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1. Introduction

The Belle detector [1] collected over 1ab−1 of data, including 25fb−1 running at an energy
corresponding to the mass of the ϒ(2S) resonance, and 6fb−1 at the energy of the ϒ(1S). These are
the world’s largest datasets at these resonances, and represent the creation of 102 million ϒ(1S),
and 158 million ϒ(2S) particles. For the ϒ(2S) dataset, 32% (∼ 50.5 million) of the ϒ(2S) mesons
decay to states including an ϒ(1S), including 19% (∼ 30 million) which are π+π− tagged ϒ(2S)
to ϒ(1S) transitions.

This document describes four analyses of ϒ(1S) and ϒ(2S) decays — each of which uses the
full available dataset(s).

2. The decay ϒ(2S)→ ϒ(1S)η .

The decay ϒ(nS)→ ϒ(mS)π+π− is an E1E1 transition, and does not require a spin flip. Con-
versely, the decays ϒ(nS)→ ϒ(mS)η , ϒ(mS)π0 are E1M2 transitions, which do require a spin
flip. The QCD multipole expansion [2] predicts that there should be a suppression of the mode
containing an η meson with respect to the mode containing two charged pions. Results from
BaBar and CLEO do not agree with theory predictions. BaBar measures a branching fraction [3]
of B(ϒ(4S)→ ϒ(1S)η) = (1.96± 0.11)× 10−4, which is 2.5 times larger than for the mode with
two charged pions. For the mode ϒ(3S)→ ϒ(1S)η theory predicts a branching fraction of (1–
10)×10−4 and BaBar sets a limit [4] of B(ϒ(3S)→ ϒ(1S)η)< 1.0×10−4. The theory prediction
for B(ϒ(2S)→ ϒ(1S)η) is (4–8)×10−4; CLEO measures B(ϒ(2S)→ ϒ(1S)η) = 2.1× 10−4 [5],
and BaBar reports a value of B(ϒ(2S)→ ϒ(1S)η) = 2.39×10−4 [4]; both measurements are lower
than expectations.
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Figure 1: The mass distribution of η candidates reconstructed in the analysis of ϒ(2S)→ ϒ(1S)η , showing
the signal, background and combined fits.

Belle searches for the decay ϒ(2S) → ϒ(1S)η , by reconstructing the ϒ(1S) via the decay
ϒ(1S)→ l+l− (l = e, µ). The η meson is reconstructed in one of two modes, either η → γγ or
η → π+π−π0. Figure 1 shows the η candidate mass distribution, with the dashed line showing
the signal fit, and the solid line showing the combined fit. The fit gives a result of B(ϒ(2S)→
ϒ(1S)η) = (3.41±0.28±0.35)×10−4, where the first uncertainty is statistical and the second is
systematic. This is higher than previous measurements (the current value from the Particle Data
Group (PDG) is B(ϒ(2S)→ ϒ(1S)η) = (2.34± 0.31)× 10−4 [6]), but consistent with theoretical
predictions.
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In addition, there is a search for the decay ϒ(2S)→ ϒ(1S)π0. This mode is further suppressed
by isospin with respect to the mode with the η meson. The π0 meson is reconstructed via its decay
to two photons. No significant signal is observed, and an upper limit of B(ϒ(2S)→ ϒ(1S)π0) <

0.43×10−4 is calculated at 90% confidence level (CL). This is more restrictive than the previous
best limit from CLEO of B(ϒ(2S)→ ϒ(1S)π0)< 1.8×10−4 [5].

3. ϒ(1S)/ϒ(2S)→ light hadrons.

In the charmonium sector there is an estimate of the ratio of branching fractions:

Qψ =
Bψ(2S)→hadrons

BJ/ψ→hadrons
=

Bψ(2S)→e+e−

BJ/ψ→e+e−
∼ 12%, (3.1)

which is known as the “12% rule”. This “rule” is not followed in some Vector-Pseudoscalar (VP)
and Vector-Tensor (VT) decays, for example ψ(2S),J/ψ → ρπ .

For bottomonium there is an equivalent prediction:

Qϒ =
Bϒ(2S)→hadrons

Bϒ(1S)→hadrons
=

Bϒ(2S)→e+e−

Bϒ(1S)→e+e−
= 0.77±0.07, (3.2)

this prediction is expected to hold better for the higher mass Upsilon mesons than for charmonium
mesons.

Belle studied the the decays of ϒ(1S) and ϒ(2S) mesons to light hadrons in ten channels (for
each):

• 3 three-body modes: φK+K−, ωπ+π−, K∗0K−π+;

• 4 VT modes: φ f ′2, ω f2, ρa2, K∗0K∗02 ;

• 3 Axial-vector-Pseudoscalar (AP) modes: K1(1270)+K−, K1(1400)K−, b1(1235)+π−.

The signal yield is calculated by fitting mass distributions of the reconstructed particles. Ta-
ble 1 shows the fitting results for all ten channels [7]. There is a significant signal observed in five
of the channels (for at least one of the two Upsilon mesons). This includes all three of the three
body modes; these results are the first observation of exclusive three-body hadronic annihilations of
ϒ(1S)/ϒ(2S). The values of Qϒ are in agreement with equation 3.2, though for the ωπ+π− mode
a deviation of 2.6 standard deviations (σ ) is observed. However a significant signal is observed for
only the ϒ(1S) meson decay for this mode.

4. Search for double charmonium decays from χbJ(1P).

Measurements of production of double charmonium states has produced results that have been
higher than predictions from leading order nonrelativistic quantum chromodynamics (NRQCD). A
number of models were proposed to explain the discrepancy. Measurements of production of dou-
ble charmonium states from χbJ(1P) states would provide additional information for discriminating
between and refinement of these models.
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Table 1: A table showing the results of the search for the decays ϒ(1S,2S)→ light hadrons [7]. Nsig is the
number of signal events obtained from a fit, NUP

sig is the upper limit on this quantity for cases where Nsig is not
statistically significant, Σ is the statistical significance from the fit, expressed in terms of standard deviations,
B is the calculated branching fraction for each channel, and BUP is the upper limit on the branching fraction.
Qϒ is the ratio defined in equation 3.2, and QUP

ϒ
is the upper limit on Qϒ for cases where one or both of

the ϒ(1S,2S) modes do not have a significant branching fraction. For quantities where two uncertainties are
shown the first is statistical, and the second systematic.

Channel ϒ(1S) ϒ(2S)
Nsig NUP

sig Σ B BUP Nsig NUP
sig Σ B BUP Qϒ QUP

ϒ

φK+K− 56.3±8.7 8.6 2.36±0.37±0.29 58±12 6.5 1.58±0.33±0.18 0.67±0.18±0.11
ωπ+π− 63.6±9.5 8.5 4.46±0.67±0.72 29±12 51 2.5 1.32±0.54±0.45 2.58 0.30±0.13±0.11 0.55

K∗0K−π+ 173±20 11 4.42±0.50±0.58 135±23 6.4 2.32±0.40±0.54 0.52±0.11±0.14
φ f ′2 6.9±3.9 15 2.1 0.64±0.37±0.14 1.63 8.3±6.0 18 1.6 0.50±0.36±0.19 1.33 0.77±0.70±0.33 2.54
ω f2 5.2±4.0 13 1.5 0.57±0.44±0.13 1.79 −0.4±3.3 6.1 −0.03±0.24±0.01 0.57 −0.06±0.42±0.02 1.22
ρa2 29±11 49 2.7 1.15±0.47±0.18 2.24 10±11 30 0.9 0.27±0.28±0.14 0.88 0.23±0.26±0.12 0.82

K∗0K∗02 42.2±9.5 5.4 3.02±0.68±0.34 32±11 3.3 1.53±0.52±0.19 0.52±0.21±0.07
K1(1270)+K− 3.7±4.9 13 0.8 0.54±0.72±0.21 2.41 11.0±4.4 26 1.2 1.06±0.42±0.32 3.22 1.96±2.71±0.84 4.73
K1(1400)K− 23.8±8.2 3.3 1.02±0.35±0.22 9.2±8.2 24 0.5 0.26±0.23±0.09 0.83 0.26±0.25±0.10 0.77
b1(1235)+π− 14.4±6.9 28 2.4 0.47±0.22±0.13 1.25 1.2±3.5 13 0.2 0.02±0.07±0.01 0.40 0.05±0.16±0.03 0.35

For χbJ(1P)→ J/ψJ/ψ NRQCD [8] predicts a branching fraction of 10−5 for J = 0,2 or
10−11 for J = 1. Predictions also exist from perturbative QCD [9] and using the light cone formal-
ism [10] (Table 2), which are of similar magnitude to each other, but significantly higher than the
NRQCD predictions.

Table 2: Predictions of the branching fractions for χbJ decays to double charmonium states using the light
cone formalism [10].

J = 0 J = 2
χbJ(1P)→ J/ψJ/ψ 9.6×10−5 1.1×10−3

χbJ(1P)→ J/ψψ ′ 1.6×10−4 1.6×10−3

χbJ(1P)→ ψ ′ψ ′ 6.6×10−5 5.9×10−4

Belle searches for 9 different decay modes: χbJ(1P)→ J/ψJ/ψ , χbJ(1P)→ J/ψψ ′, χbJ(1P)→
ψ ′ψ ′ for each of J = 0,1,2. This search is carried out via radiative decays of the ϒ(2S), i.e.
ϒ(2S)→ γχbJ(1P). One of the charmonium particles in the decay is fully reconstructed, and it is
required that the missing mass in the event is consistent with the mass of the second charmonium
particle.

There is no significant signal observed in any of the channels [11], and upper limits are placed
on each of the channels; these are summarised in Table 3. These upper limits are much lower than
the central values predicted by pQCD and by light cone formalism. The limits are consistent with
NRQCD calculations.

5. Bottomonium exclusive decays to hyperon-antihyperon pairs.

Belle searched for the decays of bottomonium states (ϒ(1S), ϒ(2S), and χbJ) to hyperon-
antihyperon pairs (ΛΛ̄, ΞΞ̄, or ΩΩ̄), with up to two light mesons (either no additional particles, an
η meson, a single π0 meson, or a π+π− pair). Some of these decay modes have been observed for
charmonium states with branching fractions of 10−4−10−5.
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Table 3: Summary of the upper limits at 90% confidence level for χbJ decays to double charmonium
modes [11]. In the table nup is the upper limit on the number of signal events, ε is the sum of efficien-
cies from different modes with J/ψ and ψ ′ branching fractions and trigger efficiency included, σsys is the
total systematic error, and BR is the upper limit on the branching fraction.

Channel nup ε(%) σsys(%) BR

χb0→ J/ψJ/ψ 21 5.8 16 7.1×10−5

χb1→ J/ψJ/ψ 13 6.3 30 2.7×10−5

χb2→ J/ψJ/ψ 22 5.9 27 4.5×10−5

χb0→ J/ψψ ′ 20 3.4 17 1.2×10−4

χb1→ J/ψψ ′ 5.8 3.8 15 1.7×10−5

χb2→ J/ψψ ′ 17 3.5 16 4.9×10−5

χb0→ ψ ′ψ ′ 3.0 2.1 20 3.1×10−5

χb1→ ψ ′ψ ′ 12 2.2 17 6.2×10−5

χb2→ ψ ′ψ ′ 3.3 2.1 12 1.6×10−5

Events are fully reconstructed; the ϒ(1S) and χbJ decays are reconstructed via ϒ(2S) →
ϒ(1S)+X and ϒ(2S)→ γχbJ respectively. To increase efficiency the ϒ(1S) and χbJ are not tagged.
Events are then selected that contain exactly one hyperon and one anti-hyperon. Signal yields are
extracted from the mass distribution, fitting each mass distribution for peaks corresponding to the
masses of the ϒ(2S), ϒ(1S), and χbJ mesons. The mass distributions are shown in Figure 2. The ΞΞ̄

and ΩΩ̄ samples are expected to be almost free of background events in the signal fitting region.

Table 4: Preliminary upper limits on the branching fractions of each channel used in the search for bottomo-
nium decays to hyperon-antihyperon pairs.

Upper limit /10−6

Channel S = Λ S = Ξ S = Ω

ϒ(2S)→ SS̄ 0.17 0.89 1.8
ϒ(2S)→ SS̄π0 0.79 2.3 6.6
ϒ(2S)→ SS̄η 0.82 2.8 7.4
ϒ(2S)→ SS̄π+π− 0.30 0.61 2.0

ϒ(1S)→ SS̄ 0.59 1.8 6.7
ϒ(1S)→ SS̄π0 3.7 7.8 23
ϒ(1S)→ SS̄η 3.7 12 24
ϒ(1S)→ SS̄π+π− 4.6 4.8 9.6

χbJ(1P)→ SS̄ 0.59 1.8 6.7
χbJ(1P)→ SS̄π+π− 4.6 4.8 9.6

No significant signal is seen in any of the channels, and upper limits are placed on all channels,
using a Feldman–Cousins approach for channels with no background, and a Frequentist approach
with backgrounds modelled as exponential distributions for channels with backgrounds. These
upper limits are given in Table 4.
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Figure 2: Preliminary mass distributions for each of the final states. Top row: ΛΛ̄(left), ΞΞ̄(centre),
ΩΩ̄(right); second row: ΛΛ̄η(left), ΞΞ̄η(centre), ΩΩ̄η(right); third row: ΛΛ̄π0(left), ΞΞ̄π0(centre),
ΩΩ̄π0(right); bottom row: ΛΛ̄π+π−(left), ΞΞ̄π+π−(centre), ΩΩ̄π+π−(right).
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