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We calculate the spectrum of qq̄cc̄ and ss̄cc̄ tetraquarks, where q, s, and c stand for light (u, d), strange,
and charm quarks, respectively, in a relativized diquark model, characterized by one-gluon-exchange plus
confining potential. In the diquark model, a qq̄cc̄ (ss̄cc̄) tetraquark configuration is made up of a heavy-
light diquark, qc (sc), and anti-diquark, q̄ c̄ (s̄ c̄). According to our results, 13 charmonium-like observed
states can be accommodated in the tetraquark picture, both in the hidden-charm (qq̄cc̄) and hidden-charm
hidden-strange (ss̄cc̄) sectors.
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I. INTRODUCTION

For a few decades after the formulation of the quarkmodel,
it was believed that baryons and mesons could be described
as the bound states of three valence quarks and a constituent
quark-antiquark pair, respectively. The classification of
ground-state hadrons could be easily carried out in terms
of group theoretical techniques and the quark model formal-
ism, while resonances might be sorted by making use of
effective potentials to describe the spatial excitations related
to the interquark motion. For example, see Refs. [1–4].
However, more recent data from both eþe− and hadron

colliders shed light on hadrons which do not fit well into
this standard picture. They are the so-called exotic hadrons,
namely, multiquark states (tetraquarks and pentaquarks)
and particles including gluonic degrees of freedom (d.o.f.)
(hybrids and glueballs). We are especially interested in
tetraquarks, which are mesons containing two valence
quarks and two antiquarks. Among tetraquark candidates,
we can mention Zcð3900Þ [5,6], Zcð4020Þ [7,8],
Zbð10610Þ, Zbð10650Þ [9], and the well-known Xð3872Þ

[10]. The tetraquark nature is still unclear and several
different interpretations have been proposed. They include
(i) Tightly bound objects, just as in the case of normal
hadrons, but with more constituents [11–22], (ii) Hadro-
quarkonia (hadro-charmonia) [23–29], (iii) Loosely bound
meson-meson molecules similar to the deuteron [30–38],
(iv) The result of kinematic or threshold effects caused
by virtual particles [39–43], (v) The rescattering effects
arising by anomalous triangular singularities [44–46].
More details on the previous interpretations can be found
in Refs. [47–52]. Here, we focus on the first one.
Four quark states can, in principle, be bound by one-

gluon-exchange (OGE) forces. However, their possible
emergence and stability is controversial because of the lack
of reliable and univocal experimental data. As a conse-
quence, tetraquark model predictions are strongly model
dependent and rely on the choice of a specific Hamiltonian,
and also on the parameter fitting procedure. Despite this, the
tetraquark hypothesis is worth investigating.
It is worth noting that in the tetraquark hypothesis one

obtains a four-quark spectrum that is richer than those
generated by molecular models or the inclusion of dynami-
cal or threshold effects in the quark model formalism. In
particular, in molecular models one only expects to get
bound states in the proximity of meson-meson decay
thresholds; radial excitations cannot take place because of
the smallness of meson-meson binding energies. On the
contrary, if one includes threshold effects in the quarkmodel
formalism, one gets radial excitations, but exotic charged
states of the type qq̄QQ̄, where Q is a heavy quark, are
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forbidden. A comparison between theoretical predictions
for the spectrum and the main decay modes of four-quark
states and the existing experimental data may allow us to
distinguish between the previous hypotheses. The possible
emergence of the fully heavy QQQ̄Q̄ bound states may
provide a strong indication in favor of the tetraquark
one [22,53–57].
We also point out that the heavy-light tetraquarks in a

QQq̄q̄ configuration are also of considerable interest.1 It
would be very interesting to test the possibility of a QQq̄q̄
tetraquark that remains stable against strong decays,
but unfortunately there is no experimental evidence yet.
Theoretically, QQq̄q̄ was first shown to be stable against
strong decays by Lipkin [58] and Ader et al. [59] long ago.
Very recently, bbq̄ q̄ was shown to be stable against strong
decays but not its charm counterpart ccq̄ q̄, nor the mixed
(beautyþ charm) bcq̄q̄ state [60,61]. For detailed discus-
sions on the stability of different heavy-light tetraquarks,
see Refs. [62,63].
In this paper, we compute the spectrum of qq̄cc̄ (q ¼ u, d)

and ss̄cc̄ tetraquarks. The calculations are performed within
a relativized diquark-antidiquark model, characterized by
one-gluon-exchange potential. The effective d.o.f. of diquark
describes two strongly correlated quarks, with no internal
spatial excitation. The tetraquark spectrum is obtained in a
two-step process. First of all, the diquarkmasses are obtained
by solving the Schrödinger equation with the relativized
quark-quark potential [64]. In a second stage, the tetraquark
spectrum is calculated by means of the relativized diquark-
antidiquark potential [22]. Finally, by comparing our results
to the data, we are able to provide some tentative assignments
to XYZ-type states, including Xð3872Þ, Zcð3900Þ,
Zcð4020Þ, Zcð4240Þ, Zcð4430Þ, Yð4008Þ, Yð4260Þ,
Yð4360Þ, Yð4630Þ, and Yð4660Þ in the qq̄cc̄ sector, plus
Xð4140Þ,Xð4500Þ, andXð4700Þ in the ss̄cc̄ sector. The next
step of our study of fully [22] and doubly heavy tetraquarks
will be an analysis of the ground-state energies and dominant
decay modes, including estimates of the total decay widths
and production cross sections.
The paper is organized as follows. In Sec. II, we describe

our relativized diquark model and the details of the
calculation. Section III is devoted to a discussion of our
results and a comparison with the experimental data and the
previous theoretical studies. Here, we also provide some
tentative assignments to the XYZ states and compare them
with other theoretical interpretations (if available). Finally,
we provide a short summary.

II. RELATIVIZED DIQUARK MODEL

In a diquark-antidiquark model, the effective d.o.f. of the
diquark, describing two strongly correlated quarks with no

internal spatial excitations, is introduced. Tetraquark mes-
ons are then interpreted as the bound states of a diquark D
and an antidiquark D̄.
The D − D̄ relative motion is described in terms of a

relative coordinate rrel (with conjugate momentum qrel),
thus neglecting the internal diquark (antidiquark) structure.
As a result, one turns a four-body problem into a two-body
and gets a spectrum that is less rich than that of a four-body
system. Something similar also happens in the baryon
sector, where the spectrum of a quark-diquark system is
characterized by a smaller number of states than that of a
three quark one. For example, see Refs. [65–70].

A. Diquark-antidiquark states

The diquark (antidiquark) can be found in two different
SUcð3Þ color representations, 3̄c (3c) and 6c (6̄c). As the
tetraquark must be a color singlet, there are two possible
diquark-antidiquark combinations:
(1) diquark in 3̄c, antidiquark in 3c
(2) diquark in 6c, antidiquark in 6̄c.

Diquarks (antidiquarks) are made up of two fermions so
they have to satisfy the Pauli principle, i.e., the diquark
(antidiquark) total wave function,

ΨD ¼ ψ c ⊗ ψ sf ⊗ ψ sp; ð1Þ

where ψ c, ψ sf , and ψ sp are the color, spin-flavor, and spatial
wave functions, must be antisymmetric.
Moreover, if for simplicity we neglect the diquarks’

internal spatial excitations, their color-spin-flavor wave
functions must be antisymmetric. This limits the possible
representations to being only [69,71]

color in 3̄c; symmetric ψ sf ; and; ð2aÞ

color in 6c; antisymmetric ψ sf : ð2bÞ
In the study of qq̄cc̄ and ss̄cc̄ tetraquarks, we consider
diquarks (antidiquarks) of the cq and cs type, where q ¼ u,
d, with isospin ID ¼ 1

2
or 0, respectively. Because of this,

for qq̄cc̄ states both I ¼ 0 and I ¼ 1 tetraquark isospin
combinations are possible (degeneracy in the isospin basis
is the leading feature of diquark models [72]), while in the
ss̄cc̄ case one necessarily has I ¼ 0. We can determine
the JPC quantum numbers of the tetraquarks by applying
the restrictions for the diquark-antidiquark limit, i.e., LD ¼
LD̄ ¼ 0 and color 3̄c ⊗ 3c. This is because we expect that
color-sextet diquarks, Eq. (2b), will be higher in energy
than color-triplet ones or even that they will not be bound
at all [18,71,73]. Thus, we are left with the Eq. (2a) diquark
representation which can be further decomposed in terms
of the diquark spin and flavor content. As a result, we get
a spin-0, flavor-antisymmetric representation, the scalar
diquark, and a spin-1, flavor-symmetric representation, the

1All the other possible heavy-light tetraquarks can decay
strongly by annihilating at least a quark-antiquark pair of the
same flavor.
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axial-vector diquark. The parity of a tetraquark meson
having orbital angular momentum L can be defined as

P ¼ ð−1ÞL: ð3Þ

The convenient basis for identifying the charge conjugation
(C) quantum numbers are ones in which the quark spins are
recoupled into spin of the charm-anticharm scc̄ and spin of
the light quark-antiquark sqq̄ [74]. The C parity (obviously
only for its eigenstates) is then defined as

C ¼ ð−1ÞLþscc̄þsqq̄ : ð4Þ

For different tetraquark configurations, scc̄ and sqq̄ can
be worked out [72,74]. For more details on the tetraquark
basis, see the Appendix.

B. Relativized model Hamiltonian

We consider the following Hamiltonian:

HREL ¼ T þ VðrrelÞ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2rel þm2
D

q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2rel þm2
D̄

q

þ VðrrelÞ; ð5Þ

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2rel þm2
D;D̄

q

are the diquark (antidiquark) kinetic

energies, with diquark (antidiquark) masses mD (mD̄), and
VðrrelÞ the OGE plus confining potential. The usual form
for VðrrelÞ is

VðrrelÞ ¼
�

αs
rrel

−
3β

4
rrel −

8παsδðrrelÞ
3mDmD̄

SD · SD̄

−
αs

mDmD̄r
3
rel

�

3SD · rrelSD̄ · rrel
r2rel

− SD · SD̄

�

−
3

4
ΔE

�

λaD
2

λa
D̄

2
; ð6Þ

where λa
D;D̄

are Gell-Mann color matrices,ΔE a constant, αs
the strength of the color-Coulomb interaction, and β that of
the linear confining potential.
The hyperfine interaction of Eq. (6) is an illegal operator

in the Schrödinger equation; moreover, the Coulomb-like
potential should be regularized in the origin [13]. To
overcome these difficulties, we follow the prescriptions
of Refs. [64,65,75] and rewrite Eq. (6) as

VðrrelÞ ¼ βrrel þ GðrrelÞ þ
2SD · SD̄

3mDmD̄
∇2GðrrelÞ

−
1

3mDmD̄
ð3SD · r̂relSD̄ · r̂rel − SD · SD̄Þ

×

� ∂2

∂r2rel −
1

rrel

∂
∂rrel

�

GðrrelÞ þ ΔE; ð7aÞ

where the Coulomb-like potential is given by [64,65]

GðrrelÞ ¼ −
4αsðrrelÞ
3rrel

¼ −
X

k

4αk
3rrel

ErfðτDD̄krrelÞ: ð7bÞ

Here, Erf is the error function [76] and τDD̄k [64,65] is

τDD̄k ¼
γkσDD̄
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2DD̄ þ γ2k

q ; ð7cÞ

with

σDD̄ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2
σ20

�

1þ
�

4mDmD̄

ðmD þmD̄Þ2
�

4
�

þ s2
�

2mDmD̄

mD þmD̄

�

2

s

:

ð7dÞ
The values of the parameters αk and γk (k ¼ 1, 2, 3), σ0

and s, extracted from Refs. [64,65], are given in Table I.
The value of the qc scalar diquark mass Ms

qc is extracted
from Ref. [16]. The values of the qs scalar and axial-vector
diquark masses,Ms

sc andMav
sc, are estimated by binding a sc

(s̄ c̄) pair via the OGE plus confining potential [22,64]. The
only free parameters of our calculation are thus the strength
of the linear confining interaction β, the qc axial-vector
diquark mass Mav

qc, and ΔE (see Table I); they are fitted to
the reproduction of the experimental data [77], as discussed
in Sec. III A.
Finally, it is interesting to compare our model

Hamiltonian, Eqs. (5) and (7), to those used in other
relativized diquark model calculations [19,78]. In particular,
in Refs. [19] the authors made use of a relativized tetraquark
model with non-point-like diquarks, where the internal
diquark structure enters the calculation via a diquark form
factor. To calculate the masses of heavy tetraquarks, they

TABLE I. Parameters of the model Hamiltonian of Eq. (5). The
values denoted by the symbol † are extracted from previous
studies. In the upper part of the Table, we give the values of the
Coulomb-like potential parameters, α1, α2, α3, γ1, γ2, γ3, σ0, and
s, extracted from Refs. [64,65]. The value of Ms

cq (q ¼ u, d) is
extracted from Ref. [16]; those of β,Mav

cq, and ΔE are fitted to the
reproduction of the experimental data [77]. The values of the qs
scalar and axial-vector diquark masses, Ms

sc and Mav
sc, are

estimated by binding a sc (s̄ c̄) pair via a OGE plus confining
potential [22,64].

Parameter Value Parameter Value

α1 0.25 † γ1 2.53 fm−1 †
α2 0.15 † γ2 8.01 fm−1 †
α3 0.20 † γ3 80.1 fm−1 †
σ0 9.29 fm−1 † s 1.55 †
β 3.90 fm−2 ΔE −370 MeV
Ms

cq 1933 MeV † Mav
cq 2250 MeV

Ms
cs 2229 MeV Mav

cs 2264 MeV
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used the quasipotential approach in quantum field theory,
where the interaction of two quarks in a diquark and the
diquark-antidiquark interaction in a tetraquark are described
by a diquark wave function of the bound quark-quark state
and the tetraquark wave function of the bound diquark-
antidiquark state, respectively, satisfying a quasipotential
equation of the Schrödinger type [79]. On the contrary, in
Ref. [78] the calculations were performed in a relativized
diquark-antidiquark model2 based on the Godfrey-Isgur
relativized QM Hamiltonian [64], which is characterized
by confinement, contact, tensor, and spin-orbit contributions.
In addition, to absorb the unquenched effects, the linear
confining potential was replaced with a screened one, viz.
βrrel → βð1 − e−μrrelÞ=μ, where β denotes the string tension
and μ is the screening parameter [80].

III. RESULTS AND DISCUSSIONS

A. qq̄cc̄ tetraquark spectrum

In Table III and Figs. 1 and 2, our theoretical predictions
for the masses of qq̄cc̄ (q ¼ u, d) and ss̄cc̄ 0þþ, 1þþ, 1þ−,
1−−, 0−−, and 0−þ tetraquark states are compared to the
existing experimental data [77]. Our results are obtained by
solving the eigenvalue problem of the model Hamiltonian
[Eq. (5)] via a numerical variational procedure with
harmonic oscillator trial wave functions. The model
parameters, reported in Table I, are partly extracted from
those of previous studies and partly fitted to the repro-
duction of the spectrum of suspected charmonium-like
exotic states [77]. Furthermore, we summarize the exper-
imental measurements on the XYZ states considered in this
study in Table II.

1. Xc and Zc states

It is worth noting that we are able to make some clear
assignments, as in the case of Xð3872Þ, Zcð3900Þ,
Zcð4020Þ, Zcð4240Þ, and Zcð4430Þ. This is because the
mass difference between the predicted and experimental
masses is within the typical error of a quark model
calculation, of the order of 30–50 MeV.
The Xð3872Þ, discovered by Belle in B� →

K�πþπ−J=ψ decays [10], was the first example of a
quarkonium-like candidate for a nonstandard or exotic
meson. This is a well-established meson [77,81–83] with
extremely peculiar features: its mass is 80–100 MeV below
quark model predictions [64] and very close to the D0D̄�0
threshold, it is quite narrow (Γ < 1.2 MeV) and exhibits
strong isospin violation in its decays.
In the present study, the Xð3872Þ is interpreted as an

S-wave3 scalar diquark axial-vector antidiquark bound state

with JPC ¼ 1þþ quantum numbers. This is the same
interpretation as Ref. [16], where the authors calculated
the spectrum of cq̄cq̄ tetraquarks by means of an algebraic
mass formula, giving the Xð3872Þ mass as input, and
Ref. [19], where the authors calculated the tetraquark
spectrum in a relativistic diquark-antidiquark model with
one-gluon exchange and long-range vector and scalar linear
confining potentials. In the molecular model, the Xð3872Þ
is described as aD0D̄�0 meson-meson bound state [32–38].
The Zcð3900Þ is a charged charmonium-like meson, with

1þ− quantum numbers, observed at about the same time by
BESIII [5] and Belle [6]. Its exotic quantum numbers and
the value of its mass, about 12 MeV above the D0D�þ
threshold, is incompatible with both the charmonium and
molecular model interpretations. In Ref. [24], the Zcð3900Þ
was interpreted as a hadro-charmonium state, namely, as a

FIG. 1. The qcq̄ c̄ tetraquark spectrum (lines), obtained by
solving the eigenvalue problem of Eq. (5), is compared to the
existing experimental data for XYZ exotics (boxes). For the
numerical values, see Tables II and III.

FIG. 2. As Fig. 1, but for ss̄cc̄ tetraquark states.

2However, only the ss̄cc̄ tetraquark configuration was studied
in Ref. [78].

3In the following, S, P, and D wave excitation refers to the
orbital angular momentum of the tetraquark.
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J=ψ embedded in an S-wave spinless excitation of the
light-quark matter with the quantum numbers of a pion,
JP ¼ 0−. Our interpretation is the same as Refs. [16,19],
namely, as the C-odd partner of the Xð3872Þ [Eq. (22), [16] ].
The Zcð4020Þ was seen by BESIII in a study of

hcð1PÞπþπ− final states [7]; its quantum numbers are
JPC ¼ 1þ−. We interpret the qq̄cc̄ state of Table III, with
1½ð1; 1Þ1; 0�1 and 1þ− quantum numbers,4 as Zcð4020Þ.
Other interpretations include a D�D̄� molecular state
with 1þ− quantum numbers [32,37], binded by one-pion-
exchange and/or contact interactions, or a tightly bound
tetraquark configuration [16].
In 2014, LHCb confirmed the existence of the Zcð4430Þ

in π�ψð2SÞ and, within the same data set, also observed a
lighter and wider structure named the Zcð4240Þ [84,85].
Further experimental confirmation of the Zcð4240Þ would
be helpful. In our study, we interpret the Zcð4240Þ as a
P-wave scalar diquark, axial-vector antidiquark bound state
with JPC ¼ 0−−.
Finally, the Zcð4430Þ was the first established candidate

for a charged charmonium-like meson. It was observed by
Belle as a peak in the invariant mass of the ψð2SÞπþ system
in B̄ → ψð2SÞπþK [86]. In our study, we interpret the
Zcð4430Þ as a D-wave scalar diquark, axial-vector anti-
diquark bound state with JPC ¼ 1þ− quantum numbers.
However, in this case the assignment is more dubious,
because the experimental mass of the meson falls in the
energy interval between the 2½ð1; 0Þ1; 0�1 and 1½ð1; 0Þ1; 2�1,
JPC ¼ 1þ− states of Table III. It is worth noting that the
Zcð4430Þwas interpreted as a 2S scalar diquark, axial-vector
antidiquark bound state in Ref. [19]. In Ref. [87], the

Zcð3900Þ and Zcð4430Þ were assigned to a 1S state (with
JP ¼ 1þ) and its radial excitation, respectively; several
strong decay channels were also explored [87].

2. Yc states

There is a rich spectrum of charmonium-like JPC ¼ 1−−

vector states, the so-called Y states. Below, we discuss our
tetraquark model assignments.
Starting from Yð4008Þ, the presence of a broad structure,

with mass 4008� 40þ114
−28 MeV and width 226� 44�

87 MeV, was indicated by Belle in the measured
πþπ−J=ψ mass spectrum [88]. However, BABAR did not
find the Yð4008Þ signal in the same eþe− → πþπ−J=ψ
process [89]. Future experiments will give a concluding
answer about the Yð4008Þ existence. In our tetraquark
model calculation, the Yð4008Þ is interpreted as a P-wave
scalar diquark-antidiquark bound state.
Yð4260Þ was discovered by BABAR in eþe− → Y →

πþπ−J=ψ [86] and then confirmed by CLEO-c [90] and
Belle [88]. We interpret it as a P-wave scalar diquark and
axial-vector antidiquark bound state. In Ref. [19] it was
described as a P-wave scalar diquark-antidiquark bound
state, in Ref. [91] as the first orbital excitation of a diquark-
antidiquark state csc̄ s̄, but it was also interpreted as a
hybrid charmonium in Refs. [92–94]. The authors of
Refs. [26,95] also interpreted Yð4260Þ as D̄D1ð2420Þ
molecule with a binding energy of 29 MeV. Very recently,
a possible molecular scenario was discussed in a coupled-
channel analysis [96].
BABAR found evidence of the Yð4360Þ in eþe− → Y →

πþπ−ψð2SÞ [97]; later, the Yð4360Þ was confirmed by
Belle, which also found another peak, corresponding to
Yð4660Þ [98]. Analogously as in Ref. [72], we interpret
Yð4360Þ and Yð4660Þ as the second and third radial

TABLE II. Experimental details on hidden-charm exotica which are discussed in this study. The last two columns show the first
observation mode and the experiment where the discovery took place, respectively. The enlisted values are taken from the PDG [77].

State JPC Mexp (MeV) Γ (MeV) Observing process Experiment

Xð3872Þ 1þþ 3871.69� 0.17 < 1.7 B� → K�πþπ−J=ψ Belle
Zcð3900Þ 1þ− 3886.6� 2.4 28.1� 2.6 eþe− → πþπ−J=ψ BESIII
Yð4008Þ 1−− 4008� 40 226� 44 eþe− → γISRπ

þπ−J=ψ Belle
Zcð4020Þ� 1þ− 4024.1� 1.9 13� 5 eþe− → πþπ−hc BESIII
Xð4140Þ 1þþ 4146.8� 2.5 19þ8

−7 γγ → ϕJ=ψ CDF
Zcð4240Þ� 0− 4239� 18þ45

−10 220� 47þ108
−74 B0 → Kþπ−ψð2SÞ LHCb

Yð4260Þ 1−− 4230� 8 55� 19 eþe− → γISRπ
þπ−J=ψ BABAR

Xð4274Þ 1þþ 4273þ19
−9 56þ14

−16 Bþ → J=ψϕKþ CDF, LHCb
Yð4360Þ 1−− 4341� 8 102� 9 eþe− → γISRπ

þπ−ψð2SÞ Belle
Zcð4430Þ� 1þ 4478þ15

−18 181� 31 B → Kπ�ψð2SÞ Belle
Xð4500Þ 0þþ 4506þ16

−19 92� 29 Bþ → J=ψϕKþ LHCb
Yð4630Þ 1−− 4634þ8

−7 92þ40
−24 eþe− → Λþ

c Λ−
c Belle

Yð4660Þ 1−− 4643� 9 72� 11 eþe− → γISRπ
þπ−ψð2SÞ Belle

Xð4700Þ 0þþ 4704þ17
−26 120� 50 Bþ → J=ψϕKþ LHCb

4The tetraquark quantum numbers notation is the same as
Table III.
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excitations of Yð4008Þ, respectively. There are also other
possible descriptions for these states, e.g., Yð4260Þ and
Yð4360Þ were embedded into the hadro-charmonium pic-
ture [25], Yð4260Þ, Yð4360Þ, and Yð4660Þ in a baryonium

description [99], while in Ref. [100] Yð4660Þ is assumed to
be a f0ð980Þψð2SÞ bound state.
Finally, the Yð4630Þ was seen in eþe− → Y → ΛcΛ̄c

by Belle [101]. We interpret it as the Yð4260Þ radial

TABLE III. The qq̄cc̄ (q¼u, d) and ss̄cc̄ tetraquark spectrum (up to 5 GeV), obtained by solving the eigenvalue problem of Eq. (5)
with the model parameters of Table I, is compared to the existing experimental data [77]. In the third column, we give the quantum
numbers of the predicted tetraquark states: N stands for the radial quantum number, SD and SD̄ are the spin of the diquark and
antidiquark, respectively, coupled to the total spin of the meson S; the latter is coupled to the orbital angular momentum L to get the total
angular momentum of the tetraquark J. For more details on the tetraquark basis, see the Appendix.

State
(qq̄cc̄) JPC N½ðSD;SD̄ÞS;L�J

Eth

[MeV] Eexp [MeV]
State
(ss̄cc̄) JPC N½ðSD;SD̄ÞS;L�J

Eth

[MeV] Eexp [MeV]

0þþ 1½ð0;0Þ0;0�0 3577 0þþ 1½ð1;1Þ0;0�0 3672
0þþ 1½ð1;1Þ0;0�0 3641 0þþ 1½ð0;0Þ0;0�0 4126
0þþ 2½ð0;0Þ0;0�0 4111 Xð4500Þ 0þþ 2½ð1;1Þ0;0�0 4509 4506�11þ12

−15
0þþ 3½ð0;0Þ0;0�0 4480 Xð4700Þ 0þþ 2½ð0;0Þ0;0�0 4653 4704þ17

−26
0þþ 2½ð1;1Þ0;0�0 4482 0þþ 3½ð1;1Þ0;0�0 4926
0þþ 4½ð0;0Þ0;0�0 4784 0þþ 1½ð1;1Þ2;2�0 4843
0þþ 1½ð1;1Þ2;2�0 4818
0þþ 3½ð1;1Þ0;0�0 4899

Xð3872Þ 1þþ 1½ð1;0Þ1;0�1 3872 3871.69�0.17 Xð4140Þ 1þþ 1½ð1;0Þ1;0�1 4159 4146.8�2.5
1þþ 2½ð1;0Þ1;0�1 4402 1þþ 2½ð1;0Þ1;0�1 4685
1þþ 1½ð1;0Þ1;2�1 4517 1þþ 1½ð1;0Þ1;2�1 4799
1þþ 3½ð1;0Þ1;0�1 4766 1þþ 1½ð1;1Þ2;2�1 4838
1þþ 1½ð1;1Þ2;2�1 4812
1þþ 2½ð1;0Þ1;2�1 4843

Zcð3900Þ 1þ− 1½ð1;0Þ1;0�1 3872 3886.6�2.4 1þ− 1½ð1;1Þ1;0�1 4074
Zcð4020Þ 1þ− 1½ð1;1Þ1;0�1 4047 4024.1�1.9 1þ− 1½ð1;0Þ1;0�1 4159

1þ− 2½ð1;0Þ1;0�1 4402 1þ− 2½ð1;1Þ1;0�1 4650
Zcð4430Þ 1þ− 1½ð1;0Þ1;2�1 4517 4478þ15

−18 1þ− 2½ð1;0Þ1;0�1 4685
1þ− 2½ð1;1Þ1;0�1 4624 1þ− 1½ð1;0Þ1;2�1 4799
1þ− 3½ð1;0Þ1;0�1 4766 1þ− 1½ð1;1Þ1;2�1 4835
1þ− 1½ð1;1Þ1;2�1 4809
1þ− 2½ð1;0Þ1;2�1 4843
1þ− 3½ð1;1Þ1;0�1 4997

Yð4008Þ 1−− 1½ð0;0Þ0;1�1 3960 4008�40 1−− 1½ð0;0Þ0;1�1 4506
Yð4260Þ 1−− 1½ð1;0Þ1;1�1 4253 4230�8 1−− 1½ð1;0Þ1;1�1 4539
Yð4360Þ 1−− 2½ð0;0Þ0;1�1 4353 4341�8 1−− 1½ð1;1Þ0;1�1 4571

1−− 1½ð1;1Þ0;1�1 4545 1−− 2½ð0;0Þ0;1�1 4891
1−− 1½ð1;1Þ2;1�1 4570 1−− 1½ð1;1Þ2;1�1 4595

Yð4630Þ 1−− 2½ð1;0Þ1;1�1 4642 4634þ8
−7 1−− 2½ð1;0Þ1;1�1 4923

Yð4660Þ 1−− 3½ð0;0Þ0;1�1 4670 4643�9 1−− 2½ð1;1Þ0;1�1 4955
1−− 2½ð1;1Þ0;1�1 4929 1−− 2½ð1;1Þ2;1�1 4975
1−− 4½ð0;0Þ0;1�1 4946
1−− 2½ð1;1Þ2;1�1 4949
1−− 3½ð1;0Þ1;1�1 4954

Zcð4240Þ 0−− 1½ð1;0Þ1;1�0 4253 4239�18þ45
−10 0−− 1½ð1;0Þ1;1�0 4539

0−− 2½ð1;0Þ1;1�0 4642 0−− 2½ð1;0Þ1;1�0 4923
0−− 3½ð1;0Þ1;1�0 4954

0−þ 1½ð1;0Þ1;1�0 4253 0−þ 1½ð1;0Þ1;1�0 4539
0−þ 1½ð1;1Þ1;1�0 4567 0−þ 1½ð1;1Þ1;1�0 4593
0−þ 2½ð1;0Þ1;1�0 4642 0−þ 2½ð1;0Þ1;1�0 4923
0−þ 3½ð1;0Þ1;1�0 4954
0−þ 2½ð1;1Þ1;1�0 4947 0−þ 2½ð1;1Þ1;1�0 4973
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excitation. In Ref. [102], the authors discussed the
Yð4630Þ → ΛcΛ̄c decay mode in the 3P0 model formal-
ism, under the hypothesis that the Yð4630Þ is a 1−−

charmonium-like tetraquark. Because of its peculiar decay
mode, Yð4630Þ was also described as a baryonium state,
namely, as a ΛcΛ̄c bound state [103].

B. ss̄cc̄ tetraquark spectrum

There are charmonium-like mesons whose decay modes
and production mechanisms suggest the presence of ss̄
d.o.f. in the tetraquark wave function. A typical example is
the Xð4140Þ, observed in B → KYð4140Þ, with Yð4140Þ →
ϕJ=ψ , by CDF [104]. In addition to the Xð4140Þ, the CDF
Collaboration found evidence of the Xð4274Þwith approxi-
mate significance of 3.1σ [105]. The related peaks of J=ψϕ
mass structures around 4.3 GeV were also reported by
LHCb, CMS, D0, and BABAR Collaborations [106–109],
which may be the same state as the Xð4274Þ. Very recently,
the Xð4140Þ and Xð4274Þwere confirmed by LHCb, which
also found evidence of two more structures, the Xð4500Þ
and the Xð4700Þ [110].
We interpret the Xð4140Þ as the ss̄cc̄ counterpart of the

Xð3872Þ; Xð4500Þ and Xð4700Þ as 0þþ radial excitations
of S-wave axial-vector diquark-antidiquark and scalar
diquark-antidiquark bound states, respectively. We cannot
provide any assignment for the Xð4274Þ.
An investigation similar to ours was conducted in

Ref. [78]. There, the authors studied ss̄cc̄ tetraquarks
within the relativized quark model [64] and discussed
possible assignments for Xð4140Þ, Xð4274Þ, Xð4500Þ,
and Xð4700Þ. In the Xð4140Þ case, their interpretation
coincides with ours. They also obtained 0þþ radial exci-
tations of S-wave scalar diquark-antidiquark and axial-
vector diquark-antidiquark bound states characterized by
similar energies: one of them can be assigned to Xð4700Þ.
They could not accommodate the Xð4274Þ. Stancu calcu-
lated the ss̄cc̄ tetraquark spectrum within a simple quark
model with chromomagnetic interaction [111]. She inter-
preted the Xð4140Þ as the strange partner of the Xð3872Þ,
but she could not accommodate the other ss̄cc̄ states,
Xð4274Þ, Xð4500Þ, and Xð4700Þ.5 In Refs. [112], a
molecular model description for the Xð4140Þ as D�þ

s D�−
s

was proposed.
By using QCD sum rules, the Xð4140Þ and Xð4274Þ were

interpreted as S-wave cc̄ss̄ tetraquark states with opposite
color structures [113], and, analogously, the Xð4500Þ and
Xð4700Þ as the D-wave cc̄ss̄ tetraquark states with opposite
color structures [114]. Maiani et al. suggested to accom-
modate Xð4140Þ, Xð4274Þ, Xð4500Þ, and Xð4700Þ within
two tetraquark multiplets. In particular, they suggested that

the Xð4500Þ and Xð4700Þ are 2S csc̄ s̄ tetraquark states,
theXð4140Þ the 1þþ ground state, and that theXð4274Þmay
have 0þþ or 2þþ quantum numbers [115].

IV. SUMMARY

We calculated the spectrum of qq̄cc̄ (q ¼ u, d) and ss̄cc̄
tetraquarks in a relativized diquark model, characterized
by one-gluon-exchange (OGE) plus confining potential
[22]. According to our results, we were able to make some
clear assignments, as in the case of Xð3872Þ, Zcð3900Þ,
Zcð4020Þ, Yð4008Þ, Zcð4240Þ, Yð4260Þ, Yð4360Þ,
Yð4630Þ, and Yð4660Þ in the qq̄cc̄ sector. Our interpreta-
tion of the Zcð4430Þ is dubious, because the experimental
mass of the meson falls in the middle of the energy interval
between our 2½ð1; 0Þ1; 0�1 and 1½ð1; 0Þ1; 2�1 tetraquark
model predictions of Table III, with JPC ¼ 1þ−. In the
ss̄cc̄ sector, we could accommodate the Xð4140Þ, Xð4500Þ,
and Xð4700Þ. We could not provide any assignment for
the Xð4274Þ.
As a possible test of our model predictions, we suggest

the experimentalists look for D-wave axial-vector diquark-
antidiquark bound states with JPC ¼ 1þþ and 1þ− quantum
numbers (namely, the 1½ð1; 1Þ2; 2�1 and 1½ð1; 1Þ1; 2�1
configurations) around the 4.8 GeV energy region. They
could be interpreted as spin partners of the Xð3872Þ and
Zcð4430Þ; the C-even partner of the Zcð4430Þ is also worth
searching for. Moreover, if the Xð4500Þ and Xð4700Þ are
really the radial excitations of the S-wave axial-vector
diquark-antidiquark and scalar diquark-antidiquark bound
states, we expect their ground states to be found at energies
of the order of 3.67 and 4.13 GeV, respectively; see
Table III. This may represent a strong indication in favor
of the diquark picture of tetraquarks. Finally, similarly to
the Xð3872Þ and its odd partner case, there might be a
C-odd partner of the Xð4140Þ which would have enough
phase space to decay into the J=ψηð0Þ, ηcϕ, and DsD̄�

s final
states. This is worthwhile to be searched for both on the
experimental and theoretical sides.
Our relativized diquark-antidiquark model results are

strongly model dependent. The possible sources of theo-
retical uncertainties lie in the choice of the effective
Hamiltonian and model parameter fitting procedure, and
also in the approximations introduced in the tetraquark
wave function. The latter are strictly related to the possible
ways of combining the quark color representations to
obtain a color singlet wave function for the tetraquark.
A study of the main decay modes of XYZ-type exotics in
the diquark model will be important to provide a more
precise identification of tetraquark candidates.
The next step of our study of fully and doubly heavy

tetraquarks will be an analysis of the ground-state energies,
dominant decay modes, and production mechanisms,
including estimates of total decay widths and production
cross sections. More precise experimental data for the
exotic meson masses and properties and a detailed

5The Xð4500Þ and Xð4700Þ were observed at LHCb in 2016
[110], and the Xð4274Þwas first observed in 2011 by CDF with a
small significance of 3.1σ [105], while Stancu’s analysis dates
back to 2010.
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comparison between the calculated observables in the
main interpretations (tetraquark, molecular model, hadro-
quarkonium, and so on) may help to rule out one or more of
these pictures.
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APPENDIX: CLASSIFICATION OF
TETRAQUARK STATES

We report a classification of possible tetraquark states.
In the following, we use the notation

jJPCi ¼ j½ðSD; SD̄ÞS; L�Ji; ðA1Þ

where the diquark SD and antidiquark SD̄ spins are coupled
to the total spin S, and the total spin and orbital angular
momentum L are coupled to the total angular momentum J.

(i) JPC ¼ 0þþ

j0þþi ¼ j½ð0; 0Þ0; 0�0ið1S0Þ; ðA2aÞ

j0þþi ¼ j½ð1; 1Þ0; 0�0ið1S0Þ; ðA2bÞ

j0þþi ¼ j½ð1; 1Þ2; 2�0ið5D0Þ: ðA2cÞ

(ii) JPC ¼ 0−þ

j0−þi ¼ 1
ffiffiffi

2
p ½j½ð0; 1Þ1; 1�0i

þj½ð1; 0Þ1; 1�0i�ð3P0Þ; ðA3aÞ

j0−þi ¼ j½ð1; 1Þ1; 1�0ið3P0Þ: ðA3bÞ

(iii) JPC ¼ 0−−

j0−−i ¼ 1
ffiffiffi

2
p ½j½ð0; 1Þ1; 1�0i

−j½ð1; 0Þ1; 1�0i�ð3P0Þ: ðA4Þ

(iv) JPC ¼ 1þþ

j1þþi ¼ 1
ffiffiffi

2
p ½j½ð0; 1Þ1; 0�1i

þj½ð1; 0Þ1; 0�1i�ð3S1Þ; ðA5aÞ

j1þþi ¼ 1
ffiffiffi

2
p ½j½ð0; 1Þ1; 2�1i

þj½ð1; 0Þ1; 2�1i�ð3D1Þ; ðA5bÞ

j1þþi ¼ j½ð1; 1Þ2; 2�1ið5D1Þ: ðA5cÞ

(v) JPC ¼ 1þ−

j1þ−i ¼ j½ð1; 1Þ1; 0�1ið3S1Þ; ðA6aÞ

j1þ−i ¼ 1
ffiffiffi

2
p ½j½ð0; 1Þ1; 0�1i

−j½ð1; 0Þ1; 0�1i�ð3S1Þ; ðA6bÞ

j1þ−i ¼ 1
ffiffiffi

2
p ½j½ð0; 1Þ1; 2�1i

−j½ð1; 0Þ1; 2�1i�ð3D1Þ; ðA6cÞ

j1þ−i ¼ j½ð1; 1Þ1; 2�1ið3D1Þ: ðA6dÞ

(vi) JPC ¼ 1−−

j1−−i ¼ j½ð0; 0Þ0; 1�1ið1P1Þ; ðA7aÞ

j1−−i ¼ j½ð1; 1Þ0; 1�1ið1P1Þ; ðA7bÞ

j1−−i ¼ 1
ffiffiffi

2
p ½j½ð0; 1Þ1; 1�1i

−j½ð1; 0Þ1; 1�1i�ð3P1Þ; ðA7cÞ

j1−−i ¼ j½ð1; 1Þ2; 1�1ið5P1Þ: ðA7dÞ
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E. Santopinto, Phys. Rev. D 94, 074040 (2016).

[71] R. L. Jaffe, Phys. Rep. 409, 1 (2005).
[72] L. Maiani, F. Piccinini, A. D. Polosa, and V. Riquer, Phys.

Rev. D 89, 114010 (2014).
[73] D. B. Lichtenberg, R. Roncaglia, and E. Predazzi, arXiv:

hep-ph/9611428.
[74] R. F. Lebed and A. D. Polosa, Phys. Rev. D 93, 094024

(2016).
[75] W. Celmaster, H. Georgi, and M. Machacek, Phys. Rev. D

17, 879 (1978).
[76] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals,

Series, and Products (Academic Press, New York, 1943).
[77] C. Patrignani et al. (Particle Data Group), Chin. Phys. C

40, 100001 (2016).
[78] Q. F. Lü and Y. B. Dong, Phys. Rev. D 94, 074007

(2016).
[79] D. Ebert, R. N. Faustov, and V. O. Galkin, Phys. Rev. D 67,

014027 (2003).
[80] Q. T. Song, D. Y. Chen, X. Liu, and T. Matsuki, Phys. Rev.

D 91, 054031 (2015).
[81] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 71,

071103 (2005).
[82] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett. 93,

072001 (2004).
[83] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett.

93, 162002 (2004).
[84] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 112,

222002 (2014).
[85] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 92,

112009 (2015).
[86] S. K. Choi et al. (Belle Collaboration), Phys. Rev. Lett.

100, 142001 (2008).
[87] S. S. Agaev, K. Azizi, and H. Sundu, Phys. Rev. D 96,

034026 (2017); R. Zhu, Phys. Rev. D 94, 054009 (2016).

[88] C. Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett. 99,
182004 (2007).

[89] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 86,
051102 (2012).

[90] Q. He et al. (CLEO Collaboration), Phys. Rev. D 74,
091104 (2006).

[91] L. Maiani, V. Riquer, F. Piccinini, and A. D. Polosa, Phys.
Rev. D 72, 031502 (2005).

[92] S. L. Zhu, Phys. Lett. B 625, 212 (2005).
[93] F. E. Close and P. R. Page, Phys. Lett. B 628, 215 (2005).
[94] E. Kou and O. Pene, Phys. Lett. B 631, 164 (2005).
[95] Q. Wang, C. Hanhart, and Q. Zhao, Phys. Rev. Lett. 111,

132003 (2013).
[96] Y. Lu, M. N. Anwar, and B. S. Zou, Phys. Rev. D 96,

114022 (2017).
[97] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.

98, 212001 (2007).
[98] X. L. Wang et al. (Belle Collaboration), Phys. Rev. Lett.

99, 142002 (2007).
[99] C. F. Qiao, J. Phys. G 35, 075008 (2008).

[100] F. K. Guo, C. Hanhart, and U. G. Meissner, Phys. Lett. B
665, 26 (2008).

[101] G. Pakhlova et al. (Belle Collaboration), Phys. Rev. Lett.
101, 172001 (2008).

[102] X. Liu, H. W. Ke, X. Liu, and X. Q. Li, Eur. Phys. J. C 76,
549 (2016).

[103] N. Lee, Z. G. Luo, X. L. Chen, and S. L. Zhu, Phys. Rev. D
84, 014031 (2011).

[104] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
102, 242002 (2009).

[105] T. Aaltonen et al. (CDF Collaboration), Mod. Phys. Lett. A
32, 1750139 (2017).

[106] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 85,
091103 (2012).

[107] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
734, 261 (2014).

[108] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. D 89,
012004 (2014).

[109] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 91,
012003 (2015).

[110] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 118,
022003 (2017); Phys. Rev. D 95, 012002 (2017).

[111] F. Stancu, J. Phys. G 37, 075017 (2010).
[112] X. Liu and S. L. Zhu, Phys. Rev. D 80, 017502 (2009); 85,

019902(E) (2012); X. Liu, Z. G. Luo, Y. R. Liu, and S. L.
Zhu, Eur. Phys. J. C 61, 411 (2009).

[113] S. S. Agaev, K. Azizi, and H. Sundu, Phys. Rev. D 95,
114003 (2017).

[114] H. X. Chen, E. L. Cui, W. Chen, X. Liu, and S. L. Zhu, Eur.
Phys. J. C 77, 160 (2017).

[115] L. Maiani, A. D. Polosa, and V. Riquer, Phys. Rev. D 94,
054026 (2016).

ANWAR, FERRETTI, and SANTOPINTO PHYS. REV. D 98, 094015 (2018)

094015-10

https://doi.org/10.1103/PhysRevLett.119.202002
https://doi.org/10.1103/PhysRevLett.119.202002
https://doi.org/10.1016/j.physletb.2018.01.034
https://doi.org/10.1016/j.physletb.2018.01.034
https://doi.org/10.1140/epjc/s10052-017-5297-4
https://doi.org/10.1140/epjc/s10052-017-5297-4
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.34.2809
https://doi.org/10.1103/PhysRevD.47.1994
https://doi.org/10.1006/aphy.1994.1108
https://doi.org/10.1006/aphy.1994.1108
https://doi.org/10.1016/0370-2693(95)01091-2
https://doi.org/10.1103/PhysRevC.83.065204
https://doi.org/10.1103/PhysRevC.83.065204
https://doi.org/10.1103/PhysRevC.92.025202
https://doi.org/10.1103/PhysRevC.92.025202
https://doi.org/10.1140/epja/i2016-16121-3
https://doi.org/10.1103/PhysRevD.94.074040
https://doi.org/10.1016/j.physrep.2004.11.005
https://doi.org/10.1103/PhysRevD.89.114010
https://doi.org/10.1103/PhysRevD.89.114010
http://arXiv.org/abs/hep-ph/9611428
http://arXiv.org/abs/hep-ph/9611428
https://doi.org/10.1103/PhysRevD.93.094024
https://doi.org/10.1103/PhysRevD.93.094024
https://doi.org/10.1103/PhysRevD.17.879
https://doi.org/10.1103/PhysRevD.17.879
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.67.014027
https://doi.org/10.1103/PhysRevD.67.014027
https://doi.org/10.1103/PhysRevD.91.054031
https://doi.org/10.1103/PhysRevD.91.054031
https://doi.org/10.1103/PhysRevD.71.071103
https://doi.org/10.1103/PhysRevD.71.071103
https://doi.org/10.1103/PhysRevLett.93.072001
https://doi.org/10.1103/PhysRevLett.93.072001
https://doi.org/10.1103/PhysRevLett.93.162002
https://doi.org/10.1103/PhysRevLett.93.162002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevD.92.112009
https://doi.org/10.1103/PhysRevD.92.112009
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevD.96.034026
https://doi.org/10.1103/PhysRevD.96.034026
https://doi.org/10.1103/PhysRevD.94.054009
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevD.86.051102
https://doi.org/10.1103/PhysRevD.86.051102
https://doi.org/10.1103/PhysRevD.74.091104
https://doi.org/10.1103/PhysRevD.74.091104
https://doi.org/10.1103/PhysRevD.72.031502
https://doi.org/10.1103/PhysRevD.72.031502
https://doi.org/10.1016/j.physletb.2005.08.068
https://doi.org/10.1016/j.physletb.2005.09.016
https://doi.org/10.1016/j.physletb.2005.09.013
https://doi.org/10.1103/PhysRevLett.111.132003
https://doi.org/10.1103/PhysRevLett.111.132003
https://doi.org/10.1103/PhysRevD.96.114022
https://doi.org/10.1103/PhysRevD.96.114022
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1088/0954-3899/35/7/075008
https://doi.org/10.1016/j.physletb.2008.05.057
https://doi.org/10.1016/j.physletb.2008.05.057
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.84.014031
https://doi.org/10.1103/PhysRevD.84.014031
https://doi.org/10.1103/PhysRevLett.102.242002
https://doi.org/10.1103/PhysRevLett.102.242002
https://doi.org/10.1142/S0217732317501395
https://doi.org/10.1142/S0217732317501395
https://doi.org/10.1103/PhysRevD.85.091103
https://doi.org/10.1103/PhysRevD.85.091103
https://doi.org/10.1016/j.physletb.2014.05.055
https://doi.org/10.1016/j.physletb.2014.05.055
https://doi.org/10.1103/PhysRevD.89.012004
https://doi.org/10.1103/PhysRevD.89.012004
https://doi.org/10.1103/PhysRevD.91.012003
https://doi.org/10.1103/PhysRevD.91.012003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1088/0954-3899/37/7/075017
https://doi.org/10.1103/PhysRevD.80.017502
https://doi.org/10.1103/PhysRevD.85.019902
https://doi.org/10.1103/PhysRevD.85.019902
https://doi.org/10.1140/epjc/s10052-009-1020-4
https://doi.org/10.1103/PhysRevD.95.114003
https://doi.org/10.1103/PhysRevD.95.114003
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1103/PhysRevD.94.054026
https://doi.org/10.1103/PhysRevD.94.054026

