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We search for bottomonium states ¥{2S) — (bb)y decays using 158 10° Y(2S) events
collected with the Belle detector at the KEK& e~ collider. The (bE) system is recon-
structed in 26 exclusive hadronic final states composed afgeld pions, kaons, protons, and
K2 mesons. We find no evidence for the state recently obsen@chdr9975 MeV Xyp) in

an analysis based on a data sample &>910° Y(2S) events collected with the CLEO IlI
detector. We set a 90% confidence level upper limit on thedmiag fraction #[Y(2S) —
XopY] X i B[X5 — hi] < 4.9 x 1076 This result is an order of magnitude smaller than the
measurement reported with CLEO data. We also set an uppérfomthe n,(1S) state of
BIY(2S) — Np(19)y] x 3i B[Np(1S) — hy(iP)] < 3.7 x 107%. We also report the results of a
high-statistics search fdi-dibaryon production in inclusiv&(1S) and Y(2S) decays based on
analyses of 102 10P Y(1S) and 158« 10° Y(2S) events collected with the Belle detector at the
KEKB e*e™ collider. No indication of arH-dibaryon with mass near thdy = 2mjy threshold is
seen in either thel — Apr— or AA decay channels and 90% confidence level branching-fraction
upper limits are set that are between one and two orders dafiituag below the measured branch-
ing fractions for inclusiveY(1S) and Y(2S) decays to antideuterons. Sin¢él,2S) decays pro-
duce flavorgJ (3)-symmetric final states, these results put stringent caimétr onH-dibaryon
properties.
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1. Introduction

Bottomonium is the bound system bb quarks and is considered an excellent laboratory
to study Quantum Chromodynamics (QCD) at low energies. The system rigxapgtely non-
relativistic due to the largb quark mass, and therefore the quark-antiquark QCD potential can be
investigated vizbEspectroscopy.

We use data samples containing 102 milll6flS) and 158 millionY(2S) decays collected
with the Belle detector [1] operating at the KEKBe ™ collider [2]. The data were accumulated at
center-of-mass system (cms) energies/sf= 9.460 GeV and 1@23 GeV, which correspond to
the Y(1S) andY{(2S) resonance peaks, respectively.

2. Search for Bottomonium Statesin Exclusive Radiative Y{2S) Decays

We report a search for the statgg, in Y(2S) — X5y decays and),(1S) in Y(2S) — np(1S)y
decays. This analisys is decribed in more details in Ref. [4]. We recann$bﬁ) system in 26
modes reported in Ref. [3]. We require all charged tracks, excefiidse frorrKg decays, to orig-
inate from the vicinity of the interaction point (IP). Track candidates anatified as pions, kaons,
or protons based on information from the CDC, the TOF and the ACC. Catiekd mesons are
reconstructed by combining two oppositely charged tracks (with a pion nsassnad for both)
with an invariant mass between 486 and 509 W&y the selected candidates are also required
to have decay vertex displaced from the IP. We then combine a photoidatnaith the(bB)
system to form arv(2S) candidate. The photon is reconstructed from an isolated (not matched to
any charged track) cluster in the ECL that has an energy greater tieV2and a cluster shape
consistent with an electromagnetic shower. The energy of the signalrptso8®— 70 MeV and
400— 900 MeV for theX,; and n,(1S), respectively. We exclude photons from the backward
endcap in tha),(1S) selection to suppress low-energy photons arising from beam-relat&ed bac
ground. For theX,; selection, both the backward and forward endcap regions are exclide
signal windows for the difference between the energy offft2S) candidate and the CM energy
(AE) and theY(2S) momentum measured in the CM fran@&s)) are optimized separately for
the X, andnp(1S) mass regions. We perform this optimization using a figure-of-n2jtS+ B,
whereSis the expected signal based on MC simulations, Biglthe background estimated from
a sum of theY(4S) off-resonance data, scaled to the availa¥i|@S) integrated luminosity, and
the inclusiveY(2S) MC sample described earlier. The valueQis calculated by assuming the
branching fraction to be 48 x 10-° for the X5 [3] and 39 x 10~ for the ny(1S) [5]. The Y(2S)
candidates with-40MeV < AE < 50 MeV andP{;(ZS) < 30MeV/c[-30MeV < AE < 80MeV and
P?(zs) < 50MeV/c] are retained for a further study of th%g_[nb(ls)] state. For the two-body
decay hypothesis, the andglgy;, between the reconstructetbj system and the photon candidate
in the CM frame should be close to 180We apply an optimized requirement (ﬁﬂ,b—)y to be
greater than 150[177°] to select theY(2S) — Xy [Y(2S) — nn(1S)y] decay candidates. The
difference between the invariant mass formed by combining the signalmphatto another photon
candidate in the event and the nomimdimass [7] is computed for each photon pair; the smallest
of the magnitudes of these differences is denotedldy, and used for a® veto. For the,(1S)
selection, where the background contribution is dominated®s/coming from theY(2S) decays,
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Figure 1: The AM distributions for (left)Y(4S) off-resonance data and (right)2S) data events that pass
the selection criteria. Points with error bars are the dateyes show the fit results. The right inset shows an
expanded view of thAM distribution in the[0.035 0.065 GeV/c? region.

we requireAM,, > 10MeV/c?. The final selection efficiencies for the individual modes range from
6.1% to 12%.

We apply a kinematic fit to th&(2S) candidates constrained by energy-momentum conser-
vation. The resolution of the reconstructed invariant mass ofjtfi¢S), presented in terms of
AM = M|(bb)y] — M(bb), is significantly improved by this fit from approximately 14 to 8 Me¥.

The fit x2 value is used to select the bé&2S) candidate in the case of multiple candidates that

appear in about 10% of the events satisfyingXjeselection.

We extract the signal yield by performing an unbinned extended maximum-tioglifit to the
AM distribution for all selected candidates. The probability density functioB$§p for x,;(1P)
andX; signals are parametrized by the sum of a Gaussian and an asymmetric Géwsstian to
take into account low-energy tails. Their parameters are taken from MC siomgaTo account for
the modest difference in the detector resolution between data and simulatéuse a calibration
factor common to the four signal componerits, X3 (1P) with J = 0,1,2 andX, to smear their
core Gaussian components. The choice of the background PDF is [zlyiémportant and is
determined from the large samplef4S) off-resonance data. As shown in the top plot of Fig. 1,
the best fit to these data is obtained by using a sum of an exponential fuactiba first-order
Chebyshev polynomial for th&; region, whose parameters are allowed to vary in the fit. This is
in contrast to Ref. [3], where a single exponential function was use@doribe the background
PDF. The polynomial component is needed to model the background dualtstte radiation for
AM < 0.15GeV/c? and fromr® for AM > 0.15GeV/c2. We have verified using a large number of
pseudoexperiments that if thgg signal is present in our data sample we would observe it with a
significance above 10 standard deviations.

In the bottom plot of Fig. 1, we present fits to tA# distributions for the sum of the 26
modes in theX,; region. The results of the fit show no evidence o signal, with a yield of
—30+ 19 events. In the fits to thg,;(1P) (J = 0,1,2) states we observe large signal yields and
determine invariant masses of 9859 0.5, 98928+ 0.2 and 991204 0.3 MeV/cz, respectively,
which are in excellent agreement with the corresponding world-averdges [7]. The parameters
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obtained for the background PDF in thé2S) sample are consistent with those found in the fit to
the Y(4S) off-resonance data, giving us confidence in our background modeling signal PDF
for the nyp(1S) is a Breit-Wigner function, whose width is fixed to the value obtained in Réf. [6
convolved with a Gaussian function with a width of 8 Me¥ describing the detector resolution. A
first-order Chebyshev polynomial is used for the background imgi&S) region, validated with
the large sample of(4S) off-resonance data. No signat6+ 10 events) is found for thg,(1S).

The branching fraction is determined from the number of observed sgeats (sig) as% =
nsig/{e[(ba)] x Ny(2g) }, whereg[(bb)] is the average efficiency andl,g is the total number of
Y(2S) decays. In the absence of the signal, we obtain an upper limit at 90% eocdidevel (C.L.)
on the branching fractiorgy, ) by integrating the likelihood %) of the fit with fixed values of the
branching fraction;/’oﬂUL Z(A)d# = 0.9 x folz(ﬂ)d%. Multiplicative systematic uncertainties
are included by convolving the likelihood function with a Gaussian function witlidth equal
to the total uncertainty. We estima[Y(2S) — ny(1S)y] x ¥; Z[N(1S) — hj] < 3.7 x 10-° and
BIY(2S) — XpV] X Ti B Xy — hi] < 4.9x 1075,

3. Search for an H-dibaryon with mass near 2my in Y(1S) and Y{(2S) decays

We search foH-dibaryon production in the inclusive proces¥4,2S) — HX; H — Apmr
andAA. This analisys is decribed in more details in Ref. [8]. We assume &d8) andY(2S)
branching fractionsi.e., Z(Y(1S) — HX) = Z(Y(2S) — HX) = #£(Y(1,2S) — H X). A candi-
dates are reconstructedjimr— decay using the selection criteria described in Ref. [9]. We require
AMA = [M(pr) —mp | < 3.0 MeV. For theH — Aprr search, them track selection requirements
are optimized usingroMs determined by MC assumirtg = tA. Both thep andrr are required
to be well identified. We require that thleand 7 tracks and thé\ trajectory satisfy a fit to a com-
mon vertex With)(,z\prr < 50. In addition we requir€t,, > 0.0, wherect = 7. o MH/|r5H|2
and/ is the displacement between the run-dependent average interactiorflpdiand the fitted
vertex position. Thé\ — p17;; candidate is subjected to a kinematic fit that constrip: 77, )
to my. The final selection efficiencies are determined from MC by averagiag) & Y(2S) signal
MC to beg; = 7.7% forH — Apm andg; = 8.8% forH — Aprr™. For the second (A») in the
H — A1\ (A\i — piTe ) channel, in addition to the criteria used ot selectionFoMs based on
MC events are used to optimize the additional requirerm@ﬁt,@ < 200 from a1\, vertex and IP
constrained fit, andty, > —0.5 cm. TheAA candidates are subjected to a kinematic fit that con-
strains bothprr~ masses tony. The MC-determined selection efficiencies, obtained by averaging
Y(1S) & Y{(29) signal MC results, are, = 10.9% forH — AA andg; = 10.1% forH — AA.

The resulting continuum-subtractdt{ Aprr~) (M(Aprr™)) andM(AA) (M(AN)) distribution
for the combinedY(1S) and Y(2S) samples, shown in the top (bottom) panel of Fig. 2, has no
evidentH — Aprmr (H — Kﬁiﬁ) signal. There is no sign of a near-threshold enhancement similar
to that reported by the E522 collaboration [10] nor any other evidenakignH — AA (H — AA).

The curve in the figure is the result of a fit using an ARGUS-like threshaidtfon to model the
background fit residuals are also shown.

For each channel, we do a sequence of binned fits to the invariant magsutians in Fig. 2
using a signal function to represant— f; (f1 = Aprm~ & f, = AA) and an ARGUS function to
represent the background. In the fits, the signal peak position is edrfina 4 MeV window that
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Figure 2: Top: the continuum-subtractéd(Aprr) distribution (left) andM(AA) (right) for the combined
Y(1S) andY(2S) data samples. The curve shows the results of the backgranigdit described in the text.
Bottom: the correspondmgl(/\pn*) (left) andM(/\/\) (right) distributions.

is scanned in 4 MeV steps across the ranggs+ mp +my; ) < M(Aprr) < 2my and 2m, <
M(AA) < 2mp + 28 MeV. For theAprr (Aprr™) mode, the signal function is a Gaussian whose
resolution width is fixed at its MC-determined value scaled by a fatter0.85(1.12) that is
determined from a comparison of data and MC fits to includive— A and=2(2470 — =~ "
signals found in the same data samples. Forthanode, the signal function is a Lorentzian with
FWHM fixed at eithef” = 0 or 10 MeV convolved with a Gaussian. Since thand ﬁ acceptances
are different, we fit the particle and antiparticle distributions separately.

None of the fits exhibit a positive signal with greater thansdgnificance. The fit results are
translated into 90% CL upper limits on the signal yieN!-(My) andNY"(My), by convolving
the fit likelihood distribution with a Gaussian whose width equals the systematic(discussed
below) and then determining the yield below which 90% of the area alNpwe0 is contained.
These values are used to determine upper limits on the inclusive prodachbrg fractions via
the relation#(Y(1,2S) — H X)- #(H — fi) < ZNY(PELW)' NiUL;M“) , whereNy = (260+6) x 10°
is the total number of{1S) plusY(2S) events in the data sample aggh ., = 0.639+0.005 [7].

For the final limits quoted in Table 1, we use the branching fraction value diméins< 90%
of the above-zero area of the product of Hh@ndH likelihood functions.

4. Conclusion

In summary, we have searched for g state reported in Ref. [3], that is reconstructed in
26 exclusive hadronic final states using a samplEl67.8 + 3.6) x 10° Y(2S) decays. We find no
evidence for a signal and thus determine a 90% C.L. upper limit on the grbrhreching fraction
BIY(2S) — XppY] X Ti B[Xp5 — hi] < 4.9x 1078, which is an order of magnitude smaller than the
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Table1: 90% CL upper limits £10~7) on the product branching fractie#(Y(1,2S) — H X)-Z(H — f;),
f1 = Aprr; OM1 = 2mpy — My and f, = AA; Mo = My — 2ma.
oM; (MeV) ‘ 2 6 10 14 18 22 26 30 34
f1 =Apmr 15. 97 71 63 15 52 17 46 0.8
fo=A\,T=0|6.0 96 22 11. 14. 9.2 25
=10MeV | 16. 17. 15. 37. 44. 42. 33

branching fraction reported in Ref. [3]. We have also searched éoydtlS) state and set an upper
limit Z[Y(2S) — Nb(1S)y] x Ti Z[N6(1S) — hi] < 3.7 x 1076 at 90% C.L.

We also report the most stringent constraints to date on the existenceHefidnaryon with
mass near therdy threshold. These upper limits are between one and two orders of magnitude
below the average of the PDG value for inclusieS) andY(2S) decays to antideuterons. Since
Y — hadrons decays produce final states that are fl&Jg¢B) symmetric, this suggests that if an
H-dibaryon exists in this mass range, it must have very different dynampioglerties than the
deuteron, or, in the case by < 2mp, a strongly suppressétl — Aprr decay mode.
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