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Abstract: In this work we study the possible existence of pentaquarks in the hidden charm sector
that could be interpreted as meson-baryon molecular states. Employing a vector-meson exchange
mechanism for the interaction between mesons and baryons we obtain molecular-type pentaquark
resonances for the lowest isospin configuration in each strangeness sector and compare them to

experimental findings.
I. INTRODUCTION

From the beginning of the millennium many exotic
multiquark hadrons have been observed experimentally.
These states have more complex structures than those of
the conventional quark model, which essentially describes
mesons as quark-antiquark pairs and baryons as three
quarks. In particular, the study of pentaquark baryons
is an active field of research. In 2015 the LHCb collabora-
tion discovered two pentaquark states in the J/v¢ p mass
spectrum of the A — J/¢ K~ p decay [1]. These two
states were denoted as P.(4380)% and P.(4450)". How-
ever, later, in 2019, these discoveries were reexamined by
the same LHCDb collaboration. The experiments showed
the existence of a state at lower energy, P.(4312)", and
the 4450 peak was found to be composed of two differ-
ent states, P.(4440)" and P.(4457)", while the existence
of the P.(4380)" was put in doubt [2]. The quantum
numbers of such states were compatible with those of
a nucleon resonance, which is understood in the conven-
tional quark model as composed by three quarks of v and
d flavour. However, the high mass of the found states in-
evitably demands the presence of an additional c¢ pair,
thus providing clear evidence for the existence of pen-
taquarks in the strangeness S = 0 sector. In the case
of strangeness S = —1, the LHCDb collaboration found
evidence for two states, P.s(4459)" [3] and P.s(4338)"
[4]. For strangeness S = —2 no such states have been
found yet. This is the current experimental situation of
pentaquark states. In this work we perform a theoret-
ical study of hidden charm (c¢¢) pentaquark states with
strangeness S = 0,—1, —2 which can be interpreted as
bound meson-baryon pairs, also known as meson-baryon
molecules. The molecular picture has gained interest re-
cently due to the proximity of the observed exotic states
to various meson-baryon energy thresholds. To fulfill the
purpose of our research, we adopt a model for the inter-
action between mesons and baryons which is based on a
vector meson exchange mechanism. This model has al-
ready been discussed in previous articles with promising
results [5-10].
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II. FORMALISM

The model employed in this work relies on a meson-
baryon interaction in s-wave, which is built up from
the t-channel vector-meson exchange diagram of Fig. 1,
where the mesons are depicted by dashed lines and the
baryons by solid lines. The external mesons in the dia-

B; B;
FIG. 1: Meson-Baryon interaction tree level diagram.

gram represent the ground states of either pseudoscalar
(JE(M) = 07) or vector (J¥(M) = 17)-type, while the
baryons are the lowest-energy ones with J(B) = 1/2%,
all of them composed out of u, d, s, c quarks and, in the
case of mesons, their corresponding antiquarks. The in-
dices i, j label the different meson-baryon channels with
the same spin-parity (J© ), isospin and flavour quantum
numbers that can be connected by the exchange of a vec-
tor meson V*. The vertices in that diagram are obtained
from the local hidden vector meson formalism [5] via the
following Lagrangians

Lyvpp =ig([0.0,0] V"), (1)
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where the symbol ( ) denotes the trace of SU(4) matrices
in flavour space, and the factor ¢ is the universal coupling
constant, related to the pion decay constant f = 93 MeV
by g = my/2f with my being a representative mass of
the light (uncharmed) vector mesons from the nonet. Us-
ing the above vertices one obtains the t-channel Vector-
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Meson-Exchange (TVME) potential [5]:
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where p;, p; (k;, kj) are the four-momenta of the baryons
(mesons) in the 4, j channels and m, is the mass of
the vector meson exchanged. Adopting the same mass
m,, = my for the light vector mesons and accounting for
the higher mass of the charmed mesons with a common
multiplying factor x. = (my/m¢)? ~ 1/4 and for the cé
mesons with k.. = (my/m$)? ~ 1/9 , Eq. (4) simplifies
to

Vi = ~Co a0 7 u ) (s + k), o 6)
where the limit ¢ < my has been taken to reduce the t-
channel diagram to a contact term. The coefficients Cj;
are symmetric with respect to the indices and are ob-
tained summing the various vector meson exchange con-
tributions, >~ C7; , including the factor .. in the case of
charmed mesons and k.. in the case of doubly charmed
mesons. Developing the algebra up to order O(p?/M?),
one reaches the expression:

Vis(V8) = ~Cig

g (V5 = Mi— M) NoN; - (6)

where M;, M; and E;, E; are the masses and the ener-
gies of the baryons and N = /(E + M)/2M. Note that,
while SU(4) symmetry is encoded in the values of the co-
efficients '}, the interaction potential is not SU(4) sym-
metric due to the use of physical masses for the mesons
and baryons involved, as well as to the factors k. and
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/& /\/v\/wv\
/\M

FIG. 2: Diagrams representing the Bethe-Salpeter equations
in meson-baryon scattering. The big empty circle corresponds
to the T;; matrix element, the black circles correspond to the
potential V;; and the loops represent the propagator G; func-
tion. The 4, 7,1 indices stand for the channels of the coupled-
channels.

The scattering amplitude 7T;; is unitarized via the
coupled-channel Bethe-Salpeter (B-S) equation, which
implements the resummation of loop diagrams to infi-
nite order schematically depicted in Fig. 2 and has the
expression

Ti; = Vij + VaGi1Ty;. (7)
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Factorizing the V and T matrices on-shell out of the in-
ternal integrals implicit in Eq. (7) its solution,

T=01-Vae)'v, (8)

is purely algebraic. The mass (M) and width (T') of the
sought resonances are obtained from the scattering am-
plitude in the complex plane. In the neighbourhood of a
pole, this scattering amplitude, behaves as

9i 9;j 9)

Tij ~
Z — Zpole

where 2,0 = M +iI'/2 and g; are the coupling constants
of the resonance to the different channels.
The loop function is given by

d*q 2M, 1
Gy=i 10
! Z/(QW)“(Pq)?Ml2+ieq2ml2+ie’ (10)

where M; and E; correspond to the mass and the en-
ergy of the intermediate baryon, m; is the mass of the
intermediate meson, P = k +p = (1/s, 6) is the total
four-momentum of the system in the centre of mass (cm)
frame and ¢ denotes the four-momentum of the meson
propagating in the intermediate loop. This function di-
verges logarithmically and so must be properly regular-
ized. One may employ the cut-off regularization method,
which consists in replacing the infinite upper limit of the
integral by a large enough cut-off momentum A,

Gt — /A ¢ 1 M, 1
o B 2@ B Vi =@~ @ ¥ e
11
or the alternative dimensional regularization (DR) ap-
proach, which is the one adopted here:
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(12)
where a;(u) is the subtraction constant at the regular-
ization scale u, and ¢; is the on-shell three-momentum
of the meson in the loop. The choice of the regulariza-
tion scale u and the corresponding subtraction constants
a;(p) can be obtained by demanding that, at an energy
close to the channel threshold, G is similar to G{"* for a
certain cut-off A, namely

1672
2M,

The value of A here is taken to be 800 MeV as it is close to
the masses of the light vector mesons exchanged, which

ar(p) = (GF(A) = Gi(p, a1 = 0)) . (13)
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are integrated out when reducing the t-channel contribu-
tion to a contact interaction. The lighter of these is the
vector meson p(770) so the cut-off we use is a reasonable
choice [8].

In Tables I to III we present the scattering coefficients
C;; in Eq. (6) obtained for each strangeness sector in
the case of the interaction of pseudoscalar mesons with
baryons (from now on denoted as PB interaction). Only
the heavy channels have been kept since they have been
found to essentially decouple from the light ones. The
corresponding coefficients for the interaction of vector
mesons with baryons (from now on denoted as VB inter-
action) are exactly the same as those in Tables I to 11,
requiring only the substitutions: D — D*, n. — J/1,
Dg; — D

nN DA. DY

neN 0 \[nc \/7/%

DA, —1 4+ Kee
D3>, 1+ Kee

TABLE I: Cy; coefficients in the (1, S) = (3,0) sector

»]
[1]
s

N DsA. D=,

nA 0 Ke — % Ke — \/g Ke
DA, Kee V2 0
D=, 1+ Kee 0
D=, 1+ Kee

TABLE II: C;; coefficients in the (I, .S) = (0, —1) sector

nE D.=. D.,E. DQ.

3 1
0 \/gl'ﬂc %KZC —Ke

N2
D=, —1 + Kee 0 0
D=, —1 4 Kee —V2
DQ. Kec

TABLE III: C;; coefficients in the (I,5) = (3, —2) sector

III. RESULTS AND DISCUSSION

In this section we present an ordered list of the results
we have obtained. First of all, using a cut-off of A=800
MeV we found the values of the subtraction constants for
the heavy channels displayed in Tables IV and V .

With the subtraction constants of Tables IV and V, we
can obtain the loop functions employing Eq. (12) and the
corresponding coupled-channel scattering amplitude 7" in

Treball de Fi de Grau

(3,0) an.N aps. aps,

—2.40 —2.22 —2.28

(0,-1) an.a ap,A. Ap=. Gp=

—2.40 —2.25 —2.29 —2.33

(3.—2) anz= ap,=, ap,=

—2.40 —2.31 —2.35 —2.37

TABLE IV: Values of the subtraction constants for the heavy
channels in each (I,S) sector at a regularization scale u =
1 GeV for the PB interaction .

1 _ _
(5,0) aj/p ap=a, Ap=x,

—2.46 —2.26 —2.32

(0,—=1) ay/ya apsp, @ _ apg

]l
*
Ul
i
b~

—2.45 —2.29 —2.32 —-2.36

1 _ _ _
(57—2) aj/ypE Ap*=, Apx=/ Apo,

—2.45 —2.

w
ot

—2.38 —2.40

TABLE V: Values of the subtraction constants for the heavy
channels in each (I,S) sector at a regularization scale p =
1 GeV for the VB interaction.

each (I, 5) sector from Eq. (8). This amplitude is a com-
plex matrix that may have poles, which correspond to the
molecular-states we are seeking. These poles are found
using a computer program which employs the steepest
descent method. Furthermore, we can use the associated
residues to obtain the coupling of the pole to each chan-
nel, according to Eq. (9). The results are shown in Tables
VI and VII for the PB and VB interaction, respectively.

Note that the PB states have spin-parity J? = %7 since
they are obtained from an interaction of a pseudoscalar
(07) meson with a %4_ baryon in s-wave. However, the
VB states can have either J* =1~ or 2~ since they are
obtained from the s-wave interaction of a vector-meson
(17) with a %+ baryon.

Upon inspecting Tables VI and VII we observe that
we obtain molecular meson-baryon states in each of the
sectors considered. More specifically, in the PB case,
we obtain a pentaquark with strangeness 0 that couples
strongly to DX, two pentaquarks with strangeness —1,
one coupling strongly to DZ.. and the other to D=/, and
finally a pentaquark with strangeness —2 that coupleb
strongly to D). We find an equivalent structure in the
case of the VB interaction, with the difference that the
pentaquarks appear at around 150 MeV higher in en-
ergy (which is the mass difference between pseudoscalar
and vector mesons). The other difference is that the
VB states are degenerate in spin-parity as they can have
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1,8)
Zpole (MeV) Ga
(3,0) n.N DA. DX.

(3919) (4152) (4319)
4257.86+19.29i 1.29 0.23  3.04
(0,1) neA DsA. DZE. D=,

(4095) (4253) (4336) (4444)
4215.42+1.111 034 149 3.06 0.14
4381.19+19.88i 1.16 0.19 0.15 3.01
(3.-2) n.ZE DsE. D,E, DQ.

(4298) (4438) (4545 ) (4564)
4493.54+18.04i 1.11 0.24 1.57 2.58

TABLE VI: Pole positions zpoie and coupling constants g

for the %_ states from PB — PB. Below each channel, the
threshold energy in MeV is written between parenthesis.

(1,8)
Zpole (MeV) Ga
(3.0) J/UN D*A. D*S.

(4032) (4293) (4461)
4398.974+19.15i 1.19 0.24 3.06
(0, —1) J/UA DiA. D*E. D*E.

(4213) (4397) (4478) (4585)
4359.724+1.24i 0.35 1.47 3.08 0.15
4522.524+19.80i 1.15 0.19 0.16 3.03
(3,-2) J/VE DiE. DIZ. D*Q.

(4415) (4581) (4689) (4706)
4635.914+18.34i 1.10 025 1.59 2.58

TABLE VII: Pole positions zpoe and coupling constants gq
for the %7, %7 states from VB — VB. Below each channel,
the threshold energy in MeV is written between parenthesis.

JP =17 and JP = 2. We would now like to represent
graphically how these states could be seen in an experi-
ment. For this reason, we represent in Fig. 3 the quantity
¢, - |T;j|* as a function of the center of mass energy /s,
for each sector. In the above expression, the index ¢ la-
bels the channel to which the resonance couples most,
and the index j represents the channel in which the res-
onance can decay with higher probability. The quantity
¢, stands for the center of mass (cm) momentum in the
final state and acts as a phase-space modulator.

The PB states are depicted by blue lines and the VB
ones by red lines. For S = 0 we observe a peak corre-
sponding to the transition DX, — n.N in the PB case
and D*Y — J/9N in the VB case. For S = —1 we find
two peaks for each type of interaction. The first peak
(solid lines) corresponds to the D=, — 7n.A transition
for the PB case and the D*=, — J /1A transition for the
VB case. The second peak (dashed lines) corresponds
to the D=/, — n.A transition in the PB case and to the
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FIG. 3: Representation of ¢Z,, - |T;;|* as a function of the cm
energy for the ¢, j channels with the strongest coupling to the
resonance.

D*Z! — J /A transition in the VB case. For § = —2 we
observe a peak corresponding to the D). — 1.2 transi-
tion in the PB case and to the D*Q, — J/9Z transition
in the VB case. Finally, in Figures 4 to 6 we compare
the energy and width of our PB and VB pentaquark can-
didates (using the same colour code as in Fig. 3) with
the experimental states. Notice that all but one exper-
imental point are coloured in black. The gray colour is
used instead of black to indicate the weak experimen-
tal evidence for the P.(4380)" state [2]. Error bars are
represented in its usual way. The dark rectangle bar rep-
resents the minimum width while the more transparent
rectangle represents the maximum width according to the
error of the width.
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FIG. 4: This graphic represents both the experimental [2] and
theoretical states for S = 0.

Comparing the experimental states in the S = 0 sec-
tor with our theoretical candidates, we find that the
P.(4312)" and P.(4440)% states compare a bit above
our predictions. It is interesting to point out that the
poles would appear at higher energies by using a lower
cut-off A. This is due to the fact that a lower cut-off
limits the phase-space of the intermediate states, which
translates into a lower binding energy. Now, we com-
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FIG. 5: This graphic represents both the experimental [3] [4]

and theoretical states for S = —1.
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FIG. 6: This graphic represents the theoretical states for S =
—2. To this day no such experimental states with S = —2
have been found.

pare the experimental states in the S = —1 sector with
our theoretical candidates. The P.4(4459)" state suits
best the VB state we found at 4522 MeV. In a previous
work [9] the proposed candidate for the P.;(4338) state
was the VB state we found at 4359 MeV. However we
would like to point out the possible correspondence of the
experimental P.;(4338) to the PB candidate we found at
4381 MeV. Regarding the S = —2 sector, there are no ex-
perimental findings to this date. In this work we present
possible candidates in this sector, at 4493.54 MeV and

4635.91 MeV, which compare very well with the theoret-
ical candidates P.;5(4493) and P.45(4633) found in [10]
employing the cut-off regularization scheme.

IV. CONCLUSIONS

In this work, we have studied the possible existence of
hidden charm pentaquarks employing a formalism that
predicts them to be bound states of a meson and a
baryon, commonly known as meson-baryon molecules.
We have found several states in the various strangeness
sectors and compared them to experimental data. Af-
ter reviewing the results it is clear that our theoretical
model gives molecular-type pentaquark candidates rela-
tively close to the experimental states. By changing some
factors, like the cut-off limit A or the coupling strength
f, one could achieve slightly different results that could
compare better to the experimental observations. This
means that our theory offers a good explanation for the
observed states, although more research needs to be car-
ried out. Finally, since our model predicts some states
that have not yet been found experimentally, our results
should encourage experimental research that may shine
a light on the nature of these pentaquark structures. In
conclusion, the next few years will be of great relevance to
clarify the validity of the model employed in this work, es-
pecially if the proposed theoretical candidates are found
in the experiments.
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