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In 2012, using a 121.4 fb~ 1 sample of data taken at the Y(5S) resonance, Belle reported the
observation of two new charged bottomonium-like resonances (Z;*(10610) and Z;(10650)) in
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Y(55) — hy(mP) decays. We report the results of the search for neutral partners, “ZJ,” in
Y(58) — Y(nS)n"x°, with evidence for the Z)(10610) at 4.90 with systematic errors. We also
report the observation of the similar charged charmonium-like state Z*(3895) in the M(J/yn™)
distribution in Y (4260) — J/yn "~ decays.
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1. Bottomonium-like results at Y(55)

The Belle Collaboration, using the Belle detector[8] at the KEKB asymmetric e e~ collider
in Tsukuba, Japan has collected an integrated luminosity of 121.4 fb~! at \/5s ~ 10.865 GeV, cor-
responding to the bb state Y(5S). Early analyses of Y(55) — Y(nS)z* 7~ (n = 1,2,3) transitions
measured a partial width two orders of magnitude greater than would be naively expected from the
analogous measurements of Y (mS) — Y (nS)ntn~ (m =2,3,4;n = 1,2,3)[1]. Subsequently two
new charged bottomonium-like resonances, Z;"(10610) and Z;~(10650), were observed in decays
of Y(55) = Zym — Y(nS)ntn~ (n=1,2,3 and Y(55) — Zym — hy(mP)x™ = (m=1,2). We
report the results of a Dalitz plot analysis of Y(55) — Y(nS)n°z® (n = 1,2,3) and the search for
the neutral partners of the charged Z;.

2. Charmonium-like results at Belle

The Y (4260) resonance was observed initially by BaBar in initial state radiation (ISR) eTe™ —
J/wr T Y5k decays [5], and was later confirmed by Belle [11]. Belle also reported evidence for
a Y (4008), but BaBar attributed the structure below the Y (4260) to exponentially-decreasing non-
resonant J/ynmw~. We report a new measurement of the ete™ — ysgJ /WA cross-section
and a new measurement of Y (4260) and Y (4008) at Belle. We also report the observation of a new
charged charmonium-like resonance Z*(3895) in Y (4260) — Zx — J/yxT.

3. The Belle detector

The Belle detector consists of a silicon vertex detector (SVD), a 50-layer central drift chamber
(CDC), an array of aerogel threshold Cherenkov counters (ACC), time-of-flight scintillation coun-
ters (TOF), and an electromagnetic calorimeter (ECL) comprising of CsI(T1) crystals located inside
a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return located
outside of the coil is used to detect K; mesons and to identify muons (KLM). The detector is de-
scribed in detail elsewhere [8]. For charged hadron identification, a likelihood ratio is formed based
on a dE/dx measurement in the CDC and the response of the ACC and TOF. Electron identification
is based on a combination of dE/dx measurement, the response of the ACC, and the position, shape,
and total energy deposition of the shower detected in the ECL. Muons are identified by their range
and transverse scattering in the KLM. We use a Geant-based Monte Carlo (MC) simulation [7] to
model the response of the detector and determine the acceptance. The MC simulation includes
run-dependent detector performance variations and background conditions.

4. Selection criteria for Y(55) — Y(nS)x%7"

Selection criteria for the search for Z,? are discussed in detail in Ref. [12]. The analysis
uses a 121.44 1.9 fb~! data sample collected at the Y(5S) resonance. The Y(5S) candidates
are reconstructed from Y (nS)nz" (n = 1,2), where the Y(nS) candidates are reconstructed from
ete” and utu~ with invariant mass M+~ in the range 8 — 11 GeV. The additional channel

Y(2S) = Y(1S)[I"I"]n"n~ is used for the Y(2S). Muon and electron candidates are required
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Table 1: Definition of the signal region and sideband region[12].

Final state Signal region, GeV Sideband region, Gev
Y(15) 9.41 < Mpiss(197°) < 9.53  9.20 < Miiss (7°70) < 9.35, 9.60 < Mpyiss(1°7°) < 9.75
Y(2S) 9.99 < Mpiss(1°70) < 10.07  9.80 < Myiss(7°7°) < 9.95, 10.15 < Myiss (7°7°) < 10.30

Y(2S) = Y(1S)ntx~ 10.00 <M(Y7ntw~)<10.05 9.80 <M(Ynt7~)<9.9510.15<M(Yn"w~) < 10.30

to be positively identified, with standard impact parameter requirements. No particle identification
(PID) requirement on the charged pions is used. The 7° candidates are reconstructed from pairs
of photons with M, consistent with the nominal [16] 7° mass. The combined quality of the 7°
mass-constrained fits (32 (7)) + x2(7Y)) is used to suppress the background.

The energy difference AE = E4,q — Ecy and momentum P of the reconstructed Y (55) in the
center-of-mass (CM) frame are used to further suppress the background. The ete™ — [T17 (n)y
background is suppressed using the missing mass of the lepton-pair system, with M,,;s(I717) =

\/ Ecy —E?,- — PZ%,_, where Ej+;- and P+~ are the energy and momentum of the /*/~ system
in the CM frame. In the event of multiple candidates (1-2%), the candidate with the smallest
22(7)) + 3% (7)) is selected.

Y(55) — Y (nS)[I*1~ n°7° candidates are identified by the missing mass recoiling against the
7070 system, My,;s(7°7°). For Y(55) — Y(2S)[Y(18)n" 7~ ]x%" decays, Y(1S) candidates are
selected with M;+;- within 150 MeV of the nominal Y(1S) mass [16].

5. Dalitz analysis of Y(55) — Y (nS)nx°

To identify the Z, resonances, we perform a Dalitz plot analysis of the Y (nS)n’z® events.
Signal and sideband regions are defined in Table 1. The sideband regions are used to determine the

background shape, which is parametrized as

1+ prexp(—qis3) + p2exp (—q2(Smin — as)), 5.1

where p1, pa, q1, q» are fit parameters and s3 = M?(1°7°), 5,.;, =Min(sy, 52), S12= M?(Y (nS) ”?,2)‘
The amplitude analysis of Y(55) — Y (nS)n’z® is performed with an unbinned maximum
likelihood function, where the amplitude is described by

M(s1,52) =Azi(s1,82) +Az(51,52) +Aro(s1,52) +Ap2(51,52) +Anr(51,52), (5.2)

and Az; and Az, are amplitudes from the Z)(10610) and Z)(10650), respectively. The amplitudes
Ao, Afr, and Ay, describe the contributions in the 7°7° system from the fo(980), £>(1270) and a
non-resonant contribution, respectively. In cascades involving the Z°, the pions are assumed to be
emitted in an S—wave with respect to the heavy quarkonium system, preserving the orientation of
its spin. The angular analysis in Ref [10] supports this assumption. The amplitudes of the Z; and
Z, are thus parametrized with an S—wave Breit-Wigner

VMT

WMD) = 3=t

(5.3)
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Figure 1: One-dimensional projections of Dalitz plot fit results (open histograms) and experimental data
(points with error bars) for Y(15)77° (top) and Y(2S)7°7° (bottom) events in the signal region. Red and
blue histograms show the fit with and without ZE resonances included. Shaded regions show the background
from sidebands.[12]
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Masses and widths of the Zg are fixed to the results of the charged Z;, analysis in Ref. [4].
The f(980) is parameterized by a Flatte function[13], and the f>(1270) is parametrized by a Breit-
Wigner. As suggested in Ref. [9], the non-resonant component A, is parametrized by

Anr = AL e 4 A2 oi0nrgs (5.4)

where A}, = 10 and ¢ = 0 are fixed, and the relative amplitudes and phases are free parameters
in the fit.

The log likelihood function is defined as:
L = —ZZlog{e(sl,sz)(fsigS(sl,sz) + (1 — figB(s1,52))) }, (5.5)

One-dimensional projections of the fit results are shown in Figure 1, which are similar to the
corresponding Y (nS)n 7~ results [4]. A Z) signal is most clearly seen in M(Y(2S)x°) (Figure
1, bottom left), with a statistical significance of 5.3¢ for the 22(10610). Contributions from the
Z£(10650) are not significant in either mode, but the data do not contradict its existence. Results
of the fits are summarized in Table 2, and the multiple solutions to the fits are shown in Ref. [12].

The systematic uncertainties are dominated by the parametrization of the background PDF.
The uncertainty of the background is determined by using different sideband sub-samples used to
determine the PDF parameters and repeating the fit procedure. These sub-samples include: high- or
low-mass sideband only, Y (nS) — eTe™ or Y(nS) — u*u~ events only. The statistical significance
of the Z)(10610) in each fit is greater than 4.96.
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Table 2: Results of the Dalitz plot fit of Y(55) — Y(nS)n°%" events (Table from Ref [12]).
Y(18)707° Y(18)n°7° Y(28)n7° Y(28) 77" Y(28)77°

Model with Zg no Zg with Zg with Z? only no Zg

A(Z9) 0.50"03¢ 0.0 (fixed) 0.58"0%4 0.475:13 0.0 (fixed)
¢(2)) —~36+50 — —113+£14 —117+£17 —

A(ZD) 0.607031 0.0 (fixed) 0.371939 0.0 (fixed) 0.0 (fixed)
0 (29) —59+60 — —125427 — —

A(f) 15.7+£2.0 14.6+ 1.6 18.2+7.3 23.9+£73 28.2+7.0
o(f2) 60+ 11 5149 36+21 28413 28410
A(fo) 1.074£0.15  0.9740.12 11.5+1.9 10.5+1.9 8.2+2.1
¢ (fo) 168+ 11 163+ 10 211+6 213+7 210+38
AZ, 152412 13.940.7 34.7+4.9 31.8+4.3 24.6+4.2
2 162+4 161+4 80+ 12 85+13 93£15
—2log # ~316.7 —312.4 —193.1 —186.6 —154.5

6. Selection criteria for eTe™ — J/ YT T Y58

The measurement of o(ete™ — J/yn™n~) between 3.8 GeV and 5.5 GeV is performed with
the full Belle data sample with an integrated luminosity of 967 fb~!, collected at or near the Y (nS)
(n=1,2, .., 5) resonances [14]. The J/y candidates are reconstructed from J/y — e"e~ and
J/y — ut . We require four well-reconstructed charged tracks total with zero net charge.

Pion candidates are required to have a likelihood ratio Zx = ﬁ < 0.4 (Zx/r is the
likelihood of the kaon/pion hypothesis for a given candidate), with an identification efficiency
of 95%. Similar requirements are made for the likelihood ratios of the other tracks. For muon
candidates, at least one must have %, > 0.95. To suppress misidentified muon tracks when the
second track has no muon identification, the polar angle of the two muons in the 7tz u*u~
CM frame must satisfy |cos(6y)| < 0.7. For J/y — eTe™ events, at least one electron candidate
must have Z, > 0.95 and the other %, > 0.05. Events with photon conversions are removed by
requiring Z, < 0.75 for the 7"~ candidates. Selection criteria are described in detail in Ref.
[11]. Candidate initial state radiation (ISR) events are identified by [M2.| < 2.0 GeV?, where
M2, = (Pcyy — Py+ — Py — P+ — P-)?, where P, is the four-momentum of the corresponding
particle in the eTe™ center of mass (CM) frame. We define the J/y signal region as 3.06 GeV
< M(IT17) < 3.14 GeV, and the sidebands as 2.91 GeV < M(I717) < 3.03 GeV and 3.17 GeV
<M(I17) <3.29 GeV.

7. The J/yn ™~ cross-section

The £ 7~ [*]~ invariant mass distribution is shown in Figure 2 (left), including the estimated
background using the normalized sidebands, and Figure 2 (right) shows the background-subtracted
sample. Two enhancements are observed, identified as the Y (4008) and Y (4260), consistent with
Ref. [11] but not with Ref. [5]. Systematic uncertainties of the cross section measurements are
determined at 7.9% and 7.3% for e" e~ and " 1~ modes, respectively. The dominant uncertainties
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are from PID, measured from pure y(2S) events in the same data sample, at 4.7% and 3.6% for
ete” and ut U~ modes, respectively. Tracking efficiency uncertainties are estimated to be 3.3%
for both lepton modes. Systematic uncertainties are discussed in more detail in Ref. [14].
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Figure 2: Left: Invariant mass distributions of 7+~ ¢"¢~. Points with error bars are data, and the shaded
histograms are the normalized J/y mass sidebands. The solid curves show the best fit with two coherent
resonances background contribution. The dashed (dotted) curves are for solution I (II). The inset shows a
logarithmic vertical scale, and the large peak around 3.686 GeV/c? is the w(2S) — 7 ~J/y signal. Right:
Cross section of eTe™ — 17~ J /y after background subtraction. The errors are statistical only.[14]

An unbinned maximum likelihood fit is performed to the J/ w7z 7~ mass spectrum above 3.8
GeV. The PDF includes two coherent Breit-Wigner functions as in Ref. [11], for the two enhance-
ments seen in the invariant mass spectrum and with the assumption of no continuum production of
e"e” — J/ynt . The background shape is fixed based on a linear fit to the sideband data. The
fit results are shown in Figure 2.

There are two solutions of equal fit quality, corresponding to differing partial widths and rela-
tive phases of the two resonances. The masses and widths are the same in both solutions. Fit results
are shown in Table 3. The fit quality of x?/ndf = 101.6/84 corresponds to a confidence level of
9.3%. Systematic uncertainties in the resulting values for the fit parameters arise from the absolute
energy scale, detection efficiency, background estimate, and parameterization of the resonances.

8. Analysis of Y (4260) — J/yrn*

The Y (4260) signal region is defined by 4.15 GeV< M(J/yn"n~) < 4.45 GeV. Figure 3
shows projections of M (" 7~) and M(J/wn*) invariant mass distributions for the events in the
Y (4260) signal region, suggesting structures in both the 777~ and J/ w7 systems. Background is
again estimated from the normalized J/y sidebands. The M(zw" ™) distribution seems to match
contributions from the f,(500), f(980), and f>(1270) resonances. Additional structure is evi-
dent in the M(J/y) (identified hereafter as the Z*(3895)), interpreted as evidence for a charged
charmonium-like state that decays to J /w7
An unbinned maximum likelihood fit is performed to the M, (J/ym) distribution, where
My is the maximum of either M(J /™) or M(J/wn~). The signal shape is parameterized as
an S—wave Breit-Wigner function convolved with a Gaussian resolution function fixed at the MC-
estimated value 7.4 MeV, while the background is approximated by a cubic polynomial. The fit
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Table 3: Results of the fits to the 777~ J/y mass spectrum with two coherent resonances. The parameter ¢
(in degrees) is the relative phase between the two resonances. The first and second uncertainties are statistical
and systematic, respectively.[14]

Parameters Solution I Solution II
M(R,) (MeV) 3890.8+40.5+11.5
Toi(R1) (MeV) 254.54+39.5+13.6
[ AR — ﬂ*n’]/l]/) MeV) (3.84£0.64+04) (@4+1.2+1.1)
M(R,) (MeV) 4258.6+8.3+12.1
Toi(R2) (MeV) 13414164455
T B(Ry — wtnJ/w) MeV) (64+08+0.6) (20.5+1.4+2.0)
¢ (rad) 59+17+11 —116 £6+11
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Figure 3: Invariant mass distributions of (a) #*7~, (b) 71J/y and (c) &~ J/y for events in the
Y (4260) signal region, for signal and sideband data (points and filled histograms) and Monte Carlo (closed
histograms).[14]

yields 159449 +7 Z*(3895) events, with a mass 3894.54+6.6+4.5 MeV and a width 63424426
MeV, where the errors are statistical and systematic, respectively. The largest contributions to the
systematic uncertainties arise from the parameterizations of signal and background shapes, mass
resolution, and mass calibration. The statistical significance of the Z*(3895) is determined to be
5.50, and greater than 5.20 in all alternate fits from systematics checks.

9. Summary

In a Dalitz plot analysis of T(55) — Y(nS)z%z° (n = 1,2), a Z)(10610) signal is most clearly
seen in M(Y(25)7?), with a statistical significance of 5.30. Contributions from the ZJ(10650) are
not significant in either mode, but the data do not contradict its existence either. Available statistics
are not significant for observation of this state. With systematic uncertainties, the significance of
the Z)(10610) signal is greater than 4.90.

In the analysis of o(eTe™ — ¥sgJ/ W™ 1), new measurements of the previously seen states
Y (4008) and Y (4260) are obtained, and an observation of the new charged charmonium-like state
Z*+(3895) is reported. As these results were being prepared for publication, the BESIII collabora-
tion also reported an observation of the Z*(3895) [15].
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