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Abstract Thediscovery of a charged strange hidden-charm
state Z.;(3985) implies another higher Z} state coupling to
D~ D*Y + c.c under the heavy quark spin symmetry. In this
paper we discuss a possible hunt for it with data taken at
existing facilities. We point out a hint for Z; in the data
of B — J/¥K~K* at LHCb, though weak, in line with
the production mechanism of pentaquark P.. We also study
the triangular singularity which would possibly enhance the
production of Z} in electron-positron collision. Surprisingly,
the production rate of Z; is expected to be maximum at the
ete™ center of mass energy of 4.648 GeV, which is lower
than4.681 GeV for Z s due to the inverted coupling hierarchy
of Dy1 D*K and Dy, DK in the triangle diagrams. Their bot-
tom analogue under heavy quark flavor symmetry is also dis-
cussed. Our theoretical analysis would confront with future
experiment of LHCb, BESIII, and Bell II.

1 Introduction

The evidence of strange pentaquark P.;(4459) from LHCb
Collaboration [1], though only 3¢ significance, marked the
dawn of strange era for the exploration of exotic candi-
dates. Soon afterwards the BESIII collaboration discovered
a charged resonance with the significance of more than 5o
in the D7 D*® + D}~ D° mass distribution of ete™ —
KT (D7 D** + D*~ DY), whose mass and width are [2]

Z05(3985) : 3982.5T)8 £2.1MeV, 12.873 £3.0MeV

It is close to the Dy D* and D}~ DO thresholds with the
probable quantum number being J© = 1. This motivates
its interpretation of D D*? 4+ D~ D molecular state as the
strange partner of Z.(3900) in various scenarios, e.g. in QCD
sum rules before [3,4] and after its observation [5-12]. Its
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inner structure and mass spectra are extensively investigated
in hadro-quarkonium [13] and compact tetraquark models
[14], and various quark models, for instance, the chiral
quark model [15,16], the dynamical diquark model [17,18],
the model with meson-meson and diquark-antidiquark con-
stituents [19,20]. Its decays of hidden charm [21] and open
charm [22] channels, configuration mixing [23] and compos-
iteness [24] are also studied.

Whether one-Boson-exchange potential is strong enough
to bind D7 D** and D}~ D is inconclusive in the coupled
channel formalism after considering the OZI suppression
[25-27]. Other binding mechanisms for molecular explana-
tion are under investigation, e.g. contact interaction [28-34],
axial-meson exchange [35], and channel recoupling mech-
anism [36]. Under SU(3)-flavor symmetry, its existence is
definitely expected as the strange partner of Z.(3900), the-
orized to be isovector D*D* molecular. Another higher
strange axial-vector state Z.;(4130) of D;‘D* component
(labeled as Z* hereafter), as strange partner of Z*(4020)
of D*D* molecular nature, is predicted in many scenarios
[28,29,34,37]. So a complete multiplet under heavy quark
flavor and spin symmetry (HQFS and HQSS) is emerging
after the evident twin molecules Z.(3900) and Z.(4020)
in hidden charm sector [38—41], and their close analogs
Zp(10610) and Z;(10650) in hidden bottom sector [40].

In QCD sum rule [4], initial K-meson emission mech-
anism [22], and hadrocharmonium picture [13], hidden-
charm channels are anticipated to be essential for under-
standing the Z.;(3985). However, eTe™ — J/Yy K"Kt is
not statistically achievable at present [42—44]. Recent data of
BT — J/¥¢K™T from the LHCb Collaboration reveals the
existence of two wide charged strange hidden-charm states in
the J /¥ K spectrum [45]. The Breit-Wigner (BW) masses
and widths are, respectively

Zo5(4000) : 4003 + 671, MeV, 1314 15 4 26 MeV
Zes(4220) 1 4216 £2470 MeV, 233 £ 5215 MeV
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These Z, states are unambiguously assignedtobe J© = 1T
states. The masses of Z.;(3985) and Z.;(4000) are consis-
tent within uncertainties, motivating the hypothesis of them
as one state [28,46]. In this case, the Z.;(4220) would be an
excited state of Z.(3985). If considering them as two differ-
ent states, the Z.;(3985) — J/¥ K decay is suppressed in
the limit of the HQSS [47], and the Z;(4220) at LHCb would
be the expected axial-vector Djl_)* molecular. Instead, the
Z* is predicted to be a D} D* resonance of tensor 2* nature
with mass of about 4126 MeV and width of 13 MeV. In both
schemes anarrow Z; close to D¥ D* threshold plays a central
role. In Sec. 2 a weak hint is shown for this state in the data of
BY — J/¥K~K™* at LHCb. A wide Z;(4250), consistent
with Z.4(4220) at LHCDb, is predicted by HQSS within hadro-
quarkonium framework [13] together with another Z;(4350)
as the respective partners of Z.(4100) [48] and Z.(4200) [49]
(for a discussion of their spin-parity see [50]).

In electron-positron collision, kinematic effects, e.g. tri-
angle singularity (TS) [22,28] and kinematic reflection [51]
are thought to play an important role. When all the inter-
mediate particles in a triangle diagram move collinearly on
their mass shell a triangle singularity happens to mimic
the resonance-like peak in the invariant mass distributions
[52]. The width of particles in triangle diagrams of B-decay
would induce the wide Z.; at LHCb [53], explaining the
Z.5(3985)/Z.4(4220) width difference. It is possible to dis-
tinguish TS mechanism by searching for the photo- [54] and
lepto-production [55] and pion/kaon induced reactions [56]
of exotic mesons, because the on-shell condition is hardly
satisfied in these reactions [57,58]. On the other hand, the
triangle diagram possess a triangle singularity under a spe-
cial energy, hence it becomes an amplifier of the produc-
tion of exotic candidates in certain energies as experiments
found. The Z.(3900) signal is enhanced by the D; D? D* tri-
angle diagram when the ete™ center of mass (c.m.) energy
is around Y (4260), close to the D DO threshold [59]. Analo-
gously the D> (2573) l_);" DO triangle diagram would enhance
the production of Z.;(3985) at c.m. energy of 4.681 GeV
[28]. Considering that the D;1(2536) is approximately the
HQSS partner of the D;>(2573), we point out in Sec. 3 that
the production of predicted axial-vector Z}; would be magni-
fied by the D;1(2536) [):D*O triangle around Dy (2536)[);k
threshold.

2 A hint of ZZ; at Bs-decay

The hidden-charm pentaquark states P, with the same light
quark content as the nucleon are discovered in A, —
J /¥ K~ p by LHCb collaboration [61,62]. Based on SU(3)-
flavor symmetry, the bottom baryon decay would be decom-
posed into the internal and external W-emission diagrams
[63]. The three quarks ccs produced directly from the b-quark
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Fig. 1 Internal W-emission in (a) the A, — J /¢ K~ p decay, and (b)
the B — J/¢yK~n* and B — J/¥ K~ K™. The diagram for the
charge conjugate channel of BT — J/¥¢K™ can be obtained with
uu — 55 in (b)
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Fig. 2 Exotic states production by external W-emission in (a) the
Ap — PFK~ decay,and (b)the B® — ZFK~wTand B® — z{P Kk~
The diagram for the charge conjugate channel of BT — ZX ¢ can be
obtained with uu — s5 in (b)

LS

decay by the internal W-emission in Fig. 1(a) are too ener-
getic to form a bound pentaquark. The dominant pentaquark
production process is anticipated to be the external W-
emission amplitudes in Fig. 2(a) [63]. The close analogous
diagrams for bottom meson decays are shown in Fig. 1(b) and
Fig. 2(b) for B® — J/¥K 7+ and BY — J/y K~ K.
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Table 1 Parameters of contact interaction and poles of 75 taken from Ref. [28]. Results outside (inside) brackets are for cutoff A =

0.5 GeV (1 GeV), respectively

Resonant

+0.18 +0.06
—0.72%513 <_0~4470.05)

+0.21 +0.066
—0.17%y3; (‘0025—04049)
3963115 — 317 (3966f£ - iojg‘)

11 . 15 10 . 28
411071 — ot} (4111t23—zot0)

Virtual
C(O) (fm2) —0.77t012 (—0.45t8;8i)
DO (fm*) )
Zes (MeV) 397412 (3971t2)
Z* (MeV) 411713 (41155;)
1200 : : : : : :
«~ 1000 | |
> L]
8 g0l ]
[Te] e LHCb 2013
3"
o
S 600t ]
8
®© .
8 400 r ]
e]
s
O 200+ .
0 q. L A -J\‘—/_\A L ...A

12 14 16 18 20 22 24
M2 (JyK') (GeV?)

Fig. 3 The data of J/y KT spectrum in BY — J/¥ K~ K™ at LHCb
[60] and the possible contribution of Z.;(3985), Z}(4130), Z(4220)
and Z;(4350). The red curves are Breit-Wigner (BW) distributions of
those Z.s. Here the central values of mass and width from BESIII are
used for Z.4(3985). The central values of mass from LHCb is used for
Z:5(4220) with a width of 20.0 MeV. The mass and width of Z7%(4130)
are respectively 4130 MeV and 15 MeV as expected by HQSS and
SU(3)-flavor symmetry [5,29,47]. The mass of Z.;(4350) is quoted
from hadro-quarkonium [13] and width 100 MeV is adopted. The blue
solid curve is the incoherent sum of BW and simulated background
mainly reflected from K~ K+ spectrum by LHCb

The Z.(4200) and Z.(4600) are already discovered in the
former decay by LHCb [49,64], supporting that this argu-
ment of production mechanism is similarly applicable for
bottom meson decays. Another decay of this beneficial fea-
ture is BY — J/¥¢K™, in which two wide Z., appeared
after considerably increasing statistics at LHCb [45] in com-
parison with previous measurements [65-69]. So it seems
that B — J/y K~ K+ deserve further search for Z. pro-
duction though it bears low statistics at present [60]. Cur-
rent data of this decay at LHCb in Fig. 3 shows none clue
for Z.5(3985)/ Z.s(4000), but does hint weakly for Z}, and
Z.5(4220), both of which are narrow. Another wide 4350
MeV can be accommodated, but its signal is even more fuzzy.
Due to the wide energy bins (500 MeV) of the data, their evi-
dence is rather inconclusive.

In an isospin analysis of B — D*DK it is shown that the
production of the isospin triplet state Z.(3900) is highly sup-
pressed in B decays compared to the isospin singlet X (3872)
[70]. As the strange partner of Z.(3900), Z.5(3985) would
be also absent in the open-channel B decays by isospin sup-

pression. Similar TS as discussed in BT — J/y¢K™ [53]
would also raise the width of Z;(3985) and Z; to be around
100 MeV, making them hard to appear in B- and By-decays.
But the masses in the triangles are demanding for TS due to
the fixed masses of mother particles B/B;.

Considering the branching ratios B(B® — J /YK "7 ") =
(1.1540.05) x 1073, B(B* — J/y¢KT) = (5.0£0.4) x
1073, and B(B? — J/YK~K*) = (2.54 £0.35) x 107°
[71], increase of the accumulated statistics by around 20
times at least would induce the refined discovery of Z7 and
others.

3 Triangle diagrams in e* e~ annihilation

The BEPCII continues to run for collecting integrated lumi-
nosity at different energies so BESIII provides the chance to
look for Z¥; in e e annihilation. In an effective field theory,
the production of Z.(3900/4020) and Z.4(3985) are dynam-
ically understandable in a consistent manner with the help of
Lippmann-Schwinger equation — 7 =V + VG(oT, where
V denotes the potential and Gy is the two-point loop func-
tion. For explicit expressions, we refer to Ref. [28,59] within
the nonrelativistic approximation. The contact-range inter-
action incorporating the SU(3)-flavor symmetry contains at
most two low-energy constants (LECs) at leading order [28],

Vi = C ). (1)
v = cOA) + 2D (A) k2, )

with k the c.m. momentum of the two mesons. The momen-
tum independent kernel in Eq. (1) generates a bound or a
virtual pole below its respective two-meson threshold, while
the latter in Eq. (2) generates a resonant state. Here A means
that the divergent loop function G¢ has been regulated by
a Gaussian form factor =P/’ with p the momentum of
the two mesons in eTe™ system. The values of LECs can
be determined by the masses and widths of Z.(3900/4020)
and Z:4(3985), as summarized in Table 1 together with the
generated poles of Z%.

In this framework, the D D° D* triangle diagram, as part
of the generation of the Z.(3900) signal, enhances its produc-
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tion when the eTe™ center of mass (c.m.) energy is around
Y (4260), close to the D; D threshold [59]. Analogously the
DS2(2573)D;‘D0 triangle diagram, contributing to the gen-
eration of Z.4(3985) as shown in Fig. 4(a), would enhance
the production of Z.;(3985) at the c.m. energy of 4.681 GeV
[28]. Note that Dy, DK decay proceeds in D-wave. Consid-
ering that the D;1(2536) is approximately the HQSS partner
of the Dy»(2573), Fig. 5(a) with Dy1(2536) D} D* triangle
is a close analog of Fig. 4(a). The scalar 3-point loop integral
of these diagrams is given by [41,72,73]

I = H121423 |:arctan<

) —Cq
- 2nya 2/a(c] — ie))

( c)—c1—2a )]
— arctan - ) 3)
2Ja(cr —a —ie)

where 1£12 and w73 are the reduced masses of the Dy D;‘ and
D;‘D*O, respectively, a = (uzqu/mD*o)2, c1 = 2u12b12,
2 = 2u23b23 +q,2<,uz3/me withbip =mp,, -I—m[’);F — /s
and by; = m +mpw + Ex — /s, and gk (Eg) is the
K+ momentum (energy) in the y* c.m. frame. The involved
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Fig. 4 Possible (a) Dy2(2573)D* D and (b) J /¥ f,(1525)K* trian-
gle diagrams of ete™ — K1 Z.,(3985) process with the generated
Z.5(3985) (green circles) decaying to D~ D, D}~ DO, J /WK orother
possible channels. The blue vertices are all in D-wave here. The green
circles denote the 7-matrix elements which include the effects of the
generated Z.4(3985) state
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Fig. 5 Possible (a) Dy (2536) D} D** and (b) 1.¢ K triangle diagrams
of ete™ — KTZX process with the generated Z* (green circles)
decaying to D;“ DO, J /¥ K or other possible channels. The green circles
denote the 7'-matrix elements which include the effects of the generated
Z}, state

kinematic variables are given by

qK = ﬁ )»(s,m%(,m%),

miy =m% + m%*o +2ETE; — 2p] p3 cos 63,

Pi =y Ef? —my. pi= 2m
2

2, 2
E§=m23—m2+m3 -
2m23

2 2 2
A.(m23, m25 m3)7

2 2
§ —m5y — My (4)

2]7’l23

where my = mpx and m3 = mp«o.

Fig. 6 shows the absolute value squared of the correspond-
ing scalar triangle loop integral |1|? at the eTe™ c.m. energy
of 4.648 GeV, around the Dsll_);" threshold. Quite close
results are obtained for different input of parameters from
Table 1. Data are needed to constrain the relative normal-
ization of the different amplitudes, so at present the m . o
spectrum can not be predicted. However, after convolution
with the three-body phase space of ete™ — D*D*K+ a
clear peak around 4.12 GeV appears to enhance the produc-
tion of axial vector Z¥,. The Z*; of tensor nature is suppressed
in this mechanism due to its involvement of D-wave at least
for the total production amplitudes, so it serves a possible
experimental criteria of Z;", with J ¥ Interestingly y* Dy D



Eur. Phys. J. C (2022) 82:161

Page 50f 7 161

Fig. 6 Absolute squared value T T
of the scalar triangle loop I
integral, |7|?, with the 40+ |
Dy D} D*¥ triangle diagram
shown as Fig. 5(a). Left:
dependence on the D} D**
invariant mass for

/s = 4.648 GeV, where we
also show | |? convoluted with
the phase space, with the
maximum normalized to that of
|112; right: dependence on /s
with M pepro = 4.12 GeV

12 [GeV?]

— P : [ — L
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- L — L J 1 L L 1 L L " L 1 " L L L 1 L L " L 1 " L L L ]
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vertex in D-wave results into 33.0 MeV lower c.m. energy
of Z7 production than that of the Z.;(3985). This is due
to the inverted coupling hierarchy of Dy D*K and D> DK.
Here the inverted hierarchy refers to the fact that the Dy
is heavier than the Dy, however the Dy, decays mainly to
DK which is lighter than the dominant decay channel D*K
of the Dy;. Unfortunately BEPCII scans the c.m. energies
with 20 MeV interval, and its best luminosities are at 4.640
and 4.660 GeV, a little shift from the best energy to identify
the contribution of triangle diagrams. The Bell experiment
collects a large data sample at or near the Y resonances in
ete™ collision, with the possibility to search for the Zé?)
state through initial-state radiation [74].

The Dy D D* triangle diagram can also develop a tri-
angle singularity contributing to the production of Z¥,. Its
HQSS correspondence Dy 15;‘D would present to the pro-
duction of Z.5(3985). We ignore them for two reasons. First,
up to now the Dy — D*K decay and its HQSS correspon-
dence Dg1 — DK, both in D-wave, are not found by exper-
iment, so their couplings are expected to be small. Second,
the Dy D} D* triangle diagram would induce a singularity at
ete™ c.m. energy of 4.685 GeV, around the Dszl_);“ thresh-
old. Under this energy Z.;(3985) is produced but Z}; not,
as BESIII found. This seems to support the former point.
Another place to explore these kind of triangle diagrams
is K*Z%) channels, ie. eTe™ — K*(DY D* + DD™).
However, the decay Dyi(Ds2) — D™ K* is not found at
present and higher eTe™ c.m. energies due to K* mass are
expected to be out of the reach of the BESIII and other avail-
able facilities. Moreover, experimentally the K* reconstruc-
tion is more difficult and needs much more integrated lumi-
nosity.

Other triangle diagrams are possibly present in the produc-
tion of Zé?) in eTe™ annihilation. For the Z.;(3985), a tri-
angle of J/1/ff2,(1525)l(* in Fig. 4(b) has singularity in c.m.

energy of around 4622 MeV. Due to the 86 = 5 MeV width
of fz/ (1525) and its moderate coupling of K * K , the enhance-
ment would not so sharp and is possibly submerged by the
smooth background. No enhancement of Z.;(3985) produc-
tion in the ete™ — K+ (D; D** + D~ D) data of BESIII
at 4628 MeV seems to support these arguments [2]. Sim-
ilarly the n.(2S)¢K triangle in Fig. 5(b) would contribute
to the Z}; production with all vertices in p-wave. The nar-
row width of 7.(2S) and strong coupling of ¢ to K K would
enhance the Z}, production at c.m. energy of 4657 MeV,
about 10 MeV above that of Fig. 5(a). However, the Zéf) in
the molecular scenario mainly decay to open charm chan-
nels D D*0 D} D™, so the T-matrix elements denoted
by green circles in Figs. 4 and 5 generate Zét) state in the
elastic channel. Both Figs. 4(b) and 5(b) are disadvantage of
the inelastic interaction of hidden charm J /1 K* or . (2S) K
vertices in ete~™ — K+(D™ D*0 + D D™).

As a result, Dy3(2573) D} D° and Dy (2536) D} D*" tri-
angle diagrams are anticipated to be the dominant singularity
forthe Z4(3985) and Z¥ production, respectively. Their cor-
respondence in bottom sector is quite similar. The Z; (10610)
and Z,(10650) (Z, and Z}) discovered a decade ago by the
Belle collaboration, are a pair of charged hidden-bottom res-
onances with 79(J¥€) = 17 (117) and masses [75]

M(ZF) = 10607.2 2.0 MeV, Q)
M(Z;*) = 10652.2 + 1.5MeV,, (6)

very close to the BB* and B*B* thresholds, respectively.
Their strange partners are predicted to be close to the By B*+
B} B and B B* thresholds [5,28,29,54]:

M(ZE) ~ 10700 MeV , (7
M(Z;¥) ~ 10745 MeV , ®)
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if the Z,’s were indeed bound states of the bottom mesons
mentioned above. Considering that the dominant decays
are B1(5830) — B*K and B»(5840) — BK, the
By2(5840) B B and By (5830) B B* triangle diagrams are
anticipated to be the dominant singularity for the Z; and Z};
production in e*e™ annihilation, respectively. The inverted
c.m. energy gap for their production is only about 10
MeV due to the mass difference between By;(5830) and
B;2(5840).

4 Summary and Conclusion

The Z.5(3985) state, together with the X¢(2900) and X 1(2900)
of quark content csud by LHCD [76,77], raised the question
of existence of a complete exotic spectrum of the charm and
charm-strange. A missing piece of this molecule jigsaw puz-
zle is Z} as expected by HQSS and SU(3)-flavor symmetry.
Inspired by the dominance of external W-emission, in this
paper we call attention to a hint for Z*; production by the
same mechanism in the data of B® — J /¥ K~ K+ at LHCb,
which needs further investigation with higher statistics. We
further explore the triangular singularity which would pos-
sibly enhance the production of axial-vector Z7 state in
ete™ — K** D~ D*0. The Z is expected to be enhanced
by the Dy (2536) D;‘ D* triangle diagrams, similar to that of
Dy2(2573) D D° for Z,5(3985) production in e e~ annihi-
lation. As a surprising result, Z would be produced in about
30 MeV lower c.m. energy of eTe™ than that of Z, due to
the inverted coupling hierarchy of Dy D*K and Dy DK.
Their bottom partners are analogous with a relative smaller
energy gap of ete™ between Zp, and Z} production. Our
results are helpful for the future hunt for Z7; in B;-decay and
ete™ annihilation.

The same mechanism in eTe™ annihilation is considered
within similar framework in Ref. [ 78], which incorporates the
whole energy range covered by the BESIII data by including
more channels and triangle diagrams. One of the fits in Ref.
[78] is a global minimum fit and agrees with our scenario, as
addressed in Ref. [78]. Another local minimum incorporates
astrong coupled-channel effects between D D* (D* D*) and
Dy D*+ D} D (DD* + D* D), which generate only one fine-
tuned bound state Z.;(3985) (Z.(3900)) without the accom-
modation of ZZ, (Z(4020)). Both Dy » D{*’ D* triangle dia-
grams are important for Z.;(3985) production in this case but
we argue that the couplings of Dy D*K and Dy DK seem
to be weak. This study supports our motivation of this paper
that hunting for Z; is essential for distinguishing different
mechanisms. A experimental study of the e*e™ c.m. energy
of 4.648 GeV would be very helpful because Z*; would not
be present around 4.648 GeV in latter fit of Ref. [ 78], contrary
to our prediction here.
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