
P
o
S
(
E
P
S
-
H
E
P
 
2
0
1
3
)
3
5
7

ϒ(nS) decays and spectroscopy at Belle

P. Krokovny∗ (for the Belle Collaboration)
Budker Institute of Nuclear Physics SB RAS and Novosibirsk State University
E-mail: krokovny@inp.nsk.su

We search for bottomonium states inϒ(2S) → (bb̄)γ decays using 158× 106 ϒ(2S) events

collected with the Belle detector at the KEKBe+e− collider. The (bb̄) system is recon-

structed in 26 exclusive hadronic final states composed of charged pions, kaons, protons, and

K0
S mesons. We find no evidence for the state recently observed around 9975 MeV (Xbb̄) in

an analysis based on a data sample of 9.3× 106 ϒ(2S) events collected with the CLEO III

detector. We set a 90% confidence level upper limit on the branching fractionB[ϒ(2S) →
Xbb̄γ]× ∑i B[Xbb̄ → hi] < 4.9× 10−6. This result is an order of magnitude smaller than the

measurement reported with CLEO data. We also set an upper limit for the ηb(1S) state of

B[ϒ(2S) → ηb(1S)γ]×∑i B[ηb(1S) → hb(iP)] < 3.7× 10−6. We also report the results of a

high-statistics search forH-dibaryon production in inclusiveϒ(1S) andϒ(2S) decays based on

analyses of 102×106 ϒ(1S) and 158×106 ϒ(2S) events collected with the Belle detector at the

KEKB e+e− collider. No indication of anH-dibaryon with mass near theMH = 2mΛ threshold is

seen in either theH → Λpπ− or ΛΛ decay channels and 90% confidence level branching-fraction

upper limits are set that are between one and two orders of magnitude below the measured branch-

ing fractions for inclusiveϒ(1S) andϒ(2S) decays to antideuterons. Sinceϒ(1,2S) decays pro-

duce flavor-SU(3)-symmetric final states, these results put stringent constraints onH-dibaryon

properties.

The European Physical Society Conference on High Energy Physics
18-24 July, 2013
Stockholm, Sweden

∗Speaker.

c© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



P
o
S
(
E
P
S
-
H
E
P
 
2
0
1
3
)
3
5
7

ϒ(nS) decays and spectroscopy at Belle P. Krokovny

1. Introduction

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

We use data samples containing 102 millionϒ(1S) and 158 millionϒ(2S) decays collected
with the Belle detector [1] operating at the KEKBe+e− collider [2]. The data were accumulated at
center-of-mass system (cms) energies of

√
s = 9.460 GeV and 10.023 GeV, which correspond to

theϒ(1S) andϒ(2S) resonance peaks, respectively.

2. Search for Bottomonium States in Exclusive Radiative ϒ(2S) Decays

We report a search for the statesXbb̄ in ϒ(2S) → Xbb̄γ decays andηb(1S) in ϒ(2S) → ηb(1S)γ
decays. This analisys is decribed in more details in Ref. [4]. We reconstruct (bb̄) system in 26
modes reported in Ref. [3]. We require all charged tracks, except for those fromK0

S decays, to orig-
inate from the vicinity of the interaction point (IP). Track candidates are identified as pions, kaons,
or protons based on information from the CDC, the TOF and the ACC. CandidateK0

S mesons are
reconstructed by combining two oppositely charged tracks (with a pion mass assumed for both)
with an invariant mass between 486 and 509 MeV/c2; the selected candidates are also required
to have decay vertex displaced from the IP. We then combine a photon candidate with the(bb̄)

system to form anϒ(2S) candidate. The photon is reconstructed from an isolated (not matched to
any charged track) cluster in the ECL that has an energy greater than 22MeV and a cluster shape
consistent with an electromagnetic shower. The energy of the signal photon is 30−70 MeV and
400− 900 MeV for theXbb̄ and ηb(1S), respectively. We exclude photons from the backward
endcap in theηb(1S) selection to suppress low-energy photons arising from beam-related back-
ground. For theXbb̄ selection, both the backward and forward endcap regions are excluded. The
signal windows for the difference between the energy of theϒ(2S) candidate and the CM energy
(∆E) and theϒ(2S) momentum measured in the CM frame (P∗

ϒ(2S)) are optimized separately for

theXbb̄ andηb(1S) mass regions. We perform this optimization using a figure-of-meritS/
√

S +B,
whereS is the expected signal based on MC simulations, andB is the background estimated from
a sum of theϒ(4S) off-resonance data, scaled to the availableϒ(2S) integrated luminosity, and
the inclusiveϒ(2S) MC sample described earlier. The value ofS is calculated by assuming the
branching fraction to be 46.2×10−6 for theXbb̄ [3] and 3.9×10−6 for theηb(1S) [5]. Theϒ(2S)

candidates with−40MeV< ∆E < 50MeV andP∗
ϒ(2S) < 30MeV/c [−30MeV< ∆E < 80MeV and

P∗
ϒ(2S) < 50MeV/c] are retained for a further study of theXbb̄ [ηb(1S)] state. For the two-body

decay hypothesis, the angleθ(bb̄)γ between the reconstructed (bb̄) system and the photon candidate
in the CM frame should be close to 180◦. We apply an optimized requirement onθ(bb̄)γ to be
greater than 150◦ [177◦] to select theϒ(2S) → Xbb̄γ [ϒ(2S) → ηb(1S)γ] decay candidates. The
difference between the invariant mass formed by combining the signal photon with another photon
candidate in the event and the nominalπ0 mass [7] is computed for each photon pair; the smallest
of the magnitudes of these differences is denoted by∆Mγγ and used for aπ0 veto. For theηb(1S)

selection, where the background contribution is dominated byπ0’s coming from theϒ(2S) decays,
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Figure 1: The∆M distributions for (left)ϒ(4S) off-resonance data and (right)ϒ(2S) data events that pass
the selection criteria. Points with error bars are the data,curves show the fit results. The right inset shows an
expanded view of the∆M distribution in the[0.035,0.065]GeV/c2 region.

we require∆Mγγ > 10MeV/c2. The final selection efficiencies for the individual modes range from
6.1% to 1.2%.

We apply a kinematic fit to theϒ(2S) candidates constrained by energy-momentum conser-
vation. The resolution of the reconstructed invariant mass of theηb(1S), presented in terms of
∆M ≡ M[(bb̄)γ]−M(bb̄), is significantly improved by this fit from approximately 14 to 8MeV/c2.
The fit χ2 value is used to select the bestϒ(2S) candidate in the case of multiple candidates that
appear in about 10% of the events satisfying theXbb̄ selection.

We extract the signal yield by performing an unbinned extended maximum-likelihood fit to the
∆M distribution for all selected candidates. The probability density functions (PDFs) for χbJ(1P)

andXbb̄ signals are parametrized by the sum of a Gaussian and an asymmetric Gaussian function to
take into account low-energy tails. Their parameters are taken from MC simulations. To account for
the modest difference in the detector resolution between data and simulations,we use a calibration
factor common to the four signal components,i.e., χbJ(1P) with J = 0,1,2 andXbb̄, to smear their
core Gaussian components. The choice of the background PDF is particularly important and is
determined from the large sample ofϒ(4S) 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 function and a first-order
Chebyshev polynomial for theXbb̄ region, whose parameters are allowed to vary in the fit. This is
in contrast to Ref. [3], where a single exponential function was used to describe the background
PDF. The polynomial component is needed to model the background due to final-state radiation for
∆M < 0.15GeV/c2 and fromπ0 for ∆M ≥ 0.15GeV/c2. We have verified using a large number of
pseudoexperiments that if theXbb̄ 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 the∆M distributions for the sum of the 26
modes in theXbb̄ region. The results of the fit show no evidence of anXbb̄ signal, with a yield of
−30±19 events. In the fits to theχbJ(1P) (J = 0,1,2) states we observe large signal yields and
determine invariant masses of 9859.6±0.5, 9892.8±0.2 and 9912.0±0.3MeV/c2, respectively,
which are in excellent agreement with the corresponding world-averagevalues [7]. The parameters
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obtained for the background PDF in theϒ(2S) sample are consistent with those found in the fit to
theϒ(4S) off-resonance data, giving us confidence in our background modeling. The signal PDF
for the ηb(1S) is a Breit-Wigner function, whose width is fixed to the value obtained in Ref. [6],
convolved with a Gaussian function with a width of 8MeV/c2 describing the detector resolution. A
first-order Chebyshev polynomial is used for the background in theηb(1S) region, validated with
the large sample ofϒ(4S) off-resonance data. No signal (−6±10 events) is found for theηb(1S).

The branching fraction is determined from the number of observed signalevents (nsig) asB =

nsig/{ε[(bb̄)]×Nϒ(2S)}, whereε[(bb̄)] is the average efficiency andNϒ(2S) is the total number of
ϒ(2S) decays. In the absence of the signal, we obtain an upper limit at 90% confidence level (C.L.)
on the branching fraction (BUL) by integrating the likelihood (L ) of the fit with fixed values of the
branching fraction:

∫
BUL
0 L (B)dB = 0.9×∫ 1

0 L (B)dB. Multiplicative systematic uncertainties
are included by convolving the likelihood function with a Gaussian function witha width equal
to the total uncertainty. We estimateB[ϒ(2S) → ηb(1S)γ]×∑i B[ηb(1S) → hi] < 3.7×10−6 and
B[ϒ(2S) → Xbb̄γ]×∑i B[Xbb̄ → hi] < 4.9×10−6.

3. Search for an H-dibaryon with mass near 2mΛ in ϒ(1S) and ϒ(2S) decays

We search forH-dibaryon production in the inclusive processesϒ(1,2S) → H X ; H → Λpπ−

andΛΛ. This analisys is decribed in more details in Ref. [8]. We assume equalϒ(1S) andϒ(2S)

branching fractions:i.e., B(ϒ(1S) → H X) = B(ϒ(2S) → H X) ≡ B(ϒ(1,2S) → H X). Λ candi-
dates are reconstructed inpπ− decay using the selection criteria described in Ref. [9]. We require
∆MΛ ≡ |M(pπ)−mΛ|< 3.0 MeV. For theH →Λpπ− search, thepπ− track selection requirements
are optimized usingFoMs determined by MC assumingτH = τΛ. Both thep andπ− are required
to be well identified. We require that thep andπ− tracks and theΛ trajectory satisfy a fit to a com-
mon vertex withχ2

Λpπ− ≤ 50. In addition we requirecτΛpπ− ≥ 0.0, wherecτ ≡ ~ℓ ·~pHMH/|~pH |2

and~ℓ is the displacement between the run-dependent average interaction point(IP) and the fitted
vertex position. TheΛ → p1π−

1 candidate is subjected to a kinematic fit that constrainsM(p1π−
1 )

to mΛ. The final selection efficiencies are determined from MC by averagingϒ(1S) & ϒ(2S) signal
MC to beε1 = 7.7% for H → Λpπ− andε̄1 = 8.8% for H̄ → Λ̄p̄π+. For the secondΛ (Λ2) in the
H → Λ1Λ2 (Λi → piπ−

i ) channel, in addition to the criteria used forΛ1 selection,FoMs based on
MC events are used to optimize the additional requirementsχ2

Λ1Λ2
< 200 from aΛ1Λ2 vertex and IP

constrained fit, andcτΛ2 ≥ −0.5 cm. TheΛΛ candidates are subjected to a kinematic fit that con-
strains bothpπ− masses tomΛ. The MC-determined selection efficiencies, obtained by averaging
ϒ(1S) & ϒ(2S) signal MC results, areε2 = 10.9% for H → ΛΛ andε̄2 = 10.1% for H̄ → Λ̄Λ̄.

The resulting continuum-subtractedM(Λpπ−) (M(Λ̄p̄π+)) andM(ΛΛ) (M(Λ̄Λ̄)) distribution
for the combinedϒ(1S) and ϒ(2S) samples, shown in the top (bottom) panel of Fig. 2, has no
evidentH → Λpπ− (H̄ → Λ̄ p̄π+) signal. There is no sign of a near-threshold enhancement similar
to that reported by the E522 collaboration [10] nor any other evident signal for H →ΛΛ (H̄ → Λ̄Λ̄).
The curve in the figure is the result of a fit using an ARGUS-like threshold function to model the
background fit residuals are also shown.

For each channel, we do a sequence of binned fits to the invariant mass distributions in Fig. 2
using a signal function to representH → fi ( f1 = Λpπ− & f2 = ΛΛ) and an ARGUS function to
represent the background. In the fits, the signal peak position is confined to a 4 MeV window that
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Figure 2: Top: the continuum-subtractedM(Λpπ−) distribution (left) andM(ΛΛ) (right) for the combined
ϒ(1S) andϒ(2S) data samples. The curve shows the results of the background-only fit described in the text.
Bottom: the correspondingM(Λ̄p̄π+) (left) andM(Λ̄Λ̄) (right) distributions.

is scanned in 4 MeV steps across the ranges(mΛ + mp + mπ−) ≤ M(Λpπ−) ≤ 2mΛ and 2mΛ ≤
M(ΛΛ) ≤ 2mΛ + 28 MeV. For theΛpπ− (Λ̄ p̄π+) mode, the signal function is a Gaussian whose
resolution width is fixed at its MC-determined value scaled by a factorf = 0.85(1.12) that is
determined from a comparison of data and MC fits to inclusiveΞ− → Λπ− andΞ0

c(2470)→ Ξ−π+

signals found in the same data samples. For theΛΛ mode, the signal function is a Lorentzian with
FWHM fixed at eitherΓ = 0 or 10 MeV convolved with a Gaussian. Since thefi and f̄i acceptances
are different, we fit the particle and antiparticle distributions separately.

None of the fits exhibit a positive signal with greater than 3σ significance. The fit results are
translated into 90% CL upper limits on the signal yield,NUL

i (MH) andN̄UL
i (MH), by convolving

the fit likelihood distribution with a Gaussian whose width equals the systematic error (discussed
below) and then determining the yield below which 90% of the area aboveNi = 0 is contained.
These values are used to determine upper limits on the inclusive product branching fractions via

the relationB(ϒ(1,2S) → H X) ·B(H → fi) < 1
2Nϒ(BΛ→pπ− )i

NUL
i (MH)

εi
, whereNϒ = (260±6)×106

is the total number ofϒ(1S) plusϒ(2S) events in the data sample andBΛ→pπ− = 0.639±0.005 [7].
For the final limits quoted in Table 1, we use the branching fraction value that contains< 90%

of the above-zero area of the product of theH andH̄ likelihood functions.

4. Conclusion

In summary, we have searched for theXbb̄ state reported in Ref. [3], that is reconstructed in
26 exclusive hadronic final states using a sample of(157.8±3.6)×106 ϒ(2S) decays. We find no
evidence for a signal and thus determine a 90% C.L. upper limit on the product branching fraction
B[ϒ(2S)→ Xbb̄γ]×∑i B[Xbb̄ → hi] < 4.9×10−6, which is an order of magnitude smaller than the
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Table 1: 90% CL upper limits (×10−7) on the product branching fractionB(ϒ(1,2S)→H X) ·B(H → fi),
f1 = Λpπ−; δM1 = 2mΛ −MH and f2 = ΛΛ; δM2 = MH −2mΛ.

δMi (MeV) 2 6 10 14 18 22 26 30 34

f1 = Λpπ− 15. 9.7 7.1 6.3 1.5 5.2 1.7 4.6 0.8

f2 = ΛΛ, Γ = 0 6.0 9.6 2.2 11. 14. 9.2 2.5

Γ = 10 MeV 16. 17. 15. 37. 44. 42. 33.

branching fraction reported in Ref. [3]. We have also searched for theηb(1S) state and set an upper
limit B[ϒ(2S) → ηb(1S)γ]×∑i B[ηb(1S) → hi] < 3.7×10−6 at 90% C.L.

We also report the most stringent constraints to date on the existence of anH-dibaryon with
mass near the 2mΛ threshold. These upper limits are between one and two orders of magnitude
below the average of the PDG value for inclusiveϒ(1S) andϒ(2S) decays to antideuterons. Since
ϒ → hadrons decays produce final states that are flavor-SU(3) symmetric, this suggests that if an
H-dibaryon exists in this mass range, it must have very different dynamicalproperties than the
deuteron, or, in the case ofMH < 2mΛ, a strongly suppressedH → Λpπ− decay mode.
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