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The recent discoveries and observations of pentaquarks and tetraquarks by high-energy accelerator
facilities have accumulated evidence of the existence of multiquark hadrons with heavy quarks, as
discussed from the early stage of the prediction of quarks. We construct a coupled-channel model for

the hidden-charm pentaquarks with strangeness whose quark content is udscc, P, described as ACD(;*),

ESK*)D(*) molecules, produced by the cooperation of the heavy quark and chiral symmetries, coupled to a
five-quark core. We reproduce the experimental mass of P, of which LHCb has announced the discovery.
Furthermore, our result supports the quantum numbers that are preferred by the experiment. Our
predictions indicate the existence of additional P,’s in proximity to molecular threshold regions, which

can be further investigated by LHCb.

DOI: 10.1103/PhysRevD.108.074012

The past decade has witnessed tremendous progress in
the experimental and theoretical explorations of the exotic
hadrons. These are strongly interacting particles made up
of quarks, but are considered to have more complicated
structures than ordinary hadrons such as protons and
neutrons, which were already mentioned in the early stages
of the prediction of quarks and soon after the discovery of
the charm quark [1,2]. Intensive activity has been triggered
by the observation of exotic candidates with heavy quarks,
such as X(3872) [3-8]. While further studies are ongoing,
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the Large Hadron Collider beauty (LHCb) experiment has
revealed as many as 62 signals for new hadrons [9].

A new phase of the quest was opened up in 2015 by the
LHCb Collaboration: the observation of two pentaquark
states, P/ (4380) and PJ(4450) [10]. From the decay
channel AY - PfK~ — (J/wp)K~, the quark content of
these states is implied as J /y p ~ ¢cuud. Four years later, an
updated analysis [11] with nine times more statistics was
performed,; this revealed P/ (4312) with a statistical signifi-
cance of 7.36, and the splitting of the former P (4450) into
two narrow peaks, P (4440) and P/ (4457), with the two-
peak structure hypothesis having a statistical significance of
5.40 with respect to the single-peak structure hypothesis.

Yet in 2020, the first evidence of a pentaquark with
strangeness, P (4459), was reported in the decay B, —
P.,(4459)K~ — (J/wA)K~ with a statistical significance
of 3.1¢ [12]. This resonance can be equally well described
by a two-peak structure, P, (4455) and P, (4468) [12,13].
The experimental masses of P.;(4455) and P (4468) are
M =44549 £ 2.7 MeV and M =4467.8 +3.7 MeV.
LHCb has further reported the discovery of another
pentaquark state in the B~ — (J/wA)p decay channel

Published by the American Physical Society
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with a statistical significance greater than 15¢. Its mass
and decay width are M =4338.2+0.7+0.4 MeV and
'=7.0+1.2+1.3MeV, respectively, thus P.,(4338) [14].
This peak corresponds to the EfD~ threshold energy,
4337.37 +0.24 MeV [15], within the error bars. The
amplitude analysis performed by LHCb favors spin and
parity J¥ = 1= [14].

It is noticeable that all of these states exhibit a remarkable
proximity to a two-hadron threshold, suggesting the emer-
gence of a qualitatively distinct structure that deviates from
the three quark standard baryon structure. This observation
holds true not only for pentaquarks but also for some
tetraquarks, such as the well-known candidates X (3872)
and T..(3875) [16,17]. Such threshold phenomena have
been known for a long time in various physical systems in
atomic and nuclear physics [18,19]. Another interesting
characteristic of the pentaquark states is that they have
narrow decay widths despite a significant available phase
space. This is particularly the case of the latest P.,(4338).

In Refs. [20-24], coupled-channel analyses for meson-
baryon molecules were performed by focusing on various
symmetry and dynamical aspects, such as heavy quark spin
symmetry, extended flavor SU(4) symmetry, model param-
eter dependences, and so on. Other related studies concern
the chiral effective field theory with leading-order contact
interactions [25], QCD sum rule [26], compact diquark
model [27], and the hadrocharmonium model [28].
After LHCb’s latest announcement of P, (4338), there
appeared a quark model interpretation [13], a molecular
interpretation [29], and a coupled-channel model using
contact interactions [30]. Amplitude analyses have also
been performed to extract the nature of the peak structures
[31-35], but as yet there is no consensus among these
studies. For the interested reader, we quote Ref. [8] as an
updated review on the pentaquark states.

In this paper, we use a hybrid scheme for the pentaquark
states [36,37] as quantum superpositions of a five-quark
core, which encodes the short-range dynamics driven by
color forces, and the ACD£*>, =(*) p) meson-baryon (MB)
channels, which encode the long-range interactions driven
by the light meson exchange, i.e., pions and kaons. As
explained in the following, our model has one unknown
parameter (called overall strength), which is proportional to
the coupling between the core and the MB channels.'
Moreover, our model can give an overall description of
all the available experimental data both in the nonstrange
and in the strange sector with the same one parameter. The
bound and resonant states are obtained by means of the
Gaussian expansion method with complex scaling method
[38,39]. Incidentally, by solving the coupled-channel
Schrodinger equation, unitarity is always guaranteed.

'Strictly speaking, we have other parameters such as hadron
coupling constants, which are, however, determined by other
inputs.

In our model construction, the reason to include only the
pions and kaons is that they give the minimum meson-
exchange forces that mix the coupled channels that we
have in our model setup, as shown in Table II. Many studies
have been performed by including various mesons, such
as the 16 vector mesons of SU(4) [20,21], =, n [40], x, o, 1,
p, @ [24,29], and evencontact+z + 2z exchange [25].
Reference [20] has the merit to be the first work which
predicted the hidden-charm pentaquark states with and
without strangeness even if in a qualitative way. In
Ref. [25], the authors predict the P (4455) and P (4468)
masses in agreement with the experimental data, but they
underestimate the P (4338) mass by about 20 MeV.
Furthermore, their predictions indicate that all of these states
are bound, which contrasts with the experimental fact
that those states decay strongly. In Ref. [21] the authors
extend to the strange sector the analysis performed in
Ref. [41] for the hidden-charm pentaquarks without strange-
ness. Interestingly enough, they use the same parameters
fitted to the best reproduction of the P.(4312), P.(4440),
and P.(4457) masses in order to predict the masses of the
P, states: the predicted masses of P, (4338), P.,(4455),
and P, (4468) are 4276, 4429, and 4436 MeV respectively,
while their predicted decay widths are 15.3, 15.8, and
2.3 MeV [21], respectively. In Ref. [40], the authors
considered the A.D*, X .D*, :D*, E.D*, E.D* and E:D*,
coupled channels but they did not include the Z.D channel,
which is the closest threshold to the P (4338) state, and
thus its contribution is far from negligible. In Ref. [24],
the same authors performed a new analysis by coupling the
20D channels; they reproduced the P, (4338) exper-
imental mass, but the mass predictions for P (4455) and
P.,(4468) were quite far from the experimental data, in both
the one-peak and the two-peak hypotheses. In addition, all
the states predicted in Ref. [24] are bound states without
decay widths. In Ref. [29], the authors performed a coupled-

channel calculation involving ES)D“) interactions: they
found that setting the cutoff parameter to approximately
1.41 GeV allowed them to reproduce the mass of P, (4338).
However, in order to accurately replicate the experimental
masses of P, (4455) and P,;(4468), they needed to adjust
the cutoff to 1.39 GeV.

Now, after observing the above situation, in this article
we employ a model that relies on the coupling of the MB
channels with the five-quark core. The interactions between
the heavy mesons (H) and the heavy baryons (S, A) are
derived from the effective Lagrangians that satisfy the
heavy quark and SU(3) chiral symmetries [42—44]:

EmHH = Q%Tr[HbyﬂySAﬁaHa}’
3. < -
Lpp = 59 (lvx)fﬂyiktr[SyAuSA] + gatr[S*A,A] + Hee.,
(1)
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TABLE 1. Spectroscopic factors (i|a) for isosinglet P, states
with spin-parity J© = 1/27,3/2~ and 5/27. a = [fs],, where
f, s, and ¢ are, respectively, the flavor, spin, and color
representations of three light quarks ggg, and i corresponds to
the MB channels.
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where m = z or K meson and A is the axial current written
by the pion and kaon fields. These interactions describe the
long-range dynamics of the MB channels. The coupling
strengths, form factors, and their cutoff parameters are
those of Ref. [36].

In the short range, a quark core is assumed to be
formed by the color octet c¢ and ggq coupled to a color
singlet [45]. The interplay between long-range and short-
range dynamics is encoded by the coupled-channel
Hamiltonian, which can be expressed in a block matrix
form as [36,37]

. <HMB % ) )

vt HM

where HM8 = K + V™ stands for the M B channels, includ-
ing their kinetic energies, K, and the meson-exchange
potential V", H> for the five-quark (5¢) channels, and
V, VT for the couplings between MB and 5¢q states. The
couplings of the (ith) MB and (ath) five-quark channel,
Vs are expressed by the product of the overlaps (i|a),
often called spectroscopic factors (which contain the color,
spin, flavor, and the orbital part) [36,43] and the strength v:
Vi« = v(ila). The values of the spectroscopic factors are
reported for completeness in Table I. By defining the full-
component wave function, y = (w8, y>9), we obtain a set
of coupled Schrodinger equations

HMBI//MB + VI/ISq — EI/IMB,
ViyMB  H3yS1 = By, (3)

On solving the second equation for y’7, 9 =
(E — H>)~'VTyMB and plugging it into the first, we find
the equation for y™2

(Kij + Uijy}'® = Ey}'®, (4)
where K;; and y™® = yM5(r) are the kinetic energy and
the wave functions, with r being the relative distance
between the meson and the baryon, and

—W+Zm Vi (5)

is the total interaction for the MB channels [36,37].
The energy dependence of the nonlocal potential on the
right-hand side of Eq. (5) can be safely ignored because
the energies of five-quark states, (a|H>?|a), are about
400-500 MeV higher than the meson-baryon threshold
energies, E5 > E, as one can see by comparing the
energies of the five quarks confined in a single region
and those of the two and three quarks in the meson and
baryon.
(ilv Vilj) =

—fz ila){al e~/ (6)

E — H>

where f = v, r is the distance between the meson and
the baryon, and a is fixed at a typical value of hadron size
~1 fm, which takes account of the spatial overlap of a
meson and baryon. The overall strength, f = 98 MeV, is
fitted to the experimental masses of P, (4338), P ,(4455),
and P (4468). This value is consistent with the one used
in the previous analysis of P, [36,37],% which means that
the model can qualitatively describe all the available
experimental data both in the nonstrange and in the strange
sector by means of the same only one parameter.

The coupled channels for J¥ =1/27, 3/27, and 5/2~
states are summarized in Table II. Note that we averaged
over the possible states of charge on assuming that isospin
symmetry holds well.

The comparison between our predictions and the exper-
imental data is shown in Fig. 1 and Table III.

The model predicts its spin parity as J* = 1/27, with a
mass of 4329.1 MeV and a binding energy of 7.6 MeV
as shown in Table III. This state appears as a Feshbach
resonance below the Z, D threshold, a quasibound state of

In the previous works [36,37] f =50 x f, but we errone-
ously quoted fo~6 MeV; this should be corrected as
fo =192 MeV, and hence f =50 x f, =96 MeV, which is
consistent with the currently used value f = 98 MeV.
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TABLE II. Meson-baryon channels coupled to strange P, of
JP with I = 0.

JP Channels

1/2- A.D,,BE.D,A\.D:, E.D*,E.D,E:D, E.D*, E:D*
3/2° A.D,E.D,A D}, 2.D,2,.D* E:D, B.D*,E:D*
5/2° A.D,.E.D,A\.D*, E.D, 5 .D*,E:D, =.D*, 5:D*

2.D coupled by the lower A,D, channel. Additionally, our
model predicts the existence of a heavy quark doublet in the
form of J* = 1/2~ and 3/2~ pentaquark states, specifically
involving the Z, baryon (with J = 1/2) and D* meson
(with J = 1) in an S-wave configuration. This prediction
aligns with the interpretation of the experimental analysis
conducted by LHCb, which observed two distinct peaks in
their data [12]. We suggest conducting an improved higher
statistical analysis for P, (4455) and P, (4468).

To obtain the above results, both terms of Eq. (5) are
important. For instance, the meson exchange potential V7}
alone cannot hold any bound states nor resonances shown
in Fig. 1 and in Table III.

In this study, we decided not to include the coupling to
the AJ/y channel. This choice is motivated by the fact that
the inclusion of the coupling to the AJ/y channel does not
affect the final results in a relevant way, as it will be
illustrated in the following. The Flatté formula is widely
used to parametrize a resonance shape by properly account-
ing for the opening of one or more thresholds, which, in the
case of P.;(4338), are the 2 D~ and the Z2D° thresholds;
thus we have parametrized the P (4338) — AJ/y decay
amplitude as

[MeV]
4800 EXP Our predictions
4700 12 3/27 5/2° o
—_— ZXD*
4600 zD*
XD
45001 P.(4468) —_— EEE:J *
—_— =, — E/CD
Pcs(4455) — = %
4400 e AcDs
Pc(4338) - F
— =D
4300 _
ADs
/i
4200 (Niw)
FIG. 1. Comparison between experimental masses of P., and

theoretical predictions of our model when f =98 MeV is
employed. Correspondence between the theoretical predictions
and experimental data is indicated by arrows.

TABLE III. Comparison of the experimental masses and decay
widths with our numerical results for isospin / =0 in units
of MeV.

EXP [12,14] Our results for f = 98 MeV
State Mass Width  JP Mass Width
1/2=  4252.65
P.,(4338) 43382 7.0 1/2=  4329.11 1.54
1/2= 439497 731 x10™*
3/27 439576 878 x 107*
1/2=  4436.24 2.12
P.,(4455) 44549 7.5 3/27  4465.24 1.08
P.,(4468) 44678 5.2 1/2=  4469.24 2.31
3/27 450291 4.09
3/2 4567.12 9.95
1/2= 4587.53 1.25
5/27  4629.81 14.7
3/27 4653.02 5.52
1
(7)

F~ - - .
E—M+églk1 +%gzk2+%l“

where the energy E is measured from the threshold of
the neutral channel. The two momenta are defined by
ki = V2u E, ky = \/2u,(E — A), with A ~2 MeV being
the energy difference in the two thresholds, and yu;, the
reduced masses of the two channels, respectively. The mass
and width parameters M and I' are those calculated for
P.(4338) as shown in Fig. 1 and Table III. The parameters
g1, g» are the couplings of the scattering AJ/y state to the
neutral (EYD°) and charged (EfD~) components in the
physical P,;(4338), respectively. The specific strengths of
these couplings, which involve charm-quark exchange, are
currently unknown. However, we can make an estimation
based on the values observed for X(3872) [46] in a similar
charm-quark exchange scenario involving J/wp and DD*
interactions [1]. In that case, the couplings were found to be
in the order of 0.1, and we expect similar magnitudes for g;
and g,. Consistent with expectations, increasing the values
of g; and g, leads to an upward shift in the peak position. In
Fig. 2, it can be observed that when g; ~ 0.1 and g, ~ 0.4,
the peak position closely approaches the threshold of the
charged channel. Notably, in the latter case, the peak
appears between the two thresholds, with a half-width of
approximately 1.5 MeV. These findings are in line with the
experimental results, providing further consistency with the
observed data.

In addition to P.;(4338), we found 11 more states with
various spin and parity J* = 1/27,3/27,5/27, as shown in
Fig. 1. All of these are molecular states dominated by
the nearest meson-baryon thresholds. As discussed above,
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FIG. 2. A sample plot of the amplitude (7). For details, see text.

these states may also couple to the AJ/y channel.
However, the energy shifts affecting the predicted states
above P (4338) will be smaller as long as the distance
between the real part of the poles and the AJ/y threshold
increases, thus making the coupling to the AJ/y channel
most likely negligible. The explicit inclusion of AJ/y
channel in a complete calculation, would have the effect of
slightly increasing the predicted masses, in alignment with
what one would expect from a basic quantum mechanics
example of level repulsion in the two-level problems, and it
will be the subject of a subsequent article.

Let us now comment on the relation between P.;(4338)
and P.(4312) from the point of view of the SU(3) flavor
symmetry with respect to a molecular charmed meson
and charmed baryon description. In the SU(3) limit, the
P.(4312) of isospin 1/2 is a member of the flavor octet
resulting from the 3,, x 6 decomposition, since it is
dominated by the X.D molecular component and X,
belongs to the SU(3) flavor baryon sextet, 6. In the same
way, if the SU(3) symmetry is exact, the P, (4338) with
zero isospin could be either a member of the flavor singlet
or a member of the flavor octet resulting from the 3,, x 3,
decomposition, since it is dominated by the Z.D molecular
component and E. belongs to the SU(3) flavor baryon
antitriplet, 3.

Our present analysis has important implications: (1) The
coupling to the compact five-quark core is effectively
expressed as a short-range attraction in the hadronic
molecules. It is noticeable that this interaction plays a
dominant role in generating bound and resonant states.
(2) The tensor force of the pion exchange causes SD-wave

channel-couplings, which provides additional attraction.
More interestingly, it controls decay widths, which are the
inverse of the lifetime. Indeed, without the tensor force, the
decay width of, for instance, Z.D* (3/27) and Z:D* (5/27)
molecules becomes smaller by 1 order of magnitude.
(3) We now possess an understanding of the composition
of pentaquarks in the vicinity of the threshold region,
wherein the molecular element assumes prominence,
nevertheless the presence of a compact component is
crucial to their formation. (4) The new P.,(4338) state
is very intriguing because, as discussed by LHCb [14], its
mass is very close to the ZF D~ meson-baryon threshold,
which lies at 2467.7 + 1869.7 = 4337.4 MeV, and in fact
its more favorable quantum numbers, JX = %‘, are just
what one expects for the 2/ D~ meson-baryon system in an
S wave. The most natural decay channel for such a state is
the J/®A channel whose threshold is located 126 MeV
below the P, (4338) mass; thus, the available phase space
for this decay channel is very large and a large decay width
is expected. However, the experimental decay width of
P.(4338), I'~7 MeV, is unnaturally small if compared
to such a large phase space, so there is some decay-
suppressing mechanism which prevents that P (4338)
decays into hidden-charm states. This behavior is a
clear indication that P_;(4338) is a molecular Z D~ state,
which is the decay into J/WA suppressed by a necessary
strong rearrangement with respect to the molecular 2D~
initial state.

The above features are characteristic of hadrons that
contain both heavy and light quarks, and hence are a result
of the cooperation of chiral and heavy quark symmetries
with colorful and colorless forces of the strong interaction,
QCD. The current analysis in the hidden-charm sector will
be extended to encompass the hidden-bottom sector, thus
leading to a greater depth to our exploration of hadron
spectroscopy.
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