
Baryons 22 - Seville, Spain. November 2021        Institute of Theoretical Physics - ITP CAS                Jorgivan M. Dias

Institute of Theoretical Physics 
Chinese Academy of Sciences

Effective Field Theories and XYZ 
states at LHC and BES

Jorgivan M. Dias

Molecular states of   
and  type 

Ωc, Ωb, Ξcc, Ξbb,
Ξbc

Institute of Theoretical Physics 
Chinese Academy of Sciences

Effective Field Theories and XYZ 
states at LHC and BES

Jorgivan M. Dias

In collaboration with

E. Oset 
W. H. Liang 
Ju-Jun Xie 

V. R. Debastiani 
Qi-Xin Yu 



resonant behaviour. The case is not so clear for the wider state and further studies
will be required with larger data samples.

Despite the highly signi!cant signals, the quantum numbers of the pentaquarks
could not be unambiguously determined from the amplitude analysis, with four
possibilities giving acceptable !ts to the data: solutions where the (lighter, heavier)
states have spin of (3/2, 5/2) or (5/2, 3/2) with parity (! +, ) or (+ !, ). Since
knowledge of the quantum numbers is crucial to aid interpretation of the results,
this needs to be addressed with further studies. One possibility is that the inclusion of
more LHCb data and improved understanding of the !* baryon contributions will
allow JP measurements of both pentaquarks. Another is that new production and
decay mechanisms will provide insight. LHCb has started on this path by studying
the ! " #" !J p/b

0 decay mode. Since this mode has a smaller branching fraction than
the discovery ! "" !J pK/b

0 channel, the sample available for analysis is reduced by
more than a factor of twenty. Nonetheless, it was possible to build a six-dimensional
amplitude model to test the hypothesis that the data are consistent with only having
contributions from excited nucleon resonances, #"* !N p , or if exotic contributions
(either ""+P J p/c pentaquarks or "#"! !Z J / tetraquarks) are needed to describe
the data. The conclusion from the LHCb study is that some combination of exotic
hadrons appears to be needed, but at a level of signi!cance that is not yet
compelling. More data are required to con!rm which, if any, exotic states are
contributing to the decay.

As mentioned for other exotic hadrons, it is always important to have con-
!rmation of discoveries by independent experiments. Unfortunately, there are
limited opportunities for experiments other than LHCb to contribute to the study
of pentaquark states. Experiments based on the e+e! ! !(4S) ! BB production
process have a centre-of-mass energy too low to produce !b

0 baryons. The high

Figure 9. (Left) invariant mass spectrum of J/"p combinations in ! "" !J pK/b
0 decays. The hatched pink and

blue histograms show the contributions from the Pc(4380)
+ and Pc(4450)

+ pentaquark states, respectively.
(Right) the Argand diagram of the Pc(4450)

+ state. The black points represent the data, which agree well with
the total result of the !t shown in red. Remaining coloured points show contributions from different #*
resonances.
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To search for peaking structures in the !0
bK

! mass
spectrum, a requirement that jM!!"

c !!#!m!0
b
j<40MeV

is imposed, which reduces the number of !0
b signal decays

to about 18 000. Each !0
b candidate is combined with a K!

candidate that is consistent with originating from a PV in
the event. The !0

b and K! trajectories are fitted to a
common vertex, and that vertex is kinematically con-
strained to coincide with the PV associated with the !0

b
candidate [69]. The additional PV constraint improves
the resolution on the mass difference "M !M!!0

bK
!# !

M!!0
b# by about a factor of 2.

Random combinations of !0
b baryons with a K! candi-

date are the largest source of background in the !0
bK

! mass
spectrum. To improve the expected signal-to-background
ratio, a figure of merit, #=!

!!!!
B

p
" 5=2# [70], is used to

optimize the requirements on the PID information of the
K! candidates. Here, # is the efficiency as determined from
simulation, and B is the number of wrong-sign !0

bK
"

combinations in the region 520 < "M < 570 MeV passing

the PID requirement, scaled to a 10 MeV mass window.
The 10MeVwidth is chosen based on the search for narrow
peaks, since the low signal yields expected would make
wide peaks difficult to separate from the combinatorial
background. The optimal requirement on the K! PID
provides an efficiency of about 85% and suppresses the
background by a factor of about 2.5.
The decay of a resonance to !0

bK
! will produce peaks in

the "M spectrum. The experimental "M resolution is
obtained from simulated samples generated at several
masses, mres. The resolution function is described by the
sum of two Gaussian functions with a common mean. In
addition, the width of the narrower Gaussian component,
$core, is fixed to be 45% of that of the wider component, and
its contribution is required to constitute 80% of the total
shape. A smooth, monotonically increasing function,
denoted as $!mres#, is then used to parameterize $core as
a function of mres. In the "M interval of interest, $!mres# is
in the range of 0.7–0.8 MeV.
The "M distributions for right-sign (RS) and wrong-sign

(WS) candidates are shown in Fig. 2, along with fits to the
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FIG. 2. Distribution of the mass difference for (top) right-sign !0
bK

! candidates, and (bottom) wrong-sign !0
bK

" candidates, as
described in the text.
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Singly and doubly heavy baryon states  
as meson-baryon interactions
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Molecular !c states generated from coupled meson-baryon channels
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3Department of Physics, Guangxi Normal University, Guilin 541004, China
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We have investigated !c states that are dynamically generated from the meson-baryon interaction. We
use an extension of the local hidden gauge to obtain the interaction from the exchange of vector mesons.
We show that the dominant terms come from the exchange of light vectors, where the heavy quarks are
spectators. This has as a consequence that heavy quark symmetry is preserved for the dominant terms in
the (1=mQ) counting, and also that the interaction in this case can be obtained from the SU(3) chiral
Lagrangians. We show that for a standard value for the cutoff regulating the loop, we obtain two states with
JP ! 1=2! and two more with JP ! 3=2!, three of them in remarkable agreement with three experimental
states in mass and width. We also make predictions at higher energies for states of vector-baryon nature.

DOI: 10.1103/PhysRevD.97.094035

I. INTRODUCTION

In Ref. [1] the LHCb collaboration reported five new
narrow !0

c states studying the ""
c K! mass spectrum

produced in high energy pp collisions: !c#3000$,
!c#3050$, !c#3066$, !c#3090$, and !c#3119$.
Predictions for such states and related ones had been done
within quark model in Refs. [2–14]. Molecular states had
also been used to make predictions in Refs. [15,16] studying
the interaction of coupled channels, one of them being the
""
c K! where the recent LHCb states were found. A more

updated study along these lines was done in Ref. [17], where
predictions for charmed and strange baryons are done using
an interaction based on SU(6) flavor-spin symmetry in the
light quark sector and SU(2) spin symmetry in the heavy
quark sector, extending the SU(3) Weinberg-Tomozawa
interaction. All these works take the coupled channels of
meson baryon that couple to the desired baryon quantum
numbers and use a unitary scheme to obtain the scattering
matrix between the channels, looking for poles of this
matrix. The differences come from the input interaction
and the way that loops are regularized.

The experimental findings of Ref. [1] have brought a
new wave of theoretical activity with many suggestions to
explain the new states. Different versions of quark models
have been proposed in Refs. [18–21]. Pentaquark options
have been suggested in Refs. [22–27]. QCD sum rules were
used to describe these states in Refs. [28–35]. Lattice QCD
has also shed some light onto the problem [36]. Some
works have emphasized the value of decay properties to
obtain information on the nature of these states [37–39] and
a discussion on the possible quantum numbers was done
in Ref. [40].
In the molecular picture, an update of the work of

Ref. [16] was done in Ref. [41] using some information
from the experimental spectrum to regularize the loops and
then giving a description of the mass and width of two
states of Ref. [1] as JP ! 1=2! meson-baryon molecular
states.
In the present work we follow Refs. [17,41] for the

coupled channels and the unitarization procedure. We differ
in the input for the interaction, which in our case is based
on the local hidden gauge approach, exchanging vector
mesons [42–46].
We must clarify this concept. The local hidden gauge

approach [42–45] works with pseudoscalar and vector
mesons in the light sector and chiral symmetry is one of
its assets, showing up in the limit of small mass of the
pseudoscalar mesons (Goldstone bosons). In Refs. [42–47],
and particularly in Refs. [45,47], one can see that the terms
of the chiral Lagrangians can be obtained from the
exchange of vector mesons in the local hidden gauge.
Reference [47] also shows that the consideration of vector
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mesons is necessary to implement vector meson domi-
nance. Both in Refs. [47] and [45] it is also shown that the
formalisms using antisymmetric tensors for the vector
mesons, and the use of ordinary vector fields in the local
hidden gauge are equivalent. If one specifies to the meson-
baryon Lagrangians [48], it is easy to show that the
exchange of vector mesons gives rise exactly to the lowest
order chiral Lagrangian in the limit of small momentum
transfer compared to the vector meson mass. All this occurs
within SU(3), involving u, d, s quarks. The local hidden
gauge in the unitary gauge in SU(3) can be found in
Ref. [47] and with more detail in Ref. [46]. The extrapo-
lation to SU(4) to incorporate c quarks, or even higher with
b quarks, is not straightforward, as one cannot invoke the
Goldstone boson character for D or B mesons. Yet, what
one does is the following: think of the DN interaction for
instance. In the D0p ! D0p transition we have cū in the
D0 and uud quarks in the p; then we can only exchange !0,
" vector mesons and the c quark of theD0 is a spectator. In
this case the situation is the same as in K̄0p ! K̄0p. The s
quark of the K̄0 (sd̄) is also a spectator and only !, " vector
mesons are exchanged. In as much as the c quark inD0p !
D0p is a spectator, the dynamics is the same as in the
K̄0p ! K̄0p transition, and for this we can use the local
hidden gauge approach. We find thus a way to obtain the
D0p ! D0p interaction using the dynamics of the light
quark sector, since only these quarks are also involved in
this case. Hence, in the diagonal channels the interaction is
well controlled.
However, assume the coupled channel #!c; then in the

transition D0p ! #0!!
c , if we extrapolate the local hidden

gauge approach to SU(4), we would be exchanging a D"

and the c quarks are now involved. This is an extrapolation
of the local hidden gauge approach, which is model
dependent. Fortunately, the exchange of D" is penalized
with respect to the exchange of light vector mesons by a
factor of # m!

mD" $
2, which is a small factor and then one is

only introducing uncertainties in some nondiagonal terms,
which are very small. Formally one can use the SU(4)
extrapolation of the local hidden gauge approach and for
the diagonal terms the framework automatically filters the
exchange of light vectors, providing the results that one
obtains from the mapping explained before. This is what is
done in Ref. [41].
In the present work the diagonal terms that we evaluate

coincide with those of Ref. [41] where the model of
Ref. [15] is used implementing also the exchange of vector
mesons and SU(4) symmetry for mesons and baryons. We,
instead, use explicit wave functions for the baryon states
imposing flavor-spin symmetry on the light quark sector
and singling out the heavy quarks. Hence, in the baryon
sector we are not using SU(4) symmetry. For the diagonal
terms we also show that one is exchanging light vectors and
the heavy quarks are spectators. In this case we obtain the

same matrix elements as in Ref. [41], but there are
differences in the nondiagonal ones. Since in the dominant
terms we are exchanging only light vectors and the heavy
quarks are spectators, the interaction automatically respects
heavy quark symmetry [49–51]. The nondiagonal terms
that exchange heavy vectors do not fulfill heavy quark
symmetry, but neither should they since these are terms of
order O#m!2

Q $ in the heavy quark mass counting. In
addition to the work of Ref. [41] we also include
pseudoscalar-baryon#3=2!$ components and we obtain
two more states. We can identify two states of JP %
1=2! and one of JP % 3=2! with the states found in
Ref. [1]. We also look for vector-baryon states and find
three states at higher energies.

II. FORMALISM

Following Ref. [17] we distinguish the cases with
JP % 1=2! and JP % 3=2! and write the coupled channels.
In Ref. [17] 12 coupled channels are used ranging from
thresholds 2965 to 3655 MeV. The experimental states of
Ref. [1] range from 3000 to about 3120 MeV. Hence we
restrict our space of meson-baryon states up to the "c"
with mass 3478 MeV. Yet, the diagonal matrix element in
this channel is zero and we can also eliminate it. The energy
ranged by the channels chosen widely covers the range of
energies of Ref. [1] and it is a sufficiently general basis of
states. We show in Tables I and II these states together with
their threshold masses.
The meson-baryon interaction in the SU(3) sector is

given by the chiral Lagrangian [48,52]

LB % 1

4f2#
hB̄i$%&##!%#! !%##$B!B##!%#! !%##$'i;

#1$

where#, B are the SU(3) matrices for pseudoscalar mesons
and baryons,

# %

0

BB@

1!!
2

p #0 ! 1!!
6

p & #! K!

#! ! 1!!
2

p #0 ! 1!!
6

p & K0

K! K̄0 ! 2!!
6

p &

1

CCA; #2$

TABLE I. J % 1=2 states chosen and threshold mass in MeV.

States $cK̄ $0
cK̄ $D "c& $D" $cK̄" $0

cK̄"

Threshold 2965 3074 3185 3243 3327 3363 3472

TABLE II. J % 3=2 states chosen and threshold mass in MeV.

States $"
cK̄ ""

c& $D" $cK̄" $"D $0
cK̄"

Threshold 3142 3314 3327 3363 3401 3472
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mesons is necessary to implement vector meson domi-
nance. Both in Refs. [47] and [45] it is also shown that the
formalisms using antisymmetric tensors for the vector
mesons, and the use of ordinary vector fields in the local
hidden gauge are equivalent. If one specifies to the meson-
baryon Lagrangians [48], it is easy to show that the
exchange of vector mesons gives rise exactly to the lowest
order chiral Lagrangian in the limit of small momentum
transfer compared to the vector meson mass. All this occurs
within SU(3), involving u, d, s quarks. The local hidden
gauge in the unitary gauge in SU(3) can be found in
Ref. [47] and with more detail in Ref. [46]. The extrapo-
lation to SU(4) to incorporate c quarks, or even higher with
b quarks, is not straightforward, as one cannot invoke the
Goldstone boson character for D or B mesons. Yet, what
one does is the following: think of the DN interaction for
instance. In the D0p ! D0p transition we have cū in the
D0 and uud quarks in the p; then we can only exchange !0,
" vector mesons and the c quark of theD0 is a spectator. In
this case the situation is the same as in K̄0p ! K̄0p. The s
quark of the K̄0 (sd̄) is also a spectator and only !, " vector
mesons are exchanged. In as much as the c quark inD0p !
D0p is a spectator, the dynamics is the same as in the
K̄0p ! K̄0p transition, and for this we can use the local
hidden gauge approach. We find thus a way to obtain the
D0p ! D0p interaction using the dynamics of the light
quark sector, since only these quarks are also involved in
this case. Hence, in the diagonal channels the interaction is
well controlled.
However, assume the coupled channel #!c; then in the

transition D0p ! #0!!
c , if we extrapolate the local hidden

gauge approach to SU(4), we would be exchanging a D"

and the c quarks are now involved. This is an extrapolation
of the local hidden gauge approach, which is model
dependent. Fortunately, the exchange of D" is penalized
with respect to the exchange of light vector mesons by a
factor of # m!

mD" $
2, which is a small factor and then one is

only introducing uncertainties in some nondiagonal terms,
which are very small. Formally one can use the SU(4)
extrapolation of the local hidden gauge approach and for
the diagonal terms the framework automatically filters the
exchange of light vectors, providing the results that one
obtains from the mapping explained before. This is what is
done in Ref. [41].
In the present work the diagonal terms that we evaluate

coincide with those of Ref. [41] where the model of
Ref. [15] is used implementing also the exchange of vector
mesons and SU(4) symmetry for mesons and baryons. We,
instead, use explicit wave functions for the baryon states
imposing flavor-spin symmetry on the light quark sector
and singling out the heavy quarks. Hence, in the baryon
sector we are not using SU(4) symmetry. For the diagonal
terms we also show that one is exchanging light vectors and
the heavy quarks are spectators. In this case we obtain the

same matrix elements as in Ref. [41], but there are
differences in the nondiagonal ones. Since in the dominant
terms we are exchanging only light vectors and the heavy
quarks are spectators, the interaction automatically respects
heavy quark symmetry [49–51]. The nondiagonal terms
that exchange heavy vectors do not fulfill heavy quark
symmetry, but neither should they since these are terms of
order O#m!2

Q $ in the heavy quark mass counting. In
addition to the work of Ref. [41] we also include
pseudoscalar-baryon#3=2!$ components and we obtain
two more states. We can identify two states of JP %
1=2! and one of JP % 3=2! with the states found in
Ref. [1]. We also look for vector-baryon states and find
three states at higher energies.

II. FORMALISM

Following Ref. [17] we distinguish the cases with
JP % 1=2! and JP % 3=2! and write the coupled channels.
In Ref. [17] 12 coupled channels are used ranging from
thresholds 2965 to 3655 MeV. The experimental states of
Ref. [1] range from 3000 to about 3120 MeV. Hence we
restrict our space of meson-baryon states up to the "c"
with mass 3478 MeV. Yet, the diagonal matrix element in
this channel is zero and we can also eliminate it. The energy
ranged by the channels chosen widely covers the range of
energies of Ref. [1] and it is a sufficiently general basis of
states. We show in Tables I and II these states together with
their threshold masses.
The meson-baryon interaction in the SU(3) sector is

given by the chiral Lagrangian [48,52]
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# %

0

BB@

1!!
2

p #0 ! 1!!
6

p & #! K!

#! ! 1!!
2

p #0 ! 1!!
6

p & K0

K! K̄0 ! 2!!
6

p &

1

CCA; #2$
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TABLE II. J % 3=2 states chosen and threshold mass in MeV.
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cK̄ ""

c& $D" $cK̄" $"D $0
cK̄"

Threshold 3142 3314 3327 3363 3401 3472
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Channels 

K̄ !
!

K̄0

!K!

"
; D !

!
D"

!D0

"
;

! !
! !0

!!!

"
; !# !

! !#0

!#!

"
;

!c !
!!"

c

!0
c

"
; !0

c !
!!0"

c

!00
c

"
; !#

c !
!!#"

c

!#0
c

"
;

$20%

and thus

j!cK̄; I ! 0i ! ! 1###
2

p j!"
c K! " !0

cK̄0i;

j!D; I ! 0i ! !
1###
2

p j!0D0 ! !!D"i;

j!#
cK̄; I ! 0i ! !

1###
2

p j!#"
c K! " !#0

c K̄0i;

j!#D; I ! 0i ! !
1###
2

p j!#0D0 " !#!D"i: $21%

With these wave functions and the prescription to calculate
the VPP and VBB vertices we can construct the matrix
elements of the transition potential between the states of
Table I. Some examples are shown in Appendix.
Following the steps of the Appendix it becomes easy and

systematic to evaluate all the matrix elements and we find

Vij ! Dij
1

4f2!
$p0 " p00%: $22%

Alternatively, we can use another expression, which
includes relativistic correction in s-wave [60]

Vij ! Dij
2

###
s

p
!MBi

!MBj

4f2!

#####################
MBi

" EBi

2MBi

s #####################
MBj

" EBj

2MBj

s

;

$23%

where MBi;Bj
and EBi;Bj

stand for the mass and the center-
of-mass energy of the baryons, respectively, and the matrix
Dij is given in Table III.
In Table III we have the parameter " in some nondiagonal

matrix elements, which involve transitions from one meson
without charm to one with charm, like K̄ ! D. In this case
we have for the propagator of the exchanged vector

1

$q0%2 ! jqj2 !m2
D#

s

"
1

$mD !mK%2 !m2
D#

s

; $24%

and the ratio to the propagator of the light vectors is

"! !m2
V

$mD !mK%2 !m2
D#

s

" 0.25: $25%

We take " ! 1=4 in all these matrix elements, as it was done
in Ref. [52].
The diagonal matrix elements of Table III coincide with

those of Ref. [41], but not all the nondiagonal. This is not
surprising. SU(4) symmetry is used in Ref. [41], but only
SU(3) is effectively used in the diagonal terms, as we have
argued. Then we should note that the heavy baryons that we
have constructed are not eigenstates of SU(4) since we have
singled out the heavy quarks and used symmetrized wave
functions for the light quarks. This induces a spin-flavor
dependence different from the one of pure SU(4) symmetry.
With respect to Ref. [17], we have some equal diagonal

matrix elements but not all of them, and there are also
differences in the nondiagonal terms. These matrix ele-
ments are also different from those of Ref. [41].
To calculate the matrix elements for the states that couple

to JP ! 3=2! of Table II we proceed in the same way as in
the Appendix. We must take into account that the VVVex
are like those of PPVex under the approximation of
neglecting $p=mV%2, where p is the momentum of the
external vector. In addition one has the factor !# · !#0 for the
vector polarization, which makes these terms contribute to
J ! 1=2 and J ! 3=2 with degeneracy. The terms con-
necting P and V like !#

cK̄ ! !D# require exchange of
pseudoscalars, which go with the momentum and are small
compared to the exchange of vectors [61]. In the
!#
cK̄ ! !D# one would have to exchange a Ds and it

would be doubly suppressed. In the !#
cK̄ ! !K# onewould

exchange a pion, but theK andK# states are quite separated

TABLE III. Dij coefficients of Eq. (23) for the meson-baryon
states coupling to JP ! 1=2! in s-wave.

J ! 1=2 !cK̄ !0
cK̄ !D "c$ !D# !cK̄# !0

cK̄#

!cK̄ !1 0 ! 1##
2

p " 0 0 0 0

!0
cK̄ !1 1##

6
p " ! 4##

3
p 0 0 0

!D !2
##
2

p

3 " 0 0 0
"c$ 0 0 0 0
!D# !2 ! 1##

2
p " 1##

6
p "

!cK̄# !1 0

!0
cK̄# !1

TABLE IV. Dij coefficients of Eq. (23) for the meson-baryon
states coupling to JP ! 3=2!.

J ! 3=2 !#
cK̄ "#

c$ !D# !cK̄# !#D !0
cK̄#

!#
cK̄ !1 ! 4##

3
p 0 0 2##

6
p " 0

"#
c$ 0 0 0 !

##
2

p

3 " 0
!D# !2 ! 1##

2
p " 0 1##

6
p "

!cK̄# !1 0 0
!#D !2 0
!0
cK̄# !1
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In Ref. [41] the compositeness magnitude!g2!G=! !!!
s

p
is

evaluated for all channels. This magnitude provides
the probability to find bound channels [69,72,73] and for
the case of open channels it gives the integral of the wave
functions squared with a given prescription of the phase [74].
The magnitude gG that we calculate gives the
strength of each channel to produce the resonance (up to
coefficients appearing in the primary steps of a reaction prior
to final state interaction). Yet, there is a correspondence in
these two magnitudes, and we find that when !g2!G=! !!!

s
p

is large for some channel in Ref. [41], so is gG in our case.

The pseudoscalar-baryon!3=2"# states are not consid-
ered in Ref. [41] and, thus, the states that we get in
Table VII are new. As to the vector-baryon!1=2"# states we
obtain three new states, two of them in qualitative agree-
ment with Ref. [41]. In Ref. [41] two states were found
at 3231 and 3419 MeV that couple mostly to !D$ and
!0
cK̄$, respectively. We also find two states, at 3222 and

3465 MeV, which also couple mostly to !D$ and !0
cK̄$,

respectively, as in Ref. [41], plus a new intermediate state at
3360 MeV that couples mostly to !cK̄$.
As for the results of Ref. [17], the bindings obtained

there, in the absence of any experimental data, gave rise to
bound "c states with more binding than here. It would be
interesting to have a new look in that framework under the
light of the new experimental information.
The basic input of our calculations is the Vij transition

potential of Eq. (23), and the coupling that we have is 1
f2!
.

We estimate uncertainties in the following way. We
increase f2! by 10% and readjust the cutoff to obtain the
same energy of the first state (going from qmax % 650 to
694 MeV), and then we get the results of Table X. As we
can see, the changes in the masses and widths are small.
The difference in the masses is always smaller than 5 MeV,
and for the three states that we compare with experiment the
changes are even smaller. The widths also change a bit, but
the width of the widest state only changes from 10.24 to
11.82 MeV, and the others are still very small and
compatible with experiment within errors.

TABLE VIII. The coupling constants to various channels for the poles in the JP % 3=2! sector, with
qmax % 650 MeV, and giGII

i in MeV.

3124.84 !$
cK̄ "$

c" !D$ !cK̄$ !$D !0
cK̄$

gi 1.95 1.98 0 0 !0.65 0
giGII

i !35.65 !16.83 0 0 1.93 0

3290.31" i0.03 !$
cK̄ "$

c" !D$ !cK̄$ !$D !0
cK̄$

gi 0.01" i0.02 0.31" i0.01 0 0 6.22 ! i0.04 0
giGII

i !0.62 ! i0.18 !5.25 ! i0.18 0 0 !31.08" i0.20 0

TABLE IX. The coupling constants to various channels for the
poles with JP % 1=2!, 3=2! stemming from vector-baryon
interaction with qmax % 650 MeV, and giGII

i in MeV.

3221.98 !D$ !cK̄$ !0
cK̄$

gi 6.37 0.59 !0.28
giGII

i !29.29 !4.66 1.62

3360.37" i0.20 !D$ !cK̄$ !0
cK̄$

gi !0.11 ! i0.12 1.31 ! i0.03 0.03" i0.01
giGII

i 2.12" i0.48 !26.04" i0.36 !0.26 ! i0.06

3465.17" i0.09 !D$ !cK̄$ !0
cK̄$

gi !0.01" i0.06 0.01 ! i0.01 1.75" i0.01
giGII

i !0.84 ! i0.23 0.17" i0.24 !32.29 ! i0.08

TABLE X. Dependence of the results on the value of f! .

J % 1=2 f! % 93 MeV and qmax % 650 MeV f! % 97.6 MeV and qmax % 694 MeV

Pole 1 3054.05" i0.44 3054.05" i0.70
Pole 2 3091.28" i5.12 3087.24" i5.91

J % 3=2 f! % 93 MeV and qmax % 650 MeV f! % 97.6 MeV and qmax % 694 MeV

Pole 1 3124.84 3125.71
Pole 2 3290.31" i0.03 3284.73" i0.05

J % 1=2; 3=2 f! % 93 MeV and qmax % 650 MeV f! % 97.6 MeV and qmax % 694 MeV

Pole 1 3221.98 3216.98
Pole 2 3360.37" i0.20 3361.28" i0.18
Pole 3 3465.17" i0.09 3469.04" i0.07
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Abstract

Motivated by the recent finding of five !c states by the LHCb collaboration, and the successful repro-
duction of three of them in a recent approach searching for molecular states of meson–baryon with the 
quantum numbers of !c, we extend these ideas and make predictions for the interaction of meson–baryon 
in the beauty sector, searching for poles in the scattering matrix that correspond to physical states. We find 
several !b states: two states with masses 6405 MeV and 6465 MeV for JP = 1

2
"

; two more states with 
masses 6427 MeV and 6665 MeV for 3

2
"

; and three states between 6500 and 6820 MeV, degenerate with 
JP = 1

2
"

, 3
2
"

, stemming from the interaction of vector–baryon in the beauty sector.
! 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The study of baryon states with charm or beauty is capturing much attention in hadron physics 
recently [1–6]. The finding of baryon states of hidden charm (pentaquarks) in Refs. [7,8] certainly 
stimulated this field, but this was followed by another relevant discovery, with the observation of 
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Table 1
The pseudoscalar–baryon states with JP = 1

2
!

and their threshold masses in 
MeV.

States !bK̄ !"
bK̄ "b# !B̄

Threshold 6289 6431 6594 6598

Table 2
The pseudoscalar–baryon states with JP = 3

2
!

and their threshold masses in 
MeV.

States !#
bK̄ "#

b# !#B̄

Threshold 6451 6619 6813

Table 3
The vector–baryon states with JP = 1

2
!

, 3
2

!
and their threshold masses in 

MeV.

States !B̄# !bK̄# !"
bK̄#

Threshold 6643 6687 6829

Fig. 1. Vector mesons exchanged in the diagonal transition of K!!0
b $ K!!0

b (a) and non-diagonal one of K!!0
b $

B!!0 (b).

2. Formalism

We follow closely the formalism of Ref. [10] by changing a c quark by a b quark. For the case 
of "c we took the coupled channels from Ref. [27] up to an energy of 3470 MeV, far above the 
energy of the states seen in Ref. [9]. In the present case we take the corresponding states changing 
the quark c by the b quark. We take into account the S-wave interaction of these coupled channels 
and hence we can have states with JP = 1

2
!
, 32

!
. In Tables 1, 2 and 3 we show these coupled 

channels and the corresponding threshold masses.1

The interaction between these channels at tree level is obtained using the local hidden gauge 
(LHG) approach [21–23] extended to the charm and beauty sector. The interaction is mediated 
by the exchange of vector mesons, as shown in Fig. 1 for two cases.

1 The "#
b state has not yet been observed. We estimate its mass as follows. In the charm sector, we have mD# ! mD =

142 MeV, m"#
c
!m"c = 71 MeV. Hence the difference of masses between "#

c and "c is about one half the one between 
D# and D. We apply the same rule in the b sector and take m"#

b
! m"b

% 1
2 (mB# ! mB) % 23 MeV. If we assume, 

following the rules of heavy quark spin symmetry, that m"#
b

! m"b
goes as 1

mb
and m"#

c
! m"c & 1

mc
, then we get 

m"#
b

! m"b
% 28 MeV. We take the average value 25 MeV, hence m"#

b
= 6071 MeV.
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% 28 MeV. We take the average value 25 MeV, hence m"#

b
= 6071 MeV.

K̄ !
!

K̄0

!K!

"
; D !

!
D"

!D0

"
;

! !
! !0

!!!

"
; !# !

! !#0

!#!

"
;

!c !
!!"

c

!0
c

"
; !0

c !
!!0"

c

!00
c

"
; !#

c !
!!#"

c

!#0
c

"
;

$20%

and thus

j!cK̄; I ! 0i ! ! 1###
2

p j!"
c K! " !0

cK̄0i;

j!D; I ! 0i ! !
1###
2

p j!0D0 ! !!D"i;

j!#
cK̄; I ! 0i ! !

1###
2

p j!#"
c K! " !#0

c K̄0i;

j!#D; I ! 0i ! !
1###
2

p j!#0D0 " !#!D"i: $21%

With these wave functions and the prescription to calculate
the VPP and VBB vertices we can construct the matrix
elements of the transition potential between the states of
Table I. Some examples are shown in Appendix.
Following the steps of the Appendix it becomes easy and

systematic to evaluate all the matrix elements and we find

Vij ! Dij
1

4f2!
$p0 " p00%: $22%

Alternatively, we can use another expression, which
includes relativistic correction in s-wave [60]

Vij ! Dij
2

###
s

p
!MBi

!MBj

4f2!

#####################
MBi

" EBi

2MBi

s #####################
MBj

" EBj

2MBj

s

;

$23%

where MBi;Bj
and EBi;Bj

stand for the mass and the center-
of-mass energy of the baryons, respectively, and the matrix
Dij is given in Table III.
In Table III we have the parameter " in some nondiagonal

matrix elements, which involve transitions from one meson
without charm to one with charm, like K̄ ! D. In this case
we have for the propagator of the exchanged vector

1

$q0%2 ! jqj2 !m2
D#

s

"
1

$mD !mK%2 !m2
D#

s

; $24%

and the ratio to the propagator of the light vectors is

"! !m2
V

$mD !mK%2 !m2
D#

s

" 0.25: $25%

We take " ! 1=4 in all these matrix elements, as it was done
in Ref. [52].
The diagonal matrix elements of Table III coincide with

those of Ref. [41], but not all the nondiagonal. This is not
surprising. SU(4) symmetry is used in Ref. [41], but only
SU(3) is effectively used in the diagonal terms, as we have
argued. Then we should note that the heavy baryons that we
have constructed are not eigenstates of SU(4) since we have
singled out the heavy quarks and used symmetrized wave
functions for the light quarks. This induces a spin-flavor
dependence different from the one of pure SU(4) symmetry.
With respect to Ref. [17], we have some equal diagonal

matrix elements but not all of them, and there are also
differences in the nondiagonal terms. These matrix ele-
ments are also different from those of Ref. [41].
To calculate the matrix elements for the states that couple

to JP ! 3=2! of Table II we proceed in the same way as in
the Appendix. We must take into account that the VVVex
are like those of PPVex under the approximation of
neglecting $p=mV%2, where p is the momentum of the
external vector. In addition one has the factor !# · !#0 for the
vector polarization, which makes these terms contribute to
J ! 1=2 and J ! 3=2 with degeneracy. The terms con-
necting P and V like !#

cK̄ ! !D# require exchange of
pseudoscalars, which go with the momentum and are small
compared to the exchange of vectors [61]. In the
!#
cK̄ ! !D# one would have to exchange a Ds and it

would be doubly suppressed. In the !#
cK̄ ! !K# onewould

exchange a pion, but theK andK# states are quite separated

TABLE III. Dij coefficients of Eq. (23) for the meson-baryon
states coupling to JP ! 1=2! in s-wave.

J ! 1=2 !cK̄ !0
cK̄ !D "c$ !D# !cK̄# !0

cK̄#

!cK̄ !1 0 ! 1##
2

p " 0 0 0 0

!0
cK̄ !1 1##

6
p " ! 4##

3
p 0 0 0

!D !2
##
2

p

3 " 0 0 0
"c$ 0 0 0 0
!D# !2 ! 1##

2
p " 1##

6
p "

!cK̄# !1 0

!0
cK̄# !1

TABLE IV. Dij coefficients of Eq. (23) for the meson-baryon
states coupling to JP ! 3=2!.

J ! 3=2 !#
cK̄ "#

c$ !D# !cK̄# !#D !0
cK̄#

!#
cK̄ !1 ! 4##

3
p 0 0 2##

6
p " 0

"#
c$ 0 0 0 !

##
2

p

3 " 0
!D# !2 ! 1##

2
p " 0 1##

6
p "

!cK̄# !1 0 0
!#D !2 0
!0
cK̄# !1
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Table 7
The poles, and coupling constants of the poles to various channels in the PB sector with JP = 1/2!, 
taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6405.2 !bK̄ !"
b K̄ !B̄ "b#

gi !0.01 + i0.02 2.04 + i0.01 !1.62 + i0.02 2.08 + i0.01
gi GII

i !0.34 ! i0.47 !37.31 ! i0.18 2.27 ! i0.02 !18.28 ! i0.09

6465.3 + i1.2 !bK̄ !"
b K̄ !B̄ "b#

gi 0.07 ! i0.15 0.11 + i0.125 10.70 ! i0.10 0.15 + i0.11
gi GII

i 3.92 + i3.91 !4.53 ! i1.66 !18.89 + i0.08 !1.55 ! i1.14

Table 8
The poles, and coupling constants of the poles to various channels in the PB sector with JP = 3/2!, 
taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6427.1 !#
b K̄ "#

b# !#B̄

gi 2.01 2.05 !0.60
gi GII

i !37.17 !17.86 0.53

6664.8 + i0.2 !#
b K̄ "#

b# !#B̄

gi !0.02 ! i0.01 0.10 + i0.05 11.06 + i0.01
gi GII

i 0.59 ! i0.53 !3.07 + i0.41 !19.31 ! i0.02

Table 9
The poles, and coupling constants of the poles to various channels in the VB sector with JP =
1/2!, 3/2! , taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6508.0 !B̄# !bK̄# !"
b K̄#

gi 10.88 0.32 !0.15
gi GII

i !18.86 !2.37 0.77

6676.1 + i0.1 !B̄# !bK̄# !"
b K̄#

gi !0.05 ! i0.09 1.78 ! i0.10 0.01 + i0.01
gi GII

i 0.68 + i0.27 !35.16 + i1.90 !0.07 ! i0.01

6817.5 !B̄# !bK̄# !"
b K̄#

gi !0.01 + i0.02 0.01 ! i0.01 1.77 + i0.01
gi GII

i !0.26 ! i0.01 0.05 + i0.03 !34.71 ! i0.18

3. Results

In Tables 7, 8 and 9, we show the results. In Table 7 we see that we obtain two states with 
JP = 1

2
!

at 6405 MeV and 6465 MeV. The widths are given by twice the imaginary part of the 
pole position, and they are small in all cases. We also show the couplings of the states obtained 
to the different coupled channels, as well as the product gi G

II
i (GII

i is the G function calculated 
at the pole in the second Riemann sheet), which as shown in Ref. [36] is proportional to the wave 
function at the origin. By looking at the couplings and the wave function at the origin we can see 
that the first state, at 6405 MeV, couples strongly to !"

bK̄ and next to "b#. The second state, at 
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To search for peaking structures in the !0
bK

! mass
spectrum, a requirement that jM!!"

c !!#!m!0
b
j<40MeV

is imposed, which reduces the number of !0
b signal decays

to about 18 000. Each !0
b candidate is combined with a K!

candidate that is consistent with originating from a PV in
the event. The !0

b and K! trajectories are fitted to a
common vertex, and that vertex is kinematically con-
strained to coincide with the PV associated with the !0

b
candidate [69]. The additional PV constraint improves
the resolution on the mass difference "M !M!!0

bK
!# !

M!!0
b# by about a factor of 2.

Random combinations of !0
b baryons with a K! candi-

date are the largest source of background in the !0
bK

! mass
spectrum. To improve the expected signal-to-background
ratio, a figure of merit, #=!

!!!!
B

p
" 5=2# [70], is used to

optimize the requirements on the PID information of the
K! candidates. Here, # is the efficiency as determined from
simulation, and B is the number of wrong-sign !0

bK
"

combinations in the region 520 < "M < 570 MeV passing

the PID requirement, scaled to a 10 MeV mass window.
The 10MeVwidth is chosen based on the search for narrow
peaks, since the low signal yields expected would make
wide peaks difficult to separate from the combinatorial
background. The optimal requirement on the K! PID
provides an efficiency of about 85% and suppresses the
background by a factor of about 2.5.
The decay of a resonance to !0

bK
! will produce peaks in

the "M spectrum. The experimental "M resolution is
obtained from simulated samples generated at several
masses, mres. The resolution function is described by the
sum of two Gaussian functions with a common mean. In
addition, the width of the narrower Gaussian component,
$core, is fixed to be 45% of that of the wider component, and
its contribution is required to constitute 80% of the total
shape. A smooth, monotonically increasing function,
denoted as $!mres#, is then used to parameterize $core as
a function of mres. In the "M interval of interest, $!mres# is
in the range of 0.7–0.8 MeV.
The "M distributions for right-sign (RS) and wrong-sign

(WS) candidates are shown in Fig. 2, along with fits to the
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FIG. 2. Distribution of the mass difference for (top) right-sign !0
bK

! candidates, and (bottom) wrong-sign !0
bK

" candidates, as
described in the text.
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gi GII
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Table 8
The poles, and coupling constants of the poles to various channels in the PB sector with JP = 3/2!, 
taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6427.1 !#
b K̄ "#

b# !#B̄

gi 2.01 2.05 !0.60
gi GII

i !37.17 !17.86 0.53
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Table 9
The poles, and coupling constants of the poles to various channels in the VB sector with JP =
1/2!, 3/2! , taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6508.0 !B̄# !bK̄# !"
b K̄#

gi 10.88 0.32 !0.15
gi GII

i !18.86 !2.37 0.77

6676.1 + i0.1 !B̄# !bK̄# !"
b K̄#

gi !0.05 ! i0.09 1.78 ! i0.10 0.01 + i0.01
gi GII

i 0.68 + i0.27 !35.16 + i1.90 !0.07 ! i0.01

6817.5 !B̄# !bK̄# !"
b K̄#

gi !0.01 + i0.02 0.01 ! i0.01 1.77 + i0.01
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i !0.26 ! i0.01 0.05 + i0.03 !34.71 ! i0.18

3. Results

In Tables 7, 8 and 9, we show the results. In Table 7 we see that we obtain two states with 
JP = 1

2
!

at 6405 MeV and 6465 MeV. The widths are given by twice the imaginary part of the 
pole position, and they are small in all cases. We also show the couplings of the states obtained 
to the different coupled channels, as well as the product gi G

II
i (GII

i is the G function calculated 
at the pole in the second Riemann sheet), which as shown in Ref. [36] is proportional to the wave 
function at the origin. By looking at the couplings and the wave function at the origin we can see 
that the first state, at 6405 MeV, couples strongly to !"

bK̄ and next to "b#. The second state, at 
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Stimulated by the new experimental LHCb findings associated with the !c states, some of which we
have described in a previous work as being dynamically generated through meson-baryon interaction, we
have extended this approach to make predictions for new "cc molecular states in the C ! 2, S ! 0, and
I ! 1=2 sector. These states manifest themselves as poles in the solution of the Bethe-Salpeter equation in
coupled channels. The kernels of this equation were obtained using general Lagrangians coming from
the hidden local gauge symmetry or massive Yang-Mills theory, and the interactions are dominated by the
exchange of light vector mesons. The extension of this approach to the heavy sector stems from the
realization that the dominant interaction corresponds to having the heavy quarks as spectators, which
implies the preservation of the heavy quark symmetry. As a result, we get several states: three states from
the pseudoscalar meson-baryon interaction with JP ! 1=2!, and masses around 3840, 4080 and
4090 MeV, and two at 3920 and 4150 MeV for JP ! 3=2!. Furthermore, from the vector meson-baryon
interaction we get three states degenerate with JP ! 1=2! and 3=2! from 4220 MeV to 4290 MeV, and two
more states around 4280 and 4370 MeV, degenerate with JP ! 1=2!; 3=2!, and 5=2!.

DOI: 10.1103/PhysRevD.98.094017

I. INTRODUCTION

Over the last decade, the field of hadron spectroscopy is
living a new era due to a large bulk of experimental results,
which has triggered an intense theoretical activity in order
to describe and understand these experimental data. They
are challenging our knowledge of hadron dynamics since
many states cannot be accommodated within the standard
picture for the hadron. In 2015, the LHCb reported the
observation of the states P"

c #4380$ and P"
c #4450$ in the

J=!p invariant mass distribution [1–3] and, afterwards,
five narrow !c states [4] were measured in the ""

c K! mass
spectrum. Especially interesting was the observation of a
doubly charmed baryon (DCB), called """

cc , recently seen
by the LHCb collaboration in the #"

c K!"""" final state,
with mass around 3621 MeV [5]. This value is higher than
that for the first doubly charmed state ""

cc measured in the
#"
c K!"" mass spectrum, by SELEX in 2002 [6], and later

confirmed in Ref. [7] by the same collaboration. However,
this latter state was not confirmed by FOCUS [8], Belle [9],
BABAR [10] and the LHCb [11] collaborations.
On the theoretical side, a DCB state with a mass similar

to that one reported by the LHCb had been predicted in
Ref. [12], using a renormalizable gauge field theory. A
DCB was also predicted in Ref. [13], where the relativistic
quark-diquark potential model was employed. Using the
one gluon exchange model, the authors of Ref. [14] had
also predicted a doubly heavy baryon state in which the
mass value obtained is close to the one measured by the
LHCb. In particular, these works advocate that the """

cc
should be accommodated in the quark picture. On the other
hand, many other theoretical approaches were used to study
doubly charmed baryon states1 before the LHCb measure-
ments, including even triply heavy baryons extended to the
beauty sector [16]. For instance, in Ref. [17] the authors
have predicted a doubly charmed baryon state generated
from the "ccK̄ interaction based on the previous "cc
mass value.
More recently, in particular after the LHCb announce-

ment of the newly """
cc , a new wave of theoretical studies

have aroused in an attempt to understand its properties,
including also new predictions. In Ref. [18], the chiral

*jdias@if.usp.br
†vinicius.rodrigues@ific.uv.es
‡xiejujun@impcas.ac.cn
§eulogio.oset@ific.uv.es

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1We refer the reader to Ref. [15], which presents a review of
the literature on those works.

PHYSICAL REVIEW D 98, 094017 (2018)

2470-0010=2018=98(9)=094017(11) 094017-1 Published by the American Physical Society

Channels 

similar to the !0
c ! !!

c mass splitting, as done in Ref. [42].
The estimates for the "cc and "!

cc masses are also taken as
the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing M!cc

" 3621 MeV.
Next, wewill discuss the use of Lagrangians from hidden

local gauge symmetry which provide an easy manner to
evaluate the meson-baryon interaction involving the chan-
nels listed in Tables I–IV.

A. Transition amplitudes

The use of chiral Lagrangians to calculate the transition
amplitudes is complicated when states in the charm sector
are involved. This happens because one needs to extend
those Lagrangians from SU#3$ to SU#4$ and the use of this
latter symmetry must be handled with care when dealing
with mesons and baryons with such disparate masses. On
the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
baryon interaction proceeds by means of vector meson
exchange as illustrated in Fig. 1. According to the hidden
local gauge approach, the vector-pseudoscalar-pseudoscalar
coupling (VPP), i.e., the upper vertex of the diagram
depicted in Fig. 1 is described by the following Lagrangian

LVPP " !igh%!; !"!&V"i; #1$

where ! and V" are the SU#3$ matrices for pseudoscalar
and vector mesons, respectively, given by

! "

0

BB@

1!!
2

p #0 ' 1!!
6

p $ #' K'

#! ! 1!!
2

p #0 ' 1!!
6

p $ K0

K! K̄0 ! 2!!
6

p $

1

CCA; #2$

and

V" "

0

BB@

%0!!
2

p ' &!!
2

p %' K!'

%! ! %0!!
2

p ' &!!
2

p K!0

K!! K̄!0 !

1

CCA

"

; #3$

while the symbol h( ( (i in Eq. (1) stands for the SU#3$ trace
and the coupling g " MV=2f# , with f# " 93 MeV being
the pion decay constant. The extension of Eq. (1) to SU#4$ is
straightforward and the discussion on how to do this can be
found in Refs. [36,37]. Essentially the Lagrangian for VPP
is formally the same as for Eq. (1) but the ! and V matrices
are extended to their corresponding ones in SU#4$, which
account for qq̄ written in terms of pseudoscalar-mesons
or vector-mesons. Given this quark correspondence of the
mesons, it is possible to write the VPP vertex using an
appropriate quark operator and evaluating matrix elements
for the different mesons (see Eqs. (4)–(11) of Ref. [48]). One
finds identical results with the two methods within SU#3$.
When we move to the SU#4$ sector we stick to the
prescription of using exchange of vector mesons for the
interaction, but there are two possibilities, the exchange of
light vectors (%, &, !) or the exchange of heavy vectors, D!,
D!

s and J=' . The exchange of heavy vectors is penalized

TABLE I. Baryon-pseudoscalar states (JP " 1=2!) chosen and
threshold mass in MeV.
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cDs
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TABLE II. Baryon-pseudoscalar states (JP " 3=2!) chosen
and threshold mass in MeV.
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TABLE III. Baryon-vector meson states (JP " 1=2!; 3=2!)
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Channel !!
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FIG. 1. Diagram representing the meson-baryon interaction
through vector meson exchange. Mi#Mf$ and Bi#Bf$ are the
initial (final) meson and baryon states, respectively, taking
place on the interaction, while V stands for the vector meson
exchanged.
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similar to the !0
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c mass splitting, as done in Ref. [42].
The estimates for the "cc and "!

cc masses are also taken as
the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing M!cc

" 3621 MeV.
Next, wewill discuss the use of Lagrangians from hidden

local gauge symmetry which provide an easy manner to
evaluate the meson-baryon interaction involving the chan-
nels listed in Tables I–IV.

A. Transition amplitudes

The use of chiral Lagrangians to calculate the transition
amplitudes is complicated when states in the charm sector
are involved. This happens because one needs to extend
those Lagrangians from SU#3$ to SU#4$ and the use of this
latter symmetry must be handled with care when dealing
with mesons and baryons with such disparate masses. On
the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
baryon interaction proceeds by means of vector meson
exchange as illustrated in Fig. 1. According to the hidden
local gauge approach, the vector-pseudoscalar-pseudoscalar
coupling (VPP), i.e., the upper vertex of the diagram
depicted in Fig. 1 is described by the following Lagrangian

LVPP " !igh%!; !"!&V"i; #1$

where ! and V" are the SU#3$ matrices for pseudoscalar
and vector mesons, respectively, given by
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channels and their respective thresholds reevaluated tak-
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latter symmetry must be handled with care when dealing
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hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
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finds identical results with the two methods within SU#3$.
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SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
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exchange as illustrated in Fig. 1. According to the hidden
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depicted in Fig. 1 is described by the following Lagrangian

LVPP " !igh%!; !"!&V"i; #1$

where ! and V" are the SU#3$ matrices for pseudoscalar
and vector mesons, respectively, given by

! "

0

BB@

1!!
2

p #0 ' 1!!
6

p $ #' K'

#! ! 1!!
2

p #0 ' 1!!
6

p $ K0

K! K̄0 ! 2!!
6

p $

1

CCA; #2$

and

V" "

0

BB@

%0!!
2

p ' &!!
2

p %' K!'

%! ! %0!!
2

p ' &!!
2

p K!0

K!! K̄!0 !

1

CCA

"

; #3$

while the symbol h( ( (i in Eq. (1) stands for the SU#3$ trace
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finds identical results with the two methods within SU#3$.
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interaction, but there are two possibilities, the exchange of
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Results

to obtain the T-matrix in the complex energy plane, for
which we have calculated the meson-baryon G function in
the first (I) and second (II) Riemann sheet [56]. This is done
by changing G in Eq. (14) to GII in order to obtain TII. The
loop GII is the analytic continuation of the loop function in
the second Riemann sheet, and it is given by

GII
l !

!!!
s

p
" # GI

l!
!!!
s

p
" $ i

Ml

2!
!!!
s

p p; with Im!p" > 0;

p # "1=2!s;m2
l ;M

2
l "

2
!!!
s

p ; !16"

with ml and Ml being the meson and baryon masses of the
l-channel, respectively, while GI [given by Eq. (15)] and
GII

l stand for the loop function in the first and second
Riemann sheet, respectively. In Eq. (16), we use GII

l
when the lth-channel is open, i.e., Re!

!!!
s

p
" > ml $Ml.

On the other hand, when the channel is closed, that is
Re!

!!!
s

p
" < ml $Ml, we have GII

l # GI
l.

It is also possible to evaluate the couplings gl of the state
to the different meson-baryon channels. In order to do this,
note that close to the pole the amplitude in the complex
plane for a diagonal transition can be written as

Tll!s" !
g2l!!!
s

p
" zR

; !17"

where zR # MR $ i!R=2 stands for the position of the
bound state/resonance [61]. Hence, the coupling can be
evaluated as the residue at the pole of Tll!s", by means of
the following formula

g2l #
r
2!

Z
2!

0
Tll!z!#""ei#d#; !18"

where z # zR $ rei#.
In addition, with the coupling constant and the G

function calculated at the pole, we can obtain glGl!zR",
which is proportional to the wave function at the origin in
the lth-channel [62].

III. RESULTS

In Table XI we show the poles we have found according
to the procedure discussed previously. They are related to
the interaction involving a pseudoscalar meson and 1=2$

baryon in S-wave, such that for this case we have poles
associated to the JP # 1=2" quantum numbers. In addition,
we also show the couplings of these states to the channels
spanning the space of states listed in Table I as well as the
product glGII

l , with GII
l being the loop function evaluated

at the pole in the second Riemann sheet. We get a broad
pole below 4 GeV, with mass 3837.26 MeV and width
200.96 MeV (!R # 2 ! Im!zR"), coupling to "cc!, "cc$
and #ccK. As we can see from the value of the coupling gl
and wavefunction glGII

l this pole is dominated by the
channel "cc!. The large width comes from the fact that this
resonance is 78 MeV above the "cc! threshold and has a
very large contribution from this channel, which is open for
decay. We get two states above 4 GeV separated approx-
imately by !10 MeV, with one at 4082.79 MeV and the
other at 4092.20 MeV. From the results obtained for the
couplings as well as for the wave function at the origin, we
observe that the first pole couples strongly to the $cD
channel. It also couples to "0

cDs, but with a smaller value
than to the former channel. We can understand this by
looking at Table VII. According to that table only the
$cD ! $cD and $cD ! "0

cDs transitions are allowed,
with the coefficient related to the diagonal one as the
biggest value. Therefore, we can say that this pole is mostly
a $cD molecule. For the second pole, at 4092.20 MeV, we
see that it couples to both %cD and "cDs channels with
almost the same magnitude. The only open channel for both
states found is "cc!, but as can be seen from Table XI, they
do not couple to this channel.
The results associated with the interaction involving a

pseudoscalar meson and a baryon with JP # 3=2$ in S-
wave, are displayed in Table XII. Analogously to the
previous case, we also present the couplings together with
the wave function at the origin, that is the glGII

l product.
Similar to the previous case, we now find a broad pole
below 4 GeV coupling strongly to "%

cc!, at 3918.15 MeV

TABLE XI. Poles and couplings in the PB1=2, JP # 1=2" sector, with qmax # 650 MeV, and glGII
l in MeV.

3837.26$ i100.48 "cc! %cD "cc$ #ccK $cD "cDs "0
cDs

gl 1.72$ i1.30 0 0.41$ i0.32 0.80$ i0.77 0 0 0
glGII

l "74.27 " i12.89 0 "2.11 " i2.41 "4.03 " i5.35 0 0 0

4082.79 "cc! %cD "cc$ #ccK $cD "cDs "0
cDs

gl 0 0 0 0 8.86 0 1.93
glGII

l 0 0 0 0 "31.29 0 "4.04
4092.20 "cc! %cD "cc$ #ccK $cD "cDs "0

cDs

gl 0 4.01 0 0 0 3.75 0
glGII

l 0 "29.49 0 0 0 "9.76 0
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Stimulated by the new experimental LHCb findings associated with the !c states, some of which we
have described in a previous work as being dynamically generated through meson-baryon interaction, we
have extended this approach to make predictions for new "cc molecular states in the C ! 2, S ! 0, and
I ! 1=2 sector. These states manifest themselves as poles in the solution of the Bethe-Salpeter equation in
coupled channels. The kernels of this equation were obtained using general Lagrangians coming from
the hidden local gauge symmetry or massive Yang-Mills theory, and the interactions are dominated by the
exchange of light vector mesons. The extension of this approach to the heavy sector stems from the
realization that the dominant interaction corresponds to having the heavy quarks as spectators, which
implies the preservation of the heavy quark symmetry. As a result, we get several states: three states from
the pseudoscalar meson-baryon interaction with JP ! 1=2!, and masses around 3840, 4080 and
4090 MeV, and two at 3920 and 4150 MeV for JP ! 3=2!. Furthermore, from the vector meson-baryon
interaction we get three states degenerate with JP ! 1=2! and 3=2! from 4220 MeV to 4290 MeV, and two
more states around 4280 and 4370 MeV, degenerate with JP ! 1=2!; 3=2!, and 5=2!.
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I. INTRODUCTION

Over the last decade, the field of hadron spectroscopy is
living a new era due to a large bulk of experimental results,
which has triggered an intense theoretical activity in order
to describe and understand these experimental data. They
are challenging our knowledge of hadron dynamics since
many states cannot be accommodated within the standard
picture for the hadron. In 2015, the LHCb reported the
observation of the states P"

c #4380$ and P"
c #4450$ in the

J=!p invariant mass distribution [1–3] and, afterwards,
five narrow !c states [4] were measured in the ""

c K! mass
spectrum. Especially interesting was the observation of a
doubly charmed baryon (DCB), called """

cc , recently seen
by the LHCb collaboration in the #"

c K!"""" final state,
with mass around 3621 MeV [5]. This value is higher than
that for the first doubly charmed state ""

cc measured in the
#"
c K!"" mass spectrum, by SELEX in 2002 [6], and later

confirmed in Ref. [7] by the same collaboration. However,
this latter state was not confirmed by FOCUS [8], Belle [9],
BABAR [10] and the LHCb [11] collaborations.
On the theoretical side, a DCB state with a mass similar

to that one reported by the LHCb had been predicted in
Ref. [12], using a renormalizable gauge field theory. A
DCB was also predicted in Ref. [13], where the relativistic
quark-diquark potential model was employed. Using the
one gluon exchange model, the authors of Ref. [14] had
also predicted a doubly heavy baryon state in which the
mass value obtained is close to the one measured by the
LHCb. In particular, these works advocate that the """

cc
should be accommodated in the quark picture. On the other
hand, many other theoretical approaches were used to study
doubly charmed baryon states1 before the LHCb measure-
ments, including even triply heavy baryons extended to the
beauty sector [16]. For instance, in Ref. [17] the authors
have predicted a doubly charmed baryon state generated
from the "ccK̄ interaction based on the previous "cc
mass value.
More recently, in particular after the LHCb announce-

ment of the newly """
cc , a new wave of theoretical studies

have aroused in an attempt to understand its properties,
including also new predictions. In Ref. [18], the chiral
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c mass splitting, as done in Ref. [42].
The estimates for the "cc and "!

cc masses are also taken as
the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing M!cc

" 3621 MeV.
Next, wewill discuss the use of Lagrangians from hidden

local gauge symmetry which provide an easy manner to
evaluate the meson-baryon interaction involving the chan-
nels listed in Tables I–IV.

A. Transition amplitudes

The use of chiral Lagrangians to calculate the transition
amplitudes is complicated when states in the charm sector
are involved. This happens because one needs to extend
those Lagrangians from SU#3$ to SU#4$ and the use of this
latter symmetry must be handled with care when dealing
with mesons and baryons with such disparate masses. On
the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
baryon interaction proceeds by means of vector meson
exchange as illustrated in Fig. 1. According to the hidden
local gauge approach, the vector-pseudoscalar-pseudoscalar
coupling (VPP), i.e., the upper vertex of the diagram
depicted in Fig. 1 is described by the following Lagrangian

LVPP " !igh%!; !"!&V"i; #1$

where ! and V" are the SU#3$ matrices for pseudoscalar
and vector mesons, respectively, given by
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found in Refs. [36,37]. Essentially the Lagrangian for VPP
is formally the same as for Eq. (1) but the ! and V matrices
are extended to their corresponding ones in SU#4$, which
account for qq̄ written in terms of pseudoscalar-mesons
or vector-mesons. Given this quark correspondence of the
mesons, it is possible to write the VPP vertex using an
appropriate quark operator and evaluating matrix elements
for the different mesons (see Eqs. (4)–(11) of Ref. [48]). One
finds identical results with the two methods within SU#3$.
When we move to the SU#4$ sector we stick to the
prescription of using exchange of vector mesons for the
interaction, but there are two possibilities, the exchange of
light vectors (%, &, !) or the exchange of heavy vectors, D!,
D!

s and J=' . The exchange of heavy vectors is penalized

TABLE I. Baryon-pseudoscalar states (JP " 1=2!) chosen and
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FIG. 1. Diagram representing the meson-baryon interaction
through vector meson exchange. Mi#Mf$ and Bi#Bf$ are the
initial (final) meson and baryon states, respectively, taking
place on the interaction, while V stands for the vector meson
exchanged.
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the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing M!cc

" 3621 MeV.
Next, wewill discuss the use of Lagrangians from hidden

local gauge symmetry which provide an easy manner to
evaluate the meson-baryon interaction involving the chan-
nels listed in Tables I–IV.
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are involved. This happens because one needs to extend
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with mesons and baryons with such disparate masses. On
the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
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the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
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The use of chiral Lagrangians to calculate the transition
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are involved. This happens because one needs to extend
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latter symmetry must be handled with care when dealing
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the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
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exchange as illustrated in Fig. 1. According to the hidden
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finds identical results with the two methods within SU#3$.
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the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing M!cc
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Next, wewill discuss the use of Lagrangians from hidden
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SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.
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exchange as illustrated in Fig. 1. According to the hidden
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and the coupling g " MV=2f# , with f# " 93 MeV being
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is formally the same as for Eq. (1) but the ! and V matrices
are extended to their corresponding ones in SU#4$, which
account for qq̄ written in terms of pseudoscalar-mesons
or vector-mesons. Given this quark correspondence of the
mesons, it is possible to write the VPP vertex using an
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finds identical results with the two methods within SU#3$.
When we move to the SU#4$ sector we stick to the
prescription of using exchange of vector mesons for the
interaction, but there are two possibilities, the exchange of
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Results

with a width of 200.64 MeV. This pole is also 78 MeV
above the corresponding threshold of the !!

cc! channel,
which is open for decay, explaining the similar width of
200 MeV. In this case, we have just one pole above 4 GeV
at 4149.67 MeV, coupling mostly to "!

cD and with less
intensity to the !!

cDs channel. As can be seen looking at the
Table III for the thresholds, only the !!

cc! channel is open.
The coupling to "!

cD is almost seven times bigger than the
value for the other channel, !!

cDs, then this pole is naturally
associated with a "!

cD molecule. This pole would be the
spin partner of the pole found at 4082.79 MeV from the
pseudoscalar-baryon (PB) interaction, with JP " 1=2!.
Next we look for the states with degenerate JP "

1=2!; 3=2!, resulting from the interaction in S-wave of
vector mesons and baryons with JP " 1=2#. Our findings
for this particular case can be seen in Table XIII. Three
states have been found, at 4217.21 MeV, 4229.19 MeV, and
at 4293.12 MeV. The first of them couples strongly to "cD!

and little to the !0
cD!

s channel, and hence, this pole qualifies
as a "cD! bound state. The second state found, at
4229.19 MeV, couples to both #cD! and !cD!

s with similar
values for the couplings, however, when we compare the
values for the product glGII

l , we see that the one for the
#cD! channel is much bigger than that for !cD!

s. The same
behavior is found for the last pole, at 4293.12 MeV, whose
couplings to !cc" and to$ccK! are of the same order, while
the value for the wave function at the origin for the former
channel is bigger than that for the latter one. It is worth
mentioning that three states were also obtained in the same
VB1=2, JP " 1=2!; 3=2! sector for the $c and $b states,

r-

espectively, studied in Refs. [40,44]. We note that for
the first and second poles at 4217.21 and 4229.19 MeV,
all channels are closed for decay. The third pole at
4293.12 MeV has about 30 MeV of phase space to decay
into #cD!, however in our approach it does not couple to
this channel since it would require the exchange of a heavy
vector meson.
Finally we also show in Table XIV the results for the

vector meson-baryon states, with JP " 3=2# for the baryon.
In this case, we obtain two poles: 4280.43 and 4374.00MeV.
The first one couples strongly to "!

cD! and since its coupling
to the other channel, !!

cD!
s , is four times smaller than the first

one, this pole is likely a "!
cD! molecule. On the other hand,

the second pole couples almost to all channels, except for
the "!

cD! and !!
cD!

s . It couples with similar values for the
coupling to the channels: !!

cc" and$!
ccK!; and next to !!

cc#,
and a little to !!

cc$. But, by looking at the wave function at
the origin we conclude that this last pole comes mostly from
the !!

cc" channel.
Evidence of three resonances at higher energies has also

been found. In the B1=2P sector a state coupling mostly to
!0
cDs was found around 4520 MeV. This state also couples

to "cD, and would be the “heavy partner” of the pole found
around 4080 MeV. However, the pole is close to the
threshold of !0

cDs, which is about 200 MeV above the
one of "cD. At this energy the propagator of "cD is already
too far from its threshold and its real part becomes positive,
what can affect the unitarization of the amplitude and yield
unreliable results. The same happens in the B1=2P sector,
where a state coupling mostly to !!

cDs, and also to "!
cD,

was found around 4575 MeV; and in the B1=2V sector,
where a state coupling mostly to !0

cD!
s , and also to "cD!,

TABLE XIV. Poles and couplings in the VB3=2, JP "
1=2!; 3=2!; 5=2! sector, with qmax " 650 MeV, and glGII

l in
MeV.

4280.43 !!
cc" !!

cc# "!
cD! $!

ccK! !!
cc$ !!

cD!
s

gl 0 0 9.31 0 0 2.03
glGII

l 0 0 !30.42 0 0 !3.90
4374.00 !!

cc" !!
cc# "!

cD! $!
ccK! !!

cc$ !!
cD!

s

gl 3.70 1.15 0 2.42 !0.44 0
glGII

l !37.53 !11.30 0 !12.35 1.94 0

TABLE XII. Poles and couplings in the PB3=2, JP " 3=2! sector, with qmax " 650 MeV, and glGII
l in MeV.

3918.15# i100.32 !!
cc! !!

cc% $!
ccK "!

cD !!
cDs

gl 1.72# i1.30 0 0.41# i0.32 0.80# i0.76 0
glGII

l !74.27 ! i12.91 0 !2.10 ! i2.41 !3.99 ! i5.30 0

4149.67 !!
cc! !!

cc% $!
ccK "!

cD !!
cDs

gl 0 0 0 8.82 1.30
glGII

l 0 0 0 !31.46 !2.71

TABLE XIII. Poles and couplings in the VB1=2, JP "
1=2!; 3=2! sector, with qmax " 650 MeV, and glGII

l in MeV.

4217.21 #cD! !cc" !cc# "cD! !cD!
s $ccK! !cc$ !0

cD!
s

gl 0 0 0 9.31 0 0 0 2.03
glGII

l 0 0 0 !30.40 0 0 0 !3.94
4229.19 #cD! !cc" !cc# "cD! !cD!

s $ccK! !cc$ !0
cD!

s

gl 4.21 0 0 0 3.98 0 0 0
glGII

l !28.70 0 0 0 !9.59 0 0 0

4293.12 #cD! !cc" !cc# "cD! !cD!
s $ccK! !cc$ !0

cD!
s

gl 0 3.71 1.16 0 0 2.42 !0.45 0
glGII

l 0 !37.49 !11.30 0 0 !12.42 1.96 0
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Stimulated by the new experimental LHCb findings associated with the !c states, some of which we
have described in a previous work as being dynamically generated through meson-baryon interaction, we
have extended this approach to make predictions for new "cc molecular states in the C ! 2, S ! 0, and
I ! 1=2 sector. These states manifest themselves as poles in the solution of the Bethe-Salpeter equation in
coupled channels. The kernels of this equation were obtained using general Lagrangians coming from
the hidden local gauge symmetry or massive Yang-Mills theory, and the interactions are dominated by the
exchange of light vector mesons. The extension of this approach to the heavy sector stems from the
realization that the dominant interaction corresponds to having the heavy quarks as spectators, which
implies the preservation of the heavy quark symmetry. As a result, we get several states: three states from
the pseudoscalar meson-baryon interaction with JP ! 1=2!, and masses around 3840, 4080 and
4090 MeV, and two at 3920 and 4150 MeV for JP ! 3=2!. Furthermore, from the vector meson-baryon
interaction we get three states degenerate with JP ! 1=2! and 3=2! from 4220 MeV to 4290 MeV, and two
more states around 4280 and 4370 MeV, degenerate with JP ! 1=2!; 3=2!, and 5=2!.
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I. INTRODUCTION

Over the last decade, the field of hadron spectroscopy is
living a new era due to a large bulk of experimental results,
which has triggered an intense theoretical activity in order
to describe and understand these experimental data. They
are challenging our knowledge of hadron dynamics since
many states cannot be accommodated within the standard
picture for the hadron. In 2015, the LHCb reported the
observation of the states P"

c #4380$ and P"
c #4450$ in the

J=!p invariant mass distribution [1–3] and, afterwards,
five narrow !c states [4] were measured in the ""

c K! mass
spectrum. Especially interesting was the observation of a
doubly charmed baryon (DCB), called """

cc , recently seen
by the LHCb collaboration in the #"

c K!"""" final state,
with mass around 3621 MeV [5]. This value is higher than
that for the first doubly charmed state ""

cc measured in the
#"
c K!"" mass spectrum, by SELEX in 2002 [6], and later

confirmed in Ref. [7] by the same collaboration. However,
this latter state was not confirmed by FOCUS [8], Belle [9],
BABAR [10] and the LHCb [11] collaborations.
On the theoretical side, a DCB state with a mass similar

to that one reported by the LHCb had been predicted in
Ref. [12], using a renormalizable gauge field theory. A
DCB was also predicted in Ref. [13], where the relativistic
quark-diquark potential model was employed. Using the
one gluon exchange model, the authors of Ref. [14] had
also predicted a doubly heavy baryon state in which the
mass value obtained is close to the one measured by the
LHCb. In particular, these works advocate that the """

cc
should be accommodated in the quark picture. On the other
hand, many other theoretical approaches were used to study
doubly charmed baryon states1 before the LHCb measure-
ments, including even triply heavy baryons extended to the
beauty sector [16]. For instance, in Ref. [17] the authors
have predicted a doubly charmed baryon state generated
from the "ccK̄ interaction based on the previous "cc
mass value.
More recently, in particular after the LHCb announce-

ment of the newly """
cc , a new wave of theoretical studies

have aroused in an attempt to understand its properties,
including also new predictions. In Ref. [18], the chiral
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similar to the !0
c ! !!

c mass splitting, as done in Ref. [42].
The estimates for the "cc and "!

cc masses are also taken as
the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing M!cc

" 3621 MeV.
Next, wewill discuss the use of Lagrangians from hidden

local gauge symmetry which provide an easy manner to
evaluate the meson-baryon interaction involving the chan-
nels listed in Tables I–IV.

A. Transition amplitudes

The use of chiral Lagrangians to calculate the transition
amplitudes is complicated when states in the charm sector
are involved. This happens because one needs to extend
those Lagrangians from SU#3$ to SU#4$ and the use of this
latter symmetry must be handled with care when dealing
with mesons and baryons with such disparate masses. On
the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
baryon interaction proceeds by means of vector meson
exchange as illustrated in Fig. 1. According to the hidden
local gauge approach, the vector-pseudoscalar-pseudoscalar
coupling (VPP), i.e., the upper vertex of the diagram
depicted in Fig. 1 is described by the following Lagrangian

LVPP " !igh%!; !"!&V"i; #1$

where ! and V" are the SU#3$ matrices for pseudoscalar
and vector mesons, respectively, given by
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while the symbol h( ( (i in Eq. (1) stands for the SU#3$ trace
and the coupling g " MV=2f# , with f# " 93 MeV being
the pion decay constant. The extension of Eq. (1) to SU#4$ is
straightforward and the discussion on how to do this can be
found in Refs. [36,37]. Essentially the Lagrangian for VPP
is formally the same as for Eq. (1) but the ! and V matrices
are extended to their corresponding ones in SU#4$, which
account for qq̄ written in terms of pseudoscalar-mesons
or vector-mesons. Given this quark correspondence of the
mesons, it is possible to write the VPP vertex using an
appropriate quark operator and evaluating matrix elements
for the different mesons (see Eqs. (4)–(11) of Ref. [48]). One
finds identical results with the two methods within SU#3$.
When we move to the SU#4$ sector we stick to the
prescription of using exchange of vector mesons for the
interaction, but there are two possibilities, the exchange of
light vectors (%, &, !) or the exchange of heavy vectors, D!,
D!

s and J=' . The exchange of heavy vectors is penalized

TABLE I. Baryon-pseudoscalar states (JP " 1=2!) chosen and
threshold mass in MeV.

Channel !cc# #cD !cc$ "ccK $cD !cDs !0
cDs

Threshold 3759 4154 4169 4208 4321 4438 4545

TABLE II. Baryon-pseudoscalar states (JP " 3=2!) chosen
and threshold mass in MeV.
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cD !!
cDs
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TABLE III. Baryon-vector meson states (JP " 1=2!; 3=2!)
chosen and threshold mass in MeV.
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s "ccK! !cc! !0

cD!
s
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TABLE IV. Baryon-vector meson states (JP " 1=2!; 3=2!;
5=2!) chosen and threshold mass in MeV.

Channel !!
cc% !!

cc& $!
cD! "!

ccK! !!
cc! !!

cD!
s

Threshold 4478 4485 4526 4689 4722 4759

FIG. 1. Diagram representing the meson-baryon interaction
through vector meson exchange. Mi#Mf$ and Bi#Bf$ are the
initial (final) meson and baryon states, respectively, taking
place on the interaction, while V stands for the vector meson
exchanged.
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the same adopted in Ref. [42], given in Ref. [45]. The other
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the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
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are involved. This happens because one needs to extend
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the other hand, the use of the Lagrangians coming from the
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SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
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exchange as illustrated in Fig. 1. According to the hidden
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coupling (VPP), i.e., the upper vertex of the diagram
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LVPP " !igh%!; !"!&V"i; #1$

where ! and V" are the SU#3$ matrices for pseudoscalar
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while the symbol h( ( (i in Eq. (1) stands for the SU#3$ trace
and the coupling g " MV=2f# , with f# " 93 MeV being
the pion decay constant. The extension of Eq. (1) to SU#4$ is
straightforward and the discussion on how to do this can be
found in Refs. [36,37]. Essentially the Lagrangian for VPP
is formally the same as for Eq. (1) but the ! and V matrices
are extended to their corresponding ones in SU#4$, which
account for qq̄ written in terms of pseudoscalar-mesons
or vector-mesons. Given this quark correspondence of the
mesons, it is possible to write the VPP vertex using an
appropriate quark operator and evaluating matrix elements
for the different mesons (see Eqs. (4)–(11) of Ref. [48]). One
finds identical results with the two methods within SU#3$.
When we move to the SU#4$ sector we stick to the
prescription of using exchange of vector mesons for the
interaction, but there are two possibilities, the exchange of
light vectors (%, &, !) or the exchange of heavy vectors, D!,
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s and J=' . The exchange of heavy vectors is penalized
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FIG. 1. Diagram representing the meson-baryon interaction
through vector meson exchange. Mi#Mf$ and Bi#Bf$ are the
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place on the interaction, while V stands for the vector meson
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similar to the !0
c ! !!

c mass splitting, as done in Ref. [42].
The estimates for the "cc and "!

cc masses are also taken as
the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing M!cc

" 3621 MeV.
Next, wewill discuss the use of Lagrangians from hidden

local gauge symmetry which provide an easy manner to
evaluate the meson-baryon interaction involving the chan-
nels listed in Tables I–IV.

A. Transition amplitudes

The use of chiral Lagrangians to calculate the transition
amplitudes is complicated when states in the charm sector
are involved. This happens because one needs to extend
those Lagrangians from SU#3$ to SU#4$ and the use of this
latter symmetry must be handled with care when dealing
with mesons and baryons with such disparate masses. On
the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
baryon interaction proceeds by means of vector meson
exchange as illustrated in Fig. 1. According to the hidden
local gauge approach, the vector-pseudoscalar-pseudoscalar
coupling (VPP), i.e., the upper vertex of the diagram
depicted in Fig. 1 is described by the following Lagrangian
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where ! and V" are the SU#3$ matrices for pseudoscalar
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while the symbol h( ( (i in Eq. (1) stands for the SU#3$ trace
and the coupling g " MV=2f# , with f# " 93 MeV being
the pion decay constant. The extension of Eq. (1) to SU#4$ is
straightforward and the discussion on how to do this can be
found in Refs. [36,37]. Essentially the Lagrangian for VPP
is formally the same as for Eq. (1) but the ! and V matrices
are extended to their corresponding ones in SU#4$, which
account for qq̄ written in terms of pseudoscalar-mesons
or vector-mesons. Given this quark correspondence of the
mesons, it is possible to write the VPP vertex using an
appropriate quark operator and evaluating matrix elements
for the different mesons (see Eqs. (4)–(11) of Ref. [48]). One
finds identical results with the two methods within SU#3$.
When we move to the SU#4$ sector we stick to the
prescription of using exchange of vector mesons for the
interaction, but there are two possibilities, the exchange of
light vectors (%, &, !) or the exchange of heavy vectors, D!,
D!

s and J=' . The exchange of heavy vectors is penalized
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FIG. 1. Diagram representing the meson-baryon interaction
through vector meson exchange. Mi#Mf$ and Bi#Bf$ are the
initial (final) meson and baryon states, respectively, taking
place on the interaction, while V stands for the vector meson
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c mass splitting, as done in Ref. [42].
The estimates for the "cc and "!

cc masses are also taken as
the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing M!cc

" 3621 MeV.
Next, wewill discuss the use of Lagrangians from hidden

local gauge symmetry which provide an easy manner to
evaluate the meson-baryon interaction involving the chan-
nels listed in Tables I–IV.

A. Transition amplitudes

The use of chiral Lagrangians to calculate the transition
amplitudes is complicated when states in the charm sector
are involved. This happens because one needs to extend
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latter symmetry must be handled with care when dealing
with mesons and baryons with such disparate masses. On
the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SU#3$ content of SU#4$ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SU#3$, the meson-
baryon interaction proceeds by means of vector meson
exchange as illustrated in Fig. 1. According to the hidden
local gauge approach, the vector-pseudoscalar-pseudoscalar
coupling (VPP), i.e., the upper vertex of the diagram
depicted in Fig. 1 is described by the following Lagrangian
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and vector mesons, respectively, given by
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while the symbol h( ( (i in Eq. (1) stands for the SU#3$ trace
and the coupling g " MV=2f# , with f# " 93 MeV being
the pion decay constant. The extension of Eq. (1) to SU#4$ is
straightforward and the discussion on how to do this can be
found in Refs. [36,37]. Essentially the Lagrangian for VPP
is formally the same as for Eq. (1) but the ! and V matrices
are extended to their corresponding ones in SU#4$, which
account for qq̄ written in terms of pseudoscalar-mesons
or vector-mesons. Given this quark correspondence of the
mesons, it is possible to write the VPP vertex using an
appropriate quark operator and evaluating matrix elements
for the different mesons (see Eqs. (4)–(11) of Ref. [48]). One
finds identical results with the two methods within SU#3$.
When we move to the SU#4$ sector we stick to the
prescription of using exchange of vector mesons for the
interaction, but there are two possibilities, the exchange of
light vectors (%, &, !) or the exchange of heavy vectors, D!,
D!

s and J=' . The exchange of heavy vectors is penalized
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Results

with a width of 200.64 MeV. This pole is also 78 MeV
above the corresponding threshold of the !!

cc! channel,
which is open for decay, explaining the similar width of
200 MeV. In this case, we have just one pole above 4 GeV
at 4149.67 MeV, coupling mostly to "!

cD and with less
intensity to the !!

cDs channel. As can be seen looking at the
Table III for the thresholds, only the !!

cc! channel is open.
The coupling to "!

cD is almost seven times bigger than the
value for the other channel, !!

cDs, then this pole is naturally
associated with a "!

cD molecule. This pole would be the
spin partner of the pole found at 4082.79 MeV from the
pseudoscalar-baryon (PB) interaction, with JP " 1=2!.
Next we look for the states with degenerate JP "

1=2!; 3=2!, resulting from the interaction in S-wave of
vector mesons and baryons with JP " 1=2#. Our findings
for this particular case can be seen in Table XIII. Three
states have been found, at 4217.21 MeV, 4229.19 MeV, and
at 4293.12 MeV. The first of them couples strongly to "cD!

and little to the !0
cD!

s channel, and hence, this pole qualifies
as a "cD! bound state. The second state found, at
4229.19 MeV, couples to both #cD! and !cD!

s with similar
values for the couplings, however, when we compare the
values for the product glGII

l , we see that the one for the
#cD! channel is much bigger than that for !cD!

s. The same
behavior is found for the last pole, at 4293.12 MeV, whose
couplings to !cc" and to$ccK! are of the same order, while
the value for the wave function at the origin for the former
channel is bigger than that for the latter one. It is worth
mentioning that three states were also obtained in the same
VB1=2, JP " 1=2!; 3=2! sector for the $c and $b states,

r-

espectively, studied in Refs. [40,44]. We note that for
the first and second poles at 4217.21 and 4229.19 MeV,
all channels are closed for decay. The third pole at
4293.12 MeV has about 30 MeV of phase space to decay
into #cD!, however in our approach it does not couple to
this channel since it would require the exchange of a heavy
vector meson.
Finally we also show in Table XIV the results for the

vector meson-baryon states, with JP " 3=2# for the baryon.
In this case, we obtain two poles: 4280.43 and 4374.00MeV.
The first one couples strongly to "!

cD! and since its coupling
to the other channel, !!

cD!
s , is four times smaller than the first

one, this pole is likely a "!
cD! molecule. On the other hand,

the second pole couples almost to all channels, except for
the "!

cD! and !!
cD!

s . It couples with similar values for the
coupling to the channels: !!

cc" and$!
ccK!; and next to !!

cc#,
and a little to !!

cc$. But, by looking at the wave function at
the origin we conclude that this last pole comes mostly from
the !!

cc" channel.
Evidence of three resonances at higher energies has also

been found. In the B1=2P sector a state coupling mostly to
!0
cDs was found around 4520 MeV. This state also couples

to "cD, and would be the “heavy partner” of the pole found
around 4080 MeV. However, the pole is close to the
threshold of !0

cDs, which is about 200 MeV above the
one of "cD. At this energy the propagator of "cD is already
too far from its threshold and its real part becomes positive,
what can affect the unitarization of the amplitude and yield
unreliable results. The same happens in the B1=2P sector,
where a state coupling mostly to !!

cDs, and also to "!
cD,

was found around 4575 MeV; and in the B1=2V sector,
where a state coupling mostly to !0

cD!
s , and also to "cD!,

TABLE XIV. Poles and couplings in the VB3=2, JP "
1=2!; 3=2!; 5=2! sector, with qmax " 650 MeV, and glGII

l in
MeV.

4280.43 !!
cc" !!

cc# "!
cD! $!

ccK! !!
cc$ !!

cD!
s

gl 0 0 9.31 0 0 2.03
glGII

l 0 0 !30.42 0 0 !3.90
4374.00 !!

cc" !!
cc# "!

cD! $!
ccK! !!

cc$ !!
cD!

s

gl 3.70 1.15 0 2.42 !0.44 0
glGII

l !37.53 !11.30 0 !12.35 1.94 0

TABLE XII. Poles and couplings in the PB3=2, JP " 3=2! sector, with qmax " 650 MeV, and glGII
l in MeV.

3918.15# i100.32 !!
cc! !!

cc% $!
ccK "!

cD !!
cDs

gl 1.72# i1.30 0 0.41# i0.32 0.80# i0.76 0
glGII

l !74.27 ! i12.91 0 !2.10 ! i2.41 !3.99 ! i5.30 0

4149.67 !!
cc! !!

cc% $!
ccK "!

cD !!
cDs

gl 0 0 0 8.82 1.30
glGII

l 0 0 0 !31.46 !2.71

TABLE XIII. Poles and couplings in the VB1=2, JP "
1=2!; 3=2! sector, with qmax " 650 MeV, and glGII

l in MeV.

4217.21 #cD! !cc" !cc# "cD! !cD!
s $ccK! !cc$ !0

cD!
s

gl 0 0 0 9.31 0 0 0 2.03
glGII

l 0 0 0 !30.40 0 0 0 !3.94
4229.19 #cD! !cc" !cc# "cD! !cD!

s $ccK! !cc$ !0
cD!

s

gl 4.21 0 0 0 3.98 0 0 0
glGII

l !28.70 0 0 0 !9.59 0 0 0

4293.12 #cD! !cc" !cc# "cD! !cD!
s $ccK! !cc$ !0

cD!
s

gl 0 3.71 1.16 0 0 2.42 !0.45 0
glGII

l 0 !37.49 !11.30 0 0 !12.42 1.96 0
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Conclusions
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1) The new hadronic states have been challenging our comprehension of the QCD 
dynamics at low-energies;

2) The Chiral Unitary approach has been proving a successful tool to describe these new 
states at the heavy sector;

3) We have investigated the meson-baryon interaction in coupled-channels to describe the 
properties of the new baryon structures observed by the LHCb:  states. In particular, 
our results are in good agreement with those reported by the LHCb collaboration;

Ωc(b)

4) Motived by such agreement we have extended the model for different quark flavor 
configurations in order to make predictions for new structures;

5) The success in describing the hidden charm pentaquark states supports our confidence 
that such predictions are realistic.


