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Abstract Excited-state masses of the strange singly charmed baryons are calculated using
the nonrelativistic approach of the hypercentral constituent quark model. The hyper-Coulomb
plus screened potential is used as a confinement potential with the first-order correction.
The spin—spin, spin—orbit and spin—tensor interaction terms are included perturbatively.
Our calculated masses are allowed to construct the Regge trajectories in both (1,, M?) and
(J, M?) planes. The mass spectra and the Regge trajectories study predict the spin—parity
of 5.(2970)t/°, £.(3080)*/°, 5.(3123)T, £2.(3000)° and £2.(3119)° baryons. More-
over, the strong one-pion decay rates of the isodoublet states of & .(2645), &.(2790) and
E(2815) are analyzed in the framework of heavy hadron chiral perturbation theory. Also,
the ground-state magnetic moments and the radiative decay rates based on the transition
magnetic moments are calculated in the framework of the constituent quark model.

1 Introduction

The strange singly charmed baryons Z. and 229, respectively, belong to the antisymmet-
ric antitriplet and symmetric sextet SU(3) flavor representations. Recently, the particle data
group (PDQG) listed the nine baryonic states of Z. baryon: & 6(2470)+/ 0 = 0(2645)"'/ 0
2790070, 5.2815)10, 5.(2930), E.(2970)*/°, E.(3055)F, &.(3080)*/°,
E.(3123)*; and the six of £29 baryon: £2,(2770)°, £2.(3000)°, £2.(3050)°, £2.(3065)°,
£22.(3090)° and £2,(3120)° (shown in Table 1) [1]. The masses, isospin mass splitting, spin—
parity, decay widths, lifetime, etc., of these baryons were measured by the ARGUS, CLEO,
E687, FOCUS, BABAR, Belle, CDF and LHCb experimental collaborations. The com-
prehensive review articles wrote detailed information on singly charmed baryons [2—4].
Moreover, the present experimental facilities Belle II, LHCb, J-PARC and the upcoming
experiment PANDA [5-10] are expected to study singly heavy hadrons in the near future.
Experimentally, the ground-state mass spectra of strange singly charmed baryons are
now well established and many new excited states were found in the past few years. The
B AB AR detector measured the mass and the decay width of = .(2930) [11]. Reference [12]
observed two new resonances Z.(3055)" and 5.(3123)" decaying into X.(2455)TT K~
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Table 1 Mass, width and J ¥ value of the strange singly charmed baryons from PDG [1]

Resonance Mass (MeV) Width (MeV) JP
gf 2467.87 4 0.30 - i
g9 2470.87+0:28 - i
ol 25784 +0.5 - i
z0 2579.2+0.5 - i
Z.(2645)F 2645.53 £ 0.31 2.14+0.19 3t
5.(2645)0 2646.32 £ 0.31 2.35+0.18£0.13 %*
E.(2790)" 2792.0+0.5 89+0.6+0.8 '
20(2790)° 27928 + 1.2 10.04+0.7+0.8 '
Z.(2815) 2816.67 + 0.31 2.43+0.20 +0.17 3"
Z.(2815)0 2820.22 £ 0.32 2.54+0.18 £ 0.17 3"
Z0(2930) 2031 +3+5 36+7+11 ??
gc(2970)F 2969.4 £ 0.8 209724 7
20(2970)° 2967.8 +0.8 28.1135 7
Z0(3055) 3055.9 + 0.4 78+£12+15 ??
Z0(3080)T 3077.2£0.4 3.6+ 1.1 ??
Z.(3080)0 3079.94+ 1.4 56+22 ??
Z2.(3123)*F 31229+ 1.340.3 44+34+17 ??
20 26952+ 1.7 - i
2.(2770)° 2765.9 +2.0 - 3"
230000 3000.4 + 0.2 £0.1 £0.3 45406403 9?
£2.(3050)° 30502+ 0.1 0.1 £0.3 <12 ??
£2.(3065)° 3065.6 + 0.1 4 0.3 + 0.3 3.5+04+02 ??
£2.(3090)° 3090.2 £ 0.3 4+ 0.5+ 0.3 874+1.0+0.8 7
2.(3120)° 3119.14£0340.9+0.3 <21 ??

and X.(2520)*" K~ final states, respectively. These were also seen by the Belle collaboration
[13]. Two isodoublet baryonic states of Z.(2970) and Z.(3080) have been measured by
BABAR [12] and the Belle [14,15] collaborations. In 2017, the LHCb collaboration [16]
observed the five new narrow resonances £2.(3000)°, £2.(3050)°, £2.(3066)°, £2.(3090)°
and £2.(3119)° decaying into & T K~. The spin—parity of these excited strange charmed
baryons are not confirmed yet, as shown in Table 1. The J© value assignment of the heavy—
light hadrons is very crucial, because they can help to probe their properties as form factors,
decay widths, branching fractions, hyperfine splittings, etc. That allows to look back to the
theory and the phenomenological study. In Ref. [17], the authors solved light quark cluster—
heavy quark picture with the help of the Cornell potential in the framework of nonrelativistic
constitute quark model. They calculate the masses of radial excited states 25 and 3S as
well as the orbital excited states 1P, 2P and 1D of charmed (Aj‘, XY.) and charmed-strange
(&¢, E/) baryons by considering an equal up («) and down (d) quarks masses. So they cannot
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distinguish the mass spectra of an isodoublet % and Z;F (or £/° and £/*) baryons. Shah et al.
[18,19] used nonrelativistic approach of hypercentral constituent quark model (hCQM) and
calculate the excited-state masses of singly charmed baryons. The hyper-Coulomb potential
with linear potential of power index v, varying from 0.5 to 2.0, is used as a long-range spin-
independent potential. The mass spectra of isodoublet =, baryons are calculated separately
by considering an unequal u and d quarks masses. Reference [20] solved the three-body
bound-state problems using the Gaussian expansion method in the nonrelativistic framework
of a constituent quark model. The harmonic oscillator potential is used as a scalar confinement
potential. On choosing equal u and d quarks masses, the excited-state mass spectra of A7,
Y. and Q? baryons are calculated in the two different excited modes, say A and p. The
nonrelativistic Hamiltonian quark model inspired by Isgur and Karl model calculates the
masses of baryons containing one, two and three heavy-flavor quarks in Ref. [21] with
equal u and d quarks masses. Additionally, they introduced the heavy quark effective theory
(HQET) that predicts the degeneracy in baryonic multiplets containing a single heavy quark
in terms of quark model quantum numbers. Ebert et al. [22,23] calculated the mass spectra of
heavy baryons in the quantum chromodynamics (QCD)-motivated relativistic heavy quark—
light diquark model. Reference [24] derived a mass formula analytically for the excited
heavy-light hadrons within the framework of relativistic flux tube model, where the heavy
quark—light diquark picture is considered. Such formula is applied to determine the masses of
Ag and g (Q = c/b) baryons. The authors of Ref. [25] obtained the masses of one heavy
quark baryons in the heavy quark limit. Chen et al. [26] studied the mass spectra of P wave
charmed baryons using the QCD sum rule in the framework of HQET. Reference [27] used the
Faddeev method and solved the three-quark problem in momentum space and calculated the
masses of singly, doubly and triply heavy baryons. Reference [28] derived some useful mass
relations for hadrons using quasilinear Regge trajectory ansatz and make a J© assignments
of 5.(2980), Z.(3055), £,(3077) and E.(3123) baryons. Reference [29] determined the
ground-state and the first excited-state masses of singly and doubly charmed baryons of
spin 1/2 and 3/2 with positive and negative parity. Mathur et al. [30] used quenched lattice
nonrelativistic QCD approach and computed the mass spectrum of charmed and bottom
baryons.

The strange singly charmed baryons contain one charm quark (c), one strange quark (s)
and one light quark (i, d and s) out of these three quarks. This provides an excellent ground
for testing the heavy quark symmetry of the heavy quark and the chiral symmetry of the light
quarks in a low-energy regime. The strong decay of singly charmed baryons was conveniently
studied in the framework of heavy hadron chiral perturbation theory (HHChPT) by which
the heavy quark symmetry and the chiral symmetry are incorporated. The chiral Lagrangians
corresponding to the strong decay of singly charmed baryons were constructed in Refs.
[31-33] for the S, P and D wave transitions. The electromagnetic or weak decays of singly
charmed baryons are not well established, and their evidence is not found experimentally yet.
Several approaches are used for computing the properties of singly charmed baryons: heavy
baryon chiral perturbation theory (HBChPT) [34-36], SU (3) chiral quark soliton model
[37], pion mean-field approach [38], chiral structure model [39], covariant chiral perturbation
theory [40], large N, limit [41], chiral quark model [42], nonrelativistic constituent quark
model [43—46], lattice QCD [47,48], the bag model [49], light-cone QCD sum rule [50,51],
SU (4) chiral constituent quark model (x CQM) [52], relativistic constituent quark model
[53,54], light front quark model [55], the 3 Py model [56] and others.

Our effort is to calculate the radial (25-6.S5) and the orbital (1P-5P,1D-5D,1F-4F,1G—-
3G and 1 H-2 H) excited-state masses of strange singly charmed baryons, for orbital quantum
number L = 0, 1, 2, 3,4, 5, in the framework of nonrelativistic hypercentral constituent
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quark model (hCQM). The vector Coulomb potential with an additional screening component
is used as a scalar confinement potential with the first-order correction to give relativistic effect
of order O(1/m). Such calculated masses are allowed to construct the Regge trajectories in
(n,, M%) and (J, M?) planes.

This paper is organized as follows. The hCQM and the potential model are described in
briefin Sect. 2. We discuss the mass spectra and construct the Regge trajectories in Sect. 3. The
strong one-pion decay rates of the isodoublet = .(2645), Z.(2790) and & .(2815) baryons
are determined separately by using their masses obtained in the present study and PDG-2018,
and the properties like magnetic moments and the radiative decay widths of the ground-state
strange charmed baryons are presented in Sect. 4. In Sect. 5, we summarize our present work.

2 Methodology

Usually, the relativistic and the nonrelativistic treatments of quantum mechanics are used
to study the spectroscopy of heavy- and light-flavored hadrons. Particularly, when dealing
with a three-quark system (baryon), the problem is become more challenging. To describe
the relative motion of the constituent quarks inside the baryon the Jacobi coordinates (p and
A) are used, which are given by [57,58]
_(r—r) and 3 = I +m2r2—(m1+m2)1‘3’ o
V2 \/m%+m§+(m1+mz)2

where r; and m; (i = 1, 2, 3) denote the spatial and the mass coordinate of the ith constitute
quark. We use hypercentral constituent quark model (hCQM), which is well established
for the study of light-, heavy-light- and heavy-flavored baryons [18,59-62]. In hCQM, the
Hamiltonian for a baryonic system is

p2
H=_"*4+V(x), @
2m

where x = (p, L) is the radial hypercentral coordinate of the three-quark system written in a
2mpm;
mp—+my
mass of the three quarks [57]. The reduced mass m, and m, corresponding to the Jacobi
coordinates p and A are

six-dimensional space and the hyperangle & = arctan (%;) m = gives the reduced

2mimy 2m3(m%+m%+m1m2)
=———— and my = .
(my + m3) (my +m2)(my + my + m3)

Here, m 1, m> and m3 are the constituent quark masses. The isodoublet of the = . baryons
has a different quark constitution: Eg (dsc), E j‘ (usc) and for the singlet .Q? baryon the
constituent quarks are s, s and c. To calculate the masses of isodoublet = baryons separately,
we consider the unequal masses of light quarks (u, d) as: m,, = 0.338 GeV, mg = 0.35 GeV
and my = 0.5 GeV, and the charm (c) quark mass m. = 1.275 GeV.

The potential V (x) appearing into Eq. (2) is the nonrelativistic hypercentral potential and
is divided into spin-independent Vsi(x) and spin-dependent Vsp (x) part of the potential. We

introduce Vgi(x) as

3

mp

Vsi(x) = Wix) + Vs(x) + Vi(x). “

2
Here, the first-order correction Vi(x) = —CgCa ::—52 is written in the form of Casimir charges,

with Cr = % and Ca = 3 in the fundamental and adjoint representation, respectively [63].
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The vector (Coulomb) potential is

2 g
Vwm=—§%, )

and it gives the interaction between quarks in a baryonic system. o is the strong running
coupling constant and is

as(wo)
33—2ns my+motms )’
(B2 ) oy uolin )

6)

oy =

1o

Here, we take as(to = 1GeV) = 0.6 and ny = 3 gives the number of active quark flavors
contributing to quark—gloun loops. We choose a screened potential as a scalar (confining)

potential:
1 —e #*
Vs(x) =a (T) . )

where a (= 0.1) is the string tension and . = 0.04 GeV is the flavor-independent parameter
called screening factor. Using a, u(= 0.04 GeV) and quark masses, we fix the ground-state
(18) mass of these baryons to the known experimental value (PDG) [1]. If the value of
= 0.04 GeV changes by +10%, the changes in the masses of 25, 35, 4S5, 55 and 65 states
are about 0.30%, 0.53%, 0.75%, 0.93% and 1.1%, respectively. For x < i, the screened

potential is behaving like a linear potential ax and for x > 1 it becomes a constant <.
The mass spectroscopy resulting from a screened potential is interesting: It predicts smaller
masses of the higher excited states with respect to a linear potential. (See results in Ref. [18]
for v = 1 and more detailed studies in Ref. [64].) By taking unequal u and d quarks masses,
the mass spectra of E?, EZF and .Q? baryons are calculated in this work.

Using these parameters, we compute the spin-averaged mass of the strange singly charmed
baryons. In order to calculate the masses of nL with different J values, the spin-dependent
potential Vsp(x) is employed [65-67]:

Vsp(x) = Vss(x)(Sp - Sa) + Vys(0) (L - §) + Vr(x) [52 - ®)

3(S-x)(S- x):|
x2 '

The spin—spin interaction Vss(x) gives a hyperfine mass splitting, and the spin—orbit V), g(x)

and spin—tensor V(x) interaction terms give a fine structure of the given baryonic states.

(For details see Ref. [18].)

The six-dimensional hyperradial Schrédinger equation is

[1( e Bayy+9

2m \ dx? X2

) + V(X)} ¢y (x) = Epey (x), ©))

which solves numerically using Mathematica notebook [68]. ¢, (x) is the hypercentral radial
function, and Ep gives the binding energy of the baryonic states. Our computed mass spectra
of strange singly charmed baryons are presented in Tables 2, 3,4, 5, 6, 7 and 8. We discussed
them in the next section.

3 Mass spectra and Regge trajectories

The mass spectrum of strange singly charmed baryons is calculated in the nonrelativistic
framework of hypercentral constituent quark model (hCQM). The screened potential is used
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Table 4 Predicted masses of the
orbital excited states of 59

State

~
~

Present

[18]

[22]

[24] [23]

baryon (F, G and H waves) (in
GeV) LF

2F

3F

4F

1G

2G

il N =2 'S BN I SSTLL I SRR SO IEN I WS TIN-R SO RN I WS TLOL T SO TOS I SR I 1LV I WS NT NS TR B SO TLOL T NS/ LUS I S TR I WS 1L T WS TN NS TR I SOOI T LU SO TR I WS LU T SV TN=TN (S TEN [ SO LU I WS T LU SO BN I WS L0}
o+ o+ o+ o+

+

IO NI NI IO NI |
o+ o+ o+ o+

3.388
3.369
3.408
3.393
3.375
3.358
3.727
3.710
3.745
3.732
3.715
3.695
4.055
4.042
4.069
4.059
4.046
4.030
4.376
4.364
4.388
4379
4.368
4.354
3.647
3.627
3.670
3.653
3.632
3.608
3.981
3.960
4.004
3.986
3.965

3.352
3.316
3.392
3.363
3.327
3.283

3.278
3.292

3.575
3.592

3.845
3.865

4.098
4.120

3.469
3.483

3.745
3.763

3.286 3.219
3.302 3.208
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Table 4 continued

State  JP Present  [18]  [22] 241 [23]
o 3040
3G I 43,
9F 4285
3t 433
I 4308
9F 4290
¥ 4068
1H 3 3.905 3.643
= 387 3.658
7 3.936
3 3911
L= 3883
B= 3850
2H 3 4229
4= 400
7 4256
3 4234
A= 4210
BT aas

as a scalar potential with the first-order correction. Our calculated masses of the radial excited
states (25—-6S5) are presented in Table 2 and the orbital excited states (1P-5P, 1D-5D, 1 F-
4F,1G-3G and 1H and 2H) are listed in Tables 3, 4, 5, 6, 7 and 8. Our results are compared
with other theoretical predictions and the experimental observations where available. The
obtained masses are used to draw Regge trajectories in the (n;, M?) and (J, M?) planes.
They are used to determine the possible quantum number of the particular hadronic states

[28]. The S states with J© = %+ and the P, D, F, G and H states for the J* values %_,

+ 7— o+ - . . . .
% , % , % and % , respectively, are plotted in the (n,, M?) plane. Using the equation,

ny = BM* + o, (10)

where n, = n — 1 and B and S are the fitted slopes and the intercepts, respectively. In

the (J, M?) plane, the Regge trajectories are plotted with natural P = (—1)” =3 and the

Lo . + 3— 5t 71— 9F
unnatural P = (—1)7*2 parities. Therefore, the states with J values % , % , % , % , %

and %_ are here available with the natural parity; and the states %+, %7, %+, %_, %+ and
173 are for the unnatural parity. Using the equation,
J =aM? + ap, (11)
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Table 5 Predicted masses of the
orbital excited states of Ej’
baryon (P and D waves) (in
GeV)

State 7P Present [18] PDG [1]
1P 3 2.830 2.810 2.7924 £ 0.0005
3" 2.822 2.794 2.81673 % 0.00021
1" 2.834 2.818
3”7 2.826 2.802
3" 2.815 2.780
2pP 3 3.200 3.198
3 3.192 3.180
' 3.204 3.208
3~ 3.196 3.189
3" 3.185 3.165
3p 2 3556 3.586
3" 3.547 3.566
1 3.560 3.596
3 3551 3.576
3 3.540 3.549
4P ' 3.899 3.974
3" 3.891 3.952
2 3.903 3.985
3" 3.895 3.963
3 3.885 3.933
5P 'u 4233 4.360
3" 4.225 4338
3 4237 4372
3" 4229 4349
3 4219 4319
1D 3 3.123 3.104 3.1229 £ 0.0013
3* 3.109 3.077
1t 3.138 3.134
3 3.128 3.114
3t 3.114 3.087
1 3.097 3.053
2D 3 3.478 3.485
3t 3.465 3.458
i 3.493 3516
3t 3.483 3.495
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Table 5 continued State JP Present [18] PDG [1]

3 3.470 3.468

1 3.453 3.434
3D 3 3.823
3.810
3.836
3.827
3815
3.800
4D 3 4.157
4.146
4.170
4.162
4.150
4.136
5D 4.483
4472
4.494
4.487
4.476

4.463

where « and « are the fitted slopes and the intercepts, respectively. The Regge trajectories
of the strange singly charmed baryons are shown in Figs. 1, 2, 3, 4, 5 and 6 plotted in the
(n,, M?) and (J, M?) planes using the above equations. On the Regge lines, our calculated
masses are presented and the available experimental observations are indicated by a cross
sign with a possible quantum number.

3.1 Z states

The spin—parity of the ground (15) state of £ baryon and its neutral isospin partner E?

were confirmed experimentally. For the predictions of the excited radial and orbital states
of isodoublet &, baryons, we fixed their masses of = j‘ 1 2.46787 £ 0.0003 GeV and & 8 :
2.470871000058 Gev for 7P = 1T and forthe 77 = 37 the 5 : 2.64553+0.00031 GeV
and E? : 2.64632 £ 0.00031 GeV from [1]. The isodoublet of &, baryons [Ef(dsc) and
Ej' (usc)] has different quark constituents. The authors of Refs. [17,21-25,27] consider
equal mass of light quarks u and d. So they cannot distinguish the isodoublet of Z. baryons
and calculate their excited-state masses. In this work, we use m, = 0.338 GeV and my =
0.350 GeV taken from Ref. [18] and we calculate the mass spectra of ELO (dsc) and E:’ (usc)
baryons separately (see Tables 2, 3, 4, 5 and 6). So we can compare our results with the
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Table 6 Predicted masses of the
orbital excited states of Ej’
baryon (F, G and H waves) (in
GeV) 1F

~
~

State Present [18]

3.380 3.394
3.357 3.354
3.420 3.432

3.405 3.406
3.386 3.366
3.363 3.318

2F 3.744

3.727

3.762

3.749

3.732

3.712

3F 4.079

4.065

4.094

4.083
4.069

4.052

4F 4.407

4.393

4.422

4411

4.397

4.381
3.667
3.642

1G

3.694
3.673

o+ o+ o+ o+

3.648

i N =2 'S BN I SSTIL I SRR SO IR I WS TIN-T SO RN B WS TLOL T SO USRI SR 1LV I WS N NS TR B SO TLOL T SO/ LUS I S TR I WS 1LV T WS TN NS TR I SOOI T LU SO TR I WS TLU T SO TN=TIN S TEN [ SO LU I WS T LU I SO BN I NS 1L}

+

3.619

2G 4.002
3.981
4.024

4.007

IO NI NI IO NI
o+ o+ o+ o+

3.987
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Table 6 continued

State JP Present [18]
ur 3.963
3G i 4332
9t 4312
3t 4.353
i 4.337
9t 4317
ur 4294
1H 3 3.926
i 3.896
7 3.958
3 3.932
4 3.903
L 3.869
2H 3 4255
= 4.230
7 4281
3 4.260
i 4.236
13- 4208

™

predictions of Refs. [17,21-25,27] with either = ? baryon or either EC‘*' baryon. In this work,
our results of radial and orbital excited states of E? baryon are compared with the predictions
of Refs. [17,21-25,27].

In 2016, the Belle collaboration [69] studied the decay of an isodoublet of Z.(2790) and

E:(2815) into & (C) and = ;" final states. They identified = .(2790) and & .(2815) states with
the total spin %_ and %_, respectively. According to the quark mass hierarchy, the down (d)
quark is heavier than up (1) quark. So the & (C) are expected to be heavier than &} masses. Ref-
erence [69] gives a negative isospin mass splittings of the Z . isodoublets; M (& .(2645)" —
2.(2645)%), M(E.2790)t — 5.(2790)%), M(E5.(2815)F — 5.(2815)%), M(&.(2970)+
— E.(2970)% and M(E.(3080)t — £.(3080)?). In the present study, the isospin mass
splittings are positive, i.e., ZF > & 8. (See Ref. [70] to know about isospin mass splitting.)

Also, Ref. [69] observed an isodoublet & .(2970) resonances, but still their J© values are
not found. Their world average masses are 2.9707£0.0022 GeV and 2.968 +0.0026 GeV [1].
These are in accordance with our predictions of 2S state with J¥ = {r. The world average
masses of the isodoublet of Z.(3080) are 3.0772 £ 0.0004 GeV and 3.0799 £ 0.0014 GeV
[1], which are in agreement with our predictions of a 2 state with J© = %+ (see Table 2).
The BABAR collaboration [12] reported a state & (3123)" of mass 3.122940.0013(stat) &
0.0003(syst) GeV. This is exactly matched by our prediction of the second orbital excitation
of Ej' with JP = %+; for the spin § = % (see Tables 5 and 6).
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Table 8 Predicted masses of the
orbital excited states of 29
baryon (F, G and H waves) (in
GeV)

@ Springer

State JP Present [18] [22]
IF 3 3.536 3.602 3.522
3 3.519 3.565 3.498
3" 3.555 3.643 3533
3 3.541 3.613 3515
- 3524 3.577 3514
3 3.503 3.532 3.485
2F 3 3.878
- 3.863
3" 3.895
3 3.883
I 3.868
3 3.850
3F 3 4213
I 4.199
3" 4229
3 4218
- 4.204
3 4.186
4F 3 4.541
1 4527
3" 4.556
5 4.545
3 4.531
3" 4515
16 1" 3.800 3.721
9" 3.777 3.685
3t 3.824 3.739
1" 3.806 3.707
9t 3.783 3.705
Iy 3.756 3.665
2G 1" 4.136
9" 4115
3t 4.158
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Table 8 continued

~
~

State Present [18] [22]

4.141

+ o+

4.120

— NN NI
+

4.096
3G 4461
4445
4478
4.465
4.449

4.431

O NI Ml NO I I\-)‘
o+ o+ o+ +

=
+

ﬁm

4.057

— Nl
|

4.029

4.087

O NIy

4.063

— N
|

4.035

1=
|

4.004
4.386
4.362

O |

2H

— N
|

4412

© IS Y

4.391
4.367
4.339

(Sl i

. o - . + + -
For the radial excitation of &9 baryon, with J© = % and J¥ = % , our predictions are

larger than Refs. [17,22,23,25,27]. For the P and D states, our results are in accordance with
the predictions of Refs. [17,22-24]. And for 1 F to4F, 1G-2G and 1 H states our predictions
are larger than Ref. [22] by mass differences between 77 MeV and 262 MeV (see Tables 3,
4). For the isodoublet = baryons, our results are in accordance with the predictions of Shah
et al. [18]. The other theoretical and phenomenological studies consider the same light quark
masses, so here our predictions are compared only with & (c) baryon. Our calculated masses
of the radial excited states of & baryon are presented in Table 2, and their orbital excited
states are listed in Tables 5 and 6.

The Regge trajectories of the isodoublet = . baryons are shown in Figs. 1,2, 3 and 4. In both
the planes (n,, M?) and (J, M?), their squared masses are fit nicely on Regge lines. Regge
trajectories confirmed the isodoublet states of &.(2790) and & . (2815) as first orbital excited
states with spin—parity %_ and %_, respectively. They predict an isodoublet of = .(2970)

and &.(3080) as 28 states with spin—parity %+ and %Jr, respectively. In the present study,
the Regge trajectories are enabled for the predictions of the experimental observed states
Z.(2930) and &.(3055)7.
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21 T T T T T T T T T
18 |
154
>
]
©)
& 124
B S States -
® P States
94 A D States
- 0 V F States
5‘0(2970) 4 Gstates I
:‘0(2790)0 P H States
— 0 >< Exp. Resonances| T
=c
T T T T T T T T T T T
0 1 2 3 4 5

=,(2645)°

"

125 3120 st T 92t 112 327 520 7Y 92 112" 132
J J

Fig.2 The (M 250 Regge trajectories of & 9 baryon with the natural parity (left) and the unnatural parity
(right)

3.2 .Q(C) states

Experimentally, only the ground states of £20 baryon have been observed with their quantum
number. PDG [1] fitted their masses: 2.6952 + 0.0017 GeV for J¥ = {r and 2.7659 +

0.002 GeV for J¥ = %+. The 96(2770)0 was observed by BABAR collaboration [71] in
the decay of £2.(2770)° — .Q? + y. Recently, the LHCb collaboration [16] observed a
number of excited states of £20 baryon: £2,(3000)°, £2.(3050)°, £2.(3066)°, £2.(3090)°
and £2,(3119)°. Their J ¥ values are not confirmed yet.

We calculate the masses of radial and orbital excited states of £20 baryon. For that, first
we fit their ground-state masses from Ref. [1]. The LHCb [16] and the Belle collaboration
[72] reported a state .QL.(3OOO)0. The PDG [1] confirmed its world average mass, 3.00041 +
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21 . , . , . , . , .

B S States
@ P States
A D States )
v F States
4 G States —
p H States
X Exp. Resonances | |

£.(2790)"*

[

o+

o
N
N
w
~
4]

=,(2815)"
64 =645

23

125 32 st T2 92t 112 32" 52 7R 92 1128 132
J J

Fig.4 The (M 250 Regge trajectories of & ;" baryon with the natural parity (left) and the unnatural parity
(right)

0.00022 GeV. This state is close to our prediction 2.976 GeV of 1P state of J¥ = %7 with
spin § = % (see Tables 7 and 8). Also, they report a state £2.(31 19)% measured with the
mass 3.1191 4+ 0.0003(stat) 4 0.0009f8:8882(syst) GeV [16]. Such a state might be 2.5 state
with JP = %Jr (see Table 2). For the radial excited states of £2° baryon, with J ¥ = %+ and

JP = %+, our results are in agreement with the predictions of Refs. [21,22]. And, for the
orbital excitations of 1P to 4P, 1D-2D, 1F and 1G states, our results are in accordance
with the predictions of Refs. [20-23,25-27]. In the .Q? baryon mass spectrum, the screening
effect contributes to predictions of lower masses of the excited radial and orbital states with
respect to the results obtained by Shah et al. [18] using the linear potential.

The Regge trajectories of the £20 baryon are shown in Figs. 5 and 6. In both the planes

(ny, M?) and (J, M?), the squared masses of their excited states are fit nicely on Regge lines.
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12 1 S States
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D States
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G States
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Fig.5 The (M 25 ) Regge trajectory of .(28 baryon

21 ' ' 21
A
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o Q,(2770)°
6' Slc 6'
125 32 52t T2 92t 12 328 520 7Rt 92 1120 132
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Fig. 6 The (M 250 Regge trajectories of 99 baryon with the natural parity (left) and the unnatural parity
(right)

The £2. (3000)0 is predicted as a first orbital excited state with J P— %7, and the £2.(31 19)0

may have 2 state with J© = %+. In the present study, the Regge trajectories are enabled for
the predictions of the experimental observed states £2.(3050)°, £2.(3066)° and £2.(3090)°.

4 Properties
4.1 Strong decays
The study of heavy-light-flavored baryons provides an excellent base to update the under-

standing of heavy quark symmetry of the heavy quark and the SU(3) chiral symmetry of
the light quark. As we stated in Introduction, the heavy hadron chiral perturbation theory
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(HHChPT) describes a chiral Lagrangian in which both the symmetries are incorporated.
Such a Lagrangian derived an expression of the partial decay rates (see Refs. [31-33]) con-
taining strong couplings: g1 and g» for the P wave transitions and %, to i7 for the S wave
transitions. And, the pion decay constant f; = 130.2 MeV is taken from PDG-2018 [1].

The strong decays of & .(2645)" and & (2645)0 are governed by the coupling g>. In our
previous work [73], we extract gy from the decays: £.(2455)*+ — Afn+, £.(2455) —
Afr=, 2252007 — AtxT and £.(2520)° — Af7~ as

| g2 1=0.55070003,  0.54470010,  0.5611000, 057070005, (12

respectively. Here, we used their masses and respective decay widths from PDG-2018 [1],

which are close to | g2 |2015 :0.565f8:85}¥ and | g2 2006 = 0.605f8:8ig and in accordance

with the recent prediction 0.688f8:8£ of Ref. [39]. The coupling &, controls the decay of first

orbital excitation of isodoublet & baryon. The CDF collaboration [74] studied A.(2595)"
resonance into A7t~ final state and measured the strong coupling 4y = 0.60 = 0.07.

Expression of the strong decay rates of an isodoublet of &.(2645), &.(2790) and
Z -(2815) is taken from Refs. [31-33]. The masses of these states obtained in the present study
and from the PDG-2018 [1] are used to calculate their strong decay rates separately. They
are listed into the third and the fourth column of Table 9. Here, in both the cases of masses
we employed the same couplings | g2 |= 0.5501“8:85 and sz = 0.60 & 0.07. Our results
HHChPT(2019) with PDG-2018[1] update the strong decay rates of these baryonic states.
Our calculated decay widths of isodoublet = . (2645) are in agreement with HHChPT(2015)
[4], HHChPT(2007) [32] and the recent observations of Belle collaboration [69]. The decay
widths of isodoublet states of &.(2790) are smaller, and for an isodoublet & .(2815) our
results are larger with respect to Refs. [4,32,69]. Such differences are because of the selec-
tion of couplings Ref. [32] used | g> |= 0.60570:05 and hy = 0.43770:1 )3 and Ref. [4] used
| g2 1= 0.565T0:0)} and hy = 0.63 % 0.07.

4.2 Magnetic moments

To improve our understanding of the inner structure and geometrical shape of the hadrons, the
study of electromagnetic properties is an essential key. The magnetic moment of the hadron
is precisely a function of its structure and of its parameters such as spin, flavor, charge and the
effective masses of the bound quarks. Its expression can be written in the form of expectation

value as [43,44]
mB = Z<q§sf’ﬁqu
q

chf); q=u,d,s,c. (13)

Here, g and @ denote the magnetic moment and the spin—flavor wave function of the
participating baryon. The /i,, is the z-component of the magnetic moment operator of the

individual quark given by
R e
fig: = i - 0y2, (14)

2mq

where ¢, is the charge and o, is the z-component of the constituent quark spin. The meqff is
the effective quark mass and is

me" =my <1 + Z(H’L ) : (15)
g "q
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Equation 15 gives the mass of the bound quark inside the baryons by taking into account its
binding interactions with other two quarks. The Hamiltonian (H) is obtained by taking the
mass difference of the measured or predicted baryon mass M with the sum of the masses of
the three constituent quarks »_ qMq of the participating baryon, i.e., (H) = M — ) qMq-

For example, in order to determine the magnetic moment of £2° baryon we write Eq. 13
as

ap = (s | i1g: D31 )- 16)

Here, the spin—flavor wave function (@) of Q? baryon is obtained by taking a combination

of flavor and spin part wave function as

¢sfﬂg)=%<s¢s¢m+s¢s¢c¢—2s¢s¢c¢>. (17)

Therefore, Eq. 16 will be

1
lmg=E(STSLCTHLSTCT—%TSTCTI/%ASTSiCT
+slystect—2ststct). (18)

Following the orthogonality of quark flavor and spin states, forexample (s 1 s | ¢ 1 |s 1 s 1
¢ |) = 0, the expression for the £2° magnetic moment reduces to

1
oo = cls tsbeligels ts e

1
+6(S¢STCT|[qu|S»LSTCT)
4
+E(STSTC¢|,&qz|STSTC¢)- 19)

Expectation values of the z-component of the magnetic moment operator of the strange
and charm quarks are

(s 1 /:Lsz Is 1) = +us, (s | /:Lsz ls ) = —us, {c 1l ,&cz lc 1) = +ue,
(cdlitezle d) = —pe. (20)

Therefore, Eq. 19 becomes

1 1 4
*(Ms_,us+Nc)+8(_M5+Ms+ﬂc)+g(ﬂs+ﬂs_Mc)7 2n

Mo = ¢

and this gives the quark model prediction for the ground-state magnetic moment of the .Qg

baryon as
4 1

s — = He- (22)

hat =3 3

In the same way, we also determine an expression of the magnetic moment of the other
strange singly charmed baryons, as reported in Table 10. Using the constituent quark masses
from Sect. 2 and the masses of the strange singly charmed baryons from Table 2 for J ¥ = %Jr,
we calculate their magnetic moment and compare them with other theoretical predictions, as

reported in Table 10.
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Table 11 The radiative decay widths (I'},) of strange singly charmed baryons (in ke V)

Decay Present  [34] [36] [42] [44] [49] [50] [51]
£0(2645)0 — Eg +vy 0.776 184 036 — 0.30 0908  1.318  0.66+0.41
E.02645t - 55 +y 9028 21.6 502 - 6332 443 1524 52432

2:(2770)0 — .Q? +y 3.726 032 482 089 202 1.07 1.439 -

4.3 Radiative decays

Electromagnetic transition strength of the singly charmed baryons is weaker and has not a
phase space restriction than that of the pion transitions in the strong decay [4]. But some
radiative decay modes contribute significantly to the total branching fractions of the singly
charmed baryon. The radiative decay width can be expressed in terms of the radiative tran-
sition magnetic moments (x Bl— ) in uy and photon energy (k) as discussed in [43,44]

2 e 23
YT A 2+ 1 m3 BBl

where m, is the proton mass and J represents the total angular momentum of the initial
baryon B,.

The transition magnetic moment is determined by following the same procedure as we
discussed in the above subsection. For the transition §2.(2770)° — Q(C), we write

Mgz

K2, 27700020 = <¢sfm 271700 Pst g0 > ; (24)

the spin—flavor wave functions (@f) of £2, (2770)° and .Q? states are

1

(@t ) = (55) - (%mw + 141+ m>> (25)
1

@) = G50 - (%(2 My — 1t - HT)) : (26)

Now repeating the procedure as we have done in the above subsection, this gives the
transition magnetic moment (in @y ) as

= 10.(2770)0— 20 2\/2 (s — pe)  — 1.499.

In the same way, we determine the transition magnetic moment of the other strange singly
charmed baryonic states:

— Uz, (2645)0— 50 f_%(ud —ns)  —0.176

~ Ha. 645yt —>a¢ \/g(ﬂu — 1) 1.864.

Using these radiative transition magnetic moments, the radiative decay widths are cal-
culated (in keV). Our results are listed in Table 11 and compared with other theoretical
predictions.
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5 Summary

In the present study, the excited-state masses of the strange singly charmed baryons are
calculated in the nonrelativistic framework of hypercentral constituent quark model (hCQM).
A screened potential is used as a confining potential with the first-order correction to see the
relativistic effect in the heavy-light baryonic systems. Our results are listed in Tables 2, 3, 4,
5, 6, 7 and 8 with other theoretical predictions and the available experimental measurements.
Moreover, our results are plotted on Regge line according to their quantum number in both
(ny, M%) and (J, M?) planes as shown in Figs. 1, 2, 3, 4, 5 and 6. That help to assign the
possible J” value of the experimentally observed unknown states. Here, the spectroscopy
and the Regge trajectories studies identified the states such as:

e &, baryon

the isodoublets of & (2970) and &~ (3080) states are assigned as a 2.S state with J P — %+

and %Jr, respectively; and the 5 .(3123)7 state is predicted as a 1D state with J ¥ = % for
aspin § = %

e 29 baryon

the £2.(3000)° state identified as a 1 P state with J© = 1™ and the £2.(3119)° state may

be 2 state with J© = %Jr.

The experimentally observed strange baryons resonances = .(2930), Z.(3055)", 2.
(3050)°, £2.(3066)° and £2.(3090)° are not identified with their spin—parity in this work.

The strong decay rates of the isodoublet baryonic states Z.(2645), &.(2790) and
Z.(2815) are analyzed in the framework of heavy hadron chiral perturbation theory
(HHChPT). The decays of the isodoublet = .(2645) are driven by the strong coupling g>
and hy controls the decays of Z.(2790) and & .(2815) isodoublet states. Here, we used
| & |= 0.550f8:8£ extract in our previous work [73] by using the masses from PDG-2018
[1]and hy = 0.60£0.07 was taken from the CDF collaboration [74]. Hence, using these cou-
plings and the baryons masses from PDG-2018 [1] we update the values of their strong decay
rates. Moreover, the magnetic moments and the transition magnetic moments of the ground
state of strange singly charmed baryons are calculated in the constituent quark model. The
radiative decay rates based on the transition magnetic moments are determined. Our results
of magnetic moments and the radiative decay rates are compatible with other theoretical
predictions.

The obtained mass spectra of strange singly charmed baryons are used for the study of
their Regge trajectories, strong decays, magnetic moments, transition magnetic moments
and radiative decay widths. This study will help experimentalists as well as theoreticians to
understand the dynamics of strange singly charmed baryons. So we foresee to extend this
scheme for the calculations of the strange and non-strange singly bottom baryons.
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