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Where do we find evidence ?
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Fig. 4 The spectrum of charmonium and charmoniumlike mesons

invariant mass distribution in e+e− → J/ψDD̄∗ annihi-
lations [32], as can be seen in the lower panel of Fig. 5(b)
and the upper panel in Fig. 5(c). Here the fits shown in
the plots return a mass and width of M = 3942±9 MeV
and Γ = 37+27

−17 MeV. The e+e− → J/ψD∗D̄∗ study un-
covered another, higher mass state decaying to D∗D̄∗

as can be seen in the lower panel of Fig. 5(c). The fitted
mass and width of this state, which is called the X(4160),
is M = 4156± 27 MeV and Γ = 139+113

−65 MeV [32].
Neither the X(3940) nor the X(4160) show up in the

DD̄ invariant mass distribution for exclusive e+e− →
J/ψDD̄ at the same energies. Instead, the M(DD̄) spec-
trum exhibits a broad excess of events over an equally
broad background as shown in the upper panel of Fig.
5(b). A fit to a resonant shape, shown as a curve in the
figure, returns a signal of marginal significance (3.8σ)
with a peak mass of M = 3780 ± 48 MeV and a width
Γ = 347+316

−143 MeV. Since the fitted values are unstable

under variations of the background shape parameteriza-
tion and the bin size, Belle makes no claims about this
distribution other than that it is inconsistent with phase
space or pure background. On the other hand, Chao [33]
suggests that this may be the χ′

c0, which is discussed
below in conjunction with the X(3915).

The absence of signals for any of the known spin non-
zero charmonium states in the inclusive spectrum of Fig.
5(a) provides circumstantial evidence for J = 0 assign-
ments for the X(3940) and X(4160). The X(3940) →
D∗D̄ decay mode then ensures that its JPC values are
0−+. The absence of any signal for X(4160) → DD̄ de-
cay supports a 0−+ assignment for this state as well. In
both cases, the measured masses are far below expec-
tations for the only available 0−+ charmonium levels:
the ηc(3S) and ηc(4S). Since there are no strong rea-
sons to doubt the generally accepted identifications of
the ψ(4040) peak seen in the inclusive cross section for

101401-6 Stephen Lars Olsen, Front. Phys. 10, 101401 (2015)
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resonant behaviour. The case is not so clear for the wider state and further studies
will be required with larger data samples.

Despite the highly significant signals, the quantum numbers of the pentaquarks
could not be unambiguously determined from the amplitude analysis, with four
possibilities giving acceptable fits to the data: solutions where the (lighter, heavier)
states have spin of (3/2, 5/2) or (5/2, 3/2) with parity (− +, ) or (+ −, ). Since
knowledge of the quantum numbers is crucial to aid interpretation of the results,
this needs to be addressed with further studies. One possibility is that the inclusion of
more LHCb data and improved understanding of the Λ* baryon contributions will
allow JP measurements of both pentaquarks. Another is that new production and
decay mechanisms will provide insight. LHCb has started on this path by studying
the Λ ψ π→ −J p/b

0 decay mode. Since this mode has a smaller branching fraction than
the discovery Λ ψ→ −J pK/b

0 channel, the sample available for analysis is reduced by
more than a factor of twenty. Nonetheless, it was possible to build a six-dimensional
amplitude model to test the hypothesis that the data are consistent with only having
contributions from excited nucleon resonances, π→* −N p , or if exotic contributions
(either ψ→+P J p/c pentaquarks or ψπ→− −Z J / tetraquarks) are needed to describe
the data. The conclusion from the LHCb study is that some combination of exotic
hadrons appears to be needed, but at a level of significance that is not yet
compelling. More data are required to confirm which, if any, exotic states are
contributing to the decay.

As mentioned for other exotic hadrons, it is always important to have con-
firmation of discoveries by independent experiments. Unfortunately, there are
limited opportunities for experiments other than LHCb to contribute to the study
of pentaquark states. Experiments based on the e+e− → Υ(4S) → BB production
process have a centre-of-mass energy too low to produce Λb

0 baryons. The high

Figure 9. (Left) invariant mass spectrum of J/ψp combinations in Λ ψ→ −J pK/b
0 decays. The hatched pink and

blue histograms show the contributions from the Pc(4380)
+ and Pc(4450)

+ pentaquark states, respectively.
(Right) the Argand diagram of the Pc(4450)

+ state. The black points represent the data, which agree well with
the total result of the fit shown in red. Remaining coloured points show contributions from different Λ*
resonances.
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To search for peaking structures in the Ξ0
bK

− mass
spectrum, a requirement that jMðΞþ

c π−Þ−mΞ0
b
j<40MeV

is imposed, which reduces the number of Ξ0
b signal decays

to about 18 000. Each Ξ0
b candidate is combined with a K−

candidate that is consistent with originating from a PV in
the event. The Ξ0

b and K− trajectories are fitted to a
common vertex, and that vertex is kinematically con-
strained to coincide with the PV associated with the Ξ0

b
candidate [69]. The additional PV constraint improves
the resolution on the mass difference δM ≡MðΞ0

bK
−Þ −

MðΞ0
bÞ by about a factor of 2.

Random combinations of Ξ0
b baryons with a K− candi-

date are the largest source of background in the Ξ0
bK

− mass
spectrum. To improve the expected signal-to-background
ratio, a figure of merit, ϵ=ð

ffiffiffiffi
B

p
þ 5=2Þ [70], is used to

optimize the requirements on the PID information of the
K− candidates. Here, ϵ is the efficiency as determined from
simulation, and B is the number of wrong-sign Ξ0

bK
þ

combinations in the region 520 < δM < 570 MeV passing

the PID requirement, scaled to a 10 MeV mass window.
The 10MeVwidth is chosen based on the search for narrow
peaks, since the low signal yields expected would make
wide peaks difficult to separate from the combinatorial
background. The optimal requirement on the K− PID
provides an efficiency of about 85% and suppresses the
background by a factor of about 2.5.
The decay of a resonance to Ξ0

bK
− will produce peaks in

the δM spectrum. The experimental δM resolution is
obtained from simulated samples generated at several
masses, mres. The resolution function is described by the
sum of two Gaussian functions with a common mean. In
addition, the width of the narrower Gaussian component,
σcore, is fixed to be 45% of that of the wider component, and
its contribution is required to constitute 80% of the total
shape. A smooth, monotonically increasing function,
denoted as σðmresÞ, is then used to parameterize σcore as
a function of mres. In the δM interval of interest, σðmresÞ is
in the range of 0.7–0.8 MeV.
The δM distributions for right-sign (RS) and wrong-sign

(WS) candidates are shown in Fig. 2, along with fits to the
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FIG. 2. Distribution of the mass difference for (top) right-sign Ξ0
bK

− candidates, and (bottom) wrong-sign Ξ0
bK

þ candidates, as
described in the text.
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2

will provide interesting tests of our understanding of the
physics of charmonium.

We note in passing that there are more fundamental
studies of charmonium using lattice QCD, which thus far
have found results for the spectrum of states that are
quite similar to the predictions of potential models. This
work was reviewed at this meeting by Morningstar [19].

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

M [GeV]

S P

ψ(3770)

D

ψ(4159)1-

hc(3526)

ψ’(3686)

ψ(3097)

ηc(2980)

χ2(3556)

χ0(3415)

χ
1
(3511)

η’c(3638)

1-

J/

1-

0+

0-

0-

2+

1+

1-

1-
1-

ψ(4040)

ψ(4415)

DD

F

αs  = 0.5536
b   = 0.1488 [GeV2]
mc = 1.4672 [GeV]
σ   = 1.1480 [GeV]

X(3940),Y(3943)
Z(3929)

Y(4260)

4350

2+

FIG. 1: The current experimental status of charmonium (and
possible charmonium hybrid) spectroscopy, compared to the
predictions of a nonrelativistic potential model. Experimental
levels are solid lines, and theoretical levels are dashed. The
open-charm threshold at 3.73 GeV is also shown.

A. The XYZ States Near 3.9 GeV

Three of the states discovered in recent experimental
studies, the X(3943), Y(3940) and Z(3930), have masses
roughly consistent with expectations for 2P states (radial
excitations of the {χJ}) and perhaps the 3S η′′c ; see Fig. 1.
These obvious cc̄ assignments should be explored in detail
before more exotic interpretations such as molecules or
anomalously light cc̄ hybrids are seriously entertained.

TABLE I: Allowed open-charm decay modes and partial
widths (3P0 model) of C = (+) 2P cc̄ states.

State Quantum Numbers Mode Width
(MeV)

χ′

2(3929) 23P2 (2++) DD∗ 11.3
DD 34.3

χ′

1(3940) 23P1 (1++) DD∗ 140.
χ′

0(3940) 23P0 (0++) DD see text

Since the only open-charm strong decay modes avail-
able these states are DD and DD∗, a simple comparison
of the states observed in these two decay modes can pro-
vide valuable information. The predicted partial widths
of 2P states into these modes in the 3P0 decay model of
Ref.[17], generalized to the masses indicated, are given
in Table I. Note that the width of the χ′

0 is problematic,
as there is a node in the 3P0 model DD decay amplitude
near the physical point.

1. Z(3930)

Of the three new XYZ states, the Z(3930) and its
proposed assignment should be the easiest to test in
future experiments. This state was reported by the
Belle Collaboration [20] in γγ collisions, in the processes
γγ → Z(3930) → D+D− and D0D̄0. Belle suggested that
this might be the radially excited J=2 χ′

2, since there is
a preference for J=2 in the DD angular distribution.

The reported strength of the combined γγ and DD
couplings is indeed roughly consistent with this χ′

2 as-
signment. The published [20] Belle results are

M = 3929 ± 5 ± 2 MeV, (1)

Γ = 29 ± 10 ± 2 MeV (2)

and

Γγγ · BDD

∣

∣

∣

expt.
= 0.18 ± 0.05 ± 0.03 keV. (3)

In comparison, the quark model predicts a two-photon
width for a χ′

2 of about Γγγ = 0.64 keV [21] (Münz [22]
quotes theoretical results for this number from several
models, which give Γγγ = 0.317− 0.684 keV), and a DD
branching fraction of about 75%. (This DD branching
fraction is from the 3P0 decay model of Ref.[17], gener-
alized to a χ′

2 mass of 3.929 GeV.) Combining the Γγγ
range quoted by Münz and the predicted DD branching
fraction gives the theoretical result

Γγγ · BDD

∣

∣

∣

theor.
= 0.24 − 0.51 keV. (4)

Given the uncertainties in these calculations, this may
be regarded as rough agreement between theory and ex-
periment for a χ′

2. The definitive test of this assignment
would be the observation of a DD∗ mode; the expected
relative branching fraction is DD∗/DD = 0.35, and the
only plausible competing assignment, 0++ 23P0, does not
lead to a DD∗ final state. (The 1++ 23P1 of course can-
not be made in γγ collisions.)
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③ → Isospin uiolation ?
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The BaBar Collaboration [32] also observed the decay ywlX J at a rate compatible with
equation (49):
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The decay mode J/ψπ+π− occurs via ρ J/ψ, with isospin I=1, and J/ψπ+π−π0 via ω J/ψ,
with isospin I=0, indicating a strong isospin and G parity violation. The isospin violating
modes are strongly suppressed for ¯cc states, while should be a common feature for molecular
states [182]. Besides, this result was predicted by Swanson in [183], considering the X(3872)
as a ¯D D0 0* molecule with a small admixture of ρ J/ψ and ω J/ψ components.

The radiative decays are other important processes that lead to distinguishable results
between the charmonium and molecular states, as pointed out by Swanson in [182]. The Belle
Collaboration reported the first observation of the radiative decay channel [31], X→γ J/ψ,
with a branching ratio of
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This result is incompatible with the preferred ¯cc candidate χc1, but it is in agreement with the
molecular description for X(3872) [182, 184]. Although the topic is still not settled, this result
has contributed to the general consensus about the unconventional nature of X(3872).

Another possibility for the nature of X(3872) as a four-quark state is a tetraquark
structure, as proposed by Maiani et al [185]. In this model, the state is formed by the binding
of a diquark and an antidiquark pair, with a symmetric spin distribution. The mixing of pure
isospin states provides the possibility of isospin violating modes.

An additional radiative decay mode, X→γψ(2S), was reported by Babar [37], with a
large branching ratio in comparison to the γ J/ψ mode:
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The Babar result was confirmed by the LHCb Collaboration [38], where the branching ratio
measured was Rψγ=2.46±0.64±0.29. This ratio varies widely in different theoretical
models, and can be used as a distinguishable feature between different models. For example,
in [182], the molecular model gives rise to a suppression of the γ ψ(2S) channel, providing:
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X
2 3. In fact, neither pure charmonium or pure molecule can

accommodate this experimental result (see [38] and references therein), and the predicted
ratio in equation (52) favors a different scenario, in which X(3872) is an admixture of
charmonium and four-quark states. The necessity for such type of admixture was anticipated
in several studies, see for example [178, 186–188].

Besides the four-quark and mixed models, there are other theoretical descriptions, like, a
cusp [189], a hybrid structure [190, 191], and a glueball [192], that were also presented as
alternative interpretations for the nature of X(3872). The debate regarding the puzzling nature
of the X(3872) is still not settled, although the molecule/tetraquark and admixtures of
charmonium and molecule scenarios are the most promising ones, being widely studied and
tested so far in several theoretical frameworks, including the QCDSR, which is the focus of
this review.

J. Phys. G: Nucl. Part. Phys. 46 (2019) 093002 Topical Review
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It violates isospin!

22nd International Symposium on Lepton-Photon Interactions at High Energy (LP 2005)}

Phys. Rev. D 82, 011101 (2010)

Striking feature! 

χc1(3872) aka X(3872)
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How do we study them ?
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S. Bethke / Progress in Particle and Nuclear Physics 58 (2007) 351–386 379

Fig. 17. Summary of measurements of ↵s(Q) as a function of the respective energy scale Q, from Table 1. Open symbols
indicate (resummed) NLO, and filled symbols NNLO QCD calculations used in the respective analysis. The curves are
the QCD predictions for the combined world average value of ↵s(MZ0 ), in 4-loop approximation and using 3-loop
threshold matching at the heavy quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV.

quark threshold matching, for ↵s(MZ0) = 0.1189 (full line), and, for demonstration only, the
4-loop QCD curve omitting quark threshold matching.

The data very significantly prove the particular QCD prediction of asymptotic freedom. Apart
from precisely reproducing the characteristic QCD-shape with an inverse logarithmic slope, the
data point at the very lowest energies, i.e. the right-most point in Fig. 18, indicates that from
the available precision it can be concluded that quark threshold matching is necessary for QCD
consistently to describe the data.

In fact, data precision is now so advanced that a rather simple QCD fit, e.g. in leading-order
QCD with no threshold matching, with a fit probability of less than 1%, fails to describe data.8
Evidently, the probabilities for a hypothetical constant and energy independent ↵s,9 or an Abelian
vector gluon theory that predicts an increase of the coupling with increasing energy scale,
cf. Fig. 8, have negligible probabilities to describe data. The same is true for other functional
forms, such as ↵s / 1/Q or ↵s / 1/Q

2 — these functions may be adjusted so that they can
describe a few data points either at low or at high values of Q, but altogether fail to describe data
in the full range of energy scales from 1.78 to 200 GeV.

Therefore, it is concluded that the data, with the current precision which has substantially
increased over the past few years, prove the specific QCD functional form of the running coupling
↵s, and therefore of asymptotic freedom.

8 Such a “simple” fit was previously used [32] to “fit” the �0 coefficient of the QCD beta-function, cf. Eq. (3), or –
alternatively – the number of colour degrees of freedom, CA = Nc = 3.

9 In fact, there exists no theory that predicts a constant coupling.
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tlowdowestudythem ?ÃHish④

J. Schwichtenberg, ISBN10 - 3948763011

Lattice recipe
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• The quark and antiquark fields ? (x), ? (x) leave in the lattice sites x.

https://www.physi.uni-heidelberg.de/~fschney/2008SS-Preseminar/Lattice.pdf

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/

Seminar - Beijing, China. December, 2021        Institute of Theoretical Physics - ITP CAS                Jorgivan M. Dias



Chiral Unitary Approach
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Singly and doubly heavy baryon states 

as meson-baryon interactions
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Molecular Ωc states generated from coupled meson-baryon channels
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3Department of Physics, Guangxi Normal University, Guilin 541004, China
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We have investigated Ωc states that are dynamically generated from the meson-baryon interaction. We
use an extension of the local hidden gauge to obtain the interaction from the exchange of vector mesons.
We show that the dominant terms come from the exchange of light vectors, where the heavy quarks are
spectators. This has as a consequence that heavy quark symmetry is preserved for the dominant terms in
the (1=mQ) counting, and also that the interaction in this case can be obtained from the SU(3) chiral
Lagrangians. We show that for a standard value for the cutoff regulating the loop, we obtain two states with
JP ¼ 1=2− and two more with JP ¼ 3=2−, three of them in remarkable agreement with three experimental
states in mass and width. We also make predictions at higher energies for states of vector-baryon nature.

DOI: 10.1103/PhysRevD.97.094035

I. INTRODUCTION

In Ref. [1] the LHCb collaboration reported five new
narrow Ω0

c states studying the Ξþ
c K− mass spectrum

produced in high energy pp collisions: Ωcð3000Þ,
Ωcð3050Þ, Ωcð3066Þ, Ωcð3090Þ, and Ωcð3119Þ.
Predictions for such states and related ones had been done
within quark model in Refs. [2–14]. Molecular states had
also been used to make predictions in Refs. [15,16] studying
the interaction of coupled channels, one of them being the
Ξþ
c K− where the recent LHCb states were found. A more

updated study along these lines was done in Ref. [17], where
predictions for charmed and strange baryons are done using
an interaction based on SU(6) flavor-spin symmetry in the
light quark sector and SU(2) spin symmetry in the heavy
quark sector, extending the SU(3) Weinberg-Tomozawa
interaction. All these works take the coupled channels of
meson baryon that couple to the desired baryon quantum
numbers and use a unitary scheme to obtain the scattering
matrix between the channels, looking for poles of this
matrix. The differences come from the input interaction
and the way that loops are regularized.

The experimental findings of Ref. [1] have brought a
new wave of theoretical activity with many suggestions to
explain the new states. Different versions of quark models
have been proposed in Refs. [18–21]. Pentaquark options
have been suggested in Refs. [22–27]. QCD sum rules were
used to describe these states in Refs. [28–35]. Lattice QCD
has also shed some light onto the problem [36]. Some
works have emphasized the value of decay properties to
obtain information on the nature of these states [37–39] and
a discussion on the possible quantum numbers was done
in Ref. [40].
In the molecular picture, an update of the work of

Ref. [16] was done in Ref. [41] using some information
from the experimental spectrum to regularize the loops and
then giving a description of the mass and width of two
states of Ref. [1] as JP ¼ 1=2− meson-baryon molecular
states.
In the present work we follow Refs. [17,41] for the

coupled channels and the unitarization procedure. We differ
in the input for the interaction, which in our case is based
on the local hidden gauge approach, exchanging vector
mesons [42–46].
We must clarify this concept. The local hidden gauge

approach [42–45] works with pseudoscalar and vector
mesons in the light sector and chiral symmetry is one of
its assets, showing up in the limit of small mass of the
pseudoscalar mesons (Goldstone bosons). In Refs. [42–47],
and particularly in Refs. [45,47], one can see that the terms
of the chiral Lagrangians can be obtained from the
exchange of vector mesons in the local hidden gauge.
Reference [47] also shows that the consideration of vector
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mesons is necessary to implement vector meson domi-
nance. Both in Refs. [47] and [45] it is also shown that the
formalisms using antisymmetric tensors for the vector
mesons, and the use of ordinary vector fields in the local
hidden gauge are equivalent. If one specifies to the meson-
baryon Lagrangians [48], it is easy to show that the
exchange of vector mesons gives rise exactly to the lowest
order chiral Lagrangian in the limit of small momentum
transfer compared to the vector meson mass. All this occurs
within SU(3), involving u, d, s quarks. The local hidden
gauge in the unitary gauge in SU(3) can be found in
Ref. [47] and with more detail in Ref. [46]. The extrapo-
lation to SU(4) to incorporate c quarks, or even higher with
b quarks, is not straightforward, as one cannot invoke the
Goldstone boson character for D or B mesons. Yet, what
one does is the following: think of the DN interaction for
instance. In the D0p → D0p transition we have cū in the
D0 and uud quarks in the p; then we can only exchange ρ0,
ω vector mesons and the c quark of theD0 is a spectator. In
this case the situation is the same as in K̄0p → K̄0p. The s
quark of the K̄0 (sd̄) is also a spectator and only ρ, ω vector
mesons are exchanged. In as much as the c quark inD0p →
D0p is a spectator, the dynamics is the same as in the
K̄0p → K̄0p transition, and for this we can use the local
hidden gauge approach. We find thus a way to obtain the
D0p → D0p interaction using the dynamics of the light
quark sector, since only these quarks are also involved in
this case. Hence, in the diagonal channels the interaction is
well controlled.
However, assume the coupled channel πΣc; then in the

transition D0p → π0Σþ
c , if we extrapolate the local hidden

gauge approach to SU(4), we would be exchanging a D"

and the c quarks are now involved. This is an extrapolation
of the local hidden gauge approach, which is model
dependent. Fortunately, the exchange of D" is penalized
with respect to the exchange of light vector mesons by a
factor of ð mρ

mD" Þ
2, which is a small factor and then one is

only introducing uncertainties in some nondiagonal terms,
which are very small. Formally one can use the SU(4)
extrapolation of the local hidden gauge approach and for
the diagonal terms the framework automatically filters the
exchange of light vectors, providing the results that one
obtains from the mapping explained before. This is what is
done in Ref. [41].
In the present work the diagonal terms that we evaluate

coincide with those of Ref. [41] where the model of
Ref. [15] is used implementing also the exchange of vector
mesons and SU(4) symmetry for mesons and baryons. We,
instead, use explicit wave functions for the baryon states
imposing flavor-spin symmetry on the light quark sector
and singling out the heavy quarks. Hence, in the baryon
sector we are not using SU(4) symmetry. For the diagonal
terms we also show that one is exchanging light vectors and
the heavy quarks are spectators. In this case we obtain the

same matrix elements as in Ref. [41], but there are
differences in the nondiagonal ones. Since in the dominant
terms we are exchanging only light vectors and the heavy
quarks are spectators, the interaction automatically respects
heavy quark symmetry [49–51]. The nondiagonal terms
that exchange heavy vectors do not fulfill heavy quark
symmetry, but neither should they since these are terms of
order Oðm−2

Q Þ in the heavy quark mass counting. In
addition to the work of Ref. [41] we also include
pseudoscalar-baryonð3=2þÞ components and we obtain
two more states. We can identify two states of JP ¼
1=2− and one of JP ¼ 3=2− with the states found in
Ref. [1]. We also look for vector-baryon states and find
three states at higher energies.

II. FORMALISM

Following Ref. [17] we distinguish the cases with
JP ¼ 1=2− and JP ¼ 3=2− and write the coupled channels.
In Ref. [17] 12 coupled channels are used ranging from
thresholds 2965 to 3655 MeV. The experimental states of
Ref. [1] range from 3000 to about 3120 MeV. Hence we
restrict our space of meson-baryon states up to the Ωcω
with mass 3478 MeV. Yet, the diagonal matrix element in
this channel is zero and we can also eliminate it. The energy
ranged by the channels chosen widely covers the range of
energies of Ref. [1] and it is a sufficiently general basis of
states. We show in Tables I and II these states together with
their threshold masses.
The meson-baryon interaction in the SU(3) sector is

given by the chiral Lagrangian [48,52]

LB ¼ 1

4f2π
hB̄iγμ½ðΦ∂μΦ− ∂μΦΦÞB−BðΦ∂μΦ− ∂μΦΦÞ'i;

ð1Þ

whereΦ, B are the SU(3) matrices for pseudoscalar mesons
and baryons,

Φ ¼

0

BB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1

CCA; ð2Þ

TABLE I. J ¼ 1=2 states chosen and threshold mass in MeV.

States ΞcK̄ Ξ0
cK̄ ΞD Ωcη ΞD" ΞcK̄" Ξ0

cK̄"

Threshold 2965 3074 3185 3243 3327 3363 3472

TABLE II. J ¼ 3=2 states chosen and threshold mass in MeV.

States Ξ"
cK̄ Ω"

cη ΞD" ΞcK̄" Ξ"D Ξ0
cK̄"

Threshold 3142 3314 3327 3363 3401 3472
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mesons is necessary to implement vector meson domi-
nance. Both in Refs. [47] and [45] it is also shown that the
formalisms using antisymmetric tensors for the vector
mesons, and the use of ordinary vector fields in the local
hidden gauge are equivalent. If one specifies to the meson-
baryon Lagrangians [48], it is easy to show that the
exchange of vector mesons gives rise exactly to the lowest
order chiral Lagrangian in the limit of small momentum
transfer compared to the vector meson mass. All this occurs
within SU(3), involving u, d, s quarks. The local hidden
gauge in the unitary gauge in SU(3) can be found in
Ref. [47] and with more detail in Ref. [46]. The extrapo-
lation to SU(4) to incorporate c quarks, or even higher with
b quarks, is not straightforward, as one cannot invoke the
Goldstone boson character for D or B mesons. Yet, what
one does is the following: think of the DN interaction for
instance. In the D0p → D0p transition we have cū in the
D0 and uud quarks in the p; then we can only exchange ρ0,
ω vector mesons and the c quark of theD0 is a spectator. In
this case the situation is the same as in K̄0p → K̄0p. The s
quark of the K̄0 (sd̄) is also a spectator and only ρ, ω vector
mesons are exchanged. In as much as the c quark inD0p →
D0p is a spectator, the dynamics is the same as in the
K̄0p → K̄0p transition, and for this we can use the local
hidden gauge approach. We find thus a way to obtain the
D0p → D0p interaction using the dynamics of the light
quark sector, since only these quarks are also involved in
this case. Hence, in the diagonal channels the interaction is
well controlled.
However, assume the coupled channel πΣc; then in the

transition D0p → π0Σþ
c , if we extrapolate the local hidden

gauge approach to SU(4), we would be exchanging a D"

and the c quarks are now involved. This is an extrapolation
of the local hidden gauge approach, which is model
dependent. Fortunately, the exchange of D" is penalized
with respect to the exchange of light vector mesons by a
factor of ð mρ

mD" Þ
2, which is a small factor and then one is

only introducing uncertainties in some nondiagonal terms,
which are very small. Formally one can use the SU(4)
extrapolation of the local hidden gauge approach and for
the diagonal terms the framework automatically filters the
exchange of light vectors, providing the results that one
obtains from the mapping explained before. This is what is
done in Ref. [41].
In the present work the diagonal terms that we evaluate

coincide with those of Ref. [41] where the model of
Ref. [15] is used implementing also the exchange of vector
mesons and SU(4) symmetry for mesons and baryons. We,
instead, use explicit wave functions for the baryon states
imposing flavor-spin symmetry on the light quark sector
and singling out the heavy quarks. Hence, in the baryon
sector we are not using SU(4) symmetry. For the diagonal
terms we also show that one is exchanging light vectors and
the heavy quarks are spectators. In this case we obtain the

same matrix elements as in Ref. [41], but there are
differences in the nondiagonal ones. Since in the dominant
terms we are exchanging only light vectors and the heavy
quarks are spectators, the interaction automatically respects
heavy quark symmetry [49–51]. The nondiagonal terms
that exchange heavy vectors do not fulfill heavy quark
symmetry, but neither should they since these are terms of
order Oðm−2

Q Þ in the heavy quark mass counting. In
addition to the work of Ref. [41] we also include
pseudoscalar-baryonð3=2þÞ components and we obtain
two more states. We can identify two states of JP ¼
1=2− and one of JP ¼ 3=2− with the states found in
Ref. [1]. We also look for vector-baryon states and find
three states at higher energies.

II. FORMALISM

Following Ref. [17] we distinguish the cases with
JP ¼ 1=2− and JP ¼ 3=2− and write the coupled channels.
In Ref. [17] 12 coupled channels are used ranging from
thresholds 2965 to 3655 MeV. The experimental states of
Ref. [1] range from 3000 to about 3120 MeV. Hence we
restrict our space of meson-baryon states up to the Ωcω
with mass 3478 MeV. Yet, the diagonal matrix element in
this channel is zero and we can also eliminate it. The energy
ranged by the channels chosen widely covers the range of
energies of Ref. [1] and it is a sufficiently general basis of
states. We show in Tables I and II these states together with
their threshold masses.
The meson-baryon interaction in the SU(3) sector is

given by the chiral Lagrangian [48,52]

LB ¼ 1

4f2π
hB̄iγμ½ðΦ∂μΦ− ∂μΦΦÞB−BðΦ∂μΦ− ∂μΦΦÞ'i;

ð1Þ

whereΦ, B are the SU(3) matrices for pseudoscalar mesons
and baryons,

Φ ¼

0

BB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1

CCA; ð2Þ

TABLE I. J ¼ 1=2 states chosen and threshold mass in MeV.

States ΞcK̄ Ξ0
cK̄ ΞD Ωcη ΞD" ΞcK̄" Ξ0

cK̄"

Threshold 2965 3074 3185 3243 3327 3363 3472

TABLE II. J ¼ 3=2 states chosen and threshold mass in MeV.

States Ξ"
cK̄ Ω"

cη ΞD" ΞcK̄" Ξ"D Ξ0
cK̄"

Threshold 3142 3314 3327 3363 3401 3472
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Channels 

K̄ ¼
!

K̄0

−K−

"
; D ¼

!
Dþ

−D0

"
;

Ξ ¼
! Ξ0

−Ξ−

"
; Ξ# ¼

! Ξ#0

Ξ#−

"
;

Ξc ¼
!Ξþ

c

Ξ0
c

"
; Ξ0

c ¼
!Ξ0þ

c

Ξ00
c

"
; Ξ#

c ¼
!Ξ#þ

c

Ξ#0
c

"
;

ð20Þ

and thus

jΞcK̄; I ¼ 0i ¼ − 1ffiffiffi
2

p jΞþ
c K− þ Ξ0

cK̄0i;

jΞD; I ¼ 0i ¼ −
1ffiffiffi
2

p jΞ0D0 − Ξ−Dþi;

jΞ#
cK̄; I ¼ 0i ¼ −

1ffiffiffi
2

p jΞ#þ
c K− þ Ξ#0

c K̄0i;

jΞ#D; I ¼ 0i ¼ −
1ffiffiffi
2

p jΞ#0D0 þ Ξ#−Dþi: ð21Þ

With these wave functions and the prescription to calculate
the VPP and VBB vertices we can construct the matrix
elements of the transition potential between the states of
Table I. Some examples are shown in Appendix.
Following the steps of the Appendix it becomes easy and

systematic to evaluate all the matrix elements and we find

Vij ¼ Dij
1

4f2π
ðp0 þ p00Þ: ð22Þ

Alternatively, we can use another expression, which
includes relativistic correction in s-wave [60]

Vij ¼ Dij
2

ffiffiffi
s

p
−MBi

−MBj

4f2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MBi

þ EBi

2MBi

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MBj

þ EBj

2MBj

s

;

ð23Þ

where MBi;Bj
and EBi;Bj

stand for the mass and the center-
of-mass energy of the baryons, respectively, and the matrix
Dij is given in Table III.
In Table III we have the parameter λ in some nondiagonal

matrix elements, which involve transitions from one meson
without charm to one with charm, like K̄ → D. In this case
we have for the propagator of the exchanged vector

1

ðq0Þ2 − jqj2 −m2
D#

s

≈
1

ðmD −mKÞ2 −m2
D#

s

; ð24Þ

and the ratio to the propagator of the light vectors is

λ≡ −m2
V

ðmD −mKÞ2 −m2
D#

s

≈ 0.25: ð25Þ

We take λ ¼ 1=4 in all these matrix elements, as it was done
in Ref. [52].
The diagonal matrix elements of Table III coincide with

those of Ref. [41], but not all the nondiagonal. This is not
surprising. SU(4) symmetry is used in Ref. [41], but only
SU(3) is effectively used in the diagonal terms, as we have
argued. Then we should note that the heavy baryons that we
have constructed are not eigenstates of SU(4) since we have
singled out the heavy quarks and used symmetrized wave
functions for the light quarks. This induces a spin-flavor
dependence different from the one of pure SU(4) symmetry.
With respect to Ref. [17], we have some equal diagonal

matrix elements but not all of them, and there are also
differences in the nondiagonal terms. These matrix ele-
ments are also different from those of Ref. [41].
To calculate the matrix elements for the states that couple

to JP ¼ 3=2− of Table II we proceed in the same way as in
the Appendix. We must take into account that the VVVex
are like those of PPVex under the approximation of
neglecting ðp=mVÞ2, where p is the momentum of the
external vector. In addition one has the factor ϵ⃗ · ϵ⃗0 for the
vector polarization, which makes these terms contribute to
J ¼ 1=2 and J ¼ 3=2 with degeneracy. The terms con-
necting P and V like Ξ#

cK̄ → ΞD# require exchange of
pseudoscalars, which go with the momentum and are small
compared to the exchange of vectors [61]. In the
Ξ#
cK̄ → ΞD# one would have to exchange a Ds and it

would be doubly suppressed. In the Ξ#
cK̄ → ΞK# onewould

exchange a pion, but theK andK# states are quite separated

TABLE III. Dij coefficients of Eq. (23) for the meson-baryon
states coupling to JP ¼ 1=2− in s-wave.

J ¼ 1=2 ΞcK̄ Ξ0
cK̄ ΞD Ωcη ΞD# ΞcK̄# Ξ0

cK̄#

ΞcK̄ −1 0 − 1ffiffi
2

p λ 0 0 0 0

Ξ0
cK̄ −1 1ffiffi

6
p λ − 4ffiffi

3
p 0 0 0

ΞD −2
ffiffi
2

p

3 λ 0 0 0
Ωcη 0 0 0 0
ΞD# −2 − 1ffiffi

2
p λ 1ffiffi

6
p λ

ΞcK̄# −1 0

Ξ0
cK̄# −1

TABLE IV. Dij coefficients of Eq. (23) for the meson-baryon
states coupling to JP ¼ 3=2−.

J ¼ 3=2 Ξ#
cK̄ Ω#

cη ΞD# ΞcK̄# Ξ#D Ξ0
cK̄#

Ξ#
cK̄ −1 − 4ffiffi

3
p 0 0 2ffiffi

6
p λ 0

Ω#
cη 0 0 0 −

ffiffi
2

p

3 λ 0
ΞD# −2 − 1ffiffi

2
p λ 0 1ffiffi

6
p λ

ΞcK̄# −1 0 0
Ξ#D −2 0
Ξ0
cK̄# −1
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In Ref. [41] the compositeness magnitude−g2∂G=∂ ffiffiffi
s

p
is

evaluated for all channels. This magnitude provides
the probability to find bound channels [69,72,73] and for
the case of open channels it gives the integral of the wave
functions squared with a given prescription of the phase [74].
The magnitude gG that we calculate gives the
strength of each channel to produce the resonance (up to
coefficients appearing in the primary steps of a reaction prior
to final state interaction). Yet, there is a correspondence in
these two magnitudes, and we find that when −g2∂G=∂ ffiffiffi

s
p

is large for some channel in Ref. [41], so is gG in our case.

The pseudoscalar-baryonð3=2þÞ states are not consid-
ered in Ref. [41] and, thus, the states that we get in
Table VII are new. As to the vector-baryonð1=2þÞ states we
obtain three new states, two of them in qualitative agree-
ment with Ref. [41]. In Ref. [41] two states were found
at 3231 and 3419 MeV that couple mostly to ΞD$ and
Ξ0
cK̄$, respectively. We also find two states, at 3222 and

3465 MeV, which also couple mostly to ΞD$ and Ξ0
cK̄$,

respectively, as in Ref. [41], plus a new intermediate state at
3360 MeV that couples mostly to ΞcK̄$.
As for the results of Ref. [17], the bindings obtained

there, in the absence of any experimental data, gave rise to
bound Ωc states with more binding than here. It would be
interesting to have a new look in that framework under the
light of the new experimental information.
The basic input of our calculations is the Vij transition

potential of Eq. (23), and the coupling that we have is 1
f2π
.

We estimate uncertainties in the following way. We
increase f2π by 10% and readjust the cutoff to obtain the
same energy of the first state (going from qmax ¼ 650 to
694 MeV), and then we get the results of Table X. As we
can see, the changes in the masses and widths are small.
The difference in the masses is always smaller than 5 MeV,
and for the three states that we compare with experiment the
changes are even smaller. The widths also change a bit, but
the width of the widest state only changes from 10.24 to
11.82 MeV, and the others are still very small and
compatible with experiment within errors.

TABLE VIII. The coupling constants to various channels for the poles in the JP ¼ 3=2− sector, with
qmax ¼ 650 MeV, and giGII

i in MeV.

3124.84 Ξ$
cK̄ Ω$

cη ΞD$ ΞcK̄$ Ξ$D Ξ0
cK̄$

gi 1.95 1.98 0 0 −0.65 0
giGII

i −35.65 −16.83 0 0 1.93 0

3290.31þ i0.03 Ξ$
cK̄ Ω$

cη ΞD$ ΞcK̄$ Ξ$D Ξ0
cK̄$

gi 0.01þ i0.02 0.31þ i0.01 0 0 6.22 − i0.04 0
giGII

i −0.62 − i0.18 −5.25 − i0.18 0 0 −31.08þ i0.20 0

TABLE IX. The coupling constants to various channels for the
poles with JP ¼ 1=2−, 3=2− stemming from vector-baryon
interaction with qmax ¼ 650 MeV, and giGII

i in MeV.

3221.98 ΞD$ ΞcK̄$ Ξ0
cK̄$

gi 6.37 0.59 −0.28
giGII

i −29.29 −4.66 1.62

3360.37þ i0.20 ΞD$ ΞcK̄$ Ξ0
cK̄$

gi −0.11 − i0.12 1.31 − i0.03 0.03þ i0.01
giGII

i 2.12þ i0.48 −26.04þ i0.36 −0.26 − i0.06

3465.17þ i0.09 ΞD$ ΞcK̄$ Ξ0
cK̄$

gi −0.01þ i0.06 0.01 − i0.01 1.75þ i0.01
giGII

i −0.84 − i0.23 0.17þ i0.24 −32.29 − i0.08

TABLE X. Dependence of the results on the value of fπ .

J ¼ 1=2 fπ ¼ 93 MeV and qmax ¼ 650 MeV fπ ¼ 97.6 MeV and qmax ¼ 694 MeV

Pole 1 3054.05þ i0.44 3054.05þ i0.70
Pole 2 3091.28þ i5.12 3087.24þ i5.91

J ¼ 3=2 fπ ¼ 93 MeV and qmax ¼ 650 MeV fπ ¼ 97.6 MeV and qmax ¼ 694 MeV

Pole 1 3124.84 3125.71
Pole 2 3290.31þ i0.03 3284.73þ i0.05

J ¼ 1=2; 3=2 fπ ¼ 93 MeV and qmax ¼ 650 MeV fπ ¼ 97.6 MeV and qmax ¼ 694 MeV

Pole 1 3221.98 3216.98
Pole 2 3360.37þ i0.20 3361.28þ i0.18
Pole 3 3465.17þ i0.09 3469.04þ i0.07
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Abstract

Motivated by the recent finding of five !c states by the LHCb collaboration, and the successful repro-
duction of three of them in a recent approach searching for molecular states of meson–baryon with the 
quantum numbers of !c, we extend these ideas and make predictions for the interaction of meson–baryon 
in the beauty sector, searching for poles in the scattering matrix that correspond to physical states. We find 
several !b states: two states with masses 6405 MeV and 6465 MeV for JP = 1

2
−

; two more states with 
masses 6427 MeV and 6665 MeV for 3

2
−

; and three states between 6500 and 6820 MeV, degenerate with 
JP = 1

2
−

, 3
2
−

, stemming from the interaction of vector–baryon in the beauty sector.
 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The study of baryon states with charm or beauty is capturing much attention in hadron physics 
recently [1–6]. The finding of baryon states of hidden charm (pentaquarks) in Refs. [7,8] certainly 
stimulated this field, but this was followed by another relevant discovery, with the observation of 
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Table 1
The pseudoscalar–baryon states with JP = 1

2
−

and their threshold masses in 
MeV.

States !bK̄ !′
bK̄ "bη !B̄

Threshold 6289 6431 6594 6598

Table 2
The pseudoscalar–baryon states with JP = 3

2
−

and their threshold masses in 
MeV.

States !∗
bK̄ "∗

bη !∗B̄

Threshold 6451 6619 6813

Table 3
The vector–baryon states with JP = 1

2
−

, 3
2

−
and their threshold masses in 

MeV.

States !B̄∗ !bK̄∗ !′
bK̄∗

Threshold 6643 6687 6829

Fig. 1. Vector mesons exchanged in the diagonal transition of K−!0
b → K−!0

b (a) and non-diagonal one of K−!0
b →

B−!0 (b).

2. Formalism

We follow closely the formalism of Ref. [10] by changing a c quark by a b quark. For the case 
of "c we took the coupled channels from Ref. [27] up to an energy of 3470 MeV, far above the 
energy of the states seen in Ref. [9]. In the present case we take the corresponding states changing 
the quark c by the b quark. We take into account the S-wave interaction of these coupled channels 
and hence we can have states with JP = 1

2
−
, 32

−
. In Tables 1, 2 and 3 we show these coupled 

channels and the corresponding threshold masses.1

The interaction between these channels at tree level is obtained using the local hidden gauge 
(LHG) approach [21–23] extended to the charm and beauty sector. The interaction is mediated 
by the exchange of vector mesons, as shown in Fig. 1 for two cases.

1 The "∗
b state has not yet been observed. We estimate its mass as follows. In the charm sector, we have mD∗ − mD =

142 MeV, m"∗
c
−m"c = 71 MeV. Hence the difference of masses between "∗

c and "c is about one half the one between 
D∗ and D. We apply the same rule in the b sector and take m"∗

b
− m"b

% 1
2 (mB∗ − mB) % 23 MeV. If we assume, 

following the rules of heavy quark spin symmetry, that m"∗
b

− m"b
goes as 1

mb
and m"∗

c
− m"c ∼ 1

mc
, then we get 

m"∗
b

− m"b
% 28 MeV. We take the average value 25 MeV, hence m"∗

b
= 6071 MeV.
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K̄ ¼
!

K̄0

−K−

"
; D ¼

!
Dþ

−D0

"
;

Ξ ¼
! Ξ0

−Ξ−

"
; Ξ# ¼

! Ξ#0

Ξ#−

"
;

Ξc ¼
!Ξþ

c

Ξ0
c

"
; Ξ0

c ¼
!Ξ0þ

c

Ξ00
c

"
; Ξ#

c ¼
!Ξ#þ

c

Ξ#0
c

"
;

ð20Þ

and thus

jΞcK̄; I ¼ 0i ¼ − 1ffiffiffi
2

p jΞþ
c K− þ Ξ0

cK̄0i;

jΞD; I ¼ 0i ¼ −
1ffiffiffi
2

p jΞ0D0 − Ξ−Dþi;

jΞ#
cK̄; I ¼ 0i ¼ −

1ffiffiffi
2

p jΞ#þ
c K− þ Ξ#0

c K̄0i;

jΞ#D; I ¼ 0i ¼ −
1ffiffiffi
2

p jΞ#0D0 þ Ξ#−Dþi: ð21Þ

With these wave functions and the prescription to calculate
the VPP and VBB vertices we can construct the matrix
elements of the transition potential between the states of
Table I. Some examples are shown in Appendix.
Following the steps of the Appendix it becomes easy and

systematic to evaluate all the matrix elements and we find

Vij ¼ Dij
1

4f2π
ðp0 þ p00Þ: ð22Þ

Alternatively, we can use another expression, which
includes relativistic correction in s-wave [60]

Vij ¼ Dij
2

ffiffiffi
s

p
−MBi

−MBj

4f2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MBi

þ EBi

2MBi

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MBj

þ EBj

2MBj

s

;

ð23Þ

where MBi;Bj
and EBi;Bj

stand for the mass and the center-
of-mass energy of the baryons, respectively, and the matrix
Dij is given in Table III.
In Table III we have the parameter λ in some nondiagonal

matrix elements, which involve transitions from one meson
without charm to one with charm, like K̄ → D. In this case
we have for the propagator of the exchanged vector

1

ðq0Þ2 − jqj2 −m2
D#

s

≈
1

ðmD −mKÞ2 −m2
D#

s

; ð24Þ

and the ratio to the propagator of the light vectors is

λ≡ −m2
V

ðmD −mKÞ2 −m2
D#

s

≈ 0.25: ð25Þ

We take λ ¼ 1=4 in all these matrix elements, as it was done
in Ref. [52].
The diagonal matrix elements of Table III coincide with

those of Ref. [41], but not all the nondiagonal. This is not
surprising. SU(4) symmetry is used in Ref. [41], but only
SU(3) is effectively used in the diagonal terms, as we have
argued. Then we should note that the heavy baryons that we
have constructed are not eigenstates of SU(4) since we have
singled out the heavy quarks and used symmetrized wave
functions for the light quarks. This induces a spin-flavor
dependence different from the one of pure SU(4) symmetry.
With respect to Ref. [17], we have some equal diagonal

matrix elements but not all of them, and there are also
differences in the nondiagonal terms. These matrix ele-
ments are also different from those of Ref. [41].
To calculate the matrix elements for the states that couple

to JP ¼ 3=2− of Table II we proceed in the same way as in
the Appendix. We must take into account that the VVVex
are like those of PPVex under the approximation of
neglecting ðp=mVÞ2, where p is the momentum of the
external vector. In addition one has the factor ϵ⃗ · ϵ⃗0 for the
vector polarization, which makes these terms contribute to
J ¼ 1=2 and J ¼ 3=2 with degeneracy. The terms con-
necting P and V like Ξ#

cK̄ → ΞD# require exchange of
pseudoscalars, which go with the momentum and are small
compared to the exchange of vectors [61]. In the
Ξ#
cK̄ → ΞD# one would have to exchange a Ds and it

would be doubly suppressed. In the Ξ#
cK̄ → ΞK# onewould

exchange a pion, but theK andK# states are quite separated

TABLE III. Dij coefficients of Eq. (23) for the meson-baryon
states coupling to JP ¼ 1=2− in s-wave.

J ¼ 1=2 ΞcK̄ Ξ0
cK̄ ΞD Ωcη ΞD# ΞcK̄# Ξ0

cK̄#

ΞcK̄ −1 0 − 1ffiffi
2

p λ 0 0 0 0

Ξ0
cK̄ −1 1ffiffi

6
p λ − 4ffiffi

3
p 0 0 0

ΞD −2
ffiffi
2

p

3 λ 0 0 0
Ωcη 0 0 0 0
ΞD# −2 − 1ffiffi

2
p λ 1ffiffi

6
p λ

ΞcK̄# −1 0

Ξ0
cK̄# −1

TABLE IV. Dij coefficients of Eq. (23) for the meson-baryon
states coupling to JP ¼ 3=2−.

J ¼ 3=2 Ξ#
cK̄ Ω#

cη ΞD# ΞcK̄# Ξ#D Ξ0
cK̄#

Ξ#
cK̄ −1 − 4ffiffi

3
p 0 0 2ffiffi

6
p λ 0

Ω#
cη 0 0 0 −

ffiffi
2

p

3 λ 0
ΞD# −2 − 1ffiffi

2
p λ 0 1ffiffi

6
p λ

ΞcK̄# −1 0 0
Ξ#D −2 0
Ξ0
cK̄# −1
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Table 7
The poles, and coupling constants of the poles to various channels in the PB sector with JP = 1/2−, 
taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6405.2 !bK̄ !′
b K̄ !B̄ "bη

gi −0.01 + i0.02 2.04 + i0.01 −1.62 + i0.02 2.08 + i0.01
gi GII

i −0.34 − i0.47 −37.31 − i0.18 2.27 − i0.02 −18.28 − i0.09

6465.3 + i1.2 !bK̄ !′
b K̄ !B̄ "bη

gi 0.07 − i0.15 0.11 + i0.125 10.70 − i0.10 0.15 + i0.11
gi GII

i 3.92 + i3.91 −4.53 − i1.66 −18.89 + i0.08 −1.55 − i1.14

Table 8
The poles, and coupling constants of the poles to various channels in the PB sector with JP = 3/2−, 
taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6427.1 !∗
b K̄ "∗

bη !∗B̄

gi 2.01 2.05 −0.60
gi GII

i −37.17 −17.86 0.53

6664.8 + i0.2 !∗
b K̄ "∗

bη !∗B̄

gi −0.02 − i0.01 0.10 + i0.05 11.06 + i0.01
gi GII

i 0.59 − i0.53 −3.07 + i0.41 −19.31 − i0.02

Table 9
The poles, and coupling constants of the poles to various channels in the VB sector with JP =
1/2−, 3/2− , taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6508.0 !B̄∗ !bK̄∗ !′
b K̄∗

gi 10.88 0.32 −0.15
gi GII

i −18.86 −2.37 0.77

6676.1 + i0.1 !B̄∗ !bK̄∗ !′
b K̄∗

gi −0.05 − i0.09 1.78 − i0.10 0.01 + i0.01
gi GII

i 0.68 + i0.27 −35.16 + i1.90 −0.07 − i0.01

6817.5 !B̄∗ !bK̄∗ !′
b K̄∗

gi −0.01 + i0.02 0.01 − i0.01 1.77 + i0.01
gi GII

i −0.26 − i0.01 0.05 + i0.03 −34.71 − i0.18

3. Results

In Tables 7, 8 and 9, we show the results. In Table 7 we see that we obtain two states with 
JP = 1

2
−

at 6405 MeV and 6465 MeV. The widths are given by twice the imaginary part of the 
pole position, and they are small in all cases. We also show the couplings of the states obtained 
to the different coupled channels, as well as the product gi G

II
i (GII

i is the G function calculated 
at the pole in the second Riemann sheet), which as shown in Ref. [36] is proportional to the wave 
function at the origin. By looking at the couplings and the wave function at the origin we can see 
that the first state, at 6405 MeV, couples strongly to !′

bK̄ and next to "bη. The second state, at 
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To search for peaking structures in the Ξ0
bK

− mass
spectrum, a requirement that jMðΞþ

c π−Þ−mΞ0
b
j<40MeV

is imposed, which reduces the number of Ξ0
b signal decays

to about 18 000. Each Ξ0
b candidate is combined with a K−

candidate that is consistent with originating from a PV in
the event. The Ξ0

b and K− trajectories are fitted to a
common vertex, and that vertex is kinematically con-
strained to coincide with the PV associated with the Ξ0

b
candidate [69]. The additional PV constraint improves
the resolution on the mass difference δM ≡MðΞ0

bK
−Þ −

MðΞ0
bÞ by about a factor of 2.

Random combinations of Ξ0
b baryons with a K− candi-

date are the largest source of background in the Ξ0
bK

− mass
spectrum. To improve the expected signal-to-background
ratio, a figure of merit, ϵ=ð

ffiffiffiffi
B

p
þ 5=2Þ [70], is used to

optimize the requirements on the PID information of the
K− candidates. Here, ϵ is the efficiency as determined from
simulation, and B is the number of wrong-sign Ξ0

bK
þ

combinations in the region 520 < δM < 570 MeV passing

the PID requirement, scaled to a 10 MeV mass window.
The 10MeVwidth is chosen based on the search for narrow
peaks, since the low signal yields expected would make
wide peaks difficult to separate from the combinatorial
background. The optimal requirement on the K− PID
provides an efficiency of about 85% and suppresses the
background by a factor of about 2.5.
The decay of a resonance to Ξ0

bK
− will produce peaks in

the δM spectrum. The experimental δM resolution is
obtained from simulated samples generated at several
masses, mres. The resolution function is described by the
sum of two Gaussian functions with a common mean. In
addition, the width of the narrower Gaussian component,
σcore, is fixed to be 45% of that of the wider component, and
its contribution is required to constitute 80% of the total
shape. A smooth, monotonically increasing function,
denoted as σðmresÞ, is then used to parameterize σcore as
a function of mres. In the δM interval of interest, σðmresÞ is
in the range of 0.7–0.8 MeV.
The δM distributions for right-sign (RS) and wrong-sign

(WS) candidates are shown in Fig. 2, along with fits to the
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FIG. 2. Distribution of the mass difference for (top) right-sign Ξ0
bK

− candidates, and (bottom) wrong-sign Ξ0
bK

þ candidates, as
described in the text.
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Table 8
The poles, and coupling constants of the poles to various channels in the PB sector with JP = 3/2−, 
taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.
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Table 9
The poles, and coupling constants of the poles to various channels in the VB sector with JP =
1/2−, 3/2− , taking qmax = 650 MeV. gi has no dimension and gi GII

i has dimension of MeV.

6508.0 !B̄∗ !bK̄∗ !′
b K̄∗

gi 10.88 0.32 −0.15
gi GII

i −18.86 −2.37 0.77

6676.1 + i0.1 !B̄∗ !bK̄∗ !′
b K̄∗

gi −0.05 − i0.09 1.78 − i0.10 0.01 + i0.01
gi GII

i 0.68 + i0.27 −35.16 + i1.90 −0.07 − i0.01

6817.5 !B̄∗ !bK̄∗ !′
b K̄∗

gi −0.01 + i0.02 0.01 − i0.01 1.77 + i0.01
gi GII

i −0.26 − i0.01 0.05 + i0.03 −34.71 − i0.18

3. Results

In Tables 7, 8 and 9, we show the results. In Table 7 we see that we obtain two states with 
JP = 1

2
−

at 6405 MeV and 6465 MeV. The widths are given by twice the imaginary part of the 
pole position, and they are small in all cases. We also show the couplings of the states obtained 
to the different coupled channels, as well as the product gi G

II
i (GII

i is the G function calculated 
at the pole in the second Riemann sheet), which as shown in Ref. [36] is proportional to the wave 
function at the origin. By looking at the couplings and the wave function at the origin we can see 
that the first state, at 6405 MeV, couples strongly to !′

bK̄ and next to "bη. The second state, at 

Phys. Rev. Lett. 124,  082002 (2020)



Seminar - Beijing, China. December, 2021        Institute of Theoretical Physics - ITP CAS                Jorgivan M. Dias

 

Ω−
b → ðΞ +

c K − Þπ − decay and the Ωc states

V. R. Debastiani,1,* J. M. Dias,1,2,† Wei-Hong Liang,3,‡ and E. Oset1,§
1Departamento de Física Teórica and IFIC, Centro Mixto Universidad de Valencia—CSIC,

Institutos de Investigación de Paterna, Apartado 22085, 46071 Valencia, Spain
2Instituto de Física, Universidade de São Paulo, Rua do Matão, 1371, Butantã,

CEP 05508-090, São Paulo, São Paulo, Brazil
3Department of Physics, Guangxi Normal University, Guilin 541004, China

(Received 25 June 2018; published 26 November 2018)

We study the weak decay Ω−
b → ðΞþ

c K−Þπ−, in view of the narrow Ωc states recently measured by the
LHCb Collaboration and later confirmed by the Belle Collaboration. The Ωcð3050Þ and Ωcð3090Þ are
described as meson-baryon molecular states, using an extension of the local hidden gauge approach in
coupled channels. We investigate the ΞD, ΞcK̄, and Ξ0

cK̄ invariant mass distributions making predictions
that could be confronted with future experiments, providing useful information that could help determine
the quantum numbers and nature of these states.

DOI: 10.1103/PhysRevD.98.094022

I. INTRODUCTION

The recent discovery of five narrow Ωc states by the
LHCb Collaboration [1] in pp collisions, also recently
confirmed by the Belle Collaboration [2] in eþe− colli-
sions, motivated an increasing amount of theoretical work
with different proposals for their structure. In particular, the
correct assignment of quantum numbers JP remains an
open question, and it could be the key to understand the
nature of these states.
Predictions using quark models for such states and

related ones were done in Refs. [3–20], with most propos-
ing a diquark-quark structure ðssÞc. Other methods have
also been employed to study these states, as QCD sum rules
in Refs. [21–27] and lattice QCD in Ref. [28]. Pentaquark
options have been suggested in Refs. [29–34]. Some works
have emphasized the value of decay properties to obtain
information on the nature of these states [35–37], and a
discussion on the possible quantum numbers was given
in Ref. [38].
On the other hand, some of these states could actually be

pentaquarklike molecules, dynamically generated from
meson-baryon interactions in coupled channels with charm
C ¼ 1, strangenessS ¼ −2, and isospin I ¼ 0. Predictions in

the molecular picture using coupled channels of meson-
baryon interactionsweredone inRefs. [39–41]. In this picture
the interaction in the S wave of baryons with spin-parity
JP ¼ 1=2þ or JP ¼ 3=2þ with pseudoscalar mesons leads
to meson-baryon systems with JP ¼ 1=2− and JP ¼ 3=2−,
respectively. Channels with vector mesons instead of pseu-
doscalars can also be included resulting in JP ¼ 1=2−; 3=2−,
and 5=2−. However, most of the recent works adopting this
picture manage to relate two or three of the new Ωc states
to meson-baryon systems with JP ¼ 1=2− and JP ¼ 3=2−,
dominated by the pseudoscalar-baryon channels.
In Ref. [41] an SUð6Þlsf × HQSS model (HQSS stands

for heavy quark spin symmetry) extending the Weinberg-
Tomozawa πN interaction was employed to make a
systematic study of many possible meson-baryon systems.
In Ref. [42] the renormalization scheme of Ref. [41] was
reviewed, performing an update of the results of the C ¼ 1,
S ¼ −2, and I ¼ 0 sector in view of the new experimental
data. The updated results indicate that one can relate the
Ωcð3000Þ to a state with JP ¼ 1=2− and the Ωcð3050Þ to
another state with JP ¼ 3=2−, with hints that the Ωcð3090Þ
or Ωcð3119Þ could also have JP ¼ 1=2−.
In Ref. [40] the molecular picture was developed using

SUð4Þ symmetry to extend the interaction described by
vector meson exchange in the local hidden gauge approach.
This work was also reviewed under the light of the new
experimental data and an updated study was made in
Ref. [43], where it was shown that the Ωcð3050Þ and
Ωcð3090Þ can both be related to meson-baryon resonances
with JP ¼ 1=2−, stemming from pseudoscalar-baryon
(1=2þ) interaction.
A similar approach that also describes the meson-baryon

interaction through vector meson exchange was recently
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mesons is necessary to implement vector meson domi-
nance. Both in Refs. [47] and [45] it is also shown that the
formalisms using antisymmetric tensors for the vector
mesons, and the use of ordinary vector fields in the local
hidden gauge are equivalent. If one specifies to the meson-
baryon Lagrangians [48], it is easy to show that the
exchange of vector mesons gives rise exactly to the lowest
order chiral Lagrangian in the limit of small momentum
transfer compared to the vector meson mass. All this occurs
within SU(3), involving u, d, s quarks. The local hidden
gauge in the unitary gauge in SU(3) can be found in
Ref. [47] and with more detail in Ref. [46]. The extrapo-
lation to SU(4) to incorporate c quarks, or even higher with
b quarks, is not straightforward, as one cannot invoke the
Goldstone boson character for D or B mesons. Yet, what
one does is the following: think of the DN interaction for
instance. In the D0p → D0p transition we have cū in the
D0 and uud quarks in the p; then we can only exchange ρ0,
ω vector mesons and the c quark of theD0 is a spectator. In
this case the situation is the same as in K̄0p → K̄0p. The s
quark of the K̄0 (sd̄) is also a spectator and only ρ, ω vector
mesons are exchanged. In as much as the c quark inD0p →
D0p is a spectator, the dynamics is the same as in the
K̄0p → K̄0p transition, and for this we can use the local
hidden gauge approach. We find thus a way to obtain the
D0p → D0p interaction using the dynamics of the light
quark sector, since only these quarks are also involved in
this case. Hence, in the diagonal channels the interaction is
well controlled.
However, assume the coupled channel πΣc; then in the

transition D0p → π0Σþ
c , if we extrapolate the local hidden

gauge approach to SU(4), we would be exchanging a D"

and the c quarks are now involved. This is an extrapolation
of the local hidden gauge approach, which is model
dependent. Fortunately, the exchange of D" is penalized
with respect to the exchange of light vector mesons by a
factor of ð mρ

mD" Þ
2, which is a small factor and then one is

only introducing uncertainties in some nondiagonal terms,
which are very small. Formally one can use the SU(4)
extrapolation of the local hidden gauge approach and for
the diagonal terms the framework automatically filters the
exchange of light vectors, providing the results that one
obtains from the mapping explained before. This is what is
done in Ref. [41].
In the present work the diagonal terms that we evaluate

coincide with those of Ref. [41] where the model of
Ref. [15] is used implementing also the exchange of vector
mesons and SU(4) symmetry for mesons and baryons. We,
instead, use explicit wave functions for the baryon states
imposing flavor-spin symmetry on the light quark sector
and singling out the heavy quarks. Hence, in the baryon
sector we are not using SU(4) symmetry. For the diagonal
terms we also show that one is exchanging light vectors and
the heavy quarks are spectators. In this case we obtain the

same matrix elements as in Ref. [41], but there are
differences in the nondiagonal ones. Since in the dominant
terms we are exchanging only light vectors and the heavy
quarks are spectators, the interaction automatically respects
heavy quark symmetry [49–51]. The nondiagonal terms
that exchange heavy vectors do not fulfill heavy quark
symmetry, but neither should they since these are terms of
order Oðm−2

Q Þ in the heavy quark mass counting. In
addition to the work of Ref. [41] we also include
pseudoscalar-baryonð3=2þÞ components and we obtain
two more states. We can identify two states of JP ¼
1=2− and one of JP ¼ 3=2− with the states found in
Ref. [1]. We also look for vector-baryon states and find
three states at higher energies.

II. FORMALISM

Following Ref. [17] we distinguish the cases with
JP ¼ 1=2− and JP ¼ 3=2− and write the coupled channels.
In Ref. [17] 12 coupled channels are used ranging from
thresholds 2965 to 3655 MeV. The experimental states of
Ref. [1] range from 3000 to about 3120 MeV. Hence we
restrict our space of meson-baryon states up to the Ωcω
with mass 3478 MeV. Yet, the diagonal matrix element in
this channel is zero and we can also eliminate it. The energy
ranged by the channels chosen widely covers the range of
energies of Ref. [1] and it is a sufficiently general basis of
states. We show in Tables I and II these states together with
their threshold masses.
The meson-baryon interaction in the SU(3) sector is

given by the chiral Lagrangian [48,52]

LB ¼ 1

4f2π
hB̄iγμ½ðΦ∂μΦ− ∂μΦΦÞB−BðΦ∂μΦ− ∂μΦΦÞ'i;

ð1Þ

whereΦ, B are the SU(3) matrices for pseudoscalar mesons
and baryons,

Φ ¼

0

BB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1

CCA; ð2Þ

TABLE I. J ¼ 1=2 states chosen and threshold mass in MeV.

States ΞcK̄ Ξ0
cK̄ ΞD Ωcη ΞD" ΞcK̄" Ξ0

cK̄"

Threshold 2965 3074 3185 3243 3327 3363 3472

TABLE II. J ¼ 3=2 states chosen and threshold mass in MeV.

States Ξ"
cK̄ Ω"

cη ΞD" ΞcK̄" Ξ"D Ξ0
cK̄"

Threshold 3142 3314 3327 3363 3401 3472
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baryon Lagrangians [48], it is easy to show that the
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transfer compared to the vector meson mass. All this occurs
within SU(3), involving u, d, s quarks. The local hidden
gauge in the unitary gauge in SU(3) can be found in
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mesons are exchanged. In as much as the c quark inD0p →
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K̄0p → K̄0p transition, and for this we can use the local
hidden gauge approach. We find thus a way to obtain the
D0p → D0p interaction using the dynamics of the light
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this case. Hence, in the diagonal channels the interaction is
well controlled.
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and the c quarks are now involved. This is an extrapolation
of the local hidden gauge approach, which is model
dependent. Fortunately, the exchange of D" is penalized
with respect to the exchange of light vector mesons by a
factor of ð mρ
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2, which is a small factor and then one is

only introducing uncertainties in some nondiagonal terms,
which are very small. Formally one can use the SU(4)
extrapolation of the local hidden gauge approach and for
the diagonal terms the framework automatically filters the
exchange of light vectors, providing the results that one
obtains from the mapping explained before. This is what is
done in Ref. [41].
In the present work the diagonal terms that we evaluate

coincide with those of Ref. [41] where the model of
Ref. [15] is used implementing also the exchange of vector
mesons and SU(4) symmetry for mesons and baryons. We,
instead, use explicit wave functions for the baryon states
imposing flavor-spin symmetry on the light quark sector
and singling out the heavy quarks. Hence, in the baryon
sector we are not using SU(4) symmetry. For the diagonal
terms we also show that one is exchanging light vectors and
the heavy quarks are spectators. In this case we obtain the
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differences in the nondiagonal ones. Since in the dominant
terms we are exchanging only light vectors and the heavy
quarks are spectators, the interaction automatically respects
heavy quark symmetry [49–51]. The nondiagonal terms
that exchange heavy vectors do not fulfill heavy quark
symmetry, but neither should they since these are terms of
order Oðm−2
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addition to the work of Ref. [41] we also include
pseudoscalar-baryonð3=2þÞ components and we obtain
two more states. We can identify two states of JP ¼
1=2− and one of JP ¼ 3=2− with the states found in
Ref. [1]. We also look for vector-baryon states and find
three states at higher energies.

II. FORMALISM

Following Ref. [17] we distinguish the cases with
JP ¼ 1=2− and JP ¼ 3=2− and write the coupled channels.
In Ref. [17] 12 coupled channels are used ranging from
thresholds 2965 to 3655 MeV. The experimental states of
Ref. [1] range from 3000 to about 3120 MeV. Hence we
restrict our space of meson-baryon states up to the Ωcω
with mass 3478 MeV. Yet, the diagonal matrix element in
this channel is zero and we can also eliminate it. The energy
ranged by the channels chosen widely covers the range of
energies of Ref. [1] and it is a sufficiently general basis of
states. We show in Tables I and II these states together with
their threshold masses.
The meson-baryon interaction in the SU(3) sector is

given by the chiral Lagrangian [48,52]
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Figura 2.5: Convergência da OPE para o sistema formado pela mistura
Charmonium-Tetraquark. Cada plot está associado com as contribuições relati-
vas iniciando com a contribuição pertubativa (linhas com círculo), e cada uma das
outras linhas representam a contribuição relativa após adicionarmos um condensado
a mais na expansão: +hq̄qi (linha ponto-tracejada), +hG2

i (traço longo), +hq̄g�.Gqi
(linha pontilhada), +hq̄qi2 (linha tracejada) e +hq̄qihq̄g�.Gqi (linha sólida).

ou seja, a contribuição do condensado de dimensão mais alta é menor ou igual à 15%

da contribuição total. Note pela Fig. 2.5, que esse critério é satisfeito para valores

de M2
B � 2, 4 GeV, logo, o valor mínimo da massa de Borel é fixado em M2

B = 2, 4

GeV.

2.7.2 O valor máximo da massa de Borel, Mmax

Como o objetivo das RSQCD é extrair informações a respeito do pólo, é crucial

que a integral definindo a relação de dispersão seja dominada pela contribuição

do pólo em relação ao contínuo. No caso da função de dois pontos, por exemplo,

podemos testar a dominância do pólo partindo da Eq. (2.25), separando os limites
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We identify the recently observed charmoniumlike structure Z$
c ð3900Þ as the charged partner of the

Xð3872Þ state. Using standard techniques of QCD sum rules, we evaluate the three-point function and

extract the coupling constants of the Zþ
c J=c!þ, Zþ

c "c#
þ and Zþ

c D
þ !D%0 vertices and the corresponding

decay widths in these channels. The good agreement with the experimental data gives support to the

tetraquark picture of this state.
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I. INTRODUCTION

About ten years after the discovery of the Xð3872Þ, the
BESIII collaboration has just reported the observation of a
charged charmoniumlike structure in theMð!$J=c Þ mass
spectrum of the Yð4260Þ ! J=c!þ!& decay channel [1].
This structure, called Zcð3900Þ, was also observed at the
same time by BELLE [2] and was confirmed by the authors
of Ref. [3] using CLEO-c data. During the past decade,
as other new nonconventional states were discovered,
their internal structure was the subject of intense debate.
Definite conclusions have not yet been reached, and some
models for these states are still under consideration: the
meson molecule [4], tetraquark [5], hadrocharmonium [6],
and charmonium-molecule mixture [7]. For a comprehen-
sive review of the theoretical and experimental statuses of
these states, we refer the reader to Ref. [8]. In most of these
models, it is relatively easy to reproduce the masses of the
states. It is, however, much more difficult to reproduce
their measured decay widths. In the present case, the
Zcð3900Þ decay width poses an additional challenge to
theorists. Its mass is very close to the Xð3872Þ, which
may be considered its neutral partner. However, while the
Zcð3900Þ decay width is in the range 40–60 MeV, the
Xð3872Þ width is smaller than 2.3 MeV. A possible reason
for this difference is the fact that theXð3872Þmay contain a
significant jc !ci component [7], which is absent in the
Zcð3900Þ. Probably for this same reason, the Zc was not
observed in B decays, as pointed out in Ref. [9].

In this work, we present a calculation of the Zcð3900Þ
decay width into J=c!þ, "c#

þ and Zþ
c D

þ !D%0.
If the Zc is a real D% & !D molecular state, its decay

into J=c!þ (or "c#
þ) must involve the exchange of a

charmed meson. Since the exchange of heavy mesons is a

short-range process, when the distance betweenD% and the
!D is large it, becomes more difficult to exchange mesons.
Using the expression of the decay width obtained with the
one boson exchange potential, we can relate the decay
width with the effective radius of the state. In Ref. [10],
it was shown that, in order to reproduce the measured
width, the effective radius must be hreffi ’ 0:4 fm. This
size scale is small and pushes the molecular picture to its
limit of validity. In another work [11], the new state was
again treated as a charged D% & !D molecule, in which the
interaction between the charm mesons is described by a
pionless effective field theory. Introducing electromagnetic
interactions through the minimal substitution in this theory,
the authors of Ref. [11] were able to study the electromag-
netic structure of the Zc and, in particular, its charge form
factor and charge radius, which turned out to be hr2i ’
0:11 fm2. Taking this radius as a measure of the spatial size
of the state, we conclude that it is more compact than a
J=c , for which hr2i ’ 0:16 fm2. We take the combined
results of Refs. [10,11] as an indication that the Zc is a
compact object, which may be better understood as a quark
cluster, such as a tetraquark. Therefore, in this work, we
explore this possibility.
As the number of new states increases, a new question

arises concerning their grouping in families: which ones
belong together? Which ones are ground states, and which
are excitations? A possible organization of the charmo-
nium and bottomonium new states was suggested in
Ref. [12], and it is summarized in Fig. 1. In the figure,
we compare the charm and bottom spectra in the mass
region of interest. On the left (right) we show the charm
(bottom) states with their mass differences in MeV. The
comparison between the two left lines with the two lines on
the right emphasizes the similarity between the spectra. In
the bottom of the second column, we have now the newly
found Zcð3900Þ. In Ref. [12], there was a question mark in
this position. In fact, the existence of a charged partner of
the Xð3872Þ was first proposed in Ref. [5]. A few years
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I. INTRODUCTION

About ten years after the discovery of the Xð3872Þ, the
BESIII collaboration has just reported the observation of a
charged charmoniumlike structure in theMð!$J=c Þ mass
spectrum of the Yð4260Þ ! J=c!þ!& decay channel [1].
This structure, called Zcð3900Þ, was also observed at the
same time by BELLE [2] and was confirmed by the authors
of Ref. [3] using CLEO-c data. During the past decade,
as other new nonconventional states were discovered,
their internal structure was the subject of intense debate.
Definite conclusions have not yet been reached, and some
models for these states are still under consideration: the
meson molecule [4], tetraquark [5], hadrocharmonium [6],
and charmonium-molecule mixture [7]. For a comprehen-
sive review of the theoretical and experimental statuses of
these states, we refer the reader to Ref. [8]. In most of these
models, it is relatively easy to reproduce the masses of the
states. It is, however, much more difficult to reproduce
their measured decay widths. In the present case, the
Zcð3900Þ decay width poses an additional challenge to
theorists. Its mass is very close to the Xð3872Þ, which
may be considered its neutral partner. However, while the
Zcð3900Þ decay width is in the range 40–60 MeV, the
Xð3872Þ width is smaller than 2.3 MeV. A possible reason
for this difference is the fact that theXð3872Þmay contain a
significant jc !ci component [7], which is absent in the
Zcð3900Þ. Probably for this same reason, the Zc was not
observed in B decays, as pointed out in Ref. [9].

In this work, we present a calculation of the Zcð3900Þ
decay width into J=c!þ, "c#

þ and Zþ
c D

þ !D%0.
If the Zc is a real D% & !D molecular state, its decay

into J=c!þ (or "c#
þ) must involve the exchange of a

charmed meson. Since the exchange of heavy mesons is a

short-range process, when the distance betweenD% and the
!D is large it, becomes more difficult to exchange mesons.
Using the expression of the decay width obtained with the
one boson exchange potential, we can relate the decay
width with the effective radius of the state. In Ref. [10],
it was shown that, in order to reproduce the measured
width, the effective radius must be hreffi ’ 0:4 fm. This
size scale is small and pushes the molecular picture to its
limit of validity. In another work [11], the new state was
again treated as a charged D% & !D molecule, in which the
interaction between the charm mesons is described by a
pionless effective field theory. Introducing electromagnetic
interactions through the minimal substitution in this theory,
the authors of Ref. [11] were able to study the electromag-
netic structure of the Zc and, in particular, its charge form
factor and charge radius, which turned out to be hr2i ’
0:11 fm2. Taking this radius as a measure of the spatial size
of the state, we conclude that it is more compact than a
J=c , for which hr2i ’ 0:16 fm2. We take the combined
results of Refs. [10,11] as an indication that the Zc is a
compact object, which may be better understood as a quark
cluster, such as a tetraquark. Therefore, in this work, we
explore this possibility.
As the number of new states increases, a new question

arises concerning their grouping in families: which ones
belong together? Which ones are ground states, and which
are excitations? A possible organization of the charmo-
nium and bottomonium new states was suggested in
Ref. [12], and it is summarized in Fig. 1. In the figure,
we compare the charm and bottom spectra in the mass
region of interest. On the left (right) we show the charm
(bottom) states with their mass differences in MeV. The
comparison between the two left lines with the two lines on
the right emphasizes the similarity between the spectra. In
the bottom of the second column, we have now the newly
found Zcð3900Þ. In Ref. [12], there was a question mark in
this position. In fact, the existence of a charged partner of
the Xð3872Þ was first proposed in Ref. [5]. A few years
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I. INTRODUCTION

About ten years after the discovery of the Xð3872Þ, the
BESIII collaboration has just reported the observation of a
charged charmoniumlike structure in theMð!$J=c Þ mass
spectrum of the Yð4260Þ ! J=c!þ!& decay channel [1].
This structure, called Zcð3900Þ, was also observed at the
same time by BELLE [2] and was confirmed by the authors
of Ref. [3] using CLEO-c data. During the past decade,
as other new nonconventional states were discovered,
their internal structure was the subject of intense debate.
Definite conclusions have not yet been reached, and some
models for these states are still under consideration: the
meson molecule [4], tetraquark [5], hadrocharmonium [6],
and charmonium-molecule mixture [7]. For a comprehen-
sive review of the theoretical and experimental statuses of
these states, we refer the reader to Ref. [8]. In most of these
models, it is relatively easy to reproduce the masses of the
states. It is, however, much more difficult to reproduce
their measured decay widths. In the present case, the
Zcð3900Þ decay width poses an additional challenge to
theorists. Its mass is very close to the Xð3872Þ, which
may be considered its neutral partner. However, while the
Zcð3900Þ decay width is in the range 40–60 MeV, the
Xð3872Þ width is smaller than 2.3 MeV. A possible reason
for this difference is the fact that theXð3872Þmay contain a
significant jc !ci component [7], which is absent in the
Zcð3900Þ. Probably for this same reason, the Zc was not
observed in B decays, as pointed out in Ref. [9].

In this work, we present a calculation of the Zcð3900Þ
decay width into J=c!þ, "c#

þ and Zþ
c D

þ !D%0.
If the Zc is a real D% & !D molecular state, its decay

into J=c!þ (or "c#
þ) must involve the exchange of a

charmed meson. Since the exchange of heavy mesons is a

short-range process, when the distance betweenD% and the
!D is large it, becomes more difficult to exchange mesons.
Using the expression of the decay width obtained with the
one boson exchange potential, we can relate the decay
width with the effective radius of the state. In Ref. [10],
it was shown that, in order to reproduce the measured
width, the effective radius must be hreffi ’ 0:4 fm. This
size scale is small and pushes the molecular picture to its
limit of validity. In another work [11], the new state was
again treated as a charged D% & !D molecule, in which the
interaction between the charm mesons is described by a
pionless effective field theory. Introducing electromagnetic
interactions through the minimal substitution in this theory,
the authors of Ref. [11] were able to study the electromag-
netic structure of the Zc and, in particular, its charge form
factor and charge radius, which turned out to be hr2i ’
0:11 fm2. Taking this radius as a measure of the spatial size
of the state, we conclude that it is more compact than a
J=c , for which hr2i ’ 0:16 fm2. We take the combined
results of Refs. [10,11] as an indication that the Zc is a
compact object, which may be better understood as a quark
cluster, such as a tetraquark. Therefore, in this work, we
explore this possibility.
As the number of new states increases, a new question

arises concerning their grouping in families: which ones
belong together? Which ones are ground states, and which
are excitations? A possible organization of the charmo-
nium and bottomonium new states was suggested in
Ref. [12], and it is summarized in Fig. 1. In the figure,
we compare the charm and bottom spectra in the mass
region of interest. On the left (right) we show the charm
(bottom) states with their mass differences in MeV. The
comparison between the two left lines with the two lines on
the right emphasizes the similarity between the spectra. In
the bottom of the second column, we have now the newly
found Zcð3900Þ. In Ref. [12], there was a question mark in
this position. In fact, the existence of a charged partner of
the Xð3872Þ was first proposed in Ref. [5]. A few years
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I. INTRODUCTION

About ten years after the discovery of the Xð3872Þ, the
BESIII collaboration has just reported the observation of a
charged charmoniumlike structure in theMð!$J=c Þ mass
spectrum of the Yð4260Þ ! J=c!þ!& decay channel [1].
This structure, called Zcð3900Þ, was also observed at the
same time by BELLE [2] and was confirmed by the authors
of Ref. [3] using CLEO-c data. During the past decade,
as other new nonconventional states were discovered,
their internal structure was the subject of intense debate.
Definite conclusions have not yet been reached, and some
models for these states are still under consideration: the
meson molecule [4], tetraquark [5], hadrocharmonium [6],
and charmonium-molecule mixture [7]. For a comprehen-
sive review of the theoretical and experimental statuses of
these states, we refer the reader to Ref. [8]. In most of these
models, it is relatively easy to reproduce the masses of the
states. It is, however, much more difficult to reproduce
their measured decay widths. In the present case, the
Zcð3900Þ decay width poses an additional challenge to
theorists. Its mass is very close to the Xð3872Þ, which
may be considered its neutral partner. However, while the
Zcð3900Þ decay width is in the range 40–60 MeV, the
Xð3872Þ width is smaller than 2.3 MeV. A possible reason
for this difference is the fact that theXð3872Þmay contain a
significant jc !ci component [7], which is absent in the
Zcð3900Þ. Probably for this same reason, the Zc was not
observed in B decays, as pointed out in Ref. [9].

In this work, we present a calculation of the Zcð3900Þ
decay width into J=c!þ, "c#

þ and Zþ
c D

þ !D%0.
If the Zc is a real D% & !D molecular state, its decay

into J=c!þ (or "c#
þ) must involve the exchange of a

charmed meson. Since the exchange of heavy mesons is a

short-range process, when the distance betweenD% and the
!D is large it, becomes more difficult to exchange mesons.
Using the expression of the decay width obtained with the
one boson exchange potential, we can relate the decay
width with the effective radius of the state. In Ref. [10],
it was shown that, in order to reproduce the measured
width, the effective radius must be hreffi ’ 0:4 fm. This
size scale is small and pushes the molecular picture to its
limit of validity. In another work [11], the new state was
again treated as a charged D% & !D molecule, in which the
interaction between the charm mesons is described by a
pionless effective field theory. Introducing electromagnetic
interactions through the minimal substitution in this theory,
the authors of Ref. [11] were able to study the electromag-
netic structure of the Zc and, in particular, its charge form
factor and charge radius, which turned out to be hr2i ’
0:11 fm2. Taking this radius as a measure of the spatial size
of the state, we conclude that it is more compact than a
J=c , for which hr2i ’ 0:16 fm2. We take the combined
results of Refs. [10,11] as an indication that the Zc is a
compact object, which may be better understood as a quark
cluster, such as a tetraquark. Therefore, in this work, we
explore this possibility.
As the number of new states increases, a new question

arises concerning their grouping in families: which ones
belong together? Which ones are ground states, and which
are excitations? A possible organization of the charmo-
nium and bottomonium new states was suggested in
Ref. [12], and it is summarized in Fig. 1. In the figure,
we compare the charm and bottom spectra in the mass
region of interest. On the left (right) we show the charm
(bottom) states with their mass differences in MeV. The
comparison between the two left lines with the two lines on
the right emphasizes the similarity between the spectra. In
the bottom of the second column, we have now the newly
found Zcð3900Þ. In Ref. [12], there was a question mark in
this position. In fact, the existence of a charged partner of
the Xð3872Þ was first proposed in Ref. [5]. A few years
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I. INTRODUCTION

About ten years after the discovery of the Xð3872Þ, the
BESIII collaboration has just reported the observation of a
charged charmoniumlike structure in theMð!$J=c Þ mass
spectrum of the Yð4260Þ ! J=c!þ!& decay channel [1].
This structure, called Zcð3900Þ, was also observed at the
same time by BELLE [2] and was confirmed by the authors
of Ref. [3] using CLEO-c data. During the past decade,
as other new nonconventional states were discovered,
their internal structure was the subject of intense debate.
Definite conclusions have not yet been reached, and some
models for these states are still under consideration: the
meson molecule [4], tetraquark [5], hadrocharmonium [6],
and charmonium-molecule mixture [7]. For a comprehen-
sive review of the theoretical and experimental statuses of
these states, we refer the reader to Ref. [8]. In most of these
models, it is relatively easy to reproduce the masses of the
states. It is, however, much more difficult to reproduce
their measured decay widths. In the present case, the
Zcð3900Þ decay width poses an additional challenge to
theorists. Its mass is very close to the Xð3872Þ, which
may be considered its neutral partner. However, while the
Zcð3900Þ decay width is in the range 40–60 MeV, the
Xð3872Þ width is smaller than 2.3 MeV. A possible reason
for this difference is the fact that theXð3872Þmay contain a
significant jc !ci component [7], which is absent in the
Zcð3900Þ. Probably for this same reason, the Zc was not
observed in B decays, as pointed out in Ref. [9].

In this work, we present a calculation of the Zcð3900Þ
decay width into J=c!þ, "c#

þ and Zþ
c D

þ !D%0.
If the Zc is a real D% & !D molecular state, its decay

into J=c!þ (or "c#
þ) must involve the exchange of a

charmed meson. Since the exchange of heavy mesons is a

short-range process, when the distance betweenD% and the
!D is large it, becomes more difficult to exchange mesons.
Using the expression of the decay width obtained with the
one boson exchange potential, we can relate the decay
width with the effective radius of the state. In Ref. [10],
it was shown that, in order to reproduce the measured
width, the effective radius must be hreffi ’ 0:4 fm. This
size scale is small and pushes the molecular picture to its
limit of validity. In another work [11], the new state was
again treated as a charged D% & !D molecule, in which the
interaction between the charm mesons is described by a
pionless effective field theory. Introducing electromagnetic
interactions through the minimal substitution in this theory,
the authors of Ref. [11] were able to study the electromag-
netic structure of the Zc and, in particular, its charge form
factor and charge radius, which turned out to be hr2i ’
0:11 fm2. Taking this radius as a measure of the spatial size
of the state, we conclude that it is more compact than a
J=c , for which hr2i ’ 0:16 fm2. We take the combined
results of Refs. [10,11] as an indication that the Zc is a
compact object, which may be better understood as a quark
cluster, such as a tetraquark. Therefore, in this work, we
explore this possibility.
As the number of new states increases, a new question

arises concerning their grouping in families: which ones
belong together? Which ones are ground states, and which
are excitations? A possible organization of the charmo-
nium and bottomonium new states was suggested in
Ref. [12], and it is summarized in Fig. 1. In the figure,
we compare the charm and bottom spectra in the mass
region of interest. On the left (right) we show the charm
(bottom) states with their mass differences in MeV. The
comparison between the two left lines with the two lines on
the right emphasizes the similarity between the spectra. In
the bottom of the second column, we have now the newly
found Zcð3900Þ. In Ref. [12], there was a question mark in
this position. In fact, the existence of a charged partner of
the Xð3872Þ was first proposed in Ref. [5]. A few years
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where

p!ða; b; cÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4 þ b4 þ c4 & 2a2b2 & 2a2c2 & 2b2c2

p

2a
:

(14)

Therefore, we obtain

!ðZþ
c ð3900Þ ! J=c!þÞ ¼ ð29:1' 8:2Þ MeV: (15)

III. Zþ
c ð3900Þ ! !c"

þ DECAY WIDTH

Next, we consider the Zþ
c ð3900Þ ! "c#

þ decay. The
three-point function for the corresponding vertex is
obtained from Eq. (2) by using

"$%ðx; yÞ ¼ h0jT½j"c

5 ðxÞj#$ðyÞjy%ð0Þ)j0i; (16)

with

j"c
5 ¼ i #ca&5ca; and j#$ ¼ #da&$ua: (17)

In this case, the phenomenological side is

"ðphenÞ
$% ðp;p0;qÞ¼ &i'Zc

m#f#f"c
m2

"c
gZc"c#ðq2Þ

2mcðp2&m2
Zc
Þðp02&m2

"c
Þðq2&m2

#Þ

*
"
&g$'þ

q$q'
m2

#

#"
&g'%þ

p%p
'

m2
Zc

#
þ+++;

(18)

where now we have used the definitions

h0jj#$j#ðqÞi ¼ m#f#"$ðqÞ; h0jj"c
5 j"cðp0Þi ¼ f"c

m2
"c

2mc
:

(19)

In the OPE side, we consider the CC diagrams of the same
kind as the diagram in Fig. 2. In the p0

%q$ structure, we
have

"ðOPEÞ ¼ &imch #qg(:Gqi
48

ffiffiffi
2

p
!2

1

q2

Z 1

0
d%

1

m2
c & %ð1& %Þp02 :

(20)

Remembering that p ¼ p0 þ q, isolating the q%p
0
$ struc-

ture in Eq. (18), and making a single Borel transformation
on both P2 ¼ P02 ! M2, we finally get the sum rule:

Cðe&m2
"c =M

2 & e&m2
Zc
=M2Þ þDe&s0=M

2

¼ Q2 þm2
#

Q2

mch #qg(:Gqi
48

ffiffiffi
2

p
!2

Z 1

0
d%

e
&m2

c
%ð1&%ÞM2

%ð1& %Þ ; (21)

with Q2 ¼ &q2 and

C ¼ gZc"c#ðQ2Þ'Zc
m#f#f"c

m2
"c

2mcm
2
Zc
ðm2

Zc
&m2

"c
Þ : (22)

We use the experimental values for m#, f# and m"c
[36],

and we extract f"c
from Ref. [37]:

m# ¼ 0:775 GeV; m"c
¼ 2:98 GeV;

f# ¼ 0:157 GeV; f"c
¼ 0:35 GeV:

(23)

One can use Eq. (21) and its derivative with respect to M2

to eliminate D from Eq. (21) and to isolate gZc"c#ðQ2Þ. In
Fig. 4, we show gZc"c#ðQ2Þ as a function of both M2 and
Q2. A good Borel window is determined when the parame-
ter to be extracted from the sum rule is as independent of
the Borel mass as possible. Therefore, from Fig. 4, we
notice that the Borel window in which the form factor is
independent of M2 is in the region of 4:0 , M2 ,
10:0 GeV2. The squares in Fig. 5 show the Q2 dependence
of gZc"c#ðQ2Þ, obtained for M2 ¼ 5:0 GeV2. For other
values of the Borel mass, in the range of 4:0 , M2 ,
10:0 GeV2, the results are equivalent. Since the coupling
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FIG. 3 (color online). Dots: the rhs of Eq. (9), as a function of
the Borel mass for $s0 ¼ 0:5 GeV. The solid line gives the fit of
the QCDSRs results through the lhs of Eq. (9).

FIG. 4 (color online). QCDSRs results for the form factor
gZc"c#ðQ2Þ as a function of Q2 and M2 for $s0 ¼ 0:5 GeV.
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later [13], the same group proposed that the Zþð4430Þ,
observed by BELLE [14], would be the first radial excita-
tion of the charged partner of the Xð3872Þ. This suggestion
was based on the fact that the mass difference correspond-
ing to a radial excitation in the charmonium sector is
given by M!ð2SÞ $M!ð1SÞ ¼ 590 MeV. This number is
close to the mass difference MZþð4430Þ $MXþð3872Þ ¼
560 MeV. The very same connection between Zþð4430Þ
and Zcð3900Þwas found in the hadrocharmonium approach
[15], in which the former is essentially a !0 embedded in
light mesonic matter and the latter a J=c also embedded in
light mesonic matter. In a straightforward extension of this
reasoning to the bottom sector, in Ref. [12], it was con-
jectured that the Zþ

b ð10610Þ, observed by the BELLE
collaboration in Ref. [16], may be a radial excitation of a
yet unmeasured Xþ

b . The observation of Zþ
c ð3900Þ gives

support to this conjecture and should motivate new experi-
mental searches of this bottom charged state and its neutral
partner, the only missing states in the diagram.

There are also other suppositions according to which the
Zþ
c ð3900Þ should be the charmed partner of the Zþ

b ð10610Þ.
In this scheme, there should exist another charged state,
called Z0

c, that would be the charmed partner of the
Zþ
b ð10650Þ [15,17,18].
In this work, we use the method of QCD sum rules

(QCDSRs) [19–21] to study some hadronic decays of
Zcð3900Þ, considering Zc as a four-quark state.

II. Zþ
c ð3900Þ ! J=c!þ DECAY WIDTH

The QCDSRs were used in Ref. [22] to study the
Xð3872Þ meson considered as a IGðJPCÞ ¼ 0þð1þþÞ

four-quark state, and a good agreement with the experi-
mental mass was obtained. The Zcð3900Þ is interpreted
here as the isospin 1 partner of the Xð3872Þ. As in
Refs. [13,17], we assume the quantum numbers for the
neutral state in the isospin multiplet to be IGðJPCÞ ¼
1þð1þ$Þ. Therefore, the interpolating field for Zþ

c ð3900Þ
is given by

j! ¼ i"abc"decffiffiffi
2

p ½ðuTaC#5cbÞð "dd#!C "cTe Þ

$ ðuTaC#!cbÞð "dd#5C "cTe Þ'; (1)

where a; b; c; . . . are color indices, and C is the charge
conjugation matrix. Considering SUð2Þ symmetry, the
mass obtained in QCDSRs for the Zc state is exactly the
same one obtained for the Xð3872Þ, as it happens in
the case of $ and ! states. There are also QCDSRs
calculations for the Zc state considered as a "DD( molecular
state [23,24]. These calculations only confirm the results
presented in Refs. [22,25]. Therefore, here, we evaluate
only the decay width.
We start with the Zþ

c ð3900Þ ! J=c%þ decay. The
QCDSRs calculation of the vertex Zcð3900ÞJ=c% is based
on the three-point function, given by

#&'!ðp; p0; qÞ ¼
Z

d4xd4yeip
0:xeiq:y#&'!ðx; yÞ; (2)

with #&'!ðx; yÞ ¼ h0jT½jc&ðxÞj%5'ðyÞjy!ð0Þ'j0i, where p ¼
p0 þ q, and the interpolating fields for J=c and % are
given by

jc& ¼ "ca#&ca; (3)

j%5' ¼ "da#5#'ua: (4)

In order to evaluate the phenomenological side of the sum
rule, we insert intermediate states for Zc, J=c and % into
Eq. (2). We get

#ðphenÞ
&'! ðp;p0;qÞ¼ (Zc

mc fcF%gZcc%ðq2Þq'
ðp2$m2

Zc
Þðp02$m2

c Þðq2$m2
%Þ

)
"
$g&(þ

p0
&p

0
(

m2
c

#"
$g(!þ

p!p
(

m2
Zc

#
þ***;

(5)

where the dots stand for the contribution of all possible
excited states. The form factor, gZcc%ðq2Þ, is defined as the
generalization of the on-mass-shell matrix element,
hJ=c%jZci, for an off-shell pion:

hJ=c ðp0Þ%ðqÞjZcðpÞi ¼ gZcc%ðq2Þ"((ðp0Þ"(ðpÞ; (6)

where "!ðpÞ, "&ðp0Þ are the polarization vectors of the Zc

and J=c mesons, respectively. In deriving Eq. (5), we have
used the definitions

FIG. 1. Charm and bottom energy levels in the mass region of
interest. Masses are inMeV. On the two left columns, we show the
conjecture presented in Ref. [13]. The Zþ

c ð3900Þ is conjectured to
be the charged partner of the Xð3872Þ. On the two right columns,
we show the conjecture advanced in Ref. [12] for the bottom
sector, where the Xbð?Þ and Xþ

b ð?Þ are the proposed states.
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where

p!ða; b; cÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4 þ b4 þ c4 & 2a2b2 & 2a2c2 & 2b2c2

p

2a
:

(14)

Therefore, we obtain

!ðZþ
c ð3900Þ ! J=c!þÞ ¼ ð29:1' 8:2Þ MeV: (15)

III. Zþ
c ð3900Þ ! !c"

þ DECAY WIDTH

Next, we consider the Zþ
c ð3900Þ ! "c#

þ decay. The
three-point function for the corresponding vertex is
obtained from Eq. (2) by using

"$%ðx; yÞ ¼ h0jT½j"c

5 ðxÞj#$ðyÞjy%ð0Þ)j0i; (16)

with

j"c
5 ¼ i #ca&5ca; and j#$ ¼ #da&$ua: (17)

In this case, the phenomenological side is

"ðphenÞ
$% ðp;p0;qÞ¼ &i'Zc

m#f#f"c
m2

"c
gZc"c#ðq2Þ

2mcðp2&m2
Zc
Þðp02&m2

"c
Þðq2&m2

#Þ

*
"
&g$'þ

q$q'
m2

#

#"
&g'%þ

p%p
'

m2
Zc

#
þ+++;

(18)

where now we have used the definitions

h0jj#$j#ðqÞi ¼ m#f#"$ðqÞ; h0jj"c
5 j"cðp0Þi ¼ f"c

m2
"c

2mc
:

(19)

In the OPE side, we consider the CC diagrams of the same
kind as the diagram in Fig. 2. In the p0

%q$ structure, we
have

"ðOPEÞ ¼ &imch #qg(:Gqi
48

ffiffiffi
2

p
!2

1

q2

Z 1

0
d%

1

m2
c & %ð1& %Þp02 :

(20)

Remembering that p ¼ p0 þ q, isolating the q%p
0
$ struc-

ture in Eq. (18), and making a single Borel transformation
on both P2 ¼ P02 ! M2, we finally get the sum rule:

Cðe&m2
"c =M

2 & e&m2
Zc
=M2Þ þDe&s0=M

2

¼ Q2 þm2
#

Q2

mch #qg(:Gqi
48

ffiffiffi
2

p
!2

Z 1

0
d%

e
&m2

c
%ð1&%ÞM2

%ð1& %Þ ; (21)

with Q2 ¼ &q2 and

C ¼ gZc"c#ðQ2Þ'Zc
m#f#f"c

m2
"c

2mcm
2
Zc
ðm2

Zc
&m2

"c
Þ : (22)

We use the experimental values for m#, f# and m"c
[36],

and we extract f"c
from Ref. [37]:

m# ¼ 0:775 GeV; m"c
¼ 2:98 GeV;

f# ¼ 0:157 GeV; f"c
¼ 0:35 GeV:

(23)

One can use Eq. (21) and its derivative with respect to M2

to eliminate D from Eq. (21) and to isolate gZc"c#ðQ2Þ. In
Fig. 4, we show gZc"c#ðQ2Þ as a function of both M2 and
Q2. A good Borel window is determined when the parame-
ter to be extracted from the sum rule is as independent of
the Borel mass as possible. Therefore, from Fig. 4, we
notice that the Borel window in which the form factor is
independent of M2 is in the region of 4:0 , M2 ,
10:0 GeV2. The squares in Fig. 5 show the Q2 dependence
of gZc"c#ðQ2Þ, obtained for M2 ¼ 5:0 GeV2. For other
values of the Borel mass, in the range of 4:0 , M2 ,
10:0 GeV2, the results are equivalent. Since the coupling
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FIG. 3 (color online). Dots: the rhs of Eq. (9), as a function of
the Borel mass for $s0 ¼ 0:5 GeV. The solid line gives the fit of
the QCDSRs results through the lhs of Eq. (9).

FIG. 4 (color online). QCDSRs results for the form factor
gZc"c#ðQ2Þ as a function of Q2 and M2 for $s0 ¼ 0:5 GeV.
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where

p!ða; b; cÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4 þ b4 þ c4 & 2a2b2 & 2a2c2 & 2b2c2

p

2a
:

(14)

Therefore, we obtain

!ðZþ
c ð3900Þ ! J=c!þÞ ¼ ð29:1' 8:2Þ MeV: (15)

III. Zþ
c ð3900Þ ! !c"

þ DECAY WIDTH

Next, we consider the Zþ
c ð3900Þ ! "c#

þ decay. The
three-point function for the corresponding vertex is
obtained from Eq. (2) by using

"$%ðx; yÞ ¼ h0jT½j"c

5 ðxÞj#$ðyÞjy%ð0Þ)j0i; (16)

with

j"c
5 ¼ i #ca&5ca; and j#$ ¼ #da&$ua: (17)

In this case, the phenomenological side is

"ðphenÞ
$% ðp;p0;qÞ¼ &i'Zc

m#f#f"c
m2

"c
gZc"c#ðq2Þ

2mcðp2&m2
Zc
Þðp02&m2

"c
Þðq2&m2

#Þ

*
"
&g$'þ

q$q'
m2

#

#"
&g'%þ

p%p
'

m2
Zc

#
þ+++;

(18)

where now we have used the definitions

h0jj#$j#ðqÞi ¼ m#f#"$ðqÞ; h0jj"c
5 j"cðp0Þi ¼ f"c

m2
"c

2mc
:

(19)

In the OPE side, we consider the CC diagrams of the same
kind as the diagram in Fig. 2. In the p0

%q$ structure, we
have

"ðOPEÞ ¼ &imch #qg(:Gqi
48

ffiffiffi
2

p
!2

1

q2

Z 1

0
d%

1

m2
c & %ð1& %Þp02 :

(20)

Remembering that p ¼ p0 þ q, isolating the q%p
0
$ struc-

ture in Eq. (18), and making a single Borel transformation
on both P2 ¼ P02 ! M2, we finally get the sum rule:

Cðe&m2
"c =M

2 & e&m2
Zc
=M2Þ þDe&s0=M

2

¼ Q2 þm2
#

Q2

mch #qg(:Gqi
48

ffiffiffi
2

p
!2

Z 1

0
d%

e
&m2

c
%ð1&%ÞM2

%ð1& %Þ ; (21)

with Q2 ¼ &q2 and

C ¼ gZc"c#ðQ2Þ'Zc
m#f#f"c

m2
"c

2mcm
2
Zc
ðm2

Zc
&m2

"c
Þ : (22)

We use the experimental values for m#, f# and m"c
[36],

and we extract f"c
from Ref. [37]:

m# ¼ 0:775 GeV; m"c
¼ 2:98 GeV;

f# ¼ 0:157 GeV; f"c
¼ 0:35 GeV:

(23)

One can use Eq. (21) and its derivative with respect to M2

to eliminate D from Eq. (21) and to isolate gZc"c#ðQ2Þ. In
Fig. 4, we show gZc"c#ðQ2Þ as a function of both M2 and
Q2. A good Borel window is determined when the parame-
ter to be extracted from the sum rule is as independent of
the Borel mass as possible. Therefore, from Fig. 4, we
notice that the Borel window in which the form factor is
independent of M2 is in the region of 4:0 , M2 ,
10:0 GeV2. The squares in Fig. 5 show the Q2 dependence
of gZc"c#ðQ2Þ, obtained for M2 ¼ 5:0 GeV2. For other
values of the Borel mass, in the range of 4:0 , M2 ,
10:0 GeV2, the results are equivalent. Since the coupling
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FIG. 3 (color online). Dots: the rhs of Eq. (9), as a function of
the Borel mass for $s0 ¼ 0:5 GeV. The solid line gives the fit of
the QCDSRs results through the lhs of Eq. (9).

FIG. 4 (color online). QCDSRs results for the form factor
gZc"c#ðQ2Þ as a function of Q2 and M2 for $s0 ¼ 0:5 GeV.
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constant is defined as the value of the form factor at the
meson pole, Q2 ¼ "m2

!, we need to extrapolate the form
factor for a region of Q2 in which the QCDSRs are not
valid. This extrapolation can be done by parametrizing the
QCDSRs results for gZc"c!ðQ2Þ with the help of an expo-
nential form:

gZc"c!ðQ2Þ ¼ g1e
"g2Q

2
; (24)

with g1 ¼ 4:83 GeV and g2 ¼ 5:6% 10"3 GeV"2. We
also show in Fig. 5, through the line, the fit of the
QCDSRs results for !s0 ¼ 0:5 GeV, using Eq. (24). The
value of the coupling constant, gZc"c!, is also shown in this
figure through the cross. We obtain

gZc"c! ¼ gZc"c!ð"m2
!Þ ¼ ð4:85& 0:81Þ GeV: (25)

The uncertainty in the coupling constant given above
comes from variations in s0, #Zc

, and mc in the ranges
given above. This value for the coupling is bigger than the
estimate presented in Ref. [17]. Inserting this coupling and
the corresponding masses into Eq. (13), we find

"ðZþ
c ð3900Þ ! "c!

þÞ ¼ ð27:5& 8:5Þ MeV: (26)

IV. Zþ
c ð3900Þ ! Dþ !D(0 DECAY WIDTH

Finally, we consider the Zþ
c ð3900Þ ! Dþ #D(0 decay. In

this case, we use in Eq. (2)

$$%ðx; yÞ ¼ h0jT½jD(
$ ðxÞjD5 ðyÞjy%ð0Þ*j0i; (27)

where

jD5 ¼ i #da&5ca; and jD
(

$ ¼ #ca&$ua: (28)

Using the definitions

h0jjD(
$ jD(ðp0Þi ¼ mD(fD("$ðp0Þ;

h0jjD5 jDðqÞi ¼ fDm
2
D

mc
;

(29)

the phenomenological side is given by

$ðphenÞ
$% ðp;p0;qÞ¼ "i#Zc

mD(fD(fDm
2
DgZcDD( ðq2Þ

mcðp2"m2
Zc
Þðp02"m2

D( Þðq2"m2
DÞ

%
!
"g$#þ

p0
$p

0
#

m2
D(

"!
"g#%þ

p%p
#

m2
Zc

"
þ+++

(30)

In the OPE side, we consider again only the CC dia-
grams. In the p0

%p
0
$ structure, we have

$ðOPEÞ ¼"imch #qg':Gqi
48

ffiffiffi
2

p
(2

$
1

m2
c"q2

Z 1

0
d%

%ð2þ%Þ
m2

c"ð1"%Þp02

" 1

m2
c"p02

Z 1

0
d%

%ð2þ%Þ
m2

c"ð1"%Þq2
%
: (31)

Isolating the p0
$p

0
% structure in Eq. (30) and making a

single Borel transformation on both P2 ¼ P02 ! M2,
we get

1

Q2 þm2
D

½Eðe"m2
D(=M

2 " e"m2
Zc
=M2Þ þ Fe"s0=M

2*

¼ mch #qg':Gqi
48

ffiffiffi
2

p
(2

$
1

m2
c þQ2

Z 1

0
d%

%ð2þ %Þ
1" %

e
"m2

c
%ð1"%ÞM2

" e"m2
c=M

2
Z 1

0
d%

%ð2þ %Þ
m2

c þ ð1" %ÞQ2

%
; (32)

with

E ¼ gZcDD( ðQ2Þ#Zc
fD(fDm

2
D

mcmD( ðm2
Zc

"m2
D( Þ

: (33)

We use the experimental values for mD and mD( [36], and
we extract fD and fD( from Ref. [26]:

mD ¼ 1:869 GeV; fD ¼ ð0:18& 0:02Þ GeV;
mD( ¼ 2:01 GeV; fD( ¼ ð0:24& 0:02Þ GeV:

(34)

In Fig. 6, we show gZcDD( ðQ2Þ, as a function of both M2

and Q2, from where we notice that we get a Borel stability
in the region of 2:2 , M2 , 2:8 GeV2.
Fixing M2 ¼ 2:6 GeV2, we show in Fig. 7, through

the squares, the Q2 dependence of the gZcDD( ðQ2Þ form
factor. Again, to extract the coupling constant, we fit the
QCDSRs results using the exponential form in Eq. (24)
with g1 ¼ 1:733 GeV and g2 ¼ 0:076 GeV"2. The line

FIG. 5 (color online). QCDSRs results for gZc"c!ðQ2Þ, as a
function of Q2, for !s0 ¼ 0:5 GeV (squares). The solid line
gives the parametrization of the QCDSRs results through
Eq. (24). The cross gives the value of the coupling constant.
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in Fig. 7 shows the fit of the QCDSRs results for
!s0 ¼ 0:5 GeV, using Eq. (24). We get for the coupling
constant

gZcDD" ¼ gZcDD" ð$m2
DÞ ¼ ð2:5& 0:3Þ GeV: (35)

The uncertainty in the coupling constant comes from var-
iations in s0, !Zc

, fD, fD" , and mc. This value for this
coupling is again in excellent agreement with the estimate
presented in Ref. [17]. Using again Eq. (13) with this
coupling, the decay width in this channel is

"ðZþ
c ! Dþ #D"0Þ ¼ ð3:2& 0:7Þ MeV: (36)

V. CONCLUSIONS

In conclusion, we have used the three-point QCDSRs
to evaluate the coupling constants in the vertices
Zþ
c ð3900ÞJ=c"þ, Zþ

c ð3900Þ#c$
þ, and Zþ

c ð3900ÞDþ #D"0.
In the case of the Zþ

c ð3900ÞJ=c"þ vertex, we have used
the sum rule at the pion pole, and the coupling was
extracted directly from the sum rule. In the cases of
Zþ
c ð3900Þ#c$

þ and Zþ
c ð3900ÞDþ #D"0 vertices, we have

extracted the form factors, and the couplings were obtained
with a fit of the QCDSRs results. In the three cases, we
have only considered the color connected diagrams, since
we expect the Zcð3900Þ to be a genuine tetraquark state
with a nontrivial color structure. The obtained couplings,
with the respective decay widths, are given in Table I. We
have also included in this table the results for the vertex
Zþ
c ð3900Þ #D0D"þ, since it is exactly the same result as in

the Zþ
c ð3900ÞDþ #D"0 vertex.

Considering these four decay channels, we get a
total width " ¼ ð63:0& 18:1Þ GeV for Zcð3900Þ, which
is in agreement with the two experimental values: " ¼
ð46& 22Þ MeV from BESIII [1] and " ¼ ð63& 35Þ MeV
from BELLE [2].
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FIG. 6 (color online). QCDSRs results for the form factor
gZcDD" ðQ2Þ as a function of Q2 and M2 for !s0 ¼ 0:5 GeV.

FIG. 7 (color online). QCDSRs results for gZcDD" ðQ2Þ, as a
function ofQ2, for!s0 ¼ 0:5 GeV (squares). The solid line gives
the parametrization of the QCDSRs results through Eq. (24).

TABLE I. Coupling constants and decay widths in different
channels.

Vertex
Coupling constant

(GeV)
Decay width

(MeV)

Zþ
c ð3900ÞJ=c"þ 3:89& 0:56 29:1& 8:2

Zþ
c ð3900Þ#c$

þ 4:85& 0:81 27:5& 8:5
Zþ
c ð3900ÞDþ #D"0 2:5& 0:3 3:2& 0:7

Zþ
c ð3900Þ #D0D"þ 2:5& 0:3 3:2& 0:7
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I. INTRODUCTION

About ten years after the discovery of the Xð3872Þ, the
BESIII collaboration has just reported the observation of a
charged charmoniumlike structure in theMð!$J=c Þ mass
spectrum of the Yð4260Þ ! J=c!þ!& decay channel [1].
This structure, called Zcð3900Þ, was also observed at the
same time by BELLE [2] and was confirmed by the authors
of Ref. [3] using CLEO-c data. During the past decade,
as other new nonconventional states were discovered,
their internal structure was the subject of intense debate.
Definite conclusions have not yet been reached, and some
models for these states are still under consideration: the
meson molecule [4], tetraquark [5], hadrocharmonium [6],
and charmonium-molecule mixture [7]. For a comprehen-
sive review of the theoretical and experimental statuses of
these states, we refer the reader to Ref. [8]. In most of these
models, it is relatively easy to reproduce the masses of the
states. It is, however, much more difficult to reproduce
their measured decay widths. In the present case, the
Zcð3900Þ decay width poses an additional challenge to
theorists. Its mass is very close to the Xð3872Þ, which
may be considered its neutral partner. However, while the
Zcð3900Þ decay width is in the range 40–60 MeV, the
Xð3872Þ width is smaller than 2.3 MeV. A possible reason
for this difference is the fact that theXð3872Þmay contain a
significant jc !ci component [7], which is absent in the
Zcð3900Þ. Probably for this same reason, the Zc was not
observed in B decays, as pointed out in Ref. [9].

In this work, we present a calculation of the Zcð3900Þ
decay width into J=c!þ, "c#

þ and Zþ
c D

þ !D%0.
If the Zc is a real D% & !D molecular state, its decay

into J=c!þ (or "c#
þ) must involve the exchange of a

charmed meson. Since the exchange of heavy mesons is a

short-range process, when the distance betweenD% and the
!D is large it, becomes more difficult to exchange mesons.
Using the expression of the decay width obtained with the
one boson exchange potential, we can relate the decay
width with the effective radius of the state. In Ref. [10],
it was shown that, in order to reproduce the measured
width, the effective radius must be hreffi ’ 0:4 fm. This
size scale is small and pushes the molecular picture to its
limit of validity. In another work [11], the new state was
again treated as a charged D% & !D molecule, in which the
interaction between the charm mesons is described by a
pionless effective field theory. Introducing electromagnetic
interactions through the minimal substitution in this theory,
the authors of Ref. [11] were able to study the electromag-
netic structure of the Zc and, in particular, its charge form
factor and charge radius, which turned out to be hr2i ’
0:11 fm2. Taking this radius as a measure of the spatial size
of the state, we conclude that it is more compact than a
J=c , for which hr2i ’ 0:16 fm2. We take the combined
results of Refs. [10,11] as an indication that the Zc is a
compact object, which may be better understood as a quark
cluster, such as a tetraquark. Therefore, in this work, we
explore this possibility.
As the number of new states increases, a new question

arises concerning their grouping in families: which ones
belong together? Which ones are ground states, and which
are excitations? A possible organization of the charmo-
nium and bottomonium new states was suggested in
Ref. [12], and it is summarized in Fig. 1. In the figure,
we compare the charm and bottom spectra in the mass
region of interest. On the left (right) we show the charm
(bottom) states with their mass differences in MeV. The
comparison between the two left lines with the two lines on
the right emphasizes the similarity between the spectra. In
the bottom of the second column, we have now the newly
found Zcð3900Þ. In Ref. [12], there was a question mark in
this position. In fact, the existence of a charged partner of
the Xð3872Þ was first proposed in Ref. [5]. A few years
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where

p!ða; b; cÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4 þ b4 þ c4 & 2a2b2 & 2a2c2 & 2b2c2

p

2a
:

(14)

Therefore, we obtain

!ðZþ
c ð3900Þ ! J=c!þÞ ¼ ð29:1' 8:2Þ MeV: (15)

III. Zþ
c ð3900Þ ! !c"

þ DECAY WIDTH

Next, we consider the Zþ
c ð3900Þ ! "c#

þ decay. The
three-point function for the corresponding vertex is
obtained from Eq. (2) by using

"$%ðx; yÞ ¼ h0jT½j"c

5 ðxÞj#$ðyÞjy%ð0Þ)j0i; (16)

with

j"c
5 ¼ i #ca&5ca; and j#$ ¼ #da&$ua: (17)

In this case, the phenomenological side is

"ðphenÞ
$% ðp;p0;qÞ¼ &i'Zc

m#f#f"c
m2

"c
gZc"c#ðq2Þ

2mcðp2&m2
Zc
Þðp02&m2

"c
Þðq2&m2

#Þ

*
"
&g$'þ

q$q'
m2

#

#"
&g'%þ

p%p
'

m2
Zc

#
þ+++;

(18)

where now we have used the definitions

h0jj#$j#ðqÞi ¼ m#f#"$ðqÞ; h0jj"c
5 j"cðp0Þi ¼ f"c

m2
"c

2mc
:

(19)

In the OPE side, we consider the CC diagrams of the same
kind as the diagram in Fig. 2. In the p0

%q$ structure, we
have

"ðOPEÞ ¼ &imch #qg(:Gqi
48

ffiffiffi
2

p
!2

1

q2

Z 1

0
d%

1

m2
c & %ð1& %Þp02 :

(20)

Remembering that p ¼ p0 þ q, isolating the q%p
0
$ struc-

ture in Eq. (18), and making a single Borel transformation
on both P2 ¼ P02 ! M2, we finally get the sum rule:

Cðe&m2
"c =M

2 & e&m2
Zc
=M2Þ þDe&s0=M

2

¼ Q2 þm2
#

Q2

mch #qg(:Gqi
48

ffiffiffi
2

p
!2

Z 1

0
d%

e
&m2

c
%ð1&%ÞM2

%ð1& %Þ ; (21)

with Q2 ¼ &q2 and

C ¼ gZc"c#ðQ2Þ'Zc
m#f#f"c

m2
"c

2mcm
2
Zc
ðm2

Zc
&m2

"c
Þ : (22)

We use the experimental values for m#, f# and m"c
[36],

and we extract f"c
from Ref. [37]:

m# ¼ 0:775 GeV; m"c
¼ 2:98 GeV;

f# ¼ 0:157 GeV; f"c
¼ 0:35 GeV:

(23)

One can use Eq. (21) and its derivative with respect to M2

to eliminate D from Eq. (21) and to isolate gZc"c#ðQ2Þ. In
Fig. 4, we show gZc"c#ðQ2Þ as a function of both M2 and
Q2. A good Borel window is determined when the parame-
ter to be extracted from the sum rule is as independent of
the Borel mass as possible. Therefore, from Fig. 4, we
notice that the Borel window in which the form factor is
independent of M2 is in the region of 4:0 , M2 ,
10:0 GeV2. The squares in Fig. 5 show the Q2 dependence
of gZc"c#ðQ2Þ, obtained for M2 ¼ 5:0 GeV2. For other
values of the Borel mass, in the range of 4:0 , M2 ,
10:0 GeV2, the results are equivalent. Since the coupling
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FIG. 3 (color online). Dots: the rhs of Eq. (9), as a function of
the Borel mass for $s0 ¼ 0:5 GeV. The solid line gives the fit of
the QCDSRs results through the lhs of Eq. (9).

FIG. 4 (color online). QCDSRs results for the form factor
gZc"c#ðQ2Þ as a function of Q2 and M2 for $s0 ¼ 0:5 GeV.
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later [13], the same group proposed that the Zþð4430Þ,
observed by BELLE [14], would be the first radial excita-
tion of the charged partner of the Xð3872Þ. This suggestion
was based on the fact that the mass difference correspond-
ing to a radial excitation in the charmonium sector is
given by M!ð2SÞ $M!ð1SÞ ¼ 590 MeV. This number is
close to the mass difference MZþð4430Þ $MXþð3872Þ ¼
560 MeV. The very same connection between Zþð4430Þ
and Zcð3900Þwas found in the hadrocharmonium approach
[15], in which the former is essentially a !0 embedded in
light mesonic matter and the latter a J=c also embedded in
light mesonic matter. In a straightforward extension of this
reasoning to the bottom sector, in Ref. [12], it was con-
jectured that the Zþ

b ð10610Þ, observed by the BELLE
collaboration in Ref. [16], may be a radial excitation of a
yet unmeasured Xþ

b . The observation of Zþ
c ð3900Þ gives

support to this conjecture and should motivate new experi-
mental searches of this bottom charged state and its neutral
partner, the only missing states in the diagram.

There are also other suppositions according to which the
Zþ
c ð3900Þ should be the charmed partner of the Zþ

b ð10610Þ.
In this scheme, there should exist another charged state,
called Z0

c, that would be the charmed partner of the
Zþ
b ð10650Þ [15,17,18].
In this work, we use the method of QCD sum rules

(QCDSRs) [19–21] to study some hadronic decays of
Zcð3900Þ, considering Zc as a four-quark state.

II. Zþ
c ð3900Þ ! J=c!þ DECAY WIDTH

The QCDSRs were used in Ref. [22] to study the
Xð3872Þ meson considered as a IGðJPCÞ ¼ 0þð1þþÞ

four-quark state, and a good agreement with the experi-
mental mass was obtained. The Zcð3900Þ is interpreted
here as the isospin 1 partner of the Xð3872Þ. As in
Refs. [13,17], we assume the quantum numbers for the
neutral state in the isospin multiplet to be IGðJPCÞ ¼
1þð1þ$Þ. Therefore, the interpolating field for Zþ

c ð3900Þ
is given by

j! ¼ i"abc"decffiffiffi
2

p ½ðuTaC#5cbÞð "dd#!C "cTe Þ

$ ðuTaC#!cbÞð "dd#5C "cTe Þ'; (1)

where a; b; c; . . . are color indices, and C is the charge
conjugation matrix. Considering SUð2Þ symmetry, the
mass obtained in QCDSRs for the Zc state is exactly the
same one obtained for the Xð3872Þ, as it happens in
the case of $ and ! states. There are also QCDSRs
calculations for the Zc state considered as a "DD( molecular
state [23,24]. These calculations only confirm the results
presented in Refs. [22,25]. Therefore, here, we evaluate
only the decay width.
We start with the Zþ

c ð3900Þ ! J=c%þ decay. The
QCDSRs calculation of the vertex Zcð3900ÞJ=c% is based
on the three-point function, given by

#&'!ðp; p0; qÞ ¼
Z

d4xd4yeip
0:xeiq:y#&'!ðx; yÞ; (2)

with #&'!ðx; yÞ ¼ h0jT½jc&ðxÞj%5'ðyÞjy!ð0Þ'j0i, where p ¼
p0 þ q, and the interpolating fields for J=c and % are
given by

jc& ¼ "ca#&ca; (3)

j%5' ¼ "da#5#'ua: (4)

In order to evaluate the phenomenological side of the sum
rule, we insert intermediate states for Zc, J=c and % into
Eq. (2). We get

#ðphenÞ
&'! ðp;p0;qÞ¼ (Zc

mc fcF%gZcc%ðq2Þq'
ðp2$m2

Zc
Þðp02$m2

c Þðq2$m2
%Þ

)
"
$g&(þ

p0
&p

0
(

m2
c

#"
$g(!þ

p!p
(

m2
Zc

#
þ***;

(5)

where the dots stand for the contribution of all possible
excited states. The form factor, gZcc%ðq2Þ, is defined as the
generalization of the on-mass-shell matrix element,
hJ=c%jZci, for an off-shell pion:

hJ=c ðp0Þ%ðqÞjZcðpÞi ¼ gZcc%ðq2Þ"((ðp0Þ"(ðpÞ; (6)

where "!ðpÞ, "&ðp0Þ are the polarization vectors of the Zc

and J=c mesons, respectively. In deriving Eq. (5), we have
used the definitions

FIG. 1. Charm and bottom energy levels in the mass region of
interest. Masses are inMeV. On the two left columns, we show the
conjecture presented in Ref. [13]. The Zþ

c ð3900Þ is conjectured to
be the charged partner of the Xð3872Þ. On the two right columns,
we show the conjecture advanced in Ref. [12] for the bottom
sector, where the Xbð?Þ and Xþ

b ð?Þ are the proposed states.

DIAS et al. PHYSICAL REVIEW D 88, 016004 (2013)

016004-2

where

p!ða; b; cÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4 þ b4 þ c4 & 2a2b2 & 2a2c2 & 2b2c2

p

2a
:

(14)

Therefore, we obtain

!ðZþ
c ð3900Þ ! J=c!þÞ ¼ ð29:1' 8:2Þ MeV: (15)

III. Zþ
c ð3900Þ ! !c"

þ DECAY WIDTH

Next, we consider the Zþ
c ð3900Þ ! "c#

þ decay. The
three-point function for the corresponding vertex is
obtained from Eq. (2) by using

"$%ðx; yÞ ¼ h0jT½j"c

5 ðxÞj#$ðyÞjy%ð0Þ)j0i; (16)

with

j"c
5 ¼ i #ca&5ca; and j#$ ¼ #da&$ua: (17)

In this case, the phenomenological side is

"ðphenÞ
$% ðp;p0;qÞ¼ &i'Zc

m#f#f"c
m2

"c
gZc"c#ðq2Þ

2mcðp2&m2
Zc
Þðp02&m2

"c
Þðq2&m2

#Þ

*
"
&g$'þ

q$q'
m2

#

#"
&g'%þ

p%p
'

m2
Zc

#
þ+++;

(18)

where now we have used the definitions

h0jj#$j#ðqÞi ¼ m#f#"$ðqÞ; h0jj"c
5 j"cðp0Þi ¼ f"c

m2
"c

2mc
:

(19)

In the OPE side, we consider the CC diagrams of the same
kind as the diagram in Fig. 2. In the p0

%q$ structure, we
have

"ðOPEÞ ¼ &imch #qg(:Gqi
48

ffiffiffi
2

p
!2

1

q2

Z 1

0
d%

1

m2
c & %ð1& %Þp02 :

(20)

Remembering that p ¼ p0 þ q, isolating the q%p
0
$ struc-

ture in Eq. (18), and making a single Borel transformation
on both P2 ¼ P02 ! M2, we finally get the sum rule:

Cðe&m2
"c =M

2 & e&m2
Zc
=M2Þ þDe&s0=M

2

¼ Q2 þm2
#

Q2

mch #qg(:Gqi
48

ffiffiffi
2

p
!2

Z 1

0
d%

e
&m2

c
%ð1&%ÞM2

%ð1& %Þ ; (21)

with Q2 ¼ &q2 and

C ¼ gZc"c#ðQ2Þ'Zc
m#f#f"c

m2
"c

2mcm
2
Zc
ðm2

Zc
&m2

"c
Þ : (22)

We use the experimental values for m#, f# and m"c
[36],

and we extract f"c
from Ref. [37]:

m# ¼ 0:775 GeV; m"c
¼ 2:98 GeV;

f# ¼ 0:157 GeV; f"c
¼ 0:35 GeV:

(23)

One can use Eq. (21) and its derivative with respect to M2

to eliminate D from Eq. (21) and to isolate gZc"c#ðQ2Þ. In
Fig. 4, we show gZc"c#ðQ2Þ as a function of both M2 and
Q2. A good Borel window is determined when the parame-
ter to be extracted from the sum rule is as independent of
the Borel mass as possible. Therefore, from Fig. 4, we
notice that the Borel window in which the form factor is
independent of M2 is in the region of 4:0 , M2 ,
10:0 GeV2. The squares in Fig. 5 show the Q2 dependence
of gZc"c#ðQ2Þ, obtained for M2 ¼ 5:0 GeV2. For other
values of the Borel mass, in the range of 4:0 , M2 ,
10:0 GeV2, the results are equivalent. Since the coupling
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FIG. 3 (color online). Dots: the rhs of Eq. (9), as a function of
the Borel mass for $s0 ¼ 0:5 GeV. The solid line gives the fit of
the QCDSRs results through the lhs of Eq. (9).

FIG. 4 (color online). QCDSRs results for the form factor
gZc"c#ðQ2Þ as a function of Q2 and M2 for $s0 ¼ 0:5 GeV.
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where

p!ða; b; cÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4 þ b4 þ c4 & 2a2b2 & 2a2c2 & 2b2c2

p

2a
:

(14)

Therefore, we obtain

!ðZþ
c ð3900Þ ! J=c!þÞ ¼ ð29:1' 8:2Þ MeV: (15)

III. Zþ
c ð3900Þ ! !c"

þ DECAY WIDTH

Next, we consider the Zþ
c ð3900Þ ! "c#

þ decay. The
three-point function for the corresponding vertex is
obtained from Eq. (2) by using

"$%ðx; yÞ ¼ h0jT½j"c

5 ðxÞj#$ðyÞjy%ð0Þ)j0i; (16)

with

j"c
5 ¼ i #ca&5ca; and j#$ ¼ #da&$ua: (17)

In this case, the phenomenological side is

"ðphenÞ
$% ðp;p0;qÞ¼ &i'Zc

m#f#f"c
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#
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(18)

where now we have used the definitions

h0jj#$j#ðqÞi ¼ m#f#"$ðqÞ; h0jj"c
5 j"cðp0Þi ¼ f"c

m2
"c

2mc
:

(19)

In the OPE side, we consider the CC diagrams of the same
kind as the diagram in Fig. 2. In the p0

%q$ structure, we
have

"ðOPEÞ ¼ &imch #qg(:Gqi
48

ffiffiffi
2

p
!2

1

q2

Z 1

0
d%

1

m2
c & %ð1& %Þp02 :

(20)

Remembering that p ¼ p0 þ q, isolating the q%p
0
$ struc-

ture in Eq. (18), and making a single Borel transformation
on both P2 ¼ P02 ! M2, we finally get the sum rule:

Cðe&m2
"c =M

2 & e&m2
Zc
=M2Þ þDe&s0=M

2

¼ Q2 þm2
#

Q2

mch #qg(:Gqi
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ffiffiffi
2

p
!2

Z 1

0
d%

e
&m2

c
%ð1&%ÞM2

%ð1& %Þ ; (21)

with Q2 ¼ &q2 and

C ¼ gZc"c#ðQ2Þ'Zc
m#f#f"c

m2
"c

2mcm
2
Zc
ðm2

Zc
&m2

"c
Þ : (22)

We use the experimental values for m#, f# and m"c
[36],

and we extract f"c
from Ref. [37]:

m# ¼ 0:775 GeV; m"c
¼ 2:98 GeV;

f# ¼ 0:157 GeV; f"c
¼ 0:35 GeV:

(23)

One can use Eq. (21) and its derivative with respect to M2

to eliminate D from Eq. (21) and to isolate gZc"c#ðQ2Þ. In
Fig. 4, we show gZc"c#ðQ2Þ as a function of both M2 and
Q2. A good Borel window is determined when the parame-
ter to be extracted from the sum rule is as independent of
the Borel mass as possible. Therefore, from Fig. 4, we
notice that the Borel window in which the form factor is
independent of M2 is in the region of 4:0 , M2 ,
10:0 GeV2. The squares in Fig. 5 show the Q2 dependence
of gZc"c#ðQ2Þ, obtained for M2 ¼ 5:0 GeV2. For other
values of the Borel mass, in the range of 4:0 , M2 ,
10:0 GeV2, the results are equivalent. Since the coupling
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FIG. 3 (color online). Dots: the rhs of Eq. (9), as a function of
the Borel mass for $s0 ¼ 0:5 GeV. The solid line gives the fit of
the QCDSRs results through the lhs of Eq. (9).

FIG. 4 (color online). QCDSRs results for the form factor
gZc"c#ðQ2Þ as a function of Q2 and M2 for $s0 ¼ 0:5 GeV.
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constant is defined as the value of the form factor at the
meson pole, Q2 ¼ "m2

!, we need to extrapolate the form
factor for a region of Q2 in which the QCDSRs are not
valid. This extrapolation can be done by parametrizing the
QCDSRs results for gZc"c!ðQ2Þ with the help of an expo-
nential form:

gZc"c!ðQ2Þ ¼ g1e
"g2Q

2
; (24)

with g1 ¼ 4:83 GeV and g2 ¼ 5:6% 10"3 GeV"2. We
also show in Fig. 5, through the line, the fit of the
QCDSRs results for !s0 ¼ 0:5 GeV, using Eq. (24). The
value of the coupling constant, gZc"c!, is also shown in this
figure through the cross. We obtain

gZc"c! ¼ gZc"c!ð"m2
!Þ ¼ ð4:85& 0:81Þ GeV: (25)

The uncertainty in the coupling constant given above
comes from variations in s0, #Zc

, and mc in the ranges
given above. This value for the coupling is bigger than the
estimate presented in Ref. [17]. Inserting this coupling and
the corresponding masses into Eq. (13), we find

"ðZþ
c ð3900Þ ! "c!

þÞ ¼ ð27:5& 8:5Þ MeV: (26)

IV. Zþ
c ð3900Þ ! Dþ !D(0 DECAY WIDTH

Finally, we consider the Zþ
c ð3900Þ ! Dþ #D(0 decay. In

this case, we use in Eq. (2)

$$%ðx; yÞ ¼ h0jT½jD(
$ ðxÞjD5 ðyÞjy%ð0Þ*j0i; (27)

where

jD5 ¼ i #da&5ca; and jD
(

$ ¼ #ca&$ua: (28)

Using the definitions

h0jjD(
$ jD(ðp0Þi ¼ mD(fD("$ðp0Þ;

h0jjD5 jDðqÞi ¼ fDm
2
D

mc
;

(29)

the phenomenological side is given by

$ðphenÞ
$% ðp;p0;qÞ¼ "i#Zc

mD(fD(fDm
2
DgZcDD( ðq2Þ
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D( Þðq2"m2
DÞ

%
!
"g$#þ

p0
$p

0
#

m2
D(

"!
"g#%þ
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m2
Zc

"
þ+++

(30)

In the OPE side, we consider again only the CC dia-
grams. In the p0

%p
0
$ structure, we have

$ðOPEÞ ¼"imch #qg':Gqi
48

ffiffiffi
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%
: (31)

Isolating the p0
$p

0
% structure in Eq. (30) and making a

single Borel transformation on both P2 ¼ P02 ! M2,
we get

1

Q2 þm2
D

½Eðe"m2
D(=M

2 " e"m2
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=M2Þ þ Fe"s0=M

2*

¼ mch #qg':Gqi
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2
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1

m2
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Z 1

0
d%

%ð2þ %Þ
1" %

e
"m2

c
%ð1"%ÞM2

" e"m2
c=M

2
Z 1

0
d%

%ð2þ %Þ
m2

c þ ð1" %ÞQ2

%
; (32)

with

E ¼ gZcDD( ðQ2Þ#Zc
fD(fDm

2
D

mcmD( ðm2
Zc

"m2
D( Þ

: (33)

We use the experimental values for mD and mD( [36], and
we extract fD and fD( from Ref. [26]:

mD ¼ 1:869 GeV; fD ¼ ð0:18& 0:02Þ GeV;
mD( ¼ 2:01 GeV; fD( ¼ ð0:24& 0:02Þ GeV:

(34)

In Fig. 6, we show gZcDD( ðQ2Þ, as a function of both M2

and Q2, from where we notice that we get a Borel stability
in the region of 2:2 , M2 , 2:8 GeV2.
Fixing M2 ¼ 2:6 GeV2, we show in Fig. 7, through

the squares, the Q2 dependence of the gZcDD( ðQ2Þ form
factor. Again, to extract the coupling constant, we fit the
QCDSRs results using the exponential form in Eq. (24)
with g1 ¼ 1:733 GeV and g2 ¼ 0:076 GeV"2. The line

FIG. 5 (color online). QCDSRs results for gZc"c!ðQ2Þ, as a
function of Q2, for !s0 ¼ 0:5 GeV (squares). The solid line
gives the parametrization of the QCDSRs results through
Eq. (24). The cross gives the value of the coupling constant.
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in Fig. 7 shows the fit of the QCDSRs results for
!s0 ¼ 0:5 GeV, using Eq. (24). We get for the coupling
constant

gZcDD" ¼ gZcDD" ð$m2
DÞ ¼ ð2:5& 0:3Þ GeV: (35)

The uncertainty in the coupling constant comes from var-
iations in s0, !Zc

, fD, fD" , and mc. This value for this
coupling is again in excellent agreement with the estimate
presented in Ref. [17]. Using again Eq. (13) with this
coupling, the decay width in this channel is

"ðZþ
c ! Dþ #D"0Þ ¼ ð3:2& 0:7Þ MeV: (36)

V. CONCLUSIONS

In conclusion, we have used the three-point QCDSRs
to evaluate the coupling constants in the vertices
Zþ
c ð3900ÞJ=c"þ, Zþ

c ð3900Þ#c$
þ, and Zþ

c ð3900ÞDþ #D"0.
In the case of the Zþ

c ð3900ÞJ=c"þ vertex, we have used
the sum rule at the pion pole, and the coupling was
extracted directly from the sum rule. In the cases of
Zþ
c ð3900Þ#c$

þ and Zþ
c ð3900ÞDþ #D"0 vertices, we have

extracted the form factors, and the couplings were obtained
with a fit of the QCDSRs results. In the three cases, we
have only considered the color connected diagrams, since
we expect the Zcð3900Þ to be a genuine tetraquark state
with a nontrivial color structure. The obtained couplings,
with the respective decay widths, are given in Table I. We
have also included in this table the results for the vertex
Zþ
c ð3900Þ #D0D"þ, since it is exactly the same result as in

the Zþ
c ð3900ÞDþ #D"0 vertex.

Considering these four decay channels, we get a
total width " ¼ ð63:0& 18:1Þ GeV for Zcð3900Þ, which
is in agreement with the two experimental values: " ¼
ð46& 22Þ MeV from BESIII [1] and " ¼ ð63& 35Þ MeV
from BELLE [2].
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TABLE I. Coupling constants and decay widths in different
channels.

Vertex
Coupling constant

(GeV)
Decay width

(MeV)

Zþ
c ð3900ÞJ=c"þ 3:89& 0:56 29:1& 8:2

Zþ
c ð3900Þ#c$

þ 4:85& 0:81 27:5& 8:5
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c ð3900ÞDþ #D"0 2:5& 0:3 3:2& 0:7
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c ð3900Þ #D0D"þ 2:5& 0:3 3:2& 0:7
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in Fig. 7 shows the fit of the QCDSRs results for
!s0 ¼ 0:5 GeV, using Eq. (24). We get for the coupling
constant

gZcDD" ¼ gZcDD" ð$m2
DÞ ¼ ð2:5& 0:3Þ GeV: (35)

The uncertainty in the coupling constant comes from var-
iations in s0, !Zc

, fD, fD" , and mc. This value for this
coupling is again in excellent agreement with the estimate
presented in Ref. [17]. Using again Eq. (13) with this
coupling, the decay width in this channel is

"ðZþ
c ! Dþ #D"0Þ ¼ ð3:2& 0:7Þ MeV: (36)

V. CONCLUSIONS

In conclusion, we have used the three-point QCDSRs
to evaluate the coupling constants in the vertices
Zþ
c ð3900ÞJ=c"þ, Zþ

c ð3900Þ#c$
þ, and Zþ

c ð3900ÞDþ #D"0.
In the case of the Zþ

c ð3900ÞJ=c"þ vertex, we have used
the sum rule at the pion pole, and the coupling was
extracted directly from the sum rule. In the cases of
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c ð3900Þ#c$

þ and Zþ
c ð3900ÞDþ #D"0 vertices, we have

extracted the form factors, and the couplings were obtained
with a fit of the QCDSRs results. In the three cases, we
have only considered the color connected diagrams, since
we expect the Zcð3900Þ to be a genuine tetraquark state
with a nontrivial color structure. The obtained couplings,
with the respective decay widths, are given in Table I. We
have also included in this table the results for the vertex
Zþ
c ð3900Þ #D0D"þ, since it is exactly the same result as in

the Zþ
c ð3900ÞDþ #D"0 vertex.

Considering these four decay channels, we get a
total width " ¼ ð63:0& 18:1Þ GeV for Zcð3900Þ, which
is in agreement with the two experimental values: " ¼
ð46& 22Þ MeV from BESIII [1] and " ¼ ð63& 35Þ MeV
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the parametrization of the QCDSRs results through Eq. (24).
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We identify the recently observed charmoniumlike structure Z$
c ð3900Þ as the charged partner of the

Xð3872Þ state. Using standard techniques of QCD sum rules, we evaluate the three-point function and

extract the coupling constants of the Zþ
c J=c!þ, Zþ

c "c#
þ and Zþ

c D
þ !D%0 vertices and the corresponding

decay widths in these channels. The good agreement with the experimental data gives support to the

tetraquark picture of this state.

DOI: 10.1103/PhysRevD.88.016004 PACS numbers: 11.55.Hx, 12.38.Lg, 12.39.&x

I. INTRODUCTION

About ten years after the discovery of the Xð3872Þ, the
BESIII collaboration has just reported the observation of a
charged charmoniumlike structure in theMð!$J=c Þ mass
spectrum of the Yð4260Þ ! J=c!þ!& decay channel [1].
This structure, called Zcð3900Þ, was also observed at the
same time by BELLE [2] and was confirmed by the authors
of Ref. [3] using CLEO-c data. During the past decade,
as other new nonconventional states were discovered,
their internal structure was the subject of intense debate.
Definite conclusions have not yet been reached, and some
models for these states are still under consideration: the
meson molecule [4], tetraquark [5], hadrocharmonium [6],
and charmonium-molecule mixture [7]. For a comprehen-
sive review of the theoretical and experimental statuses of
these states, we refer the reader to Ref. [8]. In most of these
models, it is relatively easy to reproduce the masses of the
states. It is, however, much more difficult to reproduce
their measured decay widths. In the present case, the
Zcð3900Þ decay width poses an additional challenge to
theorists. Its mass is very close to the Xð3872Þ, which
may be considered its neutral partner. However, while the
Zcð3900Þ decay width is in the range 40–60 MeV, the
Xð3872Þ width is smaller than 2.3 MeV. A possible reason
for this difference is the fact that theXð3872Þmay contain a
significant jc !ci component [7], which is absent in the
Zcð3900Þ. Probably for this same reason, the Zc was not
observed in B decays, as pointed out in Ref. [9].

In this work, we present a calculation of the Zcð3900Þ
decay width into J=c!þ, "c#

þ and Zþ
c D

þ !D%0.
If the Zc is a real D% & !D molecular state, its decay

into J=c!þ (or "c#
þ) must involve the exchange of a

charmed meson. Since the exchange of heavy mesons is a

short-range process, when the distance betweenD% and the
!D is large it, becomes more difficult to exchange mesons.
Using the expression of the decay width obtained with the
one boson exchange potential, we can relate the decay
width with the effective radius of the state. In Ref. [10],
it was shown that, in order to reproduce the measured
width, the effective radius must be hreffi ’ 0:4 fm. This
size scale is small and pushes the molecular picture to its
limit of validity. In another work [11], the new state was
again treated as a charged D% & !D molecule, in which the
interaction between the charm mesons is described by a
pionless effective field theory. Introducing electromagnetic
interactions through the minimal substitution in this theory,
the authors of Ref. [11] were able to study the electromag-
netic structure of the Zc and, in particular, its charge form
factor and charge radius, which turned out to be hr2i ’
0:11 fm2. Taking this radius as a measure of the spatial size
of the state, we conclude that it is more compact than a
J=c , for which hr2i ’ 0:16 fm2. We take the combined
results of Refs. [10,11] as an indication that the Zc is a
compact object, which may be better understood as a quark
cluster, such as a tetraquark. Therefore, in this work, we
explore this possibility.
As the number of new states increases, a new question

arises concerning their grouping in families: which ones
belong together? Which ones are ground states, and which
are excitations? A possible organization of the charmo-
nium and bottomonium new states was suggested in
Ref. [12], and it is summarized in Fig. 1. In the figure,
we compare the charm and bottom spectra in the mass
region of interest. On the left (right) we show the charm
(bottom) states with their mass differences in MeV. The
comparison between the two left lines with the two lines on
the right emphasizes the similarity between the spectra. In
the bottom of the second column, we have now the newly
found Zcð3900Þ. In Ref. [12], there was a question mark in
this position. In fact, the existence of a charged partner of
the Xð3872Þ was first proposed in Ref. [5]. A few years
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in Fig. 7 shows the fit of the QCDSRs results for
!s0 ¼ 0:5 GeV, using Eq. (24). We get for the coupling
constant

gZcDD" ¼ gZcDD" ð$m2
DÞ ¼ ð2:5& 0:3Þ GeV: (35)

The uncertainty in the coupling constant comes from var-
iations in s0, !Zc

, fD, fD" , and mc. This value for this
coupling is again in excellent agreement with the estimate
presented in Ref. [17]. Using again Eq. (13) with this
coupling, the decay width in this channel is

"ðZþ
c ! Dþ #D"0Þ ¼ ð3:2& 0:7Þ MeV: (36)

V. CONCLUSIONS

In conclusion, we have used the three-point QCDSRs
to evaluate the coupling constants in the vertices
Zþ
c ð3900ÞJ=c"þ, Zþ

c ð3900Þ#c$
þ, and Zþ

c ð3900ÞDþ #D"0.
In the case of the Zþ

c ð3900ÞJ=c"þ vertex, we have used
the sum rule at the pion pole, and the coupling was
extracted directly from the sum rule. In the cases of
Zþ
c ð3900Þ#c$

þ and Zþ
c ð3900ÞDþ #D"0 vertices, we have

extracted the form factors, and the couplings were obtained
with a fit of the QCDSRs results. In the three cases, we
have only considered the color connected diagrams, since
we expect the Zcð3900Þ to be a genuine tetraquark state
with a nontrivial color structure. The obtained couplings,
with the respective decay widths, are given in Table I. We
have also included in this table the results for the vertex
Zþ
c ð3900Þ #D0D"þ, since it is exactly the same result as in

the Zþ
c ð3900ÞDþ #D"0 vertex.

Considering these four decay channels, we get a
total width " ¼ ð63:0& 18:1Þ GeV for Zcð3900Þ, which
is in agreement with the two experimental values: " ¼
ð46& 22Þ MeV from BESIII [1] and " ¼ ð63& 35Þ MeV
from BELLE [2].
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FIG. 6 (color online). QCDSRs results for the form factor
gZcDD" ðQ2Þ as a function of Q2 and M2 for !s0 ¼ 0:5 GeV.

FIG. 7 (color online). QCDSRs results for gZcDD" ðQ2Þ, as a
function ofQ2, for!s0 ¼ 0:5 GeV (squares). The solid line gives
the parametrization of the QCDSRs results through Eq. (24).

TABLE I. Coupling constants and decay widths in different
channels.

Vertex
Coupling constant

(GeV)
Decay width

(MeV)

Zþ
c ð3900ÞJ=c"þ 3:89& 0:56 29:1& 8:2

Zþ
c ð3900Þ#c$

þ 4:85& 0:81 27:5& 8:5
Zþ
c ð3900ÞDþ #D"0 2:5& 0:3 3:2& 0:7
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c ð3900Þ #D0D"þ 2:5& 0:3 3:2& 0:7
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Very recently the existence of a charged state near the Ds
!D!=D!

s
!D threshold was predicted. This state,

that we call Zþ
cs, would be the strange partner of the recently observed Z#

c ð3900Þ. Using standard

techniques of QCD sum rules, we evaluate the three-point function for the vertices Zþ
csJ=cKþ,

Zþ
cs!cK

!þ and Zþ
csD

þ
s
!D!0, and we make predictions for the corresponding decay widths in these channels.
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In a pioneering work, using the initial single pion
emission mechanism (ISPE), the authors of Ref. [1] have
predicted the existence of a charged state, close to the
D! !D threshold, in the hidden-charm dipion decay of the
charmoniumlike structure Yð4260Þ. This state, called
Zþ
c ð3900Þ, was soon after observed by the BESIII and

BELLE collaborations in eþe& ! J=c"þ"& at
ffiffiffi
s

p ¼
4260 MeV [2,3]. This observation was also confirmed by
the authors of Ref. [4] using CLEO-c data. Stimulated by
this discovery, the authors of Ref. [5] have extended the
ISPE mechanism to include the kaon, the chiral partner of
the pion. They call it the initial single chiral particle
emission (ISChE) mechanism. Under the ISChE mecha-
nism, it is possible to study the hidden-charm dikaon decay
of a charmoniumlike states. In particular, studying the
hidden-charm dikaon decay of the charmoniumlike struc-
ture Yð4660Þ, the authors of Ref. [5] find a sharp peak
structure close to the Ds

!D!=D!
s
!D threshold. Therefore, a

charged charmoniumlike structure with hidden-charm and
open-strange channels with mass close to the Ds

!D!=D!
s
!D

threshold, which we call Z#
cs, should be seen in the

Yð4600Þ ! J=cKþK& decay.
The mass of a JP ¼ 1þ Ds

!D! molecular state was first
predicted, using theQCD sum rules (QCDSR)method [6–8],
in Ref. [9]. They foundmZcs

¼ ð3:97# 0:08Þ GeV, which is
very close to theDþ

s
!D!0 threshold at 3.976GeV. In this work

weuse themethod ofQCDSR to study some hadronic decays
of Z#

cs, considering the Zcs as a tetraquark state, similar to
whatwas done for theZ#

c ð3900Þ state inRef. [10]. Therefore,
the interpolating field for Zþ

cs is given by

j# ¼ i$abc$decffiffiffi
2

p ½ðuTaC%5cbÞð!sd%#C !cTe Þ

& ðuTaC%#cbÞð!sd%5C !cTe Þ); (1)

where a; b; c; . . . are color indices, and C is the charge
conjugation matrix. The mass obtained in QCDSR for the

Zcs state described by the current in Eq. (1) is the same as the
one obtained in Ref. [9], as expected from the results
presented in Ref. [11]. Therefore, here we evaluate only
the decay width. For a comprehensive review of the use of
different currents to describe four-quark states, we refer the
reader to Ref. [12].
We will consider four decay channels: Zþ

cs ! J=cKþ,
Zþ
cs ! !cK

!þ, Zþ
cs ! !D!0Dþ

s , and Zþ
cs ! !D0D!þ

s . Besides
these four discussed decay channels, Zþ

cs ! &c0K
þ via P

wave is allowed, where the sum of the masses of &c0 and
Kaon is about 3912 MeV less than the central value of the
mass of Zþ

cs [9]. However, in this work we will not include
this channel in our discussion since this P-wave decay and
small phase space can suppress the decay width of Zþ

cs !
&c0K

þ compared with these two S-wave hidden-charm
decay channels Zþ

cs ! J=cKþ and Zþ
cs ! !cK

!þ.
In these four channels, there is always a vector and

pseudoscalar mesons as final states. For the last three cases,
the pseudoscalar mesons are described by pseudoscalars
currents:

j!c

5 ¼ i !ca%5ca;

jD5 ¼ i !ca%5ua; and

jDs
5 ¼ i!sa%5ca:

(2)

However, it is well known that the kaon cannot be well
described, in QCDSR, by a pseudoscalar current [13].
Therefore, in the case of the Zþ

cs ! J=cKþ decay, we
use an axial current to describe the kaon

jK5' ¼ !sa%5%'ua: (3)

For the vector mesons, we use the currents

jc( ¼ !ca%(ca; jD
!

( ¼ !ca%(ua;

jD
!
s

( ¼ !sa%(ca and jK
!

( ¼ !sa%(ua:

(4)

The QCDSR calculation of these four vertices are based
on the three-point function given by

"(i#ðp; p0; qÞ ¼
Z

d4x d4y eip
0:x eiq:y "(i#ðx; yÞ; (5)
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The coupling constant is obtained by using Eq. (23) and
Q2 ¼ "m2

K# :

gZcs!cK
# ¼ gZcs!cK

# ð"m2
K# Þ

¼ ð3:40ð7Þs0ð13Þmc
ð11Þh !qqið17Þm2

0
ð13Þ"Þ GeV

¼ ð3:4& 0:3Þ GeV: (24)

The uncertainty due to the variations of each parameter is
again indicated in the first line of Eq. (24). Using this in
Eq. (15), and varying mZcs

in the range mZcs
¼ ð3:97&

0:08Þ GeV, we get
"ðZþ

cs ! !cK
#þÞ ¼ ð10:8& 6:2Þ MeV: (25)
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!D#0 and Zþ

cs !
D#þ

s
!D0. Here we give only the expressions for Zþ

cs !
Dþ

s
!D#0. The expression for Zþ

cs ! D#þ
s

!D0, can be easily
obtained from the prior by exchanging the corresponding
meson masses and condensates. As always the phenome-
nological side is obtained by considering the contribution
of the Zcs, Ds, and D# mesons to the correlation function
in Eq. (5):
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As in the previous cases, in the OPE side, we consider
only the CC diagrams, and we work with the p0

$p
0
# struc-

ture. We get
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For these decays we could also have the contribution of
the dimension-eight condensate, of the kind shown in
Fig. 5. However, this diagram does not contribute to the
p0
$p

0
# structure. Therefore, the sum rule in the p0

#p
0
$

structure is

1
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48
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where the parameter E is defined in terms of the form
factor gZcsDsD

# ðQ2Þ:

E ¼
gZcsDsD

# ðQ2Þ"Zcs
fD#fDs

m2
Ds

ðmc þmsÞmD# ðm2
Zcs

"m2
D# Þ

: (29)

The form factor gZcsDsD
# ðQ2Þ extracted from Eq. (28) is

shown in Fig. 6, as a function of bothM2 andQ2. From this
figure we see that there is a good Borel stability in the
region 2:75 , M2 , 3:25 GeV2. Therefore, we fix M2 ¼
3:0 GeV to extract the Q2 dependence of the form factor.
In Fig. 7 we show, through the squares, the Q2 depen-

dence of the form factor. Again, to extract the coupling
constant, we have to extrapolate the QCDSR results to
Q2 ¼ "m2

Ds
. To do that we use an exponential form

gZcsDsD
# ðQ2Þ ¼ g1e

"g2Q
2

(30)

to fit the QCDSR results. We have used an exponential
form in this case since it was not possible to fit the QCDSR
results with the monopole form in Eq. (23). However, as
shown in Ref. [14], both forms are acceptable to describe
hadronic form factors. We get g1 ¼ 0:94 GeV and g2 ¼
0:09 GeV"2. The line in Fig. 7 shows the fit of the QCDSR
results for

ffiffiffiffiffi
s0

p ¼ 4:5 GeV, using Eq. (30). We get for the
coupling constant

FIG. 5. Dimension-8 CC diagram, which contributes to the
OPE side of the sum rule.

FIG. 6 (color online). QCDSR results for the form factor
gZcsD

#Ds
ðQ2Þ as a function of Q2 and M2 for

ffiffiffiffiffi
s0

p ¼ 4:5 GeV.
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FIG. 6: QCDSR results for gZcsD∗Ds(Q
2), as a function of Q2, for

√
s0 = 4.5 GeV (squares). The solid line gives the

parametrization of the QCDSR results through Eq. (30).

I. CONCLUSIONS

In this work we have estimated, using the QCDSR approach, the decay widths of the charmonium-like structure
with hidden-charm and open-strange, that we call Z+

cs. This state was predicted in [5] under the ISChE mechanism,
and should be seen in the hidden-charm dikaon decay of a charmonium-like state Y (4660). We have studied four
decay channels and have considered only color connected diagrams. This is justified by the fact that we expect the
Zcs state to be a genuine tetraquark state, with a non-trivial color configuration. The obtained couplings, with the
respective decay widths, are given in Table III.

Table III: Coupling constants and decay widths in different channels.

Vertex coupling constant (GeV) decay width (MeV)

Z+
csJ/ψK

+ 2.58± 0.30 11.2± 3.5

Z+
csηcK

∗+ 3.4± 0.3 10.8± 6.2

Z+
csD

+
s D̄∗0 1.4± 0.3 1.5± 1.5

Z+
csD̄

0D∗+
s 1.4± 0.4 1.4± 1.4

Considering these four decay channels we get a total width Γ = (24.9± 12.6) GeV for Zcs which is smaller than the
total decay width of its non-strange partner the Z+

c (3900): Γ = (46± 22) MeV from BESIII [2], and Γ = (63 ± 35)
MeV from BELLE [3].
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As in the previous cases, in the OPE side, we consider
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figure we see that there is a good Borel stability in the
region 2:75 , M2 , 3:25 GeV2. Therefore, we fix M2 ¼
3:0 GeV to extract the Q2 dependence of the form factor.
In Fig. 7 we show, through the squares, the Q2 depen-

dence of the form factor. Again, to extract the coupling
constant, we have to extrapolate the QCDSR results to
Q2 ¼ "m2

Ds
. To do that we use an exponential form
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to fit the QCDSR results. We have used an exponential
form in this case since it was not possible to fit the QCDSR
results with the monopole form in Eq. (23). However, as
shown in Ref. [14], both forms are acceptable to describe
hadronic form factors. We get g1 ¼ 0:94 GeV and g2 ¼
0:09 GeV"2. The line in Fig. 7 shows the fit of the QCDSR
results for

ffiffiffiffiffi
s0

p ¼ 4:5 GeV, using Eq. (30). We get for the
coupling constant

FIG. 5. Dimension-8 CC diagram, which contributes to the
OPE side of the sum rule.

FIG. 6 (color online). QCDSR results for the form factor
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#Ds
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FIG. 6: QCDSR results for gZcsD∗Ds(Q
2), as a function of Q2, for

√
s0 = 4.5 GeV (squares). The solid line gives the

parametrization of the QCDSR results through Eq. (30).

I. CONCLUSIONS

In this work we have estimated, using the QCDSR approach, the decay widths of the charmonium-like structure
with hidden-charm and open-strange, that we call Z+

cs. This state was predicted in [5] under the ISChE mechanism,
and should be seen in the hidden-charm dikaon decay of a charmonium-like state Y (4660). We have studied four
decay channels and have considered only color connected diagrams. This is justified by the fact that we expect the
Zcs state to be a genuine tetraquark state, with a non-trivial color configuration. The obtained couplings, with the
respective decay widths, are given in Table III.

Table III: Coupling constants and decay widths in different channels.

Vertex coupling constant (GeV) decay width (MeV)

Z+
csJ/ψK

+ 2.58± 0.30 11.2± 3.5

Z+
csηcK

∗+ 3.4± 0.3 10.8± 6.2

Z+
csD

+
s D̄∗0 1.4± 0.3 1.5± 1.5

Z+
csD̄

0D∗+
s 1.4± 0.4 1.4± 1.4

Considering these four decay channels we get a total width Γ = (24.9± 12.6) GeV for Zcs which is smaller than the
total decay width of its non-strange partner the Z+

c (3900): Γ = (46± 22) MeV from BESIII [2], and Γ = (63 ± 35)
MeV from BELLE [3].
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•
The view hadronic startas have been ohallengingour
comprehension of the

ACD dynamics at low -energias ;

• It seems that theremight be different dynamics involved .
It is hard to believe that just one is enough to explain
what we have seen up to now ;

• The China/ Unitaryapproaoh has beenprovingasuccessfull
non-perturbartive too / to describe these view states at the

heavy sector;

• It is asuitable fool to describe them as hadrouic
molecules ;

•
Tetraquarks are suitably described by the Red seem
rules approaoh , athough the method provide longe
uncertaiuties
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Doubly charmed Ξcc molecular states from meson-baryon interaction
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Stimulated by the new experimental LHCb findings associated with the Ωc states, some of which we
have described in a previous work as being dynamically generated through meson-baryon interaction, we
have extended this approach to make predictions for new Ξcc molecular states in the C ¼ 2, S ¼ 0, and
I ¼ 1=2 sector. These states manifest themselves as poles in the solution of the Bethe-Salpeter equation in
coupled channels. The kernels of this equation were obtained using general Lagrangians coming from
the hidden local gauge symmetry or massive Yang-Mills theory, and the interactions are dominated by the
exchange of light vector mesons. The extension of this approach to the heavy sector stems from the
realization that the dominant interaction corresponds to having the heavy quarks as spectators, which
implies the preservation of the heavy quark symmetry. As a result, we get several states: three states from
the pseudoscalar meson-baryon interaction with JP ¼ 1=2−, and masses around 3840, 4080 and
4090 MeV, and two at 3920 and 4150 MeV for JP ¼ 3=2−. Furthermore, from the vector meson-baryon
interaction we get three states degenerate with JP ¼ 1=2− and 3=2− from 4220 MeV to 4290 MeV, and two
more states around 4280 and 4370 MeV, degenerate with JP ¼ 1=2−; 3=2−, and 5=2−.

DOI: 10.1103/PhysRevD.98.094017

I. INTRODUCTION

Over the last decade, the field of hadron spectroscopy is
living a new era due to a large bulk of experimental results,
which has triggered an intense theoretical activity in order
to describe and understand these experimental data. They
are challenging our knowledge of hadron dynamics since
many states cannot be accommodated within the standard
picture for the hadron. In 2015, the LHCb reported the
observation of the states Pþ

c ð4380Þ and Pþ
c ð4450Þ in the

J=ψp invariant mass distribution [1–3] and, afterwards,
five narrow Ωc states [4] were measured in the Ξþ

c K− mass
spectrum. Especially interesting was the observation of a
doubly charmed baryon (DCB), called Ξþþ

cc , recently seen
by the LHCb collaboration in the Λþ

c K−πþπþ final state,
with mass around 3621 MeV [5]. This value is higher than
that for the first doubly charmed state Ξþ

cc measured in the
Λþ
c K−πþ mass spectrum, by SELEX in 2002 [6], and later

confirmed in Ref. [7] by the same collaboration. However,
this latter state was not confirmed by FOCUS [8], Belle [9],
BABAR [10] and the LHCb [11] collaborations.
On the theoretical side, a DCB state with a mass similar

to that one reported by the LHCb had been predicted in
Ref. [12], using a renormalizable gauge field theory. A
DCB was also predicted in Ref. [13], where the relativistic
quark-diquark potential model was employed. Using the
one gluon exchange model, the authors of Ref. [14] had
also predicted a doubly heavy baryon state in which the
mass value obtained is close to the one measured by the
LHCb. In particular, these works advocate that the Ξþþ

cc
should be accommodated in the quark picture. On the other
hand, many other theoretical approaches were used to study
doubly charmed baryon states1 before the LHCb measure-
ments, including even triply heavy baryons extended to the
beauty sector [16]. For instance, in Ref. [17] the authors
have predicted a doubly charmed baryon state generated
from the ΞccK̄ interaction based on the previous Ξcc
mass value.
More recently, in particular after the LHCb announce-

ment of the newly Ξþþ
cc , a new wave of theoretical studies

have aroused in an attempt to understand its properties,
including also new predictions. In Ref. [18], the chiral
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similar to the Ξ0
c − Ξ!

c mass splitting, as done in Ref. [42].
The estimates for the Ωcc and Ω!

cc masses are also taken as
the same adopted in Ref. [42], given in Ref. [45]. The other
masses are taken as isospin averages of the ones listed by
the Particle Data Group [46]. In Tables I–IV we show the
channels and their respective thresholds reevaluated tak-
ing MΞcc

¼ 3621 MeV.
Next, wewill discuss the use of Lagrangians from hidden

local gauge symmetry which provide an easy manner to
evaluate the meson-baryon interaction involving the chan-
nels listed in Tables I–IV.

A. Transition amplitudes

The use of chiral Lagrangians to calculate the transition
amplitudes is complicated when states in the charm sector
are involved. This happens because one needs to extend
those Lagrangians from SUð3Þ to SUð4Þ and the use of this
latter symmetry must be handled with care when dealing
with mesons and baryons with such disparate masses. On
the other hand, the use of the Lagrangians coming from the
hidden local gauge symmetry allows us to make use of the
SUð3Þ content of SUð4Þ since the heavy quark is treated as
a spectator in our formalism. As a consequence the rules
of heavy quark spin symmetry are fulfilled [47] for the
dominant diagonal interactions.

In the hidden local gauge approach in SUð3Þ, the meson-
baryon interaction proceeds by means of vector meson
exchange as illustrated in Fig. 1. According to the hidden
local gauge approach, the vector-pseudoscalar-pseudoscalar
coupling (VPP), i.e., the upper vertex of the diagram
depicted in Fig. 1 is described by the following Lagrangian

LVPP ¼ −igh½ϕ; ∂μϕ&Vμi; ð1Þ

where ϕ and Vμ are the SUð3Þ matrices for pseudoscalar
and vector mesons, respectively, given by

ϕ ¼

0

BB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1

CCA; ð2Þ

and

Vμ ¼

0

BB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K!þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K!0

K!− K̄!0 ϕ

1

CCA

μ

; ð3Þ

while the symbol h( ( (i in Eq. (1) stands for the SUð3Þ trace
and the coupling g ¼ MV=2fπ , with fπ ¼ 93 MeV being
the pion decay constant. The extension of Eq. (1) to SUð4Þ is
straightforward and the discussion on how to do this can be
found in Refs. [36,37]. Essentially the Lagrangian for VPP
is formally the same as for Eq. (1) but the ϕ and V matrices
are extended to their corresponding ones in SUð4Þ, which
account for qq̄ written in terms of pseudoscalar-mesons
or vector-mesons. Given this quark correspondence of the
mesons, it is possible to write the VPP vertex using an
appropriate quark operator and evaluating matrix elements
for the different mesons (see Eqs. (4)–(11) of Ref. [48]). One
finds identical results with the two methods within SUð3Þ.
When we move to the SUð4Þ sector we stick to the
prescription of using exchange of vector mesons for the
interaction, but there are two possibilities, the exchange of
light vectors (ρ, ω, ϕ) or the exchange of heavy vectors, D!,
D!

s and J=ψ . The exchange of heavy vectors is penalized

TABLE I. Baryon-pseudoscalar states (JP ¼ 1=2−) chosen and
threshold mass in MeV.

Channel Ξccπ ΛcD Ξccη ΩccK ΣcD ΞcDs Ξ0
cDs

Threshold 3759 4154 4169 4208 4321 4438 4545

TABLE II. Baryon-pseudoscalar states (JP ¼ 3=2−) chosen
and threshold mass in MeV.

Channel Ξ!
ccπ Ξ!

ccη Ω!
ccK Σ!

cD Ξ!
cDs

Threshold 3840 4250 4291 4385 4615

TABLE III. Baryon-vector meson states (JP ¼ 1=2−; 3=2−)
chosen and threshold mass in MeV.

Channel ΛcD! Ξccρ Ξccω ΣcD! ΞcD!
s ΩccK! Ξccϕ Ξ0

cD!
s

Threshold 4295 4397 4404 4462 4582 4606 4641 4689

TABLE IV. Baryon-vector meson states (JP ¼ 1=2−; 3=2−;
5=2−) chosen and threshold mass in MeV.

Channel Ξ!
ccρ Ξ!

ccω Σ!
cD! Ω!

ccK! Ξ!
ccϕ Ξ!

cD!
s

Threshold 4478 4485 4526 4689 4722 4759

FIG. 1. Diagram representing the meson-baryon interaction
through vector meson exchange. MiðMfÞ and BiðBfÞ are the
initial (final) meson and baryon states, respectively, taking
place on the interaction, while V stands for the vector meson
exchanged.
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Charm = 2, 

Strangeness =0, 
and Isospin =1/2
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to obtain the T-matrix in the complex energy plane, for
which we have calculated the meson-baryon G function in
the first (I) and second (II) Riemann sheet [56]. This is done
by changing G in Eq. (14) to GII in order to obtain TII. The
loop GII is the analytic continuation of the loop function in
the second Riemann sheet, and it is given by

GII
l ð

ffiffiffi
s

p
Þ ¼ GI

lð
ffiffiffi
s

p
Þ þ i

Ml

2π
ffiffiffi
s

p p; with ImðpÞ > 0;

p ¼ λ1=2ðs;m2
l ;M

2
l Þ

2
ffiffiffi
s

p ; ð16Þ

with ml and Ml being the meson and baryon masses of the
l-channel, respectively, while GI [given by Eq. (15)] and
GII

l stand for the loop function in the first and second
Riemann sheet, respectively. In Eq. (16), we use GII

l
when the lth-channel is open, i.e., Reð

ffiffiffi
s

p
Þ > ml þMl.

On the other hand, when the channel is closed, that is
Reð

ffiffiffi
s

p
Þ < ml þMl, we have GII

l ¼ GI
l.

It is also possible to evaluate the couplings gl of the state
to the different meson-baryon channels. In order to do this,
note that close to the pole the amplitude in the complex
plane for a diagonal transition can be written as

TllðsÞ ≈
g2lffiffiffi
s

p
− zR

; ð17Þ

where zR ¼ MR þ iΓR=2 stands for the position of the
bound state/resonance [61]. Hence, the coupling can be
evaluated as the residue at the pole of TllðsÞ, by means of
the following formula

g2l ¼
r
2π

Z
2π

0
TllðzðθÞÞeiθdθ; ð18Þ

where z ¼ zR þ reiθ.
In addition, with the coupling constant and the G

function calculated at the pole, we can obtain glGlðzRÞ,
which is proportional to the wave function at the origin in
the lth-channel [62].

III. RESULTS

In Table XI we show the poles we have found according
to the procedure discussed previously. They are related to
the interaction involving a pseudoscalar meson and 1=2þ

baryon in S-wave, such that for this case we have poles
associated to the JP ¼ 1=2− quantum numbers. In addition,
we also show the couplings of these states to the channels
spanning the space of states listed in Table I as well as the
product glGII

l , with GII
l being the loop function evaluated

at the pole in the second Riemann sheet. We get a broad
pole below 4 GeV, with mass 3837.26 MeV and width
200.96 MeV (ΓR ¼ 2 × ImðzRÞ), coupling to Ξccπ, Ξccη
and ΩccK. As we can see from the value of the coupling gl
and wavefunction glGII

l this pole is dominated by the
channel Ξccπ. The large width comes from the fact that this
resonance is 78 MeV above the Ξccπ threshold and has a
very large contribution from this channel, which is open for
decay. We get two states above 4 GeV separated approx-
imately by ≈10 MeV, with one at 4082.79 MeV and the
other at 4092.20 MeV. From the results obtained for the
couplings as well as for the wave function at the origin, we
observe that the first pole couples strongly to the ΣcD
channel. It also couples to Ξ0

cDs, but with a smaller value
than to the former channel. We can understand this by
looking at Table VII. According to that table only the
ΣcD → ΣcD and ΣcD → Ξ0

cDs transitions are allowed,
with the coefficient related to the diagonal one as the
biggest value. Therefore, we can say that this pole is mostly
a ΣcD molecule. For the second pole, at 4092.20 MeV, we
see that it couples to both ΛcD and ΞcDs channels with
almost the same magnitude. The only open channel for both
states found is Ξccπ, but as can be seen from Table XI, they
do not couple to this channel.
The results associated with the interaction involving a

pseudoscalar meson and a baryon with JP ¼ 3=2þ in S-
wave, are displayed in Table XII. Analogously to the
previous case, we also present the couplings together with
the wave function at the origin, that is the glGII

l product.
Similar to the previous case, we now find a broad pole
below 4 GeV coupling strongly to Ξ%

ccπ, at 3918.15 MeV

TABLE XI. Poles and couplings in the PB1=2, JP ¼ 1=2− sector, with qmax ¼ 650 MeV, and glGII
l in MeV.

3837.26þ i100.48 Ξccπ ΛcD Ξccη ΩccK ΣcD ΞcDs Ξ0
cDs

gl 1.72þ i1.30 0 0.41þ i0.32 0.80þ i0.77 0 0 0
glGII

l −74.27 − i12.89 0 −2.11 − i2.41 −4.03 − i5.35 0 0 0

4082.79 Ξccπ ΛcD Ξccη ΩccK ΣcD ΞcDs Ξ0
cDs

gl 0 0 0 0 8.86 0 1.93
glGII

l 0 0 0 0 −31.29 0 −4.04
4092.20 Ξccπ ΛcD Ξccη ΩccK ΣcD ΞcDs Ξ0

cDs

gl 0 4.01 0 0 0 3.75 0
glGII

l 0 −29.49 0 0 0 −9.76 0
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with a width of 200.64 MeV. This pole is also 78 MeV
above the corresponding threshold of the Ξ!

ccπ channel,
which is open for decay, explaining the similar width of
200 MeV. In this case, we have just one pole above 4 GeV
at 4149.67 MeV, coupling mostly to Σ!

cD and with less
intensity to the Ξ!

cDs channel. As can be seen looking at the
Table III for the thresholds, only the Ξ!

ccπ channel is open.
The coupling to Σ!

cD is almost seven times bigger than the
value for the other channel, Ξ!

cDs, then this pole is naturally
associated with a Σ!

cD molecule. This pole would be the
spin partner of the pole found at 4082.79 MeV from the
pseudoscalar-baryon (PB) interaction, with JP ¼ 1=2−.
Next we look for the states with degenerate JP ¼

1=2−; 3=2−, resulting from the interaction in S-wave of
vector mesons and baryons with JP ¼ 1=2þ. Our findings
for this particular case can be seen in Table XIII. Three
states have been found, at 4217.21 MeV, 4229.19 MeV, and
at 4293.12 MeV. The first of them couples strongly to ΣcD!

and little to the Ξ0
cD!

s channel, and hence, this pole qualifies
as a ΣcD! bound state. The second state found, at
4229.19 MeV, couples to both ΛcD! and ΞcD!

s with similar
values for the couplings, however, when we compare the
values for the product glGII

l , we see that the one for the
ΛcD! channel is much bigger than that for ΞcD!

s. The same
behavior is found for the last pole, at 4293.12 MeV, whose
couplings to Ξccρ and toΩccK! are of the same order, while
the value for the wave function at the origin for the former
channel is bigger than that for the latter one. It is worth
mentioning that three states were also obtained in the same
VB1=2, JP ¼ 1=2−; 3=2− sector for the Ωc and Ωb states,

r-

espectively, studied in Refs. [40,44]. We note that for
the first and second poles at 4217.21 and 4229.19 MeV,
all channels are closed for decay. The third pole at
4293.12 MeV has about 30 MeV of phase space to decay
into ΛcD!, however in our approach it does not couple to
this channel since it would require the exchange of a heavy
vector meson.
Finally we also show in Table XIV the results for the

vector meson-baryon states, with JP ¼ 3=2þ for the baryon.
In this case, we obtain two poles: 4280.43 and 4374.00MeV.
The first one couples strongly to Σ!

cD! and since its coupling
to the other channel, Ξ!

cD!
s , is four times smaller than the first

one, this pole is likely a Σ!
cD! molecule. On the other hand,

the second pole couples almost to all channels, except for
the Σ!

cD! and Ξ!
cD!

s . It couples with similar values for the
coupling to the channels: Ξ!

ccρ andΩ!
ccK!; and next to Ξ!

ccω,
and a little to Ξ!

ccϕ. But, by looking at the wave function at
the origin we conclude that this last pole comes mostly from
the Ξ!

ccρ channel.
Evidence of three resonances at higher energies has also

been found. In the B1=2P sector a state coupling mostly to
Ξ0
cDs was found around 4520 MeV. This state also couples

to ΣcD, and would be the “heavy partner” of the pole found
around 4080 MeV. However, the pole is close to the
threshold of Ξ0

cDs, which is about 200 MeV above the
one of ΣcD. At this energy the propagator of ΣcD is already
too far from its threshold and its real part becomes positive,
what can affect the unitarization of the amplitude and yield
unreliable results. The same happens in the B1=2P sector,
where a state coupling mostly to Ξ!

cDs, and also to Σ!
cD,

was found around 4575 MeV; and in the B1=2V sector,
where a state coupling mostly to Ξ0

cD!
s , and also to ΣcD!,

TABLE XIV. Poles and couplings in the VB3=2, JP ¼
1=2−; 3=2−; 5=2− sector, with qmax ¼ 650 MeV, and glGII

l in
MeV.

4280.43 Ξ!
ccρ Ξ!

ccω Σ!
cD! Ω!

ccK! Ξ!
ccϕ Ξ!

cD!
s

gl 0 0 9.31 0 0 2.03
glGII

l 0 0 −30.42 0 0 −3.90
4374.00 Ξ!

ccρ Ξ!
ccω Σ!

cD! Ω!
ccK! Ξ!

ccϕ Ξ!
cD!

s

gl 3.70 1.15 0 2.42 −0.44 0
glGII

l −37.53 −11.30 0 −12.35 1.94 0

TABLE XII. Poles and couplings in the PB3=2, JP ¼ 3=2− sector, with qmax ¼ 650 MeV, and glGII
l in MeV.

3918.15þ i100.32 Ξ!
ccπ Ξ!

ccη Ω!
ccK Σ!

cD Ξ!
cDs

gl 1.72þ i1.30 0 0.41þ i0.32 0.80þ i0.76 0
glGII

l −74.27 − i12.91 0 −2.10 − i2.41 −3.99 − i5.30 0

4149.67 Ξ!
ccπ Ξ!

ccη Ω!
ccK Σ!

cD Ξ!
cDs

gl 0 0 0 8.82 1.30
glGII

l 0 0 0 −31.46 −2.71

TABLE XIII. Poles and couplings in the VB1=2, JP ¼
1=2−; 3=2− sector, with qmax ¼ 650 MeV, and glGII

l in MeV.

4217.21 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!
s ΩccK! Ξccϕ Ξ0

cD!
s

gl 0 0 0 9.31 0 0 0 2.03
glGII

l 0 0 0 −30.40 0 0 0 −3.94
4229.19 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!

s ΩccK! Ξccϕ Ξ0
cD!

s

gl 4.21 0 0 0 3.98 0 0 0
glGII

l −28.70 0 0 0 −9.59 0 0 0

4293.12 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!
s ΩccK! Ξccϕ Ξ0

cD!
s

gl 0 3.71 1.16 0 0 2.42 −0.45 0
glGII

l 0 −37.49 −11.30 0 0 −12.42 1.96 0
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with a width of 200.64 MeV. This pole is also 78 MeV
above the corresponding threshold of the Ξ!

ccπ channel,
which is open for decay, explaining the similar width of
200 MeV. In this case, we have just one pole above 4 GeV
at 4149.67 MeV, coupling mostly to Σ!

cD and with less
intensity to the Ξ!

cDs channel. As can be seen looking at the
Table III for the thresholds, only the Ξ!

ccπ channel is open.
The coupling to Σ!

cD is almost seven times bigger than the
value for the other channel, Ξ!

cDs, then this pole is naturally
associated with a Σ!

cD molecule. This pole would be the
spin partner of the pole found at 4082.79 MeV from the
pseudoscalar-baryon (PB) interaction, with JP ¼ 1=2−.
Next we look for the states with degenerate JP ¼

1=2−; 3=2−, resulting from the interaction in S-wave of
vector mesons and baryons with JP ¼ 1=2þ. Our findings
for this particular case can be seen in Table XIII. Three
states have been found, at 4217.21 MeV, 4229.19 MeV, and
at 4293.12 MeV. The first of them couples strongly to ΣcD!

and little to the Ξ0
cD!

s channel, and hence, this pole qualifies
as a ΣcD! bound state. The second state found, at
4229.19 MeV, couples to both ΛcD! and ΞcD!

s with similar
values for the couplings, however, when we compare the
values for the product glGII

l , we see that the one for the
ΛcD! channel is much bigger than that for ΞcD!

s. The same
behavior is found for the last pole, at 4293.12 MeV, whose
couplings to Ξccρ and toΩccK! are of the same order, while
the value for the wave function at the origin for the former
channel is bigger than that for the latter one. It is worth
mentioning that three states were also obtained in the same
VB1=2, JP ¼ 1=2−; 3=2− sector for the Ωc and Ωb states,

r-

espectively, studied in Refs. [40,44]. We note that for
the first and second poles at 4217.21 and 4229.19 MeV,
all channels are closed for decay. The third pole at
4293.12 MeV has about 30 MeV of phase space to decay
into ΛcD!, however in our approach it does not couple to
this channel since it would require the exchange of a heavy
vector meson.
Finally we also show in Table XIV the results for the

vector meson-baryon states, with JP ¼ 3=2þ for the baryon.
In this case, we obtain two poles: 4280.43 and 4374.00MeV.
The first one couples strongly to Σ!

cD! and since its coupling
to the other channel, Ξ!

cD!
s , is four times smaller than the first

one, this pole is likely a Σ!
cD! molecule. On the other hand,

the second pole couples almost to all channels, except for
the Σ!

cD! and Ξ!
cD!

s . It couples with similar values for the
coupling to the channels: Ξ!

ccρ andΩ!
ccK!; and next to Ξ!

ccω,
and a little to Ξ!

ccϕ. But, by looking at the wave function at
the origin we conclude that this last pole comes mostly from
the Ξ!

ccρ channel.
Evidence of three resonances at higher energies has also

been found. In the B1=2P sector a state coupling mostly to
Ξ0
cDs was found around 4520 MeV. This state also couples

to ΣcD, and would be the “heavy partner” of the pole found
around 4080 MeV. However, the pole is close to the
threshold of Ξ0

cDs, which is about 200 MeV above the
one of ΣcD. At this energy the propagator of ΣcD is already
too far from its threshold and its real part becomes positive,
what can affect the unitarization of the amplitude and yield
unreliable results. The same happens in the B1=2P sector,
where a state coupling mostly to Ξ!

cDs, and also to Σ!
cD,

was found around 4575 MeV; and in the B1=2V sector,
where a state coupling mostly to Ξ0

cD!
s , and also to ΣcD!,

TABLE XIV. Poles and couplings in the VB3=2, JP ¼
1=2−; 3=2−; 5=2− sector, with qmax ¼ 650 MeV, and glGII

l in
MeV.

4280.43 Ξ!
ccρ Ξ!

ccω Σ!
cD! Ω!

ccK! Ξ!
ccϕ Ξ!

cD!
s

gl 0 0 9.31 0 0 2.03
glGII

l 0 0 −30.42 0 0 −3.90
4374.00 Ξ!

ccρ Ξ!
ccω Σ!

cD! Ω!
ccK! Ξ!

ccϕ Ξ!
cD!

s

gl 3.70 1.15 0 2.42 −0.44 0
glGII

l −37.53 −11.30 0 −12.35 1.94 0

TABLE XII. Poles and couplings in the PB3=2, JP ¼ 3=2− sector, with qmax ¼ 650 MeV, and glGII
l in MeV.

3918.15þ i100.32 Ξ!
ccπ Ξ!

ccη Ω!
ccK Σ!

cD Ξ!
cDs

gl 1.72þ i1.30 0 0.41þ i0.32 0.80þ i0.76 0
glGII

l −74.27 − i12.91 0 −2.10 − i2.41 −3.99 − i5.30 0

4149.67 Ξ!
ccπ Ξ!

ccη Ω!
ccK Σ!

cD Ξ!
cDs

gl 0 0 0 8.82 1.30
glGII

l 0 0 0 −31.46 −2.71

TABLE XIII. Poles and couplings in the VB1=2, JP ¼
1=2−; 3=2− sector, with qmax ¼ 650 MeV, and glGII

l in MeV.

4217.21 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!
s ΩccK! Ξccϕ Ξ0

cD!
s

gl 0 0 0 9.31 0 0 0 2.03
glGII

l 0 0 0 −30.40 0 0 0 −3.94
4229.19 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!

s ΩccK! Ξccϕ Ξ0
cD!

s

gl 4.21 0 0 0 3.98 0 0 0
glGII

l −28.70 0 0 0 −9.59 0 0 0

4293.12 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!
s ΩccK! Ξccϕ Ξ0

cD!
s

gl 0 3.71 1.16 0 0 2.42 −0.45 0
glGII

l 0 −37.49 −11.30 0 0 −12.42 1.96 0
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For vector mesons 
and baryons with 
3/2, 

we have: 1/2, 3/2 

and 5/2: 

2 bound states!

with a width of 200.64 MeV. This pole is also 78 MeV
above the corresponding threshold of the Ξ!

ccπ channel,
which is open for decay, explaining the similar width of
200 MeV. In this case, we have just one pole above 4 GeV
at 4149.67 MeV, coupling mostly to Σ!

cD and with less
intensity to the Ξ!

cDs channel. As can be seen looking at the
Table III for the thresholds, only the Ξ!

ccπ channel is open.
The coupling to Σ!

cD is almost seven times bigger than the
value for the other channel, Ξ!

cDs, then this pole is naturally
associated with a Σ!

cD molecule. This pole would be the
spin partner of the pole found at 4082.79 MeV from the
pseudoscalar-baryon (PB) interaction, with JP ¼ 1=2−.
Next we look for the states with degenerate JP ¼

1=2−; 3=2−, resulting from the interaction in S-wave of
vector mesons and baryons with JP ¼ 1=2þ. Our findings
for this particular case can be seen in Table XIII. Three
states have been found, at 4217.21 MeV, 4229.19 MeV, and
at 4293.12 MeV. The first of them couples strongly to ΣcD!

and little to the Ξ0
cD!

s channel, and hence, this pole qualifies
as a ΣcD! bound state. The second state found, at
4229.19 MeV, couples to both ΛcD! and ΞcD!

s with similar
values for the couplings, however, when we compare the
values for the product glGII

l , we see that the one for the
ΛcD! channel is much bigger than that for ΞcD!

s. The same
behavior is found for the last pole, at 4293.12 MeV, whose
couplings to Ξccρ and toΩccK! are of the same order, while
the value for the wave function at the origin for the former
channel is bigger than that for the latter one. It is worth
mentioning that three states were also obtained in the same
VB1=2, JP ¼ 1=2−; 3=2− sector for the Ωc and Ωb states,

r-

espectively, studied in Refs. [40,44]. We note that for
the first and second poles at 4217.21 and 4229.19 MeV,
all channels are closed for decay. The third pole at
4293.12 MeV has about 30 MeV of phase space to decay
into ΛcD!, however in our approach it does not couple to
this channel since it would require the exchange of a heavy
vector meson.
Finally we also show in Table XIV the results for the

vector meson-baryon states, with JP ¼ 3=2þ for the baryon.
In this case, we obtain two poles: 4280.43 and 4374.00MeV.
The first one couples strongly to Σ!

cD! and since its coupling
to the other channel, Ξ!

cD!
s , is four times smaller than the first

one, this pole is likely a Σ!
cD! molecule. On the other hand,

the second pole couples almost to all channels, except for
the Σ!

cD! and Ξ!
cD!

s . It couples with similar values for the
coupling to the channels: Ξ!

ccρ andΩ!
ccK!; and next to Ξ!

ccω,
and a little to Ξ!

ccϕ. But, by looking at the wave function at
the origin we conclude that this last pole comes mostly from
the Ξ!

ccρ channel.
Evidence of three resonances at higher energies has also

been found. In the B1=2P sector a state coupling mostly to
Ξ0
cDs was found around 4520 MeV. This state also couples

to ΣcD, and would be the “heavy partner” of the pole found
around 4080 MeV. However, the pole is close to the
threshold of Ξ0

cDs, which is about 200 MeV above the
one of ΣcD. At this energy the propagator of ΣcD is already
too far from its threshold and its real part becomes positive,
what can affect the unitarization of the amplitude and yield
unreliable results. The same happens in the B1=2P sector,
where a state coupling mostly to Ξ!

cDs, and also to Σ!
cD,

was found around 4575 MeV; and in the B1=2V sector,
where a state coupling mostly to Ξ0

cD!
s , and also to ΣcD!,

TABLE XIV. Poles and couplings in the VB3=2, JP ¼
1=2−; 3=2−; 5=2− sector, with qmax ¼ 650 MeV, and glGII

l in
MeV.

4280.43 Ξ!
ccρ Ξ!

ccω Σ!
cD! Ω!

ccK! Ξ!
ccϕ Ξ!

cD!
s

gl 0 0 9.31 0 0 2.03
glGII

l 0 0 −30.42 0 0 −3.90
4374.00 Ξ!

ccρ Ξ!
ccω Σ!

cD! Ω!
ccK! Ξ!

ccϕ Ξ!
cD!

s

gl 3.70 1.15 0 2.42 −0.44 0
glGII

l −37.53 −11.30 0 −12.35 1.94 0

TABLE XII. Poles and couplings in the PB3=2, JP ¼ 3=2− sector, with qmax ¼ 650 MeV, and glGII
l in MeV.

3918.15þ i100.32 Ξ!
ccπ Ξ!

ccη Ω!
ccK Σ!

cD Ξ!
cDs

gl 1.72þ i1.30 0 0.41þ i0.32 0.80þ i0.76 0
glGII

l −74.27 − i12.91 0 −2.10 − i2.41 −3.99 − i5.30 0

4149.67 Ξ!
ccπ Ξ!

ccη Ω!
ccK Σ!

cD Ξ!
cDs

gl 0 0 0 8.82 1.30
glGII

l 0 0 0 −31.46 −2.71

TABLE XIII. Poles and couplings in the VB1=2, JP ¼
1=2−; 3=2− sector, with qmax ¼ 650 MeV, and glGII

l in MeV.

4217.21 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!
s ΩccK! Ξccϕ Ξ0

cD!
s

gl 0 0 0 9.31 0 0 0 2.03
glGII

l 0 0 0 −30.40 0 0 0 −3.94
4229.19 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!

s ΩccK! Ξccϕ Ξ0
cD!

s

gl 4.21 0 0 0 3.98 0 0 0
glGII

l −28.70 0 0 0 −9.59 0 0 0

4293.12 ΛcD! Ξccρ Ξccω ΣcD! ΞcD!
s ΩccK! Ξccϕ Ξ0

cD!
s

gl 0 3.71 1.16 0 0 2.42 −0.45 0
glGII

l 0 −37.49 −11.30 0 0 −12.42 1.96 0
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FIG. 4: The m(B0
sπ

±) distribution resulting from fits of the
B0

s signal to m(J/ψφ) in twenty mass intervals of (B0
sπ

±)
candidates described in the text. The solid line shows the
result of the fit. The dashed line shows the contribution of
events due to B0

s background from simulations. There is no
non-B0

s background.

(Fig. 3b) and find the fitted number of signal events to
be 106±23. The difference in yields with and without the
cone cut is not fully explained by statistical fluctuations.
We have verified qualitatively that an excess of data rela-
tive to the background model at higher mass would tend
to increase the background estimate in the signal region.
Additional background processes not present in our MC
such as Bc → Bs nπ with n > 1, or other new states at
higher mass, would thus have the effect of reducing the
X(5568) yield for the no-cone cut case.

As a cross-check, we extract a pure B0
sπ

± signal by
performing fits of the number of B0

s events in the J/ψφ
mass distribution in 20 MeV intervals in the range 5.5 <
m(B0

sπ
±) < 5.9 MeV/c2. Results of those fits are shown

in Fig. 4. A fit to the dependence of resultingB0
s yields on

m(B0
sπ

±), with the mass and natural width fixed to the
previously obtained values, gives 118± 22 signal events.
This result confirms that the observed signal is due to
B0

sπ
± candidates with genuine B0

s mesons and thus elim-
inates the possibility of non-B0

s processes mimicking the
signal.

We obtain the systematic uncertainties for the mea-
sured values of the X(5568) state mass, natural width,
and the number of events. The dominant uncertainties
are due to the background and signal shapes. We eval-
uate the systematic uncertainties due to the background
shape by a) using different models of bottom pair pro-
duction in generating the B0

s MC samples, b) varying the
sideband mass intervals, c) changing the way the B0

s mass
constraint is applied in the calculation of m(B0

sπ
±) for

the sideband events by replacing the mass difference de-
fined in the text by the kinetic energy obtained by forcing
m(J/ψφ) to the world-average B0

s mass, d) changing the
ratio of the MC to the sideband events within 1σ, e) using
different background functions by replacing the fourth-
order polynomial in Eq.1 with a third- or fifth-order poly-

nomial or replacing the second-order polynomial in the
exponential with the first- or third-order polynomial, and
f) varying the nominal B0

s mass within ±1 MeV/c2 in
the background samples, both for the sideband data and
simulated events. The systematic uncertainties due to
the signal shape are evaluated by a) varying the detec-
tor resolution within ±1 MeV/c2 around the mean value,
b) using a non-relativistic Breit-Wigner function, and c)
using a P -wave relativistic Breit-Wigner function.
Additionally, we estimate the systematic uncertainties

due to the binning by changing the bin size to 5 MeV/c2

and to 10 MeV/c2 instead of 8 MeV/c2, and shifting the
lower edge of the mass scale by 1/3, 1/2 and 2/3 of the bin
size. All systematic uncertainty sources are summarized
in Table 1. The uncertainties are added in quadrature
separately for positive and negative values to obtain the
total systematic uncertainties for each measured parame-
ter and are treated as nuisance parameters to construct a
prior predictive model [8, 12] of our test statistic. When
the systematic uncertainties are included, the significance
of the observed signal including the look-elsewhere effect
is reduced to 5.1σ.
The stability of the result is checked by examining sub-

samples with a) different signs of the π± meson, b) dif-
ferent ranges of the azimuth and rapidity, c) the distance
between the B0

s vertex and the primary vertex changed to
five standard deviations, d) different B0

s mass windows
(1.7σ, 1.5σ, 1.2σ), e) different B0

sπ
± momentum inter-

vals (pT > 9 GeV/c, pT > 12 GeV/c), and f) different
cone cuts (∆R < 0.2, ∆R < 0.15). Taking into account
the efficiencies of these cuts, no unexpected behaviors are
observed in these tests.
The invariant mass spectra of B0

s candidates and
charged tracks with kaon or proton mass hypotheses, are
checked and no resonant-like enhancements in these dis-
tributions are found.
We measure the ratio ρ of the yield of the new state

X(5568) to the yield of the B0
s meson in two kinematic

ranges, 10 < pT (B0
s ) < 15 GeV/c and 15 < pT (B0

s ) < 30
GeV/c, by repeating the m(B0

sπ) fits with free mass and
width parameters for the X(5568) signal. The results for
ρ are (9.1 ± 2.6 ± 1.6)% and (8.2 ± 2.7 ± 1.6)%, respec-
tively, with an average of (8.6 ± 1.9 ± 1.4)%. The sys-
tematic uncertainties due to B0

s reconstruction efficiency
cancel out in the ratio. The combined factor of the soft
pion kinematic acceptance, reconstruction efficiency, and
selection efficiency is obtained from a simulated samples
of events with a spinless particle of mass equal to 5568
MeV/c2 decaying to B0

s and a charged pion. The pion
efficiency increases with pT (B0

s ) from (26.1 ± 3.2)% to
(42.1 ± 6.5)% for the two pT (B0

s ) ranges. The system-
atic uncertainty due to a potential difference of the soft
pion reconstruction efficiency in MC and data of ±5% is
accounted for in systematics. Within uncertainties, the
production ratio ρ does not depend on pT (B0

s ).
A possible interpretation of the observed structure is a

four-quark state made up of a diquark-antidiquark pair.
With the B0

sπ
+ produced in an S wave, its quantum

X(5568)

X ! B0
s ⇡

+
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FIG. 4: The m(B0
sπ

±) distribution resulting from fits of the
B0

s signal to m(J/ψφ) in twenty mass intervals of (B0
sπ

±)
candidates described in the text. The solid line shows the
result of the fit. The dashed line shows the contribution of
events due to B0

s background from simulations. There is no
non-B0

s background.

(Fig. 3b) and find the fitted number of signal events to
be 106±23. The difference in yields with and without the
cone cut is not fully explained by statistical fluctuations.
We have verified qualitatively that an excess of data rela-
tive to the background model at higher mass would tend
to increase the background estimate in the signal region.
Additional background processes not present in our MC
such as Bc → Bs nπ with n > 1, or other new states at
higher mass, would thus have the effect of reducing the
X(5568) yield for the no-cone cut case.

As a cross-check, we extract a pure B0
sπ

± signal by
performing fits of the number of B0

s events in the J/ψφ
mass distribution in 20 MeV intervals in the range 5.5 <
m(B0

sπ
±) < 5.9 MeV/c2. Results of those fits are shown

in Fig. 4. A fit to the dependence of resultingB0
s yields on

m(B0
sπ

±), with the mass and natural width fixed to the
previously obtained values, gives 118± 22 signal events.
This result confirms that the observed signal is due to
B0

sπ
± candidates with genuine B0

s mesons and thus elim-
inates the possibility of non-B0

s processes mimicking the
signal.

We obtain the systematic uncertainties for the mea-
sured values of the X(5568) state mass, natural width,
and the number of events. The dominant uncertainties
are due to the background and signal shapes. We eval-
uate the systematic uncertainties due to the background
shape by a) using different models of bottom pair pro-
duction in generating the B0

s MC samples, b) varying the
sideband mass intervals, c) changing the way the B0

s mass
constraint is applied in the calculation of m(B0

sπ
±) for

the sideband events by replacing the mass difference de-
fined in the text by the kinetic energy obtained by forcing
m(J/ψφ) to the world-average B0

s mass, d) changing the
ratio of the MC to the sideband events within 1σ, e) using
different background functions by replacing the fourth-
order polynomial in Eq.1 with a third- or fifth-order poly-

nomial or replacing the second-order polynomial in the
exponential with the first- or third-order polynomial, and
f) varying the nominal B0

s mass within ±1 MeV/c2 in
the background samples, both for the sideband data and
simulated events. The systematic uncertainties due to
the signal shape are evaluated by a) varying the detec-
tor resolution within ±1 MeV/c2 around the mean value,
b) using a non-relativistic Breit-Wigner function, and c)
using a P -wave relativistic Breit-Wigner function.
Additionally, we estimate the systematic uncertainties

due to the binning by changing the bin size to 5 MeV/c2

and to 10 MeV/c2 instead of 8 MeV/c2, and shifting the
lower edge of the mass scale by 1/3, 1/2 and 2/3 of the bin
size. All systematic uncertainty sources are summarized
in Table 1. The uncertainties are added in quadrature
separately for positive and negative values to obtain the
total systematic uncertainties for each measured parame-
ter and are treated as nuisance parameters to construct a
prior predictive model [8, 12] of our test statistic. When
the systematic uncertainties are included, the significance
of the observed signal including the look-elsewhere effect
is reduced to 5.1σ.
The stability of the result is checked by examining sub-

samples with a) different signs of the π± meson, b) dif-
ferent ranges of the azimuth and rapidity, c) the distance
between the B0

s vertex and the primary vertex changed to
five standard deviations, d) different B0

s mass windows
(1.7σ, 1.5σ, 1.2σ), e) different B0

sπ
± momentum inter-

vals (pT > 9 GeV/c, pT > 12 GeV/c), and f) different
cone cuts (∆R < 0.2, ∆R < 0.15). Taking into account
the efficiencies of these cuts, no unexpected behaviors are
observed in these tests.
The invariant mass spectra of B0

s candidates and
charged tracks with kaon or proton mass hypotheses, are
checked and no resonant-like enhancements in these dis-
tributions are found.
We measure the ratio ρ of the yield of the new state

X(5568) to the yield of the B0
s meson in two kinematic

ranges, 10 < pT (B0
s ) < 15 GeV/c and 15 < pT (B0

s ) < 30
GeV/c, by repeating the m(B0

sπ) fits with free mass and
width parameters for the X(5568) signal. The results for
ρ are (9.1 ± 2.6 ± 1.6)% and (8.2 ± 2.7 ± 1.6)%, respec-
tively, with an average of (8.6 ± 1.9 ± 1.4)%. The sys-
tematic uncertainties due to B0

s reconstruction efficiency
cancel out in the ratio. The combined factor of the soft
pion kinematic acceptance, reconstruction efficiency, and
selection efficiency is obtained from a simulated samples
of events with a spinless particle of mass equal to 5568
MeV/c2 decaying to B0

s and a charged pion. The pion
efficiency increases with pT (B0

s ) from (26.1 ± 3.2)% to
(42.1 ± 6.5)% for the two pT (B0

s ) ranges. The system-
atic uncertainty due to a potential difference of the soft
pion reconstruction efficiency in MC and data of ±5% is
accounted for in systematics. Within uncertainties, the
production ratio ρ does not depend on pT (B0

s ).
A possible interpretation of the observed structure is a

four-quark state made up of a diquark-antidiquark pair.
With the B0

sπ
+ produced in an S wave, its quantum
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FIG. 1. The pole (solid line) and the continuum (dashed line)
contribution for

√
s0 = 6.0GeV.

contribution. From Fig. 1 we can see that this condi-
tion is satisfied for values of the Borel mass in the range
2.2GeV2 ≤ M2 ≤ 3.0GeV2.

In Fig. 2 we plot the ground state mass as a function
of M2, considering three different values of the threshold
parameter. We can see that there is a good M2-stability
for the Borel window considered. Using the central values
of the parameters in Table I and s0 = 36 GeV2 we get

mX ∼ 5.58 GeV. (14)
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FIG. 2. The X mass as a function of the Borel mass for
different values of the continuum threshold:

√
s0 = 5.9GeV

(solid line);
√
s0 = 6.0GeV (dashed line);

√
s0 = 6.1GeV

(dotted line).

To evaluate the uncertainties inherent to the QCD sum
rule approach, we consider the variation of the mass in
Borel window, as a function of the continuum threshold,
changed within a small range: 5.9 ≤ √

s0 ≤ 6.1GeV,
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the addition of the relative contribution of a condensate of
higher dimension in the expansion.

and the quark masses and condensates errors indicated
in Table I. Considering these uncertainties we get:

mX = (5.58± 0.17)GeV, (15)

which is in excellent agreement with the experimental
mass of the X(5568) determined by the D0 Collaboration
[1].

The result in Eq. (15) was obtained considering only
the pole dominance and the stability with the Borel mass.
There is, however, a stronger constraint to the lower
bound of the M2, that comes from imposing the OPE
convergence. We analyze the convergence of the OPE by
comparing the relative contribution of each term given
by Eqs. (6) to (12), to the right hand side of Eq. (5).
The requirement of a good convergence sets a lower limit
to M2. This analysis in shown in Fig. 3.

As can be seen from Fig. 3, there is no OPE conver-
gence in any region allowed by the upper bound given by
pole/continuum analysis: M2 ≤ 3.0GeV2. This means
that the lower bound given by OPE convergence will be
higher than the upper bound, and there is no valid “sum
rule window” where we can completely trust the results
for this current.

To overcome this problem we can consider higher di-
mension condensates in the OPE side and test if the series
starts converging with such contributions. We include
the condensates of dimension seven and eight whose ex-
pressions are given below:

ρ〈s̄s〉〈G
2〉(s) =

ms〈s̄s〉〈g2G2〉
2932π4

[

3

∫ 1

Λ
dα+

−
∫ 1

0
dα

2m2
bα

(1 − α)2
δ

(

s−
m2

b

1− α

)]

, (16)
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FIG. 4: The m(B0
sπ

±) distribution resulting from fits of the
B0

s signal to m(J/ψφ) in twenty mass intervals of (B0
sπ

±)
candidates described in the text. The solid line shows the
result of the fit. The dashed line shows the contribution of
events due to B0

s background from simulations. There is no
non-B0

s background.

(Fig. 3b) and find the fitted number of signal events to
be 106±23. The difference in yields with and without the
cone cut is not fully explained by statistical fluctuations.
We have verified qualitatively that an excess of data rela-
tive to the background model at higher mass would tend
to increase the background estimate in the signal region.
Additional background processes not present in our MC
such as Bc → Bs nπ with n > 1, or other new states at
higher mass, would thus have the effect of reducing the
X(5568) yield for the no-cone cut case.

As a cross-check, we extract a pure B0
sπ

± signal by
performing fits of the number of B0

s events in the J/ψφ
mass distribution in 20 MeV intervals in the range 5.5 <
m(B0

sπ
±) < 5.9 MeV/c2. Results of those fits are shown

in Fig. 4. A fit to the dependence of resultingB0
s yields on

m(B0
sπ

±), with the mass and natural width fixed to the
previously obtained values, gives 118± 22 signal events.
This result confirms that the observed signal is due to
B0

sπ
± candidates with genuine B0

s mesons and thus elim-
inates the possibility of non-B0

s processes mimicking the
signal.

We obtain the systematic uncertainties for the mea-
sured values of the X(5568) state mass, natural width,
and the number of events. The dominant uncertainties
are due to the background and signal shapes. We eval-
uate the systematic uncertainties due to the background
shape by a) using different models of bottom pair pro-
duction in generating the B0

s MC samples, b) varying the
sideband mass intervals, c) changing the way the B0

s mass
constraint is applied in the calculation of m(B0

sπ
±) for

the sideband events by replacing the mass difference de-
fined in the text by the kinetic energy obtained by forcing
m(J/ψφ) to the world-average B0

s mass, d) changing the
ratio of the MC to the sideband events within 1σ, e) using
different background functions by replacing the fourth-
order polynomial in Eq.1 with a third- or fifth-order poly-

nomial or replacing the second-order polynomial in the
exponential with the first- or third-order polynomial, and
f) varying the nominal B0

s mass within ±1 MeV/c2 in
the background samples, both for the sideband data and
simulated events. The systematic uncertainties due to
the signal shape are evaluated by a) varying the detec-
tor resolution within ±1 MeV/c2 around the mean value,
b) using a non-relativistic Breit-Wigner function, and c)
using a P -wave relativistic Breit-Wigner function.
Additionally, we estimate the systematic uncertainties

due to the binning by changing the bin size to 5 MeV/c2

and to 10 MeV/c2 instead of 8 MeV/c2, and shifting the
lower edge of the mass scale by 1/3, 1/2 and 2/3 of the bin
size. All systematic uncertainty sources are summarized
in Table 1. The uncertainties are added in quadrature
separately for positive and negative values to obtain the
total systematic uncertainties for each measured parame-
ter and are treated as nuisance parameters to construct a
prior predictive model [8, 12] of our test statistic. When
the systematic uncertainties are included, the significance
of the observed signal including the look-elsewhere effect
is reduced to 5.1σ.
The stability of the result is checked by examining sub-

samples with a) different signs of the π± meson, b) dif-
ferent ranges of the azimuth and rapidity, c) the distance
between the B0

s vertex and the primary vertex changed to
five standard deviations, d) different B0

s mass windows
(1.7σ, 1.5σ, 1.2σ), e) different B0

sπ
± momentum inter-

vals (pT > 9 GeV/c, pT > 12 GeV/c), and f) different
cone cuts (∆R < 0.2, ∆R < 0.15). Taking into account
the efficiencies of these cuts, no unexpected behaviors are
observed in these tests.
The invariant mass spectra of B0

s candidates and
charged tracks with kaon or proton mass hypotheses, are
checked and no resonant-like enhancements in these dis-
tributions are found.
We measure the ratio ρ of the yield of the new state

X(5568) to the yield of the B0
s meson in two kinematic

ranges, 10 < pT (B0
s ) < 15 GeV/c and 15 < pT (B0

s ) < 30
GeV/c, by repeating the m(B0

sπ) fits with free mass and
width parameters for the X(5568) signal. The results for
ρ are (9.1 ± 2.6 ± 1.6)% and (8.2 ± 2.7 ± 1.6)%, respec-
tively, with an average of (8.6 ± 1.9 ± 1.4)%. The sys-
tematic uncertainties due to B0

s reconstruction efficiency
cancel out in the ratio. The combined factor of the soft
pion kinematic acceptance, reconstruction efficiency, and
selection efficiency is obtained from a simulated samples
of events with a spinless particle of mass equal to 5568
MeV/c2 decaying to B0

s and a charged pion. The pion
efficiency increases with pT (B0

s ) from (26.1 ± 3.2)% to
(42.1 ± 6.5)% for the two pT (B0

s ) ranges. The system-
atic uncertainty due to a potential difference of the soft
pion reconstruction efficiency in MC and data of ±5% is
accounted for in systematics. Within uncertainties, the
production ratio ρ does not depend on pT (B0

s ).
A possible interpretation of the observed structure is a

four-quark state made up of a diquark-antidiquark pair.
With the B0

sπ
+ produced in an S wave, its quantum
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To understand the nature of the X(5568), recently observed in the mass spectrum of the B0
s π

± system by 
the D0 Collaboration, we have investigated, in a previous work, a scalar tetraquark (diquak–antidiquark) 
structure for it, within the two-point QCD sum rules method. We found that it is possible to obtain a 
stable value of the mass compatible with the D0 result, although a rigorous QCD sum rule constrained 
analysis led to a higher value of mass. As a continuation of our investigation, we calculate the width of 
the tetraquark state with same quark content as X(5568), to the channel B0

s π
±, using the three-point 

QCD sum rule. We obtain a value of (20.4 ± 8.7) MeV for the mass ∼ 5568 MeV, which is compatible 
with the experimental value of 21.9 ± 6.4(sta)+5.0

−2.5(syst) MeV/c2. We find that the decay width to B0
s π

±

does not alter much for a higher mass state.
 2016 Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The D0 Collaboration has recently reported the study of the 
B0

s π
± mass spectrum in the energy range 5.5–5.9 GeV, where a 

narrow enhancement of the experimental data is found and inter-
preted as a new state: X(5568) [1]. The mass and width for this 
state have been found to be m = 5567.8 ±2.9(sta)+0.9

−1.9(syst) MeV/c2

and " = 21.9 ± 6.4(sta)+5.0
−2.5(syst) MeV/c2, respectively [1]. The 

isospin of X(5568) is clearly one. Its spin-parity is not yet known 
although a scalar four quark interpretation has been suggested in 
Ref. [1].

The finding of this new state adds to the rigor with which the 
exotic hadrons with heavy quark flavor are being studied currently. 
Until just about a decade ago, the data related to the spectroscopy 
of hadrons with open or hidden charm/bottom structure were rel-
atively scarce and of poor statistical quality. However, the scenario 
has changed rapidly during the last few years with the work-
ing of new experimental facilities like LHCb, BES, BELLE, etc., and 
good quality experimental data is being published continuously. 
With sufficient amount of data available, it has been possible to 
identify several new states, actually way too many to fit in the 
traditional quark–antiquark spectrum. Indeed, theoretical studies 
indicate that many of these hadrons must be exotic in nature. For 
example, the first such state discovered in the charm sector is the 
X(3872) [2]. The mass as well as the narrow width of X(3872), 
" < 1.2 MeV [2], in spite of having a large phase space for decay 

* Corresponding author.
E-mail address: jdias@if.usp.br (J.M. Dias).

to some open channels, cannot be explained within the conven-
tional quark model. A series of similar states have been found and 
their structure, quantum numbers, etc., are being debated con-
tinuously in the literature. Recently, even clearer evidence of the 
exotic nature has been brought forward with the finding of spe-
cial mesons, which are heavy quarkonium-like but at the same 
time are electrically charged. Such states would at least require 
four valence quarks to get the nonzero charge. Some examples 
of such charged charmonium-like states are: Zc(3900), Zc(4025), 
Zc(4250), Zc(4430) in the charm sector [3–6] and Zb(10610), 
Zb(10650) [7] in the bottom sector. The X(5568) is an addition 
to the list of undoubtedly exotic mesons, since its wave function 
consists of four different flavors: u, b, d and s quark.

The observation of this new state has already motivated several 
theoretical investigations [8–16]. In Refs. [8–11] the calculations 
for the mass of X(5568) have been done using the QCD sum rules 
(QCDSR) method, and results in excellent agreement with the ex-
perimental value have been found. In Refs. [8–10] J P C = 0++ was 
assumed while in Ref. [11] scalar as well as axial tetraquark cur-
rents were considered. In Ref. [12] a model using multiquark in-
teractions has been used and a 150 MeV higher mass is found for 
X(5568), although the systematic errors still allow their state to be 
related to X(5568). Another multiquark model calculations using 
color-magnetic interaction has been presented in [13]. The possi-
bility of explaining the enhancement in the data as near threshold 
rescattering effects has been studied in Ref. [14]. The B K̄ and B∗ K̄
molecular interpretations have been suggested in Ref. [15]. A calcu-
lation of the width of X(5568) has also been reported in Ref. [16]

http://dx.doi.org/10.1016/j.physletb.2016.05.015
0370-2693/ 2016 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Table 1
QCD input parameters [2,9,28,29].

Parameters Values

ms (0.13 ± 0.03) GeV
mb (4.24 ± 0.06) GeV
mB0

S
5.366 GeV

Fπ 93
√

2 MeV
f B0

S
(0.224 ± 0.014) GeV

λX (9.36 ± 1.38) × 10−3 GeV5

〈q̄q〉 −(0.23 ± 0.03)3 GeV3

m2
0 = 〈q̄gσ .Gq〉/〈q̄q〉 0.8 GeV2

as the valence quarks in the final state. This happens because, al-
though the initial current, Eq. (1), has a non-trivial color structure, 
it can be rewritten as a sum of molecular type currents with triv-
ial color configuration through a Fierz transformation, as explicitly 
shown in Ref. [11]. To avoid this problem we follow Refs. [21,27], 
and consider on the OPE side only diagrams with non-trivial color 
structure, which are called color-connected (CC) diagrams.

On the OPE side we compute the CC diagrams working at lead-
ing order in αs . Singling out the leading terms proportional to 
qµ/q2, up to dimension five the only diagrams that contribute 
are proportional to the mixed condensate. We can write the Borel 
transformation of the correlation function on the OPE side in terms 
of a dispersion relation:

%O P E(M2) =
∞∫

m2
b

ρO P E(u) e−u/M2
du , (11)

where the spectral density, ρO P E , is given by the imaginary part 
of the correlation function. Transferring the pure continuum con-
tribution to the OPE side, the sum rule for the coupling constant is 
given by:

C
(

e
−m2

B0
s
/M2

− e−m2
X /M2

)
+ A e−s0/M2 =

〈q̄gσ .Gq〉
25π2

u0∫

m2
b

(
2
3

− m2
b

u

)

e−u/M2
, (12)

with

C =
λXm2

B0
s

f B0
s

Fπ g X B0
s π

(mb + ms)(m2
X − m2

B0
s
)
. (13)

The values of the phenomenological parameters used in the nu-
merical analysis of the sum rules are the same as used in Ref. [9]
and are listed in Table 1. The meson-current coupling λX is ob-
tained from the two-point correlation function [9].

In Fig. 1 we show the OPE side of the sum rule (right-hand 
side of Eq. (12)), for √s0 = 6.0 GeV and √u0 = 5.866 GeV, as a 
function of the Borel mass. The value of √s0 = 6.0 GeV is within 
the range used in Ref. [9] which resulted in a mass: m = 5.58 ±
17 GeV, compatible with the X+(5568) mass. We can see that the 
OPE shows good stability up to M2 ≤ 2.2 GeV2. Therefore, in our 
analysis we will consider the window for the Borel mass in the 
range 1.0 GeV2 ≤ M2 ≤ 2.2 GeV2.

In order to determine the coupling constant, g X B0
s π

, we fit the 
QCDSR results with the analytical expression on the left-hand side 
(the phenomenological side) of Eq. (12) within the determined 
Borel window. In Fig. 2 we show the fit obtained for the phe-
nomenological side, as well as the OPE results, for √s0 = 6.0 GeV, 
and λX = 9.236 × 10−3 GeV5 (which is the value for the same s0). 

Fig. 1. The OPE side (RHS of Eq. (12)), as a function of the Borel mass.

Fig. 2. The phenomenological side (solid) and the OPE side (dashed) of Eq. (12), as a 
function of the Borel mass.

From Fig. 2 we can see that the fit reproduces well the OPE re-
sults. The stability of the of the OPE results guarantees that the 
values of the fit parameters do not vary with the Borel mass. The 
fit requires determining two unknown parameters: C which is re-
lated to the coupling constant g X B0

s π
and the weight A from the 

pole-continuum transitions. Only the former is useful for us in the 
present calculation since with the value obtained for the parameter 
C from the fit, we can extract the value of the coupling constant 
using Eq. (13) and the parameters in Table 1. The value obtained 
for the coupling constant is g X B0

Sπ
= 10.3 GeV.

The result obtained for the coupling shows a large depen-
dence on the parameters s0 and λX . To determine the error in-
troduced by these parameters, we allow s0 to vary in the interval 
5.9 ≤ √

s0 ≤ 6.1 GeV (the same interval used in the study of the 
mass in Ref. [9]), and the error for the λX shown in Table 1. Con-
sidering the uncertainties given above, we finally find:

g X B0
Sπ

= (10.3 ± 2.3) GeV . (14)

It is important to point out that this coupling has the same 
dimension as the usual coupling between one scalar and two pseu-
doscalar mesons [30]. This is not the case of the X Bsπ coupling 
determined in Ref. [16], which is given in units of GeV−1, since 
the authors use a higher dimension interaction Lagrangian, with 
two derivatives in the heavy particle fields.

The coupling constant, g X B0
s π

, is related with the partial decay 
width as:

%(X(5568) → B0
s π

+) =
g2

X B0
s π

16πm3
X

√
λ(m2

X ,m2
B0

s
,m2

π ), (15)
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To understand the nature of the X(5568), recently observed in the mass spectrum of the B0
s π

± system by 
the D0 Collaboration, we have investigated, in a previous work, a scalar tetraquark (diquak–antidiquark) 
structure for it, within the two-point QCD sum rules method. We found that it is possible to obtain a 
stable value of the mass compatible with the D0 result, although a rigorous QCD sum rule constrained 
analysis led to a higher value of mass. As a continuation of our investigation, we calculate the width of 
the tetraquark state with same quark content as X(5568), to the channel B0

s π
±, using the three-point 

QCD sum rule. We obtain a value of (20.4 ± 8.7) MeV for the mass ∼ 5568 MeV, which is compatible 
with the experimental value of 21.9 ± 6.4(sta)+5.0

−2.5(syst) MeV/c2. We find that the decay width to B0
s π

±

does not alter much for a higher mass state.
 2016 Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The D0 Collaboration has recently reported the study of the 
B0

s π
± mass spectrum in the energy range 5.5–5.9 GeV, where a 

narrow enhancement of the experimental data is found and inter-
preted as a new state: X(5568) [1]. The mass and width for this 
state have been found to be m = 5567.8 ±2.9(sta)+0.9

−1.9(syst) MeV/c2

and " = 21.9 ± 6.4(sta)+5.0
−2.5(syst) MeV/c2, respectively [1]. The 

isospin of X(5568) is clearly one. Its spin-parity is not yet known 
although a scalar four quark interpretation has been suggested in 
Ref. [1].

The finding of this new state adds to the rigor with which the 
exotic hadrons with heavy quark flavor are being studied currently. 
Until just about a decade ago, the data related to the spectroscopy 
of hadrons with open or hidden charm/bottom structure were rel-
atively scarce and of poor statistical quality. However, the scenario 
has changed rapidly during the last few years with the work-
ing of new experimental facilities like LHCb, BES, BELLE, etc., and 
good quality experimental data is being published continuously. 
With sufficient amount of data available, it has been possible to 
identify several new states, actually way too many to fit in the 
traditional quark–antiquark spectrum. Indeed, theoretical studies 
indicate that many of these hadrons must be exotic in nature. For 
example, the first such state discovered in the charm sector is the 
X(3872) [2]. The mass as well as the narrow width of X(3872), 
" < 1.2 MeV [2], in spite of having a large phase space for decay 

* Corresponding author.
E-mail address: jdias@if.usp.br (J.M. Dias).

to some open channels, cannot be explained within the conven-
tional quark model. A series of similar states have been found and 
their structure, quantum numbers, etc., are being debated con-
tinuously in the literature. Recently, even clearer evidence of the 
exotic nature has been brought forward with the finding of spe-
cial mesons, which are heavy quarkonium-like but at the same 
time are electrically charged. Such states would at least require 
four valence quarks to get the nonzero charge. Some examples 
of such charged charmonium-like states are: Zc(3900), Zc(4025), 
Zc(4250), Zc(4430) in the charm sector [3–6] and Zb(10610), 
Zb(10650) [7] in the bottom sector. The X(5568) is an addition 
to the list of undoubtedly exotic mesons, since its wave function 
consists of four different flavors: u, b, d and s quark.

The observation of this new state has already motivated several 
theoretical investigations [8–16]. In Refs. [8–11] the calculations 
for the mass of X(5568) have been done using the QCD sum rules 
(QCDSR) method, and results in excellent agreement with the ex-
perimental value have been found. In Refs. [8–10] J P C = 0++ was 
assumed while in Ref. [11] scalar as well as axial tetraquark cur-
rents were considered. In Ref. [12] a model using multiquark in-
teractions has been used and a 150 MeV higher mass is found for 
X(5568), although the systematic errors still allow their state to be 
related to X(5568). Another multiquark model calculations using 
color-magnetic interaction has been presented in [13]. The possi-
bility of explaining the enhancement in the data as near threshold 
rescattering effects has been studied in Ref. [14]. The B K̄ and B∗ K̄
molecular interpretations have been suggested in Ref. [15]. A calcu-
lation of the width of X(5568) has also been reported in Ref. [16]
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ρ〈q̄q〉〈G
2〉(s) = −

〈q̄q〉〈g2G2〉
2832π4

[

ms +

∫ 1

Λ
dα

(

(4mb + 3ms)+

+
3(1− α)

α

(

mb(1− α)

α
− 3mb

))

+

∫ 1

0
dα

m2
bα

(1− α)2

(

1

2
−

mbα

1− α

)

δ

(

s−
m2

b

1− α

)]

, (17)

ρ〈q̄q〉〈q̄Gq〉(s) =
mbms〈q̄q〉〈q̄gσ.Gq〉

243π2

[
∫ 1

0
dα

1

1 − α
×

×δ

(

s−
m2

b

1− α

)

− 2 δ(s−m2
b)

]

, (18)

ρ〈s̄s〉〈q̄Gq〉(s) = −
〈s̄s〉〈q̄gσ.Gq〉

253π2

[

2−mbms δ(s−m2
b) +

+

∫ 1

0
dα

mbms

1− α
δ

(

s−
m2

b

1− α

)]

, (19)

ρ〈q̄q〉〈s̄Gs〉(s) = −
〈q̄q〉〈s̄gσ.Gs〉

2532π2

(

6 + δ(s−m2
b)

)

,(20)

ρ〈g
4G4〉(s) = −

〈g4G4〉
2143π6

[
∫ 1

Λ
dα+

2

3
m2

b

∫ 1

0
dα

α

(1 − α)2
×

×δ

(

s−
m2

b

1− α

)]

. (21)

On continuing with our analysis we find that, even af-
ter considering condensates up to dimension eight, a valid
“sum rule window” exists only for values of s0 ≥ 46 GeV2.
In Figs. 4 and 5 we show the OPE convergence and the
pole versus continuum contribution for s0 ≥ 46 GeV2.

From Fig. 4 we can see that there is an OPE con-
vergence, the dimension eight condensate contribution is
smaller than 20% of the total contribution, only for val-
ues of M2 ≥ 4.4 GeV2. On the other hand, from Fig. 5
we can see that the pole contribution is bigger than the
continuum contribution for values of M2 ≤ 4.5 GeV2.
Although very small, there exists a valid Borel window
in the region 4.4GeV2 ≤ M2 ≤ 4.5GeV2, which provides
a good “sum rule” to extract a reliable value for the mass
of the state.

In Fig. 6, we show the resulting value for the mass
of the state, as a function of the Borel mass, for three
different values of the continuum threshold. The crosses
in the figure indicate the “sum rule window”.

Finally, considering all the restrictions described above
we get:

mX = (6.39± 0.10)GeV, (22)

which is not in agreement with the experimental mass
of the X(5568) determined by the D0 Collaboration [1].
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FIG. 4. The OPE convergence in the region 3.5 ≤ M2 ≤
5.5GeV2 for s0 = 46GeV. We start with the relative pertur-
bative contribution (the perturbative contribution divided by
the total contribution) and each subsequent line represents
the addition of the relative contribution of a condensate of
higher dimension in the expansion.
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FIG. 5. The pole (solid line) and the continuum (dashed line)
contribution for s0 = 46.0GeV2.

As a matter of fact, recently the LHCb Collaboration
has not confirmed the observation of the X(5568). In
their preliminary analysis [35] no structure is found in
the B0

sπ
± mass spectrum from the B0

sπ
+ threshold up

to MB0
s
π+ ≤ 5700GeV. More analyses are required to

clarify this situation. Our work predicts a tetraquark
state decaying in this channel with a mass around 6.39
GeV.

The uncertainty given in Eq. (22) is only related with
the range of values of the Borel mass window, a small
variation in the continuum threshold, 46 ≤ s0 ≤ 50GeV2,

Impondo a restrição de convergência 
da OPE...

MX = (6.39± 0.10)GeV

O valor de massa nesse caso aumentou!

Evidência de que o Tetraquark considerado não descreve o 
X(5568)!
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