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The hidden-charm pentaquark states Pcc̄ð4312Þþ, Pcc̄ð4380Þþ, Pcc̄ð4440Þþ, and Pcc̄ð4457Þþ, all with
isospin I ¼ 1=2, were discovered by the LHCb Collaboration in the decay process Λ0

b → J=ψpK−.
Although their quantum numbers remain undetermined, these states have generated significant theoretical
interest. We analyze their spectrum and decay patterns—including those of their spin partners—within the
Born-Oppenheimer (BO) effective field theory (BOEFT), a framework grounded in QCD. At leading order
in BOEFT, we identify these pentaquark states as bound states in BO potentials that exhibit at short distance
a repulsive octet behavior and a nonperturbative shift due to the adjoint baryons masses, while
asymptotically approaching the ΣcD̄ threshold. We further incorporate Oð1=mQÞ spin-dependent correc-
tions to compute pentaquark multiplet spin splittings. Based on the spectrum, semi-inclusive decay widths to
J=ψ and ηc, and the decay width ratios to ΛcD̄ and ΛcD̄�, we provide the first theoretical predictions for the
adjoint baryon masses, which can be confirmed by future lattice QCD studies. Moreover, our analysis
supports the quantum number assignments: JP ¼ ð1=2Þ− for Pcc̄ð4312Þþ, ð3=2Þ− for Pcc̄ð4380Þþ, ð1=2Þ−
for Pcc̄ð4457Þþ, and ð3=2Þ− for Pcc̄ð4440Þþ. We also present results for the lowest bottom pentaquarks.

DOI: 10.1103/5z3t-rq5f

I. INTRODUCTION

QCD, the established theory of the strong interaction,
describes the dynamics of quarks and gluons. The property
of color confinement confines quarks and gluons into color-
singlet hadrons and allows for a richer spectrum of bound
states than conventional mesons (quark-antiquark pairs) or
baryons (three-quark states) [1–3] including exotic hadrons
such as tetraquarks (four-quark states), pentaquarks (five-
quark states), hybrids (bound states of quarks with gluonic
excitations), and glueballs (bound states composed purely
of gluons) and so on; see Ref. [4] for a review. The past two
decades have seen a surge of discoveries of XYZ states that
are exotic hadrons with at least two heavy quarks and are
often located near or above open-flavor thresholds. The
Belle experiment in 2003 discovered the first XYZ state,

χc1ð3872Þ, containing a charm quark-antiquark ðcc̄Þ pair, in
the B → Kπþπ−J=ψ decay channel [5]. This breakthrough
paved the way for the discovery of dozens of new XYZ
hadrons by various experiments at the B-factories (BABAR,
Belle, Belle2), τ-charm facilities (BES, BESIII), and also
proton-(anti)proton colliders (CDF, D0, LHCb, ATLAS,
CMS) (see Refs. [4,6–11] for reviews). To date, approx-
imately 55 XYZ states with at least two heavy quarks have
been observed [12]. Among them are six pentaquark states
discovered by LHCb in the cc̄ sector: four isospin half-
integer ðI ¼ 1=2Þ states Pcc̄ð4312Þþ, Pcc̄ð4380Þþ,
Pcc̄ð4440Þþ, and Pcc̄ð4457Þþ with quark content cc̄qqq
and two isospin integer (I ¼ 0) states Pcc̄ð4338Þ0 and
Pcc̄ð4459Þ0 with quark content cc̄sqq, where q≡ ðu; dÞ
[13–16]. Understanding the nature of these pentaquark
states remains an elusive problem.
The LHCbCollaboration first reported the discovery of two

hidden-charm pentaquark states in the J=ψp invariant mass
distribution of theΛ0

b → J=ψpK− decay [13]. These included
a broad state Pcc̄ð4380Þþ with mass 4380�30MeV and
width 210� 90 MeV, and a narrower state Pcc̄ð4450Þþ with
mass 4449.8� 3 MeV and width 39� 20 MeV. Four years
later, in 2019, a subsequent updated analysis with larger data
sample (Run 1 and Run 2) by the LHCb Collaboration found
a new narrow state Pcc̄ð4312Þþ and further resolved the
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originally reported Pcc̄ð4450Þþ into two distinct narrow
resonances: Pcc̄ð4440Þþ and Pcc̄ð4457Þþ [14]. The broad
state Pcc̄ð4380Þþ was neither confirmed nor refuted in the
updated analysis, which was only sensitive to narrow peaks.
A clear signal for this state was not seen in the J=ψp mass
spectrum in Ref. [14], and therefore the existence of
Pcc̄ð4380Þþ needs further experimental confirmation. In
our work, we refer to a “Pcc̄ð4380Þþ” state, whose mass
aligns with the value reported in Ref. [13], although our
predicted decay width is significantly smaller and incon-
sistent with that analysis, which is now considered obsolete.
Table I shows the four hidden-charm pentaquark states
reported in the particle data group (PDG) [17]. The quantum
number JP assignment of these states is not yet known.
The hidden-charm pentaquark states Pcc̄ were theoreti-

cally anticipated well before their experimental observation
[18–25]. After the LHCb Collaboration discovery, a wide
range of theoretical frameworks has emerged to explain the
nature of the pentaquark states such as hadronic molecules
[26–58], compact pentaquark states [51,59–68], baryo-
charmonia or hadro-charmonia [69–74], cusp effects [51],
triangle singularities [75], and virtual states [76]. Given that
the pentaquark states Pcc̄ in Table I have masses within

close proximity of the Σð�Þ
c D̄ð�Þ thresholds, the states have

been widely interpreted as hadronic molecules with S-wave

Σð�Þ
c D̄ð�Þ constituents. In this interpretation, Pcc̄ð4312Þþ is a

ð1=2Þ− ΣcD̄ state and Pcc̄ð4380Þ is a ð3=2Þ− Σ�
cD̄ state,

albeit with a smaller width compared to the state observed in
the original LHCb analysis [28,29,55]. Pcc̄ð4440Þþ and
Pcc̄ð4457Þþ are both ΣcD̄� states, and can be assigned either
ð1=2Þ− and ð3=2Þ−, or ð3=2Þ− and ð1=2Þ−, respectively. In
contrast, the compact pentaquark model attributes positive
parity to some of these states. Within the molecular
framework, the heavy-quark spin symmetry implies that
there is a multiplet of seven pentaquark states (including
three additional states near the Σ�

cD̄� threshold with respect
to the four states listed in Table I). As remarked above, in the
molecular framework, the mass spectrum alone is insuffi-
cient to determine the JP numbers of Pcð4440Þ and
Pcð4457Þ. Many studies have addressed this JP issue
[31,43,44,55,56,77–80]. We discuss the quantum number
assignment in Sec. III.

The pentaquark states Pcc̄ð4312Þþ, Pcc̄ð4440Þþ, and
Pcc̄ð4457Þþ have been investigated using lattice QCD by
calculating the S-wave scattering of ΣcD̄ and ΣcD̄� via
Lüscher’s method only in the IðJPÞ ¼ 1

2
ð1=2Þ− channel at a

pion mass of 294 MeVand with a lattice spacing of 0.08 fm.
Two bound-state poles were found with one corresponding
to Pcc̄ð4312Þþ and the other to either Pcc̄ð4440Þþ or
Pcc̄ð4457Þþ [81].
Beyond spectroscopy, decay properties are also key to

understanding the structure of the pentaquark states. Several
approaches have been used to study the decay of charm
pentaquark states Pcc̄ into J=ψp, ηcp, ΛcD̄ð�Þ and ΣcD̄ð�Þ
thresholds [29,41,45,55,57,58,79,82,83]. Most recently, the
LHCb Collaboration performed a search for Pcc̄ð4312Þþ,
Pcc̄ð4440Þþ, and Pcc̄ð4457Þþ states in the prompt ΛcD̄ð�Þ,
ΛcD̄ð�Þ, andΛcπD̄ð�Þ mass spectra. No significant signal was
observed [84]. Thus far, the only observed decay channel for
the Pcc̄ pentaquark states remain J=ψp.
In this paper, we use the QCD effective field theory

called BOEFT to address both the spectra and decays of
quarkonium pentaquark states QQ̄qqq, without making
any a priori assumption on their quark configurations. The
BOEFT is derived from QCD on the basis of symmetries
and scale separations and results in coupled channel
Schrödinger equations governing the dynamics of the states
[85]. A crucial input to the Schrödinger equations are the
static energies or potentials between the heavy quarks due
to light quarks or gluons. These are nonperturbative
functions of the heavy quark separation to be computed
in lattice QCD. Currently, there are no lattice QCD results
for the pentaquark static energies. However, BOEFT
constraints the behavior of the static energies based on
the symmetries both at short and long distances. While
BOEFT requires lattice input for the static energies com-
puted from some generalized Wilson loops, the factoriza-
tion inherent the framework ensures that only a small set of
universal, flavor-independent nonperturbative correlators
are needed, greatly simplifying the problem.
The Born-Oppenheimer picture has been used for a long

time to study QCD bound states such as heavy quarkonium
hybrids [86–94]. It has been recast into an EFT framework
known as BOEFT [85,95–99]. For hybrids, the BOEFT has

TABLE I. List of nonstrange pentaquark states with quark content cc̄qqq, where q ¼ ðu; dÞ that are listed on
PDG [17]. All the states have I ¼ 1=2 but JP quantum numbers are unknown.

State (PDG) M (MeV) Γ (MeV) I ðJPÞ Decay modes

Pcc̄ð4312Þþ 4311.9þ7.0
−0.9 10� 5 1=2ð??Þ J=ψp

Pcc̄ð4380Þþ 4380� 30 210� 90
a

1=2ð??Þ J=ψp

Pcc̄ð4440Þþ 4440þ4.0
−5.0 21þ10

−11 1=2ð??Þ J=ψp

Pcc̄ð4457Þþb
4457.3þ4.0

−1.8 6.4þ6.0
−2.8 1=2ð??Þ J=ψp

aThe reported width is based on the original analysis [13], which is nowadays considered obsolete.
bEarlier, this state was Pcc̄ð4450Þ.
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been used to study the spectrum, incorporating spin
corrections in the hybrid multiplets through spin-dependent
potentials [95,100–104], and computing semi-inclusive
decays to low-lying quarkonium states [100,105,106]. In
addition, decays of hybrids into open-flavor threshold
states have been investigated within this framework
[107–109]. The BOEFT formalism has been also applied
to study spectra and decays of doubly heavy baryons [110–
113] and recently the lowest-lying tetraquark multiplets,
including their spin splittings [114,115].
The paper is organized as follows: in Sec. II, we give a

brief description of the BOEFT, information on the
quantum numbers, expressions of the pentaquark static
energies relevant for lattice QCD computation, and the
expected short and long distance behavior of the static
energies. In Sec. III, we first write the coupled Schrödinger
equations that follow from BOEFT for pentaquark states
ignoring spin corrections and then we include spin cor-
rections using first-order perturbation theory to identify the
experimental states. We discuss the different scenarios for
the quantum number JP assignments to the pentaquark
states in the charm sector. In Sec. IV, we examine the
decays of the pentaquark states into J=ψ , ηc, ΛcD̄, and
ΛcD̄� based on the scenarios in Sec. III. In Sec. V, we give
the results for the bottom pentaquark states Pbb̄ based
on the preferred scenario fixed by the spectrum and decays
of the charm pentaquark Pcc̄ states. Finally, Sec. VI
contains discussion and conclusion.

II. BORN-OPPENHEIMER EFFECTIVE THEORY

Heavy quarkonium systems and hidden-heavy systems
are hadrons made of a heavy quark-antiquark pair (cc̄ or
bb̄) bound to light d.o.f. (LDF) such as gluons g or light
quarks q or antiquarks q̄. The large heavy quark mass scale,
mQ, introduces significant simplifications: the scale is
perturbative (mQ ≫ ΛQCD, with ΛQCD the nonperturbative
hadronic scale), and the quarks move nonrelativistically,
i.e., v ≪ 1, where v is the relative velocity of the heavy
quark-antiquark pair in the bound system.
The simplest hidden-heavy systems are quarkonium states

ðQQ̄Þ, which are color singlet heavy quark-antiquark bound
states with no valence LDF in the bound state. In contrast,
pentaquark states QQ̄qqq are examples of hidden-heavy
systems with three light quarks as LDF bound to theQQ̄ pair
to form a color-singlet state. Other examples include hybrids
(QQ̄g), where a valence gluon contributes to the dynamics
and tetraquarks (QQ̄qq̄), which contain light quark-anti-
quark pair as valence LDF. The relevant energy scales to
describe such systems made of two nonrelativistic heavy
quarks (QQ̄ or even QQ) are the mass scale mQ, the relative
momentum scalemQv ∼ 1=r, where r is the relative distance
between the heavy quarks, and the heavy-quark-antiquark
binding energy scale mQv2. Such scales are hierarchically
ordered as mQ ≫ mQv ≫ mQv2, where v ≪ 1 is the

relative velocity of the heavy (anti)quark in the bound
system. In addition, in QCD, there is the nonperturbative
energy scale of the LDF, ΛQCD. Apart from the heavy quark
mass, the treatment of the other energy scales depends on
their proximity to ΛQCD, as nonperturbative methods have to
be used if the scales are close to it. The challenge of dealing
with multiple intertwined energy scales in nonrelativistic
bound states of QCD has been systematically addressed by
substituting QCD with simpler yet equivalent nonrelativistic
effective field theories [88,116–121].
The suitable EFT for describing systems with two heavy

quarks after integrating out the heavy quark mass scalemQ is
nonrelativistic QCD (NRQCD) [116,117]. NQRCD is for-
mulated as a systematic expansion in 1=mQ. For exotic states
such as pentaquarks, which are typically extended objects,
we assume that the LDF responsible for their binding satisfy
the hierarchy condition mQv ≳ ΛQCD ≫ mQv2. This hier-
archy implies that the nonrelativistic motion of the QQ̄ pair
evolves with a much larger time scale compared to the LDF
time scale, 1=ΛQCD. It also implies that mixing between
states separated by energy gaps of order ΛQCD is parametri-
cally suppressed.1 This separation of scales naturally moti-
vates the use of the BO approximation, well known from
molecular physics [122,123]. In the context of QCD bound
states, focusing on the lower-energy dynamics at the scale
mQv2 by integrating out all the higher-energy scales above
mQv2 leads to the BOEFT [85,95–99]. In BOEFT, the LDF
dynamics is encoded in the static potentials between the
heavy quarks. In this work, we apply the formalism
developed in Refs. [85,105,109] to the study of spectrum
and decays of QQ̄qqq pentaquark states. We consider both
semi-inclusive decays to quarkonium states like J=ψ , ηc, and
decays to baryon-antimeson ΛcD̄, and ΛcD̄� thresholds.

A. BO quantum numbers

In the static limit, eigenstates and eigenvalues of the
QCD Hamiltonian in the QQ̄ sector are referred to as static
states and static energies, respectively. In this limit, the
heavy quarks act as static color sources, while the different
LDF configurations identify different static energies that
are labeled by the BO quantum numbers Λσ

η , representa-
tions of the cylindrical symmetry group D∞h. The quantity
Λ is defined as Λ≡ jλj ¼ jK · r̂j, where λ is the eigenvalue
of the projection of the LDF total angular momentum (spin)
K along the heavy quark pair axis r̂. For integer values ofΛ,
we use the standard notation of capital Greek letters:
Σ;Π;Δ;… for Λ ¼ 0; 1; 2;…. The index η is the CP
eigenvalue, if CP is a good quantum number, elsewhere
it is the parity P, and is denoted by g ¼ þ1 and u ¼ −1.
The index σ ¼ �1 is the eigenvalue of the reflection
operator with respect to a plane passing through the

1Note that states like quarkonium and pentaquarks cannot mix
due to differences in quantum numbers such as isospin.
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r̂ axis. The index σ is explicitly written only for Σ states,
which are not degenerate under reflection. The static
energies are also characterized by the flavor quantum
numbers of the LDFs, such as isospin I and projection mI ,
baryon number b, and so on.
Assuming that the angular momentum operator K2 has

eigenvalues kðkþ 1Þ, which restricts the projection to
Λ ≤ k, we introduce the shorthand notation

κ≡ fkPC; fg; ð2:1Þ

where f denotes the LDF flavor indices.2 The quarkonium
states are isoscalar states with κ ¼ f0þþ; I ¼ 0g, while
pentaquark states have nonzero isospin and nonzero LDF
spin k. It is important to note that k is a good quantum
number only at short distances (r → 0), where the sym-
metry group of the system becomes the spherical symmetry
Oð3Þ, but not at large distances, where the symmetry of the
system is D∞h.
For QQ̄qqq pentaquarks, the total spin K of the three

light quarks can only assume half-integer values. As a
result, the standard notation for the BO-quantum numbers
Λσ
η is not applicable: there are no established labels for Λ

in the half-integer case, the reflection quantum number σ
does not appear without a λ ¼ 0 state, and, because
CP transforms a light qqq state into a q̄ q̄ q̄ state, the
CP eigenstates are even and odd linear combinations of
the two.3 For notation, we choose to label the LDF states
by kP and represent the BO quantum numbers as ðΛÞη,
where η refers only to parity P, and Λ ¼ jK · r̂j. The
ground state with given BO quantum number is labeled
ðΛÞη, whereas excited states with the same quantum
numbers are labeled ðΛÞ0η; ðΛÞ00η ;….

B. Pentaquark static energies: Operator and
behavior at short distance

While quarkoniumQQ̄ states are bound states of a heavy
quark-antiquark pair with no LDF, pentaquark QQ̄qqq
states are bound states with three light quarks as LDF. In the
r → 0 (short-distance) limit, where r is the separation
between the heavy quark and antiquark pair, the color
quantum number combination of the QQ̄ pair results in
both color singlet and color octet configurations. In the
color octet case, the ðQQ̄Þ8 pair binds with the LDF that are
in the adjoint representation of SUð3Þ to form color singlet
hadrons. We refer to those LDF states with quantum
numbers kP in the adjoint representation as adjoint
hadrons. In the context of the current work, the color
octet case describes pentaquarks ½ðQQ̄Þ8 þ ðqqqÞ8�, while

the color singlet case corresponds to quarkonia ðQQ̄Þ1 or
quarkonia with light hadrons ½ðQQ̄Þ1 þ ðqqqÞ1� [85,99].4
The static energy—also known as the BO potential—for

the pentaquark state with BO-quantum number ðΛÞη can be
computed from the large time behavior of the logarithm of
an appropriate gauge-invariant correlator, as follows:

EðΛÞηðrÞ≡ Eκ;jλjðrÞ

¼ lim
T→∞

i
T
log½hvacjOκ;λðT=2; r;RÞ

×O†
κ;λð−T=2; r;RÞjvaci�; ð2:2Þ

where κ is given by Eq. (2.1) and jvaci denotes the NRQCD
vacuum. The gauge-invariant interpolating operator Oκ;λ is
a function of the relative coordinate r≡ x1 − x2 and the
c.m. coordinate R≡ ðx1 þ x2Þ=2 of the QQ̄ pair, x1 and x2
being the space locations of the quark and antiquark. The
LDF isospin or flavor quantum numbers are not explicitly
written. For a heavy quark-antiquark octet, Oκ;λ can be
given in terms of NRQCD fields by

Oκ;λðt; r;RÞ ¼ χ†ðt;Rþ r=2Þϕðt;Rþ r=2;RÞPα†
κ;λH

α;a
8;κ ðt;RÞ

× Taϕðt;R;R− r=2Þψðt;R− r=2Þ; ð2:3Þ

where the field ψ is the Pauli spinor that annihilates the
heavy quark and χ is the Pauli spinor that creates the heavy
antiquark; they satisfy canonical equal time anticommuta-
tion relations. The matrices Ta ða ¼ 1;…; 8Þ are the SUð3Þ
generators and ϕðt; x; yÞ is the Wilson line

ϕðt; x; yÞ ¼ P exp
�
−ig

Z
x

y
dz · Aðt; zÞ

�
; ð2:4Þ

with P the path ordering operator. The operators Hα;a
8;κ ðRÞ

are related to adjoint baryons when the LDF are three light
quarks. The projection vectors Pα

κ;λ with α the vector or spin
index project onto eigenstates of K · r̂ with eigenvalue λ,
thereby fixing the cylindrical symmetry group D∞h quan-
tum numbers. They are are given in terms of Wigner D-
matrices and read [85]

Pα
κλðθ;φÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
8π2

2kþ 1

s
Dλ�

kαð0; θ;φÞ; ð2:5Þ

where α ¼ k;…; 0;…;−k, as we are using a spherical
basis. Specific expressions of different projection vectors
are in Appendix F of Ref. [85]. For quarkonium, the
quantum numbers of the LDF are κ ¼ 0þþ, which implies a
trivial form of the projection vector: P00 ¼ 1. Indeed,

2For notational ease, we explicitly mention whenever we
suppress the flavor index f.

3See Sec. IV C in Ref. [85] for more details.

4Lattice QCD calculations show that these states are not
sufficiently bound to form a multiquark state [124,125].
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setting Pα
κ;λH

α;a
8;κ ðt;RÞTa ¼ 1 in Eq. (2.3) identifies the

color singlet ðQQ̄Þ1 state corresponding to quarkonium.
In the current work, we consider the lowest pentaquark

states QQ̄qqq, where q ¼ ðu; dÞ, listed in Table I, all of
which have isospin I ¼ 1=2. Without orbital excitations,
the three light quarks have positive parity and can have total
spin either as a spin doublet [kP ¼ ð1=2Þþ] or a spin quartet
[kP ¼ ð3=2Þþ]. Their isospin can similarly be either a
doublet (I ¼ 1=2) or quartet (I ¼ 3=2). However, the light
quarks being indistinguishable, the Pauli exclusion princi-
ple imposes constraints on the whole color-spin-isospin

combinations, which must be totally antisymmetric under
quark exchange. As a result, in the color-octet sector, all
combinations of spin and isospin are allowed except for the
case where both are quartets (I ¼ 3=2, k ¼ 3=2).5 For light
quark spin kP ¼ ð1=2Þþ, we denote the BO potential
Eð1=2ÞgðrÞ and for light quark spin kP ¼ ð3=2Þþ, we denote
the two BO potentials corresponding to the two projections
along the QQ̄ axis as Eð1=2Þ0gðrÞ and Eð3=2ÞgðrÞ.
The light quark interpolating operator Hα;a

8;κ ðt; xÞ for
I ¼ 1=2, I3 ¼ �1=2, and k ¼ 1=2 is given by [85]

Hα;a
8;I3¼�1=2;ð1=2Þþðt; xÞ

¼ �ðδαβ1σ2β2β3 þ δαβ2σ
2
β1β3

þ δαβ3σ
2
β1β2

ÞðδI3f1τ2f2f3 þ δI3f2τ
2
f1f3

þ δI3f3τ
2
f1f2

ÞðT2Þal1;l2;l3
þ ðδαβ1σ2β2β3 þ δαβ2σ

2
β3β1

þ δαβ3σ
2
β2β1

ÞðδI3f1τ2f2f3 þ δI3f2τ
2
f3f1

þ δI3f3τ
2
f2f1

ÞðT3Þal1;l2;l3
þ ðδαβ1σ2β3β2 þ δαβ2σ

2
β3β1

þ δαβ3σ
2
β1β2

ÞðδI3f1τ2f3f2 þ δI3f2τ
2
f3f1

þ δI3f3τ
2
f1f2

ÞðT1Þal1;l2;l3
�

× ðPþql1f1ðt; xÞÞβ1ðPþql2f2ðt; xÞÞβ2ðPþql3f3ðt; xÞÞβ3 ; ð2:6Þ

and for I ¼ 1=2, I3 ¼ �1=2, and k ¼ 3=2, it is given by

Hα;a
8;I3¼�1=2;ð3=2Þþðt; xÞ ¼

�ðC3=2α1m1=2β1
ðem · σiσ2Þβ2β3 þ C3=2α1m1=2β2

ðem · σiσ2Þβ1β3 þ C3=2α1m1=2β3
ðem · σiσ2Þβ1β2Þ

× ðC1=2I31m1=2f1
ðem · τiτ2Þf2f3 þ C1=2I31m1=2f2

ðem · τiτ2Þf1f3 þ C1=2I31m1=2f3
ðem · τiτ2Þf1f2ÞðT2Þal1;l2;l3

þ ðC3=2α1m1=2β1
ðem · σiσ2Þβ2β3 þ C3=2α1m1=2β2

ðem · σiσ2Þβ3β1 þ C3=2α1m1=2β3
ðem · σiσ2Þβ2β1Þ

× ðC1=2I31m1=2f1
ðem · τiτ2Þf2f3 þ C1=2I31m1=2f2

ðem · τiτ2Þf3f1 þ C1=2I31m1=2f3
ðem · τiτ2Þf2f1ÞðT3Þal1;l2;l3

þ ðC3=2α1m1=2β1
ðem · σiσ2Þβ3β2 þ C3=2α1m1=2β2

ðem · σiσ2Þβ3β1 þ C3=2α1m1=2β3
ðem · σiσ2Þβ1β2Þ

× ðC1=2I31m1=2f1
ðem · τiτ2Þf3f2 þ C1=2I31m1=2f2

ðem · τiτ2Þf3f1 þ C1=2I31m1=2f3
ðem · τiτ2Þf1f2ÞðT1Þal1;l2;l3

�
× ðPþql1f1ðt; xÞÞβ1ðPþql2f2ðt; xÞÞβ2ðPþql3f3ðt; xÞÞβ3 ; ð2:7Þ

where repeated indices are summed over, α; βi ði ¼ 1; 2; 3Þ
are the spin or vector indices, fi ði ¼ 1; 2; 3Þ are the isospin
or flavor index, li ði ¼ 1; 2; 3Þ are the color index, C3=2α1m1=2βi

and C1=2I31m1=2fi
are Clebsch-Gordon coefficients and the color

matrices ðTiÞa ði ¼ 1; 2; 3Þ are defined as

ðT1Þaijk ¼ ϵljkTa
li; ðT2Þaijk ¼ ϵilkTa

lj;

ðT3Þaijk ¼ ϵijlTa
lk: ð2:8Þ

The projector Pþ ¼ ð1þ γ0Þ=2 in Eqs. (2.6) and (2.7) is
required due to positive parity [98,126]; it selects a two-
component Pauli spinor, σ2 and τ2 are the antisymmetric
spin and isospin Pauli matrices, σi and τi are the spin and
isospin Pauli matrices, and em are the spherical basis
vectors

e0 ¼ ð0; 0; 1Þ; e−1 ¼ −ð1; i; 0Þ=
ffiffiffi
2

p
;

eþ1 ¼ ð1;−i; 0Þ=
ffiffiffi
2

p
: ð2:9Þ

Replacing the Clebsch-Gordon coefficient C3=2;α1;m;1=2;βi
in

Eq. (2.7) with C1=2;α1;m;1=2;βi
yields another light-quark inter-

polating operator, Hα;a
8;I3¼�1=2;ð3=2Þþðt; xÞ, for I ¼ 1=2,

I3 ¼ �1=2, and k ¼ 1=2. As discussed in Secs. II C and
II D 1, and summarized in Tables II and III, there are in fact
two distinct kP ¼ ð1=2Þþ configurations. The interpolating
operator in Eq. (2.6) corresponds to the light quark pair-
quark combination kPqq ⊗ kPq ¼ 0þ ⊗ ð1=2Þþ, while the

5There is no fully antisymmetric combination in color for three
identical quarks in a color octet configuration. For details, see
Appendix H in Ref. [85].
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operator obtained via the above substitution corresponds to
kPqq ⊗ kPq ¼ 1þ ⊗ ð1=2Þþ.
Following Ref. [85], the short-distance behavior of the

pentaquark BO potential Eð0Þ
ðΛÞηðrÞ can be written as

EðΛÞηðrÞ ¼ VoðrÞ þ Λκ þOðr2Þ; ð2:10Þ

where VoðrÞ ¼ αs=ð6rÞ is the color octet potential and Λκ

is the adjoint baryon mass with κ ¼ fð1=2Þþ; I ¼ 1=2g and
fð3=2Þþ; I ¼ 1=2g. Equation (2.10) incorporates the infor-
mation that, at leading order in the multipole expansion,
several BO potentials become degenerate as they depend
solely on the adjoint baryon quantum number κ≡ kP (see
the second column of Table II). The degeneracy is broken
by the Oðr2Þ terms that arise from the multipole expan-
sion [88].

C. Pentaquark multiplets

The lowest quarkonium pentaquarks are bound states in
the BO potentials (static energies) with BO-quantum number
ð1=2Þg corresponding to the adjoint baryon kP ¼ ð1=2Þþ, or
BO potentials with BO-quantum numbers ð1=2Þ0g and ð3=2Þg
corresponding to the adjoint baryon kP ¼ ð3=2Þþ (see
Table II). The ordering of the adjoint baryon masses for
ð1=2Þþ and ð3=2Þþ is not known from lattice QCD. We
consider both adjoint baryons for the ground state. For
kP ¼ ð3=2Þþ, we need to consider both static energies

ð1=2Þ0g and ð3=2Þg because they are degenerate in the short
distance limit.6 The states associated with the static energies
ð1=2Þ0g and ð3=2Þg mix, and their dynamics are governed by
a set of coupled Schrödinger equations [85]. Higher static
energies are assumed to be separated from the static energies
ð1=2Þg, ð1=2Þg0 , and ð3=2Þg by a gap of order ΛQCD (at least
true for the hybrid static energies), and their modes are
integrated out when integrating out LDF of energy or
momentum of order ΛQCD.
We define the total angular momentum of the state as

J ¼ Lþ S, where the angular momentum L ¼ LQQ̄ þ K
is the sum of the orbital angular momentum LQQ̄ of the
QQ̄ pair and the spin K of the LDF, and S ¼ S1 þ S2 is
the total spin of the QQ̄ pair. The associated quantum
numbers are as follows: JðJ þ 1Þ and mJ are the
eigenvalue of J2 and J3 respectively, lðlþ 1Þ is the
eigenvalue of L2, and sðsþ 1Þ is the eigenvalue of S2. In
addition, we denote the quantum number of the angular
momentum LQQ̄ by LQ. In Table II, we show the results
for the JP multiplets of the lowest QQ̄qqq pentaquark
states, where P denotes the parity of the state. Notably,
there are two distinct multiplets corresponding to
two different adjoint baryon configurations with light

TABLE II. JP multiplets for the lowest pentaquark statesQQ̄qqq where q ¼ ðu; dÞ and P denotes the parity of the state. We represent
the BO quantum numbers (D∞h representation) in the third column as ðΛÞη, where η ¼ g denotes positive parity and Λ ¼ jK · rj. There
are two distinct multiplets corresponding to two distinct adjoint baryons with light spin parity ð1=2Þþ: one multiplet with kP ¼ ð1=2Þþ
corresponds to states near the Λc=Λb − D̄=B̄ thresholds, while the other multiplet with kP ¼ ð1=2Þþ together with the multiplet with
kP ¼ ð3=2Þþ corresponds to states near the Σc=Σb − D̄=B̄ thresholds. In the table, we only show the JP multiplets associated with the
lowest pentaquark states near the Σc=Σb − D̄=B̄ thresholds, since no experimental states have been seen observed near the
Λc=Λb − D̄=B̄ thresholds.

QQ̄ color state Light spin kP BO quantum # D∞h l JP fs ¼ 0; s ¼ 1g
Octet 8 ð1=2Þþ ð1=2Þg 1=2 f1=2−; ð1=2; 3=2Þ−g

ð3=2Þþ fð1=2Þ0g; ð3=2Þgg 3=2 f3=2−; ð1=2; 3=2; 5=2Þ−g

TABLE III. Total LDF spin-parity kP quantum numbers of light quark pair-quark (qq ⊗ q) combinations for the lowest light-quark
states forming BM̄ pair thresholds. The light-quark states have quantum numbers kPqq and kPq . The BO quantum numbers corresponding
to kP are listed in the third column. The prime in the third row indicates the excited state of the same BO quantum number. The first row,
which accounts for the spin singlet qq pair, is relevant for the ΛcD̄ or ΛbB̄ thresholds with isospin I ¼ 1=2, while the second and third
rows, which account for the spin triplet qq pair, are relevant for the ΣcD̄ or ΣbB̄ thresholds, and include both isospin I ¼ 1=2 and
I ¼ 3=2.

kPqq ⊗ kPq kP BO quantum D∞h

0þ ⊗ ð1=2Þþ ð1=2Þþ ð1=2Þg
1þ ⊗ ð1=2Þþ ð1=2Þþ ð1=2Þg

ð3=2Þþ fð1=2Þ0g; ð3=2Þgg

6An analogous degeneracy at short distances occurs in the case
of the hybrid static energies Σ−

u and Πu [88,89,127] and the
tetraquark static energies Σþ0

g and Πg [85,114].
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spin-parity kP ¼ ð1=2Þþ: one multiplet is associated
with states near the Λc=Λb − D̄=B̄ thresholds, while
the other—along with the kP ¼ ð3=2Þþ multiplet—is
associated with states near the Σc=Σb − D̄=B̄ thresholds.
Hence, in total, there are 10 possible JP states. However,
three of these states are excluded as no experimental
states have been seen observed near the Λc=Λb − D̄=B̄
thresholds. As we will see in Sec. II D, this has
implications on the behavior of the BO potentials.
As seen in Table II, all the ground-state pentaquark

states have negative parity given by P ¼ ð−1Þlþk [85]. The
QQ̄ pair has negative intrinsic parity, while the three light
quarks have positive intrinsic parity. For kP ¼ ð1=2Þþ with
l ¼ 1=2, the negative parity P implies LQ ¼ 0 and for
kP ¼ ð3=2Þþ with l ¼ 3=2, the negative parity implies
LQ ¼ 0, 2.

D. Behavior of pentaquark BO potentials and
parametrization

1. Mixing with baryon-antimeson threshold

The BOEFT constrains the behavior of the BO (static)
potentials at short and large distances based on the BO
quantum number [85]. At short distances (r → 0), the
form of the potential is fixed by the potential NRQCD
multipole expansion: for color octet ðQQ̄Þ8, the potential
is the sum of the repulsive color octet potential, adjoint
hadron mass and higher-order corrections of OðΛ3

QCDr
2Þ

[85,88]. At large distances ðr → ∞Þ, the form depends on
the LDF. In the quenched approximation, where the LDF
consist solely of gluons (quarkonium and hybrid
configurations), lattice QCD calculations show that the
static potentials grow linearly with the interquark dis-
tance r (see recent lattice results in Refs. [128–130]). In
contrast, in the unquenched case, the LDF include light
quarks, and the relevant long-distance behavior is gov-
erned by the heavy-light hadron pair thresholds, such as
the heavy baryon–heavy antimeson threshold (denoted by
BM̄ for notational ease) in the QQ̄qqq pentaquark
system.
The LDF quantum numbers of the BM̄ thresholds are

inferred from the light quark spin, kPq , in the heavy
antimeson and the light quark pair spin, kPqq, in the heavy
baryon: kPq ¼ ð1=2Þþ for the ground-state heavy antimeson
and kPqq ¼ 0þ and 1þ for the ground-state heavy baryon,
where we assume that the kP ¼ 0þ state is lower in
energy.7 The total LDF spin-parity kP and the correspond-
ing BO quantum numbers in the Λσ

η representation for the
lowest BM̄ thresholds are listed in Table III. The BO
quantum number conservation between adjoint baryons

(Table II) and BM̄ thresholds (Table III) implies that the
QQ̄ pentaquark BO static potentials with repulsive color
octet behavior at r → 0 decrease as r increases and
eventually evolve smoothly into BM̄ thresholds at r →
∞ [85,115]. This constraint severely restricts the potentials
capable of supporting bound states. These are only the
pentaquark potentials that cross the BM̄ threshold and then
approaches it from below. If the pentaquark potential
decreases monotonically as r increases and connects to
the BM̄ threshold from above, it cannot support bound
states [85,115].
The LHCb experiment has observed four half-integer

isospin ðI ¼ 1=2Þ pentaquark states: Pcc̄ð4312Þþ,
Pcc̄ð4380Þþ, Pcc̄ð4440Þþ, and Pcc̄ð4457Þþ, all with quark
content cc̄qqq, where q≡ ðu; dÞ [13,14]. The JP quantum
numbers are unknown. All of these states are below the
spin-isospin averaged ΣcD̄ threshold (which includes
ΣcD̄, Σ�

cD̄, ΣcD̄�, and Σ�
cD̄�) and are above the spin-

isospin averaged ΛcD̄ threshold (which includes ΛcD̄ and
ΛcD̄�). Notably, no states have been observed near the
spin-isospin averaged ΛcD̄ or ΛbB̄ thresholds. This
suggests that the static potential with BO quantum number
ð1=2Þg corresponding to the adjoint baryon ð1=2Þþ for
kPqq ¼ 0þ (first row in Table III) decreases monotonically
with r and joins the Λc=Λb–D̄=B̄ thresholds from above—
thus failing to support bound states, as sketched in Fig. 1.
In contrast, for the BO potentials with quantum numbers
ð1=2Þg and ð1=2Þ0g; ð3=2Þg corresponding to the two
adjoint baryons ð1=2Þþ and ð3=2Þþ with kPqq ¼ 1þ (second
and third rows of Table III) and asymptotically connecting
to the Σc=Σb–D̄=B̄ thresholds, two scenarios appear
possible:
(1) Only the potentials with BO quantum numbers

fð1=2Þ0g; ð3=2Þgg cross the Σc=Σb–D̄=B̄ thresholds
and then approach them from below, supporting
bound states (see Fig. 1), while the potential with
BO quantum number ð1=2Þg joins the Σc=Σb–D̄=B̄
thresholds from above, thus not supporting any
bound state. This implies that the lowest pentaquark
states are only four, those associated with the
multiplet of the adjoint baryon ð3=2Þþ (see Table II).
This number matches the number of observed
pentaquark states reported in Table I.

(2) All the static potentials with BO quantum
numbers ð1=2Þg and fð1=2Þ0g; ð3=2Þgg cross the
Σc=Σb–D̄=B̄ thresholds and then approach them
from below, supporting bound states near the
potential minima (see Fig. 1). This implies that
the lowest pentaquark states are the seven penta-
quark states associated with the multiplet of the
adjoint baryons ð1=2Þþ and ð3=2Þþ (see Table II).
Of these seven states, four can be associated with
the observed pentaquark states reported in Table I;
the remaining three must be understood as

7This is supported by the observation that Λ-baryons have
lower mass than Σ-baryons.
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yet undetected. The first scenario has been
analyzed in Ref. [131]. In the current work,
we analyze the second one. We only consider I ¼
1=2 adjoint baryons and exclusively focus on the
static potentials that asymptotically connect to the
Σc=Σb–D̄=B̄ thresholds.

2. Quark masses and parametrization

The charm and bottom quark masses that we use in the
current work are the renormalon-subtracted (RS) charm and
bottom masses [132,133] defined at the renormalon sub-
traction scale νf ¼ 1 GeV and computed in [95]: mRS

c ¼
1.477 GeV and mRS

b ¼ 4.863 GeV. The physical spin-
isospin averaged BM̄ thresholds are EΣcD̄ ¼ 4.470 GeV,
and EΣbB̄ ¼ 11.140 GeV [17]. We choose the zero of
energy to be the spin-isospin averaged ΣcD̄ threshold for
charm and ΣbB̄ threshold for bottom. For completeness, the
spin-isospin averaged ΛcD̄ and ΛbB̄ thresholds are EΛcD̄ ¼
4.260 GeV and EΛbB̄ ¼ 10.933 GeV [17].
There are no lattice QCD computations of the penta-

quark static potentials. Therefore, we model the potentials
based on the short-distance and long-distance behavior
dictated by BOEFT [85], as follows:

EðΛÞηðrÞ¼
�VRS

o ðr;νfÞþΛκþAΛη
r2 r<RΛη

FΛη
e−r=d=r r>RΛη

; ð2:11Þ

where Λη ∈ ½ð1=2Þg; fð1=2Þþ0
g ; ð3=2Þgg�. For the short-dis-

tance part ðr < RΛη
Þ, we use the RS octet potential

VRS
o ðr; νfÞ up to order α3s in perturbation theory8 and νf ¼

1 GeV is the renormalon subtraction scale. The constant Λκ

is the adjoint baryon mass with κ ¼ fð1=2Þþ; I ¼ 1=2g and
fð3=2Þþ; I ¼ 1=2g. Due to the lack of lattice data, we
choose the parameters AΛη

in Eq. (2.11) to be the same as
the parameters for the lowest hybrid potentials in Ref. [94],
as follows:

Að1=2Þg ¼ 0.042 GeV3; Að1=2Þ0g ¼ 0.0065 GeV3;

Að3=2Þg ¼ 0.0726 GeV3: ð2:12Þ

For the long-distance part ðr > RΛη
Þ in Eq. (2.11), we

use the one-pion exchange potential motivated from
molecular models [28,29,44,52,80,134]. The parameters
FΛη

and RΛη
are determined by imposing continuity up

to the first derivatives. We treat the adjoint baryon
masses Λð1=2Þþ and Λð3=2Þþ as adjustable parameters to
reproduce the Pcc̄ð4312Þþ, Pcc̄ð4380Þþ, Pcc̄ð4440Þþ, and
Pcc̄ð4457Þþ pentaquark masses within the experimental
uncertainties.9

III. PENTAQUARK SPECTRUM
AND IDENTIFICATION WITH
EXPERIMENTAL STATES

A. Schrödinger equations without
spin splittings

Pentaquarks ðQQ̄qqqÞ are exotic hadrons that are color-
singlet bound states of a color octet QQ̄ pair coupled to
three light quarks qqq. We focus here on the lowest-lying
pentaquark states that can be built from the ð1=2Þg and
fð1=2Þ0g; ð3=2Þgg static energies corresponding to adjoint
baryons with quantum numbers κ ¼ fð1=2Þþ; I ¼ 1=2g
and fð3=2Þþ; I ¼ 1=2g (see multiplets in Table II). For
kP ¼ ð1=2Þþ, two values of λ (�1=2) are possible and for
kP ¼ ð3=2Þþ, four values of λ (�1=2 and �3=2) are
possible. The pentaquark state jPNiwith quantum numbers
N ≡ fn; J;mJ; l; sg, where n is the principal quantum
number, can be written in the rest frame as [85]

FIG. 1. Illustrative figure showing BO potentials that decrease
monotonically with r and connect to the baryon-antimeson
thresholds at large distances. The blue curve represents a BO
potential that approaches the ΣcD̄ threshold from below, poten-
tially supporting a bound state. In contrast, the red curve
corresponds to a BO potential that approaches the ΛcD̄ threshold
from above, in which case, making it unlikely to support any
bound state. Furthermore, though not shown here, a BO potential
may dip slightly below a threshold, such as the ΛcD̄ one, cross it
again, and then approach it from above, in which case it could
support a resonant state [115].

8An expression of the RS octet potential can be found in
Appendix B of Ref. [95].

9Varying the short-distance coefficients AΛη
by 20% requires

adjusting the adjoint baryon mass by only a few MeV to
reproduce the pentaquark masses within experimental uncertain-
ties. Furthermore, replacing the one-pion exchange potential in
Eq. (2.11) with a two-pion exchange potential in the long-
distance part, the adjoint baryon masses Λð1=2Þþ and Λð3=2Þþ have
to be changed by around 100 MeV and 40 MeV respectively,
to reproduce the pentaquark masses within experimental
uncertainties.
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jPNi ¼
X
λ

Z
d3rjrijκ; λiΨðNÞ

κλ ðrÞ: ð3:1Þ

The state jri stands for the static heavy quark-antiquark pair
at the c.m. ðR ¼ 0Þ with relative separation r, jκ; λi for the
LDF identified by the quantum numbers κ and λ, and the
integration over the coordinates r implies that we are
beyond the static limit. In the short-distance limit r → 0,

the static states are approximate eigenstates of K2, whose
eigenvalues are labeled by k.

Thewave functionsΨðNÞ
κλ in Eq. (3.1) are eigenfunctions of

K · r̂ but not of parity. Under parity, the index λ goes into −λ,
so, the parity eigenfunctions are constructed as a linear

combinations ofΨðNÞ
κλ ðrÞ andΨðNÞ

κ−λðrÞ.10 Following Ref. [85],
the parity eigenfunctions for the pentaquark multiplet in
Table II corresponding to kP ¼ ð1=2Þþ can be written as

ΨðNÞ
ð1=2Þþ;P¼−ðrÞ ¼

1ffiffiffi
2

p
X
ml;ms

Cmlms
JmJls

�
P1

2
1
2
v1=2l;ml

ðθ;ϕÞ þ P1
2
−1
2
v−1=2l;ml

ðθ;ϕÞ
	
ψ ðNÞ
ð1=2ÞþðrÞχsms

: ð3:2Þ

Similarly, the parity eigenfunctions for the pentaquark multiplet in Table II corresponding to kP ¼ ð3=2Þþ are

ΨðNÞ
ð3=2Þþ;P¼−ðrÞ ¼

1ffiffiffi
2

p
X
ml;ms

Cmlms
JmJls

��
P3

2
3
2
v3=2l;ml

ðθ;ϕÞ þ P3
2
−3
2
v−3=2l;ml

ðθ;ϕÞ
	
ψ ðNÞ
ð3=2ÞþðrÞ

þ
�
P3

2
1
2
v1=2l;ml

ðθ;ϕÞ þ P3
2
−1
2
v−1=2l;ml

ðθ;ϕÞ
	
ψ ðNÞ
ð1=2Þþ0 ðrÞ�χsms

; ð3:3Þ

where ψ ðNÞ
ð1=2ÞþðrÞ, ψ

ðNÞ
ð3=2ÞþðrÞ, and ψ

ðNÞ
ð1=2Þþ0ðrÞ are the radial wave functions, χsms

denotes the heavy quark-antiquark QQ̄ pair

spin wave function, Cmlms
JmJls

are suitable Clebsch-Gordon coefficients, and the index P in the subscript on the lhs of Eqs. (3.2)
and (3.3) denotes the parity of the states in Table II. The angular eigenfunctions vλl;ml

ðθ;ϕÞ are generalizations of the
spherical harmonics for systems with cylindrical symmetry [123] and are given by

vλlmðθ;φÞ ¼
ð−1Þlþm

2l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lþ 1

4π

ðl −mÞ!
ðlþmÞ!ðl − λÞ!ðlþ λÞ!

s
Pλ
lmðcos θÞeimφ; ð3:4Þ

Pλ
lmðxÞ ¼ ð1 − xÞðm−λÞ=2ð1þ xÞðmþλÞ=2

∂
lþm
x ð1 − xÞlþλð1þ xÞl−λ: ð3:5Þ

The pentaquark wave functions in Eqs. (3.2) and (3.3) are tensor wave functions. Their Schrödinger equations can be
derived from the equations of motion of the BOEFT Lagrangian [85]. The radial Schrödinger equation for the pentaquark
multiplet in Table II with parity P ¼ − and associated with the adjoint baryon kP ¼ ð1=2Þþ is�

−
1

mQr2
∂rr2∂r þ

ðl − 1=2Þðlþ 1=2Þ
mQr2

þ Eð1=2Þg

�
ψ ðNÞ
ð1=2Þþ ¼ E1=2ψ

ðNÞ
ð1=2Þþ : ð3:6Þ

For the pentaquark multiplet in Table II with parity P ¼ − and associated with the adjoint baryon kP ¼ ð3=2Þþ, the
two static energies Eð1=2Þ0g and Eð3=2Þg mix at short distances, so, the radial Schrödinger equations are a set of coupled
equations:

2
664− 1

mQr2
∂rr2∂r þ

1

mQr2

0
BB@ lðl− 1Þ þ 9

4
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3lðlþ 1Þ− 9

4

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3lðlþ 1Þ− 9

4

q
lðlþ 1Þ− 3

4

1
CCAþ

 
Eð1=2Þ0g 0

0 Eð3=2Þg

!3775
0
B@ψ ðNÞ

ð1=2Þþ0

ψ ðNÞ
ð3=2Þþ

1
CA¼ E3=2

0
B@ψ ðNÞ

ð1=2Þþ0

ψ ðNÞ
ð3=2Þþ

1
CA;

ð3:7Þ

where E1=2 and E3=2 are the eigenenergies for which we have suppressed the label (N) for simplicity. These eigenenergies
provide the binding energies with respect to the spin-isospin averaged BM̄ threshold—specifically, the ΣcD̄ and ΣbB̄

10The projection vectors Pα
κλ in Eq. (2.5) project on states with definite K · r̂. States labeled by the index λ ¼ 0 are eigenstates of K · r̂

and parity as well [85,95].
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thresholds—that are set to zero. The static potentials
Eð1=2Þg , Eð1=2Þ0g , and Eð3=2Þg are given by Eqs. (2.11) and
(2.12) and are independent of the heavy-quark spin. Since
we treat Λκ in Eq. (2.11) as a free parameter, the
eigenenergies E1=2 and E3=2 are functions of the respective
adjoint baryon masses.
Without spin-dependent corrections, we obtain the spin-

averaged pentaquark spectrum with masses given by
EΣcD̄ þ E1=2 and EΣcD̄ þ E3=2 in the charm sector and
EΣbB̄ þ E1=2 and EΣbB̄ þ E3=2 in the bottom sector. For
E1=2 ¼ E3=2 ¼ 0, the seven pentaquark states in Table II lie
exactly at the spin-isospin averaged ΣcD̄ or ΣbB̄ thresholds.

B. Spin-splittings

Quantitative results of the pentaquark spectrum that
reproduce the experimental masses of the states listed in
Table I require incorporating spin-dependent corrections,
which depend on the heavy-quark spins S1, S2, or their total
spin S. The BOEFT potential at Oð1=m0

QÞ includes only
static contributions, and solving the Schrödinger equation
in this potential yields degenerate spin multiplets. However,
BOEFT allows for the systematic inclusion of the spin-
dependent corrections to the BO potential, which for
hybrids and tetraquarks appear at order 1=mQ [98,100–
104,114,115]. The general form of the spin corrections to
the BO potentials in terms of generalized static Wilson
loops is known [98], but preliminary lattice calculations of
them exist at the moment only for hybrids [104].
In the absence of lattice data, we evaluate the spin

splittings within the ground-state QQ̄ pentaquark multip-
lets in Table II using a method analogous to the one
developed for the QQ̄ tetraquarks in Refs. [114,115]. The
spin splittings in the multiplet are estimated from the spin
splittings in the heavy-light baryon-antimeson pair states
BM̄. As discussed, the BO static potentials for the QQ̄
pentaquark asymptotically approach (smoothly connect to)
the BM̄ energy at large separations (r → ∞), owing to the
conservation of BO quantum numbers [85]. Since the spin-
dependent interactions responsible for the BM̄ threshold

splittings arise atOð1=mQÞ, the pentaquark spin-dependent
BO potential at Oð1=mQÞ reduces at large r to a constant
potential VSS that depends on the heavy-quark and anti-
quark spins S1 and S2, as follows:

VSS ¼
2ΔQ

1

3
S1 · K1 þ ΔQ

2 S2 · K2; ð3:8Þ

where K1 and K2 denote the total light-quark spin in the
heavy baryon B and heavy antimeson M̄, respectively. The
prefactor 2=3 in the first term on the rhs of Eq. (3.8) is such
that the parameter ΔQ

1 , which is proportional to 1=mQ, is
equal to the spin splitting between the heavy baryons B�

and B: Δc
1 ¼ 64.6 MeV for Σc baryons and Δb

1 ¼
19.4 MeV for Σb baryons, and Δc=b

1 ¼ 0 MeV for Λc or
Λb baryons [17]. The parameter ΔQ

2 is proportional to
1=mQ and is equal to the spin splitting between the heavy
mesons M� and M: Δc

2 ¼ 141.3 MeV for D mesons and
Δb

2 ¼ 45.2 MeV for B mesons [17]. The energies of the
Σ�
c=b and Σc=b baryons relative to spin-isospin average are

ΔQ
1

3
and − 2ΔQ

1

3
. The energies of the D�=B� and D=B mesons

relative to spin-isospin average are ΔQ
2

4
and − 3ΔQ

2

4
. The

different heavy-light baryon antimeson thresholds relative

to spin-isospin average threshold are


− 2ΔQ

1

3
− 3ΔQ

2

4

�
for BM̄,


ΔQ
1

3
− 3ΔQ

2

4

�
for B�M̄,



− 2ΔQ

1

3
þ ΔQ

2

4

�
for BM̄�,



ΔQ

1

3
þ ΔQ

2

4

�
for

B�M̄�, where B ¼ fΣc;Σbg and M̄ ¼ fD̄; B̄g.
Because of the form of the assumed spin interaction in

Eq. (3.8), it is convenient to move from a basis of the total
heavy-quark spin, labeled by s, and light-quark spin, labeled
by k, to a basis of the Q̄q and Qqq total angular momenta
labeled by jQ̄q and jQqq, respectively. These quantum
numbers match the ones of the heavy baryon-heavy anti-
meson pair states BM̄, B�M̄, BM̄�, and B�M̄�. The change of
basis may be expressed in terms of Wigner 9j symbols and
found, e.g., in Refs. [29,82,109]. It reads for the pentaquark
states listed in Table II with JP ¼ ð1=2Þ− as follows:

js ¼ 0; k ¼ 1=2iJP¼ð1=2Þ− ¼ 1

2
jjQqq ¼ 1=2; jQ̄q ¼ 0i þ 1

2
ffiffiffi
3

p jjQqq ¼ 1=2; jQ̄q ¼ 1i

þ
ffiffiffi
2

3

r
jjQqq ¼ 3=2; jQ̄q ¼ 1i;

js ¼ 1; k ¼ 1=2iJP¼ð1=2Þ− ¼ 1

2
ffiffiffi
3

p jjQqq ¼ 1=2; jQ̄q ¼ 0i þ 5

6
jjQqq ¼ 1=2; jQ̄q ¼ 1i

−
ffiffiffi
2

p

3
jjQqq ¼ 3=2; jQ̄q ¼ 1i;

js ¼ 1; k ¼ 3=2iJP¼ð1=2Þ− ¼
ffiffiffi
2

3

r
jjQqq ¼ 1=2; jQ̄q ¼ 0i −

ffiffiffi
2

p

3
jjQqq ¼ 1=2; jQ̄q ¼ 1i

−
1

3
jjQqq ¼ 3=2; jQ̄q ¼ 1i: ð3:9Þ
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Similarly, for JP ¼ ð3=2Þ− states, we have

js ¼ 1; k ¼ 1=2iJP¼ð3=2Þ− ¼ 1ffiffiffi
3

p jjQqq ¼ 3=2; jQ̄q ¼ 0i − 1

3
jjQqq ¼ 1=2; jQ̄q ¼ 1i

þ
ffiffiffi
5

p

3
jjQqq ¼ 3=2; jQ̄q ¼ 1i;

js ¼ 0; k ¼ 3=2iJP¼ð3=2Þ− ¼ −
1

2
jjQqq ¼ 3=2; jQ̄q ¼ 0i þ 1ffiffiffi

3
p jjQqq ¼ 1=2; jQ̄q ¼ 1i

þ
ffiffiffiffiffi
5

12

r
jjQqq ¼ 3=2; jQ̄q ¼ 1i;

js ¼ 1; k ¼ 3=2iJP¼ð3=2Þ− ¼
ffiffiffiffiffi
5

12

r
jjQqq ¼ 3=2; jQ̄q ¼ 0i þ

ffiffiffi
5

p

3
jjQqq ¼ 1=2; jQ̄q ¼ 1i

−
1

6
jjQqq ¼ 3=2; jQ̄q ¼ 1i; ð3:10Þ

and for JP ¼ ð5=2Þ−, we have

js¼ 1;k¼ 3=2iJP¼ð5=2Þ− ¼ jjQqq¼ 3=2;jQ̄q ¼ 1i: ð3:11Þ

To compute the effects of the spin-dependent potential
VSS, we use first-order perturbation theory. We first
consider the pentaquark multiplet in Table II associated
with the adjoint baryon kP ¼ ð1=2Þþ. To first order in ΔQ

1

and ΔQ
2 , the energies Es

kJ of the three states in the spin
multiplet are

Es¼0
1
2
1
2

¼ E1=2; Es¼1
1
2
1
2

¼ E1=2 −
4ΔQ

1

9
þ ΔQ

2

6
;

Es¼1
1
2
3
2

¼ E1=2 þ
2ΔQ

1

9
−
ΔQ

2

12
; ð3:12Þ

where E1=2 is the eigenenergy obtained from the Schrödinger
equation (3.6), the first subscript corresponds to k, and the
second subscript corresponds to J. We next consider the
pentaquark multiplet in Table II associated with the adjoint
baryon kP ¼ ð3=2Þþ. To first order in ΔQ

1 and ΔQ
2 , the

energies of the four states in the spin multiplet are

Es¼0
3
2
3
2

¼ E3=2; Es¼1
3
2
1
2

¼ E3=2 −
5ΔQ

1

9
−
5ΔQ

2

12
;

Es¼1
3
2
3
2

¼ E3=2 −
2ΔQ

1

9
−
ΔQ

2

6
; Es¼1

3
2
5
2

¼ E3=2 þ
ΔQ

1

3
þ ΔQ

2

4
;

ð3:13Þ

where E3=2 is the eigenenergy obtained from the Schrödinger
equations (3.7), the first subscript corresponds to k, and the
second subscript corresponds to J.
In Eqs. (3.12) and (3.13), there are three pentaquark

states with JP ¼ ð1=2Þ− and JP ¼ ð3=2Þ−. If the eigene-
nergies E1=2 and E3=2 are nearly degenerate, then the mixing

of states with the same JP quantum numbers cannot be
treated as a perturbation. To correctly determine the
physical spectrum or eigenstates, it is necessary to diag-
onalize the 3 × 3 submatrix of VSS in Eq. (3.8) for JP ¼
ð1=2Þ− and JP ¼ ð3=2Þ−. As we show in Eqs. (3.18),
(3.19), (3.22), and (3.23), the resulting physical eigenstates
(pentaquark states) turn out to be superpositions of states
with heavy quark-antiquark pair spin s ¼ 0 and s ¼ 1.
The 3 × 3 submatrix for JP ¼ ð1=2Þ− is given by

Mð1=2Þ− ¼

0
BBBBB@

Es¼0
1
2
1
2

− 2ΔQ
1

3
ffiffi
3

p − ΔQ
2

4
ffiffi
3

p − 2ΔQ
1

3
ffiffi
6

p − ΔQ
2ffiffi
6

p

− 2ΔQ
1

3
ffiffi
3

p − ΔQ
2

4
ffiffi
3

p Es¼1
1
2
1
2

ffiffi
2

p
ΔQ

1

9
− ΔQ

2

3
ffiffi
2

p

− 2ΔQ
1

3
ffiffi
6

p − ΔQ
2ffiffi
6

p
ffiffi
2

p
ΔQ

1

9
− ΔQ

2

3
ffiffi
2

p Es¼1
3
2
1
2

1
CCCCCA;

ð3:14Þ

where the rows and columns correspond to
js ¼ 0; k ¼ 1=2iJP¼ð1=2Þ− , js ¼ 1; k ¼ 1=2iJP¼ð1=2Þ− , and
js ¼ 1; k ¼ 3=2iJP¼ð1=2Þ− . Similarly, for JP ¼ ð3=2Þ−, the
resulting matrix is given by

Mð3=2Þ− ¼

0
BBBBB@

Es¼1
1
2
3
2

ΔQ
1

3
ffiffi
3

p þ ΔQ
2

2
ffiffi
3

p
ffiffi
5

p
ΔQ

1

9
−
ffiffi
5

p
ΔQ

2

6

ΔQ
1

3
ffiffi
3

p þ ΔQ
2

2
ffiffi
3

p Es¼0
3
2
3
2

−
ffiffi
5

p
ΔQ

1

3
ffiffi
3

p þ
ffiffi
5

p
ΔQ

2

4
ffiffi
3

pffiffi
5

p
ΔQ

1

9
−
ffiffi
5

p
ΔQ

2

6
−
ffiffi
5

p
ΔQ

1

3
ffiffi
3

p þ
ffiffi
5

p
ΔQ

2

4
ffiffi
3

p Es¼1
3
2
3
2

1
CCCCCA;

ð3:15Þ

where the rows and columns correspond to
js¼1;k¼1=2iJP¼ð3=2Þ− , js ¼ 0; k ¼ 3=2iJP¼ð3=2Þ− , and
js ¼ 1; k ¼ 3=2iJP¼ð3=2Þ− . We denote the eigenvalues of
the matricesMð1=2Þ− andMð3=2Þ− by Ei

M1=2
and Ei

M3=2
(i ¼ 1,

2, 3), respectively. The eigenvectors of the matrices
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Mð1=2Þ− and Mð3=2Þ− are identified with the physical
pentaquark states, which are superpositions of the multiplet
states (Table II) with well-defined heavy quark-antiquark
pair spin s and LDF spin k. The state with JP ¼ ð5=2Þ−
corresponds to only s ¼ 1, k ¼ 3=2 and l ¼ 3=2. Note that
Ei
M1=2

and Ei
M3=2

depend on the adjoint baryon masses

Λð1=2Þþ and Λð3=2Þþ through the eigenenergies E1=2 and E3=2

obtained from the Schrödinger equations (3.6) and (3.7).
After incorporating spin-dependent corrections, the

masses of the pentaquark states are given as follows: for
JP ¼ ð1=2Þ− the masses are EΣcD̄ þ Ei

M1=2
in the charm

sector and EΣbB̄ þ Ei
M1=2

in the bottom sector, while for JP ¼
ð3=2Þ− they are EΣcD̄ þ Ei

M3=2
in the charm sector and

EΣbB̄ þ Ei
M3=2

in the bottom sector. Finally, for JP ¼ ð5=2Þ−,
the masses are given byEΣcD̄ þ Es¼1

3
2
5
2

in the charm sector and

EΣbB̄ þ Es¼1
3
2
5
2

in the bottom sector.

In the next subsection, we focus only on the charm
pentaquarks. We discuss different plausible scenarios for

identifying states with the experimentally observed charm
pentaquarks Pcc̄ listed in Table I.

C. Identification with experimental Pcc̄ states

1. Scenario 0: E1=2 =E3=2 = 0

For illustration, we first discuss the simplest scenario
where the adjoint baryon masses Λð1=2Þþ and Λð3=2Þþ are
chosen in such a way to set the eigenenergies of the
Schrödinger equations (3.6) and (3.7) to zero: E1=2 ¼
E3=2 ¼ 0. This scenario was considered by Voloshin to
study the decay properties of Pcc̄ states in the molecular
picture in Ref. [41]. Without including the spin-dependent
corrections from VSS given in Eq. (3.8), the states are
exactly at the spin-isospin averaged ΣcD̄ threshold. The
critical values of the adjoint baryon masses (in the RS
scheme11) that yield E1=2 ¼ E3=2 ¼ 0 are Λð1=2Þþ;RS ¼
1.149 GeV and Λð3=2Þþ;RS ¼ 1.230 GeV.
Including the spin-dependent corrections from VSS, the

eigenvalues Ei
M1=2

and Ei
M3=2

in this scenario are

Ei
M1=2

¼
�
−
2Δc

1

3
−
3Δc

2

4
;−

2Δc
1

3
þ Δc

2

4
;
Δc

1

3
þ 3Δc

2

4

	
¼ ð−149.1;−7.8; 56.9Þ MeV;

Ei
M3=2

¼
�
Δc

1

3
−
3Δc

2

4
;−

2Δc
1

3
þ Δc

2

4
;
Δc

1

3
þ 3Δc

2

4

	
¼ ð−84.4;−7.8; 56.9Þ MeV; ð3:16Þ

where the first, second, and third entries in the parentheses
correspond to i ¼ 1, 2, 3, respectively. The masses of the
states are obtained after addingEΣcD̄ to the eigenvaluesEi

M1=2

and Ei
M3=2

in Eq. (3.16). This implies that for JP ¼ ð1=2Þ−,
there is a state exactly at each of the ΣcD̄, ΣcD̄�, and Σ�

cD̄�

thresholds, while for JP ¼ ð3=2Þ−, there is a state exactly at
each of the Σ�

cD̄, ΣcD̄�, and Σ�
cD̄� thresholds. The state with

mass 4.321 GeV at the ΣcD̄ threshold is identified with
Pcc̄ð4312Þþ, the state with mass 4.385 GeV at the Σ�

cD̄
threshold is identified with Pcc̄ð4380Þþ, and the two states
with mass 4.462 GeV at the ΣcD̄� threshold are identified
with Pcc̄ð4440Þþ and Pcc̄ð4457Þþ, whose JP quantum
numbers could be both ð1=2Þ− and ð3=2Þ−. There are three
states at the Σ�

cD̄� threshold with mass 4.527 GeV and
JP ¼ ð1=2Þ−; ð3=2Þ−, and ð5=2Þ−.
However, the experimental states listed in Table I have

masses slightly below the ΣcD̄, Σ�
cD̄, and ΣcD̄� thresholds

after including spin corrections. The eigenvalues Ei
M1=2

and

Ei
M3=2

(i ¼ 1, 2, 3) of the 3 × 3 matrices M1=2 and M3=2 are

functions of the eigenenergies E1=2 and E3=2. To reproduce
the masses of the four observed pentaquark states within
experimental uncertainties (see Table I), we identify two
optimal choices for these eigenenergies: ðE1=2; E3=2Þ ¼
ð−23 MeV;−1 MeVÞ and ðE1=2;E3=2Þ¼ð−0.5MeV;
−14MeVÞ, which we denote as Scenario 1 and Scenario
2, respectively. In the following, we discuss both scenarios.

2. Scenario 1: E1=2 = − 23 MeV and E3=2 = − 1 MeV

The values of the adjoint baryon masses (in the RS
scheme) that yield ðE1=2; E3=2Þ ¼ ð−23 MeV;−1 MeVÞ
are Λð1=2Þþ;RS ¼ 0.998 GeV and Λð3=2Þþ;RS ¼ 1.209 GeV.
Including the spin-dependent corrections from VSS, the
eigenvalues Ei

M1=2
, Ei

M3=2
, and Es¼1

3
2
5
2

are

Ei
M1=2

¼ ð−158.1;−25.6; 36.7Þ MeV;

Es¼1
3
2
5
2

¼ 55.9 MeV;

Ei
M3=2

¼ ð−93.7;−11.4; 44.8Þ MeV; ð3:17Þ

where the first, second, and third entries in the parentheses
correspond to i ¼ 1, 2, 3, respectively. The masses of the
states, obtained after adding EΣcD̄ to the results in Eq. (3.17),
and the assigned JP quantum numbers are listed in Table. IV.
The identification with the experimental states is shown
in Fig. 2.
The eigenvectors of the matrices M1=2 and M3=2 in

Eqs. (3.14) and (3.15) allow us to express the pentaquark
states in Table IV in terms of the multiplet states listed in
Table II, which have well-defined heavy-quark–antiquark
spin s and LDF angular momentum k:

11We use the RS masses, mRS
c and mRS

b , defined at the
renormalon subtraction scale νf ¼ 1 GeV and given in Sec. II D 2.
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0
B@

jPcc̄ð4312Þþi
jPcc̄ð4440Þþi
jPcc̄ð4507Þþi

1
CA ¼

0
B@

0.541 0.327 0.775

−0.207 −0.842 0.499

−0.815 0.430 0.388

1
CA
0
BB@

js ¼ 0; k ¼ 1=2iJP¼ð1=2Þ−

js ¼ 1; k ¼ 1=2iJP¼ð1=2Þ−

js ¼ 1; k ¼ 3=2iJP¼ð1=2Þ−

1
CCA; ð3:18Þ

0
B@

jPcc̄ð4380Þþi
jPcc̄ð4457Þþi
jPcc̄ð4515Þþi

1
CA ¼

0
B@

0.646 −0.484 0.589

−0.361 0.486 0.796

0.672 0.727 −0.139

1
CA
0
BB@

js ¼ 1; k ¼ 1=2iJP¼ð3=2Þ−

js ¼ 0; k ¼ 3=2iJP¼ð3=2Þ−

js ¼ 1; k ¼ 3=2iJP¼ð3=2Þ−

1
CCA; ð3:19Þ

jPcc̄ð4526Þþi ¼ js ¼ 1; k ¼ 3=2iJP¼ð5=2Þ− : ð3:20Þ
3. Scenario 2: E1=2 = − 0.5 MeV and E3=2 = − 14 MeV

The values of the adjoint baryon masses (in the RS
scheme) that yield ðE1=2; E3=2Þ ¼ ð−0.5 MeV;−14 MeVÞ
are Λð1=2Þþ;RS ¼ 1.125 GeV and Λð3=2Þþ;RS ¼ 1.152 GeV.
Including the spin-dependent corrections from VSS, the
eigenvalues Ei

M1=2
, Ei

M3=2
, and Es¼1

3
2
5
2

are

Ei
M1=2

¼ ð−158.8;−11.1; 55.0Þ MeV;

Es¼1
3
2
5
2

¼ 42.9 MeV;

Ei
M3=2

¼ ð−94.2;−20.4; 50.8Þ MeV; ð3:21Þ

where the first, second, and third entries in the parentheses
correspond to i ¼ 1, 2, 3, respectively. The masses of the
states, obtained after adding EΣcD̄ to the results in
Eq. (3.21), and the assigned JP quantum numbers are
listed in Table V. The identification with the experimental
states is shown in Fig. 3.
Similar to Eqs. (3.18)–(3.20), we can express the

pentaquark states in Table V as

FIG. 2. Top: spectrum of the lowest cc̄ pentaquark multiplet in
Table II after including spin corrections in Scenario 1. After solving
the coupled Schrödinger equations (3.6) and (3.7) and using
Eqs. (3.14) and (3.15) to account for spin corrections, the obtained
states are represented as horizontal blue bars. The four experimental
Pcc̄ states listed in Table I are shown as red dots, while the three
unobserved ones are shown as black crosses. Bottom: assumed BO
potential curves Eð1=2Þg , Eð1=2Þ0g , and Eð3=2Þg corresponding to the
adjoint baryon masses Λð1=2Þþ;RS ¼ 0.998 GeV and Λð3=2Þþ;RS ¼
1.209 GeV. Isospin of the states is I ¼ 1=2.

TABLE IV. Masses and assigned JP quantum numbers for the
charm pentaquark states in scenario 1 listed in order of increasing
mass. The first four states are the experimental states shown in
Table I. The last three states are below the Σ�

cD̄� threshold and
have not yet been observed experimentally. All states have
isospin I ¼ 1=2.

Pcc̄ state Mass (MeV) JP

Pcc̄ð4312Þþ 4312 ð1=2Þ−
Pcc̄ð4380Þþ 4376 ð3=2Þ−
Pcc̄ð4440Þþ 4444 ð1=2Þ−
Pcc̄ð4457Þþ 4458 ð3=2Þ−
Pcc̄ð4507Þþ 4507 ð1=2Þ−
Pcc̄ð4515Þþ 4515 ð3=2Þ−
Pcc̄ð4526Þþ 4526 ð5=2Þ−
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0
B@

jPcc̄ð4312Þþi
jPcc̄ð4457Þþi
jPcc̄ð4525Þþi

1
CA ¼

0
B@

0.475 0.267 0.838

−0.331 −0.829 0.452

−0.815 0.492 0.305

1
CA

×

0
BB@

js ¼ 0; k ¼ 1=2iJP¼ð1=2Þ−

js ¼ 1; k ¼ 1=2iJP¼ð1=2Þ−

js ¼ 1; k ¼ 3=2iJP¼ð1=2Þ−

1
CCA;

ð3:22Þ
0
B@

jPcc̄ð4380Þþi
jPcc̄ð4440Þþi
jPcc̄ð4521Þþi

1
CA ¼

0
B@

0.536 −0.506 0.676

−0.314 0.624 0.716

0.784 0.596 −0.176

1
CA

×

0
BB@

js ¼ 1; k ¼ 1=2iJP¼ð3=2Þ−

js ¼ 0; k ¼ 3=2iJP¼ð3=2Þ−

js ¼ 1; k ¼ 3=2iJP¼ð3=2Þ−

1
CCA;

ð3:23Þ

jPcc̄ð4513Þþi ¼ js ¼ 1; k ¼ 3=2iJP¼ð5=2Þ− : ð3:24Þ

Contrary to Scenario 1, to the states Pcc̄ð4440Þ and
Pcc̄ð4457Þ are assigned JP ¼ ð3=2Þ− and JP ¼ ð1=2Þ−,
respectively. Moreover, the pentaquark states that are
slightly below the Σ�

cD̄� threshold have slightly different
masses. In both scenarios, the pentaquark states with JP ¼
ð1=2Þ− and JP ¼ ð3=2Þ− are superpositions of heavy-quark
pair spin singlet, s ¼ 0, and triplet, s ¼ 1, states reflecting a
violation of the heavy-quark spin symmetry. Only the
pentaquark state with JP ¼ ð5=2Þ− has a well-defined
heavy-quark spin configuration with s ¼ 1.

IV. DECAYS

In this section, we examine the decays of the pentaquark
states obtained in Scenario 1 [see Eqs. (3.18)–(3.20)] and
Scenario 2 [see Eqs. (3.22)–(3.24)], focusing on their
decays into J=ψ , ηc, ΛcD̄, and ΛcD̄�. We compute the
semi-inclusive decay rates of pentaquark states to J=ψ and
ηc following Ref. [105], and we evaluate the decay width
ratios to ΛcD̄ and ΛcD̄� thresholds following Ref. [109].

A. Semi-inclusive decays to J=ψ and ηc
Our aim is to compute the semi-inclusive decay rates of a

pentaquark Pcc̄ decaying into quarkonium states J=ψ and
ηc: Pcc̄ → J=ψ þ X and Pcc̄ → ηc þ X, where X denotes
light hadrons. The energy transfer in the transition
Pcc̄ → Qn þ X, with Qn ¼ fJ=ψ ; ηcg is ΔE, which is
simply the mass difference between the initial pentaquark
and the final quarkonium state. The energy gapΔE is larger
than 1 GeV, and thus satisfies the condition ΔE ≫ ΛQCD.
The QQ̄ pairs in pentaquarks are in a color-octet state,
while the QQ̄ pairs in J=ψ or ηc are in a color-singlet state.

FIG. 3. Top: spectrum of the lowest cc̄ pentaquark multiplet in
Table II after including spin corrections in Scenario 2. The masses
are computed from the adjoint baryon masses Λ1=2;RS ¼
1.125 GeV and Λ3=2;RS ¼ 1.152 GeV. The labeling is the same
as in Fig. 2. Bottom: assumed BO potential curves Eð1=2Þg , Eð1=2Þ0g
and Eð3=2Þg for Scenario 2 corresponding to the adjoint baryon
masses Λð1=2Þþ;RS ¼ 1.125 GeV and Λð3=2Þþ;RS ¼ 1.152 GeV.
Isospin of the states is I ¼ 1=2.

TABLE V. Masses and assigned JP quantum numbers for the
charm pentaquark states in Scenario 2 listed in order of increasing
mass. The first four states are the experimental states shown in
Table I. The last three states are below the Σ�

cD̄� threshold and
have not been experimentally observed so far. All states have
isospin I ¼ 1=2.

Pcc̄ state Mass (MeV) JP

Pcc̄ð4312Þþ 4311 ð1=2Þ−
Pcc̄ð4380Þþ 4376 ð3=2Þ−
Pcc̄ð4440Þþ 4449 ð3=2Þ−
Pcc̄ð4457Þþ 4459 ð1=2Þ−
Pcc̄ð4513Þþ 4513 ð5=2Þ−
Pcc̄ð4521Þþ 4521 ð3=2Þ−
Pcc̄ð4525Þþ 4525 ð1=2Þ−
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With such a large energy gap ΔE, the gluon emitted by the
heavy quarks in the transition from an octet to a singlet state
can be treated in weak-coupling perturbation theory as
shown in Fig. 4 and semi-inclusive decay widths may be
computed along the lines of Refs. [100,105,106].
In BOEFT, all modes associated with high-energy scales

down to and including ΛQCD are integrated out, which
means that gluons of energy and momentum of order ΔE
should also be integrated out. This leads to an imaginary
contribution to the pentaquark BO potential related to the
semi-inclusive decay rate by the optical theorem. In the
context of quarkonium hybrids, the semi-inclusive decay
rates of hybrids to low-lying quarkonium states at leading
and subleading power in the inverse of the heavy-quark
mass were computed in Refs [100,105,106] using the
spectator gluon approximation: the LDF (low-energy
gluons) that constitute the hybrid do not interact with
the high-energy gluons emitted in the transition from octet
to singlet that carry the largeenergyΔE ≫ ΛQCD.The leading
order contribution comes from the spin-conserving semi-
inclusive decay induced by the chromoelectric-dipole (E1)
coupling of the gluon with the color octet and singlet quark-
antiquark pairs, while the subleading order contribution
comes from the spin-flipping semi-inclusive decay induced
by the chromomagnetic-dipole (M1) coupling of the gluon
with the color octet and singlet quark-antiquark pairs [105].
With spin-conserving (or spin-flipping) decays, wemean that
the spin of the heavy-quark–antiquark QQ̄ pair remains the
same (or changes) from the initial to the final state.
In the context of the present study on pentaquarks, we

use the results from Ref. [105] and the spectator light-quark
approximation: the LDF (three light quarks) in the penta-
quark do not interact with the high-energy gluon of energy
ΔE. The transition Pcc̄ → Qn þ X, with Qn ¼ fJ=ψ ; ηcg

proceeds via spin-flipping semi-inclusive decay, as
both the initial pentaquark and the final quarkonium states
have zero orbital angular momentum ðLQ ¼ 0Þ.12 We use
the spin-averaged masses for pentaquark and quarkonium
to estimate the decay rates for both Scenarios 1 and 2.
The spin-flipping semi-inclusive decay width is given by
[105,106]

ΓðHm → QnÞ ¼
2αsðΔEÞ

9
TαjðTαjÞ†ΔE3; ð4:1Þ

with Tαj the matrix element

Tαj ¼ 1

mQ

�Z
d3rΨðNÞ;α†

kP;P¼−ðrÞΦQQ̄
ðnÞ ðrÞ

�
hχPcc̄

jðSj1 − Sj2ÞjχQn
i;

ð4:2Þ

where kP ¼ ð1=2Þþ or ð3=2Þþ, α denotes the pentaquark
vector index, S1 and S2 are the spin vectors of the heavy
quark and heavy antiquark and jχPcc̄

i and jχQn
i denote the

QQ̄ pair spin state for pentaquark and quarkonium,
respectively. The spin-matrix elements are computed in
Appendix D of Ref. [105]. The pentaquark wave functions
are given by Eq. (3.2) for kP ¼ ð1=2Þþ and Eq. (3.3) for

kP ¼ ð3=2Þþ, while ΦQQ̄
ðnÞ denotes the quarkonium wave

function with quantum numbers n≡ fn; J;mj; l; sg.13
The Pcc̄ states are superpositions of both heavy-quark

spin s ¼ 0 and s ¼ 1 states for JP ¼ ð1=2Þ− and
JP ¼ ð3=2Þ−. The nonvanishing of the matrix element
(4.2) constrains the spin-0 component of Pcc̄ to decay into
the spin-1 final state J=ψ , and the spin-1 component of Pcc̄
to decay into the spin-0 final state ηcð1SÞ. For the spin-0
component, the spin-flipping rate in Eq. (4.1) is multiplied
by a factor 3 corresponding to the three polarizations of
J=ψ . As evident from Eqs. (3.18), (3.19), (3.22), and
(3.23), for the spin-1 component, both kP ¼ ð1=2Þþ and
kP ¼ ð3=2Þþ contribute. The results for the semi-inclusive
decay rates are shown in Table VI.

FIG. 4. Pentaquark state Pcc̄ (gray blobs), and a QQ̄ pair in a
color-singlet (single line) and octet (double line) state. The singlet
is associated with the quarkonium state. The curly line stands
for the energetic gluon emitted in the transition and the black dots
for the chromomagnetic-dipole (M1) couplings. The vertical line
is the cut. The imaginary part of this self-energy diagram gives
the semi-inclusive widths of the transitions Pcc̄ → J=ψ þ X and
Pcc̄ → ηc þ X, where X denotes light hadrons. The light quark
d.o.f. that are part of the pentaquark are treated as spectators and
are not displayed.

12Spin-conserving semi-inclusive decays of Pcc̄ would instead
produce P-wave quarkonium states.

13The quarkonium wave functions are obtained from solving
the Schrödinger equation with the potential

EΣþ
g
ðrÞ ¼

(
VRS
s ðr; νfÞ; r < RΣþ

g

σrþ V 0
0; r ≥ RΣþ

g

;

where we use the RS singlet potential VRS
s ðrÞ up to order α3s in

perturbation theory (see, e.g., Ref. [135]), σ ¼ 0.218 GeV2 is the
string tension from the lattice determination in Ref. [128], and
νf ¼ 1 GeV is the renormalon subtraction scale. The constant
V 0
0 ¼ −0.651 GeV and the matching radius RΣþ

g
¼ 0.339 fm are

determined from demanding continuity up to the first derivative.
To compute the energy difference ΔE, we use the spin-averaged
quarkonium masses from PDG [17].
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The sum of the semi-inclusive decay rates to J=ψ and
ηcð1SÞ in Table VI provides a lower bound for the total
decay width of the pentaquark state. Particularly, for the
Pcc̄ð4312Þþ state, the experimentally measured total width
is 10� 5 MeV (see Table I) [17]. Our estimate of the lower
bound on the total width for Pcc̄ð4312Þþ is 38þ18

−12 MeV in
Scenario 1 and 18þ8

−5 MeV in Scenario 2. The central value
of the estimate from Scenario 1 is around 3.8 times the
experimental value, while the estimate from Scenario 2 is
consistent within errors with the experimental determina-
tion—thus favoring Scenario 2. Additionally, we get the
ratios of the decay rates to ηcð1SÞ and J=ψ as

ΓðPcc̄ð4312Þþ → ηcð1SÞ þ XÞ
ΓðPcc̄ð4312Þþ → J=ψ þ XÞ ¼ 0.23þ0.16

−0.09 ðScenario 1Þ;

ΓðPcc̄ð4312Þþ → ηcð1SÞ þ XÞ
ΓðPcc̄ð4312Þþ → J=ψ þ XÞ ¼ 5.0þ3.5

−2.9 ðScenario 2Þ:

ð4:3Þ

For comparison, in Refs. [41,82], using the heavy quark spin
symmetry, the analytic ratio of the exclusive S-wave decay
widths for Pcc̄ð4312Þþ → ηcð1SÞ þ p and Pcc̄ð4312Þþ →
J=ψ þ p, where p is the proton, was predicted to be

ΓðPcc̄ð4312Þþ → ηcð1SÞ þ pÞ
ΓðPcc̄ð4312Þþ → J=ψ þ pÞ ¼ 3.0: ð4:4Þ

Although the central value of our semi-inclusive ratio from
Scenario 2 in Eq. (4.3) is about 1.7 times the value in
Eq. (4.4), the two results are compatible within the quoted
uncertainties.
For the Pcc̄ð4380Þþ state, the experimentally measured

total width is 210� 90 MeV (see Table I) [17], which
implies that it is a very broad state. Our estimate of the lower
bound on the total width is 21þ9

−5 MeV in Scenario
1 and 27þ10

−7 MeV in Scenario 2—both significantly below
the central experimental value. This discrepancy suggests
that the state identified in our analysis might be narrower
than the experimentally observed one. However, a definitive
conclusion requires narrowing the large uncertainty affecting
the measured width and including in the theoretical deter-
mination the decay channels to ΛcD̄� and ΛcD̄. For the
Pcc̄ð4440Þþ and Pcc̄ð4457Þþ states, the experimentally
measured total widths are 21þ10

−11 MeV and 6.4þ6.0
−2.8 MeV,

respectively (see Table I) [17]. Our estimates of the lower

TABLE VI. Semi-inclusive decay rates of pentaquark states
decaying into J=ψ or ηc: Pcc̄ → Qn þ X, with Qn ¼ fJ=ψ ; ηcg,
where X denotes light hadrons. The decay rates are computed
from Eqs. (4.1) and (4.2). The pentaquark states are denoted by
Pcc̄½JP�ðmassÞ, where the masses are in MeV. We have used the
spin-averaged masses for both pentaquark and quarkonium states
to estimate the decay rates. For both Scenarios 1 and 2 discussed
in Sec. III C, we show the decay rates to J=ψ on the left and decay
rates to ηcð1SÞ on the right. The first error comes from assuming
that the adjoint baryon masses have an uncertainty of the same
order as the gluelump masses for hybrids, which is �0.15 GeV
[133]. The second error bar is from varying the scale of αs from
ΔE=2 to 2ΔE. For the decay rates shown, ΔE≳ 1.3 GeV and
αsðΔEÞ≲ 0.32. The first four states in each scenario are the
experimental states shown in Table I. The pentaquark state
Pcc̄½JP ¼ ð5=2Þ−� decays only to ηcð1SÞ.
Pcc̄½JP� ðmassÞ ⟶ J=ψ ½1−−� Γ ðMeVÞ
Scenario 1
Pcc̄½ð1=2Þ−�ð4312Þ 31þ11

−9
þ14
−7

Pcc̄½ð3=2Þ−�ð4380Þ 4þ1
−1

þ2
−1

Pcc̄½ð1=2Þ−�ð4440Þ 5þ2
−1

þ2
−1

Pcc̄½ð3=2Þ−�ð4457Þ 4þ1
−1

þ2
−1

Pcc̄½ð1=2Þ−�ð4507Þ 71þ26
−21

þ32
−16

Pcc̄½ð3=2Þ−�ð4515Þ 8þ3
−2

þ4
−2

Scenario 2

Pcc̄½ð1=2Þ−�ð4312Þ 3þ1
−1

þ1
−1

Pcc̄½ð3=2Þ−�ð4380Þ 16þ6
−5

þ7
−4

Pcc̄½ð3=2Þ−�ð4440Þ 23þ9
−7

þ11
−5

Pcc̄½ð1=2Þ−�ð4457Þ 1.3þ0.5
−0.4

þ0.6
−0.3

Pcc̄½ð3=2Þ−�ð4521Þ 22þ8
−6

þ10
−5

Pcc̄½ð1=2Þ−�ð4525Þ 8þ3
−2

þ4
−2

Pcc̄½JP� ðmassÞ ⟶ ηcð1SÞ½0−þ� Γ ðMeVÞ
Scenario 1
Pcc̄½ð1=2Þ−�ð4312Þ 7þ2

−1
þ2
−1

Pcc̄½ð3=2Þ−�ð4380Þ 17þ5
−4

þ7
−3

Pcc̄½ð1=2Þ−�ð4440Þ 26þ9
−7

þ11
−6

Pcc̄½ð3=2Þ−�ð4457Þ 8þ2
−2

þ3
−1

Pcc̄½ð1=2Þ−�ð4507Þ 7þ2
−2

þ3
−2

Pcc̄½ð3=2Þ−�ð4515Þ 16þ6
−5

þ7
−4

Pcc̄½ð5=2Þ−�ð4526Þ 5þ2
−1

þ2
−1

Scenario 2

Pcc̄½ð1=2Þ−�ð4312Þ 15þ5
−4

þ6
−3

Pcc̄½ð3=2Þ−�ð4380Þ 11þ3
−3

þ4
−2

Pcc̄½ð3=2Þ−�ð4440Þ 10þ4
−3

þ5
−2

Pcc̄½ð1=2Þ−�ð4457Þ 7þ2
−1

þ2
−1

Pcc̄½ð5=2Þ−�ð4513Þ 21þ7
−6

þ9
−5

(Table continued)

TABLE VI. (Continued)

Pcc̄½JP� ðmassÞ ⟶ ηcð1SÞ½0−þ� Γ ðMeVÞ
Pcc̄½ð3=2Þ−�ð4521Þ 3þ1

−1
þ1
−1

Pcc̄½ð1=2Þ−�ð4525Þ 3þ1
−1

þ1
−0.5
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bounds in both scenarios are consistent with the experi-
mental determinations within errors.
For the pentaquark state with JP ¼ ð5=2Þ−, Pcc̄ð4526Þþ

in Scenario 1 or Pcc̄ð4513Þþ in Scenario 2, the decay
proceeds only to an ηcð1SÞ final state, as shown in Table VI.
This is because the state has a well-defined heavy-quark
spin configuration s ¼ 1.

B. Ratios of decays to ΛcD̄ and ΛcD̄�

In this section, our aim is to compute the ratios of the
pentaquark decays to the ΛcD̄ and ΛcD̄� thresholds: Pcc̄ →
ΛcD̄ and Pcc̄ → ΛcD̄�. In the BO formalism, these decays
proceed through a coupling or mixing potential that arises
between BO potentials sharing the same quantum numbers.
In our current work, the pentaquark BO potentials can mix or
couple with BO potentials that asymptotically connect to the
spin-isospin averaged ΛcD̄ threshold—provided they share
the same BO quantum numbers. The pentaquark BO
quantum numbers are ð1=2Þg and fð1=2Þ0g; ð3=2Þgg, corre-
sponding to adjoint baryons kP ¼ ð1=2Þþ and kP ¼ ð3=2Þþ,
respectively, as shown in Table II. The ΛcD̄ threshold has
BO quantum number ð1=2Þg, corresponding to total light-

quark spin parity kP ¼ ð1=2Þþ with kPqq ¼ 0þ (first row in
Table III). Consequently, relevant for the present case is the
mixing of the pentaquark BO potentials with quantum
numbers ð1=2Þg and ð1=2Þ0g with the BO potential ð1=2Þg
connecting with the ΛcD̄ and ΛcD̄� thresholds. Including
this mixing modifies the radial Schrödinger equations (3.6)
and (3.7), with the mixing potentials appearing as off-
diagonal terms in the potential matrix. Following Ref. [85],
the Schrödinger equation (3.6) gets modified into the two-
channel equation

"
−

1

mQr2
∂rr2∂r þ

1

mQr2

 
ðl − 1

2
Þðlþ 1

2
Þ 0

0 ðl − 1
2
Þðlþ 1

2
Þ

!

þ
 
Eð1=2Þg Vmix

1

Vmix
1 EΛ

ð1=2Þg

!# 
ψ ðNÞ
ð1=2Þ

ψ ðNÞ
Λ

!
¼ E1=2

 
ψ ðNÞ
1=2;σP

ψ ðNÞ
Λ

!
;

ð4:5Þ

and the Schrödinger equation (3.7) gets modified into the
three-channel equation

2
666664−
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mQr2
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1
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0
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q
0

−
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4
0

0 0
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�
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�
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þ

0
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Vmix
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1
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777775

0
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0
BBB@
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ð1=2Þþ0

ψ ðNÞ
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ψ ðNÞ
Λ

1
CCCA; ð4:6Þ

where EΛ
ð1=2Þg is the BO potential that asymptotically

connects to the spin-isospin averaged Λc=Λb − D̄=B̄
threshold from above, as shown in Fig. 1, without
supporting bound states. The mixing is unknown, since
it has not yet been measured in lattice QCD. We assume
that it is much smaller than the energy gap of order
200 MeV that separates the spin-isospin averaged
Σc=Σb − D̄=B̄ and Λc=Λb − D̄=B̄ thresholds. Under this
assumption, the mixing has only a minimal effect on the
spectrum obtained from the Schrödinger equations without
mixing (3.6) and (3.7). The decay widths of pentaquark
states to (spin-isospin averaged) ΛcD̄ thresholds, which
proceeds through the mixing potentials, can be obtained
from solving the coupled-channel Schrödinger equa-
tions (4.5) and (4.6). However due to the lack of lattice
QCD information on the mixing potentials Vmix

1 and Vmix
2 ,

we can only provide analytical results for the ratios of the
decay widths.

The pentaquark states Pcc̄ with quantum numbers JP in
Scenario 1 are listed in Table IVand those in Scenario 2 are
listed in Table V. Their expressions in terms of the
multiplets listed in Table II, characterized by a well-defined
heavy-quark–antiquark spin s and LDF angular momentum
k, are shown in Eqs. (3.18)–(3.20) and (3.22)–(3.24). The
S-wave ΛcD̄ threshold has JP ¼ ð1=2Þ−, while the S-wave
ΛcD̄� threshold has JP ¼ fð1=2Þ−; ð3=2Þ−g. Therefore, for
the pentaquark states Pcc̄½JP ¼ ð1=2Þ−� in both Scenarios 1
and 2, the decay to S-wave ΛcD̄ and ΛcD̄� is allowed,
while, for Pcc̄½JP ¼ ð3=2Þ−� in both Scenarios 1 and 2, only
the decay to S-wave ΛcD̄� is allowed, while the decay to
ΛcD̄ requires a D-wave transition. Similarly, the penta-
quark states Pcc̄½JP ¼ ð5=2Þ−� in both scenarios 1 and 2 can
decay to both ΛcD̄ and ΛcD̄� only through D-wave
transitions. Since D-wave decays involve higher angular
momentum barriers, they are expected to be suppressed
compared to S-wave decays.
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Following Ref. [109], the mixing or coupling potential governing the transitions Pcc̄½JP� → ΛcD̄;ΛcD̄� can be written as

VJP
s;l;η

�
kP; LQ →

��
1

2

þ
; 0þ
	
J1;

�
1

2

−
;
1

2

þ	
J2

�
J0; L0

Q

	

¼
ffiffiffi
2

p
ð−1Þ1=2þsþL0

QþJ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s̃ l̃ J̃1J̃2J̃0
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s 1

2
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>>:
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0 1
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J1 J2 J0
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�
kP; LQ →

1

2

þ
; L0

Q

	
; ð4:7Þ

where J1 and J2 are the spins of the Λc baryon and D̄ or D̄� mesons respectively, J1 ¼ 1=2 for Λc and J2 ¼ 0 or 1 for
D̄ or D̄�, J0 is the quantum number of J0 ¼ J1 þ J2, whose values are J0 ¼ 1=2 for ΛcD̄ and J0 ¼ f1=2; 3=2g for ΛcD̄�, L0

Q

is the quantum number denoting the relative angular momentum between the baryon Λc and the meson D̄ or D̄�, whose
values are L0

Q ¼ 0 for S-wave and L0
Q ¼ 2 for D-wave, and J̃ ¼ 2J þ 1. The curly brackets fj1j4

j2
j5

j3
j6
g and

8><
>:

j1 j2 j3
j4 j5 j6
j7 j8 j9

9>=
>;

are the Wigner 6j symbol andWigner 9j symbol, respectively. The quantum numbers in the parenthesis and square brackets
on the lhs of Eq. (4.7) have been summed over and the resulting quantum numbers are written to the right.14 The superscript
on V in Eq. (4.7) are quantum numbers JP, which is exactly conserved between the pentaquark states Pcc̄ and ΛcD̄ or ΛcD̄�

thresholds. The transition amplitude GP
l;η, which depends on the combined angular momentum l, can be expressed as

GP
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; ð4:8Þ

where h j1m1
j2
m2

j jmi denotes Clebsch-Gordon coefficients, and λ is the eigenvalue of K · r̂ that for ΛcD̄ or ΛcD̄� is λ ¼ �1=2,

corresponding to total light-quark spin parity ð1=2Þþ. The quantity gλ;η is the transition amplitude between the light-quark
state in the pentaquark and the spin-isospin averaged ΛcD̄ threshold in the static limit. This quantity can, in principle, be
computed in lattice QCD, although it is currently unknown.15 Since gλ;η depends solely on the light-quark states in the
pentaquark and the spin-isospin averaged ΛcD̄ threshold, it is the same for all pentaquark states with the same light-quark
quantum numbers kP. Using Eq. (4.8), we get for the S-wave transitions
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¼ 0: ð4:9Þ

This result implies that, among the components in Eqs. (3.18)–(3.20) and (3.22)–(3.24), those involving LDF with k ¼ 3=2,
i.e., js ¼ 1; k ¼ 3=2iJP¼ð1=2Þ− , js ¼ 0; k ¼ 3=2iJP¼ð3=2Þ− , and so on, do not contribute to the S-wave decays of Pcc̄ states to
ΛcD̄ and ΛcD̄�. A direct consequence is that Γ½Pcc̄½JP ¼ ð5=2Þ−� → ΛcD̄;ΛcD̄�� ¼ 0 for S-wave transitions, in agreement
with the earlier discussion that such decays proceed only via D-wave and are thus suppressed.
Only the transition amplitude G−

1=2;þ in Eq. (4.9) contributes to the decays of Pcc̄ states to S-wave ΛcD̄ and ΛcD̄� states.
Therefore, it cancels out in the ratio of decay rates. Following Ref. [109], the ratio of decay widths for the pentaquark states
Pcc̄ with JP ¼ ð1=2Þ− is given by

14In the notation ½ð1
2
þ; 0þÞJ1; ð12−; 12þÞJ2�J0 appearing in Eq. (4.7), the first parenthesis identifies the Λc, whose heavy-quark spin 1=2

and light-quark spin 0 have been summed to give the total spin J1, which is written to the right of the parenthesis. Similarly, the second
parenthesis identifies the D̄ or D̄�, whose heavy-quark spin 1=2 and light-quark spin 1=2 have been summed to give the total spin J2,
which is written to the right of the parenthesis. The sum of J1 and J2 gives J0, which is the quantum number of the S-wave ΛcD̄ or ΛcD̄�
system written to the right of the square bracket.

15The transition rate has been computed only in the case of string breaking (avoided crossing) for the case of quarkonium and lowest
meson-antimeson thresholds in lattice QCD in Refs. [136,137].
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ΓðPcc̄½JP ¼ ð1=2Þ−� → ΛcD̄Þ=vΛcD̄

ΓðPcc̄½JP ¼ ð1=2Þ−� → ΛcD̄�Þ=vΛcD̄�
¼

���aV1
2
−

0;1
2
;þðΛcD̄; J0 ¼ 1

2
Þ þ bV

1
2
−

1;1
2
;þðΛcD̄; J0 ¼ 1

2
Þ
���2P3=2

J0¼1=2

���aV1
2
−

0;1
2
;þðΛcD̄�; J0Þ þ bV

1
2
−

1;1
2
;þðΛcD̄�; J0Þ

���2 ; ð4:10Þ

where the phase space factor for each final-state channel with orbital angular momentum L0
Q is proportional to v

2L0
Qþ1

α , α
being either ΛcD̄� or ΛcD̄ and vα the velocity of each of the outgoing heavy hadrons in the c.m. frame. The velocity vα is
determined through energy and momentum conservation by the masses of the initial pentaquark Pcc̄, final baryon Λc and
meson D̄� or D̄. The factors a and b in Eq. (4.10) are the elements of the 3 × 3 matrices in Eqs. (3.18) and (3.22):
a ¼JP¼ð1=2Þ− hs ¼ 0; k ¼ 1=2jPcc̄½JP ¼ ð1=2Þ−�i and b ¼JP¼ð1=2Þ− hs ¼ 1; k ¼ 1=2jPcc̄½JP ¼ ð1=2Þ−�i. For simplicity, in
Eq. (4.10), we have used a compact notation for the coupling potential in Eq. (4.7), as follows:

V
1
2
−

0;1
2
;þðΛcD̄�; J0Þ ¼ V

1
2
−

0;1
2
;þ

�
1

2

þ
; 0 →

��
1

2

þ
; 0þ
	
1

2
;

�
1

2

−
;
1

2

þ	
1

�
J0; 0

	
;

V
1
2
−

1;1
2
;þðΛcD̄�; J0Þ ¼ V

1
2
−

1;1
2
;þ

�
1

2

þ
; 0 →

��
1

2

þ
; 0þ
	
1

2
;

�
1

2

−
;
1

2

þ	
1

�
J0; 0

	
;

V
1
2
−

0;1
2
;þ

�
ΛcD̄; J0 ¼ 1

2

	
¼ V

1
2
−

0;1
2
;þ

�
1

2

þ
; 0 →

��
1

2

þ
; 0þ
	
1

2
;

�
1

2

−
;
1

2

þ	
0

�
1

2
; 0

	
: ð4:11Þ

Similarly, the ratio of decay widths for the pentaquark states Pcc̄ with JP ¼ ð3=2Þ− can be obtained by setting a ¼ 0 and
b ¼JP¼ð3=2Þ− hs ¼ 1; k ¼ 1=2jPcc̄½JP ¼ ð3=2Þ−�i in Eq. (4.10), the matrix elements given by Eqs. (3.19) and (3.23), and

substituting V
1
2
−

1;1
2
;þðΛcD̄; J0 ¼ 1

2
Þ with V

3
2
−

1;1
2
;þðΛcD̄; J0 ¼ 1

2
Þ and V

1
2
−

1;1
2
;þðΛcD̄�; J0Þ with V

3
2
−

1;1
2
;þðΛcD̄�; J0Þ.

The results for the numerator and denominator of the ratio in the rhs of Eq. (4.10) for different pentaquarks Pcc̄ decaying
into S-wave ΛcD̄ and ΛcD̄� are shown in Fig. 5 for Scenario 1 and in Fig. 6 for Scenario 2. For a given pentaquark state,
Pcc̄, from the entries in Figs. 5 and 6, it follows that

Γð1ÞðPcc̄ð4440Þþ → ΛcD̄Þ=vΛcD̄

Γð1ÞðPcc̄ð4440Þþ → ΛcD̄�Þ=vΛcD̄�
¼ 1.09;

Γð2ÞðPcc̄ð4440Þþ → ΛcD̄Þ=vΛcD̄

Γð2ÞðPcc̄ð4440Þþ → ΛcD̄�Þ=vΛcD̄�
¼ 0;

Γð1ÞðPcc̄ð4457Þþ → ΛcD̄Þ=vΛcD̄

Γð1ÞðPcc̄ð4457Þþ → ΛcD̄�Þ=vΛcD̄�
¼ 0;

Γð2ÞðPcc̄ð4457Þþ → ΛcD̄Þ=vΛcD̄

Γð2ÞðPcc̄ð4457Þþ → ΛcD̄�Þ=vΛcD̄�
¼ 0.62;

Γð1ÞðPcc̄ð4507Þþ → ΛcD̄Þ=vΛcD̄

Γð1ÞðPcc̄ð4507Þþ → ΛcD̄�Þ=vΛcD̄�
¼ 2.53;

Γð2ÞðPcc̄ð4525Þþ → ΛcD̄Þ=vΛcD̄

Γð2ÞðPcc̄ð4525Þþ → ΛcD̄�Þ=vΛcD̄�
¼ 3.28; ð4:12Þ

FIG. 5. Scenario 1: rows marked ΛcD̄ show
���aV1

2
−

0;1
2
;þðΛcD̄; J0 ¼ 1

2
Þ þ bV

1
2
−

1;1
2
;þðΛcD̄; J0 ¼ 1

2
Þ
���2=G−

1
2
;þð12þ; 0 → ð0þ; 1

2
þÞ 1

2
; 0Þ2 and rows

marked ΛcD̄� show
P3=2

J0¼1=2

���aV1
2
−

0;1
2
;þðΛcD̄�; J0Þ þ bV

1
2
−

1;1
2
;þðΛcD̄�; J0Þ

���2=G−
1
2
;þð12þ; 0 → ð0þ; 1

2
þÞ 1

2
; 0Þ2, i.e., the numerator and denomi-

nator of the ratio in the rhs of Eq. (4.10), for the different states listed in the columns. The ratios of the different entries provide all the
decay widths ratios that follow from Eq. (4.10).
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where the superscripts (1) or (2) denote results in Scenario 1
or 2, respectively. We recall that the state Pcc̄ð4440Þþ is
assigned JP ¼ ð1=2Þ− in Scenario 1,while in Scenario 2 it has
JP ¼ ð3=2Þ−; the reverse holds for Pcc̄ð4457Þþ. The state
Pcc̄ð4507Þþ in Scenario 1 and the state Pcc̄ð4525Þþ in
Scenario 2 are close to theΣ�

cD̄� threshold with JP ¼ ð1=2Þ−.
In Ref. [41], considering that the states Pcc̄ð4440Þþ or

Pcc̄ð4457Þþ are exactly at the ΣcD̄� threshold with quantum
numbers JP¼ð1=2Þ− (Scenario 0 in Sec. III C), the ana-
lytically predicted ratio of S-wave decay rates turns out to be

ΓðPcc̄½JP ¼ ð1=2Þ−� → ΛcD̄Þ=vΛcD̄

ΓðPcc̄½JP ¼ ð1=2Þ−� → ΛcD̄�Þ=vΛcD̄�
¼ 3

4
: ð4:13Þ

Our results in Eq. (4.12) yield a ratio of 1.09 in Scenario 1
and 0.62 in Scenario 2. The result of Eq. (4.13) is therefore
closer to the one of Scenario 2, where the Pcc̄ð4440Þþ and
Pcc̄ð4457Þþ are assigned with JP ¼ ð3=2Þ− and JP ¼
ð1=2Þ−, respectively.
Considering Scenario 2 in Fig. 6, for JP ¼ ð1=2Þ− states,

we observe that the Pcc̄ð4312Þþ only decays into ΛcD̄�,
which is consistent with the prediction from the molecular
picture [41].16 For Pcc̄ð4457Þþ, the relative partial decay
width to a ΛcD̄� final state is about 1.66 times larger than
that of Pcc̄ð4312Þþ, which implies that Pcc̄ð4457Þþ exhibits
a slightly broader width into the ΛcD̄� channel, consistent
with its higher mass and larger available phase space.17 For
Pcc̄ð4525Þþ, the dominant S-wave decay is toΛcD̄, which is
2.29 times larger than that of Pcc̄ð4457Þþ into the same
channel. The large total S-wave width suggests that the

Pcc̄ð4525Þþ is likely a relatively broad resonance compared
to lower-lying states such as Pcc̄ð4312Þþ and Pcc̄ð4457Þþ.
Also, accounting for the decays of Pcc̄ð4525Þþ to J=ψ and
ηcð1SÞ from Table VI, the broad width may explain why this
state has not yet been observed experimentally.
For JP ¼ ð3=2Þ− states, we observe that all the states

only decay to S-wave ΛcD̄�, as discussed at the beginning
of this section. For Pcc̄ð4380Þþ, the relative partial decay
rate for decays into ΛcD̄� is of the same order as that of
Pcc̄ð4312Þþ (2.59 vs 2.67 in Fig. 6), which suggests that
Pcc̄ð4380Þþ has a total width comparable to the one of
Pcc̄ð4312Þþ. Also including decays to J=ψ and ηcð1SÞ
from Table VI, our analysis suggests that this state is
narrower than the broad structure seen in experiments, in
agreement with Refs. [28,29]. For Pcc̄ð4440Þþ, the relative
partial decay rate for decays into ΛcD̄� is about three times
smaller than that of Pcc̄ð4380Þþ. Moreover, from Table VI,
we see that this state may have significant decay modes to
J=ψ and ηcð1SÞ. For Pcc̄ð4521Þþ, the relative partial decay
rate for decays into ΛcD̄� is 2.14 times larger than that of
Pcc̄ð4380Þþ, which suggests that this state is likely a
relatively broad resonance compared to lower-lying states
such as Pcc̄ð4380Þþ and Pcc̄ð4440Þþ. Also accounting for
the decays of Pcc̄ð4525Þþ to J=ψ and ηcð1SÞ from
Table VI, the broad nature of the resonance could be the
reason why this state has not been seen in experiments.
The JP ¼ ð5=2Þ− state Pcc̄ð4513Þþ can decay into ΛcD̄

and ΛcD̄� only via D-wave transitions, which are sup-
pressed compared to S-wave decays, indicating that the
state may have a narrower width compared to other
pentaquark states in Fig. 6. Moreover, from Table VI,
we observe that this state only decays to ηcð1SÞ with a
width of 21 MeV (in Scenario 2). The narrow width for
decays into ΛcD̄, ΛcD̄� and the fact that the state decays to
ηcð1SÞ and not to J=ψ clearly makes the detection of
Pcc̄ð4513Þþ a challenging enterprise.

FIG. 6. Scenario 2: same as in Fig. 5.

16In the molecular picture, the Pcc̄ð4312Þþ is a ΣcD̄ molecule.
There is no DDπ vertex to account for the transition to ΛcD̄ [41].

17The total S-wave width of Pcc̄ð4457Þþ is around 2.7 times
larger than the total S-wave width of Pcc̄ð4312Þþ. However, their
measured total widths are similar (see Table I).

BRAMBILLA, MOHAPATRA, and VAIRO PHYS. REV. D 112, 114037 (2025)

114037-20



V. PREDICTIONS FOR BOTTOM
PENTAQUARKS Pbb̄

As discussed in the previous section, Scenario 2 is
favored based on the analyses of the charm pentaquark
semi-inclusive decay widths into J=ψ and ηcð1SÞ, and
decay patterns into S-wave ΛcD̄ and ΛcD̄� thresholds. In
this section, we provide predictions for the bottom penta-
quark states Pbb̄ adopting Scenario 2.
The values of the adjoint baryon masses (in the RS

scheme) tuned on the charm pentaquark case are
Λð1=2Þþ;RS ¼ 1.125 GeV and Λð3=2Þþ;RS ¼ 1.152 GeV.
Solving the Schrödinger equations (3.6) and (3.7) with
these inputs for the adjoint baryon masses appearing in
the potentials (2.11) and with mRS

b ¼ 4.863 GeV yields
ðE1=2; E3=2Þ ¼ ð−21 MeV;−59 MeVÞ. Including the spin-
dependent corrections from VSS, the eigenvalues Ei

M1=2
,

Ei
M3=2

, and Es¼1
3
2
5
2

corresponding to the JP ¼ ð1=2Þ−, ð3=2Þ−,
and ð5=2Þ− states are

Ei
M1=2

¼ ð−97.7;−28.4;−5.5Þ MeV;

Es¼1
3
2
5
2

¼ −41.0 MeV;

Ei
M3=2

¼ ð−79.1;−58.1;−12.7Þ MeV; ð5:1Þ

where the first, second, and third entries in the parentheses
correspond to i ¼ 1, 2, 3 respectively. The masses of the
states are obtained after adding EΣbB̄ ¼ 11.140 GeV to the
results in Eq. (5.1), and the assigned JP quantum numbers
are shown in Fig. 7. The eigenvectors of the matrices M1=2

and M3=2 in Eqs. (3.14) and (3.15) allow us to express the
pentaquark states as superpositions of the multiplet states
listed in Table II, which have well-defined heavy-quark–
antiquark spin s and LDF angular momentum k, as follows:

0
B@

jPbb̄ð11042Þþi
jPbb̄ð11111Þþi
jPbb̄ð11134Þþi

1
CA ¼

0
B@

0.318 0.153 0.936

−0.522 −0.796 0.307

−0.791 0.586 0.173

1
CA
0
BB@

js ¼ 0; k ¼ 1=2iJP¼ð1=2Þ−

js ¼ 1; k ¼ 1=2iJP¼ð1=2Þ−

js ¼ 1; k ¼ 3=2iJP¼ð1=2Þ−

1
CCA; ð5:2Þ

0
B@

jPbb̄ð11060Þþi
jPbb̄ð11081Þþi
jPbb̄ð11127Þþi

1
CA ¼

0
B@

0.309 −0.503 0.807

−0.177 0.804 0.568

0.934 0.319 −0.160

1
CA
0
BB@

js ¼ 1; k ¼ 1=2iJP¼ð3=2Þ−

js ¼ 0; k ¼ 3=2iJP¼ð3=2Þ−

js ¼ 1; k ¼ 3=2iJP¼ð3=2Þ−

1
CCA; ð5:3Þ

jPbb̄ð11099Þþi ¼ js ¼ 1; k ¼ 3=2iJP¼ð5=2Þ− : ð5:4Þ

Our predictions for the spin-flipping semi-inclusive decay widths into ϒð1SÞ and ηbð1SÞ of the pentaquark states Pbb̄
shown in Fig. 7, computed using Eqs. (4.1) and (4.2) along with Eqs. (5.2)–(5.4), are summarized in Table VII. The
transition is spin-flipping as the nonvanishing of the matrix element in Eq. (4.2) constrains the spin-0 component of Pbb̄ to
decay into the spin-1 final stateϒð1SÞ and the spin-1 component of Pbb̄ to decay into the spin-0 final state ηbð1SÞ. The sum
of the decay widths toϒð1SÞ and ηbð1SÞ sets a lower bound on the total decay width of the Pbb̄ state. Compared to the semi-
inclusive decays in the charm sector given in Table VI, the semi-inclusive rates in the bottom sector are smaller due to 1=mQ

suppression from the heavier bottom mass. The pentaquark state Pbb̄½JP ¼ ð5=2Þ−�ð11099Þ only decays to ηb as this state
has a well-defined heavy-quark spin s ¼ 1, as seen from Eq. (5.4).

FIG. 7. Predicted spectrum of the lowest-lying bottom penta-
quark states Pbb̄ and their assigned JP quantum numbers in
Scenario 2, which the analysis of charm pentaquarks favors. The
masses of the states, in units of MeV, are indicated in the
parentheses next to each state. The states, after solving the coupled
Schrödinger equations (3.6) and (3.7) and using Eqs. (3.14) and
(3.15) to account for spin corrections, are represented by hori-
zontal blue bars; the black crosses on the horizontal bars denote
that the states have not been seen yet in experiments. The masses
are computed from the adjoint baryon masses Λð1=2Þþ;RS ¼
1.125 GeV and Λð3=2Þþ;RS ¼ 1.152 GeV. Isospin is I ¼ 1=2 for
all the states.
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The results for the numerator and denominator of the
ratio in the rhs of Eq. (4.10) obtained using Eqs. (5.2)–(5.4)
for different pentaquarks Pbb̄ decaying into S-wave ΛbB̄
and ΛbB̄� are shown in Fig. 8 for Scenario 2. For a given
pentaquark state, Pbb̄, from the entries in Fig. 8, it follows

that

ΓðPbb̄ð11111Þþ → ΛbB̄Þ=vΛbB̄

ΓðPbb̄ð11111Þþ → ΛbB̄�Þ=vΛbB̄�
¼ 0.25;

ΓðPbb̄ð11134Þþ → ΛbB̄Þ=vΛbB̄

ΓðPbb̄ð11134Þþ → ΛbB̄�Þ=vΛbB̄�
¼ 5.30: ð5:5Þ

If the state Pbb̄ð11111Þþ with JP ¼ ð1=2Þ− were exactly at
the ΣbB̄� threshold (Scenario 0 in Sec. III C), then the ratio of
decay widths would be given by Eq. (4.13). Our results yield
a ratio of 0.25 [see Eq. (5.5)], which is three times smaller
than Eq. (4.13). This deviation reflects the fact that bottom
pentaquark states are more deeply bound, as it follows from
the values of the binding energies E1=2 and E3=2.
Considering Fig. 8, for JP ¼ ð1=2Þ− states, we observe

that Pbb̄ð11042Þþ decays most often into ΛbB̄�. For
Pbb̄ð11111Þþ, which has dominant decay into ΛbB̄�, the
relative partial decay width to aΛbB̄� final state is about 5.86
times larger than that of Pbb̄ð11042Þþ implying that the state
has much broader width into the ΛcB̄� channel. For
Pbb̄ð11134Þþ, the dominant S-wave decay is into ΛbB̄,
whose width is 4.45 times larger than that of Pbb̄ð11111Þþ
into the same channel. The large total S-wave width for both
Pbb̄ð11111Þþ and Pbb̄ð11134Þþ suggests that both states are
likely to manifest as relatively broad resonances compared to
Pbb̄ð11042Þþ. For JP ¼ ð3=2Þ− states, we observe that all
the states decay only to S-wave ΛbB̄� as discussed at the
beginning of this section. For Pbb̄ð11060Þþ, the relative
partial decay rate for decays into ΛbB̄� is slightly smaller
(0.7 times) than that of Pbb̄ð11042Þþ. For Pbb̄ð11081Þþ, the
relative partial decay rate for decays into ΛbB̄� is about three
times smaller than that of Pbb̄ð11060Þþ. Moreover, account-
ing for the decays to ϒð1SÞ and ηbð1SÞ in Table VII, both
Pbb̄ð11060Þþ and Pbb̄ð11081Þþ are possibly narrow penta-
quark states. For Pbb̄ð11127Þþ, the relative partial decay rate
for decays into ΛbB̄� is around nine times larger than that of
Pbb̄ð11060Þþ, which suggests that this state will likely
be a relatively much broader resonance compared to

TABLE VII. Predictions of the semi-inclusive decay rates of
pentaquark states Pbb̄ decaying into ϒð1SÞ or ηbð1SÞ in Scenario
2: Pbb̄ → Qn þ X, withQn ¼ fϒð1SÞ; ηbð1SÞg, where X denotes
light hadrons. The decay rates are computed from Eqs. (4.1) and
(4.2). The pentaquark states are denoted by Pbb̄½JP�ðmassÞ, where
the masses are in MeV. We have used the spin-averaged masses
for both pentaquark and quarkonium states to estimate the decay
rates. We show the decay rates to ϒð1SÞ on the left and the decay
rates to ηbð1SÞ and on the right. The pentaquark state
Pbb̄½JP ¼ ð5=2Þ−� decays only to ηb.

Pbb̄½JP� ðmassÞ ⟶ ϒð1SÞ½1−−� Γ ðMeVÞ
Scenario 2
Pbb̄½ð1=2Þ−�ð11042Þ 1þ0.4

−0.3
þ0.5
−0.3

Pbb̄½ð3=2Þ−�ð11060Þ 2þ1
−1

þ1
−0.5

Pbb̄½ð3=2Þ−�ð11081Þ 6þ2
−2

þ2
−2

Pbb̄½ð1=2Þ−�ð11111Þ 3þ1
−1

þ1
−1

Pbb̄½ð3=2Þ−�ð11127Þ 1þ0.3
−0.2

þ0.4
−0.2

Pbb̄½ð1=2Þ−�ð11134Þ 8þ2
−2

þ3
−2

Pbb̄½JP� ðmassÞ ⟶ ηbð1SÞ½0−þ� Γ ðMeVÞ
Scenario 2
Pbb̄½ð1=2Þ−�ð11042Þ 3þ1

−1
þ1
−1

Pbb̄½ð3=2Þ−�ð11060Þ 2þ1
−1

þ1
−0.4

Pbb̄½ð3=2Þ−�ð11081Þ 1þ0.3
−0.3

þ0.4
−0.2

Pbb̄½ð5=2Þ−�ð11099Þ 3þ1
−1

þ1
−1

Pbb̄½ð1=2Þ−�ð11111Þ 3þ1
−1

þ1
−1

Pbb̄½ð3=2Þ−�ð11127Þ 4þ1
−1

þ1
−1

Pbb̄½ð1=2Þ−�ð11134Þ 1.5þ0.4
−0.3

þ0.6
−0.2

FIG. 8. Same as in Fig. 6 but for Pbb̄ states decaying into S-wave ΛbB̄ and ΛbB̄� in Scenario 2.
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Pbb̄ð11060Þþ and Pbb̄ð11081Þþ. The JP ¼ ð5=2Þ− state
Pbb̄ð11099Þþ can decay into ΛbB̄ and ΛbB̄� only via
D-wave transitions, which are suppressed compared to
S-wave decays, indicating that the state will have a narrower
width compared to other pentaquark states in Fig. 8.
Accounting for the decay to ηbð1SÞ from Table VII, further
supports that this state may probably be a narrow resonance.

VI. SUMMARY AND CONCLUSIONS

In this work, we have presented a QCD-based descrip-
tion of quarkonium pentaquark QQ̄qqq states both in the
charm and bottom sector. The description is based on the
Born–Oppenheimer nonrelativistic effective field theory
framework, whose underlying principle is the systematic
factorization of the dynamics of the heavy quarks and the
three light quarks based on the hierarchy ΛQCD ≫ mQv2.
The BOEFT leads to coupled-channel Schrödinger equa-
tions (3.6) and (3.7) for describing the pentaquarks, as
derived in Ref. [85]. These equations require pentaquark
BO potentials (static energies) as inputs. They appear in the
diagonal entries of the potential matrix in the Schrödinger
equations (3.6) and (3.7). In Sec. II B, we write down the
pentaquark BO potentials at short distances. At short
distances, they are the sum of a repulsive color octet
potential, adjoint baryon masses Λκ and nonperturbative
terms of Oðr2Þ. Currently, there are no lattice QCD
computations available for either the adjoint baryon spec-
trum or the pentaquark BO potentials. To facilitate future
lattice studies, we give the expressions of the light-quark
operators for the lowest adjoint baryons with quantum
numbers κ ¼ fð1=2Þþ; I ¼ 1=2g and fð3=2Þþ; I ¼ 1=2g in
Eqs. (2.6) and (2.7) and the expression of the gauge-
invariant interpolating operators in Eq. (2.3). The two-point
correlation functions of the interpolating operators can be
expressed in terms of generalized Wilson loops, computed
in lattice QCD and eventually used to extract the penta-
quark BO potentials.
In this work, we propose to identify the four exper-

imentally observed hidden-charm pentaquark states Pcc̄
listed in Table I with states in the lowest multiplet of the BO
potentials ð1=2Þg and fð1=2Þ0g; ð3=2Þgg. These potentials
connect smoothly to the ΣcD̄ threshold at long distances
due to BO quantum number conservation [85] and match to
the spectrum of the adjoint baryons ð1=2Þþ and ð3=2Þþ,
respectively, at short distances. The form of the potentials at
intermediate distances is unknown, as they have not been
computed in lattice QCD. At leading order in the 1=mQ

expansion, solving the Schrödinger equations (3.6) and
(3.7) with these BO potentials yields a degenerate (spin-
averaged) set of states independent of the heavy-quark spin
S (see Table II). Since the BO potentials for the QQ̄
pentaquark at large r evolve smoothly into the heavy-light
baryon-antimeson thresholds in the static limit and because
the spin-dependent interaction that leads to spin splitting in

the heavy-light baryon-antimeson threshold appears at
order 1=mQ, in Sec. III B, we account for the spin splittings
in the pentaquark multiplet in Table II by choosing a spin
interaction that resembles the one responsible for the spin
interaction in the heavy-light baryon-antimeson states [see
Eq. (3.8)]. Besides the four states already observed, our
assumed form (at intermediate distances) for the ð1=2Þg BO
potential connecting with the ΣcD̄ threshold at large
distances and the ð1=2Þþ adjoint baryon at short distances
supports three additional states, which are near the Σ�

cD̄�
threshold. Seven states are also predicted by the molecular
picture based on the heavy-quark spin symmetry in
Refs. [27–29,37]. In the absence of lattice data, however,
other choices for the behaviour of the BO potentials at
intermediate distances are possible. If the ð1=2Þg BO
potential connecting with the ΛcD̄ threshold would support
bound states, then three additional low-lying pentaquark
states in the charm sector could exist. Ten low-lying
pentaquark states, some having positive parity, are pre-
dicted in compact pentaquark models such as in Ref. [60].
Because there is no experimental evidence of states near the
ΛcD̄ threshold, we have assumed that the BO potential that
connects to that threshold falls off monotonically from
above like in Fig. 1 and hence does not support bound
states. Another possibility is that the ð1=2Þg BO potential
connecting to the ΣcD̄ threshold at large distances and the
ð1=2Þþ adjoint baryon at short distances do not support
bound states. This case, which brings the number of
predicted low-lying pentaquarks to four, has been inves-
tigated in Ref. [131]. In BOEFT, all the ground-state
pentaquark states have negative parity. The positive-parity
pentaquark states arise from orbital excitations with heavy-
quark orbital angular momentum LQ ¼ 1 (P-wave) and
therefore lie at higher energies than the ground-state
pentaquarks.
By treating the adjoint baryon masses Λð1=2Þþ and Λð3=2Þþ

as free parameters fitted on the masses of the four observed
Pcc̄ states after including spin corrections, we find two
viable scenarios, Scenario 1 and Scenario 2, whose spectra
and JP assignments are summarized in Tables IVand V, and
in Figs. 2 and 3. Notably, in Scenario 2, our predicted
masses for the three unobserved Pcc̄ states show good
agreement with the molecular model predictions in
Refs. [28,29], even though BOEFT makes no a priori
assumption of a molecular configuration. The agreement
emerges from the complex QCD dynamics encoded in the
solutions of the Schrödinger equations (3.6) and (3.7). In
particular, the BOEFT can be closer or farther away from
the molecular picture results, depending on the values of
the adjoint baryon masses and the corresponding eigene-
nergies coming from the diagonalization of the matrices in
Eqs. (3.14) and (3.15). It is therefore of crucial importance
to calculate on the lattice the adjoint baryon masses Λð1=2Þþ
and Λð3=2Þþ . After including spin corrections, the resulting

UNRAVELLING PENTAQUARKS WITH THE BORN-OPPENHEIMER … PHYS. REV. D 112, 114037 (2025)

114037-23



Pcc̄ states are superpositions of multiplet states (Table II)
with the heavy-quark–antiquark pair in both spin s ¼ 0 and
s ¼ 1 configurations, as given by Eqs. (3.18)–(3.20) and
Eqs. (3.22)–(3.24) for Scenarios 1 and 2, respectively. In
Sec. IVA, we compute semi-inclusive decay rates into J=ψ
and ηcð1SÞ following Ref. [105]. Spin-flip transitions medi-
ate the decays: the spin-0 component of Pcc̄ decays to J=ψ
and the spin-1 component of Pcc̄ decays to ηcð1SÞ. Spin-
conserving transitions of Pcc̄ would instead lead to P-wave
quarkonium states, and hence do not contribute. The sum of
these rates provides a lower bound on the total width of the
pentaquark state. Results for both scenarios are summarized
in Table VI. In particular, for Pcc̄ð4312Þþ, which has JP ¼
ð1=2Þ− in both scenarios, comparing our lower bound
estimate with the total width favors Scenario 2. Scenario 2
assigns Pcc̄ð4440Þþ to JP ¼ ð3=2Þ− and Pcc̄ð4457Þþ to
JP ¼ ð1=2Þ−. This JP assignment agrees with the one in
Refs. [28,29,43,44,58,134]. In Scenario 2, the state
Pcc̄ð4513Þþ with JP ¼ ð5=2Þ− decays only to ηcð1SÞ.
In Sec. IV B, we present model-independent predictions

for the decay ratios of Pcc̄ states into S-wave ΛcD̄ and
ΛcD̄� following Ref. [109]. These transitions are governed
by a single transition amplitude [see Eqs. (4.8) and (4.9)],
which, in principle, is calculable in lattice QCD. The
transition amplitude cancels in the decay width ratios, as
shown in Eq. (4.10). We find that the Pcc̄ states with JP ¼
ð3=2Þ− decay only to S-wave ΛcD̄� and that the decay to
ΛcD̄ requires a D-wave transition. Also the Pcc̄ states with
JP ¼ ð5=2Þ− can decay to both ΛcD̄ and ΛcD̄� only
through a D-wave. Our results are summarized in
Eq. (4.12) and Figs. 5 and 6. Again, we find that
Scenario 2 is favored. For Pcc̄ð4380Þþ, to which a now
obsolete LHCb analysis attributed a broad width [13],
we find that the decay rate into S-wave ΛcD̄� is of the same
order as that of Pcc̄ð4312Þþ (see Fig. 6). Also including the
decay widths to J=ψ and ηcð1SÞ from Table VI, our
analysis suggests that Pcc̄ð4380Þþ is a narrow state, in
agreement with the studies in Refs. [28,29].
In Sec. V, based on Scenario 2, we report our predictions

for the bottom pentaquark Pbb̄ states. The adjoint baryon
masses and the BO static potentials are independent of the
heavy-quark mass. Unlike in the molecular model, which
cannot be easily extended from the charm to the bottom
sector, in the BOEFT it is enough to solve the Schrödinger
equations (3.6) and (3.7) using the bottom quark mass and
the BO static potentials in Eq. (2.11), with the adjoint
baryon massesΛð1=2Þþ andΛð3=2Þþ fixed in the charm sector.
The results for the masses of the lowest seven Pbb̄ states
along with their JP quantum number assignments are
shown in Fig. 7. The states are more deeply bound than
in the charm sector, as reflected by the values of the binding
energies. Our predictions for the semi-inclusive decays into
ϒð1SÞ and ηbð1SÞ are given in Table VII, while model-
independent results for the relative decay rates into S-wave
ΛbB̄ and ΛbB̄� are shown in Fig. 8. We find that for the
pentaquark state Pbb̄ð11111Þþ with JP ¼ ð1=2Þ−, the ratio

of the decay rates into S-wave ΛbB̄ and ΛbB̄� is different
from the molecular picture prediction in Ref. [41].
Finally, we emphasize that definitive, model-independent

predictions for hidden-heavy pentaquarks, both Pcc̄ and Pbb̄,
need several lattice QCD inputs, most importantly the
adjoint baryon spectrum and the pentaquark BO potentials.
The computation of the adjoint baryon spectrum, and in
particular the adjoint baryon masses Λð1=2Þþ and Λð3=2Þþ ,
may confirm or correct our choices for these quantities. The
computation of the BO potentials would establish whether
the ground-state multiplet contains ten, seven, or just four
Pcc̄ and Pbb̄ states. Obviously, the experimental confirma-
tion or discovery of new Pcc̄ and Pbb̄ states is the most
awaited and needed information to constrain the different
scenarios for hidden-heavy pentaquarks in the framework of
the BOEFT presented in this and related works.
Notably, the LHCb Collaboration recently reported the

observation of a new pentaquark state Pcc̄ð4337Þþ in the
decay B0

s → J=ψpp̄, seen as a structure in the J=ψp
invariant-mass distribution with mass 4337þ7

−4 MeV and
width 29þ30

−18 MeV [138]. If this state has JP ¼ ð1=2Þþ,
which currently has the highest statistical significance of
3.7σ [138], then within the BOEFT framework it could
correspond to a P-wave resonance state in the BO potential
ð1=2Þg that dip slightly below theΛcD̄ threshold, then cross
it again and asymptotically connects to the ΛcD̄ threshold
from above. Additionally, no Pcc̄ states with quartet isospin
I ¼ 3=2 have yet been observed experimentally. In the
BOEFT, the I ¼ 3=2 pentaquark states are described by a
single-channel Schrödinger equation with BO potential
ð1=2Þg matching to an adjoint baryon with quantum
number kP ¼ ð1=2Þþ and I ¼ 3=2 at short distances
[85]. A comprehensive investigation of these states will
be pursued in future work.
The nonstrange and strange charm pentaquark states Pcc̄

and Pcs will be searched and studied through the hadro-
production channels pp → ppJ=ψ and pp → pKþΛJ=ψ
at the upcoming CBM experiment at the GSI-FAIR facility
[139]. The direct observation of existing and new penta-
quark states through hadroproduction channels has the
potential to provide new valuable insights into the for-
mation and internal structure of these states.
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