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A study of various bottomonium states, inϒ(2S) → γ(bb) decays, reconstructed exclusively in

26 hadronic final states is presented. The study is performedusing a data sample recorded at the

ϒ(2S) resonance with the Belle detector at KEKB, that contains 157.8×106 ϒ(2S) events. The

χbJ(1P) states are found with their masses being consistent with theworld average values. We

find no evidence for the state claimed to have been observed around 9975 MeV/c2 in an analysis

based on a data sample of 9.3×106 ϒ(2S) events collected with the CLEO III detector, and place

an upper limit an order of magnitude lower than the latter result. In the same study, theηb(1S)

state is also searched for.
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1. Introduction

Bottomonium, a bound system of ab quark and an anti-b (b̄) quark, is the heaviest known
quarkonium. The bottomonium system is almost non-relativistic(v2/c2 ≈ 0.1), hence it offers a
unique laboratory to study spin-dependent QCD interactions and to test QCD calculations [1]. In
these proceedings, the discussion is focused on the recent refutation of the Xbb̄(9975) state [2]
while also covering theηb(1S), ηb(2S), andχbJ(1P) states.

2. The ηb(2S) and Xbb̄(9975) states

First evidence of theηb(2S) state was reported by the Belle collaboration in the radiative transi-
tion hb(2P)→ηb(2S)γ, with a significance (including systematics) of 4.2σ [3]. The analysis used a
133.4 fb−1 data sample collected near theϒ(5S) resonance. It studied the processe+e− →ϒ(5S)→
hb(nP)π+π−, hb(nP)→ ηb(mS)γ, in which theηb(mS) states are reconstructed inclusively. It re-
ported the mass of theηb(2S) state to be 9999.0±3.5+2.8

−1.9 MeV/c2, which corresponds to a hyper-
fine mass splitting between theϒ(2S) andηb(2S) states,∆MHF(2S) ≡ M[ϒ(2S)]−M[ηb(2S)], of
24.3+4.0

−4.5 MeV/c2.
Recently, observation of a bottomonium state,Xbb, has been made in the radiativeϒ(2S) decay,

in an analysis performed on a data sample of 9.3×106 ϒ(2S) decays recorded with the CLEO III
detector [4]. TheXbb state is reconstructed in 26 exclusive hadronic final states, and it has been
observed with a significance of∼ 5σ at a mass of 9974.6±2.3±2.1 MeV/c2. In that paper, the
Xbb state is assigned to theηb(2S) state, which corresponds to the hyperfine splitting,∆MHF(2S) =
48.6±3.1 MeV/c2 . The claim ofXbb state to be theηb(2S) is in disagreement with the Belle result
in Ref. [3] as well as with the lattice QCD, potential model and related theoretical predictions that
are summarized in Ref. [5]. On the other hand, the Belle result [3] is in agreement with theory [5, 6].

With almost 17 times larger data (at theϒ(2S) resonance) than the CLEO-III, Belle had a
unique opportunity to confirm or refute the aforementioned observation ofthe Xbb state. Belle
performed an analysis to search theXbb state in the reaction,ϒ(2S)→ γXbb [2], where theXbb state
is reconstructed in the same 26 modes as mentioned in Ref. [4]. The study is done on the 25 fb−1

data sample collected at theϒ(2S) resonance (containing 157.8× 106 ϒ(2S) decays [7]) by the
Belle detector [8] at the KEKB asymmetric-energye+e− collider [9]. In addition, off-resonance
data samples, 89.5 fb−1 collected 60 MeV below theϒ(4S) resonance and 1.7 fb−1 collected 30
MeV below theϒ(2S) resonance, are used for the study of the continuum background.

Charged tracks are selected to form abb̄ system, imposing the impact parameter requirements,
and are later identified as kaons, pions and protons based on information from particle identification
subdetectors (central drift chamber, time of flight and aerogel Cherenkov counters). An isolated
(not matched with a charged track) cluster in the barrel electromagnetic calorimeter that has energy
greater than 22 MeV and cluster shape consistent with an electromagnetic shower is selected as
a photon candidate. Anϒ(2S) candidate is formed by combining a photon candidate with thebb̄
system. To suppress continuum background, a requirement on|cosθT | < 0.8 is imposed, where
θT is the angle between the photon candidate and the thrust axis in the event. Later, requirements
are made on the difference between the energy of theϒ(2S) candidate and the beam energy in
the center-of-mass (CM) frame (−0.04 GeV< ∆E < 0.05 GeV), the momentum of theϒ(2S)
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candidate in the CM frame (P∗
ϒ(2S) < 0.03 GeV/c), and the angle between theγ candidate and

the bb̄ system in theϒ(2S) candidate CM frame (θγbb > 150◦). These requirements are obtained
from an optimization procedure by usingS/

√
S+B as a figure of merit, whereS is the number of

signal events estimated from the branching fraction obtained by Ref. [4] and B is the number of
background events. A kinematic fit (4C-fit) is applied to theϒ(2S) candidates, which improves the
resolution of the signal, and theχ2 of the 4C-fit is used to select the best candidate.

In Figure 1, theϒ(2S) data after all selection criteria applied is presented in terms of∆M ≡
M[(bb)γ ]−M[(bb)]. The signals [Xbb and χbJ(1P)] in the plot are parameterized by the double
gaussian (a standard gaussian and an asymmetric gaussian) and the background is parameterized
by a sum of an exponential function and a first order Chebyshev polynomial (shown with blue
dotted line in Fig. 1). The large signal yields for theχbJ(1P) are found (300, 950, and 580 events
for J=0, 1, and 2 respectively), which allows to precisely determine mass of χbJ(1P) states in
agreement with PDG 2012 [10] to be 9859.63±0.49, 9892.83±0.23, and 9912.00±0.34MeV/c2,
respectively, forJ = 0, 1, and 2. No signal (−30±19 events) is found for theXbb state and an upper
limit on the product branching fractionB[ϒ(2S)→ Xbbγ ]×∑i B[Xbb → hi]< 4.9×10−6 is derived
at 90% CL (Confidence Level).
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Figure 1: ∆M distributions forϒ(2S) data events that pass the selection criteria applied. Points with error
bars are the data, and the blue solid curve is the result of thefit for the signal-plus-background hypothesis,
and the blue dashed curve is the background component. The threeχbJ(1P) components indicated by the
red dotted curves are considered here as part of the signal.

3. The ηb(1S) state

The ground state of bottomonium system, theηb(1S) meson, was first observed in the radiative
decays ofϒ(3S) by the BaBar collaboration in 2008 [11]. The measurements done for theηb(1S)
state, are summarized in Table 1. The Belle result is not only the single most precise measurement
of theηb(1S), but also it measures the width ofηb(1S) to be 10.8+4.0+4.5

−3.7−2.0 MeV for the first time [3].
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Table 1: Measurements for theηb(1S) mass.

Reference Transition Mass ofηb(1S) in MeV/c2

Belle Collab. [3] e+e− → ϒ(5S)→ hb(nP)π+π−, 9402.4±1.5±1.8
hb(nP)→ ηb(1S)γ, where n = 1 and 2

CLEO Collab. [12] ϒ(3S)→ γηb(1S) 9391.8±6.6±2.0
BaBar Collab. [13] ϒ(2S)→ γηb(1S) 9394.2+4.8

−4.9±2.0
BaBar Collab. [11] ϒ(3S)→ γηb(1S) 9388.9+3.1

−2.3±2.7

Similar to the search of theXbb state (as discussed in Section 2), theηb(1S) state is also looked
for in the same 26 exclusive hadronic states in the radiative decays ofϒ(2S) [2]. Figure 2 shows the
∆M distribution for the selectedϒ(2S) data events, where no signal of theηb(1S) state is found in
the exclusive reconstruction. In that paper, Belle reported an upper limitat 90%CL on the product
branching fractionB[ϒ(2S)→ ηb(1S)γ ]×∑i B[ηb(1S)→ hi] < 3.7×10−6.
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Figure 2: ∆M distributions forϒ(2S) data events that pass the selection criteria applied. Points with error
bars are the data and the blue solid curve is the result of the fit for the signal-plus-background hypothesis,
and the blue dashed curve is the background component.

4. Summary

Belle performed an analysis in the search of theXbb state in the radiativeϒ(2S) decay, re-
constructed in the same 26 hadronic modes in Ref. [4], but no enhancement seen near 9975
MeV/c2. So, an upper limit on the product branching fractionB[ϒ(2S)→ Xbbγ ]×∑i B[Xbb → hi]

< 4.9×10−6 is derived at 90% CL. In case ofηb(1S) reconstructed exclusively in the 26 modes,
Belle gave an upper limit on the product branching fractionB[ϒ(2S)→ηb(1S)γ ]×∑i B[ηb(1S)→
hi] < 3.7×10−6 is derived at 90% CL.
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