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Abstract. In this article, we study the mass spectra of baryons containing two
heavy quarks; charm-charm (cc) and bottom-charm (bc) with a light quark (u,d, s)
within the framework of Regge phenomenology. With the assumption of linear Regge
trajectories we have derived the relations between slope ratios, intercepts, and baryon
masses. Using these relations, the ground state masses of Z¢., Zpe, Qee, and Qpe
baryons are obtained. The values of Regge slopes and Regge intercepts are extracted
for these baryons to estimate the excited state masses in both the (J, M?) and (n, M?)
planes. Our obtained results are compared with the experimental observations where
available and other theoretical predictions, which could be a valuable addition to the
interpretations of experimentally unknown heavy baryon spectra.
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1. Introduction

Due to the large number of data recently reported by many world-wide experimental
facilities such as LHCb, CMS, SELEX etc., the study of baryons containing heavy
quarks (¢, b) is of significant interest. Many singly heavy baryons have been discovered
in experiments so far and the quantum numbers of the observed states have been assigned
[1]. Also, two heavy quarks (b or ¢) and a light quark (u, d, or s) can be bound together
to form doubly heavy baryons in the constituent quark model, have two families: =
and Q. Q possesses a light strange quark whereas = has up or down quark(s), with
two heavy quarks (¢ and b). The study of these particles is crucial to understanding
the hadron spectroscopy and Quantum Chromodynamics (QCD) at low energies. In
experiments, the first doubly heavy baryon was discovered with the charm quantum
number C' = 2 is EFF (uce) [2]. Although the SELEX Collaboration [3, 4] reported

cc

the observation of ZF (dcc) at a mass of 3519+£2 MeV years ago, other Collaborators
such as FOCUS [5], BaBar [6], and Belle [7] failed to observe a state with the same
properties. Recently in 2017, the LHCb Collaboration confirmed the existence of the

ET* baryon with a mass of 3621.40 + 0.72(sat.) =+ 0.27(syst.) =+ 0.14(A) through


http://arxiv.org/abs/2204.10045v1

Mass spectra of Zee, Zpe, Qee, and Qpe baryons in Regge Phenomenology 2

the decay Z%F — ATK 77t [2] and later this state was confirmed in the decay to
=rnt [8]. Later, its lifetime time, mass, and production cross section were measured
[9, 10, I1]. Other than doubly charmed baryons, a different kind of doubly heavy
baryon, the beauty-charmed baryon containing one bottom quark (b) and one charm
quark (c) should also exist. The bottom-charm system is expected to be smaller than the
charm-charm system and behave more like a point-like particle compared to the charm-
charm system. Furthermore, beauty-charmed baryons incorporate more energy scales,
including the bottom mass, charm mass, and the nonperturbative QCD scale Agep.
Because of their significance, experimentalists have been focusing on searching for the
beauty-charmed baryons. In 2020, the LHCb Collaboration seek for the doubly heavy
=Y. baryon using its decay to the D’pK~ final state is performed using proton-proton
collision data between 2016 and 2018. No significant signal is found in the invariant
mass range 6.7 to 7.2 GeV/c? [12]. Recently, in 2021 the LHCb Collaboration reported
the first search for the Q. baryon and a new search for the = baryon in the mass range
from 6.7 to 7.3 GeV/c?, using pp collision. No evidence is observed in this mass range
[13].

In last few years researcher’s have been putting their efforts to study the properties
of doubly heavy = and €2 baryons using various phenomenological and theoretical models
[14, 15, 16, 17, 18, 19]. The authors of Refs. [20, 21] employed the hypercentral
constituent quark model with Coulomb plus linear potential to obtain the mass spectra
for doubly heavy = and 2 baryons. In this work, the first order correction is also taken
into account to the potential. The ground, radial, and orbital states are calculated
and the study of the Regge trajectories is performed in the (J,M?) and (n, M?)
planes. Recently, these authors revisited the mass spectra of =Xt and =, baryons
using Hypercentral Constituent Quark Model with Coulomb plus screened potential
and also they calculate the transition magnetic moments of all the doubly heavy =
and Q baryons [22]. Q. -X. Yu et al. study the masses of the doubly heavy baryons
within the framework of Bethe-Salpeter (BS) equations and solved them numerically
with the Kernel containing the scalar confinement [23]. The authors of Ref. [24] used
the constituent quark model to study the singly and doubly heavy baryons with two
exceptions; a color Coulomb term depending on quark masses and an antisymmetric
L.S force. They studied the low-lying negative parity states and structures. The Ref.
[25], 26] obtained the mass spectra for the families of doubly heavy baryons Zgq and
Qg¢ in the framework of the non-relativistic quark model with the QCD potential. They
assume the quark-diquark structure for the wave functions and also the spin dependent
splittings are taken into account.

Another approach of QCD sum rules is used to obtain the masses and residues
of radially and orbitally excited doubly heavy baryons [27]. The authors of Ref [2§]
used the relativistic quark model to calculate the mass spectra of baryons made up of
two heavy and one light quark. They assumed the light-quark—heavy-diquark structure
of the baryon and under this assumption, the ground and excited states of both the
diquark and quark-diquark bound systems are considered. Here the light quark is
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treated completely relativistically and quark-diquark potential is constructed. In the
present study, we employed the theoretical approach called Regge Phenomenology with
the assumption of linear Regge trajectories. Several relations between Regge intercepts,
slope ratios, and baryon masses are extracted and the ground state masses of Z.., =,
Q.., and ). baryons are evaluated using these equations. After that, we calculate the
Regge slopes for %Jr and %Jr trajectories to obtain the excited state masses for natural
and unnatural parity states in the (J, M?) plane. Further we extend our work and
extract the Regge parameters in the (n, M?) and obtained the radial and orbital excited
state masses of these doubly heavy baryons.

The remainder of this paper is organised as follows. After a brief introduction,
in Sec II, the complete Regge theory is described and the mass relations are extracted.
Using these relations, the ground and excited masses are estimated in the (.J, M?) plane.
After that, we extend our work and determine the Regge parameters to obtain the mass
spectra of these baryons in the (n, M?) plane. Sec III provides the complete discussion
of our results obtained. Finally, we concluded our work in section IV.

2. Theoretical Framework

The linear Regge trajectory is one of the most effective and extensively used
phenomenological approaches to studying hadron spectroscopy. To understand the
Regge trajectory, various theories were developed. In 1978, Nambu proposed one of
the most straightforward explanation for linear Regge trajectories [29, 30]. He assumed
that the uniform interaction of quark and antiquark pair creates a strong flux tube, with
light quarks rotating with the speed of light at radius R at the tube’s end. The mass
originating in this flux tube is estimated as [29, [30, [31],

R o
M=2 [ s

where o denotes the string tension (the mass density per unit length). Similarly, the

dr = moR, (1)

flux tube’s angular momentum is calculated as,

7raR2 ,

0’7“7/
_2/ 9
Tﬂ 5 t¢ (2)

one can also write,

2
J——+c, (3)

2o
where ¢ and ¢’ are the constants of integration. Hence we can say that, J and M? are
linearly related to each other. The plots of Regge trajectories of hadrons in the (J, M?)
plane are usually called Chew-Frautschi plots [32]. They used the theory to investigate
the strong quark gluon interaction and observed that the experimentally missing excited
states of mesons and baryons lie on the linear trajectories in the (J, M?) plane. A set of
internal quantum numbers characterises a particular pole’s trajectory, and the hadrons
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lying on the same Regge line have the same internal quantum numbers. The general
relation for the linear Regge trajectories can be expressed as [29] 30) 31, 33],

J =a(M) = a(0) + o’ M?, (4)

where a(0) and o' are, respectively, the slope and intercept of the Regge trajectory.
In reality, the linear property in Regge theory is just the leading order phenomenon.
The Regge trajectories have been demonstrated to be nonlinear in several studies
[34, 35, 36l B7]. Generally the nonlinear behaviour of Regge trajectories are observed
in quarkonia [38 139, 40}, 41]. Although string-like or semi relativistic potential models
may show a linear relationship between hadron mass squared and quantum numbers.
Now for different flavors of baryon multiplets, the Regge parameters (o' and a(0))
can be related by the following relations [33] 42} [43] 144 [45],
the additivity of intercepts

aiig(0) + a;54(0) = 2ai;(0), (5)
the additivity of inverse slopes
1 1 2
+ = —, (6)

Aig i Alijg
where 7, 7, and ¢ represents the quark flavors. Using Eqs. () and (B]) we obtain,
i Miy + 0 Mo, = 200, M7 (7)

119 2349 1q’

After combining the Eqs. (6) and (@), we derive two pairs of solutions which are
expressed as,

o/.. 1 9

OKZZ 2M]2]q X [(4Mijq — Mijy — M) & \/ (4MFy — M, — M5)? = 4ME My ], (8)
and,

oL, 02— )+ [ — M2,)? — AM2 M? 9
o AMZ. X [(4Mj5, + M, qu \/ e — Mz, Fia) igMig- (9)

iiq ijq

These are the important relations that we have derived between slope ratios and baryon
masses. Now the above obtained Eq. (8) can also be expressed as,

! ! !
[ e o

jja _ Tkka o Tiia (10)
Qyiq Qiiq Olkeg

here k£ can be any quark flavor. As a result,

[(4Mz2jq nq qu \/ 4M12Jf1 wq Myzjq) 4M121nyzjq]
2M?

174

[(4MG,, — M, — M) +\/4 g — M7, — MP, )2 — AMZ ME, 1 /2M,,

i1q 11q iiq

[(4Mj szjq kkq + \/ qu qu Mkkq) 4M32Jqukq]/2Mlgkq

(11)
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The above equation obtained in terms of baryon masses is the general relation, which
can be used to determine the mass of any baryon state if all other masses are known.
According to a number of theoretical investigations, the slope of Regge trajectories
decreases as quark masses increases [34] [35, [37, 43| [45] [46]. For m; > m;, we can write
o/ 0viq < 1. As a result of Eq. (), we can say that,

1 2 2 2
2Mj23q [(4Mzm - an ijq)
\/ 4Mz2yq wq ijq)2 4M222qMJ21q] <1, (12)

the above relation gives the inequality equation which is expressed as,

2 2 2

2M5, < MG, + M, (13)
We now introduce a parameter called §, which is used to estimate the deviation of a
relation (I3) by replacing the sign of inequality with the equal sign. For baryons, it is

represented by 62 and given by,

ij.q
b a2 2 2

51] q an + MJJq o QMZJQ’ (14)

here also 4, j, and ¢ represent the arbitrary light or heavy quarks. Now from Egs. (&)

and ([B) we can write,

iiq(0) — aijq(0) = aijq(0) — aj54(0), (15)
1 1 1 1
7 - 7 - 7 - 7 9 (16)
Qig  Yijg  Yijg  Yjg
we introduce two parameters based on above equations [33],
1 1
)\x: nnno_nnxo>x: 7 - ; 17
u(0) = s(0) e = 7= = (7)

where n represents light nonstrange quark (u or d) and x denotes i, j, or ¢. From Egs.

(I@)-(IT )we have,

11
ijq(0) = Gnnn(0) = Ai = Xj = Ay, —— =

ijq nnn

Y+ Ve (18)

Since in baryon multiplets for nnn and ijq states, we can write from Eq. (4),
J = apnn(0) + a M2

nnn’

J = a;54(0) + o ijq, (19)
solving Egs. (I8)) and (IIQI) we have,
Now combining relations (I4]) and (20) we can prove that [31], 33],
b2 2 2
03j.q = Miiq + Mj;q — 2Mjj,
=2(X = A) (0 — ), (21)

which says that 6%, is independent of quark flavor g.

7,4
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2.1. Ground state masses of Zce, Zpe, Qee, and Q. baryons.

. . + + - -
In this section, we compute the ground state (J© = % and % ) masses of e, Zpe,

Qce, and 2. baryons using the relations we have extracted above. For doubly charmed
baryons, in the case of =7 which is composed of (ucc), we insert i = d, j = ¢, ¢ = u,
and £ = s in Eq. (I and obtain the mass expression for ='* as a function of well

established light baryon masses and singly charmed baryon masses which is expressed as,

[(AM3y — My — M2..) + \/(4Mi+ — M2 — MZ2,,)? — 4M2MZ, ]
2MZ, .

[(4MZ) — M7 — M20) +/(4MZo — ME — M2,)* — AMZ M|

= 22
[(4Méc+ - Méj;r - Méo) + \/(4Mé;r - Méj‘;ﬁ - Méo)2 - 4Mé;FC+M_%O]( )

Similarly we can get the mass expression for 2} baryon which is comprises of one
strange quark (s) and two charm quarks (c), hence by putting i = d, j = s, ¢ = s, and
k = cin Eq. () we have,

(AM2. — MZ. — M3 )+ \J(AM2._ — M2._ — M3_)? — AMZ._M2_]
2M3_
[(4M§“*O - M%*f - Mé*%») _I_ \/(4M§*0 - M%*— - M£*+)2 - 4M§*—M(22*+:|{

— c cc —c ce ce 23

(UM — M — M) T (DR 3 M3, 7~ DI T

Qe

The above relation ([23) we obtained for Q% is in terms of well known light baryon
masses and singly charmed baryon masses. Hence, after inserting the masses of AT,
neutron (n), X0, =0 =F = 3 O~ = from PDG [I] and mass of Q° from [31]
(calculated in previous work) in Egs. (22) and 23)), we get Mz++ = 3.579 GeV for
JP = %Jr and Mg+ = 3.847 GeV for JP = %Jr. Since, only the charge mixed states
of A(1232) were assuredly measured as mentioned in PDG [I], therefore we avoided
using the masses of A** A" A® and A~ baryons in this computation. Now, 07,  is
independent of the quark flavor ¢, as already stated in the above relation ([2II). As a
result, using Eq. (I4]) we can have the following relations:
Di=u,j=sq¢g=n,c
§CT = M3 + ME — 2M2,
= M3, + M3, — 2MZ.; (24)
Mi=uj=cqg=n,s
SO/ = M3 + ME — 2M2.
= M3, + M3, —2MZ.; (25)
(Ill)i=¢,j=bg=mn,s
ST = MZE + M2, — 202
cb =k, E e
) 2 o2 .
= M3, + M3, —2M3. ; (26)
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solving Egs. (24) and (25) we have,

(M3, — M2,) + (M2, — M2.) = (M3, — MZ,), (27)
similarly, its corresponding relation for %Jr multiplet is expressed as,

(Mg, = Mz,) + (M2 = Mg) = (Mg, — M3,). (28)
Using Eq. (27)), the mass expressions for Z*F* and =% baryons can be obtained and
again after inserting the masses of Z*, ¥* and X! from PDG [I] and Q} and Q.
(calculated in our work), we get Mz.++ = 3.729 GeV and Mz-1 = 3.726 GeV for J” =
state. Similarly, with the help of Eq. (28)), we can get Mg+ = 3.719 GeV for JP = %Jr
state. Now for the bottom-charm system Z;° and 2, we again use Eq. (1)) to evaluate
the ground state masses. For =), baryon (dcb) containing two different heavy quarks
and one light quark, we put i = ¢, j = b, ¢ = d, and k = ¢ into relation (1)) and after
simplifying we get,

(Mg, + Mzp)* = AMZ ] = J(AMZy = M2, — M2} — M2, M2 (29)

Sece b Sce Spp

In the quadratic mass relation we have derived above for =), baryon, after inserting the

masses of =%, (calculated above) and =, (calculated in previous work [42]) we get the

ground state mass of =) baryon as 6.906 GeV for JZ = l+ state. Similarly we obtained
M—+ = 6.902 GeV, Mzzo = 7.029 GeV, and M_*+ =1T. 030 GeV. In the same manner for
Q) baryon composed of two different heavy ﬂavors and one light strange quark, with
the aid of relation (26) we can derive the mass expression for () and after putting the
values of masses of =, (., Zp (calculated above) and =y, (calculated in previous work
[42]), we evaluated the ground state masses of ). baryon as 7.035 GeV and 7.149 GeV
for JI' = %Jr and %Jr states respectively.

2.2. Excited state masses in the (J, M?) plane.

After calculating the ground-state masses, in this section the excited state masses of

doubly heavy = and €2 baryons lying on %Jr and %Jr trajectories are obtained and for

that we firstly extract the Regge slopes . For instance, to calculate a;wc we put ¢ = s,
j=c¢,and ¢ = n(u or d) in Eq. () we have,

’ 1
Fnce _ S X (M2, — M2 - M2 ) + VM2 — M2 - MZ ) —AM2ZMZ ], (30)
« =,

nss

After inserting the masses of = and =. from PDG [I] and =.. (calculated above) for

+ . . ’ / ’ .
JP = 17 in the above equation, we get a,,./o,,,. The value of o, is calculated as

0.7420 GeV~2 in the similar manner by putting the values i = n, j = s and ¢ = n in
Eq. (). Also from slope equation () we can have,
o = (J+2)—J

=, (31)
M3+2 - M3
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Table 1. Masses of excited states of the =.. baryon in the (J, M?) plane for natural
and unnatural parity states (in GeV).

N2S+1p, Present Others
Ej(;r ch PDG [1 [24) [47] [28] [49] [25] [50] [48]
125% 3.579 3.581 3.621 3.685 3.676 3.620 3.520 3.478 3.627 3.568
12P% 3.924 3.926 3.949 3.921 3.959 3.786 3.834
12Dg 4.241  4.243 4.115 4.047 4.034 4.050
12F% 4.536 4.538 4.267
12G% 4.813 4.815
12H% 5.075 5.077
143% 3.729 3.726 3.754 3.753 3.727 3.695 3.610 3.690 3.652
14P% 4.076 4.074 4.163 4.092 4.155 3.949 4.047
14D% 4.396 4.394 4.097 4.187 4.089
14F% 4.694 4.692 4.413
14G% 4.974 4.973
1*H1s 5.240 5.239

Table 2. Masses of excited states of the .. baryon in the (J, M?) plane for natural
and unnatural parity states (in GeV).

N29+1L; Present [21] [28] [49] [A7  [51]

12S% 3.719 3.650 3.778 3.650 3.815 3.732
12P% 3.947 3.972 4102 3.910 4.052 3.986
12D% 4.162 4.141 4.153 4.202

12F% 4.367 4.387 4.383

12G% 4.562

12H% 4.749

14S% 3.847 3.810 3.872 3.809 3.876 3.765
14P% 4.153 3.958 4.303 4.058 4.152

14D% 4.438 4.122 4.294 4.230

14F% 4.706 4.274 4516

140% 4.960

1*H1s 5.201

1

+ o -
5 trajectory. Similarly

Hence, using this equation we have a,.. = 0.3866 GeV~2 for

i

with the help of Eqs. (8) and (@), we can determine the values of o, ., and a.,
for both %Jr and %Jr trajectories. Using Eq. () one can write,
, 1
MJ+1: MJ‘I‘J (32)

With the help of values of ' extracted, from Eq. (32) we can obtain the excited state
3= 5+ 7-— and JP =37 1T 97
Y 2 *

masses of Zee, Zpe, Qee, and Q. baryons with J = 2 > 1.3

2 12
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Table 3. Masses of excited states of the =, baryon in the (J, M?) plane for natural
and unnatural parity states (in GeV).

N2S+1p, Present Others
. 2 B2 M1 B3 B4 128 [0 [16)
125, 6.902 6.906 7.014 7.011  6.904 6.943 6.933 6.914 6.945
12Py 7.254 7.258 7.394
12D 7.590  7.594
12F; 7.912 7.916
12Gy 8.221 8.225
1?Hy 8.519 8.523
1455 7.030 7.029 7.064 7.074  6.936 6.985 6.980 6.969 6.989
14P; 7.378 7.377
14Dy 7.710  7.709
14Fy 8.020 8.028
4Gy 8.335 8.334
14H s 8.631 8.630

Table 4. Masses of excited states of the (. baryon in the (J, M?) plane for natural
and unnatural parity states (in GeV).

N25+1L; Present [21)] [28] 53] [47  [B5]  [16]
125, 7.035  7.136 7.088 6.994 7.136 7.045 6.994
1°P; 7.261 7.373

1°Ds 7.480  7.547

1°F; 7.693  7.705

1°Gy 7.900

1’Hy 8.102

1455 7.149 7187 7.130 7.017 7.187 7.120 7.056
14Ps 7.452  7.363

1*Dy 7.744  7.534

1'Fy 8.025  7.690

"Gy 8.296

1*His 8.559

for natural and unnatural parities respectively, in the (J, M?) plane. Our calculated
results are shown in Tables [IH4] with other theoretical predictions. Here the state of

the particles is represented by the spectroscopic notations N**!'L ;. where N, L, and

S denote the radial excited quantum number, orbital quantum number, and intrinsic

spin, respectively.
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Table 5. Masses of excited states of the .. baryon in the (n, M?) plane. The masses

in the boldface are taken as input from Ref. [20] (in GeV).

N?28+1p; Present Others
= =5 [24) [47) [28] [52] [49)]
(S=1/2) 125, 3.579 3.581 3.685 3.676  3.620 3.678 3.520
2251 /2 3.920 3.925 4.079 4.029  3.910 4.030
32512 4.234  4.241  4.206 4.154
4251 /2 4.526  4.535
5251 /2 4.800  4.812
62512 5.059  5.073
(S=3/2) 1%S3/, 3.729 3.726  3.754 3.753  3.727 3.752 3.695
24552 3.983 3.988 4.114 4.042  4.027 4.078
34552 4.223  4.234  4.131
44555 4.448  4.466
54552 4.663  4.687
6552 4.868  4.898
(S=1/2) 1%Py)y 3.924 3926 3.949 3.921  3.959 4.079 3.786
22Py )5 4.140 4.144 4.137 4.078
32P;)5 4.345  4.351  4.159
42P; )5 4.541  4.549
52Ps)s 4.729  4.738
(S=3/2) 1*P5) 4.076  4.074 4163 4.092  4.155 4.047 3.949
24Py 5 4.181 4.183 4.488
31Ps )5 4.283  4.289  4.534
44Ps )5 4.383  4.393
54Ps o 4.481  4.494
(S=1/2) 1%Dj)s 4.241  4.243 4115 4.047 4.050 4.034
22D5 5 4.297 4.299 4.164 4.091
32D5 o 4.352  4.354  4.348
42Dg o 4.407  4.409
52D5 /2 4.461  4.463

2.3. Masses in the (n, M?) plane.

So far we have calculated the ground and excited state masses of =.., Zp., ¢, and 2,

baryons for natural and unnatural parity states in the (J, M?) plane. In this section, we

now expand our work by obtaining the radial and orbital excited state masses for these
doubly heavy baryons in the (n, M?) plane. Since the general equation for linear Regge

trajectories in the (n, M?) plane can be expressed as,

n:60+5M2a

(33)

where n = 1, 2, 3.... is the principal quantum number, 3y, and § represents the intercept

and slope of the trajectories. The Regge slope (5) and Regge intercept () are same for
the baryon multiplets lying on the single Regge line. We calculate § and (3, using relation
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Table 6. Masses of excited states of the Q.. baryon in the (n, M?) plane. The masses
in the boldface are taken as input from Ref. [21I] (in GeV).

N25+1L; Present [2§] [24] [ [49]

(S=1/2) 128, 3.719  3.778 3.832 3.815 3.650
225, /9 4.041  4.075 4.227 4.180
325, /9 4339 4321 4.295
425, )9 4.618
5251 /9 4.881
6251 /2 5.131
(S=3/2) 1%Sy, 3.847  3.872 3.838 3.876 3.809
2455 4.096  4.174 4.263 4.188
3155 4.331 4.265
41849 4.553
54859 4.765
6453 4.969

(S=1/2) 12P3) 3.047  4.102 4.086 4.052 3.910
22 P39 4.259 4345 4201 4.140
32 Py 4.550
42 Py ) 4.823
52 P39 5.081
(S=3/2) 14P;) 4.153 4.220 4.152
24Py 4.247
34 P59 4.339
44P; ) 4.429
54P; 4.517

(S=1/2) 12Dy 4.162 4264 4.202 4.153
22D5 5 4.407
32Ds 9 4.640
42Dy /9 4.860
52Ds /2 5.071

[B3), and with the help of these parameters we estimated the excited state masses of
these baryons lying on each Regge lines for natural and unnatural parity states. For =}
baryon we can write from the slope equation, fg) = 1/(Méic+(25) - Méjj(w))’ where
Mz++ 45y = 3.579 GeV (calculated above) and taking Mzi+ (55 = 3.920 GeV from [20]

for 1/27% trajectory, we get Bs) = 0.30106 GeV~2. From Eq. ([B3)) we can write,

1= Bocs) + BisyMzsr 1), (34)
2 = Bos) + Bis)MEi+ (a9,

using the above relations, we get By = -4.00918. With the help of s and Bys),
we calculate the masses of the excited =17 baryon for n = 3, 4, 5... Similarly, we can
express these relations for P and D-wave as,

1= Bopy + Bery Mz (1 py: (35)
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Table 7. Masses of excited states of the Zp. baryon in the (n, M?) plane. The masses
in the boldface are taken as input from Ref. [20] (in GeV).

N28+1p; Present Others
=h Ebe B2 [B3 B4 [T

(S=1/2) 128, 6.902 6.906 7.014 6.904 6.943 7.011
225, /9 7.240 7.244 7.321 7.478
325, /9 7.563  7.567 7.904
425, 9 7.873  7.876
5251 /9 8.170  8.174
6251 /2 8.458  8.462
(S=3/2) 1%Sy, 7.030 7.029 7.064 6.936  6.985 7.074
2455 7.263 7.267 7.353 7.495
34559 7.489  7.497 7.917
44849 7.708  7.721
5455/ 7.921  7.938
6455 8.128  8.150

(S=1/2) 1%Py) 7.254  7.258  7.394
22Py )5 7.412 7.415
32Py)o 7.567  7.569
42P; )5 7.718  7.719
52P3 5 7.867  7.867

(S=3/2) 1'P5, 7.378  7.377
21 P55 7.434 7.408
3'Ps o 7.489  7.439
44P5 o 7.545  7.470
54 P55 7.599  7.500

2= Pop) + Bip) EC+C+(2p)

1 = Bo) + By Mz++ 1y

2 = Bop) + By Mz:+ oy
Hence using the above equations, the masses for radial and orbital excited states from
1251 6251 1453 6453 2P3 52P3 14Po —54Po, and 12D 52Do are estimated. In
the same manner we estlmated the radlal and orbltal exmted states of other doubly

heavy baryons for natural and unnatural parity states. The calculated results are
summarized in tables BHS]

3. Results and Discussion

In the present work, we studied the mass spectrum of doubly heavy = and €2 baryons
with two heavy quarks and one light quark (ncc, scc, neb, and scb) within the framework
of Regge phenomenology. With the assumption of linear Regge trajectories, the relations
between slope ratios, intercepts, and baryon masses are extracted and with the help of
these relations, the ground as well as excited state masses of these baryons are estimated
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Table 8. Masses of excited states of the . baryon in the (n, M?) plane. The masses
in the boldface are taken as input from Ref. [21I] (in GeV).

N2S+1L; Present [8] [53] {7  [B5]

(S=1/2) 128, 7.035  7.088 6.994 7.136 7.045
225, /9 7.480 7.559
325, /9 7.900 7.976
425, 9 8.299
5251 /9 8.679
6251 /2 9.044
(S=3/2) 1%Sy, 7.149  7.130 7.017 7.187 7.120
2455 7.497 7.571
3155 7.829 7.985
41549 8.148
5485/ 8.455
6453 8.752

(S=1/2) 12P3) 7.261
22 P39 7.664
32 Py 8.047
42 Py ) 8.412
52 P39 8.762
(S=3/2) 14P;) 7.452
24Py 7.655
34 P59 7.853
44P; 8.046
54P; 8.234

(S=1/2) 1%Dj)s 7.480
22D5 5 7.816
32D5 2 8.135
42Dg o 8.444
52Ds /2 8.741

in both the (J, M?) and (n, M?) planes successfully. Our predicted masses for Z.., S,
Qee, and Q. baryons for natural and unnatural parity states in the (J, M?) and (n, M?)
planes are summarized in tables [[H] and respectively.

Since =}

spin-parity J¥ = %Jr having mass 3.621 GeV in PDG [I]. Our calculated ground state
=T having mass 3.579 GeV is close to the experimental result with a mass difference of
42 MeV and it is also in good agreement with other theoretical prediction [28],49, (50, 48].
Our estimated masses 3.729 GeV and 3.726 GeV for =} and ZI respectively for
JP = %Jr is close to the result of Ref. [28] with a mass difference of only 2 MeV and also in
good agreement with other theoretical predictions [24] 47, [49] 50] with a mass difference

in the range of 25-40 MeV. Further we compared our calculated results for radially and

is the only doubly heavy baryon observed experimentally assigned with

—_
—

orbitally excited state masses of =17 and =, baryons with other theoretical outcomes as
well. The predictions of Ref. [24] 28] are in good agreement with our estimated masses
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in the (J, M?) and (n, M?) with a mass difference of few MeV (see tables Il and [l). A
recent search for the =), baryon by the LHCb Collaboration has been done in which no
significant signal is found in the invariant mass range from 6.7-7.2 GeV/c?. In this work,
our estimated ground state mass 6.906 GeV lies within this range, which can be useful
for future experimental searches. Also the obtained ground state (125%) mass is very
close to the predictions of Refs. [50) 53] with a difference of 2-8 MeV and also consistent
with the results of [16], 28, [54] with a mass difference of 27-40 MeV. Similarly, for 1S s
state our estimated mass is in good agreement with the results of Refs. [47, [52, [16]
having mass difference of 30-45 MeV. Further we compared the excited state masses for
=9, and Z;, baryons with various theoretical models. Since very few results are available
and they are consistent with our predictions (see Tables B and [7]).

No experimental states have been observed in the case of doubly heavy €2.. and .
baryons yet. Many authors have made predictions about the masses of these baryons
using various theoretical models so far. Our estimated results for ground and excited
state masses of §2.. baryon in the (J, M?) and (n, M?) planes are summarized in tables
and [0 respectively. The computed ground state mass 3.719 GeV with J¥ = %Jr is
compared with the results of other theoretical models and it is found to be close to the
predictions of Refs. [28, 51] and similarly the obtained mass 3.847 GeV having J¥ = %Jr
is well matched with the outcomes of Refs. [21], 47, 28, 49] having mass difference
in the range of 25-40 MeV. Further we compared our calculated excited state masses
in the (J, M?) and (n, M?) planes and they are consistent with the results of Refs.
[49, 28| 47]. In the case of €., most of the authors have calculated the ground state
masses only. Our predicted mass 7.035 GeV with J¥ = %Jr is in good agreement with
the estimated masses of the Refs. [16] [53] 55] with a mass difference of range 10-40 MeV.
Similarly the calculated mass 7.149 GeV with J¥ = %Jr is close to the results of other
theoretical predictions [21], 28] 47, 55] with a mass difference of 29-38 MeV (see table
d). The obtained excited state masses in the (J, M?) plane for natural and unnatural
parity states are compared with the results of shah et. al [2I] and we observed that our
estimated masses for 12P% , 12D 5, and 14P% shows ~ 60-100 MeV mass difference. Also,
the radial and orbital excited state masses in the (n, M?) plane are shown in table 8]
Only [53] has calculated the radial excited states up to 3S and our obtained results for

2S5 and 35 are consistent with the prediction of [53].

4. Conclusion

The Regge phenomenology has been employed successfully in obtaining the ground as
well as excited state masses of doubly heavy =.., Zp., 2, and 2. baryons in both the
(J, M?) and (n, M?) planes. In the present work we confirmed the spin parity of =+
baryon with J¥ = %Jr,
obtained mass 6.906 GeV for =) having J¥ = %Jr lies within the invariant mass range
6.7-7.2 GeV /c? which is presented in a recent study on search of =), baryon [12] and

the only experimentally observed doubly heavy baryon. Also the

our obtained result could definitely provide useful information in future experimental
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searches. The doubly heavy €2 baryons are yet to be observed by experiments. In a recent
study of first search of . baryon in the mass range of 6.7-7.3 GeV/c? presented by
LHCb Collaboration, in which no signal is found within this mass range. The obtained
mass value of Qf, baryon with J = 17
also provide valuable contributions in future experimental searches. Also most of the

as 7.035 GeV lies in this mass range which can

theoretical studies predict the ground state masses of ZJ. and ). baryons in between
the mass range of 6.7-7.3 GeV [16, [17, 201 21], 28, 47, 50, 55, [56]. Hence our mass value
predictions for ground and excited states could be useful in future experimental studies
at LHCb, CMS, Belle II, SELEX etc. to identify these baryonic states.

In the present work we have calculated the natural and unnatural parity states in
both the (J, M?) and (n, M?) plane. The model’s reliability is very much depend upon
the availability of experimental data that we have taken as a input.
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