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Abstract We investigate the meson-baryon interaction in
coupled channels with the quantum numbers of the pen-
taquarks Ppgs and Ppgss. The interaction is derived from an
extension of the local hidden gauge approach to the heavy
quark sector, which has demonstrated accurate results com-
pared to experiments involving €2;, Ej states, and pen-
taquarks P, and P,,. In our study, we identify several molec-
ular states with small decay widths within the chosen set of
coupled channels. The spin-parity (J ) of these states is as
follows: J© = %_ for pseudoscalar-baryon (%Jr) coupled
channels, J¥ = %_ for pseudoscalar-baryon (%+) coupled

channels, /¥ = 1" and 3~ for vei:tor—baryon (%+) coupled
channels, and J* = %_, %_, % for vector-baryon (%+)
coupled channels. We search for the poles of these states and

evaluate their couplings to the different channels.

1 Introduction

The collaborative efforts at contemporary hadron facilities
are leading to the discovery of numerous new states with
heavy quarks, some of which are evidently exotic and deviate
from the standard quark model of ¢g for mesons and ggq for
baryons. Specifically, there have been notable observations
of baryons such as A, [1-5], . [6], E. [7-13], Q. [14,15],
Ap [16-20], p [21], Ep [22-25], and 25 [26] (for a recent
review of experimental findings, see Ref. [27]). Quark mod-
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els have been extensively employed to study these states [28—
46]. Furthermore, they have been investigated using lattice
QCD techniques [38,47-52] and QCD sum rules [53-55].
Additional methods have also been applied in other stud-
ies [56-59]. The discovery of hidden charm pentaquarks P,
[60—62] and hidden charm pentaquarks with strangeness P
[63] has added significant excitement to the field. The search
for new states is ongoing, and motivated by LHCb’s plans to
measure these new states, we focus here on the theoretical
study of the Ppss and Ppygy.

The P. and P, states have attracted significant attention
in past research through various theoretical models. Quark
model calculations of structures for these states have been
carried out in [64-71].

Research on meson-baryon interactions is extensive, as
reviewed in Refs. [72,73]. A successful approach involves
exchanging vector mesons to predict various baryonic states
with open charm or bottom quarks. For instance, the E..
states were examined in Ref. [74], and this was extended
to Epp and Qppp states in Ref. [75]. Studies on E. and Ej
states were conducted in Ref. [76], Ej. states in Ref. [77],
and €2, states in Ref. [78]. Some of these predicted states
match recently discovered experimental states [27]. In par-
ticular, the predicted €2, states in Ref. [78] might correspond
to observations reported in Ref. [26] as shown in Ref. [79].
Each study involves detailed analysis of interactions among
multiple coupled channels.

Other studies also explore these states from a molecu-
lar perspective, using different methods and dynamics. For
instance, in Ref. [80], researchers used one-pion exchange
and D™ exchange to study the dynamics of E.. states.
In Ref. [81], heavy flavor, heavy quark spin, and heavy
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antiquark—diquark symmetries are applied within an effec-
tive field theory framework to study pentaquarks and open
bottom baryonic states. The one-boson exchange model is
used to investigate €2, states in Ref. [82].

Moreover, extensive research has been conducted on
molecular states arising from meson—baryon interactions in
different sectors-light, charm, and bottom-using SU (6)1sf x
SU (2)HQSS symmetry. This involves using SU (6) flavor-
spin symmetry in the light sector and SU(2) in the heavy
sector, while respecting heavy quark spin symmetry [83—
85]. These studies extend the dynamics from the Weinberg-
Tomozawa interaction and are noteworthy for their ability to
correlate multiple coupled channels across different sectors.
They make qualitative predictions for bound states and res-
onances with a wide range of quantum numbers. Recently,
this approach has been used to address E; and E, states in
Ref. [86].

Our goal is to investigate the states that can be formed
as molecular states from the s-wave interaction of mesons
with baryons in their ground state. Consequently, we expect
to find only baryon states with negative parity. The attractive
force between mesons and baryons often makes the forma-
tion of these states inevitable. Additionally, the proximity of
the masses of some states to the threshold of certain meson—
baryon channels necessitates the explicit consideration of
these channels and their interactions in any comprehensive
study of the baryon spectrum [87,88].

Many studies on molecular states in the charm sector have
focused on the pentaquarks P., P, and Pss. These states
contain hidden charm, and have been reviewed in a number
of papers [71,73,89-96], that also cover open heavy quark
baryonic molecular states.

In the present paper we study baryon states with hid-
den bottom and two or three s quarks. The precursor of
these states are the P, P.sss. The P.g; states were stud-
ied from the molecular perspective, as meson baryon states
in Refs. [94-96]. In Ref. [95] a pole was found for states
of pseudoscalar-baryon(1/2") nature (P B) and another one
for states of vector-baryon(1/2%) nature (V B). In Ref. [96]
such states were also found and, in addition, two more states
of PB* and V B* nature were found with B* correspond-
ing to baryons of 3/27. For the P, of cCsss nature, no
bound state was found. Similar results were found in Ref.
[94], where, however, under certain circumstance the Py
state could be also formed. It is important to mention that the
dynamics of coupled channels was found essential to obtain
the bound states, that were not generated in Refs. [97,98],
where some important non diagonal channels were neglected.

In the present work we retake this line of research and look
for possible states of bbssq and bbsss nature. The only free
parameter of the theory is constrained by the experimental
results on the P.; [63] and 2. [14,15] states that were studied
along the same lines in Refs. [99,100], which should lead to
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reliable results in the predictions of bbssq and bbsss involv-
ing arguments of heavy quark symmetry.

2 Formalism

We consider meson—baryon coupled channels: PB, VB,
P B*,and V B*, where P represents the pseudoscalar meson,
V denotes vector meson, B refers to ground state baryons

with J P = %Jr, and B* indicates ground state baryons with

JP = %Jr, We do not mix these states as justified in Ref. [96]
and discussed below.

(i) P B channels: n,E°, B? E;J, and BT, .

(ii) V B channels: T 2°, B0 E;, and B*TQ, .
(iiiy P B* channels: n, E*°, BY EZO, and BTQ; ™.
(iv) V B* channels: YE*, B8}, and B**Q~.
(v) PB*:n,Q~, BQ;~
(vi) VB*: YQ™, BIQ;~

The first four sectors correspond to bbssq states and the
last two to bbsss.

The interaction model we use is based on exchanging vec-
tor mesons, adapted from the local hidden gauge approach
[101-105] to apply to the bottom sector [75-78,89,90, 106].
To mix the interaction blocks, pion or other pseudoscalar
exchanges are needed, but these contributions are much less
significant than vector meson exchange when it comes to
determining the masses of the states. While pion exchange
can influence the widths of these states, in many cases where
multiple channels are involved and the decay to lower mass
states can happen via vector exchange, the effect of pion
exchange is still relatively small (see the appendix of Ref.
[107]). We focus on interactions in the S-wave, which helps
define the J ¥ (spin-parity) characteristics of the states, and
the relevant coupled channels are listed below in Table 1,
together with their threshold masses.

As mentioned earlier, we use vector exchange based on
an extended local hidden gauge approach between mesons
and baryons, as shown in Fig. 1. For our set of states, there
are two types of VM M’ vertices: V P P (where V stands for
vector and P stands for pseudoscalar) and VV V. These are
described by the following Lagrangians [105]:

Lvpp = —ig([P. 9, P]V"), 8))
Lyyy = ig((VFau Vi — 8,V V) VY). ©)

The coupling parameter g is determined by g = % where
my = 800 MeV represents the vector meson mass and
f= = 93 MeV denotes the pion decay constant. In this con-
text, P or V refer to the g;g; matrices expressed in terms
of mesons. The symbol (- - -) denotes the trace operation
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Table 1 Threshold masses (in MeV) of different channels
PB.JP =1~ 1 E° B'E, BTQ,
10,713.6 11,301.9 11,324.5
1= 3- =0 0 -
VB, JP =33 g BB, B*rQ,
10,775.3 11,350.4 11,369.9
PB* JP =3~ np & BYg;0 BTy~
10,930.5 11,319.2 11,381.3
1= 3= 5 = = N
VB* JP=3".3".3 TE*0 B:0g;0 B*TQy
10,992.2 11,367.7 11,426.7
PB* JP =37 o B
11,071.2 11,468.9
P_1- 3= 5— - 0*—
v, Jr =1"3"3 TQ BOQ;
11,132.9 11,517.4
M N / nism of Fig. 1 is always of the type
> > 2,0 0
Vij = g (p] + p3)Cij, (5)

B/

-
>

A%

B

Fig. 1 The interaction between M B — M’B’ happens through the
exchange of vector mesons. Here M (M) are the initial and final mesons,
and B(B’) are the initial and final baryons. The vector meson involved
in this exchange is represented by V/

for these matrices. It is important to note that although ¢; g
matrices belong to the SU(4) or SU(5) groups, the vertices
described in Egs. (1) and (2) only involve the overlap of ¢g
in the external mesons and the exchanged vectors. Therefore,
the utilization of SU(4) or SU(5) symmetry is redundant, as
discussed in Ref. [108].

where p(l), pg are the energies of the initial and final mesons,
respectively. The coefficient C;; are then evaluated and we
find the following tables (Tables 2, 3, 4, 5) for these interac-
tions.

After figuring out the V;; potential, we use the Bethe-
Salpeter equation expressed in matrix form to obtain the scat-
tering matrix for the channels involved

T=[1-VG] v, (6)

where G represents a diagonal matrix containing the loop
functions for the intermediate states of meson and baryon.
We adopt the cutoff approach to regularize the loops as out-
lined in Ref. [96], setting gmax = 600 MeV. The /-th channel
meson—baryon loop function, Gy, is given by

d3qg 2 M E
G;(ﬁ):/ q 1 (wi(q) + Ei(q))

g1 <gmax (27[)3 zwl(‘])El(CI))
1

X —, @)
The matrices P and V that we need are given by, s — (wi(q) + Ei(q))* + i€
1 -0 1 A + + +
ﬁﬂ.’ + ﬁ’?"' \/677 1 0 n] 1 KO B()
— 1 1 1 /
P V4 woid + ﬁn+ 7" K B 3
K- < — L+ B
B~ BY B] M
1 0, 1 + s+ p¥+
VNG 1 /g | " 0 ” 0
— L 1 x| 3k
V= p BT KB @)
K* K*O ¢ B;kO
B* B*O B*O T
S

Only the terms B, By and 7, of the P matrix enter the
present calculation. The interaction obtained for the mecha-
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Table 2 Coefficients C;; for the PB sector with J* = Table 3 Coefficients C;; for the VB sector with J7 = 17, 37
States 1, EC B'g, BtQ,  States T&° BXg, B0
=0 11 —1_1 =0 11 -1 1
s 0 Ve iy, N 0 VG iz, NERTS
BY = I R U V2 B0 =’ 1 1 V2
s b M3 M3 M2, s b M M3 M2,
- 1 0 i
BTQ; — 3 B Q0 — 3
Table 4 Coefficients C;; for the PB sector with J¥ = 3~
where M; stands for the mass of the baryon, m; for the Y 2
. N E*O OE*O + Ok—
meson and w;(g) = ,/ml2 +3?2 Eq) = ‘/Mlz +¢2 In States il B/ g B,
the meson baryon rest frame, the total incident momentum 0y B0 0 V21 4t
P is (/5,0,0,0). 'In the region of interest, the real part of V3 My, V3 My,
G is negative. BYE;0 o = T A}?
Poles are encountered in the second Riemann sheet, neces- Bt ¢ ’ K’;
sitating a change from the loop function in the first sheet, G/, b My
to that in the second one, G/, as follows:
Gl — Gl 4+ 2Mjq ) Table 5 Coefficients C;; for the VB sector with J ¥ = %7, %7, 3
i =i ’
4n /s States T E*0 B:0g0 B Q-
for Rey/s > mj + M, and g given by o0 . 5 L
W2 (s, m2, M?) V3 My V3 M
— A i 0 =40 1 1 V2
q s (ma=0. ©  Bs - o
. . B*tQF— _ 1
We further assess the couplings defined by the residue at the M3
pole position, ,/sp, where the amplitudes behave as:
T;; = 8i&j . (10) Table 6 Coefficients C;; for the P B* sector with J ¥ = %+, %_
’ ﬁ — JSp
States <~ BYQ;
If the pole is not too far from the real axis, /sp can be 1
associated to the mass, M, and width, I", of the generated Mp<e~ 0 M,
state by /sp >~ M + iI"/2. For one g;, we select a sign, BSQZ_ % _ #
¢ T

while the remaining couplings have their relative signs well
defined. Additionally, we present g;G!/, yielding the wave
function at the origin in coordinate space [110].

Moreover, we can assess the compositeness, denoted as
X, of a generated resonance in a given channel, i. This value
indicates the weight of a molecular component in the state i
in the wave function, as described in Refs. [110-112].

184/SP «/ﬁ.

where the derivative is done at the pole of the state in the
complex plane.

We call this magnitude“weight” and not probability as
done in many works, because this magnitude is in general
complex. Only if we have a bound state which does not

Xi=— (11)

! For some channels far below the energy under consideration, it is
common to consider only Im G, which has repercussion on the widths,
and neglect Re G [109]. We follow a slightly different prescription
taking Re G=0 when Re G becomes bigger than 0 and use the exact
Im G.

@ Springer

decay, this magnitude corresponds to a probability. The pre-
cise meaning of this magnitude is explained in Ref. [113]
(sections 5 and 6 of that reference) and it corresponds to the
integral of the square of the wave function with a certain
phase prescription, which only gets contribution from the
confined region of the particles and not from the asymptotic
wave function of the decay modes. However, in our case,
since the decay widths are so small, it is fair to identify y;
with the probability of finding the particles.

Table 7 Coefficients C;; for the V B* sector with J P = %+, %7, %_
States TQ™ BOQ
Q- 0 ‘
Més*
*0 O*— 2 _ 1
B, My My
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Table 8 P B states (pole position in units of MeV). The first row in poles, g; and x; correspond to gmax = 600 MeV and the second one to
gmax = 800 MeV. yx; stands for compositeness. The last column is the sum of the different compositeness

Poles 1, E° BYE, BtQ,
(11,259.7 — i0.16) gi (0.12 4 i0.00) (—2.62 —i0.01) (4.03 +i0.01)
(11,166.0 — i0.36) (0.19 — i0.00) (= 4.30 — i0.00) (5.98 +i0.01)
Xi (= 0.00 + i0.00) (0.42 — i0.00) (0.57 +10.00) (0.99 — i0.00)
(= 0.00 + i0.00) (0.38 — i0.00) (0.60 — i0.00) (0.98 — i0.00)
Table 9 Same as Table 8 for V B states
Poles g0 BXg, B*rQ,
(11,306.2 — i0.16) gi (0.12 4 i0.00) (=2.67—1i0.01) (4.02 +1:0.01)
(11,212.3 — i0.35) (0.19 — §0.00) (—4.35—i0.01) (5.99 +i0.01)
Xi (= 0.00 + i0.00) (0.41 — i0.00) (0.58 +70.00) (0.99 — i0.00)
(= 0.00 + i0.00) (0.38 — i0.00) (0.60 — i0.00) (0.98 — i0.00)
Table 10 Same as Table 8 for P B* states
Poles ny €0 BYE;0 BYQ)~
(11,297.8 — i0.01) gi (0.03 + i0.00) (= 1.99 — i0.00) (4.35 — i0.00)
(11,206.6 — i0.00) (0.02 + i0.00) (—3.94 — i0.00) (6.23 — i0.00)
Xi (= 0.00 + i0.00) (0.52 +i0.00) (0.47 — i0.00) (0.99 + i0.00)
(= 0.00 + i0.00) (0.42 +i0.00) (0.56 — i0.00) (0.98 +i0.00)
When searching for pole positions, employing G II (v/s)for 3 Results

Re((/s) < m; + M; and G!! ({/s) for Re(\/s) > m; + M;
brings us closer to the pole positions and half-widths akin
to those of the corresponding Breit-Wigner forms along the
real axis. This method also aids in identifying potential pure
bound states situated below the lowest threshold, where the
prescription of Eq. (8) with the Re+/s > M; + m; renders us
to the first Riemann sheet (Tables 6, 7).

Table 11 Same as Table 8 for V B* states

In Tables 8, 9, 10, 11 we show the results obtained using
gmax = 600 MeV and gmax = 800 MeV.

As we can see in the Table 8, for the P B channel, we get
a bound state with extremely small width. The state couples
mostly both to BY E; and BTQ,, and for gmax = 600 MeV,

Poles =*0 B;ko =0 BQ;
(11,344.6 —i0.01) 8i (0.03 +i0.00) (—=2.06 —i0.00) (4.36 —i0.00)
(11,253.0 — i0.00) (0.02 4-i0.00) (—=3.99 —i0.00) (6.24 —i0.00)

Xi (=0.00 +10.00) (0.51 +i0.00) (0.48 —i0.00) (0.99 +i0.00)

(=0.00 +10.00) (0.41 4 i0.00) (0.57 —i0.00) (0.98 +-i0.00)

Table 12 Summary of states obtained. Results with gmax = 600 MeV are shown. The binding is defined with respect to the lowest mass bound
coupled channels (first channel in the column of main channels, see thresholds in Table 1)

State [MeV] Binding [MeV] JP Main channels

. _ 0,_’ —
11,259.7 —i0.16 42.2 1/2 BYE,, B*Q;
11,306.2 — i0.16 442 1/27,3/27 BXYg,, Bt Q,
11,297.8 —i0.01 21.4 3/27 BYE:0, BTQ)
11,344.6 — i0.01 23.1 1/27,3/27.5/2~ BYg;0, B*T;”

@ Springer
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itis bound by about 40 MeV with respect to the B? E; thresh-
old and couples very weakly to the 1, E°, the only channel
open for decay, hence the small width obtained. The wave
functions at the origin follow the same trend as the cou-
plings. Table 9 shows results for the V B states, very similar
to those of the P B case. The main couplings are to B;‘O E;)
and B*TQ,", and the Y 29 has a small coupling, leading to
a very small width. The results are also similar in the P B*
and V B* channels in Tables 10 and 11.

We show also the results for gmax = 800 MeV to have a
feeling for uncertainties, but the value of gmax = 600 MeV
is closer to the one used to get the 2. in Ref. [99] and P,
states in Ref. [100]. According to [114—116], implementing
heavy quark symmetry demands the use of the same cut off
in the charm and bottom sectors. The interesting thing is that
in all four cases we get a bound state with very small width
(Table 12).

We give now some words about the probabilities found for
each channels y;. The values of x; are complex, because we
have small widths from the decay channels. As mentioned
before, in this case the proper interpretation of the meaning
of x; can be seen in Ref. [113]. However, given the very
small imaginary parts, the interpretation of the real part as
a measure of the probability to find the given component in
the wave function is appropriate. We find the total proba-
bility close to 1 indicating the molecular component of the
states, which is natural from their construction. In the triple
strangeness sector we do not find bound states. We do not
even get cusps around thresholds, which would indicate the
failure, but the proximity, to have a bound state.

4 Conclusions

We have addressed the issue of possible pentaquark states of
type bbssq and bbsss of molecular nature, stemming from
the interaction of mesons with baryons in their ground state.
We have considered four types of such states coming from the
interaction of P B, V B, P B*, V B*, where P stands for pseu-
doscalar mesons, V for vector mesons and B, B* for baryons
of 1/2% and 3/27 respectively. We have made implicit use
of heavy quark symmetry using cutoff regularization of the
loops with the same cutoff in the bottom sector as in the charm
sector [114-116]. We have then relied upon the analysis of
the 2. and P, states along the same lines as in the present
work to get reasonably values of this cutoff. We obtain bound
states of bbssq type, with an extremely small width, for each
of these four sectors, which are bound by about 50 MeV. We
have also addressed the bbsss sector, but in this case we do
not find any bound state. We are looking forward to future
experimental search of these states in LHCb or other facili-
ties. The work presented here not only shows the existence

@ Springer

of these states, but also the open channels where they decay,
which should serve as guidance for future experiments.
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