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The first search for double charged charmoniumlike state production in Y(1S) and Y(2S) decays and

in eTe™ annihilation at /s =

10.52, 10.58, and 10.867 GeV is conducted using data collected with the

Belle detector at the KEKB asymmetric energy electron-positron collider. No significant signals are
observed in any of the studied modes, and the 90% credlblht%' level upper limits on their product branching

fractions in Y'(1S) and Y'(2S) decays [B(Y (1S, 2S5)

Z*Z

)X B(Zf —» "+ c¢) (cc = J/y, ch(lp)

w(2S))] and the product of Born cross section and branchmg fraction for ete™ — Z1ZY

(o(ete” — ZjZS/)_

)X B(Zf - 7t +ce))at /s =

10.52, 10.58, and 10.867 GeV are determined. Here,

Z. refers to the Z,(3900) and Z,.(4200) observed in the zJ/y final state, the Z,, (4050) and Z,,(4250) in
the zy.(1P) final state, and the Z.(4050) and Z.(4430) in the zy(2S) final state.

DOI: 10.1103/PhysRevD.97.112004

I. INTRODUCTION

In the past decade, many experiments, at both lepton and
hadron colliders, reported evidence for a large number of
new particles having exotic properties that are difficult to
accommodate within the conventional quark model, espe-
cially those that couple to heavy quarkonium and have
nonzero charge [1]. Since the discovery of the
Z(4430)(— 'y (2S)) [2], more charged charmonium-
like resonances have been observed, including Z, (4050)
and Z1,(4250)(— z*y.1(1P)) (3], ZF(3900) [4,5] and
Z5(4200)(— ztJ/w) [6], and Z[(4050)(— ztyw(2S))
[7]. The preferred assignment of the quantum numbers
for Z[(4430), Z(3900), and Z/(4200) are JX =17
[6,8,9]. Although these charged charmoniumlike candi-
dates are widely interpreted unconventional cc states, it
remains a significant challenge to determine their internal
dynamics [10].

Considerable efforts in theory have been devoted to
interpreting these states as tetraquarks, molecules, hybrids,
or hadrocharmonia [11-13]. To distinguish among these
explanations, experimental input is needed, such as that
from the study of double ZF production in e*e~ annihi-
lation [14,15]. For ete™ — Z}Z7, the dependence on s
(the ete™ c.m. energy squared) of the electromagnetic
form factor, F+,-, is 1/s* for a Z, state with tetraquark
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structure or 1/s for a Z. system of two tightly bound
diquarks [14,15].

In this paper, we report the search for Z_.-pair production
in Y(1S) and Y'(2S) decays as well as in e e~ annihilation
at \/E =10.52, 10.58, and 10.867 GeV. We measure the
production rates of Y(1S) and Y(2S) decay into a pair
of Z, states and the Born cross sections of ete™ — ZF z\~
at \/E =10.52, 10.58, and 10.867 GeV. Here, Z}
denotes Z[(3900), ZF(4200), Z/! (4050), Z1,(4250),
Z}(4050), or Z/(4430). In these searches, the decay
modes considered are Z}(3900)/Z;(4200) — ztJ/y,
Z1,(4050)/Z%,(4250) - nty, (1P), and Z}(4050)/
Z}(4430) - nty(2S) [16]. Although it is possible to
search for combinations of any two of the enumerated
Z,. states, only both Z, states decaying into the same final
states are currently studied in this study; the information of
the other final-state combinations can be estimated from the
results reported here.

II. DATA SAMPLE AND THE BELLE DETECTOR

This analysis utilizes (5.74 4 0.09) fb~! data collected
at the Y(1S) peak [(102 £ 3) million Y(1S) events],
(24.91 +0.35) tb~! data collected at the Y(2S) peak
[(158 & 4) million Y(2S) events], (89.5 4 1.3) fb~! data
collected at /s = 10.52 GeV, (711.0 £ 10.0) fb~! data
collected at /s = 10.58 GeV [Y(4S) peak], and (121.4 +
1.7) fb~! data collected at +/s = 10.867 GeV [Y(55)
peak]. All the data were collected with the Belle detector
[17] operating at the KEKB asymmetric-energy e’ e~
collider [18]. The Belle detector is a large solid-angle
magnetic spectrometer that consists of a silicon vertex
detector, a 50-layer central drift chamber (CDC), an array
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TABLE 1. The world-average (nominal) values of ZF masses efficiency is 97%, and the kaon to pion misidentification
(in MeV/c?) and widths (in MeV) [23]. rate is about 4%. A similar likelihood ratio is defined as
. . R, =L,/(L, + Lyon—.) [25] for electron identification and
Z. states  Z. labels in Ref. [23] Mass Width R, = Cﬂ/((ﬁﬂ Y Lp+ Lﬂ) [26] for muon identification.
Z+(3900) X" (3900) 3886.6+24 28.1+26  An ECL cluster is treated as a photon candidate if it is
Z£(4200) X7(4200) 4196133 3701% isolated from the projected path of charged tracks in the
Zjl (4050) X*(4050) 4051724 82750 CDC, and its energy is greater than 50 MeV.
7 (4250) X+ (4250) 42481190 177320 For the lepton pair £+~ (£ = e or p) used to reconstruct
(4050) X*(4055) 4054 +£3.2 45+ 13 the J/y, both tracks must have R, > 0.95 in the eTe™
Z;f(4430) X1 (4430) 4478113 181 + 31 mode, while one track must have R, > 0.95 and the other

of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter comprised of
CsI(TI) crystals (ECL) located inside a superconducting
solenoid coil that provides a 1.57 magnetic field. An iron
flux-return yoke instrumented with resistive plate chambers
located outside the coil is used to detect K9 mesons and to
identify muons. A detailed description of the Belle detector
can be found in Refs. [17,19].

We generate large signal Monte Carlo (MC) samples
with the EVTGEN event generator [20] to understand the
signal event topology and to estimate the signal selection
efficiency. The angular dlstnbutlon for Y(1S,25) —
2;207 and etem -z 707 at \/5=1052, 10.58,
and 10.867 GeV is simulated assuming an ete™ — AA
decay mode (A denoting an axial-vector state),
dN/dcos8; o 1— cos? 07, [21], where 6, is the polar
angle of the Z. in the etem cm. system. Initial-state
radiation (ISR) is taken into account by assuming that the
cross sections follow a 1/s> dependence in ete™ —
ZjZ(C/)_ reactions. For the Z,. pair in one MC event, one
Z, decays into z%J /y, 2%y (1P), or 7ty (2S) using the
phase space model, while the other is simulated with the
inclusive decays using PYTHIA [22]. The masses and widths
of the Z7 states are set according to the latest world-average
values [23], as summarized in Table I.

III. COMMON EVENT SELECTION CRITERIA

For well-reconstructed charged tracks, the impact param-
eters perpendicular to and along the beam direction with
respect to the nominal interaction point are required to be
less than 0.5 and 4 cm, respectively, and the transverse
momentum in the laboratory frame is required to be
larger than 0.1 GeV/c. We require the number of well-
reconstructed charged tracks to be greater than four to
suppress the significant background from quantum electro-
dynamics processes. For charged tracks, information from
different detector subsystems including specific ionization
in the CDC, time measurements in the TOF, and the
response of the ACC is combined to form the likelihood
L; for particle species i, where i = x, K, or p [24]. Charged
tracks with Rg = L /(Lx + L,) < 0.4 are considered to
be pions. With this condition, the pion identification

R, > 0.05 in the " 1~ mode. The lepton-pair identification
efficiencies for ete™ and u*p~ are 96% and 93%,
respectively. We apply a lepton veto to the bachelor pion
candidate by requiring R, <0.95 and R, <0.95. To
reduce the effect of bremsstrahlung and final-state radia-
tion, photons detected in the ECL within a 50 mrad cone of
the original electron or positron direction are absorbed into
the e* /e~ four-momentum.

IV. SEARCH FOR Y(18.2S) — 2+ Z{)~
AND e*e- — Z3Z!)™ AT /s=10.52, 10.58,
AND 10.867 GEV WITH Z;} — z*]/y

We search for the production of double-Z.(3900)
states, double-Z,.(4200) states, and Z.(3900)-plus-
Z.(4200) states in Y'(1S,2S) decays and e™ e~ annihilation
at /s = 10.52, 10.58, and 10.867 GeV, where one Z.
decays into " and J/y (— £7£7) and the other decays
inclusively.

After applying the aforementioned common event
selections, the invariant-mass distributions of the J/y
candidates from the five data samples are shown in
Figs. 1(a)-1(e). Clear J/y signals are observed. The
J/w signal region is defined as |My,- —my,| <
0.03 GeV/c? (> 98% signal events are reserved according
to the MC simulation), where m,, is the nominal mass
[23], while the J/y mass sidebands are 2.97 < M+, <
3.03 GeV/c? or 3.17 < M+ ,- < 3.23 GeV/c? (twice the
width of the signal region). In order to improve the J/y
momentum resolution, a mass-constrained fit is applied to
the J/y candidates in the signal region.

For the events with the lepton-pair mass within the J/y
signal region, Figs. 2(a)-2(c) show the recoil-mass spectra
of the Zf (= n"J/y) states from Y(1S) decays in signal
MC samples. The Z} shapes are described by Breit-Wigner
(BW) functions convolved with Gaussian functions. The
solid arrows show the required recoil-mass signal region.

To suppress the background level -effectively for
Y(1S) decays, we require the recoil mass of z"J/y,
Mmiss (7[+J/l//)’ to SatiSfy |Mmiss(”+-]/l//) - mZ;(3900)| <
0.03 GeV/c* for the double-Z,(3900) mode or
| M yiss (27 Jwr) = mz-(4200)| < 0.21 GeV/c? for the dou-
ble-Z.(4200) and Z.(3900)-plus-Z.(4200) modes, where
mz-(3900) and mz-(4z00) are the nominal masses [23] and

Mmiss(”JrJ/l//) = \/( ete” _plﬁl/u/)z (pe+e' and Prtijy
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FIG. 1. The invariant-mass distributions of the J/w candidates from (a) Y(1S), (b) Y(2S), (¢) /s =10.52 GeV,

(d) /s =10.58 GeV, and (e) /s = 10.867 GeV data samples. The solid red arrows show the J/y signal region, and the dashed

black arrows show the J/y mass sideband regions.

are the four-momenta of the e*e™ and ztJ/y systems).
These requirements maximize S/+/S + B, where S is the
number of fitted signal events in signal MC samples
assuming  B(Y(1S) - ZjZS./)_) xB(Zf - 7t /y) =
10> and B is the number of estimated background events
in the Z! signal region using inclusive MC samples. The
same requirements also maximize S/+/S + B for Y(2S5)
decays and ete” reactions at /s = 10.52, 10.58, and
10.867 GeV.

After the application of the above requirements,
Figs. 3(a)-3(c) show the invariant-mass distributions of
the Z; states from Y'(1S) decays in the MC signal sample,
where the solid lines show the fitted results with a BW
function convolved with a Gaussian function as Z; signal
shapes. Here, all combinations of z*J/y are retained, as is
done for the modes 7"y, and 7"y /(2S). Fewer than 1% of
events have multiple entries here. Based on the fitted

results, the signal selection efficiencies are obtained and
listed in Table II. Note that the efficiencies of the double-
Z.(3900) and double-Z,.(4200) modes are determined
from the sum of the reconstructed Z! and Z; signals.
This applies as well for double-Z,. production in the other
data sets with the same Z..

Figures 4(a)-4(0) show the zJ /y invariant-mass spec-
tra from the five data samples together with the back-
grounds from the normalized J/y mass sideband events.
There are no evident signals for Z} states at the expected
positions. No peaking backgrounds are found in the J/y
mass sideband events or in the Y(1S,2S) and eTe™ — ¢g
(g =u, d, s, c¢) inclusive MC samples. There is a wide
background enhancement at around 4.5 GeV/c? in the
#tJ/w  invariant-mass  distribution for ete” —
Z}(4200)Z:(4200) at /s = 10.58 GeV, as shown in
Fig. 4(k), arising from B decays to a J/w meson.

(b) (©
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FIG. 2. The recoil-mass spectra of the Z (— ztJ/y) states from MC simulated (a) Y(1S) — Z}(3900)ZZ(3900),
(b) Y(1S) — Z:+(4200)ZZ(4200), and (c) Y(1S) — Z (3900)Z; (4200) + c.c.
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) Y(1S) = Z:F(4200)

Although these background events can be removed by
requiring that the J/y momentum in the e*e™ c.m. frame
be larger than 2.5 GeV/c (P} > 25 GeV/c), we retain
them since the requirement of Pj, >2.5GeV/c
decreases the signal efficiency by 40%, and this distinct
feature is well described by a third-order Chebyshev
polynomial function.

An unbinned extended maximum likelihood fit to each
#tJ/y invariant-mass spectrum is performed to extract
the signal and background yields in the five data samples.
The ZF signal shapes used in the fits are BW functions

M(r*J/y)(GeVic?)

The invariant-mass distributions of the Z (— z"J/y) states from MC simulated (a) Y(1S5) — Z(3900)
72(4200), and (c) Y(1S) — Z1(3900)Z5 (4200) + c.c.

4!5 5 55 3.6 3.I7 3.8 3?9 4 4I.1 42
M(r*Jhy)(GeV/cd)

Z2(3900),

convolved with a Gaussian function as signal probability
density functions [the parameters of the BW function being
fixed to the nominal masses and widths of Z! states and
Gaussian functions being fixed to those from the fits to MC
signal samples with mass resolutions of 4 and 6 MeV/c?
for Z$(3900) and Z[(4200), respectively]. For the
backgrounds, a second-order Chebyshev polynomial func-
tion is adopted, except for ete™ — ZF(4200)Z; (4200) at
/s = 10.58 GeV, where a third-order polynomial is used.
The fitted results are shown in Fig. 4 and summarized in
Tables II and III.

TABLE II. Summary of the 90% C.L. upper limits on B(Y(1S,2S) — z+z! )X B(ZE - 7T /y) for Z[(3900)Z7(3900),
Z£(4200)Z7(4200), and Z} (3900)Z; (4200) + c.c., where N is the signal yield, N is the 90% C.L. upper limit on the number of
signal events, £(%) is the selection efficiency, (o) is the statistical signal significance, 64 (%) is the total systematic uncertainty, and 3
and BU" are the branching fraction and the corresponding 90% C.L. upper limit on the branching fraction in units of 107,

B(Y = z:Z")x  BUL(Y = z+Z!7)x

Mode Nt N e(%) (o) oyw(%) B(ZE - atT/w) B(ZF - ntT)y)
Y(1S) — Z:+(3900)Z: (3900) 09443 92 441 02 252 02407 1.8
Y(1S) — Z£(4200)ZZ (4200) 509+424 117.1 446 1.2 27.8 9.4+383 22.3
Y(1S) > Z+(3900)Z-(4200) + c.c.  3.0+£10.1 220 226 03 205 11437 8.1
Y(28) — Z:+(3900)Z; (3900) ~1.743.0 74 411 - 169 ~02+04 1.0
Y(28) — Z(4200)Z; (4200) 5804479 1252 422 12 314 73464 16.7
Y(2S) - Z}(3900)Z-(4200) + c.c. 1124115 292 213 1.0 168 28429 73
TABLE III. Summary of the 90% C.L. upper limits on o(eTe™ — z:707) x B(Z; — ztJ/y) for Z}(3900)Z;(3900),
Z£(4200)Z; (4200), and Z}(3900)Z (4200) + c.c. at /s = 10.52, 10.58, and 10.867 GeV, where N is the signal yield, NV is

the 90% C.L. upper limit on the number of signal events, £(%) is the selection efficiency, X(o) is the statistical signal significance,
04yst(%) is the total systematic uncertainty, o is the Born cross section o(ee™ — Z:rZE/)_), and 6" is the corresponding 90% C.L.
upper limit in units of fb.

o x B(Zf
Mode Vs (GeV) Nfit N e(%) Z(0) oywy(%) oxB(Z:—x"J/y) —x'/y)
ete™ = ZF(3900)Z;(3900) 10.52 —4.91+3.6 72 415 - 10.3 -1.6+12 23
ete™ - Z[(4200)Z7(4200) 10.52 -275+£578 828 437 ... 342 —-8.5+18.1 26.5
ete™ - Z(3900)Z;(4200) + c.c. 10.52 -05+150 284 210 --- 22.9 -0.3+9.7 18.3
ete™ - ZF(3900)Z;(3900) 10.58 11.8£13.0 322 415 09 12.7 0.5£05 1.3
etem — 7+(4200) 77 (4200) 10.58  132.1+£173.0 390.1 434 08 354 51469 15.5
etem — ZF(3900)Z7(4200) + c.c.  10.58  ~7.74+394 634 208 .- 207 —0.6+32 5.1
ete™ = ZF(3900)Z;(3900) 10.867 —-14+46 9.0 415 - 17.0 -03+1.1 2.2
ete™ - Z[(4200)Z7(4200) 10.867 -02+41.6 937 437 .- 33.2 -0.1+94 21.9
ete™ —» ZF(3900)Z7(4200) +c.c.  10.867 303£16.7 539 205 19 16.3 14.6 £ 8.4 26.6
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FIG. 4. The invariant-mass spectra of the Z5 (— z"J/y) states in the processes (a) Y(1S5) — Z£(3900)Z;(3900); (b) Y(1S) —
Z+(4200)Z; (4200); (c) Y(1S) = Z:+(3900)Z(4200) + c.c.; (d) Y(25) — ZF(3900)Z; (3900); (e) Y(2S) — Z:+(4200)Z (4200);
) Y(25) = Z+(3900)Z5(4200) + c.c.;  (2)-() ete — ZF(3900)Z5(3900), ete~ — Z+(4200)Z7(4200), and ete —
Z5(3900)2-(4200) + c.c. at /5 = 1052 GeV; ()-() e e~ — Z+(3900)Z=(3900), e*e- — Z (4200)Z-(4200), and e*e- —
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Z£(3900)Z;(4200) + c.c. at /s = 10.867 GeV. The solid curves are the best fits described in the text, the dotted lines are the fitted
backgrounds, and the shaded histograms are from the normalized J/y mass sideband events.
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The B(Y(1S,2S) - z+z! )xB(ZF - 7tJ/y) and

olete” — Z*ZZ) ) X ZS’(Z+ — 7tJ/y) are calculated
using
N-
fit (1)
Ny(1s,28) X € X Biecay
and
Ny =k
fit X | H | (2)

L x Bdecay xXeX (1 + 5)ISR ’

respectively, where Ny, is the fitted Z/ signal yield,
Ny(isps) is the total number of Y(1S,2S) events, ¢ is
the corresponding selection efficiency, £ is the integrated
luminosity, Byecay = B(J/y = £7¢7) [23], (1 + 5)ISR is
the radiative correction factor, and |1 —]]|* is the
vacuum polarization factor. The radiative correction factors
(I +68)5g are 0.650, 0.657, and 0.654 for /s = 10.52,
10.58, and 10.867 GeV, respectively, calculated using
formulas given in Ref. [27]; the corresponding values of
I1-1] |> are 0.931, 0.930, and 0.929 [28]. In the calcu-
lation of (1 + &§);gg, We assume that the s dependence of the
cross section is o(ete” — AA) « 1/s>. The product
branching fractions and the product of the Born cross
section and the branching fraction for the studied modes are
listed in Tables II and IIL

The statistical significances of the ZF signals are
calculated using /—21n(Ly/ L), Where Ly and L.
are the likelihoods of the fits without and with signal,
respectively. The values are summarized in Tables II
and III. Since the statistical significance in each case is less
than 30, upper limits on the signal yields (NUL), the
product branching fractions [BUE(Y(1S.2S) — Z#Z!7)x
B(Zf —» n"J/y)], and the product of the Born cross
section and the branching fraction [oU"(e* e~ — Z; Z!)7)x
B(Zf —-n"J/w)], are determined at the 90% credi-
bility level (C.L.) [29] by solving the equation
[5% L(x)dx/ [ L(x)dx = 0.9, where x is the assumed
signal yield, product branching fraction, or product of
the Born cross section and the branching fraction and £(x)
is the corresponding maximized likelihood for the data.
To take into account the systematic uncertainties discussed
in Sec. VI, the likelihood is convolved with a Gaussian
function of which the width equals the corresponding
systematic uncertainty.

The determined 90% C.L. upper limits of NUL,
BUL(Y(1S,25) — 27 Z07) x B(Z: — ot )y), and
olete™ - ZiZ) ) x B(Zf - ntJ/y) at /5=
10.52, 10.58, and 10.867 GeV are listed in Tables II and
III, together with the signal yields (N), the selection
efficiencies (e), the statistical significances (X), the sys-
tematic uncertainties (o) (discussed below), and the
central values of B(Y (lS 28) - z+z0~ ) x B(Zf —
ntJ/y)and o(eTe” — Z*Z() ) X B(ZJr — ztJ/y), with
the total errors being the sum in quadrature of the statistical
and systematic errors.

V. SEARCH FOR Y(18.2S) — Z; Z{)~
AND e*e- — Z3Z!)™ AT /s=10.52, 10.58, AND
10.867 GEV WITH Z} — n*y,,(1P).n*y(2S)

In the five data sets, we search for the production of
double-Z.,(4050) states, double-Z.,(4250) states, and
Z.1(4050)-plus-Z.,(4250) states, where one of the Z,
decays into z" and y.;(1P) and the other decays inclu-
sively, and double-Z.(4050) states, double-Z.(4430)
states, and Z.(4050)-plus-Z.(4430) states, where one of
the Z. decays into z™ and w(2S) and the other decays
inclusively. The y. (1P) and w(2S) are reconstructed via
their decays into yJ/w and ztz~J/y, respectively,
with J/y — £7¢7.

After requiring the mass of the lepton pair to be within
the J/y signal region (|My+,- —my),| < 0.03 GeV/c?),
Figs. 5(a)-5(e) and 6(a)-6(e) show the invariant-mass
distributions of the y. (1P) and w(2S) candidates from
five data samples. Clear y.,(1P) signals could be seen in
Y(1S) decay and in e*e™ annihilation at /s = 10.58 and
10.867 GeV, and evidence for y.; (1P) is observed in Y'(25)
decay; clear y(2S) signals are observed in Y'(15, 2S) decay
and in eTe~ annihilation at \/E =10.52, 10.58, and
10.867 GeV. We define the y.(1P) and y(2S) signal
and sideband regions as follows. The y.;(1P) signal region
is M, —m, 1p)| < 0.04 GeV/c? (> 98% signal events
are reserved according to the MC simulation), where

m, (ip) is the nominal mass [23], while the )(Cl(lP) mass
sidebands are 3.35 < My, <3.43 GeV/c? or 3.62 <
My, <370 GeV/c? (twice the width of the signal
region). The 1//(2S) signal region is [M -+ -y, — My s)| <
0.007 GeV/c? (> 98% signal events are reserved accord—
ing to the MC simulation), where m,,(,5) is the nominal
mass [23], while the w(2S) mass sidebands are
3.65 < M- I <3.664 GeV/c? or 3.71 < My gy, <
3.724 GeV/c? (twice the width of the signal region).

As before, for Y(15) decays, we optimize the require-
ments of recoil mass of 77y, (1P) and zTy(2S) by
maximizing S/v/S + B. The optimized requirements are
| M iss (7 31 (1P)) — mz- (4050)| < 0.08 GeV/c* for the
Z%,(4050)Z, (4050) mode and  |M e (rty o (1P)) —
Mz- aas0)| < 0.13 GeV/c? for the Z/,(4250)Z,(4250)

and’ Z+ 1(4050)Z,(4250) + c.c. modes; they are
|Mmlss (77,' 1//(25)) mz;(4050)| < 0.06 GeV/02 for the
Z}(4050)Z;(4050) mode and |M (77w (2S)) —

Mz-(a430)| < 0.12 GeV for the Z7(4430)Z;(4430) and
Z[(4050)Z(4430) + c.c. modes. For Y(2S) decays and
et e reactions at /s = 10.52, 10.58, and 10.867 GeV, the
optimized requirements are the same as Y(1S5).

After the application of these requirements,
Figs. 7(a)-7(0) and 8(a)-8(0) show the z'y. (1P) and
7Ty (2S) invariant-mass spectra from the five data samples,
together with the backgrounds from the normalized
Xc1(1P) or w(2S) mass sideband events. There are no
evident signals for Z; states at the expected position. No
peaking backgrounds are found in the y. (1P) or y(2S)
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FIG. 5.

The invariant-mass distributions of the y. (1P) candidates from (a) Y(1S), (b) Y(2S), (¢) /s =10.52 GeV,

(d) v/s =10.58 GeV, and (e) /s = 10.867 GeV data samples. The solid red arrows show the y., (1P) signal region, and the dashed
black arrows show the y.;(1P) mass sideband regions.
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FIG. 6. The invariant-mass distributions of the w(2S) candidates from (a) Y(1S), (b) Y(2S), (¢) /s =10.52 GeV,

(d) /s = 10.58 GeV, and (e) /s = 10.867 GeV data samples. The solid red arrows show the y(2S) signal region, and the dashed
black arrows show the y(2S) mass sideband regions.

mass sideband events or in the Y'(15,2S) and e*e™ — ¢g

inclusive MC samples.

An unbinned extended maximum likelihood fit to the

7ty (1P) (zTw(2S)) invariant-mass spectra is performed
to extract the signal and background yields from Y'(1S, 2S)
decays and efTe” — ZC*ZE/)_ reactions at /s = 10.52,
10.58, and 10.867 GeV. The Z signal probability density

functions used in the fits are the convolutions of a BW
function with a Gaussian function [the parameters of
BW function being fixed to the nominal masses and
widths of Z! states and Gaussian functions being fixed
to those from the fits to signal MC samples with mass
resolutions of 15, 16, 10, and 11 MeV/c? for Z,(4050),
Z1,(4250), Z£(4050), and Z[(4250), respectively]. For
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FIG. 8. The invariant-mass spectra of the ZI [— zTy(2S)] states in the processes (a) Y(1S) — Z[(4050)Z; (4050);

(b) Y(1S) — Z:(4430)

Z:(4430);

© Y(1S) > ZF(4050)

Z:(4430) 4 c.c.;

d) Y(2S) - Z:(4050)

72 (4050);

e Y(2S) -

Z(4430)

Z:(4430);

® Y(2S) = ZF(4050)

Z:(4430) 4 c.c.;

(2)-() ete~ — ZF(4050)

72(4050),

ete™ — Z1(4430)

Z;(4430),

and ete™ — Z(4050)

Z7(4430) 4+ c.c. at /s =

10.52 GeV; (j)—(1) eTe~ — Z(4050)

ete” = Z5(4050)
ete” — Z5(4050)

Z7(4430) 4+ c.c. at /s =
Z;(4430) 4 c.c. at /s =

10.58 GeV; and (m)—(0) eTe™ — Z1(4050)

Z:(4050), ete™ — Z1(4430)
Z:(4050), ete™ — Z1(4430)

Z:(4430), and
Z:(4430), and

10.867 GeV. The solid curves are the best fits described in the text, the dotted lines are the
fitted backgrounds, and the shaded histograms are from the normalized y(2S) mass sideband events.
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TABLE IV. Summary of the 90% C.L. upper limits on B(Y(1S,2S) — ZfZ. - )X B(Zf - 7ty (1P)/z w(2S)) for
7+ (4050)Zz, (4050), Z.,(4250)Z2,(4250), and Z* (4050)Z,(4250) + c.c. to m'z.(1P) + anything and Z!(4050)Z; (4050),
Z+(4430) (4430) and Z}(4050)Z7(4430) + c.c. to zty(2S) + anything, where Nt is the signal yield, N~ is the 90% C.L.

upper limit on the number of signal events, £(%) is the selection efficiency, X(c) is the statistical signal significance, 64, (%) is the total
systematic uncertainty, and /3 and BUL are the branching fraction and the corresponding 90% C.L. upper limit on the branching fraction

in units of 107°.

BY = z; 2 )x  BU(Y - 2;2)7)x
B(Zi — 7' xa(IP))  B(Z{ — 'y (1P)/

Mode N N e(%) E(o) oyu(%) Ty (29)) Ty(29))
Y(1S) - Z},(4050)Zz, (4050) 21472 131 216 413 24481 15.8
Y(18) — Z/,(4250)Z,(4250) 834141 217 209 345 9741638 26.6

Y(15) - Z!,(4050)Z-,(4250) 4 c.c. —-13+102 181 101 --- 259 —3.14243 442

Y(2S) — Z/,(4050)Z, (4050) 29477 164 205 02 387 22459 135

Y(25) — Z/,(4250)Z, (4250) 81+£158 326 192 05 340 6.6+ 132 26.7

Y(2S) — Z/,(4050)Z,(4250) + c.c. —63+105 161 94 ... 180 ~105+176 272

Y(1S) — Z:(4050)Z: (4050) 67+53 144 160 14 164 10.0 + 8.1 233

Y(1S) — Z:(4430)Z (4430) 15476 136 162 --- 220 224113 203

Y(1S) —» ZF(4050)Z7 (4430) + c.c.  44+57 143 77 08 288 13.6 + 18.1 455

Y(25) — Z:+(4050)Z> (4050) ~194+64 108 151 --- 161 19466 11.1

Y(25) — Z:(4430)Z-(4430) 34496 200 153 03 178 34497 203

Y(25) = Z+(4050)Z (4430) + c.c.  —49+62 102 75 26.1 ~10.1 +13.1 21.1

the backgrounds, a second-order Chebyshev polynomial
function is adopted. The fitted results are shown in Figs. 7
and 8 and summarized in Tables IV and V.

Marginal signals are seen in each fit. The largest
statistical signal significance is 2.6 from ete™ —
Z.,(4250) + Z,,(4250) at /s = 10.52 GeV. We use an

TABLE V. Summary of the 90% C.L. upper limits

Z1,(4050)Z; (4050), Z,(4250)Z,(4250), and Z1 (4050)Z,(4250) + c.c. to n'y.(1P)+ anything and Z(4050)Z;
Z7(4430), and Z}(4050)Z;(4430) + c.c. to zty(2S) + anything at /s =

Z(4430)

ensemble of simulated experiments to estimate the prob-
ability that background fluctuations alone would produce
signals as significant as those seen in the data. We generate
7ty (1P) mass spectra based on a fitted second-order
Chebyshev polynomial function alone with the same
observed events in data and search for the most
on o(ete” —>Z+Z N)xB(ZE - 7ty (1P)/ztw(2S)) for
- (4050),
10.52, 10.58, and 10.867 GeV Where Nfit g

the signal yield, N is the 90% C.L. upper limit on the number of signal events, £(%) is the selection efficiency, (o) is the statistical

signal significance, oy (%) is the total systematic uncertainty, ¢ is the Born cross section o(ete™ — ZF z!)

corresponding 90% C.L. upper limit in units of fb.

7), and o' is the

ox B(Z¥ UL x B(z}
o ga(P) =2 (1P)]

Mode Vs (GeV) Nt NN g(%) Z(o) o4yu(%) Ty (25)) 7w (25))
eTe” — Z1,(4050)ZZ, (4050) 10.52 1.2£6.5 132 209 0.2 28.3 23+124 25.0
ete” — Z1,(4250)Z,(4250) 10.52 409+168 651 194 2.6 32.9 83.9 +44.1 143.9
ete” - Z+ (4050)Z: 2 5(4250) + c.c. 10.52 52+£104 215 95 0.5 33.0 21.7£44.1 93.2
ete” — Z+ (4050)Z, cl (4050) 10.58 41£189 363 205 02 219 1.0+ 4.6 8.8
ete™ — Zj2(4250) (2 (4250) 10.58 —352+483 257 192 ... 45.8 -9.0+13.1 7.1
ete” — Z1,(4050)Z,(4250) + c.c. 10.58 —18.0+£24.8 345 98 e 45.0 -9.1+132 18.2
ete” — Z1,(4050)ZZ, (4050) 10.867 8.6 L85 23.0 194 1.0 26.0 129+ 13.2 35.7
eTe” — Z1,(4250)Z,(4250) 10.867 27.7+16.1 495 185 1.7 27.0 43.6 £28.0 82.0
eTe” — Z1,(4050)Z,(4250) + c.c. 10.867 —-175£86 94 0.1 e 28.5 -55.7+£31.6 30.8
ete™ — Z5(4050)Z; (4050) 10.52 9.4+ 155 18.1 15.0 1.1 23.4 24.5 £40.8 47.7
ete™ > Z1(4430)Z;(4430) 10.52 -9.7+84 105 150 --- 16.9 -253+£223 29.7
ete™ — Z(4050)Z7(4430) + c.c. 10.52 6.5+72 187 75 0.9 17.3 33.9+£38.0 97.9
ete™ - Z}(4050)Z; (4050) 10.58 7.7+93 235 150 0.7 16.5 254+3.0 7.6
ete™ — Z[(4430)Z;(4430) 10.58 —-60.5+278 229 146 --- 12.7 -20.1+£9.6 8.3
ete™ — ZF(4050)Z;(4430) + c.c. 10.58 228+172 485 13 1.3 19.5 151 £11.8 322
ete” — 2! (4050)Z; (4050) 10867 -80+34 52 142 .- 208  —161+76 10.8

— Z1(4430)Z;(4430) 10.867 2.7+8.2 16.7 14.0 0.3 22.1 5.5+16.7 35.2
e+e — Z}(4050)Z; (4430) + c.c. 10.867 —3.7+5.7 9.1 7.0 21.1 —15.1+£234 39.1

112004-12



PHYS. REV. D 97, 112004 (2018)

SEARCH FOR Y(15,25) — ...

>oo$wo<mmo_\N
w® 00+ (0eth) 2Z((S v

1'12/S°61/€L1 vl TLI/6E1/0Y1  L6/96/S'L 1's/18/€¥ Sl 01 9 8l s 2 <)(0S0Y) 1Z < 2,2
APD L98°01/85°01/2501 ¥ (0£hh)
1'2e/8°TI/0°LT A 9G1/6'L/v'8  €E1/S9/LTT 19/€S/TL S'1 01 9y 81 x27((sT)h 2 <) (0chh) Z < 2,2
ASD L98°01/8S°01/TS 01 ® amosmw

6'00/S91/v'€T vl To1/L01/181 gTi/eol/1el  €T1/Te/89 Sl 01 9 8’1 x((s2)rhyx <) (0S01) 7Z < -2 42

A®DL98°01/8501/2S01 1B ooiommi
$'87/0°s¥/0°€E vl §TT/162/1cT TTI/LTE/61T  vO1/6L/16 8¢ 01 0T 6'¢ i x((d1)"X x <) (0s0t) 27 fm
APDL98°01/85°01/T5°01 1 (0STh)
0LT/8°S¥/6TE A CLI/0TE/IST STI/YTT/STIL ¥ S1/1°€T/LS1 8¢ 01 0¢ 6'¢ A xXZz((d1) X <) (0STy) Gz < 212
A2DL98°01/85°01/25°01 18 (0S0Y)
092/6'12/€°8¢ Al L'6/SL/TLT  €0T/LS1/01T ¥ 11/LT1/¥'S 8¢ 01 0T 6'¢ Al xPz((d1) X <) (050r) VZ < 212
>®o$w.o<wm.o§m 01 & "9
€91/L°02/6'CC Al I'v1/9°81/91C  Lv/¥'1/0°1 0°6/9°L/8°S 'l 01 6°€¢ Al +(00¢h) 2z(M/ 1 12 <)(006€) IZ < —2,.2
A?D198°01/85°01/TS0T ®
TEE/YSe/TYE A YE1/€8T/v€C SLT/T91/891 6 11/1°€1/8L1 'l 01 6'€ vl (00zy) 2z (/2 <)(00CY) 17+ 22
A9DL9801/8S01/TS01 So@@‘m
0OLI/LTI/€0I A +'8/6°€/8°9 1'21/8°6/9°S TLIES/8T 'l 01 6'€ A As\ﬁwimooa% iz« fm

29+ (0ght
1'9/8'8C €7/0T ¢Te/Tee 88/0°91 S8/vL ST 01 9Y 8T aqufmvlmm NE v
(V[5%% ST
6'L1/0°TT €7/0C 16/L% 8€I/S 61 8¢/TL ST 01 9 8T xamvsﬂmiwmi\ﬁ:»
(0sov) 2z ((sg)h 2 <)
1'91/§°91 €c/0c se/oe 8¥1/9°6 €1/61 'l 01 9t 8l smos&iw@i?i
ooiom@ww Z((d1) X2 <)
081/6'ST £2/0C cer/ree 1ot/LL 1'¢/v'9 8¢ 01 0T 6°¢ vl x(080%) 7 < (ST).k/ (sDX
(0Sth) Zz((d 1) "X 2 <)
0ve/She £2/0cC 9'92/0°0¢ SYL/8'Ll Tr1/6'0C 8¢ 01 0T 6°¢ vl x(0S2h) V7 < (STL/(ST.K
smos _‘N?:Wi 2)
L'8E/E 1Y €T/0T €8/0v1 89¢/T'S¢ 09/¢°61 8¢ 0T 0¢ 6'¢ A (0sor) NT@M A%\ wwv&
29+(002Y)2Z
891/5°0C €7/0T 6'01/8°81 9'6/9°¢ 89/%'S 'l 01 6'¢ Al x(/r2<)(006€) 17 < (ST v%\ﬁw»
002h) 27
vIg/8Le £2/0t T61/181 ToL/v'6 12e/181 Il 01 6'€ vl x(M/ 12 <)(00ey) {Z < (ST v%\ﬁﬁ
006€)2Z
691/7°ST €7/0T 1'9/9'6 8€1/5°0C 6'S/1°01 'l 0T 6'¢ Al x (/12 <)(006€) 27 < (ST)X/(ST).X
NS EGOEE:A SSBIAl g 10)ourered uonoeIy SOnSHEIS  U0JOYJ UONBOHNUPI  Juryoel], SPOIN
\ SO/ (S1)kp7 1009y QOUBUOSIY Sumyouerg O\ Jronreq

(ST (dT) X/ =20) 20+ 2 7 d10UM ‘ARD £98°0T PU® ‘8501 ‘TS 0I=5/

w5z 17« _2,2 10J SUONIAS $SOIO UIog Y} pue )74 17« (ST'S1).X 10} suonoelry SuIyourIq 2y} JO SJUIWIAIMNSLIW Y} UO (9) SIOLD JNRWANSAS 2ANR[YY TA ATIVL

112004-13



S. JIA et al.

PHYS. REV. D 97, 112004 (2018)

significant fluctuation in each mass spectrum in the studied
mass range. From these pure-background spectra, we
obtain the distribution for —21In(Ly/L.) and compare
it with the signal in the data. In a total of 10,000
simulations, we find 1373 trials with a —21In(Ly/Lpax)
value greater than or equal to the value obtained in the data.
The resulting p value is 0.1373, corresponding to a
significance of 1.5¢.

Using the same method as described in the previous
section, we determine the 90% C.L. upper limits on
B(Y(1S.25) - 2+ 2V x B(Zt = 1ty (1P) ) nw(2S))
and o(e-e- — Z+Z07) x B(ZE — 150 (1P) /w4 (25)
at /s =10.52, 10.58, and 10.867 GeV. The values
are listed in Tables IV and V, together with the signal
yields (Nfit), the 90% C.L. upper limits on the numbers
of signal events (NU'), the selection efficiencies (g), the
signal significances (X), the systematic uncertainties
(64ys) discussed below, and the central values of
B(Y(18,25) — z+z<> )X B(ZE = 7y, (1P)/ntw (2S))
and o(ete” —>ZfZ NxB(Zf > aty . (1P)/xtw(2S)),
with the total errors being the sum in quadrature of the
statistical and systematic errors.

VI. SYSTEMATIC ERRORS

The following sources of systematic errors are taken into
account in the branching fraction and Born cross section
measurements.

The systematic uncertainty due to charged-track
reconstruction is determined from a study of partially
reconstructed D*t — D%(— K9ztz~)z" decays and is
0.35% per track. Based on the measurements of the particle
identification efficiencies of lepton pairs from yy — ¢~
events and pions from a low-background sample of D*
events, the MC simulation yields uncertainties of 3.6% for
each lepton pair and 1.3% for each pion. The photon
reconstruction contributes 2.0% per photon, as determined
from radiative Bhabha events.

The MC statistical errors are estimated using the yields
of selected and generated events; these are 1.0% or less.
Errors on the branching fractions of the intermediate states
are taken from Ref. [23]. The uncertainties of the branching
fractions for J/w — £¢7, y.(1P) - yJ/w, and
w(2S) - ntx~J /y are 1.1%, 3.6% and 0.9%, respectively.
The trigger efficiency, evaluated from simulation, is
approximately 100% with a negligible uncertainty. We
generate MC signal samples by assuming the Z! —
7ty (1P) decays are P-wave and find the differences
between P-wave and S-wave in the selection efficiencies
are less than 1% and are thus neglected.

The difference in the 90% C.L. upper limit on the signal
yield when the mass and width of each ZF state are varied
by lo is used as an estimate of the systematic uncertainty

associated with the mass and width uncertainties. By
changing the order of the background polynomial and
the range of the fit, the decay-mode-dependent relative
difference in the 90% C.L. upper limit on signal yields is
obtained and taken as the systematic error due to the
uncertainty of the fit.

To estimate the systematic uncertainties due to the
recoil-mass requirements for Zf — zT +c¢ [cc =
J/w,ye1(1P),w(2S)], we optimize the recoil-mass regions
again by changing the Z widths by 1o and take the
differences in the 90% C.L. upper limits on the signal yields
as systematic uncertainties.

Changing the s dependence of the cross sections of
etem — 75 + 7V from 1/52 to 1/55, the radiative cor-
rection factors (1 + &)z become 0.651, 0.659, and 0.655
for /s = 10.52, 10.58, and 10.867 GeV, respectively. The
differences are less than 1% and are thus neglected.

The uncertainties on the total numbers of Y(1S) and
Y(2S) events are 2.0% and 2.3%, respectively, which
are mainly due to imperfect simulations of the charged-
track multiplicity distributions from inclusive hadronic MC
events. Finally, the total luminosity is determined to 1.4%
precision using wide-angle Bhabha scattering events.

All the systematic uncertainties are summarized in
Table VI for the measurements of Y(1S,2S) —» Z*Zp
and ete™ - Z*Z at /s = 10.52, 10.58, 10.867 GeV,
where  Zf - zat+cc  (cc=J/y,x.(1P), w(29)).
Assuming all the sources are independent and adding them
in quadrature, the total systematic uncertainties are
obtained for each mode.

VII. CONCLUSION

In summary, using the large data samples of 102 x 10°
Y(1S) events; 158 x 10° Y(2S) events; and 89.5 fb~!,
702.6 fb~!, and 121.1 fb~! at /s = 10.52, 10.58, and
10.867 GeV, respectively, collected by Belle, we
search for Y(1S,2S) — ZjZEf)_ and ete” — Z;“ZE-/)_ at
Vs =10.52, 10.58, and 10.867 GeV with Z — 7" + c¢
[ce = J/w, x1(1P),w(25)]. No clear signals are observed
in the studied modes. We determine the 90% C.L. upper
limits on B(Y(1S.2S) — Z:ZV7) x B(Z} — n* + ce)
and o(ete” —>Zj,'ZE./)_) xB(Zf —»n"+cc) at /s=10.52,
10.58, and 10.867 GeV. The results are displayed graphi-
cally in Figs. 9 and 10. Due to G-parity conservation, our
studied processes are electromagnetic, i.e., can only pro-
ceed through a virtual photon, which then transforms into a
light-quark pair (uit) or (dd). In this case, the dynamical
suppression is much larger due to the production of two
(cc) pairs. The expected production cross section should be
much lower than the double charmonium processes like
ete™ = J/yn. [30]. The reported upper limits are not in
contradiction with the naive expectation.
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