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We conjecture that Z−
c ð4100Þ found by the LHCb group from a Dalitz plot analysis of B0 → ηcKþπ−

decay is the charge conjugate of Zþ
1 ð4050Þ observed in χc1π

þ distribution from the Belle collaboration.
Some interesting conclusions are inferred from this assumption. The Zþ

2 ð4250Þ would be assigned to be a
JP ¼ 1þ or 1− state because of its absence in ηcπ− invariant mass distribution, while Zþ

1 ð4050Þ=Z−
c ð4100Þ

could be a 0þ or 1− state but 2þ is unfavored because it would be coupled to ηcπ in D-wave. The null
observation of Z1Z2, Z1Z1, and Z2Z2 production in eþe− annihilation and ϒð1S; 2SÞ decay by the Belle
collaboration would further allocate the spin parity combination of Zþ

1 ð4050Þ=Z−
c ð4100Þ and Zþ

2 ð4250Þ.
Our deductions can be used to exclude a set of proposed models and could be further tested by future
experiment, e.g., in γγ collisions.
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The study of new hadronic states has been stimulated by
the experimental observation of plenty of exotic structures
in the past decade. The unexpected charged states in the
heavy quarkonium sector are especially interesting because
it is difficult to incorporate them within the conventional
quark-antiquark picture. Several review papers have recently
summarized the theoretical and experimental efforts on
deciphering their inner components and exploration of
relevant underlying dynamics [1–5]. These studies open
up a new era of multiquark hadron spectroscopy. The
determination of the spin parity of these charmoniumlike
and bottomoniumlike states is in the first place because it is
key for our understanding of their nature.
Ten years ago Belle collaboration observed two charged

resonancelike structures with the significance of more
than 5σ in the χc1π

þ mass distribution in B̄0 → K−χc1π
þ

decay. Their Breit-Wigner (BW) masses and widths are,
respectively [6]

Zþ
1 ð4050Þ∶ 4051� 14þ20

−41 MeV; 82þ21þ47
−17−22 MeV ð1Þ

Zþ
2 ð4250Þ∶ 4248þ44þ180

−29−35 MeV; 177þ54þ316
−39−61 MeV: ð2Þ

Later the BABAR collaboration concluded an absence of
signal by analyzing the lower statistical data of B̄0 →
K−χc1π

þ and Bþ → K0
Sχc1π

þ decays with a detailed study
of the acceptance and possible kinematical reflections [7].
In 2003, an unpublished thesis from LHCb also claimed
nonexistence of resonances in B0 → Kþχc1π− with more
than twice the Belle and BABAR cumulative events by
using the same analysis strategy with that of BABAR [8].
While other two experiments made contrary conclusions
with Belle, the data themselves in fact agree with each other
within uncertainties. The null result in the BABAR and
LHCb data would be associated with different treatment of
the background.
The mass of Zþ

2 ð4250Þ is close to the D1D and D0D�
threshold. This motivates the interpretation ofD1Dmolecu-
lar state with QCD sum rules [9,10]. However, the meson
exchangemodel, combiningwith heavyquark symmetry and
chiral symmetry, concludes that the Zþ

2 ð4250Þ cannot be a
D1D or D0D� molecule with reasonable parameters [11].
On the other hand, the assignment of 1− tetraquark state is
supported by a relativistic diquark-antidiquark picture [12],
QCD sum rule [13], and a color flux-tube model with
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multibody confinement potential [14,15]. The mass calcu-
lated in a QCD sum rule disfavors assigning theZþ

2 ð4250Þ as
the compact 0þ tetraquark in diquark-antidiquark type [16].
The Zþ

1 ð4050Þ locates closely to the D�D̄� threshold.
However, the isotriplet D�D̄� molecular interpretation is
not favored by QCD sum rule [9,10] and the chiral SU(3)
quark model [17]. The meson exchange model, whose
exchanged mesons include pseudoscalar, scalar, and vector
mesons, find an unbound [18] or loosely bound [19] D�D̄�

potential. In latter the Zþ
1 ð4050Þ is suggested to be a 0þ

molecular state, supported by a recent calculation of QCD
sum rule [20]. Alternatively, it is suggested as a 2þ D�D̄�
molecule in a self-consistent quark-model, where the
attraction is from the coupling to J=ψω and J=ψρ channels
[21,22]. This picture is compatible with an unitaried
coupled-channel model with vector-vector interaction in
the framework of hidden gauge formalism, where only one
2þ state is dynamically generated for the isotriplet state
[23].1 It is also proposed as a radially excited 1þ state with
two light quark qq̄ pairs generated dynamically in a
coupled-channel Schrödinger model with the assumption
of the mixing of 1P1 and 3P1 states [25]. The Z

þ
1 ð4050Þ as

tetraquark candidate in diquark-antidiquark type disfavored
by the relativistic diquark-antidiquark picture [12] and a
QCD sum rule [16]. But it would be a compact 1þ
tetraquark state in the color flux-tube model with a multi-
body confinement potential [15].
Very recently the LHCb collaboration found a resonant

state with more than three standard deviations in the ηcπ−

invariant mass spectrum of the B0 → Kþηcπ− decay [26].
The BW mass and width are,

Z−
c ð4100Þ∶ 4096� 20þ18

−22 MeV; 152� 58þ60
−35 MeV:

ð3Þ

It is noted that the masses and widths of Z−
c ð4100Þ and

Zþ
1 ð4050Þ are consistent within 1.5σ and 1.0σ, respectively.

In this energy range, no other charged states are found at
present. It is naturally speculated that they are the same
state. No peak with higher mass is observed for Zþ

2 ð4250Þ.
In Table I, we list the possible spin-parity JP with low

relative orbital quantum number L. We do not consider
higher partial waves due to their strong suppression. The
C-parity þ is also listed herein if their neural partners exist
and IG is determined to be 1−.
Under this assumption, the Zþ

2 ð4250Þ is probably a JP ¼
1þ state, considering that it is present in the χc1π system but
completely missed in ηcπ spectrum. In this case, it is a
similar state to a1 in light quark sector. The a1ð1640Þ is
really seen to decay into f1ð1285Þπ [27], which has the
same quantum number with χc1π system. This decay
channel of other a1 states, i.e., a1ð1260Þ and a1ð1420Þ,
are strongly limited for the sake of small phase space.
However, the 1− assignment favored by various tetraquark
models [12–15] is not completely excluded, because it
would be suppressed in ηcπ channel for the P-wave
coupling while it couples to χc1π in relative S-wave.
The unfavorable fact of this assignment is that it decays
to ηcπ with larger phase space than χc1π, making up the
deficiency of higher L. This would enhance the ηcπ partial
decay width, unless its coupling strength to ηcπ is small
by nature, which needs, however, an ad hoc reason. Similar
argument could be applied to 2þ assignment, which
couples to ηcπ in D-wave, higher than that to χc1π. Its
presence in χc1π system does not favor this assignment to
some extent because of the P-wave coupling, which is also
not discussed in any models in the literatures. So we
suspend this possibility in this paper.
An important conclusion can also be driven about the spin-

parity of Zþ
1 ð4050Þ=Z−

c ð4100Þ. First, the assignment of 1þ
and 2− are impossible because they are forbidden in ηcπ
system. So the 1þ state with two qq̄ pairs [25] and compact
1þ tetraquark state in the color flux-tube model [15] are both
not supported by our assumption. Second, the 2þ (or 3−) is
also not a good choice for this state because it is expected to
be suppressed in ηcπ system for the relative higher D-wave
(orF-wave). As a result, the 2þ D�D̄� molecule in the quark-
model [21,22] is not preferred in this prescription. The
remaining possible JP of Zþ

1 ð4050Þ=Z−
c ð4100Þ are 0þ

and 1−.
We can further try to allocate its JP by the measured

branching fractions. The following values are extracted by
experiments [6,7,26],

BðB̄0 → K−Zþ
1 ð4050ÞÞ × BðZþ

1 ð4050Þ → χc1π
þÞ

¼ 3.0þ1.5þ3.7
−0.8−1.6 × 10−5 ð4Þ

<1.8 × 10−5 at 90% C:L: ð5Þ

BðB0 → KþZ−
c ð4100ÞÞ × BðZ−

c ð4100Þ → ηcπ
−Þ

¼ 1.89� 0.64� 0.04þ0.69
−0.63 � 0.22 × 10−5 ð6Þ

If charge conjugate relation is considered, we can
calculate the ratio to be,

TABLE I. Possible JPC assignment of χc1π and ηcπ system.

L χc1π ηcπ

S 1−þ 0þþ
P ð0; 1; 2Þþþ 1−þ
D ð1; 2; 3Þ−þ 2þþ

..

. ..
. ..

.

1This conclusion is inapplicable to the bottomonium
sector, where other charged JP states could be dynamically
generated [24].
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BðZcð4100Þ → ηcπÞ
BðZ1ð4050Þ → χc1πÞ

¼ 0.63þ0.50
−0.89 < 1.05þ0.54

−0.51 ð7Þ

where the upper limit is deduced from Eqs. (5) and (6). This
is roughly consistent with the estimation from the heavy
quark spin symmetry (HQSS) [28–30],

BðZcð4100Þ → ηcπÞ
BðZ1ð4050Þ → χc1πÞ

≃
1

3
for both 1−=0þ Zc: ð8Þ

A factor of 3 is understandable because the ηc and χc1 are
the S-wave spin singlet and P-wave triplet, respectively.
Based on the heavy quark spin symmetry (HQSS), the
heavy quarkonia, which differ from each other only in the
total spin, could be grouped into the same spin multiplet.
As a result, it seems that 1− and 0þ for Zcð4100Þ=Z1ð4050
are both consistent with data. However, note that the
differences of the phase spaces are yet not considered.
Here for the case of Zcð4100Þ=Z1ð4050Þ with 1−, its
coupling to ηcπ and χc1π decays would be in relative P-
and S-wave as indicated in Table I, respectively. Therefore
after considering the phase space factor p2L, above ratio of
branching factions will affected by the factor p3

ηc=pχc1

[∼1.6 ðGeV=cÞ2], where pηc and pχc1 denote the three-
vector momenta of the final mesons in each channel in the
decay rest frame. This phase space difference is small and
the ratio in Eq. (8) is expected to change a little. Whereas if
Zcð4100Þ=Z1ð4050Þ is a 0þ state, its decays to ηcπ and χc1π
would be in S- and P-wave, respectively. Thus the above
ratio of branching factions is strongly influenced by a big
difference of phase space pηc=p

3
χc1 (∼6.4 ðGeV=cÞ−2).

Therefore the ratio of this branching factions for 1− is
anticipated to be a bit favored by the present experimental
constraint in Eq. (7). This is compatible with a naive
argument that Zcð4100Þ=Z1ð4050Þ with 1− decays to ηcπ
channel with larger phase space volume, compensating its
coupling to ηcπ in relative higher P-wave. In this sense, the
Zþ
1 ð4050Þ=Z−

c ð4100Þ state is resemble with the light quark
π1 states. The π1ð1440Þ in fact decays strongly to ηπ [27],
but its decay to f1ð1285Þπ is strongly suppressed for the
small phase space. However, since the measured branching
fractions have large uncertainties, this assignment shall be
taken with caution. The 0þ is still a good candidate for JP

of Zþ
1 ð4050Þ=Z−

c ð4100Þ, analog to a0 states in light quark
sector. The decay branching ratios of a0ð980Þ and a0ð1450Þ
to ηπ are big [27], and their decay to f1ð1285Þπ are not seen
due to phase space limitation. The Zþ

1 ð4050Þ=Z−
c ð4100Þ

with 0þ is favored by the molecule explanation of its
nature [19,20].
We can estimate the ratio of couplings to χc1π and ηcπ by

Eq. (7), which avoid the effect of phase space difference
compared to the widths. The Lagrangians in the hadronic
level within the covariant L − S scheme read as [31,32],

L1−
χc1π ¼ gχc1πMZc

χμc1π · Zcμ ð9Þ

L1−
ηcπ ¼ gηcπð∂μπηc − π∂μηcÞ · Zcμ ð10Þ

L0þ
χc1π ¼ gχc1πχ

μ
c1

�
∂μπ · Zc þ

p2
χc1 − p2

π

p2
Zc

π · ∂μZc

�
ð11Þ

L0þ
ηcπ ¼

gηcπ
MZc

∂μηc∂μπ · Zc ð12Þ

with the dimensionless coupling constants gχc1π and gηcπ .
Then the decay widths can be calculated as,

Γ1−
χc1π ¼

1

3

g2χc1π
8π

pχc1

�
3þ p2

χc1

M2
χc1

�
ð13Þ

Γ1−
ηcπ ¼

1

3

g2ηcπ
2π

p3
ηc

M2
Zc

ð14Þ

Γ0þ
χc1π ¼

g2χc1π
8π

p3
χc1

ðM2
Zc

þM2
χc1 −M2

πÞ2
M4

Zc
M2

χc1

ð15Þ

Γ0þ
ηcπ ¼

g2ηcπ
8π

pηc

ðEηcEπ þ p2
ηcÞ2

M4
Zc

ð16Þ

where Eπ , Eηc , and Eχc1 denote the energies of the final
mesons in each channel in the decay rest frame. Then the
following ratio can be computed by Eq. (7) for,

���� gηcπgχc1π

���� ¼
(
2.20þ1.75

−3.11 < 2.85þ1.47
−1.38 for 1− Zc

0.66þ0.52
−0.93 < 0.85þ0.44

−0.41 for 0þ Zc

ð17Þ

where the uncertainty of Zþ
1 ð4050Þ=Z−

c ð4100Þ mass is not
considered. As can be seen above, the central values of
couplings of Zþ

1 ð4050Þ=Z−
c ð4100Þ to χc1π and ηcπ are

roughly in the same magnitude, however, they are not well
confined due to the large uncertainties. Anyway, the above
ratio is an important clue for the future exploration.
It is worth pointing out whether the Zþ

1 ð4050Þ=Z−
c ð4100Þ

is 0þ or 1− can be disentangled by photon-photon collisions
because 1− is forbidden in these reactions. If it is produced in
photon-photon fusions, it is a 0þ state and their production
ratio of γγ → ηcπ to γγ → χc1π is expected to be the value in
Eq. (7). Its nature would be also pinned down by its two-
photon decay width. In the beginning of 1980s, it was
predicted that, if the a0ð980Þ and f0ð980Þmesons are taken
as four-quark states, their production rates should be sup-
pressed in photon-photon collisions by a factor ten in
comparison with them as conventional two-quark P-wave
states [33]. The measured values do favor their four-quark
structure [34]. The two-photon decay widths of ordinary 0þ
stateswith both light and heavy qq̄ are in the range of several
keV [27], and that for the Zþ

1 ð4050Þ=Z−
c ð4100Þ is expected

to be in the order of 0.1 keV if it is of exotic nature.
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We suggest to probe it in γγ interactions at eþe− collider at
Belle-II or hadron collider at CERN Large Hadron Collider
(LHC). The production rates ofXð4350Þ in γγ interactions at
the LHC are just recently studied [35].
Recently, Belle collaboration observed no significant

signals in any of the modes of eþe− and ϒð1S; 2SÞ →
Zþ
1 ð4050ÞZ−

1 ð4050Þ, Zþ
2 ð4250ÞZ−

2 ð4250Þ, and Zþ
1 ð4050Þ

Z−
2 ð4250Þ þ c:c: [36]. From our above speculation, the

Z1ð4050Þ would be a 1− or 0þ state, and Z2ð4250Þ might
be a 1þ or 1−. In any of the 1− combinations of
Zþ
1 ð4050ÞZ−

1 ð4050Þ and Zþ
2 ð4250ÞZ−

2 ð4250Þ modes, the
relative orbital angular momentum are in P-wave at least,
resulting into less population in eþe− annihilation and
ϒð1S; 2SÞ decays. The Z1ð4050ÞZ2ð4250Þ is in S-wave for
0þ1− and 1−1þ or P-wave for 0þ1þ and 1−1− assignment.
Then the latter combinations would be favored by Belle’s
null results.
In summary, we speculate that Z−

c ð4100Þ found by LHCb
group is the charge conjugate state of Zþ

1 ð4050Þ from Belle
collaboration. This possibility is also mentioned in a newly
released paper when it discusses the correlations of
Z−
c ð4100Þ with some existing exotic candidates [28].

They are locating far higher than the DD̄ open charm
threshold, and it is very difficult to incorporate them in the
molecular or meson-meson scenario. Their nature is still
under wide discussion, including the hadrocharmonium
[37], tetraquark state [38,39] and final state interaction

effects [28] et al.We collect all the up-to-date experimental
information about them and suggest that spin-parity of
Zþ
2 ð4250Þ would be 1þ or 1−, and Zþ

1 ð4050Þ=Z−
c ð4100Þ is

probably 1− or 0þ, respectively. The first one is more
preferred by the measured branching ratios. The null results
of double charged charmoniumlike state production in
eþe− annihilation and ϒð1S; 2SÞ decays from Belle favors
that Zþ

1 ð4050Þ=Z−
c ð4100Þ and Zþ

2 ð4250Þ are probably 0þ

and 1þ, respectively, or both 1−. Though other attributions
are not completely excluded due to the limited information,
our conjecture about the spin and parity can be used to
differentiate various models. Our assignment, together with
the extracted ratio of couplings, can be tested by future
experiment and give the hint to their nature. We point out
that their production in photon-photon collisions would be
an ideal place for finally pinning down their spin parity.
From another aspect, if one of our conclusion is denied by
future experiment, then the Z−

c ð4100Þ and Zþ
1 ð4050Þ are

not the same.
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