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In this article we report our recent achievement in the collaboration for the pentaquark Pc’s.
A unique feature of our study is a hybrid picture where the long distance structure of hadronic
molecule driven by the one pion exchange potential (OPEP) and the short range structure of five
quarks dominated by the color force mediated by the gluons. The dynamics due to the pion is the
necessity of the spontaneous symmetry breaking (SSB) of chiral symmetry. We emphasize the role
of the tensor component of the OPEP both in their mass ordering and decay widths. The former is
crucial for the determination of spin and parity of the observed Pc.

INTRODUCTION

In the past decades the Large Hadron Collider (LHC)
has been producing a large amount of new hadron data
indicating the existence of hadrons that have the struc-
ture beyond the minimal contents of the standard quark
model: q̄q for mesons and qqq for baryons, where q de-
notes one of any kinds of quarks. The colliding energy of
order 10 TeV enables to produce many bottom quarks
which subsequently decay weakly into charm quarks.
Among many of them, in this report we discuss the candi-
date of the hidden charm pentaquarks Pc whose minimal
content is considered to be c̄cqqq, where c is the charm
quark and q is one of u, d quarks. This report is based
on our collaboration that has been supported in part by
the RCNP COREnet project.

2

q 
q 
Q

Q 
q

π +
5q

b
u
d

s
u

c
c

u
d

uW
Λb p

J/ψ

K−

Pc

FIG. 1. A postulated quark diagram of the weak decay
Λ0

b → J/ψK−p.

The first report from LHCb group came in 2015 [1]
with evidence of two Pc’s. They studied the three-body
decay

Λ0
b → J/ψK−p (1)

and performed the invariant mass analysis for J/ψp. A
postulated quark diagram is shown in Fig. 1. There, they
observed nontrivial structures at masses around 4380
MeV and 4450 MeV. The data is shown in the upper panel
of Fig. 2, where the higher peak at around 4450 MeV is

evident, while the lower one at around 4380 MeV came
from their detailed amplitude analysis. Being observed
in J/ψp events, the structure is naturally associated to
resonances containing five quarks of cc̄uud, thus named
Pc.
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

approximately 5MeV and 2MeV below the ⌃+
c D

0 and ⌃+
c D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [31–33] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [28–30] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

In summary, the nine-fold increase in the number of ⇤0
b ! J/ pK� decays recon-
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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FIG. 2. Invariant mass spectrum of Jψp in the weak decay
of Λ0

b → J/ψK−p. Data are taken from Refs. [1, 2]

In 2019, they have reported higher statistics data re-
fining their analysis with three narrow peaks as shown in
the lower panel of Fig. 2 [2]. Their locations and widths
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are

P+
c (4312) :M = 4311.9± 0.7+6.8

−0.6 MeV ,

Γ = 9.8± 2.7+3.7
−4.5 MeV ;

P+
c (4440) :M = 4440.3± 1.3+4.1

−4.7 MeV ,

Γ = 20.6± 4.9+8.7
−10.1 MeV ;

P+
c (4457) :M = 4457.3± 0.6+4.1

−1.7 MeV ,

Γ = 6.4± 2.0+5.7
−1.9 MeV .

The previous higher peak at 4450 MeV splits into two
peaks at 4440 MeV and 4457 MeV. The previous lower
signal at 4380 MeV is still kept, but now a new single
peak at 4312 MeV has been unveiled.

These results are very suggestive as they are all located
very close to two-hadron thresholds,

ΣcD̄ ∼ 4320 MeV

ΣcD̄
∗ ∼ 4463 MeV (2)

having lead to the idea that these states are molecular
like states of these hadrons. The five quarks are clustered
as cc̄uud→ (cud)-(c̄u), and so

P+
c (4312) ∼ ΣcD̄

P+
c (4440), P+

c (4457) ∼ ΣcD̄
∗ (3)

By knowing the spin and parity of Σc, D̄, D̄
∗ and assum-

ing that the molecules are in S-wave, their spin and parity
are expected to be 1/2− for P+

c (4312), and 1/2− or 3/2−
for P+

c (4440), P+
c (4457).

Motivated by these observations, we have started our
project in October 2016, when one of the authors Hosaka
stayed in Genova and discussed the problem with San-
topinto and Yamaguchi who was a postdoc there. Prior
to this project we had some experiences of molecular
structure of hadrons, with the emphasis on the special
role of the pion exchange force at long distances [3, 4].
As shown in the first term of Fig. 3, the pion is ex-
changed between light quarks q = u, d which are the
ingredients of the possible molecular components such
as Σc ∼ cud, D̄∗ ∼ c̄u. At the same time we consider the
important role of short range interaction where quark dy-
namics is of direct relevance as shown in the second term
of Fig. 3. We have then proposed a model of hadronic
molecules with the one pion exchange force and quark
dynamics.

This article reports our previous work from 2017 to
2020 which have been performed in collaboration with
the group of Genova and several domestic institutions [5,
6]. By this work Yasuhiro Yamaguchi was awarded the
JPS prize for young scientists, “Wakate Shorei Sho” in
2021.
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FIG. 3. Interaction between meson and baryon. The first
term is due to the pion exchange between light quarks, and
the second the coupling of the meson-baryon (MB) states to
five quark (5q) states.

THEORETICAL METHOD

Our model is a hybrid model of hadronic molecules of
mesons and baryons (MB) coupled by five quark states
(5q). In principle, both of these components are de-
scribed by five quarks with different cluster correlations.
Our assumption is that they are well developed and re-
garded as good basis states. Thus, our model Hamilto-
nian is expanded by the open-charm MB and 5q channels
as

H =

(
HMB V
V † H5q

)
=

(
KMB + Vπ V

V † H5q

)
(4)

and the corresponding Schrödinger equation is given by(
HMB V
V † H5q

)(
ψMB

ψ5q

)
= E

(
ψMB

ψ5q

)
(5)

In the second equation of the Hamiltonian (4) we have
shown the OPEP Vπ explicitly. Eliminating ψ5q in the
coupled equation (5) we obtain the equation for the
meson-baryon channel ψMB which is the direct relevance
to the experimental observations,

(KMB + Vπ + Ueff )ψMB = EψMB . (6)

where the effective interaction is given by

Ueff = Vπ + V
1

E −H5q
V † (7)

with the corresponding diagram shown in Fig. 3.
Details of the computational method is found in

Refs. [5, 6]. Here we list some important ideas.

• The OPEP takes on the form in momentum space,
q = p′ − p,

Vπ(q) = −
(
gπMM
A gπBB

A

4f2π

)
× (S1 · q )(S2 · q )

q 2 +m2
π

T̂1 · T̂2 , (8)

where gπMM
A , gπBB

A are the axial coupling constants
for mesons and baryons, respectively, and S1,2 are
the spin operators for the relevant hadrons. The ax-
ial coupling constants are then determined from the
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pion-quark coupling by constructing the wave func-
tions of mesons and baryons by the quark model.
We note that the resulting coupling constants sat-
isfy the heavy quark symmetry for D̄(∗) mesons and
Σ̄

(∗)
c baryons. The form factor is also constructed

by the quark model wave functions. In this way we
can fix all parameters for Vπ.

• For the coupling of MB-5q, we employ the idea of
the spectroscopic factor where we assume that the
strength of the MB-5q coupling is proportional to
the probability of a MB state at zero distance to
meet a 5q state. The five quark states are formed by
taking into account various color configurations [7].
Thus the relative strength of various MB-5q cou-
plings are fixed.

• Another dynamical issue is the treatment of the
non-local term of the effective interaction, the sec-
ond term of Ueff . Observing that the energies of
5q states H5q are estimated around ∆E ∼ 400 MeV
higher than the relevant threshold energy region
of MB, we approximate it as a contact term with
smeared by the Gaussian type local potential of
range 1 fm.

• Finally, one unknown parameter is the overall cou-
pling strength for the MB-5q couplings, f [5, 6].
This is the only one parameter of our hybrid model
that can be determined in comparison with data.

In this way, once f is fixed by using one experimental in-
put the interaction strengths are completely determined.

RESULTS AND DISCUSSIONS

Eq. (5) is solved by using variational method. We used
the Gaussian basis functions as trial functions [8]. To ob-
tain resonance states, we employed the complex scaling
method [9]. In Fig. 4, the results are shown for two f ’s
f/f0 = 50 where f0 ∼ 6 MeV [6]. Both experimental data
and theory results are shown by rectangular boxes with
their middle points corresponding to the masses as indi-
cated by the numbers nearby, and their vertical length
decay widths. The boxed numbers are for those states
observed by the experiment and the corresponding ones
of the model.

For smaller value f/f0 = 50, observed states Pc(4312)
and Pc(4440) are well explained not only for their masses
but also for decay widths. For Pc(4457), f/f0 = 50 does
not hold a resonance, but it may survive as a virtual
state. For the larger f/f0 = 80, all states are bound
with similar tendency but the levels are lowered due to
stronger attraction. These observed states have a domi-
nant components as indicated by Eq. (3).

In addition to the observed states, our model predicts
other states near the thresholds; one at around 4350 –

4370 MeV below the Σ∗
cD̄ threshold, and three scattered

around 4470 – 4530 MeV below the Σ∗
cD̄

∗ . As expected
these states have dominant component of the correspond-
ing threshold particles, forming the heavy-quark multi-
plets; the doublet of ΣcD̄

∗ and triplet of Σ∗
cD̄

∗.

VπðqÞ ¼ −
!
gMA g

B
A

4f2π

"
ðŜ1 · qÞðŜ2 · qÞ

q2 þm2
π

T̂1 · T̂2; ð6Þ

where Ŝ is the spin operator and T̂ is the isospin operator.
gBA is the axial vector coupling constant of the correspond-
ing baryons.1

The coupling of the MB channels, i and j, to the
five-quark (5q) channels, α, gives rise to an effective
interaction, V5q,

hijV5qjji ¼
X

α

hijVjαi 1

E − E5q
α
hαjV†jji; ð7Þ

where V represents the transitions between the MB and 5q
channels and E5q

α is the eigenenergy of a 5q channel. We
further introduced the following assumption:

hijVjαi ¼ fhijαi; ð8Þ

where f is the only free parameter which determines the
overall strength of the matrix elements. In order to calculate
the hijαi, we construct the meson-baryon and five-quark
wave functions explicitly in the standard nonrelativistic
quark model with a harmonic oscillator confining potential.
The derived potential hijV5qjji turned out to give similar
results to those derived from the quark cluster model [7].
The energies and widths of the bound and resonant states

were obtained by solving the coupled-channel Schrödinger
equation with the OPEP, VπðrÞ, and 5q potential V5qðrÞ,

ðK þ VπðrÞ þ V5qðrÞÞΨðrÞ ¼ EΨðrÞ; ð9Þ

where K is the kinetic energy of the meson-baryon system
andΨðrÞ is the wave function of the meson-baryon systems
with r being the relative distance between the center of
mass of the meson and that of the baryon. The coupled
channels included are all possible ones of Σð%Þ

c D̄ð%Þ and
ΛcD̄ð%Þ which can form a given JP and isospin I ¼ 1=2.
Equation (9) is solved by using variational method. We

used the Gaussian basis functions as trial functions [56]. In
order to obtain resonance states, we employed the complex
scaling method [57].
In Fig. 1 and Table I, experimental data [1,34] and our

predictions are compared. The centers of the bars in Fig. 1
are located at the central values of pentaquark masses while
their lengths correspond to the pentaquark widths with the
exception of Pcð4380Þ width, which is too large and does
not fit into the shown energy region. The boxed numbers
are the masses of the recently observed states [34], and the

corresponding predictions in our model. The dashed lines
are for threshold values. Our predicted masses and the
decay widths are shown for the parameters f=f0 ¼ 50 and
f=f0 ¼ 80. Here, f0 is the strength of the one-pion
exchange diagonal term for the ΣcD̄% meson-baryon chan-
nel, f0 ¼ jCπ

ΣcD̄% ðr ¼ 0Þj ∼ 6 MeV (see Ref. [45]). Setting
the free parameter f=f0 at f=f0 ¼ 50, we observe that both
masses and widths of Pþ

c ð4312Þ and Pþ
c ð4440Þ are repro-

duced within the experimental errors. However, the state
corresponding to Pþ

c ð4457Þ is absent in our results, where
the attraction is not enough. Increasing the value of f=f0 to
70, the state with JP ¼ 1=2− appears below the ΣcD̄%

threshold, and at f=f0 ¼ 80 the mass and width of this state
are in reasonable agreement with Pþ

c ð4457Þ. However, as
shown in Fig. 1, the attraction at f=f0 ¼ 80 is stronger than
that at f=f0 ¼ 50 and hence the masses of the other states
shift downward.
We find as expected that the dominant components of

these states are nearby threshold channels and with the
quantum numbers as follows: ΣcD̄ with JP ¼ 1=2−

[Pþ
c ð4312Þ], ΣcD̄% with JP ¼ 3=2− [Pþ

c ð4440Þ] and with
JP ¼ 1=2− [Pþ

c ð4457Þ] meson-baryon molecular states.
Let us compare our results with the ones reported by

other works. In Ref. [36], the assignments of the quantum
numbers for Pcð4440Þ and Pcð4457Þ are different from
ours. Since these two states are located near ΣcD̄% threshold
and both states have the narrow widths, it is natural to
consider them to form the J ¼ 1=2 and 3=2 states in
S-wave. It is emphasized that in our model the spin 3=2
state (4440) is lighter than the spin 1=2 state (4457). In
Ref. [37], they studied seven heavy quark multiplets of
ΣcD̄, ΣcD̄%, Σ%

cD̄, and Σ%
cD̄%, and considered two options of

FIG. 1. Experimental data (EXP) [1,34] and our results of
masses and widths for various Pc states. The horizontal dashed
lines show the thresholds for corresponding channels and values
in the right axis are isospin averaged ones in units of MeV. The
centers of the bars are located at the central values of pentaquark
masses while their lengths correspond to the pentaquark widths
with the exception of Pcð4380Þ width.

1In our previous publication [20], there were a few errors in the
matrix elements, which are corrected in this paper. After the
corrections, however, important results of our discussions remain
unchanged.
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FIG. 4. Experimental data (EXP) [1, 2] and our results of
masses and widths for various Pc states [6]. The horizontal
dashed lines show the thresholds for corresponding channels
and values in the right axis are isospin averaged ones in units
of MeV. The centers of the bars are located at the central
values of pentaquark masses while their lengths correspond to
the pentaquark widths with the exception of Pc(4380) width.

FIG. 5. Comparing the results with and without the ten-
sor force of the OPEP for the states around the ΣcD̄

∗ and
Σ∗

cD̄
∗ thresholds [6]. The label ’without T’ stands for the

result without the OPEP tensor force, while the label ’with
T’ stands for that with the OPEP tensor force. The same
convention is adopted as in Fig. 4.

Detailed discussions are discussed in Ref. [6]; here we
briefly summarize important features.

• The OPEP provides attraction through the tensor
force in the second order process. This is the same
mechanism as for the deuteron, where only the
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OPEP is sufficient to generate the bound states of
the binding energy 2 MeV by setting the cutoff pa-
rameter in the form factor around 800 MeV which
is very consistent with the core size of the nucleon
rc ∼ 0.6fm; Λ ∼

√
6rc ∼ 800 MeV. In the present

case, the OPEP alone does not produce sufficient
attraction. The main reason is that the coupling
strength is smaller than for the nucleon due to the
smaller number of light valence quarks that couple
to the pion.

• Another source of attraction is provided by the cou-
pling to the 5q states. When their masses are higher
than the relevant threshold energies E, the negative
denominator E−M5q < 0 guarantees the attractive
contribution. The strength, however, is not deter-
mined theoretically in the present study which was
then fixed in comparison with data.

• The level ordering of heavy quark multiplets is
dominated by the tensor force of the OPEP. For
instance, the larger attraction due to the second
order tensor force lowers the 3/2− state of ΣcD̄

∗

than the 1/2−. The same mechanism works for the
triplet of 5/2−, 3/2−, 1/2− of Σ∗

cD̄
∗. This observa-

tion contrasts to other model prediction [10].

• The tensor force due to the OPEP is also impor-
tant to reproduce the observed widths As shown
in Fig. 5 where the results are compared with and
without the OPEP, clearly indicating the impor-
tance of the OPEP.

Having observed the above features, important conclu-
sion of our present study is the following prediction for
the spin and parity identification,

Pc(4312) : 1/2
−, Pc(4440) : 3/2

−, Pc(4457) : 3/2
−

where Pc(4312) is a heavy quark spin singlet, and
Pc(4445), Pc(4457) form a heavy quark spin doublet. Fur-
thermore, we expect the existence of other states formed
by Σ∗

cD̄
∗. At present, their spin and parity are not yet

determined experimentally. It is crucial to know the spin
and parity of these states as well as the further search for
the other states.
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