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Hidden charm N and A resonances with heavy-quark symmetry
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A model is developed to describe odd-parity baryon resonances generated dynamically through a
unitary baryon-meson coupled-channels approach. The scheme applies to channels with light- and/or
heavy-quark content. Distinct features of the model are that i) the interaction is an S-wave contact one,
ii) it reduces to the SU(3) Weinberg-Tomozawa Hamiltonian when light pseudoscalar mesons are
involved, thus respecting chiral symmetry, iii) spin-flavor is preserved in the light-quark sector, and
iv) heavy-quark spin symmetry is fulfilled in the heavy-quark sector. In particular, baryon-meson states
with different content in ¢ or in ¢ do not mix. The model is a minimal one and it contains no free
parameters. In this work, we focus on baryon resonances with hidden charm (at least one ¢ and one ¢
quark). We analyze several possible sectors and, for the sector with zero net charm, we write down the
most general Lagrangian consistent with SU(3) and heavy-quark spin symmetry. We explicitly study the N
and A states, which are produced from the S-wave interaction of pseudoscalar and vector mesons with
1/2% and 3/2* baryons within the charmless and strangeless hidden-charm sector. We predict seven odd-
parity N-like and five A-like states with masses around 4 GeV, most of them as bound states. These states
form heavy-quark spin multiplets, which are almost degenerate in mass. The predicted new resonances
definitely cannot be accommodated by quark models with three constituent quarks and they might be

looked for in the forthcoming PANDA experiment at the future FAIR facility.

DOI: 10.1103/PhysRevD.87.074034

I. INTRODUCTION

The possible observation of new states with the charm
degree of freedom has attracted a lot of attention over the
past years in connection with many experiments, such as
CLEO, Belle, BABAR, and others [1-36]. Moreover, the
future PANDA and compressed baryonic matter (CBM)
experiments at the FAIR facility of Gesellschaft fiir
Schwerionenforschung (GSI) [37,38] will aim at obtaining
data in the heavy-flavor sector, thus opening the possibility
for the observation of new exotic states with quantum
numbers of charm and strangeness. In this regard, a clear
goal would be to understand the nature of these states, and
in particular whether they can be described with the usual
three-quark baryon or quark-antiquark meson interpreta-
tion or if they qualify better as hadron molecules within a
baryon-meson coupled-channels description.

Unitarized coupled-channels approaches have shown to
be very successful in describing some of the existing
experimental data. These schemes include, for example,
models based on the chiral perturbation amplitudes for
S-wave scattering of 0~ octet Goldstone bosons off
baryons of the nucleon 1/2" multiplet [39-60]. Recently
the charm degree of freedom has been incorporated in
these models and several experimental states have been
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described as dynamically generated baryon molecules
[61-77]. This is the case, for example, of the A .(2595), which
is the charm sector counterpart of the A (1405). Some of these
approaches are based on a bare baryon-meson interaction
saturated with the #-channel exchange of vector mesons be-
tween pseudoscalar mesons and baryons [61-70]; others make
use of the Jiilich meson-exchange model [71-73], or some
rely on the hidden gauge formalism [74-77].
Nevertheless, these models do not explicitly incorporate
heavy-quark spin symmetry (HQSS) [78—80], and there-
fore it is unclear whether this symmetry is respected.
HQSS is a QCD symmetry that appears when the quark
masses, such as the charm mass, become larger than the
typical confinement scale. HQSS predicts that all types of
spin interactions involving heavy quarks vanish for infi-
nitely massive quarks. Thus, HQSS connects vector and
pseudoscalar mesons containing charmed quarks. On the
other hand, chiral symmetry fixes the lowest-order inter-
action between Goldstone bosons and other hadrons in a
model-independent way; this is the Weinberg-Tomozawa
(WT) interaction. Thus, it is appealing to have a predictive
model for four flavors including all basic hadrons (pseu-
doscalar and vector mesons, and 1/2% and 3/2" baryons),
which reduces to the WT interaction in the sector where
Goldstone bosons are involved and which incorporates
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HQSS in the sector where charm quarks participate. This
model was developed in Refs. [81-83], following the steps
of the SU(6) approach in the light sector of Refs. [84-87].
In these works, several resonances have been analyzed and
compared to experimental states, such as the S-wave states
with charm C =1, 2, 3 [81,83] together with C = —1
states [82]. Also, this scheme has been recently extended
to incorporate the bottom degree of freedom [88] in order
to study the nature of the newly discovered A,(5912) and
A}(5920) resonances [89] as possible molecular states.

In this paper we aim at continuing these studies on
dynamically generated baryon resonances using HQSS
constraints. We will discuss extensively the details of the
model and how heavy-quark spin symmetry is imple-
mented. The model respects spin-flavor symmetry in the
light sector and HQSS in the heavy sector, and it reduces to
SU3) WT in the light sector respecting chiral symmetry.
Moreover, we will focus on the dynamical generation of
hidden charmed states. The coupled channels in the
hidden-charm sectors are characterized by containing an
equal number of ¢ and ¢ quarks. As we shall discuss, HQSS
does not mix sectors with different numbers of ¢ or ¢
quarks. Thus, this model has the symmetry SU(6) X
HQSS, with HQSS = SU,(2) X SU;(2) X U,(1) X Us(1).
We will pay special attention to the charmless (C = 0) and
strangeless (S = 0) sector. Recent works [74—77] predict
the existence of a few nucleon-like states with masses
around 4 GeV, which result from the baryon-meson scat-
tering in this hidden-charm sector. In this paper we will
analyze these results within our model, and predict the
existence of several odd-parity A- and N-like bound states
with various spins. These resonances can be organized in
heavy-quark spin multiplets, which are almost degenerate
in mass and can be subject to experimental detection.

The predicted new resonances might be subject to ex-
perimental detection in the forthcoming PANDA/FAIR
experiment. If confirmed, they definitely cannot be accom-
modated by quark models with three constituent quarks.

The paper is organized as follows. In Sec. II we present
the WT interaction implementing heavy-quark spin sym-
metry, and analyze the different hidden-charm sectors,
classified according to their charmed content. In Sec. III
we introduce the unitarized coupled-channels approach
used throughout this work. Section IV is devoted to
presenting our results, and in Sec. V we summarize the
conclusions. In Appendix A we give details for the con-
struction of the meson and baryon tensors and the compu-
tation of the different matrix elements of the interaction.
The tables of the interaction matrices for the different
baryon-meson channels are collected in Appendix B.

II. THE MODEL

A. Weinberg-Tomozawa interaction

The theoretical model we use has been developed in
previous works for baryon-meson sectors involving light
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and/or heavy quarks, but not for those with hidden charm,
so we devote this section to fully specifying the model.

The guiding principle is to blend several well-
established hadronic symmetries in a model as simply as
possible. Specifically, to comply with chiral symmetry—
SU(Ng), X SU(Ng)g for N flavors—we require the in-
teraction to reproduce the Weinberg-Tomozawa (WT)
Hamiltonian [90-92], a contact S-wave interaction, when
light pseudoscalar mesons are involved. The low-energy
interaction of soft pseudo-Nambu-Goldstone bosons of the
spontaneously broken chiral symmetry off any (flavored)
target takes the WT universal form'

VWT=&S2)2J}}J§, i=1,...,N2 -1, 2.1
4f
where f is the decay constant of the pseudoscalar meson
(~93 MeV), and J5, Ji. are the SU(N) group generators
(with the standard normalization fif i, = Npo;;, where
fiji are the structure constants) for the pseudoscalar meson
and target, respectively. Further, K(s) = k° 4+ k" repre-
sents the sum of the incoming and outgoing energies of

the meson. In the center-of mass frame (c.m.),
s — M? + m?

\/E ’
where /s is the total c.m. energy, M the mass of the target,
and m the mass of the pseudo-Nambu-Goldstone meson.

Vwr is the tree-level on-shell interaction. The normal-

ization we use is such that the corresponding 7 matrix for
elastic scattering is related to the scattering amplitude by

K(s) = (2.2)

1 2M e? — 1
=—— T T(s), = , 2.3
6 = =gr FTO S =5 @)
where k is the c.m. momentum.”
For three flavors and baryons in the { (nucleon)

octet, the Hamiltonian density of the WT interaction
takes the form (we assume exact SU(3) symmetry for
simplicity) [48]

i _
}[.WT(X) = _4_‘](-2: tr(B')’”[[d’; a/,l,(b]’ B]) : (NF = 3):

(2.4)

where ¢ and B are the meson and baryon matrices in the
adjoint representation of SU(3). On account of the trace
cyclic property, and neglecting the meson momentum, the
WT interaction can be recast as

w0 s UBY B

a7 (2.5)

' An extra factor of 1/2 is to be added if the projectile and target
are identical particles.

T =iM=—T, Mand T being the amplitudes defined in
Refs. [93,94], respectively. 2MT equals M in Ref. [95].
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From the symmetry-group point of view, the interaction in
Eq. (2.5) is, schematically,

1

5‘[WT=]72

((MT ® M)adjoint,antisymmetric ® (BT ® B)adjoint)singlet’
(2.6)

where adjoint and singlet refers to the adjoint and singlet
representations of the flavor group. This corresponds with
the structure in Eq. (2.1). M, M*, B, and BT refer to the
matrices of annihilation and creation operators of mesons
and baryons (see below).

It is worth noticing that the eigenvalues of the relevant
operator in Eq. (2.1), 2J5J%, can be written using the
quadratic Casimir operator of SU(N) (see, e.g., Ref. [96]),

Q2JpJ7) = Co(w;Np) = ColupsNp) = Colur; Np),  (2.7)

where u, up, and wp are, respectively, the SU(Ny)
irreducible representations (irreps) of the system, the
Nambu-Goldstone boson (i.e., the adjoint representation),
and the target. We use the normalization C,(adjoint; N) =
N for SU(N). In our convention a positive eigenvalue
indicates repulsion and a negative one attraction.

B. Spin-flavor extended Weinberg-Tomozawa
interaction

Next we turn to spin-flavor (SF) symmetry, SUQ2Np),
[97-99]. This symmetry has been phenomenologically
successful in the classification of lowest-lying hadrons as
well as in uncovering regularities present in the masses and
other hadron properties [100,101]. This is particularly true
for baryons, a fact that can be understood from the
large-N (number of colors) limit of QCD. In that limit
SF becomes exact for the baryon sector [102]. As for
mesons, the lowest-lying states can also be classified quite
naturally according to SF multiplets, but the symmetry
works worse for the meson spectrum. A prime example
of this is provided by the pion and rho mesons. They
belong to the same multiplet of SU(6) and this would
require these two mesons to be approximately degenerate
in mass. Also, the pion is a collective state identified as the
pseudo-Nambu-Goldstone boson of the spontaneously bro-
ken approximate chiral symmetry, whereas the rho meson
mass fits well with a constituent quark-antiquark pair.
Vector dominance also suggests that the rho meson should
belong to the same chiral representation of the vector
current (8, 1) + (1, 8), which is different from the chiral
representation of the pion, (3, 3*) + (3% 3). The apparent
conflict was solved by Caldi and Pagels in two insightful
papers [103,104], where a number of related puzzles are
clarified. These authors noted that chiral and SF symme-
tries are compatible, as they can be regarded as subgroups
of a larger symmetry group, SUQ2Ny); X SU2RNg)g,
which is actually a realization of the Feynman-Gell-
Mann-Zweig algebra [105]. In their solution, the SF
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extended chiral symmetry is spontaneously broken, the
rho meson being a dormant Goldstone boson of this break-
ing. The collective nature of the rho meson has been
confirmed in lattice QCD [106]. As it is well known, exact
SF invariance is not compatible with exact relativistic
invariance [107]. In the Caldi-Pagels scenario, vector me-
sons acquire mass through SF-breaking relativistic correc-
tions, which restore Poincaré invariance.

While not an immediate consequence of the QCD
Lagrangian, SF symmetry emerges in some limits, such
as large N for baryons, as already noted, and partially also
in heavy-quark limits. We will turn to this point below. The
lack of exact relativistic invariance is not unusual in other
treatments involving hadron or quark interactions to form
new hadrons, either bound states or resonances. A good
example would be the successful “relativized quark
model” of Isgur and coworkers [108,109]. Similarly, in
our approach the breaking of relativistic invariance is very
mild: the spin is treated as just an internal label (as another
kind of flavor) and our fields are effectively spinless with
regards to the kinematics. So we have fully relativistic
kinematics with SF as a purely internal symmetry. This
entails the following. Because angular momentum can be
transferred between orbital and spin components, and spin
1s not conserved under Lorentz transformations, a strict
relativistic treatment requires fields with different spin to
behave differently. In turn, this yields differences in the
off-shell propagators for each spin and this breaks strict SF
symmetry. To the extent that we consider on-shell particles
the various fields behave in the same way, and only the off-
shell baryon-meson propagator (or loop function) would
depend on the spin of the particles involved. We disregard
this effect.’ On the other hand, because we consider pure
S-wave interactions, the spin is separately conserved, and
also, near threshold—the case of interest to us—the spe-
cifically relativistic properties of the spin become irrele-
vant. It should be noted that even approaches with formally
relativistic Lagrangians are in practice subject to simplify-
ing approximations in vertices and propagators that break
exact relativistic invariance without relevant phenomeno-
logical implications. Also, we remark that SF invariance is
just our starting point for modeling the interaction.
Modifications will be introduced below to account for
other established properties of QCD, and more impor-
tantly, we use physical values for hadron masses and
meson decay constants in our kinematics.

The compatibility between SF and chiral symmetries
implies that the WT interaction can be extended to enjoy
SF invariance, and this can be done in a unique way [84].
For the on-shell vertex the extension is simply

*However, any such spin dependence would not be easy to
extract from phenomenology as it will be masked by the intrinsic
ambiguity of the loop function, which has to be renormalized
using some phenomenological prescription.
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K
4;32) argi i=1

where Ji, and Ji; are the SU(2N,) generators on mesons and
baryons. Mesons consist of 0~ (P) and 1~ (V) lowest-lying
states, while baryons contaln (B) and 3 (B*) lowest-
lying states. When this 1nteract10n is restncted to the sector
PB — PB it reproduces the standard WT off B targets. Its
SF extension automatically yields the standard WT for
PB* — PB* (hence the compatibility between the two sym-
metries). Additionally, the extended interaction provides
contact S-wave vertices for VB — VB, VB* — VB*,
PB <~ VB, PB+~ VB*, PB* < VB, PB* < VB*, and
VB < VB*. As we have tried to argue above, these new
vertices are well-defined predictions of an approximate emer-
gent symmetry of hadrons. So we adopt them as our starting
point to describe interactions involving vector mesons.

The Hamiltonian corresponding to the vertex in Eq. (2.8)
can be written for any number of flavors and colors N,
[85]. For the physical case No = 3,

Vi = L@Np)? -1, (28)

H L (x) = —ig  [®, 0,®]*,BI ., BEP .,
f (2.9)
A,B,... = 1,...,2NF.

The indices A, B, ..., denote spin and flavor, and so
they take 2Ny values. ®4y(x) is the meson field, a
2N X 2Ny Hermitian matrix which contains the fields
of 0~ (pseudoscalar) and 1~ (vector) mesons. This matrix
is not traceless; for later convenience it includes the
SU(2Ny) singlet meson (the mathematical 5,). The con-
tribution of 7, to ® is proportional to the identity matrix
and so it does not couple in H {f;. The normalization of
®(x) is such that a mass term (with a common mass m for
all mesons) would read § m?tr(®?).

B(x) is the baryon field. BAEC is a completely symmetric
tensor, that is, in the irreducible representation (irrep) [3] of
SU(2Np). It has 56 components for Ny = 3 and 120 com-
ponents for N = 4, and contains the lowest-lying baryons
with J/=1" and 3". The normalization of the field B
is such that a mass term (with a common mass M for all
baryons) would take the form ML B}, BAC. E.g., the

fields B'23(x), B'"%(x)/~/2, and fB“l(x)/\/_ 6 have the stan-
dard normalization of a fermionic field. We refer to the
Appendix A for the detailed construction of ®4,(x) and
BABC(x) in terms of the individual meson and baryon fields
for Np = 4.

The Hamiltonian JH {,; has precisely the same structure
displayed in Eq. (2.6), this time for the SF group SUQN).*

The predictions of the SF-extended WT model for
Nr = 3 have been worked out in Ref. [87] for baryonic
resonances, and in Ref. [110] for the mesonic version.

“Note that the singlet part in B! ., BECP does not couple since
the matrix [®, 9,P] is traceless.
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Applications
Refs. [81-83].
Before closing this subsection, we note that the eigenval-
ues of the relevant operator 4J4,J% in Eq. (2.8) can also be
written using the quadratic Casimir operator of SU(2N),

(4]&]};% =2(Co(:2NFp) = Co(pp32Nf) — Co( 5 2Np)).
(2.10)

involving charm have been given in

For baryons in the irrep (with Young tableau) [3] of
SU(@2Ng) (56 or 120 for Np = 3 or 4, respectively) and
mesons in [2,12Nr=2] [the adjoint representation of
SU(2Ny), 35 or 63 for Ny =3 or 4, respectively], the
baryon-meson states lie in the irreps [3], [2, 1], [5, 12V 2]
and [4, 2, 1?Nr73], which correspond to 56, 70, 700, and
1134 for N = 3, and to 120, 168, 2520, and 4752 for
Npg = 4. The corresponding eigenvalues are [85]

/\[3 = _4NF’ )\[2’1] = _4NF - 6,

(2.11)

/\[S’IZNF—z] = 6, /\[4’2y12NF—3] = -

The SF-extended WT interaction is attractive in three
multiplets and repulsive in the remaining one. The sum of
all eigenvalues with their multiplicity, i.e., the trace of
4Ji,Ji, is zero, as follows, e.g., from tr(Ji,) = 0. The
operator can be written as

AT J =D AP, (2.12)
y73

where u are the four baryon-meson irreps of SUQ2Np), A,
the eigenvalues, and P, the orthogonal projectors. This

allows one to compute the matrix elements using the
SU(2Np) Clebsch-Gordan coefficients [111].

C. Heavy-quark spin symmetry implementation

Whereas the model just described can be used directly for
three flavors, the extension to include charm requires more
care. One reason is that chiral symmetry and SU(4) invari-
ance are less reliable for fixing the interaction in the sectors
involving charm. At the same time, new specific symmetries
of a nonrelativistic type arise when heavy quarks are in-
volved [78-80]. In the heavy-quark limit the number of
charm quarks and the number of charm antiquarks are
separately conserved. This implies a symmetry U.(1) X
U;(1). Likewise, the terms in the QCD Hamiltonian which
depend on the heavy-quark or -antiquark spin are sup-
pressed, being of order 1/m;,, where m,, is the mass of the
heavy quark. Therefore, in the heavy-quark limit, arbitrary
rotations of the spin carried by the ¢ quarks and, indepen-
dently, of the spin carried by the ¢ antiquarks, would leave
unchanged the energy of the hadronic state.” This implies a

SHowever, all ¢ quarks present in the state, being identical
particles, are rotated by a common rotation, and similarly for
the ¢.
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symmetry SU,(2) X SU;(2) in the heavy-quark limit. These
invariances are aspects of heavy-quark spin symmetry. In
what follows we refer to SU.(2) X SU;(2) X U.(1) X
Uz(1) as the HQSS group.

The approximate HQSS reflects on the hadronic
spectrum and for charm it has a level of accuracy similar
to that of flavor SU(3). Taking HQSS into account implies
that the model described in the previous subsection—the
SF-extended WT or just SU(8)-WT model (for four flavors)—
has to be slightly modified. In order to keep the model
simple, we will impose exact HQSS on it. The alternative
would be to introduce instead 1/m;,, suppressions in some
amplitudes, but such an improvement is beyond the scope
of the present work.

First, it should be noted that SF by itself already
guarantees HQSS in many sectors. Consider, for instance,
the couplings involving the channels ND and ND*. These
channels are related through HQSS since there should be
invariance under rotations of the ¢ quark spin (leaving the
light quarks unrotated), and this mixes D and D*. But the
same invariance is already implied by SF, which requires
symmetry under independent rotations of spin for each
flavor separately. The only cases where SF does not by
itself guarantee HQSS is when there are simultaneously ¢
quarks and ¢ antiquarks: SF implies invariance under equal
rotations for ¢ and ¢, but HQSS also requires invariance
when the two spin rotations are different.

To be more specific, let us consider baryon-meson
channels, and let N be the number of ¢ quarks and N; the
number of ¢ antiquarks. N, ranges from O to 4, and N; from
0 to 1. SF guarantees HQSS in the sectors (N, Nz) = (0, 0),
0, 1),(1,0),(2,0),(3,0), (4, 0), but not in the sectors (1, 1),
2, 1),(3, 1), (4, 1). As compared to the former sectors, the
latter ones contain extra cc pairs. For the present discussion,
we refer collectively to these sectors as sectors with ““hidden
charm,” regardless of whether they have net charm or not.
The hidden charm sectors are the main subject of the present
work. We note that, for S-wave interactions (the ones of
interest here), even SU(6) SF, rather than SU(8), is sufficient
to guarantee HQSS in the sectors without hidden charm: a
rotation of the single heavy quark (or antiquark) can be
produced by a light-sector rotation followed by a global
rotation, without changing the energy. In other words, in
those sectors and for S-wave interactions, any SF-invariant
interaction enjoys HQSS automatically.

It is perfectly possible to write down nontrivial models
enjoying simultaneously SU(8) and HQSS invariances
[namely, by requiring SU,(8) X SU;(8)], but they would
not reduce to WT in the light sector. Concretely, SU(8)-WT
conserves C=N,— N; but not N, and N; separately. Of
course, one could impose this by hand, but it is automati-
cally taken care of by our modified interaction below
[Eq. (2.22)]. Also, the restrictions of SU(8)-WT to the
sectors (N, Nz)=(1,1), 2, 1), 3, 1), (4, 1) turn out to
violate HQSS.

PHYSICAL REVIEW D 87, 074034 (2013)

In order to implement HQSS in the model let us analyze
its content. We extract the trivial kinematic part and work
directly in the space with only spin and flavor as degrees of
freedom. Let

Hyr = 473,75, (2.13)

This operator can be written in terms of meson and baryon
operators [81,85], and it contains two distinct mechanisms
that stem from expanding the meson commutator in
Eq. 2.9),
Hyr=He + Hy, He=:M* MTC,BBPERT .
H,o=—: M MC,BBPERY - A, . E=1,..2Np.
(2.14)

Here M“, and BABC are the annihilation operators of
mesons and baryons, respectively, with M4, = (M? )T,
and Bl,. = (BABC)T. BABC is a completely symmetric
tensor. They are normalized as

[MA 5, MTC ) ]= 6486,

ABC pt
{B ] BA'B’C’

(2.15)
}=64,65,8¢, + - - (six permutations).

Note that in the SU(8)-WT model, the n; [SU(8) singlet
meson] does not couple and could be ignored; however,
this meson has to be present in the corrected interaction
since it mixes with the other mesons under HQSS.

Schematically, representing the quark and antiquark
operators by Q4 and Q,,

MAB -~ QAQ_B,
BABC — QAQBQC,

Mt ~ otAgl
T tt ot
Bige ~ QaQpQc-

So, an upper index in M or B represents the SF of a quark to
be annihilated, whereas in M1 it represents that of an
antiquark to be created. Likewise, a lower index in M1 or
Bt represents the SF of a quark to be created while in M it
represents that of an antiquark to be annihilated. From this
identification it is immediate to interpret the two mecha-
nisms H,, and H, in terms of quark and antiquark
propagation.

The two mechanisms involved, H,, and H,., are dis-
played in Fig. 1. In H,, (exchange) the quark with spin-
flavor A is transferred from the meson to the baryon, as is
the quark with label B from the baryon to the meson. On
the other hand, in H,. (annihilation-creation) an antiquark
with spin-flavor B in the meson annihilates with a similar
quark in the baryon, with the subsequent creation of a
quark and an antiquark with spin-flavor A. In both mecha-
nisms the quarks or antiquarks C, D, and E are spectators
from the point of view of their spin-flavor (the ubiquitous
gluons are not explicit). Also, in both mechanisms a meson
is effectively exchanged. In passing, we note that the
Okubo-Zweig-lizuka (OZI) rule is automatically fulfilled
with regards to the exchanged meson. OZI-rule-violating

(2.16)
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CB ADE CA ADE
CA BDE CB BDE
Hey H,.
FIG. 1. The two mechanisms acting in the spin-flavor

extended WT interaction: H,, (exchange of quarks) and H,
(annihilation and creation of quark-antiquark pairs). In the
HQSS-corrected version of the interaction, Eq. (2.21), the labels
A and B in H,. only take light-flavor values.

mechanisms would be of the type depicted in Fig. 2 and are
not present in WT.

It appears that H,. can violate HQSS when the
annihilation or creation of ¢g pairs involves heavy quarks,
whereas H., would not be in conflict with HQSS. This is
indeed correct. To expose this fact more clearly, let us
consider the symmetries of these two interaction mecha-
nisms. Let Nr = 4 and let U be a matrix of SF SU(8).
Upper indices transform with UT and lowers indices
with U,

' — UM, 0% Ot — Ut 0t .,
04— UBAQ_B’ QZ - UBAQ};‘
Therefore (with obvious matrix/tensor notation),
— [t t S ptayt
M—U"MU, M UMTU, 2.18)

B—(UteUteU")B, B'—BI(UU®U).

The indices are so contracted that H,, and H, are both
invariant under these SU(8) transformations. However,
HQSS also requires invariance when the charm quark
and the charm antiquark receive different rotations. To
examine this, let us consider the transformation under
U € SU,(8) and Ue SU;(8), i.e., different transforma-

tions for quarks and antiquarks (previously U = U). In

this case,

FIG. 2. OZI-rule-violating mechanisms. Gluons are implicit.

PHYSICAL REVIEW D 87, 074034 (2013)

st " - 7t Ot
0-vie. 0t 00t 219)
0—0U, ot — ofy,
and therefore
— It t L tat
M—-U"MU, M UMTU, (2.20)

B—(UteUteUN)B, BT—Bt(UsU®U).

Clearly, the mechanism H,, which depends on the
combination MM, is still invariant under this larger
group, SU,(8) X SUQ(S).6 It certainly preserves SF and
HQSS. On the other hand, H,. depends on the combination
MM, which transforms with U, while BB! transforms
with U. H, is SF invariant (U = U) but not HQSS invari-
ant. A simple solution to enforce HQSS with minimal
modifications is to remove just the offending contributions
in H,., which come from the creation or annihilation of
charm quark-antiquark pairs. This implies removing the
interaction when the labels A or B are of the heavy type in
H,..” That is, we adopt the following modified version of
the H,. mechanism:

H}. = —: M M€ BPPEBY
AB=1,...6.

2.21)
CDE=1..58

The indices with hats are restricted to SU(6). By con-
struction N, and N; are exactly conserved in H{,C_.
Also, SU,(2) X SU;(2) is conserved: when U and U

act only on the heavy sector, MMCMCE and BéDEB}DE

are unchanged. So HQSS is preserved. On the other hand,
when U = U and this matrix acts on the light sector, H., is
unchanged, so it enjoys SU(6) symmetry. Exact SF SU(8)
and flavor SU(4) are no longer present. Presumably, this
breaking of SU(4) is comparable to the breaking through
the kinematics due to the substantially heavier mass of the
charmed quark.
To summarize, our model (in all sectors) is given by

K(s

V= %H@VT,
This model fulfills some desirable requirements: (i) it has
symmetry SU(6) X HQSS, i.e., SF symmetry in the light
sector and HQSS in the heavy sector, the two invariances
being compatible, (ii) it reduces to SU(6)-WT in the light
sector, so it is consistent with chiral symmetry in that
sector, and (iii) it is a minimal modification that preserves
simplicity and does not introduce new adjustable
parameters.

Hlyp = Hey + Hl,. (2.22)

SNote that the commutation relations, Eq. (2.15), are also
preserved by this symmetry.

"Keeping the contributions with A = B of the heavy type
would preserve U,.(1) X Uz(1), i.e., conservation of N, and N5,
but not SU,(2) X SU;(2).
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D. The model in the various sectors

We can analyze the model in the different (N, N;)
sectors, which, as already noted, do not mix due to HQSS.

In all the sectors without hidden charm, namely,
(N, Nz) = (0, 1), (0, 0), (1, 0), (2, 0), (3, 0), (4, 0), Hl
produces the same amplitudes as H,. when the latter is
restricted to the corresponding sector. Indeed, these inter-
actions vanish unless the state contains a quark-antiquark
pair with a quark and antiquark of the same type. In the
absence of hidden charm, the pair must be light and in this
case the two operators produce the same result. This is
consistent with our previous observation that, when there
are only heavy quarks or heavy antiquarks but not both, SF
already implies HQSS. So in all these sectors, our model
produces the same amplitudes as SU(8)-WT after removing
channels involving hidden charm. This observation has
been applied in Refs. [81-83,88].

It is noteworthy that, in the sectors (N,, Nz) = (0, 1) and
(4, 0), corresponding to C = —1and C = 4, H,. = H,. =
0 as they do not contain light quark-antiquark pairs. Also,
these two sectors cannot couple to any other (N., N;) sector
in the baryon-meson case. Therefore for them, our model
coincides directly with SU(8)-WT.

Let us turn now to the sectors with hidden charm. These
are (N, N;) =(1,1), (2, 1), (3, 1), (4, 1). For all these
sectors H/. vanishes. The reason is that in these sectors the
relevant quark-antiquark pair (quark and antiquark with
equal labels) is necessarily of heavy type, and such an
amplitude has been removed from H!.. (Note that H,,
does not vanish in these sectors.) So for the hidden-charm
sectors Hy, reduces to the exchange mechanism H,.

The interaction is effectively H., for the four hidden-
charm sectors and also for C = —1 and C = 4. This has
the immediate consequence that the interaction H{,; has
only two eigenvalues—namely —2 (attractive) and 6
(repulsive)—in those sectors.® This follows from the fact
that H,, has a large (accidental) symmetry group, SU,(8) X
SU;(8), which produces only two large multiplets of degen-
erated states in the baryon-meson coupled-channels space.
Under SU,(8) X SU,(8) the baryons fall in the irrep (120, 1)
(120 being the symmetric representation of three quarks
with eight possible spin-flavor states).” Likewise, the me-
sons belong to (8, 8") (being gg states). Therefore, the
baryon-meson states form two SU,(8) X SU,(8) multiplets,

(120,1) ® (8,8") = (330, 8") ® (630, 8) (2.23)

(330 is the symmetric representation [4] of SU(8) while
630 corresponds to the mixed symmetry [3, 1]). The two
corresponding eigenvalues are'”

8Remarkably, these two eigenvalues are the only N -independent
ones in Eq. (2.11).
Fermi-Dirac statistics is taken care of by the antisymmetric
color wave function.
'They can be obtained by applying H., to two suitable states,
e.g., (MBI, = Mt1,BT )0).
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A33s) = 6, Ae30g) = —2 (2.24)

These two eigenvalues are also present in the original
SU(8)-WT interaction [namely, Ays09 = 6 and Ay75p = —2
from Eq. (2.11)] since the two interactions coincide for
C=—1or C=4. It can also be noted that under SF
SU(8), these multiplets reduce as follows:

(330, 8) = 120 & 2520,

(2.25)
(630, 8") = 120 ® 168 & 4752.

Of course, these are the same SU(8) irreps obtained
from 120 ® 63 (baryon-meson except m;) and 120® 1
(baryon-m,). Therefore, the interaction can be written using
SU(8) Clebsch-Gordan coefficients by means of i

Hy = 6(Piyy + Paszo) — 2(P1ag + Pies + Pazsz).  (2.26)

We emphasize that the large multiplets (330, 8*) and
(630, 8*) are not realized in our model. First of all, they
contain sectors without hidden charm, for which the inter-
action does not reduce to the exchange mechanism H,,.
And second, the eigenvalues 6 and —2 refer only to the
driving operator 4J},J%. The vertex V in Eq. (2.22) depends
also on hadron masses and meson decay constants, for
which we use physical values in V and in the propagators.
The values that we use for these magnitudes are collected
in Table II of Ref. [83].

E. Analysis of the hidden-charm sectors

Here we consider hidden-charm sectors with C = 0, 1,
2,3,1e, N;=1and N. =1, 2, 3, 4, respectively. We
want to classify the possible states under the symmetry
group SU(6) X HQSS, with HQSS = SU,.(2) X SU4(2) X
U,(1) X Uz(1). Since in the hidden-charm sectors there is
exactly one heavy antiquark, it is not necessary to specify
the irrep of the factor SUz(2) X Uz(1) and we can use the
notation R, . ¢ for the irreps of SU(6) X HQSS, R being
the SU(6) irrep of the light sector, C the charm quantum
number, and J. the total spin carried by one or more ¢
quarks (not including the spin of the ¢ antiquarks). The
corresponding dimension is dim R X (2J, + 1) X 2 (the last
factor coming from the two possible spin states of the ¢).

Subsequently, we study the breaking of light SF down to
SU(3) X SU(2) keeping HQSS, and enumerate the number
of attractive channels in each (C, r, J) sector, where r is the
SU(3) irrep and J the total spin.

In practice we will assume exact isospin and spin
SU(2); X SU(2); as well as conservation of each flavor,
but not exact SU(3) and HQSS, for the baryons and mesons
composing the coupled-channels space. Therefore the sec-
tors are labeled by (C, S, 1,J), S being the strangeness

""One exception comes from the two 120 irreps, which differ
by the type of symmetry of the four quarks. This information is
not contained in the SU(8) Clebsch-Gordan coefficients.
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quantum number and / the isospin. This implies a further
breaking of each (C, r, J) sector into (C, S, I, J) subsectors.

1.C=0

For C = 0, the quark content is €€€cc, with two possi-
bilities of grouping into a baryon-meson: (£€{)(c¢) and
(€€c)(€c). (Here € denotes any light-flavor quark, u, d, s.)
The total dimension of the space is 56 X 2 X 2 + 21 X
2 X 6X2=728, and contains the following SU(6) X
HQSS multiplets:12

H—g=56,0956,,870,, [SU(6)XHQSS]. (2.27)
The eigenvalues turn out to be
)‘56210 = )\7020 == _2, )‘/562,0 = 6. (228)

The accidental degeneracy between 70,, and one
56, takes place in our model and it is not a necessary
consequence of SU(6) X HQSS. This symmetry does not
fix the three possible eigenvalues and the precise splitting
between the two copies of 56, . In general, the accidental
degeneracy will be lifted in V and the 7" matrix even when
an exact SU(6) X HQSS invariance is assumed in the
hadron masses and meson decay constants.

Next, we consider the breaking of light SF SU(6)
down to SU(3) X SU,,(2), e.g., 56 = 8, ® 10,. HQSS is
unbroken. After recoupling the spin carried by light and
heavy quarks and antiquarks to yield the total spin J, we
obtain representations of SU(3) X SU(2), labeled as 5, |,
where r is the SU(3) irrep. This yields the following
reductions (the two 56, have the same reduction):

56,0 =(8,®10,),
=(8,08,98,) (10,910,010, ©10,),
70,0=(1,08,98,810,),,
=1,e1,91,)e(8,08,98,)0(8,98,08,88)
®(10,910,©10,). (2.29)

In the reduction (8,), 0= (8, ®8, ®8,) in 56, , the three
octets only differ in how the light-sector spin is coupled to
the heavy-sector spin; therefore these three irreps are de-
generate if exact HQSS is assumed. (8,98,®8,) is a
multiplet of SU(3) X HQSS. Similar statements hold in
the other cases: each 56, produces two such multiplets
and 70,, produces four. Consequently, in the hidden-
charm sector with C = 0 we expect to find eight different
eigenvalues after SU(6) X HQSS is broken down to

12(¢0€)(cc) is purely 56, from the symmetry of the three light
quarks. The two light quarks in (€€c) are symmetric, giving a 21
of SU(6), which coupled to the further light quark in (€¢) gives
21®6 =56 ®70. These two 56, are not directly those in
Eq. (2.28).
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SU(3) X HQSS. Let Ay, A, be the eigenvalues of the two
multiplets in the repulsive 56,4, A3, A4 in the attractive
56,0, and As, Ag, A7, Ag those in 70,,. In this case, the
spectra in each (C, r, J) sector is as follows:

1,: (As, As), 1,: (As),

8,0 (A, AL, A3, A3, A6, Ag, A9),

8s: (A7), 105: (Ay, Ay, Ag, Ag),
104: (Ao, Ay, Ay, Ay, Ag), 105 (Mg, Ay).

In the SU(6) llmlt, )\] = Az, )l3 = A4, A5 = /\6 = A7 = /\8.
Breaking down the symmetry to SU(3), one expects

8,4 (A1, A3, A6, A7, A7),

(2.30)

(2.31)

,,,,,

Each negative eigenvalue can give rise to a resonance
or bound state. Each such state is a full multiplet of
SU(3) X SU(2);. This implies the following expected
number of states in each (C, r, J) sector: up to two states
in 1,, one in 14, five in 8,, four in 8, one in 8§, three in 10,,
three in 10,4, and one in 10, all of them with C = 0.

2C=1

For C =1 there are two baryon-meson structures,
namely, (€€c)(cc) and (€cc)(€c). The total dimension of
the space is 384, with the following reduction under
SU(6) X HQSS:

}[CZI = 213‘1 @213,1 @211’1 ® 153’1 [SU(6) X HQSS],
(2.32)

and eigenvalues

Ay, = Ao, = Ais, = =2 Ay, =6 (2.33)

Once again the accidental degeneracy beyond SU(6) X
HQSS is lifted in the 7" matrix.
After the breaking SU(6) D SU(3) X SU(2),,, and

recoupling to J, one finds

213, = (6; @ 3))3,
=(6,96,96,96,®6,) ®(3503)),

21, = (6;©37);; = (6, 6,) & (3)),

155, = (6, @ 33)3,
=(6,06,)0(3,0303,03,03). (2.34)

Thus for C = 1, each of the four SU(6) irreps split into two
SU(3) X HQSS multiplets.'?

In principle there are eight different eigenvalues.
Denoting by A;, A, the eigenvalues of the two multiplets
in the repulsive 215, A3, A4 for the attractive 215 1, A5, Ag

3Note that the two (6, ® 6,) multiplets above do not mix if
HQSS holds, as they carry different heavy-quark spin labels.
Such a label has been left implicit to avoid clumsiness.
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for 21, , and A5, Ag for 153, the spectra in each (C, r, J)
sector is as follows:

35 (A, Ay, Ag, A, Ag), 35 (A Ay Ag, Ag),
350 (Ag), 65: (A1, Ay, A3, A3, A5, A7),
641 (A1, Ay, A3, A3, A5, A9), 66: (A, A3).

(2.35)

In the SU(6) hmlt, /\1 = )\2, )\3 = A4, /\5 = A6’ and /\7 = /\8.
If only SU(3) symmetry is assumed, we expect the follow-
ing number of states: up to four states in 3;, three in 3;*;, one
in 3¢, four in 6,, four in 64, and one in 6.

3C=2

For the hidden-charm sector with C = 2 there are two
baryon-meson quark structures: (€cc)(cc¢) and (cce)(€¢).
The space has dimension 120, with the following reduction
and eigenvalues:

Hcey =6,,86,,®6,, [SU6) X HQSS]

(2.36)
)‘62’2 = A64,2 = _2, A/642 = 6
The SU(3) X HQSS multiplets are as follows:
6, = (3)2, = (3,9 3,83y, (2.37)

6,0 =321 =3,03,03,03).

In this case the SU(6) X HQSS multiplets are not reduced
further under SU(3) X HQSS. Calling A, the eigenvalue of
the repulsive 6,,, A, that of the attractive 6,,, and A3 the
one of 6,,, yields the following spectra for the three
(C, r, J) sectors:

32:(/\1:A2: A3: A?’)) 34: (/\lr)\]’/\Z: AZ: A3)’ 36:(/\1r/\2)’

(2.38)

This produces the following expected maximum number of
states: three in 3,, three in 3,, and one in 3.

It can be noted in the present case—C = 2 with hidden
charm—that the assumption of SU(6) invariance does not
add anything (does not reduce the number of parameters)
on top of that of SU(3). The reason is that here HQSS
automatically implies SF: there is just one light quark and
rotations of it can be produced by combining global rota-
tions with heavy-quark rotations.

4C=3

For C = 3 there is just one quark structure, (ccc)ce.
The dimension is 16. The SU(6) X HQSS reduction is

Heozs = 13380 155 [SU(6) X HQSS], (2.39)
with eigenvalues
A, 2, A, =6 (2.40)
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TABLE 1. Total number of channels for each J and each SU(3)
irrep, for the various hidden-charm sectors. Here each channel
represents a full SU(3) and spin multiplet (C, r, J) [rather than an
isospin-spin multiplet, (C, S, 1, J)]. The expected number of
resonances in each sector is shown between parentheses. The
actual number of resonances will depend on the values of the
physical masses and meson decay constants.

C 0 1 2 3
J SU@3) 1 8 10 3" 6 3 1
1/2 2 7 4 5 6 4 1
2 6o & ¢ @ & O
3/2 1 5 5 4 6 5 2
Mm@ 3 6 @D 3 O
5/2 0 1 2 1 2 2 1
O @ @O (O @ (1) (0

The SU(3) X SU(2), reduction is
Lz =13 =1, 01, (2.41)

155 = (1))s5 = (14 ® 1).

Once again, the SU(6) X HQSS multiplets are not reduced
further under SU(3) X HQSS.

The following spectra is obtained for the various (C, r, J)
sectors:

1,: (), 16: (Ay),

where A; denotes the eigenvalue corresponding to 153, and
A, that of 15 5. So no states will be produced in 1¢, and up to
one state is expected in 1, and 1,.

Some of the results of this subsection are summarized in
Table 1.

1;: (A, M), (2.42)

F. Lagrangian form of the interaction

In the strict heavy-quark limit, the total spin J and
the separate spins of the light- and heavy-quark and
heavy-antiquark subsystems are conserved when only
S-wave interactions are considered. Moreover, the matrix
elements of the QCD Hamiltonian depend only on the spin-
flavor quantum numbers of the light degrees of freedom.
Each n-fold degenerated SU(6) or SU(3) multiplet implies
the specification of n(n + 1)/2 parameters, which are cou-
pling constants of the corresponding operators present in
the interaction. From the previous analysis it follows that
the number of independent operators in the hidden-charm
sectors with C =0, 1, 2, 3 is 4, 5, 4, 2, respectively, for a
generic interaction if SU(6) X HQSS invariance is as-
sumed, and 12, 10, 4, 2 if the symmetry is reduced to
SU(3) X HQSS.

In what follows we will focus on the sector with hidden
charm and C = 0. For this sector we will write down
the most general (modulo kinematical factors) S-wave
Lagrangian consistent with SU(3) X HQSS for the baryon-
meson coupled-channels space. This Lagrangian contains 12
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operators and our model gives well-defined values for the
corresponding coupling constants. We should note that we
actually compute the matrix elements of our interaction
directly by using the previous expressions—either in terms
of projectors using Clebsch-Gordan coefficients, or of had-
ron creation and annihilation operators in spin-flavor
space—by taking Wick contractions. Nevertheless, writing
the interaction in field-theoretical Lagrangian form is highly
interesting in order to make contact with alternative ap-
proaches in the literature.

For this purpose it is convenient to organize the
hadrons forming multiplets of HQSS into building
blocks with well-defined HQSS transformation properties
[80,112—114]. Specifically, consider a HQSS doublet com-
posed of a pseudoscalar meson and vector meson with one
heavy quark (e.g., D and D*). Let M© and Mﬁf) be the
corresponding fields; then

M© = Q+(M'(uc)(+)7/¢ + MO ),
MO = yyM Oy, = (M yr — MOt Oy,
(2.43)

As usual, (*) represent the positive- and negative-
frequency part of the fields, corresponding to purely anni-
hilation for (+) and purely creation for (—). Therefore,
M@ [M©)] annihilates [creates] the meson with one heavy
quark but it does not create [annihilate] the corresponding
antimeson with a heavy antiquark. A similar proviso is
applied in all the other fields for hadrons carrying heavy
quarks and/or antiquarks. Besides,

RET
2 y

where v# is the heavy-hadron velocity (v? =1). We
use Bjorken and Drell [115] conventions for the Dirac
gammas. For the hadron fields we use the conventions of
Ref. [111] and this fixes the relative sign between the
pseudoscalar and vector (see Appendix A).

Likewise, for a HQSS meson doublet with one heavy
antiquark,

0. (2.44)

MO = (M)t + MO y5)0.,
M©® = ')’OM(E)T')’O - Q_(Mﬁf)ﬂ_)’y“ — M(E)T(_)‘ys).
(2.45)

For a HQSS meson doublet with one heavy quark and one
heavy antiquark (e.g., 1, and J/ ),

MO = Q+(M1(Uf'5)(+),y,u, + M(CE)(+)’)/5)Qﬂ
MO =y MOty = 0 (M1 yt = M1 y5)0.
(2.46)

For a HQSS baryon doublet with exactly one heavy
quark (e.g., 2. and X)),
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1
BO# = BOu(H) 4 (yk + yt)y B
\/g Y Vs

_ _ 1 -
Bor = BOtu, = Blor(=) 4 — BOG) (yr — i)y,
Yo 7 (y )Ys
(2.47)

Here B is the Dirac spinor of the 1/2% baryon in the
doublet while B9* is the Rarita-Schwinger field for the
3/2% baryon: v,BY* =y, Br = 0.

Finally, for a HQSS singlet baryon with exactly one
heavy quark (e.g., A,),

B(©) = BlH) B©) = Bty = B (2.48)

In addition, the polarization of the baryons carrying heavy
quarks is such that Q_B©*) = Q_B©#(*) = (; hence

Q_BY =Q_BYr =0 (2.49)

Under HQSS rotations these fields transform as follows:

SCM(C), M(E)S; L SCM(CE)SEI, SCB("), SCB(")/*,
MOST S.MO, s Mdst BOsTl BlrgTl
(2.50)

Here S. and S; are the matrices in Dirac space representing
the ¢ or ¢ spin rotation and satisfying SZ e = yoSCfE' Yo-

All other hadrons without heavy quarks nor antiquarks
are HQSS singlets. They have complete fields (positive-
and negative-frequency parts) and are denoted without
boldface type.

The hadrons are also organized into SU(3) multiplets.
We use fields with labels a, b, ¢, ... = 1, 2, 3 (or up, down,
strange) in the fundamental or antifundamental represen-
tations of SU(3), in such a way that

T¢ - ute ,UY, TS, U € SU(3).

For C =0 with hidden charm, the following SU(3)

multiplets are needed:

(2.51)

D*=(D* D~ D). 2.52)

Here D° represents the HQSS doublet formed by D° and
D' etc.,

\/22#+ + 25\1,-# Eéx,+
= et v E= (2.53)
¢ B 20l

This is a symmetric tensor [irrep 6 of SU(3)]. 24, E¥, and

Q! are the HQSS doublets with (2., 2F), (E., %), and
(Q,, QF), respectively,

= :(_:’0 =+
- ca f— o

“A.)

In this case the members of the SU(3) multiplet are HQSS
singlets. Furthermore, we define ¢ as the SU(3) singlet
and HQSS doublet containing (1., J/ ).

(2.54)
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In addition, the following light-baryon multiplets
appear: with J¥ = 1/2%,

VlgA—jEEO pIns -p
Sa, = -3 ﬁA+7‘520 —n | (2.55)
5~ = —fA

and with JP = 3/2%, Aj‘,f’c, a Rarita-Schwinger field and a
symmetric tensor normalized as

AT =VBATY, AL =VEAZ AR = I,

AZ2 = \6A,, AP =VESE, AB =3
A = B3 AP = 2EN, A = 2EY
A =/6Q,. (2.56)

The relative phases of all fields here are standard with
respect to the conventions adopted in Ref. [111] for the
rotation, flavor, and spin-flavor groups. So for instance,
(2, B9 is a standard isospin doublet and (2, 29, 3 7) is
a standard isovector. For SU(3) [and SU(4)] the convention
in Ref. [116] is used instead of that in Ref. [1 17].14

Regarding parity, we note that the hadrons with spin
parity 1~ or 1/2% have normal parity, whereas those with
0~ or 3/2" have abnormal parity. So 22, ¥, E.,, and D*
are true tensors while Azbc and Eif,b are pseudotensors.
Also, 3, B,,, A%<, and EQab have large upper compo-
nents while @ and D? have large off-diagonal blocks in
Dirac space. The ys matrices that were introduced to
preserve parity fit in this scheme.

Next, we write down the 12 most general operators
allowed by SU(3) X HQSS in the baryon-meson coupled-
channels space, in S-wave and preserving parity. The
operator 9, = v*(d = E ) acts on the mesons only and
it is introduced in order to produce the correct kinematical
dependence in the amplitudes,

L(x) =g, 230, (i, 1), (2.57)

1 - -
LH(x) = gngﬁbcAzbctr(ebiaueb), (2.58)
L;(x) = g3 E%¢(—id,)D, 3%, + Hec., (2.59)

L(x) = 493", (=id,)D,y,ys3", + He., (2.60)
1 - JE—
£5(X) = gSEEtZ}, lp(_lav)DLAZh( + H.c., (261)

"“The matrix elements between standard states of the step
operators u < d, d < s, and s < ¢ are required to be non-
negative [116], rather than those of u < d and u < s [117].
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L6(x) = geEeE ,tr(D,id,DP), (2.62)

L5(x) = g7E¢Eotr(D,id,D"), (2.63)

Ly(x) = ggebed3- Ecdtr(ﬁcyﬂyﬂgulj“) + H.c., (2.64)

cab

Ly(x) + Lyo(x)

1o — o
= zzﬁxbzgabtr(Dc(g9g,U,V + gl()la-,uv)lavDC)’ (265)

Ly(x) + L5(x)

= 3L Sr(Dy (8118, + €12i07,,)i0,DY).  (2.66)

The traces refer to Dirac space.
The reduction of these Lagrangians when no strangeness
is involved is as follows:

L (x) = gNNtr(id , ), (2.67)

Ly(x) = g A*A tue(iT, ), (2.68)

Li(x) = g3A (i3, )DN + Hc.,  (2.69)

L,(x) = g2t (=id,)D7;y,ysN + He,  (2.70)
L5(x) = V3gs3tp(=id,)pT;A, +He, (271
L (x) = geA A tr(Did D), (2.72)

L£.(x) =0, (2.73)

Ly(x) = gg34 A t(D7yy,v5i8,D) + He,,  (2.74)

Lo(x) + Lig(x) + L11(x) + L5(x)
= 313241(D(Gog uy + Grgicr,,)id, D)
+ iszfktr(DTka(G”gW, + Glzigﬂy)igvﬁ).
(2.75)

Here j, k are isovector indices, 7 are the Pauli matrices, and
(3/2, M|&,Tt|1/2, m) = C(1/2,1,3/2; m, A, M). Further,

Gy = g9 +2gy, Gio = g0 + 2812

(2.76)
G, = —gn

G = —gn

Our WT model with SF and HQSS gives the following
values for the parameters:
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Q=0 B=0 =y g

R . 1 R 1 . 1

&=-1 & =3 &= &=5 (2.77)
. . . 1 . 1

89=0, 810=0, 811—_5» 812—_5’

where we have defined §; = 4f2g,.
The vanishing of g; and g, follows from the OZI rule,
which is fulfilled by the model.

III. COUPLED-CHANNELS UNITARIZATION AND
SYMMETRY BREAKING

A. Unitarization and renormalization scheme

As previously discussed, the baryon-meson interaction
is mediated by the extended WT interaction of Eq. (2.22)
that fulfills SU(6) X HQSS, and it is consistent with chiral
symmetry in the light sector. The final expression for the
potential to be used throughout this work is

b
Afif;

where k) and k7 are the center-of-mass (c.m.) energies of
the incoming and outgoing mesons, respectively, and f;
and f; are the decay constants of the meson in the
i-channel and j—channel.15

We use the hadron masses and meson decay constants
compiled in Table II of Ref. [83]. In particular, f,/y is
taken from the width of the J/¥ — e~ e™ decay, that is,
Sfi1yw =290 MeV, and we set f,, = f;/v, as predicted by
HQSS and corroborated in the lattice evaluation of
Ref. [118]. The D;; are the matrix elements of Hyr,
Eq. (2.22), for the various hidden charm CSIJ sectors
previously discussed. Those for the strangeless hidden
charm C = 0 case, for which H{,; = H.,, and which we
will discuss in what follows, are given in Appendix B.'°

VS = pest (k) + k), (3.1)

15As compared to our previous work, Ref. [83], we have done
the following. (a) Approximated (2\/s —M; — M;)—with M,
and M; being the incoming and outgoing baryon masses—by
the sum of the c.m. energies of the incoming and outgoing
mesons. In the present case, the nonrelativistic approximation
tends to increase the binding by up to few tens of MeV. This
nonrelativistic approximation for the baryons is consistent with the
treatment for the baryons adopted in the previous section to imple-
ment the HQSS constraints, and it makes it easier to connect with
the effective HQSS Lagrangians introduced in Egs. (2.57)—(2.66).

(b) Also for this latter reason, we have moved the /(E + M)/(2M)
factorsincluded in the potential used in Ref. [83] to the definition of
the loop function in Eq. (3.3).

'For the sake of completeness, and to make possible the
determination [see Eq. (2.77)] of the coupling g; of the HQSS
effective Lagrangian of Eq. (2.63), we also give in Appendix B
the coefficients for the rest of the hidden-charm sectors with
explicit strangeness.
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In order to calculate the scattering amplitudes, T;;, we
solve the on-shell Bethe-Salpeter equation, using the
matrix VS as kernel,

TCESH —= (1 _ VCSIJGCSIJ)fl‘/CSIJ’ (32)

where G5!/ is a diagonal matrix containing the baryon-
meson propagator for each channel. Explicitly,

s )2 —m2
N Gy M m)

- jo(MSI; M;, mi))‘

GESH (5) =

(3.3)

M, (m;) is the mass of the baryon (meson) in the channel i.
The loop function J, can be found in the appendix of
Ref. [48] [Eq. (A9)] for the different possible Riemann
sheets. The baryon-meson propagator is logarithmically
ultraviolet divergent, and thus the loop needs to be renor-
malized. We do this by means of a subtraction-point
regularization such that

GSSIJ(S) =0 at+f5 = uS,

with u©! = \/mfh + M3, where my, and My, are, respec-
tively, the masses of the meson and baryon producing the

lowest threshold (minimal value of myg, + My,) for each
CS1 sector, independent of the angular momentum J. This
renormalization scheme was first proposed in Refs. [65,60]
and it was successfully used in Refs. [56,81,83]. A recent
discussion on the regularization method can be found in
Ref. [60].

The dynamically generated baryon resonances appear as
poles of the scattering amplitudes on the complex-energy
/s plane. One has to check both the first and second
Riemann sheets. The poles of the scattering amplitude on
the first Riemann sheet that appear on the real axis below
the threshold are interpreted as bound states. The poles that
are found on the second Riemann sheet below the real axis
and above the threshold are identified with resonances.'’
The mass and the width of the state can be found from the
position of the pole on the complex-energy plane. Close to
the pole, the scattering amplitude behaves as

(3.4)

gie'igets

N
The mass My and width I'p of the resonance result from
JS&g = Mg — il'y/2, while g;e'®; (modulus and phase) is
the coupling of the resonance to the j-channel.

TGS (s5) = (3.5)

B. Symmetry breaking

As was already pointed out in Sec. ITE, we classify
states under the symmetry group SU(6) X HQSS, and

70ften we refer to all poles generically as resonances, regard-
less of their concrete nature, since usually they can decay
through other channels not included in the model space.
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=oe= A, (104)2,0C565,9, J=3/2, weakly bound
=o- A, (104)29C565, J=1/2, weakly bound
—— A, (102)29C705, J=3/2
—— A, (103)29C702,, J=1/2
N, (84)2,0C702, J=5/2
N, (84)2,0C702,9, J=3/2
—— N, (8,)2,0C70,, J=3/2
N, (84)2,0C702, J=1/2
—— N, (82)20C70;9, J=1/2
=== Thresholds
== (104)29C56, , weakly bound
=== (10,)2,9C70,p
== (83)2,0Cc56,,, weakly bound

(84)2,0C702

0 1 2 3

FIG. 3 (color online).

X'+ +x

== (82)2,0C70,y

Evolution of the poles as symmetries, starting from SU(6) X HQSS, are sequentially broken to reach the

isospin symmetric final cryptoexotic N and A odd-parity resonances. The meanings of x, x/, and x” can be found in Eq. (3.6). The
lower index of the final states stands for the spin J of the corresponding resonance. The thresholds (red dashed lines) are marked
together with the respective baryon-meson channel. The SU(6) X HQSS labels 70,4 and 56,4, and the SU(3) X HQSS labels (8;)y,,
(84)2,0, (103)5,9, (104),¢ are also shown at the corresponding symmetric points.

consider the breaking of the light SF SU(6) to SU(3) X
SU,,(2). Subsequently, we break the SU(3) light-flavor
group to the SU(2) isospin symmetry group, preserving
the HQSS, and finally we break the HQSS. Thus, we
assume exact isospin, total spin, and flavor conservation.
The symmetry breaking is performed by an adiabatic
change of hadron masses and meson weak-decay con-
stants, as was previously done in Ref. [83]. At each sym-
metric point, the hadron masses and meson decay constants
are averaged over the corresponding group multiplets.
Further, we introduce three parameters, x, x’, and x”, which
are changed from O to 1, to gradually break the symmetry
from SU(6) X HQSS down to SU(3) X HQSS, then to
SU(2) X HQSS, and finally down to SU(2) isospin,
respectively,

m(x) = (1 — x) Msu(e)xHQSS T X MSU(3)xHQSS

f(x) = (1 = X) fsue)xugss + X fsu@E)xHass:
m(x") = (1 — x') mgyz)xnoss + X' Msy@)xHosss
f(x') = (1 —x/) fSU(3)><HQSS +x/ fSU(2)><HQSS’
m(x") = (1 = x") mgy)xngss + x” Mgy,

F&") = (1 = x") fsuexnoss + *" fsu)-

(3.6)

In this way we can assign SU(3) and SU(6) representation
labels to each found resonance, and also identify the HQSS
multiplets. We will show below a diagram (Fig. 3) with the
evolution of the hidden charm N and A pole positions as
the various symmetries are gradually broken.

IV. CHARMLESS AND STRANGELESS HIDDEN-
CHARM SECTOR: THE N AND A STATES

In this work we will only discuss results on hidden
charm baryon resonances with total charm C = 0 and
strangeness S = 0. Other sectors with charm different
from zero will be studied elsewhere.

In this sector, we find several / = 1/2 and I = 3/2
states, which correspond to N-like and A-like states,
respectively (here we use the same notation as in
Refs. [74,75]). All these states have odd parity and dif-
ferent values (J = 1/2, 3/2, and 5/2) of total angular
momentum. The list of coupled channels and the corre-
sponding coefficients D}/ can be found in the first six
tables of Appendix B.

In this hidden-charm sector and in the SU(6) X HQSS
limit, we saw [Egs. (2.27) and (2.28)] that the group
structure of the HQSS-constrained extension of the WT
interaction developed in this work consists of two 56, ¢ and
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TABLE II. Odd-parity hidden charm N (J/ = 1/2, J = 3/2 and J = 5/2) resonances found in this work. The first two columns
contain the SU(6) X HQSS and SU(3) X HQSS quantum numbers of each state, while My and ' stand for its mass and width
(in MeV). The largest couplings of each pole, ordered by their threshold energies, are collected in the next column. In boldface, we
highlight the channels which are open for decay. Finally, the spin of the state is given in the last column. Resonances with equal
SU(6) X HQSS and SU(3) X HQSS labels form HQSS multiplets, and they are collected in consecutive rows.

SU(6)x SUB)X

HQSS HQSS M; I'x

irrep irrep  [MeV] [MeV] Couplings to main channels J
705, (82)20 39183 0.0  gny = 0.5, gnyy =0.6, 855 =31, 8r 5r = 0.5, g5 5 = 0.2, g5 5+ = 2.6, gs:pr = 2.6 1/2
70,9 (82)20 39260 0.1 gy =02, gyyy =0.04, 8y p =04, gy pr =3.0, g5 p =42, g5 pr = 0.2, gs:5» = 0.7 1/2
70,9 (83)20 3946.1 0. gniy =02, 84 pr =34, g5:p = 3.6, g5 pr = 1.1, gs:p- = 1.5 3/2
70,9 (84)20 39743 28 gny = 0.5, gnyyy ~0.05, g4 5 =04, gx 5 =22, 855 =21, 8s pr =34, gs:pr = 3.1 1/2
7050 (84)20 39865 0. gniyy =02, 84 50 = 1.0, gs:p = 2.7, g5 pr = 4.3, gs:p = 1.8 3/2
70,0 (84)29 40058 0. gniyw = 0.3, gapr = 1.0, gs:p = 1.6, g5 pr = 3.2, gs-ppr = 4.2 3/2
70,9 (84)20 4027.1 0. 8s:pr = 3.6 5/2
TABLE III. Comparison of the whole spectrum of hidden-charm nucleons (or cryptoexotic nucleons) with odd parity and angular

momentum L = 0 predicted by our model with some results from previous models. In all cases, masses and couplings (g) to the
dominant channels (when available) are shown in sequential rows. In the hidden-gauge model of Ref. [76] the numerical values of the
couplings are not given. In this case, we indicate with a symbol X the elements of the coupled-channel space used to generate each
resonance. On the other hand, in the case of the predictions of this work, in the column “Model” we give the HQSS multiplet. Besides,
we have also omitted the small couplings to the N7, and NJ/ ¢ channels that can be seen in Table II.

N(1/27) N@3/27) N(5/27)
g to main channels g to main channels g
Ref. Model Mg [MeV] A.D A.D* 3.D 3.D* 3:D* Mg [MeV] A.D* 3D 3.D* 3*D* Mg [MeV] X:D*
This work:  (8,)59 C 70, 3918 31 05 02 26 26
3926 04 30 42 02 07 3946 34 36 1.1 1.5
(84)20 C 70, 3974 04 22 21 34 31 3987 1.0 27 43 18
4006 1.0 1.6 32 42 4027 5.6
[65,66] Zero range 3520 5.3 3430 5.6
vector exchange
[75] hidden gauge 4265 0.1 3.0
4415 0.1 2.8 4415 0.1 2.8
[76] hidden gauge 4315 X X
4454 X X 4454 X X
[119] quark model FS-CM FS-CM FS-CM
uudct 3933-4267
4013-4363 4013-4389
41194377 4119-4445
41364471 41364476
4156-4541 4236-4526 4236-4616

one 70, representations. One of the 56, ¢ multiplets and
the 70, one are attractive. Thus, from the decomposition
in Eq. (2.29) (see also Table I), we could expect up to a total
of ten N-like and seven A-like resonances.'® Because of
the breaking of the SU(6) X HQSS symmetry, due to the
use of physical hadron masses and meson decay constants,
we only find seven heavy N and five heavy A states in the

'"®These lie in the SU(3) octets and decuplets irreps, respec-
tively, contained in the attractive 56, and 70,y multiplets.

physical Riemann sheets. They have masses around 4 GeV
and most of them turn out to be bound. The remaining
missing states show up in unphysical Riemann sheets. The
evolution of all states as we gradually break the symmetry
from SU(6) X HQSS down to SU(3) X HQSS, then to
SU(2) X HQSS, and finally down to SU(2) isospin, is
depicted in Fig. 3. Thanks to this latter study, we could
assign SU(6) X HQSS and SU(3) X HQSS labels to each
of the predicted resonances—which are all collected in
Tables II and IV—and could also identify two HQSS
multiplets in each isospin sector.
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TABLE IV. As in Table II, for the A (J = 1/2, J = 3/2) resonances with hidden-charm content.

SU(6) X HQSS irrep SU(3) X HQSS irrep My 'z Couplings to main channels J

70,0 (105)5,9 4005.8 0. 8asyy =03, 855 =27, 85 pr =44, gs:pr = 1.2 1/2
70,0 (10,),59 4032.5 0. 8an, = 0.2, 8ay7y = 0.1, g5:p = 2.9, g5 pr = 1.8 g5:pr = 4.1 3/2
702)0 (102)2‘0 4050.0 0. gAJ/z// = 02, gz(_[) = 08, gECD’+ = 19, gZﬁ[f =51 1/2
56,0 (104)2,0 4306.2 0. (cusp) gas/y = 1.3, 85,5 = 0.3, gs pr = 0.3, gx:p- = 0.3 1/2
565, (104)5,0 4306.8 0. (cusp) gan, ~ 0.1, gayyy = 0.8, gs:p = 0.2, g5 p- = 0.2, gs:ppr = 0.1 3/2

A. N states (C = 0,S = 0,1 = 1/2)

As mentioned above, the model predicts the existence of
seven heavy nucleon resonances: three states with the spin
parity J = %_ , three states with % ~ sectors, and one state
with J¥ = % ~ . Their masses, widths, and couplings to the
different channels are compiled in Table II.

(a) J = 1/2: Inthis sector, there are seven coupled chan-

nels, with the following threshold energies (in MeV):

Nn.  NJ/y  AD AD" 3D 3D" XD
30186 40358 41537 42948 43208 44619 45263

(b) J = 3/2: In this sector, there are five coupled chan-
nels, with the following threshold energies:

AD? S:D s.D*
4294.8 4385.2 4461.9

s:0°
4526.3

NJ/¢
4035.8

(¢) J =5/2: In this sector there is only one channel,
3 D*, with a threshold equal to 4526.3 MeV.

From the group decomposition of the SU(6) X HQSS
representations, we could expect up to a maximum of five
states with spin J = 1/2 (see Table I): one state from each
of the two J = 1/2 octets encoded in the attractive 56,
representation, and three states corresponding to the each
of the 8, octets that appear in the reduction of the 70,
representation [Eq. (2.29)]. However, the two poles related
to the 56,, representation appear in an unphysical
Riemann sheet, at the physical point (i.e., at the point of
the evolution when the hadron masses and meson decay
constants attain their physical values). As can be seen from
Fig. 3, these poles disappear from the physical sheet when
we pass from the SU(3) X HQSS limit to the SU(2) X
HQSS one. Indeed, we could observe how the (8;),9 C
56, pole almost coincides with the threshold value of the
degenerated Nn,. and NJ/ i channels in the first steps of
this evolution until it finally disappears. On the other hand,
the (8;)29 C 56, pole also gives rise to an octet of J =
3/2 states [see Eq. (2.29)], which is also lost at the physical
point. Thus, for J = 3/2 we are also left only with the three
baryon resonances stemming from the 70, ¢ representation,
one from (8,),, and two from (84),9. The J = 5/2 state
also originates from this latter multiplet.

From the above discussion, it is clear that the N-like
resonances found in this work, and collected in Table II,
form two HQSS multiplets. In the first one the light degrees

of freedom have quantum numbers (8,),9 C 70,¢. This
multiplet is formed by the first three resonances of the table
(two with spin 1/2 and the third one with spin 3/2) that
correspond to the blue lines with labels 70, and (8,), 9 in
Fig. 3. They only differ in how the light-sector spin is
coupled to the spin of the cc¢ pair. The second HQSS
multiplet corresponds to (84)59 C 70, quantum numbers
for the light sector, and it consists of the four remaining
states in Table II (green lines with labels 70, g and (8;),,9 in
Fig. 3): one with spin 1/2, two with spin 3/2, and another
one with spin 5/2.

The members of each HQSS multiplet are nearly degen-
erate, but not totally because we also break the HQSS by
the use of physical hadron masses.

A word of caution is needed here. The mass of the
J = 5/2 resonance is around 4027.2 MeV. In this sector
there is only one channel (2%D*, with a threshold equal to
4526.3 MeV), and thus this state has a binding energy of
about 500 MeV bound. We expect our model to work well
close to the threshold, and therefore, in this case, interac-
tion mechanisms neglected here and involving higher par-
tial waves could be relevant for determining the actual
properties of this resonance.

There exist previous works on hidden-charm odd-parity
nucleon states, also named cryptoexotic hadronic states.
These studies can be divided in two types, namely, those
based on a constituent-quark description of the resonances,
and those where they are described as baryon-meson bound
molecules or resonating states. Some of the predictions of
these other models are compiled in Table III.

The baryon-meson coupled-channel calculations by
Hofmann and Lutz for J¥ = 1/27 in Ref. [65] and for
JP =3/27 in Ref. [66] rely on a model of zero-range
t-channel exchange of light vector mesons, based on chiral
and large-N considerations, and supplemented with SU
(4) input in some vertices. This model is used as the driving
interaction of pseudoscalar mesons with the J* = 1/2%,
3/2" baryon ground states. After solving the Bethe-
Salpeter equation using a renormalization scheme similar
to that proposed here, some 1/27, 3/2”—resonances were
dynamically generated. Vector mesons in the coupled-
channel space were omitted in those early studies, and
thus channels like X.D* or A D* were not considered.

More recently, baryon-meson calculations using a hidden-
gauge model have been carried out in Refs. [74-76]. These
works consider 1/2* baryons interacting with pseudoscalar
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mesons and dynamically generate J” = 1/2~ hidden-
charm nucleon resonances as poles in the 7" matrix. Yet,
the interaction of vector mesons with 1/2% baryons
(VB — VB) is also taken into account in Refs. [74-76],
which leads to additional and degenerate J* = 1/2~ and
3/2~ hidden-charm nucleons. However, the J = 3/2%
baryons are not included at all, and thus some channels
like 32D* are excluded.

The main difference among our scheme and the hidden-
gauge models is the definition of the coupled-channels
space. We consider simultaneously pseudoscalar-meson—
baryon (PB) and vector-meson-baryon (VB) channels,
with JP = 1/2" and 3/2" baryons. However, in the ap-
proaches of Refs. [74-76] all interaction terms of the type
PB — VB are neglected. Furthermore, channels with
JP = 3/27 baryons are not considered either. The potential
used in Refs. [74-76] for the PB — PB transitions, with
JP =1/2" baryons, is similar to that derived here.
However, there exist important differences in all transitions
involving vector mesons. When restricting our model to the
PB — PB sector, we still do not obtain the same results as in
Refs. [74-76]. This is mainly due to (i) the use of a different
renormalization scheme, and (ii) the presence in these latter
works of a suppression factor in those transitions that in-
volve a t-channel exchange of a heavy-charm vector meson.

However, when we use our full space, the inclusion of a
similar suppression factor in our HQSS kernel is not quan-
titatively relevant for the dynamical generation of the
resonances. Note that HQSS does not require the presence
of such a suppression factor. In summary, when we com-
pare our approach with the other molecular-type ones, we
observe in our model a rich structure of resonances due to
the many channels cooperating to create them. Our states
are much lighter that those predicted in Refs. [74-76],
though significantly less bound than the cryptoexotic bary-
ons reported in Refs. [65,66].

Finally, we will pay attention to the recent work of
Ref. [119]. There a constituent-quark model is used to
describe isospin I = 1/2 baryons with uudcc quark con-
tent. The mass spectra is evaluated with three types of
hyperfine interactions: color-magnetic interaction (CM)
based on one-gluon exchange, chiral interaction (FS) based
on meson exchange, and instanton-induced interaction
(INST) based on the nonperturbative QCD vacuum struc-
ture. The FS (CM) model predicts the lowest (highest)
mass for each state. Results for the FS and CM models
are displayed in Table III. In all cases, the mass predicted
by the INST model (not displayed in the table) lies between
the values predicted by the other two models. Our results
are closer to those predicted by the FS model, especially
for the lowest-lying states.

B. A states (C = 0,S = 0,1 = 3/2)

The model predicts in this sector the existence of five
heavy resonances (bound states; all of them appear below

. . . . _ 1 -
the threshold): three with spin parity J© = 5 and two

PHYSICAL REVIEW D 87, 074034 (2013)

states with J* = %7 . Their masses, widths, and couplings
to the different channels are compiled in Table IV.
(a) J =1/2: In this sector, there are four coupled
channels, with the following threshold energies
(in MeV):
AT/ s.D

4306.9 4320.8

s, D"
4461.9

siD*
4526.3

(b) J = 3/2: In this sector, there are five coupled chan-
nels, with the following threshold energies:

An, AJ/y 2D 2D
4189.7 43069 4385.2 4461.9

3:D*
4526.3

(c) J = 5/2: In this sector there are only two channels,
with the following threshold energies:

AT/
4306.9

s:p°
4526.3

We obtain three A(J = 1/2) states as expected from the
group decomposition of the SU(6) X HQSS representa-
tions (see Table I): one state from each of the two J =
1/2 decuplets encoded in the attractive 70, representa-
tion, and a further state corresponding to the J = 1/2
decuplet that appears in the reduction of the 56, repre-
sentation [Eq. (2.29)]. The evolution of the corresponding
poles is shown in Fig. 3.

The pole that corresponds to (104)59 C 56,4 (light ma-
genta lines with labels 56,4 and (104), in Fig. 3) has a
mass quite close to the An, and AJ/ s degenerated thresh-
olds, between the SU(6) X HQSS and the SU(2) X HQSS
symmetric points. Later, while moving to the SU(2) isospin
symmetric point, the spin 1/2 A resonance keeps having
a mass close to the AJ/ ¢ threshold, and ends up with a
final mass of 4306.2 MeV (the AJ/y threshold is at
43069 MeV). However, the spin-5/2 and the two
spin-3/2 states, that also originate from this (104),9 C
56, pole, essentially disappear. One of the J = 3/2 states
still shows up as a cusp very close to the AJ/ i threshold,
and it has been included in the table. The second state with
spin-3/2 (light magenta lines with triangles, disappearing
between the SU(2) X HQSS and the SU(2) symmetric
points in Fig. 3) and the spin-5/2 one appear as small
unnoticeable peaks right at the A7, and AJ/W thresholds,
respectively.

From the discussion above, the (104),9 C 56,4 HQSS
multiplet could be incomplete.

However, the three A states (dark magenta lines with
circles, ending at 4050.0 and 4005.8, for the two J* =
1/2~ states and dark magenta lines with triangles, ending
at 4032.5, for the J¥ = 3/2 resonance in Fig. 3) that stem
from the (10,),9 C 70, configuration of the light degrees
of freedom turn out to be quite bound. Indeed, we find
binding energies of at least 250 (150) MeV in the spin-1/2
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(3/2) sector. These three states, which are nearly degener-
ate, form a clear HQSS multiplet.

The models based on vector-meson exchange naturally
predict a suppression factor in the baryon-meson ampli-
tudes involving an exchange of charm from the propagator
of the exchanged heavy vector meson. In the heavy-quark
limit, the suppression factor is of the order of 1/my."
Therefore, in that limit one expects a quenching of order
My /M for the charm-exchanging amplitudes of those
models. (Of course, the true factor for large but finite
physical heavy hadron masses needs not exactly coincide
with this heavy-quark-limit estimate.) Our model is
not directly based on the exchange of vector mesons.
Nevertheless, as commented above, we have verified
that adding such a suppression by hand in the charm-
exchanging amplitudes does not have an impact on our
results. Even a factor (M, /My)?, proposed in the litera-
ture [68], has a very small effect on the position of the
resonances we find. Presumably, this is due to the fact that
the relevant channels have a small coupling. An exception
comes from the two very weakly bound A resonances from
the 56, irrep, which disappear due to the suppression of
their dominant channel AJ/ .

V. CONCLUSIONS

In the present work we have developed a model for the
interaction of the lowest-lying 1/2% and 3/2" baryons with
0~ and 1™ mesons, including light and heavy flavors. The
interaction is of zero range and it is modeled as a suitable
extension of the Weinberg-Tomozawa term to include, be-
sides chiral symmetry, spin-flavor symmetry in the light
sector and heavy-quark spin symmetry. These symmetries
are only broken in our model to the extent that they are
broken at the level of the physical masses and meson decay
constants. The OZI rule is also automatically implemented.
Our extended WT model, Eq. (2.22), contains no adjustable
parameters, although some ambiguity is present through the
choice of a renormalization prescription, as in all other
hadronic molecular approaches. The model has been applied
previously to the light sector and to charm or bottom sectors
with a single heavy quark. Here we show that it admits a
natural realization in sectors with hidden charm in such a
way that HQSS is preserved. In particular, the spin of ¢
quarks and the spin of ¢ antiquarks are separately conserved.

We have carried out a detailed analysis of the hidden-
charm sectors (i.e., with ¢¢ pairs) with C = 0, 1, 2, 3 and
their breaking as the symmetry is lifted from SU(6) X
HQSS to SU(3) X HQSS [and then to SU(2) X HQSS
and SU(2) of isospin]. This allows one to count the ex-
pected number of bound states or resonances, and to clas-
sify them into multiplets corresponding to the various

“The boson propagator is approximately 1/2My(Ey — My)),
with My the mass of the heavy vector meson and Ey its energy,
and Ey — My is O(1) in the heavy-quark limit.
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symmetries. Taking the eigenvalues A’s as undetermined
(free) parameters, the results of Egs. (2.30), (2.35), (2.38),
and (2.42) forthe C = 0,C = 1, C = 2 and C = 3 hidden-
charm sectors respectively, are general. Indeed, these equa-
tions fix the most general structure of eigenvalues that can
be deduced from SU(3) X HQSS. The rest of the undeter-
mined parameters—not fixed by this latter symmetry—
account for nondiagonal transitions between multiplets
with the same SU(3) X SU,,(2) SF quantum numbers for
the light degrees of freedom. Further, we have translated
this general discussion of the group structure allowed
by SU(3) X HQSS into the Lagrangian form, for the
charmless hidden-charm sector. This makes the HQSS of
the model explicit and it allows one to compare it with
other models in the literature. Finally, we have found
the couplings of the HQSS effective Lagrangians of
Egs. (2.57)—-(2.66) for the particular case of our extended
WT model. This constitutes an additional check of its
compatibility with HQSS.

We have analyzed the charmless and strangeless sector,
where we have dynamically generated several N and A
states. We predict the existence of seven N-like and five
A-like states with masses around 4 GeV, most of them as
bound states. These states form heavy-quark spin multiplets,
which are almost degenerate in mass. The N states form two
HQSS multiplets. The lowest one has the light-quark flavor-
spin content coupled to 8,. Since the ¢¢ pair can couple to
spin S.z =0, 1, this HQSS multiplet consists of three
nucleon states with J = 1/2, 1/2, and 3/2, and masses
around 3930 MeV. On the other hand, the highest HQSS
nucleon-like multiplet contains four resonances with J =
1/2,3/2,3/2, and 5/2, and masses around 4000 MeV. In
this case, these states originate from the 8, SF light con-
figuration. These two SU(3) X HQSS multiplets arise from
the 70-plet of SU(6) X HQSS. There are no N physical
states coming from the 56-plet. With regards to A states,
we find two multiples with very different average masses,
because in this case they originate from different SU(6) X
HQSS representations. The A multiplet coming from the
(105)5,9 C 70, irrep is formed by three states (J = 1/2,
1/2, 3/2) with an average mass of 4035 MeV. Besides, we
find only two (J = 1/2, 3/2) A resonances at the physical
point out of the four states originated from the (104)59 C
56, ¢ in the SU(6) limit. These two states are nearly degen-
erate, with a mass of 4306 MeV.

When we compare our approach with the other
molecular-type ones, we observe in our model a rich
structure of resonances due to the many channels cooper-
ating to create them. Our states are much lighter than those
predicted in the hidden-gauge scheme [74-76], though
significantly less bound than the cryptoexotic baryons
reported in the zero-range vector-meson exchange model
of Refs. [65,66]. Moreover, we have presented the first
prediction for exotic hidden-charm A-like resonances
within a molecular baryon-meson scheme.
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In comparison with the quark model of Ref. [119], we
find that our results are closer to those predicted by the FS
hyperfine interaction discussed in Ref. [119], especially for
the lowest-lying states.

The predicted new resonances definitely cannot be ac-
commodated by quark models with three constituent
quarks and they might be looked for in the forthcoming
PANDA experiment at the future FAIR facility.
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APPENDIX A: SPIN-FLAVOR STATES

In this appendix we give details regarding the construc-
tion of the tensors M4, and BABC, the SU(3) multiplets
34 b D¢, etc., and the computation of the matrix elements
of the interaction.

The wave functions in spin-flavor space of the basic
mesons and baryons are constructed in terms of bosonic
quark and antiquark operators with spin and flavor labels,
namely, Q}T,Q}l, Q}T Q}l, f=u, d, s, c. The concrete
wave functions are those given in Appendix A of Ref. [81]
with the following modifications: a minus sign is to be
applied to all 1/2% baryons, to all 0~ mesons except 7, 7/,
and 7., and to ¢, w, and J/ ¢ (denoted ¢ in Ref. [81]). No
change of sign is to be applied to 3/2" baryons, nor to 7,
1’, and 7, nor to 1~ mesons (except ¢, w, and J/ ).

The states just defined are standard with respect to the
flavor- and spin-flavor-group conventions of Ref. [111]. In
particular, they are SU(2),, SU(2), standard and follow the
convention of Ref. [116] for flavor SU(3) and SU(4). The
only exceptions come from the neutral mesons, for which
we use ideal mixing. In terms of these, the standard states
of Ref. [111] are given by

17 )sian = [1")  [SUB)] (AD)
3 1
|7]/>stan = \/;l 77/> + 5 |77c> [SU(4)], (A2)
1 3
|nc>stan == 5 |77/> + \/Z_;|77C> [SU(4)]: (A3)

PHYSICAL REVIEW D 87, 074034 (2013)

|w8>=\/§|w>+\/§|¢> [SUB) and SU@4)] (A4)

lwy) = \Ew - \EI¢> [SU@3)].

1 1 1
|w1>=\f2|w>—2|¢>+2u/¢> [SUGL (A6

1 1 3
ly) = —‘/%Iaﬁ + ‘/%Idﬁ + ‘/;‘IJ/W [SU@] (A7)

In these formulas, the right-hand sides contain the physical
(or rather ideal mixing) neutral mesons that we use in this
work. Their wave functions are constructed as indicated
above (i.e., from those in Ref. [81]). The left-hand sides
contain the standard or mathematical states used in
Ref. [111]. They have good quantum numbers with respect
to SU(6) or SU(8) (and their corresponding chain of
subgroups).>’

In order to construct the tensors M* , and BABC, M1,
and BI sc» With good transformation properties, the follow-
ing procedure is used. For all flavors f = u, d, s, ¢, and for
the various creation operators Q}T, Q;El, Q;[‘T’ and Q;['l’
appearing in the wave functions of the hadrons, the follow-
ing replacements are to be applied:

(AS5)

t i
On—+0n
QfJ[T - _Q_sz)

t t
Qfl - +Qf2;

(A8)
0, = +0J;-

"
r
1 and 2 correspond to spin up and down, respectively, but
for antiquarks they correspond to spin down and up,
respectively.

After the replacement, there are only the operators Q}:
and Q1A for creation (and Q% and Q, for annihilation)
carrying any of the eight labels A = ul, d1, s1, c1, u2, d2,
52, c2. These operators transform under SU(8) in the way
indicated in Eq. (2.17).

The meson matrix is then obtained by replacing Q14 Q;g
with M4, and expressing it in terms of meson operators
by inverting the wave-function equations. Similarly, for the
baryons, Q:QQ;QQZ is replaced with B:{BC and then ex-
pressed in terms of baryon operators. The fields ®* 5 (x)
and BABC(x) of Sec. I B are constructed in the usual way
from these annihilation and creation operators.

The SU(3) multiplets introduced in Sec. I F are obtained
as follows:

Note (i) the minus sign in Q ., and (ii) for quarks, the labels

2ONote that | /) of Ref. [81] corresponds to —|J/ ) here, not to
| ) of Ref. [111] and of Eq. (A7).
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Adbe = B(asl,bsg,c33)3/2. (A9)
Here A = as,, B = bs,, C = cs3, with a, b, ¢ € {u, d, s},
$1, 52, 53 € {1, 2}, and the notation (ABC)5, indicates that
the spin part is coupled to J = 3/2 with 1 =7 and 2 =] .
Besides, we refer here to the (annihilation) operator; the
field A%%¢(x) is constructed out of it.
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n. = M (A16)

cs2)o’

T/ = =M (A17)

cso)y”
Recalling that Oy = Qj and Oy, = —Qj, it follows that
M(‘”lbsz)0 = (MY, + M“zbZ)/\/i, while M(‘”lbsz)1 equals
—M@,, (M, — M®,,)/+2 and M, for Jy = +1,0,

1 —1, respectively.

34, = gebch<““"(”‘Yz’d“'-‘)”)‘/z, (A10) Finally, we remark that we systematically take the cou-
pling of baryon and meson in the order |baryon)®
|meson), rather than |meson) ® |baryon).

E?b = B((asl)bs2)lcs3)l/2’ (All)
APPENDIX B: BARYON-MESON MATRIX
Eiub — B((asl,bsz)lcs3)3/2’ (A12) ELEMENTS
The coefficients D,;, appearing in Eq. (3.1) for the
_ 1 @ Joos2) charmless (C = 0) and strangeless (S = 0) sector are com-
Sea T 5 Eqpc BN, (A13)  piled in this Appendix (Tables V-X). In addition, we also
For the mesons, provide here the corresponding coefficients for the C = 0
~ and S # 0O sectors (Tables XI-XXII). In these tables the
D=M (“S‘CSZ)O, (A14)  symbol ¢ refers to the physical (ideal) J/ meson.
D =—=M*_ (A15)
TABLEV. C=0,8S=0,1=1/2,7=1/2. TABLE VII. C=0,5=0,1=3/2,7J=1/2.
Nn. Ny AD AD* 3D 3D 3D Ay 3.D 3.D* 3D
— 8 —.f4
No. 00 - B L2 A 0 VB H i
D 2 —e —f2
Ne o0 0 o B D Ji _ ; '
AD -1 0 0o -3 & ED —\: 3 3 5
ADT —ff = o 1 -3 -2 -y XD Vi 3 B g
3.D 2 ] 0 -3 -1 3 2
N N i L f TABLEIX. C=0,5=0,1=3/2,J=3/2.
DT 2 i V6 V2 5 5 3 A, Ay 35D 3D 3D
A, 0 V3 -2 -5
TABLEVL. C=0,5=0,1=1/2,J=3/2. Ay 0 0 -5 -2 L
Ny AD XD 3D %D XD B 5 2 TP
Ny 0 V6 —\2 g —Jo  ED -2 RE 3 5 V2
AD VB L e I R I i
3:D -2 -3 -1 =3 3
s.D* 2 1 -8 -3 -
e e G R B
TABLEX. C=0,85=0,1=3/2,J=15/2.
TABLEVI. C=0,85=0,1=1/2,J=5/2. —
= Ay 3D
2D ay 0 J12
3*D* -2 3*D* J12 4
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TABLE XV. C=0,S=-1,1=1,J=3/2.
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TABLE XVIII. C=0,S=-2,1=1/2,J=3/2.
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TABLEXX. C=0,S=-3,1=0,J=1/2.

2y E*n.B.DiE:D,E* ¢ Q:DE.D Q. D*2:DiQ:D* Q.D, Qy Q.D: QD
Evo0 0 V6 o i 18 b 2 N - JE iy
9. 0 0 0 V2 o0 1 —f-fi-f0_F ay NG 0 - -
ED:NV6E 0 1 -1 0 2 ‘/i —‘/2 -3 Ve QD —\/133 —\/§ -3 \/g
=y 0 0 0 00 o0 B 1
* 1 4 —./5 2 — .10
@D i 1 V2 VIS0 B0 o TABLE XXI. C=0,8=—3,1=0,J =3/2.
=) 2 _[8 1 1 __[40 2 5 50 S 10
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=Dt — E—‘/E—\/E _\/5 ‘/Z_ m‘ﬁ v 1 [
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TABLE XIX. C=0,85=-2,1=1/2,J=15/2.
= = TABLE XXII. C=0,8S=—-3,1=0,J=5/2.
BE* EiD¥ QiD* =
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