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We report the first observation of the three-bodipS) — Y(1,2S)°n°® decays. Strong evi-
dence for thez(10610 with 4.90 significance is found in a Dalitz plot analysis of tfé5S) —
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the Belle detector at thé(5S) resonance at the KEKB asymmetric-eneedy collider.
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Figure 1: The n°n® missing mass distribution for(n§ m°n°, (a) Y(nS — u*u~ and (b)Y(nS) — ete~
candidates. Th#(Y(1S)r" ) distribution for Y(2S) — Y(1S)rr™m candidates is shown in (c). His-
tograms represent the data. The solid curves show the fit rekile the dashed curves correspond to the
background contributions.

1. Introduction

Two new charged bottomonium-like resonancgs,10610 and Z,(10650, have recently
been observed by the Belle Collaboration in decayd0860 to five different final states:
Y(nSmtm, n=1,2,3 andhy(mP)rt" -, m= 1,2 [fl], 2]. The analysis of the quark composi-
tion of the initial and final states allows to assert that these hadronic objectheafirst unam-
biguous examples of states of an exotic natuigshould be comprised of (at least) four quarks.
Several models have been proposed to describe the internal strutthese states. One sug-
gests [B] thaz,(10610 andZ,(10650 states might be a loosely bou®* andB*B* systems,
respectively. The proximity of th&,(10610 andZ,(10650 masses to those of the sum of the
B and B* mesons and the sum of the tM8 mesons, respectively, supports this hypothesis. In
this case, it would be natural to expect that 13¢10610 andZ,(10650 states decay respectively
to BB* and B*B* final states with substantial rates. In this analysis we use41fbt? of data
accumulated by the Belle detector at a center-of-mass (c.m.) energy negrl0860 to study
three-bodyy(10860 — [B*/B™)|* ¥ decays and to search fgt10860 — Z& 7 — [B*)B = 1"
decays. We also search for a neutral partneZpftates in the resonant substructure of the
Y(5S) — Y(n§°mP decays.

2. Y(59) — Y(n§°r® decays

We reconstructy(nS) candidates from pairs of leptonsefe™ and u*pu~). An additional
decay channel is used for th&2S): Y(2S) — Y(1S)[I "I~ ]rr" . Muon and electron candidates
are required to be positively identified. Candidatemesons are selected from pairs of photons
with an invariant mass within 15 Me\¢? of the nominalr® mass. Y(5S) — Y(nS)[I+1~]m°n°
candidates are identified via the missing mass recoiling againstth® system,Mp;ss(°1°).
More details can be found in Ref][4]. Figuf 1 shows the extraction otn&) signal yield.
Results are summarized in Talfle 1. Branching fraction is calculated %ﬁ
whereNsig is number of signal events, is reconstruction efficiency?’ is integrated luminosity.
Weighted averages are found to b#Y(5S) — Y(19)°m°) = (2.254 0.11+0.20) x 10~3 and

B (Y(59) — Y(29)mP1P) = (3.66+0.22-+0.48) x 10~3,
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Table 1. Signal yield, MC efficiency, measured branching fractiaimiber of selected events and purity.

Final state Signalyield &, % #,1073 Events Purity
Y(1S) — uu 261+ 15 112 228+0.13 247 095
Y(1S) — ete” 123+13 561 2154+0.23 140 078
Y(2S) — ptp- 241418 804 377+0.28 253 087
Y(29) — ete- 108+ 13 358 384+0.46 151 066
Y(29) — Y1) T 24+5 2.27 285+ 0.60 28 086

The amplitude analysis of the three-bo®§5S) — Y(nSm°m® decays utilizes an unbinned
maximum likelihood fit. We parameterize the three-body decay amplitude as afgurasi-two-
body amplitudesM(s1,s2) = Az1 + Azz2 + As, + At, + Anr, WhereAz; andAz, are amplitudes for
contributions from thez?(10610 andZ2(10650, respectively; the amplitude&s,, Ar, and An
are the contributions from tha°r® system in anfy(980), f»(1275 and a non-resonant state, re-
spectively. The masses and widthsZyf resonances are fixed at the values obtained from the
Y(n§mtmr analysisM(Z;) = 106072 MeV/c?, T (Z;) = 184MeV/c,M(Z,) = 106522 MeV/c?,
I(Z;) = 11.5MeV/c [?]. We use a Flatté function for thig(980) and a Breit-Wigner function for
the f,(1275). The non-resonant amplituds; is parameterized a&, = AL &% 1 A2 &%s;. As the
fit is sensitive only to the relative amplitudes and phases between decay, medisAl, = 10.0
andg?, = 0.0. The logarithmic likelihood function is defined #&= —2 log{&(s1, ;) fsigS(S1, S2) +
(1— fsig)B(s1,%2)}, WhereS(s;,s;) denotes|M(s1,s)|? convoluted with the detector resolution
function, £(s1,s,) describes variation of the reconstruction efficiency over the Dalitz pldtfag
is the fraction of signal events in the data sample. The fradtigis determined separately for each
Y(nS) decay mode (see Talle 1). The functi®fs;,s,) describes the distribution of background
events over the phase space. Both,s;) - S(s1,S2) andB(s1,S;) are normalized to unity. Results
of the fits are shown in Fid] 2 as one-dimensional projections that look simillae ttorresponding
distributions for theY(nS) "~ decays p]. A Z{ signal is most clearly seen M(Y7°)max. The
values and errors of amplitudes and phases obtained from the fit @enfed in [4]. The statis-
tical significance of th&?(10610 signal in theY(2S)°n® sample is Bo. The signal for the
Z2(10610 is not significant in the fit to th&(1S) °n° events due to the smaller relative branching
fraction. The signal of th&2(10650 is not significant in eithew(1)°n° or Y(2S) i datasets.

We study possible uncertainties due to parameterization of the backgrdifdv&riation
of signal efficiency over the Dalitz plot and detector resolution functione fmodel uncertainty
is estimated using various description®#ave contribution. The significance of t&d(10610
signal exceeds.8o in all cases. We use this value as the final value fozf}{¢0610 significance.

3. Y(10860 — B*)B*rr Decays

B decays are reconstructed in the following chann@s: — J/@K+, BT — DOmrt, B® —
J/wK*0, B® — D®)~1r*. We identify B candidates by their invariant malsgB) and momentum
P(B) in the c.m. We requir/(B) to be within 30 to 40 MeW? (depending on th decay mode)
of the nominaB mass. Reconstructdi or B® candidates are then combined withra candidate
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Figure2: Comparison of the fit results (open histograms) with expenital data (points with error bars) for
the (a,b)Y(1S)°71° and (c)Y(2S) °m events in the signal region. Red and blue open histogranve e
fit with and Withoutzg’s, respectively. Hatched histograms show the backgroongponents.
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Figure 3: (a) M, (Bm) distributions for selecteB candidates in data. Hatched histogram shows distribution
for events in theM(B) sidebands. (bM () distribution for right-signBrr combinations fory{10860 —
BB*mand (c)Y(10860 — B*B*mcandidate events. Points with error bars are data, thelgwids the result

of the fit with the nominal model, the dashed line - fit to pur@mesonant amplitude, the dotted line - fit
to a singlez, state plus a non-resonant amplitude, and the dash-dotteadl Z states and a non-resonant
amplitude. The hatched histogram represents backgroungaaent.

and a recoil mass to tH&rr combination M (Br), is calculated aM, (Bm) = /EZ,,s— P3,,, where
Ecmsis the c.m. energy anks;; is the measured three-momentum of Bre combination. More
details can be found in Ref][5]. Thd,(Bm)+ M(B) — Mg distribution for the data is shown in
Fig. B(a), where clear peaks are visible in 8B T and B*B* 1 signal regions. The fit to this
distribution givesNgg; = 1+ 14, Ngg:z = 1844+ 19 andNgg-y = 824+ 11 signal events. The
statistical significance of the observB&* T andB*B* it signal is 930 and 570, respectively. For
the subsequent analysis of the internal structures of the three-bodysjeve requiré(M,(B) +
M(B) — Mg) — Mg:| < 0.015 GeVLt? to selectY(10860 — BBt events and(M;(B) + M (B) —
Mg) — (Mg + E,)| < 0.015 GeV£?, whereE, = 0.049 GeV, to selecY(10860 — B*B*mevents.
For selecte®*)B™*) it candidate events, we calculate the mass recoiling against the charged pion:
M, (1) = \/EZ,s— P2, wherePs; is the measured three-momentum of the charged pion.

The M, (m) distributions for right-sigrBrr combinations in thé8B*mr and B*B*rt signal re-
gions are shown in Fig] 3. Excesses of signal events over the expzatkground levels at lower
mass edges of thi, (71) spectra are clearly visible for both final states. The distribution of sig-
nal Y(10860 — BB*mevents is parameterized with the following mo8gh: (M) = (Az, (10619 +
AnR) X Egg-(m), whereAyr is the non-resonant amplitude parameterized as a complex constant
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Table 2: List of branching fractions for th&_ (10610 andZz, (10650 decays.

B, % Y(AS)rt Y29t Y39t hp(IP)mt hy(2P)mt B B*
Zp(10610 0.324+0.09 438+121 2154056 281+1.10 434+207 860+3.6
Z,(10650 0.244+0.07 2404+0.63 1644+0.40 7434270 148+6.22 734+7.0

and thez,(10610 amplitude is a Breit-Wigner function. As a variation of this nominal model, we
also add a second Breit-Wigner amplitude to account for posgggl0650 — BB*rr decay. We
also fit the data with only th&,(10610 channel included in the decay amplitude. The results of
these fits are shown in FifJ. 3(b). Two models give about equally goadfigéisn of the data: nom-
inal model and a model with additional non-resonant amplitude. Howevegelect the former
one as our nominal model since adding a non-resonant amplitude doiegpnove the fit quality
that much. The worst fit to the data is provided by a model with just a namees amplitude.
From this analysis, we find that the significance of 33¢10610 — BB* signal is exceeding the
80 level.

As the nominal model for th&(10860 — B*B*m decay, we use the following parameter-
ization: Sgeg-r(M) = (AZb(1065Q + Anr)Ese-i(M). We also fit the data without a non-resonant
component and with a non-resonant amplitude alone. Results of the fitaawe & Fig.[B(c);
numerical values are given ifif [5]. The best description ofBH8* 1T data is achieved in a model
with only theZ,(10650 amplitude included. The addition of a non-resonant amplitude does not
provide any significant improvement of the fit quality. The fit with a norenest amplitude alone
gives a much worse likelihood value. From this analysis, we determine thiicigce of the
Z,(10650 — B*B* signal to be 8Bo. In all fits discussed above, the masses and widths afghe
states were fixed at the values obtained from the analysis of(th® " 7~ andh,(mP)r" m —
final states 7).

4. Conclusion

We report the first observation of three-bod{sS) — Y(1,25)n°m° decays. The measured
branching fractions argg(Y(5S) — Y(19)m°m°) = (2.254+0.11+0.20) x 10~2 and Z(Y(5S) —
Y(29)n°nP) = (3.66-+0.22-£ 0.48) x 103, Evidence for &2(10610 — Y(2S)7° decay has been
obtained from the amplitude analysis of tMé5S) — Y(2S)m°r° decay. The statistical signifi-
cance of thezg(loelq signal is 490 including model and systematic uncertainties. Its measured
mass,M(Z2(10610) = 10609 -+ 6 MeV/c?, is consistent with that measured in the analysis of
Y(55) — Y(n9m'm decays. Thez](10650 signal is not significant in eitheY(1S)m°m° or
Y(2S)°rP final decays. We also report measurement of branching fractiotisrém-body decays:
2(Y(10860 — [BB*+c.c]tm ) = (28.3+2.9+4.6) x 103 and#(Y(10860 — [B*B*|* 1) =
(14.1+ 1.9+ 2.4) x 103, For theY(10860 — BB decay, we calculate a 90% confidence level
upper limit of Z(Y(10860 — [BB_]+rr) < 4.0x 1072 (including systematic uncertainty). In ad-

dition, we report the ratio of the branching fractiogi%(ztﬁ(gg%fgzéﬁ*)hb(mp)n =624+0.7+
0.0 B(Z,(10650—B'B" 00 . .
1.3"7g and zn%(zb(io%(sqﬂ\?(nsm hz(mp)n) =2.8+0.4+0.6"37,. We calculate the relative fractions

for Z, decays assuming that are saturated by the already obs¥tw&l (n = 1,2,3), hy(mP)
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(m=1,2), andB*B™*) channels. Combining results reported here with results on amplitude analy-
sis from Ref. [b] one calculate relative fractions summarized in Tigble 2pr&ented results are
preliminary.
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