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We develop a model 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 in 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 ¢ quarks). 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 IV 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.
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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 CBM experiments at FAIR facility of GSI [37, 38] will aim at obtaining data in the heavy-flavor sector,
thus opening the possibility for 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 interpretation, or 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 exper-
imental 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 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 between 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 therefore,
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 infinitely massive quarks. Thus, HQSS connects vector and pseudoscalar mesons
containing charmed quarks. On the other hand, chiral symmetry fixes the lowest order interaction 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 (pseudoscalar 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 HQSS in the sector where charm quarks participate. This model was developed in Ref. [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 Ay(5912) and A} (5920) resonances [89] as possible molecular
states.

In this paper we aim at continuing those studies on dynamically-generated baryon resonances using HQSS con-
straints. We will discuss extensively the details of the model and how heavy-quark spin symmetry is implemented.
The model respects spin-flavor symmetry in the light sector and HQSS in the heavy sector, and it reduces to SU(3)
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 equal number of
c- and ¢ quarks. As we shall discuss, HQSS does not mix sectors with different number of ¢- or ¢ quarks. Thus,
this model has a symmetry SU(6) x HQSS, with HQSS = SU.(2) x SUz(2) x U.(1) x Uz(1). We will pay a 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 scattering 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 that can be subject to experimental detection.

The predicted new resonances might be subject to experimental detection in the forthcoming PANDA /FAIR ex-
periment. If confirmed, they definitely cannot be accommodated 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
symmetry, and analyze the different hidden charm sectors, classified according to their charmed content. In Sec. ITI
we introduce the unitarized coupled-channels approach used throughout this work. Sec. IV is devoted to present



our results and in Sec. V we summarize the conclusions. In Appendix A we give details for the construction of the
meson and baryon tensors and the computation 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 and/or
heavy quarks, but not for those with hidden charm, so we devote this section to fully specify the model.

The guiding principle is to blend several well established hadronic symmetries in a model as simple as possible.
Specifically, to comply with chiral symmetry, SU(Ng);, x SU(Np)gr for Np flavors, we require the interaction 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®

Vvt = 4}2)2J}3Jr}, i
where f is the decay constant of the pseudoscalar meson (~ 93 MeV), and J&, J& are the SU(Np) group generators
(with the standard normalization fix fjr = Npdi;, where fi;i are the structure constants) for pseudoscalar meson

and target, respectively. Further, K(s) = k® + k’C represents the sum of the incoming and outgoing energies of the
meson. In the center-of mass frame (CM)

|
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where /s is the total CM energy, M the mass of the target, and m the mass of the pseudo-Nambu-Goldstone meson.

Vv is the tree level on-shell interaction. The normalization we use is such that the corresponding T-matrix for
elastic scattering is related to the scattering amplitude by

K(s) = (2.2)

1 2M e —1
f(s) = _S_W%T(S)u F(s) = =57 (2.3)
where k is the CM momentum.?
For three flavors and baryons in the it (nucleon) octet, the Hamiltonian density of the WT interaction takes the

2
form (we assume exact SU(3) symmetry for simplicity) [48]

i
a2

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

Hwr(r) = — tr (By*[[¢,0,¢], B]) : (Nr =3), (2.4)

4% tr ((6, do6){BT, BY) - (2.5)

From the symmetry group point of view, the interaction in Eq. (2.5) is, schematically,

1
HWT = F ((MT & M)adjoint,antisymmetric & (BT & B)adjoint) (26)

singlet ’
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 meson
and baryons (see below).

L An extra factor 1/2 is to be added if the projectile and target are identical particles.
2T =iM=—T, M and T being the amplitudes defined in [93] and [94], respectively. 2MT equals M in [95].



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(Np) (see e.g. [96])

(2JpJ7)u = Co(p; Ne) — Co(up; Nr) — Ca(pr; Nr), (2.7)

where p, pp and pr are, respectively, the SU(Np) irreducible representations (irreps) of the system, the Nambu-
Goldstone boson (i.e., the adjoint representation) and the target. We use the normalization Cy(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, SU(2Ng), [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 degenerated in mass. Also, the pion
is a collective state identified as the pseudo-Nambu-Goldstone boson of the spontaneously broken approximate chiral
symmetry, whereas the rho meson mass fits well with a pair of constituent quark-antiquark. 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*) 4+ (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 symmetries are compatible, as they can be regarded as subgroups of a larger symmetry group,
SU(2Np)r, x SU(2NF)g, actually a realization of the Feynman—Gell-Mann—Zweig algebra [105]. In their solution,
the SF extended chiral symmetry is spontaneously broken, the rho meson being a dormant Goldstone boson of this
breaking. 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 mesons
acquire mass through SF-breaking relativistic corrections 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 as 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 is 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 specifically relativistic properties of the spin become irrelevant. It should be noted
that even approaches with formally relativistic Lagrangians are in practice subject to simplifying approximations in
vertices and propagators which break exact relativistic invariance without relevant phenomenological 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 importantly, 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

K o
Vil = %u}wﬁg, i=1,...,(2Np)® — 1, (2.8)

3 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.



where Ji, and J§ are the SU(2Np) generators on mesons and baryons. Mesons consists of 0~ (P) and 1= (V)
lowest-lying states, while baryons contain %Jr (B) and %Jr (B*) lowest-lying states. When this interaction is restricted
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 symmetries). 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 emergent 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 N = 3

i

7 [®@,000]4 5Bl pBPCP :, AB,...=1,...,2Np. (2.9)

Hiyr(z) = —

The indices A, B, .. ., denote spin and flavor, and so they take 2Nz values. <I>AB(:E) is the meson field, a 2Ng x 2N
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(2Np) singlet meson (the mathematical 7;). The contribution of 7; to @ is
proportional to the identity matrix and so it does not couple in H%{,T. The normalization of ®(x) is such that a mass
term (with a common mass m for all mesons) would read im?tr(®?).

B(z) is the baryon field. BABC is a completely symmetric tensor, that is, in the irrep [3] of SU(2Np). It has 56

1+t
2

%4_' The normalization of the field B is such that a mass term (with a common mass M for all baryons) would take

the form M LB, BAPC. E.g. the fields B'%(x), B'?(x)/v/2, and B! (x)//6 have the standard normalization of
a fermionic field. We refer to the Appendix for the detailed construction of ®*g(z) and BABY(x) in terms of the
individual meson and baryon fields for Np = 4.

The Hamiltonian H3L 1 has precisely the same structure displayed in Eq. (2.6), this time for the SF group SU(2Np).*

The predictions of the SF extended WT model for Np = 3 have been worked out in [87] for baryonic resonances,
and in [110] for the mesonic version. Applications involving charm have been given in [81-83].

Before closing this subsection, we note that the eigenvalues of the relevant operator 4.J3,J% in Eq. (2.8) can also
be written using the quadratic Casimir operator of SU(2Np)

(4T3, T5)u = 2 (Ca(u; 2Np) — Copuar; 2Np) — Co(pp; 2NF)) - (2.10)

For baryons in the irrep (with Young tableau) [3] of SU(2Np) (56 or 120 for Np = 3 or 4, respectively) and mesons
in [2,12V7=2] (the adjoint representation of SU(2NF), 35 or 63 for Ny = 3 or 4, respectively), the baryon-meson
states lie in the irreps [3], [2, 1], [5, 127 ~2] and [4, 2, 12V7 3], which correspond to 56, 70, 700 and 1134 for Np = 3,
and to 120, 168, 2520 and 4752 for Ny = 4. The corresponding eigenvalues are [85]

components for Ny = 3, and 120 components for Np = 4, and contains the lowest-lying baryons with J* = and

A[g] - —4]\]}?‘7 A[?,l] - —4NF - 67 A[5_’12NF—2] - 67 A[4_’2712NF—3] - —2 (211)

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 4.J},J%, is zero, as follows e.g. from tr(J},;) = 0. The operator
can be written as

4T3 Th = NP, (2.12)
I

where 1 are the four baryon-meson irreps of SU(2Nr), A, the eigenvalues and P, the orthogonal projectors. This
allows 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) invariance are less reliable for fixing the interaction in the

4 Note that the singlet part in BLCDBBCD does not couple since the matrix [®, do®P] is traceless



sectors involving charm. At the same time, new specific symmetries of non relativistic type arise when heavy quarks
are involved [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 Uz(1). Likewise, the terms in the QCD Hamiltonian which
depend on the heavy quark or antiquark spin are suppressed, being of order 1/my,, where my, is the mass of the heavy
quark. Therefore, in the heavy quark limit, arbitrary rotations of the spin carried by the ¢ quarks and, independently,
of the spin carried by the ¢ antiquarks, would leave unchanged the energy of the hadronic state.® This implies a
symmetry SU.(2) x SUz(2) in the heavy quark limit. These invariances are aspects of heavy-quark spin symmetry
(HQSS). In what follows we refer to SU.(2) x SUz(2) x U.(1) x Ug(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/my, suppressions in some amplitudes,
but such 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 requires also 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 Nz
the number of ¢ antiquarks. N, ranges from 0 to 4, and N; from 0 to 1. SF guarantees HQSS in the sectors
(N¢, N:) = (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 c¢ 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 order words, in those sectors and for S-wave, any SF invariant interaction enjoys HQSS automatically.

It is perfectly possible to write down non trivial models enjoying simultaneously SU(8) and HQSS invariances
(namely, by requiring SU,(8) x SUz(8)) but they would not reduce to WT in the light sector. Concretely SU(8)-
WT conserves C' = N. — Nz but not N, and N; separately. Of course, one could impose this by hand, but it is
automatically 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.

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

Hwr =474, 5. (2.13)

This operator can be written in terms of meson and baryon operators [81, 85], and it contains two distinct mechanisms
which stem from expanding the meson commutator in Eq. (2.9),

HWT - Hex+HaC7
Hew = : MAcMC5BPPERT o)
Hye = —: MMcMCgBBPERBY .0 A,...,E=1,...,2Np. (2.14)

Here M4 and BABC are the annihilation operators of mesons and baryons, respectively, with MT45 = (M5B 4)T,

and BLBC = (BABC)t, BABC is a completely symmetric tensor. They are normalized as

[MAB,MTCD] = 5%5%,
{BABC, BL’B’C’} = 64,68,65 + -+ (6 permutations). (2.15)

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.

5 However all ¢ quarks present in the state, being identical particles, are rotated by a common rotation, and similarly for the .
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FIG. 1: The two mechanisms acting in the spin-flavor extended WT interaction. Hex (exchange of quarks) and H,c (annihilation
and creation of quark-antiquark pairs). In the HQSS corrected version of the interaction, Eq. (2.21), the labels A and B in Hac
only take light-flavor values.

Schematically, representing the quark and antiquark operators by Q4 and Q 4,
M5 ~Q"Qp, M™Mp~QM1Qp B ~0QQ"Q% Blye~QLQLQL . (2.16)

So, an upper index in M or B represents the SF of a quark to be annihilated, whereas in MT it represents that of
an antiquark to be created. Likewise, a lower index in MT 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
mechanisms Hqyx and H,. in terms of quark and antiquark propagation.

The two mechanisms involved, Hox and H,. are displayed in Fig. 1. In Hey (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 subsequent creation of a quark and an antiquark with spin-flavor A. In both mechanisms
the quarks or antiquarks C', D and E are spectators from the point of their spin-flavor (the ubiquitous gluons are
not explicited). Also in both mechanisms effectively a meson is exchanged. In passing we note that the OZI rule
is automatically fulfilled as regards to the exchanged meson. OZI rule violating mechanisms would be of the type
depicted in Fig. 2 and are not present in WT.

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

It appears that H,. can violate HQSS when the annihilation or creation of ¢qg pairs involves heavy quarks, whereas
H.y 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 mechanisms. Let Ngp = 4 and let U be a matrix of SF SU(8). Upper indices



transform with U and lowers indices with U
Q= UMpQP, QM = UpQt7,
QA — UBAQB, QTL‘ — UBAQTB. (2.17)

Therefore (with obvious matrix/tensor notation)

M= UMU, MY UM,
B— (U'eU'@UNB, B'=B(UeU®U). (2.18)

The indices are so contracted that Hey and H,. are both invariant under these SU(8) transformations. However,
HQSS requires also 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 U € SUg4(8), i.e., different transformations for quarks
and antiquarks (previously U = U). In this case

Q-UQ, Q'—=U'Q, Q—-QU, Q'—-QU, (2.19)
and therefore

M—-UMU, M'—=U MU,
B— UteU'eUNB, B'= BH(UeUeU). (2.20)

Clearly, the mechanism H,,, which depends on the combination MMT, is still invariant under this larger group
SU,(8) x SU4(8).5 Tt certainly preserves SF and HQSS. On the other hand, H,. depends on the combination MM
which transforms with U, while BBT transforms with U. H,. is SF invariant (U = U) but not HQSS invariant. A
simple solution to enforce HQSS with minimal modifications is to remove just the offending contributions in H,,
which come from creation or annihilation of charm quark-antiquark pairs. This implies to remove the interaction
when the labels A or B are of heavy type in H,..” That is, we adopt the following modified version of the H.,.
mechanism

H . =—: MTACMCBBBDEBLDE ., C,D,E=1,....8, A B=1,...,6. (2.21)

The indices with hat are restricted to SU(6). By construction N, and N; are exactly conserved in H].. Also
SU.(2)xSU¢(2) is conserved: when U and U act only on the heavy sector MTACMCB and BBDEBLDE 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) is 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)
if?

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) is a minimal modification that preserves
simplicity and does not introduce new adjustable parameters.

V =

H\/)VT, H\/NT = Hex + H;C' (2.22)

D. The model in the various sectors

We can analyze the model in the different (N, Nz) 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), H., produces the
same amplitudes as H,. when the latter is restricted to the corresponding sector. Indeed these interactions vanish

6 Note that the commutation relations Eq. (2.15) are also preserved by this symmetry.
7 Keeping the contributions with A = B of heavy type would preserve U¢(1) x Uz(1), i.e., conservation of N. and Nz, but not SU¢(2) x
SUz(2).



unless the state contains a quark-antiquark pair with 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 [81-83, 88].

It is noteworthy that, in the sectors (N, Nz) = (0,1) and (4,0), corresponding to C' = —land C =4, H! = Hyc =0
as they do not contain light quark-antiquark pairs. Also these two sectors cannot couple to any other (N, Nz) 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, Nz) = (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 amplitude has been removed from H! . (Note that H,. does not
vanish in these sectors.) So for the hidden charm sectors H\'NT reduces to the exchange mechanism Hey.

The interaction is effectively Hoy for the four hidden charm sectors and also for C' = —1 and C' = 4. This has the
immediate consequence that the interaction H{y has only two eigenvalues, namely —2 (attractive) and 6 (repulsive),
in those sectors.® This follows from the fact that Hex has a large (accidental) symmetry group, SU,(8) x SU4(8),
which produces only two large multiplets of degenerated states in the baryon-meson coupled-channels space. Under
SU,(8) x SUZ(8) the baryons fall in the irrep (120, 1) (120 being the symmetric representation of three quarks with
8 possible spin-flavor states).” Likewise, the mesons belong to (8,8%) (being ¢ states). Therefore, the baryon-meson
states form two SU4(8) x SUz(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!®

A330,8*) =6, A(e30,87) = —2. (2.24)

These two eigenvalues are also present in the original SU(8)-WT interaction (namely, A2g20 = 6 and Agr52 = —2 from
Eq. (2.11)) since the two interactions coincide for C'= —1 or C' = 4. It can also be noted that under SF SU(8), these
multiplets reduce as follows

(330,8") = 120 6 2520,  (630,8") = 120 & 168 & 4752. (2.25)

Of course, these are the same SU(8) irreps obtained from 120 ® 63 (baryon-meson except 71) and 120® 1 (baryon-n; ).
Therefore, the interaction can be written using SU(8) Clebsch-Gordan coefficients by means of!!

Hex = 6(Pyg0 + P2520) — 2(Pi20 + Pi6s + Pazs2)- (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 interaction does not reduce to the exchange mechanism Hey.
And second, the eigenvalues 6 and —2 refer only to the driving operator 4J3,J%5. 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 IT of [83].

E. Analysis of the hidden charm sectors

Here we consider hidden charm sectors with C'=0,1,2,3,i.e. Nz =1 and 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 SU(2) x U.(1) x Ug(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 Raj,41,c 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 the one or more ¢ quarks (not

8 Remarkably, these two eigenvalues are the only Np-independent ones in Eq. (2.11).

9 Fermi-Dirac statistic is taken care of by the antisymmetric color wavefunction.

10 They can be obtained by applying Hex to two suitable states, e.g., (M“lB%L11 + M“gBIU)\O}

11 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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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 sectors are
labeled by (C,S,1I,J), S being the strangeness quantum number and I 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 ££4ce, with two possibilities of grouping into baryon-meson: (££€)(c¢) and (¢4c)(Le).
(Here ¢ denotes any light flavor quark, u, d, s.) The total dimension of the space is 56 x 2 x 24+ 21 x 2 X 6 x 2 = 728,
and contains the following SU(6) x HQSS multiplets'?

Heo=o = 5629 @ 5629 @ 7020 (SU(6) x HQSS). (2.27)
The eigenvalues turn out to be
/\562,0 = /\702,0 =-2, )‘15.62,0 = 6. (228)

The accidental degeneracy between 7029 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 565 . In general, the accidental degeneracy will be lifted in V' and the T-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 7241, where r is the SU(3) irrep. This yields the following reductions
(the two 562 ¢ have the same reduction)

562_]0 = (82 &) 104)270 = (82 b8 P 84) &) (102 @10, 104 & 106); (229)
7020 = (1208 ®84D102)20=(12D LoD 1y) D (82D 8D 84) B (82D 8, D8 B 8s) D (102D 102 D 104).

In the reduction (82)2,0 = (82 @ 82 @ 84) in 564 9, the three octets only differ in how the light sector spin is coupled
to the heavy sector spin, therefore these three irreps are degenerated if exact HQSS is assumed. (82 @ 83 & 84) is a
multiplet of SU(3) x HQSS. Similar statements hold in the other cases: each 564 ¢ produces two such multiplets and
702 ¢ produces four. Consequently, in the hidden charm sector with C' = 0 we expect to find 8 different eigenvalues
after SU(6) x HQSS is broken down to SU(3) x HQSS. Let A1, A2 be the eigenvalues of the two multiplets in the
repulsive 5650, A3, A4 in the attractive 562, and A5, Ag, A7, Ag those in 702 . In this case, the spectra in each
(C,r,J) sector is as follows:

12 . /\5,)\5),
14 . /\5),
8 1 (A1, A1, A3, A3, X6, A, A7),

(
(
(
84 1 (A1, A3, Aes A7y A7),
(
(
(

86 : )\7),
102 . /\27)\45/\87)\8)7
104 : A27)\25A47)\47)\8)5

106 : (AQ, )\4) (230)
In the SU(6) limit, Ay = A2, A3 = A4, A5 = A\¢ = A7 = Ag. Breaking down the symmetry to SU(3), one expects

)\3,475,6,7,8 <0< )\172. (231)

12 (¢e€)(ce) is purely 562, from the symmetry of the three light quarks. The two light quarks in (££c) are symmetric giving a 21 of SU(6),
coupled to the further light quark in (£¢) gives 21 ® 6 = 56 @ 70. These two 562 ¢ are not directly those in Eq. (2.28).
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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)s. This implies the following expected number of states in each (C,r, J) sector: up to two states in 1o,
one in 14, five in 85, four in 84, one in 8¢, three in 109, three in 104, and one in 104, all of them with C' = 0.

2. C=1

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

Ho—1 = 21311 (&) 21371 ©® 21111 D 15371 (SU(G) X HQSS), (232)
and eigenvalues
)\21311 = )\21111 = )\15311 = -2, /21&1 = 6. (2.33)

Once again the accidental degeneracy beyond SU(6) x HQSS is lifted in the T-matrix.
After the breaking SU(6) D SU(3) x SU(2),,, and recoupling to .J, one finds

2137 = (63D 37)3,1 = (62062 D6, D6, D6g) D (35D 3)),
2111 = (63®37)11 = (62®64) D (33),
1531 = (61 ®33)31 = (62 ®64) D (35 ®3;®3; D 3; D 35). (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 Aj, Ay the eigenvalues of the two multiplets in the

repulsive 213 1, A3, A4 for the attractive 2131, As, A for 214 1, and A7, Ag for 153 1, the spectra in each (C, 7, J) sector
is as follows:

35
31

A2, A1, A6, A, Ag),
A27)\47 AS, AS)

(
(
36 = (M),
62 (A1, A1, A3, A3, A5, A7),
64 : ()\1,)\1,)\3,)\3,)\5,)\7),
66 : ()\1,)\3) (235)

In the SU(6) limit, Ay = Ao, A3 = Ay, As = Xg, and A\; = As. If only SU(3) symmetry is assumed, we expect the
following number of states: up to four states in 33, three in 3}, one in 3§, four in 65, four in 64, and one in 6.

3. C=2

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

He=2 = 622D 642D 642 (SU(6) x HQSS)
)‘62,2 = )‘64,2 = -2, e = 6. (236)

640 T

The SU(3) x HQSS multiplets are as follows:

620 = (32)22= (32932 34),
612 = (32)12=(3293,D34D 3¢). (2.37)

13 Note that the two (62 @ 64) multiplets above do not mix if HQSS holds, as they carry different heavy quark spin labels. Such label has
been left implicit to avoid clumsiness.
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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 642, A2 that of the attractive 642, and A3 the one of 65 2, yields the following spectra for the three
(C,r,J) sectors:

32 . ()\1,/\2,)\3,)\3),
34 0 (A, AL A2, Ao, Ag),
36 1 (A1, 2). (2.38)

This produces the following expected maximum number of states: three in 35, three in 34 and one in 34

It can be noted in the present case, C' = 2 with hidden charm, 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
rotations with heavy quark rotations.

4. C=3

For C' = 3 there is just one quark structure, (ccc)cé. The dimension is 16. The SU(6) x HQSS reduction is
He=z = 133® 153 (SU(6) x HQSS), (2.39)
with eigenvalues
Mys = —2, A5, = 6. (2.40)
The SU(3) x SU(2); reduction is:

135 = (11)33 = (124 14),
153 = (Li)s3 = (14 1¢). (2.41)

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

12 . ()\2),
14 . ()\1,)\2),
16 : (A1), (2.42)

where A1 denotes the eigenvalue corresponding to 153, and A2 that of 15 3. So no states will be produced in 1¢, and
up to one state is expected in 15 and 14.
Some of the results of this subsection are summarized in Table I.

C 0 1|2
J[Su@B)|1 8 10(3* 6|31

1/2
(2) (5) 3)|(4) W]3)|()
3/9 1 5 5[4 6|52
(D) @) (3)B) ®[B3)|1)
52 01 2|1 2[|2/|1

TABLE I: 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,7,J) (rather than a isospin-spin multiplet, (C,S,I,J).) The expected number
of resonances in each sector is shown between parenthesis. The actual number of resonances will depend on the values of the
physical masses and meson decay constants.
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F. Lagrangian form of the interaction

In the strict heavy quark limit, the total spin J, and the separate spins of the light, heavy quarks and heavy
antiquarks subsystems are conserved, when only S-wave interactions are considered. Moreover, the matrix elements
of 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 coupling 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 assumed 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 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 using directly
the previous expressions, either in terms of projectors using Clebsch-Gordan coefficients, or of hadron 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 approaches 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 composed of pseudoscalar

meson and vector meson with one heavy quark (e.g. D and D*). Let M (©) and M, l(f) be the corresponding fields, then

MO = Q (MO 4 MOH )

M© = MOty = (M(C)L(_)VM — M(C)T(—)%)Q+, (2.43)
As usual (£) represent the positive and negative frequency part of the fields, corresponding to purely annihilation 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,

_ 1y

Q+ 5

(2.44)

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 [111] and this fixes the relative sign between pseudoscalar and vector
(see Appendix A).

Likewise, for a HQSS meson doublet with one heavy antiquark

MO = (MEE g 4 MOGA)Q
MO = oM@ty = Q_ (MO} — M@OF )y, (2.45)

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

M — Q+(Mlscé)(+)7# + MO NQ_,
M = 4 Mty = Q—(M(CE)L(_)WH — M@TE0Q,. (2.46)

For a HQSS baryon doublet with exactly one heavy quark (e.g., ¥, and %),
1
Bn — B L —_ (41 4 )y B

— — 1 —
B = BOThy = FO#E) 4 ﬁB(c)(ﬂw — o). (2.47)

Here B(®) is the Dirac spinor of the 1/2% baryon in the doublet while B(®)# is the Rarita-Schwinger field for the 3/2+
baryon: vﬂB(c)“ = WB(C)N —0.
Finally, for a HQSS singlet baryon with exactly one heavy quark (e.g., A.)

BO — ), B = Bty — FOOC), (2.48)
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In addition, the polarization of the baryons carrying heavy quarks is such that Q_B(©) ) = Q_B©#(+) =0, hence
Q_B) =Q_BWr =q. (2.49)
Under HQSS rotations these fields transform as follows
SCM(C), ]\/_[(E)S(;l7 SCM(CE)Sgl, SCB(C), SCB(C)“
M©OSst S.M©, SMCsTt BlsIt BOrsTL (2.50)

Here S. and S: are the matrices in Dirac space representing the c or ¢ spin rotation and satisfy Slé = 708;§70.
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 anti-fundamental representations of SU(3), in such a way that
Te = Ute, Uy, TE ", U eSu@) (2.51)

For C' = 0 with hidden charm, the following SU(3) multiplets are needed
Do = (DO D- Ds) (2.52)
Here DY represents the HQSS doublet formed by D° and D*°, etc.

\/izéki"i’ zéwr Eéki'
E,Lcuzb — Eg-i— \/EE;CLO Ego (253)
=ut EE VO

This is a symmetric tensor (irrep 6 of SU(3)). X#, B and QF are the HQSS doublets with (X, X}), (2., E%), and
(Qe, QF), respectively.

[1]
[

co=(-20 B -A.) (2.54)

In this case the members of the SU(3) multiplet are HQSS singlets. Further we define 9 as the SU(3) singlet and
HQSS doublet containing (., J/1).
In addition, the following light baryon multiplets appear: with J¥ = 1/27F
A A L0 + _
\/EA by % D

V2
ne, = - A+ %20 -n |, (2.55)

= =0 _. /2
= = NELN

and with J¥ = 3/2%, A“bc a Rarita-Schwinger field and a symmetric tensor normalized as

111 _ +-+ 112 + 122 0 222 —
A =VEALT, AP =V2AS, AP =V2A0 AZ2 = \6A,,
113 _ * 4 123 *0 223 __ * —
AP =St A= AR _fzﬂ :
133 _ —=*0 233 _ = =
A =210, AZS = o=,

A3 = /60, (2.56)

Sl-

The relative phases of all fields here are standard with respect to the conventions adopted in [111] for the rotation,
flavor and spin-flavor groups. So for instance, (2}, ZY) is a standard isospin doublet and (E+ 0 ¥ 7) is a standard
isovector. For SU(3) (and SU(4)) the convention in [116] is used instead of that in [117].1

14 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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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 X%, 1, Ec,, and D? are true tensors while Aabc and 3#,;, are pseudotensors.
Also, 2, Beq, A?bc and X7, have large upper components while 1 and D® have large off-diagonal blocks in Dirac
space. The 75 matrices introduced to preserve parity fit in this scheme.

Next, we write down the 12 most general operators allowed by SU( ) x HQSS in the baryon-meson coupled-channels

space, in S-wave and preserving parity. The operator 81, = (8 - 8 ,,) acts on the mesons only and it is introduced
in order to produce the correct kinematical dependence in the amplitudes.

Li(z) = glf‘l S tr( i 0,8), (2.57)
L) = AﬁbcA“‘” (i 0,1)), (2.58)
Ls(z) = g3Beap(—i ) Dy, +he., (2.59)
La(x) = gu ISP ap(—i0y)Durprs S + hoc, (2.60)
Lo(x) = g5 %Egabw(—iav)BCAzbwh.c., (2.61)
Lo(r) = g6 BB en tr(Dyi0, DY), (2.62)
Lr(z) = g1 BB tr(D,i0,D"), (2.63)
Lg(z) = gg €™ ITH By tr(BCW% iBUD“) +h.c, (2.64)
Lo(@) + Lro(z) = %Egabzg“b te(De(go g + 910 i0,) 10, D), (2.65)
L11(2) + L1o(@) = S0 tr(Dy(g11 Gy + G1260,) i 0y D). (2.66)
The traces refer to Dirac space.
The reduction of these Lagrangians when no strangeness is involved is as follows:
Li(x) = g NN (o), (2.67)
La(2) = B (G i0,8). (2.68)
L3(z) = g3 Kc%b(—igv)ﬁl\]—l-h.c., (2.69)
Lafw) = 4§“j1/:(—i3 D7 + e (2.70)
Ls(x) = V3gsZHp(— 10, Y T;A, +hec., (2.71)
Lo(x) = g(;XCActr(D 8 D), (2.72)
La(z) = 0, (2.73)
Ls(z) = gsTHAc tr(ETj’}/M’}/g, iBUD) +h.c., (2.74)
Lo(x) + L10(x) + La1(x) + Lra(x) = 5% tr(D(Go g + Groiom) i0,D)
+3H; 20k tr(D TiTe(G11 G + Gi2i0,4) 13 D) (2.75)

Here j, k are isovector indices, 7 are the Pauli matrices and (3/2, M|&xT|1/2,m) = C(1/2,1,3/2; m, A, M). Further,
Go = g9+ 2011, Gio=g10+ 2912, Gu =—g11, Gia=—g. (2.76)
Our WT model with SF and HQSS gives the following values for the parameters:

A 1
g1=0, g2=0, gz= \/7 g4 = \/> g5 = 96 = 3>

98257 99=0, Ggio=0, guii= 57 J12 = — (2.77)

1
5
where we have defined §; = 4f2g;.

The vanishing of g1 and g follows from the OZI rule, which is fulfilled by the model.
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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

1
V§el = pgstY ki + K;° 3.1
1] 1] 4f1f] ( ) + 7 ) ’ ( )

where k¢ and k:;o are the CM 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.!>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/W — e~e™ decay, that is, f; /¢ =
290 MeV and we set f,. = f;/w, as predicted by HQSS and corroborated in the lattice evaluation of Ref. [118]. The
D;; are the matrix elements of Hi{yr, Eq. (2.22), for the various hidden charm CSIJ sectors previously discussed.
Those for the strangeless hidden charm C' = 0 case, for which H{y = Hex, and that we will discuss in what follows
are given in Appendix B. 16

In order to calculate the scattering amplitudes, T;;, we solve the on-shell Bethe-Salpeter equation (BSE), using the
matrix V37 as kernel:

TOSIJ — (1 — YOI GOSIT) =1y CS1J (3.2)
where G¢517 is a diagonal matrix containing the baryon-meson propagator for each channel. Explicitly
s+ M;)?—m? - -
G531 (s) = (s ) (Jo(V/'s; My, ms) — Jo(u™'s My, my)) (3.3)

2V/s

M; (m;) is the mass of the baryon (meson) in the channel i. The loop function Jy can be found in the appendix of
[48] (Eq. A9) for the different possible Riemann sheets. The baryon-meson propagator is logarithmically ultraviolet
divergent, thus, the loop needed to be renormalized. This has been done by a subtraction point regularization such
that

GG (s)=0 at vs=pu"", (3.4)

with p©97 = \/mfh + th, where my and My, are, respectively, the masses of the meson and baryon producing the
lowest threshold (minimal value of myy, + Miy) for each C'ST sector, independent of the angular momentum J. This
renormalization scheme was first proposed in Refs. [65, 66] 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 first and second Riemann sheets. The poles of the scattering amplitude on the first
Riemann sheet that appear on the real axis below threshold are interpreted as bound states. The poles that are found
on the second Riemann sheet below the real axis and above threshold are identified with resonances'”. The mass and

15 As compared to our previous work of Ref. [83], we have

e approximated (2v/s — M; — Mj), with M; and M; the incoming and outgoing baryon masses, by the sum of the CM energies of
the incoming and outgoing mesons. In the present case, the non relativistic approximation tends to increase the binding by up
to few tens of MeV. This non-relativistic approximation for the baryons is consistent with the treatment for the baryons adopted
in the previous section to implement the HQSS constraints, and it makes easier to connect with the effective HQSS Lagrangians
introduced in Egs. (2.57)—(2.66).

e and, also for this latter reason, moved the /(E + M)/(2M) factors included in the potential used in [83] to the definition of the
loop function in Eq. (3.3).

16 For the sake of completeness, and to make possible the determination (see Eq. (2.77)) of the coupling g7 of the HQSS effective Lagrangian
of Eq. (2.63), we also give in the Appendix B the coefficients for the rest of hidden charm sectors with explicit strangeness.

17 Often we refer to all poles generically as resonances, regardless of their concrete nature, since usually they can decay through other
channels not included in the model space.
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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

N gi€i¢i gjei¢j
o var

The mass Mg and width I'r of the resonance result from \/sg = Mg —iI'r/2, while g;e’® (modulus and phase) is
the coupling of the resonance to the j-channel.

IG5 (s) (3.5)

B. Symmetry breaking

As it was already pointed out in the subsection ITE, we classify states under the symmetry group SU(6) x HQSS,
and 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 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 adiabatic change of hadron
masses and meson weak decay constants, as it was previously done in Ref. [83]. At each symmetric point, the hadron
masses and meson decay constants are averaged over the corresponding group multiplets. Further, we introduce three
parameters, x, 2’ and z” that are changed from 0 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(z) = (1 — ) mgu(6)xHQSS + T MSU(3)xHQSS>

f(z) = (1 —2) fsue)xugss + T fsum)xnqsss

A ! !
m(z') = (1 —2") mgu(s)xuaqss + 2 Mgu(2)xHQSS
[z (1—2a") fsu@3)xHQss + ' fsu(2)xHQss»

!
) p—
m(z") = (1 — ") mgy(2)xuqss + =" mgu(2),

f@") =1 —2") fsu@)xuass + 2" fsue)- (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 I = 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 different values (J = 1/2, 3/2
and 5/2) of total angular momentum. The list of coupled-channels and the corresponding coefficients DfJJ 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 (Eqs. (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 562 ¢ and one 702 o
representations. One of the 562 ¢ multiplets and the 702 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 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 of them collected
in Tables IT and IV, and could also identify two HQSS multiplets in each isospin sector.

18 Those lie in the SU(3) octets and decuplets irreps, respectively, contained in the attractive 562 0 and 702 0 multiplets.
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A. N states (C=0,S=0,I1=1/2)

As mentioned above, the model predicts the existence of seven heavy nucleon resonances: three states with the

spin-parity JI = %_, also three states with %_ sectors, and one state with J© = g_. Their masses, widths and

couplings to the different channels are compiled in Table II.

e J = 1/2: In this sector, there are seven coupled channels, with the following threshold energies (in MeV):

Nn. NJ/i A.D AD* ¥.D ¥.D* ¥:D*
3918.6 4035.8 4153.7 4294.8 4320.8 4461.9 4526.3

e J = 3/2: In this sector, there are five coupled channels, with the following threshold energies:

NJ/i AD* $:D ¥.D* %:D*
4035.8 4294.8 4385.2 4461.9 4526.3

e J =5/2: In this sector there is only one channel, ¥} D*, with 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
562 o representation, and three states corresponding to the each of the 8, octets that appear in the reduction of the
702 o representation [Eq. (2.29)]. However, the two poles related to the 562 ¢ 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 it can be seen from Fig. 3, these poles dissappear 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
(82)2,0 C (562)2,0 pole almost coincides with the threshold value of the degenerated N7, and N.J/v channels in the
first steps of this evolution until it finally disappears. On the other hand, the (82)2.0 C (562)2,0 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 702 ¢ representation, one from (82)2 0, and two from
(84)2,0. The J = 5/2 state is originated also 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 (82)2.0 C (702)2,0. This
multiplet is formed by the three first resonances of the table (two with spin 1/2 and third one with spin 3/2) that
correspond to the blue states 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)2,0 C (702)2,0 quantum numbers for the light sector, and it
consists of the four remaining states in Table II (displayed in green 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 degenerate, 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 (3% D*, with threshold equal to 4526.3 MeV), thus this state is around five hundred MeV bound.
We expect our model to work well close to threshold, and therefore, in this case, interaction mechanisms neglected
here and involving higher partial 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 crypto-exotic 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 J¥ = 3/2~
in Ref. [66] rely on a model of zero-range t-channel exchange of light vector mesons, based on chiral and large N¢o
considerations, and supplemented with SU(4) input in some vertices. This model is used as the driving interaction of
pseudo-scalar mesons with the JZ = 1/2%,3/2% baryon ground states. After solving the BSE 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, thus channels like ¥.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 mesons and dynamically generate J© = 1/2~ hidden-charm
nucleon resonances as poles in the T-matrix. Yet, the interaction of vector mesons with 1/2% baryons (VB — V B)
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SU(6) x HQSS|SU(3) x HQSS Couplings
irrep irrep Mg[MeV]|T'r[MeV] to main channels J
702.0 (82)2.0 3918.3 0.0 | gnn. = 0.5, gnsjw =06, ga.p = 3.1, ga,p- = 0.5, |1/2
93,6 =02, 95, p- =2.6, gs: p» =2.6
702.0 (82)2.0 3926.0 0.1 |gnne = 0.2, gnujy = 0.04, gop = 0.4, gp 5= = 3.0,[1/2
9s.p =42, 95,5 =02, gs:p- =0.7
702.0 (82)2.0 3946.1 0. |gns/w =02, ga.pe = 34, gs:p = 3.6, gs,p- = 1.1,[3/2
gsxpx = 1.5
702.0 (84)2.0 3974.3 28 |gnne = 0.5, gnsjp ~ 0.05, gap = 0.4, gy p- =2.2,[1/2
9.0 = 2.1, g5, p+ =34, gs:p- = 3.1
702.0 (84)2.0 3986.5 0. [gnsse =02, ga.pe = 1.0, gs:p = 2.7, g p- = 4.3,(3/2
gs:pr = 1.8
702.0 (84)2,0 4005.8 0. |gnsjw =03, ga.p- = L0, guep = 1.6, g_p- = 3.2,]3/2
gz b = 4.2
702.0 (84)2.0 4027.1 0. gs: p- = 5.6 5/2

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 Mg and I'r 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.

is also taken into account in [74-76], which leads to additional and degenerate J* = 1/27 and 3/2~ hidden-charm
nucleons. However, the J = 3/2% baryons are not included at all, and thus some channels like ¥*D* 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 (V' B) channels, with
JP =1/2% and 3/2" baryons. However in the approaches of Refs. [74-76] all interaction terms of the type PB — VB
are neglected. Furthermore, channels with JP = 3/2% baryons are not considered either. The potential used in
[74-76] for the PB — PB transitions, with J” = 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
involve 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
quantitatively relevant for the dynamical generation of the resonances. Note that HQSS does not require the presence
of such suppression factor. In summary, 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 cooperating to create them. Our states
are much more lighter that those predicted in Refs. [74-76], though significantly less bound that the crypto-exotic
baryons 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 wudcé quark content. 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 non-perturbative QCD vacuum structure. 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, specially 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
threshold): three with spin-parity JZ = %7 and another two with J© = %7. Their masses, widths and couplings to

the different channels are compiled in Table IV.



M [MeV]
| SU®) XHQSS— | SYB)XHQSS—, SU2)xHQS§~
SUEXHQSS | SY@xHQSS su@ .\
\
- Ag2 (4306.9
TSR
43008=Z == "(10,), \@ M\ AcD_. 7 Ay (4306.2
R T A \ AcD / 7’
| 5620 @ )Ngi UM 1 Ay o ,,
2)2,0 \ AJ/y Q}\ ,,/
\ ‘Y‘ // AcD
\ N Sa?
\ K
\ \ch
\ NN
42001 ~ \\
\\ N
Nr]C AN
AcD
(100 \ v NN
v A Y
= | \
7 (8a)0
4100F ()20
Ay2(4050.0
Ag(4032.5
N2 (4027.2
Ay2(4005.9
40001 Ny (4005.9
Ny (3986.6
Ny2(3974.9
Ny (3946.1
Ne  Ni2(3926.0
X x'+1 X"+2 Ny2 (3918.3
L L L L | L L L Il XH+XI+X
0 1 3 4

=== A, (104)2,0C56, 0, J=3/2, weakly bound
-o- A, (104)2,0C56,0, J=1/2, weakly bound
A, (10,)20c70,0, J=3/2

A, (10,)20c70,0, J=1/2

N, (84)2,0c70,0, J=5/2

N, (84)20c 7020, J=3/2

N, (82)2,0C7020, J=3/2

N, (84)2,0c70,0, J=1/2

N, (82)2,0c70,, J=1/2

Thresholds

(104)2,0c56, , weakly bound
(102)2,0c7020

== (82)2,0C56, 0, weakly bound

=== (84)20C 7020

== (82)2,0C 7020

20

FIG. 3: Evolution of the poles as symmetries, starting from SU(6) x HQSS, are sequentially broken to reach the isospin
symmetric final crypto-exotic N and A odd-parity resonances. The meanings of x, ' and z” can be found in (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 7020 and 562,0, and the SU(3) x HQSS labels
(82)2,0, (84)2,0, (102)2,0, (104)2,0 are also shown at the corresponding symmetric points.

e J = 1/2: In this sector, there are four coupled channels, with the following threshold energies (in MeV):

AJJYp $.D ¥.D* ¥:D*
4306.9 4320.8 4461.9 4526.3

e J = 3/2: In this sector, there are five coupled channels, with the following threshold energies:

An. AJ/Y $:D %.D* ¥iD*
4189.7 4306.9 4385.2 4461.9 4526.3

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

AJ/yp S:D*
4306.9 4526.3
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N(1/27) N(3/27) N(5/27)
Mg g to main-channels Mg g to main-channels Mg g
Ref. Model [MeV] AcD A.D* ¥.D ¥.D* ¥:D*|[MeV] A.D* ¥:D ¥.D* ¥:D*|[MeV] SiD*
This work (82)2,0 C (702)2,0[3918 31 05 02 26 26
3926 04 3.0 42 02 0.7 |3946 34 36 1.1 15
(84)2,0 C (702)2,0|3974 04 22 21 34 31 |3987 1.0 27 43 18
4006 1.0 1.6 3.2 4.2 |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
uudcc 3933—-4267
4013—-4363 4013—4389
4119—-4377 4119—-4445
4136—4471 4136—4476
4156—4541 4236—4526 4236—4616

TABLE III: Comparison of the whole spectrum of hidden-charm nucleons (or crypto-exotic 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
(9) 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 Nn. and NJ/¢ channels that can be
seen in Table II.

We obtain three A(J = 1/2) states as expected from the group decomposition of the SU(6) x HQSS representations
(see Table I): one state from each of the two J = 1/2 decuplets encoded in the attractive 702, representation,
and a further state corresponding to the J = 1/2 decuplet that appears in the reduction of the 562 ¢ representation
[Eq. (2.29)]. The evolution of the corresponding poles is shown in Fig. 3.

The pole that corresponds to (104)2,0 C 562 ¢ (light magenta circles in Fig. 3) has a mass quite close to the An,
and AJ/v degenerated thresholds, 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/y
threshold, and ends up with a final mass of 4306.2 MeV (the A.J/v threshold is at 4306.9 MeV). However, the spin
5/2 and the two spin 3/2 states, that are also originated from this (104)2 0 C 562, pole, essentially disappear. One
of the J = 3/2 states still shows up as a cusp very close to the AJ/v threshold, and it has been included in the table.
The second state with spin 3/2 (light magenta triangles in Fig. 3) and the spin 5/2 one appear as small unnoticeable
peaks right at the An. and AJ/¥ thresholds, respectively.

From the discussion above, the (104)2,0 C 562 ¢ HQSS multiplet could be incomplete.

However the three A states (dark magenta circles for the two J¥ = 1/27 states and dark magenta triangles for the
JP = 3/27 resonance in Fig. 3) that stem from the (102)2,0 C 702, 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 (3/2) sector.
These three states, nearly degenerate, form a clear HQSS multiplet.

The models based on vector meson exchange, naturally predict a suppression factor in the baryon-meson amplitudes
involving 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/m .9 Therefore, in that limit, one expects a quenching of order My /M p-
for the charm exchanging amplitudes of those models. (Of course, the true factor for large but finite physical heavy

19 The boson propagator is approximately 1/(2M (Eg — Myr)), with My the mass of the heavy vector meson and Ep its energy, and
Epy — My is O(1) in the heavy quark limit.



22

SU(6) x HQSS|SU(3) x HQSS Couplings
irrep irrep Mg I'r to main channels J
7020 (102)2,0 4005.8| 0. |gaj/p =03, gx.p =2.7, gy, p+ =44, gg«p- = 1.2 1/2
7020 (102)2,0 4032.5| 0. gan. = 0.2, gag/y = 0.1, gsxp = 2.9, g5, p- = 1.8 3/2
95D = 4.1
7020 (102)2,0 4050.0| 0. |gayp =02, 95.p =038, gs 5~ = 1.9, g p- =5.1 1/2
5620 (104)2,0 4306.2| 0. |gayp =13, 95,p =03, g5, 5~ = 0.3, gs-p- = 0.3 1/2
(cusp)
5620 (104)2,0 4306.8| 0. |gan. ~ 0.1, gayp =038, gsxp =02, g5 pr = 0.2, 3/2
(cusp) gs:p+ = 0.1

TABLE IV: As in Table II, for the A (J = 1/2,J = 3/2) resonances with hidden charm content.

hadron masses needs not exactly coincide with this heavy quark limit estimate.) Our model is not directly based on
exchange of vector mesons. Nevertheless, as commented above, we have verified that adding such suppression by hand
in the charm exchanging amplitudes does not have an impact on our results. Even a factor (My /Mp-)?, proposed in
the literature [68] has a very small effect in 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 564 irrep, which disappear due to the suppression of their dominant channel A.J /4.

V. CONCLUSIONS

In the present work we develop a model for the interaction of 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, besides 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 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
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 to count the expected number of bound states or resonances, and to classify them into
multiplets corresponding to the various symmetries. Taking the eigenvalues \'s as undetermined (free) parameters,
the results of Egs. (2.30), (2.35), (2.38) and (2.42), for the C =0, C = 1, C = 2 and C = 3 hidden charm sectors
respectively, are general. Indeed, these equations fixes the most general structure of eigenvalues that can be deduced
from SU(3) x HQSS. The rest of undetermined parameters, not fixed by this latter symmetry, accounts for non-
diagonal 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
Lagrangian form, for the charmless hidden-charm sector. This makes the HQSS of the model explicit and it allows to
compare 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. Actually, 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 82. Since the cc
pair can couple to spin S.; = 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 are originated from the
84 SF light configuration. 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
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average masses, because in this case they are originated from different SU(6) x HQSS representations. The A multiplet
coming from the (102)2,0 C 702 ¢ irrep is formed by 3 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)2,0 C 562, in the SU(6) limit. These two states are nearly degenerate, 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 cooperating to create them. Our states are much more lighter that those
predicted in the hidden-gauge scheme [74-76], though significantly less bound that the crypto-exotic 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.

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], specially for the lowest lying states.

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.
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Appendix A: Spin-flavor states

In this appendix we give details regarding the construction of the tensors M4z and BABY the SU(3) multiplets
Y%, 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} 1 Q}T Q]}i’ f =u,d,s,c. The concrete wave-

functions are those given in the Appendix A of [81] with the following modification: a minus sign is to be applied to
all 1/2% baryons, to all 0~ mesons except 7, 1’ and 7., and to ¢, w and J/v (denoted ¢ in [81]). No change of sign
is to be applied to 3/2% baryons, nor to 7, n’ and 7., nor to 1~ mesons (except ¢, w and J/v).

The states just defined are standard with respect to the flavor and spin-flavor groups conventions of [111]. In
particular they are SU(2) s, SU(2); standard and follow the convention of [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
[111] are given by:

7 )stan = [17) <SU< ). (A1)
7 )etan = f )+ g (SUW), (A2)
[Mestan = ——|77’>+\/i|nc> (SUM)). (43)

jws) = f ) + f [6)  (SU(3) and SU(4)), (Ad)

wi) = \/>Iw \/>|¢ (SU3)), (A5)

V3 - Sior+ o) (suG), (46)

¥) = —\/%|w>+\/g|¢>+\/§u/w> (SU(4)). (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 [81]). The left-hand sides contain

|wr)
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the standard or mathematical states used in [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 M4 p and BABC, M4y and BLBC, with good transformations properties, the
following procedure is used: For all flavors f = u,d,s,c, and for the various creation operators Q}T’ Q} v Q}T’ and

Q}J/, appearing in the wave-functions of the hadrons, the following replacements are to be applied:
T T T T T AT f2 T T
QfT - +Qf1a QfJ, - +Qf2a Qj} - _Q” ’ in - +Qf1 (AS)

Note i) the minus sign in Q}T’ and ii) for quarks, the labels 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 operators Qg, and Q4 for creation (and Q4, and Q. for annihilation),
carrying any of the eight labels A = ul,dl,sl,cl,u2,d2,s2,¢2. These operators transform under SU(8) in the way
indicated in Eq. (2.17).

The meson matrix is then obtained by replacing QMQ;f3 with M4 5 and expressing it in terms of meson operators
by inverting the wave-function equations. Similarly, for the baryons, QTAQTBQTC is replaced with BL geo and then
expressed in terms of baryon operators. The fields ®“ 5 (x) and BABC (x) of Section IIB are constructed in the usual
way from these annihilation and creation operators.

The SU(3) multiplets introduced in Section ITF are obtained as follows.

Aabe _ B(as1,b527053)3/2 (Ag)
Here A = asy, B = bsg, C' = cs3, with a,b,c € {u,d, s}, s1, 52,53 € {1,2}, and the notation (ABC)3/, indicates that

the spin part is coupled to J = 3/2 with 1 =1 and 2 =]. Besides we refer here to the (annihilation) operator; the
field Aﬁbc(x) is constructed out of it.

N, = \/gebch(aﬁ(CSzvdss)o)lm7 (A10)
Egb _ B((11817l782)1083)1/2,7 (A11)
E:ab — B((asl’b82)1C83)3/2,, (A12)

1
Soy = §€ach((bS17052)0083)1/27' (Al?))

For the mesons

D = M(a51csz)07 (A14>
D = —Ms (A15)
Ne = M(C51052)07 (A16)
Ty = =M (A17)

Recalling that Qfl = @y, and Qfg = —Qpy, it follows that M(“Slbsz)U = (M + M) /+/2, while ]\4(@81bsz)1
equals —M ™y, (MY, — M“ng)/\/i and M2, for J3 = +1,0, —1, respectively.

Finally, we remark that we systematically take the coupling of baryon and meson in the order |baryon) ® |meson),
rather than |meson) ® |baryon).

Appendix B: Baryon-meson matrix elements

The coeflicients D;;, appearing in Eq. (3.1), for the charmless (C' = 0) and strangeless (S = 0) sector are compiled
in this Appendix (Tables V, VI, VII, VIII, IX and X). In addition, we also provide here the corresponding coefficients

20 Note that |¢) of [81] corresponds to —|J/4) here, not to |¢) of [111] and of Eq. (AT).
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for the C' = 0 and S # 0 sectors (Tables XI, XII, XIII, XIV, XV, XVI XVII, XVIII, XIX, XX, XXI, XXII).
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TABLE V:C=0,8=0,1=1/2,J=1/2.

Nn. Ny AcD A.D* ¥.D ¥.D* ¥;D*
AD| V33 1 0 0 -V VB
AD* _@_@ 0 1-vV3 -2 -2
8 o N N S = RV RRVE
38 R R R L
MO 2ofi VB VRS g

TABLE VI: C =0, S =0, I =1/2, J = 3/2.

Ny A.D* ¥:D ©.D* :D*
N 0 V6 —v2 /2 /8
A.D* V6 1 —V/3 1 -5
Dl —v2 V3 -1 _\/g \/5

TABLE VIIL: C =0, S =0, I =3/2, J = 1/2.
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TABLEIX: C =0, S =0, [ =3/2, J =3/2.

Ane
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YiD
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An. Ay ¥:D %.D* ¥:D*
0 0 V3 -2 /5
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4 20
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TABLE X: C =0, S =0,1=3/2, J=5/2.

Ay $D*
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x:D*

0 V12
V12 4

TABLE VI: C =0, S=0,1=1/2, J =5/2.
2:D*
SEDA| =2
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TABLEXV: C=0,S=-1,T=1,J=3/2.
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TABLE XVI: C=0,S=-1,I=1,J=5/2.
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1/2, J = 3/2.
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