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First observation of the Z%(10610) in a Dalitz analysis of Y(10860) — Y (nS)m’#°

P. Krokovny,3 A. Bondar,” 1. Adachi,'® H. Aihara,%? K. Arinstein,” D. M. Asner,*® V. Aulchenko,’ T. Aushev,?? T. Aziz,>’
A.M. Bakich,’® A. Bala,*® A. Bay,29 V. Bhardwaj,39 B. Bhuyan,16 G. Bonvicini,®® C. Bookwalter,”® A. Bozek,*
M. Bratko,**>? T.E. Browder,'? P. Chang,42 A. Chen,*® P. Chen,*? B.G. Cheon,'! K. Chilikin,?*> R. Chistov,??
L.-S. Cho,”® K. Cho,? V. Chobanova,*® S.-K. Choi,'® Y. Choi,”> D. Cinabro,*® J. Dalseno,’>*® M. Danilov,?*~’
J. Dingfelder,2 Z. Doleial,4 Z. Drésal,4 A. Drutskoy,zz’35 D. Dutta,16 S. Eidelman,3 D. Epifanov,62 H. Farhat,68
J.E. Fast,*® M. Feindt,”® T. Ferber,” A. Frey,9 V. Gaur,”’ N. GabysheV,3 S. Ganguly,68 A. Garmash,’ R. Gillard,68
Y. M. Goh,'"" B. Golob,?>?? J. Haba,'® T. Hara,'® K. Hayasaka,38 H. Hayashii,39 Y. Hoshi,®® W.-S. Hou,*? Y. B. Hsiung,42
H.J. Hyun,28 T. Iijima,38’37 A. Ishikawa,®! R. Ttoh,'® Y. Iwasaki,'® T. Julius,** D.H. Kah,?® J.H. Kang,70 E. Kato,°!
H. Kawai,” T. Kawasaki,* C. Kiesling,33 D.Y. Kim,’* H. O. Kim,?® J. B. Kim,?’ J. H. Kim,?® Y. J. Kim,?® K. Kinoshita,®
J. Klucar,” B.R. Ko,”’ P. Kodys,* S. Korpar,*>** P. Krizan,>*** T. Kuhr,>> T. Kumita,®* A. Kuzmin,* Y.-J. Kwon,”®
J.S. Lange,® S.-H. Lee,”” J. Li,” Y. Li,®” J. Libby,"” Y. Liu,® Z.Q. Liu,'® D. Liventsev,"* P. Lukin,®> D. Matvienko,’
K. Miyabayashi,®® H. Miyata,” R. Mizuk,>*> G.B. Mohanty,”” A. Moll,**® N. Muramatsu,”® R. Mussa,*'
Y. Nagasaka,14 M. Nakao,13 M. Nayak,17 E. Nedelkovska,33 C. Ng,62 N. K. Nisar,57 S. Nishida,13 0. Nitoh,65
S. Ogawa,59 C. Oswald,” G. Pakhlova,?> C. W. Park,> H. Park,?® H. K. Park,”® T. K. Pedlar,*! R. Pestotnik,?> M. Petri¢, >
L.E. Piilonen,®” A. Poluektov,> M. Ritter,*> M. Rohrken,* A. Rostomyan,7 S. Ryu,53 H. Sahoo,'? T. Saito,®' K. Sakai,?
Y. Sakai,'® S. Sandilya,57 L. Santelj,23 T. Sanuki,®' Y. Sato,®! V. Savinov,’® O. Schneider,”® G. Schnell,"!?
C. Schwanda,'® D. Semmler,® K. Senyo,69 0. Seon,”” M. E. Sevior,>* M. Shapkin,zo V. Shebalin,” T.-A. Shibata,®’
J.-G. Shiu,** B. Shwartz,®> A. Sibidanov,’® F. Simon,**® Y.-S. Sohn,”® A. Sokolov,”® E. Solovieva,?* S. Stani¢,*®
M. Stari¢,”®> M. Steder,” T. Sumiyoshi,** U. Tamponi,?"®® K. Tanida,® G. Tatishvili,*® Y. Teramoto,*’ K. Trabelsi,"

T. Tsuboyama,13 M. Uchida,®® S. Uehara,'® T. Ugl()V,zz’36 Y. Unno,'' S. Uno,"” P. Urquijo,2 S.E. Vahsen,'?
C. Van Hulse,! P. Vanhoefer,*® G. Varner,'? V. Vorober,3 M. N. Wagner,8 C.H. Wang,41 M.-Z. Wang,42 P. Wang,18
X.L. Wang,67 Y. Watanabe,”* K. M. Williams,®” E. Won,?’ Y. Yamashita,** S. Yashchenko,” Y. Yook,”® C.Z. Yuan,'®
Y. Yusa,® C.C. Zhang,18 Z.P Zhang,52 V. Zhilich,? V. Zhulanov,? and A. Zupamc25

(Belle Collaboration)

YWniversity of the Basque Country UPV/EHU, 48080 Bilbao
2University of Bonn, 53115 Bonn
3Budker Institute of Nuclear Physics SB RAS and Novosibirsk State University, Novosibirsk 630090
4Faculty of Mathematics and Physics, Charles University, 121 16 Prague
SChiba University, Chiba 263-8522
®University of Cincinnati, Cincinnati, Ohio 45221
"Deutsches Elektronen-Synchrotron, 22607 Hamburg
8 Justus-Liebig-Universitcit Giefen, 35392 Giefien
°II. Physikalisches Institut, Georg-August-Universitiit Géttingen, 37073 Géttingen
1OGyeongsang National University, Chinju 660-701
"Hanyang University, Seoul 133-791
2University of Hawaii, Honolulu, Hawaii 96822
13High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801
YHiroshima Institute of Technology, Hiroshima 731-5193
Ylkerbasque, 48011 Bilbao
Indian Institute of Technology Guwahati, Assam 781039
YIndian Institute of Technology Madras, Chennai 600036
®Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049
YInstitute of High Energy Physics, Vienna 1050
Dpnstitute for High Energy Physics, Protvino 142281
2UNFN-Sezione di Torino, 10125 Torino
Zinstitute for Theoretical and Experimental Physics, Moscow 117218
3. Stefan Institute, 1000 Ljubljana
24Kanagawa University, Yokohama 221-8686
Blnstitut fiir Experimentelle Kernphysik, Karlsruher Institut fiir Technologie, 76131 Karlsruhe
2Korea Institute of Science and Technology Information, Daejeon 305-806
2TKorea University, Seoul 136-713
28Kyungpook National University, Daegu 702-701

1550-7998/2013/88(5)/052016(11) 052016-1 © 2013 American Physical Society



P. KROKOVNY et al. PHYSICAL REVIEW D 88, 052016 (2013)

PEcole Polytechnique Fédérale de Lausanne (EPFL), Lausanne 1015
30Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana
3L uther College, Decorah, Iowa 52101
32Um'versity of Maribor, 2000 Maribor
3Max-Planck-Institut fiir Physik, 80805 Miinchen
3School of Physics, University of Melbourne, Victoria 3010
3 Moscow Physical Engineering Institute, Moscow 115409
3Moscow Institute of Physics and Technology, Moscow Region 141700
¥ Graduate School of Science, Nagoya University, Nagoya 464-8602
38Kobayashi—Maskawa Institute, Nagoya University, Nagoya 464-8602
¥Nara Women’s University, Nara 630-8506
“ONational Central University, Chung-li 32054
“'National United University, Miao Li 36003
42Departmem‘ of Physics, National Taiwan University, Taipei 10617
H. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342
“Nippon Dental University, Niigata 951-8580
45Niigata University, Niigata 950-2181
Y©University of Nova Gorica, 5000 Nova Gorica
“TOsaka City University, Osaka 558-8585
48Paciﬁc Northwest National Laboratory, Richland, Washington 99352
“Panjab University, Chandigarh 160014
5OUm'vemity of Pittsburgh, Pittsburgh, Pennsylvania 15260
SlResearch Center for Electron Photon Science, Tohoku University, Sendai 980-8578
2University of Science and Technology of China, Hefei 230026
>3Seoul National University, Seoul 151-742
54Soongsil University, Seoul 156-743
3 Sungkyunkwan University, Suwon 440-746
$School of Physics, University of Sydney, NSW 2006
Tata Institute of Fundamental Research, Mumbai 400005
58Excellence Cluster Universe, Technische Universitit Miinchen, 85748 Garching
*Toho University, Funabashi 274-8510
Tohoku Gakuin University, Tagajo 985-8537
®"Tohoku University, Sendai 980-8578
62Department of Physics, University of Tokyo, Tokyo 113-0033
STokyo Institute of Technology, Tokyo 152-8550
“Tokyo Metropolitan University, Tokyo 192-0397
65Tokyo University of Agriculture and Technology, Tokyo 184-8588
66University of Torino, 10124 Torino
STCNP, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
68Wayne State University, Detroit, Michigan 48202
69Yamagata University, Yamagata 990-8560
Yonsei University, Seoul 120-749
(Received 12 August 2013; published 20 September 2013)

We report the first observation of Y(10860) — Y(1,2,3S)7%#" decays. The neutral partner of the
Z; (10610), the 22(10610) decaying to Y(2, 3S) 7, is observed for the first time with a 6.5¢ significance
using a Dalitz analysis of Y(10860) — Y(2, 35)7°#° decays. The results are obtained with a 121.4 fb~!
data sample collected with the Belle detector at the Y(10860) resonance at the KEKB asymmetric-energy
ete™ collider.
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I. INTRODUCTION

Two charged bottomoniumlike resonances, Z; (10610)
and Z; (10650), have been observed by the Belle
Collaboration [1] in the Y(nS)7* invariant mass in
Y(10860) — Y(nS)mrtar~ decays (n =1, 2, 3) and in
h,(mP)r™= mass spectra in the recently observed
Y(10860) — h,(mP)m* 7w~ decays (m =1, 2) [2]. An

angular analysis suggests that these states have [¢(JF) =
17(1%) quantum numbers [3]. Analysis of the quark com-
position of the initial and final states allows us to assert that
these hadronic objects are the first examples of states of an
exotic nature with a bb quark pair: Z,, should be comprised
of (at least) four quarks. Several models have been pro-
posed to describe the internal structure of these states
[4-6]. The proximity of the Z;(10610) and Z; (10650)
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masses to thresholds for the open beauty channels B*B and
B*B* suggests a “‘molecular” structure for these states,
which is consistent with many of their observed properties
[7]1. More recently, Belle reported the observation of
both Z; (10610) and Z; (10650) in an analysis of the
three-body Y (10860) — [B®B*]*7r* decay [8]. The
dominant Z, decay mode is found to be B*)B*, supporting
the molecular hypothesis. It would be natural to expect the
existence of neutral partners of these states. This motivates
us to search for Z(b) in the resonant substructure of
Y (10860) — Y(nS) 77" decays.

II. DATA SAMPLE AND DETECTOR

We use a (121.4 = 1.7) fb~! data sample collected
on the peak of the Y(10860) resonance with the Belle
detector [9] at the KEKB asymmetric-energy e*e” col-
lider [10]. The Belle detector is a large-solid-angle mag-
netic spectrometer that consists of a silicon vertex detector,
a central drift chamber (CDC), an array of aerogel thresh-
old Cherenkov counters (ACC), a barrel-like arrangement
of time-of-flight scintillation counters, and an electromag-
netic calorimeter (ECL) comprised of CsI(Tl) crystals
located inside a superconducting solenoid that provides a
1.5 T magnetic field. An iron flux return located outside
the coil is instrumented to detect K mesons and to
identify muons (KLM). The detector is described in detail
elsewhere [9].

II1. SIGNAL SELECTION

Y(10860) candidates are formed from Y(nS)7°7°
(n =1, 2, 3) combinations. We reconstruct Y (nS) candi-
dates from pairs of leptons (e*e™ and u* u ™, referred to
as €t€7) with an invariant mass between 8 and
11 GeV/c?. An additional decay channel is used for the
Y(2S5): Y(28) — Y(1S)[€* €~ ]=*" 7. Charged tracks are
required to have a transverse momentum, p,, greater than
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50 MeV/c. We also impose a requirement on the impact
parameters of dr < 0.3 cm and |dz| <2.0 cm, where dr
and dz are the impact parameters in the » — ¢ and longi-
tudinal directions, respectively. Muon candidates are re-
quired to have associated hits in the KLM detector that
agree with the extrapolated trajectory of a charged track
provided by the drift chamber [11]. Electron candidates are
identified based on the ratio of ECL shower energy to the
track momentum, ECL shower shape, dE/dx from the
CDC, and the ACC response [12]. No particle identifica-
tion requirement is imposed for the pions. Candidate 7°
mesons are selected from pairs of photons with an invariant
mass within 15 MeV/c? (30) of the nominal 7% mass. An
energy greater than 50 (75) MeV is required for each
photon in the barrel (end cap). We use the quality of the
7% mass-constrained fits, x*(79) + x2(79), to suppress
the background. This sum must be less than 20 (10) for
the Y(nS) — utu™, YAS) 7 7= (Y(nS) — ete).

We use the energy difference AE = E_,,q — Ecy and
momentum P to suppress background, where E_,,q and P
are the energy and momentum of the reconstructed
Y (10860) candidate in the center-of-mass (c.m.) frame,
and Ecy; is the c.m. energy of the two beams. Y(10860)
candidates must satisfy the requirements —0.2 GeV <
AE <0.14 GeV and P <0.2 GeV/c. The potentially
large background from QED processes such as ete™ —
€€~ (n)y is suppressed using the missing mass associated

with the €*€~ system, calculated as M, (7€) =

J(ECM — Eg+¢-)* — P{., . where Eg+¢- and Py~ are
the energy and momentum of the €* €~ system measured
in the cm. frame. We require M, (7€) >
0.15(0.30) GeV/c? for the Y(nS) — utu~ (ete™). We
select the candidate with the smallest x*(7!) + x*(79) in
the rare cases (1-2%) when there is more than one candidate
in the event. Figures 1(a) and 1(b) show the M, (7°7°)
distributions for the Y(10860) — Y(nS)[ €€ Ja’#°
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The 7°7° missing mass distribution for Y(nS)7°7° candidates, using (a) Y(nS) — w™u~ and (b) Y(nS) — ete”

candidates. The M(Y(1S)7" 7~) distribution for Y(2S5) — Y(18)#* 7~ candidates is shown in (c). Points with error bars represent
the data. In each panel, the solid curve shows the fit result, while the dashed curve corresponds to the background contribution.
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candidates, which are evaluated similarly to
Mis(€7€7). Clear peaks of the Y(1S), Y(2S), and
Y (35) can be seen.

For Y(10860) — Y2S)[Y(1S)7r* 7~ 1’7" decays,
Y(1S) candidates are selected from €¢*€~ pairs with in-
variant mass within 150 MeV/c? of the nominal Y(15)
mass. A mass-constrained fit is used for Y(1S) candidates
to improve the momentum resolution. We apply the
requirements on AE and P for Y(10860) candidates
described earlier. We select signal candidates with the
invariant mass of Y(1S)#*#~ within 20 MeV/c? of
the nominal Y(2S) mass. Figure 1(c) shows the
M(Y(1S)7 " 7~) distribution for the [Y(18)7+ 7~ |«
events. The clear peak of the Y(25) can be seen. The peak
around 10.3 GeV/c? corresponds to a reflection from the
decay Y(10860) — Y(2S)7w 7, Y(25) — Y(1S) 7 #°.

IV. ete~ — Y(ns)7'w" CROSS SECTIONS
AT Y (10860)

The signal yields for Y(10860) — Y(nS)[€* €~ ]7'x°
decays are extracted by a binned maximum likelihood fit
to the M, (7°7°) distributions. The signal probability
density function (PDF) is described by a sum of two
Gaussians for each Y(nS) resonance with parameters fixed
from the signal Monte Carlo (MC) sample. The correctly
reconstructed events (~80%) are described by a core
Gaussian with the resolution of 21, 14, and 10 MeV/ 2
for Y(1S), Y(2S5), and Y(3S), respectively. A sizable frac-
tion (~20%) of events with misreconstructed y from 7°
decay are described by a wider Gaussian with a shifted
mean. The background PDF is parametrized by the sum of
a constant and an exponential function.

For the Y(2S)[Y(1S)7" 77~ ] decay, we fit the invariant
mass of Y(1S8)7r* 7. The signal PDF is described by a
Gaussian function with a resolution of 5 MeV/c? (fixed
from signal MC). The background PDF is described by a
constant. The cross-feed from the decay Y(10860) —
Y2S)[Y(1S)7°#)w" 7~ contributes as a broad peak
around 10.3 GeV/c?. Its shape is parametrized by a
Gaussian function with parameters fixed from MC. The
fit results are also shown in Figs. 1(a)-1(c).
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Though Y(nS)7°#° final states are expected to be
produced from the decay of the Y(10860) resonance,
here we present the signal rates as the cross sections of
ete” — Y(nS)m 7" since the fraction of the resonance
among bb hadronic events is unknown and the energy
dependence of the Y (nS)7* 7~ yield is found to be rather
different from that of bb hadronic events [13]. Table I
summarizes the signal yield, MC efficiency, and measured
visible cross section (with only the statistical uncertainty
shown). The reconstruction efficiency is obtained from
MC using the matrix element determined from the Dalitz
plot fit described below. The systematic uncertainty due to
the corresponding fit model is found to be negligible. The
visible cross section is calculated from

— Nsig 1
= B (S) = X)L M

Ovis

where Ng, is the number of signal events, € is the
reconstruction efficiency, B(Y(nS) — X) is the branching
fraction of the Y(nS) to the reconstructed final state X
(utu=,ete” or Y(IS)[€T€ ]t 7r™), and L is the inte-
grated luminosity. The cross section corrected for the
initial state radiation (ISR), the ‘“‘dressed’ cross section,
is calculated as

g = Uvis/(l + 5ISR)‘ (2)

The ISR correction factor, (1 + digg) = 0.666 * 0.013,
is determined using the formulas in Ref. [14]. We
assume the energy dependence of ete™ — Y(nS)7'#7°
to be the same as for the isospin-related channel e™e™ —
Y(nS)7* 7, given by Ref. [13]. Since B(Y(3S) — e*e™)
has not been measured, we assume it to be equal to
B(Y3S)— ptu”).

Table II shows the dominant sources of systematic un-
certainties for the cross section measurements. The uncer-
tainty on the data/MC difference is estimated by varying
the requirements on P, |AE|, M,; (€t €7), and x*(7°). We
obtain a 4% uncertainty on both Y (1, 2S)7°#° samples.
The same value is used for Y(3S)7°7° due to the small
sample size in this final state. The uncertainty on the signal
and background PDFs in the fit is estimated by a variation

TABLE L. Signal yield (Ng,), MC efficiency, visible cross section (o), definition of the signal region, number of selected events,
and fraction of signal events (fgg)-

Final state Niio €, % Tyiss Pb Signal region, GeV/c? Events fsie
Y(1S) = putpu” 261 £ 15 11.2 0.77 = 0.04 9.41 < My (707%) < 9.53 247 0.95
Y(1S) — ete” 123 £ 13 5.61 0.76 = 0.08 9.41 < My (707Y) < 9.53 140 0.78
Y(2S)— utu 241 + 18 8.04 1.28 £ 0.10 9.99 < Mo (707°%) < 10.07 253 0.87
Y(2S)— ete” 108 = 13 3.58 1.30 = 0.16 9.99 < M (70 7°) < 10.07 151 0.66
Y2S) = Y(US)7 7w 245 2.27 1.00 = 0.21 10.00 < M(Y#*7~) < 10.05 28 0.86
Y(3S)— utp” 49+ 12 2.60 0.71 = 0.17 10.33 < M (79 7°) < 10.39 103 0.43
Y(3S) — ete” 9+ 14 1.19 0.29 = 0.44 not used — —
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TABLE II. Systematic uncertainties for the cross section measurements (in %).

Source YAS)[u u™] YAS) ete ] YQ)utu]l YRS)lete ] YQROYntm ] YGBS)| u*u"] Y3 ete ]
Data/MC difference 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Signal/background PDF 3.0 3.0 4.0 5.0 5.0 15.0 50
B(Y(nS) — X) [15] 2.0 4.6 8.8 8.4 33 9.6 9.6
Leptons ID 1.0 3.0 1.0 3.0 2.5 1.0 3.0
Tracking 0.7 0.7 0.7 0.7 1.7 0.7 0.7
70’s reconstruction 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Luminosity 1.4 1.4 1.4 1.4 1.4 1.4 14
Trigger efficiency 2.0 2.0 2.0 2.0 2.0 2.0 2.0

(1 + Sisr) 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Sum for oy 7.8 9.3 11.9 12.3 9.6 19.1 52

Sum for o 8.1 95 12.1 12.5 9.8 19.2 52

of the fit range and changing the parametrization to a single Ogom = 0|1 — II|%, (5)

Gaussian for the signal and a third- and fourth-order poly-
nomial for the background. The systematic uncertainties
on lepton identification (ID) are estimated using the pro-
cess Y(10860) — Y(nS)mta7~, Y(nS)— €t€¢~. The
tracking uncertainty is obtained from partially and fully
reconstructed D* — 77D, D — K%7" 7~ decays. The
7 reconstruction uncertainty is estimated using 77 —
7~ 7%v,. The trigger efficiency is determined by MC to
be 94-99%, depending on the final state. We conserva-
tively estimate its error as 2%. The uncertainty of the ISR
correction factor is determined by the modification of the
parametrization of the ete™ — Y(nS)mw" 7~ cross section
(variation of Y(10860) mass and width within its errors,
including a possible contribution of the nonresonant term)
and variation of selection criteria. We combine different
Y (nS) decay modes assuming a 100% correlation for all
sources of systematic errors except lepton ID. The total
systematic errors are 8.6%, 123% and 19.2% for
Y(nS)m’#°, n =1, 2, and 3, respectively. We calculate
the weighted average of g(ete™ — Y(nS)7°#°) in the
various Y(nS) decay channels and obtain [16]

ays(ete” = Y(18) 7 7% = (0.77 = 0.04 = 0.07) pb,
ayisete™ = Y(28)707°) = (1.25 = 0.08 = 0.15) pb,
ausete™ = Y(3S)m070) = (0.66 = 0.16 + 0.13) pb

3)

and

olete” = Y(1S)77%) = (1.16 = 0.06 = 0.10) pb,
olete” — Y(28)77°) = (1.87 = 0.11 £ 0.23) pb, (4)
o(ete” — Y(3S)m"7%) = (0.98 + 0.24 = 0.19) pb.
These are approximately one-half of the corresponding
values of o(ete” — Y(nS)m* 7w ) [8,13], consistent
with the expectations from isospin conservation. The

Born cross section o, can be obtained by multiplying
by the vacuum polarization correction factor,

where |1 — IT|?> = 0.9286 [17]. The branching fractions
listed in PDG can be obtained by

B(Y(10860) — Y(nS)m°7°)

— O-Vis(e+67 - Y(nS)WOWO) 6)
ot Y(10860) (

where o ,;(at Y(10860)) = (0.340 = 0.016) nb [18].

V. DALITZ ANALYSIS

Figure 2 shows the Dalitz distributions for the selected
Y (10860) — Y (nS)7°7° candidates in the signal regions
given in Table I. A mass-constrained fit is performed for
the Y(nS) candidates. Samples of background events are
selected in the M, (7°7°) sidebands for Y(nS) — €€~
and in the M(Y(1S)w*7~) sidebands for Y(2S)—
Y(1S)7r" 7. Then we refit candidates to the nominal
mass of the corresponding Y(nS) state to match the
phase space boundaries. We use the following sideband
regions: [9.20: 9.35] GeV/c? and [9.60: 9.75] GeV/c? for
Y(1S)[€F ¢~ 177", [9.80: 9.95] GeV/c2 and [10.15:
10.30] GeV/c2 for Y(2S)[€* ¢~ a7, [9.90:9.95]GeV/
c? and [10.10: 10.20] GeV/c? for YQRS)[Y 7" 7~ 7’72,
and [10.15: 10.30] GeV/c? and [10.45: 10.50] GeV/c?
for Y(3S)[€T ¢~ 17°#°. We parametrize the background
PDF by the following function:

B(Sl, S2) =1+ p]gfqlS3 + pze*qz(smin *Cz)’ (7)

where p;, ps, q1, and ¢, are the fit parameters,
s3 = M*(7°7°), sy = min(sy, s,), and s, =
M*(Y(nS)7,); ¢, is defined as (nmy(,s) + m0)?.

Variation of the reconstruction efficiency over the Dalitz
plot is determined using a large sample of MC with a
uniform phase space distribution. We use the following
function to parametrize the efficiency:
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FIG. 2. Dalitz plots for selected (a) Y(15)7°#°, (b) Y(2S)7°7°, and (c) Y(3S)7°#° candidates.

e=1+ a{l — e*(&l*Co)/bo}{l — e*(lesmax)/bl}’ (8)

where a, by, and b, are fit parameters, s,,,, = max (s, $,),
and ¢y, and c¢; are defined as ¢y, = 4mfrU and
c1 = (my(oss0) — mo)?.

The amplitude analysis of the three-body Y(10860) —
Y (nS)m°7° decays closely follows Ref. [1]. We describe
the three-body signal amplitude with a sum of quasi-two-
body contributions:

M(Sl, S2) = AZI + AZZ + AfO + Afz + a“r, (9)

where Az, and Ay, are the amplitudes for contributions
from the Z9(10610) and Z)(10650), respectively. The am-
plitudes Ag, Ay, and a™ account for the contributions
from the 77077° system in an £,(980), an £,(1275), and a
nonresonant state, respectively. We assume that the domi-
nant contributions to Az, are from amplitudes that preserve
the orientation of the spin of the heavy quarkonium state,
and, thus, both pions in the cascade decay Y(10860) —
Z97° — Y (nS)m°n" are emitted in an S wave with respect
to the heavy quarkonium system. As demonstrated in

Ref. [3], angular analysis supports this assumption.
Consequently, we parametrize both amplitudes with an
S-wave Breit—Wigner function, neglecting the possible
s dependence of the resonance width:

VMT

BW(s, M, T) = — "0
(M. 1) = = T

(10)
Both amplitudes are symmetrized with respect to 7
interchange:

Az(k = 1,2) = a; e (BW(sy, my, T') + BW(s,, my, ).
(11)

The masses and widths are fixed to the values obtained
in the Y(nS)7" 7~ and h,(mP)m" 7~ analyses: M(Z,) =
10607.2 MeV/c2,  T(Z,) = 18.4 MeV,  M(Z,) =
10652.2 MeV/c?, and T'(Z,) = 11.5 MeV [1]. We use a
Flatté function [19] for the f;(980) and a Breit-Wigner
function for the f,(1275). Coupling constants of
the f,(980) are fixed at the values from the Bt —
K7™ analysis: M = 950 MeV/c?, g, = 0.23, and

TABLE III. Two solutions found in the Dalitz plot fit of Y(25)7%#° events. The phases are in degrees. The nonresonant amplitude
a}" and its phase are fixed to 10.0 and 0.0, respectively.
w/o Zg with Z(I) with Zg’s w/o Zg with Z(l) with Zg’s

Solutions A A A B B B
A(Z)) 0.0 (fixed) 0.467017 0.58%0% 0.0 (fixed) 1.3550% 1.42 + 0.48
»(Z9) — 243 + 14 247 = 14 — 88 =18 91 +21
A(Z9) 0.0 (fixed) 0.0 (fixed) 0.3779% 0.0 (fixed) 0.0 (fixed) 0.66 = 0.40
& (29) — — 235 +27 — — 124 + 37
A(f>) 282 7.0 23.9+7.3 182 7.3 41.8 £9.0 48.7 = 154 433 £ 15.6
#(f2) 28 * 10 28 = 13 36 * 21 359 + 14 10+ 16 132 + 19
A(fo) 8.2 x21 105+ 1.9 1.5+ 1.9 13.3 £3.6 13.4 4.2 12.6 £ 4.9
&(fo) 210 £8 213 £7 211 £6 131 £ 11 134 £ 15 132+ 19
ayr 246 £4.2 31.8 £4.3 34749 44.2 = 10.1 50.4 £12.2 50.8 = 13.7

S 93+ 15 85+ 13 80 = 12 290 = 16 291 £22 288 * 25
—2In L —154.5 —186.6 —193.1 —155.4 —186.3 —191.2
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TABLE IV. Results of the Dalitz plot fit of Y(1, 35)7r° 7 events. The phases are in degrees. The nonresonant amplitude a}" and its

phase are fixed to 10.0 and 0.0, respectively.

Y(1S)70 70 Y(1S)70 70 Y3S)70 70 Y(3S)70 70 Y(3S)70 70

Model with Zg’s w/o Z?,’s with Zg’s with Z(l) only w/o Z?,’s
A(Z9) 0.50+034 0.0 (fixed) 1.07+43 1.09407 0.0(fixed)
d(2Y) 324 + 50 — 158 + 25 149 + 24 —
A(Z9) 0.60703% 0.0 (fixed) 0.32+118 0.0 (fixed) 0.0 (fixed)
»(2)) 301 = 60 — 252 + 81 — —
A(f>) 15.7 2.0 14.6 = 1.6 0.0 (fixed) 0.0 (fixed) 0.0 (fixed)
#(f2) 60 + 11 51+9 — — —
A(fo) 1.07 = 0.15 0.97 = 0.12 0.0 (fixed) 0.0 (fixed) 0.0 (fixed)
#(fo) 168 + 11 163 = 10 — — —
ayr 152+ 1.2 13.9 + 0.7 50.5 + 14.1 44.8 +12.5 48.0 = 12.7

o 162 * 4 161 + 4 155 * 15 153 + 14 151 = 15
—2InL -316.7 —312.4 —-31.3 —30.7 -53

gxx = 0.73 [20]. The mass and width of the f,(1275)
resonance are fixed to the world average values [15].
Following suggestions in Ref. [21], the nonresonant am-
plitude a™ is parametrized as

a™ = ael?" + aYelts,, (12)

where al’, a3, ¢}, and ¢} are free parameters in the
fit. As there is only sensitivity to the relative amplitudes
and phases between decay modes, we fix aj* = 10.0 and
¢'" = 0.0. Since the phase space of the decay Y(10860) —
Y(3S)7 7Y is very limited, contributions from f,, and f,
are not included in the fit.

We perform an unbinned maximum likelihood fit. The
likelihood function is defined as

L= l_[ €(s1, 52)(f5igS(s1, 52) + (1 = fii)B(s1, 52)),
(13)

where the product runs over all signal candidates. S(s1, s,)
is |M(s,, s,)|> convoluted with the detector resolution
(6.0 MeV/c? for M(Y(nS)m)); e(s,, s,) describes the
variation of the reconstruction efficiency over the Dalitz
plot. The fraction f, is the fraction of signal events in the

data sample determined separately for each Y(nS) decay
mode (see Table I). The function B(s;, s,) describes the
distribution of background events over the phase space.
Both products S(s;, s5)e(sy, s2) and B(sy, s5)€e(sy, o) are
normalized to unity.

To ensure that the fit converges to the global minimum,
we perform 103 fits with randomly assigned initial values
for amplitudes and phases. We find two solutions for the
Y(2S)77° sample with similar values of —2In L
(see Table III). Solution A has better consistency with the
Dalitz plot fit result for the Y(10860) — Y(2S)7w" 7~
decay [8]. We find single solutions for the Y (1, 3S)7"#7°
samples. Table IV shows the values and errors of ampli-
tudes and phases obtained from the fit to the Y(15)7°7°
and Y(3S)7°#° Dalitz plots. Projections of the fits are
shown in Figs. 3-5. These projections are very similar to
the corresponding distributions in Y(nS)#" 7~ [1]. The Z?
signal is most clearly observed in M(Y(28)7°)pax-
M(Y(38)7°)max, and M(Y (38)7°) -

The Zg significance is calculated from a large number of
pseudoexperiments, each with the same statistics as in the
data. MC samples are generated using models without
the Zg contribution. We fit them with and without the
Z9(10610) contribution and examine the A(—2In L)
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distributions. We find 5.3¢ for the Z9(10610) statistical
significance in both solutions for Y(2S)7°#°. In
addition, the Z9(10610) statistical significance is 4.7¢
in the fit to the Y(3S)#%#" sample. The Z)(10610)
signal is not significant in the fit to the Y(1S5)7"#°
events due to the smaller relative branching fraction.
The signal for the Z)(10650) is not significant in any
of the Y(1,2,3S)7°#° data sets.

We calculate the relative fit fraction of each resonance as

IMZ |
= f[’“ilM’:’*l from the central values of the fit
Dalitz all

the ratio fp

given in Tables III and IV. Errors and 90% C.L. upper
limits for nonsignificant fractions are obtained using
pseudoexperiments. Results are summarized in Table V.
The sum of individual contributions is not equal to 100%

due to interference between amplitudes. Reasonable
agreement is observed with the corresponding fit fractions
in the Y(nS)w* 7~ analysis [8]. Table VI shows the
product of cross sections and branching fractions
olete” — Z07°) - B(Z) — Y(nS)n?).

We perform a simultaneous fit of the Y(25)7°#% and
Y (3S) 77" data samples. No constraints between samples
are imposed on signal model parameters and the back-
ground description. The combined significance of the
Z9(10610) signal is 6.80. Results for the simultaneous fit
are exactly the same as in separate fits of Y(2, 35)7%#°
samples, as expected. We also perform a simultaneous
fit with the Z)(10610) mass as a free parameter and
find m(Z%(10610)) = (10609 + 4 = 4) MeV/c?; this is
consistent with the mass of the Z; (10610).

TABLE V. Summary of results for the fit fractions of individual channels in the Y (nS)7°#" final state.

Fraction, % Y(1S) Y(2S) solution A Y(2S) solution B Y(35)
Z9(10610) 0.9722703(<4.6) 13.5158+32 25.4162%42 84117 +1¢
Z9(10650) 0.6722103(<4.8) 2.7139713(<8.0) 2.7438112(<12.4) 4.3724133(<10.9)
f2(1275) 26.3 = 4.2478 3.9734138 87755132 —

Total S wave 72.4 = 47738 95.5123+80 110+3+8¢ 65713418
Sum 10079 + 1 11670 =3 145712 =9 153138 = 15
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TABLE VI.  Product of the o(e*e™ — Z97°) - B(Z) — Y(nS)=°).

o B, b Y(1S) Y(2S) solution A Y(2S) solution B Y(3S)
Z9(10610) 10+38+9(<59) 252112767 475719158, 8231317+23¢
Z9(10650) 7F216(<62) 50735+28(<168) 507 198422(<260) 42136135(<141)
TABLE VII. Systematic uncertainty on the fractions of individual channels in the Y (nS)7%7° final states.

Uncertainty, % Model Efficiency Resolution Background Beam energy Sum
Y(15), Z5(10610) 03 o3 +0.04 +0.07 +0.04 +03
Y(15), Z9(10650) 05 02 +0.02 013 +0.01 N
Y(15), £,(1275) i e +0.02 i +0.1 i
Y(15), S wave fgjg f?:g +0.05 i?;i +0.7 igj
Y(25), solution A, Z)(10610) e oo *2.1 18 +0.2 i
Y(25), solution A, Z)(10650) e 2ok +0.8 Tos +0.1 o
Y (25), solution A, f,(1275) 03 +0.8 +0.8 36 +0.1 +38
Y(25), solution A, S wave a8 32 +0.5 Jjgjg *0.5 tgig
Y(25), solution B, Z9(10610) 40 07 +0.6 o +0.6 it
Y(285), solution B, Z)(10650) 03 007 *1.0 o4 +0.3 *1.2
Y(25), solution B, f,(1275) o4 o8 +0.3 32 +2.1 b
Y (2S), solution B, S wave 5 e +0.5 * +2 e
Y(35), Z9(10610) 2 +5 o oy +0.8 i
Y(38), Z)(10650) iy iy T Y +0.02 i
Y(35), S wave 2 +1 2 3 +0.3 i

VI. SYSTEMATIC UNCERTAINTIES
IN THE DALITZ ANALYSIS

Table VII shows the main sources of systematic uncer-
tainties for the measurement of fractions obtained from
a fit of individual channels. The model uncertainty
originates mainly from the parametrization of the nonre-
sonant amplitude. Four additional models are used:
a model with an additional f,(500) resonance, parame-
trized by a Breit-Wigner function with M = 600 MeV/c?

and T = 400 MeV/c; a model with a™ = ae'®« +

be'#r4[s(°7°); a model without the f,(980) contribution;
and a model without the a5 contribution. Another source
of systematic uncertainty is the determination of the signal
efficiency. To estimate this effect, we perform two addi-
tional fits with a modified efficiency function by varying
the momentum dependence of the 7° reconstruction effi-
ciency. We also perform a fit with a modified detector
resolution function: the resolutions are varied from 4 to
8 MeV/c? instead of the nominal 6 MeV/c? to take into
account the effect of different momentum resolutions in
the MC and data. We use different sideband subsamples
to determine the background PDF parameters: the low-
mass sideband only or the high-mass sideband or
Y(nS) — eTe” events only or Y(nS)— u"u~ events

only. We also vary the signal-to-background ratio within
its errors. We considered the effect of the uncertainty of the
c.m. energy (conservatively taken as =3 MeV).

The contribution of all experimental effects to the
degradation of A(—21In L) from the simultaneous fit
of the Y(2,3S5)7°7° sample is smaller than 4.4. The cor-
responding limit for the model uncertainties is 4.5. We
combine these two values in quadrature and decrease
A(—21n £) from the simultaneous fit by 6.3 in calculations
of the Z9(10610) significance. As a result, the Z)(10610)
significance is 6.5 Fits with the Z)(10610) mass as a free
parameter yield values from 10606 to 10613 MeV/c?. We
use +4 MeV/c? as a model uncertainty for the Z9(10610)
mass.

VII. CONCLUSION

We report the observation of Y(10860) — Y (nS)7%#°
decays with n = 1, 2, and 3. The measured cross sec-
tions, o(ete™—Y(10860)— Y(1S) 7’7 =(1.16 =
0.06+0.10)pb, o(ete™ — Y(10860) — Y(28)77%) =
(1.87 £0.11 £0.23) pb, and o(eTe” — Y(10860) —
Y(38)m'7%) = (0.98 = 0.24 + 0.19) pb, are consistent
with the expectations from isospin conservation based on
o(Y(10860) — Y(nS)mw* 7~ ) [8,13].
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The first observation of a neutral resonance decaying
to Y(2,35)7°, the Z)(10610), has been obtained in a
Dalitz analysis of Y(10860) — Y(2,3S)7%7° decays.
The statistical significance of the Z9(10610) signal is
6.80 (6.50 including experimental and model uncertain-
ties). Its measured mass, m(Z(10610)) = (10609 * 4 =
4) MeV/c?, is consistent with the mass of the corre-
sponding charged state, the Z; (10610). The Z)(10650)
signal is not significant in any of the Y(1,2,3S)7 7"
channels. Our data are consistent with the existence of
Z9(10650), but the available statistics are insufficient for
the observation of this state.
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