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Abstract We study odd parity J = 1/2 and J = 3/2 E,
resonances using a unitarized coupled-channel framework
based on a SU(6)s x HQSS-extended Weinberg—Tomozawa
baryon—meson interaction, while paying a special attention
to the renormalization procedure. We predict a large molec-
ular A.K component for the E.(2790) with a dominant 0~
light-degree-of-freedom spin configuration. We discuss the
differences betweenthe 3/2™ A.(2625) and E.(2815) states,
and conclude that they cannot be SU(3) siblings, whereas we
predict the existence of other E.-states, one of them related
to the two-pole structure of the A.(2595). It is of particu-
lar interest a pair of J = 1/2 and J = 3/2 poles, which
form a HQSS doublet and that we tentatively assign to the
E.(2930) and E.(2970), respectively. Within this picture,
the E.(2930) would be part of a SU(3) sextet, containing
either the €2.(3090) or the 2.(3119), and that would be com-
pleted by the X.(2800). Moreover, we identify a J = 1/2
sextet with the E;(6227) state and the recently discovered
>, (6097). Assuming the equal spacing rule and to complete
this multiplet, we predict the existence of a J = 1/2 2} odd
parity state, with a mass of 6360 MeV and that should be
seen in the 2, K channel.

1 Introduction

The study of heavy baryons with charm or bottom content
has been the subject of much interest over the past years
in view of newly discovered states [1]. In particular, there
has been a tremendous effort to understand the nature of the
experimental states within conventional quarks models, QCD
sum-rules frameworks, QCD lattice analysis or molecular
baryon—meson models (see Refs. [2-7] for recent reviews).

2 e-mail: tolos@ice.csic.es

The attention has been recently revived by the experimen-
tal observation of several excited states. Recent detections
have been reported by the LHCb Collaboration regarding five
Q. excited states in the EjK ~ spectrum in pp collisions [8],
and the excited E,(6227) state in AgK ~and Egn ~ invariant
mass spectra also in pp collisions [9]. Moreover, the Belle
Collaboration has confirmed the observation of four of the
excited 2. states [10], and detected the E.(2930) state in its
decay to ATK~ in B~ — K~ AT A_ decays[11].

In view of these new observations, a large theoretical activ-
ity has been indeed triggered, in particular within dynamical
approaches based on a molecular description of these states.
Starting from the newly observed 2. states, the molecular
models of Refs. [12,13] have been reanalyzed in view of the
new discoveries. While in Ref. [14] two . resonant states at
3050 MeV and 3090 MeV with J© = 1 /2~ were obtained,
being identified with two of the experimental states, in Ref.
[15]two J ¥ = 1/27 Q. states and one JP = 3/27 Q. were
determined within an extended local hidden gauge approach,
the first two in good agreement with [14]. Other theoretical
works also examined the Q2. sector, trying to explain the extra
broad structure observed by the LHCb around 3188 MeV [8].
In Ref. [16] it was shown that this bump could be interpreted
as the superposition of two DE bound states, whereas in
Ref. [17] a loosely bound molecule of mass 3140 MeV was
determined.

With regards to E., the theoretical analysis based on the
local hidden gauge formalism has shown that not only the
E¢(2930) can have a molecular interpretation, but also other
E. states around 3 GeV reported in the PDG [1]. In par-
ticular, the E.(2790) would be a J© = 1/2~ molecular
state, whereas E.(2930), E.(2970), E.(3055) and E.(3080)
could be described as molecules with either 1/27 or 3/2~
[18]. On the other hand, the same model has produced two
states for E;(6227) with masses close to the experimental
one with similar widths, being the spin—parity assignment
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Table 1 Excited E, states below 3 GeV and the excited E), state found experimentally [1]. We show the assigned J P (when possible), the mass

M and width I", as well as the decay channels

Baryon Jr M (MeV) I' (MeV) Decay channels

E.(2790)t/ E.(2790)° 1/2- 2792.4 +0.5/2794.1 £0.5 8.941.0/10.0 + 1.1 g

E.(2815)1/ B.(2815)° 3/2° 2816.73 £ 0.21/2820.26 & 0.27 2.43 +£0.26/2.54 + 0.25 Blm, Bfm

E.(2930)1/ E.(2930)° ? 2942 +5/2929.77%8 154+9/26+38 AFK~, ATK)

Ec(2970)"/ E.(2970)° ? 2969.4 +0.8/2967.810 20.9%34/28.1%3% AFK7, S.K, B2m, Blw, Efn
B, (6227) ? 6226.9 £+ 2 18+6 ANKk=, 8)n~

either 1/27 or 3/27 [18]. The E; state has been also studied
within a unitarized model that uses the leading-order chiral
Lagrangian in Refs. [19,20], identifying the E,(6227) state
as a S-wave X, K molecule, with a preferred 1/2~ spin—
parity assignment [20].

Over the past years, a unitarized coupled-channel scheme
has been developed in Refs. [21-27] that implements heavy-
quark spin symmetry (HQSS), which is a proper QCD sym-
metry that appears when the quark masses, such as that of
the charm or bottom quark, become larger than the typi-
cal confinement scale. This approach is based on a consis-
tent SU(6),is x HQSS extension of the Weinberg—Tomozawa
(WT) N interaction, where “Isf” stands for light quark—
spin—flavor symmetry, respectively. Within this framework,
it has been identified a two-pole pattern for the A.(2595)
resonance! [21,23], similar to the A(1405) [29-31]. The
same scheme has also generated dynamically the A;(5912)
and A;(5920) narrow resonances, discovered by LHCb [32],
which turn out to be HQSS partners, naturally explaining
their approximate mass degeneracy [24].

More recently, the work of Ref. [23] has been revisited
in view of the newly discovered €2, states, paying a special
attention to the renormalization procedure used in the unita-
rized coupled-channel model and its impact on the €2, sector.
In Ref. [33] it was shown that some (probably at least three)
of the . states experimentally observed by LHCb would
have 1/27 or3/27.

The discovery of the E.,(2930) and E;(6227) has stim-
ulated and motivated further research along this line. In the
present work we follow a similar procedure as described in
[33] and study the possible molecular interpretation of those
states, revisiting the previous works on the E. [23] and E,
[24] sectors. However, in the &, sector we do not restrict
ourselves to the recent E.(2930) observation, but analyze
all excited E. states found experimentally with masses up
to 3 GeV [1]. The four excited Z. states with masses below

! The details of this double pole structure, generated by the ., N D
and N D* coupled-channels dynamics, depend strongly on the adopted
renormalization scheme, which could considerably enhance the role
played by the two latter channels around the resonance energy. This is
discuss in detail in Ref. [28].

@ Springer

3 GeV and the E,(6227) are collected in Table 1, show-
ing the assigned spin—parity J© (when possible) as well as
masses, widths, and decay channels. In this work we pay
a special attention to the dependence on the renormaliza-
tion scheme as well as to the flavor-symmetry content of the
SU(6)ss x HQSS model, as we determine the possible HQSS
partners and siblings among the experimental states while
predicting new ones. Thus, we follow the discussion of Ref.
[23] on its spin—flavor symmetry breaking pattern. Flavor
SU(4) is not a good symmetry in the limit of a heavy charm
quark, for this reason, instead of the breaking pattern SU(8) D
SU(4), we consider the pattern SU(8) D SU(6), since the light
spin—flavor group [SU(6)] is decoupled from heavy-quark
spin transformations. This allows us to implement HQSS in
the analysis and to unambiguously identify the correspond-
ing multiplets among the resonances generated dynamically.
At the same time, we are also able to assign approximate
heavy [SU(8)] and light [SU(6)] spin—flavor multiplet labels
to the states.

This work is organized as follows. In Sect. 2 we present the
SU(6),r x HQSS extension of the WT interaction, while in
Sect. 3 we show our results for the E. and Ej, states,? respec-
tively, and the possible experimental identification. Finally,
in Sect. 4 we present our conclusions, emphasizing the pos-
sible classification of these experimental states according to
the flavor-symmetry content of the scheme, while predicting
new observations.

2 Formalism

We consider the sector with charm C = 1, strangeness
S = —1 and isospin / = 1/2 quantum numbers, where the
E.(2930) state has been observed by the Belle Collaboration
[11]. Also, we examine the bottom B = —1, strangeness
S = —1 and isospin I = 1/2, where the E,(6227) has been
found [9]. In order to do so, we revise the results in Ref. [23]
for the E, states and in Ref. [24] for &}, ones.

2 From now on we refer to excited E. and E; independently of 1/2~
or 3/27 spin—parity assignment.



Eur. Phys. J. C (2020) 80:22

Page3of 12 22

In the case of the C = 1, S = —1 and I = 1/2 sector,
the building-blocks are the pseudoscalar (Dy, D, K, 7, 1, K )
and vector (D}, D*, K*, p, o, K*, ¢) mesons, and the spin-
12(A, 2, 8, Ae, T, Ee, BL, Qc), and spin-3/2 (TF, EF, Q)
charmed baryons [21,23]. For the bottom sector B = —1,
S = —1land I = 1/2, one can substitute the ¢ quark by a b
quark, and we have the pseudoscalar (BS, B.K. T, n, K )and
vector (BS*, B*, K*, p,w, K*, ¢) mesons, and the spin-1/2
(A, X, B, Ap, Tp, Bp, B}, ), and spin-3/2 (X}, E}, ;)
baryons [24]. All baryon—meson pairs with (C = 1/B =
—1, 8§ = —1, I = 1/2) quantum numbers span the coupled-
channel space for a given total angular momentum (J).

The S-wave tree level amplitudes between two baryon—
meson channels are given by the SU(6) ;s x HQSS WT kernel,

2 /s —M;i—M; |Ei+M; [E;i+ M;

Vil (s) = D}, Vs Mi—Mj [Ei+Mi [Ej+ LoD
J J 4f,'fj 2M; 2M ;

The M; and m; are the masses of the baryon and meson in the

i channel, respectively, and E; is the center-of-mass energy
of the baryon in the same channel,

s — ml2 + Ml.2
= —Zﬁ )
The projection onto definite J is done as explained in Refs.
[23,34,35]. In [34], only J = 1/2 baryons and pseudoscalar
mesons are considered. The inclusion of spin J/ = 3/2
baryons and vector mesons was discussed in Appendix A of
Ref. [23], using results derived in [35]. The hadron masses,
meson decay constants, f;, and Dijj matrices are taken from
Refs. [23,24], where the underlying SU(6)s x HQSS group
structure of the interaction has been considered.

Starting from Vlf , we solve the Bethe—Salpeter equation
(BSE) in coupled channels,

E; @

T'(s) = I(s), )

1— Vf(s)GJ(s)V

where the G” (s) is a diagonal matrix that contains the dif-
ferent baryon—meson loop functions G,

Gi(s) 'ZM/ d'g ! !

() = i2M: ’

! ")oemtq? —m?tie (P —q)? — M +ic
4

with P the total momentum of the system such that P> = s.
We omit the index J from here on for simplicity. The bare
loop function is logarithmically ultraviolet (UV) divergent
and needs to be renormalized. This can be done by separating
the divergent and finite parts of the loop function,

Gi(s) = Gi(s) + Gi(sit), &)

with the finite part of the loop function, G;(s), given in
Refs. [33,34]. The divergent contribution of the loop func-
tion, G; (s;+) in Eq. (5) needs to be renormalized.

On the one hand, this can be done by one subtraction at
certain scale (/s = 1)

G (s) = Gi(s) — Gi(p?), (©6)

where u = , /mfh + Mtzh, with m;;, and M;j the masses of the
meson and the baryon, respectively, that belong to the channel
with the smallest threshold for a given (C, S, I) or (B, S, I)
sectors. This common scale p is chosen to be independent
of total angular momentum J [13,36], and it is the approach
used in the previous works of Refs. [23,24].

On the other hand, as discussed in our recent paper [33],
we could also use a sharp-cutoff regulator A in momentum
space, so that

G2 5) = Gi(s) + G siy), )

where Gf\(si+) is given in Refs. [33,37].

Note that if one uses channel-dependent cutoffs, the one-
subtraction renormalization scheme is recovered by choosing
A; in each channel in such a way that

G (sip) = =Gi (). ®)

However, we employ a common UV cutoff for all baryon—
meson loops within reasonable limits. In this manner, we
avoid a fictitious reduction or enhancement of any baryon—
meson loop by using an unappropriated value of the cutoff
[28,38,39], as well as we prevent an arbitrary variation of
the subtraction constants, as we correlate all of them with a
UV cutoff [33].

The poles of the 7 matrix describe the odd-parity
dynamically-generated E. and &, states, which appear in
the first and second Riemann sheets (FRS and SRS). Poles
of the scattering amplitude on the FRS below threshold are
bound states, whereas poles on the SRS below the real axis
and above threshold are resonances. The mass and the width
of the bound state/resonance can be found from the position
of the pole on the complex energy plane. At the complex
pole, the T-matrix is given by

8i8j
V5 = 3R

where /sg = Mp — i'r/2, with My the mass and I'g
the width of the state, and g; is the complex coupling of the
state to the channel i, which is determined from Cauchy’s
theorem of residues. Thus, the dimensionless couplings g;
are obtained by first assigning an arbitrary sign to one of
them (g1), so

Tij(s) = +o ©)

2 .
= lim s — /srR)T11(s). 10
81 ﬁ_}ﬂ(\/_ Vsr)Tii(s) (10)
The other couplings are calculated as,
. T1j(s)
gi=g lim L (11

Vi sz Ti1(s)

@ Springer
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Fig. 1 Evolution of the masses
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and can be used to analyze the contribution of each baryon—
meson channel to the generation of the state.

3 Results
3.1 E. excited states

As mentioned in the Introduction, the first observation of
the E.,(2930) state was reported by the Belle Collaboration
in Ref. [11]. This state was observed through its decay to
AF K~ with no assigned quantum numbers. Besides this
recently discovered state, there are other three E. excited
states with energies below 3 GeV [1]. As seen in Table 1, the
1/27 E.(2790) state decays into E.m, whereas the 3/2~
E.(2815) decays into E.7 and has also the decay chain

c

Efm, followed by EF — E.m [40]. Also, a E.(2970) with
unknown quantum numbers has been observed decaying into

AfKn, 2K, 2, E.w and E}7.

@ Springer

2800

2850 2900 2950 3000
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We start by revising the results Ref. [23] in the E, sector
in order to understand whether the experimental states can
be accommodated in our model. The widths of our E, states
as a function of their masses in the J = 1/2 and J = 3/2
sectors are shown in the upper and lower plots of Fig. 1,
respectively, together with different baryon-meson thresh-
olds, to which they can couple. The dynamically generated
states of Ref. [23] are displayed with a cross and the "DR”
legend, as those have been obtained using one subtraction at
certain scale or dimensional regularization. In what follows,
we label the states as cj . . . cg, and they correspond to those
given in Table V of Ref. [23]. They have either J© = 1/2~ or
JP = 3/27 and are ordered by their mass position. Hence,
c1 (c9) corresponds to the lightest (heaviest) state of mass
2699.4 MeV (2845.2 MeV), among those quoted in the men-
tioned table, where their SU(6) and SU(3) quantum numbers
are also given. We observe that the masses of our E, states
using one subtraction constant (DR) are below or close to the
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Fig. 2 Evolution of the masses = :/Cn A K ch AD =cn
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experimental E.(2790) or E.(2815) states, while being far
below in mass with respect to E,(2930) or E.(2970).

We then study the effect on masses and widths of the renor-
malization procedure so as to determine whether any our E.
can be identified with a experimental state while assessing the
dependence on the renormalization scheme, which might be
significant (as shown in Ref. [28]). We proceed as described
in Ref. [33] for the €2, states, where we explore a different
renormalization procedure, the cutoff scheme. In order to do
so, we first need to determine how the masses and widths of
our dynamically generated states change as we adiabatically
move from the one subtraction renormalization scheme to
the cutoff one. Thus, we change the loop functions by

GMs) = Gi(s) — (1= x) Gi(u®) +x G (), (12)

where we slowly evolve x from O to 1 while following the
evolution of the states, as seen in Fig. 1. The ¢ to cg states
fora A = 1090 MeV are shown with a triangle. We find that
most of these states move to higher energies, except for ca,
¢s and cg, whereas getting closer to the experimental values.
Note that fot this cutoff, the JX = 1/27 ¢ state become
virtual above the A.K threshold.

Once we have identified our E, states in the cutoff scheme,
we can assess the dependence of our results on this regula-
tor, as well as their possible experimental identification. In
Fig. 2 we show the evolution of the ¢; to cg states as we vary
the cutoff from 1 GeV (triangles) to 1.2 GeV (crosses), and
we also display different two-body thresholds. Moreover, in
Table 2 we show masses and widths of the ¢ to cg states with
J = 1/2orJ = 3/2, together with the couplings to the dom-
inant baryon—meson channels (g > 1) and the couplings to

@ Springer
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Table 2 Masses and widths of the ¢; to ¢9 states with J = 1/2 or
J = 3/2 and odd parity inthe C = 1, S = —1 and I = 1/2 sector,
together with the couplings (in modulus) to the dominant baryon—meson
channels (g > 1) and the couplings to the decay channels reported
experimentally for the E. states. All results have been obtained for
A = 1150 MeV. We also indicate the possible experimental identifi-
cation as well as the SU(6);s x HQSS, SU(6) and SU(3) irreducible

representations of these states. We use the notation Raj.41,c, where
R is the SU(6) irreducible representation (irrep) label (for which we
use the dimension), Jc is the spin carried by the quarks with charm
(1/2 in all cases) and C the charm content (1 in all cases). In addition,
we also use rzj41, where r is the SU(3) irrep, with J the total angular
momentum of the state (see Ref. [23] for details)

Irreps State M (MeV) I (MeV) J Couplings Experiment
(168,213 1, 33) c1 2773.59 10.52 12 g8.r = 0.5, 852 =03,8, g = 13,85 5 =09, E.(2790)
gap = 1.6,gsp = 1.5, gap+ = 2.9, gsp= = 1.0,
8zp =1.0,8, g =02
(168,15, 1, 62) (653 2627.5 38.84 12 gz, = 1.8, gan = 0.04, 8pRk = 1.2, 8x.k = 0.1,
8A K+ = 0.04, gsp = 1.2, gapx = 1.0,
gzp =19
(168,211, 63) 3 2790.99 16.09 12 827 =03,85, =08,g, g =02,g5 z =17,
gsp =2.6,gap = 2.2, 85, = 1.1,
ga i+ = 1.0, gspr =23, g5 g+ = 1.1,
gepr = 1.7
(168,2121,65) ¢4 2850.89 6.76 32 gan = 06,85 =22,85 k- = 1.5, g5y = 1.1, E.(2815)
gsp = 1.1, gxepr = 1.5, ggups = 1.8
(168,155 1, 33) s 2715.23 12.28 12 ge.r =02, 857 = 18,85 ¢ =05, 85 g = 1.2,
gap = 3.1, 8AR* = 0.1, gsp =15
(120,211,35) <6 2807 1.82 12 g52=01gz.=01,g,  =02gy z = L4,
g=p = 1.6,gapx = 1.1,gxp* = 4.3, gap, = 1.1,
8y K+ = 1.4,g51);f =19
(120, 215 1, 63) ¢ 2922.5 2.48 12 827 =02, 85, =003, g, ¢ =02, g5 g =0.1, 2.(2930)
gap =18,gsp =14, gap- =17,
SAK* = 1.2, gspx = 1.5, 88.p = 1.2,
gs+p+ = 3.7, 8y k* = L1, gzzp = 1.0,
ge*pr = 1.9
(168, 15,1, 3) cs 2792.06 22.79 32 gztx = 1.7, g5og = 1.0, gape =24, gpr = 1.2,
8a.k+ =02
(120,215 1, 64) co 2942.05 1.46 312 gzir =02, g5ug =02, 8, g = 0.4, 2.(2970)

gapx =2.7,gspx =2.2, gx+p = 2.8,
gx+p+ =34, gexp, = 1.4, ga=pr = 1.8

the decay channels reported experimentally for the E, states.
All these results are obtained for A = 1150 MeV. In this table
we also indicate the possible experimental identification as
well as the SU(6);s xHQSS, SU(6) and SU(3) irreducible
representations (irreps), to which the ¢ to cg states belong
(see Ref. [23] for group-structure details).

As we evolve the cutoff value from A = 1000 MeV to
A = 1200 MeV, that is, from the right to left in Fig. 2, we
observe that some of our dynamically generated resonances
can be identified with the experimental states attending to the
complex energy position.

In the J¥ = 1/27 sector, attending to the position in the
complex plane, we observe that the E.(2790) could be one
of the c1, ¢3, cg or even the cs states. The identification with
the 2.(2790) is possible because these states couple to E..7,
although this baryon—meson channel is not the dominant one
for their dynamically generation, as seen in Table 2 for a
A = 1150 MeV, except for cs. Indeed, this latter feature
of ¢s disfavors its identification with the E.(2790). This is

@ Springer

because it would become too broad (I' > 70 MeV) for UV
cutoffs of around 1 GeV, that would lead the c¢5 resonance to
have masses closer to the experimental one, as seen in Fig. 2.
In addition in the DR scheme, the mass of the c5 state is close
to 2790 MeV, but its width is approximately of 84 MeV [23]
(see also Fig. 1), while experimentally I'z,(2790) ~ 10 MeV.

Looking at the behavior of the ¢y, c3, ¢ poles with the
UV cutoff in Fig. 2, it seems natural to assign the E.(2790)
to the ¢ pole. This state has a width of the order of 10 MeV
for UV cutoffs in the region of 1.2 GeV, where it is located
below the ACI? threshold. At the same time, the state has
large A.K and small B, couplings (see Table 2), respec-
tively, which explains its small experimental width despite
being placed well above the latter threshold, and it is natu-
ral to think that the A.K channel should play an important
role in the dynamics of the E.(2790) given its proximity to
that threshold. Note that the light degrees of freedom (ldof)
in the inner structure of the ¢ are predominantly coupled
to J'zzof = 0~ spin—parity quantum numbers [28]. Thus with
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this identification, this first odd parity excited E. state would
not have a dominant configuration consisting of a spinless
light diquark and a unit of angular momentum between it
and the heavy quark, as argued for instance in the Belle Col-
laboration paper [40]. This is to say, the E.(2790) will not
be a constituent quark model A-mode excited state [28,41]
with j7 F=1" and hence it will not form part of any HQSS
doublet, thus making the assignment to c3 unlikely. Actu-
ally, if the spin—parity quantum numbers for the ldof in the
E.(2790) were predominantly 1™, one would expect a larger
width for this resonance, since its decay to the open chan-
nel 2.7 is HQSS allowed. This is precisely the situation for
the c3 that is broader than the experimental state. In sum-
mary, we conclude a large molecular A.K component for
the E,(2790) that will have then a dominant j;7; ;= 0~
configuration.

Our present E.(2790) identification with the ¢ pole dif-
fers from the previous assignments in Ref. [23], where the E.
states were obtained using the one subtraction renormaliza-
tion scheme. In this previous work, the c7 state was assigned
to E.(2790) due to its closeness in energy and the sizable
E/ 7 coupling within the DR scheme.

With regards to the recently discovered E.(2930), if we
assume that this state has J© = 1 /27, we could identify
it either with our cg or c7 states, as they both couple to the
AcK channel, although not dominantly as seen in Table 2
fora A = 1150 MeV. The assignment to the cg pole is, how-
ever, disfavored because of the mass difference between this
state and the experimental E.(2930). As for c7, the small
AcK coupling of this state makes also somehow doubtful
its identification with the E.(2930). In the case of our ¢;
and c5 states, we should mention that we do not have any
clear experimental candidate at this point for the c5 dynami-
cally generated J = 1/2 state, whereas the ¢, state becomes
broad and appears below 2650 MeV, thus not allowing for
any reasonable experimental assignment.

For J? = 3/27, the analysis of the evolution of the dif-
ferent states in Fig. 2 allows for the identification of the
experimental E.(2815) with ¢4 or cg. These states cou-
ple to EXm in S-wave, although for c4, couplings to other
baryon—meson states (X*K, A.K* or £*K*) are larger as
seen in Table 2. The experimental E.(2815) is quite nar-
row, 'z, 2815) ~ 2 — 3 MeV, despite the E'm threshold
being around 30 MeV below its mass. This hints to a sub-
dominant Ef7 molecular component in the inner structure
of this resonance. Moreover, looking at the dependence of
the J¥ = 3/27 pole masses and widths with the UV cutoff
displayed in Fig. 2, it seems reasonable to assign the c4 state
to the E.(2815) resonance.

As for E.(2970), assuming that it has J = 3/27, we
could identify it with the cg state for values of the cutoff
around A =~ 1.1 GeV. In this case, we have to take into
account that this state couples to A.K* and XK, and E*7

(though not dominantly), and those baryon—-meson channels
can decay into A. K and 8.7 7, respectively. Nevertheless,
the predicted width would be significantly smaller than the
range of 20-30 MeV quoted in the PDG [1] and shown in
Table 1. Compared to the results of Ref. [23], the E.(2815)
was identified there with cg, assuming that E.(2790) and
E.(2815) were the c7 and c9 HQSS partners.

In fact, we observe several HQSS partners among our
states as well as possible siblings within the same SU (3) rep-
resentation. The E.(2790) resonance belongstoan J = 1/2
SU(3) antitriplet irrep, and it would be the SU(6),;; x HQSS
(see Table 2) partner of a narrow A state discussed in
[21,23,28]. This latter state has large (small) ND and N D*
(X.m) couplings, and depending on the renormalization
scheme (one-subtraction or UV cutoff), it is part of a double
pole pattern for the A.(2595), similar to that found for the
A (1405) within unitarized chiral models [29,30,42-47] (see
related review in [1]), or it is located in the region of 2.8 GeV
close to the N D threshold [28].

On the other hand, the c3 pole belonging to (168, 21, 62)
representation and the c4 of the (168, 21, 64) form a ( jl’fi of =
17)-HQSS doublet. As mentioned earlier, the ¢4 can be iden-
tified with the E.(2815), but we note that the E.(2815) is not
the sibling of the A .(2625) because of the different coupling
strengths to E¥7 and X7, respectively. Whereas 2. (2815)
weakly couples to B, the A(2625) strongly does to X 7.
However, this latter state is narrow because the X7 channel
is closed (located around 30 MeV above the mass of the reso-
nance). Indeed, recently it has been argued that the A (2625)
is probably a constituent three quark state [28,41].

As for the J = 1/2 ¢5 and the J = 3/2 cg states, those
form part of a SU(6) 15-plet, belonging to the SU(6)s %
HQSS (168, 15, 3,) and (168, 15, 34) irreps [23]. They form
a HQSS doublet with j [}Tof = 1~ and hence have large
couplings to E.m and E¥m, respectively. Indeed, as a
good approximation, they are dynamically generated by the
charmed baryon—Goldstone boson interactions. These mod-
erately broad states are in the SU(3)2;41 35 and 3] irreps,
which should be completed by one J = 1/2andone J = 3/2
A, resonances stemming from the X .7 and X} chiral
interactions [19,28], neglecting higher energy channels. The
J = 3/2 sibling is, however, not the A.(2625). As men-
tioned before, the A.(2625) is probably a quark model (\-
mode excitation) state [28,41]. Another resonance with mass
and width of around 2.7 GeV and 60 MeV [19,28], that has
not been discovered yet, would then be the SU(3) sibling of
the cg state.

The features of the J = 1/2 counterpart of cs5 in the
A, sector are much more uncertain and depend on both
the employed renormalization scheme and on the interplay
between quark-model and baryon—-meson degrees of freedom
[28]. Thus, for instance neglecting the latter, it would appear
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Table 3 Masses and widths of the by to bg states with J = 1/2 or
J =3/2inthe B = —1,S = —1 and I = 1/2 sector, together
with the couplings to the dominant baryon—meson channels and the
couplings to the experimental decay channels of the Ej(6227), using
one-subtraction renormalization, as in Table IV of Ref. [24]. We also

indicate the SU(6)s x HQSS, SU(6) and SU(3) irreducible representa-
tions of these states, as in Table 2. States with * are virtual states. Note
that the b§ lies in the real axis, but in a sheet that is not connected to the
physical sheet, thus we are not showing the couplings indicating “R.S
(real sheet) not connected”

Trreps State Mg (MeV) I'r MeV) J Couplings

(168, 21 1, 33) by 5873.98 0 12 grap=13.8x5 =44, gpp =23, 855+ =73,
8zp, = 2.6, g5,y = 1.0, ggp. = 4.5

(168,153 1, 62) by 5940.85 35.59 12 g, = 1.8, 8,05 =37,8)3- =62, 855+ = 1.6
gséx = l.l,gEB; =19

(168, 213 1, 62) b3 5880.76 0 12 8ag =25.855 =24 g5+ = 1.3, 853+ = 1.6,
8z, = 1.7, 85+ = 8.0, 8=y = 1.0,

(168, 213 1, 64) by 5880.27 0 3/2 8apr =28, 855 =2.8, 8545 =5.0, ggugr = 6.3,
8gB: =18, ggp =3.1, ggzy = 1.0,
gg+pr = 3.9

(168, 1521, 33) b 5949.93 0.7 12 8gx = 1.4, 8053 =62,8,5 =38, ggsp- = 1.6,

B*Br 22

(120, 2121, 33) be 6034.80 28.8 12 8zm = 10,84, 5 =20,8,5=10,8,3 =2.1,
gsp = 1.1, 8zp, = 1.3, g5 -;F =2.1

(120,213 1, 62) by 6035.39 0.02 12 8x,k =23,.8053=10,855=45,855. =28,
850 = 1.2, g5 _23

(168,152 1, 3}) bg 5958.20 0 3/2 —R.S. not connected —

(120, 213 1. 64) bg 6043.28 0 32 85k = 23,805 =11, 855« =55, 855 =15,

88y = 1.2, gsupr = 1.7

around 2.6 GeV with a large width of 60-80 MeV because
its sizable coupling to the X . pair. Within the UV cutoff
RS, this state can be easily moved below the X, threshold
and be identified with the narrow A.(2595) [19]. In the DR
scheme advocated in Ref. [23], this broad state, together with
the szzof = 0~ narrow state mentioned above in the discus-
sion of the E.(2790), gives rise to a double pole structure for
the A.(2595).

Within the UV cutoff renormalization scheme examined
here, the (c7, c9) HQSS-doublet might correspond to the
experimental E.(2930) and E.(2970) states. The c7 state,
that we have tentatively assigned to the E.(2930), exhibits
(Table 2) moderate couplings to E.7 and A K , small ones to
B, and 3K, and finally large couplings to AD®), £ D®)
and X*D*. It belongs to a SU(3) sextet, where there is also
a 2. state. The latter corresponds to the one labeled as d
in our previous study of the 2. odd-parity resonances [33],
where it was tentatively assigned either to the 2. (3090) or the
Q.(3119) observed by the LHCb Collaboration in the E.K
mode [8]. This is in fact consistent with what one might
expect from its c7-sibling couplings. Assuming the equal
spacing rule we could predict the possible existence of a
J =1/27 X, state around 2800 MeV that will complete the
sextet. The X.(2800) clearly fits into this picture since it is
observed in the A.m channel [1].

@ Springer

Recently there has been an analysis of the &, sector within
a baryon—-meson molecular model based on local hidden
gauge that implements the interaction between the 1/27" and
3/2% ground-state baryons with 0~ and 1~ mesons [18]. The
authors have found that five of their dynamically generated
E. states can be identified with the experimental Z.(2790),
E0(2930), E,(2970), E.(3055) and E.(3080). Whereas the
E.(2790) would be a 1/27 state, the E,(2930), E.(2970),
E.(3055) and E.(3080) could be either 1/2™ or 3/2 ones.
Compared to this approach, our model identifies the exper-
imental E.(2790) and E.(2930) as 1/2~ states, and the
E.(2815) and E.(2970) as 3/27. The different assignment
is mainly due the distinct renormalization scheme used in the
two approaches as well as the fact the interactions involving
D and D* and light vector mesons with baryons are not com-
pletely fixed by HQSS or chiral symmetries, thus allowing
for different assumptions.

3.2 Ejp excited states

With regards to the bottom sector, the Ej;(6227) resonance
has been recently measured by the LHCb experiment [9],
with I'g, (6227) ~ 18 MeV. Its quantum numbers, though,
remain unknown, whereas the observed decay channels are
AYK~ and E)7~ (see Table 1).
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Fig. 3 Evolution of the masses

2K Zpn AB AB*

and widths of the dynamically
generated E;, states, as we vary
the cutoff from A = 1000 MeV 25 4
(triangles) to A = 1400 MeV
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panel) and J = 3/2 (lower 20 1
panel). The square and its bars
represent the position of the
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errors in mass and width,
respectively. We show the 10
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We start again by revising the previous results of Ref. [24]
with B = —1, S = —1, I = 1/2 (8p sector). Masses and
widths of the dynamically generated states within our model
using the DR scheme, together with their irreps, spins and
couplings to the dominant baryon—meson channels as well
those for the experimental decay channels of Ej(6227) are
shown in Table 3. We obtain nine states, which are the bottom
counterparts of the E. ones discussed in the previous subsec-
tion. Compared to Ref. [24], we report here five more poles,
since in that reference only SU(3) flavor partners of A states
were searched (members of antitriplet irreps). Also, two of
them, the state at 6035 MeV with J = 1/2 and the one at
6043 MeV with J = 3/2 were wrongly assigned in Ref. [24]
to the SU(6) 15 representation. Instead, their should belong
to the SU(6) 21 representation, as seen in Table 3. Moreover,
there is a state at 6073 MeV in Table IV in Ref. [24] that
does not appear in our present calculation. The differences

6200

6300 6400 6500

M (MeV)
(b) J=3/2

6600

between of them are due to the difficulty in determining the
number of states and their representations as we break the
SU(6)1ss xHQSS symmetry to SU(3) in the bottom sector,
as almost all states have zero width and states with widths
closer to zero are more difficult to follow in the complex
energy plane.

As in the E. sector, our by to bg states using one-
subtraction renormalization are too low in energy so as to
assign any of them to the experimental E,(6227) state. Thus,
we proceed as in the previous subsection and vary the renor-
malization scheme from one-subtraction to cutoff. In this
manner, we identify our b1 to bg states using one-subtraction
renormalization with the ones within the cutoff scheme, and
we study their evolution as we change the value of the cutoff.

In Fig. 3 we display the evolution of the masses and widths
of the dynamically generated &), states as we vary the cutoff
from A = 1000 MeV (triangles) to A = 1400 MeV, for

@ Springer
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Table 4 As Table 2, but for the Ej, sector (A = 1150 MeV)

Trreps State Mp (MeV) 'r MeV) J Couplings Experiment
(168,2121,35) b 6025.46 25.88 12 g2, =094, 85 g = 14,85,y =2.1, 855 = 1.4,
gxpr = 2.6, 8ehr = 1.3
(168,15, 1, 62) by 6152.61 15.29 172 ge,m =033, 8,8 =051, g5, g = 0.40, E5(6227)
grap =19 855 =21, 8,3- =723, 8zh, = 1.6
(168, 213 1, 62) b3 6179.4 3.81 12 ge,m = 0.05, 85,7 = 0.1, 8,5 = 1.08,
gxp =192, g5+ = 1.87, g,k = 2.26,
8z5, = 5.13, 8ehr = 2.65, gz, = 2.29,
ga,k+ = 1.04, gsw, =1.15
(168, 215 1. 64) by 6202.73 4.48 3/2 gapr = 23,855 = 1.5, g,k = 2.2, 8ggr = 5.5,
88pp = 2.3, 8q,k* = 1.2, 819 = 1.3
(168,152 1, 33) bs 6243.02 0.74 12 ge,m = 0.02, g5, 8 =0.12, g5, g = 0.48,
gvp = 18,855+ =69
(120,2131, 33) be 6212.26 1.6 172 ge,m =0.05, 85,8 =0.01, 85, ¢ =12,
gap =13,855 =49, 8,5 =23, g,y = 1.6
(120, 213 1, 62) by 6327.28 5.29 172 8z, =001, 85, ¢ =0.02,8,5 =14,855 =13,
gapr = 1.2, 8a K+ = 1.9, g5« = 1.3,
82pp = 1.5, gxujpe =22
(168,152 1, 3}) bg 6240.82 0.92 3/2 geyr = 0.15, 8sik = 1.3, g3+ = 2.0, 831y = 1.5,
gxpr =48
(120, 213 1, 64) by 6459.42 0.02 3/2 8+, =45, 8o,k = 2.2, 8gp = 3.0,

8z By = 3.0, 8q,k* = 1.0, 8aip = 13

J = 1/2 (upper plot) and J = 3/2 (lower plot). The square
and its bar represent the position of the Ej(6227) resonance,
and the error for its mass and width, respectively. We show
the experimental result (Z2,(6227)) for both J = 1/2 and
J = 3/2 because its quantum numbers have not been deter-
mined yet. Additionally, in Table 4, we collect the masses and
the widths of the b to bg states with J/ = 1/2 or J = 3/2,
together with the couplings to the dominant baryon—meson
channels and the couplings to the decay channels of the
Ep(6227),for A = 1150 MeV as in the charm sector. We also
indicate the SU(6)is x HQSS, SU(6) and SU(3) irreducible
representations of these states.

We might try now to assign the experimental Ej;(6227)
to any of our states, while determining the negative parity
baryons with B = —1 belonging to the same 3* and 6 SU(3)
representations. The observed decay modes, AgK -, Egn_
[9], of the resonance support that this state should have 1/2~
spin—parity, assuming S-wave. Moreover, the jljfiof = 0"
component should be also quite relevant, which according
to the couplings collected in Table 4 makes plausible its
identification either with the b or b, states. The evolution
displayed in the upper plot of Fig. 3 leads us to assign the
E5(6227) to the by state, as shown in Table 4. The b, pole
would stem from a SU(6) 15-plet, composed of J = 1/2
and J = 3/2 SU(3) antitriplets and of a J = 1/2 SU(3)
sextet, where the E;,(6227) would be accommodated. The
J = 1/27 Ap(5912) and J = 3/27 Ap(5920) (LHCb
[32]) would be part of the 35 and 3} multiplets forming a

@ Springer

HQSS-doublet [24]. These antritriplets should be completed
by another HQSS-doublet of E;, and E;; states, b5 and bg, that
according to Fig. 3 and Table 4 should have masses around
6250 MeV and could be seen in the © ,5*) K and Eg*)n modes.
Coming back to the E,(6227), it belongs to a jl’fiof =
0~ —sextet that should be completed by J = 1/2 ¥, and
Q states. The recent 25, (6097) resonance seen by the LHCb
Collaboration [48] in the Apm channel nicely fits in this mul-
tiplet. Relying again in the equal spacing rule, we could
foresee the existence of a J = 1/2 €, odd parity state with
a mass of around 6360 MeV that should be observed in the
EK channel. Some molecular 2, states were predicted pre-
viously in Ref. [49], but all of them above 6.4 GeV.
Previous works based on molecular approaches have also
found the E,(6227) as a dynamically-generated state. In
Refs. [19,20] a unitarized model using the leading-order
chiral Lagrangian found the E,(6227) as a S-wave ¥, K
molecule, with a preferred 1/27 spin—parity assignment [20].
In our present model the AB*, ©B and AB are the domi-
nant channels in the generation of the E,(6227), though it
also couples (weakly) to X5 K . The main difference between
models comes from the fact that our scheme has a more exten-
sive number of channels, whereas the antitriplet and sextet
multiplets of ground-state baryons mix when constructing
the interaction matrices. Also, the work of Ref. [18] has also
analyzed the E, sector. The authors have found two poles
with masses close to the E,(6227) and widths ~ 25 — 30
MeYV, close to the experimental one, with 1/27 and 3/27
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o Ap(5912)

o e =,(6240) ?

e A,(5920)

o e =,(6240) ?

Fig. 4 Bottom baryon states classified within the J/ = 1/2 (left diagram) and J = 3/2 (right diagram) SU(3) 3* irreps. The question mark indicates

states predicted in this work

° ° e X.(2800)

£..(2930)

e  0.(3090)/9.(3119)

° ° e X,(6097)

2,(6227)

o ©,(6360)?

Fig. 5 Charm and bottom resonances classified within SU(3) 6 irreps with J = 1/2, which however stem from different SU(6);is x HQSS irreps:
(120, 21, 6;) and (168, 15, 6,), respectively. The question mark indicates states predicted in this work

spin—parity. In our model we identify the 2, (6227) asa 1/2~
state and, again, the difference arises because of the renor-
malization scheme and the interaction matrices involving D,
D* and light vector mesons.

4 Conclusions

In this work we have explored the possible molecular inter-
pretation of several experimental excited E. and E, states.
We have used a coupled-channel unitarized model, that is
based on a SU(6);i; xHQSS-extended WT baryon—-meson
interaction, within the on-shell approximation. We have paid
a special attention to the dependence of our predictions on
the renormalization scheme, so as to assess the robustness of
our results.

We have presented a molecular interpretation for the
experimental E.(2790), E.(2815), E,(2930), E,(2970) and
Ep(6227) states, and have predicted the spin—parity quantum
numbers of the latter three resonances. We have found that
the E.(2790) state has a large molecular AK component,
with a dominant j;, of = 0~ configuration, and discussed the
differences betweenthe 3/2™ A.(2625) and E.(2815) states,
finding that they cannot be SU(3) siblings. We have also pre-
dicted the existence of other E.-states, not experimentally
detected yet, being one of them related to the two-pole struc-
ture of the A.(2595). Interestingly, the recently discovered
E:(2930) and E,(2970) are found to be HQSS partners.

The flavor-symmetry content of the framework has also
allowed us to understand the nature of the X.(2800) and
2, (6097) states, for which we have determined their spin—
parity. Moreover, we have predicted several states, some of
them displayed in Figs. 4 and 5 (marked with a ? symbol).
Among them, we stress the 25,(6360) state, with a domi-
nant E,K contribution, in the sextet where the 5(6097)
and E;(6227) are located, together with the E;(6240) and
E}(6240) states, partners of the HQSS doublet A,(5912)
and A, (5920) discussed in [24].
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