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Abstract
We present a coupled channel unitary approach to obtain states dynamically generated from

the meson baryon interaction with hidden charm, using constraints of heavy quark spin symmetry.

We use as basis of states, D̄B, D̄∗B states, with B baryon charmed states belonging to the 20

representations of SU(4) with JP = 1/2+, 3/2+. In addition we also include the ηcN and J/ψN

states. The inclusion of these coupled channels is demanded by heavy quark spin symmetry, since

in the large mQ limit the D and D∗ states are degenerate and are obtained from each other by

means of a spin rotation, under which QCD is invariant. The novelty in the work is that we use

dynamics from the extrapolation of the local hidden gauge model to SU(4) and we show that this

dynamics fully respects the constraints of heavy quark spin symmetry.

With the full space of states demanded by the heavy quark spin symmetry and the dynamics of

the local hidden gauge we look for states dynamically generated and find four basic states which

are bound, corresponding to D̄Σc, D̄Σ∗
c , D̄

∗Σc and D̄∗Σ∗
c , decaying mostly into ηcN and J/ψN .

All the states appear in isospin I = 1/2 and we find no bound states or resonances in I = 3/2.

The D̄Σc state appears in J = 1/2, the D̄Σ∗
c in J = 3/2, the D̄∗Σc appears nearly degenerate in

J = 1/2, 3/2 and the D̄∗Σ∗
c appears nearly degenerate in J = 1/2, 3/2, 5/2, with the peculiarity

that in J = 5/2 the state has zero width in the space of states chosen. All the states are bound

with about 50 MeV with respect to the corresponding D̄B thresholds and the width, except for

the J = 5/2 state, is also of the same order of magnitude.

PACS numbers: 11.80.Gw, 12.38.Gc, 12.39.Fe, 13.75.Lb
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I. INTRODUCTION

In this paper we investigate hidden charm baryons which come from the interaction of
mesons with baryons, with the system containing a cc̄ component. This can come from
pseudoscalar-baryon or vector-baryon interactions. In [1, 2] this problem was faced and,
mostly by means of the D̄Σc, D̄Λc and D̄

∗Σc, D̄
∗Λc components, a series of meson-baryon

dynamically generated, relatively narrow N∗ and Λ∗ resonances, were predicted around 4.3
GeV. The interaction used in [1, 2] was obtained from an extrapolation to SU(4), conve-
niently broken, of the local hidden gauge dynamics used for SU(3) [3–5].

The local hidden gauge model is dynamically very rich and is considered a good repre-
sentation of QCD at low energies. In the pseudoscalar sector it contains the lowest order
chiral Lagrangian [6, 7] and, in addition, the hidden gauge Lagrangian provides the interac-
tion between vectors and their coupling to pseudoscalars. It implements the vector meson
dominance hypothesis of Sakurai [8] and, within this assumption, it also provides the second
order Lagrangian for pseudoscalar-pseudoscalar interaction of [7], as shown in [9]. The use
of the local hidden gauge Lagrangian in connection with coupled channels and unitary tech-
niques provides a tool that allows to study vector meson interactions in the intermediate
energy range where the interaction itself gives rise to dynamically generated states. This
is the case for the ρρ interaction, from where one obtains the f2(1270) and f0(1370) reso-
nances [10] and its extension to the interactions of vectors of the ρ nonet [11], from where
a few more dynamically generated resonances are obtained, like the f0(1710), f

′
2(1525) and

K∗
2 (1430). The properties of the resonances obtained are shown to be consistent with the

radiative decay to two photons [12] and to two-photon and one photon-one vector meson in
[13]. Similarly, consistency with experiment has been shown in J/ψ → φ(ω)R [14], with R
any of the resonances of [11], and in J/ψ radiative decays in [15]. The extension of these
ideas to the charm and hidden charm sector have also shown that some of the excited D
states and X,Y,Z states recently reported could be explained in terms of molecules involving
mesons with charm [16–22].

The extension of the local hidden gauge approach to the baryon sector for the interaction
of vector mesons with baryons has also been tackled: the interaction of vector mesons with
the decuplet of baryons is studied in [23] and with the octet of baryons in [24]. In both cases
some dynamically generated resonances are obtained which can be associated to reported
resonances in the PDG [25]. One step forward in this direction is the consideration of vector-
baryon and pseudoscalar-baryon simultaneously in the interaction, which has been done in
[26]. A thorough work in this direction has also been done in [27–29]. A review of the hidden
gauge approach for vector-baryon and vector-nucleus interaction can be seen in [30].

Work in the charm sector for meson-baryon interaction has been done along different lines,
which share similarities with the local hidden gauge approach [31–34]. A different approach
is done in [35], where one uses the analogy of the work of the K̄N interaction and replaces
a s-quark by the c-quark. As mentioned in [36], while the potentials obtained are fine with
this prescription, in the coupled channel approach one is missing channels that mix charm
and strangeness in that approach. In [36, 37] the work of [31] is retaken and appropriate
modifications are done in the potentials and the regularization scheme. Similar work is also
done by the Jülich group in [38–40]. All these works share the dynamical generation of the
Λc(2595), which comes mostly from the interaction of the DN channel. Some hidden charm
baryonic state is also generated in [33], albeit with a binding of the order of 1000 MeV,
difficult to accommodate with the generated potentials as discussed in [1, 2].
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As we can see, the topic of baryonic molecules with charm and hidden charm has attracted
much attention, and the coming of the FAIR facility is certainly stimulating much work along
these lines. Yet, an element missing in principle in these works is the consideration of heavy
quark spin symmetry, which should be a good symmetry when working with mesons and
baryons with charm. From the point of view of Heavy Quark Spin Symmetry (HQSS), which
is a proper QCD spin-flavor symmetry [41–43] when the quark masses become much larger
than the typical confinement scale, ΛQCD, one should consider in the same footing D and
D∗ as well as charmed members of the 20 SU(4) representation of baryons containing the
octet of the proton and the 20 representation containing the decuplet of the ∆ when their
isospin and strange contents are the same. Work along these lines is done in [44–47]. In these
references, an extended Weinberg-Tomozawa (WT) interaction to four flavors is derived. The

model for four flavors includes all basic hadrons (pseudoscalar and vector mesons, and 1
2

+

and 3
2

+
baryons) and it reduces to the WT interaction in the sector where Goldstone bosons

are involved, while it incorporates HQSS in the sector where charm quarks participate.
Charmed and strange baryons are studied in [46], where among other results, a heavy-
quark spin symmetry doublet is associated to the tree stars Ξc(2790) and Ξc(2815) pair of
resonances. Moreover, the model derived in Ref. [46] also accommodates naturally the three
stars charmed resonances Λc(2595) and Λc(2625). The Λc(2595) was previously dynamically
generated in other schemes based on t-channel vector-meson-exchange models [33, 35–37],
but in [46], as first pointed out in [44], a large (dominant) ND∗ component in its structure
was claimed. This is in sharp contrast with the findings of the former references, where it
was generated mostly as one ND bound state, since the ND∗ channel was not considered
in the coupled channels space. The work of Ref. [48] takes advantage of the underlying
spin-flavor extended WT structure of the couplings of the model of Refs. [44, 46] and it is
used to study odd parity bottom-flavored baryon resonances by replacing a c−quark by a
b−quark.1 Two resonances Λb(5912) and Λb(5920), which are heavy quark spin symmetry
partners, are predicted in [48] and turn out to be in excellent agreement with the two
narrow baryon resonances with beauty recently observed by the LHCb Collaboration [49].
Finally, in [47] the model of Ref. [46] is extended to the hidden charm sector, subject of
the current work. Seven odd parity N−like and three ∆−like states with masses around 4
GeV, most of them as bound states, are predicted in [47]. These states form heavy-quark
spin multiplets, which are almost degenerate in mass. As we will discuss below, here we
will extend the hidden gauge approach, and the predictions found in this work will notably
differ from those obtained in [46] (we do not obtain any isospin 3/2 states, and the isospin
1/2 states are significantly heavier, in the region of 4.4 GeV). Besides the use of different
dynamics, both consistent as we shall see with the leading order HQSS requirements, the
scheme to renormalize the Bethe-Salpeter equation employed here is also quite different to
that advocated in [47], which for the case of the hidden charm sector leads to appreciable
differences. We will give some more details when our results will be presented.

However, the HQSS does not determine the potential, simply puts some constraints in
it, so the determination in the works of [44–48] is made assuming extra elements of SU(8)
spin-isospin symmetry. The work with baryons along these lines has run parallel to work in
the meson sector [50–54]. In these works, an Effective Field Theory (EFT) that implements
leading order (LO) HQSS constrains is constructed and its consequences are derived. Many
dynamically generated resonances are obtained as HQSS partners of theX(3872), Zb(10610),

1 The universality of the interactions of heavy quarks, regardless of their concrete (large) mass, flavor and

spin state, follows from QCD [41–43].
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and the Zb(10650), some of which can be associated to known resonances, but most are
predictions.

In the present work we come back to the local hidden gauge approach and introduce D∗

and the members of the 20-plet of the ∆, as demanded by HQSS, but the dynamics linking
the different pseudoscalar-baryon and vector-baryon states is taken from the hidden gauge
approach. We look again in the hidden charm baryon sector. What we find in the work is
that the matrix elements obtained with the dynamics of the local hidden gauge approach
respect the HQSS for the dominant terms in the mass of the heavy quarks, something that
was not known so far. Another of the findings is that, within this model, the transition from
D to D∗ states is subleading in the heavy quark mass counting, as well as the transition
from the 1/2+ baryons of the 20 representation to those of the 3/2+ 20 representation. In
this sense, the findings of the present work give extra support to earlier works using the
local hidden gauge approach where the different spaces were not allowed to connect. Yet, in
addition to the states obtained in [1, 2] from DB1/2+ and D∗B1/2+ , one obtains extra states
from the DB3/2+ and D∗B3/2+ , which will be reported here.

II. LOWEST ORDER HQSS CONSTRAINTS

HQSS predicts that all types of spin interactions vanish for infinitely massive quarks:
the dynamics is unchanged under arbitrary transformations of the spin of the heavy quark
(Q). The spin-dependent interactions are proportional to the chromomagnetic moment of
the heavy quark, and hence, they are of the order of 1/mQ. The total angular momentum
~J of the hadron is always a conserved quantity, but in this case the spin of the heavy quark
~SQ is also conserved in the mQ → ∞ limit. Consequently, the spin of the light degrees of

freedom ~Sl = ~J − ~SQ is a conserved quantity in that limit. Thus, heavy hadrons come in

doublets (unless sl = 0), containing states with total spin j± = sl±1/2 (with ~S2
l = sl(sl+1)

and J2 = j(j + 1)) obtained by combining the spin of the light degrees of freedom with
the spin of the heavy quark sQ = 1/2. These doublets are degenerate in the mQ → ∞
limit. This is the case for the ground state mesons D and D∗ or Ds and D∗

s which are
composed of a charm quark with sQ = 1/2 and light degrees of freedom with sl = 1/2,
forming a multiplet of negative parity hadrons with spin 0 and 1. The entire multiplet of
degenerate states should be treated in any HQSS inspired formalism as a single field that
transforms linearly under the heavy quark symmetries [42, 43]. For finite charm quark mass,
the pseudoscalar and vector D meson masses differ in about just one pion mass (actually
one has mD −mD∗ = O(1/(mD +mD∗))), even less for the strange charmed mesons, thus it
is reasonable to expect that the coupling DN → D∗N might play an important role. This
is indeed what happens when SU(8) symmetry is used [44, 46]. Conversely, we shall see that
with the local hidden gauge dynamics, the transition DN → D∗N , which is mediated by
pion exchange, is rather small and vanishes formally in the limit of zero difference between
the mass of the D and the D∗. Something similar occurs with the transition from the 1/2+

baryons to those with 3/2+. As a consequence, four diagonal blocks develop when the hidden
gauge dynamics is used while at the same time the relations due to heavy quark symmetry
are exactly fulfilled in each of the blocks. With a different dynamics than the one provided
by the SU(8) symmetry, the numerical results that we obtain are also different from those
obtained in [47] and we will make a discussion of these results in the present work.

We study baryons with hidden charm and I = 1/2, 3/2, J = 1/2, 3/2, 5/2. We take as
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coupled channels states with ηc, J/ψ and a N or a ∆, and states with D̄, D̄∗ and Λc, Σc

or Σ∗
c . For the different I, J quantum numbers we have the following space states.

1) J = 1/2, I = 1/2
ηcN, J/ψN, D̄Λc, D̄Σc, D̄

∗Λc, D̄
∗Σc, D̄

∗Σ∗
c .

2) J = 1/2, I = 3/2
J/ψ∆, D̄Σc, D̄

∗Σc, D̄
∗Σ∗

c .

3) J = 3/2, I = 1/2
J/ψN, D̄∗Λc, D̄

∗Σc, D̄Σ∗
c , D̄

∗Σ∗
c .

4) J = 3/2, I = 3/2
ηc∆, J/ψ∆, D̄

∗Σc, D̄Σ∗
c , D̄

∗Σ∗
c .

5) J = 5/2, I = 1/2
D̄∗Σ∗

c .

6) J = 5/2, I = 3/2
J/ψ∆, D̄∗Σ∗

c .

Attending to the spin quantum number we have thus 17 orthogonal states in the physical
basis. Next we will introduce a different basis, that we will call HQSS basis, for which it is
straightforward to implement the LO HQSS constraints. In the HQSS basis we will classify
the states in terms of the quantum numbers, J : total spin of the meson-baryon system, L:
total spin of the light quarks system, Scc̄: total spin of the cc̄ subsystem, ℓM : total spin of
the light quarks in the meson and ℓB: total spin of the light quarks in the baryon. Note
that we assume that all orbital angular momenta are zero, since we are dealing with ground
state baryons.

Thus, the 17 orthogonal states in the HQSS basis are given by

• |Scc̄ = 0, L = 1
2 ;J = 1

2

〉

(ℓM=0, ℓB= 1

2
)
, |Scc̄ = 0, L = 1

2 ;J = 1
2

〉

(ℓM=1/2, ℓB=0)
,

|Scc̄ = 0, L = 1
2 ;J = 1

2

〉

(ℓM=1/2, ℓB=1)

• |Scc̄ = 1, L = 1
2 ;J = 1

2

〉

(ℓM=0, ℓB= 1

2
)
, |Scc̄ = 1, L = 1

2 ;J = 1
2

〉

(ℓM=1/2, ℓB=0)
,

|Scc̄ = 1, L = 1
2 ;J = 1

2

〉

(ℓM=1/2, ℓB=1)

• |Scc̄ = 1, L = 1
2 ;J = 3

2

〉

(ℓM=0, ℓB= 1

2
)
, |Scc̄ = 1, L = 1

2 ;J = 3
2

〉

(ℓM=1/2, ℓB=0)
,

|Scc̄ = 1, L = 1
2 ;J = 3

2

〉

(ℓM=1/2, ℓB=1)

• |Scc̄ = 0, L = 3
2 ;J = 3

2

〉

(ℓM=0, ℓB= 3

2
)
, |Scc̄ = 0, L = 3

2 ;J = 3
2

〉

(ℓM=1/2, ℓB=1)

• |Scc̄ = 1, L = 3
2 ;J = 1

2

〉

(ℓM=0, ℓB= 3

2
)
, |Scc̄ = 1, L = 3

2 ;J = 1
2

〉

(ℓM=1/2, ℓB=1)

• |Scc̄ = 1, L = 3
2 ;J = 3

2

〉

(ℓM=0, ℓB= 3

2
)
, |Scc̄ = 1, L = 3

2 ;J = 3
2

〉

(ℓM=1/2, ℓB=1)

• |Scc̄ = 1, L = 3
2 ;J = 5

2

〉

(ℓM=0, ℓB= 3

2
)
, |Scc̄ = 1, L = 3

2 ;J = 5
2

〉

(ℓM=1/2, ℓB=1)
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The approximate HQSS of QCD leads (neglecting O(ΛQCD/mQ) corrections) to important
simplifications when the HQSS basis is used:

(ℓ′
M

,ℓ′
B
)

〈

S ′
cc̄, L′; J ′, α′|HQCD|Scc̄, L; J, α

〉

(ℓM ,ℓB)

= δαα′δJJ ′δS′

cc̄Scc̄
δLL′

〈

ℓ′Mℓ
′
BL;α||HQCD||ℓMℓBL;α

〉

,
(1)

where α stands for other quantum numbers (isospin and hypercharge), which are conserved
by QCD. Note that the reduced matrix elements do not depend on Scc̄, because QCD
dynamics is invariant under separate spin rotations of the charm quark and antiquark. Thus,
one can transform a cc̄ spin singlet state into a spin triplet state by means of a rotation that
commutes with HQCD, i.e. a zero cost of energy. Thus, in a given α sector, we have a total
of nine unknown low energy constants (LEC’s):

• Three LEC’s associated to L = 3/2

λα1 =
〈

ℓ′M = 0, ℓ′B =
3

2
, L = 3/2;α||HQCD||ℓM = 0, ℓB =

3

2
, L = 3/2;α

〉

(2)

λα2 =
〈

ℓ′M = 1/2, ℓ′B = 1, L = 3/2;α||HQCD||ℓM = 1/2, ℓB = 1, L = 3/2;α
〉

(3)

λα12 =
〈

ℓ′M = 0, ℓ′B =
3

2
, L = 3/2;α||HQCD||ℓM = 1/2, ℓB = 1, L = 3/2;α

〉

(4)

• Six LEC’s associated to L = 1/2

µα
1 =

〈

ℓ′M = 0, ℓ′B =
1

2
, L = 1/2;α||HQCD||ℓM = 0, ℓB =

1

2
, L = 1/2;α

〉

(5)

µα
2 =

〈

ℓ′M = 1/2, ℓ′B = 0, L = 1/2;α||HQCD||ℓM = 1/2, ℓB = 0, L = 1/2;α
〉

(6)

µα
3 =

〈

ℓ′M = 1/2, ℓ′B = 1, L = 1/2;α||HQCD||ℓM = 1/2, ℓB = 1, L = 1/2;α
〉

(7)

µα
12 =

〈

ℓ′M = 0, ℓ′B =
1

2
, L = 1/2;α||HQCD||ℓM = 1/2, ℓB = 0, L = 1/2;α

〉

(8)

µα
13 =

〈

ℓ′M = 0, ℓ′B =
1

2
, L = 1/2;α||HQCD||ℓM = 1/2, ℓB = 1, L = 1/2;α

〉

(9)

µα
23 =

〈

ℓ′M = 1/2, ℓ′B = 0, L = 1/2;α||HQCD||ℓM = 1/2, ℓB = 1, L = 1/2;α
〉

(10)

This means that in the HQSS basis, the HQCD is a block diagonal matrix, i.e, up to
O(ΛQCD/mQ) corrections, HQCD = Diag(µα, µα, µα, λα, λα, λα, λα), where µα and λα are
symmetric matrices of dimension 3 and 2, respectively.

To exploit Eq. (1), one should express hidden charm uncoupled meson–baryon states in
terms of the HQSS basis. For those states composed of hidden charm mesons (ℓM = 0) the
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relations are trivial,

|ηcN ; J =
1

2

〉

= |Scc̄ = 0, L =
1

2
; J =

1

2

〉

(ℓM=0, ℓB= 1

2
)

(11)

|ηc∆; J =
3

2

〉

= |Scc̄ = 0, L =
3

2
; J =

3

2

〉

(ℓM=0, ℓB= 3

2
)

(12)

|JΨN ; J =
1

2

〉

= |Scc̄ = 1, L =
1

2
; J =

1

2

〉

(ℓM=0, ℓB= 1

2
)

(13)

|JΨN ; J =
3

2

〉

= |Scc̄ = 1, L =
1

2
; J =

3

2

〉

(ℓM=0, ℓB= 1

2
)

(14)

|JΨ∆; J =
1

2

〉

= |Scc̄ = 1, L =
3

2
; J =

1

2

〉

(ℓM=0, ℓB= 3

2
)

(15)

|JΨ∆; J =
3

2

〉

= |Scc̄ = 1, L =
3

2
; J =

3

2

〉

(ℓM=0, ℓB= 3

2
)

(16)

|JΨ∆; J =
5

2

〉

= |Scc̄ = 1, L =
3

2
; J =

5

2

〉

(ℓM=0, ℓB= 3

2
)

(17)

while for the other states, one needs to use 9-j symbols.

The 9-j symbols are used to relate two basis where the angular momentums are coupled

in a different way. Taking two particles with ~l1, ~s1 and ~l2, ~s2, we can combine them to ~j1, ~j2
and finally ~j1, ~j2 to total ~J . Alternatively we can couple ~l1, ~l2 to ~L, ~s1, ~s2 to ~S, and then
~L, ~S to total ~J . These two bases are related as [55]

|l1s1j1; l2s2j2; JM
〉

=
∑

S,L

[(2S + 1)(2L+ 1)(2j1 + 1)(2j2 + 1)]1/2

×







l1 l2 L
s1 s2 S
j1 j2 J







|l1l2L; s1s2S; JM
〉

,

(18)

where the symbol {} stands for the 9-j coefficients.

As an example take a meson(M)-baryon(B) state of the type D̄(∗)Bc and look at the
recombination scheme on Fig. 1. Thus in this case we have the correspondence,

generic: l1 l2 s1 s2 j1 j2 L S J

HQSS: ℓM(
1

2
) ℓB

1

2

1

2
JM(0, 1) JB(

1

2
,
3

2
) L Scc̄ J(

1

2
,
3

2
,
5

2
) .

with JM and JB the total spin of the meson and baryon respectively. Then one easily finds:
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c̄ u c u d

s1 l1 s2 l2

j1 j2

S L

FIG. 1. Diagrams for the 9-j coefficients evaluation.

• J = 1/2

|D̄Λc

〉

=
1

2
|Scc̄ = 0, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=0)

+

√
3

2
|Scc̄ = 1, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=0)
(19)

|D̄Σc

〉

=
1

2
|Scc̄ = 0, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)
− 1

2
√
3
|Scc̄ = 1, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)

+

√

2

3
|Scc̄ = 1, L =

3

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)
(20)

|D̄∗Λc

〉

=

√
3

2
|Scc̄ = 0, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=0)

− 1

2
|Scc̄ = 1, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=0)
(21)

|D̄∗Σc

〉

= − 1√
12

|Scc̄ = 0, L =
1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)
+

5

6
|Scc̄ = 1, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)

+

√
2

3
|Scc̄ = 1, L =

3

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)
(22)

|D̄∗Σ∗
c

〉

=
2√
6
|Scc̄ = 0, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)
+

√
2

3
|Scc̄ = 1, L =

1

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)

− 1

3
|Scc̄ = 1, L =

3

2
; J =

1

2

〉

(ℓM=1/2, ℓB=1)
(23)
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• J = 3/2

|D̄∗Λc

〉

= |Scc̄ = 1, L =
1

2
; J =

3

2

〉

(ℓM=1/2, ℓB=0)
(24)

|D̄∗Σc

〉

= − 1√
3
|Scc̄ = 0, L =

3

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)
+

1

3
|Scc̄ = 1, L =

1

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)

+

√
5

3
|Scc̄ = 1, L =

3

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)
(25)

|D̄Σ∗
c

〉

=
1

2
|Scc̄ = 0, L =

3

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)
− 1√

3
|Scc̄ = 1, L =

1

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)

+

√

5

12
|Scc̄ = 1, L =

3

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)
(26)

|D̄∗Σ∗
c

〉

=

√

5

12
|Scc̄ = 0, L =

3

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)
+

√
5

3
|Scc̄ = 1, L =

1

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)

+
1

6
|Scc̄ = 1, L =

3

2
; J =

3

2

〉

(ℓM=1/2, ℓB=1)
(27)

• J = 5/2

|D̄∗Σ∗
c

〉

= |Scc̄ = 1, L =
3

2
; J =

5

2

〉

(ℓM=1/2, ℓB=1)
(28)

Ignoring hidden strange channels, we find the following interactions for each sector (these
are the most general interactions compatible with HQSS):
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• J = 1/2, I = 1/2

ηcN JΨN D̄Λc D̄Σc D̄∗Λc D̄∗Σc D̄∗Σ∗
c



























































µ1 0 µ12

2
µ13

2

√
3µ12

2
− µ13

2
√
3

√

2
3
µ13

0 µ1

√
3µ12

2
− µ13

2
√
3

−µ12

2
5µ13

6

√
2µ13

3

µ12

2

√
3µ12

2
µ2 0 0 µ23√

3

√

2
3
µ23

µ13

2
− µ13

2
√
3

0 1
3
(2λ2 + µ3)

µ23√
3

2(λ2−µ3)

3
√
3

1
3

√

2
3
(µ3 − λ2)

√
3µ12

2
−µ12

2
0 µ23√

3
µ2 −2µ23

3

√
2µ23

3

− µ13

2
√
3

5µ13

6
µ23√
3

2(λ2−µ3)

3
√
3

−2µ23

3
1
9
(2λ2 + 7µ3)

1
9

√
2(µ3 − λ2)

√

2
3
µ13

√
2µ13

3

√

2
3
µ23

1
3

√

2
3
(µ3 − λ2)

√
2µ23

3
1
9

√
2(µ3 − λ2)

1
9
(λ2 + 8µ3)



























































I=1/2

(29)

• J = 1/2, I = 3/2

JΨ∆ D̄Σc D̄∗Σc D̄∗Σ∗
c



























λ1

√

2
3
λ12

√
2λ12

3
−λ12

3

√

2
3
λ12

1
3
(2λ2 + µ3)

2(λ2−µ3)

3
√
3

1
3

√

2
3
(µ3 − λ2)

√
2λ12

3
2(λ2−µ3)

3
√
3

1
9
(2λ2 + 7µ3)

1
9

√
2(µ3 − λ2)

−λ12

3
1
3

√

2
3
(µ3 − λ2)

1
9

√
2(µ3 − λ2)

1
9
(λ2 + 8µ3)



























I=3/2

(30)
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• J = 3/2, I = 1/2

JΨN D̄∗Λc D̄∗Σc D̄Σ∗
c D̄∗Σ∗

c



































µ1 µ12
µ13

3
−µ13√

3

√
5µ13

3

µ12 µ2
µ23

3
−µ23√

3

√
5µ23

3

µ13

3
µ23

3
1
9
(8λ2 + µ3)

λ2−µ3

3
√
3

1
9

√
5(µ3 − λ2)

−µ13√
3

−µ23√
3

λ2−µ3

3
√
3

1
3
(2λ2 + µ3)

1
3

√

5
3
(λ2 − µ3)

√
5µ13

3

√
5µ23

3
1
9

√
5(µ3 − λ2)

1
3

√

5
3
(λ2 − µ3)

1
9
(4λ2 + 5µ3)



































I=1/2

(31)

• J = 3/2, I = 3/2

ηc∆ JΨ∆ D̄∗Σc D̄Σ∗
c D̄∗Σ∗

c





































λ1 0 −λ12√
3

λ12

2
1
2

√

5
3
λ12

0 λ1
√
5λ12

3
1
2

√

5
3
λ12

λ12

6

−λ12√
3

√
5λ12

3
1
9
(8λ2 + µ3)

λ2−µ3

3
√
3

1
9

√
5(µ3 − λ2)

λ12

2
1
2

√

5
3
λ12

λ2−µ3

3
√
3

1
3
(2λ2 + µ3)

1
3

√

5
3
(λ2 − µ3)

1
2

√

5
3
λ12

λ12

6
1
9

√
5(µ3 − λ2)

1
3

√

5
3
(λ2 − µ3)

1
9
(4λ2 + 5µ3)





































I=3/2

(32)

• J = 5/2, I = 1/2

D̄∗Σ∗
c

(

λ2
)

I=1/2
(33)

• J = 5/2, I = 3/2

JΨ∆ D̄∗Σ∗
c





λ1 λ12

λ12 λ2





I=3/2

(34)
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We should stress, once more, that µ and λ depend on isospin, and thus those LEC’s
corresponding to I = 1/2 are not the same as those corresponding to I = 3/2. Though,
they can be related using SU(3) flavor symmetry.

There is a total of 7 (6µ′s and λ2) independent LEC’s for I = 1/2, while for I = 3/2, we
have 4 (3λ′s and µ3) LEC’s. Thus, when one neglects open and hidden strange channels, we
have a total of 11 LEC’s. The extension of the WT model, using SU(8) spin-flavor symmetry
[47], provides predictions for all these LEC’s. Namely,2

I = 1/2 → µ1 = 0, µ2 = µ3 = 1, µ12 = −µ13 =
√
6, µ23 = −3, λ2 = −2; (35)

I = 3/2 → µ3 = −2, λ1 = 0, λ12 = 2
√
3, λ2 = 4, (36)

up to an overall 1
4f2 (k

0+k′0) factor, being k0 and k′0 the center mass energies of the incoming

and outgoing mesons. The extension of the local hidden gauge approach to the charm sector
provides different values, as we discuss below.

Note that in [47] (Sec. II.F) the 12 most general operators allowed by SU(3)×HQSS in
the hidden charm baryon-meson sector were already given. Moreover, the reduction of these
Lagrangians when no strangeness is involved was also discussed. In this latter case, there
are 11 independent couplings, which determine the 11 LEC’s (µ′s and λ′s) introduced in
Eqs. (29−34).

III. BRIEF DESCRIPTION OF THE LOCAL HIDDEN GAUGE FORMALISM

We summarize the formalism of the hidden gauge interaction for vector mesons which we
take from [3, 4] (see also useful Feynman rules in [56]) extended to SU(4). The Lagrangian
accounting for the interaction of vector mesons amongst themselves is given by

LIII = −1

4
〈VµνV µν〉 , (37)

where the 〈〉 symbol represents the trace in the SU(4) space and Vµν is given by

Vµν = ∂µVν − ∂νVµ − ig[Vµ, Vν ] , (38)

with the coupling of the theory given by g = MV

2f
where f = 93 MeV is the pion decay

constant. The magnitude Vµ is the SU(4) matrix of the vectors of the meson 15-plet +
singlet, given by [57]

Vµ =























ρ0√
2
+ ω√

2
ρ+ K∗+ D̄∗0

ρ− − ρ0√
2
+ ω√

2
K∗0 D∗−

K∗− K̄∗0 φ D∗−
s

D∗0 D∗+ D∗+
s J/ψ























µ

. (39)

2 We thank L. L. Salcedo.
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B B

P P

V(q)

[a]

B B

V V

V(q)

[b]

FIG. 2. Diagrams obtained in the effective chiral Lagrangians for interaction of pseudoscalar [a] or

vector [b] mesons with the octet or decuplet of baryons.

The interaction of LIII provides a contact term which comes from [Vµ, Vν ][Vµ, Vν ]

L(c)
III =

g2

2
〈VµVνV µV ν − VνVµV

µV ν〉 , (40)

as well as to a three vector vertex from

L(3V )
III = ig〈(∂µVν − ∂νVµ)V

µV ν〉 = ig〈(V µ∂νVµ − ∂νVµV
µ)V ν〉 . (41)

It is worth recalling the analogy with the coupling of vectors to pseudoscalars given in
the same formalism by

LV PP = −ig 〈[P, ∂µP ]V µ〉, (42)

where P is the SU(4) matrix of the pseudoscalar fields,

P =













π0
√
2
+ η8√

6
+ η̃c√

12
+ η̃′c√

4
π+ K+ D̄0

π− − π0
√
2
+ η8√

6
+ η̃c√

12
+ η̃′c√

4
K0 D−

K− K̄0 −2η8√
6

+ η̃c√
12

+ η̃′c√
4

D−
s

D0 D+ D+
s − 3η̃c√

12
+ η̃′c√

4













. (43)

where η̃c stands for the SU(3) singlet of the 15th SU(4) representation and we denote η̃′c for
the singlet of SU(4) (see quark content in [2]). The physical ηc can be written as [2]

ηc =
1

2
(−

√
3η̃c + η̃′c) . (44)

The philosophy of the local hidden gauge in the meson-baryon sector is that the interac-
tion is driven by the exchange of vector mesons, as depicted in Fig. 2. Eqs. (41) and (42)
provide the upper vertex of these Feyman diagrams. It was shown in [24] that the vertices of
Eq. (41) and Eq. (42) give rise to the same expression in the limit of small three momenta
of the vector mesons compared to their mass, a limit which is also taken in our calculations.
This makes the work technically easy and it allows the use of many previous results.

The lower vertex when the baryons belong to the octet of SU(3) is given in terms of the
Lagrangian [58, 59]

LBBV =
g

2

(

〈B̄γµ[V µ, B]〉+ 〈B̄γµB〉〈V µ〉
)

, (45)

where B is now the SU(3) matrix of the baryon octet [60, 61]. Similarly, one has also a
Lagrangian for the coupling of the vector mesons to the baryons of the decuplet, which can
be found in [62].
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In the charm sector the lower vertex V BB does not have such a simple representation
as in SU(3) and in practice one evaluates the matrix elements using SU(4) symmetry by
means of Clebsch-Gordan coefficients and reduced matrix elements. This is done in [1, 2] (a
discussion on the accuracy of the SU(4) symmetry is done there). Since the 20 representation
for baryon states of 3/2+ is not considered there, we must consider these matrix elements here
too. Once again one uses SU(4) symmetry for this vertex to evaluate the matrix elements, as
done in [1, 2]. Alternatively, one can use results of SU(3) symmetry substituting a s quark
by a c quark, or make evaluations using wave functions of the quark model [63], substituting
the s quark by the c quark.

The γµ matrix of the V BB vertex (see Eq. (45)) gets simplified in the approach, where
we neglect the three momenta versus the mass of the particles (in this case the baryon).
Thus, only the γ0 becomes relevant, which can be taken as unity within the baryon states
of positive energy that we consider. Then the transition potential corresponding to the
diagram of Fig. 2(b) is given by

Vij = −Cij
1

4f 2
(k0 + k′0) ~ǫ ~ǫ ′, (46)

where k0, k′0 are the energies of the incoming and outgoing vector mesons, and Cij numerical
coefficients evaluated as described above. The expression is the same for the pseudoscalar
baryon matrix elements for the same quark content of pseudoscalar and vector mesons,
omitting the ~ǫ ~ǫ ′ factor.

The scattering matrix is evaluated by solving the coupled channels Bethe-Salpeter equa-
tion in the on shell factorization approach of [64–66]

T = [1− V G]−1 V, (47)

with G being the loop function of a meson and a baryon, which we calculate in dimensional
regularization using the formula of [65] and similar values for the subtraction constants.

The iteration of diagrams produced by the Bethe Salpeter equation in the case of the
vector mesons keeps the ~ǫ ~ǫ ′ factor in each of the terms. Hence, the factor ~ǫ ~ǫ ′ appearing in
the potential V factorizes also in the T matrix for the external vector mesons. A consequence
of this is that the interaction is spin independent and one finds degenerate states having
JP = 1/2− and JP = 3/2−.

In the present work, in the spirit of the heavy quark symmetry, we shall include in the
coupled channels dynamics, the pseudoscalars, vectors, baryons of spin J = 1/2 and baryons
of J = 3/2 using the matrices of Eqs. (29−34).

IV. EVALUATION OF THE HQSS LEC’S IN THE LOCAL HIDDEN GAUGE

APPROACH

Let us examine first the I = 1/2 sector. As an example let us take D̄Λc → D̄Λc and
D̄∗Λc → D̄∗Λc. These two interactions are equal as we discussed. This is in agreement with
the general HQSS constraints explicited in Eq. (29) for J = 1/2 and I = 1/2, where both
matrix elements are equal to the LEC’s µ2, and it is also consistent with the diagonal D̄∗Λc

entry in Eq. (31) (J = 3/2, I = 1/2). So we see that the HQSS is respected there by the
local hidden gauge results. In addition the interactions of D̄Σc → D̄Σc and D̄

∗Σc → D̄∗Σc
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N N N N

ηc ηc J/ψ J/ψ

FIG. 3. Diagrams for the ηcN → ηcN and J/ψN → J/ψN interactions. No vector meson

exchanged is allowed.

N Λc N Σc

ηc D̄ ηc D̄ ηc

N

D̄∗

Λc

DD∗D∗

a) b) c)

FIG. 4. Diagrams for the ηcN → D̄Λc, D̄Σc, D̄
∗Λc interaction.

are also equal. This does not contradict Eqs. (29) and (31), it simply forces

1

3
(2λ2 + µ3) =

1

9
(2λ2 + 7µ3), (48)

which has as a solution,
λ2 = µ3. (49)

This has as a consequence that the matrix element of D̄∗Σ∗
c → D̄∗Σ∗

c is also equal to λ2. The
evaluation of this later matrix element using SU(4) Clebsch-Gordan coefficients also tells us
that this matrix element is the same as the one of D̄∗Σc → D̄∗Σc. Once again we can see
that the constraints of HQSS are fulfilled by the hidden gauge formalism, only that it gives
us λ2 = µ3, which is a result different to the one obtained in the approach of [47].

Let us look at the coefficients µ1. It is related to the ηcN → ηcN or J/ψN → J/ψN
matrix elements. In this case with the diagram of Fig. 3, since ηc or J/ψ have cc̄, there is
no vector that can be exchanged in Fig. 3 and hence this leads to

µ1 = 0. (50)

This also occurs in the approach of [47] and it is a consequence of the OZI rule, that
is implemented in both schemes. Let us now look at the µ12 parameter. This enters in
ηcN → D̄Λc transition which is depicted the diagram of Fig. 4 a). Within the hidden
gauge model, the diagram forces the exchange of a D∗ and is subleading in the mQ counting
(O(m−2

Q )). In the limit of mQ → ∞ this term would vanish. We, however, keep it and take
it from [1, 2]. Yet, because it is subleading we shall not expect the LO HQSS restrictions to
hold. We also evaluate the diagram of Fig. 4 b), and using again SU(4) symmetry for the
D∗NΣc vertex (see [1, 2]) we find that

µ13

2
= −µ12

2
⇒ µ13 = −µ12, (51)
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Λc Λc Λc Σc

D D∗ D D∗

ππ

a) b)

FIG. 5. Diagrams for the pion exchange in the transition of D, D∗.

which also occurs in [47].
As to the transition from ηcN → D̄∗Λc, they are mediated by the exchange of a D meson,

see Fig. 4 c). This term is doubly suppressed because of the D propagator and because of
the Yukawa coupling, ~σ · ~q, in DNΛc vertex, where the three momentum is small compared
with mD. In Eq. (29) we see that this term is proportional to µ12, showing again that
the LO HQSS constraints does not hold for these subleading terms in the mQ counting.
In practice keeping this term, and those for ηcN → D̄∗Σc, D̄

∗Σ∗
c or ignoring them has no

practical repercussion on the final results.

A. Transition from D, D∗

With the dynamics of the local hidden gauge approach only the pion exchange in the
t-channel is allowed in this case, see Fig. 5. The DΛc → D∗Λc transition is zero because the
π exchange is zero in πΛcΛc vertex. This agrees with the result of the matrix of Eqs. (29),
(31) and (33). However the transition DΛc → D∗Σc is not null and we evaluate it here.

The πΛcΣc vertex can be obtained by analogy to the πΛΣ vertex in SU(3) (exchanging
c and s quark) and using the Lagrangian,

L =
1

2
D〈B̄γµγ5{uµ, B}〉+ 1

2
F 〈B̄γµγ5[uµ, B]〉, (52)

where uµ = iu†∂µUu
†, u2 = U = ei

√
2φ/f with D = 0.80, F = 0.46 from [67]. The DD∗π

vertex is evaluated from Eq. (42). We find at the end projecting over s-wave,

− it =
1√
6

MV

2f

2

5

D + F

2f
~q 2 ~σ · ~ǫ i

q0 2 − ~q 2 −m2
π

, (53)

with ~q the momentum transfer.
One can also prove that the matrix element of ~σ · ~ǫ is

√
3 [26]. If we compare this

contribution of this diagram with that of the DΛc → DΛc transition from [1, 2], we find
a contribution of the order of 7%. If one looks at diagonal matrix elements in the final
scattering T-matrix, the non diagonal terms of the transition potentials come squared and
then we can safely neglect this contribution. Thus we take

µ23 = 0. (54)
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∆ Σc

J/ψ D̄

D

FIG. 6. Diagrams for the J/ψ∆ → D̄Σc interaction.

Note that the transitions D̄Σc → D̄∗Σc, D̄
∗Σ∗

c also require the pion exchange and should
be taken zero. This is consistent with the matrix of Eq. (29) since these matrix elements
are proportional to λ2 − µ3 but we saw before that λ2 = µ3.

When evaluating the pion exchange mechanism in the V B → V B transition one has
to consider the equivalent contact term that in the case of γN → πN scattering is known
as the Kroll Ruderman term. Explicit expressions to obtain it can be found from [26–29]
and is of the same order of magnitude as the pion exchange term, with usually destructive
interference. We do not need to evaluate it explicitly here because the important point is
that, as Eq. (53), it is of order O(1) in the mQ counting for the field theoretical potential,
which implies O(m−1

Q ) for the ordinary potential of Quantum Mechanics, as we shall see in
the next section.

With this exercise we have proved that the dynamics of the local hidden gauge approach
is fully consistent with the HQSS requirements for the matrix of Eq. (29). The values for
the parameters that we obtain from [1, 2], together with those determined here, are

µ2 =
1

4f 2
(k0 + k′0),

µ3 = − 1

4f 2
(k0 + k′0),

µ12 = −
√
6

m2
ρ

p2D∗ −m2
D∗

1

4f 2
(k0 + k′0),

µ1 = 0,

µ23 = 0,

λ2 = µ3,

µ13 = −µ12.

(55)

µ12 is small, of the order of 15%. But we keep it since this term is the only one that allows
the scattering ηcN → ηcN (J/ψN → J/ψN) through intermediate inelastic states.

The matrix of Eq. (30) for J = 1/2 and I = 3/2 is equally analyzed. We find

λ1 = 0. (56)

Then λ12 is also suppressed since it requires again the exchange of a D meson, see Fig. 6.
Once again, since the D̄Σc → D̄Σc transition is equivalent to D̄∗Σc → D̄∗Σc. This implies
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that
1

3
(2λ2 + µ3) =

1

9
(2λ2 + 7µ3), (57)

from where we conclude again that
λ2 = µ3. (58)

Once again the D̄Σc → D̄∗Σc, D̄Σ∗
c transitions involve pion exchange and we find them

negligible, which is compatible with the HQSS requirement since µ3 − λ2 = 0. The values
that we obtain with this isospin combination are

λ12 = 3
√
3

m2
ρ

p2D∗ −m2
D∗

1

4f 2
(k0 + k′0),

µ3 = 2
1

4f 2
(k0 + k′0),

λ2 = µ3,

λ1 = 0.

(59)

For Eq. (31) (J = 3/2, I = 1/2) since our interaction is spin independent for PB → PB
and of the type ~ǫ ~ǫ ′ for V B → V B, then the coefficients are the same as those for Eq. (29)
(J = 1/2, I = 1/2), given in Eq. (55).

The same can be said for the matrix of Eq. (32) with respect to the one of Eq. (30),
which are given in Eq. (59).

As to Eq. (33), once again D̄∗Σ∗
c → D̄∗Σ∗

c has the same matrix element as D̄∗Σ∗
c → D̄∗Σ∗

c

of Eq. (29) and, indeed, since λ2 = µ3,
1
9
(λ2 + 8µ3) = λ2, which is given in Eq. (55).

Finally in Eq. (34) λ1 = 0 for us and λ2, λ12 the same as those given in Eq. (59)(I = 3/2).

V. HEAVY QUARK SPIN SYMMETRY IN THE SU(4) EXTENDED HIDDEN

GAUGE APPROACH

The origin of the heavy quark spin symmetry in this case is easy to trace. The PB → PB
transitions have no spin dependence. Also, under the approximation that ~q/MD, ~q/MD∗ are
negligible (consistent with the heavy quark symmetry), the V B → V B interaction has the
trivial ~ǫ ~ǫ ′ dependence and no spin dependence of the baryons which also leads to spin
independence. Also up to the trivial ~ǫ ~ǫ ′ factor the D̄∗B → D̄∗B interaction is the same as
the one for D̄B → D̄B.

Heavy quark symmetry also implies that in leading order the potential is independent of
the flavour of the heavy quarks in the limit of mQ → ∞. This is also accomplished by the
dynamics of the local hidden gauge approach. This might be surprising since, as seen in Eq.
(46), the potential goes like the sum of the energies of the mesons. This obviously grows
from the strange to the charm and then to the bottom sector. However, this is the potential
in the field theoretical approach. To have an idea of the strength of the interaction one
has to converts this into the ordinary potential that appears in the Schrödinger equation of
Quantum Mechanics. This is done in [68] (Eq. (68) of that reference).

Because of the normalization of the field (
√

2MB

2EB
for baryons and 1√

2ωM
for mesons) we

have

V FT =
32π3

2MB

√
s µ vQM , (meson-baryon) (60)
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where µ is the reduced mass of the system,MBmD/(MB+mD). Considering that the leading
potentials go as k0 + k′0, we find that

vQM ∼
(1 + MB

mD
)2

1
2
+ MB

mD
+

M2
B

2m2
D

∼ O(m0
Q), (61)

which goes as O(1) in powers of mD, both if MB is a nucleon or if MB is one charmed
baryon.

Incidentally, in the case of meson-meson interaction the formula is

V FT = 32π3
√
s µ vQM , (meson-meson) (62)

Here the interaction in field theory goes as V FT ∼ (k0+k′0)(p0+ p′0) since both meson lines
are linked by a vector meson and we have the (k0 + k′0) in each vertex. In this case we also
find immediately that V QM ∼ O(1). This means that the extrapolation of the rules of the
hidden gauge to SU(4) or even to the bottom sector are strictly fulfilling the rules of LO
HQSS. This would justify the work of [69], where a direct extrapolation of the work [1, 2] to
the beauty sector is done, or of [48], where a direct extrapolation of the Weinberg-Tomozawa
term is taken also in the beauty sector.

VI. RESULTS AND DISCUSSION

We use the Bethe-Salpeter equation of Eq. (47) in coupled channels to evaluate the
scattering amplitudes. We need the G function, loop function of meson-baryon interaction,
for which we take the usual dimensional regularization formula [65]

G(s) = i

∫

d4q

(2π)4
2MB

(P − q)2 −M2
B + iε

1

q2 −M2
P + iε

, (63)

=
2MB

16π2

{

aµ + ln
M2

B

µ2
+
M2

P −M2
B + s

2s
ln
M2

P

M2
B

+
qcm√
s

[

ln(s− (M2
B −M2

P ) + 2qcm
√
s) + ln(s+ (M2

B −M2
P ) + 2qcm

√
s)

−ln(−s− (M2
B −M2

P ) + 2qcm
√
s)− ln(−s+ (M2

B −M2
P ) + 2qcm

√
s)
]}

, (64)

where q is the four-momentum of the meson, qcm the three-momentum of the particle in the
center mass frame, and P is the total four-momentum of the meson and the baryon, thus,
s = P 2. This formula avoids an undesired behaviour at large energies when one uses a cut
off method with a small cut off [70]. As done in [1, 2], we take µ = 1000 MeV, a(µ) = −2.3
for the parameters in Eq. (64), which are the only free parameters in our present study. We
solve the Bethe-Salpeter equation of Eq. (47) in coupled channels and look for poles in the
second Riemann sheet when there are open channels, or in the first Riemann sheet when
one has stable bound states (see [2, 71] for details).

Let
√
sp be the complex energy where a pole appears. Close to a pole the amplitude

behaves as

Tij =
gigj√
s−√

sp
. (65)
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FIG. 7. The results of the J = 1/2, I = 3/2 sector. (a): The squared amplitudes of three channels

except for J/ψ∆ channel. (b): The real parts of G function in D̄∗Σ∗
c channel.

where gi is the coupling of the resonance to the i channel. As one can see in Eq. (65), gigj
is the residue of Tij at the pole. For a diagonal transitions we have

g2i = lim√
s→√

sp
Tii (

√
s−√

sp). (66)

The determination of the couplings gives as an idea of the structure of the states found,
since according to [68, 72], the couplings are related to the wave function at the origin for
each channel.

Let us begin with the J = 1/2, I = 3/2 sector. We can see in the Eq. (59) that the large
potentials are repulsive. So, we should not expect any bound states or resonances. Yet,
technically we find bound states in the first Riemann sheet, as one can see in Fig. 7(a) for
different channels. However, inspection of the energies tell us that these are states bound
by about 250 MeV, a large number for our intuition, even more when we started from a
repulsive potential. The reason for this, which forces us to reject these poles on physical
grounds, is that the G function below threshold turns out to be positive for large binding
energies (see Fig. 7(b) and discussions in [69]), contradicting what we would have for the G
function evaluated with any cut off, or in Quantum Mechanics with a given range. These
poles are then discarded and, thus, we do not find bound states or resonances in I = 3/2 in
our approach.

The WT extended model of Ref.[47] predicts µ3 = −2, which leads to some attractive
interactions in the space generated by D̄∗Σc , D̄Σ∗

c and D̄∗Σ∗
c . These give rise to three odd

parity ∆−like resonances (two with spin 1/2 and one with spin 3/2) with masses around 4
GeV. In addition, two other states show up as cusps very close to the ∆J/ψ threshold, and
their real existence would be unclear.

Our results for the J = 1/2, I = 1/2 sector are shown in Fig. 8. From the squared
amplitudes of |T |2, we can find three clear peaks with non zero width around the energy
range 4200 ∼ 4500 MeV, which are not far away below the thresholds of D̄Σc, D̄

∗Σc, D̄
∗Σ∗

c

respectively. The relatively small width of about 40 MeV of these states allows to distinguish
them clearly. We have checked that in the energy ranges where these peaks appear, the real
parts of the loop function G, Eq. (64), are negative in these channels. Thus these peaks
are acceptable as physical ones. Then, because of the non zero width, we look for the
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FIG. 8. The squared amplitudes of the J = 1/2, I = 1/2 sector.

poles corresponding to these peaks in the second Riemann sheet, and find the poles at
(4261.87 + i17.84) MeV, (4410.13 + i29.44) MeV, (4481.35 + i28.91) MeV. The couplings
to the various coupled channels for these poles are given in Table I. From Table I we can see

TABLE I. The coupling constants of all channels corresponded certain poles in the J = 1/2, I = 1/2

sector.

4261.87 + i17.84

ηcN J/ψN D̄Λc D̄Σc D̄∗Λc D̄∗Σc D̄∗Σ∗
c

gi 1.04 + i0.05 0.76 − i0.08 0.02 − i0.02 3.12 − i0.25 0.14− i0.48 0.33− i0.68 0.16 − i0.28

|gi| 1.05 0.76 0.02 3.13 0.50 0.75 0.32

4410.13 + i29.44

ηcN J/ψN D̄Λc D̄Σc D̄∗Λc D̄∗Σc D̄∗Σ∗
c

gi 0.34 + i0.16 1.43 − 0.12 0.15 − i0.10 0.20 − i0.05 0.17− i0.11 3.05− i0.54 0.07 − i0.51

|gi| 0.38 1.44 0.18 0.20 0.20 3.10 0.51

4481.35 + i28.91

ηcN J/ψN D̄Λc D̄Σc D̄∗Λc D̄∗Σc D̄∗Σ∗
c

gi 1.15 − i0.04 0.72 + i0.03 0.18 − i0.08 0.10 − i0.03 0.09− i0.08 0.09− i0.06 2.88 − i0.57

|gi| 1.15 0.72 0.19 0.10 0.12 0.11 2.93

that the first pole, (4261.87 + i17.84) MeV, couples mostly to D̄Σc. It could be considered
like a D̄Σc bound state which, however, decays into the open channels ηcN and J/ψN . The
D̄Σc threshold is at 4320.8 MeV and, thus, the D̄Σc state is bound by about 58 MeV. The
second pole couples most strongly to D̄∗Σc. In this channel the threshold is 4462.2 MeV
and thus we have a state bound by about 52 MeV, much in line with what one expects
from heavy quark symmetry comparing this with the former state. This state decays mostly
into the ηcN and J/ψN channels again. These two states correspond to those reported in
[1, 2]. In our work, we get one more new baryon state, (4481.35 + i28.91) MeV, with total
momentum J = 1/2, which couples mostly to D̄∗Σ∗

c . Since in [1, 2] one did not include the
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FIG. 9. The results of |T |2 for the J = 3/2, I = 1/2 sector. To the right the two small peaks of

the left figure magnified.

baryons of JP = 3/2+, their consideration here leads to a new resonance. The threshold for
the D̄∗Σ∗

c channel is 4526.7 MeV and, hence, the state can be considered as a D̄∗Σ∗
c bound

state by about 46 MeV, which decays mostly in ηcN and J/ψN .
For the J = 3/2, I = 1/2 sector, we show our results in Fig. 9. From the results of |T |2,

we can also see three clear peaks around the range 4300 ∼ 4500 MeV, which are not far
away below the thresholds of D̄Σ∗

c , D̄
∗Σc, D̄

∗Σ∗
c respectively. The strength of the second

peak is 17 times bigger than the other two and the widths are small enough to allow the
peaks to show up clearly. We have also checked that in these channels the real parts of
the propagator G, Eq. (64), are acceptable too. So, these are our predictions for the new
baryon states with total momentum J = 3/2. We search the poles in the second Riemann
sheet, and find (4334.45 + i19.41) MeV, (4417.04 + i4.11) MeV, (4481.04 + i17.38) MeV.
The couplings to each coupled channel corresponding to these poles are listed in Table II.
From Table II, we find that the first pole, (4334.45 + i19.41) MeV, couples most strongly

TABLE II. The coupling constants to various channels for certain poles in the J = 3/2, I = 1/2

sector.

4334.45 + i19.41 J/ψN D̄∗Λc D̄∗Σc D̄Σ∗
c D̄∗Σ∗

c

gi 1.31 − i0.18 0.16 − i0.23 0.20 − i0.48 2.97 − i0.36 0.24 − i0.76

|gi| 1.32 0.28 0.52 2.99 0.80

4417.04 + i4.11 J/ψN D̄∗Λc D̄∗Σc D̄Σ∗
c D̄∗Σ∗

c

gi 0.53 − i0.07 0.08 − i0.07 2.81 − i0.07 0.12 − i0.10 0.11 − i0.51

|gi| 0.53 0.11 2.81 0.16 0.52

4481.04 + i17.38 J/ψN D̄∗Λc D̄∗Σc D̄Σ∗
c D̄∗Σ∗

c

gi 1.05 + i0.10 0.18 − i0.09 0.12 − i0.10 0.22 − i0.05 2.84 − i0.34

|gi| 1.05 0.20 0.16 0.22 2.86

to the channel D̄Σ∗
c and corresponds to a D̄Σ∗

c state, bound by 51 MeV with respect to its
threshold of 4385.3 MeV, decaying essentially into J/ψN . The state corresponding to the
big peak in Fig. 9 (left) couples mostly to D̄∗Σc, it is bound by 45 MeV with respect to
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FIG. 10. The results of |T |2 for the J = 5/2, I = 1/2 sector.

the threshold of this channel, 4462.2 MeV and decays mostly into J/ψN . The third state
with J = 3/2, I = 1/2 couples mostly to D̄∗Σ∗

c , is bound by 45 MeV with respect to the
threshold of this channel, 4526.7 MeV and also decays mostly into J/ψN .

Finally, we also find a new bound state of D̄∗Σ∗
c around (4487.10 + i0) MeV in the

J = 5/2, I = 1/2 sector, seen in Fig. 10. As we can see in the figure, the state has no
width, as it corresponds to a single channel, D̄∗Σ∗

c of Eq. (33). It is then a bound state in
this channel. The pole appears in the first Riemann sheet and the state is bound by about
40 MeV with respect to the D̄∗Σ∗

c threshold.
The states that we have reported are different states since they correspond to different

energies or different total spin J . Hence, we get seven states. Yet, we found that some
states of a given meson and baryon appear at about the same energy but different J . This
was to be expected from the hidden gauge dynamics because for D̄∗B the main diagonal
terms have an interaction of the type ~ǫ ~ǫ ′, which is spin independent. Then, up to the
small mixing with other channels, we get states degenerate in J = 1/2, 3/2 for D̄∗Σc and
J = 1/2, 3/2, 5/2 for D̄∗Σ∗

c . From this perspective we can present our results as saying
that we get four bound states with about 40−50 MeV binding, corresponding to D̄Σc, D̄Σ∗

c

with J = 1/2, 3/2 respectively, D̄∗Σc degenerated with J = 1/2, 3/2 and D̄∗Σ∗
c degenerated

with J = 1/2, 3/2, 5/2.

The results reported in [47] show certain parallelism with those found here. There, seven
odd parity N−like states are also found (three with spin 1/2 and 3/2 and a further one with

spin 5/2). Moreover, the dynamics of these resonances is strongly influenced by the D̄(∗)Σ
(∗)
c

components, as it is the case here. Their masses, however, are quite, different, since those
found in [47] lie in the region of 4 GeV, being thus significantly lighter than those found in
this work. Besides differences of dynamical origin (SU(8) extension of the WT interaction
+ pattern of spin-flavor symmetry breaking versus SU(4) extension of the hidden gauge
approach + pattern of flavor symmetry breaking) that can help to understand these changes
in the position of the masses, there exists a major difference among both approaches in what
concerns to the renormalization of the loop function, G(s), in the coupled channels space.
The baryon-meson propagator is logarithmically ultraviolet divergent, thus, the loop needed
to be renormalized. Here, we use Eq.(64) with a scale µ = 1000 MeV and the subtraction
constant a(µ) is set to −2.3, as it was done in [1, 2]. However in [47], a subtraction point
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regularization is chosen such that Gii(s) = 0 at a certain point
√
s = µI . The subtraction

point µI is set to
√

m2
th +M2

th, where mth and Mth are, respectively, the masses of the
meson and baryon producing the lowest threshold (minimal value of mth +Mth) for each
I (isospin) sector, independent of the angular momentum J . This renormalization scheme
was first proposed in Refs. [33, 34] and it was successfully used in Refs. [73, 74] for three
light flavors and in the open charm (bottom) studies carried out in [44–46] ([48]). Both
renormalization schemes (the one used in this work and that employed in [47]) lead to
similar results for the case of light flavors, but however produce quite different results in
the hidden-charm sector studied here. Indeed, a significant part of the differences between
the masses of the resonances found here and those reported in [47] can be attributed to
the different renormalization procedure followed in both works. As an example, let us pay
attention to the I = 1/2, J = 5/2 sector, where there is only one coupled channel: D̄∗Σ∗

c .
The interactions used here and that of Ref. [47] are attractive and nearly the same, once
it is taken into account that for this particular channel 1/f 2 is replaced by 1/f 2

D∗ in [47]
according to pattern of spin-flavor symmetry breaking implemented in that work (see Sect.
IIIB of [47]). However, the state found in [47] is around 450 MeV lighter (more bound) than
that predicted here. This difference can be only attributed to the renormalization scheme3.
Large binding energies cannot be discarded. For instance, interpreting the Λc(2595) in
the open charm sector as a D̄∗N bound state [44, 46] would lead to a binding energy
of around 350 MeV. On the other hand, the subtraction constant (main difference of the
two renormalization schemes) generates terms at the next order of the expansion used to
determine the potential [66]. Thus, different values for the subtraction constant can only
be discriminated with the help of some phenomenological input, for instance the position of
some states, that could be used to constrain such terms.

We would like to finish this discussion just stressing again that, ignoring the difference in
the mass positions, the isospin 1/2 states found in this work have a clear resemblance with
those reported in [47]. 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.

VII. CONCLUSIONS

In this paper we have addressed a relevant topic which is to show the consistency of
the dynamics of the local hidden gauge Lagrangians extrapolated to SU(4) with the LO
constraints of Heavy Quark Spin Symmetry. These latter constraints are very powerful since
they have their root in the QCD Lagrangian and must be understood as a very stringent. To
show the consistency we have addressed the problem of the interaction of mesons and baryons
with hidden charm, a problem of much current interest in view of ongoing work at the BES,
BELLE, FAIR and other facilities. Once again the requirements of HQSS demanded that we
put together pseudoscalar and vector mesons, as well as baryons with J = 1/2, 3/2. A series
of relationships were developed for the transition potentials between the different meson-
baryon channels in different combinations of spin and isospin. After this, we evaluated
these matrix elements using the dynamics of the local hidden gauge approach and found
them to fulfil all the relationships of LO HQSS, while at the same time providing some

3 We should note that in [47], the interaction is splitted in different irreducible representations of the

symmetry group, and only those sectors where the interaction is attractive are studied.
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determined expressions for them which allowed us to find out the existence of several bound
states or resonances stemming from this interaction. We found seven states with different
energies or different spin-isospin quantum numbers. Yet, the fact that the interaction that
we had for vector-baryon factorizes as ǫ ·ǫ′ produces matrix elements which are degenerate in
the different spins allowed by the meson-baryon combinations. Hence, up to some different
mixing with subleading channels, we found a very approximate degeneracy in the states that
qualify as quasibound D̄∗B. In view of this, the seven states that we found could be more
easily classified as four basic states corresponding to a quasibound D̄Σc state which appears
in J = 1/2, a D̄Σ∗

c state in J = 3/2, a D̄∗Σc state which appears nearly degenerate in
J = 1/2, 3/2 and a D̄∗Σ∗

c state which appears nearly degenerate in J = 1/2, 3/2, 5/2. All
the states are bound with about 50 MeV with respect to the corresponding D̄B thresholds
and the width, except for the J = 5/2 state, is also of the same order of magnitude. The
J = 5/2 state which appears in the single D̄∗Σ∗

c channel has the peculiarity that it has zero
width in the space of states chosen. All the states found appear in I = 1/2 and we found
no states in I = 3/2. The masses obtained here are substantially heavier than those found
in another model [47] that also fulfils HQSS, but incorporates some elements of extra SU(8)
symmetry and a different renormalization scheme. In spite of this, this latter model predicts
also the same JP quantum numbers for these states. Experiments to search for the states
predicted will bring further light on this issue in the future and we can only encourage them.
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