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Abstract We have performed an exploratory study of bot-

tom tetraquarks ([bqb̄q̄]; q ∈ u, d) in the diquark–

antidiquark framework with the inclusion of spin hyperfine,

spin–orbit and tensor components of the one gluon exchange

interaction. Our focus here is on the Yb(10890) and other

exotic states in the bottom sector. We have predicted some of

the bottom counterparts to the charm tetraquark candidates.

Our present study shows that if Zb(10610) and Zb(10650)

are diquark–diantiquark states then they have to be first radial

excitations only and we have predicted the Zb(10650) state as

first radial excitation of tetraquark state Xb (10.143–10.230).

We have identified Xb state with J PC = 1+−/0++ as being

the analog of Zc(3900). The observation of the Xb will pro-

vide a deeper insight into the exotic hadron spectroscopy and

is helpful to unravel the nature of the states connected by the

heavy quark symmetry. We particularly focus on the low-

est P-wave [bq][b̄q̄] states with J PC = 1−− by computing

their leptonic, hadronic, and radiative decay widths to pre-

dict the status of the still controversial Yb(10890) state. Apart

from this, we have also shown here the possibility of mix-

ing of P-wave states. In the case of mixing of the 1−− state

with different spin multiplicities, we found that the predicted

masses of the mixed P states differ from the Yb(10890) state

only by ±20 MeV energy difference, which can be helpful

to resolve further the structure of Yb(10890).

1 Introduction

A plethora of new kinds of states which have been observed

recently has inspired extensive interest in revealing the under-

lying structure of these newly observed states. Exploration

of these states will improve our understanding of non-

perturbative QCD. In recent years significant experimental

progress has been achieved regarding the discoveries of the
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bottomonium-like and charmonium-like charged manifestly

exotic resonances Zb(10610), Zb(10650) [1–7], Zc(3900)

[8–12], and Zc(4020/4025) [13–16]. Their production mech-

anism and decay rates are not compatible with a standard

quarkonium interpretation. A huge effort in understanding

the nature of these new states and in building a new spec-

troscopy is forthcoming.

In recent years strong experimental evidence from B and

charm factories has been accumulating for the existence of

exotic new quarkonia states, narrow resonances, called X, Y,

Z particles, which do not seem to have a simple qq̄ struc-

ture. Their masses and decay modes show that they contain

a heavy quark–antiquark pair, but their quantum numbers

are such that they must also contain a light quark–antiquark

pair [17]. The theoretical challenge has been to determine

the nature of these resonances. Their production mechanism,

masses, decay widths, spin-parity assignments, and decay

modes have been revisited recently [18–20]. The term exot-

ica labels states which have an identical number of quarks

and antiquarks but defy an ordinary meson classification.

Many exotic states in the charm sector with cc̄ content have

been discovered by Belle and others [8,21]. There are most

likely many more which are yet unknown and many of them

should also reflect in the bb̄ sector according to heavy quark

symmetry. The non-discovery of the respective bb̄ partners

of the charmonium-like exotica would be even more enig-

matic. The Belle collaboration has extended the study of the

XYZ exotic state family to the bottomonium sector by claim-

ing the observations of two exotica states in ϒ(5S) decays

[3]. The CMS experiment also searched for the bottomonium

partner of X (3872) at hadron colliders [22] in the ϒ(1S)ππ

decay mode and found no evidence for the Xb state, while

the ratio of the cross section Xb to ϒ(2S) shows an upper

limit in the range of (0.9–5.4) % at 95 % confidence level for

Xb masses between 10–11 GeV. Those are the first upper

limits on the production of a possible Xb state at a hadron

collider. Currently there are pending, unanswered questions
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concerning the exotic spectroscopy in the heavy quark sectors

especially in the bottom sector. To promote the endeavor of

understanding the heavy exotic states, the exploration of the

bottom sector is important. Motivated by the BaBar discovery

of a large Y (4260) → π + π + J/ψ signal in the charmo-

nium mass region, the Belle experiment has searched for a

similar state in the bottomonium sector [23]. They observed

partial decay widths ϒ(5S) → π +π +ϒ(nS) (n = 1, 2, 3)

associated with the peak in the π + π + ϒ(nS) cross sec-

tion hundreds of times larger than the theoretical predic-

tions [1] and the corresponding measured rates for the ϒ(4S)

[24]. This observation suggests the presence of a new, non-

conventional hadronic state in the bottom sector equivalent

of the Y (4260) of the charm sector with mass around 10.890

GeV [26] which is referred as Yb(10890) state. Indeed, there

exist three candidates up to date, namely the states labeled

Yb(10890), Zb(10610) and Zb(10650), observed by Belle [3].

Not only new states are waiting to be discovered but also the

existence of Yb(10890) needs to be established or refuted.

The Yb(10890) is a potential exotic state still remains to be

confirmed since its observation first reported by the Belle

collaboration [1,27]. Looking into the interest in this case,

present study is particularly focus on the negative parity 1−−

exotic states. Apart from its spin parity, the study of its di-

leptonic, hadronic, and radiative decay widths also help us

to solve the puzzling features of this state. The interpreta-

tion of the hidden bottom four-quark state as a tetraquark

exotic state has been advanced and has been studied in con-

siderable detail [25,26,28–37]. The experimental search for

tetraquark states is a very difficult problem, since exotic

candidates are nothing but the resonances immersed in the

excited hadron spectra and, moreover, they usually decay to

several hadrons. Their mass and decay products put them in

the category of quarkonia-like resonances but their masses

do not fit into the conventional quark model spectrum of

quark–antiquark mesons [38,39]. However, to confirm a new

resonance it is necessary to study all its properties with high

level of accuracy including its mass and width. In this work,

we develop phenomenology to study some of the theoretical

problems of multiquarks and predict multiquark bound states

and resonances. In particular, as a benchmark, we study in

detail the heavy-light antilight-antiheavy systems who are

expected to produce tetraquarks. Despite the intense exper-

imental attempts, these resonances are still mysterious and

complicated and we still lack of a comprehensive theoreti-

cal framework. In particular, the most popular phenomeno-

logical models proposed to explain the internal structure of

these particles are the compact tetraquark in the constituent

diquark–antidiquark picture and the loosely bound di-meson

molecular picture. Following Gell-Mann’s suggestion of the

possibility of a diquark structure [40], various authors have

introduced effective degrees of freedom of diquarks in order

to describe tetraquarks as composed of a constituent diquark

and diantiquark using QCD sum rules [41,42]. This con-

cept of diquark was even used to account for some exper-

imental phenomena [43,44]. The authors of Refs. [45,46]

studied the tetraquark systems in the diquark–antidiquark

picture using the chromomagnetic interactions. In the same

way Maiani et al. [47–50] also studied tetraquarks and pen-

taquarks systems by considering this concept of diquark. In

their study they have included the spin–spin interactions. On

the other hand Ebert et al. [25,51–53] employed the rela-

tivistic quark model based on the quasi-potential approach

in order to find the mass spectra of hidden heavy tetraquark

systems. Unlike Maiani et al., they ignored the spin–spin

interactions inside the diquark and antidiquark. The pres-

ence of a coherent diquark structure within tetraquarks helps

us to treat the problem of four-body to that of two-two-body

interactions. In the present case, we employ the diquark and

antidiquark picture in the beauty sector and compute the

mass spectra of the diquark–antidiquarks [bqb̄q̄]; q ∈ u, d

in the ground and orbitally excited states with the inclu-

sion of both S = 0 and S = 1 diquarks. We present the

formalism of the study of hidden bottom tetraquark states

in Sect. 2. In Sect. 3, we discuss the Yb states and their

decay properties. We conclude and discuss our findings in

Sect. 4.

2 Theoretical framework

In this paper we shall take a different path and investigate

different ways in which the experimental data can be repro-

duced. We have treated the four particle system as two-two-

body systems interacting through effective potential of the

same form of the two-body interaction potential of Eq. 1).

The existence of exotic hadrons of the diquark–diantiquark

pair called tetraquarks or diquarkonia is a problem which

was foremost raised about 20 years ago and was used to

describe scalar mesons below 1GeV in 1977 by Jaffe [54–

57]. He suggested the idea of strongly correlated two-quark–

two-antiquark states to baryon–antibaryon channels where

the MIT bag model is used to predict the quantum numbers

and the masses of prominent states. There are two types of

diquarks; one is S = 0, good (scalar) diquarks, and another

one is S = 1, bad (vector) diquarks. We have available lat-

tice results which favor the evidence of an attractive diquark

(antidiquark) channel for the good diquarks (color antitriplet,

flavor antisymmetric) with spin S = 0 in accordance with

Jaffe’s proposal. On the other hand there are no lattice results

available for an attractive channel for the bad diquarks, i.e.

with spin S = 1. Here, we use the fact that the effective

QCD-lagrangian is independent of spin in the heavy quark

limit and we incorporate the diquark with S = 1 also in com-

puting the mass spectra. There are many methods to estimate

the mass of a hadron, among which the phenomenological
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potential model is a fairly reliable one, especially for heavy

hadrons [58–61]. In the present study, the non-relativistic

interaction potential we have used is the Cornell potential,

which consists of a central term V (r), which is just the sum

of the Coulomb (vector) and linear confining (scalar) parts

given by

V (r) = VV + VS = ks
αs

r
+ Ar + B, (1)

ks = −4/3 for qq̄,

= −2/3 for qq or q̄q̄. (2)

The value of the αs , the running coupling constant, is deter-

mined by [62–64]

αs(μ
2) =

4π

(

11 − 2
3

nf

)

(

ln
μ2+M2

B

�2

) (3)

where μ = 2mamb/(ma + mb), � = 0.413 GeV, MB is

the background mass, and nf is number of flavors [62–64].

The model parameters we have used in the present study

are the same as in Refs. [62–66]. The constituent quark

masses employed here are mu = md = 0.33 GeV and

mb = 4.88 GeV. The degeneracy of these exotic states is

removed by including the spin-dependent part of the usual

one gluon exchange potential [67–70]. The potential descrip-

tion extended to spin-dependent interactions results in three

types of interaction terms such as the spin–spin, the spin–

orbit, and the tensor part. Accordingly, the spin-dependent

part VSD is given by

VSD = VSS

[

1

2

(

S(S + 1) −
3

2

)]

+VLS

[

1

2
(J (J + 1) − S(S + 1) − L(L + 1))

]

+VT

[

12

(

(S1.r)(S2.r)

r2
−

1

3
(S1.S2)

)]

. (4)

The coefficient of these spin-dependent terms of Eq. (3) can

be written in terms of the vector (VV) and scalar (VS) parts

of the static potential described in Eq. (1) as

V
i j
LS(r) =

1

2Mi M jr

[

3
dVV

dr
−

dVS

dr

]

, (5)

V
i j
T (r) =

1

6Mi M j

[

3
d2VV

dr2
−

1

r

dVS

dr

]

, (6)

V
i j
SS(r) =

1

3Mi M j

∇2VV =
16παs

9Mi M j

δ3(r). (7)

Here Mi , M j correspond to the masses of the respective con-

stituting two-body systems. The Schrödinger equation with

the potential given by Eq. (1) is numerically solved using the

Mathematica notebook of the Runge–Kutta method [71] to

obtain the energy eigenvalues and the corresponding wave

functions.

2.1 The four-quark state in diquark–antidiquark picture

In this section, we calculate the mass spectra of tetraquarks

with hidden bottom as the bound states of two clusters (Qq

and Q̄q̄) (Q = b; q = u, d). We think of the diquarks as two

correlated quarks with no internal spatial excitation. Because

a pair of quarks cannot be a color singlet, the diquark can only

be found confined into hadrons and used as effective degree

of freedom. Heavy-light diquarks may be the building blocks

of a rich spectrum of exotic states which cannot be fitted in

the conventional quarkonium assignment. Maiani et al. [47]

in the framework of the phenomenological constituent quark

model considered the masses of hidden/open charm diquark–

antidiquark states in terms of the constituent diquark masses

with their spin–spin interactions included. We discuss the

spectra in the framework of a non-relativistic hamiltonian

including chromomagnetic spin–spin interactions between

the quarks (antiquarks) within a diquark (antidiquark. Masses

of diquark (antidiquark) states are obtained by numerically

solving the Schrödinger equation with the respective two-

body potential given by Eq. (1) and incorporating the respec-

tive spin interactions described by Eq. (3) perturbatively.

In the diquark–antidiquark structure, the masses of the

diquark/diantiquark system are given by

md = m Q + mq + Ed + 〈VSD〉Qq , (8)

m d̄ = m Q̄ + mq̄ + Ed̄ + 〈VSD〉Q̄q̄ . (9)

Further, the same procedure is adopted to compute the bind-

ing energy of the diquark–antidiquark bound system as

Md−d̄ = md + m d̄ + Edd̄ + 〈VSD〉dd̄ . (10)

Here Q and q represents the heavy quark and light quark,

respectively. In the present paper, d and d̄ represent diquark

and antidiquark, respectively. While Ed , Ed̄ , Edd̄ are the

energy eigenvalues of the diquark, antidiquark, and diquark–

antidiquark system, respectively. The spin-dependent poten-

tial (VSD) part of the hamiltonian described by Eq. (3) has

been treated perturbatively. Details of the computed results

are listed in Tables 1, 2, 3, 4 and 5 for the low lying positive

parity and negative parity states, respectively.

2.2 Mixing of P-wave states

In the limit of a heavy quark, the spin of the light and heavy

degrees of freedom are separately conserved by the strong

interaction. So hadrons containing a heavy quark can be

simultaneously assigned the quantum numbers SQq̄ , m Qq̄ ,

Q̄q, and m Q̄q . Since the dynamics depends only on the spin
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Table 1 Mass spectra of four-quark states in the diquark–antidiquark picture (for L1 = 0, L2 = 0) (in GeV)

Sd Ld Sd̄ L d̄ Jd Jd̄ J J PC 2s+1 X J Mcw VSS VLS VT MJ

0 0 0 0 0 0 0 0++ 1S0 10.309 0.0 0.0 0.0 10.309

1 0 0 0 1 0 1 1+− 3S1 10.316 0.0 0.0 0.0 10.316

1 0 1 0 1 1 0 0++ 1S0 10.323 −0.179 0.0 0.0 10.143

1 1+− 3S1 10.323 −0.089 10.233

2 2++ 5S1 10.323 0.089 10.413

Table 2 Mass spectra of four-quark states in the diquark–antidiquark picture (L1 = 1, L2 = 0) (in GeV)

Sd Ld Sd̄ L d̄ Jd Jd̄ J J PC 2s+1 XJ Mcw VSS VLS VT MJ

0 1 0 0 1 0 1 1−− 1 P1 10.917 0.0 0.0 0.014 10.931

1 1 0 0 0 0 0 0−+ 3 P0 10.917 0.000 −0.0059 −0.0286 10.883

1 1 1−+ 3 P1 0.000 −0.0029 −0.011 10.921

2 2 2−+ 3 P2 0.000 0.0029 −0.0256 10.913

1 1 1 0 0 1 1 1−− 1 P1 10.925 −0.019 0.0 −0.0233 10.882

1 1 0 0−+ 3 P0 −0.0095 −0.0059 −0.0467 10.862

1 1−+ 3 P1 −0.0029 −0.011 10.900

2 2−+ 3 P2 0.0029 −0.026 10.892

2 1 1 1−− 5 P1 0.0095 −0.0088 −0.072 10.853

2 2−− 5 P2 −0.0029 0.0256 10.957

3 3−− 5 P3 0.006 −0.037 10.903

of the light degrees of freedom, the hadron will appear in

degenerate multiplets of total spin S that can be formed from

diquark and antidiquark and, accordingly, we can classify the

states in the convenient way. In the present study, we find that

the masses of orbitally excited states with relative angular

momentum L = 1 and total spin S = 0, 1, 2, correspond-

ing to 1 P1, 3 P1, 5 P1, and 3 P0, are close to each other in the

mass region around 10.850–11.201 GeV. The importance of

the linear combination of scalar and axial vector states was

noted by Rosner [72] and he emphasized in the context of

the constituent quark model the individual conservation of

heavy and light degrees of freedom in the heavy quark sys-

tems. In the mass spectra shown in Table 2, two 1 P1 states

with masses 10.931 GeV and 10.882 GeV and another 5 P1

state with mass 10.853 GeV are there. Similarly, in the mass

spectra shown in Table 3, there are two 1 P1 states with masses

10.201 GeV and 10.145 GeV, respectively, a 3 P1 state with

mass 11.163 GeV, and a 5 P1 state with mass 11.117 GeV.

Generally mixing is done through

(

|PJ >

|PJ
′ >

)

= U−1

(

|α >

|β >

)

.

Here U−1 is given by

U−1 =
(

cos θ sin θ

− sin θ cos θ

)

.

So we have shown here the possibility that these states might

be getting mixed up with each other to yield mixed states

according to [72–74]

|PJ 〉 =
√

2

3
|α〉 +

√

1

3
|β〉, (11)

|P ′
J 〉 = −

√

1

3
|α〉 +

√

2

3
|β〉. (12)

Here |α〉 and |β〉 are states with the same parity. The |PJ
′ >

and |PJ > are the lower and higher eigenstates, respectively,

as given in Ref. [75]. For a finite mixing angle (or mixing

probability 1) the masses of the |PJ
′ > and |PJ > states will

lie only between the masses of the |α > and |β > states.

Accordingly, we get mixed states at 10.914 GeV and 10.898

GeV for mixing of the two states 1 P1 (10.931 GeV) and 1 P1

(10.882 GeV). Similarly for the mixing of 1 P1 (10.931) and
5 P1 (10.853), we obtained states at 10.905 GeV and 10.879

GeV and for the mixing of 1 P1 (10.882) and 5 P1 (10.853)

states, we obtained mixed states at 10.871GeV and 10.862

GeV. In the same way we obtained mixed states for other

combinations also. These mixed states are listed in Table 6.

The masses of 1−− mixed states lie very close to the 10.890

resonance. We have also computed the leptonic and hadronic

and radiative decay widths for these mixed states.
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Table 3 Mass spectra of four-quark states in the diquark–antidiquark picture (L1 = 1, L2 = 1) (in GeV)

Sd Ld Sd̄ L d̄ Jd Jd̄ J J PC 2s+1 XJ Mcw VSS VLS VT MJ

0 1 0 1 1 1 0 0++ 1S0 10.843 0.0 0.0 0.0 10.843

1 1+− 1 P1 11.187 0.0 0.0 0.0139 11.201

2 2++ 1 D2 11.348 0.0 0.0 0.002 11.350

1 1 0 1 0 1 1 1+− 3S1 10.843 0.0 0.0 0.0 10.843

0 0++ 3 P0 11.188 0.0 −0.0059 −0.0278 11.154

1 1 1 1+− 3 P1 0.0 −0.0029 0.0069 11.192

2 2++ 3 P2 0.0 0.0029 −0.0069 11.184

1 1+− 3 D1 11.348 0.0 −0.0007 −0.003 11.344

2 1 2 2++ 3 D2 0.0 −0.00024 0.0015 11.350

3 3+− 3 D3 0.0 0.00049 −0.00135 11.347

1 1 1 1 0 0 0 0++ 1S0 10.843 −0.174 0.0 0.0 10.640

1 1 1+− 3S1 −0.092 0.0 0.0 10.751

2 2 2++ 5S2 0.092 0.0 0.0 10.936

0 1 1 1+− 1 P1 11.188 −0.019 0.0 −0.023 11.145

1 1 0 0++ 3 P0 −0.0098 −0.0059 −0.046 11.126

1 1+− 3 P1 −0.0098 −0.0029 −0.011 11.163

2 2++ 3 P2 −0.0098 0.0029 −0.025 11.155

2 1 1 1+− 5 P1 0.0098 −0.0088 −0.071 11.117

2 2++ 5 P2 0.0098 −0.0029 0.0255 11.220

3 3+− 5 P3 0.0098 0.0059 −0.0371 11.167

0 2 2 2++ 1 D2 11.348 −0.0072 0.0 −0.0033 11.338

1 2 1 1+− 3 D1 −0.0036 0.007 −0.0057 11.339

2 2++ 3 D2 −0.0036 −0.0024 −0.0017 11.344

3 3+− 3 D3 −0.0036 0.00049 −0.004 11.341

0 0++ 5 D0 0.0036 −0.0014 −0.017 11.333

2 2 1 1++ 5 D1 0.0036 −0.0012 −0.010 11.340

2 2++ 5 D2 0.0036 −0.0007 −0.0033 11.351

3 3+− 5 D3 0.0036 0 0.0047 11.357

4 4++ 5 D4 0.0036 0.0009 −0.0074 11.346

Table 4 First radially excited mass spectra of four-quark states in the diquark–antidiquark picture (for L1 = 0, L2 = 0) (in GeV)

Sd Ld Sd̄ L d̄ Jd Jd̄ J J PC 2s+1 XJ Mcw VSS VLS VT MJ

0 0 0 0 0 0 0 0++ 1S0 10.702 0.0 0.0 0.0 10.702

1 0 0 0 1 0 1 1+− 3S1 10.709 0.0 0.0 0.0 10.709

1 0 1 0 1 1 0 0++ 1S0 10.716 −0.066 0.0 0.0 10.650

1 1+− 3S1 10.716 −0.033 10.683

2 2++ 5S1 10.716 0.033 10.750

3 Yb(10890) state and its decay properties

The prominent exotic state Yb(10890) with J PC = 1−−

was first observed by the Belle collaboration [1,4] and to

date, it remains to be confirmed by independent experi-

ments. The anomalously large production cross sections for

e+e− → ϒ(1S; 2S; 3S)π+π− measured at ϒ(5S) was not

in good agreement with the line shape and production rates

for the conventional bb̄ ϒ(5S)) state. An important issue is

whether the puzzling events seen by Belle stem from the

decays of the ϒ(5S) or from another particle, Yb, having

a mass close enough to the mass of the ϒ(5S). This result

motivated theorists to resolve the puzzling features of this

peak, which lies approximately at mass 10.890 GeV. Cur-

123



356 Page 6 of 11 Eur. Phys. J. C (2016) 76 :356

Table 5 First radially excited mass spectra of four-quark states in the diquark–antidiquark picture (L1 = 1, L2 = 0) (in GeV)

Sd Ld Sd̄ L d̄ Jd Jd̄ J J PC 2s+1 XJ Mcw VSS VLS VT MJ

0 1 0 0 1 0 1 1−− 1 P1 11.140 0.0 0.0 0.011 11.151

1 1 0 0 0 0 0 0−+ 3 P0 11.140 0.000 −0.0047 −0.022 11.114

1 1 1−+ 3 P1 0.000 −0.0023 −0.0055 11.144

2 2 2−+ 3 P2 0.000 0.0023 −0.0055 11.137

1 1 1 0 0 1 1 1−− 1 P1 11.148 −0.021 0.0 −0.018 11.108

1 1 0 0−+ 3 P0 −0.0108 −0.0047 −0.036 11.095

1 1−+ 3 P1 −0.0023 −0.0092 11.125

2 2−+ 3 P2 0.0023 −0.010 11.119

2 1 1 1−− 5 P1 0.0108 −0.007 −0.057 11.094

2 2−− 5 P2 −0.002 0.020 11.177

3 3−− 5 P3 0.004 −0.029 11.134

Table 6 Mixed P-wave states(in GeV))

J PC State Mixed state

1− − 1 P1 (10.931) 10.914 (PJ )

1− − 1 P1 (10.882) 10.898 (P ′
J )

1− − 1 P1 (10.931) 10.905 (PJ )

1− − 5 P1 (10.853) 10.879 (P ′
J )

1− − 1 P1 (10.882) 10.862 (PJ )

1− − 5 P1 (10.853) 10.871 (P ′
J )

0−+ 3 P0 (10.883) 10.876 (PJ )

0−+ 3 P0 (10.862) 10.868 (P ′
J )

rently, there are two competing theoretical explanations: the

tetraquark interpretation on the one hand [26,29–31] and

the re-scattering model [76] on the other. The tetraquark

model can explain the enhancement and the resonant struc-

ture via Zweig-allowed decay processes and coupling to

intermediate states, while the re-scattering model is based

on the decay ϒ(5S)) → B∗ B̄∗ and a subsequent recom-

bination of the B mesons. A detailed study of this state is

available in the literature [26,28,29]. The state ϒ(10890)

is usually referred to as the ϒ(5S), since its mass is close

to the mass of the 5S state predicted by potential models.

However, a different proposal has been put forward by the

authors of Ref. [26], in which they call this state Yb and this

state is a P-wave tetraquark analogous to Y (4260), though

the current experimental situation regarding the peak around

10.890 GeV is still debatable. However, here we found three

vector states with J PC = 1−−, whose masses are around

10.890 GeV, i.e. 10.882GeV, 10.853 GeV, and 10.931 GeV.

We also found 1−− mixed 1 P1 states to lie at 10.914 and

10.898 GeV. To resolve the Yb further we have calculated the

di-electronic, hadronic, and radiative decay widths of these

states.

3.1 Leptonic decay width of J PC = 1−− state

In the conventional bb̄ systems, the decay widths are deter-

mined by the wave functions at the origin for the ground

state, while for the P-waves the derivations of these wave

functions at the origin are used. We have used the same Van

Royen–Weisskopf formula but with a slight modification.

Since the tetraquark size is larger than that of quarkonia, to

take into account the larger size of the tetraquark, we have

modified the wave functions by including a quantity σ , a size

parameter, whose value varies from σ ∈ [ 1
2
,

√
3

2
] [77]. These

tetraquark wave functions will affect the decay amplitudes,

thereby influencing the decay rates. The partial electronic

decay widths Ŵee[bu] and Ŵee[bd] of the tetraquark states Ybu

and Ybd made up of diquarks and antidiquarks (for up quark

and down quark, respectively) are given by the well-known

Van Royen–Weisskopf formula for P-waves [78],

Ŵ(Y[bu]/[bd] −→ e+e−) =
24α2〈eQ〉2

MY 4
b

σ 2|R′
11(0)|2. (13)

Here, α is the fine structure coupling constant, σ < 1, and

〈eQ〉 is the effective charge of Qq diquark system given by

[79]

〈eQ〉 =
∣

∣

∣

∣

m Qeq − mqeQ

m Q + mq

∣

∣

∣

∣

. (14)

For computing the leptonic decay width, we have employed

the numerically obtained radial solutions while the authors

of Refs. [26,78] have used a value calculated by using the

Q Q̄-onia package [80], giving |R′
11(0)|2 = 2.067 GeV5.

Our calculated results for leptonic decay widths for Ybu and

Ybd are shown in Table 7 with the available theoretical data.

Since all the vector 1−− states are P-waves, the value of

R′(0) will not change as the masses of the diquarks remain
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Table 7 Di-leptonic decay widths (in keV)

State Ŵee[bl] Ŵee[bh]

Yb(10882) 0.0251 0.123

Yb(10853) 0.0254 0.125

Yb(10931) 0.0246 0.121

Y (10914) (mixed state) 0.02485 0.122

Y (10898) (mixed state) 0.02499 0.1229

Y (10905) (mixed state) 0.0249 0.1226

Y (10879) (mixed state) 0.02517 0.1238

Y (10862) (mixed state) 0.02532 0.1245

Y (10871) (mixed state) 0.02524 0.1241

Others 0.09 ± 0.03 [26] 0.08 ± 0.03 [26]

0.12 [82]

the same. Hence, the value of leptonic decay width does not

change significantly as it only varies with the mass. However,

in the case of mixed states the contributions from the radial

wavefunctions will be noticeable.

3.2 Hadronic decay width of J PC = 1−− state

In this section, we have studied the hadronic decay of the 1−−

P-wave Yb(10890) state. We discuss the two-body hadronic

decays, i.e. Yb(q) → B∗
q (k)B̄∗

q (l). These are Zweig-allowed

processes and involve essentially the quark rearrangements.

For calculating dominant two-body hadronic decay widths

of the 1−− Yb(10890) state, the vertices are given as [81]

Yb −→ B B̄ = F(kμ − lν),

Yb −→ B B̄∗ =
F

M
ǫμνρσ kρlσ ,

Yb −→ B∗ B̄∗ = F(gμρ(q + l)ν − gμν(k + q)ρ

+gρν(q + k)μ),

and the corresponding decay widths are given by

Ŵ(Yb −→ B B̄) =
F2|

−→
k |3

2M2π
, (15)

Ŵ(Yb −→ B B̄∗) =
F2|

−→
k |3

4M2π
, (16)

Ŵ(Yb −→ B∗ B̄∗)

=
F2|

−→
k |3(48|

−→
k |4 − 104M2|

−→
k |2 + 27M4)

2π(M3 − 4|
−→
k |2 M)2

. (17)

Here |
−→
k | is the center of mass momentum given by

|
−→
k | =

√

M2 − (Mk + Ml)2
√

M2 − (Mk + Ml)2

2M
. (18)

Here M is the mass of the decaying particle and Mk , Ml

are the masses of the decay products. The decay constant F

is a non-perturbative quantity and to evaluate it is beyond

the scope of our approach. We adopted the same approach

used in [26,82] and made an estimate using the known two-

body decays of ϒ(5S), which are described by the same

vertices as given in [81]. To extract the value of F and |
−→
k |,

we have used the values of the decay widths for the decays

ϒ(5S) → Bq(k)B̄q(l), Bq(k)B̄∗
q (l), B∗

q (k)B̄∗
q (l) from the

Particle Data Group [83]. The extracted values of F and |
−→
k |

are shown in Table 8 along with the decay width results.

To take into account the different hadronic sizes of the

tetraquarks we have included the quantity σ , which already

was discussed earlier. The results for the hadronic decay

widths are shown in Table 5, which differ from the corre-

sponding PDG [83] values of ϒ(5S). Out of these three P-

wave states, the computed value of the hadronic decay width

for Yb(10853) is of the order of 50 MeV as against the PDG

value of 110±13 MeV and consistent with the BELLE mea-

surements. For the other two states we get higher values than

they actually should have. So out of these three states, we

predict only the state with mass 10.853 GeV as a Yb(10890)

state.

3.3 Radiative decay width of J PC = 1−− state

We study the radiative decays of these states using the idea of

vector meson dominance (VMD) which describes the inter-

actions between photons and hadronic matter [84] and we

hope that this will increase our insight in these tetraquark

states. The transition matrix element for the radiative decay

of Yb → χb + γ is given with the use of VMD by

< χb | γ >=< γ | ρ >
1

mρ
2

< χbρ | Yb > (19)

and the decay width is given by

Ŵ(Yb → χb + γ ) = 2|A2|(
fρ

mρ
2
)2 1

8π MYb
2

(λ)
1
2

2MYb

. (20)

Here λ is the center of mass momentum and fρ = 0.152

GeV2 [85,86]. Similarly, we have computed the radiative

decay Yb → ηb + γ . The present results are shown in Table

9 with the available theoretical data. There is no experimental

data available for the radiative decay of Yb(10890) and we

look forward to see the experimental support in favor of our

predictions.

4 Results and discussions

We have computed the mass spectra of hidden bottom four-

quark states in the diquark–antidiquark picture which are
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Table 8 Reduced partial

hadronic decay widths and

reduced total decay widths (in

keV), the extracted value of the

coupling constant F and the

center of mass momentum |k|

State Decay mode F |
−→
k | Ŵ Ŵ

σ 2
Ŵtot

σ 2

Ybq → B B̄ 1.35 1.31 5.500 6.790 71.89

Yb(10882) Ybq → B B̄∗ 3.12 1.22 11.87 14.66

Ybq → B∗ B̄
∗

0.92 1.11 40.86 50.44

Ybq → B B̄ 1.35 1.25 4.800 5.930 56.08

Yb(10853) Ybq → B B̄∗ 3.12 1.15 10.00 12.34

Ybq → B∗ B̄
∗

0.92 1.04 30.63 37.81

Ybq → B B̄ 1.35 1.41 6.800 8.400 97.45

Yb(10931) Ybq → B B̄∗ 3.12 1.32 14.91 18.40

Ybq → B∗ B̄∗ 0.92 1.23 57.23 70.65

Mixed P states

Ybq → B B̄ 1.35 1.381 6.399 7.900 89.09

Y (10914) Ybq → B B̄∗ 3.12 1.29 13.96 17.23

Ybq → B∗ B̄
∗

0.92 1.19 51.81 63.96

Ybq → B B̄ 1.35 1.33 5.745 7.098 76.72

Y (10898) Ybq → B B̄∗ 3.12 1.23 12.13 14.98

Ybq → B∗ B̄
∗

0.92 1.13 44.27 54.65

Ybq → B B̄ 1.35 1.41 6.135 7.574 84.83

Y (10905) Ybq → B B̄∗ 3.12 1.32 13.34 16.47

Ybq → B∗ B̄∗ 0.92 1.23 49.24 60.79

Ybq → B B̄ 1.35 1.41 5.509 6.802 73.01

Y (10879) Ybq → B B̄∗ 3.12 1.32 11.59 14.31

Ybq → B∗ B̄∗ 0.92 1.23 42.06 51.90

Ybq → B B̄ 1.35 1.27 5.035 6.217 64.35

Y (10862) Ybq → B B̄∗ 3.12 1.17 10.51 12.98

Ybq → B∗ B̄∗ 0.92 1.06 36.58 45.17

Ybq → B B̄ 1.35 1.29 5.268 6.504 69.26

Y (10871) Ybq → B B̄∗ 3.12 1.19 11.04 13.63

Ybq → B∗ B̄∗ 0.92 1.09 39.80 49.14

listed in Tables 1, 2, 3, 4, and 5. We have taken various com-

binations of the orbital and spin excitations to compute the

mass spectra. The computed mass spectra are compared with

other available theoretical results in Fig. 1. Apart from this

we mainly have paid attention to the Yb(10890) state and

have computed leptonic, hadronic, and radiative decay width

of Yb, which are listed in Tables 7, 8, and 9, respectively.

Apart from this, we have also addressed mixing of 1−− P-

waves which are also listed in the respective tables. The core

of the present study is that the color diquark is handled as

a constituent building block. We predicted some of the bot-

tom tetraquark states as counterparts in the charm sector. It

is necessary to highlight that the observation of the bottom

counterparts to the new anomalous charmonium-like states is

very important, since it will allow one to distinguish between

different theoretical descriptions of these states. In this view-

point, it would also be valuable to look for the analog in the

bottom sector, as states related by heavy quark symmetry may

have universal behaviors. The predicted bottom counterparts

are shown in Fig. 2 for better understanding. In the present

study, we have noticed that the mass difference between the

predicted Xb(10233) and χb1(9892)

MXb
− Mχb1

∼ 341 MeV, (21)

which is of the same order of magnitude as the mass differ-

ence between X (3872) and χc1(3510) of the charm sector,

MX − Mχc1
∼ 360 MeV. (22)

This kind of similarity between the charm and the bottom

sector is very interesting. We found that the mass differ-

ence between Xb(10143) and its first radially excited state

Xb(10650) states is ∼510 MeV, similar to charmonia, which

is about 590 MeV. In the same way, we found that the mass

difference between Xb(10233) and its first radially excited

state Xb(10683) states is ∼ 450 MeV. So by taking the evi-

dence from these results, we can say that the four-quark
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Table 9 Radiative decay widths (in keV))

State Ŵ → χb + γ
Ŵ→χb+γ

Ŵ→ϒ+π++π− Ŵ → ηb + γ
Ŵ→ηb+γ

Ŵ→ϒ+π++π−

Yb(10882) 0.173 0.293 0.247 0.418

Yb(10853) 0.169 0.286 0.243 0.413

Yb(10931) 0.179 0.304 0.252 0.427

Mixed P states

Y (10914) 0.177 0.300 0.250 0.424

Y (10898) 0.175 0.296 0.248 0.421

Y (10905) 0.176 0.298 0.249 0.422

Y (10879) 0.172 0.292 0.246 0.418

Y (10862) 0.170 0.288 0.244 0.415

Y (10871) 0.171 0.291 0.245 0.416

Others [82] – 0.3 – 0.5

Table 10 Interpretation of some first radially excited states

J PC State First radial excitation Exp

0++ Xb(10.143) 10.650[Zb(10650)] 10.652 ± 0.0025 [3]

1+− Xb(10.233) 10.683[Zb(10650)]
1− − Yb(10.853) 11.095[Yb(?)]
1− − Yb(10.882) 11.108[Yb(?)]
1− − Yb(10.931) 11.151[Yb(?)]

state in the bottom sector, analogous to the charm sector,

should exist. We have predicted some of the radially excited

states which are listed in Table 10. Accordingly, we pre-

dicted the Zb(10650) state as the first radial excitation of

either the Xb(10143) (0++) state or the Xb(10233) (1+−)

state. The authors of Ref. [87] studied the masses of the S-

wave [bq][b̄q̄] tetraquark states with the inclusion of chro-

momagnetic interaction and they predicted that the lowest

[bq][b̄q̄] tetraquark state appears at 10.167 GeV. This result

is consistent with the results of Ref. [88] where, using the

color-magnetic interaction with the flavor symmetry break-

ing corrections, the [bq][b̄q̄] tetraquark states were predicted

to be around 10.2–10.3 GeV. The same results are found by

the authors of Refs. [36,37], who have used the QCD sum

rule approach for the computation of the mass spectra of the

[bq][b̄q̄] tetraquark state. The authors of Ref. [41] have used

different tetraquark [bq][b̄q̄] currents and they have obtained

MXb
= (10220±100)MeV, which is in complete agreement

with the result of Ref. [42]. These predictions of the Xb state

and its production rates in hadron–hadron collisions have

indicated a promising prospect to find the Xb at hadron col-

liders, in particular the LHC, and we suggest our experimen-

tal colleagues to perform an analysis. Such an attempt will

likely lead to the discovery of the Xb and thus enrich the list

of exotic hadron states in the heavy bottom sector. The obser-

vation of the Xb will provide a deeper insight into the exotic

Fig. 1 Mass spectra of bottom tetraquark states (in GeV).

hadron spectroscopy and is helpful to unravel the nature of

the states connected by the heavy quark symmetry. Similarly,

there exist other radial excited states in the region 11.095–

11.151 GeV, corresponding to 2P states. We look forward

to see experimental searches for these states. The authors

of Refs. [89,90] have predicted the Zb(10650) state as a di-

mesonic molecular state in the ground state. From our present

study, we suggest that if Zb states are diquark–diantiquark

states, then they are not the ground state of a bottomonium-

like four-quark state but the first radially excited state of its

ground state, which lies in the range 10.100–10.300 GeV,

which is in agreement with the results reported by the authors

of Ref. [91]. The same presumption was made by the authors

of Refs. [48,49,60] to explain Z(4430) state as an excita-

tion of state Zc(3900)/Zc(3885) in the charm sector. So in

this conjecture, our prediction regarding Zb(10650) state is

just a straightforward extension to the beauty sector and we

observe that the Zb(10650) is also a radially excited state

of a still unmeasured Xb state just like that of authors of

Ref. [91], who predicted the Zb(10610) state as the radial

excitation of Xb(10100) such that the mass difference is

MZb
(10650) − MXb(10143) ∼ 510 MeV, which is very close

to the mass difference of ϒ(2S) − ϒ(1S) = 560 MeV. To

have a clear-cut picture of the discussion made regarding the

bottom exotic states, the above discussed exotic states are

displayed in Fig.2, with analogous states at the charm sector.

The comparison between the bottom tetraquark states and

charm tetraquark states accentuates the resemblance between

the presumptions made in the present study, namely the exis-

tence of Xb(10143) as a ground state of Zb(10650), and

the presumption related to the existence of ground state of

Z(4430) made in Refs. [48,49,60]. The presumption of bot-

tom tetraquark states analogous to charm spectra should stim-
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Fig. 2 Bottom tetraquark states analog of charm tetraquark states in

the mass region of interest

ulate searches for these states in both the beauty and the

charm sector within the mass range around 10 100–10 300

and 3500–3870 MeV, respectively. The search for these states

would not only enable one to find an unobserved state as

shown in Fig. 1 but also enable one to detect many more

prominent states in these mass ranges. As the Yb(10890)

state with quantum number 1−− is of our keen of interest, in

this study we have predicted three P-wave 1−− states in the

mass region around 10.850–10.931 GeV. We have observed

that the P-wave state has mass 10.853 GeV as the Yb state.

The calculated partial electronic decay widths for the P-wave

Yb is about 0.03–0.12 keV, which is in agreement with the

available experiment data [6] and other theoretical predic-

tions [26,82]. Our present calculation shows that the leptonic

width of Yb is much lower than that of the width of the con-

ventional state ϒ(5S)(0.31 ± 0.07 keV) [83]. From this we

can say that the ϒ(10890) peak is different from the ϒ(5S)

and possibly is Yb(10890) only. We have also computed the

two-body hadronic decays of Yb. The total hadronic decay

width is of the order of 50 MeV, which is lower than the total

decay width of the ϒ(5S) = 110 MeV state. So this narrow

width state Yb(10890) might be a tetraquark state only rather

than the conventional bb̄ state. We have also computed the

radiative decay widths of Yb, but due to lack of experimental

results we cannot draw any concrete conclusion here. These

results can be guidelines for future studies. In the absence of

experimental data, we cannot draw any conclusion regarding

mixing of P-wave states but we expect that our results could

be helpful to understand the structure of these states. Our

computed masses of the 1−− mixed states, i.e. the 1 P1 and
5 P1 states, lie very close to the Y (10890) state by at most an

order of ±20 MeV. So we look forward to see the experimen-

tal search for these states with very high precision as these

states are very closely spaced. The experiments should have

in principle the sensitivity to detect and also to explore the

nature of such near-lying states. The present study of mix-

ing is an attempt to signify its importance to further resolve

the mystery of Yb(10890). If the status of Yb(10890) is con-

firmed then it will be a major step in the direction of testing

the models and provide theorists with vital input to present a

credible explanation of this new form of hadrons.

Acknowledgments Smruti Patel acknowledges the financial support

from DST-SERB, India (research project No. SERB/F/8749/2015-16).

Open Access This article is distributed under the terms of the Creative

Commons Attribution 4.0 International License (http://creativecomm

ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,

and reproduction in any medium, provided you give appropriate credit

to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made.

Funded by SCOAP3.

References

1. K. F. Chen et al. (Belle Collaboration), Phys. Rev. Lett. 100, 112001

(2008). arXiv:0710.2577 [hep-ex]

2. M. Karliner, H.J. Lipkin, arXiv:0802.0649 [hep-ph]

3. A. Bondar et al. (Belle Collaboration), Phys. Rev. Lett. 108, 122001

(2012). arXiv:1110.2251 [hep-ex]

4. I. Adachi et al. (Belle Collaboration), arXiv:1209.6450 [hep-ex]

5. P. Krokovny et al. (Belle Collaboration), Phys. Rev. D 88, 052016

(2013). arXiv:1308.2646 [ep-ex]

6. B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 102,

012001 (2009). arXiv:0809.4120 [hep-ex]

7. A. Garmash et al. (Belle Collaboration), Phys. Rev. D 91, 072003

(2015). arXiv:1403.0992

8. M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 110,

252001 (2013). arXiv:1303.5949 [hep-ex]

9. Z.Q. Liu et al. (Belle Collaboration), Phys. Rev. Lett. 110, 252002

(2013). arXiv:1304.0121 [hep-ex]

10. T. Xiao, S. Dobbs, A. Tomaradze, K.K. Seth, Phys. Lett. B 727,

366 (2013). arXiv:1304.3036

11. M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 112,

022001 (2014). arXiv:1310.1163 [hep-ex]

12. M. Ablikim et al. (BESIII Collaboration), arXiv:1506.06018 [hep-

ex]

13. M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 112,

132001 (2014). arXiv:1308.2760 [hep-ex]

14. M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 111,

242001 (2013). arXiv:1309.1896 [hep-ex]

15. K. Chilikin et al. (Belle Collaboration), Phys. Rev. D 90, 112009

(2014). arXiv:1408.6457 [hep-ex]

16. M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 113,

212002 (2014). arXiv:1409.6577 [hep-ex]

17. M. Karliner, arXiv:1401.4058 [hep-ph]

18. J.M. Dias, F.S. Navarra, M. Nielsen, Phys. Rev. D 88, 016004

(2013)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/0710.2577
http://arxiv.org/abs/0802.0649
http://arxiv.org/abs/1110.2251
http://arxiv.org/abs/1209.6450
http://arxiv.org/abs/1308.2646
http://arxiv.org/abs/0809.4120
http://arxiv.org/abs/1403.0992
http://arxiv.org/abs/1303.5949
http://arxiv.org/abs/1304.0121
http://arxiv.org/abs/1304.3036
http://arxiv.org/abs/1310.1163
http://arxiv.org/abs/1506.06018
http://arxiv.org/abs/1308.2760
http://arxiv.org/abs/1309.1896
http://arxiv.org/abs/1408.6457
http://arxiv.org/abs/1409.6577
http://arxiv.org/abs/1401.4058


Eur. Phys. J. C (2016) 76 :356 Page 11 of 11 356

19. L. Maiani, V. Riquer, R. Faccini, F. Piccinini, A. Pilloni, A.D.

Polosa, Phy. Rev. D 87, 111102(R) (2013)

20. Hong-Wei Ke et al., Eur. Phys. J. C 73, 2561 (2013)

21. A. Zupanc [Belle Collaboration], arXiv:0910.3404 [hep-ex]

22. C.M.S. Collaboration, Phys. Lett. B 727, 57–76 (2013)

23. W.S. Hou, Phys. Rev. D 74(1), 017504 (2006)

24. J. Beringer et al., (Particle Data Group), Review of particle physics.

Phys. Rev. D 86(1), 010001 (2012)

25. D. Ebert, R.N. Faustov, V.O. Galkin, Modern Phys. Lett. A 24(8),

567–573 (2009)

26. A. Ali, C. Hambrock, I. Ahmed, M.J. Aslam, Phys. Lett. B 684(1),

28 (2010)

27. K.F. Chen et al., (BELLE Collaboration), Phys. Rev. D 82,

091106(R) (2010)

28. A. Ali, C. Hambrock, W. Wang, Phys. Rev. D 85, 054011 (2012)

29. A. Ali, C. Hambrock, M.J. Aslam, Phys. Rev. Lett. 104, 162001

(2010). arXiv:0912.5016 [hep-ph]. (Erratum-ibid. 107, 049903

(2011))

30. A. Ali, L. Maiani, A.D. Polosa, V. Riquer, Phys. Rev. D 91, 017502

(2015)

31. A. Ali, C. Hambrock, S. Mishima, Phys. Rev. Lett. 106, 092002

(2011)

32. D.M. Brink, Fl. Stancu, Phys. Rev. D 57, 6778 (1997)

33. B. Silvestre-Brac, C. Semay, Z. Phys. C 57, 273 (1993)

34. B. Silvestre-Brac, C. Semay, Z Phys. C 59, 457 (1993)

35. P. Bicudo et al. (2015). arXiv:1505.00613v2 [hep-lat]

36. Z.G. Wang, Eur. Phys. J. C 67, 411 (2010). arXiv:0908.1266 [hep-

ph]

37. P. Bicudo et al., Phys. Rev. D 92, 014507 (2015)

38. S. Godfrey, N. Isgur, Phys. Rev. D 32, 189 (1985)

39. P. Bicudo et. al., arXiv:1010.1014v1 [hep-ph]

40. M. Gell-Mann, Phys. Lett. 8, 214 (1964)

41. W. Chen, S.L. Zhu, Phys. Rev. D 83, 034010 (2011).

arXiv:1010.3397 [hep-ph]

42. R.D.G.E. Matheus, S. Narison, M. Nielsen, J.M. Richard, Phys.

Rev. D 75, 014005 (2007). arXiv:hep-ph/0608297

43. R.L. Jaffe, Phys. Rep. 409, 1 (2005)

44. R.L. Jaffe, Nucl. Phys. B, Proc. Suppl. 142, 343 (2005)

45. N.V. Drenska, R. Faccini, A.D. Polosa, Phys. Lett. B 669, 160

(2008). arXiv:0807.0593 [hep-ph]

46. N.V. Drenska, R. Faccini, A.D. Polosa, Phys. Rev. D 79, 077502

(2009). arXiv:0902.2803 [hep-ph]

47. L. Maiani, F. Piccinini, A.D. Polosa, V. Riquer, Phys. Rev. D 71,

014028 (2005). arXiv:hep-ph/0412098

48. L. Maiani et al., Phys. Rev. D 89, 114010 (2014)

49. L. Maiani et al., Phys. Rev. Lett. 99, 182003 (2007)

50. L. Maiani, A.D. Polosa, V. Riquer, Phys. Lett. B 749, 289

291(2015). arXiv:1507.04980

51. D. Ebert, R.N. Faustov, V.O. Galkin, A.P. Martynenko, Phys. Rev.

D 66, 014008 (2002)

52. D. Ebert, R.N. Faustov, V.O. Galkin, Eur. Phys. J. C 58, 399 (2008)

53. D. Ebert, R.N. Faustov, V.O. Galkin, Phys. Lett. B 634, 214 (2006)

54. R.L. Jaffe, Phys. Rev. D 17, 1444 (1978)

55. R.L. Jaffe, Phys. Rev. D 15, 281 (1977)

56. R.L. Jaffe, Phys. Rev. D 19, 2105 (1979)

57. R.L. Jaffe, Phys. Rev. D 15, 267 (1977)

58. A. Kumar Rai, B. Patel, P.C. Vinodkumar, Phys. Rev. C 78, 055202

(2008)

59. B. Patel, P.C. Vinodkumar, J. Phys. G Nucl. Part. Phys. 36, 035003

(2009)

60. S. Patel et al., Eur. Phys. J. A 50, 131 (2014). arXiv:1402.3974v3

[hep-ph]

61. A. Kumar Rai, D.P. Rathaud, Eur. Phys. J. C 75, 462 (2015)

62. D. Ebert et al., Phys. Rev. D 57, 5663 (1998)

63. D. Ebert et al., Phys. Rev. D 79, 114029 (2009)

64. D. Ebert et al., Phys. Rev. D 84, 014025 (2011)

65. D. Ebert, R.N. Faustov, V.O. Galkin, Eur. Phys. J. C 66,197 (2010)

66. D. Ebert, R.N. Faustov, V.O. Galkin, Eur. Phys. J. C 71, 1825 (2011)

67. T. Barnes, S. Godfrey, E.S. Swanson, Phys. Rev. D 72, 054026

(2005)

68. O. Lakhina, E.S. Swanson, Phys. Rev D 74, 014012 (2006).

arXiv:hep-ph/0603164

69. M.B. Voloshin, Prog. Part. Nucl. Phys. 61, 455 (2008).

arXiv:0711.4556 [hep-ph]

70. E. Eichten, S. Godfrey, H. Mahlke, J.L. Rosner, Rev. Mod. Phys.

80, 1161 (2008)

71. W. Lucha, F. Shoberl, Int. J. Mod. Phys. C 10 (1999).

arXiv:hep-ph/9811453

72. J. Rosner, Commun. Nucl. Part. Phys. 16, 109 (1986)

73. N. Isgur, M.B. Wise, Phys. Rev. D 43, 819 (1991)

74. M. Shah, B. Patel, P.C. Vinodkumar, Eur. Phys. J. C 76, 36 (2016)

75. K. Yamada, arXiv:hep-ph/0612337v1

76. C. Meng, K.T. Chao, Phys. Rev. D 77, 074003 (2008).

arXiv:0712.3595 [hep-ph]

77. C. Alexandrou, Ph. de Forcrand, B. Lucini, Phys. Rev. Lett. 97,

222002 (2006). arXiv:hep-lat/0609004

78. A. Ali, arXiv:1108.2197v1 [hep-ph]

79. A. Parmar, B. Patel, P.C. Vinodkumar, Nucl. Phys. A 848, 299–316

(2010)

80. J.L. Domenech-Garret, M.A. Sanchis-Lozano, Comput. Phys.

Commun. 180, 768 (2009). arXiv:0805.2704 [hep-ph]

81. M.E. Peskin, D.V. Schroeder, An Introduction to Quantum Field

Theory. Addison G Wesley (1995). ISBN:0-201-50397-2

82. A. Rehman, arXiv:1109.1095v1 [hep-ph]

83. K.A. Olive et al (Particle Data Group ), Chin. Phys. C 38(9), 090001

(2014)

84. J.J. Sakurai, Currents and Mesons (University of Chicago Press,

Chicago, 1969)

85. A. Deandrea, G. Nardulli, A.D. Polosa, Riv, Nuovo Cim. 23N11,

1 (2000)

86. A. Deandrea, G. Nardulli, A.D. Polosa, Phys. Rev. D 68 034002

(2003)

87. T. Guo, L. Cao, M.Z. Zhou, H. Chen, arXiv:1106.2284

88. Y. Cui, X.L. Chen, W.Z. Deng, S.L. Zhu, High energy phys. Nucl.

Phys. 31, 7 (2007)

89. S. Patel et al., Proc. Sci. (PoS) 189, Hadron 2013 (2013)

90. Y. Dong et al., J. Phys. G 40, 015002 (2013)

91. Fernando S. Navarra et al., J. Phys. Conf. Ser. 348, 012007 (2012)

123

http://arxiv.org/abs/0910.3404
http://arxiv.org/abs/0912.5016
http://arxiv.org/abs/1505.00613v2
http://arxiv.org/abs/0908.1266
http://arxiv.org/abs/1010.1014v1
http://arxiv.org/abs/1010.3397
http://arxiv.org/abs/hep-ph/0608297
http://arxiv.org/abs/0807.0593
http://arxiv.org/abs/0902.2803
http://arxiv.org/abs/hep-ph/0412098
http://arxiv.org/abs/1507.04980
http://arxiv.org/abs/1402.3974v3
http://arxiv.org/abs/hep-ph/0603164
http://arxiv.org/abs/0711.4556
http://arxiv.org/abs/hep-ph/9811453
http://arxiv.org/abs/hep-ph/0612337v1
http://arxiv.org/abs/0712.3595
http://arxiv.org/abs/hep-lat/0609004
http://arxiv.org/abs/1108.2197v1
http://arxiv.org/abs/0805.2704
http://arxiv.org/abs/1109.1095v1
http://arxiv.org/abs/1106.2284

	Tetraquark states in the bottom sector and the status  of the Yb(10890) state 
	Abstract 
	1 Introduction
	2 Theoretical framework
	2.1 The four-quark state in diquark–antidiquark picture
	2.2 Mixing of P-wave states

	3 Yb(10890) state and its decay properties
	3.1 Leptonic decay width of JPC = 1-- state
	3.2 Hadronic decay width of JPC = 1-- state
	3.3 Radiative decay width of JPC = 1-- state

	4 Results and discussions
	Acknowledgments
	References


