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We study hadronic transitions between bottomonium states using 496 fb−1 data collected at the
ϒð4SÞ resonance with the Belle detector at the KEKB asymmetric energy eþe− collider. We measure
Bðϒð4SÞ→πþπ−ϒð1SÞÞ¼ð8.2�0.5ðstatÞ�0.4ðsystÞÞ×10−5,Bðϒð4SÞ→πþπ−ϒð2SÞÞ¼ð7.9�1.0ðstatÞ�
0.4ðsystÞÞ×10−5, and Bðϒð4SÞ → ηϒð1SÞÞ ¼ ð1.70� 0.23ðstatÞ � 0.08ðsystÞÞ × 10−4. We measure the
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ratio of branching fractions R ¼ Bðϒð4SÞ → ηϒð1SÞÞ=Bðϒð4SÞ → πþπ−ϒð1SÞÞ ¼ 2.07� 0.30ðstatÞ�
0.11ðsystÞ. We search for the decay ϒð13D1;2Þ → ηϒð1SÞ, but do not find significant evidence for such a
transition. We also measure the initial-state radiation production cross sections of the ϒð2S; 3SÞ resonances
and we find values compatible with the expected ones. Finally, the analysis of the ϒð4SÞ → πþπ−ϒð1SÞ
events shows indications for a resonant contribution due to the f0ð980Þ meson.

DOI: 10.1103/PhysRevD.96.052005

I. INTRODUCTION

Recently, hadronic transitions via an η meson or two
pions between bound states of bottomonium have been
recently intensively studied, for instance in Refs. [1–5],
often with unexpected results. The QCD multipole expan-
sion model [6] can be used generally to describe the
hadronic transition between the lower-mass bottomonium
levels, while its predictions fail when considering botto-
monia above the BB̄ threshold. In particular, the transitions
between bottomonium states via an η meson are predicted,
for example in Refs. [6–8], to be highly suppressed, since
they require a spin flip of the heavy quark. Among the
most unexpected experimental measurements, the BABAR
Collaboration found an enhancement of the transition
ϒð4SÞ → ηϒð1SÞ with respect to the transition via a dipion
[1]. Also, the Belle Collaboration observed the transition
ϒð4SÞ → ηhbð1PÞ as the non-BB̄ transition of the ϒð4SÞ
with the highest branching fraction [5]. This unsettled
picture could be made clearer by the precise measurement
of the transitions from theϒð4SÞ to lower-massϒ states via
an η meson or a dipion, and also by the search for other
possible transitions between bottomonia via an η meson.
In this paper, we study the transitions ϒð4SÞ →

πþπ−ϒðnSÞ with n ¼ 1, 2 hereinafter, and ϒð4SÞ →
ηϒð1SÞ, by reconstructing the ϒðnSÞ mesons via their
leptonic decay to two muons. The η meson is reconstructed
via its decay to πþπ−π0, with the π0 meson reconstructed as
two photons. The decay η → γγ is not considered in this
paper since the corresponding final state has a limited
statistical precision, due to the lower signal-to-background
ratio than in the decay η → πþπ−π0. We measure the
branching fraction of these transitions, and also the ratio
of branching fractions:

R ¼ Bðϒð4SÞ → ηϒð1SÞÞ
Bðϒð4SÞ → πþπ−ϒð1SÞÞ : ð1Þ

The analysis is also potentially sensitive to the transition
ϒð13D1;2Þ → ηϒð1SÞ, which could be observable in the
same final state reconstructed for the ϒð4SÞ → ηϒð1SÞ
study, with the subsequent decays η → πþπ−π0, π0 → γγ,
and ϒð1SÞ → μþμ−. The ϒð13D1;2Þ could be produced
through double-radiative transitions from the ϒð4SÞ
through the χbJð2PÞ states, while the contribution from
the ϒð3SÞ produced in initial-state radiation (ISR) is

expected to be negligible. The decay ϒð13D1;2Þ →
ηϒð1SÞ has been predicted to be enhanced with respect
to the transition ϒð13D1;2Þ → πþπ−ϒð1SÞ by the axial
anomaly in QCD [9].

II. DATA SAMPLES AND DETECTOR

We use a sample of ð538� 7Þ × 106 ϒð4SÞ mesons,
corresponding to the number of BB̄ pairs produced in a
sample with an integrated luminosity Lint ¼ 496 fb−1,
collected by the Belle experiment at a center-of-mass
(CM) energy corresponding to the mass of the ϒð4SÞ
meson at the KEKB asymmetric-energy eþe− collider
[10,11]. In addition, a data sample corresponding to
56 fb−1, collected about 60 MeV below the resonance, is
used to estimate the background contribution. Decays of
ϒð3SÞ and ϒð2SÞ mesons are studied in events recorded at
the energy of the ϒð4SÞ and assumed to come from ISR
production; the ISR photon is typically emitted almost
collinear to the beam direction and is not required to be
reconstructed. The equivalent luminosity for a narrow
vector resonance produced in ISR events is calculated as
in Ref. [12], and is ∼17.1 and ∼28.6 pb for the ϒð2SÞ and
the ϒð3SÞ, respectively.
The Belle detector (described in detail elsewhere

[13,14]) is a large-solid-angle magnetic spectrometer that
consists of a silicon vertex detector, a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters, and an electromagnetic calorimeter
comprised of CsI(Tl) crystals (ECL) located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux-return located outside of the coil
is instrumented to detect K0

L mesons and to identify
muons (KLM).
Monte Carlo (MC) simulated events are used for the

efficiency determination and the selection optimization,
and are generated with EVTGEN [15], while GEANT3 [16] is
used to simulate the detector response. The changing
detector performance and accelerator conditions are taken
into account in the simulation. The distributions of gen-
erated dimuon decays incorporate the ϒðnSÞ polarization.
Dipion transitions as well as ϒð13D1;2Þ → ηϒð1SÞ decays
are generated according to phase space, while the angular
distribution in ϒð4SÞ → ηϒð1SÞ events is simulated as
a vector decaying to a pseudoscalar and a vector. The
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η → πþπ−π0 decays are modeled according to the known
Dalitz plot parameters [17]. Final-state radiation effects are
described by PHOTOS [18], and secondary emission is taken
into account in the simulation of ϒð3S; 2SÞ resonances
produced in ISR.

III. EVENT SELECTION

Charged tracks must originate from a cylindrical region of
radius 1 cm and axial length �5 cm centered on the eþe−
interaction point and have a momentum transverse to the
beam axis (pT) greater than 0.1 GeV=c, with the z axis
chosen to be antiparallel to the eþ beam. Charged particles
are assigned a likelihood Li (i ¼ μ, π, K) [19] based on the
range of the particle in the KLM, and on matching it to the
track extrapolated from the CDC; particles are identified as
muons if the likelihood ratio Pμ ¼ Lμ=ðLμ þ Lπ þ LKÞ
exceeds 0.8, corresponding to a muon efficiency of about
91.5% over the polar angle range 20° ≤ θ ≤ 155° and the
momentum range 0.7 GeV=c ≤ p ≤ 3.0 GeV=c in the
laboratory frame. Electron identification uses a similar
likelihood ratio Pe based on CDC, ACC, and ECL infor-
mation [20]. Charged particles that are not identified as
muons and have a likelihood ratio Pe < 0.1 are treated as
pions, thus rejecting ∼75% of the background events due to
photon conversions in the detector material, while retaining
almost 99% of the signal. Calorimeter clusters not associated
with reconstructed charged tracks and with energies greater
than 50 MeV are classified as photon candidates.
Each muon candidate is required to have a CM momen-

tum, pðμÞCM, between 4.25 (4.9) and 5.25 ð5.1Þ GeV=c in
the case of decays to ϒð1SÞ [ϒð2SÞ]. At least one of the
muon candidates must be positively identified as a muon.
Pairs of oppositely charged tracks classified as pions are
selected to form dipion candidates. Candidate events must
contain a pair of oppositely charged pions, and two muons
from the decay of the ϒðnSÞ, the pair having an invariant
mass MðμμÞ within �4σ of the known value [17] for the
considered resonance. This results in requiring events
corresponding to the transitions to ϒð1SÞ to have

9.2 GeV=c2 < MðμμÞ < 9.7 GeV=c2, and events corre-
sponding to the ϒð4SÞ → πþπ−ϒð2SÞ transition to
have 9.8 GeV=c2 < MðμμÞ < 10.2 GeV=c2.
The quantity pKB¼pðμμÞCM−ðs−MðμμÞ2c4Þ=ð2c ffiffiffi

s
p Þ,

where pðμμÞCM is the CM momentum of the dimuon
system and

ffiffiffi
s

p
is the CM eþe− energy, represents a

kinematic bound and is expected to be kinematically
constrained to negative values for the signal events, and
is used to reject most of the background contribution due to
QED processes [eþe− → eþe−ðγÞ and eþe− → μþμ−ðγÞ].
In the case of dipion transitions, remaining backgrounds are
due to QED processes, where a photon converts in the
detector material and the leptons are reconstructed as pions.
This contribution to the background is reduced by requiring
the opening angle of the charged pion candidates in the
laboratory frame to have cos θðππÞ < 0.9; in addition, the
invariant mass mconv of the charged tracks associated with
the pion candidates, calculated assuming the e� mass
hypothesis, must be greater than 100 MeV=c2. Cosmic
background events are typically back to back and are
rejected by requiring that cos θðππÞ > −0.98.
When looking for ϒð4SÞ → ηϒð1SÞ and ϒð13D1;2Þ →

ηϒð1SÞ transitions, only events with at least two additional
photons of energy Eγ > 50MeV, invariant mass 110 MeV=
c2 < MðγγÞ < 150 MeV=c2, and with an invariant mass,
when combined with the two charged pion candidates,
within 50 MeV=c2 of the nominal ηmass, are retained. The
chosen mass windows correspond to �2.5σ around the
nominal mπ0 and mη. The opening angle of the charged
pion candidates from the η decay in the laboratory frame is
required to have cos θðππÞ > 0.5. An additional require-
ment mconv < 300 MeV=c2 helps in reducing the cross-
feed from the higher-statistics dipion transitions. Similarly,
events with ΔM ¼ MðππμμÞ −MðμμÞ within 20 MeV=c2

from the values expected for any known dipion transition
are vetoed. A significant combinatorial background arises
from selecting the incorrect photon candidates for the π0

daughters; when multiple candidates are present, the

TABLE I. Summary of event selection criteria.

ϒð4SÞ → πþπ−ϒð2SÞ Other dipion transitions

pKB < 0 GeV=c pKB < −0.1 GeV=c

4.9 GeV/c < pðμÞCM < 5.1 GeV=c 4.25 GeV=c < pðμÞCM < 5.25 GeV=c

−0.98 < cos θðππÞ < 0.9 −0.98 < cos θðππÞ < 0.9

mconv < 500 MeV=c2 mconv > 100 MeV=c2

ϒð4SÞ → ηϒð1SÞ ϒð13D1;2Þ → ηϒð1SÞ
pKB < −0.1 GeV=c pKB < −0.3 GeV=c

4.25 GeV=c < pðμÞCM < 5.25 GeV=c 4.25 GeV=c < pðμÞCM < 5.25 GeV=c

cos θðππÞ > 0.5 0.5 < cos θðππÞ < 0.9

100 MeV=c2 < mconv < 300 MeV=c2 100 MeV=c2 < mconv < 300 MeV=c2
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ambiguity is resolved by choosing the one whose pair of
photons has an invariant mass closest to the nominal π0

mass, and that, combined with the two pion candidates,
gives an invariant mass closest to the η mass.
The criteria applied in the event selection are summa-

rized in Table I. Table II reports the selection efficiency
for all the studied transitions, as determined from MC-
simulated samples.

IV. SIGNAL EXTRACTION

For the dipion transitions, the two-dimensional distri-
bution of the invariant dimuon massMðμμÞ vs. ΔM for the
selected data events is shown in Fig. 1, with the four
different decays of interest highlighted. The signal yields
are extracted in the four regions shown.
In order not to introduce any bias in the assumptions on

the angular distribution of the decay, the signal yield is
separately estimated and corrected for the efficiency in
6 × 4 bins of Mðπþπ−Þ and cos θhelðπþÞ for the
ϒð2S; 3SÞ → πþπ−ϒð1SÞ transitions, where Mðπþπ−Þ is
the invariant mass of the dipion system and θhelðπþÞ
represents the helicity angle of the positive pion candidate,

defined as the angle between the πþ direction and the
recoiling lower-mass ϒ in the dipion rest frame. For the
lower-statistics ϒð4SÞ → πþπ−ϒð2S; 1SÞ transitions, 4 × 4
bins are used. In each bin, the signal and background yields
are determined by an unbinned maximum likelihood fit to
the ΔM distribution. The signal component is parametrized
by a Voigtian function, with the resolution parameters fixed
to the values determined from the MC-simulated samples.
The background is parametrized by a linear function.
For each transition, the efficiency-corrected signal yield

is estimated as Ncorrected ¼
P

binsN
i
sig=ϵi where the sum is

over all of the considered bins, and Ni
sig and ϵi are,

respectively, the signal yield, determined from the fit,
and the efficiency, obtained from MC samples, in the ith
bin. The results are listed in Table III, and the distributions
of ΔM for the selected data events, integrated over the
Mðπþπ−Þ vs. cos θhelðπþÞ bins, are shown in Fig. 2.
For the ϒð4SÞ → ηϒð1SÞ transition, the distribution of

ΔMη ¼ MðππγγμμÞ −MðμμÞ −MðππγγÞ for the selected
data events is shown in Fig. 3, with 51 candidate events
found in the fit region 0.50 GeV=c2 < ΔMη < 0.64 GeV=
c2. For the ϒð13D1;2Þ → ηϒð1SÞ transition, the distribution
of ΔMη for the selected data events is shown in Fig. 4,
with five candidate events found in the fit region
0.12 GeV=c2 < ΔMη < 0.18 GeV=c2. The signal and
background yields are determined by an unbinned maxi-
mum likelihood fit to this distribution. For both transitions,
the signal component is parametrized by a Gaussian-like
analytical function, with mean value μ and different widths,
σL;R, on the left side (for x < μ) and on the right side (for
x > μ) plus asymmetric tails αL;R, defined as

F ðxÞ ¼ exp

�
−

ðx − μÞ2
2σ2L;R þ αL;Rðx − μÞ2

�
: ð2Þ

The background is described by a linear function. For the
ϒð4SÞ → ηϒð1SÞ transition, all the parameters of the
functional forms describing the signal and the background

TABLE II. Selection efficiency (ϵ) values for all the studied
transitions, as determined from MC-simulated samples. For the
dipion transitions, the phase-space averaged efficiency is re-
ported. The ϒð13D1;2Þ is intended to be produced in ϒð4SÞ →
γγϒð13D1;2Þ events.
Transition Selection efficiency (%)

ϒð2SÞ → πþπ−ϒð1SÞ 29.63� 0.05
ϒð3SÞ → πþπ−ϒð1SÞ 43.52� 0.05
ϒð4SÞ → πþπ−ϒð1SÞ 47.49� 0.05
ϒð4SÞ → πþπ−ϒð2SÞ 18.27� 0.05
ϒð4SÞ → ηϒð1SÞ 11.46� 0.11
ϒð13D1;2Þ → ηϒð1SÞ 5.72� 0.08

(a)

(d) (a)
(b)
(c)
(d)

(b)

(c)

FIG. 1. Distribution of MðμμÞ vs. ΔM for the events selected
on data. Fit regions for the four analyzed dipion transitions
are enclosed in boxes: (a) Υð2SÞ → πþπ−Υð1SÞ, (b) Υð3SÞ →
πþπ−Υð1SÞ, (c) Υð4SÞ → πþπ−Υð1SÞ, (d) Υð4SÞ →
πþπ−Υð2SÞ.

TABLE III. Signal and background yields for the analyzed
transitions.Nbkg is the number of background events, in the entire
fit region. For the transition with an η meson, Nsig is the number
of signal events in the entire fit region. For the dipion transitions,
Nsig ¼

P
binsN

i
sig is the sum of the signal yields obtained in each

bin (ith), without corrections for the efficiency; the efficiency-
corrected yields are shown as Ncorrected, as defined in Sec. IV.

Transition Nsig Ncorrected Nbkg

ϒð2SÞ → πþπ−ϒð1SÞ 9805� 106 38117� 419 287� 41
ϒð3SÞ → πþπ−ϒð1SÞ 5222� 77 15526� 252 518� 33
ϒð4SÞ → πþπ−ϒð1SÞ 515� 34 1095� 74 1278� 45
ϒð4SÞ → πþπ−ϒð2SÞ 181� 20 821� 107 273� 22
ϒð4SÞ → ηϒð1SÞ 49� 7 2.3� 1.8
ϒð13D1;2Þ → ηϒð1SÞ 2.1� 3.0 2.9� 3.1
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components are left free to vary in the fit, while, for
the ϒð13D1;2Þ → ηϒð1SÞ transition, the signal shape
parameters are fixed to the values determined on the
MC-simulated sample. The signal and background yields
are reported in Table III.

V. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty affecting our
measurement are itemized here. An uncertainty comes
from the number of ϒð4SÞ parents and from the values
used for the secondary branching fractions [17]. The
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uncertainties in charged track reconstruction and muon
identification efficiency are determined by comparing data
and MC events using independent control samples.
Another contribution to the uncertainty accounts for the
systematic discrepancy between data and MC in the π0

reconstruction efficiency.
One of the largest contributions to the systematic

uncertainty comes from the signal extraction procedure.
The uncertainty due to the choice of signal parametrizations
is estimated by changing the functional forms used; the
systematic uncertainty on the background description is
evaluated by using higher-order polynomial functions
while enlarging the range chosen for the fit. For the dipion
transitions, additional sources of systematic uncertainties
have been taken into account. A systematic discrepancy in
the resolution between data and MC is evaluated by
floating independently the resolution parameters of the
functional form describing the signal. Finally, the uncer-
tainty in the acceptance correction is determined by using
different numbers of bins in Mðπþπ−Þ and cos θhelðπþÞ. In
each case, the uncertainty is estimated as the change in the
signal yield when using an alternate configuration with
respect to that obtained with the nominal one.
Other possible sources of systematic uncertainties asso-

ciated with the event selection and due to discrepancies
between data and MC in the efficiency of the applied
requirements, have been found to be negligible.

All the considered sources of systematic uncertainty are
summarized in Table IV, for each transition. The total
systematic uncertainty is obtained by adding in quadrature
all the contributions. When measuring the ratio given in
Eq. (1), several systematic uncertainties cancel, being
common to the numerator and the denominator of the
ratio; these contributions are specifically indicated in
Table IV and sum up to 5.3%.

VI. RESULTS

The results for the branching fractions ofϒð4SÞ hadronic
transitions and the ratio of branching fractions [Eq. (1)] are
listed in Table V. They are obtained from the signal yield
given in each mode by the fit procedure, as listed in
Table III, and are eventually efficiency-corrected for the
dipion transitions, as explained in Sec. IV. Since the yields
in a data sample collected 60 MeV below the resonance
have been checked to be consistent with zero, the number
of events observed are attributed to the ϒð4SÞ decay. The
number of ϒð4SÞ parents is also taken into account in the
calculation, as well as the secondary branching fractions.
The measurements show both the statistical and the
systematic errors, the latter estimated as explained in
Sec. V. The results can also be expressed in terms of
visible cross sections, given by the efficiency-corrected
signal yield divided by the integrated luminosity:

TABLE IV. Systematic uncertainties on branching fractions, in percent. The sources contributing to the measurement of the ratio in
Eq. (1) are underlined. The⊕ symbol indicates that the two contributions (only one of which contributes to the measurement of the ratio)
are added in quadrature.

Source ϒð2SÞ → πþπ−ϒð1SÞ ϒð3SÞ → πþπ−ϒð1SÞ πþπ−ϒð1SÞ ϒð4SÞ → πþπ−ϒð2SÞ ηϒð1SÞ
Number of ϒð4SÞ 1.4 1.4 1.4 1.4 1.4
Secondary BRs 2.5 2.7 2.0 2.0 2.0 ⊕ 1.2
Tracking 1.4 1.4 1.4 1.4 1.4
μ-identification 1.1 1.1 1.1 1.1 1.1
Signal extraction 1.9 2.7 2.7 2.7 2.8
Acceptance 1.0 1.0 3.1 3.3 � � �
π0 reconstruction � � � � � � � � � � � � 1.4
Total 4.0 4.5 5.1 5.2 4.5

TABLE V. Results for the branching fractions of ϒð4SÞ hadronic transitions, and for the ratio given in Eq. (1), in
comparison to previous measurements [17], and results for the ISR production cross sections of ϒð2S; 3SÞ, in
comparison to the values calculated as in Ref. [12]. The first error is statistical, while the second is systematic.

Measurement Result PDG value [17]

Bðϒð4SÞ → πþπ−ϒð1SÞÞ ð8.2� 0.5� 0.4Þ × 10−5 ð8.1� 0.6Þ × 10−5

Bðϒð4SÞ → πþπ−ϒð2SÞÞ ð7.9� 1.0� 0.4Þ × 10−5 ð8.6� 1.3Þ × 10−5

Bðϒð4SÞ → ηϒð1SÞÞ ð1.70� 0.23� 0.08Þ × 10−4 ð1.96� 0.28Þ × 10−4

R as in Eq. (1) 2.07� 0.30� 0.11 2.41� 0.42

Measurement Result Expected value [12]

σISRðϒð2SÞÞ ð17.36� 0.19� 0.69Þ pb ð17.1� 0.3Þ pb
σISRðϒð3SÞÞ ð28.9� 0.5� 1.3Þ pb ð28.6� 0.5Þ pb
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σðeþe−→πþπ−ϒð1SÞÞ¼ð2.20�0.13�0.10Þ fb, σðeþe−→
πþπ−ϒð2SÞÞ¼ð1.64�0.17�0.08Þ fb, and σðeþe− →
ηϒð1SÞÞ ¼ ð1.03� 0.14� 0.04Þ fb, where the first error
is statistical, and the second is systematic.
In Table V, we also give a comparison of our measure-

ments to the previous world averages, as in Ref. [17]. All
the results are found to be compatible with the previous
ones, with a slight improvement in the precision with
respect to the measurement by BABAR [1] and the previous
measurement of Bðϒð4SÞ → πþπ−ϒð1SÞÞ by Belle [3].
This work confirms the enhancement of the transition from
ϒð4SÞ to ϒð1SÞ via the spin-flip exchange of an η meson
with respect to that proceeding through the emission of a
dipion.
The world average branching fractions Bðϒð2S; 3SÞ →

πþπ−ϒð1SÞÞ [17], whose precision is dominated by mea-
surements obtained with dedicated higher-statistics data
samples, are used for determining the ISR production cross
sections of the ϒð2S; 3SÞ resonances: σISRðϒð2S; 3SÞÞ ¼
Ncorrected=ðBðϒð2S; 3SÞ → πþπ−ϒð1SÞÞ × Bðϒð1SÞ →
μþμ−Þ × LintÞ. The results are listed as well in Table V, and
compared with the values calculated as in Ref. [12]. The
uncertainty on the expected values is the experimental
uncertainty on the ϒð2S; 3SÞ → eþe− partial width [17].

For the transition ϒð13D1;2Þ → ηϒð1SÞ, we do not
observe any statistically significant signal, and we set
an upper limit, using the Feldman-Cousins method [21],
on the product of branching fractions Bðϒð4SÞ →
γγϒð13D1;2ÞÞ × Bðϒð13D1;2Þ → ηϒð1SÞÞ < 2.3 × 10−5, at
the 90% confidence level.
For the dipion transitions, additional information can be

obtained by the study of the dipion system invariant mass
Mðπþπ−Þ, and of the angular distribution of the pions. The
relevant distributions are shown in Figs. 5 and 6, and are
obtained by unfolding the signal component in the data
distribution either in the Mðπþπ−Þ or in the cos θhelðπþÞ
variable, according to the sPlot technique described
in Ref. [22].
The invariant mass distributions for the ϒð4SÞ →

πþπ−ϒð2SÞ and ϒð3SÞ → πþπ−ϒð1SÞ transitions show a
doubly peaked structure, with a clear enhancement near the
dipion invariant mass threshold, that cannot be consistent
with a pure phase-space description, as already shown by
BABAR [23] and CLEO [24].
The invariant mass distribution for the ϒð4SÞ →

πþπ−ϒð1SÞ transition shows an enhancement followed
by a clear dip around 1 GeV=c2, likely due to a contribu-
tion from the f0ð980Þ scalar meson and its interference with
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FIG. 5. Efficiency-corrected distributions of dipion invariant mass (Mðπþπ−)) for the signal component unfolded from the data
distributions with the sPlot technique [22] in the: (a) Υð2SÞ → πþπ−Υð1SÞ, (b) Υð3SÞ → πþπ−Υð1SÞ, (c) Υð4SÞ → πþπ−Υð1SÞ, and
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a nonresonant model. A similar pattern has been observed
in the dipion transitions from ϒ resonances above the BB̄
threshold [25,26], and has been recently predicted by
theory [27].
In order to verify the f0ð980Þ hypothesis, a χ2 fit is

performed to the efficiency-corrected Mðπþπ−Þ distribu-
tion for the signal events selected for the transition
ϒð4SÞ → πþπ−ϒð1SÞ, as shown in Fig. 5(C).
The amplitude model is constructed either with a

nonresonant component only, or by adding to this a
contribution from ϒð1SÞf0ð980Þ. Each component j is
added to the model as a term of the form Ajeiδj , where Aj

and δj are the amplitude and phase of the component,
respectively. The nonresonant component is parametrized
by a first-order polynomial in M2ðπþπ−Þ, as suggested in
Refs. [28,29]:

ANRðM2ðπþπ−ÞÞ ¼ A0
NRe

iδ0NR þ A1
NRe

iδ1NRM2ðπþπ−Þ:

Being sensitive to the relative phases and amplitudes only,
the amplitude and phase of the lowest-degree term of the
nonresonant model are arbitrarily fixed to 1 and 0,
respectively. In the f0ð980Þ contribution

Af0ðM2ðπþπ−ÞÞ ¼ Af0e
iδf0af0ðM2ðπþπ−ÞÞ;

where af0 is parametrized as a Flatté function [30] with
mass and coupling constants fixed to the values measured
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in the analysis of Bþ → Kþπþπ− events [31], and used in
Ref. [25], Mðf0ð980ÞÞ ¼ 950 MeV=c2, gππ ¼ 0.23 and
gKK ¼ 0.73. An additional resonant contribution from
ϒð1SÞf2ð1270Þ, with the f2ð1270Þ component described
by a relativistic Breit-Wigner function with mass and width
fixed to the world average values [17], has been incoher-
ently added to the amplitude model, but does not lead to an
improvement in the description of data.
The fit results for the nonresonant only and the non-

resonant þϒð1SÞf0ð980Þ models are shown in Fig. 7 and
summarized in Table VI. The model that includes the
contribution from the f0ð980Þ meson is preferred by the
data, with a statistical significance of 2.8σ according to
Wilks’ theorem [32].
The analysis therefore shows indications for an f0ð980Þ

contribution. A higher-statistics data sample, to be col-
lected at the upcoming Belle II experiment, will allow for
more precise studies.
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