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The study of hadronic transitions among bottomonium states, and their relative magnitude, can be
used as a test bench for non-perturbative approaches to QCD. In particular, transitions through an
η meson, despite involving a heavy quark spin symmetry violation, have been measured to have
an unexpectedly enhanced branching fraction with respect to those via a dipion system. A set of
recent results obtained using the data collected by the Belle experiment at the energy of the ϒ(4S)

and ϒ(5S) resonances are presented. They include the measurement of the transition ϒ(5S)→
ηϒ(1D), an updated measurement of the branching fractions of ϒ(4S)→ ηϒ(1S) and ϒ(4S)→
π+π−ϒ(1S,2S) decays, and searches for other possible transitions involving an η meson.
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The last decade has been a fertile time for bottomonium spectroscopy, with the observation of
many missing states and also of a few unexpected states, that can be classified as exotica. Spec-
troscopy and, more in general, a deep comprehension of the bottomonium system cannot prescind
from the precision study of the transitions between its states. These transitions can be predicted by
effective potential models, whose reliability is well established in the case of the dominant radiative
transitions. Some puzzling features in the prediction of branching fractions are instead present in
the description of hadronic transitions, in particular those involving an η or a π0 meson. Models
based on QCD multipole expansion (QCDME) [1], where the expansion is performed in terms of
momentum of the emitted pair of gluons, are expected to correctly describe the hadronic transitions.
Processes involving gluonic ‘M1’ transitions, i.e. with a spin flip and therefore a heavy quark spin
symmetry (HQSS) violation, are expected to be suppressed with respect to ‘E1’ transitions, that
do not violate HQSS. Transitions like ϒ(mS)→ ηϒ(nS) and ϒ(mS)→ π+π−hb(nP), with m > n,
belong to the former case, while ϒ(mS)→ π+π−ϒ(nS) are of the latter type. A further suppression
is expected for transitions mediated by a π0 meson, due to an additional isospin violation.

The experimental status of the measurements of bottomonium transitions via an η meson from
ϒ(4S,3S,2S) resonances is summarized in Table 1, while Table 2 lists the main measurements
obtained in hadronic transitions of the ϒ(5S).

The first interesting and surprising result has been the measurement by BaBar [2] of a branch-
ing fraction B(ϒ(4S)→ ηϒ(1S)) more than twice larger than the corresponding dipion transition
(B(ϒ(4S)→ π+π−ϒ(1S)) = (0.81± 0.06)× 10−4 [6]). This result was in high tension with the
QCDME models, predicting a suppression of the η-mediated transition, and prompted a vivid the-
oretical speculation aiming to explain the deviation (see [3, 4], for instance).

The result has been recently confirmed by Belle [5], which measured B(ϒ(4S)→ηϒ(1S))
B(ϒ(4S)→π+π−ϒ(1S)) =

2.07± 0.30(stat.)± 0.11(syst.), by reconstructing η → π+π−π0 decays, with π0 → γγ , and the
dimuon decays of ϒ(1S). The signal yields for the ϒ(4S)→ηϒ(1S) and ϒ(4S)→ π+π−ϒ(1S) tran-
sitions are extracted by unbinned maximum likelihood fits to the distributions ∆Mη =M(µµππγγ)−
M(µµ)−M(ππγγ) and ∆M = M(µµππ)−M(µµ), respectively, as shown in Fig. 1.
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Figure 1: Fits as in [5] to the ∆Mη distribution for ϒ(4S)→ ηϒ(1S) candidates (left), and to the ∆M
distribution for ϒ(4S)→ π+π−ϒ(1S) candidates (right). In each plot, data are shown as points, the solid
blue line shows the best fit to the data, while the dashed red line shows the background contribution.

Following a similar approach, the transition ϒ(1D)→ ηϒ(1S) is searched for. Such a transi-
tion is predicted to be enhanced with respect to the ϒ(1D)→ π+π−ϒ(1S) transition by the axial
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anomaly in QCD [7]. The ϒ(1D) resonance could be produced via the yet unobserved doubly
radiative transitions of ϒ(4S) through the χb(2P) states (ϒ(4S)→ γχb(2P), χb(2P)→ γϒ(1D)).
In the data sample analyzed, no significant signal has been found for such a process, and an up-
per limit (UL) on the product of branching fractions is set at the 90% of confidence level (CL):
B(ϒ(4S)→ γγϒ(1D))×B(ϒ(1D)→ ηϒ(1S))< 2.3×10−5 [5].

In [5] a detailed study of dipion transitions in presented as well. Besides the already mentioned
ϒ(4S)→ π+π−ϒ(1S), the transitions ϒ(4S)→ π+π−ϒ(2S) and ϒ(2S,3S)→ π+π−ϒ(1S) with
ϒ(2S,3S) produced in initial state radiation (ISR) events, are analyzed. The corresponding yields
can be seen in Fig. 2 (left), that shows the two-dimensional distributions of ∆M vs. M(µµ) on the
data. Improved values for the branching fractions of the transitions from ϒ(4S) are obtained, and
the measured ISR-production cross sections for the ϒ(2S,3S) resonances, using the world-averaged
values for B(ϒ(2S,3S)→ π+π−ϒ(1S)) [6], are found in agreement with the calculations [8].

For all the analyzed transitions, the distributions of the dipion invariant mass, M(π+π−), and
the helicity angle of the positive pion candidate, cosθhel(π

+), are determined by unfolding the
signal component from the data using the sPlot technique described in [9]. The major interest
comes from the M(π+π−) distribution for the ϒ(4S)→ π+π−ϒ(1S) transitions, that is displayed
in Fig. 2 (right). The distribution shows an enhancement followed by a clear dip around 1 GeV/c2,
likely due to a contribution from the f0(980) scalar meson and its interference with a non-resonant
model. Such a pattern had not been seen in previous ϒ(4S) data [10, 11], while a similar distribution
has been observed in the dipion transitions from ϒ resonances above the BB̄ threshold [12, 13], and
has also been recently predicted by theory [14]. Data shows an indication, with 2.8σ of statistical
significance, of preferring a description that includes a resonant ϒ(1S) f0(980) contribution on top
of the non-resonant model. No improvement in the description is obtained by adding a resonant
ϒ(1S) f2(1270) component.
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Figure 2: Distribution of M(µµ) vs. ∆M for the events selected on data as in [5]; fit regions for the four
analyzed dipion transitions are enclosed in boxes (left). Fit as in [5] to the efficiency-corrected distribution
of M(π+π−) for the signal component unfolded from the data distribution with the sPlot technique [9],
in the ϒ(4S)→ π+π−ϒ(1S) candidates (black points); the models used for the fit are: non-resonant model
(black dashed line), and non-resonant +ϒ(1S) f0(980) model (blue solid line) (right).

The enhanced ϒ(4S)→ ηϒ(1S) rate is not the only contrast point between theory and exper-
iment. Also for transitions from below-threshold resonances (ϒ(2S,3S)) the branching fractions
are not well predicted. In particular, B(ϒ(2S)→ ηϒ(1S)) has been measured with compatible
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results by the CLEO [15], BaBar [16] and Belle [17] experiments to be smaller than the predicted
value. The ϒ(3S)→ ηϒ(1S) transition is still unobserved, with ULs on the branching fraction set
by CLEO [15] and BaBar [16] that are already lower than the theoretically predicted value.

Another element to the picture is added by the observation of the transition ϒ(4S)→ηhb(1P) [18],
that is to date the most probable measured non-BB̄ decay of the ϒ(4S), with a branching fraction
one order of magnitude larger than the other known hadronic transitions, and in agreement with the
prediction [19].

CLEO BaBar Belle
Transition B[10−4] Ref. B[10−4] Ref. B[10−4] Ref.
ϒ(4S)→ ηϒ(1S) - 1.96±0.26±0.09 [2] 1.70±0.23±0.08 [5]
ϒ(3S)→ ηϒ(1S) < 1.8 [15] < 1.0 [16] -
ϒ(2S)→ ηϒ(1S) 2.1+0.7

−0.6±0.3 [15] 2.39±0.31±0.14 [16] 3.57±0.25±0.21 [17]
ϒ(4S)→ ηhb(1P) - - 21.8±1.1±1.8 [18]

Table 1: Summary of measurements of the branching fractions of ϒ(4S,3S,2S) transitions to lower-mass
bottomonia via an η meson, obtained by the CLEO, BaBar and Belle experiments in the referenced works.
The branching fractions are given in units of 10−4, the first error is statistical and the second systematic,
while the ULs are at 90% of CL.

A further set of informative results is represented by the study of the ϒ(5S) transitions, per-
formed by the Belle experiment, and summarized in Table 2. Dipion transitions from ϒ(5S) to
both lower-mass ϒ states [20] and hb(1P,2P) states [21] proceed with enhanced rates, due to
the Zb(10610) and Zb(10650) contributions. Despite such an enhancement, the corresponding
η-mediated transitions are not suppressed [22, 23].

Transition B( ‘h’ = π+π−)[10−3] Ref. B( ‘h’ = η)[10−3] Ref.
ϒ(5S)→ ‘h’ ϒ(1S) 5.3±0.6 [20] 0.73±0.16±0.08 [22]
ϒ(5S)→ ‘h’ ϒ(2S) 7.8±1.3 [20] 2.1±0.7±0.3 [23]
ϒ(5S)→ ‘h’ hb(1P) 3.5+1.0

−1.3 [21] < 3.3 [23]
ϒ(5S)→ ‘h’ hb(2P) 5.7+1.7

−2.1 [21] < 3.7 [23]
ϒ(5S)→ ‘h’ ϒ(1D) - 2.8±0.7±0.4 [23]

Table 2: Summary of measurements of the branching fractions of ϒ(5S) transitions to lower-mass bottomo-
nia via a hadronic system ‘h’, given by a dipion or an η meson, obtained by the Belle experiment in the
references works. The branching fractions are given in units of 10−3, when two errors are shown the first
one is statistical and the second systematic, while the ULs are at 90% of CL. Some results are preliminary.

In particular, Belle measured with a statistical significance of 4.4σ the transition ϒ(5S)→
ηϒ(1D) [23], by reconstructing the η → γγ decays and analyzing the η missing mass spectrum
after subtracting the contribution due to combinatorial background events. The measured branching
fraction is compatible with a theoretical expectation [24], that, in the context of a rescattering
model, describes the transition as proceeding via triangular B(∗) meson loops. The experimental
resolution does not allow to resolve the ϒ(1D) triplet yet, but an effort is made to investigate the
potential sensitivity. The ϒ(1D) signal is parameterized as three Crystal Ball functions, with free
relative fractions f1 =

B(ϒ(5S)→ηϒ(1D1))
B(ϒ(5S)→ηϒ(1D2))

and f3 =
B(ϒ(5S)→ηϒ(1D2))
B(ϒ(5S)→ηϒ(1D3))

, and with the mass of ϒ(1D2)
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fixed to its world-averaged value [6]. The signal extraction is performed in different configurations,
with the mass splitting values of the J = 2 state with the other two ϒ(1D) states, ∆M12 and ∆M23,
chosen to range between 3 MeV/c2 and 15 MeV/c2, in agreement with calculations and previous
observations. In all the cases, f1 and f3 assume values compatible with zero, and a scan of the 90%
CL ULs on these fractions is performed as a function of ∆M12 and ∆M23, as shown in Fig. 3.
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Figure 3: 90% CL ULs on f1 (left) and f3 (right), as function of the chosen mass splitting values ∆M12 and
∆M23. The black lines represent the curves at fixed values of the UL, from 0.4 to 1.8 in steps of 0.2. The
corresponding UL value is reported next to each line. Dashed and solid line styles are alternated for clarity.
The grey shaded areas correspond to the regions excluded by the theoretically-favored value f1 = 0.68 [24].
The results are preliminary.

Hadronic transitions are a key ingredient in understanding bottomonium and, more in general,
the QCD description of matter. The Belle experiment has recently given a solid contribution to the
field, with:

• the observation of ϒ(4S)→ ηhb(1P) [18];

• the measurement of ϒ(5S)→ ηϒ(1D) [23], with a statistical significance close to 5σ ;

• the confirmation of the enhancement of the HQSS-violating transition ϒ(4S)→ ηϒ(1S) with
respect to ϒ(4S)→ π+π−ϒ(1S) [5];

• the measurement of or the search for other η-mediated transitions, such as ϒ(1D)→ ηϒ(1S)
or transitions from the ϒ(5S) to lower-mass bottomonia [5, 22, 23];

• the precision measurement of ϒ(4S) dipion transitions, with the first indication for a resonant
contribution in ϒ(4S)→ π+π−ϒ(1S) [5].

In the next future, the Belle II experiment at the Super KEKB asymmetric energy e+e− collider
will be able to further investigate, on high-statistics data samples, the remaining open points in the
study of bottomonium transitions.
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