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Strong decay widths and mass spectra of charmed baryons
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The total decay widths of the charmed baryons are calculated by means of the *P, model. Our calculations
consider in the final states: the charmed baryon-(vector/pseudoscalar) meson pairs and the (octet/decuplet)
baryon-(pseudoscalar/vector) charmed meson pairs, within a constituent quark model. Furthermore, we
calculate the masses of the charmed baryon ground states and their excitations up to the D-wave in a
constituent quark model both in the three-quark and in the quark-diquark schemes, utilizing a Hamiltonian
model based on a harmonic oscillator potential plus a mass splitting term that encodes the spin, spin-orbit,
isospin, and flavor interactions. The parameters of the Hamiltonian model are fitted to the experimental data
of the charmed baryon masses and decay widths. As the experimental uncertainties of the data affect the fitted
model parameters, we have thoroughly propagated these uncertainties into our predicted charmed baryon
masses and decay widths via a Monte Carlo bootstrap approach, which is often absent in other theoretical
studies on this subject. Our quantum number assignments and predictions of the masses and strong partial
decay widths are in reasonable agreement with the available data. Thus, our results show the ability to guide
future measurements in LHCb, Belle and Belle II experiments. Finally, the appendices provide some details of
our calculations, in which we include the flavor coupling coefficients, which are useful for further theoretical

investigations.
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I. INTRODUCTION

The discovery of new baryon resonances in high-energy
physics experiments always enriches our knowledge of the
hadron zoo, and provides essential information to explain
the fundamental forces that govern nature. In particular, the
hadron mass patterns carry information regarding the way
the quarks interact with one another, and provide further
insight into the fundamental binding mechanism of matter
at an elementary level.
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The number of observed charmed baryons has increased
owing to the LHCb and Belle experiments. In 2017, the
LHCb collaboration announced the observation of five
narrow €, states in the 27K~ decay channel [1]. Later,
Belle observed five resonant states in the ZF K~ invariant
mass distribution and unambiguously confirmed four of the
states announced by LHCb, Q.(3000), €.(3050),
Q.(3066), and ©.(3090), although no signal was found
for the Q.(3119) state [2]. Belle also measured a signal
excess at 3188 MeV, corresponding to the Q.(3188) state
reported by LHCb [2]. In 2020, the LHCb collaboration
observed three new states, =2(2923), =2(2939), and
E%(2965) [3]; however, their J© quantum numbers were
not reported. These results reported by LHCb implied that
the £2(2930) broad state observed by Belle [4] and BABAR
[5] resolves into two narrower states Z9(2923) and
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£9(2939). Nevertheless, a puzzle emerges in the experi-
mental data, since Ref. [3] reported a narrow state with a
central mass of about 2965 MeV, which is close to a
resonance seen by the Belle collaboration at 2970 MeV
[6,7], and confirmed by the BABAR collaboration [8];
hence, further studies are required in order to determine
whether these observations correspond to different baryons
or to the same one. Moreover, the available charm baryon
data are limited, especially for the X, resonances; indeed,
only three states are reported by the PDG [9], X£.(2455),
%.(2520) and X.(2800), while new analyses are being
carried out in this sector [10]. More recently in 2021, the
Belle collaboration measured the spin and parity of the
2.(2970) state to be J¥ = 1/2F [11], under an assumption
that the lowest partial wave dominates the decay.

The application of the nonrelativistic quark model to the
light baryon spectrum owes its origins to the pioneering
investigations by Isgur and Karl [12,13], which were
further extended in [14] to the A, and X. baryons and
to the A, and X, baryons in [15]. Over the last few years,
the interest in heavy-light baryon spectroscopy has grown
once more. Examples of the recent ample literature on
theoretical investigations into the heavy baryon spectro-
scopy are: the reports of the QCD-motivated relativistic
quark-diquark model based on the quasipotential approach
[16,17], the nonrelativistic quark model [14,18-20], and
the QCD sum rules in the framework of the Heavy Quark
Effective Theory (HQET) [21-24], and the symmetry-
preserving Schwinger-Dyson equation approach [25].
Alternative discussions employing other models can
be found in Refs. [26-30], and lattice QCD studies
in Refs. [31-34]. For extra references, see the review
articles [35-39]. The spin-parity quantum numbers for
most of the charmed baryon states which are reported by
the PDG [9] are not measured yet, but they have been
extracted from quark model predictions. Furthermore, it is
unclear whether the heavy baryons behave as quark-
diquark or three-quark systems. Thus, a full understanding
of the internal structure of the charmed baryons still
requires thorough theoretical and experimental studies.

Numerous studies have been conducted on the heavy
baryon decay widths. Nevertheless, a complete calculation
of all charmed baryon partial strong decay widths for
ground and excited states up to the D-wave shell within the
same model has never been performed. For example, within
the framework of the chiral quark models in Ref. [40], only
the open-flavor strong decay widths A, — Z.z, D’p and
Y. = A, Z.m,D°p were calculated. Additionally, in
Ref. [41] the E. strong decays were considered up to
the D-wave shell, while no predictions of the other charmed
baryon decays were made. In Refs. [42,43] the authors
calculated the S- and P-wave heavy baryon decay widths;
however, their analysis was limited to baryons decaying
only into ground-state charmed baryons plus pseudoscalar

mesons. Moreover, no D-wave or radial excitations were
reported. In the framework of the heavy hadron chiral
perturbation theory in Ref. [44], certain decays of charmed
baryons A, Z., and E. baryons were computed although
these calculations did not include the charmed baryon-
vector meson channels and did not give predictions for the
Q. states. In Ref. [45] the calculations were performed only
for the S- and P-wave A, X, and =, states that decay into a
ground-state charmed baryon plus a pion. Adopting a
nonrelativistic quark model, in Ref. [46] only the decay
widths of the charmed baryons A}(2595), A%(2625),
A5(2765), A:(2880), and AZ(2940) into X.(2455)x
and X3(2520)z, and of X.(2455) and X}(2520)
into A.z, were evaluated. In a more recent work [47],
the same decay widths were calculated by adding relativ-
istic corrections, and the previous analysis was extended to
the decay widths of bottom baryons. In the context of the
elementary emission model [48], the strong and radiative
decays of charmed and bottom baryons were investigated.
However, the study was restricted to the low-lying A-mode
D-wave excitations and the charmed baryon-vector meson
channels or the charmed meson-octet/decuplet baryon
channels were not included. In the framework of QCD
sum rules in Ref. [49], the author studied only the P-wave
A. — 2.+ & decays and the P-wave A, electromagnetic
decays, while in [50] the authors calculated the P-wave
charmed baryon decays into ground-state charmed baryons
accompanied by a pseudoscalar meson. In [51], the 3P,
model was applied to calculate the strong decays of A, X,
and 2. excited states up to the D-wave shell. Nevertheless
the decay widths into charmed baryon-vector mesons were
not calculated, nor was the Q. sector considered. The 3P,
model was also applied in [52-54]. In these references,
however only the A, decays were studied. In [20], the
Eichten, Hill and Quigg formula, in combination with the
3P, model, was applied in order to calculate the 1P and
28 A., Z. and Z,. decays into charmed baryon and
pseudoscalar mesons.

In Ref. [55], prompted by the observation of the five Q.
by LHCD [1], we calculated the €. decay widths in the
EXK~ and EF K~ channels within the 3P, model. In that
study, we also calculated the Q;, decay widths in the &, K~
and E;"K~ channels and gave predictions for the mass
spectra of both Q. and €, ground states and P-wave
excitations. Subsequently, in Ref. [56], we extended our
model to the =, and the Z) states and calculated the mass
spectra and the strong partial decay widths of the Z.-
ground states and P-wave excitations into %X K, *E.x,
T K, *B.x, A K, B.x, and 2. and of the Z} -ground states
and P-wave excitations into 2%, K, °Z) x, ‘2, K, ‘B, z, A, K,
8,7, and E,n, within both the elementary emission model
(EEM) and the 3P, model. In the present article we further
extend our model to the whole charmed baryon states
(cqq, cqs and css systems) by employing the same mass
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formula originally introduced in Ref. [55]. Additionally, in
the present paper, the parameters of the model are fitted in
order to globally reproduce all the available charmed
baryon experimental states. The experimental uncertainties
are also propagated to the model parameters by means of
the Monte Carlo bootstrap method [57], which is an
advanced method used to properly estimate the error
propagation by taking into account the correlation between
the fitted parameters. In this way, we perform a global fit of
a single model, in which the same set of parameters predicts
the charmed baryon masses and strong partial decay.
Moreover, considering the well-established observation
by Isgur and Karl in Ref. [12] that the harmonic oscillator
wave functions are a good approximation of the eigen-
functions of low-lying states, and also taking into account
that the calculations of the strong decay widths are barely
sensitive to the specific model used [58], our strong partial
decay width predictions are the most complete calculations
in the charmed baryon sector up to date. The paper is
organized as follows: in Sec. II, we introduce the details of
the methodology used to construct the charmed baryon
states and to calculate the mass spectra and decay widths.
The theoretical details for the calculation of the charmed
baryon mass spectra include contributions due to spin-
orbit-, spin-, isospin- and flavor-dependent interactions.
Thus, we develop a formalism for obtaining the S-, P-, and
D-wave charmed baryon mass spectrum. We also describe
the calculation of the total decay widths of the charmed
baryons via the 3P,. In Sec. III, we carefully study the
parameters of the mass formula presented in Ref. [55] and
perform a global fit to the data on the well-established
charmed baryons and their uncertainties, which have been
propagated by means of the bootstrap method. In Sec. IV,
we present the masses and widths of all charmed baryons
up to D-wave and discuss our assignments for all the
available experimental data. In Sec. V, we discuss why
the presence or absence of the p-mode excitations in the
experimental spectrum is the key to distinguishing between
the quark-diquark and three-quark behaviors [55]. Finally,
in Sec. VI, we state our conclusions.

II. METHODOLOGY

A. Mass spectra of charmed baryons

The masses of the charmed baryon states are calculated
as the eigenvalues of the Hamiltonian of Ref. [55], which is
modeled as:

H=H,, +P,S*+PyS-L+PI>+P;Cy(SU(3);), (1)

S, L, I and C,(SU(3);) are the spin, orbital momentum,
isospin and Casimir operators, respectively. These terms are
weighted with the model parameters P, Py, P; and Py, as
indicated in Eq. (1). Notice that our mass formula in Eq. (1)

is independent of I, the isospin projection; therefore, the
charge channels are degenerated in this model.

For the case in which the baryon is modeled as a three-
quark system, the three-dimensional h.o. Hamiltonian
reads as,

lm/lwl%}uz (2)

Zm +—+ﬁ+— 5

20>
> Mp®pP +
written in terms of Jacobi coordinates, p and A,
and conjugated momenta, p, and p,. The H, eigen-
values are

- . 3K
Z m; + w,n, + wyn;; with Wy(z) = 7(;, (3)
. 14

where m; are the constituent quark masses, m; and m,
correspond to the light quarks and ms3 to the charm
quark; m, is defined as m, = (m +my)/2, and
my = 3m,ms/(2m, 4+ m;). We use the well-known defi-
nitions for Ny = 2k )+ l/, kﬂ(i) =0,1,..., and
Ly =0,1,... here Lo are the orbital angular momenta
of the p(4) oscillators, and k,(;) is the number of nodes
(radial excitations) in the p(1) oscillators. K is the spring
constant.

Additionally, we present a simplification of the three-
quark system that utilizes only one relative coordinate r and
momentum p,, namely, the quark-diquark system. Here,
the two light quarks are regarded as a single diquark object.
The quark-diquark Hamiltonian reads as,

Hy, = mp+ m, +&+f,ua)$r2, (4)
2u 2
with p, = (m.pp — mpp.)/(m. +mp). The Hy, eigen-
values are
3K,
mp +m, +w.n,; with o, = = (5)
u

where mp, is the diquark mass, m,. is the charm quark mass;
u is the reduced mass of the system, and is defined as
u=memp/(m.+ mp); n, and K. are defined as in the
three-quark system.

B. Charmed baryon states

In the three-quark model, the baryon states are thought as
a qqQ system, where Q = ¢ and ¢ = u, d, s. The three-
quark Hamiltonian in Eq. (2) is expressed in terms of two
coordinates, p and A [59], that encode the spatial degrees of
freedom of the system with associated effective masses, m,
and m;. Note that in heavy-light baryons, for which
m, < m;, the two excitation modes can be decoupled
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from each other as long as the heavy-light quark mass
difference is significant.

In the quark-diquark system, the baryon states are
thought as a DQ system, where Q=c¢ and D =
Dg, Dz, Dy , are the diquarks that correspond to the €,
E.(E.), X, and A, baryons, respectively. The quark-
diquark Hamiltonian in Eq. (4) is expressed in terms of
one spatial coordinate r with an associated reduced mass y;
i.e., the quark-diquark system resembles a diatomic
molecule.

We construct the ground and excited states in order to
establish the quantum numbers of the charmed baryon
states. We consider that a single quark is described by its
spin, flavor, color, and spatial degrees of freedom. The
baryon states should be in color singlet. Moreover, in our
models, the light quarks are considered to be identical
particles; hence, their wave function should be antisym-
metric in order to satisfy the Pauli Principle. Since the two
light quarks should be in the 3., their spin-flavor and orbital
wave functions should have the same permutation
symmetry: spin-flavor symmetric in the S-wave or D-wave
(3; with spin 0 or 6; with spin 1), and spin-flavor
anti-symmetric in the P-wave (3; with spin 1 or 6; with
spin 0).

Formally, a three-quark (quark-diquark) quantum state,
written as |[;(1,),1,.k;(k,),k,), is defined by its total
angular momentum J; = Ly + Sior, Where L, = 1, +
1; (L =1,) and Sy = Sy + 1, Sy is the coupled spin of
the light quarks and the number of nodes is k; ,(k,). In
addition, in order to unambiguously define these quantum
states, we assign to them the flavor F and spectroscopy
25+1L, representations. In the following paragraphs, we will
construct the possible states for the two different flavor
representations available for the charmed baryons, in the
energy bands N =n,+n; (N=n,) and N =0, 1, 2 in
order to find S-, P-, D-wave charmed baryon states.

1. The symmetric 6g-multiplet for the three-quark model

The Q., E., and . baryons form a flavor sextet in the
charmed baryon sector. These charmed baryons have a
symmetric flavor-wave function of the light quarks which,
in combination with their antisymmetric color-wave func-
tion, produces an antisymmetric wave function. This
implies that the product of the spatial and spin-wave
functions of the light quarks should be symmetric. In the
energy band N =0, if [, =1, =0, the spatial wave
function of the two light quarks is symmetric. That is,
these states have a symmetric-spin wave function of the two
light quarks, meaning S;; = 1. Hence, two ground states,
Jiot = Stot = 1/2,3/2, exist. For the energy band N = 1,
there are two different possibilities. If /[, = O and [, = 1, we
again have spatial-symmetric wave functions under the
interchange of light quarks, which must be coupled with
two possible spin configurations, S, = 1/2,3/2, with

L = 1, yielding five P,-wave excitations. If /, = 1 and
[, = 0, the spatial wave function is antisymmetric under the
interchange of light quarks implying that the two light
quarks spin wave function is antisymmetric, meaning
Si = 0, which yields two P,-wave states obtained from
Joo=1+1/2=1/2,3/2. In the energy band N =2,
when [, =0 and [; =2, the total spatial wave function
is symmetric. Thus, it must be combined with two possible
spin  configurations, S, =1/2,3/2, obtaining six
D,-wave excitations. Additionally, there are radial excita-
tion modes in this band. For the case k, = 0 and k; = 1, the
spatial wave function is symmetric. Thus, the two light
quark spin wave function must also be symmetric, yielding
two JA-radial excitations, J; = St =1/2,3/2, since
L = 0. The same situation appears when k, =1 and
k; = 0O; the spatial wave function is symmetric. Thus, there
are two p-radial excitations, corresponding to
Jiot = Sior =1/2,3/2. Inthe case [, = 1 and [, = 1, which
yields L, =2,1,0, the two light quark spatial wave
function is antisymmetric, implying that we have to couple
it with the light quark antisymmetric spin configurations,
S;. = 0, thus obtaining five possible states: two D-wave
states, two P-wave states, and one S- wave state. Finally, if
[,=2 and [; =0, the spatial wave functions are sym-
metric. Hence, we have to combine them with
Siot = 1/2,3/2, obtaining six D ,-wave excitations.

2. The symmetric 6;-multiplet
Jor the quark-diquark model

When the Q., Z., and X, 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 (S-wave); 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. Since the hadron must be colorless,
the diquark transforms as 3 under SU.(3); thus, the product
of the spin and flavor wave functions of the diquark
configuration should be symmetric. The flavor wave
functions of the 6; representation are symmetric. As a
result, we can only combine with axial-vector diquarks; that
is, with S§;; = 1. For the energy band N = 0, L, = 0, and
thus Jiot = Sior = 1/2,3/2, yielding two ground states. In
the next band N =1, L, =1 has to be coupled with
St = 1/2,3/2, yielding five P-wave excitations. For the
band N=2, L, =2, and we must combine with
St = 1/2,3/2, to get six D-wave states. Moreover, there
is a radial degree of freedom k = 1; with L, =0, we
have Jio = Siot = 1/2,3/2, and hence find two radial
excitations.

3. The antisymmetric 3;-plet for the three-quark model

The A, and E_. baryons form a flavor-antitriplet in the
charmed baryon sector. These charmed baryons have an
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antisymmetric flavor wave function of the light quarks, and
which, in combination with the antisymmetric color wave
function, produces a symmetric combination. This implies
that the product of the spatial and spin wave functions of
the light quarks should be antisymmetric. For the energy
band N = 0, if [, = I, = 0, the spatial wave function of the
two light quarks is symmetric, thus their spin wave function
should be antisymmetric. This corresponds to S =0,
producing only one ground state. For the energy band
N=1,if [,=0 and [, =1, we have a light quark
symmetric spatial wave function; thus, their spin wave
function is antisymmetric. It implies S;; = 1/2 and, in
combination with the total L, = 1, yields two P, states. If
l, = 1 and [, = 0, the spatial wave function of the two light
quarks is antisymmetric. Thus, their spin wave function
is symmetric, giving two possible configurations:
Sit = 1/2,3/2. This, in combination with L, = 1, con-
structs five P, states. In the energy band N = 2, in the case
of [, =0 and [; =2, the total spatial wave function is
symmetric; it is therefore combined with the light quark
antisymmetric spin configuration, S;, =0, giving two
D;-wave excitations. The two possible radial excitations,
k,=0and k, = 1, and k, = 1 and k; = 0, are symmetric
in the spatial wave function. They should be combined
with the light quark antisymmetric spin configuration,
Sii = 0, producing one A-radial excitation and one p-radial
excitation. The antisymmetric spatial wave functions
of the configuration /, =1 and [, =1 are coupled to
L, =0,1,2, and the angular momenta should be
combined with the symmetric spin configurations
St = 1/2,3/2, coming from the light quark spin configu-
ration, S;, = 1, producing thirteen mixed excited states: six
D-wave states, five P-wave states, and two S- wave states.
Finally, the symmetric configuration /[, =2 and [, =0,
combined with the light quark antisymmetric spin con-
figuration, Sy = 0, gives two D,-wave excitations.

4. The antisymmetric 3;-plet for the quark-diguark model

Moreover, A, and E_. baryons are described as quark-
diquark systems. In this case, as discussed in Sec. [ B 2, the
diquark presents an S-wave configuration, given its lack of
internal spatial excitations. Considering that it is 3 in the
color representation SU,.(3), we conclude that the product
of the spin and flavor wave functions of the diquark
configuration should be symmetric. In the antisymmetric
3f—plet, the flavor wave function is antisymmetric; thus, the
spin wave function of the diquark correspond to a scalar
configuration, S;; = 0. For the energy band N = 0, we have
L =0; thus, we only have one ground state J,, =
Siot = 1/2. In the next band, N = 1, we must combine
Ltot = 1 with S, = 1/2, which yields two P-wave states.
In the band N = 2, we have L,,, = 1, and, on coupling to
Sit = 1/2, we get two D-wave states. Finally, with a radial
excitation k, = 1 and L, = 0, there is only one state.

C. Charmed baryon decay widths

The open-flavor strong decays of a charmed baryon A to
another baryon B plus a meson C, A — BC, have been
studied by means of the 3P, model [51,60-62]. According
to this model, a g¢g pair is created from the vacuum when a
qqc baryon decays and regroups into an outgoing meson
and a baryon via the quark rearrangement process as
depicted in Fig. 1. In the present study, we consider the
decay of a charmed baryon A to a charmed baryon B plus a
light meson C, see Fig. 1(a), and also the case in which the
final state is a light baryon B plus a charmed meson C, see
Fig. 1(b). Within the nonrelativistic limit, the transition
operator is written as

T% = —3]/02<1m,1 — m|00> /(13I“4d3l)553 (P4 + Ps)
X Vi (Py = Ps)y P, o ol bl (Py)dL(Ps). (6)

where 4 and 5 are the indices of the quark and antiquark
created. ¢ = (uii + dd + 55)/v/3 and 0> = (r7 + bb +
939)/ V/3 are the flavor and color singlet-wave functions,
respectively. y{>, is the spin-triplet state. Y7'(k)=
|k|Y""(0. ¢1) is a solid harmonic polynomial correspond-
ing to the P-wave quark pair. y, is a dimensionless constant
related to the strength of the gg pair creation vertex from
the vacuum. y, is a free parameter of the 3P, model.

The total decay width I" is the sum of the partial widths
for the open channels BC, I' =Y z-I'4_pc, where the
partial widths I'4_ 3¢, are computed as

(a)
C
3 4
2 5
A » B
1
b
(b) c
: .4:4
2 5
A - B
3

FIG. 1. The 3P, pair-creation model (color online). The blue line
1 denotes a charm quark, while the remaining black lines denote
light quarks. In diagram (a) the charmed baryon A decays to a
charmed baryon B and a light meson C. In diagram (b) the charmed
baryon A decays to a light baryon and a charmed meson C.
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2my}
Tampe = 57— =Ps_pc(0) Z [MMoaMos 2 (7)
2, +1 W,

Here, M = (BC|T"|A) is the 3P, amplitude written in
terms of hadron h.o. wave functions and the sum runs over
the projections M, ;. of the total angular momenta J4 g of
A and B. g is the relative momentum between B and C,
and the coefficient ®4_pc(qgo) is the relativistic phase
space factor [62],

Eg(q0)Ec(qo)

D, 5c(q0) = q0 — m

with Egc=1/m}c+ q;

where m, is the initial charmed baryon mass in its rest
frame. The masses mp and m and energies Ep and E.
correspond to the final baryon and meson, respectively.

The h.o. wave functions depend on the parameters a,,;),
see Appendix A, which, in Ref. [62], are regarded as free
parameters. Conversely, in the present study, a, are
related to the baryon p- and A-mode h.o. frequencies as
defined in Eq. (3); this relation is established by
a/z)(/l) = w,(1yM,;)- Therefore, a,; will depend on the fit
parameter K. and constituent quark masses. The h.o. wave
functions and coordinate system conventions used in our
decay width calculations are given in Appendix A. The
decay widths are calculated for each charmed baryon type;
the available open-flavor channels include all the pseudo-
scalar and vector mesons. The open-flavor channels share
an extra parameter R related to the meson size, which has
been discussed extensively in the literature [63-65]; we
adopt R = 2.1/GeV which is taken from Refs. [51,66]. The
flavor-meson-wave functions are given in Appendix D. All
the possible flavor couplings, F4_zc = (Pppdcldopa) are
given in Appendix E. The masses of the decay products are
listed in Table XIV in Appendix G. It is important to
mention that the application of the 3P, model is restricted to
the three-quark system, owing the difficulty of dealing with
diquark spatial wave functions within the 3P, model
formalism.

III. PARAMETER DETERMINATION AND
UNCERTAINTIES

A. Mass spectra of charmed baryons

We fitted a selection of experimentally observed
charmed baryon states, Q., X., A., Z., and E., to the
masses predicted by Eq. (2) and Eq. (4) to obtain the
constituent quark and diquark masses (m,, mg, m, 4, mp,,,
mp,, and mp_ ) and the model parameters (P, Py, Py, Py,
and K ). The fitted model parameters and masses minimize
the sum of the squared differences between the experimental

baryon masses and those predicted by the model (least-
squares method).

The measured baryon masses come with statistical and
systematic uncertainties. Furthermore, the models in
Eq. (2) and Eq. (4) are approximate descriptions of the
charm baryons. Thus, to take into account the possible
deviations of these models from the experimental obser-
vations, we assigned a model uncertainty to each model.
The model uncertainty, 6,,,4, is calculated in accordance
with Ref. [9] and is such that y*>/NDF =~ 1, where

Z (Mmod,i - jwexp.i)2 i (8)

2 2
Omod + Gexp,i

X =

i

M 04, are the predicted charm baryon masses, M., ; are
the experimental charm baryon masses included in the
fit with uncertainties o.y,;, and NDF is the number of
degrees of freedom. We obtained o,,, = 15.42 MeV for
the three-quark model and o,y = 13.63 MeV for the
quark-diquark model.

To integrate the experimental and model uncertainties
into our fit, we carried out a statistical simulation of error
propagation. To do so, we randomly sampled the exper-
imental masses from a Gaussian shaped distribution with a
mean equal to the central mass value and a width equal to
the squared sum of the uncertainties. We fitted the model by
using a sampled mass corresponding to each experimental
observed state included in the fit, and we repeated the
procedure 10* times. In this manner, we obtained a
Gaussian distribution for each constituent quark mass,
model parameter, and the baryon mass itself. Next, we
assigned the mean of the distribution as the value of the
parameter and used its difference from the distribution
quantiles at 68% confidence level (CL), in order to extract
the uncertainty. This method is known as the Monte Carlo
bootstrap uncertainty propagation [57,67].

The experimental masses and their corresponding uncer-
tainties used in the fit and error propagation are marked
with (*) in Tables IV-VII. These mass measurements are
summarized in the PDG database [9]. However, the
charmed baryon masses predicted by Eq. (2) are degen-
erated in comparison with different # or d quark configu-
rations, since the model will assign identical masses to
baryons with the same number of u or d quark contents.
This is a consequence of isospin symmetry. As these groups
of mass states have the same quantum numbers, our
quantum number assignments are not affected by the mass
degeneracy. In our calculations, to account for this degen-
eracy, we fitted the arithmetic mean of the measured masses
and adopted a conservative approach to the uncertainty by
defining it as the standard deviation among the measured
masses, plus their highest reported experimental uncer-
tainty. The calculations were carried out by using MINUIT
[68] and NUMPY [69]. The results of the fit are shown in
Table I. The constituent quark masses obtained agree with
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TABLE I. Fitted parameters for the three-quark model (second
column) and the quark-diquark model (third column). The
indicates that the parameter is absent in that model.

Parameter Three-quark value Diquark value
me 1606°2F MeV 1563157 MeV
mg 45573 MeV i

my,q 284139 MeV T

mp,, i 94713 MeV
mp, i 791115 MeV
mp, T 613779 MeV
K, 0.0290 0007 GeV? 0.0195 037 GeV?
Py 2313 MeV 2473 MeV
P, 1843 MeV 1735 MeV
P, 4518 Mev 411 MeV
Py 5278 Mev 527 MeV

previous theoretical determinations [13]. Furthermore, the
model parameters used in the present study are in the range
of our previous work [55], where phenomenological con-
siderations were considered to determine them. Tables II
and III show the correlation of the fitted parameters in the
three-quark and quark-diquark model, respectively. In the
three-quark model, the constituent quark masses are highly
correlated, indicating that the quark masses exhibit similar
behavior inside the baryon. Moreover, the spring constant
K. is also highly correlated with the quark masses, as
expected from Eq. (3). In the quark-diquark model, the
charmed quark mass is totally uncorrelated with the diquark
masses; this is a consequence of the diatomic structure of
the modeled baryon. In the same manner, K, is correlated
with the diquark masses, as expected from Eq. (5).

B. Charmed baryon decay widths

The parameter determination and the error propagation
for the decay widths were carried out in analogy with the
above procedure for the charmed baryon masses. The pair-
creation constant y, of Eq. (7) was obtained by fitting data
of selected charmed baryon decay widths.

To compute the uncertainty of the decay widths, we
considered all possible sources of uncertainty. First, the
error coming from the baryon mass m, and parameter K.
were included by calculating a decay width for all the
statistically simulated constituent quark masses, m, and K.
and y,; each width calculation was then repeated 10* times.
Next, we included the experimental uncertainties of the
decay products my and m.. These experimental uncertain-
ties, the values of which are shown in Table XIV, were
propagated to the decay widths by means of the same
random sampling technique described for the masses.
Furthermore, a model uncertainty, o, = 4.44, was
included. We set the decay width value as the population
mean of the Gaussian distribution obtained, with an error

TABLE II. Correlation between fitted parameters: three-quark
system.
me m mpy Kc Ps Psl PI Pf
m, 1
mg;  —0.76 1
m,, —0.82 0.76 1
K. =077 07 0.69 1
P, 026 -0.29 -0.27 -0.14 1

P, —0.1 0.08 008 037 =021 1
P 0.11  0.12 -0.19 -0.16 0.21 —-0.02 1
P, 042 0.04 028 036 -051 021 -0.68 1

TABLE III. Correlation between fitted parameters: quark-
diquark system.

me mp, Mp, Mpg, K, Py Py Py Pf
m, 1
mp, 0.0 1

mp, 00 085 1
mp,, 00 083 03 1

K. 00 033 03 -052 1

P, 00 -0.18 —0.1 0.8 —0.14 1

Py, 00 014 0.1 -018 037 —021 1

P, 0.0 —0.72 —0.78 0.63 —0.16 021 —0.02 1

P, 00 07 068 —088 036 —0.51 021 —0.68 1

equivalent to the difference between this mean and the
distribution quantiles at 68 % CL. The value and uncertainty
obtained are y, = 19.6 £ 5.1. These calculations are only
performed when the charmed baryons are modeled as three-
quark systems.

IV. RESULTS AND DISCUSSION

In this section, we present our results regarding the mass
spectra and total decay widths of charmed baryons. The
mass spectra are computed via the mass formula of Eq. (1).
The theoretical masses and their uncertainties are reported in
the third column for the three-quark system and in the fourth
column for the quark-diquark system in Tables IV-VIII.
The theoretical decay widths for the three-quark system are
computed by using the *P, model described in Sec. Il C. The
masses used in the decay width calculations are the three-
quark model theoretical predictions of Tables [V-VIII. Each
open-flavor channel decay width is obtained via Eq. (7),
and the total decay width is the sum over all the channels.
The theoretical total-decay widths and their uncertainties for
the three-quark system are reported in the fifth column of
Tables IV-VIII. The partial decay widths in the open-flavor
channels are reported in Tables IX—XIII of Appendix F. In
Tables IX—XIII, the partial decay widths denoted by O are
forbidden by phase space, while the ones denoted by—are
forbidden by selection rules.
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Our proposed quantum number assignments for the
charmed baryon states are summarized in Figs. 2—-6 within
the three-quark model. There is a good agreement between
the predicted mass pattern spectrum and the experimental

data. Furthermore, we present our charmed baryon spec-
trum on using the quark-diquark framework in Figs. 7-11.
In the following subsections, we discuss our assignments to
the available data reported in the PDG [9].

TABLE IV. Q_(ssc) states. The flavor multiplet is specified with the symbol F. The first column shows the quantum states
1;(1,). 1, k;(k,). k,) for the three-quark (quark-diquark) model, where /, ,(1,) are the orbital angular momenta and k, ,(k,) the number

of nodes of the A(r) and p oscillators. Furthermore, N = n, 4+ n; (N =

n,) separate the energy bands N = 0, 1, 2. The second column

contains the spectroscopic notation >5*!L; for each state and is defined by the total angular momentum J,,, = Lo + So» Where
Siot = Syt + %, and L =1, +1; (L = 1,, for the quark-diquark model). The predicted masses, computed within the three-quark
model, are shown in the third column, whereas their corresponding total strong decay widths are shown in the sixth column. The
predicted masses, computed within the quark-diquark framework, are presented in the fourth column. Our theoretical results are
compared with the experimental masses of the fifth column and the experimental decay widths of the seventh column taken from PDG
[70] and Ref. [1]. The (*) indicate the experimental mass and decay width values included in the fits. The } indicates that there is no
reported experimental mass or decay for that state. The {1 indicates that there is no quark-diquark prediction for that state.

Three-quark

Quark-diquark

Q. (ssc) predicted predicted Experimental Predicted Experimental
F =6 25+, mass (MeV)  mass (MeV) mass (MeV) o (MeV) ' (MeV)
N=0

[,=0.1,=0.k; =0k, =0) 25, 2709419 270249 2695.0 + 1.7 () 0 <1077

1, =0.1,=0.k; = 0.k, =0)  *S;, 277879 27767 2765.9 £2.0 (*) 0 T
N=1

I, =1.1,=0.k;=0.k, =0) 2P, 3008110 30009 3000.4 + 0.22 (*) 412 45406403 (%
I, = 1,1 =0,k; =0, k =0) ‘P, 3050713 3048114 3050.2 +0.13 814 0.8+02=+0.1
[ =1.1,=0,k; =0k, =0) 2P3, 3035+10 3025719 3065.6 + 0.28 26113 35+04+02
I, =1.1,=0.k, = k =0) Py, 30774 307378 3090.2 4+ 0.5 743 87+1.0+08
L, =1,1,=0k, = =0) “*Ps) 312212 311512 3119.1 £ 1.0 5012 2.6<

1, =0,1, =1,k _0 k =0) 2P, 312977 Tt i 14+, T

I, =0.1,=1,k; =0, k =0) 2P3, 3156710 Tt T 72538 i
N=2

[, =2,1,=0,k; =0,k, =0) 2Dy, 331513 33064 i 1732 T

I, =2.1,=0.k;=0.k,=0) 2D 3360717 3348117 T 24112 i

|1, = 2,1 =0,k; =0, k =0) ‘D), 333012 332813 i 1678 i

[, =2.1,=0,k; =0,k, =0) D) 335718 3354117 T 3012 i

I, =2,1,=0,k, =0, k =0)  “Ds) 3402113 3396117 i 6273 i

|, =2,1,=0,k, =0, k =0) ‘D, 3466133 3455733 f 12378 i

I, =0,1,=0,k; =1, k =0) 25, 3342714 333171 i 2] T

I, =0.1, =0k, =1, k =0) 4S5, 3411415 3404112 i 34 i

|, =0.1,=0,k; =0, k =1) 25, 358513 TF i 1879 i

I, = 0,1 =0,k; =0, k =1) 4S5, 3654116 Tt i 24f11§ T
=1,1, =1,k =0, k =0) 2D, 3437414 Tt i 198758 i

I, =1,1,=1.k, =0, k =0) 2D, 3482t T f 115437 ¥
=1,1,=1,k; =0, k,, =0) %P, 344613 Tt i 24 i

I =1.01,=1k =0k, =0) 2Py, 347313 Tt T 3] T

I, =1.1,=1.k;=0.k,=0) 25, 3464713 T i 881 i

I, =0.1, =2k, =0, k =0) D3, 3558713 F i 2174 T

1, =0,1,=2.k, =0, k =0) D5, 3603117 T i 17438 ¥

I, =0.1,=2.k;=0.k,=0) *D,, 3573%27 T T 2181150 i

I, =0,1, =2k, =0, k =0) ‘D3, 3600720 F T 285114 T

|, =0,1,=2,k, =0, k =0) “Dsp 3645712 Tt i 212408 i

I, =0,1,=2.k; =0, k =0)  “Dyp 3708*% Tt f 383107 i
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TABLE V. Same as Table IV, but for £.(nnc) states.

Three-quark  Quark-diquark
Predicted Predicted Experimental Predicted Experimental
Y. (nnc) F = 6; 251, Mass (MeV)  Mass (MeV) Mass (MeV) o MeV) I' MeV)
N=0
1,=0,1,=0,k; =0,k, =0) 2§ 2456+ 2451+ 2453.54+0.9 (¥) 2+l 23403403 (%)
2 1/2 ~11 —11 -1
I, =0.1,=0.k; = 0.k, =0) 4S5, 2525411 2524411 2518.1 2.8 (*) 1518 172423 +3.1 (%)
N=1
I =1.1,=0.k; =0,k, =0) 2P, 2811112 279814 2800.0 +20.0 (*) 217 75 £60 (%)
I, =1.1,=0.k; = 0.k, =0) *P,, 2853+17 2845+18 T 2612 i
|l = 1,1 =0.k; =0.k,=0) 2Py, 2838+2 2823713 i 86157 i
lL=1,1,=0,k; =0,k, =0) “P3) 28803 287113 i 6017 T
|, =1,1,=0,k; =0, k,} =0) *Ps) 2925716 291378 T 1647 T
|, =0,1,=1,k,=0,k,=0) 2P, 2994+ Tt i 12578 T
|, =01, =1k, =0, kp =0) 2Py, 3021417 T i 12518 T
N=2
|l =2,1,=0,k;=0,k, =0) 2Dy, 3175417 315373 i 129788 i
|l = 20 0, ky=0.k,=0) 2Ds, 322019 319542 ¥ 216113 t
|, =2.1,=0,k; =0, k =0) “Dy), 3190 3175738 i 9913 T
|, =2,1,=0,k; =0, k,} =0) Dy, 321713 320173 i 155178 T
l,=2.1,=0k; =0k, =0) *D5,, 3262718 3243119 i 227493 T
|, =2.1, =0k, =0, k =0) Dy, 332612 3302128 i 3851214 T
|l = 0,1 =0,k =1, k =0) 25, 32027 317812 i 843 i
| =0,1,=0,k; =1, k,} =0) 45, 327158 3251739 T 75 T
|, = o,z =0,k; =0k, =1) 25, 356773 Tt f 19430 i
I, =0,1,=0,k, =0, k =1) 453, 363773 T i 2613 T
|, =1.1, =1k, =0, k =0) 2D, 3358122 T i 386118 T
lly=1,0,=1,k =0, k,, =0) D5, 3403124 T i 3341173 T
ll,=1.1,=1.k;=0.k,=0) 2P, 336712 Tt i 818 i
|, =1,1,=1,k;, =0, k =0) 2Py, 33947723 Tt i 32389 T
|, =1,1,=1,k, =0, k =0) 28, 3385722 Tt i 100733 T
1, =0,1, =2k =0, k,, =0) 2Dy, 354013] Tt i 4761359 i
I, =0.1,=2.k; =0k, =0) D5, 3585132 Tt i 722139 T
|1, = o,z =2k, =0, k =0) Dy, 355513 Tt i 11507383 T
L, = 0,1, =2k, =0, k =0) Dy, 358213 i i 6521313 I
I, =0,1, =2k, =0, k =0) “Ds) 36273 T t 4125307 i
I, =01, =2k =0, k =0) D, 369178 T ¥ 1879+ ¥
A. Assignments of charmed baryons 1. Q,

First, we discuss our assignments based on our theo-
retical analyses of the charmed baryons Q., E., 2., 2., and
A,. As a first criterion, we use our mass spectrum to
identify the charmed baryon resonances, and the decay
width as a secondary criterion. The classification for the
quark-diquark model is equivalent to that of the three-quark
model when we describe ground states and A-type excita-
tions. When states are identified as p-type excitations in the
three-quark model, there are no equivalent states in the
quark-diquark model (see Tables IV-VIII).

Our results for the €. resonances are reported in
Table IV; they are in good agreement with the experimental
masses reported in the PDG. Our results are also consistent
with our previous calculations [55]. Here we have extended
our calculations up to D-wave states. The Q. and Q.(2770)
states are well reproduced [9] in our model. They are
identified as the ground states with quantum numbers (QN)
JP =1/2% and J¥ = 3/2%; note that these QN have not
been yet measured however they have been identified by
quark model predictions [9]. The observed €.(3000) [1,2]
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TABLE VI. Same as Table IV, but for E.(snc) states.
Three-quark  Quark-diquark
E.(snc) predicted predicted Experimental Predicted Experimental
F =6 25+, mass (MeV) mass (MeV) mass (MeV) o MeV) I' MeV)
N=0
Il =0,1,=0,k; =0k, =0) 25, 257178 2577°10 2578.0 £0.9 (%) 0 T
I, =0.1,=0.k; = 0.k, =0) S5, 264077 265019 26459 £071 (%) 041507 2254041 ()
N=1
lly=1.1,=0.k; =0k, =0) 2P, 2893 289311 i 75 i
l=11,=0k, =0k, =0) *P) 293512 2941113 2923.0 +0.35 572 7.1+£2.0
|, = 1,1 =0,k; =0,k, =0) 2Py, 292079 291973 2938.5 4+ 0.3 2811 15+9
Il =1.1,=0.k;=0.k,=0)  “Py, 29629 2966110 2964.9 + 0.33 (*) 1979 14.1 £ 1.6 (%)
I, =1.1,=0,k;=0.k,=0) P, 3007+2 3009114 i 43431 i
ll,=0.1,=1,k; =0k, =0) 2P, 3040110 Tt 3055.9 + 0.4 (*) 157+80 78419 (%)
|zl =0.0, =1k =0k, =0) 2P, 306710 Tt 3078.6 + 2.8 (*) 10047 46433 (%)
=2
|zz =2.1,=0.k; =0k, =0) 2Dy, 3223+ 3218+ i 20110 i
I, =2.1,=0,k, =0, k =0) s, 326878 326173 i 64133 T
I, =2.1,=0.k, =0, k =0) ‘D, 323812 3239123 T 29712 i
I, =2.1,=0.k; =0.k, =0)  *Ds), 3265119 3265118 i 5372 i
| =2,1,=0,k; =0,k,=0)  *Ds) 331013 330873 T 97540 T
I, =2.1,=0,k, =0, k =0)  “*Dy), 337335 3368132 T 16178 i
I, =0.1,=0.k; = 1.k, =0) 25, 3250*3 3244718 i 24! T
|, =0,1, =0k, =1, k =0) 455, 331914 3316713 T 55 i
I, =0.1,=0.k; =0k, =1) 25, 3544*19 TF T 21t,13 T
I, =0,1,=0,k;, =0, k =1) 4S5, 361372 i i 29" 11 i
|, =1,1,=1,k, =0, k =0) D3, 3370%12 1 i 2291112 i
|, =1,1,=1,k; =0, k =0) D5 3415+ i i 13487 i
I, =1.1,=1.k, =0, k =0) 2P, 3379114 T T 3] i
|, =1,1,=1,k, =0, k =0) 2P, 3406+ i i 37 T
|, =1,1,=1,k, =0, k =0) 25, 3397413 1 i 56t§§ i
|, =0,1, =2k, =0, k =0) Dy, 3517109 Tt i 319*33 T
|, =0,1, =2k, =0, k =0) D5, 356312 Tt T 232118 T
|, =0,1, =2k, =0, k =0) ‘D, 353242 il i 6321332 i
|, =0,1, =2k, =0, k =0) Dy, 3559123 Tt T 4521221 T
|, =0,1, =2k, =0, k =0) Dy 3604729 i T 208750 T
1, = 0.1, =2,k =0, k =0)  “D,y, 3668728 T f 5781355 i

resonance could be identified as a P;-wave state with
JP =1/27, where the total-internal-spin is S = 1/2; our
theoretical width is compatible with the experimental value.
Our assignment of Q.(3000) is supported by lattice QCD
calculations [71], and is also compatible with diquark
model interpretations of Ref. [72], and predictions of
QCD sum rule approaches [73]. The ©.(3050) has an
excellent match in our model; the mass is well reproduced,
but the width is slightly overestimated; the €.(3050) is
identified as the J© = 1/2~ state, with total-internal-spin
S =3/2. Our assignment for Q.(3050) is likewise sup-
ported by Refs. [71-73], but it also has been identified as a
JP =3/2 state, see. Ref. [43]. In our calculations, the

central value deviates 20 MeV for Q.(3065); however, the
width is overestimated. Hence, we identify the observed
Q.(3065) as the state J©* = 3/2~ with internal-total-spin
S = 1/2. It should be noted that our state J* = 3/2" is
lighter in mass that the state J” = 1/27; this may be a
numerical consequence of the fit. However, this opens the
possibility of interchanging the assignments of the
Q.(3050) and €.(3065) states, with J¥ =3/2~ and
JP =1/27, respectively. The identification of €.(3050)
as a JP = 3/27 state is supported by Refs. [43,71-73].
Only future experiments will confirm the right order and
the assignments. The Q.(3090) is identified as the state
JP =3/27 with spin S = 3/2; however, its theoretical
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TABLE VII. Same as Table IV, but for E,(snc) states.

Three-quark  Quark-diquark
?c (snc) predicted predicted Experimental Predicted Experimental
3 2541, mass (MeV)  mass (MeV) mass (MeV) Lot (MeV) ' (MeV)
N=0
Il =0.1,=0,k;=0,k,=0) 25, 2466710 2473410 2469.42 £ 1.77 (*) 0 ~0
N=1
[l =1,1,=0.k; =0k, =0) 2P, 2788419 2789+ 2793.3 4 0.28 (*) 312 9.5+£2.0 (%)
llh=1.1,=0.k; =0k, =0) 2Py, 281519 281479 2818.49 +£2.07 (%) 553 248 £0.5 (%)
I, =0.1,=1.k; =0k, =0) 2P, 2935+12 il i 1744 T
ll,=0,1,=1,k; =0k, =0) “Py), 2977429 il 2968.6 + 3.3 1346 20+3.5
I, =0.1,= 1.k =0k, =0) 2Py, 2962112 1 i 89143 i
I, =0.1,=1.k; =0k, =0) Py, 3004117 il T 5613 i
Il =0,1,=1,k; =0k, =0)  *Ps), 3049718 il T 1227 f
N=2
I, =2.1,=0.k; =0k, =0) 2Dy, 3118114 3113514 3122.9+£1.23 50138 4+4
l,=2.1,=0.k; =0k, =0) D5, 3164710 31561 T 132463 i
ll,=0.1,=0.k; =1k, =0) 25, 3145714 3139+13 i 55 i
I, =0.1,=0.k;=0.k,=1) 25, 3440729 il i 74 i
lh=1.0,=1.k =0k, =0) 2Dy, 3265716 il i 54728 T
| =1,1,=1,k;=0,k,=0) D5, 331154 1 T 119737 T
I, =1.1,=1.k;=0.k,=0) “D,, 328072 F i 24112 T
llh=1.0,=1,k =0k, =0) *Dy, 3307133 f i 92140 i
lh=1.0,=1.k =0k, =0) *Ds, 335319 ial T 15377 T
I, =1.1,=1,k;=0,k,=0)  “Dy, 341612 i i 194457 i
I =1.1,=1.k =0k, =0) 2P, 3274413 F T 04703 T
Il =1.1,=1.k;=0.k,=0) 2Py, 3302710 il i 2] i
I, =1.1,=1.k =0k,=0) *P, 331612 i i 0.3191 i
l=1.0, =1k, =0k, =0) *Py, 3344119 T T 14307 T
[l =1.1,=1,k =0k, =0) “P5, 3389121 il T 413 T
I, =1.1,=1.k;=0.k,=0) 4S5, 3362719 i i 3618 T
=11, =1k =0k, =0) 25, 3293+13 T T 30112 l
I, =0.1,=2.k;=0.k,=0) 2Dy, 3413729 Tt i 13378 i
I, =0.1,=2.k; =0k, =0) 2D, 3458122 il i 11975 i

mass is slightly underestimated, but the theoretical width is
in good agreement with the experimental value. The
Q.(3090) assignment is compatible with the predictions
of Refs. [71-73], but also has been identified as a J* =
5/2" state, see Ref. [43]. Finally, the mass of the .(3120)
resonance is well reproduced in our model; it is identified
as the state J* = 5/2~ with spin S = 3/2. This state was
not confirmed by Belle [2], other interpretations are there-
fore possible. Since this state is very narrow, it can be
described as a molecular state [55]. The identification of
Q.(3120) as J¥ = 5/2~ is supported by Refs. [71-73], but
this picture could not be confirmed by the recent LHCb
analysis [74]. In the present work the identifications of the
©Q.(3000) and ,(3050) are predicted to have J© = 1/2~.
The Q.(3066) and €.(3090) both are selected to have
JP =3/27,and the Q.(3119) is possibly a J* = 5/2~ state

in accordance with Refs. [71-73]. Nevertheless, other
interpretations were proposed in Refs. [42,43] based on
the constituent quark model: the Q.(3000), €.(3050),
Q,(3066), and Q.(3090) are Q.(1P) states are predicted
to have J* =1/27, 3/27, 3/27, and 5/2~ respectively.
The ©Q.(3119) may correspond to one of the two Q.(25)
states.

2.3,

Our results for X states are reported in Table V. There
are only three experimentally observed X. states, all of
which have masses that are in excellent agreement with
our predictions. X.(2455) is identified as the ground state
JP =1/2%. The quantum numbers have not yet been
measured, and our predicted masses and decay widths
are in good agreement with the experimental data. We find
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TABLE VIII. Same as Table IV, but for A,(nnc) states.

Three-quark
/_\C(nnc) predi?:ted Quark-diquark predicted Experimental Predicted  Experimental
3 2SH1L, mass (MeV) mass (MeV) mass (MeV) oy MeV) I' MeV)
N=0
|l =0,1,=0,k; =0k, =0) 25, 2261*]! 226419 2286.5 £ 0.14 (%) 0 ~0
N=1
I =1,1,=0.k; =0,k, =0) 2P, 2616710 261175 2592.3 +0.28 (¥) 21! 2.6 +£0.6 (¥)
lh=1.1,=0k; =0k, =0) 2Py, 264371 26367 2625.0 £0.18 (*) 1013 <0.97
,=0.1,=1.k; =0k, =0) 2P,  2799*)3 F T 6013 f
=01, =1k =0k, =0) “P,,, 284172 T i 3358 T
I, =01, =1k =0.k,=0) 2P, 282613 T T 935 f
|L=0,1,=1,k =0k, =0) %Py, 28682 Tt i 12213 i
=01, =1,k =0k, =0) *Py, 291372 it t 1083 i
N=2
ll,=2.1,=0.k; =0k, =0) 2Dy, 29804 2967414 2856.1 £6 70134 68 422
L =2,1,=0k;=0k,=0) 2Ds5, 30252 300918 2881.63 +0.24 17158 56+08
I, =0.1,=0.k; = 1.k, =0) 25, 3007113 299214 2766 +2.4 55 50
1, =0.1,=0.k;=0.k,=1) 25, 337272 Tt i 613 T
=11, =1k =0k, =0) 2Dy, 316372 F T 70134 i
Il =1.1,=1.k;=0.k,=0) D5,  3208"2 Tt i 13318 i
I =1.1,=1,k; =0k, =0) *D,, 31783 Tt i 347 T
Il =1.1,=1,k; =0k, =0) “*Dy 32052 i i 106139 T
I =1.1,=1,k;=0,k, =0) *Ds) 325042} Tt i 163750 T
L =1.1,=1.k;=0,k,=0) “D;p 331373 T T 23018 i
=10, =1,k =0k, =0) 2P,  3172:2 Tt i 0.5703 T
=11, =1k =0k, =0) 2Py,  3199%2 F T 2+ i
I =1.1,=1,k; =0k, =0) *P,, 32142 T i 0.3507 i
lh=1.0,= 1k =0k, =0) 4Py, 324112 F ¥ 1.5507 i
=11, =1k =0k, =0) *Ps,,  3286'2 Tt i 473 i)
=11, =1k =0k, =0) 4S5, 325972 T i 3218 f
l,=1.1,=1.k;=0k,=0) 25, 31902 Tt T 30112 f
I, =0.,1,=2.k;=0,k,=0) 2Dy, 334573 T i 15417 T
[, =0.1,=2,k; =0k, =0) 2D5;, 33903 i i 202713 t

a similar situation in the case of X.(2520), which is
identified as a ground state with a spin excitation
JP =3/2%. The quantum numbers have not yet been
measured, but our theoretical mass is in good agreement
with the experimental data, and the decay width is well
reproduced. X.(2800) is identified as the first P;-wave
excitation, with the assignment J© = 1/27; the theoretical
mass and width are compatible with the experimental data.
The lack of data limits the identification of the X states.
For instance, Ref. [75] utilizes the chiral quark model to
identify the X.(2800) as two overlapping P-wave X.
resonances with J* = 3/2~ and J = 5/2, respectively.

3. E.and E,

Our results for E|. resonances are reported in Table VI
and those for Z. are reported in Table VII. The E. states

belong to the sextet configuration and the E,. states belong
to the anti-3-plet. Identifying the available data for these
states is more complex, since there are several theoretical
excited states for =, and E, in the same energy region.
Additionally, for these states some experimental data are
puzzling, as Ref. [3] reports a state with a central mass close
t0 2965 MeV. Hence, further studies are required in order to
establish whether this narrow resonance is a different
baryon from the narrow resonance at 2970 MeV found
by Belle [6]. Moreover, the Belle collaboration recently
measured the quantum numbers of Ef(2970) to be
JP =1/2% [11], which could indicate that this state is a
radial excitation. The E, and E_. ground states are well
reproduced in our model, and are identified as J¥ = 1/2%
of the sextet and anti-3-plet, respectively. E.(2645) is
identified as the J© = 3/2% member of the sextet. In our
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FIG. 2. Q. 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) reported in the PDG [9]. The experimental errors
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FIG. 7. Q. mass spectra and tentative quantum number assign-
ments based on the quark-diquark model Hamiltonian of Egs. (1)
and (4). The theoretical predictions and their uncertainties (blue
lines and bands) are compared with the experimental results (red
lines and bands) reported in the PDG [9]. The experimental errors
are too small to be evaluated on this energy scale.
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model, its mass is well reproduced and the width is
underestimated. The E.(2790) and E.(2815) states are
identified as J* = 1/27 and J© = 3/2~ respectively, see
Table VII; these quantum numbers, which have not yet
been measured, refer to the first orbital excitations of the
anti-3-plet states. £.(2923) is identified as the P;-wave
excitation J© = 1/2~ with spin § = 3/2 that belongs to the
sextet (2..(1P) states); the theoretical width is compatible
with the experimental value. The assignment of =_.(2923)
as J¥ = 1/27 is consistent with our previous work [56] and
supported by the QCD sum rule approaches in
Refs. [24,76]; although in Ref. [77] it is identified as a
JP =3/27 state. The E.(2930) is identified as a P,-wave
JP =3/2 state with S = 1/2 that belongs to the sextet;
our theoretical mass deviates by 5 MeV, but our theoretical
width is in good agreement with the experimental value.
The assignment of Z.(2930) as J© = 3/2~ state is sup-
ported by several approaches [24,56,76,77]. However, there
is another possible assignment to this resonance, as the
JP = 1/27 state with S = 1/2is close in mass, and belongs
to the anti-3-plet; only future experiments will determine
the correct assignment.

Furthermore, there is a puzzle regarding the state
observed by LHCDb [3]: it has not been established whether
the £2(2965) state is the isospin partner of Ef(2970), or a
different state. The complexity of identifying E.(2965) is
revealed by the fact that our model predicts two states,
which adapt equally well for this state. The first Z.(2965)
assignment is J¥ = 3/2~ with § = 3/2; this belongs to the
sextet, and refers to a P,-wave excitation. The experimental
mass and the width are well reproduced. The identification
of 2.(2965) as J¥ = 3/27 is compatible with the QCD sum
rule approach [24,76], but in Ref. [77] the E.(2965)
resonance may correspond to the A-mode Z.(1P) state
with J¥ = 5/27. A second identification of Z.(2965) is a
P,-wave J¥ = 1/27 state with S =3/2; thus, E,(2965)
would belong to the anti-3-plet, since we obtain a similar
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mass of 2978 = 6 MeV and width that is compatible with
the experimental value. It is noteworthy that, if the experi-
ments confirm that there is a E. state at 2965 MeV which it
is not a Roper state, it would mean that we could identify
this state as a member of the sextet or anti-3-plet: either as a
P;-wave excitation or as a P,-wave excitation. The latter
would imply that the charmed baryons behave as three-
quark systems, instead of quark-diquark systems. Future
experiments will help disentangle this puzzle. There is a
similar situation for E.(3055), where we also have two
possible assignments. The first one is its identification as
the first P/,—wave state in the sextet, with J* = 1 /2~ and
S = 1/2. Our theoretical mass exhibits a deviation of only
6 MeV, but the width is overestimated. The other possible
E.(3055) assignment is to the P,-wave state in the anti-
3-plet, with J¥ = 5/27 and S = 3/2. Here, the mass is well
reproduced and the width is overestimated. Z.(3080) is
identified as the P ,-wave of the sextet, with J P =1/27 and
S = 3/2. While our theoretical mass is well reproduced,
our width is overestimated. Also, there are other possible
interpretations of Z.(3055) and E.(3080). For instance in
Ref. [78] the authors identified Z.(3055) and =.(3080)
together from the D-wave charmed baryon doublet of the
anti-3-plet. Finally, E.(3123) is identified as the first D,-
wave excitation J* = 3/2% with § = 1/2 of the anti-3-plet.
The mass is well reproduced in our model but the width is
overestimated.

4. A,

Our results for A, baryons are reported in Table VIIL
The A/ is identified as the ground state J” = 1/2F, with
S=1/2; its mass is well reproduced, with a small
deviation of 15 MeV. For the excited states, we can observe
a systematic deviation that exhibits the failure of the h.o.
potential for these states. Nevertheless, the patterns in the
theoretical mass spectrum can describe the experimental
one. A.(2595)" and A.(2625)" are identified as our two
P,-wave excitations J¥ = 1/2= and J* = 3/27, respec-
tively, both with S = 1/2; their masses are reproduced with
a deviation of 15 MeV. The theoretical width is compatible
with the experimental for A.(2595)" states value but
overestimated for A.(2625)". The identification of
A.(2595)" and A.(2625)" are in agreement with various
quark models [16,18-20]. If the A.(2765)" or Z.(2765)
state is identified as the A, state in our model, there is no
resonance within this energy region. Although it is close in
energy to our predicted state A.(2800)", A.(2765)" is
expected to be a Roper-like resonance. Consequently, we
fail to reproduce the A.(2765)" mass in our model, since
our first theoretical radial excitation is the A.(3007)* state.
The observed A.(2860)" is identified with a J* =3/2*
state, having a significant predicted mass deviation of
100 MeV, but the theoretical decay width is well repro-
duced. Finally, the observed A.(2880)" is identified with a

JP =5/2" state. In this case, we also have a predicted
mass with a deviation of 100 MeV, and a large deviation of
the decay width. The identifications of A.(2860)" and
A.(2880)" as D-wave states, J* =3/2% and J¥ =5/2F
are in agreement with quark models [16,18-20].

V. COMPARISON BETWEEN THE THREE-QUARK
AND QUARK-DIQUARK STRUCTURES

In the light baryon sector, the successful constituent
quark model reproduces the baryon mass spectra by
assuming that the constituent quarks have roughly the
same mass. This implies that the two oscillators, p and 4,
have the same frequency, @, ~ ,;, meaning that the 4 and p
modes are degenerate in the mass spectrum. In the charm
sector, we have a mass splitting between the 4 and p modes,
which is given by w; — w, ~ 122 MeV for €, baryons, by
w), — w, =~ 147 MeV for E. and E| baryons, and by w; —
w, ~ 183 MeV for £, and A, baryons. Consequently, we
may expect to find the p—mode excited states in future
experiments. However, given that the p states have not been
observed yet, it seems that the charmed baryons can have a
special internal structure which corresponds to the quark-
diquark configuration. The reduction of the effective
degrees of freedom in the quark-diquark picture means
fewer predicted states. We notice that in the case of A, and
E. baryons, the number of states decreases drastically in the
quark-diquark model, see Tables VIII and VII respectively.
The lack of experimental data prevents us from reaching a
decisive conclusion about which description is better.

For instance, for the €. baryons, we have identified all
the five P,-wave excited states with the experimental ones.
We also expect to observe the two P,-wave excited states,
Q.(3129) with J* = 1/27, and Q.(3156) with J* = 3/2~.
The existence of these states may indicate that the charmed
baryons are not quark-diquark systems.

VI. CONCLUSIONS

We have calculated the mass spectra, the strong partial
decay widths and the total decay widths of the charmed
baryons up to the D-wave. All charmed baryons are
simultaneously described by a global fit in which the same
set of model parameters predicts the charmed baryon
masses and strong partial decay widths in all the possible
decay channels up to the D-wave. Moreover, the charmed
baryon mass spectra are given in both the three-quark and
the quark-diquark schemes. Propagation of the parameter
uncertainties via a Monte Carlo bootstrap method is also
included. This is often missing in theoretical papers on this
subject. Nevertheless, it is necessary in order to guarantee a
rigorous treatment of the uncertainties in the predicted mass
spectra and decay widths. Our mass and strong partial
decay width predictions are in good agreement with the
available experimental data, and show the ability to guide
future experimental searches by LHCb, Belle and Belle II.

034031-15



H. GARCIA-TECOCOATZI et al.

PHYS. REV. D 107, 034031 (2023)

Moreover, for all the possible decay channels, we provide
the flavor coupling coefficients, which are relevant to
further theoretical investigations on charmed baryon strong
decay widths. To the best of our knowledge, considering
that the calculations of the strong decay widths are barely
sensitive to the specific model used, our strong partial
decay width predictions constitute the most complete
calculation in the charmed baryon sector up to date.
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APPENDIX A: BARYON WAVE FUNCTIONS

1. The harmonic oscillator wave functions

In the heavy-light sector, the p- and A-modes decouple;
therefore, they can be distinguished through an analysis of
the heavy-light baryon mass spectra. This is because
there is a difference in frequency between the p- and

A-modes,
3K 3K
a)p:”—g and a)ﬂ:U—Q, (A1)
mp m)

where m, and m; are defined in Sec. I B. We write the
baryon wave functions in terms of w, and @, by using the
relation a7, = w, ;m, ;.
Also, we use the standard Jacobi coordinates:

1
P, =5 (P1=P2).
1
P, = §(p1 + P2 — 2p3),
Pcm =PpP1 + P2 +Ps3, (AZ)
for the baryon, and
1
de = 5 (P3 —Ps), (A3)

for the meson. In this coordinate system, pz refers to the
charm quark and py, to the light quarks. Finally, ps is the
antiquark momentum.

For the S-wave charmed baryon, we have,

1 \i/ 1 \i
w(0,0,0,0>=33/4< >< >
Tw,m ﬂa)/{ml

M
2 2
X exp [—L—L} (A4)
2w,m, 2w;m,
For the P-wave charmed baryon, we have,
8 1/2 1 5/4
1,m,0,0) = —i3¥%*( — "
(1.m.0.0) == () () ore)
1 3/4 2 2
S
TWw,;m, 2w,m, 2w;m;
(AS)
g \1/2 1 \5/4
0’0’1’ :_'33/4 - m
w0.0.1m) =355 ) 7 () e
3/4 2 2
x( ! > exp{— P, __P ]
Tw,m, 2w,m, 2w;m;
(A6)
For the D-wave charmed baryon, we have,
16 1/2 1 7/4
2,m,0,0) =334 —— — o
w2.m0.0) =345 " () v
1 3/4 2 2
(et ol s21)
TWw,m, 2w,m, 2w;m;
(A7)

w(0,0,2,m) = 3%/4 16 )\l 7/437"1(1»)
T 15\/7? w,n, 2

1 3/4 2 2
o) o220
Tw,m, 2w,m, 2w;m,

(A8)
8 1/2 1 5/4
1 1 N — _R3/4(_— m
(o) == (52) () )
8 \1/2/ 1 \54
- <3\/7_T> <wam4> T )
2 2
P, P;
- - . A9
Xexp[ 2w,m, 2a)/lm,1] (A9)

Here )/"(p) is the solid harmonic. The wave functions of

the first radially excited charmed baryons y(k,, k,) are
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3/473 p%
E w,nm,

2\ 1/2 1
W<1’O>:33/4(§) (m
AT p T p

2 2
P p; ]
X exp|—————>—|, (A10)
{ 2w,m, 2w;m;
2\ 1/2 1 3/4T3 2
3 twymyw,m, 2 w,m,
2 2
P P; ]
X exp|—————"—|. All
{ 2w,m, 2w;m; ( )

The ground state wave function of the meson is

w(0,0) = <R72> T exp {— M} .

s (A12)

APPENDIX B: CHARMED-BARYON FLAVOR
WAVE FUNCTIONS

In the charm sector, we consider the 6-plet and the
3-plet representation of the flavor wave functions. In the
following subsections, we give the flavor wave functions of
a charmed baryon A, and its isospin quantum num-
bers |A., I, M;).

1. 6-plet
|Q.,0,0) := |ssc) (BI1)
E0.1/2,-1/2) = \/—,(|dsc> + |sdc)) (B2)
E, =L usc) + |suc
Bc,1/2,1/2) -—\/5(| )+ [suc))  (B3)
|5, 1, 1) =|uuc) (B4)
122, 1, -1) :=|ddc) (B5)
i =L udc uc
|Zc’]70>'_\/§(| de) + |duc))  (BO)
2. 3-plet
22,1/2,-1/2) = 7(|dsc) |sdc)) (B7)
1
Ef,1/2,1/2) := %(|usc> — |suc)) (B8)
|AF,0,0) = 7(|udc> |duc)) (B9)

APPENDIX C: LIGHT-BARYON WAVE
FUNCTIONS

Whenever our final states contained a light baryon, we
used the following conventions, considering the S5 invari-
ant space-spin-flavor (¥ = wy¢). Thus, the light-baryon
wave functions are given by

B[56, LP):ws(x,dp + x202)/ V2
28[70, L) : [y, (v, 01 + 219,) +wale,d, — x2602)1/2.
870, L*]: (w,by + vadi)xs/ V2.
820, LF):yra (b — 2200)/ V2,

[56.L"]:
[ J:
70, L7]:
20, L7]:
*10[56, L] :wsxsbs,
[70. LF]:
70, L7]:
[20. LF]:

210070, LP]: (yx, + wax2) s/ V2,
270, LP): (s = waxtp)ba/ V2,
20, L7 iwaxsda. (C1)

The quark orbital angular momentum L is coupled with the
spin S to yield the total angular momentum J of the baryon.

1. Light-baryon flavor wave functions

For the flavor wave functions |(p, q), I, M;, Y) we adopt

the convention of Ref. [79] with (p, q) = (91 — 92, 9»)-
(i) The octet baryons
(111050501 () = s ) = )
() = 2l = lud)
— |duu)] (C2)
(11).1.1.0): 5, () = %[|suu> — lusu)]
(27) = ) + )
— 2|uus)) (C3)
1(1.1).0,0.0) 4, (A) = \/%muds) —2|dus)
— |dsu) + |sdu)
— |sud) + |usd)]
hu(A) = 5 [ ldsu) ~ s
+ |sud) + |usd)] (C4)
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(111055071 ) () = s sus) = )]
: =0 —L ssu
-¢z(~)—\£[2| )
— |sus) — uss)] (C5)

(i) The decuplet baryons

‘(3 0).5. %,1>:¢S(A++) — ) (C6)
13,0),1,1,0): p(5+) = \}gﬂsuu) + Jusu)
+ |uus)] (C7)
'(3 0), ; ; 1>:¢S(EO) :\}g[|ssu> + |sus)
+ |uss)] (C8)
1(3,0),0,0,-2):p5(Q7) = |ss5) (C9)
(iii) The singlet baryon
: _ L uds) — |dus
1(0,0),0,0,0):¢4(A) = \/EH ds) — |dus)
+ |dsu) — |sdu)
+|sud) — usd)]  (C10)

APPENDIX D: MESON FLAVOR WAVE
FUNCTIONS

In the following subsections, we give the flavor wave
functions of a C meson and its isospin quantum num-
bers ).

1. Pseudoscalar mesons

Since the mixing angle 6,,, between 7 and ' is small, we
set 0, = 0. Thus, we identify 7 = ng and 1’ = 7.
(i) The octet meson

7%, 1,1) = —|ud)
1 -

|7%.1,0) :ﬁ[lum — |dd)]
77, 1, =1) = [da)
|K*,1/2,1/2) = —|u5)
K= 1/2.-1/2) = |s)
K°,1/2,-1/2) = —|d5)
K0, 1/2,1/2) = —|sd>
[7.0.0) = —=[luit) +|dd) - 2|s5)] (D1

7

(i) The singlet meson

Ly + |ddy +1s3)]

1.0,0) =
n >\5

(D2)

2. Vector mesons

We consider that the ¢» meson is a pure s¥ state; thus, we
have the following wave functions:
(i) The octet mesons

p*.1.1) = ~|ud)

0.1,0) = — —|dd
. 1.0) f[l it) — |dd)]
lp~.1,=1) = |du)
|K**,1/2,1/2) = —|us)
|K*=,1/2,-1/2) = |si)
|K*9,1/2,-1/2) = —|d5)
|K*0,1/2,1/2) = —|sd)
|w,0,0) = 7[|uu> + |dd)] (D3)
(i) The singlet meson
|¢.0.0) = |s5) (D4)

3. Charmed mesons
In the case of charmed-D mesons, the flavor wave
functions are the same for the pseudoscalar and vector
states. We use the following flavor wave functions:
[D{*,0.0) =
D, 1/2,1/2) =
|D%,1/2,-1/2) =

Dy, 0,0) = [c5)
|D*,1/2,1/2) = |cd)

ID%,1/2,-1/2) = |c&) (D)

APPENDIX E: FLAVOR COUPLING

In the following subsections, we give the flavor coef-
ficients F4_ pc used to calculate the transition amplitudes.

We compute Fy_pc = (ppdclPoda) Where ¢4 p ) refers
to the initial flavor wave function of a charmed baryon ¢, ,

final baryon ¢, and final meson ¢, respectively; ¢¢> =
(uit + dd + s5)/+/3 is the flavor singlet-wave function of
SU(3). In addition, we compute the flavor decay coeffi-
cients of the isospin channels, since we assume that the
isospin 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
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isospin quantum numbers of the baryon and meson flavor
wave functions found in Appendices B, C 1, and D. Thus,
the flavor charge channel for a specific projection (1, M;) in
the isospin space is obtained as follows:

FA(’AJ‘”/A)—’B(IB-MIB)C(IC-MIC)

= <¢BvIB’MIB’ ¢C’IC7MIC|¢070707¢A7IA’MIA>F
- <IBvMIB7IC7MIC|IAvMIA>]:A—>BCv (El)
where (Ip. 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. Charmed baryons and pseudoscalar mesons

We give the squared flavor-coupling coefficients,
Fa_pcs when the final states have a pseudoscalar light
meson. Here, A and B are charmed baryons, and the
subindexes 6; and 3; refer to the sextet and the antitriplet
baryon multiplets. The C is a pseudoscalar meson and the
subindexes 8 and 1 refer to the octet and singlet meson
multiplets, respectively.

(i) A, = Bg, +Cs

— 1 2
Q. K Qun 300
S |- |BK Zx Za|l=|% 3 %
= K Ex By 11 L
(E2)
(ii) Ag, — Bg, + Cy
1
Q. Q. 3
Zc - ch/ = é (E3)
Ee B 5
(i) Ag, — B3, + Cs
— 1
Q. =2.K 3
| = | B.K A =|: 3
= AK Bz Zaq Lol
(E4)
(iv) As, — B3 +Cy
=/ = ./ 1
=) = @) = (5 (ES)

(V) Ajf e BGf + Cs
(AC> <E’CK 7 >
_) pu—
=, K E.x En

(vi) Az, = Bg, + Cy

o= N—
N

Nl’_‘
SN——

(vii) Agf - Bgf + Cg

<Ac>ﬁ<w A ><é s )
= = = I W N |
—c AcK = =l 12 8 72
(E8)
(viii) A:_&f - Bgf + C;
A, Ao 5
(2)-GD-()
—c =N 9

2. Charmed baryons and vector mesons

We give the squared flavor-coupling coefficients,
JF2_pc» When the final states have a vector-light meson.
Here A and B are charmed baryons, and the subindexes 6;
and 3; refer to the sextet and the antitriplet baryon
multiplets. The C is a vector meson and the subindexes
8 and 1 refer to the octet and singlet meson multiplets,
respectively.

(i) A, — Bg, + Cs

Q, ELK* 3
| = [BK Zp e |=[44 4
B, K* Ep Eo 13
(E10)
(11) A6f - B6f + Cl
Q. Q. 5
|- 129 | =10 (E11)

=/
—c

[1]
A
=
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(i) Ag, — Bs, + Cg

—_ % 1
Q. E.K 3
2o | = | EKY Ap = % %
=/ * = = 1 1 1
e AK™ Eep Bew 8
(E12)
(iv) As, — B3, + C;
(&) - Ed) = (= (E13)
C C 12
(v) Az — Bg, +Cs
A, ELK* Zp 6 1
— - * =/ =/ = 1 1 1
=, 2. K* EBEp E.w 7 %
(E14)
(vi) A3, = Bg, + C,
(2.) - (Ep) = (- (E15)
= - (= = | —
C (s 12

(vii) As — B3, + Cs

(AC ) ( 2K Aw ) :
—_ - * —_ — = 1
B, AK* Ep E.o 5

0l— V=
|~
N—

24
(E16)
(vii) A3, = Bz, + Cy
A. A. 0
(2)-(20)=() o
= =c 12

3. Light baryons and charm-(pseudoscalar/vector)
mesons

We give the F3_ - when the final states have a light
baryon and a charm-(pseudoscalar/vector) meson. Since the
mesons D° and D form an isospin doublet, both are
treated as D in the tables; whereas D, is separated by the
strangeness content. The subindexes 6; and 3; refer to the

sextet and the antitriplet baryon multiplets for the initial
charmed 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 multiplets.
Additionally, owing to the symmetry of the wave functions
of the octet-light baryons, see Appendix C 1, we can have
only p or A contributions in the final states, as indicated by a
superindex.
(l) A6f d Bl(] + C

— 2 1
Q. oD QoD 5 3
. |—>| AD ZiDs | =1|3% 5| (EI8)
E. oD EjoDs 12
(i) Ag, —» Bg+C
—_ 4
Q, ED 5
S |- | N~D =D, | =13 3 (E19)
B, D EiD, : 3
(i) A5, > Bg+C
2 2
() 5 ) (01 )
=, D E¢D, A{D 14 &

APPENDIX F: PARTIAL DECAY WIDTHS

The partial decay widths, I'4_, 5, of an initial baryon A
decaying to a final baryon B plus a meson C, in all the
open-flavor channels, are shown in Tables [X—XIII. Here,
we give the contribution of the isospin channels. The
charge channel width for the A baryon with isospin
projection |A, I, M, ) can be obtained as follows

FA(IA,MJA)—’B(IB,MIB)C(IC»MIC)

= (Ip. My, Ic, M |14, M; )T s pc. (F1)

where (Ip. M, .Ic.M; |I,,M; ) is a Clebsch-Gordan
coefficient, and the partial decay width I'y_p- can be
extracted from Tables IX—XIII.
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TABLE IX. Q.(ssc) state partial decay widths (in MeV). The order of the states is the same as in Table IV. The predicted masses,
reported in Table IV, are obtained by the three-quark model Hamiltonian of Egs. (1) and (2). The partial decay widths are computed by
means of Eq. (7). For each state is also reported the spectroscopic notation >5*!L ;, where J = L, + S, is the total angular momentum,
St =S, + %, and L, =1, +1,. The partial decay widths denoted by 0 and — are forbidden by phase space and selection rules,
respectively.

Q.(ssc) F=6; E.K E.K =K EK EK BK Qn Qn Qb Qo Qi Qi D E,,D Predicted Iy,
Q.(2709)2S,, 0 0 0 0 0 o 0o 0 O 0O O 0 0 0 0
Q.(2778)%s, O 0 0 0 0 o o 0 O O O 0 0 O 0
Q.(3008)%P;,, 41 0 0 0 0 o o 0 O O O 0 0 O 4.1
Q.(3050)*P,, 7.5 01 0 0 0 o 0o 0 o0 0O O 0 0 0 7.6
Q.(3035)%P5, 263 0 0 0 0 0o 0 o0 0 0 0 0 0 0 26.3
Q.(3077)*P;, 63 04 0 0 0 o o o0 O 0O O 0 0 O 6.7
Q.(3122)*Ps,, 409 89 03 0 0 o o 0o o0 O O 0 0 O 50.1
Q.(3129%P,, — 89 55 0 0 o 0 o0 0 0 0 0 0 0 14.4
Q.(3156)%P;, — 6L1 105 0 0 o 0 0 0 0 0 0 0 0 71.6
Q.(3315)%D;, 19 18 23 0 0 0 03 0 0 0 0 43 0 10.6
Q.(3360)2D5, 54 51 05 0 0 0 12 — 0 0 0 0 122 0 24.4
Q.(3330)'D;, 02 02 33 0 0 0 01 01 O O O 0 123 0 16.2
Q.(3357)*D;, 20 05 52 02 0 0 02 06 0 0 O 0 217 O 30.4
Q.(3402)*Ds, 50 12 50 16 0 0 03 12 0 0 0 0 469 1.1 62.3
Q.(3466)'D;, 78 20 50 26 0 0 08 09 0O 0O 0 0 832 209 123.2
Q.(3342)%,,, 02 03 01 0 0 0 01 — 0 0 0 0 05 0 1.2
Q.(3411)%5, 02 01 04 02 0 0 — o1 0 0 0 0 21 02 3.3
Q.(3585)%,, 03 10 07 30 116 01 11 05 0 O 0 0 — — 18.3
Q.(3654)%3, 01 01 12 28 10 172 02 14 0 0 — 0 — — 24.0
Q.(3437)%D;, — 65 1070 535 0 0 40 270 0 O O 0 — — 198.0
Q.(3482)Ds;, — 564 168 172 04 0 209 33 0 0 0O 0 — — 115.0
Q.(3446)%P,,, — — 14 04 0 o — 03 0 0 0 0 — — 2.1
Q.(3473Py, — 11 08 07 0 0 03 02 0O 0O 0 0 — — 3.1
Q.(3464)%5,, — 16 223 361 02 0 86 135 0 0 0 0 — — 88.3
Q.(3558)’Ds, 184 168 188 287 1151 — 80 112 0 0 0O 0 — — 217.0
Q.(3603)2Ds,, 483 497 145 36 308 07 233 34 0 0 0 0 — — 174.3
Q.(3573)*D;, 94 04 331 388 70 1116 03 170 0 0O 0O 0 — — 2176
Q.(3600)'Dsy,, 2201 49 282 773 168 1114 22 219 0 0O O 0 — — 284.8
Q.(3645)*Ds,, 386 108 328 478 132 437 54 197 0 0 0 0 — — 212.0
Q.(3708)*D;, 721 180 8.1 1078 180 389 84 292 01 0 23 01 — — 383.0
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TABLE XIII.  Same as IX, but for A, (nnc) states. The order of the states is the same as in Table VIII. The predicted masses, reported in
Table VIII, are obtained by the three-quark model Hamiltonian of Egs. (1) and (2).

A(nne) F =3 S Stz An Sp Zp Ay Ao =K EK E:K EK* ELK* EK* ND Predicted Iy,
A.(2261)S; ), o o o o0 0 O0O 0O O O 0 0 0 0 0 0
A(2616)P,, 14 0O 0 0O O 0O 0O 0 0 0 0 0 0 0 1.4
A(2643)%P3, 97 01 0 0O O O 0O 0 0 0 0 0 0 0 9.8
A(2799P,, 73 496 0 0 0O 0O 0O 0O 0 0 0 0 0 0 56.9
A(2841)%P,,, 26 285 14 0 O O O 0O O 0O O 0 0o — 32.5
A(2826)Py, 839 77 L1 0 0 0O 0O 0O 0O 0 0 0 0o — 92.7
A(2868)Py, 47 1158 14 0 0 0O 0O 0O 0O 0 0 0 0 121.9
A(2913)%P5,, 312 646 122 0 0 O 0O 01 0 0 0 0 | — 108.1
A(2980)D;, 17 88 — 0 0O O 0O — 0 0 0 0 0 59.1 69.6
A3025)2Ds, 47 20 — 0O 0O 0O 0O — 0 0 0 0 0 1645 171.2
A(3007)%,, 02 04 — O O O O — 0 0 0 0 0 47 53
A(3372)%,, 02 07 — 25 04 — L1 — 04 08 02 0 0o — 6.3
A(3163)2D;, 90 420 10 0 0 0 133 27 16 07 0 0  J— 70.3
A(3208)%Ds, 900 101 83 04 0 0 17 139 84 02 0 0 0o — 133.0
A3178)Dy, 10 199 06 0 0 0 75 38 08 07 0 0 | — 343
A(3205)%D;, 22 630 09 04 0 0 315 29 06 45 0 0  J— 106.0
A(3250)*Ds;, 103 866 38 39 01 02 399 67 12 100 0 0 (- 162.7
A(3313)'D;;, 373 992 139 45 28 57 298 268 57 44 0 0 J— 230.1
ABIT2Py),  — 04 — 0 0 0 01 — — — 0 0 0o — 0.5
A3199%Py, 12 03 01 0 0 0 — 02 01 — 0 0 0o — 1.9
A(3214)P,, — 03 — 0 0 0 — — — — 0 0 0o — 0.3
A(3241%Py, 01 09 — — 0 0 03 — — — 0 0 0o — 13
A(3286)Ps, 05 14 02 01 0 — 06 03 01 01 0 0 0o — 3.3
A(3259)%5, 03 47 02 29 12 07 112 39 16 56 0 0 | J— 32.3
A(3190)2S,, 41 44 07 01 0 0 108 48 44 08 0 0 0o — 30.1
A(3345)D5, 210 496 — 264 03 — 333 — 35 188 07 0 0o — 153.6
A(3390)%Ds, 543 901 — 21 38 — 345 — 100 54 15 0 0o — 201.7

034031-25



H. GARCIA-TECOCOATZI et al. PHYS. REV. D 107, 034031 (2023)

APPENDIX G: DECAY PRODUCTS

TABLE XIV. Masses of final state baryons and
mesons used in the calculation of the decay widths
as from PDG [9].

Mass in GeV

m, 0.13725 £ 0.00295

mg 0.49564 + 0.00279

m, 0.54786 £ 0.00002

my 0.95778 + 0.00006

m, 0.77518 £ 0.00045

M+ 0.89555 + 0.00100

m, 0.78266 =+ 0.00002

i 1.01946 + 0.00002

mp 1.86672 £+ 0.00193

mp, 1.96835 £ 0.00007

mp- 2.00855 + 0.00180

my 0.93891 + 0.00091

My (1520) 1.51500 + 0.00500

my(1535) 1.53000 £ 0.01500

My (1680) 1.68500 =+ 0.00500

My (1720) 1.72000 + 0.03500

ma 1.23200 + 0.00200

my 1.11568 £ 0.00001

M (1520) 1.51900 + 0.00010

mg, 1.31820 + 0.00360

mg,, 1.53370 + 0.00250

ms, 1.11932 £+ 0.00340

ms,, 1.38460 + 0.00460

my, 2.28646 £ 0.00014

msz, 2.46908 £+ 0.00158

ms; 2.57850 + 0.00100

Mgz 2.64563 £+ 0.00100

ms, 2.45350 + 0.00090

ms: 2.51813 £ 0.00280

mg, 2.69520 + 0.00170

me: 2.76590 + 0.00200
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