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The fully charm and bottom pentaquarks, i.e., ccccé and bbbbb, with spin-parity quantum numbers

P _1- 3- 5—
J—i,i,andj,

are investigated within a lattice-QCD inspired quark model, which has already

successfully described the recently announced fully charm tetraquark candidate X(6900) and has also
predicted several other fully heavy tetraquarks. A powerful computational technique, based on the
Gaussian expansion method combined with a complex-scaling range approach, is employed to predict, and
distinguish, bound, resonance, and scattering states of the mentioned five-body system. Both baryon-
meson and diquark-diquark-antiquark configurations, along with all of their possible color channels are
comprehensively considered. Narrow resonances are obtained in each spin-parity channel for the fully
charm and bottom systems. Moreover, most of them seem to be compact multiquarks whose wave functions
are dominated by either hidden-color baryon-meson or diquark-diquark-antiquark structure or by the

coupling between them.

DOI: 10.1103/PhysRevD.106.014005

I. INTRODUCTION

One century of fundamental research in atomic and
nuclear physics has shown that all matter is corpuscular.
The atoms that comprise us contain a dense nuclear core,
which is composed of protons and neutrons, referred to
collectively as nucleons, which are members of a broader
class of femtometer-scale particles, called hadrons. In our
understanding of hadrons, we have discovered that they are
complicated bound states of quarks (and gluons) whose
interactions are described by a quantum non-Abelian gauge
field theory called quantum chromodynamics.

A very successful classification scheme for hadrons
in terms of their valence quarks and antiquarks was
independently proposed by Murray Gell-Mann [1] and
George Zweig [2] in 1964. This classification (3-quarks)
was called the quark model; it basically separates hadrons
in two big families: mesons (quark-antiquark) and baryons
(three-quarks). The quark model received experimental
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verification beginning in the late 1960s, and despite exten-
sive experimental searches, no unambiguous candidates for
exotic quark-gluon configurations were identified
until 2003, when the Belle Collaboration discovered an
unexpected enhancement at 3872 MeV in the ztz J/y
invariant mass spectrum while studying the reaction
BT - Ktatn~J/y [3].

The so-called X(3872) state challenged the quark model
picture, leading to an explosion of related experimental
activity since then. Consequently, more than 20 different
charmonium- and bottomoniumlike XYZ states have been
reported by worldwide experimental collaborations. Very
detailed reviews have been published on the current state of
the subject; see, for instance, Refs. [4—18]. In the last few
years, more tetraquark candidates have been reported such
as the charged charmoniumlike tetraquark with strangeness
X0.1(2900) [19,20]; X(2600) [21]; X(1835), X(2120), and
X(2370) [22]; Z.4(3985) [23]; Z..(4000), Z.(4220),
X(4630), and X (4685) [24]; Y(4230) and Y(4500) [25];
the hidden charm structure y,(3823) [26,27]; and the
doubly charmed tetraquark 7. [28,29]. In the baryon
sector, experimental progress has been also developed;
the first hidden-charm pentaquark P} (4380) was reported
in 2015 by the LHCb Collaboration [30], and then more
candidates were announced, e.g., the P (4312), P/ (4337),
P (4440), and P} (4457) [31,32] and also the hidden-
charm pentaquark with strangeness P%(4459) [33].

Published by the American Physical Society
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In support of the experimental effort, theorists have been
proposing different kinds of color-singlet clusters made by
quarks, antiquarks, and gluons which go beyond conven-
tional mesons and baryons. In fact, at the birth of the quark
model, Gell-Mann and Zweig indicated already that had-
ronic states with ggg g and gqqqq content should exist in
nature. More concretely, recent studies on tetraquarks that
include mass spectrum, structure, decay, and production
properties can be found in, for instance, Refs. [34—44].
Besides, many analyses on hidden-charm pentaquarks P,
and P_; have been published in the last few years [45-71].
Meanwhile, several other types of pentaquarks are theo-
retically studied, such as the hidden-strange and -bottom
pentaquarks [72-75] as well as the single-charmed and
doubly charmed pentaquarks [76-82].

The fully heavy tetraquark states QQQ Q (Q = ¢, b)
have recently attracted much attention. In 2017, the CMS
Collaboration reported a benchmark measurement of
Y(1S)-pair production in pp collisions at /s = 8 TeV
[83] whose preliminary analysis seems to indicate an
excess at 18.4 GeV in the Y(1S)/"¢~ decay channel
[84]. Besides, a significant peak at 18.2 GeV was observed
in Cu 4 Au collisions at the Relativistic Heavy Ion Collider
[85], but the LHCb and CMS collaborations [86,87] were
not able to confirm it from the Y (18)u "y~ invariant mass
spectrum. Nevertheless, in the di-J/y invariant mass
spectrum, a narrow peak at 6.9 GeV, a broad one between
6.2 and 6.8 GeV, and a hint for a possible structure around
7.2 GeV were reported by the LHCb Collaboration [88].

The identification of fully heavy tetraquark states make
one speculate that the pentaquark system consisting of all
heavy quarks, i.e., QQQQQ with Q either a ¢ or b quark,
may also exist. The theoretical study of the masses and
decay properties would help to search for the heavy
pentaquark states in experiments. In fact, all investigations
to date are as follows: the fully charm pentaquark state
should have a mass at around 7.9 GeV according to quark
models [89-91] and QCD sum rules [92,93], and it is
claimed by the same works that the fully bottom pentaquark
should be located at approximately 23 GeV.

In view of the complexity of the problem at hand, the
only way toward progress is the use of a diverse array of
theoretical approaches. In this work, we explore the
possibility of having bound, resonance, and scattering
states of fully charm and bottom pentaquarks, viz,

Q0000 (Q = c, b), with spin-parity J* =1~ 37, and
%‘ in the S-wave channel. We employ a nonrelativistic
quark model with a two-body interaction between heavy
quarks based on the lattice-QCD study of Ref. [94] and
successfully applied by us to the case of fully heavy
tetraquarks in Ref. [95]. The five-body problem is solved
by using the Gaussian expansion method [96] combined
with the complex scaling method [97-100] according to the

so-called ABC theorem [97,98].

This work is organized in the following way. First,
we briefly discuss the potential model, pentaquark
wave functions, and computational method in Sec. II.
Then, Sec. III is devoted to the analysis and discussion
of our theoretical findings. A summary follows in Sec. IV.

II. THEORETICAL FRAMEWORK

The nature of heavy quarks, either charm or bottom,
can be well described within a nonrelativistic quark model.
Furthermore, inspired by lattice-regularized QCD inves-
tigations such as Ref. [94], the interplay between a heavy
quark, Q, and a heavy antiquark, O, can be well approxi-
mated by the spin-independent Cornell potential along
with a spin-spin interaction [101,102]. Accordingly, the
Hamiltonian of the five heavy-quark system can be gen-
erally expressed as

5

= (Mo )+ vey W

=1 j>i=I

where M is the mass of heavy quark (antiquark) and the
two-body interacting potential can be written as

R 3 a = =
V(Fij) _—R(ﬂ?‘ﬁf){—r‘f'd"ij‘f'ﬂe 7"(&"%’)},
ij

(2)

where, sorting by appearance, it includes Coulomb, linear
confining, and spin-spin interactions. Moreover, color
dependence is encoded in the SU(3) Gell-Mann matrices,
24 (a=1,2,...,8), and this factor is crucial in studying
multiquark systems. Table I shows the model parameters: a,
B, 7, and o, determined by fitting the conventional QQ
meson spectrum [95,103], and the theoretical and exper-
imental data are summarized in Table II. One can see that
theoretical masses are consistent with their experimental
counterparts. Although Q... and €, baryons are still not
seen by experiments, our calculated results are compatible
with several other theoretical predictions [90,91,104].
Therefore, this fact provides a solid ground to further
study possible bound and resonance states in the fully

TABLE I. Model parameters.

Quark masses M, (GeV) 1.290
M, (GeV) 4.700

Coulomb a 0.4105

Confinement 6(GeV?) 0.2

Spin-spin 7(GeV) 1.982
Pee (GeV) 2.06
Py (GeV) 0.318
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TABLE II. Theoretical and experimental masses, in MeV, for
the S-wave conventional QQ mesons and QQQ baryons.
State Mtheory Mexp eriment
17.(18) 2968 2981
n.(25) 3655 3639
17.(38) 4152
J/p(1S) 3102 3097
w(2S) 3720 3686
w(3S) 4200
7y (1S) 9401 9398
17, (25) 9961 9999
n,(3S) 10316
T(1S) 9463 9460
T(29) 9981 10023
T(39) 10330 10355
Q. (15) 4797

Q... (25) 5305

Q... (39) 5735

Qi (15) 14358

Qppp(25) 14765

beb(3S) 15083

heavy pentaquark systems QQQQQ and naturally continue
our work done for fully heavy tetraquarks in Ref. [95].

In the present investigation, both baryon-meson and
diquark-diquark-antiquark configurations, shown in Fig. 1,
are simultaneously considered. Moreover, we comprehen-
sively include all possible color structures compatible with
the mentioned five-quark configurations and also allowed
by the S-wave J” =1/27, 3/27, and 5/2~ quantum
numbers studied. Additionally, different kinds of
coupled-channel calculations have been performed: the
case in which a particular quark arrangement configuration
is considered and the one where a complete coupled-
channel computation is performed. Below, details on the
fully heavy pentaquark wave functions along with our
computational approach are illustrated.

A. Color, flavor, and spin structure

The pentaquark wave function is a product of four terms:
color, flavor, spin, and space. Concerning the color degree of

[e) 4
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FIG. 1. Configurations in the fully heavy pentaquarks. Panel
(a) is the baryon-meson structure, and panel (b) is the diquark-
diquark-antiquark one (Q = c, b).

freedom, there is a richer color structure in multiquark
systems than in conventional quark-antiquark and three-
quark hadrons. Particularly, the colorless wave function
of a five-body system can be obtained through either a
color-singlet or a hidden-color channel or both. Since
baryon-meson and diquark-diquark-antiquark configura-
tions are simultaneously considered in this investigation,
the color-singlet channel can be reached considering only
Fig. 1(a), whereas the hidden-color channel can be obtained
through either Figs. 1(a) or 1(b). Note herein that, although it
is enough to just consider the color singlet channel when all
possible excited states of a system are included, a more
efficient way of performing the computation is considering
both the color singlet and hidden-color wave functions. The
color-singlet wave function reads as

X = (rgb — rbg + gbr — grb + brg — bgr)

S“’_‘
oo

x (Fr + gg + bb), (3)

and the hidden-color one corresponding to Fig. 1(a) is

i 1
1= ZeUhs = anag = Aars + Ao

+ 255104 = X8 ez =00 + X5 sx21) (4)

where k = 2(3) is an index which stands for the symmetric
(antisymmetric) configuration of two quarks in the three-quark
subcluster. In Eq. (4), all color bases of the two sub-clusters,
meson and baryon, are those used in studying the P, hidden-
charm [71], P, hidden-bottom [75], and doubly charmed
pentaquarks [82]. Additionally, two colorless wave functions
of the diquark-diquark-antiquark configuration of Fig. 1(b) are

obtained. Considering the chains of color-coupling coefficients

2 A1 AR11] 222
® [ Crym [nlcugﬁnﬂw

1] A1) A1
@ 1€y 1 Cla oy Sl ooy g anls»

the two colorless wave functions of diquark-diquark-
antiquark configuration are (subscripts correspond to the ones
above):

2= J%m(rb - br)(rg—gr) — (rg+ gr)(rb— br)

+3l(rg+gr)(gb — bg) + (gb + bg)(rg — gr)]
+b[(rb+ br)(gb — bg) — (gb + bg)(rb — br)]
+V2[Frr(gb — bg) — §gg(rb — br) + bbb(rg - gr)]},
(5)
{7[(rg—gr)(rb—br) — (rb — br)(rg — gr)]

(gb —bg)(rg — gr)]
(gb = bg)(rb —br)]}. (6)

C

X5 =

B~
=

+ gl(rg — gr)(gb — bg) —
+ [(rb br)(gb — bg) —
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With respect the flavor wave function of fully charm and

bottom pentaquarks, it is simply expressed as ;(}p =
00000 (Q = c, b), which corresponds to the quark
sequence shown in Fig. 1 and simply gives a total isospin, /,
equal to zero.

Only S-wave fully heavy pentaquark states shall be con-
sidered, and thus the total angular momentum, J, coincides
with the spin, S, of the five-quark system which ranges from
1/2 to 5/2. Therefore, we should only focus on the possible
spin wave functions of a fully heavy pentaquark system; the
spin wave function of the baryon-meson structure of Fig. 1(a)
can be written as (the third component of spin is taken to be
equal to S without loss of generality)

20(5) = \/xm 3 - \@r 3o+ \/2%3))(11

x55(5) = 25:3)x6o (13)
22 22

)(%’%(5) :Z%% (3))(11 (14)

253(5) =177 3%, (15)
22 22

for § =3/2 and

Zg;(5> :)(371(3))(11 (16)

22 22

for § =5/2.

The possible spin wave functions for the diquark-
diquark-antiquark configuration of Fig. 1(b), compatible
with the quantum numbers that we are investigating, can be
summarized as

)(%2( )= )(00)(009(11 (17)
2 1
20105) = \/;)(80)({171)(?_1 - \@){80%’{0%?1 (18)
22 272 22

\/7()(11)(1 1~ XX T X0 vatyal (19)

\/7()(11)({170 —x%0x51) ;_%

- \/%()((1;1)((1;—1 —X7-xN )Zf% (20)

29

249
22

|o|_.
NI—

w\—
N\-—

for S =1/2 and

VEE (5) = )(00)(11)(11 (21)

(ST
Siw G

leq

g \/7()(11)(10 = XXXt %% (22)

Z§§<5) \/7)(11)(11)(%,_% \ 10 (Zn)(lo"‘)(lo)(n) 211 (23)

for $ = 3/2 and

Zg (5) = 111)(11)&1 (24)

:Cnm &)

for S =5/2.

Note herein that all these expressions can be easily derived
by considering the three-quark and quark-quark(antiquark)
subclusters and using SU(2) algebra. Particularly, the spin
bases which ranges from Eqgs. (7)—(24), have been already
derived by us when investigating other multiquark systems;
further details can be found in Refs. [71,75,82].

B. Computational method

We have already mentioned that two sets of fully heavy
pentaquark configurations, shown in Fig. 1, are considered.
Consequently, their antisymmetry operators must be cat-
egorized. The antisymmetry operator for the baryon-meson
structure of Fig. 1(a) is

Ap=[1-(15)-(25) - @5)I[1 - (13) -

Meanwhile, the diquark-diquark-antiquark arrangement of
Fig. 1(b) has an antisymmetry operator

(23)].  (25)

Ay =1-(13) = (15) = (23) - (25) + (13)(25). (26

The Rayleigh-Ritz variational principle is employed
herein to solve the Schrédinger-like five-body bound-state
equation because it is one of the most extended tools to
solve eigenvalue problems due to its simplicity and
flexibility. Given a set of relative motion coordinates,
where the center-of-mass kinetic term 7-,; can be com-
pletely eliminated for a nonrelativistic system, the five-
quark system spatial wave function is generally written as

014005-4
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WLML (9) = H[(ﬁnl A (ﬁeia>¢nzlz ()*eig)}l¢n3l3 (?em)]l’
¢n414 (Rew)]LML' (27)
In particular, the four internal Jacobi coordinates of baryon-

meson structure of Fig. 1(a) are defined in the following
way:

p=3x —X, (28)

;{ _ )_()3 _ mix + myX, ’ (29)
mi + my

F =Xy —Xs, (30)

ml)_c'l + m2y_c'2 + m33_c’3 I’I14)_C>4 + m5555
m1+m2+m3 m4+m5

R=

(31)

And, in the case of diquark-diquark-antiquark configura-
tion of Fig. 1(b), they read as

p=3% —X, (32)

A=3%;—Xs, (33)

? _ mlxl + m2x2 _ I113X3 + m5x5 ’ (34)
mg + my ms + ms

_ ml)_c'l + m2)_c'2 + m3)_c'3 + m5}5 (35)
my + nmy + ms + ms '

R =

&~

A crucial point of the Rayleigh-Ritz variational method
is the basis expansion of the genuine state’s wave function.
Herein, the Gaussian expansion method (GEM) [96] is
employed; each relative coordinate is expanded in terms of
a Gaussian basis whose sizes are taken in geometric
progression. Moreover, as mentioned above, GEM is
complemented with the complex scaling method in order
to have access at the same time to bound, resonance, and
scattering states. This approach has been proven before to
be quite efficient on solving the bound- and resonance-state
problem of multiquark systems [71,75,82,95,105-107].
The interested reader is referred to Ref. [14] for a com-
prehensive summary on the GEM and complex scaling
method (CSM) applied to multiquark systems. Conse-
quently, the functional form of the orbital wave functions,
¢, shown in Eq. (27) is

¢nlm (?ela) = an (relg) le_yn (reig)z Ylm <?) N (36)

Only S-wave states of fully heavy pentaquarks are inves-
tigated in this work, and thus no laborious Racah algebra is
needed when computing matrix elements. In other words,
the value of the spherical harmonic function Y, is just a

constant, viz., Yoo = 1/1/4x.

Finally, in order to fulfill the Pauli principle, the
complete antisymmetric complex wave-function of five-
quark system is written as

N

lPJM,:',j(e) = An[[V/L(e))(?(S)]]MXJI‘)(ﬂ’ (37)

n=1

where A, is the antisymmetry operator whose expression is
either Eq. (25) or Eq. (26) depending if baryon-meson or
diquark-diquark-antiquark is accordingly considered. The
use of these antisymmetric operators is needed because
we have constructed an antisymmetric wave function for
only two quarks of the three-quark subcluster in baryon-
meson configuration or for the quark-quark subcluster
in the diquark-diquark-antiquark arrangement; the remaining
quarks in the system are coupled to the wave function by
simply considering appropriate Clebsch-Gordan coefficients.

III. RESULTS

The S-wave low-lying states of fully charm and bottom
pentaquarks are systematically investigated by taking into
account both baryon-meson and diquark-diquark-antiquark
configurations. Besides, all possible color structures of
each configuration, along with their couplings, are com-
prehensively considered. The total angular momentum J,
which coincides with the total spin S, ranges from 1/2 to
5/2 with a negative parity P = —1.

First, real-range investigations are performed on the fully
heavy pentaquarks, and Tables III-XIV list our calculated
results. In particular, masses of each channel in baryon-
meson configuration and diquark-diquark-antiquark one,
along with their couplings, are summarized in Tables III, V,
and VII for the fully charm pentaquarks with J* = %‘, %‘,
and %‘, respectively. Besides, similar studies for the fully
bottom pentaquarks are shown in Tables IX, XI, and XIII,
respectively. Therein, the two considered configurations of
pentaquark system, baryon-meson, and diquark-diquark-
antiquark are listed in the first column. They are then
assigned an index in the following column. The third one
presents a particular combination of spin (y7) and color
(r7) wave functions, compatible with the spin-parity
quantum numbers considered in each case. The theoretical
mass of each channel is shown in the fourth column, and
the coupled result for each kind of configuration is
presented in the last one. The last row of all those tables
indicates the lowest-lying-coupled mass in a complete
coupled-channel computation.

In a further step, the CSM is employed only for com-
plete coupled-channel calculations of the QQQQQ sys-
tems. Figures 2—7 show general distributions of the found
complex eigenenergies; possible resonance states are indi-
cated inside (orange) circles. Meanwhile, Tables IV, VI,
and VIII are about compositeness of the obtained fully

charm resonances within 1=, 37, and 37, respectively.
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TABLE III. Lowest-lying fully charm pentaquark states with
JP =1/27 calculated within a real range formulation of the
potential quark model. Baryon-meson and diquark-diquark-anti-
quark configurations are listed in the first column, and the
superscripts 1 and 8 stand for the color-singlet and -octet states,
respectively. Each channel is assigned an index in the second
column; it reflects a particular combination of spin (y7') and color
(r}) wave functions that are shown explicitly in the third column.
The theoretical mass obtained in each channel is shown in the
fourth column, and the coupled result for each kind of configu-
ration is presented in the last column. When a complete coupled-
channel calculation is performed, last row of the table indicates
the lowest-lying mass. (unit: MeV).

XX

Channel Index [i5 /] M Mixed
(Quecd )" 1 [1; 1] 7899 7899
(Qeeed Jw)® 2 [5; 2] 8088
(Qeced /y)° 3 [4; 3] 8082
(chc‘]/l//)g 4 [3; 2] 8145
(Qeced [w)® 5 [2; 3] 8144
(Qeocd Jw)8 6 [1; 3] 8556 8022
(cc)(ce) e 7 [7; 4] 8142
(ce)*(ce)*e 8 [9; 5] 8098
(ce)*(ce)*e 9 [8; 5] 8167 8045

Complete coupled channel: 7899

TABLE IV. Compositeness of the exotic resonances for the
JP = 1/2~ fully charm pentaquarks, obtained when a complete
coupled-channel analysis using CSM is performed. Particularly,
the first column is the resonance pole labeled by the M + i, unit
in MeV; the second one is the distance between any two quarks or
quark-antiquark, unit in fm, and the last column is the component
of each resonance state (S: baryon-meson structure in the color-
singlet channel; H: baryon-meson structure in the hidden-color
channel; Di: diquark-diquark-antiquark configuration).

Resonance (FeesTez) Component

8098 + i0.16 (0.53, 0.56) Di: 100%

8634 + i0.38 (0.75, 0.64) Di: 100%

8742 +i0.86 (0.76, 0.71) S: 46%; H: 52.7%; Di: 1.3%

The resonance pole, encoded by its mass and width
(M +1iT'), is listed in the first column; its inner structure
elucidated by quark-quark and quark-antiquark distances is
shown in the second column; and the last column presents
the dominant component of each resonance. The corre-
sponding analyses for fully bottom pentaquarks are col-
lected in Tables X, XII, and XIV, respectively.

We proceed now to describe in detail our theoretical
findings.

TABLE V. Lowest-lying fully charm pentaquark states with
JP =3/2" calculated within a real range formulation of the
potential quark model. The results are similarly organized as
those in Table III. (unit: MeV).

29575

Channel Index [i5]] M Mixed
(Qeeett)! 1 (2; 1] 7765
(Qeced w)! 2 [1; 1] 7899 7765
(Qeccd /y)° 3 [4: 2] 7992
(Qeced Jw)? 4 [3; 3] 7987
(Qeeette)® 5 [2: 3] 8155
(le/w) 6 [1; 3] 8259 7982
(ce)(ce 7 [5; 4] 8104
(ce)* (cc) ¢ 8 [6; 5] 8131
(ce)*(ce)*e 9 [7; 5] 8095 8095

Complete coupled channel: 7765
TABLE VI. Compositeness of the exotic resonances for the

JP =3/27 fully charm pentaquarks, obtained when a complete
coupled-channel analysis using CSM is performed. The results
are similarly organized as those in Table IV.

Resonance

8095 +i0.14
8656 + i0.62

Component

Di: 100%
Di: 100%

(rccv rcE)

(0.53, 0.55)
(0.76, 0.65)

TABLE VII. Lowest-lying fully charm pentaquark states with
JP =5/27 calculated within a real range formulation of the
potential quark model. The results are similarly organized as
those in Table III. (unit: MeV).

XX
Channel Index [i5]] M Mixed
(Qeeed Jy)! 1 [1; 1] 7899 7899
(Qeced /w)® 2 [1; 3] 8421 8421
(ce)*(ce)*e 3 [1; 5] 8137 8137
Complete coupled channel: 7899
TABLE VIII. Compositeness of the exotic resonances for the

JP = 5/2" fully charm pentaquarks, obtained when a complete
coupled-channel analysis using CSM is performed. The results
are similarly organized as those in Table IV.

Resonance (FeerTez) Component

8137 +i0.18 (0.53, 0.57) Di: 100%

8668 + i0.62 (0.74, 0.68) Di: 100%

8727 4 i0.64 (0.75, 0.65) S: 11.1%; H: 37.9%; Di: 51%
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TABLE IX. Lowest-lying fully bottom pentaquark states with
JP =1/27 calculated within a real range formulation of the
potential quark model. The results are similarly organized as
those in Table III. (unit: MeV).

TABLE XII. Compositeness of the exotic resonances for the
JP = 3/2~ fully bottom pentaquarks, obtained when a complete
coupled-channel analysis using CSM is performed. The results
are similarly organized as those in Table IV.

X953 x6

Channel Index [i5 /] M Mixed
(s 1)! 1 [1; 1] 23821 23821
(@ T)° 3 [4; 3] 24016
(@ T)° 4 [3; 2] 24032
(Qppp T)* 5 [2; 3] 24075
(Qppp 1) 6 [1: 3] 24443 23959
(bb)(bb)*b 7 [7; 4] 24066
(bb)*(bb)*b 8 [9; 5] 24055
(bb)*(bb)*b 9 [8; 5] 24093 24035

Complete coupled channel: 23821

TABLE X. Compositeness of the exotic resonances for the
JP = 1/2" fully bottom pentaquarks, obtained when a complete
coupled-channel analysis using CSM is performed. The results
are similarly organized as those in Table IV.

Resonance (rpps Tpp) Component
24026 +i0.06  (0.29, 0.30)  S: 4.6%; H: 36.5%; Di: 58.9%
24055 +i0.12  (0.29, 0.31) Di: 100%
24591 +i0.08  (0.44, 0.42) S: 46.2%; H: 52.3%; Di: 1.5%

TABLE XI. Lowest-lying fully bottom pentaquark states with
JP =3/27 calculated within a real range formulation of the
potential quark model. The results are similarly organized as
those in Table III. (unit: MeV).

baavs
Channel Index [i5 /] M Mixed
(i) 1 [2; 1] 23759
(@ 1) 2 [1; 1] 23821 23759
(QpppT)® 3 [4; 2] 23955
(Qppp )" 4 [3; 3] 23942
(Qpppmp)® 5 [2; 3] 24347
(QpppT)* 6 [1; 3] 24374 23936
(bb)(bb)*b 7 [5; 4] 24045
(bb)*(bb)*b 8 [6; 51 24074
(bb)* (bb)*b 9 [7; 5] 24054 24035
Complete coupled channel: 23759

Resonance (b p5) Component
24059 +i0.02  (0.30, 0.31)  S: 4.5%; H: 39.3%; Di: 56.2%
24468 +i0.22  (0.34, 0.49) Di: 100%

TABLE XIII. Lowest-lying fully bottom pentaquark states with
JP =5/2" calculated within a real range formulation of the
potential quark model. The results are similarly organized as
those in Table III. (unit: MeV).

XX
Channel Index [i; /] M Mixed
Q1) 1 [1; 1] 23821 23821
(Qp, T8 2 [1; 3] 24302 24302
(bb)* (bb)*b 3 [1; 5] 24076 24076
Complete coupled channel: 23821

TABLE XIV. Compositeness of the exotic resonances for the
JP = 5/2 fully bottom pentaquarks, obtained when a complete
coupled-channel analysis using CSM is performed. The results
are similarly organized as those in Table IV.

Resonance (TopsTpp) Component
24076 + i0.12 (0.29, 0.31) Di: 100%
24478 +i0.46 (0.32, 0.49) Di: 100%

A. Fully charm pentaquarks

1. JP=%‘ sector

Table III shows our results in this case. There is only one
color-singlet baryon-meson channel, Q...J/y. Its calculated
lowest mass is just the noninteracting baryon-meson threshold
value 7899 MeV. Meanwhile, the five hidden-color configu-
rations of Q....J /y are above 8.0 GeV, ranging from 8.08 to
8.56 GeV. Three hidden-color diquark-diquark-antiquark
channels are around 8.1 GeV. When performing a coupled-
channel calculation in each exotic configuration: hidden-color
baryon-meson and diquark-diquark-antiquark, the lowest
masses are 8.02 and 8.04 GeV, respectively. Therefore, no
bound state is found, and this fact remains unchanged within a
complete coupled-channel real-range calculation.

In a further step where the complex scaling method is
employed in a fully coupled-channel calculation, the
scattering states of Q...(18)J/y(1S), Q...(25)J/w(1S),
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FIG. 2. Complex eigenenergies of coupled-channel calculation
for various @ within J” = J~.

and Q...(18)J/y(2S) are shown well in Fig. 2 within an
energy gap 7.9-8.8 GeV. Therein, with a rotated angle varied
from 0° to 6°, the vast majority of complex energies is aligned
well on their corresponding threshold lines. However,
three fixed poles, which are independent of 6, are clearly
obtained. They are quite narrow resonances, and the complex
energies, denoted as M+il', are (8098+i0.16) MeV,
(8634 +i0.38) MeV, and (8742 4+ i0.86) MeV, respectively.

We compute the quark—(anti)quark distances and the
dominant wave function component in our analysis about
the compositeness of these three resonance poles. Table IV
shows our results; one can conclude that these five-quark
exotic resonances are compact with a size around 0.5—
0.8 fm. This nature is also confirmed by their dominant
component which is either diquark-diquark-antiquark or
hidden-color baryon-meson. It is worth noting that our
result on the first resonance at (8098 4 i0.16) MeV is also
supported by Ref. [92], whose calculated mass upper limit
for the fully charm pentaquark of diquark-diquark-anti-

1

quark nature and J¥ = 5~ quantum numbers is 8.08 GeV.

2. J° =§' sector

Table V shows that there are also nine channels to be
considered in this fully charm pentaquark sector. In
particular, there are two color-singlet baryon-meson struc-
tures, Q... and Q...J /y; four hidden-color channels of
the same baryon-meson nature; and three diquark-diquark-
antiquark cases. First of all, when a calculation in each
single channel is performed, the lowest mass 7765 MeV is
just the theoretical threshold value of Q...5.; moreover,
there is another calculated color-singlet mass with a value
of 7899 MeV which is located at the Q...J/y threshold,
and the other exotic channels are generally lying within an
interval of 7.99-8.26 GeV. When a coupled-channel
computation is performed in each particular pentaquark

2, (19)7,25)
Q,.(93(18) 0 _(1S)J/A1S) Q_(28)7(18) _Q9I/HIS) 2, (15)H28) 2, (39),1S)
0 R e Pk e sl seeoBiber: bl st e

o
[
1

-T/2(MeV)
[6)]
T

>

8

& (N o
>
o]
B>
B

o |p|o|e

9

&
_10 1 1 1 1 1 1 A 1 1 1 1
7700 7800 7900 8000 8100 8200 8300 8400 8500 8600 8700 8800

M(MeV)

FIG. 3. Complex eigenenergies of coupled-channel calculation
3,

for various 6 within J” = 3

configuration, the masses are all located above . ..7.
threshold, and they are 7765, 7982, and 8095 MeV for the
color-singlet baryon-meson, hidden-color baryon-meson,
and diquark-diquark-antiquark cases, respectively. The last
row of Table V shows the lowest computed mass,
7765 MeV, when a complete coupled-channel computation
in real range formalism is performed; therefore, no bound
states are found for fully charm pentaquarks with J¥ =
3/2~ quantum numbers.

Figure 3 presents the distribution of complex eigene-
nergies of the J¥ = 3/2~ fully charm pentaquark system
when a complete coupled-channel analysis is carried out
using the CSM. Within the energy interval 7.7-8.8 GeV, the
ground states of Q...n. and Q...J/y, along with their
radial excitations, are well presented. These baryon-meson
states are of scattering nature, with calculated discrete
energies always going down with respect to the variation of
complex angle 6#. Nevertheless, two extremely narrow
resonances survive among these continuum states.

The theoretical poles are located at (8095 + i0.14) and
(8656 + i0.62) MeV. Hence, it seems that the lowest reso-
nances of fully charm pentaquarks with %‘ and %_ quantum
numbers are degenerate. Additionally, Table VI analyzes the
compositeness of the two poles found in this channel, and one
may conclude that they are quite compact whose sizes are less
than 0.8 fm and their dominant wave function’s components
are of diquark-diquark-antiquark type.

3. JP=%‘ sector

In the highest spin case of fully charm pentaquarks, there
are only three possible configurations under consideration,
i.e., just one state of singlet-color baryon-meson, hidden-
color baryon-meson, and diquark-diquark-antiquark. The
calculated mass results are listed in Table VII; it is worth
highlighting that the unbound nature of the Q...J/y,
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FIG. 4. Complex eigenenergies of coupled-channel calculation
for various @ within J¥ =3~

whose theoretical mass is 7899 MeV, remains unchanged
whether coupling effects are included or not. Besides,
masses of the other two exotic structures are 8421 and
8137 MeV.

Similarly to the previous J* quantum quantum numbers,
narrow resonance states are available in a fully coupled-
channel investigation using the complex scaling method.
Figure 4 shows our results, the scattering states of
Q.o(18)J/w(1S) and its radial excitations are clearly
presented within the energy range 7.9-9.0 GeV; meanwhile,
three stable resonances are circled therein. Their complex
energies are (8137 + i0.18), (8668 + i0.62), and (8727+
i0.64) MeV. All of them are still compact multiquarks
whose size and exotic nature are indicated in Table VIII.

B. Fully bottom pentaquarks

1. JP=%‘ sector

Table IX collects the theoretical masses obtained in each
fully bottom pentaquark configuration and also taking into
account their couplings within the same arrangement. In
particular, the color-singlet €, Y configuration has a mass
of 23821 MeV; the hidden-color cases of the same arrange-
ment are located at around 24.03 GeV, except for one
higher state with mass at 24.44 GeV; and when performing
coupled-channel calculation, the mass is 23.96 GeV, which
is above the lowest baryon-meson threshold. As for the
three diquark-diquark-antiquark channels, their masses are
around 24.06 GeV, and the coupling is also weak with a
coupled mass generated at 24.04 GeV. At last, when a
complete coupled-channel study is considered in real range
approximation, the nature of the scattering state Q,, Y is
not unchanged.

Some interesting findings are obtained when a fully
coupled-channel investigation has been extended to the
complex range. Figure 5 shows the distribution of calculated

0 Zu19S) : 2,091 0,91 2,69 NUS)
ey , s

bbb’ -
1 TVLF ¥ T T T ™~
e®) o

-T/2(MeV)
&
T

AQ mo oo

©
T
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23800 23900 24000 24100 24200 24300 24400 24500 24600
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FIG. 5. Complex eigenenergies of coupled-channel calculation
for various ¢ within J” = §.

eigenenergies within the interval 23.8-24.6 GeV. Therein,
the scattering nature of €;,, Y in both ground and radial
excitation states are clearly captured. However, three fixed
poles are obtained as the complex angle is rotated, and their
energies read (24026 +i0.06), (24055 +i0.12), and (24591 +
i0.08) MeV. These resonances are extremely narrow, and
from Table X, their sizes are close to 0.3 fm. From the same
table, the first two resonances mostly consist of exotic color
structures (~100%), and there is a strong coupling between
color-singlet (46.2%) and exotic color (53.8%) channels for
the third one. Finally, the diquark-diquark-antiquark reso-
nance with eigenenergy (24055 + i0.12) MeV is compatible
with the one obtained in Ref. [92].

2. J =3~ sector

Two color-singlet baryon-meson, four hidden-color
baryon-meson, and three diquark-diquark-antiquark chan-
nels are considered in this case. Table XI shows that the
masses of the color-singlets €7, and €, Y are 23.76 and
23.82 GeV, respectively, indicating their scattering nature.
Masses of the four hidden-color channels are slightly higher,
lying in an energy interval from 23.94 to 24.37 GeV. Besides,
the three diquark-diquark-antiquark channels are generally
located at ~24.05 GeV. When computing in coupled-chan-
nels mode using real range formulation, two exotic color
structures reduce their masses in about 20 MeV, and this fact
does not hold for color-singlet channels. In any case, the
lowest mass remains located at the €7, threshold theo-
retical value, 23.76 GeV, even if a complete coupled-channel
computation is performed.

In a fully coupled-channel investigation in which the
CSM is used, two narrow resonances are obtained and
shown in Fig. 6. Their complex energies read (24059
+i0.02) and (24468+i0.22) MeV. Furthermore, by analyz-
ing their compositeness in Table XII, both compact and
exotic color features are obviously shown. Finally, note that
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for various @ within J¥ =3~

the 23.7-24.6 GeV energy region is plagued by discrete
poles belonging to the ground and radial excitation scatter-
ing states of Qp,,n, and QY.

3. JP =3~ sector

There are three channels for the highest spin sector of the
fully bottom pentaquarks. Our calculated results are listed
in Table XIII. First, a bound state is not possible here with
the lowest mass of the color-singlet Q;,, Y channel equal to
its theoretical threshold 23.82 GeV. This value remains
unchanged in a fully coupled-channel case. Meanwhile, the
hidden-color baryon-meson and diquark-diquark-antiquark
channels are both excited, and their masses are 24.30 and
24.08 GeV, respectively.

0 Gs19)IUS) BuCONS) B, (9NS) _2,(91S)
T T T TR YT TR

In a further calculation, where the CSM is employed in a
complete coupled-channel study, some narrow resonances
are obtained. Within the energy region 23.8-24.6 GeV of
Fig. 7, two stable poles are circled among the scattering
states of Q,,,T. Details on their nature are listed in
Table XIV. In particular, these two resonances have masses
(24076+i0.12) and (24478+i10.46) MeV, and both are
compact diquark-diquark-antiquark configuration.

IV. CONCLUSIONS

The S-wave fully charm and bottom pentaquarks with
spin parity J* =1, 37, and 3~ have been systematically
investigated within both real- and complex-scaling range
using a lattice-QCD inspired potential embedded in a quark
model picture. The five-body Schodinger-like equation is
solved by expanding the wave function solution in terms of
Gaussian basis functions whose ranges are in geometric
progression. Moreover, the baryon-meson and diquark-
diquark-antiquark configurations, along with all of their
possible color channels and coupligns, are also compre-
hensively considered.

Several narrow resonances are obtained in the complete
coupled-channel calculations when the complex scaling
range allows us to discern them. They are summarized in
Table XV. All these states are exotic color configurations,

TABLE XV. Summary of the resonances found in the fully
charm and bottom pentaquarks. The first column shows the spin
parity of each singularity, the second column refers to the
dominant channel (S: color-singlet channel, H: hidden-color
channel, Di: diquark-diquark-antiquark channel), and the last
column shows the corresponding complex eigenenergy,
E =M +il'. (unit: MeV).

Fully charm pentaquarks

10

-T/2(MeV)
&
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©
T
o|b|o (o

had Y S
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©

23800 23900 24000 24100 24200 24300 24400 24500 24600

M(MeV)

JP Dominant channel Complex energy
%— Di(100%) 8098 +i0.16
Di(100%) 8634 +10.38
S(46%) + H(53%) 8742 + i0.86
%— Di(100%) 8095 +i0.14
Di(100%) 8656 +i0.62
%— Di(100%) 8137 +1i0.18
Di(100%) 8668 + i0.62
H(38%) + Di(51%) 8727 + i0.64

Fully bottom pentaquarks

FIG. 7. Complex eigenenergies of coupled-channel calculation

for various @ within J¥ =3~

JP Dominant channel Complex energy
%— H(37%) + Di(59%) 24026 + i0.06
Di(100%) 24055 + i0.12
S(46%) + H(52%) 24591 +-i0.08
%— H(39%) + Di(56%) 24059 + i0.02
Di(100%) 24468 + i0.22
%— Di(100%) 24076 + i0.12
Di(100%) 24478 4 i0.46
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either hidden-color baryon-meson or diquark-diquark-
antiquark structure, or by the coupling between them.
The decay widths are generally small, but other possible
baryon-meson decay channels with higher partial waves
have not been considered, neither their three-body decay
channels and potentially large electromagnetic transitions.
Besides, they are usually compact arrangements of quarks
whose sizes are about 0.5-0.7 and 0.2-0.4 fm for the fully
charm and bottom pentaquarks, respectively. The compact
feature is also indicated in several studies of heavy-flavored
multiquark systems. The predicted fully heavy pentaquarks
are expected to be observed in future experiments, but not
without difficulties; by considering their pole positions, we

propose to begin their hunting by looking at the golden
decay channels Q. ..J/w and QY.
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