, +1;, and the
internal spin, S, = S|, + 1/2, which is the sum of the
light quark spin, S1, = S| + S,, and the b quark spin, 1/2.

It is important to note that the color part of a baryon wave
function is fully antisymmetric, representing an SU.(3)
singlet of the three colors. In our model the light quarks are
considered to be identical particles; hence, their wave
function should be antisymmetric in order to satisfy the
Pauli principle. Since the two light quarks are in the
antisymmetric 3, color state, the product of their spin-,
flavor-, and orbital-wave functions has to be symmetric. Let
us apply this principle to construct the singly bottom
baryon ground and excited states up to the second energy
band, N =n,+n; (N =n, in the case of the quark-
diquark system), of the harmonic oscillator.

In the energy band N =0, in which 1, =1, =0, the
spatial wave function of the two light quarks is symmetric
implying that their spin-flavor wave function is symmetric.
Therefore, we can only combine the antisymmetric 3-plet
with antisymmetric-spin configuration S, =0 and the
symmetric 6p-plet with spin symmetric configuration
Si» = 1. This means that the ground state baryons made
up of a light quark pair with antisymmetric-spin configu-
ration S, = 0 fill an antisymmetric 3g-plet with total spin
J =St :% (displayed on the left-hand side of Fig. 2),
while the ones made up of a light quark pair with spin
symmetric configuration S;, =1, fill one 6g-plet with
total spin J =S, = % and one 6g-plet with total spin

JP =12t JP =2t JP=32*

Q; (ssh)

Q" (ssb)

Sy(dsh)  Elusb) B, (dsh) g,%ush)  E*(dsh)

A)(udb) Z;(ddb) Z)(dub) Z;}(uub) X (ddb) Z°(dub) Z,*(uub)

FIG.2. The SU(3) flavor multiplets of the ground-state singly
bottom baryons: the flavor antitriplet 3 with spin-parity J* = %*
(left side), the flavor sextet 6z with J* =1* (center), and the
flavor sextet 6 with J¥ = 3" (right side).

J=S = % (displayed on the center and on the right-hand
side of Fig. 2).

The 3g-plet and the 6g-plet with spin-parity J* = %+ lie
on the first floor of the SU;(4) 20g-plet with the light octet
baryons at the ground level, while the 6g-plet with spin-
parity J¥ = 3" lies on the first floor of the SU ;(4) 20g-plet
with the light decuplet baryons at the ground level. The
3F—plet with spin-parity J* = %* contains one isosinglet
state, A, and two isospin % states, E, and Eg.

The 6p-plet with spin-parity J¥ = %J’ contains one
isosinglet, ©;, two isospin } states, 2, and E)?, and three
states with total isospin I = 1, £, ) and ;. The 6g-plet
with spin-parity J© = %* contains the one isosinglet, €2},
two isospin % states, EZ“ and E;)*O, and three states with total
isospin I = 1, Z;*, 2:0 and ™, where the upper symbol x
denotes that the total spin of these states is % The total spin
and the SU,(3) flavor multiplets of ground state singly
bottom baryons are reported in Fig. 2.

For the energy band N =1, there are two different
possibilities. If 1, = 0 and 1, = 1, the spatial wave function
is symmetric under the interchange of light quarks, imply-
ing that their spin-flavor wave function is also symmetric.
Thus, in the case of the 3g-plet baryons, the angular
momentum L., =1 is coupled with one only spin con-
figuration, Sy, =3 that comes from the light quark spin
configuration S;, = 0, yielding two P,;-wave excitations,
while, in the case of the 6g-plet baryons, L., =1 is
coupled with two possible spin configurations, S, = ,%
that come from the light quark spin configuration S;, = 1,
yielding five P;-wave excitations.

When 1, =1 and 1, = 0, the spatial wave function is
antisymmetric under the interchange of light quarks,
implying that the two light quark spin-flavor wave function
are also antisymmetric, hence the situation is reversed: in
the case of the 3p-plet baryons, L, = 1 is coupled with
St = % , % yielding to five P ,-wave states, while, in the case

[

of the 6g-plet baryons, L = 1 is coupled with S, = %
yielding to two P,-wave states.
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In the energy band N = 2, there are three possibilities:
the pure A-excitations, 1, = 0,1, = 2, the pure p-excitations,
1, =2,1, = 0, and the mixed casel, = 1,1, = 1. In both the
l,=0,1, =2andl, = 2,1; = 0 cases the total spatial wave
function is symmetric under the interchange of light quarks
implying that their spin-flavor wave function is also
symmetric.

If 1, =0 and I, = 2, in the case of the 3p-plet baryons,
L =2 is coupled with S, =3, giving two D,-wave
excitations, while, in the case of the 6g-plet baryons, L, =
2 is coupled with two possible spin configurations,
St = %%, giving six D;-wave excitations. If 1, =2 and
1, =0, in a similar way we have two D ,-wave excitations
for the 3g-plet and six D ,-wave excitations for the 6p-plet.

When 1, = 1and 1, = 1 there are three possible values of
the angular momentum L, = 0, 1,2. In the case of the 3p-
plet baryons, they are combined with S, = %,%, which
come from the light quark spin configuration S;, =1,
producing thirteen mixed excited states: six D-wave states,
five P-wave states, and two S- wave states. In the case
of the 6p-plet baryons, they are combined with S, = %
which come from the light quark spin configuration
S5 = 0, thus producing five possible states: two D-wave
states, two P-wave states, and one S-wave state.

Additionally, there are two possible radial excitation
modes in this energy band, k, =0, k; =1, and k, =1,
k; = 0, both corresponding to a symmetric light quark
wave function since L =1,+1;=0. If k, =0 and
k, =1, in the case of the 3p-plet baryons, L, = 0 is
combined with S, = %, producing one A-radial excitation,
while in the case of the 6g-plet baryons, L., =0 is
combined with J =S, = %% producing two A-radial
excitations. In a similar way, if k, =1 and k; =1, in
the case of the 3p-plet baryons, we have one p-radial
excitation, while in the case of the 6g-plet baryons, we have
two p-radial excitations.

E. Singly bottom baryon states
within the quark-diquark model

Finally, when the bottom baryons are seen as quark-
diquark systems, the two constituent light quarks of the
diquark are considered to be correlated, with no internal
spatial excitations (1, = 0); i.e., it is hypothesized that
we are within the limit where the diquark internal spatial
excitations are higher in energy than the scale of the
resonances studied. As a result, the quark-diquark states
are a subset of the previously discussed three-quark
states and can be obtained by freezing the p coordinate.
The validity of this scheme for singly bottom systems
will ultimately be determined by experimental data.
Further investigations and analysis are necessary in
order to confirm its applicability. With the completion
of the construction of states in both the three-quark and

quark-diquark models, we have established a framework
for understanding the properties of singly bottom baryons.

We make one last remark on the notation used throughout
the paper. The three-quark quantum state is written as
|1;.1,.k;. k,), with total angular momentum J = Lo + S,
where Lo =1, +1; and S,y = S, + % S5 is the coupled
spin of the light quarks. The number of nodes is k; ,. The
quark-diquark quantum state is written as |/,, k,) where
Li=1,and S, = S1» + %, and the number of nodes is k,.
For each state, we also report the information on the
total spin, orbital angular momentum, and total angular
momentum using the compact spectroscopic notation
2SHIL, = 2tot + 1L,y

F. Parameter determination and uncertainties

We perform a fit to describe the observed masses of singly
bottom baryons, namely A,, X, E,, Z;, and Q,, with the
masses predicted by Eqgs. (4) and (14). This fitting procedure
enables us to determine the masses of the constituent quarks
and diquarks (my, mg, m, 4, mp,,, mp_, and mp_ ), and the
model parameters (ag, as; , a1, ag, and K). The goal is to
confirm that the parameters minimize the sum of the squared
differences between the theory-predicted baryon masses and
their corresponding experimental values (least-squares
method).

Experimental measurements of baryon masses are asso-
ciated with both statistical and systematic uncertainties.
Moreover, the models presented in Eqs. (4) and (14)
provide approximate descriptions of bottom baryons. To
account for possible deviations between these models and
experimental data, we assign a model uncertainty to each
model. The calculation of the model uncertainty, denoted as
Omod» follows the procedure outlined in Ref. [1], ensuring
that the y*>/NDF value approaches 1. The computation of
x? involves the equation

2 (Mmodj - Mexp,i)2 15
o Z: G%md + ngp.i ’ ( )
where M4 ; represents the predicted masses of the singly
bottom baryons, M., ; denotes the experimental masses of
the singly bottom baryons included in the fitting process,
along with their uncertainties 6., ;, and NDF refers to the
number of degrees of freedom. For the three-quark model,
we obtain a value of 6,,,,g = 12 MeV, while for the quark-
diquark model o6,,,¢ =20 MeV. To obtain the model
parameters, we conducted a fit using only 13 of the 22
experimentally observed states. The fitted parameters for
the bottom baryon masses are shown in Table I. Our
predictions align well with the observed states, showing a
root-mean-square deviation of 9.6 MeV.

If we compare the parameters ag,agp,a;, and ag of
Table I with the results of Ref. [102] in the charm sector, we
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TABLEIIL. Predicted A, (nnb) masses and strong decay widths (in MeV). The flavor multiplet is indicated by the symbol F. The first
column contains the h.o. three-quark model states, |/, L, ky, kp), where [; and [, are the orbital angular momenta and k,, k, the number
of nodes of the 1 and p oscillators, with N = n,, + n,. The second column displays the spectroscopic notation 25+1L, for each state. The
third column contains the total angular momentum and parity J*. In the fourth and eighth columns, the three-quark predicted masses
[Eq. (4)] and their total strong decay widths are shown, respectively. The fifth column contains the h.o. quark-diquark model state,
|, k,), where [, is the orbital angular momentum and k, denotes the number of nodes, and N = n,.. The sixth column contains the
quark-diquark predicted masses [Eq. (14)]. Our theoretical results are compared with the experimental masses and the decay widths
from PDG [1] in the seventh and ninth columns, respectively. The “{” indicates that no experimental mass or decay width for that state

has yet been reported. The symbol “...” indicates that there is no quark-diquark prediction for that state.
Fo3, Three-quark Quark-diquark Three-quark
A, (nnb) Predicted Predicted Experimental Predicted Experimental
L, ks k) 2STIL, J? mass MeV) |l,.k,)  mass (MeV) mass (MeV) Tsirong (MeV) I (MeV)
N=0
|0,0,0,0) S12 L+ 561319 |0,0) 56117113 5619.60 + 0.17" 0 ~0
N=1
11,0,0,0) Py - 59188 |1,0) 591671 5912.19 £0.17° 0 <0.25
11,0,0,0) *P3)s 2 592473 |1,0) 5925+12 592009 +0.17* 0 <0.19
|0,1,0,0) Py 1- 6114110 e e 6072.3 +2.9 67116 72411
0.1,0.0) Py 1- 613714 o o T 3673 i
0,1,0,0) P 3 612110 o - i 85131 i
0.1,0,0) Ps) 3= 6143+12 - % T 12813 f
10.1,0,0) P, 3 6153+14 T 7455 T
N=2
[2,0,0,0) Dy o 622573 [2,0) 6224730 6146.2 + 0.4 1343 29413
2,0,0,0) D5, g+ 6235+13 2,0) 6239120 6152.5+0.4 18112 2.1409
[0,0.1,0) 2S1) " 6231113 [0, 1) 6233120 i 2011 i
[0,0.,0,1) 2812 I+ 6624121 e e i 130733 T
1,1,0,0) Dy 3 6421718 T 6717 T
1,1,0,0) D5, 5t 643177 T 108538 T
1,1,0,0) Dy )y L+ 6438122 T 34759 i
1.1.0.0) Dy, 3 6444718 T 95133 T
1,1,0,0) D5, St 6454717 i 128+34 T
1,1,0,0) D1/ I 6468135 T 12243} T
11,1,0,0) P, 0 ean3tls t 0.5%1 T
1,1,0,0) Py 6429717 T 17553 T
1,1,0,0) Py, - 644619 T 03251 T
1.1.0.0) UV 645217 t 12203 T
1,1,0,0) ‘P, s~ 6462119 i 21} i
1,1,0,0) 432 3+ 6456117 T 32148 T
1,1,0,0) 281/ " 6427118 T 2917 T
0,2,0,0) D35 3+ 661873 T 1315355 T
0,2,0,0) D5 3+ 662821 T 185145 T

It indicates the experimental mass and decay width values included in the fits.

can see that a; and ag are quite similar, while ag and ag; are
significantly smaller in the bottom sector than in the charm
sector. In the case of the spin-spin interaction, agS(S + 1),
we get from the fit a value of ag = 10f32 MeV for the
bottom sector, which is smaller than the value obtained
for the charm sector, ag = 23 +3 MeV in Ref. [102].
The decrease of ag from the charm to the bottom sector is

an effective way to take into account that the spin-spin
interaction is inversely proportional to the masses of the
interacting quarks, in agreement with the heavy quark
spin symmetry. In the case of the spin-orbit interac-
tion, agp S - Lo, We get from the fit a value of
asy = 4f§ MeV, about four times smaller than the value
obtained for the charm sector, ag; = 18 =5 MeV [102].
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TABLE IIl.  Same as Table II, but for E,(snb) states. The recently discovered =,(6087) [24], which is not yet on the PDG has been
associated with the 1P 1/27 state; it is reported in the table with the mass and width, as from Ref. [24]. The recently discovered
E,(6095)° [24] has been considered by us as the neutral partner of Z,(6100)~ reported by the PDG, and in this table we reported its
width as from LHCb [24]. The “f” indicates that no experimental mass or decay width for that state has yet been reported. The symbol

@ 9

...” indicates that there is no quark-diquark prediction for that state.

F_3 Three-quark Quark-diquark Three-quark
= F -
E,(snb) Predicted Predicted Experimental Predicted Experimental
1.1,k k,) 2+1L, Jr mass (MeV)  |l,,k.)  mass (MeV) mass (MeV) Csiong (MeV) [ (MeV)
N=0
0.0.0.0) 25,5 L+ 58067 0,0) 5801118 5794.5 £ 0.6" 0 ~0
N=1
11,0,0.0) %, b 6079* 1,0) 6082)s 608724038 0.215 24406
1.0.0,0) Py 3 6085 1.0) 6092113 6100.3 £0.6" L15¢ 0.9404
0,1,0.0) Py, B et = - t 05 t
10,1,0,0) Py, b 6271+13 il 67 T
0, 1,0,0) 2Py, 3 6255711 T 66710 i
|0,1,0,0) P3)) 3- 6277114 i 2617 i
0.1,0,0) U 62873 T 6811 T
N=2
12,0,0,0) D, ¥ 6354213 2,0) 636875 0327.3£25 L9558 <22
2.0.0,0) D, 6364713 12.0) 638372 6332.7£25 15103 <1.6
0,0,1,0) 28y L+ 636072 0,1) 63772 i 55 i
0,0,0,1) 12 3 669911 = = i 17945 T
|1,1,0,0) Dy 3+ 6524116 i 4612 i
11,1,0,0) D5, 5t 6534117 T 10813] f
1,1,0,0) Dy Lt 6540122 T 2012 f
11,1,0,0) Dy, 3 6546719 T 674§ T
11,1,0,0) “Ds)) 5t 655617 T 100550 i
1.1.0,0) Dy, I 65702 T 1145 T
11,1,0,0) 2Py, I- 65261 T 0.3%01 T
1,1,0,0) 2Py, 3- 6532118 T 24 ¥
1,1,0,0) Py L 6548119 T 0.2201 T
1,1,0,0) Py 3- 6554713 T 0.9%53 l
1,1,0,0) ‘P, 5 656471 T 34 l
|1,1,0,0) 183/, 3+ 6558718 i 3318 i
11.1,0,0) %, I+ 6530716 i 317 i
10,2,0,0) Dy, 669372 t 12775 T
0.2,0,0) sy 5 670313 f 9815 f

“It indicates the experimental mass and decay width values included in the fits.

Since the spin-orbit interaction, ag; Sy - Ly, 1S a relativ-
istic interaction, the decrease of ag;, from the charm to the
bottom sector agrees with the fact that the b quark is heavier
than the charm quark.

To incorporate both experimental and model uncertainties
into the fitting process, we perform a statistical simulation
using error propagation. This involves a random sampling
of the experimental singly bottom baryon masses from
Gaussian distributions with means equal to the central
mass values and widths equal to the squared sum of the

uncertainties. The fitting procedure was repeated 10* times,
and in each iteration we used a sampled mass corresponding
to an experimentally observed state included in the fit. The
model parameters obtained from these 10* fits follow
Gaussian distributions, where the parameter values are the
means of these distributions and the parameter uncertainties
are defined as the difference from the distribution quantiles at
the 68% confidence level to obtain its confidence interval
(CI). This methodology is known as Monte Carlo bootstrap
uncertainty propagation [105,107]. The fitting and error

114005-10



STRONG DECAY WIDTHS AND MASS SPECTRA OF THE 1D, ...

PHYS. REV. D 110, 114005 (2024)

TABLEIV. Same as Table II, but for X, (nnb) states. The “1” indicates that no experimental mass or decay width for that state has yet

been reported. The symbol “...” indicates that there is no quark-diquark prediction for that state.
F—6 Three-quark Quark-diquark Three-quark
%, (nnb) Predicted Predicted Experimental Predicted Experimental
3.1, k;. k) 2+, Jr mass (MeV) l.,k,)  mass (MeV) mass (MeV) Csyong (MeV) [ (MeV)
N=0
0,0,0,0) 2515 %+ 58048 0,0) 5811712 5813.1 +£0.3* 472 50+05
0,0,0,0) 1Sy 3+ 583278 |0,0) 5835111 5832.5 +0.5" 1073 9.9 4+ 0.9
N=1
1,0,0,0) P, 1- 6108710 I1,0) 60984 6096.9 + 1.8 2410 30+7
1,0,0,0) U 6131+ [1.0) 6113213 t 1353 T
11,0,0,0) P 3 6114710 1.0) 6107+14 T 8413 T
1,0,0,0) Ps) 3- 6137-19 |1,0) 6122114 i 5754 i
11,0,0,0) iP5 5 6147412 11,0) 6137413 T 96153 l
0,1,0,0) Py 1- 6304113 = . i 13413 f
10,1,0,0) P 3 63111153 T 129753 T
N=2
12.0,0.0) Dy, ¥ 6415713 2.0) 63883 t 5873 i
12.0,0,0) 2, 5 6425116 2,0) 6404122 i 130133 I
12.0,0,0) ‘D, b 643172 2.0) 63933 t 78530 I
2,0,0,0) Dy, 3 6437417 2.0) 64032 T 10613 T
12.0.0,0) Dy, 5 644813 2,0) 641823 t 13353 T
2,0,0,0) Dy, I 646220 2.0) 6440133 T 145555 l
0,0,1,0) 215 L+ 6421713 0.1) 639743 T 11913 T
10,0, 1,0) 4855 3+ 6450713 l0,1) 642173 T 121555 l
|0,0,0, 1) 281/, L+ 681324 o e i 7101139 i
0,0,0,1) 4S5/ 3+ 6842724 i 973343 i
1,1,0,0) Dy 3t 6611719 i 376705 f
1,1,0,0) Dy, 5 6621420 T 25218 T
1,1,0,0) 2Py I- 6613119 T 4% T
1.1.0.0) py, 6619120 T 5% T
1,1,0,0) 2%/ L+ 6617412 T 58715 l
10,2,0,0) Dy, ¥ 6807+ t 5491150 T
10.2.0.0) Py, 3 6817424 i 616117 T
10,2,0,0) ‘D, b 6824127 T 1349133 T
0,2,0,0) Dy 3+ 6830724 T 741518 i
10,2,0,0) Dy, 3 6840123 T 37625 T
10,2,0,0) Dy, I 6854128 T 1178133 l

“It indicates the experimental mass and decay width values included in the fits.

propagation procedures are conducted by means of MINUIT
[108] and NumpPy [109].

The thirteen masses and their uncertainties used in the
fit are from PDG [1] and they are marked with “a” in
Tables II-VI.

G. Bottom baryon mass spectrum results

In this section, we present our results for the masses of
bottom baryons. We study the A, E;, X, EZ, and Q,, states
simultaneously.

Our predictions for the Ay, B,, Z;, Z), and Q, states are
reported in Tables II-VI, respectively. In the fourth column
of Tables II-VI, we provide the theoretical masses calcu-
lated using the three-quark model Hamiltonian given by
Eq. (4), along with their errors calculated by means of the
Monte Carlo bootstrap method. In the sixth column, we
present our theoretical results for the quark-diquark model
description calculated by using the Hamiltonian given by
Eq. (14). In the seventh column, we report the experimental
masses, as from PDG [1].
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TABLE V. Same as Table I, but for Z} (snb) states. The “f” indicates that no experimental mass or decay width for that state has yet

been reported. The symbol “...” indicates that there is no quark-diquark prediction for that state.
F =6 Three-quark Quark-diquark Three-quark
B}, (snb) Predicted Predicted Experimental Predicted Experimental
.1, ks k) 2T, JP' Mass MeV) |l,,k,)  Mass (MeV) Mass (MeV) Tsirong (MeV) I (MeV)
N=0
0,0,0,0) 281/ Lt 5925+¢ 0,0) 5927113 5935.02 + 0.05" 0 <0.08
10,0,0,0) 485/ 3+ 59537 |0,0) 595113 5953.8 + 0.6" 02791 0.90 +0.18
N=1
11,0,0,0) P, I 6198+7 I1,0) 6199+14 T 34 T
1,0,0.0) P 1- 622019 |1.0) 621314 i 44 i
1,0,0,0) %P5 3 6204+] 1,0) 62084 i 2917 i
1,0,0,0) Py, ¥ 622617 1,0) 622311 T 843 T
1,0.0,0) “Ps., 3- 6237+19 1,0) 6238+ 6227.9 4+ 1.6 3118 19.9+£26
|0,1,0,0) P/ - 6367+ E e i 19758 T
0,1,0,0) Py, 3 6374110 T 97534 T
N=2
12.0.0,0) D), 3+ 6473112 2.0) 6474739 i 1413 f
2,0,0,0) D5 s+ 648313 2,0) 6489"2) i 301] i
2,0,0,0) Dy, I+ 648918 12,0) 647912 T 25%) T
2,0,0.0) ‘D) 3+ 6495+ 14 2,0) 6488+2] i 3545 i
2,0,0,0) Dy, 3 650671 2,0) 6504120 T 46713 T
12,0,0,0) Dy It 6520718 2,0) 652612 i 47414 i
0,0,1,0) 25, Lt 647911 0.1) 6483 2] i 47414 i
0,0, 1,0) 483/ 3+ 650812 0. 1) 6507139 i 79138 i
|0,0.0,1) 2S1) I+ 681879 e oo i 599148 T
0,0,0,1) 45y, 3 6847419 T 630115 T
1.1,0,0) Dy, 3 642t I 234%5 T
1,1,0,0) D5, S+ 6653117 i 116139 i
|1,1,0,0) Py, 1- 664413 i 34 i
1,1,0,0) 2P, 3- 66511 i 34 i
1.1,0,0) %, b 664973 T 59114 T
|0,2,0,0) Dy 3+ 6812117 i 31518 T
|0,2,0,0) D5, S+ 6822720 T 209134 i
|0,2,0,0) Dy L+ 6828122 i 5291136 i
10,2,0,0) Dy, 3 6834120 i 364105 I
0.2.0,0) “Ds S+ 6845113 T 194758 i
|0,2,0,0) Dy I+ 6859° % i 34978 T

*It indicates the experimental mass and decay width values included in the fits.

Furthermore, we compare our theoretical results with
the experimental data [I] in Figs. 3-7 for the three-
quark model, and in Figs. 8-12 for the quark-diquark
model.

As one can observe, our theoretical mass predictions are
in good agreement with the available experimental data. It
is noteworthy that the model of Ref. [98] has relatively
few parameters, specifically, eleven. We use data from 13
well-established singly bottom baryons out of 22 states;
hence, the remaining states are predictions.

In addition, in Tables VII-XI we compare our mass
spectra with the previous three-quark studies such as
NRQM [33,39,41], QCDSR [48,50,51], yQM [56], and
LQCD [59]. However the previous articles did not give
explicit internal construction, but only the flavor and total J
of the states; thus, we made a tentative assignment using the
values of the masses and the total spin J.

In Tables VII-XI, we do report the following results: a
variational approach of the non-relativistic three-body
problem in singly bottom baryons was done but only

114005-12
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TABLE VI.  Same as Table II, but for Q, (ssb) states. The “i” indicates that no experimental mass or decay width for that state has yet
been reported. The symbol “...” indicates that there is no quark-diquark prediction for that state.
F =6 Three-quark Quark-diquark Three-quark
Q,(ssb) Predicted Predicted Experimental Predicted Experimental
3.1, k;. k) 2+, Jr mass (MeV) l.,k,)  mass (MeV) mass (MeV) Csyong (MeV) [ (MeV)
N=0
0,0,0,0) 251/2 %* 6064f88 0,0) 6059:1; 6045.2 +1.2° 0 ~0
0.,0,0,0) 4832 3+ 609317 10,0) 608373 T 0
N=1
1,0,0,0) Py 1- 6315%7 |1,0) 631819, 6315.6 + 0.6 511 <42
1,0,0,0) “Pij 1 6337119 |1,0) 633311 6330.3 £ 0.6" 13 <47
[1,0,0,0) P/ - 632173 [1,0) 6328710 6339.7 + 0.6 2418 <1.8
[1,0,0,0) P/ 3- 634317 [1,0) 6342110 6349.8 + 0.6 612 <32
1,0.0.,0) “Ps)) 2= 635371 |1.0) 635871 i 40719 i
|0, 1,0,0) P 1 6465¢ - o T 1055 T
0, 1,0,0) Ps) 3- 6471719 i 54108 f
N=2
12,0,0,0) D3 3+ 6568/ 2,0) 6581714 i 41! i
12,0,0,0) D5, S+ 657812 2,0) 659613 T 1053 i
12,0,0,0) Dy i 658477 2,0) 658577 i 1.0593 T
2,0,0,0) ‘D) 3+ 6590°13 2,0) 6595718 T 34 T
2,0,0,0) *Ds 5t 6600710 2,0) 661073 T 813 T
2,0,0,0) Dy I+ 661413 2,0) 6632417 i 1855° i
0,0, 1,0) 25/ L+ 65741 0. 1) 6590*3 i 2078 i
0,0.1,0) 452 3+ 660271/ 0, 1) 6614713 T 1718 T
0,0,0,1) 281/ I+ 6874117 e o T 3981115 i
0.0,0,1) 32 3 69027 T 25718 T
[1,1,0,0) D35 3 6718714 i 11613 i
|1,1,0,0) D5 5 6728713 i 82133 T
|1,1,0,0) Pi) 1 6720114 i 11399 i
[1,1,0,0) P3) 3- 6726113 T 21 i
1,1,0,0) 281/ I+ 672411 i 72421 T
0,2,0,0) D35 o 68687 T 180729 i
|0,2,0,0) ’Ds > 3+ 687879 i 15773 i
0,2,0,0) Dy 3 6884131 T 12613, T
|0,2,0,0) D3 3 68903 i 195737 i
|0,2,0,0) “Ds) 5 690017 i 17253] T
0,2,0.0) D)y I 6914733 i 230783 i
It indicates the experimental mass and decay width values included in the fits.
for ground states [33]. The chiral quark model [36] was  using Schwinger-Dyson equation approach from

applied only for § and P wave states. The Regge
phenomenology [42], was applied just for singly bottom
ground states. The QCD-inspired relativistic quark-
diquark picture [37,38]. We did not add the results of
[40] because only ground states and few exited states for
A, and E;, were considered. In Ref. [47], the hypercentral
constituent quark model, was applied to study only P-
wave Q, states. The QCD sum rules [27,49] only include
S- and P-wave states. Finally, we did not add the results

Ref. [53], because only ground states were considered.
Silvestre-Brac made the calculation of the mass spectra
for Ay, Z;, By, B}, and Q, using a non-relativistic quark
model within the Faddeev formalism [29]. The A, Z,, &,
5, and €, ground and excited states (up to 1 GeV) were
displayed in the figures with a large energy scale, but
the numerical values for the excited states were not
provided in a table; thus, we could not add his results
to our tables.
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FIG. 3. A, mass spectra and tentative quantum number assign-
ments based on the three-quark model Hamiltonian of Egs. (1)
and (2). The theoretical predictions and their uncertainties (blue
lines and bands) are compared with the experimental results (red
lines and bands) given in the PDG [1]. The experimental errors
are too small to be reported on this energy scale.
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FIG. 8. A, mass spectra and tentative quantum number assign-

ments based on the quark-diquark model Hamiltonian of Egs. (1)
and (12). The theoretical predictions and their uncertainties (blue
lines and bands) are compared with the experimental results (red
lines and bands) given in the PDG [1]. The experimental errors
are too small to be reported on this energy scale.
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FIG. 12. Same as Fig. 8, but for A, states.

Only NRQM [39,41], RQM [26] and QCD sum rules
[48,50,51] made predictions for some D-wave states, see
Tables VII-XI. However, they did not provide predictions
for all possible mass states within the D-wave. Due to the
lack of data, we cannot reach any conclusion about the
differences between the predictions for each model. It is
crucial to emphasize that the validation of the model of
Ref. [98] requires the identification of the bottom baryon
multiplets through additional data. However, the difficulty
in identifying new bottom baryons within the data remains
a challenge.

ITII. STRONG DECAY WIDTHS

We investigate the open-flavor strong decay widths of
the Ay, 5, Z,, B, and Q, states. We calculate the
three-quark strong-decay widths by using the P, model.
In the 3P, model the transition operator is given by
[102,110-114].

T" = =3y, / dp,4dpsé(ps + Ps)CasFas
x [r4s % V1 (pa = ps)l b (ps)d5(ps).  (16)

Here, y, is the pair-creation strength, and bl(p4) and

d;(ps) are the creation operators for a quark and an
antiquark with momenta p4 and ps, respectively.

The gg pair is characterized by a color-singlet wave
function Cys, a flavor-singlet wave function Fys, a spin-
triplet wave function y,s with spin Sys =1 and a solid
spherical harmonic );(p4 — ps), since the quark and
antiquark are in a relative P-wave.

According to the *P, model, the decay of the baryon A
proceeds via the creation from the vacuum of the gg pair;
this pair recombines into an outgoing baryon B and a
meson C, as depicted in Fig. 13. The total strong decay
width Igyone 1s the sum of the partial decay width of the
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TABLE VII. Comparison of our predicted three-quark A, (nnb) masses with other three-quark model predictions (in MeV). The flavor
multiplet is indicated by the symbol F. The first column contains the three-quark model state, |[;, 1,, k;, k), where 1, , are the orbital
angular momenta and k; , the number of nodes of the 4 and p oscillators. The second column displays the spectroscopic notation 25+,
for each state. The third column reports our predicted masses, computed within the three-quark model. Our results are compared with
those of Refs. [41] (fourth column), [48,50,51] (fifth column), [39] (sixth column), [56] (seventh column), [59] (eighth column), [35]
(ninth column), [33] (tenth column), and [26] (eleventh column). Our theoretical results are also compared with the experimental masses
as from PDG [1] (twelfth column). The symbol “...” indicates that there is no prediction for that state. The “{” indicates that there is no
reported experimental mass for that state up to now.

A,(snb) F=3 This NRQM QCDSR NRQM QM LQCD CQC NRQM RQM
Lyl ky k 4L, work [41]  [48,50,51]  [39] [56]  [59]  [35] [33] [26]  Experimental
P P
N=0
|0,0,0,0) %, 56139 5618 5637 5612 5620 5667 5624 5629 5585 5619.60 +0.17
N=1
[1,0,0,0) Py 59188 5938 6010 5939 5914 5947 5912 5912.19 4 0.17
[1,0,0,0) Py 592478 5939 6010 5941 5927 e 5920  5920.09 4 0.17
0, 1,0,0) Py, 6114710 6236 . 6180 6207 6245 6100 T
0,1,0,0) Py 613711 6273 5870 e 6233 6165 T
|0, 1,0,0) 2Py 6121710 6273 . 6191 . 6185 T
0, 1,0,0) Py 6143712 6285 5880 . 6190 T
0,1,0,0) *Ps; 6153111 6289 . 6206 6205 T
N=2
2,0,0,0) Dy 622513 6211 6010 6181 6172 6388 6145 61462404
2,0,0,0) Ds;; 6235713 6212 6010 6183 6178 e 6165 61525404
|0,0,1,0) %, 623112 6153 6107 6121 6106 6045 T
|(),(),(),1> 251/2 6624521] +
1,1,0,0) Dy 64217[8 6488 e 6401 T
[1,1,0,0) D5y 643117 6530 6560 6422 T
[1.1,0,0) ‘Dyy 643812 6467 . . +
[1,1,0,0) Dy, 64441 6511 6360 T
1,1,0,0) “Ds;, 6454117 6539 6360 e T
[1,1,0,0) Dy 646873 6560 6433 . T
[1,1,0,0) Py, 6423110 e aE 6260 T
1.1.0.0) Py, 6429117 o 6265 i
1,1,0,0) Py 6446110 6220 6470 T
[1,1,0,0) Py 6452117 6230 6510 T
1,1,0,0) “Ps; 646279 6360 i
|1,1,0,0) S 642758 i
|0,2.0,0) D3 6618750 6520 6637 T
0,2,0,0) Ds;, 662873 6520 T
singly bottom baryon A decaying to the open-flavor MMMy = (WpW|TH W) (18)

channels BC. That is, 'syong = D pc [strong(A = BC),
where the strong partial decay widths I'gyone(A — BC)
are calculated by using

is the 3P, transition amplitude calculated over the eigen-
states of the Hamiltonian operator of Eq. (2), ¥4, W5, and
W, which are the harmonic oscillator wave functions. The
conventions used for the h.o. wave functions are given in
Ref. [102]. In Eq. (18), T" is the 3P, transition operator
defined in Eq. (16), and the sum runs over the third

2my}
1—‘Strong (A - BC) = :

=22 o, MMMy 2
2JA+1ABCZ| 4|

M, My,

(17)

where ®,_pc is the relativistic phase space factor
[110,114] and

components M, and M, of the total angular momenta
J4 and Jp of A and B, respectively. Since we fitted all the
parameters of the model (see Table I) to the experimental
masses reported in the PDG [1], the harmonic oscillator
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TABLE VIII.  Same as Table VII, but for , (snb) states. The “1” indicates that there is no reported experimental mass for that state up
to now.

2, (snb) F=3x This NRQM QCDSR NRQM QM LQCD CQC NRQM RQM

i1, kyk,)  PSTIL;  work [41]  [48,50,51]  [39] [56]  [59]  [35] [33] [26]  Experimental
N=0

0,0,0,0) X815 58067, 5780 5844 5796 5901 5801 5800 5794.5 4+ 0.6
N=1

1,0,0,0) Py 60795 6270 6108 6069 6109 +
1,0,0,0) Py 608579 6280 6110 6080 e 6100.3 4 0.6
0.1.0.0) 2Py 624871 “e 6084 6223 f
0,1,0,0) Py 6271705 6060 6540 ¥

|(), 1,0, ()> 2p3/2 6255:111 . ... T
0.1,0,0) Pyy 627711 6070 . 6554 +
0,1,0,0) “Psp, 6287113 6312 +
N=2

12,0,0,0) Dy 6354113 6190 6294 6307 63273 £2.5
2,0,0,0) Ds;, 636475 6190 6333 6313 e 6332.7+2.5
0,0, 1,0) Sip 636013 o 6260 6258 F
0,0,0, 1) 1 669970 T
1.1,0,0) Dy, 6524110 - T
1,1,0,0) s 653471 6860 ¥
|1,1,0,0) Dy 654073 e T
[1,1,0,0) *Dsp 654679 6840 +
1,1,0,0) *Ds, 655671 6840 e $
1,1,0,0) *D;p 6570133 6360 6524 T
|1,1,0,0) Py 6526118 T
1.1,0.0) 2Py, 6532110 e T
[1,1,0,0) Py 6548117 6820 ¥
|1,1,0,0) Py 6554118 6820 ¥
1,1,0.0) “Pspy 6564110 T
1,1,0,0) 1S3 6558113 T
|1,1,0,0) Sip 6530718 e T
10,2,0,0) Dy 66931 6570 ¥
0.2,0,0) Ds;, 6703530 6570 T

wave functions do not depend on any free parameters. The
az( ;) are related to the harmonic oscillator frequencies,

, and m;: o
depends on the harmonic oscillator constant K, and the
quark masses, which are fitted to reproduce the bottom
baryon mass spectra (see Table I). In the A, and %,
sectors, a, =381 MeV and @, =487 MeV; in the E,
and E’b sectors a, = 403 MeV and a; = 512 MeV; and in
the Q, sector, @, = 425 MeV and a; = 536 MeV. The only
free parameter is the pair-creation strength of the strong
decays, yo = 21 &£ 3, which is fitted to reproduce the Z; —
A,z experimental strong decay width [1], this means that the
other decay widths reported in the present manuscript are
predictions. The uncertainty in y is computed as the sum in

@p(2) through m W= Wy ()M p(2)- Thus, Qp(2)

114005-

quadrature of the model uncertainty o,,,y = 2.4 and the
experimental uncertainty o, = 1.0. Moreover, when we
calculate the strong decay widths, we take into account the
uncertainties associated with the mass model parameters,
the decay product masses, and the pair-creation strength y,.
The procedure of error propagation for the strong decay
widths of the three-quark system was carried out by means of
the bootstrap method (see Sec. II F).

The decay widths are calculated for the 1S5, 1P, 1D, 2P,
and 2S singly bottom baryons; the available open-flavor
channels include the multiplets of the light pseudoscalar
and vector mesons and the heavy bottom mesons. In the
calculation of the strong-decay width, there is an extra para-
meter R related to the meson size: we use R = 2.1 GeV~!
[102,115,116].
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TABLEIX. Same as Table VII, but for £, (nnb) states. The “1” indicates that there is no reported experimental mass for that state up to

now.
%, (nnb) F=6: This NRQM QCDSR NRQM »QM LQCD CQC NRQM RQM
il ks k) 2T, work [41]  [48,50,51]  [39] [561  [591 351  [33] [26]  Experimental
N=0
|0,0,0,0) XSy, 580415 5823 5809 5833 5810 5820 5807 5844 5795 5813.1+03
0,0,0,0) Sy, 583215 5845 5835 5858 5829 5836 5829 5874 5805 58325405
N=1
1,0,0,0) 2Py 6108710 6127 - 6099 6043 6103 6070  6096.9 + 1.8
|1,0,0,0) Py 6131112 6135 6020 6106 6065 6070 i
|1,0,0,0) 2Py, 6114110 6132 e 6101 6079 6070 i
|1,0,0,0) Py 613750 6141 5960 6105 6117 6085 i
1,0,0,0) “Ps, 6147712 6144 5980 6172 6129 e 6090 T
|0,1,0,0) Py 6304713 6246 5910 - e 6241 6170 T
|0,1,0,0) Py, 6311115 6246 5920 6180 i
N=2
12,0,0,0) Dy, 641571 6356 6308 6316 6260 6250 i
[2,0,0,0) Ds;, 6425118 6397 6325 6341 6325 T
2,0,0,0) *Dyp 643173 6343 6304 6300 i
2,0,0.,0) ‘D 643717 6393 e 6330 6320 i
12,0,0,0) “Ds;y 6448713 6402 6328 6365 6335 i
12,0.,0,0) Dy 6462730 6333 6373 . 6340 T
0,0,1,0) 2, 64211 6395 6294 6274 6247 6290 i
0,0,1,0) S5, 6450112 6286 . ¥
0,0,0, 1) XSy, 681373 6400 T
|0,0,0,1) 1S5, 6842733 e i
1,1,0,0) D3 66117519 i
[1,1,0,0) 2D5/2 6621720 6505 e T
|1,1,0,0) Py 6613110 6440 T
[1,1,0,0) Py 66197350 6445 i
[1,1,0,0) Sy, 661719 T
0,2,0,0) Dy, 680713 T
|0,2.,0,0) Ds;, 6817132 i)
0,2,0.0) Dy 682473 T
0,2,0,0) ‘D 683073 T
0,2,0,0) D5y 684073 . L ¥
0,2,0,0) Dy 685412 6554 6535 i

The baryon and meson flavor wave functions are given in
Appendixes B and C, respectively. The possible flavor
couplings, Fa_gc = (Ppdc|dpoda), which have been cal-
culated for the first time in this study, are given in
Appendix D. The masses of the decay products are listed
in Table XXVII in Appendix F.

A. Bottom baryon strong decay width results

Our theoretical strong-decay widths, calculated by using
the 3P, model, by means of Eq. (17), are presented in the
eighth column of Tables II-VI. The results exhibit good
agreement with the experimental widths [1], which are
reported in the ninth column of Tables II-VI. This agreement

isremarkable since the P, model has only one free parameter,
the pair-creation strength, which is fitted to reproduce the

%, — A,m experimental strong decay width [1].

In addition, we compare our strong decay widths with
those of the previous studies such as NRQM [66],
7QM [67,68], and the 3P, model [71-73,75,76,98,100],
as shown in Tables XII-XVI. We observe that in
Refs. [71-73,75,76] instead of using the eigenfunctions from
their particular quark model, the authors use harmonic
oscillator wave functions and fit the root mean square radii
(which depend on the ;) to the reproduction of the strong
decay widths, since it is well known that the results do not
depend on the wave functions [83], they depend on the root
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TABLE X. Same as Table VII, but for = (snb) states. The “t” indicates that there is no reported experimental mass for that state

up to now.
&) (snb) F =6z This NRQM QCDSR NRQM QM LQCD CQC NRQM RQM

il kyk,) YL, work [41]  [48,50,51]  [39]  [56]  [59]1 [35]  [33] [26]  Experimental
N=0

|0,0,0,0) S 592578 5903 5958 5934 5946 5939 5939 5935.02 +0.05
0,0,0,0) 430 595447 e 5952 ... 5961 5970 5953.8 + 0.6
N=1

|1.0,0.0) Py, 61987 . 6192 6164 ¥
1,0,0,0) P 6220110 6240 . 6183 t
|1,(),(),0> 2p3/2 6204f77 6194 6195 t
[1,0,0,0) 4p3/2 62271’77 6170 6227 t
[1,0,0,0) ‘Ps; 6237110 6180 6204 6238 62279+ 1.6
0,1,0,0) P, 63677 6110 i
10,1,0,0) 2P3;2 6373f1‘98 6110 4
N=2

2,0,0,0) D3, 647372 5982 6423 T
2,0,0,0) Ds;, 6483113 6402 6444 ¥
2.0.0.0) ‘D 6489118 6411 ¥
2,0,0,0) *Dyn 649513 6434 f
2.0.0.0) Ds;,  65061]] o 6465 f
2.0.0.0) Dy 6520118 6405 6472 - . +
0,0.1,0) S, 647911 6381 -~ 6360 t
0,0,1,0) Sy 650812 6392 i
0,0,0, 1) 1, 681879 e T
0,0,0, 1) 1S5, 684719 T
[1,1,0,0) D3 6642113 i
11,1,0,0) Dsjp 665319 i
1,1,0,0) Py 6644113 +
1,1,0,0) Py 665018 i
[1,1,0,0) XSy, 6648713 T
0,2,0,0) Dy, 681279 i
0,2,0,0) Ds;, 682273 i
0,2,0,0) Dy 682875 ¥
0,2,0,0) Dy 683475 i
0,2,0,0) *Ds;, 6845119 T
0.2,0.0) Dy 685973 i

mean square radii, on the quantum numbers, and on the con-
sidered channels [83]. We also use harmonic oscillator wave
functions. In our case, however, we observed that these
functions were the eigenstates of the model of Ref. [98]. Thus
we did not have @,y as a free parameters (a,(;) was fixed by
the fit to the spectra).

From Tables XII-XVI one can see that these studies
included only a subset of the possible mesons in their
calculations.

It is worth noting that the experimental widths
encompass contributions from strong, electromagnetic,
and weak interactions. However, the dominant contribu-
tion is typically from the strong decay process. It is

important to note that this contribution is relatively small

compared with the uncertainties associated with the
strong decay width.

Additionally, the partial decay widths of each open-
flavor channel are given in Tables XVII-XXI. The partial
decay widths obtained in this study will provide valuable
information for experimentalists in their efforts to identify
bottom baryons. The knowledge of potential decay chan-
nels can greatly assist in the identification process by
guiding the analysis of experimental data.

Nevertheless, in the singly bottom baryon sector, there
are a few cases in which the strong decay is suppressed due
to the absence of phase space, leading to the dominance of
electromagnetic or even weak interactions. Specifically, the
ground states, A,, Z,, and Q,, can only decay via weak
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TABLE XI. Same as Table VII, but for Q, (ssb) states. The “i” indicates that there is no reported experimental mass for that state up to now.
Q,(ssb) F =6z This NRQM QCDSR NRQM yQM LQCD CQC NRQM RQM
il ks k) 2T, work [41]  [48,50,51]  [39] [56] [591  [35] [33] [26]  Experimental
N=0
,0) Sy, 606478 6076 6036 6081 6047 6014 6056 6030 60452+ 1.2
.0) 430 60931 6094 6063 6102 6064 6019 6079 6061 i
N=1
) Py 63150 6333 . 6301 6273 6340 6315.6 £ 0.6
[1,0,0,0) “Pipy 633710 6340 6500 6312 6290 6330.3 + 0.6
[1,0,0,0) Py, 632178 6336 . 6304 6301 6339.7 + 0.6
[1,0,0,0) Py, 63437 6344 6430 6311 6329 6349.8 + 0.6
[1,0,0,0) Ps;,  6353F]1 6345 6430 6311 6339 . T
|0,1,0,0) Py 64651 6437 6340 6458 +
|0, 1,0,0) Py, 647150 6438 6340 +
=2
|2 0,0,0) Dy, 6568711 6528 6478 6522 6493 t
,0) Ds;, 6578712 6561 6492 6541 +
,0) Dy 6584117 6517 6511 i
|2 0 0 0) 4D3;2 6590fg3 6559 6532 T
[2,0,0,0) *Ds;, 660010 6566 6494 6559 T
.0) Dy 661478 e 6497 6567 e T
0 1, 0) 2, 6574711 6561 6472 6480 6479 +
|0,0,1,0) 49, P 6602"/] 6491 T
|0,0,0,1) Sy, 687417 il
[0,0,0,1) 4S5, 690217 il
11,1,0,0) D3, 671874 T
1,1,0,0) D5, 672853 6657 i
11,1,0,0) Py 672011 T
11,1,0,0) Pyp 672613 i
|1, 1,0,0) Sy, 672458 i
,0) D3, 686871 i
.0) Ds, 6878719 T
|0 2 0 0) Dy 688473 T
[0,2,0,0) ‘D3, 689073 il
|0 2,0,0) *Ds;, 690077 T
.0) Dy 691417 6667 ¥

interaction. In the case of &}, and Qj, all the strong decay
channels are closed due to the lack of phase space. In such
cases, the decay width is primarily dominated by electro-
magnetic interaction.

IV. ELECTROMAGNETIC DECAY WIDTHS

In this subsection, we compute the electromagnetic
decays of A,, 5, Z;, E), and &, baryons from P-wave
excited states transitioning to ground states, as well as for
ground state to ground state transitions.

The calculation of the radiative-decay widths of bottom
baryons is done within the constituent quark model. The
transition operator describing the emission of a left-handed
photon from a singly bottom baryon A to another singly

bottom baryon A’, i.e., A - A’y, in the nonrelativistic
approximation, is given by:

where r;, p;, s}, and p; stand for the coordinate, momen-
tum, spin and magnetic moment of the jth quark, respec-
tively, k is the photon energy and k = kZ corresponds to
the momentum of a photon emitted in the Z direction.
Hence, the partial decay widths of the electromagnetic
transitions are given by
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(b)

FIG. 13. The 3P, pair-creation model. The violet line 3 denotes
a bottom quark, while the remaining black lines denote light
quarks. In diagram (a) the bottom baryon A decays to a bottom
baryon B and a light meson C. In diagram (b) the bottom baryon
A decays to a light baryon B and a bottom meson C.

1 2
Fem(A = Ay) = Proay 55577 Z Ay, . (20)
(27)*2J 4 + 1 o A
where J, is the initial state total angular momentum, A M,,
is the transition amplitude for a given helicity M,

AM <JA/7MJA _1|Hem|JA7MJA>’ (21)

Ia

and ®,4_ 4, is the phase space factor, which in the rest
frame of the initial baryon is given by

EA/

my

CI)A—>A'}/ =4z kz, (22)

where Ey = /m?, + k? is the energy of the final state, 11,

and my are the masses of the initial and final baryon,
respectively, and

2 2
mA—mA,

k = (23)

2mA

is the final state of photon energy.
The Hamiltonian in Eq. (19). consists of two parts. The
first part is proportional to the spin-flip operator

ks;_exp|~ik x| =ks; 0. (24)

This part can be evaluated straightforwardly by observing
that the U ;j operators can be written as

. 1
U =exp[—ik -rj]=exp|—i—=k:p

V2

3
oMy

N 1
U, =exp[—ik -] =exp|i—=Kk-p

—i—Kk-1],
V2 l2mp+mb
(26)
. Vem
Uy =exp|l—ik -r;] = ¢ ——Kk - A|. 27
3 xp[—i 3) Xp [l2m,,+mh } (27)

The second part of the Hamiltonian in Eq. (19) is
proportional to the orbit-flip operator

p,-U;+Up-=T;_. (28)
Here p; _ denotes the momentum ladder operator,
pj,— = pj,x - ipj,y? (29)
whose components are given by

1 1

=Pt =P,
P, \/zpp, \/Epl,
1 1

_=——P,- +—=P,-,
P2, \/Epp, \/gpl,

2
P3- = —\/;P/L—, (30)

for j=1, 2 and 3, respectively. Using the previous
equations, we express the orbit flip operators Tjﬁ_ =
pj.—Uj + Ujpj— as follows

A

A 1 1
T.= <\/§Pp,- +\/6D,1,—) U,
N 1 1
+Ui|—=P,- +—=P;- ], 31
1(\/§pp, \/apﬁ ) ( )

A 1 1 A
T, = <_ﬁpp.— + %PA.—> U,
N 1 1
+ U, (‘ Ep/),— + %Pz,—> , (32)

N 2 N .2
T;_ = —\/;P/L—Ua -U; \/;P/L—- (33)

Thus the Hamiltonian of Eq. (19) can be rewritten in
terms of the U ;jand T ;- operators in the following compact
form:

3
T A 1.
1

114005-21



H. GARCIA-TECOCOATZI et al. PHYS. REV. D 110, 114005 (2024)

TABLE XII. Comparison of our predicted A,(nnb) strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F. The first column contains the three-quark model state, |[;, 1,, k;, k), where 1, , are the orbital
angular momenta and k, , the number of nodes of the 4 and p oscillators. The second column displays each state’s spectroscopic notation
25+1, ;. In the third column, our predicted strong decay widths, computed within the >P, model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [72] (fourth column), [68] (fifth column), and [76]
(sixth column). Our theoretical results are also compared with the experimental decay widths from PDG [1] (seventh column). The
symbol “...” indicates that there is no prediction for that state. The “§” indicates that there is no reported experimental decay width for
that state up to now.

Ay (nnb) F=3 This work [72] [68] [76] Experimental
3.1, k. k,) 25+, I' (MeV) I (MeV) I' (MeV) I' (MeV) I (MeV)
Channels Zpm, X, A, Zpp Xpm Xy Xpm, X Xpm, X

Zip, N, Ay, By K
E,K.E;K,B,K*
E K", Z;K*,NB

N=0
|0,0,0,0) S12 0 ~0
N=1

11,0,0,0) Py 0 <0.25
11,0,0,0) 2Py 0 <0.19
[0,1,0,0) 2Py ) 67 e ¥
0,1,0,0) Py 36 523 T
0,1,0,0) Py 85 460 t
|0,1,0,0) Py 128 4 t
[0,1,0,0) “Ps, 74 3 T
N=2

2,0,0,0) Dy 13 9 29+13
2,0,0,0) D5/, 18 9 2.1+£09
0,0, 1,0) 2812 29 9 e 36 t
0,0,0,1) 28,y 130 . .. ¥
[1,1,0,0) Dy 67 t
1,1,0,0) ’Ds), 108 t
[1,1,0,0) ‘D) 34 T
[1,1,0,0) ‘D) 95 t
[1,1,0,0) “Ds., 128 t
1,1,0,0) Dy 122 T
[1,1,0,0) Py 0 i
[1,1,0,0) 2Py 2 t
[1,1,0,0) P 0 t
1,1,0,0) P/ 1 t
[1,1,0,0) Ps/ 2 i
[1,1,0,0) S32 32 t
[1,1,0,0) S12 29 t
0,2,0,0) D3/ 131 ¥
|0,2.,0,0) Ds ) 185 t

In Appendix G we show the procedure of evaluating by evaluating the action of the ladder operators p,,, _ on
the matrix elements for the ?j._ operators in the  the wave functions (see Appendix G) and we get the

electromagnetic transitions from P-wave states to ground  analytical formulas.
states. This is accomplished by expressing the matrix In the following, we use the notation

elements of the Tjﬁ_ OPerators as a sum of matrix ‘//k,nl/,,m,p.km,m&(15”1) = (ﬁ,/l\kp,lp,mlﬂ,k,l,l,l,mh) for the
elements involving the U; operators. We achieve this singly bottom baryon wave functions. These wave
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TABLE XIII. Comparison of our predicted Z,(snb) strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F. The first column contains the three-quark model state, |[;, 1,, k;, k), where 1, , are the orbital
angular momenta and k, , the number of nodes of the 4 and p oscillators. The second column displays each state’s spectroscopic notation
25+1, ;. In the third column, our predicted strong decay widths, computed within the >P, model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [66] (fourth column), [68] (fifth column), [67] (sixth column),
[73] (seventh column), [75] (eighth column), and [100] (ninth column). The experimental widths, as from PDG [1], are reported in the
tenth column. The symbol “...” indicates that there is no prediction for that state. The “f” indicates that there is no reported experimental
decay width for that state up to now.

E,(snb) F =3 This work [66] [68] [67] [73] [75] [100] Experimental
.1,k k) 2T, I (MeV) I (MeV) T (MeV) T'(MeV) T (MeV) I (MeV) T (MeV) T (MeV)
Channels MNK By, Eyr Byn,Byn Eym Eyr EnEirn EynEirn Eyn B S,K,.Eix

S, 2K, 2K K, T K K, K B K, Ein

Ehi’], AhK*, Eh/’ AbK, Ebﬂ'

0. Epp, LK Epn

X K", E;)n, Epn
B’ B B
B0, B0, Ejw
—_ —_" —_
By, B, B}
AgB, AgB*, 24 B

AgB

N=0

|0,0,0,0) i 0 0 ~0
N=1

[1,0,0,0) Pi) 0 11 3 18 4 0 F

[1,0,0,0) P3) 1 R~ 3 16 3 0 <1.9
0,1,0,0) 2P 9 223 0.55 ¥

0,1,0,0) P 6 10 0.36 ¥

|0,1,0,0) 2p3/2 66 1.90 ¥

|0,1,0,0) 4p3/2 26 1.90 +

0,1,0,0) *Ps)» 68 216 ¥

N=2

[2,0,0,0) D5, 2 7 7 0.19 <22
2,0,0,0) Ds;s 2 7 6 0.10 <1.6
|0,0,1,0) Sip 5 7 16 T

|0,0,0,1) S1/2 179 ¥

1,1,0,0) D3/, 46 ¥

1,1,0,0) Ds» 108 ¥

[1,1,0,0) D) 20 ¥

[1,1,0,0) D3> 67 ¥

1,1,0,0) Ds), 100 ¥

1,1,0,0) D7)> 114 +

[1,1,0,0) P 0 ¥

[1,1,0,0) P3)» 2 ¥

[1,1,0,0) Py 0 ¥

1,1,0,0) P3/2 1 +

|1,1,0,0> P5/2 2 +

L1.0.0) 5y, 33 +

1,1,0,0) S1/2 31 ¥

0,2,0,0) D3> 127 ¥

|0,2,0,0) Ds» 98 ¥
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TABLE XIV. Comparison of our predicted X, (nnb) strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F. The first column contains the three-quark model state, |[;, 1,, k;, k), where 1, , are the orbital
angular momenta and k, , the number of nodes of the 4 and p oscillators. The second column displays each state’s spectroscopic notation
25+1, ;. In the third column, our predicted strong decay widths, computed within the >P, model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [72] (fourth column), [68] (fifth column), [67] (sixth column),
[75] (seventh column), and [76] (eighth column). The experimental widths, as from PDG [1], are reported in the ninth column. The
symbol “...” indicates that there is no prediction for that state. N7, N3, N}, and N} represent N (1520), N(1535), N(1680), and N(1720),
respectively. The “{” indicates that there is no reported experimental decay width for that state up to now.

%, (nnb) F = 6p This work [72] [68] [67] [75] [76] Experimental
L Ly kg ky) UL, I (MeV) I'(MeV) T (MeV) T (MeV) T (MeV) T (MeV) I (MeV)
Channels Zpm, Xpm, Ayt Xpm, X Xpm, Xpm Xpm, X Ay Xym, X

Zon, B K, Zpp Ay Ay Ay, NB

2o Npp . Zin NB*

! /o=
DR D VY INCYY ¢
E,K. B, K", 2 K"
KTy, X5 w

NB.34B,. NB*

AB.N}B.N3B

NiB.N:B

N=0
0.0.0.0) 2510 4 5 50+05
0.0.0.0) 455 10 9 9.9 409
N=1
1.0.0.0) P, 24 264 23 27 30+7
1,0,0,0) P 13 209 14 109 T
1,0,0.0) 2Py, 84 181 39 114 T
1,0,0.0) 4Py 57 9 26 42 T
1.0.0.0) 4Py 96 9 e 38 s 43 T
0,1,0,0) Py 134 261 T
0.1,0.0) 2Py, 129 268 T
N=2
2,0,0,0) Dy 58 121 $
12,0,0.0) 2Dy, 130 o 48 i
12.0.0.0) Dy 78 o 148 t
2,0,0,0) Dy 106 e 85 T
2,0,0,0) “Ds)y 133 s 48 T
2,0,0,0) Dy 145 53 T
0,0.1,0) 2510 119 116 +
0,0.1,0) 485 121 122 +
0,0,0.1) 2510 710 $
0.0,0.1) 4832 973 T
1.1,0.0) Dy 376 T
1,1,0,0) 2Dy, 252 T
11,1,0,0) P12 4 t
1,1,0.0) P32 5 t
1.1.0.0) 2510 58 t
0,2,0,0) Dy 549 T
0.2,0.0) 2Dy, 616 i
0.2.0.0) Dy 1349 T
0.2.0,0) “Ds5 741 i
0,2,0,0) “Ds)y 376 T
0.2.0.0) Dy 1178 T
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TABLE XV. Comparison of our predicted = (snb) strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F. The first column contains the three-quark model state, |[;, 1,, k;, k), where 1, , are the orbital
angular momenta and k, , the number of nodes of the 4 and p oscillators. The second column displays each state’s spectroscopic notation
25+1, ;. In the third column, our predicted strong decay widths, computed within the >P, model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [66] (fourth column), [68] (fifth column), [67] (sixth column),
[73] (seventh column), [75] (eighth column), and [100] (ninth column). The experimental widths, as from PDG [1], are reported in the
tenth column. The symbol “...” indicates that there is no prediction for that state. The “f” indicates that there is no reported experimental
decay width for that state up to now.

=) (snb) F =6; This work [66] [68] [67] [73] [75] [100]  Experimental
.1,k k) STIL, I (MeV) I MeV) T (MeV) T'(MeV) T (MeV) T (MeV) T (MeV) T (MeV)
Channels AyK, By, By 7 B, ANK By AK,Byr A K. By AK, By I,K, B

B, K, Z K B B = BB EnErn %K Einr

By, A K, Epp K, %K K, 2K NK, Eyr

ELp. Ejp, ZpK* Epn

v = —_
K" Epn. Epn
' Eyn' Ep
0,5 0, Ejw

By By . Ejd

2B, EgB

B*.%,,B
N=0
|0,0,0,0) %Sy 0 ~0 ~0 0 <0.08
|0,0,0,0) S5 0.2 2 1 0.02 0.90 £0.18
N=1
1,0,0,0) Py 3 e e 27 371 10 0.86 F
1,0,0,0) Py 4 32 91 17 0.65 T
[1,0,0,0) Py 29 e e 24 86 25 2.92 +
[1,0,0,0) *P3)n 8 16 7 24 1.83 i
1,0,0,0) *Ps 31 24 7 25 3.36 199+2.6
0.1,0,0) Py ) 197 5.88 +
0,1,0.0) 2Py, 97 3.08 +
N=2
[2,0,0,0) Dy 14 101 40 +
[2,0,0,0) D5, 30 25 19 t
[2,0,0,0) ‘D) 25 109 39 T
2,0,0,0) ‘D3, 35 e 58 e 22 T
2,0,0,0) 4D5/2 46 28 2 o
[2,0,0,0) *D7)» 47 41 2 t
0,0,1,0) %Sy 47 34 56 F
0,0,1,0) S5 79 36 58 T
|0,0,0,1) X1 599 T
|0,0,0,1) S5 630 ¥
1,1,0,0) D5y 234 F
1,1,0,0) D5, 116 +
[1,1,0,0) P> 3 T
[1,1,0,0) P3)» 3 T
1,1,0,0) %Sy 59 T
0,2,0,0) Dy 315 +
|0,2,0,0) D5, 209 T
|0,2,0,0) ‘D) 529 T
0,2,0,0) ‘Ds), 364 o
|0,2,0,0) Dss 194 +
|0,2,0,0) ‘D7) 349 +
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TABLE XVI. Comparison of our predicted €, (ssb) strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F. The first column contains the three-quark model state, |[;, 1,, k;, k), where 1, , are the orbital
angular momenta and k, , the number of nodes of the 4 and p oscillators. The second column displays each state’s spectroscopic notation
25+1, ;. In the third column, our predicted strong decay widths, computed within the >P, model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [68] (fourth column), [67] (fifth column), [71] (sixth column),
[76] (seventh column), and [98] (eighth column). The experimental widths, as from PDG [1], are reported in the ninth column. The
symbol “...” indicates that there is no prediction for that state. The “§” indicates that there is no reported experimental decay width for
that state up to now.

Q,(ssb) F = 6; This work [68] [67] [71] [76] [98] Experimental
.1, ks k) 2STIL, I (MeV) ' MeV) T (MeV) T (MeV) T (MeV) T (MeV) I (MeV)
Channels E,K,E K, ZiK 5K, B K 5K E,K.E)K E,K,B K EK-

E,K*, B K*, K" =K =K =K

Qh’% QZ’//’ de)
Q. Q'

E4B, BB
N=0

0,0,0,0) 251/2 0 0 ~0
|0,0,0,0) 453/2 0 0 +
N=1

1,0,0,0) P1/s 5 49 33 0.5 <42
1,0,0,0) Py 11 95 2.79 <4.7
1,0,0.0) 2Py 24 2 . 1.14 <138
1,0.0.0) Py 6 ~0 2 0.62 <32
1,0,0,0) Py 40 e 2 - 3 428 T
|0,1,0,0) 2P1/2 10 0 T
|0,1,0,0) 2133/2 54 0 T
N=2

2,0,0.0) D) 4 20 s 108 T
2.0.0.0) 2Dy, 10 8 o 21 ¥
2.0.0.0) ‘D), 1 29 o 106 t
2,0,0.0) D32 3 20 27 i
2,0.0.0) Ds), 8 7 s 3 i
2.0.0.0) Dy 18 9 3 T
0.0,1,0) 2515 20 50 16 T
0.0, 1,0) 4855 17 53 16 i
0.0,0.1) 215 398 . . i
0.0.0.1) 4832 257 T
1,1,0,0) Dy 116 F
11,1,0,0) 2Dy, 82 $
1.1,0.0) P1/s 1 t
1.1.0.0) Ps)> 2 t
1,1,0.0) 215 72 t
0.2,0,0) Dy 180 T
0.2.0,0) 2Dy, 157 T
0.2,0,0) Dy 126 t
0,2,0,0) “Dy) 195 T
0.2,0.0) ‘D) 172 T
0.2.0.0) Dy 230 T
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TABLE XVII. Predicted electromagnetic decay widths (in KeV) for A,(nnb) states belonging to the flavor
multiplet F = 3. The first column reports the baryon name with its predicted mass, calculated by using the three-
quark model Hamiltonian given by Egs. (1) and (2). The second column displays J, the third column shows the
internal configuration of the baryon |l,,1,,k;, k,) within the three-quark model, where [, , represent the orbital
angular momenta and k, , denote the number of nodes of the 4 and p oscillators. The fourth column presents the
spectroscopic notation 25*!L; for each state. Furthermore, N = n, + n, separates the N =0, 1 energy bands.
Starting from the fifth column, the electromagnetic decay widths, computed by using Eq. (20), are presented. Each
column corresponds to an electromagnetic decay channel, the decay products are indicated at the top of the column
and their masses are shown in Table XXVII. The electromagnetic widths are given in KeV. The zero values are
electromagnetic decay widths that are either too small to be shown on this scale or not permitted by phase space. Our

results are compared with those of Refs. [67,104]. The symbol “...” indicates that there is no prediction for that state
in Ref. [67].
.7: = 3]:
Ay (nnb) b dpkiky)  STL, Ay =y Sy
N=0
A, (5613) o |0,0,0,0) 1) 0 0 0
N=1
Ap(5918) 1- 11,0,0,0) 2Py 6473 0.4 0
50.2 0.14 0.09 [67]
40.7 0.2 0.0 [104]
A, (5924) 3 11,0,0,0) 2Py 6573 0.5503 0.1%003
52.8 0.21 0.15 [67]
434 0.3 0.0 [104]
A, (6114) I- |0,1,0,0) Pi) 1572 519150 3f
1.62 16.2 0.02 [67]
10.2 933 2.0 [104]
A, (6137) 3 0.1,0.0) Py 97 613 76719
0.81 0.02 8.25 [67]
5.6 35 6.2 [104]
A, (6121) 3- |0,1,0,0) 2Py 1673 10251391 3
1.81 15.1 0.03 [67]
10.6 315.6 22 [104]
A, (6143) - |0, 1,0, 0) Py 25°% 1749 38213
2.54 0.07 9.90 [67]
16.2 10.6 73.9 [104]
A, (6153) 5 10,1,0,0) “Ps,) 1743 124 1023754
e e . [67]
11.0 7.8 216.5 [104]

functions are expressed in terms of w, and w, using  of the p(4) oscillator, and k,(» is the number of nodes
the relation a/z), , = w,,;m,,, and we use the usual defini-  (radial excitations) in the p(4) oscillators.

tions for n,; =2k, + L, Kk, =0,1,..., and The U j Ir.latrix elements from the ground states to ground
Ly = 0,1,...; where [, is the orbital angular momentum  states are given by

|

(0,0,0,0,0,0|07,10,0,0,0,0,0) = (0,0,0,0,0,0|7,|0,0,0, 0,0, 0)

1 1 3m,2
= S . e , 35
|5 (7 * 2 7)) )
3k2m/2, ]

0,0,0,0,0,0U |
< U 203 (2m, + my)?

0,0,0,0,0,0) = exp {— (36)
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TABLE XVIIL

Same as Table XVII, but for E,(snb) states belonging to the flavor multiplet F = 3.

By(snb) I Ll kuk,) o T, By v Er By By By
N=0
E,(5806) 1+ 0,0,0,0) 28, 0 0 0 0 0 0
N=1
5,(6079) 1 |1,0,0,0) 2Py 1221/ 126410 11793 0 0.210:96 0
63.6 135 1.32 0.0 2.04 0.0 [67]
83.1 91.5 0.6 0.0 0.1 0.0 [104]
2, (6085) 3- 11,0,0,0) 2Py 125418 126119 13104 0 0.210:96 0
68.3 147 1.68 0.0 2.64 0.0 [67]
88.9 96.1 0.7 0.0 0.2 0.0 [104]
B,(6248)  §- 0.1.0.0) Py 195 2812 494739 97 2108 0
1.86 7.19 94.3 0.0 0.62 0.0 [67]
133 21.8 144.5 3.1. 1.7 0.0 [104]
2,(6271) I- 0, 1,0,0) Py 1173 17+ 512 0.17003 7514 14709
0.93 3.59 0.16 0.0 80.0 0.0 [67]
7.5 123 2.9 0.1 147 0.3 [104]
2, (6255) 3- 0,1,0,0) 2Py 2013 2978 950 g8 17+ 3t 0
2.10 8.13 69.4 0.0 0.80 0.0 [67]
14.0 23.0 377.2 8.0 1.9 0.0 [104]
E,(6277) 3 0,1,0.,0) P 334 4811 1473 0.3%9] 363728 7+
2.94 11.4 0.8 0.0 78.0 0.0 [67]
222 36.3 8.8 0.2 109.7 2.3 [104]
5,(6287) £ 0,1,0,0) “Ps) 2378 3478 1013 021000 945159° 1743
[67]
15.4 25.3 6.5 0.1 245.2 52 [104]
The T ;- matrix elements from the ground states to ground states are all 0, i.e.
(0,0,0,0,0,0|7, _]0,0,0,0,0,0) = (0,0,0,0,0,0|7,._|0,0,0,0,0,0)
= (0,0,0,0,0,0|75_[0,0,0,0,0,0) =0 (37)
The [AJJ- matrix elements from P, -wave states to ground states are
(0,0,0,0,0,0|0U,|0, 1, m,;,,0,0,0) = —(0,0,0,0,0,0[U,|0, 1,m,,, 0,0, 0)
ik 1 /1 3my?
2a, p{ 8 a,z, aﬁ(2ml, + my)? (38)
(0,0,0,0,0, 0|l73 0,1,m,;,,0,0,0) =0, (39)
and from the P;-wave states to ground states
(0,0,0,0,0,0[U,(0,0,0,0, 1,m; ) = (0,0,0,0,0,0|U,|0,0,0.,0, 1,m, )
iv/3km 1 3m,?
B g (bt )]
2a;(2m, + my,) 8 \a;  a;(2m, + my)
. iv3km, 3Kk2m?
(0,0,0,0,0,0/U5]0,0,0,0,1,m;) = ———"—exp [— 2—’2} ) (41)
; a,(2m, + my) 20;(2m, + my)
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TABLE XIX. Same as Table XVII, but for X,(nnb) states belonging to the flavor multiplet F = 6.

3

.7:: 61:
%, (nnb) Jr Ll kyk,)  *STIL, ry =y =y Ay ity 0y Ty
N=0
5,(5804) L+ 0,0,0,0) S, 0 0 0 15050 0 0 0
%,(5832) 3 [0,0,0.0) Sy, 05102 0 0.150% 21573 0 0 0
N=1
Z,(6108) 1~ 1,0,0,0) Py 407+ 3443 7359 195%32 653 04101 2l
1016 74.9 212 133 16.9 1.03 4.36 [67]
267.7 21.3 50.9 156.2 5.3 0.3 1.5 [104]
I,(6131) 1= 11,0,0,0) P 1373 0.8197 3+ 11ty 3618 4] 553
5.31 0.32 1.37 63.6 867 63.6 182 [67]
8.9 0.5 2.5 85.3 19.2 1.9 2.7 [104]
I, (6114) 3= 1,0,0,0) Pyp 12020037 8970 252738 202134 753 041 2108
483 37.9 94 129 15.6 0.95 4.02 [67]
864.7 59.3 196.2 162.2 5.8 0.3 1.6 [104]
%,(6137) 3= 1,0,0,0) *P3) 4012 2196 1005 3217 31673 2612 59*7
13.1 0.8 3.39 170 527 39.8 107 [67]
27.2 1.5 7.7 247.4 209.6 16.2 416 [104]
%,(6147) 3~ 1,0,0,0) P/ 2970 2796 73 2185 12227130 90ty 256735
8.07 0.49 2.08 83.3 426 32.6 85.3 [67]
20.0 1.1 5.7 168.2 589.4 39.5 137.0  [104]
I,(6304) 1= 0,1,0,0) Py 247145 155 6210 424 10317 6] 2673
[67]
182.1 103 50.2 526.5 79.3 4.5 219 [104]
I, (6311) 3= 0.1,0,0) Py 25610 1653 64112 414t 1077 7 2743
[67]
189.2 10.7 52.1 523.1 82.8 4.7 228  [104]
The ?j,— matrix elements from P ,-wave states to ground states are
(0,0,0,0,0,0/7, [0, 1,m,;,,0,0,0) = —(0,0,0,0,0,0|7,_[0, 1,m,,,0,0,0)
1 1 3mb2
=iV2a, exp|—-K* | —+——-2 |5 , 42
e 55 (G, )| “
<0,O,O,O,O,O|T3,_ 0,1,m,;,,0,0,0) =0, (43)
and finally from P;-wave states to ground states we have
(0.0,0,0,0,0|7,_10,0,0,0,1,m, ) = (0,0,0,0,0,0[7,_]0,0,0,0,1,m, )
2 —k2 /1 3m3
=i\/zyexp|l— |5 +—5=—""—=|16m 1 44
\/; 4 p[ 8 (0‘% a%(Zmp +my)? i1 (44)
. 2 -3k>m?
(0,0,0,0,0,0[75_]0,0,0,0,1,m;,) = —21%% exp[ £ }5%1. (45)

2aﬁ(2mﬂ + my)?

We observe that, if we replace p; with im kA, and p,, with im kop, we obtain the analytical expressions given in Eq. (48)
of Ref. [104],] thus confirming that Ref. [104] does not contain the exact electromagnetic calculation. This explains the
different results for the electromagnetic decay widths in the two articles, as can be observed in Tables XVII-XXI.

'In a private communication, Roelof Bijker confirmed that in Ref. [104] they calculated the electromagnetic decay by replacing p;
with im;koA and p, with im, kop.
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TABLE XX. Same as Table XVII, but for &} (snb) states belonging to the flavor multiplet F = 6p.

.7: = 6]:
&, (snb) oL kk,) P Epr By By By 23y By
N=0
B,(5925)  1* 0.0.0,0) 812 3345 06197 0 0 0 0
5,(5953) 3 0,0,0,0) 4S5/ 6032 L1593 01108 017083 0 0
N=1
g,(6198) 1 1,0,0,0) Py 653 12793 7879 71 0.4791 0.6707
722 0.0 76.3 190 0.89 3.54 [67]
50.7 1.1 52.9 50.8 0.3 0.5 [104]
B}, (6220) ' 1,0,0,0) Py )» 409 0.7103 1793 1.4704 113 9°2
34 0.0 0.25 1.48 69.5 164 [67]
29.3 0.6 0.6 1.0 6.9 5.6 [104]
E,(6204) 3= 1,0,0,0) P35 685 135904 15718 16712 0.470 1593
72.8 0.0 43.9 92.3 0.9 3.6 [67]
53.9 1.1 111.5 128.1 0.3 0.6 [104]
5,(6226) 3= 1,0,0,0) P3) 117535 2796 3] 4+ 57*¢ 5413
94.0 0.0 0.67 2.94 475 104 [67]
87.1 1.8 1.7 3.0 38.8 38.5 [104]
E,(6237)  § 1.0.0.0) sy 8205 25g 2506 34 1575 16877
47.7 0.0 0.44 1.88 41.5 88.2 [67]
61.6 1.3 1.3 2.2 69.4 82.7 [104]
8,(6367) 5~ 0.1.0,0) Py 64473 1243 1943 2813 7+ 1142
[67]
708.1 15.0 13.4 21.9 5.5 9.0 [104]
E,(6374) 3~ 0.1,0,0) Py 637°3 1213 2015 292 817 1213
[67]
714.7 152 14.1 23.0 5.9 9.6 [104]
. ame as lable , but for SSs states belonging to the tlavor multiplet = Of.
TABLE XXI. S Table XVII, but for Q,(ssb belonging to the fl ltiplet 7 = 6
.7'— = 6F
Q,(ssb) J? i1, k. k) L, Quy Qy
N=0
Q,(6064) Lt 0,0,0,0) 2812 0 0
N=1
Q,(6315) 1- 1,0,0,0) Pij 517 0.2%556
154 1.49 [67]
36.0 0.2 [104]
Q,(6337) 1- 1,0,0,0) *P1)y 0.5192 813
0.64 99.23 [67]
0.4 5.1 [104]
Q,(6321) 3- 1,0,0,0) 2P, 99+10 0.21006
83.4 1.51 [67]
73.7 0.2 [104]
Q,(6343) 3 1,0,0,0) Py 210 3813
1.81 70.68 [67]
1.1 26.7 [104]
Q,,(6353) 5 1,0,0,0) “Ps)2 1503 99113
1.21 63.26 [67]
0.9 45.1 [104]
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TABLE XXI. (Continued)

.7: = 6]:
Qb(SSb) JP l/l’lp’kiﬂkp> 25+1LJ th QZ}/
Q,(6465) - 0,1,0,0) 2P, ), 1212 411
o . [67]
8.7 3.4 [104]
Q,(6471) 3- 0,1,0,0) 2P3) 1253 5]
. ce. [67]
9.2 3.7 [104]

Additional details regarding the relationship between the
matrix elements of Tj._, expressed as a sum of matrix
elements involving the lA]j operators, are found in
Appendix G 3. Our methodology outlined here enables
exact analytical evaluation of the matrix elements associ-
ated with the Tj‘_ operators.

As explained in the strong decay section (Sec. III), the
harmonic oscillator wave functions depend on the har-
monic oscillator constant K, and the constituent quark
masses. Consequently, the electromagnetic decay width
calculation does not introduce any additional parameters.
Moreover, when we calculate the electromagnetic decay
widths, we account for the uncertainties associated with the
mass model parameters and the decay product masses.
The experimental values for the decay product masses and
their corresponding uncertainties are given in Appendix F.
The error propagation was conducted following the
Monte Carlo error propagation outlined in Sec. II'F.

A. Bottom baryon electromagnetic decay width results

Our electromagnetic decay widths calculated by means
of Eq. (20) are presented in Tables XVII-XXI. These
results extend those obtained by several works on the
subject. For example, the analysis performed in [67]
employs a constituent quark model. Other studies of
radiative decays in different frameworks use heavy quark
symmetry [94], bound state picture [96], relativistic three-
quark model [97], light cone QCD sum rules [84-90],
heavy hadron chiral perturbation theory [91-93], and
modified bag models [95].

The experimental widths include contributions from the
strong, electromagnetic, and weak interactions, with the
dominant contribution coming from the strong decays. Our
electromagnetic decay widths represent a minor contribu-
tion, typically under 1.5 MeV, which is of the same order as
the uncertainties on the strong decay widths.

The electromagnetic decay widths are particularly valu-
able in cases where the strong decays are suppressed.
One notable example is the spin excitation of the Q; state,
denoted as Qj, which has not yet been observed. The
Q} — €, & strong decay is prohibited due to lack of phase
space and isospin conservation in strong interactions.

Therefore, the Q; — Q;y decay mode becomes a particu-
larly important channel, as it serves as a “golden channel”
for the observation of the € state.

In addition, we compare our electromagnetic decay
widths with the previous studies such as yQM [67] and
NRQM [104] as shown in Tables XVII-XXI.

V. ASSIGNMENTS AND DISCUSSION

First, we will make the assignments of the bottom baryons
reported in PDG [1] using our theoretical results for A, Z,
%y, ), and ;. Our first criterion is to use the mass spectrum
to identify resonances of bottom baryons, while the decay
width serves as a secondary criterion. The classification
within the quark-diquark model is the same as that of the
three-quark model when it comes to describing ground states
and A-mode excitations. However, it is important to note that
in the quark-diquark model, the p-modes which exist in the
three-quark model, are absent (see Tables II-VI).

A. A, baryons

We make the assignment of the six A, states reported by
the PDG [1], using our predictions given in Table II.

1 A

The AY is identified as the ground state with J* = %Jr,
and its theoretical mass is well reproduced in both the three-
quark and quark-diquark models.

2. Ay(5912)° and A,(5920)°

The A,(5912)° and A, (5920)° are identified as the two
P; waves with J¥ =1~ and J¥ =3~ respectively. Our
theoretical predictions for their mass are in agreement with
the experimental values. There are no strong decay chan-

nels, so their strong decay widths are zero.

3. Ay(6070)°

LHCb observed A,(6070)° [21] with mass and decay
width

m[A,(6072)"] = 60723 £2.9+0.6 £ 02 MeV,  (46)
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[A,(6072)°) = 72 + 11 +2 MeV, (47)

and suggested the assignment to the first radial excitation of
Ay with JP = %*. However, its quantum numbers have not
yet been determined experimentally.

In the model of Ref. [98], if we consider it as a Roper-
like state, there is a deviation of approximately 3% in its
mass, and its width is (29 & 14) MeV.

As we are aware of the limitations of the harmonic
oscillator model in reproducing the masses of Roper-like
states, we also calculate the decay width of A,(6072) by
using its experimental mass as input, and considering it to
be a 2.5 state. The calculated width is found to be 3.1 MeV,
a reduction of 90% due to the closure of some dominant
open flavor channels; this is even more unfavorable when
compared with the experimental decay width of 72 MeV.
This suggests that A,(6072) cannot conclusively be con-
sidered a 28 state. Nevertheless, we can identify A,(6072)
as a P, state with J¥ = %‘, featuring an internal spin of
Siot —% In this scenario, its experimental width is accu-
rately reproduced, although the mass is slightly
overestimated.

4. A,(6146)° and A,(6152)°

Ap(6146)° and A,(6152)° are identified as the two D,
excitations with quantum numbers J* = %* and J¥ =37,
respectively, but their quantum numbers have not yet been
measured. In this case, our theoretical predictions for the
mass have a small deviation of 1%, and their theoretical
widths are slightly overestimated.

B. £, and E; baryons

We shall now make the assignments for the states =, and
g, reported in PDG [1]. In the flavor space the Z,, states
belong to the 3 configuration and the 2 E), states belong to
the 6 configuration. Invariance of the strong interaction
under SU,(2) isospin transformations leads to isospin
conservation and the appearance of degenerate isospin
multiplets. In the case of the E, and E, baryons, both
belong to isospin doublets. In this case, the assignment is
more complicated because there are several theoretically
excited states in the same energy range for E, and =) . Here
we use our results reported in Tables III for Z;, and V for &),

1. 5,

Both our three-quark and quark-diquark models predict
that the masses of the isospin partner Eg and &, are
degenerate, which is in agreement with experimental data
[1]. In our model, we assign to them the quantum numbers
JP = ” , even though these quantum numbers have not yet
been dlrectly measured.

2. 2,(5935)"

The =) (5935)~ is considered to be the ground state of
the sextuplet. Its predicted mass agrees with the exper-
imental data in the three-quark and the quark-diquark
models, its assignment is J” :%Jr, but the quantum
numbers have not yet been measured, nor has its charged
partner, E},(5935)°, been observed.

3. E,(5955)" and E}(5945)"
The spin excitations of = (5935)~ are E,(5955)~ and
2,(5945)° these are identified as J* = 3T, but their quantum

numbers are based on the expectations of the quark model.
The predicted masses of the 2, (5955)~ and E),(5945)° are
degenerate and in agreement with experimental data. Their
widths is also well reproduced in our model.

4. £,(6100)-
E),(6100)~ is identified as a P-wave state, J* =17, but
its J¥ remains to be confirmed. It is identified as one of the
two P, excitations of E, belonging to the 3g, with total

internal spin S, = % Both its mass and width have been
well described.

5. E;,(6227)" and E}(6227)"

Finally, the PDG reports Z,(6227)" and E}(6227)°,
which in our model are identified with the fifth P,
excitation of E, with JF = 5‘ and total internal spin
St = % Its predicted mass is compatible with the exper-
imental value, and its width is well reproduced. However, it
could be identified as J* = %‘ since these states also have
similar mass. With this assignment, however, the predicted

width has a deviation of 6 MeV from the experimen-
tal value.

6. E,(6327)° and E,(6333)"

Recently, the PDG [1] added the two E,(6327)° and
E,(6333)° states observed by LHCb [23]. The observed
masses of these states are m(E,(6327)%) = 6327.287037 +
0.1240.24 MeV and m(E5,(6333)°) = 6332.697017 +
0.03 £0.22 MeV, respectively. In the model of Ref. [98],
we identify them as the two D, excitations, with quantum
numbers J” = 3% and J¥ = 3, respectively, belonging to
the 3; configuration.

7. E5(6087)° and E,(6095)°

Last year, LHCb reported the discovery of Z,(6087)°
and ,(6095)° states [24], which are not yet listed in the
PDG. We associate =, (6087) [24] with the 1P 1/2~ state.
Our predicted mass of (6079 +£9) MeV is in good agree-
ment with its experimental mass of (6087.2 £ 0.8) MeV
and our predicted width is slightly underestimated.

114005-32



STRONG DECAY WIDTHS AND MASS SPECTRA OF THE 1D, ...

PHYS. REV. D 110, 114005 (2024)

We consider the Z,(6095)° to be the 1P 3/2~ neutral
partner of Z,(6100)~. Our predicted mass of (6085 +
9) MeV is in good agreement with its experimental mass of
(6095.4 +£0.7) MeV and also our predicted width of
(1.1 £0.6) MeV agrees with the experimental width
of (0.5 +0.4) MeV.

C. X, baryons

The PDG [1] reports only four X, states and their
quantum numbers have not yet been measured. We use
our results of X, shown in Table IV to identify them.

1.3,

¥, is identified as J¥ = %*: its mass agrees well in both
the three-quark and quark-diquark models, and our
theoretical width agrees perfectly with the experimental
result.

2.5

The spin excitation X is identified as JP = %* and our
predictions for mass and width agree well with the
experimental data.

3. X,(6097) and ,(6097)*

The £,(6097)" and %,(6097)" states are two of the
three charge states of X,(6097) that are degenerate in the
model of Ref. [98], since we assume isospin symmetry. Our
predicted mass and width for X,(6097) agree well with the
experimental data. Our calculations indicate that this is the
first P, excitation of X, with J = %_ and internal
spin S, = 1/2.

D. Q, baryons

The predicted mass spectra and strong decay widths for
the Q, states are presented in Table VI. It is noteworthy that
these new findings are in agreement with the earlier
calculation in Ref. [98]. Furthermore, in comparison with
the previous study of Ref. [98], we have extended our
investigation to include the 1D, 2P, and 2S-wave
excitations.

1.9

Q; is identified as a J* = 1" state. Its experimental mass
is well reproduced in the quark-diquark description. In the
three-quark model, the predicted mass has a slight deviation
of 10 MeV. As €, can only decay weakly, its strong decay
width is zero.

2.9;-

The spin excitation of Qj, the Q;~ with J¥ = %*, has not
yet been observed. We suggest the Q) — €,y decay mode
as a “golden channel” for the observation of this state,

whose mass, according to our predictions, is expected to be
in the 6070-6098 MeV energy range.

3. Q,(6316)", ©,(6330)~, ©;,(6340)~, and ,(6350)"

The four €, resonances, namely ,(6316),
Q,(6330), €,(6340)7, and €,(6350)7, observed and
discovered in LHCb [19], have to be confirmed in other
experiments, and their quantum numbers have also not
been measured yet. They are identified in our model as four
of the five P, excitations.

The mass and width of Q,(6316)~ are well reproduced.
This state is identified as J” =1, with internal spin
Sit = 3. The assignment for €,(6330)~ is also J© =1-,
but with internal spin S, = % Its mass is well reproduced
in calculations with both the three-quark and quark-diquark
models, and our theoretical width is compatible with the
experimental data. The mass of €,(6340) is well repro-
duced in both the three-quark and quark-diquark models,
but the experimental width is slightly overestimated. Our

preferred assignment is J* = 3, with internal spin S,,, = %

=3,
Finally, the mass and width of Q,(6350)" are well
reproduced in our calculation, it is described as a J¥ =
%‘ state with internal spin S, = %

In the present study, the fifth €, P, excitation is
characterized by a large width, thus its observation will
require a high statistical significance at the LHC.
According to our predictions, this state is expected to have
a mass in the range of 6345-6365 MeV, with a width of
approximately 40 MeV. In our three-quark model, we
predict two additional P, excitations which do not appear
in the quark-diquark description. They do not couple to the
E(;K ~ channel, which is the channel where LHCb observed
the four excited Q states, but they exhibit a strong
coupling in the Z'9 K~ channel. Therefore, the experimental
search for these two P, excitations is a fundamental step
toward assessing whether the bottom baryons are a three-
quark system or a quark-diquark system.

E. Further comments

On using the 3P, model, our theoretical strong-decay
widths exhibit good agreement with the experimental
widths [1]. This agreement is remarkable since the 3P,
model has only one free parameter, the pair-creation
strength, which is fitted to reproduce the Xj — A,w
experimental strong decay width [1]. Notably, the theo-
retical masses reproduce the trend observed in the available
data reported in PDG [1], as shown in Fig. 14, where we
present the spectra of singly bottom baryons computed by
means of the three-quark model. The 3g singly bottom
baryons are depicted in purple, and purple lines represent
their mass predictions. The 6y singly bottom baryons are
shown in teal, with their mass predictions indicated by teal
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FIG. 14.  Comparison between the singly bottom baryon mass predictions, computed by using the three-quark model Hamiltonian of
Egs. (1) and (2), and the experimental data from PDG [1]. The predicted masses for the 3 and 6. states are displayed in purple and teal,
respectively, while the experimental masses are shown in black [1].

lines. The experimentally known states and their corre-
sponding experimental values are displayed in black [1].

Moreover, we studied many strong decay channels that
had never been investigated before. Indeed, this is the first
time that the Abi’[, pr, Zzp, Abi’]/, Aba), EbK, E.ZK, EZ .
E,K*, 2,K*, and Z;K* channels have been considered in
the calculation of the strong decay widths of the excited A,
states; the X1, B, K, X0, Zpp, App, Zin, Zpif', 2o, B K,
B K, E,K*, B K*, B K*, Zyw, Xy, g By, AB, N(1520)B,
N(1535)B, N(1680)B, and N(1720)B channels in the
calculation of the strong decay widths of the excited X,
states; the A, K*, Epp, Ep, Eip, T, K, Z;K*, By, By,
B, By, Bo, B0, B¢, B ¢, Bj¢p, EgBy, XgB*, and
20B channels in the calculation of the strong decay widths
of the excited B, and E) states; the Z,K*, B, K*, E;K*,

Qun, Qn, Qu, L, Qpn', Qii', ZgB, and E(B channels
in the calculation of the strong decay widths of the Q,
states.

In the present article, the Coulomb plus linear confining
term is not considered. We want to stress that, in the model of
Ref. [98], the color factor is the same for all baryons and so the
color dependence is reabsorbed in the ag spin-spin parameter.
From Tables VII-XI, it can be observed that our results and
those that consider a coulomb plus linear confining term agree,
except for radial excitations. In Ref. [26], Capstick and Isgur
emphasized that the effective parameters of the quark model
can compensate for model limitations.

In the study of light baryons, it is well known that the
harmonic oscillator quark model does not reproduce the
order of the Roper and 1P states, since the Roper N (1440)
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lies below the 1P wave excitations N(1520) and N(1535),
while it yields a good reproduction for all the other states.

The scenario concerning the Roper-like states in the
heavy sector differs significantly. It is crucial to emphasize
that, in the heavy sector, the Roper-like candidates (25
excitations) lie above the 1P waves. Specifically, in the
charm sector, the Roper candidate A.(2765) [117] lies
150 MeV above the P wave excitations A.(2595) and
A.(2625) [118].

Similarly, in the bottom sector, the Roper candidate
A, (6070) lies 100 MeV above the P wave excitations
A, (5912) and A,(5920).

Thus, in the heavy sector, the harmonic oscillator quark
model, which is known to work well for all the other states,
can also be applied to the Roper-like states, however, the
reader must be aware of the potential limitations of this
model in reproducing the 2§ states.

More experimental data will be necessary in order to
determine the quantum numbers and the decay channels of
the Roper-like candidates, thereby ascertaining whether
they are genuine 25 states, as we will discuss later, on the
basis of our strong partial decay width calculations.

Heavy quark symmetry, which is valid within the
infinite heavy quark mass limit (m, — o), has implica-
tions for singly bottom baryons, as discussed in
Refs. [119-121]. For example, in the infinite heavy quark
mass limit (my — o0), the total angular momentum j, of
the light degrees of freedom is conserved, and hadrons
with J = j, i% form a degenerate doublet, i.e., two

degenerate states [121] (unless j, = 0, in which case a

single state with J :% is observed). In reality, the

experimental mass-splitting of those doublets, as for
example X, and X, EQ, and Zj, and €, and €, is not
zero but about 30 MeV, showing that the experimental
situation is in agreement with a heavy quark symmetry
slightly broken by the finite mass of the heavy quark; the
theoretical mass results of the present article reproduce the
experimental mass splitting. In Ref. [121], the authors also
estimated some strong decay amplitude ratios, in the limit
of my — oo, but without including the phase space and
what they called the “barrier penetration” factor
(p2Etlexp[-p2/(1 GeV?)]'/?); as an example, the
authors predicted for the A,(37) — Z,7 and A,(37) >
X,z ratio a value of 0.53, in the approximation of the
decays in purely D waves. In the present article, by
contrast, this ratio is 0.79, including the “barrier penetra-
tion” factor, since, in reality, in the decay of a P-wave
Ay(37) to Xjx, there is a superposition of two partial
waves, the D and the G waves. Nevertheless, one can
observe a qualitative agreement, since there is a mass
dependence, as expected [122].

In the three-quark model, scattering states are not con-
sidered. It is important to note that some excited states can be
close to the threshold energy of a baryon-meson system,

which implies a significant component of a hadronic mol-
ecule in the wave function of the state [123]. However, in the
quark model description, the corrections to the observables
related to the molecular component might be hidden in the
model parameters [26,124].

On the other hand, in the molecular picture, singly
bottom baryons can be dynamically generated from the
meson-baryon interaction in coupled channels [125-131].
Specifically, the singly bottom baryons that are described as
dynamically generated resonances, i.e., meson-baryon
molecular states, include the A,(5912) and A,(5920) in
Refs. [125,126]; the ©,(6316), Q,(6330), Q,(6340), and
Q,(6350) in Ref. [127]; the E,(6227) in Refs. [128,129];
seven €2, states within the energy range of 6405 to
6820 MeV in Ref. [130]; and the A,(5912), A,(5920),
E,(6035.4), and E,(6043.3) in Ref. [131].

The degrees of freedom from hadron scattering schemes
can be taken into account in the constituent quark model by
considering an additional energy-dependent interaction
[123,124,132-134]. For example, the A,(5912), and
A, (5920) were studied in Ref. [135] as dressed quark-
model states with 22”7: molecular components of the order
of 30%.

VI. CONCLUSIONS

In summary, we calculate the mass spectra, strong partial
decay widths, and electromagnetic decay widths of singly
bottom baryons. We utilize both the three-quark and quark-
diquark schemes to describe the mass spectra and predict
the 1S, 1P, 1D, 2P, and 2 states, thus extending the model
of Ref. [98]. We account for the propagation of parameter
uncertainties by using a Monte Carlo bootstrap method.
Notably, the harmonic oscillator approach allows a com-
prehensive description of singly bottom baryons through a
global fit where the same model predicts the masses, strong
partial decay widths, and electromagnetic decay widths of
bottom baryons. Since we fitted all the parameters of the
model Hamiltonian of Eq. (1) (see Table I) to 13 of 22
experimental masses reported in the PDG [1], the harmonic
oscillator wave functions of the model do not depend on
any free parameters.

Our theoretical mass spectra reproduce the general trend
of experimental data, see Fig. 14. Until now, only A-mode
excited singly bottom baryons have been discovered.
However, on the basis of our strong decay analysis, we
tentatively assign the 2SA, candidate, denoted as
A,(6070), to a P,-wave excited state with J¥ =1,
Therefore, determining its quantum numbers experimen-
tally would be crucial in order to ascertain whether it
corresponds to a radial excitation or the first P,-wave
excited state of the A, baryon. The observation of the p-
mode excitations could help to enhance our comprehension
of the internal structure of the singly bottom baryon, and
particularly in distinguishing between three-quark configu-
rations and quark-diquark systems.
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We calculate the three-quark excited 1P, 1D, 2P, and 25
singly bottom baryon (p and A modes) strong decay widths,
within the 3P, model, into singly bottom baryon-(vector/
pseudoscalar) meson pairs and (octet/decuplet) light
baryon-(pseudoscalar/vector) bottom meson pairs. In par-
ticular, this is the first time that the A,n, Z,p, Z;p, Apr',
Ao, B, K, E1K, B/ K, B,K*, 2, K*, E; K* channels have
been considered in the calculation of the strong decay
widths of the excited A, states; the X5, E,K, 2Z,p, Z;p,
App, Zin, 2o, 2o, B K, By K, B, K*, B K, By K, Ty,
Y;m, XgB;, AB, N(1520)B, N(1535)B, N(1680)B, and
N(1720)B channels in the calculation of the strong decay
widths of the excited X, states; the A,K*, B,p, B} p, E;p,
XK 2 K5 By, B, B, Bpw, B, Ejw, Byp, E .
B¢, EgBy, XgB*, and X(B channels in the calculation of
the strong decay widths of the excited E, and 2, states; and
the B,K*, B, K*, Z; K*, Qun, Q;n, Qpp, Q. Qpn’, Q'
HgB, and E,yB channels in the calculation of the strong
decay widths of the Q, states.

In order to provide further assistance to experimen-
talists in their search for bottom baryons, we report the
partial decay widths for each open flavor channel in
Tables XXII-XXVI.

We observe that electromagnetic decays play a dominant
role for the states which cannot decay strongly. One
example is the spin excitation of the Q, state, denoted
as €, which has not yet been observed. The Q; — Q7
strong decay is prohibited due to lack of phase space and
isospin conservation in strong interactions. Given that the
Q,(6093) state has not yet been discovered, there exists a
fascinating experimental opportunity to simultaneously
observe a new electromagnetic decay in the bottom baryon
sector and the emergence of a new state, €,(6093), by
exploring the Q;y electromagnetic channel.

Our predictions for the masses and strong decay widths
of bottom baryons exhibit good agreement with experi-
mental data. Notably, the mass formula of Ref. [98] and the
3P, model describe the recently discovered D-wave exci-
tations, such as A,(6146)° and A,(6152)°, which we
identify as D, excitations with quantum numbers J* =

3" and J¥ = 3", respectively. Additionally, the three-quark

and quark-diquark models describe the new E)(6327) and
E9(6333) states listed by the Particle Data Group (PDG)
[1], which we also identify as D, excitations with quantum
numbers J© =3* and J¥ = 3, respectively, belonging to
the 3p configuration. It is worth noting that these states
were not included in our fits, making the predicted masses
and widths indicative of the predictive power of the mass
formula of Ref. [98] and the 3P, decay model.
Moreover, the information presented in this article,
which encompasses both the mass region and the partial
decay widths, enables the experimentalists (LHCb, CMS,
and ATLAS) to select the most suitable decay channel in
which to search for a specific resonance. Additionally, we

have determined the flavor coupling coefficients for all
two-body decay channels, which can be used in further
theoretical investigations.

Note added. After submission of this article to ArXiv on
July 2nd, 2023, a new article was submitted to ArXiv [104]
a few days later on July 10th, 2023. It’s important to note
that both articles are independent and mainly focus on two
different subjects: the present article mainly focuses on the
singly bottom baryon strong decays and the predictions of
the 1D, 2P, and 25 states, while Ref. [104], focuses on the
15- and 1P-wave singly doubly and triply heavy baryon
masses and electromagnetic decays. The authors of [104]
also utilized the model introduced in [98] to investigate the
masses and electromagnetic decay widths of 1S- and
1P-wave singly bottom baryons. However, regarding the
electromagnetic decays of the 1P-wave states, which is
the small overlap of the two papers, one can observe that
the matrix elements of the 7 ;- orbit-flip operator, reported
in Eq. (48) of Ref. [104], exhibit a wrong dependence on
m,ko, with ko being the photon energy. Indeed, in
Ref. [104] the authors did not evaluate the exact expression
of the orbit-flip operator since they replaced p,; with im;kyA
and p, with im kop without declaring it in their article, as
Roelof Bijker pointed out in private communications. By
contrast, in our present article, we derived and presented the
exact analytical expressions for the Tj._ matrix elements
(see Appendix G); these depend on the photon transferred
momentum k, and not on mky,. Finally, the strong decays
and the predictions of the 1D, 2P, and 2§ states, which
constitute some of the main results of the present manu-
script, were not considered in Ref. [104]. After submission
of our article, another article [78] appeared and correctly
cited our paper. The authors only calculated the partial
decay widths of 1D-wave E, and E). Moreover, they only
considered a small subset of the decay channels considered
in the present article: the z, #, K, and B meson decay
channels. Indeed, they did not consider the A,K*, Ep,
Eop, Eop, ZpK*, X K*, By, By, Bpif, Byw, By o, Ejo,
Ev, B, B, EgB,, ZgB*, L1yB channels. In that paper
[78] they used the 2 mode E, and E) masses as from the
Ebert et al. quark-diquark model [38] and the p mode &,
masses as from QCD sum rule [52], while the p mode Z),
masses were estimated by adding about 100 MeV to the A-
mode excitations of Ref. [38]. Finally, they did not consider
the 25 and 2P excitations, which complete the second shell.
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APPENDIX A: BARYON WAVE FUNCTIONS

1. Three-quark baryon wave functions
In our algebraic model, the wave functions for a singly
bottom baryon A, considering the color, flavor, spin, and
spatial degrees of freedom, are given by

Wi, = O D (SaMs, Ly My |14 M,,)

Mg, M,

XXsyms, @ lPA.LA,MLA(?la?Z»;S) (A1)

where 0, = % (rgb — rbg + gbr — grb + brg — bgr) is the
SU.(3) color singlet, ¢A’XSA’MSA’ and IPA.LA,MLA (F1, 72, 73)

are the flavor, spin and spatial wave functions, respectively.
For singly bottom baryons, we use the following coordinate
system

- |
P:ﬁ(rl—rz), (A2)
) 1(* + 7y = 27F3) (A3)
=—(r 7y —273),
\/6 1 2 3
R - m(7y + 7,) +mb73’ (A4)
2m 4+ my,

where m = (m, + m,)/2 with m; and m, being the masses
of the light quarks and m, the mass of the bottom quark.
Thus, the coordinates of the quarks are given by 7, =

Vs Vo o
R+\/—p+2m+mbﬂ 2 R_Tp+2m+m r3=R-
Vem, 7 \with the differential volume B drdF =
2m-+my,

3V3d3pdPId°R.

The baryon spatial wave functions in the coordinate
representation are given by

1
(2 )3/26

33/4 Z

mi, i,

R iR-P
"PA,LA,M,‘A (7”1””2» ’”3) =

mll,v lﬁv my, |LA’MLA>

S Wiy dyomy, kiolyomy, (.5’ ). (AS)
Here, Wby, o, (p, A) represents the harmonic oscil-

lator wave functions, which can be expressed as a product
of the wave functions of each harmonic oscillator:

Wiy by, koyomy, (P A) = Wi, 1,my (P) @ Wi 1,m, (4)- (A6)
The wave functions of each harmonic oscillator can be

expressed in terms of their radial and angular parts as

Wiy, , (PA) = Ri, (P, (0(3), (A7)
where the p radial part is
B 3k, 120, 4k, +2
\/‘ 21 + 2k, + 1)1l
x e (@)L (Pd).  (AS)

and the 4 radial part is

3k |2li+k1+2
V2L, + 2k, + 11!

1
Ry (2 e P (@2)h L P (2ad),

(A9)

where L{(x) are the generalized Laguerre polynomials. We
observe that a/z)< ;) are related to the harmonic oscillator
frequencies, w,(;), through m, and m;: a/z}(ﬂ) = W, M)
Thus, a,;) depends on the harmonic oscillator constant K,
and the quark masses, which are fitted to reproduce the
bottom baryon mass spectra (see Table I). As a result, our

harmonic oscillator wave functions do not contain any free
parameters.

2. Quark-diquark baryon wave functions

In the quark-diquark scheme, the wave functions for a
generic baryon A, considering the color, flavor, spin, and
spatial degrees of freedom, are given by

Wi b, = Ocha D (Sa Mg LMy s M)

Mg, My,

X xsus, ® Yar,m,, (F1.72) (A10)
where 6, = \/Lg (rgb — rbg + gbr — grb + brg — bgr) is
the color singlet wave function of SU.(3), ¢,, Xs,My, »
and Wy r, m, (¥, 7,) are the flavor, spin and spatial wave

functions, respectively.
For bottom baryons in the quark-diquark scheme, we use
the following coordinate system

7: 71 - 72, (All)
R :M (A12)

mp + my,
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where R is the center of mass coordinate, 7, and 7, are the
diquark and bottom quark coordinates; mp and m,, are the
diquark and bottom quark masses.

The baryon spatial wave functions in the coordinate
representation are

1 iR-P (7).

We Yk, d,.m;, (A13)

TA,LA,MLA (7> =

where v ; ., (7) are the harmonic oscillator wave func-

tions, which can be written in terms of their radial and
angular parts as

Ry, ()Y, (),

with the radial part given by

Vi, l,my, (7) = (AM)

. ak, 12l hA2 122 Lyhti2 2
Rk,l,(r) = \/ﬁ(21r+2kr+1)ne 2 (arr) VLk, (r ar)a
(A15)

where L{(x) are the generalized Laguerre polynomials.

We observe that a are related to the harmonic oscillator
frequencies, w,, through m,: a2 = w,m,. Thus, a, depends
on the harmonic oscillator constant K, and the diquark and
bottom masses, which are fitted to reproduce the bottom
baryon mass spectra (see Table I).

APPENDIX B: BOTTOM-BARYON FLAVOR
AND SPIN WAVE FUNCTIONS

In the bottom sector, we consider the 3g-plet and the
6p-plet representation of the flavor wave functions. In the
following subsections, we give the flavor wave functions of
the singly bottom baryon A (A, E,, %, 5, Q).

1. 3p-plet
1
by =75 (dsb = sdb). (B1)
1
Pz = ? (usb — sub), (B2)
Pro = 75( db — dub). (B3)
2. 6p-plet
¢QE = ssb, (B4)
1
b2y = 5 (dsb + sdb). (BS)

1

pzn = 7 (usb + sub), (B6)
¢ZZ = uub, (B7)
¢s- = ddb, (B8)

s = L (udb + aub). (B9)

V2

When we calculate the strong-decay width with a final
state involving a light baryon, the flavor-wave function
follows the convention given in Ref. [102].

The spin wave functions corresponding to the singly
bottom baryons can be constructed by coupling the spins of
the three constituent quarks. They are given by

1
1o =5 (11 = 111D, (B10)
=@M -t -1 @I
xs =11 (B12)

We observe that the spin function y, is antisymmetric
under the interchange of the first two quarks; conversely,
both y; and y, are symmetric under the interchange of the
first two quarks.

APPENDIX C: MESON FLAVOR WAVE
FUNCTIONS

In the following, we give the flavor wave functions of a
C meson used in the calculation of the strong partial
decay width.

In the case of bottom-B mesons, the flavor-wave
functions are the same for the pseudoscalar and vector
states. We use the following:

$po- = ¢ppo = sb
g = g = db
¢p— = ¢p- = b

The convention used in the calculation of the strong-decay
width when the final state has a light meson is found in
Ref. [102].

APPENDIX D: FLAVOR COUPLINGS

In the following subsections, we give the flavor coef-
ficients F 4_ pc used to calculate the transition amplitudes.

We compute Fy_pc = (ppdclPoda) Where ¢4 p ) refers
to the initial flavor wave function of a bottom baryon ¢, a
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final baryon ¢, and a final meson ¢, respectively; @3> =
(uit + dd + s5)/+/3 is the flavor singlet-wave function of
SU¢(3). In addition, we compute the flavor decay coef-
ficients of the isospin channels, since we assume that the
1sospin symmetry holds even though it is slightly broken.
The corresponding charge channels are obtained by multi-
plying our F,_ pc by the corresponding Clebsch-Gordan
coefficient in the isospin space, using the convention of the
isospin quantum numbers of the baryon and meson flavor
wave functions found in B and C. For the light baryons, we
use the convention of Ref. [102]. Thus, the flavor charge
channel for a specific projection (I, M;) in the isospin
space is obtained as follows:

FA(’A-MIA)_’B(IB-MIB)CUC-MIC)

- <¢B7IB’MIB’ ¢C?IC7MIC|¢O’O7O7 ¢A7IA’M1A>F
- <IBvMIB7IC7MIC|IAvMIA>}—A—>BCv (Dl)
where (15, M, Ic,M; |[I,,M;,) is a Clebsch-Gordan
coefficient, and the flavor functions ¢; of each baryon
and meson have a specific isospin projection M.

1. Bottom-baryon and pseudoscalar
meson flavor couplings

We give the squared flavor-coupling -coefficients,
Fa_pcs when the final states have a pseudoscalar light
meson. Here, A and B are bottom baryons, and the
subindexes 3; and 65 refer to the antitriplet and the sextet
baryon multiples. The C is a pseudoscalar meson and the
subindexes 8 and 1 refer to the octet and singlet meson
multiplets, respectively.

(i) A3, — B, + Cg,

I
N

Bl= Q=

(i) Az — B, + Cy,

_ _ 1
@ -En=-(5) o
(iii) A:‘;F - BgF + CSF
< Ay ) ( EpK Ay )
— - p— p—
=, ANK By Epn
1 1
(5 18
a (L 1 L) (D4)
12 8 72

@iv) A3F - BgF + Cl]:

A Ayt 5
(=)= (an)=(;) o
=p =pM 9
(V) Ag, = Bg, + Cg,
Qb EZK Qbi’]
Zb e d EZK Zbﬂ' Zbi’]
=4 %K B En
1 2
39
_ 1
=15 35 ® (D6)
11 1
4 8 72
(vi) Ag, = Bg, + Cy,
Q, Q' %
L= % | =5 (D7)
= gy 5
(vii) Ag, — B3 + Cg,
Qp E,K
Zb b EbK Abﬂ.’
E‘/b AbK Ehﬂ' Ebﬂ
1
3
=15 3 (D8)
1 1 1
2 8 72
(viii) Ag, — BgF + Cy,
=/ —_ 1
CARSCRORSE: (D9)

2. Bottom-baryon and vector-meson flavor couplings

We give the squared flavor-coupling coefficients, F f‘_, BC
when the final states have a vector-light meson. Here A and
B are bottom baryons, and the subindexes 3y and 6 refer to
the antitriplet and the sextet baryon multiplets. The C is a
vector meson and the subindexes 8 and 1 refer to the octet
and singlet meson multiplets, respectively.

() A3, — Bg, + Cs,

()= Gk =0 =)
—_ - * =/ =/
=, K" Ep Eo

11
_ (6 2
\L 11

4 8 24

(D10)
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(i) Az, — Bg, +Cy,

(iii) AgF - BgF + CSF

(Ab ) ( EbK* Aba) )
— - * — p—
g, ANK* Bpp Eyo

@iv) A3F - BgF + ClF

(2)-(25)-(0)
B, B/ \i

(v) Ag. = Bg, + Cg,

Q, = K*
Zb Ed Ele* pr Zba)
=/ * =/ =/
=, L,K* Ep Eo
1
3
=11 1 1
- 6 3 6
11 1
4 8 24

(Vl) AGF - B6F -+ CIF

Q, Q¢ 5
Zy || Zpp | =|0
=/ =/ 1
=b =b 2

Q, g,K*
Zb - EbK* Abp
:;’ AbK* E‘bp Eba)
1
3
— | 1 1
- 6 3
1 1 1
12 8 24

(viii) Ag, = B, + Cy,

(D11)

(D12)

(D13)

(D14)

(D15)

(D16)

3. Light baryon and bottom-(pseudoscalar/vector)
meson flavor coupling

We give the fi_,BC when the final states have a light
baryon and a bottom-(pseudoscalar/vector) meson. Since
the B mesons form an isospin doublet, both are treated as B
in the tables; whereas the bottom strange are denoted as B;.
The subindexes 3y and 6 refer to the antitriplet and the
sextet baryon multiplets for the initial bottom baryon A,
whereas the final B baryons can have subindexes 8 or 10,
according to whether the final light baryon belongs to the
octet or decuplet baryon multiplet. Additionally, owing to
the symmetry of the wave functions of the octet-light
baryons, we can have only p or A contributions in the final
states, as indicated by a superindex.

(i) A3, > Bg, +C

)

A, N’B  ASB,
—_ - P —p
E, /B ELB,

2 2
(3 9
a (1 1 1) (D18)
2 3 18
(i) Ag, = Byo, +C
— 2 1
Q, EioB  €0By 5 3
% | > | AB B, | =135 §| (D19)
=, B EjoB, 12
(i) Ag, — Bs, +C
= 4
Qh .:.éB 9
% | - | MB =B, | =3 3 (D20)
A B E.B, 1l

APPENDIX E: STRONG PARTIAL
DECAY WIDTHS

The calculated strong partial decay widths,
Csirong (A = BC), are shown in Tables XXII-XXVI. The
charge channel decay width for a baryon A with isospin 7,
and isospin projection M, , |A,14, M, ), decaying into a
baryon B with isospin Iz and isospin projection M, ,
B,Ig.M, ), and a meson C with isospin I and isospin
projection M, _, |C,I¢. M, ), can be obtained as follows

M, M .M
Csung * < (A = BC)

= <IB’MIBvICsMIC|IA1MIA>2FStr0ng(A _)BC)7 (El)
where (I3, M; . Ic.M; |I,,M; ) is the Clebsch-
Gordan coefficient in the isospin space; the partial

decay width T'gyone(A — BC) can be extracted from
Tables XXII-XXVI.
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APPENDIX F: DECAY PRODUCTS

TABLE XXII. Predicted A, (nnb) strong partial decay widths (in MeV). The flavor multiplet is denoted by the symbol F. The first
column reports the baryon name with its predicted mass, calculated using the three-quark model Hamiltonian given by Egs. (1) and (2).
The second column displays JP. the third column shows the three-quark model state, |}, 1,, k;, kp>, where [; , represent the orbital
angular momenta and k, , denote the number of nodes of the 1 and p oscillators. The fourth column presents the spectroscopic notation
25+1L,. The value of N = n, + n, distinguishes the N = 0, 1, 2 energy bands. Starting from the fifth column, we provide the strong
partial decay widths calculated by means of Eq. (17). Each column corresponds to an open-flavor strong decay channel, and the specific
decay channels are indicated at the top of each column. The masses of the decay products are given in Table XXVII. The values for the
strong decay widths are given in MeV. The decay widths denoted by 0 are either too small to be shown on this scale or forbidden by
phase space, while the decay widths denoted by - - - are forbidden by selection rules. Finally, the last column represents the sum of the
strong partial decay widths over all the decay channels.

F=3 S Zim A Zp Zip Ay Ayo EK ELK E3K E,K* BLKY E;K* NB ISt
Ap(nnb) 3P |11, k) k,) ZT'L; MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV
N=0

Ay(5613) 1+ 10,0,0,0) 25, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
N=1

A,(5918) 1= [1,0,0,0) 2P, O 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ay(5924) 3= [1,0,0,0) %Py, O 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ay(6114) 1= 0,1,0,0) 2P, 93 575 0 0 0 0 0 0 0 0 0 0 0 0 66.8
Ay(6137) 1= 10,1,0,0) *P,, 42 313 0 0 0 0 0 0 0 0 0 0 0 0 355
Ap(6121) 3= 10,1,0,0) 2Py, 769 78 0 0 0 0 0 0 0 0 0 0 0 0 84.7
Ay(6143) 3= 10,1,0,0) 4Py, 42 1236 0 0 0 0 0 0 0 0 0 0 0 0 1278
A,(6153) 5= 0,1,0,0) %P5, 264 479 0O 0 0 0 0 0 0 0 0 0 0 0 74.3
N =

Ap(6225) 3+ [2,0,0,0) D5, 14 83 0 0 0 0 0 0 0 0 0 0 33 130
Ap(6235) 5t [2,0,0,0) D5, 31 12 0 0 0 0 0 0 0 0 0 0 132 175
Ay(6231) L+ 10,0,1,0) 25, 62 111 0 0 0 0 0 0 0 0 0 0 115 289
Ap(6624) L+ 0,0,0,1) 25,, 93 242 .- 270 26 .- 487 - 130 56 0 0 0 130.5
Ap(6421) 3+ [1,1,0,0) 2Dy, 114 487 13 0 0 0 32 25 0 0 0 0 0 67.1
Ap(6431) 5t [1,1,0,0) 2Ds;, 814 80 83 0 0 0 07 94 03 0 0 0 0 108.1
A(6438) 1+ [1,1,0,0) ‘D, 22 235 L1 0 0 0 33 43 01 0 0 0 0 345
Ay(6444) 3+ |1,1,0,0) 4Dy, 28 755 12 0 0 0 125 29 01 0 0 0 0 95.0
Ap(6454) 5t [1,1,0,0) ‘D5, 90 951 37 0 0 0 156 45 01 0 0 0 0 128.0
Ap(6468) I+ [1,1,0,0) ‘D, 291 594 121 0 0 0 48 163 07 0 0 0 0 122.4
Ap(6423) 1= [1,1,0,0) 2P, O 05 0 0 0 0 0 0 0 0 0 0 0 0.5
Ap(6429) 3= [1,1,0,0) %Py, 12 03 01 0 0 0 0 01 0 0 0 0 0 1.7
Ay(6446) 1= [1,1,0,0) *P,, O 03 0 0 0 0 0 0 0 0 0 0 0 0.3
Ay(6452) 3= [1,1,0,0) 4Py, 01 10 0 0 0 0 01 0 0 0 0 0 0 1.2
Ap(6462) 5= [1,1,0,0) “*P5, 04 13 02 0 0 0 02 02 0 0 0 0 0 23
Ap(6456) 3+ [1,1,0,0) 455, 23 141 1.1 0 0 0 82 58 03 0 0 0 0 31.8
Ap(6427) 1+ |1,1,0,0)  2§,, 122 70 15 0 0 0 35 52 0 0 0 0 0 29.4
Ay(6618) 3+ 10,2,0,0) 2Dy, 215 531 93 0.1 407 -~ 31 36 0 0 0 131.4
Ap(6628) 57 0,2,0,0)  2Ds;, 529 930 1.0 1.1 -~ 292 ... 75 05 0 0 0 185.2
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TABLE XXVI.  Same as XXII, but for Q,(snb) states.

F = 6g E,K B,K E;K E,K* K" ZK* Qun Qn Qb Qb Qi Qn EgB B B ISton
Q,(ssb) J' |l 1,.k;. k,) *'L; MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV  MeV
N=0

Q,,(6064) %* 0,0,0,0) 2S1/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Q,(6093) 3+ 10,0.0,0) 45, 0 O O O 0 O 0O 0 0 0 0 0 0 0 0
N=1

Q,(6315) %— 1,0,0,0) 2P1/2 46 0 0 0 0 0 0 0 0 0 0 0 0 0 4.6
Q,(6337) 1= 11,0000 “P,, 107 O O 0O O O 0O 0O 0O O 0 0 0 0 107
Q,(6321) 3- [1,0,0.0) 2Py, 240 0 O 0O 0O 0O O O 0O 0O 0 0 0 0 240
Q,(6343) %‘ [1,0,0,0) 4P3/2 63 0 0 0 0 0 0 0 0 0 0 0 0 0 6.3
Q,,(6353) %‘ 1,0,0,0) 4P5/2 405 0 0 0 0 0 0 0 0 0 0 0 0 0 40.5
Q,(6465) I [0,1.0,0) 2Py, 98 0 0 0O O O 0O 0 0 0 0 0 0 98
Q,(6471) %‘ |0,1,0,0) 2P3/2 535 0 0 0 0 0 0 0 0 0 0 0 0 53.5
N=2

Q,(6568) %* [2,0,0,0) 2D3/2 24 16 0 0 0 0 0 0 0 0 0 0 0 0 4.0
Q,(6578) %+ [2,0,0,0) 2D5/2 62 35 0 0 0 0 0 0 0 0 0 0 0 0 9.7
Q,(6384) I+ [2,0,0,00 *D,, 05 03 01 O 0O 0O 0O 0O 0 0 0 0 0 0 09
Q,(6590) 3+ [2,0,0.0) Dy, 26 05 03 0 0 O O O 0O 0O 0 0 O 0 34
Q,,(6600) %* 2,0,0,0) 4D5/2 55 08 04 O 0 0 0 0 0 0 0 0 1.0 0 7.7
Q,(6614) I+ |2,0,0,00 “D,, 77 13 02 0 0O 0O 01 0 0O O 0 0 82 0 175
Q,(6574) %* 0,0,1,0) 251/2 113 89 0 0 0 0 0 0 0 0 0 0 0 0 20.3
Q,,(6602) %*’ |0,0,1,0) 4S3/2 114 27 12 0 0 0 0 0 0 0 0 0 144 0 16.8
Q,(6874) %* |0,0,0,1) 251/2 52 36.1 27.1 107.6 166.8 0 375 179 0 0 0 0 398.3
Q,(6902) %* |0,0,0,1) 4S3/2 22 74 665 107.1 182 0 92 466 O 0 0 0 ... 2573
Q,(6718) %* [1,1,0,0) 2D3/2 8.5 61.6 223 0 0 37 198 0 0 0 0 0 1159
Q,(6728) %* 1,1,0,0) 2D5/2 553 54 6.0 0 0 138 1.8 0 0 0 0 0 82.3
Q,(6720) %‘ [1,1,0,0) 2P1/2 0 0.7 0.2 0 0 0 02 0 0 0 0 0 1.1
Q,(6726) %— [1,1,0,0) 2P3/2 1.1 04 0.2 0 0 02 01 O 0 0 0 0 2.0
Q,(6724) I+ |1,1,0,0) 25, --- 137 247 160 0 0 82 99 0 0 0 0 0 725
Q,,(6868) %*’ |0,2,0,0) 2D3/2 27.3 19.1 20.1 33.1 594 O 85 124 0 0 0 0 179.9
Q,(6878) %* |0,2,0,0) 2D5/2 584 51.2 6.8 3.1 12.1 0 220 30 O 0 0 0 156.6
Q,,(6884) %* |0,2,0,0) 4D1/2 23.1 0.6 32.1 46.2 47 0 03 191 O 0 0 0 126.1
Q,,(6890) %*’ |0,2,0,0) 4D3/2 30.7 5.2 352 884 98 0 23 234 0 0 0 0 195.0
Q,,(6900) %* |0,2,0,0) 4D5/2 442 11.0 31.1 53.0 74 0 49 199 0 0 0 0 171.5
Q,(6914) 7+ [0,2,0,0) *D,, 741 156 370 747 46 0 68 177 0 0 0 0 230.5
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TABLE XXVII. Masses as from PDG [1] of the final baryon
and meson states used in the calculation of the decay widths.

Mass in GeV
my, 0.13725 £+ 0.00295
mg 0.49564 + 0.00279
m, 0.54786 £ 0.00002
my 0.95778 £+ 0.00006
m, 0.77518 £ 0.00045
My~ 0.89555 £ 0.00100
m,, 0.78266 £ 0.00002
mg, 1.01946 + 0.00002
mp 5.27966 + 0.00012
mg, 5.36692 £+ 0.00010
mg 5.32471 £+ 0.00021
my 0.93891 £+ 0.00091
My (1520) 1.51500 £ 0.00500
My (1535) 1.53000 £ 0.01500
M (1680) 1.68500 £ 0.00500
My (1720) 1.72000 4 0.03500
my 1.23200 £ 0.00200
my 1.11568 + 0.00001
MA(1520) 1.51900 £ 0.00010
mg, 1.31820 £ 0.00360
mg,, 1.53370 £+ 0.00250
my, 1.11932 £ 0.00340
my,, 1.38460 4 0.00460
My, 5.61960 £ 0.00010
ms, 5.79700 £ 0.00060
mz; 5.93502 £ 0.00005
mg: 6.07800 £ 0.00006
ms, 5.81056 £+ 0.00025
ms: 5.83032 £ 0.00030
mq, 6.04520 £ 0.00120
me: 6.09300 £ 0.00060

mmga=ﬁi

e~ cos 0

APPENDIX G: ELECTROMAGNETIC
TRANSITION AMPLITUDES

In the nonrelativistic approximation, the transition
operator describing an electromagnetic decay is given by
the following electromagnetic Hamiltonian, as shown in
Sec. IV:

3
b/ . 1.
Hem:2\/£ ]:E]'uj |:ksj’_Uj—§T/’_], (Gl)

where U; = ¢~ and Ti_=p;_U,+Up,_.

1. Evaluation of the TA‘j’_ matrix elements

The matrix elements of the tensor operators, 7' j—» can be
expressed as a sum of the matrix elements of the U j
operators, as we will show in the following.

In order to achieve it, we have to calculate the action of
the p,. and p,. ladder operators on the states. In the
following subsection, we will calculate the action of these
two operators.

2. Ladder operators

In coordinate representation, the p; . ladder operators of
the jth quark are

(Flpjcl?) = (FIpjx £ ipjy|7)
0 0 T
= {—ij: i<—i>} S -7
ox W/l

0 0
= —i| 21l | SF -7, G2
LL}X l@y]j (7 =7 (G2)

which can be written in spherical coordinates as

0

The previous equation imply for the p, ;. and p, . ladder operators

e cos@ 0

<Mwﬂ@=[ﬂ

@mg@-}i

P 00 psin@op

e % cosf 0

A 00 Asinfdg

e 9 : 0
2 _ieivsing | (7 7). G3
rsin 6 dgp emsnTy ]j (F=7 (G3)
“v 9 . 0 o o
¢ % _jeiv sin@a] 3 -p), (G4)
—ip 0 . 0d - -
¢ — im0 sin@a} S - 7). (GS)

114005-46



STRONG DECAY WIDTHS AND MASS SPECTRA OF THE 1D, ... PHYS. REV. D 110, 114005 (2024)

As an example, we evaluate the action of the p, operators on the ground state (p, /_1'|pp¢|0, 0,0,0,0,0) as follows

(3. 2Ip,+10,0.0,0,0,0) = / &p &1 (. 1p, 17 7) (7', 710.0,0,0,0,0)

_ _l_e‘wcoseii e i—ie‘i‘/’ sin@i 1 (w,m, ifwm, %exp W, pﬁz_wlmﬁ?
p 00 psinfop ap| 334\ =« n 2 2
= :Fi(wpmp)1/21110.1,11,0,0,0(5’ 71) (G6)
where, in the second line, we use the fact that the p, . operators are diagonal in coordinate space, i.e.
- - e "cos@a e o . 0 - o
5, AP, lp ) = | =i — — —ie"sin0—| 6 (5 — )8 (A - 7). G7
Ayl 7y = |52 et sing 2] 9~ )6~ 1) (G7)
We have a similar expression for p;. The results for the other cases are reported below.

(5, Ap;,£10,0,0,0,0,0) = Fi(w;m;)" *yo000.1.41(5.4). (G8)
(7. 21p +10.0,0,0.0.0) = Fi(w,m,) "y 110007 1), (G9)
(P APs.+[0. 1, ml/,’()? 0,0) = :Fi(a)imﬂ)1/2U/0,1,m1/),0,1,i1(ﬁ’ ), (G10)
(5,/1 p/),i|0’ 0,0,0,1, ml) = $i(wpmp)1/2V/0,1,¢1,0,1,m,x (5 /1)7 (Gll)

- i(w,m,)'/? -

(p. A Pp,—|0’ 1,1,0,0,0) = %Wo,z.o,oo,o(ﬂvﬁ)

. N -

+l(wpmp>1/21//0,0,0,0,0,0(17, A)+i g(wpmp)1/21//1,0,0,0,0,0(17, ), (G12)
<ﬁ, A Pp,—|0, 1,-1,0,0, 0> = i\/§<wpm/))I/ZWO,Z.—2,O,O,0(57 /1)’ (G13)
(3. 4lp,-10.1,0,0,0,0) = i(w,m,) "y _1 000 ), (G14)

Lo i(w,m,)1/? Lo

(P, A1p,-10,0,0,0,1,1) = %‘//0,0,0,0,2,0(/),1)

. 1/2 - . 2 1/2 52

+i(wimy) y0.00000(P.4) + i g(wami) ¥0.0.0.1.0.0(Ps 4) (G15)
(7, Alp3.-10,0,0,0, 1,—1) = iV2(w;m;) "y 00,0225, 2), (G16)
(P, AP2.-10,0,0,0,1,0) = i(wﬁmz)l/zl,l/o,o,o.o,z.—l(,57 A). (G17)

3. Matrix elements of 7 - operators

We apply the previous formulas to evaluate the matrix elements of the le_, sz_, and T3,_ operators in the harmonic
oscillator basis. We begin by evaluating the matrix elements for the p states. For the operator Tl‘_ we obtain
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R 1 .
(0,0,0,0,0,0|7, |0, 1,m,,,0,0,0) = \éw,o, 0,0,0,0lp,_ 0, + U1p,_|0,1,1,0,0,0)

1
- \@0, 0,0,0,0,0

1,
= \/;t(a)pmp)l/z[(o, 1,1,0,0,0

P;- U, + 01[’/1,—

0.1,1,0,0,0)

/,10,1,1,0,0,0)

1 N .
+ \/%(0,0,0,0,0,O|U1|0,2,0,0,0,0) +(0,0,0,0,0,0|U,0,0,0,0,0,0)

2 R 1
+ \/;<0,0,0,0,0,0|U1|1,0, 0,0,0,0)] + \/%i(w,lm,l)l/z
% [(0,0,0,0,1,1|0,]0,1,1,0,0,0) + (0,0,0,0,0,0|T,]0,1,1,0,1,—1)]

3 vr [FR 3m?
= ivV2(w,m,)"* exp < \om +w,1m,1(2m ) Sy .1+ (G18)
't P

For T, _ we obtain

(0,0,0,0,0,0

. 1 N
T5-10.1,m;,,0,0,0) = —\/§<o, 0,0,0,0,0[p,_U, + U,p,_[0,1,1,0,0,0)
1 AN
+ \/5<0, 0,0,0,0,0[p,_U, + U,p,_10,1,1,0,0,0)

1. .
= —\/;z(w,,m,,)lﬂ[(o, 1,1,0,0,0/0,/0,1,1,0,0,0)

1

+ \@0, 0,0,0,0,0
2

+ \@0, 0,0,0,0,0

x [(0,0,0,0,1,1|0,

K21 2
= —iV2(w,m,)"/ exp [T < n 3mj, >] O, 1 (G19)

w,m, — wymy(2m, + my)?

02 02

0,2.0,0,0,0) + (0,0,0,0,0,0

0.0.,0,0,0,0)

1
1,0.0,0.0.0)] + \/gi(aumw
0,1,1,0,0,0) + (0,0,0,0,0,0

U,

U,00,1,1,0,1,—1)]

Finally, for 7 3.— We obtain

A 2 N N
(0,0,0,0,0,0[T5_[0,1,m,,,0,0,0) = —\/;<0,0,0,0,0,0 p,-Us +Usp,—

0.1,1,0,0,0)

/5/0,1,1,0,0,0)

2
= —\/;[i(a),lml)l/zm, 0,0,0,1,1
+ i(w;m;)"/%(0,0,0,0,0,0|05[0,1,1,0,1,-1)]
=0. (G20)
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Analog computations are performed for the A states. For Tlﬁ_ we obtain

R 1 N
(0,0,0,0,0,0/7, _|0,0,0,0,1,m, ) = \/6<0, 0.0,0.0.,0|p, 0, + U,p;_]0.0,0,0,1,1)

1 N
+ \/2<0,0,0, 0,0.0p,_U, + U,p,_[0,0,0,0,1,1)

—\/gi(a)/lm,l)l/zKO,O,O,O,1,1|01 ,0,1,1)
+\@<,,,,, .0) 4{0.0.0.0, .0)
+\@<, ,0,0,0, .0, 1,0, >]+\@l(wpmp>”2
x [(0.1. 1,0, ,0,1,1) +(0,0,0,0,0,0{04]0,1,~1,0,1,1)]
N l\/v (3" exp[ (a)pmp wamz(;”’:a mb)z)]aml"l' (G2D)

Next, for TZ.,_ we obtain

< s Uy Uy Uy Uy

)

s My Ly s Uy Ly

) = \/50.0.0.0.0

1 A
_ \/5«)’ 0,0,0,0,0[p,_0U, + U,p,_[0,0,0,0,1, 1)

:\éi(a}ﬁmi)WK .0,0,

1 A .
+ \/;<0,0,0, 0,0,0|U,0,0,0,0,2,0) +(0,0,0,0,0,0|U,|0,0,0,0,0,0)

2 . I
+ \/§<o,o,o, 0.0,0|0,/0,0,0,1,0,0)] — \él(wpmp)l/z

% [{0,1,1,0,0,0|0,]0,0,0,0,1,1) + (0,0,0,0,0,0|0,]0,1,-1,0, 1, 1)]

2 | —k2 1 3m?
=iy/= /2 — b Sy 1- G22
l\/;(wﬁm,l) exXp |: 3 (C!)pmp + wm, (zmp T mb)z)] m,}l,l ( )

)=y 20.00.00

1)

Finally, for f3’_ we obtain

< s Uy Uy Uy Uy

)

s My Ly s Uy Ly

2 .
:—\/;i(wlmﬂ)l/z[(0,0,0,0,l,1 Us ,0,1,1)
1 N
+—=(0,0,0,0,0,0[U3]0,0,0,0,2,0) + (0,0,0,0,0, .
vl 105 )+ )
2
+\/;< s Uy Uy Uy Uy s Uy Uy Ly Uy >]
2 —3k>m>
——Zi\/:(wlmﬂ)]/zexp i 5, 1- (G23)
3 20,m,(2m, + my) b
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