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We report the first observations of the spin-singlet bottomonium states hb(1P ) and hb(2P ). The
states are produced in the reaction e+e− → hb(nP )π+π− using a 121.4 fb−1 data sample collected
at energies near the Υ(5S) resonance with the Belle detector at the KEKB asymmetric-energy
e+e− collider. We determine M [hb(1P )] = (9898.2+1.1

−1.0
+1.0
−1.1)MeV/c2 and M [hb(2P )] = (10259.8 ±

0.6+1.4
−1.0)MeV/c2, which correspond to P -wave hyperfine splittings ∆MHF = (+1.7±1.5)MeV/c2 and

(+0.5+1.6
−1.2)MeV/c2, respectively. The significances of the hb(1P ) and hb(2P ) are 5.5 σ and 11.2 σ,

respectively. We find that the production of the hb(1P ) and hb(2P ) is not suppressed relative to
the production of the Υ(1S), Υ(2S) and Υ(3S).

PACS numbers: 14.40.Pq, 13.25.Gv, 12.39.Pn

Bottomonium is the bound system of bb̄ quarks and
is considered an excellent laboratory to study quantum
chromodynamics (QCD) at low energies. The system is
approximately non-relativistic due to the large b-quark
mass, and therefore the quark-antiquark QCD potential
can be investigated via bb̄ spectroscopy [1].

The spin-singlet states hb(nP ) and ηb(nS) alone pro-
vide information concerning the spin-spin (or hyper-
fine) interaction in bottomonium. Measurements of the
hb(nP ) masses provide unique access to the P -wave hy-
perfine splitting, ∆MHF ≡ 〈M(n3PJ )〉 −M(n1P1), the
difference between the spin-weighted average mass of
the P -wave triplet states (χbJ (nP ) or n3PJ) and that
of the corresponding hb(nP ), or n1P1. The hyperfine
splitting for the 1P charmonium states has been mea-
sured recently to be very small: ∆MHF = (0.00 ±
0.15)MeV/c2 [2]. The hyperfine splitting in bottomo-
nium is expected to be smaller that in charmonium due
to its higher mass [3].

Recently, the CLEO Collaboration observed the pro-
cess e+e− → hc(1P )π

+π− at a rate comparable to that
for e+e− → J/ψπ+π− in data taken above open charm
threshold [4]. Such a large rate was unexpected be-
cause the production of hc(1P ) requires a c-quark spin-
flip, while production of J/ψ does not. Similarly, the
Belle Collaboration observed anomalously high rates for

e+e− → Υ(nS)π+π− (n = 1, 2, 3) at energies near the
Υ(5S) mass [5]. Together, these observations motivate
a search for e+e− → π+π−hb(nP ) above open-bottom
threshold at the Υ(5S) resonance.

In this Letter, we report the first observation of the
hb(1P ) and hb(2P ) produced via e+e− → hb(nP )π

+π−

in the Υ(5S) region. We use a 121.4 fb−1 data sample
collected near the peak of the Υ(5S) resonance (

√
s ∼

10.865GeV) with the Belle detector [6] at the KEKB
asymmetric-energy e+e− collider [7].

We observe the hb(nP ) states in the π+π− missing
mass spectrum of hadronic events. The π+π− missing
mass is defined as M2

miss ≡ (PΥ(5S) − Pπ+π−)2, where
PΥ(5S) is the 4-momentum of the Υ(5S) determined from
the beam momenta and Pπ+π− is the 4-momentum of the
π+π− system.

The π+π− transitions between Υ(nS) states provide
high-statistics reference signals. A high purity sam-
ple of such transitions is obtained by reconstructing
µ+µ−π+π− combinations. We select tracks that orig-
inate from the vicinity of the run-averaged interaction
point. The pion candidates are identified based on
the ionization energy loss measurement in the central
drift chamber and the response of the aerogel Cherenkov
counters and time-of-flight system. In addition, electro-
magnetic calorimeter information is used to veto elec-
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FIG. 1. (a) Distribution of Mµ+µ− vs. Mmiss, and the projection on Mmiss from (b)-(d), the diagonal band |Mmiss −Mµ+µ− | <

150MeV/c2 near the Υ(1S), Υ(2S) and Υ(3S); and (e),(f), the horizontal band |Mµ+µ− −M [Υ(1S)]| < 150MeV/c2 near the
Υ(2S) and Υ(3S).

trons. Muons are identified by their range and transverse
scattering in the instrumented flux return of the Belle
solenoid. To suppress the process e+e− → µ+µ−γ(→
e+e−), where the conversion e+e− pair is misidentified
as π+π−, we require that the opening angle between
the candidate pions in the laboratory frame satisfies
cos θπ+π− < 0.95. In Fig. 1 (a) we present the two-
dimensional distribution of µ+µ− massMµ+µ− vs. Mmiss

for events satisfying these criteria.

Clear clusters are visible along a diagonal band, where
Mµ+µ− is roughly equal to Mmiss, and correspond to
fully reconstructed Υ(5S) → Υ(nS)π+π− → µ+µ−π+π−

events. The band along the diagonal is due to the remain-
ing e+e− → µ+µ−γ(→ e+e−) background or due to the
non-resonant e+e− → µ+µ−π+π− process. Events along
the diagonal satisfying |Mmiss −Mµ+µ− | < 150MeV/c2

are projected onto theMmiss axis and fitted to the sum of
a linear background and a Gaussian joined to a power-
law tail on the high mass side. The natural widths of
the Υ(nS) states are negligible compared to the detector
resolution. The high-side tail is due to Initial State Ra-
diation (ISR) photons. This latter function is analogous
to the well-known Crystal Ball function [10] but has the
tail on the higher rather than lower side. We thus refer to
it as a ’reversed Crystal Ball’ (rCB) function. The fitted
Mmiss spectra from this band are shown in Figs. 1 (b)-
(d), and the resulting yields, deviations of peak positions
from world average values [11] and width parameters (σ)
of the rCB function for the Υ(nS) states are displayed

TABLE I. The yield, deviation of peak position from world
average value and width (σ) for signals reconstructed using
Mmiss from the exclusive µ+µ−π+π− selection. For mass dif-
ferences the first error is statistical, the second one is the error
in the world average value [11].

Yield Mass, MeV/c2 σ, MeV/c2

Υ(1S) 1894 ± 61 −0.34± 0.23 ± 0.26 7.68± 0.21

Υ(2S) 2322 ± 60 +0.08± 0.22 ± 0.31 6.60± 0.20

Υ(3S) 661+39
−30 +0.42+0.56

−0.39 ± 0.5 5.98+0.62
−0.37

in Table I. The masses obtained are consistent with the
world average values.

The structures in the horizontal band in Fig. 1 (a),
where Mµ+µ− is roughly equal to M [Υ(1S)], arise from
events in which a daughter Υ(1S) in the event de-
cays to µ+µ−. In Figs. 1 (e)-(f) we present Mmiss

projections from this band, subject to the requirement
|Mµ+µ− −M [Υ(1S)]| < 150MeV/c2. The peaks at the
Υ(3S) and Υ(2S) masses arise from events having π+π−

transitions to Υ(3S) or Υ(2S), followed by inclusive pro-
duction of Υ(1S), and are fitted to rCB functions. Peaks
at 9.97GeV/c2 and 10.30GeV/c2 arise from events in
which a Υ(3S) or Υ(2S) is produced inclusively in Υ(5S)
decays or via ISR, and then decays to Υ(1S)π+π−, and
are fitted to single and double Gaussians, respectively.

To reconstruct the Υ(5S) → hb(nP ) transitions in-
clusively we use a general hadronic event selection with
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FIG. 2. The Mmiss distribution for the selected π+π− pairs
(solid histogram) and K0

S → π+π− reflection multiplied by a
factor 10 to make it visible (dotted histogram). Vertical lines
indicate the locations of the Υ(1S), hb(1P ), Υ(2S), hb(2P )
and Υ(3S) signals.

requirements on the position of the primary vertex, track
multiplicity, and total energy and momentum of the
event [8]. These requirements suppress τ+τ−, quan-
tum electrodynamic, two-photon and beam gas processes
but are very efficient for the bottomonium decays to
hadrons. The background from continuum e+e− → qq̄
(q = u, d, s, c) processes has a jet-like shape as op-
posed to the spherically symmetric signal events and is
suppressed by requiring the ratio of the second to ze-
roth Fox-Wolfram moments to satisfy R2 < 0.3 [9]. The
selection of the π+π− candidates is the same as de-
scribed above for the µ+µ−π+π− sample except that no
requirement on the opening angle is applied. The typ-
ical momenta of signal pions range from 300MeV/c to
600MeV/c. These selection requirements are optimized
by maximizing the significance of the high statistics ref-
erence channel Υ(5S) → Υ(2S)π+π− (extraction of this
signal is described below). The resulting Mmiss spec-
trum, which is dominated by combinatoric π+π− pairs,
is shown in Fig. 2.

The threshold for inclusive K0
S production results in a

sharp rise in the Mmiss spectrum, due to K0
S → π+π−,

very close to the mass of Υ(3S) (see Fig. 2). Rather
than veto π+π− combinations with invariant masses near
M(K0

S), which significantly distorts the Mmiss spectrum
in the vicinity, we obtain the K0

S contamination by fitting
the π+π− invariant mass corresponding to bins ofMmiss.

The Mmiss spectrum is divided into three adjacent re-
gions with boundaries at Mmiss = 9.3, 9.8, 10.1 and
10.45GeV/c2 and fitted separately in each region. In the
third region, prior to fitting, we subtract the contribution
due to K0

S → π+π− bin-by-bin. The signal component
of the fit includes all signals seen in the µ+µ−π+π− data
as well as those arising from π+π− transitions to hb(nP )

and Υ(1D). Monte Carlo (MC) studies indicate that the
shape of the peaks in Mmiss is independent of whether
the π+π− are reconstructed in the hadronic environment
or in the much cleaner environment of exclusively recon-
structed µ+µ−π+π− events. Therefore, in the inclusive
analysis we use shapes determined from the µ+µ−π+π−

sample. For the additional hb(nP ) and Υ(1D) signals we
use the tail parameters of the Υ(2S) and the width pa-
rameters (σ) found by linear interpolation in mass from
the widths of the exclusively-reconstructed Υ(nS) peaks.
The peak positions of all signals are floated, except that
for Υ(3S) → Υ(1S)π+π−, which is poorly constrained
by the fit. In the first two regions, the combinatorial
background is described by a 6th-order Chebyshev poly-
nomial, while in the third we use a 7th-order one. We
perform binned χ2 fits to each region using 1MeV/c2

bins, though for clarity we display the data in 5MeV/c2

bins. The confidence levels of the fits in the three re-
gions are 78%, 80% and 30%, respectively. The Mmiss

TABLE II. The yield, mass and statistical significance from
the fits to the Mmiss distributions. The statistical significance
is calculated from the difference in χ2 between the best fit and
the fit with the signal yield fixed to zero.

Yield, 103 Mass, MeV/c2 Significance

Υ(1S) 105.0 ± 5.8± 3.0 9459.4 ± 0.5± 1.0 18.1 σ

hb(1P ) 50.0± 7.8+4.5
−9.1 9898.2+1.1

−1.0
+1.0
−1.1 6.1 σ

3S → 1S 55± 19 9973.01 2.9 σ

Υ(2S) 143.8 ± 8.7± 6.8 10022.2 ± 0.4± 1.0 17.1 σ

Υ(1D) 22.4± 7.8 10166.1 ± 2.6 2.4 σ

hb(2P ) 84.0± 6.8+23.
−10. 10259.8 ± 0.6+1.4

−1.0 12.3 σ

2S → 1S 151.3 ± 9.7+9.0
−20. 10304.6 ± 0.6± 1.0 15.7 σ

Υ(3S) 45.5± 5.2± 5.1 10356.7 ± 0.9± 1.1 8.5 σ

spectrum, after subtraction of both the combinatoric and
K0

S → π+π− contributions is shown with the fitted signal
functions overlaid in Fig. 3. The signal parameters are
listed in Table II.

We studied several sources of systematic uncertainty.
The background polynomial order was increased by
three, and the range of the fits performed were altered by
up to 100 MeV/c2. Different signal functions were used,
including symmetric Gaussians and rCB functions with
the width parameters left free. We altered our selection
criteria: tightening the requirements on the proximity of
track origin to the IP, increasing the minimum number
of tracks to four, and imposing the cos θπ+π− < 0.95 re-
quirement used in the µ+µ−π+π− study. In Table III
the results of these systematic studies are summarized.

The values in the table represent the maximal change
of parameters under the variations explored. We esti-
mate an additional 1MeV/c2 uncertainty in mass mea-
surements based on the differences between the observed
values of the fitted Υ(nS) peak positions and their world
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FIG. 3. The inclusive Mmiss spectrum with the combinatoric background and K0
S contribution subtracted (points with errors)

and signal component of the fit function overlaid (smooth curve). The vertical lines indicate boundaries of the fit regions.

TABLE III. Absolute systematic uncertainties in the yields
and masses from various sources.

Polynomial Fit Signal Selection

order range shape requirements

N [Υ(1S)], 103 ±1.4 ±1.7 ±2.0 –

N [hb(1P )], 103 ±2.4 ±3.6 +1.2
−8.0 –

N [Υ(2S)], 103 ±3.4 ±3.2 ±5.0 –

N [hb(2P )], 103 ±2.2 ±2.6 +23.
−9.0 –

N [2 → 1], 103 ±3.0 ±8.0 +0

−18 –

N [Υ(3S)], 103 ±1.0 ±3.0 ±4.0 –

M [Υ(1S)], MeV/c2 ±0.04 ±0.06 ±0.03 ±0.18

M [hb(1P )], MeV/c2 ±0.04 ±0.10 +0.04
−0.20

+0.20
−0.30

M [Υ(2S)], MeV/c2 ±0.02 ±0.08 ±0.06 ±0.03

M [hb(2P )], MeV/c2 ±0.10 ±0.20 +1.0
−0.0 ±0.08

M [2 → 1], MeV/c2 ±0.20 ±0.10 ±0.06 ±0.10

M [Υ(3S)], MeV/c2 ±0.15 ±0.24 ±0.10 ±0.20

averages. These deviations could be due to the local vari-
ations of the background shape that are not adequately
described by the polynomial. The total systematic un-
certainties presented in Table II represent the sum in
quadrature of all the contributions listed in Table III.
The signal for the Υ(1D) is marginal and therefore sys-
tematic uncertainties on its related measurements are not
listed in the table. The significances of the hb(1P ) and
hb(2P ) signals, with systematic uncertainties accounted
for, are 5.5σ and 11.2σ, respectively.

The measured masses of hb(1P ) and hb(2P ) are
M = (9898.2+1.1

−1.0
+1.0
−1.1)MeV/c2 and M = (10259.8 ±

0.6+1.4
−1.0)MeV/c2, respectively. Using the world average

masses of the χbJ(nP ) states, we determine the hyper-
fine splittings to be ∆MHF = (+1.7 ± 1.5)MeV/c2 and
(+0.5+1.6

−1.2)MeV/c2, respectively, where statistical and
systematic uncertainties are combined in quadrature.

We also measure the ratio of cross sections for e+e− →
Υ(5S) → hb(nP )π

+π− to that for e+e− → Υ(5S) →
Υ(2S)π+π−. To determine the reconstruction effi-
ciency we use the results of resonant structure stud-
ies reported in Ref. [12] that revealed the existence
of two charged bottomonium-like states, Zb(10610) and
Zb(10650), through which the π+π− transitions we are
studying primarily proceed. These studies indicate that
the Zb most likely have JP = 1+, and therefore in our
simulations the π+π− transitions are generated accord-
ingly. To estimate the systematic uncertainty in our re-
construction efficiencies, we use MC samples generated
with all allowed quantum numbers with J ≤ 2.

We find that the reconstruction efficiency for the
Υ(2S) is about 57%, and that those for the hb(1P ) and
hb(2P ) relative to that for the Υ(2S) are 0.913+0.136

−0.010 and

0.824+0.130
−0.013, respectively. The efficiency of the R2 < 0.3

requirement is estimated from data by measuring signal
yields with R2 > 0.3. For Υ(2S), hb(1P ) and hb(2P )
we find 0.863 ± 0.032, 0.723 ± 0.068 and 0.796 ± 0.043,
respectively. From the yields and efficiencies described
above, we determine the ratio of cross sections R ≡
σ(hb(nP )π+π−)
σ(Υ(2S)π+π−) to be R = 0.45± 0.08+0.07

−0.12 for the hb(1P )

and R = 0.77±0.08+0.22
−0.17 for the hb(2P ). Hence Υ(5S) →

hb(nP )π
+π− and Υ(5S) → Υ(2S)π+π− proceed at sim-

ilar rates, despite the fact that the production of hb(nP )
requires a spin-flip of a b quark.

The rate of Υ(5S) → hb(nP )π
+π− is much larger than

the upper limit for that of Υ(3S) → hb(nP )π
+π− ob-
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tained by the BaBarCollaboration [13]. This is consis-
tent with the observation that the rates for Υ(5S) →
Υ(mS)π+π− with m = 1, 2, 3 Υ(5S) are much larger
than those for Υ(nS) → Υ(mS)π+π− for n = 2, 3, 4 [5].
The only previous evidence for the hb(1P ) is a 3.0σ excess
in Υ(3S) → π0hb(1P ) at (9902±4)MeV/c2 presented by
BaBar [14].
We have also used 711 fb−1 of e+e− collisions at the

Υ(4S) resonance to search for Υ(4S) → hb(1P )π
+π−

(hb(2P ) is kinematically forbidden). The overall effi-
ciency, assuming the R2 efficiency at Υ(4S) to be the
same as that at Υ(5S), is 0.94+0.11

−0.03 relative to that for
Υ(5S) → hb(1P )π

+π−. From our observed yield of
(35 ± 21+24

−15) × 103, we set an upper limit on the ratio
of σ(e+e− → hb(1P )π

+π−) at the Υ(4S) to that at the
Υ(5S) of 0.27 at 90% C.L.
The only bottomonium states in the vicinity of the ob-

served hb(nP ) are the χb1(nP ). However, the measured
peak positions of the hb(nP ) candidates differ from the
corresponding χb1(nP ) masses at the 3 σ level. In ad-
dition, the transitions Υ(5S) → χb1(nP )π

+π− violate
isospin conservation. These indicate that the observed
states are the hb(nP ). Furthermore, recently Belle ob-
served the hb(1P ) → ηb(1S)γ decay [15], and found that
its branching fraction is in agreement with theoretical ex-
pectations [3]. This observation establishes that the C-
parity of the hb(1P ) candidate is odd and thus excludes
its interpretation as the χb1(1P ). The angular analysis
of the Υ(5S) → hb(1P )π

+π− transition [16] is consistent
with the hb(1P ) candidate spin parity of JP = 1+, as
expected.
In summary, we have observed the P -wave spin-singlet

bottomonium states hb(1P ) and hb(2P ) in the reaction
e+e− → Υ(5S) → hb(nP )π

+π−. The hb(nP ) masses
correspond to hyperfine splittings that are consistent
with zero. We also have observed that the cross sec-
tions for these processes and that for e+e− → Υ(5S) →
Υ(2S)π+π− are of comparable magnitude, indicating the
production of hb(nP ) at the Υ(5S) resonance must oc-
cur via a process that mitigates the expected suppression
related to heavy quark spin-flip.
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