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1. Introduction

TheBABAR experiment - which is described in detail elsewhere [1, 2] - has recently obtained
several important results in bottomonium physics, mainly based on the large datasets collected
at energies in thee+e− center-of-mass (CM) frame equal to the masses of theϒ(3S) andϒ(2S)

resonances. The integrated luminosities of the samples analyzed are of 28.0 fb−1 at theϒ(3S), and
13.6 fb−1 at theϒ(2S), respectively. Here we show the results obtained in the search for thehb(1P)

state, with the evidence of the decaysϒ(3S) → π0hb(1P) [3], and the search for the same state in
the decaysϒ(3S)→ π+π−hb(1P) [4]. We also present a study of radiative bottomonium transitions
using converted photons [5].

2. Search for hb(1P) in ϒ(3S) decays

After the thirty-year-long search for theηb(1S) bottomonium state [6], the interest in the
bottomonium spectroscopy has been revitalized, and focused on the search for the still missing
resonances. Here we present the recent results obtained byBABAR in the search for thehb(1P)

state, using the sample ofϒ(3S) mesons.
Measuring mass and properties of thehb(1P) is fundamental in order to understand the hy-

perfine mass splitting forP-wave states. The expected mass of thehb(1P) is the spin-weighted
center-of-gravity of theχbJ(1P) system, i.e. about 9900 MeV/c2. The predicted decay mechanism
from theϒ(3S) areϒ(3S) → π0hb(1P) with a rate of 10−3 [7], andϒ(3S) → π+π−hb(1P), with
a rate ranging from 10−2 to 10−3 [8]. The hb(1P) is expected [9] to decay mainly through three
gluons (57%), and radiatively to theηb(1S) (41%).

2.1 Evidence for ϒ(3S) → π0hb(1P) decays

We analyze the eventsϒ(3S) → π0hb(1P) with hb(1P) → γηb(1S), where the photon energy
range is well defined by the precision measurement of theηb(1S) mass [6]. In order to extract the
signal, we consider the mass distribution of the system recoiling against theπ0 candidate, defined
as: mrecoil(π0) =

√

(
√

s−E∗(π0))2− p∗(π0)2, where
√

s indicates the CM energy, andE∗(π0)

and p∗(π0) the energy and the momentum of theπ0 in the CM frame. We fit the two-photon
invariant mass in intervals ofmrecoil(π0) in order to determine the number ofπ0 in each interval.
The mrecoil(π0) distribution on data is fitted with a smooth background component plus a signal
component. After the background subtraction, the distribution is shown in Fig. 1 (a); a peaking
structure attributed to thehb(1P) signal is present, with a statistical significance of 3.8σ . After
considering the systematic uncertainties, mainly due to the signal and background descriptions, the
significance reduces to 3.1σ , leading to an evidence for thehb(1P) signal. We measure a mass
equal to: m(hb(1P)) = 9902± 4(stat.)± 2(syst.)MeV/c2, and a product of branching fractions:
B(ϒ(3S) → π0hb(1P))×B(hb(1P) → γηb(1S)) = (4.3±1.1(stat.)±0.9(syst.))×10−4 [3].

2.2 Search for hb(1P) in ϒ(3S) → π+π−X decays

The hb(1P) has been also searched for in the inclusive dipion decaysϒ(3S) → π+π−X.
The signal extraction is performed using the recoil mass against the dipion system, defined as:
mR =

√

(
√

s−E∗(π+π−))2− p∗(π+π−)2, whereE∗(π+π−) andp∗(π+π−) are the energy and the
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Figure 1: (a) Themrecoil(π0) distribution for data (points, and squares in the signal region), after subtracting
background; the shaded histogram is the signal function resulting from the fit to the data, and the area with
diagonal shading represents the uncertainties from the background fit. (b) ThemR spectrum for data (points)
after subtracting the continuum background; the curves represent theϒ(2S)ISR → π+π−ϒ(1S) (dotted),
K0

S (double-dot-dashed),χb1(2P) → π+π−χb1(1P) (dashed),χb2(2P) → π+π−χb2(1P) (dot-dashed), and
ϒ(3S) → π+π−ϒ(2S) (long-dashed) components. In the inset, an expanded view ofthehb(1P) region, after
subtracting peaking backgrounds.

momentum of the dipion system, calculated in the CM frame. The hb(1P) signal is expected as a
peak on top of a smooth non-peaking background, consisting of continuum events andK0

S → π+π−

decays, plus several bottomonium dipion transitions:ϒ(3S)→ π+π−ϒ(2S); ϒ(2S)→ π+π−ϒ(1S),
with theϒ(2S) produced either via initial state radiation or through a decay ϒ(3S) → ϒ(2S)X; and
χbJ(2P) → π+π−χbJ(1P), with J = 1,2. The distribution ofmR is shown in Fig. 1 (b) after sub-
tracting the continuum background, and in the inset after subtracting the peaking bottomonium
transitions also. No evidence for thehb(1P) state is found, and we calculate the 90% confidence
level (CL) upper limit (UL) on the branching fraction,B(ϒ(3S)→ π+π−hb(1P)) < 1.2×10−4 [4].
This result improves by a factor∼ 10 the previous best UL, and effectively rules out the prediction
for this decay rate [8].

Moreover, this analysis [4] achieves precision measurements of the mass difference between
the ϒ(3S) and theϒ(2S) resonances, and of the branching fractions of several bottomonium dip-
ion transitions. In particular, the transitionsχbJ(2P) → π+π−χbJ(1P), with J = 1,2, are resolved
for the first time. The measured product branching fraction values areB(ϒ(3S) → Xχb1(2P))×
B(χb1(2P)→ π+π−χb1(1P))= (1.16±0.07(stat.)±0.12(syst.))×10−3 andB(ϒ(3S)→Xχb2(2P))

×B(χb2(2P) → π+π−χb2(1P)) = (0.64±0.05(stat.)±0.08(syst.))×10−3.

3. Radiative bottomonium transitions using converted photons

Radiative transitions between bottomonia are well described by effective potential models,
in their non-relativistic limit. Nevertheless, there are cases of suppressed electric (i.e.ϒ(3S) →
γχbJ(1P)) and of “hindered” magnetic (i.e.ϒ(3S,2S) → γηb(1S)) dipole transitions which escape
this explanation. The experimental issue in measuring suchradiative transitions is the broadening
of the photon energies, due to Doppler effect and to detectorresolution. The energy resolution
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Table 1: Measured branching fractions for the transitions examinedin [5]. The ULs are at the 90% CL. The
first error is statistical, the second systematic, and the third - when present - comes from the uncertainties on
secondary branching fractions.

Transition B(%) [5]

χb0(2P) → γϒ(2S) <2.9
χb1(2P) → γϒ(2S) 19.5±1.1+1.1

−1.0±1.9
χb2(2P) → γϒ(2S) 8.6+0.9

−0.8±0.5±1.1

χb0(2P) → γϒ(1S) <1.2
χb1(2P) → γϒ(1S) 9.9±0.3±0.4±0.9
χb2(2P) → γϒ(1S) 7.1±0.2±0.3±0.9

χb0(1P) → γϒ(1S) <4.6
χb1(1P) → γϒ(1S) 36.2±0.8±1.7±2.1
χb2(1P) → γϒ(1S) 20.2±0.7+1.0

−0.4±1.0

ϒ(3S) → γχb0(1P) 2.7±0.4±0.2
ϒ(3S) → γχb2(1P) 10.6±0.3±0.6

ϒ(3S) → γηb(1S) 0.059±0.016+0.014
−0.016

ϒ(2S) → γηb(1S) <0.22

can be significantly improved by using converted photons, that is photons which converted into
an e+e− pair in the detector material. The photon detection efficiency is ≤ 2.5%. We use the
samples ofϒ(3S) and ϒ(2S) resonances, and fit the photon energy spectrum, calculated in the
CM frame, in four different regions of interest: for theϒ(3S) data, between 180 and 300 MeV,
between 300 and 600 MeV, and between 600 and 1100 MeV; for theϒ(2S) data, between 300
and 800 MeV. The transitionsχbJ(2P) → γϒ(2S,1S) andχbJ(1P) → γϒ(1S), with J = 0,1,2, are
measured with high precision. Moreover, we observeϒ(3S) → γχb0,2(1P) decays, and search for
ϒ(3S,2S) → γηb(1S). No evidence is found forϒ(3S) → γηb(2S) decays. All the relevant results
are summarized in Table 1.
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