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The Y(10753) state has been recently observed by the Belle and Belle II collaborations with
enough global significance to motivate an assessment of the high-energy spectrum usually predicted by
any reasonable naive quark model. In the framework of a constituent quark model which satisfactorily
describes a wide range of properties of conventional hadrons containing heavy quarks, the quark-
antiquark and meson-meson degrees of freedom have been incorporated with the goal of elucidating
the influence of open-bottom meson-meson thresholds into the Y states whose masses are within the
energy range of the Y (10753)’s mass. It is well known that such effects could be relevant enough as
to dynamically generate new states and thus provide a plausible explanation of the nature of the Y'(10753)
state. In particular, we have performed a coupled-channels calculation in which the bare states Y (4S),
Y(3D), Y(5S), and Y(4D) are considered together with the threshold channels BB, BB*, B*B*, B,B,,
B,B?, and B*B. Among the results we have described, the following are of particular interest: (i) a richer
complex spectrum is gained when thresholds are present and bare bound states are sufficiently
nonrelativistic; (ii) those poles obtained in the complex energy plane do not have to appear as
simple peaks in the relevant cross sections; and (iii) the Y(10753) candidate is interpreted as a
dressed hadronic resonance whose structure is an equally mixture of a conventional bb state and B*B*

molecule.

DOI: 10.1103/PhysRevD.109.114007

I. INTRODUCTION

The so-called Y-family, also known as bottomonia, are
bound states made of a b-quark and its antiquark, b, with
quantum numbers J*¢ = 17, They were identified for the
first time by the E288 Collaboration at Fermilab in 1977
while studying proton scattering on Cu and Pb targets in an
energy regime of muon-antimuon invariant mass larger
than 5 GeV [1,2]. The three observed states were called
Y(18), Y(2S5), and Y(3S); later, they were better studied at
various eTe~ storage rings and through their radiative
decays into the y,;(2P) and y,,;(1P) states, with J = 0, 1,
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2, in a series of experiments in the 1980s [3—6]. Despite
such early experimental efforts, during the next two
decades there were no significant contributions to the
spectrum of the Y-family, except the presumably radial
excitations of S-wave nature Y(4S), Y(10860), and
Y(11020) [7,8]. This has been largely because the
B-factories were not considered ideal facilities for the
study of the bottomonium system since their beam energy
was tuned to peak at the Y'(4S) mass, 10579 MeV, which
decays in almost 100% of cases to a BB pair.

The situation has changed dramatically in the last twenty
years with the observation of more than two dozens of
unconventional charmonium- and bottomoniumlike states,
the so-called XYZ mesons, at B-factories (BABAR, Belle,
and CLEQO), z-charm facilities (CLEO-c and BESIII) and
also proton-(anti)proton colliders (CDF, DO, LHCb,
ATLAS, and CMS). For an extensive presentation of the
status of heavy quarkonium physics, the reader is referred
to several reviews [9-29].

Within the Y-family, the Belle collaboration [30]
reported in 2019 a cross section measurement of the
ete” - atn~Y(nS), with n =1, 2, 3, at energies from
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10.52 to 11.02 GeV, observing a new structure, Y'(10753),
with Breit-Wigner parameters:

M = (10752.7 £ 5.9797) MeV, (1)
I'= (35.55}{ 553) MeV. (2)

where the first error is statistical and the second is
systematic. The global significance of the new resonance
was 5.2 standard deviations, including systematic uncer-
tainty. Later on, the Belle II collaboration [31] reported in
2022 the first observation of wy,;(1P) (J = 0, 1, 2) signals
at /s = 10.745 GeV. By combining Belle II data with
Belle results at /s = 10.867 GeV, they find energy
dependencies of the Born cross sections for ete™ —
oyp12(1P) to be consistent with the shape of the
Y (10753) resonance; this time, the Breit-Wigner parame-
ters were

M = (10753 +6) MeV, = (3675) MeV, (3)
and the suggested quantum numbers J” = 1. Finally, very
recently, the Belle II collaboration has presented an analysis
of the process eTe™ — 77z~ Y (nS) (where n =1, 2, or 3)
during a special run of the SuperKEKB collider at four
energy points near the peak of the Y(10753) resonance
[32]. By measuring the Born cross sections for the e™e™ —
atz~Y(nS) process and combining it with results from
Belle, they have improved the precision of measurements
of the Y(10753) mass and width by nearly a factor of two:
(10756.3 £2.7 £ 0.6) MeV and (29.7 8.5+ 1.1) MeV,
respectively.

Note also that experimentalists have been able to dis-
tinguish the Y(1°D,) state of the triplet Y(13D;), with
J =1,2,3[33,34]. In Ref. [34], the Y(13D,) was observed
through the Y(3S) — yyY(1°D,) = yya "z~ Y(1S) decay
chain with a significance of 5.80, including systematic
uncertainties, and a mass of (10164.5 + 0.8 +0.5) MeV.
For the other two almost-degenerate members of the
Y(13D,) spin-triplet, Y(13D;) and Y(13D3), the signifi-
cances were much lower, 1.8¢ and 1.6¢ respectively, and
thus no experimental observation could be claimed.

An enormous theoretical effort has followed the exper-
imental discoveries; in particular, focusing on the botto-
monium sector, one can highlight the work done using
Lattice-regularized QCD [35,36], functional methods
[37-40], QCD sum rules [41-44], effective field theories
[45-48] and quark models [49-54]. Most of the mentioned
references focus on the description of conventional botto-
monia. This is because the first open-bottom threshold is
higher in energy than the corresponding one in the
charmonium sector and thus a larger number of conven-
tional states are expected below BB-threshold. Moreover,
the only experimentally discovered excited states which are
above the BB-threshold, and so they have the ability to be

strongly influenced by meson-meson thresholds, are
Y(4S), Y(10860) and Y'(11020), besides the unconfirmed
state Y'(10753).

Herein, we study the high-energy spectrum of the
Y-family in the framework of a constituent quark model
[55] which satisfactorily describes a wide range of proper-
ties of conventional hadrons containing heavy quarks
[56,57]. The quark-antiquark and meson-meson degrees
of freedom are incorporated with the goal of elucidating the
influence of open-bottom meson-meson thresholds in the
conventional states but, above all, to shed some light on
the nature of the Y'(10753) state. We should briefly mention
that charged bottomoniumlike states Z,(10610)* and
Z,(10650)* were identified by the Belle Collaboration
[58] as peaks in the invariant mass distribution of the
ath,(mP) (m = 1, 2) and 75 Y(nS) (n = 1, 2, 3) subsys-
tems when the Y'(10860) resonance decays into two pions
plus an &, or Y. The quantum numbers of the Z,’s were
analyzed to be 1¢(JP€) = 17 (177) [59] and so they belong
to the isospin / = 1 sector of bottomoniumlike particles,
disconnected from the conventional bottomonium states of
isospin I = 0. In fact such exotic mesons were studied by us
in Ref. [60].

A variational formalism based on a highly efficient
numerical approach named the Gaussian expansion method
(GEM) [61] is used to solve the bottomonium Hamiltonian.
Moreover, this Gaussian expansion allows us to compute
effective meson-meson interactions from the original
quark—(anti-)quark potentials in a simplified way through
the so-called resonating group method [62,63]. Finally,
within our approach, the coupling between the quark-
antiquark and meson-meson sectors requires the creation
of a light quark-antiquark pair. Therefore, the associated
operator should be similar to the one describing open-flavor
meson strong decays and we adopt the 3P, transition
operator described in, for instance, Ref. [64]. This theo-
retical formalism has the advantage of easily introducing
the coupling with all meson-meson partial waves and the
straightforward computation of the probabilities associated
with the different Fock components of the physical state.

The manuscript is organized as follows. After this
introduction, the theoretical framework is briefly presented
in Sec. II. Section III is mainly devoted to the analysis and
discussion of our theoretical results. Finally, we summarize
and draw some conclusions in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Constituent quark model

Among the wide range of chiral quark models developed
in the last 50 years [65], our theoretical framework is a QCD-
inspired constituent quark model (CQM) proposed in
Ref. [55] and extensively reviewed in Refs. [56,57].
Moreover, the CQM has been recently applied with success to
conventional mesons containing heavy quarks, describing a
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wide range of physical observables that concern spectra
[66-69], strong decays [70—73], hadronic transitions [74—76]
as well as electromagnetic and weak reactions [77-79].
The main pieces of our CQM are spontaneous chiral
symmetry breaking of the QCD Lagrangian together with
perturbative one-gluon exchange (OGE) and nonperturbative

1 a - -..|1
VT 7 . S (6.6 |:__
OGE( u) 16m,»m]( i /) V?j
o (= 1 O Jc e
VOGE(rU) 16 m2m> (i '/1/)

where ro(u) = Fol and ry(u) =7, are regulators
which depend on //,] the reduced mass of the gg-pair;
for example, u,, = m,/2 with m, the mass of the light
quark with n = u- or d-quark. The contact term of the

central potential has been regularized as follows

1 e_rij/rO

e
drrg  rij

6(7) (5)

The wide energy range needed to provide a consistent
description of light, strange and heavy mesons requires an
effective scale-dependent strong coupling constant. We use
the frozen coupling constant of Ref. [55],

[ef
ay(uij) = ﬁ (6)
ln( 4 °>

2
AO

in which ag, yy and Ay are parameters of the model
determined by a global fit to the meson spectra.
The different pieces of the color confining potential are

Veon(7ij) = [—ac(1 = e™") + Al(4; - 47).  (7a)

o - - a Vﬂce_ﬂz'rij
VSO (Fi;) = =47 - 15) 55—
CON\"1j ! ] 4m12m3 rij

x [((m? + m3)(1 - 2a,)
+4mm;(1 - a,))(S, - L)

-

+ (m? = m?)(1-2a,)(5_ - L)], (7b)

where the mixture between scalar and vector Lorentz
structures of the color confinement is controlled by a;.
Besides, this potential presents at short inter-quark

color confining interactions. In the heavy quark sector, chiral
symmetry is explicitly broken and Goldstone-boson
exchanges do not appear. Thus, OGE and confinement are
the only interactions remaining.

The OGE potential contains central, tensor and spin-orbit
contributions given by

L emralnl)
e, OO ) } ’ “2)
ii/rem) /1 1 1
Tij ("_12, " 3”5(/‘) " rijrg(/'{))] Sii (40)

! ry
A (”rg(u)ﬂ
im;)(Ss - L) + (m2 = m?)(S_- L)), (4c)

distances a linear behavior with an effective confinement
strength given by ¢ = —a u (1 Ej), while it becomes
constant at very large inter-quark distances showing a
threshold defined by

Vi = (=ac + ) - (4 - 25): (8)

viz. there is no gg bound states with eigenenergies higher
than this threshold; the system suffers a transition from a
color string configuration between two static color sources
into a pair of static mesons due to the breaking of the color
string and the most favored decay into hadrons.

Among the different theoretical formalisms to solve the
Schrodinger equation, in order to find the quark-antiquark
bound states, we use the Rayleigh-Ritz variational method
in which the wave function solution of the Schrodinger
equation is expanded as indicated by the Gaussian expan-
sion method (GEM) [61]. It has also been proven to be
quite efficient on solving the bound-state problem of a few-
body system [80-85], providing enough accuracy and
simplifying the evaluation of matrix elements.

The radial wave function is then expressed as

Mmax

Ra(r) = cagp(r), ©)
n=1

where o refers to the channel quantum numbers. The
coefficients, c¢%, and the eigenvalue, E, are determined
from the Rayleigh-Ritz variational principle:

Mmax channels
> —evgc + Y. varer o], (o)
n'=1 od=1
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where T’;n,, N‘,:n, and V’;Z; are, respectively, the matrix
elements of the kinetic energy, the normalization and the
potential. 7% , and N9 , are diagonal, whereas the mixing
between different channels is given by VZf,’:.

Following Ref. [61], we employ Gaussian trial functions
with ranges in geometric progression. This enables the
optimization of the basis employing a small number of free
parameters. Moreover, the geometric progression is dense
at short distances, so that it enables the description of the
dynamics mediated by short range potentials. The fast
damping of the Gaussian tail does not represent an issue,
since we can choose the maximal range much longer than
the hadronic size.

B. Coupled-channels calculation

It is well known that conventional mesons must be
influenced in a nonperturbative way by meson-meson
thresholds when these are close. In order to take into
account this effect within the bottomonium sector, we
perform a coupled-channels calculation in which the total
hadron wave function is described by a combination of
conventional bb states and open-bottom meson-meson
channels:

anh//a + D(ﬂ

)adsh). (1)

where |y,) are bb eigenstates of the two-body
Hamiltonian, ¢,, is the wave function associated with
meson M = A, B, |¢p,¢pf) is the two meson state whose
quantum numbers are f and y4(P) is the relative wave
function between the two mesons.

Under the above assumption, two sources of interaction
emerge. On one hand, the two- and four-quark sectors can
be coupled via the creation of a light-quark-antiquark pair.
On the other hand, there is a residual interaction among
the two mesons inferred from the microscopic quark—
(anti)quark potential described by the CQM. To derive
the latter, we use the resonating group method (RGM)
[62,63] (see also Refs. [26,86] for further details).

Within RGM, the wave function of a system composed
of two mesons with distinguishable quarks is given by

(PaPBPPem|badsh) = ba(Pa)bs(Pe)xs(P),  (12)

where, e.g., ¢4 (p4) is the wave function of the meson A
with p, the relative momentum between its quark and

antiquark. The wave function ;(ﬁ(f’) takes into account the
relative motion between the two mesons.

A general process AB — A’B’ can be described by means
of either direct or exchange potentials; the last ones appear
due to the possibility of having to consider quark exchanges
between clusters. In this study we do not have this case, so
we only have direct potentials, which can be written as

RS

i€AjeB
x @ (Pa )by (P )V (P P)
X ¢A’(ﬁA)¢B’(ﬁB)- (13)

/ APy dBydpsdpy

where ) labels the set of quantum numbers needed to

uniquely define a certain meson-meson partial wave, Y

are the initial (final) relative momentum of the meson-
meson pair, and fo (f",f’) are the microscopic quark—
(anti-)quark potentials from the CQM and the sum runs
over the constituent particles inside each meson cluster.

The coupling between the bottomonia and the open-
bottom meson-meson thresholds requires the creation of a
light quark-antiquark pair. For that purpose, we use the *P,,
transition operator which was originally introduced in the
1970s to describe strong decays of mesons and baryons
[64,87,88]. The associated nonrelativistic operator can be
written as [70,73]:

353 32 >\ s 5
—ﬁ;/d pud’ P8 (B, + B,) 5, =V 2n

"

< (252 © (33)1] @i )

where y(v) are the spin, flavor and color quantum numbers
of the created quark (antiquark). The orbital angular
momentum and spin of the pair are both equal to one.
Note that V,,,(p) = p'Y,,,(p) is the solid harmonic defined
in function of the spherical one. The unique parameter of
the decay model is the strength of the quark-antiquark pair
creation from the vacuum, y = g,/2m, where m is the mass
of the created quark (antiquark).

The values of y can be constrained through meson strong
decays. A global fit to charmed, charmed-strange, hidden-
charm and hidden-bottom sectors was performed in Ref. [70],
finding a running of the strength parameter given by

1) = gy (15)

where y, and p, are free parameters, whereas u is the
reduced mass of the constituent quark-antiquark pair of the
decaying meson. In this work, we use the value of y
corresponding to the bottomonium sector, i.e. y = 0.205.
From the operator in Eq. (14), we define the meson to
meson-meson transition potential /g, (P) as

<¢M ¢M2ﬂ|T|Wa> =50 ( cm)Phﬂa( ) (16)

where P is the relative momentum of the two-meson state.
In order to soften the 3P, production vertex at high
momenta, we follow the suggestion of Ref. [89] and used
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a Gaussian-like momentum-dependent form factor to
truncate the vertex,

2

h/}a(P) - h/}a(P)e_m, (17)

with A = 0.84 GeV. This cut-off’s value is taken from
similar analysis [90,91], so no fine-tuning of parameters is
employed in the present work.

Finally, within the formalism explained above, the
coupled-channels equations can be written as

C(IM(I + Z/haﬁ(P))(ﬁ(P)PzdP = Ecu» (18)
B

> / Hyy(P', P)yy(P)P*dP
5

+ S hpa(P)eq = Exp(P). (19)

where M, are the masses of the bare bb mesons and H pp 18
the RGM Hamiltonian for the two-meson states obtained
from the naive CQM interaction [26], viz.

s(P'-P) P? :
Hpys(P'.P) = 5ﬁ,ﬂ¥2—”ﬁ + VPP(P',P), (20)
where Vg 4(P', P) is the projected potential that contains
the sum of direct potentials, Eq. (13).

In order to explore states above and below meson-meson
thresholds, the former coupled-channels equations should
then be written as a set of coupled Lippmann-Schwinger

equations,
Tﬂ/ﬂ(E;P/ ) Vﬂﬂ P.P /dP//P//2
ﬁ”
ver (P P b E.P".P),
X ( )E_ E/}// (P//) ( )
(21)
with
Vi (P!, P) = VPP(PP) + VIE(P.P),  (22)

where the effective potential, which encodes the coupling
with the two-quark sector, is

The solution to Eq. (21) is given in Ref. [92]:

TPP(E,P',P)=TL(E; P P)

+Z¢ﬂa’ E P/

a,a

2 (E)PP(EP),  (24)

where the first term in the right hand side is the nonresonant
contribution given by the solution of the equation

/ P// P// 2

T8 P (E, P P).

ThR(EP'.P)=VPP(P' P

ﬂ/ﬂ// P/ P” -
V ( )Z_Eﬂ”(P”)
(25)

The resonant part include the dressed vertex functions

¢ (E; P) = hyp (P)
/T”ﬂ (E; P, q)hap(q)

2
q°dq, (26)
2/2ﬂﬂ -

¢ (E; P) = hyy(P)

/ T (E;q, P
/ aﬁ 2 NR q ) qu’ (27)
/j/ /2//! S

and the dressed two-hadron propagator defined as the
inverse of

AY(E) = {(E = My)8"* + G"*(E)},  (28)
with
. ¢ (q. E)hgy(q)
gre(E Z/ ey )

The dressed propagator has singularities which can be
found solving the equation

[AY*(E)| = |(E = M,)5“ + G““(E)| = 0. (30)

Once these energies E are known, we find one-hadron
amplitudes by solving

= G**(E)}ey (E) = Ec,(E) (31)

and the two-hadron wave function is given by

{ Ma 5aa’

¢/5’(1 E P
)(/3’ = —2up Z P2 _ (32)
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Notice that the normalization of the state requires
Z|C(1|2 + Z(Z/}b(/i) =1 (33)
a Y/

and provides the relative probability of each channel
that compose the wave function of the poles predicted
by our constituent-quark-model-based meson-meson
coupled-channels calculation.

Also note here that all potentials must be analytically
continued for complex momenta; this allows us to find the
complex poles of the 7T-matrix in any possible Riemann
sheet. For each channel, we can set two Riemann sheets.
The first Riemann sheet is defined as 0 < arg(k,) < =,
whereas the second Riemann sheet is defined as
r < arg(k,) < 2z, where k, is the on-shell momentum
of channel @. When all this is transferred to the complex
plane of energies, poles of the 7-matrix which are located
on the real axis below threshold of the first Riemann sheet
are interpreted as bound states, whereas poles on the second
Riemann sheet below threshold are identified as virtual
states, while those in the same sheet but above threshold are
interpreted as resonances.

C. Production in annihilation
e*e~ through a resonance

For later convenience, our objective herein is to calculate
the cross section of the process et e~ — AB (represented in
Fig. 1), with A or B denoting open-bottom mesons, through
an arbitrary set of bb resonances with quantum numbers
JP€ = 17", For that purpose we use the extended Van
Royen-Weisskopf formalism for meson leptonic decays,
considering nonzero momentum distribution for the quark
(antiquark) inside the meson [93]. It should be noticed that
the Feynman diagram in Fig. 1 can be used when the quark-
antiquark pair acts as free particles and has a certain
momentum, in this case weighted with the corresponding
Y meson’s wave function, ¢(p), which gives the proba-
bility amplitude of finding a quark with momentum p
inside the bb meson.

The process to be studied is (eTe”|AB); through
one or few |¢g), resonances. This process can be then
factorized as

et A
aq
e B
FIG. 1. Production of open-bottom mesons denoted by the AB-

pair through a ¢g resonance with J©¢ =177, In this case a
conventional state of the Y-family is produced that decays later
on in a pair of open-bottom mesons.

(ete”|AB), =

2 Lt

a

e_|q6>aa<qZI|AB>ﬂ' (34)

In the center-of-mass reference system, the S-matrix of
the process (e*e™|qg), can be written as

5<4) (Pl - Pf)mlmq
(27)’E,(2x)’E,

S= —ie2€q(2ﬂ')4/d3p

1 1 = g v
X Z <L,“LS/"S|J/“’J><§M1§M2|S/"S>¢(p)%

M\ Mappps

x [i)(q, §1)r*vi(=q, &:)][0y(=p, My)y u,(p, My)],

(35)

where {m,, e, E,, g, £} represents the mass, charge, energy,
momentum and spin projection of the incoming electron
(positron); {mq, es. Ep, p,M} the same for the created
quark (antiquark), bound in a J°¢ = 1~ state with quantum
numbers {J, L, S} and {y;, p; , ug} projections. We express
the Clebsch-Gordan coefficients as (j,mj,m,|jzms). The
virtual photon’s four-momentum verifies kg =3s.

The above S-matrix expression can be simplified and
written in terms of the invariant amplitude M,

= —2rist (Z Pr=_p > (36)

SO we arrive at

1 my 2
(27)32E,3s

q* 1 1
X [(1 +7(Eq+ml)2> <§§1§§2
1.1
)n<§§1§‘52

2
B (Eq+m,)22n:(_l

where we have defined

Eq + m;
2m1

1MJ>

1n>q_nq,,,} . (37)

M=e’e,——=—=P(0)(-1)/+%

Y(0) = [‘P( )5L0—£\/2L+ (L010|10>I4] (38)

Here, ¥(0) is the Y meson wave function at the origin. The
second term encodes the contribution of L = 2 states,

where
14 = /

It is worth noticing that this definition of ¥(0) allows the
contribution of both Y 3§, and Y 3D, states due to the
nonzero quark momentum distribution inside the meson.

p*dpR,(p)

E,(E,+m,) (39)
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Concerning the decay of the Y meson into two mesons,
we can extract the ,(gg|AB); amplitude from the coupled
channels formalism [86], and it is given by

a<qZ]|AB>/} = lela’/}(\/g; k)Aa’a(\/E)_l’ (40)

with k the relative on-shell momentum of the two mesons
and A, the full resonance propagator, given by

Aa’a(E) = (E - Ma)éa’a + go/a(E) (41)

with G, the mass-shift function

aﬁth/}a’( )

2dg. (42
/2/2ﬂ+mA+mB—Eq 4 (42)

The function #”* can be interpreted as the 3P, vertex
dressed by the meson-meson interaction

T (P.q;E)hy,
hﬂa / 2 ( L ’ ¥ q*dq,
/2/4—|—mA—|—mB—E

(43)

Bﬂa(E;P)

where Tl‘i,,ﬂ (P, P;E) is the T matrix of the RGM potential
excluding the coupling to the gg pairs.

The expression for the total cross section e*e™ — bb —
AB in the center-of-mass reference system is given by

EsEp

Vsko

where the on-shell momentum is

doy = (2x)* (k- ko) |Mﬁ|2dg (44)

ko = \/[S - (mA + mB)z] [S - (mA - mB)z] ] (45)

2V/s

Averaging M over the polarizations of the initial states
and sum over final states, we arrive at

4n? et VI + mi\/kE + mk
3 5/2

(ki v/5) Dy (V3) T T0)| . (46)

Op =

which only depends on the on-shell momentum of the
mesons in the final state.

III. RESULTS

The relevant parameters of our naive CQM are shown in
Table I, and they are the same used in, e.g., Ref. [57].
Table II shows the predicted bottomonium states with

TABLE I. Quark model parameters.
Quark masses m, (MeV) 313
mg; (MeV) 555
my;, (MeV) 5110
OGE 7o (fm) 0.181
7y (fm) 0.259
Qg 2.118
Ao (fm™) 0.113
1o MeV) 36.976
Confinement a, MeV) 507.4
ue (fm=1) 0.576
A (MeV) 184.432
ag 0.81

quantum numbers J©¢ = 17~ as well as the world average
masses reported in the Review of Particle Physics (RPP)
provided by the Particle Data Group [94]. It is inferred from
Table II that a global description of the Y-family is obtained
by our CQM.

It is also evident that the model does not provide a
conventional state compatible with the experimentally
observed signal Y(10753). One would be tempted to assert
that our CQM has some major deficiency; however, it is
well known that any reasonable quark model describes well
the bottomonium sector, providing a comparable spectrum
and having very similar characteristics. This fact may imply
that the Y(10753) cannot be explained as a conventional
bottomonium system and thus it has an exotic origin. In
other words, there should be another important mechanism
in the dynamics of the Y'(10753) that is not implemented in
our, even any, naive CQM.

The lowest open-bottom meson-meson threshold is BB,
with a noninteracting mass of about 10.56 GeV. Moreover,
the dominant open-bottom meson-meson strong decay

TABLE II. Masses, in MeV, of the bottomonium states with
quantum numbers J©¢ = 17~ (the so-called Y-family) predicted
by our constituent quark model. nL identifies the radial ex-
citation, being n = 1 the ground state, and the dominant orbital
angular momentum component in each wave function.

State  JP¢ nL  Theory (MeV) Experiment (MeV) [94]

Y 1= 15 9502 9460.40 £ 0.10
28 10015 10023.4 £ 0.5
1D 10117 e
385 10349 10355.1 £0.5
2D 10414 e
48 10607 105794 £1.2
3D 10653 e
58 10818 10885.2 £ 3.1
4D 10853 e
6S 10995 11000 £+ 4
5D 11023 e
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TABLE IIl.  Masses, in MeV, of the isospin-averaged BB, BB*,
B*B*, B B, B,B}, and B:B? thresholds, from PDG [94].

Channel BB BB* B'B* BB, BB}
Mass 10558.8 10604.1 10649.4 10733.8 10782.7 10831.6

B B;

channels of the Y-family are considered to be BB, BB*,
B*B*, B,B,, BB, and B:B:." Their noninteracting mass
thresholds are shown in Table III and they belong to an
energy range between 10.56 to 10.83 GeV. In order to
assess agreement between theory and experiment, we
should include those coupled-channels effects that may
play an important role in our description of the Y-family, at
least, for the Y'(4S) up to the Y(4D) which fall within the
range of energies of the most important open-flavor meson-
meson thresholds.

The coupling of bare bb states with open-bottom meson-
meson channels depends on the relative position of the bb
mass and the noninteracting meson-meson energy thresh-
old. One may infer from Sec. II that when the value of
threshold energy, E, is far from the bb mass, M, the
coupling effects are small. Moreover, when M < E the
effective potential is repulsive and it is unlikely that
the coupling can generate relevant nonperturbative emer-
gent phenomena; in fact, one usually obtains the same but
dressed state due to the influence of near thresholds,
moving to lower masses. However, if M > E the effective
potential becomes negative and a variety of emergent
phenomena such as dynamically generated states with a
dominant molecular structure may appear.

We perform a coupled-channels calculation in which
the bare states Y(4S), Y(3D), Y(55) and Y(4D) are
considered together with the threshold channels BB,
BB*, B*B*, B,B,, B,B: and B:B:. Our results are shown
in Tables IV-VI. First mentioned table shows the pole
position in complex energy plane characterized by mass
and width (E =M —il'/2), the second one gives the
probability of each channel that compose the wave function
of the dressed hadron and the third table provides hadron’s
decay branching fractions to the different open-bottom
meson-meson channels considered herein. It is important to
comment that the bare masses are all slightly modified,
+35 MeV, in the constituent-quark-model-based meson-
meson coupled-channels calculation. This is because the
parameters of naive quark model were fixed in order to get
agreement with experimental masses [57] and now some of
such parameters are not adequate since one needs to
compensate a constant mass-shift of bare states due to
meson-meson thresholds that are located relatively higher
in the spectrum. This effect is basically absorbed by the
A-term in Eq. (7a) which establishes the origin of energies

'For now on, we denote B(S)st) = B(S)B?S) +H.c.

TABLE IV. Masses and widths, in MeV, of the poles predicted
by our constituent-quark-model-based meson-meson coupled-
channels calculation. Theoretical uncertainties have been esti-
mated by modifying the most relevant model parameters within a
range of 10%.

State M o1 [pote

1 10562 £ 1 29+£5
2 10601 £ 5 3£2
3 10645 £+ 1 23+1
4 10694 £ 1 8+ 1
5 10712 £5 41+4
6 10835 +£2 5247
7 10859 £2 13+3
8 10888 £ 1 3+1

in the microscopic quark-antiquark description of conven-
tional mesons.

Concerning Table IV, eight poles in the complex
energy plane are predicted; all of them are resonances,
i.e. they are singularities that appear in the second Riemann
sheet, outside the real-axis and above threshold. It may
seem like there are many, al least more than observed
experimentally. However, as shown in Fig. 2, only three
peaks are present in the most common production process
of Y states: ete™ - B :)Bz 2 The two dominant peaks
appear at around the masses of well-established Y(4S5)
and Y(10860) states, the small bump at approximately
10.7 GeV is our assignment of the Y(10753) signal
observed in eTe™ — ntz~Y(nS). If our interpretation is
correct, we have learned from Table IV and Fig. 2 that (i) a
richer complex spectrum is gained when thresholds are
present and bare bound states are sufficiently nonrelativ-
istic; (ii) those poles obtained in the complex energy plane
do not have to appear as simple peaks in the relevant cross
sections due to many reasons such as their distance from the
energy real-axis, coupling with the corresponding final
channel, etc.; and (iii) when comparing with experiment,
the so-called Y(4S) and Y(10860) signals are clearly
identified but there should be another small one, corre-
sponding to the Y(10753) case, whose origin cannot be
traced back to any bare quark-antiquark bound state.

It is worth emphasizing that our result shown in Fig. 2 is
free of fine-tuning parameters, which was our goal in order
to provide model’s predictability on the nature of the
Y(10753) state. We are able to see in the energy region
depicted that, independently of the complexity when
coupling bare states with hadron-thresholds, only three
peaks can be observed experimentally in e e~ annihilation
machines. In fact, the three are those reported in particle
data group: the conventional Y(4S) and Y(10860)

Note here that the (red) solid curve of Fig. 2 is the sum of the

six BE:)) BE:; channels to the production cross section.
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TABLE V. Probability, in %, of each channel that compose the wave function of the poles predicted by our constituent-quark-model-
based meson-meson coupled-channels calculation. Theoretical uncertainties have been estimated by modifying the most relevant model

parameters within a range of 10%.

State 'PY(45) PY'(SD) PY‘(SS) PY‘(4D) Pgs Py Py ,PBXBX PB_;B? PB?E

1 4073 1645 155904 1.5%90¢ 33£8  1.9708 52104 0.14110502 0.05£0.01  0.24109;
2 1913 L1404 0137092 0044001 48+ 28'% 41 0017:0%5 0.11+0.04 0.10 +0.04
3 2243 9+1  0.07£001 0.1470 61 341704 28%1  0.1440.02 01027999 0.19379998
4 1.7+01 40£2  0.02750%  0.00710502 12,0598 16 +£1 29.6+£0.1 0321095 0327007 0.02919:999
5 36+5 88705  33£02 0.166+0003 4579 274790 4377 09+02 0227907 05570
6 441 0.71+000 802 1401 13504 21793 6+1  04+01 12704 3£1

7 04793 0.03+£001 53709 02707 19401 44102 57408 133100 21404 30+£1

8 0.004+0.002 0.005+0.002 0.0570%  5023*0% 16.6+0.1 16.1702 2.8010% 49+0.1 85+02  0.8%0?

TABLE VI

Decay branching fractions, in %, to the different open-bottom meson-meson channels of the poles

predicted by our constituent-quark-model-based meson-meson coupled-channels calculation. Theoretical uncer-
tainties have been estimated by modifying the most relevant model parameters within a range of 10%.

State BRgp BRyp- BRy g BRBJB‘ BRBJ B: BRBt B:

1 100 £0 0+0 0+0 0+0 0+0 0+0

2 100 £0 0+0 0+0 0+0 0+0 0£0

3 6+1 94 + 1 0+0 0+0 0+0 0+0

4 23+1 141) 63.27 0+0 0+0 0+0

5 8j12 3,0j8:§ 90+£1 0+0 0+0 0+0

6 74103 43507 5.5009 240 4+1 7773

7 417l 80 22001 3001 L840 81.4°0)

8 33.910% 32,9192 540 9.8703 173£03 0.8+0.1
bottomonium states and the exotic, not identified in any 5
reasonable quark model, Y'(10753). There are experimental = 45 | i
data on the Born cross section and dressed cross section of ooy L i
ete” — bb and the total hadronic cross section in e*e” +% 35 L ]
annihilation in the bottomonium energy region (see, for EQV 3 L 4
instance, Ref. [95]). However, these experimental data %Q@ 25 L |
cannot be directly compared with our theoretical curve + 9 L |
because they involve all decaying final states of bottomonia .15 L j : : : : i
and we are considering only six of them, i.e. Bgf;BEf)) +§ 1+ : : : : : .

It is convenient to analyze Tables V and VI together. T 05 J L,\,/\\ P 7

The first pole has a mass, 10562 MeV, and a total decay 0 ‘ :
width, 29 MeV, compatible with those values collected in 10.5 10.6 10.7 10.8 10.9
the PDG for the Y'(4S) state. Moreover, its wave function Energy [GeV]

has as the dominant channel the Y(4S), i.e. a canonical
bottom-antibottom 4S bound state; followed by BB and
Y'(3D) components; moreover, its decay branching fraction
of BB is 100%. Therefore, the natural assignment to this
dressed state is the experimentally observed Y'(4S) state.

The following two poles seems to be singularities
produced dynamically in the complex energy plane due
to the coupling between conventional bottomonium states
and meson-meson thresholds. In fact this coupling makes
them mostly BB — BB* and BB* — B*B* molecules,

FIG. 2. Production cross section, in nb, of the Y states when
annihilating an electron-positron pair and detecting in the final
state one of the BE’;; Bgf)) channels. The red solid line represents
the theoretical total production cross section when summing all
contributions of BE:‘; ng)) channels. The vertical black dashed
lines indicate the open-bottom meson-meson thresholds which,
from left to right, are BB, BB*, B*B*, B,B,, B,B}, and B;B;.
Theoretical uncertainties have been estimated by modifying the
most relevant model parameters within a range of 10%.
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TABLE VIL

Effective couplings, g;, in units of 1073 GeV~1/2, defined as T';;(E)

~ g:9;/(E — Eg), where Ep is the resonance energy

and T; is the T-matrix with i(j) the initial (final) channel. For clarity, the theoretical uncertainties are shown in parenthesis and, as
before, they are estimated by modifying the most relevant model parameters within a range of 10%.

State 9BB-'p, 9BB 3P, 9B -1p, 9B Br=5p, 9B.B,-'P, 9B,B;-P, 9B:B:-'P, 9B:BI-5P,

1 15(4)=59.8(8)i

2 24(6)+10( )i

3 7.2(8)+9.2(4)i (4)+49 8(3)i

4 14(1)+0.1(4)i 108(5)+63( )i 30.0(7)+ 4( )i (3) 4( )i

5 (1)+32() ( 0)=-9(1)i  10.5(6)+16(1)i 319(2) 48(2)i

6  37(9)-6.8(8)i 0.4(3)+5(12)i 092(2) -0.2 ()1 5.9(5)-4.4(6)i 1.9(7)-5.3(8)i 8.9(5)-1.4(5)i 2(1)—15.1(6)i 7(4)-70(4)i
7 63 4178)i  9(1)+0.5(5)i  L1(1)=0.01(3)i 49(4)+1.4(5)i 69( )10.9(6)i 6(2) 21(5)i 10.8(9)+2(1)i  50(5)+9(6)i
8 8.9(9)+0.17(6)i 9.1(8)-03(1)i 3.5(3)-0.1 ()i 1.5(1)+0.16(5)i 5.8(7)+0.27(9)i 8.4(8)=03(1)i 1.6(2)+0.5(2)i 1.3(3)+0.3(1)i

respectively; having also measurable traces of Y(4S) and
Y (3D) components in their wave functions. Nevertheless,
as one can see in Fig. 2, these structures do not materialize
in the production cross section.

We assign the fourth pole to the so-called Y(3D) state.
Our predictions for the mass and total decay width are
10645 MeV and 23 MeV. Its wave function exhibit a
dominant 3D bb constituent, followed by important BB,
BB*, and B*B* components. Table VI shows that the decay
branching fractions of this state into the BB, BB*, and
B*B* final channels are 23%, 14%, and 63%, respectively.
As one can see in Fig. 2, this state takes part on the second
bump observed in production cross section; however, its
contribution is small because it depends on the value of 1,
in Eq. (39), which is small compared to the contribution of
S-wave Y states.

The last observation is connected with our interpretation
of the fifth pole as the Y(10753) candidate because, as one
can see in Table V, its corresponding wave function shows a
large Y'(4S) component which provides the leverage for its
production. Note also that the wave function’s B*B*
channel is of the same order of magnitude than the former,
encouraging us to conclude that this dressed hadronic state
is in fact a resonance whose structure is an equally mixture
of a conventional bb 45 state and B*B* molecule. Looking
at Table 1V, its theoretical mass and width are 10712 MeV
and 41 MeV, respectively, which are in reasonable agree-
ment with the experimental data, Eq. (3). Finally, Table VI
shows that this state decays 90% of the time into B*B*
followed by the BB final state with a branching fraction
of 8%.

Concerning the bump that can be seen in the production
cross section (Fig. 2) at around 10.85 GeV, it is mostly
produced by the sixth pole because, as shown in Table V, its
wave function exhibits a very dominant 55 bb component,
with a probability of 80%; being the rest channels an order
of magnitude less probable. Without changing our attention
from Table V, the other two poles are constituted by an
equally mixture of canonical bottomonium structure and
open-bottom meson-meson molecule. Table VI shows the

branching fractions of these three dressed states to BE;)BE;‘;

channels. For our tentative assignment of the Y'(5S) state as
Y(10860), the theoretical mass and width are in fair
agreement with experiment; our mass value is a bit lower
than the experimental one, 10885 MeV, whereas our width
is higher than the PDG’s figure, 37 MeV. This may be
explained by the projection in real-axis of the singularities
shown in the complex energy plane at the relevant energy,
which is the only measurable feature. It is also worth to
note that we provide correct orders of magnitude for the
branching fractions of the B*)B*) state whereas unfortu-
nately the one corresponding to the BiB} channel is far
larger than experiment.

Finally, notice that branching ratios and effective cou-
plings are related and supply the same physical informa-
tion. Table VI provides the first which are typically more
interesting for experimentalists whereas Table VII shows
the related effective couplings which are often more useful
when comparing with other theoretical approaches. Such
effective couplings are defined as

9i9;

(47)

where Ej is the resonance energy and 7'; is the T-matrix
with i(j) the initial (final) channel.

IV. SUMMARY

The Y(10753) signal seems to be a potential candidate of
the Y-family. It was firstly observed by the Belle collabo-
ration in 2019 and, later on, by the Belle II collaboration in
2022. The joint significance is 5.2 standard deviations;
moreover, its mass, total decay width and quantum numbers
are also determined: M = 10753 MeV, T" = 36713 MeV
and JP = 1~. Since this new state does not fit into the
spectrum predicted by any reasonable constituent quark
model, everything points that it may be an exotic state whose
nature is explained by some mechanism that goes beyond the
simple quark-antiquark interaction. The most logical exten-
sion to the naive quark model is the coupling of bare
bottomonia with their closest open-bottom thresholds in
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order to assess if emergent nonperturbative dynamical states
could be produced.

We have analyzed the predicted spectrum of the
Y-family, within an energy range around the Y'(10753)’s
mass, in the framework of a constituent quark model [55]
which satisfactorily describes a wide range of properties of
conventional hadrons containing heavy quarks [56,57]. The
quark-antiquark and meson-meson degrees of freedom
have been incorporated with the goal of elucidating the
influence of open-bottom meson-meson thresholds into the
concerning bare states and to shed some light on the nature
and structure of the Y'(10753) state. In particular, we have
performed a coupled-channels calculation in which the bare
states Y'(4S), Y(3D), Y(5S), and Y(4D) are considered
together with the threshold channels BB, BB*, B*B*, B,B,,
BB, and B:B:.

Among the results we have described, the following
conclusions are of particular interest: (i) a richer complex

spectrum is gained when thresholds are present and bare
bound states are sufficiently nonrelativistic; (ii) those poles
obtained in the complex energy plane do not have to appear
as simple peaks in the relevant cross sections; and (iii) the
Y (10753) candidate is interpreted as a dressed hadronic
resonance whose structure is an equally mixture of a
conventional bb state and B*B* molecule.
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