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We study the structure of the A.(2595) and A.(2625) resonances in the framework of an effective field
theory consistent with heavy quark spin and chiral symmetries, which incorporates the interplay between

2§*>7z — ND™ baryon-meson degrees of freedom (d.o.f.) and bare P-wave ciid quark-model states. We
show that these two resonances are not heavy quark spin symmetry partners. The J© = 3/2~ A.(2625)
should be viewed mostly as a dressed three-quark state, whose origin is determined by a bare state,
predicted to lie very close to the mass of the resonance. The J© = 1/2~ A.(2595) seems to have, however,
a predominant molecular structure. This is because it is either the result of the chiral .z interaction, whose
threshold is located much closer than the mass of the bare three-quark state, or because the light d.o.f. in its
inner structure are coupled to the unnatural 0~ quantum numbers. We show that both situations can occur
depending on the renormalization procedure used. We find some additional states, but the classification of
the spectrum in terms of heavy quark spin symmetry is difficult, despite having used interactions that
respect this symmetry. This is because the bare quark-model state and the X .z threshold are located
extraordinarily close to the A,(2625) and A,(2595), respectively, and hence they play totally different roles

in each sector.

DOI: 10.1103/PhysRevD.101.014018

I. INTRODUCTION

In the infinite quark mass limit (m, — o), the dynamics
of baryons containing a heavy quark should show an SU(2)
pattern because of the symmetry that quantum chromody-
namics (QCD) acquires in that limit under arbitrary
rotations of the spin of the heavy quark, S. This is known
as heavy quark spin symmetry (HQSS) [1-3]. The total
angular momentum j;4,, of the light degrees of freedom
(Idof) inside of the hadron is conserved, and heavy baryons
with J = j4,r £ 1/2 are expected to form a degenerate
doublet.

Constituent quark models (CQMs) find a nearly degen-
erate pair of P-wave A} excited states, with spin-parity
JP =1/27 and 3/2~, and masses similar to those of the
isoscalar odd parity A,.(2595) and A.(2625) resonances
[4-8]. Two different excitation modes are generally con-
sidered. In the A mode, excitations between the heavy quark
and the Ildof are accounted for, while in the p mode,
excitations in the inner structure of the Idof are instead
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considered. For singly heavy baryons, the typical excita-
tion energies of the 4 mode are smaller than those of
the p mode [8,9]. Within this picture, the ASQM(2595) and
ASP(2625) resonances would correspond to the members
of the HQSS doublet associated to (£, = 1,7, = 0), with
total spin S, = 0 for the ldof. The total spins of these states
are the result of coupling the orbital-angular momentum ¢,
of the ldof—with respect to the heavy quark—with Sy.

Therefore, both AS?(2595) and Af™(2625) states are
connected by a simple rotation of the heavy-quark spin, and
these resonances will be degenerate in the my — co limit.

Since the total angular momentum and parity
of the ldof in the S-wave .z and Xiz pairs are 17,
as in the CQM A.(2595) and A.(2625) resonances,
the AS™(2595,2625) — 75(x), — mxA, decays respect
HQSS, and hence one could expect sizable widths for these
resonances, unless these transitions are kinematically sup-
pressed. This turns out to be precisely the case [10], and as it
is shown in Refs. [11,12], the use of the actual resonance
masses lead to widths for the CQM (£, = 1,7, = 0) states
a0y = 17) predicted in [8], which is consistent with data.

Within CQM schemes, it is nevertheless unclear why the
role played by the 25*)7r baryon-meson pairs in the
generation of the A.(2595) and A.(2625) resonances
can be safely ignored, especially in the A.(2595) case,
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since it is located very close to the X .z threshold (1 MeV
below or 4 MeV above, depending on the charged channel).
This observation leads us naturally to consider molecular
descriptions of these lowest-lying odd parity charmed
baryon states, which should show up as poles in
coupled-channel 7" matrices, fulfilling exact unitary.

The first molecular studies [13,14] of the A.(2595) and
A.(2625) were motivated by the appealing similitude of
these resonances to the A(1405) and A(1520) in the strange
sector. In particular, the two isoscalar S-wave A(1405) and
A.(2595) resonances have several features in common.
The mass of the former lies in between the ¥z and NK
thresholds, to which it couples strongly. In turn, the
A.(2595) lies below the ND and just slightly above the
2.7 thresholds, and substituting the ¢ quark by an s quark,
one might expect the interaction of ND to play a role in the
dynamics of the A,(2595) similar to that played by NK in
the strange sector. The first works had some clear limi-
tations. The J¥ = 1/2~ sector was studied in [13], where
the amplitudes obtained from the scattering of Goldstone
bosons off 1/2" heavy-light baryons were unitarized.
Despite the interactions being fully consistent with chiral
symmetry, neither the ND nor the ND* channels were
considered.! The work of Ref. [14] also studied the
A.(2595) and there, the interactions were obtained from
chirally motivated Lagrangians upon replacing the s quark
by the ¢ quark. Though in this way, the ND channel was
accounted for, the HQSS counterpart ND* was not con-
sidered. Subsequent works [16-19] introduced some
improvements, but they failed to provide a scheme fully
consistent with HQSS. In all cases, the A.(2595), or the
A.(2625) when studied, could be dynamically generated
after a convenient tuning of the low energy constants (LEC)
needed to renormalize the ultraviolet (UV) divergences
resulting from the baryon-meson loops. As mentioned
before, none of these works were consistent with HQSS
since none of them considered the ND* channel [20].
Heavy pseudoscalar and vector mesons should be treated
on equal footing, since they are degenerated in the heavy
quark limit, and are connected by a spin rotation of the
heavy quark that leaves unaltered the QCD Hamiltonian in
that limit.

The first molecular description of the A.(2595) and
A.(2625) resonances, using interactions fully consistent
with HQSS, was proposed in Refs. [20,21]. In these works,
a consistent SU(6),i x SU(2)yqss extension of the chiral
Weinberg-Tomozawa (WT) zN Lagrangian—where “Isf”
stands for light-spin-flavor symmetry—was derived. Two
states with J¥ = 1/2~ were dynamically generated in the

'A detailed treatment of the interactions between the ground
state 1/2" and 3/2% singly charmed and bottomed baryons
and the pseudo-Nambu-Goldstone bosons, discussing also
the effects of the next-to-leading-order chiral potentials, can be
found in [15].

region of 2595 MeV. The first one, identified with the
A,(2595) resonance, was narrow and it strongly coupled to
ND and especially to ND*, with a small coupling to the
open X .7 channel. Its wave function had a large Tldos = 0~
component that, coupled to the spin (Sy = %) of the charm
quark, gives a total J© =1~ for the A.(2595). Since the
transition of the dominant j» = 0~ term of the A(2595) to
the final X 7 state is forbidden by HQSS, this mechanism
will act in addition to any possible kinematical suppression.

The second J? = 1/2~ state found in [20,21] was quite
broad since it had a sizable coupling to the X,z channel,
and reproduced, in the charm sector, the chiral two-pole
structure of the A(1405) [22-28]. On the other hand, a
JP =3/27 state is generated mainly by the (ND* — Zix)
coupled-channel dynamics. It would be the charm counter-
part of the A(1520), and it was argued that this could be
identified with the A,.(2625) resonance.

Several A} poles were also obtained in the approach
followed in Ref. [29]. There, the interaction of ND and ND*
states, together with their coupled channels, are considered
by using an extension of the SU(3) local hidden gauge
formalism from the light meson sector [30-32] to four
flavors. The scheme also respects leading-order HQSS
constraints [33] and, as in Refs. [20,21], a two-pole structure
for the A.(2595) was also found, with the ND* channel
playing a crucial role in its dynamics. This is a notable
difference to the situation in the strange sector, where the
analog NK* channel is not even considered in most of the
studies of the A(1405), because of the large K* — K mass
splitting. We will refer to this model as extended local
hidden gauge (ELHG) for the rest of this work.

However, neither the SU(6),; x SU(2)yqss model, nor

the ELHG, consider the interplay between ZE*)JT — ND®
baryon-meson d.o.f. and bare P-wave citd quark-model
states. This is unjustified, in the same way it was also
unjustified in the neglect of baryon-meson effects in the
CQM approaches.

The CQM approach of Ref. [8] finds isoscalar J© =
1/27 and 3/2 states at 2628 and 2630 MeV, respectively.
Given the proximity of these bare three-quarks states to the
A.(2595) and A.(2625), it is reasonable to expect a
significant influence of the CQM d.o.f. on the dynamics
of the physical states. This seems to be especially true for
the A.(2625), for which the CQM prediction almost
matches its mass. CQM d.o.f. can be taken into account
in hadron scattering schemes by considering an additional
energy dependent interaction [34,35], driven by a pole in
the baryon-meson tree-level amplitudes located at the bare

mass, A}CQM, of the CQM state. At energies far enough

from Mcqm, the contribution of the CQM d.o.f. can be
possibly accounted for by an appropriate LEC (induced by
the UV regulator of the loops) in the unitarized baryon-
meson amplitude. However, such a contribution becomes
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more important for energies approaching Mcqy, and its
energy dependence might then not be safely ignored.

In this work, we will study of the structure of the
A.(2595) and A.(2625) resonances, in the framework of
an effective theory consistent with heavy quark spin and
chiral symmetries, incorporating for the very first time, the

interplay between Z£*>n — ND™) baryon-meson d.o.f. and
bare P-wave ciid quark-model states. For simplicity, we
will use the SU(6),; x HQSS baryon-meson amplitudes,
though the most important conclusions extracted here do
not depend on the particular hadron scattering model
employed.

The work is organized as follows. After this
Introduction, the used formalism is briefly revised in
Sec. II, which is split into several subsections dealing with
the SU(6),; x HQSS hadron amplitudes, their renormali-
zation and structure in the complex plane, with the
inclusion of the CQM d.o.f., and finally with the evaluation
of the A%(1/27,3/2) - A.(1/2")zx three-body decays.
The results of this research are presented and discussed in
Sec. III, first neglecting CQM effects (Sec. III A) and next
coupling CQM and baryon-meson d.o.f. (Sec. IIIB).
Finally, the main conclusions of this work are summarized
in Sec. IV.

II. FORMALISM

A. SU(6),; x HQSS amplitudes

The building blocks considered in [20,21,36] in the C=1
sector are the pseudoscalar (D,,D,K,n,n, K,D,D,) and
vector (D%, D*,K*,p,w, K*, D*, D%, ¢) mesons, the spin-
1/2 octet and the spin-3/2 decuplet of low- lying light
baryons, in addition to the spin-1/2 (A,, Z., E., E., Q.),
and spin-3/2 (X, B, QF) charmed baryons. All baryon-
meson pairs with (C = 1,5 = 0,1 = 0) quantum numbers
span the coupled-channel space for a given total angular
momentum J and odd parity. The S-wave tree-level

amplitudes between two channels are given by the
SU(6),¢ x HQSS WT kernel

Ly 2V =M= M, \/E +M\/E + M,

Vi) =P

with s the baryon-meson Mandelstam variable, M; and m;,
the masses of the baryon and meson in the i channel,
respectively, and E; = (s — m? + M?)/2/s, the center-of-
mass energy of the baryon in the same channel. The hadron
masses and meson decay constants, f;, have been taken
from Ref. [21]. The D{j matrices are determined by the
underlying SU(6),; x HQSS group structure of the inter-
action. Tables for all of them can be found in Appendix B
of Ref. [20]. Here, we truncate the coupled-channels space
to that generated by the X .z, ND, and ND* and X}z and
ND* in the JP =1/2= and 3/2~ sectors, respectively.

Other higher channels like A .y, A o, :.E/ ) K™, AD£*>,
Z(C ) p, ... are somewhat relevant for the dynamics of the
A.(2595) and A.(2625) resonances [20,21], and have not
been considered in the analysis carried out in this work.
The matrices D’ are given in [20] in a basis of S-wave
baryon-meson states. They become, however, diagonal
when states with well-defined Idof total angular momen-
tum, j4, ¢, are used. For the latter states, HQSS constrains
are straightforward because of the symmetry that QCD
acquires, in the infinite quark mass limit, under arbitrary
rotations of the spin of the heavy quark [1-3]. In both
bases, the total angular momentum of the baryon-meson
pair is defined, and both sets of states are related by a Racah

rotation [33,37]. In the (Z¢ >z, NDU )) truncated space,
these matrices read

s.t ND ND*

-4 32 -1/V2

DJ=1/2:
V3/2 =3 =33
-1/vV2 -3V3 -9
iz ND*
D32 = ( —4 —ﬂ) (2)
-2 0

with eigenvalues 1y =—12, 12" = -2 — /6, and A}? = -2+
V6, and 22" and AP, for J* =1/2" and J* =3/2",
respectively [37]. Actually, the SU(6),xSU(2)yqoss
extension of the WT zN interaction proposed in
[20,21,36] leads to a large attraction (4;) in the subspace
where the total angular-momentum-parity quantum num-
bers of the ldof are Jldop = 0~. This latter configuration
does not occur for J = 3/2, when only S-wave interactions
are considered, and the Idof are necessarily coupled to
Jigoy = 17 In the jj,,» = 17-subspace, there exist both
attractive (427) and repulsive (4;") components, and HQSS
relates the D/=!/2 and D’=3/2 matrices.

In summary, the D’ matrices of Eq. (2) are fully
consistent with HQSS, as explicitly discussed in Sec. 2.2
of Ref. [37]. In addition, some spin-flavor symmetry
breaking terms are included in the approach, as in
Refs. [20,21], by employing physical hadron masses and
decay constants. This induces mostly SU(4)-flavor break-
ing corrections, since the charmed-hadrons masses and
decay constants follow the HQSS predictions in good
approximation.

B. Renormalization of the Bethe-Salpeter equation

We use the matrix V[Jj as a kernel to solve the Bethe-
Salpeter equation (BSE), leading to a 7 matrix
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1

) =67 m)

VI(s). (3)

satisfying exact unitarity in coupled channels. The diagonal
matrix G”(s) is constructed out of the baryon-meson loop
functions

d*q 1 1
G, — .2M )
i(s) =i ’/(2ﬂ)4q2—m%+i€(P—q)2—M%+i€
)

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 UV divergent and needs to
be renormalized. This can be done by one subtraction

Gi(s) = Gi(s) + Gi(s;4), (5)

where the finite part of the loop function, G;(s), reads

- 2M; [([M? —m? M;—m; M,
(s) = — i L T jog 4 L
66) = g ([P - S ot + 1),

(6)

with s, = (m; = M;)? and the multivalued function L(s)
given in Eq. (A10) of Ref. [38].

The divergent contribution of the loop function, G;(s;,)
in Eq. (5), needs to be renormalized. We will examine here
two different renormalization schemes. On the one hand,
we will perform one subtraction at a certain scale /s = p,
such that G;(y/s = u) = 0. In this way,

G (sir) = =Gi(g?). (7)

In addition, we consider the prescription employed in
Refs. [20,21], where a common scale yp is chosen to be
independent of the total angular momentum J [16,18], and
equal to

p=ja(m;+M3). (8)

in the sectors of the A.(2595) and A.(2625) resonances. In
the equation above, a is a parameter that can be adjusted to
data [20]. In what follows, we will refer to this scheme as
SCu (subtraction at common scale).

In the second renormalization scheme, we make finite
the UV divergent part of the loop function using a cutoff
regulator A in momentum space, which leads to [39]

1 Mi m;

- 1

47> m; + M; <m, At VA A+ m?
M; >

A+ N+ M)

Note that there are no cutoff effects in the finite G, (s)-loop
function, as it would happen if the two-body propagator of
Eq. (4) would have been directly calculated using the UV
cutoff A.

If a common UV cutoff is used for all channels, both
renormalization schemes are independent and will lead to
different results. However, if one allows the freedom of
using channel-dependent cutoffs, the subtraction at a
common scale scheme, SCy, is recovered by choosing in
each channel, A; such that

G;\(SH')

+ M;In (9)

Gl (siy) = =Gi(?). (10)

C. Interplay between bare CQM and
baryon-meson d.o.f.

Within the quark-model approach of Ref. [8], odd parity
A* states are obtained at 2628 and 2630 MeV for J = 1/2
and 3/2, respectively. The Ildof are coupled to angular-
momentum-parity-quantum numbers jj,,» = 17 (4 mode)
in both cases, which explains their approximate degen-
eracy. Higher excited states appear at 2.9 GeV (p mode), far
from the A.(2595) and A.(2625) narrow resonances, and
will not be considered in the present analysis. However,
the low-lying A-mode states, given their proximity to the
A(2595) and A.(2625), might significantly influence the
dynamics of the physical states. This seems to be specially
truth for the A, (2625), since the prediction of Ref. [8] for its
mass is only 2 MeV higher than the experimental one
[(2628.11 £0.19) MeV [10]].

Bare CQM states effects on the baryon-meson dynamics
can be effectively considered by means of an energy
dependent interaction [35,40,41]

[Vequl” - [Viu]

s—(Mcom)?
sz ND ND*

Vejx(s) = 2MCQM

’

VJ:1/2: J=3/2 _ Xim ND*
M (dy VEe/2 —ey/2) P (=dy o)
(11)

where d; and c¢; are undetermined dimensionless param-
eters that control the strength of the baryon-meson-CQM-
state vertex. Note that [Vl - [Vigu] gives rise to 3 x 3
and 2 x 2 matrices in the J¥ = 1/2~ and 3/2~ sectors,
respectively. The above interaction accounts for the con-
tribution to baryon-meson scattering of the exchange of
an intermediate odd parity CQM A-mode state. It does not
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obviously affect the jj,,, = 0~ subspace of the JP=1/2"
sector, and it is consistent with HQSS in the jj,,, =17

subspace of the J¥ = 1/27 and J” = 3/2~ sectors, which
are related by a spin rotation of the heavy quark. Actually, it
is only thanks to HQSS that both sectors can be described
by the same d; and ¢, LECs.

Note that VZ (s) introduces a pole in the baryon-meson
tree-level amplitudes located at the bare mass value,

/S = Mcqum. It should be interpreted as the mass of the
CQM state in the limit of vanishing coupling to the baryon—
meson-pairs (d;, c¢; — 0), and therefore it is not an
observable. The interaction with the baryon-meson cloud
dresses the CQM state through loops, renormalizing its
mass, and the dressed state might also acquire a finite

width, when it is located above threshold. A priori, Mgy is
a free parameter of the present approach, and moreover it
depends on the renormalization scheme [35]. This is
because in the effective theory, the UV regulator is finite,
and the difference between the bare and the physical
resonance masses is a finite renormalization that depends
on the adopted scheme. The value of the bare mass,
which is thus a free parameter, can either be indirectly
fitted to experimental observations, or obtained from
schemes that ignore the coupling to baryon-meson pairs,
such as some CQMs. In this latter case, the issue certainly
would be to set the UV regulator to match the quark model
and the baryon-meson scattering approaches [35]. For
simplicity, and consistently with HQSS, we take a common
bare mass for both J = 1/2 and J = 3/2, which is fixed to
the average of masses reported in the quark model of

Ref. [8] (Mcom = 2629 MeV). We will explore different
values of the renormalization scheme-dependent bare
couplings d; and c; to elucidate the robustness of our
results. .

At energies far enough from Mgy, the contribution of
V. can be regarded as a small contact interaction that can
be accounted for by means of a LEC. However, the
exchange contribution becomes more important for ener-

gies approaching Mgy, and it may not be safe to ignore its
energy dependence. One might expect such a situation in
the J = 3/2 sector, where V., should provide a sizable
attraction (repulsion) for energies slightly below (above)

AO/ICQM, relevant in the dynamics of the A.(2625). We
expect a less relevant role in the case of the A.(2595), since

this resonance is located furthest from Mcqy-

“HQSS relations are straightforward when the Z£*>7r and ND™
states are expressed in terms of the basis of well-defined ldof total
angular momentum, where one can readily isolate the j7,, ;= 1~

component of each baryon-meson pair [37].

D. Riemann sheets, poles, and residues

Masses and widths of the dynamically generated reso-
nances in each J— sector are determined from the positions
of the poles, /s, in the second Riemann sheet (SRS)
of the corresponding baryon-meson scattering amplitudes,
namely, \/Sg = Mg — il'g/2. In some cases, we also find
real poles in the first Riemann sheet (FRS) which correspond
to bound states. The different Riemann sheets are defined in
terms of the multivalued function L(s), introduced in
Eq. (6), that is evaluated here as explained in Eq. (A13)
of Ref. [38], and thus are labeled by &,£,&5 [£,&,], with
& =0, 1, in the J =1/2[3/2] sector. The SRS in the
relevant fourth quadrant is obtained from the first quadrant
FRS by continuity across each of the four unitarity cuts.

The coupling constants of each resonance to the various
baryon-meson states are obtained from the residues at the
pole by matching the amplitudes to the expression

J ~49i9;
Tyi(s) = N (12)
for energy values s close to the pole, where the dimension-
less couplings, g;, turn out to be, in general, complex.
Note that when solving the BSE, we have neither
considered the hadronic width of the D* vector meson,
nor those of the £, and X} baryons. The latter are of the
order of 2 and 15 MeV, respectively, while the former one is
just around 100 keV. They could be taken into account by
convoluting the loop function G of these channels with the
spectral function of the unstable particles, as done for
instance in [42]. Because of the small widths of the D* and

>\ resonances, the effects on pole positions and couplings
would not be relevant for the present discussion. Such
effects only become relatively important when one deals
with broad states, like the p meson or the A baryon with
widths of 150 or 120 MeV, respectively [42].

E. The A}(1/2-.3/2) — A,(1/2* )zx three-body

decays through the nZE*) intermediate state

Isospin conservation forbids single pion transitions
between the A} and A, and hence the A (1/27,3/2) decay
into A. and two pions. The decays proceed via an inter-
mediate / = 1 baryon state down to a A .z pair. The relatively
small masses of the A’s above A, kinematically restrict the
outgoing pion energies, making feasible a chiral derivative
expansion [43]. There are two different final states, Af 7~z ™
and A/ 7°7°, and we will consider here only the resonant

term driven by the excitation of the ZE*) and its subsequent
decay into Az, as shown in Fig. 1. This is by and large the
dominant contribution to the A.(2595) width, while it
becomes significantly smaller for the A.(2625) one, since
the virtual X} intermediate state is very much off shell
[43,44]. Indeed the ARGUS Collaboration reported a
ratio [45] R =T[A.(2625) - Afzn" " (non-resonant)|/
[[A.(2625) - Afztz~ (total)] = 0.54 + 0.14.
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Azt Azt Azt

T ot 0

FIG. 1. Diagrams for A.(2595) or A.(2625) decay into A} and two pions, mediated by the . or X resonances, respectively.

The A, (2595) or A (2625) decay width into the charged-pions mode,” at lowest order in chiral perturbation theory and in
the heavy mass limit, is given in the resonance rest frame (LAB) by [43]

dl -+ . ~ . .
—— I =T {E3 P3| Gy (512)[* + E3P3|Gyo (513) > + 2B, EsRe[GY (512) Gy (513)] P2 - B3}
dS]2dS23 c c =, -
p B, MaM :
0= »(s)= -
14427 M%(MR—MES_@)Z z s—Mégﬂ +iM g Ty (s)
2 (s, M2 m2)
gD MAC —>A.7|3 —A. . AN 2 2 2
I'io(s) = <, 7| = — =M% +2m2+M% —s,—
20 gz, PP 25 13 = M+ 205 + M3, =512 = 52

M%—l—m,z,—slz
M,

M3+ mz —sy3

E,= 24 p2= ,
3 mﬂ+p3 2MR

Ey=\/mi+p3= Pr- Py =E2Ey+mi—s53/2  (16)

with M, the resonance mass, A(x, y, z) = x*> + y? + z2 — 2xy — 2xz — 2yz. In addition, s, (invariant mass square of A z")
varies between (M, + m,)? and (Mg — m,)?, while the limits of s,; (invariant mass square of the 7"z~ pair) are

ax,mi s1p +myz — M3 M% —m2 —s
max,min __ % * \2 * * \2 * c * R T 12
s23 - (E,ﬁ +En’) - (p,,+ + pn*) ) E,,+ — T 4 — E,f = 2—\/5

NG (17)

with p;ﬁ = E;ﬁ — m2. The expression of Eq. (16) corresponds to the square of the sum of amplitudes associated to the first

two diagrams of Fig. 1. In addition g¢p/f, =0.0074 MeV~!, which leads to T[Z.— A.z] =19 MeV and
X - A.r] = 144 MeV, and we take the dimensionless coupling Gy from the residue at the resonance pole

[Eq. (12)] of the EE*)E channel (S wave) that we choose to be real, by an appropriate redefinition of the overall phases of the
meson and baryon fields.

*The A(2595) and A(2625) amplitudes read

- 9IDIRS, 2Ms, L+¢ 1+
Ti,%z =- 37, ad (My - Ms) M/\(,{(UP;f)GzC(512)(1/”+ +Upe)rs 5 + (vpz+)Gs, (513) (P + VP75 2 (UR (13)

32 9pYrs, 2Ms, _
T,J,—,,+/ = 3f, = (Mp —Mzh) [(”Pn*)GEC(Slz)P’;,- + (UPﬁ)GzC(Sls)Pﬁ*]uAl,Pyu(U)”lk (14)
where v is the common velocity of all involved charmed hadrons, which remains unaltered in the heavy quark limit. It satisfies > = 1

and ;51455) = ug') and pu, = u,_, with u and u* mass dimensions of the Dirac and Rarita-Scwinger spinors, respectively. The spin-3/2
projector is

1 1
Pr(v) = (_g#”+v#v”+§(y/‘+v”)(y”—v”)) —;’f (15)
with metric (4, —, —, —), and the sum over fermion polarizations is given by uit = 2M(1 + §)/2 and w"u* = 2MP*.
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The processes occur so close to threshold, especially the
A.(2595) decay, that the available phase space might
depend significantly on the small isospin-violating mass
differences between members of the pion and Z£*> multip-
lets.* We have used My=M:, MZE,*) = (sz*(” + MEE?”) )/2,
MA(:(2595) = 2592.25 MeV and MA(,.(2625) =2628.11 MeV.
The errors on the masses of the A resonances quoted in the
review of particle properties [10] are 0.28 and 0.19 MeV,
respectively, and turn out to be relevant only for the
A.(2595) width, but even in that case, it induces variations
of the order of 1%.

The rates for the neutral-pions channel can be obtained
by adding a symmetry factor 1/2 to avoid double counting
the two identical bosons in the final state and using
my; = m,o, MEE.*) =M

Adding the contribution of neutral and charged-pion
modes, we find that the ZE*)—resonant contribution to the
A.(2595) and A.(2625) decays into A/ and two pions are

-

['[A.(2595) — A.zn] = 1.84 x g%
[[A(2625) — Acra] = 027 x 2,

(2595)%,7 [MeV],

(2625)5:7 [MeV]  (18)
with the 7°7° channel being the 81.5% and 45.0% of the total
for the A.(2595) and A, (2625) partial widths, respectively.
In the exact isospin limit, the two-neutral-pions partial
width is a factor of 2 smaller than the z*z~ one. The
experimental width of the A,(2595) is 2.6 +0.6 MeV
(nearly 100% saturated by the two A.zz modes), while
there exists an upper bound of 0.97 MeV for the A.(2625)
[10]. Hence, the experimental I'[A.(2595)] provides a
direct measurement of the S-wave coupling constant
93\0(2595)2071’ assuming that a possible D-wave contribution

is negligible [46]. The bound on I'[A.(2625)], on the other
hand, puts upper limits on the coupling in § wave of this
resonance to the X} 7 pair, but one should bear in mind that in
this case, the resonant contribution does not saturate the
decay width.

The interference term in Eq. (16) for the charged mode,
and the equivalent one in the case of 72, gives a small
contribution to the integrated width. In particular for the
A.(2595), itis of the order of —1% and —0.2% for the z* 7~
and 7°7z° channels, respectively. For the A,(2625), it
becomes larger around —5% and —4%, respectively, but
it is still quite small. This can be easily understood by
changing the s, and s,; integration variables to E; and
cos 0,3, with 8,5 the angle formed by the two pions in the
resonance rest frame. The energy E, (or equivalently s,3)
depends on cos 8,3 through the conservation of energy
equation, My = E3(p3) + E5(P2) + E, (P2 + P3). In the

“For the same reason, we have here explicitly included the
energy dependent widths of the intermediate X, and X} reso-
nances [10].

infinite charm limit, the recoiling A, baryon carries off
momentum but not kinetic energy, and hence the approxi-
mation [43]

EZNMR_MA,_._EfS (19)

turns out to be quite accurate, especially for the A.(2595)
where the energy released by the decaying resonance is
very small. Within this approximation, the only dependence
of the differential decay rate on cos 8,3 comes from the
scalar product p, - p5 in the interference term, which would
vanish in the integrated width, since cos 6,3 covers almost
totally the [—1, 1] range for all E5 allowed values. Indeed,
we recover Eq. (3.5), up to a factor 1/2, of Ref. [43] from
the expression of Eq. (16) by neglecting the interference
term and adopting the approximation of Eq. (19), using that
ds;, = 2MgdE; and taking into account that the integra-

tion over dsy; gives 4p%.pi- ~4y\/E3 —m2\/E3 —m?2,

approximating in the propagators (sy(;3) _M;*)) by

2M, (Mp — Esz) — My). and finally identifying g3 =
hi/2 and 912325% = 3h3(Mg _Mzﬁ*))z/(zf’zf)’ with £,
used in Ref. [43]. The factor 1/2 introduced in this latter
work does not hold for the ztz~ decag/ mode, though
should be included for the neutral mode.

We would like to mention that three-body A.(2595) —

A, zr decay rate can be approximated by using the narrow
()

width approximation of the X’ propagators,
T 6rf2
Gy ()P ~—-o—-b(s—M2 ) =——L—5(s — M
| ):L.( )| MZCFZC (S) ( Z(.) MA(_ ﬁgl_ﬂ 3 ( ZL.)
(20)
which leads to
Lore ~ (D4, 2505)= 5t 2~ + LA, (2595) =502+ )
Fﬂoﬂ'o ~ FA‘.(2595)—>ZC+710 (21)
2
I . IA,(2595)5,x  Ma 5.
A (2595)—-%x 6r MAL,(2595) wls
Loar 2 .2
) = S nsey T ) @)
i 2M p (2595)
for the charge combinations (a, b) = (++,—), (0,4+), and

(+, 0), which correspond to the square of the amplitudes of
each of the three diagrams depicted in Fig. 1. To obtain
Eq. (21) from Eq. (16), using the approximation of
Eq. (20), we have neglected the interference contributions,

’Note, however, that the expression for the A z°z° partial
width used by the CDF Collaboration in Ref. [46] is wrong by a
factor of 2. The 1/2 in Eq. (13) for the amplitude in that reference

should be replaced by 1/v/2.
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have approximated the LAB energy of the nonresonant
pion and the momentum of the resonant one by
(M y, (2595 = Mz,) and |p,|, respectively, and, in addition,
we have made use of the fact that the momentum of the
nonresonant pion in the X, rest frame is M (2505)|D|/ My, -
The two-body S-wave-widths limit of Eq. (21) works well
when the intermediate X. is nearly on shell. The value
used here for My (2505) is 1.2 (4.6) MeV below (above)

the = m = (Zimy) threshold. We find that T and
[, (2505)~x¢ 0 differ only in 0.19 g3 55955, [MeV], this is
to say, the latter width is just 2.5% greater than the former
one. The =+ and XY cannot be put on shell for this mass of
the A.(2595), but clearly the differential decay width
of Eq. (16) is strongly dominated by the contribution of
two well-separated peaks that correspond to the first two
mechanisms shown in Fig. 1 [43].

Finally, we should acknowledge that we have neither
considered direct two pion emission processes mediated
by heavier X.”— resonances, nor zz or zA, final state-
interactions (FSI) effects. In the case of the A.(2595), the
decay is dominated by the intermediate X.(2455) mecha-
nism [10]. Indeed, the ARGUS Collaboration reported a
value of 0.66°)12 +0.07 for the ratio of the resonant
contribution to width and total width [47], while the results
of the E687 Collaboration are consistent with this ratio
being 100% [48]. Other mechanisms are then expected to
be significantly smaller. We should bear in mind that we
only use the three body decays of the A,.(2595) and
A.(2625) to limit the acceptable values of the couplings
of these resonances to the 22*)71 pairs, and thus considering
only the intermediate X.(2455) contribution is sufficiently
accurate for our purposes. On the other hand, pions
are produced almost at threshold and hence one should
expect small effects from their FSI. The zA, FSI are,
however, large, and are dominated by the production
of the X.(2455), whose effects are explicitly taken into
account thanks to the complex propagator of this inter-
mediate resonance. For the A.(2625) case, contact two
pion emission processes can be more relevant. However,
the strongest bound for 93\(,(2625)2@ comes from the

>%(2520) resonant contribution measured by the
ARGUS Collaboration [45], which is precisely what we
compute here using the mechanisms depicted in Fig. 1.

III. RESULTS AND DISCUSSION

A. SU(6),; x HQSS hadron molecules: Dependence
on the renormalization scheme

First, we present in Fig. 2 the dynamically generated
resonances (poles in the SRS of the amplitudes) that are
obtained, when the effects produced by the exchange of
CQM bare states are neglected. We show both the J = 1/2
and J = 3/2 sectors, and consider the two renormalization

schemes introduced in Sec. II B. The numerical positions of
the poles and residues are given in the first row of Tables I
and II.

The SCu results found here, working with the reduced

ND) — EE-*)H coupled-channels space, reproduce reason-
ably well the most important features reported in the
original works of Refs. [20,21]. Indeed, we choose a =
0.95 to better account for some of the effects produced by
the channels that have not been considered in the current
approach. We see that a narrow J© = 1/2- A(C)(_n)(2595)

resonance (I'~2 MeV) is produced. This is mostly gen-
erated from the extended WT ND — ND* coupled-channels
dynamics in the j7,,, = 0 subspace. This state has a small
coupling to the (jf,,, = 17)Z.x channel which, in addition
to the proximity to the open threshold, explains its
small width. There appears a second J¥ = 1/2~ pole
[Ai(*b) (2595)] in the 2.6 GeV region. Although it is placed

relatively close to the 2.z threshold, this resonance is broad
(I' ~75 MeV) because of its sizable coupling to the latter
open channel. Nevertheless, as seen in Fig. 2, this second
wide state will not produce visible effects on the baryon-
meson S-wave cross sections, since its possible impact for
real values of s will be shadowed by the narrow Aggn) that is

located at a similar mass and much closer to the scattering
line. Thus, this double pattern structure would be difficult
to be confirmed experimentally, and it will not certainly
show up in the A zz spectrum, where the evidence of the
A.(2595) has been reported [46,47,49]. However, it has
been argued that exclusive semileptonic A, ground-state
decays in excited charmed A} baryons could unravel the
two A.(2595) states [37,50], if they exist.

In the J© = 3/2~ sector, we find a resonance that clearly
is the HQSS partner of the broad J” = 1/27 A}, (2595)
state, with quantum numbers 1~ for j7, . It is located above

the X;z threshold, with a width of around 55 MeV.
Furthermore, the coupling of this J¥ = 3/2~ pole to the
Xim channel is essentially identical to that of the
A})(2595) to E.z. This J* = 3/27 isoscalar resonance

might be identified with the D wave A,(2625), although its
mass and width significantly differ from those of the
physical state. In Refs. [20,21], it is argued that a change
in the renormalization subtraction constant could move the
resonance down by 40 MeV to the nominal position of the
physical state, and that, in addition, this change of the mass
would considerably reduce the width, since the state might
even become bound below the X} 7 threshold. Thus, within
the SU(6),; x SU(2)yqss model, the A.(2625) would turn
out to be the HQSS partner of the second broad Aigb) (2595)
pole instead of the narrow A(j( 1(2595) resonance.’ This is

n

6 . . . . .
A more detailed discussion, incorporating some elements of
group theory, can be found in [21] and in Sec. 2.2.1 of Ref. [37].
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2800

FIG. 2. Absolute value of the determinant of the 7 matrix (AVD-T) in the J” = 1/2~ (left) and J* = 3/2 (right) sectors using two
UV renormalization schemes: SCpu with @ = 0.95 and a cutoff of 650 MeV in the top and bottom panels, respectively. We display the
AVD-T for both the FRS [Im(E) > 0] and the SRS [Im(E) < 0] [fm] of the unitarized amplitudes as a function of the complex energy
E [MeV]. We also show the scattering line (blue solid curve) in all the cases. Bare CQM exchange interactions are set to zero
[di = ¢; =0 in Eq. (11)]. In the z axis we have AVD-T, in the x axis we have Re(E), and in the y axis we have Im(E).

in sharp contrast to the predictions of the CQMs, where The SCu-renormalization scheme plays an important
there is no second 2595 pole, and the A.(2625) and the  role in enhancing the influence of the ND* channel in the

narrow A,(2595) are HQSS siblings, produced by a  dynamics of the narrow A‘C)En) (2595) state. Indeed, this

A-mode excitation of the ground 1/2% A baryon. scheme also produces a reduction in the mass of the

TABLE 1. Properties of the CQM and molecular J* = 3/2~ poles for different renormalization schemes and values of the d; and ¢,
LECs, which determine the interplay between CQM and baryon-meson pair degrees of freedom. The angular-momentum-parity
quantum numbers of the Idof are always 17, and masses and widths are given in MeV units.

A = 650 MeV SCu (a = 0.95)
d, C1 M —il'/2 Type |92:n lgn D+ M —il'/2 Type |gzzn lgn D+
0 0 (2680.4 — i33.0) 1~ 2.0 2.5 (2662.6 — i27.2) 1~ 2.3 2.4
-0.8 0 (2704.0 — i31.5) 1~ 1.7 2.2 (2688.8 — i28.4) 1~ 1.8 1.9
-0.8 0 2615.8 CQM 1.0 0.6 2617.5 CQM 1.1 0.5
-0.8 -1 (2706.8 — i30.2) 1~ 1.7 2.6 (2681.1 — i27.0) 1~ 1.8 2.4
-0.8 -1 2614.9 CQM 1.1 0.2 2617.7 CQM 1.0 0.5
-0.8 1 (2701.4 — i32.4) 1~ 1.8 1.8 (2695.5 — i30.6) 1~ 1.8 1.5
-0.8 1 2620.9 CQM 0.9 1.5 2612.9 CQM 1.2 1.4
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TABLE II.

Properties of the CQM and molecular J© = 1/2~ poles for different renormalization schemes and values of the d; and ¢,

LECs, which determine the interplay between CQM and baryon-meson pair degrees of freedom. Molecular states are labeled according
to their dominant /dof configuration, 0~ or 1~, and masses and widths are given in MeV units.

A = 650 MeV SCu (a = 0.95)
d, €1 M—il'/2 Type |95, x| lgnp| 9N D | M—il'/2 Type |95, x| lgnp| lgnp-|
0 0 (2609.9 — i28.8) 1- 2.0 2.3 0.7 (2608.9 — i38.6) 1- 2.3 2.0 1.9
0 0 (2798.7 — i2.0) 0~ 0.3 1.8 4.1 (2610.2 —i1.2) 0~ 0.5 3.9 6.2
-0.8 0 2590.0 1- 1.1 1.0 0.3 2591.1° 1- 1.3 1.5 0.5
-0.8 0 (2799.0 — i2.2) 0~ 0.3 1.8 4.1 (2611.6 — i0.4) 0~ 0.3 3.5 6.2
-0.8 0 (2659.1 —i17.3) CQM 1.3 1.6 0.3 (2652.8 —i22.2) CQM 1.5 0.8 1.7
-0.8 -1 2589.3 1- 1.2 0.5 0.2 (2589.4 — i8,6)" 1- 2.6 1.7 0.7
-08 -1 (2800.7 — i2.3) 0- 0.3 1.7 4.1 (2610.1 — i0.0) 0~ 0.0 3.8 5.9
-0.8 -1 (2657.2 —i15.8) CQM 1.2 23 0.5 (2642.3-i19.4) CQM 1.5 1.1 2.5
-0.8 1 2591.0 1- 0.9 1.2 0.4 2590.3 1- 1.1 1.7 0.5
-0.8 1 (2798.8 — i1.9) 0~ 0.3 1.8 4.1 (2612.6 — i0.7) 0~ 0.4 3.2 6.3
-0.8 1 (2660.0 — i18.9) CQM 1.3 1.1 0.2 (2659.6 — i26.8) CQM 1.6 0.7 1.2
*Virtual state placed in the 100 sheet below the T 7 threshold.
resonance of around 200 MeV, which thus appears in the lgsiz] < 1.3 £0.2. (23)

region of 2.6 GeV, instead of in the vicinity of the ND
threshold. Indeed, we see also in Fig. 2 and Table II that if
the UV behavior of the amplitudes is renormalized by
means of a common momentum cutoff of 650 MeV
[Eq. (9)], the position of the Tlaor = 0~ pole in the J¥ =
1/2~ sector moves up drastically, and it now appears at
2.8 GeV with few chances to be identified with the physical
A.(2595) state. It is still narrow, because HQSS prevents its
coupling to X.7 to become large. However, the main
features of the broad J¥ = 3/2~ resonance and the
Jiaos = 17 onein the J = 1/2 sector are not much affected

by the change of renormalization scheme. The mass
position of the latter resonance can be moved down to
the vicinity of the .z threshold using cutoffs of the order
of 750 MeV, which is still reasonable. At the same time, its
width also decreases since the available phase space for
the decay becomes smaller. However, to obtain masses for
the 3/2 state of around 2625 MeV, significantly larger
cutoffs of the order of 1200 MeV are needed. This might
hint at the existence of some further contributions to those
induced for the baryon-meson unitarity loops, and that are
effectively accounted for in the somehow unnatural UV
regulator. In this context, we will discuss in the next
subsection effects produced by CQM d.o.f. In addition,
the coupling |gs. .| would take values of around 1.6 leading
to I'[A.(2625) — A.zz] ~0.7 MeV from Eq. (18), 30%
below the upper bound on the total width of the resonance.
However, taking into account that the X} resonant con-
tribution measured by the ARGUS Collaboration is
(46 £+ 14)% [45] of the total, we find that 0.7 MeV is
around two sigmas above the inferred upper bound for the
resonant mechanism. Note that using Eq. (18), the upper
bound on the Xf-resonant contribution to the A,(2625)
width leads to

We end this discussion by studying the relation between
the cutoff and SCy UV renormalization schemes. Results
obtained in SCu are recovered by using appropriate
channel-dependent cutoffs as detailed in Eq. (10). These
are 459, 544, 905, and 1044 MeV for z¥., zX; ND, and
ND*, respectively. We see that the cutoff for ND* is large
and it enhances the importance of this channel in the
dynamics of the narrow A(C’E”) (2595) resonance found in the

SCu scheme.

B. CQM and baryon-meson d.o.f.

As mentioned in Sec. II C, the quark model of Ref. [§]
predicts a (J¥ =1/27,3/27) HQSS doublet of states,

almost degenerate and with Mgy ~ 2629 MeV. Though
with some precautions, because the CQM bare mass is not
an observable and the matching procedure between the
quark model and the effective hadron theory is not well
defined, it seems natural to think that the bare CQM states
should have a important influence in the dynamics of the
A.(2595) and A.(2625) resonances, which are located so
close. Indeed, the baryon-meson interactions of Eq. (11),
driven by the exchange of the CQM state, have a strong

energy dependence close to Mcqum ~ 2629 that might be
difficult to accommodate by just modifying the real part of
the unitarity loops. The LECs ¢; and d;, that control the
interplay between bare CQM and baryon-meson d.o.f., are
unknown. They are also renormalization scheme depen-
dent, and once the scheme is fixed, they should be inferred
from data. The hope is that in this way, some theoretical
predictions could become renormalization independent,
at least in some energy window around the experimental
inputs.
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Dependence of the J* = 3/2~ CQM and molecular pole positions as a function of the LEC d,, for ¢; = 0. We show results for

both, the cutoff and SCu (a = 0.95) renormalization schemes, and the values of the bare CQM mass and the X}z threshold energy.

1. The A.(2625)

First we pay attention to the J¥ = 3/2~ sector. In Figs. 3,
4, and 5, we show results obtained using SCu (o = 0.95) or
a common UV cutoff of 650 MeV for different CQM and
baryon-meson couplings. In principle, one expects that d;
should be more relevant than ¢, because the X}z threshold

is closer to Mgy than the ND* one. Thus, in a first stage
we set ¢; to zero and start varying d,. Results are depicted
in Fig. 3 (note that in this situation, the irreducible
amplitudes depend on d3). There are now two poles in
both renormalization schemes. The lightest one is located

below the Xiz threshold and it tends to Mcqym when
d; — 0. Its coupling to iz, |gs:,|, grows from zero, when
d; = 0, to values of around 1.8 or 1.9, when d; = -2, for
the UV cutoff or SCu renormalization schemes, respec-
tively. The upper bound of Eq. (23) is not satisfied above
|di| > 1.2(1.0) for the A = 650 MeV (SCu) scheme.

On the other hand, the second pole, located at higher
masses, is a broad resonance, with a width of around
60 MeV and little sensitivity to d;. Indeed, as can be seen in
the figure, the width varies less than 2 (8) MeV in the UV
cutoff (SCu) scheme, when d; changes from 0 to —2. The

AMeqy [MeV]/10 —
|g5:x| —m—

A =650 MeV
d=—038 S

JP =3/2-

-3 -2 -1 0 1
€1

mass of this second resonance is more affected by d;, and
gets bigger when d increases, since the CQM exchange

interaction is repulsive for energies above Mcqy. The pole
matches the SU(6),; x HQSS molecular one discussed in
Sec. IIT A, when the coupling between CQM and baryon-
meson d.o.f. is switched off.

Within the nonrelativistic CQM used in Ref. [12], the
LEC d, is predicted to be —0.8. With all cautions, already
mentioned, about the matching between quark models and
hadron-hadron based images of the problem, and the
dependence on the renormalization procedure, we will
fix d; to the latter value, and study the dependence of
the previous results on c¢;. We let this latter parameter vary
in the range —3 to 2 in Fig. 4, where the |gs: ;| and |gyp-
couplings, the mass and X}7z— molecular probability of
the J¥ = 3/2~ dressed CQM pole are shown as a function
of ¢;. The molecular probability is defined through
Weinberg’s compositeness rule [51,52], generalized for
the coupled-channels BSE formalism in Refs. [53,54],

) aGZﬁﬂ ( \/E)

Py, = _93”87\/3 . (24)
NV
3 SC AMeoy [MeV]/10
Meom e —_—

- 0 /10—
2l a=—os o
15

1W
0.5

1

FIG. 4. Dependence of the couplings, mass and X 7— molecular probability of the J© = 3/2~ dressed CQM pole as a function of the
LEC ¢y, for d; =—0.8. We show results for both, the cutoff and SCu (a = 0.95) renormalization schemes. In addition,
AMcom = [Mcoum(d)) — Mcgm(d, = —0.8)], with Mcqm(d; = —0.8) = 2615.81 and 2617.49 MeV for the left and right panels,

respectively.
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FIG. 5.

AVD-T in the J” = 3/2~ sector using two UV renormalization schemes: SCu (a = 0.95) and a cutoff of 650 MeV in the

bottom and top panels, respectively, for different CQM and baryon-meson pair couplings (from left to right): (¢, = =3,d; = —0.8),
(¢; =0,d; =-0.8),and (¢; =2,d; = —0.8). We display the AVD-T for both the FRS [Im(E) > 0] and the SRS [Im(E) < 0] [fm] of
the unitarized amplitudes as a function of the complex energy E [MeV]. We also show the scattering line (blue solid curve) in all the

cases. Axes are defined as in Fig. 2.

As can be seen in the left panel of the figure, the variation
of the mass of the CQM pole with ¢; is quite mild
within the cutoff scheme. It changes only about 3 MeV,
Mcqum € [2614.7,2617.8] MeV, when ¢, varies in the
[-2.0,0.5] interval and, at most, Mcqy reaches values
close to 2630 MeV for the largest positive values of ¢
shown in the figure. At the same time |gy.,| goes from 1.3
down to 0.8 when ¢, varies from —3 to 2. Hence, one can
accommodate the experimental mass in the region of
2628 MeV consistently with the upper bound on the Xj-
resonant contribution to the width discussed in Eq. (23).
The molecular probability of this state would be small since
Ps:; ~ 0.1, reaching maximum values of about 0.2, when
¢y is close to —3. Moreover, for this latter value of ¢q, Pyp-,
defined analogously to Ps., in Eq. (24) with the obvious
replacements, is of the order of 0.04. When ¢, increases,
Pyp- (not shown in the plot) continues decreasing and it
becomes zero close to ¢; = 0.2. From this point, Pyp-
starts growing to reach values of the order of 0.08 for
¢y =2. The coupling |gyp+|, displayed in the figure,
follows a similar pattern, as expected.

Results obtained within the SCy scheme, shown in the
right panel of Fig. 4, differ from those discussed above, but
some qualitative features are similar: the Py and |gyp-
behaviors, the small molecular probability and the mild
dependence of Mcqy and |gs:,| on ¢;. The maximum
values obtained for the mass (~2618) of the state are

found for ¢; in the region of —0.8. Note, however, that
the possible tension with the experimental mass of
2628.11 MeV is not really significant, since the agreement
can be likely improved by changing the renormalization
parameter a.

In Table I, we present together the properties of CQM
and molecular J¥ = 3/2~ poles, ford; = —0.8 and ¢; = 0,
1, and —1, and both renormalization schemes. The dressed
CQM results of the table were already discussed in Fig. 4.
The properties of the molecular state, which would have
Jldof = 17 quantum numbers, hardly depend on ¢; and

both renormalization schemes predict a new state around
2.7 GeV and 60 MeV of width. The emergence of this new
resonance, which would not be the A.(2625), can be
clearly seen in the FRS and SRS plots of Fig. 5, where
larger values of |c;| than in Table I have been considered.

Hence, we conclude that the physical A.(2625) finds
naturally its origin in the CQM bare state obtained in
Ref. [8], while we predict the existence of a molecular
baryon, moderately broad, with a mass of about 2.7 GeV
and sizable couplings to both X}z and ND*.

This latter pole will not show up in the experimental
A.zz spectrum, dominated by the physical resonance.
Furthermore, this state, mistakenly associated with the
A.(2625) in the previous SU(6),; x HQSS studies of
Refs. [20,21] where the coupling to CQM d.o.f. was not
considered, will be similar to that found in the chiral
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FIG. 6. Dependence of the J* = 1/2~ CQM and molecular pole positions as a function of the LEC d,, for ¢, = 0. We show results for
both, the cutoff and SCu (¢ = 0.95) renormalization schemes, and the values of the bare CQM mass and the X 7 threshold energy.
Molecular states are labeled according to their dominant [dof configuration, 0~ or 17.

approach of Ref. [18] or to the !z pole reported in the
ELHG scheme followed’ in [29]. The SU(3) chiral
approach of Ref. [15] reduces the mass of this molecular
state down to that of the A.(2625) by using a large UV
cutoff of 2.13 GeV. This points, following the arguments
given in [55,56], to the existence of some relevant d.o.f.
(CQM states and/or ND* components) that are not properly
accounted for in [15].

2. The A,(2595)

Now, we turn the discussion into the J© = 1/2~ sector.
As we did before, in a first stage we set ¢; to zero and start
varying d,. Results are depicted in Fig. 6. There appear
now three poles for both renormalization schemes consid-
ered in this work. As compared to the case in the left
panels of Fig. 2, where the coupling between CQM and
baryon-meson d.o.f. was switched off, there is an extra
state which has its origin in the j7, ;= 1~ CQM bare state.
The mass and the width of the narrow state at 2800 MeV
(A =650 MeV) or 2610 MeV (SCu) are practically
unaltered by d,. This is a trivial consequence of the
largely dominant j7,,. = 0~ configuration of these states,
since HQSS forbids their coupling to the jj,,, = 17 CQM
bare state.

The location of the second broad molecular state,
[Agb)(2595)], observed in Fig. 2, is strongly influenced
by the quark-model state that produces an attraction that
grows with d3. Thus, for d; < —0.6 or —0.7, depending on
the renormalization procedure, it moves below the X .z
threshold and becomes a bound state. Within the SCu
scheme, this jj,,, =17 molecular state would not be,
however, identified with the physical A,(2595) resonance

"In that work, it was not identified with the A,(2625)
resonance, which is generated there as an ND* state, after
modifying the ELHG ND* — ND* potential including box-
diagrams constructed out of the anomalous D*D*x coupling,
and fitting the UV cutoffs to reproduce its mass.

that would be reproduced by the narrow Aggn) (2595) pole at
2610-2611 MeV, with small |gs ,| coupling® and large
lgvp| and |gyp+| ones, especially the latter (>6.2). The
situation is different in the UV cutoff scheme, since the
Jiaoy = 07 narrow resonance is placed at 2800 MeV, and it

is precisely the Jldop = 17 molecular state, the best can-

didate to describe the physical A.(2595).

In addition, we see in Fig. 6 that the bare CQM state is
modified due to the baryon-meson loop effects, and it is
moved to the complex plane acquiring also a finite width
that obviously grows with d?. The quantitative details,
nevertheless, depend on the renormalization scheme.

As in the A.(2625) subsection, we fix d; = —0.8 from
the CQM of Ref. [12], and study in Table II and Fig. 7, the
dependence of the spectrum of states on the LEC ¢;. As
expected, the mass position of the jj,,» = 07 pole is hardly
affected, while its small width depends much more on c¢;.
As mentioned above, within the SCu scheme, the physical
A(2595) is identified with the A7, (2595). We see that the
pole might have a coupling to the X z pair that is smaller
than 1, and thus it would be smaller than needed to
reproduce the experimental width from Eq. (18). In the
UV cutoff approach, instead, there would be a molecular
narrow state close to the ND threshold, strongly coupled to
it and that might provide some visible signatures in
processes involving final state interactions of this
baryon-meson pair (see bottom panels of Fig. 7). In this
latter renormalization scheme, the A.(2595) is described
by the Jldof = 1~ hadron molecule located below threshold
at around 2590 MeV, little affected by c;, and with
|9s.z| ~ 1. Thus, from Eq. (18) the A.(2595) — Azz width
will be predicted to be around 1.8, in good agreement with
experiment (2.6 +0.6). Nevertheless, the A.(2595),
despite of having 1~ quantum numbers for the ldof, would
not be the HQSS partner of the A.(2625) either in this case,

*It decreases with d% and it varies from 0.5 for d; = 0 down to
0.04 for d; = 2.
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=

FIG. 7. AVD-T in the J” = 1/2~ sector using two UV renormalization schemes: SCu (a = 0.95) and a cutoff of 650 MeV in the
bottom and top panels, respectively, for different CQM and baryon-meson pair couplings (from left to right): (¢, = =3,d; = —0.8),
(¢; =0,d; =-0.8),and (¢; =2,d; = —0.8). We display the AVD-T for both the FRS [Im(E) > 0] and the SRS [Im(E) < 0] [fm] of
the unitarized amplitudes as a function of the complex energy E [MeV]. We also show the scattering line (blue solid curve) in all the

cases. Note that the range of Re(E) is much larger in the top panels than in the bottom ones. Axes are defined as in Fig. 2.

because of the predominantly quark-model structure of the
latter. Indeed, the A.(2595) would have a large molecular
content, Py., = 0.6-0.7.

Note that the Jiaoy = 17 state in the SCu scheme will be
irrelevant, since its effects will be completely overcome by
those produced by the A?; )(2595) (see Fig. 7); independ-

c(n
ently it is placed below the X x threshold or it becomes a
broad resonance.

The different inner structure of the A.(2595) within
the UV cutoff and SCu schemes and the dependence
of this structure on ¢; will lead to differences in ND and
ND* couplings that would produce different predictions for
the exclusive semileptonic A, — A.(2595) decay [37,50].

Finally, we see that in both renormalization schemes we
obtain the dressed CQM pole at masses around 2640—
2660 MeV and with a width of the order of 30-50 MeV,
depending on the chosen regulator and on c;, though for
moderate variations, one should not expect a large depend-
ence on ¢ because the ND and ND* thresholds are not too
close. This is a prediction of the present work, and this
state should provide signatures in the open channel X .z
since its coupling to this pair is sizable, well above one. As
seen in Fig. 7, for large negative values’ of ¢y in the SCu
case, it could, however, be shadowed by the A(C)En)(2595)
resonance.

"What it is really relevant is that the product ¢,d, is positive.

C. Further comments

Here, we briefly revisit and summarize some of the
features/assumptions of the current approach that induce
ambiguities in the main conclusions of this work, which we
will be collected in the next section. We also suggest, when
possible, how the model dependence can be fixed by future
measurements.

(i) The regularization of the loop function determines

the off-shell behaviors of the amplitudes and leads to
a model dependence, as we have put here to
demonstrate by comparing the SCu and UV cutoff
results. This source of systematic errors is ignored in
most of the molecular approaches available in the
literature. The existence of a narrow J© = 1/2~ state
close to the ND threshold would disentangle be-
tween these two renormalization schemes, since it
will definitely favor the UV cutoff scheme. This
state would show up in the £ .z spectrum through
virtual ND and ND* loops.

(i) The LECs c¢; and d; that control the interplay
between the bare CQM and the baryon-meson d.o.f.
are uncertain and are UV renormalization scheme-
dependent parameters. Nevertheless, the results dis-
played in Fig. 3 for the J” = 3/2~ higher mass
resonance constrain considerably d; (coupling be-
tween the bare CQM state and . 7). We find a sizable
dependence of the mass of this state on d; that can
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FIG. 8.
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Mass (left) and coupling to Xz (right) of the dressed CQM state as a function of the LEC d, for three different values of the

mass of the bare CQM state, 1\04 com = 2544, 2529, and 2514 MeV, in the J P = 3/2~ sector. In addition, the LEC ¢, has been fixed to
zero. We show results obtained with the cutoff renormalization scheme.

(iif)

serve to fix this LEC in both renormalization schemes
employed in this work. Interestingly, we also observe
that the mass and the width of this resonance do not
depend drastically on the regularization method. We
note that the range of values considered in Fig. 3 for
|d,| is sufficiently large, given that it is estimated to be
around 0.8 in Ref. [12], using a framework compat-
ible with the CQM employed in [8] from which we

have taken Mcq\. Hence, we end up with a reason-
ably robust prediction for the existence of a J* =
3/2~ molecular baryon, moderately broad (I"~
60 MeV), with a mass of about 2.7 GeV and sizable
couplings to both XXz and ND*. The future obser-
vation of this resonance, additional to the A.(2625),
would greatly limit the possible values of dj.

The results shown in Fig. 3 were obtained for
¢y = 0, i.e., a vanishing coupling between the bare
CQM state and the 7, , = 17-component of the ND*
pair. Nevertheless, moderate nonzero values of this
LEC do not modify appreciably the mass and the
width of the higher J* = 3 /2~ resonance, as seen in
Table I. This is because this state is placed signifi-
cantly far from the ND* threshold. Indeed, most of
the results found in this work are a little sensitive to
¢y, because the ND and ND* thresholds are far from

Mgy, mass of the bare three-quark state with
Jiaoy = 17, and in addition, the former meson-baryon

pairs feel the strongest interaction in the jj,,, =0
channel, as discussed in Sec. II. This reduced
dependence on c; certainly make our results more
robust.' .

The CQM i, = 17 bare mass, Mcqy, is also an
UV renormalization scheme-dependent parameter in

Ln any case as we mentioned, the position of the J© = 1/2~
poles show a certain dependence for very large values of ¢; (see
Fig. 7), which might be used to constrain this LEC.

014018-15

our approach. We have fixed it to the value obtained
in the state of the art CQM calculation of Ref. [8].
There, single- and double-heavy baryons were
studied, with model parameters fixed by the strange
baryon spectra, finding that the predictions for the
masses of the observed charmed and bottomed
baryons turned out to be in a fairly good agreement
with experiment. The predictions for the A,.(2625)

are the most sensitive to the choice of Mcqy, but
even in this case, the properties of this resonance are
reasonably stable in front of moderate variations of
the mass of the bare CQM state, as can be seen in
Fig. 8. In this latter figure, we show the produced
changes in the mass (left) and coupling to X}z (right)
of the dressed J¥ = 3/2= CQM state, as a function

of the LEC d;, when Mcqy is shifted by £15 MeV
with respect to the value of 2529 MeV used here and
taken from [8]. We see that as |d,| increases the
effect on the mass of the dressed state decreases.
The J¥ = 3/2~ higher mass resonance, located in
the region of 2.7 GeV, is much less affected and
for the largest |d,| = 2 coupling, its mass changes
only at the level of 5 MeV, while it becomes

2-3 MeV wider (narrower) when Mcoym =
2614(2644) MeV is employed. These variations
are comparable to those produced by c;, as men-
tioned above.

IV. CONCLUSIONS

We have shown that the A.(2595) and the A.(2625) are

not HQSS partners. The J¥ = 3/2~ resonance should be
viewed mostly as a quark-model state naturally predicted to
lie very close to its nominal mass [8]. This contradicts a
large number of molecular scenarios suggested for this
resonance in the literature. In addition, there will exist a
molecular baryon, moderately broad, with a mass of about
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2.7 GeV and sizable couplings to both X’z and ND*, which
will fit into the expectations of being a X’z molecule
generated by the chiral interaction of this pair.

The A.(2595) is predicted, however, to have a predomi-
nant molecular structure. This is because it is either the
result of the chiral X,z interaction, whose threshold is
located much closer than the mass of the bare three-quark
state, or because the /dof'in its inner structure are coupled to
the unnatural 0~ quantum numbers. The latter is what
happens in the SCu renormalization scheme that enhances
the influence of the ND* channel in the dynamics of
this narrow resonance. Attending to the three-body
A.(2595) - Anrz decay width, the SCy scenario is slightly
disfavored, and it looks more natural to assign a 1~
configuration to the Idof content of the physical
A.(2595) state, as found when an UV cutoff is employed.

We also obtain a further J” = 1/2 resonance that is the
result of dressing the bare CQM pole with baryon-meson
loops. It would have a mass of around 2640-2660 MeV and
a width of the order of 30-50 MeV. Finally, within the UV
cutoff renormalization scheme, we also find a narrow state
at 2800 MeV close to the ND threshold. This state has large
ND and ND* couplings and it should provide some visible
signatures in processes involving final state interactions of
the ND and ND* pairs.

The spectrum found in this work cannot be easily
understood in terms of HQSS, despite having used inter-
actions that respect this symmetry. This is because the bare

quark-model state and the X.z threshold are located
extraordinarily close to the A.(2625) and A.(2595),
respectively, and hence they play totally different
roles in each sector. Note that (My. — My ) ~ 65 MeV is
around a factor of 2 larger than the A.(2625) — A.(2595)
mass splitting. This does not fit well into a molecular
picture of these two resonances generated by Z(c*)ﬂ chiral
forces and, in addition, the splitting found in the CQM
study of Ref. [8] is only of 2 MeV, much smaller than any
of the mass differences quoted above. Moreover, the SCu
renormalization scheme leads to an unexpected enhancing
of the importance of the Tlaoy = 0~ components of the

SU(6),s x HQSS interaction in the J¥ =1/27 sector,
which are driven by ND — ND* coupled-channels inter-
actions. This is not the case when an UV cutoff is
employed.
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