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We present recent results from the Belle II experiment related to quarkonium and charm
physics. With data samples collected by Belle II during special operations of the SuperKEKB
collider above the Υ(4S) resonance, we study the processes e+e− → ωχbJ(1P ) (J = 0, 1, or
2), search for the bottomonium equivalent of the X(3872) and measure the exclusive cross
sections of e+e− → BB̄, BB̄∗ and B∗B̄∗. We also propose a new algorithm to determine
the production flavor of neutral D mesons. Finally, we report on a measurement of the Ω0

c

lifetime.

1 Quarkonium

1.1 Observation of e+e− → ωχbJ(1P ) and search for Xb → ωΥ(1S) at
√
s near 10.75 GeV

Heavy quarkonium is well suited to study the non-perturbative behavior of quantum chromo-
dynamics. The Υ(10753) is one of four bottomonium-like vector states identified above the BB̄
threshold 1. It was observed by the Belle experiment in e+e− → π+π−Υ(nS) (n = 1, 2, 3) 2

and in fits to the e+e− → bb̄ cross sections at energies
√
s from 10.6 to 11.2 GeV 3. One of

many interpretations sees the Υ(10753) as an admixture of Υ(4S) and Υ(3D) 4 with branching
fractions for decays into ωχbJ (where χbJ denotes χbJ(1P )) of 10−3, comparable to the decay
via di-pion transition it was discovered in. This final state also allows for the search of the
process e+e− → γXb(→ ωΥ(1S)), where Xb is the supposed bottomonium counterpart of the
X(3872). Previous searches for an Xb state by ATLAS 5 , CMS 6 and Belle 7 observed no signal.
For these analyses we use data samples collected by the Belle II experiment at four different
centre-of-mass energies above the Υ(4S):

√
s = 10.653, 10.701, 10.745 and 10.805 GeV with

integrated luminosities of 3.5, 1.6, 9.8 and 4.7 fb−1, respectively.

We select events containing at least 4 tracks with ω → π+π−π0, χbJ → γΥ(1S), and
Υ(1S) → ℓ+ℓ− (ℓ=e or µ). We perform two-dimensional unbinned likelihood fits to the
M(γΥ(1S)) versus M(π+π−π0) distributions and find signals of χb1 and χb2 at 10.745 and
10.805 GeV with significances of 11σ and 4.5σ, respectively. This marks the first observation
of ωχbJ signals at

√
s =10.745 GeV. We measure the corresponding Born cross sections to be

(3.6+0.7
−0.7(stat)±0.5(syst)) pb and (2.8+1.2

−1.0(stat)±0.4(syst)) pb. A strong enhancement of the cross
section is observed near 10.75 GeV with an energy dependence consistent with the Υ(10753)
state (see Figure 1).

In distributions of M(ωΥ(1S)), we find reflections from e+e− → ωχbJ signals but no narrow
peak corresponding to a Xb signal. We therefore determine upper limits at 90% Bayesian
credibility on the products of Born cross section for e+e− → γXb and branching fraction for
Xb → ωΥ(1S) to be 0.55, 0.84, 0.14 and 0.37 pb at

√
s =10.653, 10.701, 10.745 and 10.805 GeV,

respectively.
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TABLE I: Measurements of e+e− → ωχbJ at
√

s = 10.701, 10.745, and 10.805 GeV. Σ is the signal significance; Syst is
the systematic uncertainty. The first and second uncertainties (if available) indicate statistical and systematic contributions,
respectively. The common systematic uncertainties for all energy points are 15.8%, 9.4%, and 9.3% for ωχb0, ωχb1, and ωχb2,
respectively.

Channel
√

s (GeV) N sig NUL Σ(σ) ε |1 − Π|2 1 + δISR Syst (%) σB (pb) σUL
B (pb)

e+e− → ωχb0 10.701 0.0+1.1
−0.0 3.0 - 0.182 0.931 0.67 16.6 0.0+6.1

−0.0 16.6

e+e− → ωχb1 0.0+2.1
−0.0 3.9 - 0.184 0.931 0.64 10.6 0.0+0.7

−0.0 1.2

e+e− → ωχb2 0.1+2.2
−0.1 4.0 - 0.182 0.931 0.62 10.6 0.1+1.4

−0.1 2.5

e+e− → ωχb0 10.745 3.0+5.5
−4.7 12.0 0.5 0.183 0.931 0.65 25.9 2.8+5.1

−4.4 ± 0.7 11.3

e+e− → ωχb1 68.9+13.7
−13.5 - 5.9 0.183 0.931 0.65 12.7 3.6+0.7

−0.7 ± 0.5 -

e+e− → ωχb2 27.6+11.6
−10.0 - 3.1 0.184 0.931 0.65 14.5 2.8+1.2

−1.0 ± 0.4 -

e+e− → ωχb0 10.805 3.6+3.8
−3.1 9.9 1.2 0.182 0.932 1.12 24.9 4.1+4.3

−3.5 ± 1.0 11.4

e+e− → ωχb1 15.0+6.8
−6.2 26.2 2.7 0.182 0.932 1.12 20.2 0.9+0.4

−0.4 ± 0.2 1.7

e+e− → ωχb2 3.3+5.3
−3.8 12.8 0.8 0.183 0.932 1.11 29.1 0.4+0.7

−0.5 ± 0.1 1.6

35.5 MeV [5], respectively. There are two solutions for
ΓeeB(Υ(10753) → ωχb1 and ωχb2). One corresponds to
constructive interference and yields (0.63 ± 0.39(stat) ±
0.20(syst)) and (0.53 ± 0.46(stat) ± 0.15(syst)) eV (So-
lution I). The other corresponds to destructive inter-
ference and yields (2.01 ± 0.38(stat) ± 0.76(syst)) and
(1.32±0.44(stat)±0.55(syst)) eV (Solution II). The sys-
tematic uncertainties are discussed below. The fit qual-
ities for ωχb1 and ωχb2 are χ2/ndf = 0.5/1 and 0.1/1.
An alternative model with two interfering BW functions
for the Υ(10753) and Υ(10860) states shows little in-
terference and ΓeeB(Υ(10753) → ωχb1 and ωχb2) =
(1.24±0.56(stat)) and (0.92±0.37(stat)) eV (Solution I)
and (1.28 ± 0.57(stat)) and (1.09 ± 0.40(stat)) eV (Solu-
tion II). The fit qualities for ωχb1 and ωχb2 are χ2/ndf =
0.4/1 and 0.1/1. We also test a single BW of Υ(10753)
with a free mass and width to fit the energy dependence,
and find a less satisfactory χ2/ndf of 12/6.
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FIG. 2: Energy dependence of the Born cross sections for
(left) e+e− → ωχb1 and (right) e+e− → ωχb2. Circles show
the measurements reported here, triangles are the results of
the Belle experiment [41]. Error bars represent combined sta-
tistical and systematic uncertainties. Curves show the fit re-
sults and various components of the fit function.

In addition, we search for the Xb in e+e− → γXb

with Xb → ωΥ(1S) at
√

s = 10.653, 10.701, 10.745,
and 10.805 GeV. Distributions of M(ωΥ(1S)) for events

within 0.70 < M(π+π−π0) < 0.86 GeV/c2 are shown
in Fig. 3. Prominent reflections of e+e− → ωχbJ sig-
nals are observed, but no narrow structure as expected
from a Xb signal is found. We set upper limits at 90%
Bayesian credibility [54] with M(ωΥ(1S)) in the 100
MeV/c2 interval centered at the test Xb mass (95% signal
efficiency). The observed yield is obtained by counting
events, and the background yield is estimated using an
unbinned maximum likelihood fit to the M(ωΥ(1S)) dis-
tribution. A straight line is used to describe the smooth
background. At

√
s = 10.701, 10.745, and 10.805 GeV,

additional normalized shapes from simulations for each
χbJ state are used to describe e+e− → ωχbJ signals.
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FIG. 3: Distributions of ωΥ(1S) mass from data at
√

s
= 10.653, 10.701, 10.745, and 10.805 GeV. The red dash-
dotted histograms are from simulated events e+e− → γXb(→
ωΥ(1S)) with the Xb mass fixed at 10.6 GeV/c2 and yields
fixed at the upper limit values.

We calculate the upper limits at 90% Bayesian credi-
bility on the products of the Born cross section for the
e+e− → γXb process and the branching fraction for
Xb → ωΥ(1S) (σUL

B (e+e− → γXb)B(Xb → ωΥ(1S))

Figure 1 – Energy dependence of the Born cross sections with fit results overlaid for (left) e+e− → ωχb1 and
(right) e+e− → ωχb2. Belle II results from this study are indicated with circles, while previous measurements by
Belle 7 are shown with triangles.

1.2 Measurement of energy dependence of the e+e− → BB̄,BB̄∗ and B∗B̄∗ cross sections

The energy region surrounding the previously discussed Υ(10753) suffers from great uncertainty
as the available data samples are limited in size. When Belle II collected its first scan data,
the center-of-mass energies were chosen to fill the gaps in between the scan points of Belle and
therefore improve the understanding of the concerned region. We report the measurement of the
e+e− → BB̄, BB̄∗ and B∗B̄∗ cross sections using the data samples collected at 10.653, 10.701,
10.745 and 10.805 GeV, all while closely following a previously established procedure 8. One of
the two B mesons in the event is reconstructed in decays to hadronic final states using the Full
Event Interpretation package of Belle II 9. We identify the different BB̄, BB̄∗ and B∗B̄∗ signals
with the Mbc distribution:

Mbc =
√
(Ecm/2)2 − p2B (1)

which represents the invariant mass of the reconstructed B meson with the energy replaced by
half the centre-of-mass energy Ecm, and pB being the B candidate momentum in the centre-
of-mass frame. Signal yields are obtained from fits to the Mbc distributions at various scan
energies. We compute the corresponding Born cross sections and find them in good agreement
with earlier measurements from Belle8 with better precision. Finally, we perform a simultaneous
fit of the energy dependence of the exclusive e+e− → BB̄, BB̄∗ and B∗B̄∗ cross sections from
Belle and Belle II together with the total bb̄ cross section 3. The sum of exclusive cross sections
agrees well with the total one, which represents an important cross check as different methods
are used to obtain both. We also see a sharp increase at the B∗B̄∗ threshold which could hint
at a possible resonance. Further studies are needed to investigate this observation.

2 Charm

2.1 Novel method for the identification of the production flavor of neutral charmed mesons

One of the main ingredients of any CP violation and mixing measurement is the identification
of the signal flavor at production, referred to as flavor tagging. In charm physics, this is usually
accomplished by selecting D0 mesons from the strong decay D∗+ → D0π+ or from the semi-
leptonic decay of a beauty hadron. The sample of neutral D mesons available for measurements
that require tagging is therefore much smaller than the inclusive sample of neutral D mesons
produced in e+e− collisions.

We present a new approach to charm-flavor tagging (Charm Flavor Tagger, CFT) that
exploits the correlation between the flavor of the signal D meson and the electric charges of
particles reconstructed in the rest of the e+e− → cc̄ event. The latter includes particles from
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Figure 2 – Mass distribution for D0 → K−π+ decays with different requirements on the predicted dilution in
comparison with D∗+-tagged decays.

the decay of the other charm hadron in the event and those possibly produced in association
with the signal meson. The CFT selects particles most collinear with the signal meson as these
are most likely to correctly tag the flavor. It uses a binary classification algorithm to predict
the product qr, where q is the tagging decision (q = +1 for D0 and q = −1 for D̄0) and r is
the dilution (r = 0 indicates that the flavor is not known, while r = 1 corresponds to a perfect
prediction). The input variables are a set of reconstructed quantities of the selected particles
related to kinematics and particle identification discriminators.

The CFT is trained using simulation and calibrated with data collected by Belle II corre-
sponding to an integrated luminosity of 362fb−1. The tagging power, defined as ϵefftag = ϵeff⟨r2⟩
(ϵeff being the tagging efficiency), represents the effective sample size when a tagging decision is
needed. We obtain:

ϵefftag = (47.91± 0.07(stat)± 0.51(syst))% (2)

This value is found to be independent of the signal neutral-D decay mode. The CFT will roughly
double the effective sample size w.r.t to measurements that so far have relied exclusively on D∗+

tagged events. The increase in sample size is accompanied by an increase in background (see
Figure 2).

2.2 Measurement of the Ω0
c lifetime

The lifetime hierarchy of heavy hadrons is predicted in the context of heavy-quark expansion
while expressing the decay rate as an expansion in inverse powers of the heavy-quark mass.
For charmed hadrons, an accurate prediction is challenging as higher-order terms in 1/mc and
contributions of spectator quarks cannot be neglected, leading to overall large uncertainties 10.
According to early measurements and in agreement with theoretical predictions, the Ω0

c was
believed to be the shortest lived among the four singly charmed baryons that decay weakly. We
measure the Ω0

c lifetime using Ω0
c → Ω−π+ decays with Ω− → Λ0(→ pπ−)K− and data collected

by Belle II corresponding to 207 fb−1 to be:

τ(Ω0
c) = (243± 48(stat)± 11(syst))fs (3)

This result provides an independent experimental confirmation of earlier determinations by the
LHCb experiment 11,12 which challenged the existing world average value and set the Ω0

c as the
second-longest living charmed baryon. With this program of charm lifetime measurements, we
continue to demonstrate the excellent performance and alignment of the vertex detector.
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