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In this work, the Q_-like molecular states are systematically investigated in a quasipotential Bethe-

Salpeter equation approach. The relevant interactions gk, 29pM) and Q(c*)(ﬂ/ n/p/w) are
described by light meson exchanges with the help of the effective Lagrangians with SU(3), chiral, and
heavy quark symmetries. The obtained potential kernels of considered interactions are inserted into the
quasipotential Bethe-Salpeter equation, and coupled-channel calculations are performed to find possible
molecular states and its couplings to the channels considered. The results suggest that an isoscalar state
can be produced from the E!K interaction with spin parity 3/2~, which can be related to state
Q.(3120). And its isoscalar partner is predicted with a dominant decay in the Q}z channel. The
isoscalar and isovector states with 1/2~ can be produced from the E.K interaction with a threshold
close to the mass of the ©.(3050) and €,(3065). Their couplings to the Z.K channel are very weak,
and the isovector one has strong coupling to Q.z. High-precision measurement is helpful to confirm or
search such molecular states. Experimental search of states with higher masses generated from

interactions E(C* JK* and D) are also suggested by the current results.

DOI: 10.1103/PhysRevD.105.094036

I. INTRODUCTION

In 2017, LHCD reported five narrow structures named
Q.(3000), Q.(3050), 2.(3065), £.(3090), and Q.(3120)
in the EfK~ mass projection of the Q, — EfK 7z~
decays [1]. The Belle Collaboration confirmed the former
four structures [2]. Many theoretical works were inspired
by the observations to interpret their origins and internal
structures, including calculations in the potential model
[3-7], constituent quark model [8-21], QCD sum rule
[22-24], lattice QCD [25], and other phenomenological
approaches [26,27]. One of the most popular interpreta-
tions is that the observed five peaks correspond to five
excited Q. baryons with spin parities J* = 1/27, 1/27,
3/27, 3/27, and 5/27, respectively. The Q.(3120) and
Q.(3050)/9.(3065) are close to the EiK and E.K
thresholds, respectively. The molecular states picture
was also applied to interpret some of five peaks as
baryon-meson bound states [4—7,19-21]. For example, in
the chiral unitary approach, the theoretical masses and
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widths of a EXK state with 3/27, a ZD state with 1/27,
and a LK state with 1/27 are in remarkable agreement
with the experimentally observed Q.(3120), ©.(3090),
and Q.(3050) [4]. In Ref. [6], a coupled-channel calcu-
lation indicates that either Q.(3090) or Q.(3120) is
possibly related to the isoscalar E:K/Q.n/Qin/
2. K*/Z.K*/Q.w state with spin parity 3/2.

In 2021, the LHCb Collaboration updated its measure-
ment about the Q. structures [28]. The new analysis
suggests that the spins of Q.(3050) and Q.(3065) tend
not to be 1/2. However, .(3050) and Q.(3065) are close
to the E.K threshold. If we assign them as molecular states
composed of Z..K, only spin parity 1/2~ can be obtained in
the S-wave. Hence, the new result is inconsistent with the
prediction of spin of the ©.(3050) in previous theoretical
works [4,15,22,25]. In the Belle experiment [2] and new
experiment at LHCb [28], the ©.(3120) was not observed,
though it is a good candidate of the Z:K molecular state
with 3/27. In Ref. [28], it was suggested that the Q.(3120)
would be a state being either one of the 25 doublet or a
p-mode P-wave excitation, which decays to ZF K~ in the
D-wave, and then the decay width is suppressed.

Up to now, the internal structures of these €_.-like states
are still not well understood. We should answer why the
Q.(3120) is so difficult to observe if it is a molecular state.
If we accept the new LHCb results about the spin parities,
the Z.K molecular states should not be Q.(3050) or

Published by the American Physical Society
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TABLE 1. The possible isospins and spin parities of all
considered interactions. The thresholds are in the unit of MeV.

Channel Qo  E*D* Qip ZK* Qw ELK
Threshold 3550.9 3541.8 3541.2 3540.2 3480.1 3470.7

1=0,J° (%,%,%)— d.2.9- .. (%7%’%)_ (%,%)_ (%7%)_

I:LJP (%’% )_ (%7%7%)_ (%7%7%)_ (%7%)_

Chamnel Qp ED ERK* ED* Qi Qun
Threshold 3470.5 3400.6 3363.3 3326.5 3315.8 3245.0

N

v o
I=1J" (.3 5 G3)7 G9)

Channel ED EiK E.K 2K Qir Q=
Threshold 3185.3 3142.0 3072.5 2965.1 2903.1 28324

— P 1- 3- 1- 1- .
=070 7 T

_ 1- 3- 1- 1- 3— 1-
I - 1’ J 2 2 2 2 2 2

Q.(3065). Where should we find them? In this work, we
will investigate all Q.-like baryon-meson interactions
with flavor numbers C =1, S = =2 under 3.6 GeV to
find all possible molecular states from these interactions
and discuss their relations to the experimentally observed
structures. The couplings of these molecular states to the
channels considered will also be studied through coupled-
channel calculation. Besides, more molecular states
will be predicted from these interactions, which are
helpful to understand existing states and future exper-
imental research.

Based on such consideration, we will consider inter-
actions EUEK™, 20D®) . and Qg*)(n/a)/ﬂ/p) in the
current work. As usual, only spin parities J” of the
interactions which can be produced in the S-wave will
be included in the calculation. However, we would like to
note that contributions from higher partial waves will also
be included in our models for an interaction considered.
All possible isospins and spin parities of all considered
interactions are listed in Table I in order of mass threshold
from large to small. Eighteen interactions are considered in
the current work, and 48 channels will be involved after
different isospins and spin parities are considered. In the
calculation, these interactions can be divided into two
categories:

(i) category I: ~(*>D<*),

(ii) category II: 2 =g, Qg*)(ﬂ/r]/p/a)).

In the current work, the one-boson-exchange model will
be adopted to describe the interactions. The interactions
in category I are composed of a light baryon and a
charmed meson, while the interactions in category II
are composed of a charmed baryon and a light meson.
The couplings between channels belonging to different
categories intermediate only by exchanges of charmed
mesons. It should be heavily suppressed and can be
ignored compared with the couplings between the
channels in the same category where light meson

exchanges provide the dominant contribution. Besides,

the QU (zr/r]/ p/w) interaction in category II will be
excluded in single-channel calculation in the current
model due to the absence of possible meson exchange
to provide attraction. However, these channels are not
trivial in coupled-channel calculation.

This article is organized as follows. In the next section,
the effective Lagrangians will be provided to construct

potentials of considered interactions EH D), EE*”)K(*X

and Q' (z/n/p/w) in the one-boson-exchange model. The
quasipotential Bethe-Salpeter equation approach adopted
in the current work will be also introduced briefly in that
section. The results with single-channel calculation will be
presented in Sec. III. And couplings between different
interactions will be specifically described and discussed
in Sec. IV. Finally, the article ends with summary and
discussion in Sec. V.

II. THEORETICAL FRAME

All systems considered in the current work are com-
posed of a charmed and a light hadron. The Lagrangians for
the charmed and light hadrons will be presented in the
following.

A. Lagrangians for charmed hadrons

The Lagrangians for the vertex of charmed hadrons
and light mesons have been constructed under the heavy
quark limit and chiral symmetry in the literature [29-32].
The couplings of heavy-light charmed mesons P*) =

(D(*)O,D(*)+,D§*)+) and light exchange mesons can be
depicted as

2g./mpm .
Lppp = 1IN (PP, + PiP;) 0P,
. “~<>a
Lppp=——€quiPi" 0 PPIPy,,
T

<] 2y
Lppy = \/_)“gVS/laﬁy(_,PZma Py + 7928 7’2")(3"\/”)0;,,
Lppy = ﬁ\?y

ﬂ\gfv A AT

- i2\/§lngP*,Pa sz(aﬂ\/y - av\/ﬂ)ab’
Lpp, = —2g,;mpP}P,0,
Loppeg = 2g,mp Py P, (1)

PT a Pb\/abs

Ep* y — 1

where mp.) is the mass of P*) and 9 =3—d.The P and
P* satisfy the normalization relations (0|P|Qq(07)) =

vmp and (0|P;|0q(17)) = €,\/mp-. The P and V are
the pseudoscalar and vector matrices,
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% zt K™ /’O% ,0+ K+t
2
P= P —\/_;3/7tg+'7 KO |, V= s —p\;i-{o K0
2
K- I_{O —_\/2611 K~ I_{*O ¢

(2)

The Lagrangians for the couplings between charmed
baryon and light exchanged meson can also be constructed
under the heavy quark limit and chiral symmetry, and the
explicit forms of these Lagrangians can be written as [33]

301 = 2
- e””’“‘@”PE B,;,0,B .
4fm/mBmB i=0.1 e

. Psgv B 5
2\/2mpgmpg i;J v

Asgy 5
— = (a \/y - av\/ ) BI;BV',
o O p :ZO:I

EBBO’ = KSGZBI;B]'#’
i=0,1

Lo i 9P \up

B3V 2,/2mp mp,

£B§Bg(7 = fBo-BﬁBé’

Lopp = —i %ZBMPB; 1 Hec.,
7

EBB[P> =

/1 _
A em gV, By, 0,B; + He.  (3)
i

Lppyy =
’ \/2mgmp,

where %, read
1
By = —\/g(m +0,)7°B,  Bil = B,

_ 1_
BSL’ = \/;B”bys(y” + Uﬂ),

with the charmed baryon matrices being defined as

B} = B, (4)

++ Lyt Lzt
0 AF Ef o R pEe
_ + =0 | Lyt w0 Lm0
B3 = _AC 0 = . B= \/EZC ZC \/2:1 c
=+ _=0 L=+ 10 0
—c —c 0 ﬁ:‘c \/—Edc QL
ot Lyt 1 oot
Tt Lyt ey
| Lvx+ %0 1 =0
B = ﬁzc z:c 2:‘c (5)
1=t Lm0 Q*O
VaTe  ae c

The masses of particles involved in the calculation are
chosen as suggested central values in the Review of Particle
Physics (PDG) [34]. The mass of the broad scalar ¢ meson
is chosen as 500 MeV. The coupling constants involved are
listed in Table II.

TABLE II. The coupling constants adopted in the calculation,
which are cited from the literature [33,35-37]. The 4, Ag;, and f,
are in the unit of GeV~!. Others are in units of 1.

p g 9y 7 Js fr
0.9 059 59 056 0.76 0.132
Bs Cs 9 As B ‘g Y4

Ar
~1.74 62 —0.94 =331 —fs/2 ~£5/2 39,/(2v/2) —As/\/3

B. Lagrangians for light hadrons

In the following, we will present the Lagrangians for the
vertex of the constituent light hadrons K*) or 2(*) and
the exchanged light hadrons m. The vertices K*)K®*)m

and 2WEMm can be related to vertices zzm, ppm, pom,
NNm, AAm, and NA under SU(3) flavor symmetry
[38—40]. First, the Lagrangians for K*) K)m are shown as

Likv = igkkvl_fTV”gﬁl_(,

Like = —9kk.K oK,
L kp = gk pe"?0,K; 0,PK;,
Ligv = —igk*% (K*V,, K + K ViK™

+ K*VUK;,),

L ko = koK oK™,

Likp = iggi-pK; PO,K + He.,

Likv = grive™™0,K, 0,PKy, (6)

where the P and V, in the Lagrangians stand for the
pseudoscalar meson (7 - 7 or #) and vector meson (7 - p,,,
w,, or ¢,), respectively; V,, = 9,V, — 9, V. The coupling
constants can be obtained by the SU(3) relation and are
listed in Table III.

TABLE III. The coupling constants determined with SU(3)
symmetry. The values are in the unit of GeV. The three
basic constants are chosen as gppy = 3.02, gyyp = 5.6, and
gvvy = 3.25 [39]

SU@3) SU®3)

Coupling  relation  Values Coupling relation  Values
9K K'n gvve 5.6 9k —\3Bgyyp 97
9k kp gvvy 3.25 9Kk o —9vvv -3.25
IRk _\/jgvvv —4.6 IR Rs e 3.65
Ik kp gppy 302 gkko —gppy  —3.02
gf(k(/, _\/EQPPV —4.27 Jk ko e 3.65
IRk —gpepy  —3.02  ggux V39ppy 5.23
9k pk gvvp 5.6 9k wk —9vvp =5.6
9k ¢k —V2gyyp 792
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The Lagrangians for vertices of light baryon
coupling with a light exchanged mesons Z*Z*)m are

written as

= Sfezv -
Lezy = —E [9::\/}’” - e o (91,} V,,E,
‘CEEU = 2R, =02,
JerEp & -
Lggp =——=——"B"y0,PE;,

Logo = gz a:*”UE;a
r 922'P 2y pm
TEFp — = ”P:+H.C.,
mp
Loy = —i =V ESpy B+ H 7
sy = T 2Ty pv= T H.C.. (7)
v

With the help of the SU(3) symmetry, the values of the
coupling constants are given in Table IV. Here, we choose
agpy = 1.15 as in Ref. [39] based on the NNw coupling
constant given in Refs. [41,42] differing from the standard
value agpy = 1, which introduces a small SU(3) symmetry
breaking in all vector-meson couplings. Furthermore, we

adopt fyn, =0 with fgpy = ggpvky, fppv = 9ppVEky,
and K, = 6.1.

C. Potential kernels

The isospin wave functions for the systems considered in
the current work can be written as

2600 4 =Z-pt),

=)0 p(+)0

— 2D,

QP w(n), 1 =0) = Q7 w(n)).
Q7 p(n). 1= 1) = |0 (2%)). (8)

Here, the isospin multiplets are defined as

With the vertices obtained from the above Lagrangians,
the potential kernels of coupled-channel interactions can be
constructed easily with the help of the standard Feynman
rules. In this work, following the method in Refs. [43—-45],
we input vertices I' and propagators P into the code
directly. The potential can be written as

Vﬂj’.a = I[P’,GFIF2PP.0f(q2)7 V\/ = I\/FIMFZDP/(/Df(qz)'

(10)

The propagators are defined as usual as

AV MV 2
;=9 ta qz/mV‘ (11)

o
Py = >
q- — My

TABLE IV. The values of coupling constants and SU(3) relations. The values are in the unit of GeV. The basic
constants 9BBp — 0989, gy = 325, appp — 04, Appy — 115, and 9BBs — 659, 9dppp = 1379, dppy = 5941,

9dppp = 948, and 9dppp = 71.69 [39,40]

Coupling SU(3) relation Values Coupling SU(3) relation Values
[ (2a —1)gppp -0.20 ==y _ \/§(13+2a) - ~1.03
9=5p (2a = 1)gppy 4.23 925w (2a = 1)gppy 4.23
9=56 9BBs 6.59 J=rEre 9BBs 06.59
e #BQDDP 0.89 J=rzy _4%591)1)}, —1.54
9=gp ﬁgDDv 3.84 JzrE'w ﬁgDDv 3.84
J=ztn ﬁgBDP 0.87 g==+y _ﬁgBDP —-1.50
9=zp #@QBDV 6.54 92z w - #@gsl)v —6.54
EEp % (f o — [ NNﬂ) -9.9 fezo % (f Mo — NNp) -9.9
G o fasy 294 EEo LY 204
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TABLE V. The flavor factor /,, for a system with certain
isospin and meson exchange. The vertices for three pseudoscalar
mesons should be forbidden.

Transition E®pH) - =) pt)

Iex Iﬂ I’? I/’ I(" I¢ I”
=0 32 16 32 12 e
I=1 -1/v2 Ve —1/vZ2 12 ]
Transition 2 g o 5 ke

Iex Iﬂ Iﬂ I/’ I(” 147 I”
I=0 -3/2v2 —1/2v/6 -=3/2v2 1/2y2 1/2 1
=1 1/2v2 -1/2v6  1/2v2 1/2v2 1/2 1
Transition E.K* - =2 K

1o, Iy 177 Iﬂ L, ]¢ I
=0 -3/v2 1/v2 12
=1 vz 1212
Transition k0 - 8 K

Iex 17! 1'7 1/’ 1‘” I‘/’ 16
e 32 B =32 12
I=1 1/2 V3/2 1/2 /21
Transition QE:*)H/OU - EE,*‘/)/I_((*)

Iex IK IK*

I1=0 -1 -1

Transition or/p - =K

Iy I Tg:

I=1 1 1

Transition oy/o — 5K

I, Ix Iy

1=0 V2 -2

Transition or/p - 2K

Lo Iy Iy

=1 V2 V2

The form factor f(q?) is adopted to compensate the off-
shell effect of exchanged meson as f(g?) = e~(m=4")"/A:
with m, and ¢ being the mass and momentum of the
exchanged meson. The flavor factor /,, can be obtained
with the wave functions and Lagrangians as listed in
Table V.

The potential kernel obtained in Eq. (10) can be
projected into fixed spin-parity by partial-wave decom-
position as

VI(p.p) = 271/dcosH[d{A,(H)V“(p’,p)
+ ndi/u/(g)v/l’—i(p/vp)]v (12)

where 5 = PP P,(=1)’=/1="> with P and J being
parity and spin for the system. The initial and final
relative momenta are chosen as p = (0,0,p) and
p = (p'sin6,0,p' cosd). The dJ,(0) is the Wigner d
martrix.

To obtain the scattering amplitude, such partial-wave
potential kernel can be inserted into the partial-wave
quasipotential Bethe-Salpeter equation as [46-50]

p//2dp//
(27)*

VI (0 p")Go(p")iM (", p).  (13)

iM,(p'.p)

=iV (0P + )

>0

The reduced propagator Gg(p”) under quasipotential
approximation has a form of Gy(p”) =" (p)*> —m3)/
(p/>—m3?) with p}, and m; being the momenta and
masses of heavy or light constituent particles. Since in
the current approach one of the constituent particles is

put on shell while another is put off shell, an exponen-

tial regularization is also introduced as Gy(p”) —
/2

Go(p")[e~P*=mi)* /A% with A, being a cutoff [47]. To
make it more in line with the values of different exchange
mesons, a parametrization on the cutoff is performed as
A, =A, =m,+ a0.22 GeV with m, being the mass of
the exchange meson.

The partial-wave Bethe-Salpeter equation can be trans-
formed into a matrix equation as M =V 4+ VGyM by
Gauss discretizing, with which the scattering amplitude
can be obtained as M(z) = V(z)/(1 — V(2)Gy(z)). The
molecular state can be found at the pole of scattering
amplitude in the complex energy plane when its denom-
inator |1 — V(z)Gy(z)| = 0. The real and imaginary parts of
the pole position z = W + i['/2 are energy and half of the
decay width, respectively.

III. RESULTS WITH SINGLE-CHANNEL
CALCULATION

Because of the complexity of the coupled-channel
results, the results with single-channel calculation will
be first presented in this section, which can provide an
overall picture of the molecular states produced from the
interactions considered.

A. Category I: Interaction E)D)

In Fig. 1, the binding energies of all bound states
produced from interaction E*)D®) are presented with
the variation of the a, which is the only variable parameter
in the current model, and absorbs the model uncertainties.
Empirically, its value is chosen in a reasonable range from 0
to 5. Since the molecular state is defined as a shallow bound
state, in the current work, we only keep the results with
binding energy lower than 45 MeV or smaller.

The single-channel calculation suggests that only the
isoscalar bound state can be produced from the interactions.
No isovector state is found in the considered range of the
parameter. Three isoscalar Z2*D* states appear at almost the
same value of a about 1 with spin parities J© = 1/27,
3/27, and 5/27, which are all possible spin parities in the
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FIG. 1. The binding energies for the isoscalar bound states from
interaction Z*)D™) with variation of @ with single-channel
calculation. The upper and lower panels are for interactions
Z*D* and E*D, respectively.

S-wave. The binding energies of all three states gradually
increase with the increase of the @. When a increases to 4 or
larger, the repulsion from 7 exchange increases faster than
the attraction, which makes the state with 1/2~ shallower.

Different from the E*D* interaction, only one molecular
state can be produced from the E*D interaction with spin
parity 3/2~. For two lower interactions ED* and ED, no
bound state is found near their thresholds for all quantum
numbers considered in the current work as listed in Table 1.

B. Category II: Interaction EE*’ K™

Six interactions in category II, Z:K*, E.K*, E.K*, K,
E/'K, and E_K, involve in the single-channel calculation.
We first present the binding energies of isoscalar states with
I = 0 from these interactions in Fig. 2.

The Z:K* interaction is found attractive and produces
three isoscalar bound states with spin parities 1/27, 3/27,
and 5/27, which all appear at a value of a of about 1. Their
binding energies increase with the increase of the parameter
a. The binding energies of states with larger spin increase
more rapidly. Two bound states are produced from the Z.K*
interaction with 1/2~ and 3/2~. Large binding energy is also
found for large spin parity 3/2~. The bound states from
interaction 2. K* with 1/2~ and 3/2 are almost degenerate.
It is from small differences of the vector exchange for
different spin parities and the absence of pseudoscalar
exchange as shown in Table V. A very large o value is
required to provide the obvious difference in binding energy.

Q(3120)]
— Q_(3065)
C
Z |
= i
e Q (3050)]
3 4

o [0

FIG. 2. Binding energies of isoscalar bound states from the
interactions E) k() with the variation of & with single-channel
calculation. The horizontal lines are for the experimental values
of the masses of corresponding states [28]. The very small
uncertainties of masses, only a few tenths of MeV, are not plotted.

As shown in the panels in the right of Fig. 2, only one
bound state is produced for each of the interactions, Z; K,
B! K, or Z.K, and all of them appear at a value of a of about
0.5. The curve of the binding energy of Z}K state with 3/2~
is compared with the experimental mass of the Q.(3120) as
a horizontal line. The cross can be found at an a value
of about 2.2. The bound state from Z.K interaction also
appears at a value of a of about 0.5. To reach the
experimental mass of state Q(3065) or Q(3050), an «
value about 1.0 or 1.5 is required for isoscalar state Z.K
with 1/27, respectively.

In Fig. 3, isovector bound states from the interactions
Eg*’,>l_( () are listed. Generally, one can find that larger « is
required to form an isovector bound state than isoscalar
states. It is mainly due to the different flavor signs for
the p meson exchange in Table V, which means attraction
and repulsion for isoscalar and isovector interaction,
respectively.

For three interactions with the K* meson, Z:K*, Z.K*, or
E.K*, two bound states with spin parities 1/2~ and 3/2~
appear at an « value of about 2, which is much larger than
these for isoscalar states. The binding energy of the state
with spin parity 3/2~ becomes smaller than the states with
1/2 from interactions Z:K* and Z.K*. The isovector
EfK* state with 5/27 is attractive but too weak to produce
a bound state in the considered range of parameter o.
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FIG. 3. The binding energies of isovector bound states from the
interaction EE* )I_( *) with the variation of a with single-channel
calculation. The horizontal lines are for the experimental values
of the masses of corresponding states [28].

Two E.K* states with spin parities 1/2~ and 3/2 are also
almost degenerate as in the isoscalar case.

For three interactions with a K meson involved, only one
bound state can be produced as in isoscalar cases. The state
with spin parity 3/2~ from interaction Z:K appears at a
value of a of about 2 and reaches a binding energy of about
16 MeV at the largest a value we considered. Compared
with the experimental mass of the Q,.(3120), too large of an
a value is required to assign the isovector E:K state with
3/2~ as Q.(3120). For the isovector state Z.K with spin
parity 1/27, a binding energy of about 7 MeV can be
reached at o of about 2.2, which is close to mass of the
states Q,(3065) and Q.(3050).

IV. RESULTS WITH COUPLED-CHANNEL
CALCULATION

In the previous section, many bound states are found to be
produced from the considered interactions with single-
channel calculation in reasonable range of a. In this section,
the coupled-channel effects will be introduced to study the
variation of the bound states obtained in the previous section
and couplings of the molecular states to relevant channels.

A. Coupled-channel results for category I

In Table VI, coupled-channel results with all four
channels are listed in the third column with the label

TABLE VI. The masses and widths of molecular states from
interactions in category I at different values of « in the unit of
GeV. The values of the complex position mean the mass of the
corresponding threshold subtracted by the position of a pole,
M, — z, in the unit of MeV. The imaginary part of some poles
is shown as 0.0, which means too small a value under the
current precision chosen. The explicit explanation can be found
in the text.

Poles near the Z*D* threshold with M, = 3541.8 MeV

1’ a cc E*D* =D ED* =D
1.5 3+1.1i 3 44170 44+02i 4+0.0i

0~ 2.0 11+19i 8 13+1.5i 104+04i 9+0.1i
25 19451 14  24+24i 16+08i 14+0.8i
3.0 19  36+3.1i 2340.9i 20+2.9i
1.5 4+0.0i 4 54+0.1i 54+0.1i 540.0i

03~ 20 14+1.0i 12 12402 14+0.7i 13+0.1i

2
25 264271 22

3.0 41+ 3.5i 34

15 5+08i 5
0= 20 11+23i 14

23 +04i 254191 2340.3i
36 +1.0i 38+3.1i 35+0.7i

5+08 6+0.0i 6-+0.0i
2 I1+1.57 15+0.1i 14+0.2i
25 22+1.6i 25 22 +1.0i 26+0.3i 26+ 0.8i
30 37+1.7i 40  38+0.6i 41+04i 41+ 1.5

Poles near the E*D thresholds with M,, = 3400.6 MeV

It a cc E*D* 2D ED* ED
1.5 44071 440i 3 4+06i 3+0.0i

0%— 20 10+ 1.1i 940i 8 9+41.1i 840.0i
25 18+ 1.4i 16+ 0i 13 15+ 1.4i 13+0.0i

3.0 30+ 1.5i 26+ 0i 18 22+ 1.5 18 +0.1i

“cc.” Since the poles are found near the corresponding
thresholds, we still present position as M, — z with M,
being the corresponding threshold as in the single-channel
case in the previous section for comparison. Besides, in the
fourth to seventh columns, the results for couplings to the
channels as labeled are presented with two-channel calcu-
lations. The column without an imaginary part is the single-
channel results for reference. The couplings of channels
above thresholds cannot produce width as expected, which
is reflected by a zero imaginary part “0i.”

For isoscalar E*D* states with spin parities 1/2~ and
3/27, the introduction of three coupled channels leads to a
smaller mass as well as a nonzero width. The pole for the
E*D* state with 1/2~ gradually becomes too dim to be seen
in the complex plane with the increase of a. After inclusion
of coupled-channel effects, the isoscalar Z*D* state with
5/2~ becomes shallower than that with 3/27, and its total
decay width first increases and then decreases. According
to the imaginary parts in the last three columns, isoscalar
state Z*D* with 1/27 has the strongest coupling to the
E*D channel, while state with 3/2~ state prefers the ED*
channel. For the E*D* state with 5/27, the dominant
channel shifts from Z*D to ED with the increase of a.
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For E*D interaction, from which only one state can be
formed in the S-wave with 3/27, the coupled-channel effect
obviously elevates its binding energy. It can hardly couple
to the 2D channel but strongly couple to the ED* channel.

B. Coupled-channel results for category II

In single-channel calculation, the bound states from the
interactions in category II are presented, and their relations
to the experimentally observed states Q.(3120), Q.(3065),
and Q.(3050) are also discussed. In the following, the
coupled-channel effects will be investigated. In the single-

channel calculation, the Q' (z/n/p/®) interactions are not
included due to the absence of exchange of light mesons.
Such interactions should be included in the following

TABLE VIIL

coupled-channel calculation due to the existence of K or
K* exchange between these interactions.

1. Poles near the E:K threshold

In the first part of Table VII, we present the coupled-
channel results near the Ejf( threshold, which is close to the
state ,.(3120). Here, as well as for other thresholds in the
table, the couplings to the channels with very high masses
are extremely weak. Hence, though the overall coupled-
channel results with all ten channels are listed in the cc
column, only four important two-channel results are listed
in the table.

According to two-channel calculations, the pole of
isoscalar state with spin parity 3/2~ near the Z:K threshold

The masses and widths of molecular states from interactions in category II near thresholds with a K

meson at different values of a in the unit of GeV. Other notations are the same as in Table VI.

Poles near the Z:K threshold with M,, = 3142.0 MeV

r a cc Qin E:K 2K =K
1.0 14 0.0i 1+0i 1+ 0i 1 1 4 0.00i 14 0.00i
1.5 8 4+ 0.02i 8+ 0i 6 + 0i 6 6 + 0.00i 6+ 0.01i

0%‘ 2.0 21 +0.05i 20 4+ 0i 16 4+ 0i 16 16 4+ 0.00i 16 4 0.02i
2.5 40 +0.12§ 36 4 0i 30+ 0i 30 30 + 0.00i 30 + 0.03i

Jr a cc =K EK E.K Qin Q.
2.0 14+ 0.4i 0 04 0.0i 04 0.0i 140.3i 0+ 0.0i

1%— 2.5 242.0i 1 1 +0.0i 1+40.0i 2+ 1.5i 1+ 0.0
3.0 6+4.1i 3 3+0.0i 3+ 0.0i 5+ 3.6i 3+0.0i
3.5 13 4 6.6i 6 6+ 0.0i 6+ 0.0i 9+ 4.5i 6+ 0.0i

Poles near the Z.K threshold M, = 3072.5 MeV

1J* a cc Qin Q. EK = K =.K
0.7 24 0.0i 0+ 0i 0+ 0i 1+0i 0 0+ 0.0i

05 1.0 13 +0.0 5+ 0i 7+ 0i 10 + 0i 5 54 0.0i
1.5 41 +0.0i 224 0i 26 + 0i 34 4-0i 22 224 0.0i
2.0 76 4 0.0i 44 + 01 50 4 0i 64 4 0i 44 44 4+ 0.0

J* a cc EiK E.K Qin Q.
1.5 4+ 3.8i 2+0i 04 0.0i 0+ 0.0i 0+ 0.0i

1%— 2.0 16 +9.0i 114 0i 44 0.0i 44 0.7i 6+5.7i
2.5 36 + 14.1i 24 4 0i 12 4-0.0i 12 4+ 1.2i 16 + 8.3i
3.0 62 +20.3i 39 4 0i 214 0.0i 224+ 1.8i 29 +12.2i

Poles near the Z.K threshold with M,, = 2965.1 MeV

1j* a cc Qi Q. =K B K =.K
0.5 0+ 0.0i 0+ 0i 0+ 0i 0+ 0i 0+ 0i

0%‘ 1.0 8 +0.0i 8+ 0i 8+ 0i 8+ 0i 8+ 0i 8
1.5 26 4-0.0i 26 + 0i 26 + 0i 26 4 0i 26 4 0i 26
2.0 50 4 0.0i 50 + 0i 50 + 0i 50 4 0i 50 4 0i 50

J* a cc =K ELK 2K Qin Q.
1.5 14 0.0i 1+ 0i 1 +0i 1 1 +0.0i 1 +0.0i

15 2.0 7+ 0.0i 7+ 0i 7+ 0i 7+ 0.0 7+ 0.0i
2.5 14 4-0.0i 14 4+ 01 14 4 0i 14 14 4-0.0: 14 4 0.0i
3.0 24 +0.0i 24 4+ 0i 24 4+ 0i 24 24 4+ 0.0i 24 4 0.0i
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is almost motionless after inclusion of channels below the
threshold, Z.K, Z.K, and the channels above the threshold,
Q.n. After inclusion of all channels, the mass of this state
becomes a little larger, which leads to a smaller parameter
a, about 2.0, required to reproduce the experimental mass
of the Q.(3120) than in single-channel calculation. The
variation of the mass is mainly from inclusion of the Q'
channel. The partial width to the Z.K channel is small. If a
higher precision is adopted, a value of 0.06 MeV can be
found at an a of 2.5, which is the main decay channel based
on the current results. The total width with all channels
considered is about 0.2 MeV. If we vary a to 3, even a width
with all channels of about 1 MeV can be reached, which is
close to the central value of the experimental value as
FQC<3120) =1.1+0.8+04 MeV.

TABLE VIIIL.

The results for the isovector Z:K state with 3/2 are also
presented in Table VIL. In this case, the Qin and Q.n
channels are replaced by Q7 and Q.7 channels, which are
both under the threshold. The Q}z channel is the dominant
decay channel, which gives a width at an order of
magnitude of MeV.

2. Poles near the E.K threshold

In the second part of Table VII, we present the results for
the states near the Z.K threshold, which is close to the
states Q,(3065) and €,(3050). For the isoscalar state with
1/2-, the couplings of channels Q. and ZiK make the
pole deviate further from the threshold. The partial width to
the Z.K channel is much smaller than 0.01 MeV. The mass

The masses and widths of molecular states from interactions in category II near thresholds with a K* at different values
of a in the unit of GeV. Other notations are the same as Table VI.

Poles near the Z;K* threshold with M, = 3540.2 MeV

1’ «a cc Qiw  ZIK* Q.o ELK* =.K* Qin Q. =K 2K =.K
1.5 0.0+0.1i 140 0 0+00i 0+00; O0+00; O0+00; 0+4+0.0i 0+400i O0+0.0i O0+0.0i
0%— 20 05+1.0i 2+0i 1 1+00; 1+401; 1402 1+00i 1+00; 1+02i 1406i 0540.1i
25 07+23i 6+0i 2 2400 2+03; 1+08 2+01i 2402 2406i 2+20i 0.6+0.5i
30 00+34i 10+0i 4 4400i 4+406i 2415 4402 4404 3+09 4435 09402
1.5 1404 140i 0 1400 1+4+01i 0+00; 1+04 140.0i 0+00i O0+0.0i 0+0.0i
0%— 20 3+23i 240i 1 2400 2+02i 05+04i 3+22i 2404 1400/ 1+02i 1+0.0i
25 5+48i 540i 3 44+0.1i 4407 1+14i 7+44i 4+4+10i 3+0.1i 3404 3402
30 7+77i 840 5 6401 7415 2425 14+71 7T7+24i 4402 4+08 5+0.5i
1.5 1+14i 140i 1 1400 1401 1+02i 1+06i 1404 1+00; 1+0.0i 1+0.0i
0%— 20 5+48i 540i 5 5400i 5+04 5+06i 6+20i 6+14i 5404 5+04 5+02i
25 15+ 11.2i 11+0i 11 11+0.0i 12+0.6i 11+1.1i 15+38i 134+36i 9+24i 10+ 1.6i 10+0.4i
3.0 25+21.0i 19+ 0i 18 18+0.0i 20+09i 19+ 1.2i 27+7.0i 24465 13+6.8i 164+45i 17+ 1.8i
I «a cc Qip  EK* = K* Q.p = K =K E'K =.K Qirx Q.
25 2+4+1.6i 340i 1 1+00; 1+00; 1+400; 1400/ 1+02i 1400i 1+00i 1+40.0i
1%‘ 30 6+34i 8+40i 2 2400 2+00i 2+0.1i 2+0.1i 2407 2400/ 2+0.1i 2+0.1i
35 11452 10+0i 4 5401 5401; 5403 34+03; 4+1.7i 4400i 3+03i 5+0.2i
25 1+08 07+0i 05 05+0.0i 0.540.0i 0.540.0i 0.5+0.0i 0.540.0i 0.5+0.0i 0.5+0.2i 0.5+0.1i
1%‘ 30 2424 1.74+0i 07 07+0.1i 0.8+0.0i 0.84+0.2i 0.6+4+0.1i 0.74+0.0i 0.7+0.0i 0.6+2.1i 0.7+0.1i
35 5+45i 35+0i 1.1 1.14+02i 1.640.1i 1.440.5i 074057 1.14+0.0i 1.1 +0.0i 1.2+42i 1.2+0.4i
40 9+64i 6.0+40i 20 20405/ 3.04+02i 26409 08+4+2.0i 20+0.0i 2.040.0i 3.4+72i 224 1.0i
Poles near the Z.K* threshold with M,, = 3470.7 MeV
1 a cc Qiw  EK Qw = K* = K* Qi Q. =K 2K =.K
1.5 9+22i 340 6+0i 5+0i 3 2404 2400i 34+10i 2402i 3+0.1i 3+0.1i
0%‘ 20 184+7.1i 9+0i 1540i 12+0i 8 74+13i 7400 10+21i 7+04 9405 740.2i
25 24+17.81 14+0i 244+0i 204 0i 14 11+24i 13+0.0i 174+3.00 13+1.5i 154+12i 11407
3.0 20+0i 37+0i 34+0i 19 154+3.0i 1840.0i 25+4.0i 18+3.4i 21+4+24i 134+ 1.5}
15 8+24i 640i 8+0i 6+0i 6 6+03i 6400 6+10i 640.1i 4+0.1i 4+0.1i
0%‘ 20 18+48i 14+0i 19+0i 1440 14 14405 1440.0i 14+4+4.0i 14+04i 1140.7i 1240.3{
25 30+ 103i 24+0i 3240i 24+0i 24 2440.6i 24+0.0i 31+8.0i 24+1.2i 17422i 2241.2i

(Table continued)
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TABLE VIIL (Continued)

Poles near the Z;K* threshold with M, = 3540.2 MeV

17’ «a cc Qiw  EK Q. B2 K =.K* Qin Q. =K B K =.K
3.0 43+ 15.7i 35+0i 474+0i 35+0i 35 734 +0.7i 36 +0.1i 40+ 15.0i 364 3.0i 20+ 3.6/ 34+2.8i
1J’ a cc Qp  EK = K* Q.p =.K* =K B K =.K Qir Q.x
20 6+21i 1400 2+0i 0 44+00i 0+02i 0+00i 0402 0+02i 0+40.0i 0+0.6i
l%_ 25 144560 440 7+0i 4 104+0.0; 4+04i 3+0.1i 3406i 4+04 3+4+00i 4415
3.0 264+ 11.8i 940i 14+0: 8 16+00i 8+08 7403 7+15 8407 7+0.1i 9+28i
3.5 40+422.0i 1540i 21 +0i 13 26+0.0i 14+13i 13+0.7i 1243.0i 13+ 1.1i 13+0.1i 15+4.4i
1%_ 25 3435 040 140 0 1400 0401 0400 0+02i 0+406i O0+0.0i O-+1.5i
30 6+59i 1400 4+0i 1 3+00i 1402 0+0.0; 0404 1+1.2i 1400/ 1+3.1:
35 11488 3+4+0i 7+0i 3 5400 3+03 2+401i 2+407; 2+4+20i 3400/ 3+58i
40 17+13.0i 44+0i 10+0i 4 7+00; 5+05 4402 4+10i 5+31i 4400/ 6+10.0
Poles near the Z.K* threshold with M, = 3363.3 MeV
1J° « cc Qiw  EK Q. =2 K =.K* Qin Q.1 =K =4 =.K
1.5 54200 6+0i 6+0i 640 6+ 0i 6 74+00i 7405 5+4+22i 5404 6+0.0
0%_ 20 11448 14+0i 1440i 14+0i 14 + 0§ 14 15400 17+0.7i 12464 11+1.3i 14+0.0i
2.5 164+10.51 23+0i 234+0i 2340i 23+0i 22 25+0.0i 28+0.7i 24+12.7i 1843.0i 224 0.0i
3.0 23+27.6i 33+0i 34+0i 33+4+0i 3540 32 3740.1i 43+40.6i 40+420.6i 23+45.8i 324 0.0
1.5 4424i 6+0i 6+0i 640 6+ 0i 6 7401 6+4+00i 5420i 6+04 6+0.0i
0%_ 20 9448 14+0i 1440i 14+0i 14 + 0i 14 164+02;i 14+0.0i 134+64i 13+1.5i 14+0.0i
25 174781 23+0i 234+0i 2340i 23+0i 22 27+04i 23+4+0.00 23+8.1i 23+433i 2240.0i
3.0 29+ 1430 34+0i 3440i 33+0i 354 0i 32 40+ 0.6i 32+0.2i 36+ 12.8i 34+6.0i 32+ 0.0
1J° « cc Qip Bk = K* Q.p =K =K B K =.K Qin Q.m
20 1427t 1400 140 1+0i 1+0i 1 1402 140.1 1400i 1+07i 1+4+0.6i
1%_ 25 54700 3400 24+0i 240 24 0i 2 34051 2404 2+00i 4+1.6i 3+19
30 114+13.0i 64+0i 54+0i 540 54 0i 4 74100 44+06i 4400; 8+23i 7+38i
35 21+21.7i 10+0i 8+0i 840i 8+ 0i 7 11+17i 7409 74+00i 13+4+29i 13+4.5i
20 24400 140 140 1+0i 14 0i 1 1402 140.2i 14+00i 1+08 1+4+02i
l%_ 25 54900 3400 24+0i 240 2+ 0i 2 34051 3405 2+00i 4+191 2+04i
30 64+17.0i 6+4+0i 540/ 540 540i 4 74100 6409 4400; 8+3.0i 5+0.5i
35 5+180i 10+0i 8+0i 840i 8+ 0i 7 11+14i 9415 7+0.0i 14+43i 8+40.6i

of the isovector state Z.K state with 1/27 is strongly varied
by inclusion of the EK or Q.7 channel. And a consid-
erably large width was mainly provided by the coupling to
the Q.7 channel. Again, a very small partial width to the
E.K channel is found as in the isoscalar case.

3. Poles near the E.K threshold

In the last part of Table VII, the poles near the E.K
threshold are presented. For the isoscalar state with 1/27,
the position of the pole is motionless even after inclusion of
all ten channels. Since the E K threshold is the lowest one
among five channels, the width is zero if no other lower
channels are included. The same situation can be found in
the isoscalar case, though there exists two channels Qz
and Q.7 below the thresholds.

4. Poles near the E:K* threshold

In Table VIII, the poles near the Z;K* threshold are
presented.In the calculation, ten channels are involved,
which provide nonzero width. Besides acquiring a width of
several MeV, the isoscalar state with spin parity 1/2~
becomes very shallow and even disappears when the o
increases to about 3.0 due to the repulsive coupled-channel
effect in ten-channel calculation. The strongest couplings
can be found in the EQ.I_( channel, and considerable
coupled-channel effects are also found in channels E .K*
and Z:K. The isoscalar state with 3/2~ becomes a little
tight after inclusion of the coupled-channel effect, and a
width of about 15 MeV can be acquired with a mass
gap about 7 MeV to the threshold at an a value of 3.
The two-channel calculations suggest that the largest
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coupled-channel effect is from the €Q#n channel, and
channels E.K*, E.K*, and Q7 also provide considerable
contributions. For the isoscalar state with 5/27, a large
width about 40 MeV can be reached at an a value of about
3. No obvious dominant channel can be found in the two-
channel calculations, and four channels Q}7, Q. 5, Z:K, and
E/ K show their strong couplings to this state.

In the isovector sector, there exist two poles with spin
parities 1/27 and 3/2~. For the state with 1/27, the most
dominant channel is found in the Z.K channel. However,
the variation of the mass is mainly from the inclusion of the
Q?p channel. For the state with 3/27, the Qiz channel
provides a large width, while the variation of mass is also
mainly from the Qp as the case with 1/27.

5. Poles near the E.K* threshold

In the second part of Table VIII, the results for four poles
near the E.K* threshold are listed. In the isoscalar case,
the states with spin parity 1/2~ from the single-channel
calculation deviate further from the threshold and acquire a
nonzero width. However, with the increase of the a value,
the pole becomes dim in the complex plane. The couplings
of the state to the channels Q@ and Q}# are very weak. All
other channels have considerable impact on the mass or
width of the state. For the state with 3/2~, the Z}K channel
plays an important role in the variation of the mass, while
nonzero width is mainly provided by the Q.5 channel.

For the isovector state with 1/27, the total width is much
larger than the sum of the partial widths from the two-
channel calculations. It should be from the couplings
between the channels besides these involved in the two-
channel calculation. For the state with spin parity 3/27, the
variation of the mass is mainly from the E’[.I_( * channel, and
the Q.7 channel provides the most important contribution
to the total width.

6. Poles near the E.K* threshold

—

The results for the pole near the Z.K* threshold are
present as the last part of Table VIII. In the single-channel
calculation, the Z.K* states with different J” are almost
degenerate. After including the coupled-channel effect, the
degeneration disappears for all four states. For example, the
mass gap between two isoscalar states reaches 5 MeV at an
a value of 3. The differences of the widths of isoscalar and
isovector states are also obvious.

In the isoscalar sector, the state with 1/2~ becomes more
shallow after including the coupled-channel effect, which is
mainly from the couplings to the Z.K channel. A width
about 10 MeV can be reached at o value of 2, which is
mainly from the contribution of the ZK channel. For the
state with 3/27, the E}K channel is dominant to produce its
total width. And the E.K channel also couples to the state
strongly.

In the isovector case, the mass of state with 1/2~
decreases obviously after including all channels.
However, none of two-channel calculations exhibits such
behavior. It should be from the couplings of the channels
except the Z.K* channel. For the same reason, the total
width is also much larger than the sum of widths from two-
channel calculations. The couplings to the channels Qz
and Q.7 are found to be important. The state with 3/27 is
shallow even at an a value of 3.5. Its total width is smaller
than the sum of the partial widths as in the case with 1/27.

V. CONCLUSIONS

The molecular states generated from the meson-baryon
channels with quantum numbers C =1, § = —2 under
3.6 GeV are studied in a quasipotential Bethe-Salpeter
equation approach. With the help of the light meson
exchange model, the single-channel and coupled-channel
calculations are performed. Based on the results obtained
in the current work, the following conclusions can be
reached:

(i) ©.(3120): Both isoscalar and isovector states can be

produced from the Z}K interaction with spin parity
3/27. The latter requires larger a value than the
former, which can be produced at an a value of
about 1. The state with 3/2~ has very weak coupling
to the 2.K channel, which is the observation channel
of the ©.(3120). Besides, its width increases very
rapidly to about 10 MeV with the increase of the
parameter. Hence, the isoscalar =K state is a better
candidate of Q.(3120). The theoretical width seems
small compared with the experimental value, which
may be due to absence of light decay channels.
Besides, the small partial width of Z.K channel may
be the reason why it is difficult to observe in the
experiment considering that a molecular state itself
should be more hardly produced than a conventional
Q, state. Generally speaking, the isoscalar Z}K state
withe 3/27 is a good assignment of the Q.(3120).
Higher-precision measurement should be helpful
to confirm it. Besides, an isovector state is also
suggested to be observed in the Q.7 channel based
on the current calculation.

(ii) ©.(3050) and Q.(3065): These two states are close
to the Z.K threshold. Based on the calculations in
the current work and literature [4,15,22,25], molecu-
lar states can be produced from Z.K interaction
with 1/27. However, current calculation suggests
extremely weak couplings of these states to the
experimental observation channel Z.K. Combined
with the rejection of the spin parity 1/2~ suggested
in Ref. [28], the observed Q.(3050) and Q.(3065)
should not be the molecular states from the E.K
interaction. However, it is suggested to search for an
isovector state in the Q.7 channel.

094036-11



ZHU, KONG, SONG, and HE

PHYS. REV. D 105, 094036 (2022)

(iii) The molecular states with higher mass were pre-
dicted in the current works. We suggest the exper-
imental research of such states in the future
experiment, especially the followings states. Near
the E*D* threshold, it is suggested to search the
states with 1(J*) =0(1/27) and 0(5/27) in the
E*D channel, and the state with 0(3/27) in the ED*
channel. The state near the E*D threshold with
0(3/27) couples strongly to the ED* channel. Near
the ZXK threshold, the states with 0(1/27) and
1(3/27) are suggested to be searched in the E.K
channel, and the state with 0(3/27) in the Qlxn

channel. The state near the Z.K threshold with
0(1/27) couples strongly to the Q.1 channel while
that with 1(3/27) decays mainly to the ZK channel.
The states near the Z.K* threshold with 0(1/27) and
0(3/27) can be searched in the Z:K channel.
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