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SuperKEKB             Belle II

injector  
to Linac

<latexit sha1_base64="UWjsKjkQb+7ZrcSov+jRxg+Rebc="></latexit>p
s = 10.58 GeV = m⌥(4S)c

2

“B-tagging”

We also have data taken off-resonance 
as well as energy scan around Υ(5S)

3
unique to  B-factorye+e−

See Appendix, p.35-37.
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Belle (1999-2010) 
Luminosity

•  

 for   

•

∫ ℒtotal = 1039 fb−1

980 fb−1 Ξ0
c

∫ ℒΥ(4S) = 711 fb−1
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Part I  B decays
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LFU test via  vs. R(D) R(D*)
R(D*) ≡

ℬ(B → D*τ+ν)
ℬ(B → D*ℓ+ν)

For details of the Belle II  measurement, see Appendix, p.38-40.R(D*)

WA is  from SM.3.17σ
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Why measure ? 
• different systematics from 

• hence, a complementary test of LFU 

Procedure 
• use  modes

• select events with , with remaining 
particles attributed to 

• distinguish signal from background by using 
 and 

• background mostly from ; some 
continuum and fake leptons

R(Xτ/ℓ)
R(D(*))

τ → ℓντνℓ
Btag + ℓ

X

M2
miss pB

ℓ
b → c → ℓ

Inclusive LFU test w/ R(Xτ/ℓ)
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<latexit sha1_base64="5drVGYOFu1X+g04xwVeLhG68f24="></latexit>

R(X⌧/`) =
B(B ! X⌧⌫)

B(B ! X`⌫)

arXiv:2311.07248 
submitted to PRL
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, event distributions R(Xτ/ℓ)

! ⁄" ℓ($) – updates to modeling

• Use separate , and + templates for each of >)*, >ℓ*, F QF bkg 
and continuum (Q( (constrained using off-peak data)

• Main challenge is to produce reliable template shapes

• Detailed adjustments to MC (FFs, F and - BFs)

• Detailed corrections based on comparisons of simulation with 
control regions:  low (6 (>Gℓ*), low O3455

6 (>Gℓ*), high OH 
(background)

• Example: adjust OH in _ℓ > 1.4 GeV sideband; using these 
weights also improves modeling in O3455

6  (shown) and (6

18 Sep 2023Kowalewski - CKM 2023 15
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Main sources of systematic uncertainty:
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for reliable template shapes for fitting 

• make detailed adjustments to MC (FF’s,  
and  BF’s)

• corrections by comparing MC to data in 
control region: low , low , high 

• e.g. adjust  in  > 1.4 GeV sideband; 
using these weights also improves modeling 
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 ResultsR(Xτ/ℓ)
5

Figure 1: Two-dimensional distributions of electron (left) and muon (right) momentum in the Bsig rest frame pB`
and the missing mass squared M2

miss, flattened to one dimension in intervals as used in the signal extraction fit, with
the fit results overlaid. The hatched area shows the total statistical and systematic uncertainty, added in quadrature
for each interval. The residuals are normalized to the statistical uncertainty of the data points and the M2

miss

intervals are given in units of GeV2/c4.

spective muon-mode e�ciencies are (1.12± 0.02)⇥ 10�3

and (2.15±0.03)⇥10�3 due to more-restrictive pµ thresh-
olds.

We fit the experimental (pB` , M
2
miss) spectra as shown

in Fig. 1 and measure electron (muon) normalization
yields of Nmeas

e = 95690 ± 770 (Nmeas
µ = 89970 ± 810)

and electron (muon) signal yields of Nmeas
⌧!e = 2590± 450

(Nmeas
⌧!µ = 1810 ± 460). From these yields, we cal-

culate R(X⌧/`) using Ngen
⌧ = Ngen

⌧!`/B(⌧ ! `⌫⌫) via

R(X⌧/`) = (Nmeas
⌧!` /N

meas
` )(N sel

` /N sel
⌧!`)(N

gen
⌧ /Ngen

` ).

Table I: Relative statistical and systematic uncertainties
on the value of R(X⌧/`).

Source
Uncertainty [%]

e µ `

Experimental sample size 8.8 12.0 7.1
Simulation sample size 6.7 10.6 5.7
Tracking e�ciency 2.9 3.3 3.0
Lepton identification 2.8 5.2 2.4
Xc`⌫ MX shape 7.3 6.8 7.1
Background (p`,MX) shape 5.8 11.5 5.7
X`⌫ branching fractions 7.0 10.0 7.7
X⌧⌫ branching fractions 1.0 1.0 1.0
Xc⌧(`)⌫ form factors 7.4 8.9 7.8

Total 18.1 25.6 17.3

We estimate the size of each systematic uncertainty
by refitting the simulated spectrum with all systematic
sources fixed and then with all but one source fixed, and
take the quadrature di↵erence between the two.

The resulting uncertainties are summarized in Table I.
The largest uncertainties are associated with the experi-
mental and simulation sample sizes. Normalization and

BB background shape uncertainties associated with the
simulation reweightings are driven by the sample sizes of
the control samples. They should decrease with larger
sample sizes like statistical uncertainties, as should the
branching-fraction uncertainties, which are dominated
by constraints on the 100% uncertainty assigned to the
branching fraction of the nonresonant gap modes from
the fit to data. These sources are comparable to the
form-factor uncertainties, which are dominated by devi-
ations between form-factor model parametrizations for
B ! D⇤`⌫ processes.
We find R(X⌧/`) for electrons and muons of

R(X⌧/e) = 0.232± 0.020 (stat)± 0.037 (syst), and

R(X⌧/µ) = 0.222± 0.027 (stat)± 0.050 (syst),

respectively. By combining light-lepton flavors in a
weighted average of correlated values, we find

R(X⌧/`) = 0.228± 0.016 (stat)± 0.036 (syst).

This work started as a blind analysis. Unblinding of an
earlier version exposed a significant correlation of the re-
sults with the lepton momentum threshold, attributed to
a biased selection applied in an early data-processing step
and to insu�cient treatment of low-momentum back-
grounds. We reblinded, removed the problematic se-
lection, tightened lepton requirements, and introduced
the lepton-secondary and muon-fake reweightings. The
results are now independent of the lepton momentum
threshold, and are consistent between subsets of the full
data set when split by lepton charge, tag flavor, lepton
polar angle, and data collection period. We verify that
the reweighting uncertainties cover mismodeling of D-
meson decays by varying the branching ratio of each de-
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R(Xτ/ℓ) = 0.228 ± 0.016 ± 0.036

R(Xτ/e) = 0.232 ± 0.020 ± 0.037
R(Xτ/μ) = 0.222 ± 0.027 ± 0.050

Consistent with SM:  0.223 ± 0.005
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, compared with R(Xτ/ℓ) R(D(*))

11

6

cay D ! K(anything) within its uncertainty as provided
in Ref. [32] while fixing the total event normalization.

Our result is in agreement with an average of standard-
model predictions of 0.223 ± 0.005 [37, 38, 40] but also
is consistent with a hypothetically enhanced semitauonic
branching fraction as indicated by the R(D(⇤)) world av-
erages [44] (cf. Fig. 2). This is the first measurement of
the tau-to-light-lepton inclusive semileptonic branching
fraction ratio in B mesons.

Figure 2: Constraints on R(D(⇤)) from the measured
R(X⌧/`) value (red), as described in the supplemental

material [19], compared to the world average of R(D(⇤))
(blue [11]) and the standard model expectation
(gray/black [11, 44]).
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In the SM, 
•  

sensitive to new physics BSM, e.g. 
• leptoquarks,
• axions,
• DM particles, etc. 

ℬ(B+ → K+νν̄) = (5.58 ± 0.37) × 10−6 [4]

Evidence for B+ ! K+⌫⌫̄ Decays1

Ann Author1, ⇤ and Second Author1, †2

(Belle II Collaboration)3

1Authors’ institution and/or address4

This line break forced with \\5

We search for the rare decay B+ ! K+⌫⌫̄ in a 362 fb�1 sample of electron-positron collisions6

at the ⌥ (4S) resonance collected with the Belle II detector at the SuperKEKB collider. We use7

the inclusive properties of the accompanying B meson in the ⌥ (4S) ! BB̄ events to suppress8

background from other decays of the signal B candidate and light-quark pair production. We val-9

idate the measurement with an auxiliary analysis based on a conventional hadronic reconstruction10

of the accompanying B meson. For background suppression, we exploit distinct signal features11

using machine learning methods tuned with simulated data. The signal-reconstruction e�ciency12

and background suppression are validated through various control channels. The branching frac-13

tion is extracted in a maximum likelihood fit. Our inclusive and hadronic analyses yield con-14

sistent results for the B+ ! K+⌫⌫̄ branching fraction of [2.8± 0.5(stat)± 0.5(syst)] ⇥ 10�5 and15 ⇥
1.1+0.9

�0.8(stat)
+0.8
�0.5(syst)

⇤
⇥ 10�5, respectively. Combining the results, we determine the branching16

fraction of the decay B+ ! K+⌫⌫̄ to be
⇥
2.4± 0.5(stat)+0.5

�0.4(syst)
⇤
⇥ 10�5, providing the first ev-17

idence for this decay at 3.6 standard deviations. The result is consistent with the standard model18

expectation at 2.8 standard deviations.19

PACS numbers: VERSION v4.020

I. INTRODUCTION21

Flavor-changing neutral-current transitions, such22

as b ! s⌫⌫̄, are suppressed in the standard23

model (SM) of particle physics, because of the24

Glashow–Iliopoulos–Maiani mechanism [1]. These transi-25

tions can only occur at higher orders in SM perturbation-26

theory through weak-interaction amplitudes that involve27

the exchange of at least two gauge bosons. One of the28

advantages of b ! s⌫⌫̄ transitions over b ! s`` transi-29

tions, where ` represents a charged lepton, is the absence30

of photon exchange. This leads to a smaller theoreti-31

cal uncertainty in b ! s⌫⌫̄ rate predictions compared to32

b ! s`` ones, which are a↵ected by the breakdown of33

factorization due to photon exchange [2].34

The b ! s⌫⌫̄ transition provides the leading ampli-35

tudes for the B
+ ! K

+
⌫⌫̄ decay, as shown in Fig. 1.36

The SM branching fraction of the B+ ! K
+
⌫⌫̄ decay [3]37

is predicted in Ref. [4] to be38

B(B+ ! K
+
⌫⌫̄) = (5.58± 0.37)⇥ 10�6

. (1)39

It includes the contribution of (0.61± 0.06)⇥ 10�6 from40

the double-charged-current B+ ! ⌧
+(! K

+
⌫)⌫̄ decays.4142

The B
+ ! K

+
⌫⌫̄ decay rate can be significantly mod-43

ified in models that predict non-SM particles, such as44

leptoquarks [5]. In addition, the B
+ meson could un-45

dergo a two-body decay to a kaon and an undetectable46

particle, such as an axion [6] or a dark-sector mediator47

[7].48

⇤
Also at Physics Department, XYZ University.

†
Second.Author@institution.edu
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FIG. 1. Lowest-order quark-level diagrams for the B+ !
K+⌫⌫̄ decay in the SM are either of the penguin, or box type.
The long-distance double-charged-current diagram arising at
tree-level in the SM also contributes to the B+ ! K+⌫⌫̄
decay.

The study of the B
+ ! K

+
⌫⌫̄ decay is experimen-49

tally challenging as the final state contains two neutrinos50

that are not reconstructed. In all analyses reported to51

date [8–13], no evidence for a signal has been found, and52

the current experimental upper limit on the branching53

fraction is 1.6⇥ 10�5 at the 90% confidence level [14].54

In this study the signal B meson is produced in the55

e
+
e
� ! ⌥(4S) ! B

+
B

� process. An inclusive tag-56

ging analysis method (ITA) exploiting inclusive proper-57

ties from the B-meson pair-produced along with the sig-58

nal B, is applied to the entire Belle II data set currently59

available, superseding the results of Ref. [13], where this60

method was first used. In addition, an auxiliary anal-61

ysis using the well-established hadronic-tagging analy-62

sis method (HTA) [9, 10] is presented; this involves ex-63

Search for  at Belle IIB+ → K+νν

<latexit sha1_base64="t2qIlUQDWB8LjqfCkH75roS4Vwo="></latexit>

B(B+ ! K+⌫⌫) = (1.9+1.3+0.8
�1.3�0.7)⇥ 10�5

< 4.1⇥ 10�5 @ 90% CL

PRL 127, 181802 (2021)
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[4] W. G. Parrott et al. PRD 107, 014511 (2023)
incl. long-distance contribution from )B → τν
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Reconstruction and Basic Selection

8

Basic reconstruction of tracks and clusters:
Charged particles: , close to collision point, in the central part of the detector
Neutral particles:  (ITA), -dependent (HTA) 
Signal kaon track candidates required to have high probability to be kaon

E > 100 MeV/c
E > 100 MeV E > [60,...,150] MeV, ϕ

Hadronic tagging  (HTA)  

Efficiency

Purity, Resolution 

Bsig

B
Υ(4S)

ν
ν̄

Rest of event 
(ROE)

q2
rec

K±

Inclusive tagging  (ITA)  

e−
Bsig

Btag

Υ(4S)

ν
ν̄

q2
rec

Other 
tracks and clusters 

in the event

e+
e+ e−

K±

 : mass squared 
of the neutrino pair
q2

rec

Two ways of tagging

13Se
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+
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K

+
νν̄

Features of ITA  
• exploits inclusive properties of 

• high efficiency, low purity 

• BDTs in two stages (BDT1 mostly for ; 
BDT2 for final signal extraction)

Btag

qq̄

Features of HTA  
• uses full decay chain information of of 

• high high purity, very low efficiency
• uses BDT for signal extraction (BDTh) 

Btag
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Signal efficiency (ITA vs. HTA)
after multi-variate analysis for ROE with BDT for BDT efficiency validation, 

see p. 42 in the Appendix
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Recent physics results from Belle II incl.                   Youngjoon Kwon (Yonsei U.)                  Apr. 11, 2024  for DIS 2024 @ Grenoble, FranceB+ → K+νν̄

Closure test (ITA)

15

     Slavomira Stefkova, slavomira.stefkova@kit.edu                                                                                                                   CKM 202315

Closure test:  (ITA)!(B+ → π+K0)
Measure a branching fraction for a known rare decay mode  to validate the background 
estimation using nominal analysis, but with:

Pion ID instead of kaon ID
Different   bin boundaries
Only on-resonance data used for fit
Only normalization systematics included

Result:

B+ → π+K0

q2
rec

ℬ(B+ → π+K0) = (2.5 ± 0.5) × 10−5

Measured values consistent with PDG value 
 !(B+ → π+K0) = (2.3 ± 0.08) × 10−5

     Slavomira Stefkova, slavomira.stefkova@kit.edu                                                                                                                   CKM 202315

Closure test:  (ITA)!(B+ → π+K0)
Measure a branching fraction for a known rare decay mode  to validate the background 
estimation using nominal analysis, but with:

Pion ID instead of kaon ID
Different   bin boundaries
Only on-resonance data used for fit
Only normalization systematics included

Result:

B+ → π+K0

q2
rec

ℬ(B+ → π+K0) = (2.5 ± 0.5) × 10−5

Measured values consistent with PDG value 
 !(B+ → π+K0) = (2.3 ± 0.08) × 10−5

Consistent with PDG:
ℬ(B+ → π+K0) = (2.3 ± 0.08) × 10−5

η(BDT2) > 0.92
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arXiv:2311.14647 
PRD accepted

Assume B is at rest in the  rest-frame ( )Υ(4S) c = 1
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 result (ITA)B+ → K+νν

ℬ(B+ → K+νν̄)ITA = (2.7 ± 0.5 ± 0.5) × 10−5
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η(BDT2) > 0.98

 post-fit distributions (ITA)B+ → K+νν
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(combined)

B+ → K+νν

ℬ(B+ → K+νν̄)ITA = (2.7 ± 0.5 ± 0.5) × 10−5

ℬ(B+ → K+νν̄)HTA = (1.1+0.9
−0.8

+0.8
−0.5) × 10−5

• Prob(null signal of ) 
= 0.012% (3.5 )

• Prob(  from SM only) 
= 0.17% (2.7 )

B+ → K+νν
σ

B+ → K+νν
σ
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+
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K

+
νν̄

arXiv:2311.14647 
PRD accepted

ℬ(B+ → K+νν̄)comb = (2.3 ± 0.5+0.5
−0.4) × 10−5

[Note]    
(SM value not incl. )

μ = 1 ⇔ ℬ = 4.97 × 10−6

B → τν
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 global pictureℬ(B+ → K+νν)
arXiv:2311.14647 

PRD accepted
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Part II  Charm baryon
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Charm baryon decays Ξ0
c → Ξ0h0

(h0 = π0, η, η′ )

C
ha

rm
 b

ar
yo

n 
de

ca
ys

 Ξ
0 c

→
Ξ0 h0

(h
0

=
π0 ,η

,η
′ )

Sensitive to (a) W-emission, and (b) W-exchange diagrams 
• difficulties for theoretical predictions

measures BF and decay asymmetry parameter  
• in a combined data set of Belle (980/fb) + Belle II (426/fb)

α
and SU(3)F flavor symmetry [12–18]. Theoretical predictions for the branching fractions40

of Ξ0
c → Ξ0h0 decays based on these approaches are listed in table 1. A first measurement41

of the branching fractions for Ξ0
c → Ξ0h0 decays will help to clarify the theoretical picture.42

(a) (b)

Figure 1. The Feynman diagrams for (a) internal W -emission and (b) W -exchange in Ξ0
c → Ξ0h0

decays [4].

Table 1. Theoretical predictions for the branching fractions and decay asymmetry parameters for
Ξ0
c → Ξ0h0 decays. Branching fractions are given in units of 10−3.

Reference Model B(Ξ0
c → Ξ0π0) B(Ξ0

c → Ξ0η) B(Ξ0
c → Ξ0η′) α(Ξ0

c → Ξ0π0)

Körner, Krämer [5] quark 0.5 3.2 11.6 0.92
Xu, Kamal [7] pole 7.7 - - 0.92
Cheng, Tseng [8] pole 3.8 - - −0.78
Cheng, Tseng [8] CA 17.1 - - 0.54
Żenczykowski [9] pole 6.9 1.0 9.0 0.21
Ivanov et al. [6] quark 0.5 3.7 4.1 0.94
Sharma, Verma [11] CA - - - −0.8
Geng et al. [12] SU(3)F 4.3±0.9 1.7+1.0

−1.7 8.6+11.0
−6.3 -

Geng et al. [13] SU(3)F 7.6±1.0 10.3±2.0 9.1±4.1 −1.00+0.07
−0.00

Zhao et al. [14] SU(3)F 4.7±0.9 8.3±2.3 7.2±1.9 -
Zou et al. [10] pole 18.2 26.7 - −0.77
Huang et al. [15] SU(3)F 2.56±0.93 - - −0.23± 0.60

Hsiao et al. [16] SU(3)F 6.0±1.2 4.2+1.6
−1.3 - -

Hsiao et al. [16] SU(3)F-breaking 3.6±1.2 7.3±3.2 - -
Zhong et al. [17] SU(3)F 1.13+0.59

−0.49 1.56±1.92 0.683+3.272
−3.268 0.50+0.37

−0.35

Zhong et al. [17] SU(3)F-breaking 7.74+2.52
−2.32 2.43+2.79

−2.90 1.63+5.09
−5.14 −0.29+0.20

−0.17

Xing et al. [18] SU(3)F 1.30±0.51 - - −0.28± 0.18

In addition to the branching fraction measurement, parity violation in Ξ0
c decays can43

be measured using the decay asymmetry parameter, α. In addition to Ξ0
c → B + V de-44

cays [2], Belle has also measured the decay asymmetry parameter for Ξ0
c → Ξ−π+ [19].45

In weak decays, the interference between the parity-violating and parity-conserving ampli-46

tudes contributes to an asymmetry in the angular decay distribution. The degree of parity47

violation can therefore be quantified by fitting to the Ξ0
c decay angular distribution and48

extracting α. Predictions for α(Ξ0
c → Ξ0π0) from different models are also listed in table 1.49

In this paper, we present the first measurements of the branching fractions for Ξ0
c →50

Ξ0π0, Ξ0
c → Ξ0η and Ξ0

c → Ξ0η′ decays and the asymmetry parameter of the Ξ0
c → Ξ0π051

decay. This analysis combines data samples with integrated luminosities of 980 fb−1 and 42652

– 2 –

Table 3. The branching fraction ratios of Ξ0
c → Ξ0h0 decays, where the first and second uncer-

tainties are statistical and systematic, respectively.

Results Belle Belle II Combined
B(Ξ0

c → Ξ0π0)/B(Ξ0
c → Ξ−π+) 0.49± 0.02± 0.04 0.52± 0.03± 0.06 0.50± 0.02± 0.03

B(Ξ0
c → Ξ0η)/B(Ξ0

c → Ξ−π+) 0.10± 0.02± 0.02 0.14± 0.02± 0.02 0.12± 0.01± 0.01

B(Ξ0
c → Ξ0η′)/B(Ξ0

c → Ξ−π+) 0.12± 0.03± 0.01 0.06± 0.03± 0.01 0.09± 0.02± 0.01

Table 4. The efficiency-corrected Ξ0
c signal yields in cos θΞ0 bins for Ξ0

c → Ξ0π0 in the Belle and
Belle II datasets.

Nobs
Ξ0π0

ε (%) (−1.0,−0.6) (−0.6,−0.2) (−0.2, 0.2) (0.2, 0.6) (0.6, 1.0)

Belle 260±25
1.40

296±26
1.29

266±27
1.14

265±27
0.99

224±24
0.71

Belle II 176±18
2.37

167±18
2.08

194±20
1.96

151±17
1.60

176±17
1.18

II) data sample. The branching fraction ratios are summarized in table 3, where the226

first and second uncertainties are statistical and systematic, respectively. The systematic227

uncertainties are discussed in detail below.228

6 Asymmetry parameter of Ξ0
c → Ξ0π0229

For Ξ0
c → Ξ0h0, the differential decay rate depends on the asymmetry parameter230

α(Ξ0
c → Ξ0h0) as231

dN

d cos θΞ0
∝ 1 + α(Ξ0

c → Ξ0h0)α(Ξ0 → Λπ0) cos θΞ0 , (6.1)

where α(Ξ0 → Λπ0) is the asymmetry parameter for Ξ0 → Λπ0 taken to be −0.349 ±232

0.009 [29] and cos θΞ0 is the angle between the Λ momentum vector and the opposite of233

the Ξ0
c momentum vector in the Ξ0 rest frame.234

Given the limited statistics for the other modes, only the asymmetry parameter for235

Ξ0
c → Ξ0π0 is measured. We divide the cos θΞ0 distribution into five equal sized bins. The236

Ξ0
c signal yield in each bin is obtained by fitting to the M(Ξ0π0) distribution where the237

signal shape is fixed to the result of a fit to the integrated sample, due to the limited238

statistics. Table 4 lists the signal yields and reconstruction efficiencies in each cos θΞ0 bin.239

The final efficiency-corrected Ξ0
c signal yields in bins of cos θΞ0 for Ξ0

c → Ξ0π0 are shown240

in figure 5, together with the simultaneous fit result using Eq. (6.1) for the Belle and Belle241

II data samples. Using simulated pseudo-experiments generated with different α values,242

we test the α extraction procedure and find that it is linear. The product of asymmetry243

parameters is obtained as α(Ξ0
c → Ξ0π0)α(Ξ0 → Λπ0) = 0.32±0.05(stat.). Taking α(Ξ0 →244

Λπ0) = −0.349±0.009, the α(Ξ0
c → Ξ0π0) is calculated as −0.90±0.15(stat.)±0.23(syst.),245

where the first uncertainty is statistical and the second is systematic.246

– 10 –

Theory predictions vary in wide 
ranges for both BF and 

See Appendix, p.43
α
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 branching fractionsℬ(Ξ0
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Figure 4. Invariant mass distributions of Ξ0
c candidates in data samples for (a) Ξ0

c → Ξ0π0, (b)
Ξ0
c → Ξ0η, and (c) Ξ0

c → Ξ0η′ modes from (left) Belle and (right) Belle II. The markers with error
bars represent the data. The solid blue curves, solid red curves, dashed red curves, and dashed blue
curves show the total fit, signal shape, broken-signal shape and smooth backgrounds, respectively.
The cyan histograms show the data from the Ξ0 mass sidebands.

are taken from ref. [29]. We combine the Belle and Belle II results using223

B =
B1/σ2B1

+ B2/σ2B2

1/σ2B1
+ 1/σ2B2

, (5.3)

and the uncertainty
σ =

1√
1/σ21 + 1/σ22

, (5.4)

where B1 (B2), σB1 (σB1) and σ1 (σ2) are the calculated relative branching fraction, total224

uncertainty, and the statistical or systematic uncertainty, respectively, from the Belle (Belle225
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Figure 4. Invariant mass distributions of Ξ0
c candidates in data samples for (a) Ξ0

c → Ξ0π0, (b)
Ξ0
c → Ξ0η, and (c) Ξ0

c → Ξ0η′ modes from (left) Belle and (right) Belle II. The markers with error
bars represent the data. The solid blue curves, solid red curves, dashed red curves, and dashed blue
curves show the total fit, signal shape, broken-signal shape and smooth backgrounds, respectively.
The cyan histograms show the data from the Ξ0 mass sidebands.

are taken from ref. [29]. We combine the Belle and Belle II results using223

B =
B1/σ2B1

+ B2/σ2B2

1/σ2B1
+ 1/σ2B2

, (5.3)

and the uncertainty
σ =
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1/σ21 + 1/σ22

, (5.4)

where B1 (B2), σB1 (σB1) and σ1 (σ2) are the calculated relative branching fraction, total224

uncertainty, and the statistical or systematic uncertainty, respectively, from the Belle (Belle225
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Figure 4. Invariant mass distributions of Ξ0
c candidates in data samples for (a) Ξ0

c → Ξ0π0, (b)
Ξ0
c → Ξ0η, and (c) Ξ0

c → Ξ0η′ modes from (left) Belle and (right) Belle II. The markers with error
bars represent the data. The solid blue curves, solid red curves, dashed red curves, and dashed blue
curves show the total fit, signal shape, broken-signal shape and smooth backgrounds, respectively.
The cyan histograms show the data from the Ξ0 mass sidebands.

are taken from ref. [29]. We combine the Belle and Belle II results using223
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and the uncertainty
σ =
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Figure 4. Invariant mass distributions of Ξ0
c candidates in data samples for (a) Ξ0

c → Ξ0π0, (b)
Ξ0
c → Ξ0η, and (c) Ξ0

c → Ξ0η′ modes from (left) Belle and (right) Belle II. The markers with error
bars represent the data. The solid blue curves, solid red curves, dashed red curves, and dashed blue
curves show the total fit, signal shape, broken-signal shape and smooth backgrounds, respectively.
The cyan histograms show the data from the Ξ0 mass sidebands.
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and the uncertainty
σ =
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where B1 (B2), σB1 (σB1) and σ1 (σ2) are the calculated relative branching fraction, total224

uncertainty, and the statistical or systematic uncertainty, respectively, from the Belle (Belle225
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Figure 4. Invariant mass distributions of Ξ0
c candidates in data samples for (a) Ξ0

c → Ξ0π0, (b)
Ξ0
c → Ξ0η, and (c) Ξ0

c → Ξ0η′ modes from (left) Belle and (right) Belle II. The markers with error
bars represent the data. The solid blue curves, solid red curves, dashed red curves, and dashed blue
curves show the total fit, signal shape, broken-signal shape and smooth backgrounds, respectively.
The cyan histograms show the data from the Ξ0 mass sidebands.
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, (5.3)

and the uncertainty
σ =
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where B1 (B2), σB1 (σB1) and σ1 (σ2) are the calculated relative branching fraction, total224

uncertainty, and the statistical or systematic uncertainty, respectively, from the Belle (Belle225

– 9 –

)2
Ev

en
ts

/(5
 M

eV
/c

0

50

100

150 -1Belle, 980 fb Data
Total Fit
Signal shape
Broken signal
Background

 sideband0Ξ

]2) [GeV/c0π0ΞM(
2.3 2.4 2.5 2.6

Pu
ll

2−
0
2

(a)

)2
Ev

en
ts

/(5
 M

eV
/c

0

50

100

-1Belle II, 426 fb Data
Total Fit
Signal shape
Broken signal
Background

 sideband0Ξ

]2) [GeV/c0π0ΞM(
2.3 2.4 2.5 2.6

Pu
ll

2−
0
2

)2
Ev

en
ts

/(5
 M

eV
/c

0

20

40

60
-1Belle, 980 fb Data

Total Fit
Signal shape
Broken signal
Background

 sideband0Ξ

]2) [GeV/cη0ΞM(
2.3 2.4 2.5 2.6

Pu
ll

2−
0
2

(b)

)2
Ev

en
ts

/(5
 M

eV
/c

0

10

20

30

40
-1Belle II, 426 fb Data

Total Fit
Signal shape
Broken signal
Background

 sideband0Ξ

]2) [GeV/cη0ΞM(
2.3 2.4 2.5 2.6

Pu
ll

2−
0
2

)2
Ev

en
ts

/(5
 M

eV
/c

0

5

10

15

20

25
-1Belle, 980 fb Data

Total Fit
Signal shape
Broken signal
Background

 sideband0Ξ

]2’) [GeV/cη0ΞM(
2.4 2.45 2.5 2.55

Pu
ll

2−

0
2

(c)

)2
Ev

en
ts

/(5
 M

eV
/c

0

5

10

15

20
-1Belle II, 426 fb Data

Total Fit
Signal shape
Broken signal
Background

 sideband0Ξ

]2’) [GeV/cη0ΞM(
2.4 2.45 2.5 2.55

Pu
ll

2−

0
2

Figure 4. Invariant mass distributions of Ξ0
c candidates in data samples for (a) Ξ0

c → Ξ0π0, (b)
Ξ0
c → Ξ0η, and (c) Ξ0

c → Ξ0η′ modes from (left) Belle and (right) Belle II. The markers with error
bars represent the data. The solid blue curves, solid red curves, dashed red curves, and dashed blue
curves show the total fit, signal shape, broken-signal shape and smooth backgrounds, respectively.
The cyan histograms show the data from the Ξ0 mass sidebands.

are taken from ref. [29]. We combine the Belle and Belle II results using223
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1/σ2B1
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and the uncertainty
σ =

1√
1/σ21 + 1/σ22

, (5.4)

where B1 (B2), σB1 (σB1) and σ1 (σ2) are the calculated relative branching fraction, total224

uncertainty, and the statistical or systematic uncertainty, respectively, from the Belle (Belle225
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Ξ0π0 Ξ0η Ξ0η′ 

consistent w/ Zhong et al. [JHEP (2023)] 
based on SU(3)F-breaking model 

Belle II precision is comparable 
to Belle with ~1/2 luminosity

in preparation for JHEP 

Table 3. The branching fraction ratios of Ξ0
c → Ξ0h0 decays, where the first and second uncer-

tainties are statistical and systematic, respectively.

Results Belle Belle II Combined
B(Ξ0

c → Ξ0π0)/B(Ξ0
c → Ξ−π+) 0.47± 0.02± 0.03 0.51± 0.03± 0.05 0.48± 0.02± 0.03

B(Ξ0
c → Ξ0η)/B(Ξ0

c → Ξ−π+) 0.10± 0.02± 0.01 0.14± 0.02± 0.02 0.11± 0.01± 0.01

B(Ξ0
c → Ξ0η′)/B(Ξ0

c → Ξ−π+) 0.12± 0.03± 0.01 0.06± 0.03± 0.01 0.08± 0.02± 0.01

via
B(Ξ0

c → Ξ0π0)

B(Ξ0
c → Ξ−π+)

=
NΞ0π0εΞ−π+

εΞ0π0NΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(π0 → γγ)
,

B(Ξ0
c → Ξ0η)

B(Ξ0
c → Ξ−π+)

=
NΞ0ηεΞ−π+

εΞ0ηNΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(η → γγ)
,

B(Ξ0
c → Ξ0η′)

B(Ξ0
c → Ξ−π+)

=
NΞ0η′εΞ−π+

εΞ0η′NΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(η′ → π+π−η)B(η → γγ)
.

(5.2)

Here, NΞ0π0 , NΞ0η, NΞ0η′ , and NΞ−π+ are the fitted Ξ0
c signal yields; εΞ0π0 , εΞ0η, εΞ0η′ ,

and εΞ−π+ are the corresponding reconstruction efficiencies; and the branching fractions
are taken from ref. [39]. We combine the Belle and Belle II branching fraction ratios and
uncertainties using formulas in ref. [44]:

r =
r1σ22 + r2σ21

σ21 + σ22 + (r1 − r2)2ε2r
,

σ =

√
σ21σ

2
2 + (r21σ

2
2 + r22σ

2
1)ε

2
r

σ21 + σ22 + (r1 − r2)2ε2r
,

(5.3)

where ri, σi and εr are branching fraction ratio, uncorrelated uncertainty, and relative225

correlated systematic uncertainty from each data sample, respectively. The branching226

fraction ratios are summarized in table 3, where the first and second uncertainties are227

statistical and systematic, respectively. The systematic uncertainties are discussed in detail228

below.229

6 Asymmetry parameter of Ξ0
c → Ξ0π0230

Given the limited statistics for the other modes, only the asymmetry parameter for231

Ξ0
c → Ξ0π0 is measured. We divide the cos θΞ0 distribution into five equal sized bins.232

The Ξ0
c signal yield in each bin is obtained by fitting to the M(Ξ0π0) distribution where233

the signal shape is fixed to the result of a fit to the integrated sample, due to the lim-234

ited statistics. The fits to M(Ξ0π0) spectra in different cos θΞ0 bins are shown in ap-235

pendix A. Table 4 lists the signal yields and reconstruction efficiencies in each cos θΞ0236

bin. The final efficiency-corrected Ξ0
c signal yields in bins of cos θΞ0 for Ξ0

c → Ξ0π0237

are shown in figure 5, together with the simultaneous fit result using Eq. (1.1) with the238

common α(Ξ0
c → Ξ0h0)α(Ξ0 → Λπ0) for the Belle and Belle II data samples. Using239
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B(⌅0
c ! ⌅0⇡

0) = (6.9± 0.3± 0.5± 1.5)⇥ 10�3

B(⌅0
c ! ⌅0⌘) = (1.6± 0.2± 0.2± 0.4)⇥ 10�3

B(⌅0
c ! ⌅0⌘

0) = (1.2± 0.3± 0.1± 0.3)⇥ 10�3
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Figure 5. The efficiency-corrected Ξ0
c signal yields in bins of cos θΞ0 from the (a) Belle and (b)

Belle II datasets. The lines show linear regression results.

Table 5. Relative systematic uncertainties (%) for branching fraction ratio measurements. The un-
certainties, except for the last two rows from intermediate branching fractions and the fit procedure,
are related to the efficiencies.

Source
B(Ξ0

c→Ξ0π0)

B(Ξ0
c→Ξ−π+)

B(Ξ0
c→Ξ0η)

B(Ξ0
c→Ξ−π+)

B(Ξ0
c→Ξ0η′)

B(Ξ0
c→Ξ−π+)

Belle Belle II Belle Belle II Belle Belle II
Tracking 0.7 0.8 0.7 0.7 1.0 1.5
π± PID 0.4 0.2 0.4 0.2 1.4 0.2

π0 reconstruction 4.4 8.8 2.3 4.3 2.3 4.2
Photon reconstruction - - 4.0 2.0 4.0 1.9

MC statistics 0.8 0.7 0.9 0.9 1.2 1.0
α uncertainty 1.1 1.2 3.0 3.4 1.0 3.5

Ξ0 signal mass window 0.5 2.0 0.5 2.0 0.5 2.0
Intermediate states B - - 0.5 0.5 1.3 1.3

Fit uncertainties 6.3 5.7 15.5 10.4 6.9 18.5
Total 7.9 10.8 16.5 12.1 8.7 19.6

7 Systematic uncertainty247

7.1 Branching fraction ratios248

The sources of systematic uncertainties for the branching fraction ratio measurements249

include those related to the efficiency, the intermediate branching fractions, and the fit250

procedure. Since the Λ → pπ− decay is reconstructed in each decay mode, the B(Λ → pπ−)251

branching fraction uncertainty and the uncertainties due to the Λ → pπ− reconstruction252

efficiency cancel in the ratio to the reference mode Ξ0
c → Ξ−π+. Table 5 summarizes the253

systematic uncertainties, where the total uncertainty is determined from a quadratic sum254

of the uncertainties from each source.255

The systematic uncertainty due to the efficiency includes effects due to the detection256

efficiency, MC statistics, α uncertainty, and the mass window for the Ξ0 signal. The detec-257

tion efficiency uncertainties include those from tracking obtained from the control samples258

of D∗+ → D0(→ K0
sπ

+π−)π+ at Belle and B̄0 → D∗+(→ D0π+)π− and e+e− → τ+τ−259

at Belle II, pion particle identification obtained from the D∗+ → D0(→ K−π+)π+ data260
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23

 decay asymmetryα(Ξ0
c → Ξ0π0)

C
ha

rm
 b

ar
yo

n 
de

ca
ys

 Ξ
0 c

→
Ξ0 h0

(h
0

=
π0 ,η

,η
′ )

Belle

Belle II

by simultaneous fits to 
Belle & Belle II data sets

<latexit sha1_base64="9M+hXbtxnDanFHxArw00pYdyOx0="></latexit>

↵(⌅0
c ! ⌅0⇡0)↵(⌅0 ! ⇤⇡0) = 0.32± 0.05(stat)

<latexit sha1_base64="6A0Z5OSe1WYnqXcl7vwMOD6qdXY="></latexit>

using ↵(⌅0 ! ⇤⇡0) = �0.349± 0.009 (PDG),
<latexit sha1_base64="NFCCDxbDFnYFUEsZxYYAf86GWYw="></latexit>

↵(⌅0
c ! ⌅0⇡0) = �0.90± 0.15± 0.23 consistent w/ Pole model, CA, 

and SU(3)F approaches

Table 3. The branching fraction ratios of Ξ0
c → Ξ0h0 decays, where the first and second uncer-

tainties are statistical and systematic, respectively.

Results Belle Belle II Combined
B(Ξ0

c → Ξ0π0)/B(Ξ0
c → Ξ−π+) 0.49± 0.02± 0.04 0.52± 0.03± 0.06 0.50± 0.02± 0.03

B(Ξ0
c → Ξ0η)/B(Ξ0

c → Ξ−π+) 0.10± 0.02± 0.02 0.14± 0.02± 0.02 0.12± 0.01± 0.01

B(Ξ0
c → Ξ0η′)/B(Ξ0

c → Ξ−π+) 0.12± 0.03± 0.01 0.06± 0.03± 0.01 0.09± 0.02± 0.01

Table 4. The efficiency-corrected Ξ0
c signal yields in cos θΞ0 bins for Ξ0

c → Ξ0π0 in the Belle and
Belle II datasets.

Nobs
Ξ0π0

ε (%) (−1.0,−0.6) (−0.6,−0.2) (−0.2, 0.2) (0.2, 0.6) (0.6, 1.0)

Belle 260±25
1.40

296±26
1.29

266±27
1.14

265±27
0.99

224±24
0.71

Belle II 176±18
2.37

167±18
2.08

194±20
1.96

151±17
1.60

176±17
1.18

II) data sample. The branching fraction ratios are summarized in table 3, where the226

first and second uncertainties are statistical and systematic, respectively. The systematic227

uncertainties are discussed in detail below.228

6 Asymmetry parameter of Ξ0
c → Ξ0π0229

For Ξ0
c → Ξ0h0, the differential decay rate depends on the asymmetry parameter230

α(Ξ0
c → Ξ0h0) as231

dN

d cos θΞ0
∝ 1 + α(Ξ0

c → Ξ0h0)α(Ξ0 → Λπ0) cos θΞ0 , (6.1)

where α(Ξ0 → Λπ0) is the asymmetry parameter for Ξ0 → Λπ0 taken to be −0.349 ±232

0.009 [29] and cos θΞ0 is the angle between the Λ momentum vector and the opposite of233

the Ξ0
c momentum vector in the Ξ0 rest frame.234

Given the limited statistics for the other modes, only the asymmetry parameter for235

Ξ0
c → Ξ0π0 is measured. We divide the cos θΞ0 distribution into five equal sized bins. The236

Ξ0
c signal yield in each bin is obtained by fitting to the M(Ξ0π0) distribution where the237

signal shape is fixed to the result of a fit to the integrated sample, due to the limited238

statistics. Table 4 lists the signal yields and reconstruction efficiencies in each cos θΞ0 bin.239

The final efficiency-corrected Ξ0
c signal yields in bins of cos θΞ0 for Ξ0

c → Ξ0π0 are shown240

in figure 5, together with the simultaneous fit result using Eq. (6.1) for the Belle and Belle241

II data samples. Using simulated pseudo-experiments generated with different α values,242

we test the α extraction procedure and find that it is linear. The product of asymmetry243

parameters is obtained as α(Ξ0
c → Ξ0π0)α(Ξ0 → Λπ0) = 0.32±0.05(stat.). Taking α(Ξ0 →244

Λπ0) = −0.349±0.009, the α(Ξ0
c → Ξ0π0) is calculated as −0.90±0.15(stat.)±0.23(syst.),245

where the first uncertainty is statistical and the second is systematic.246
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Energy scan for  Υ(10753)
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• confirms Belle results of 
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Figure 4: Born cross sections for ⇡⇡⌥ (1S) (top), ⇡⇡⌥ (2S) (middle), and ⇡⇡⌥ (3S) (bottom),
with fit results overlaid. Points with error bars show measured cross sections, solid curves are the
results of the simultaneous fit results.

generator-level invariant mass of the parent particle ⌥ (10753) for the jth event generated
at the ith energy in the initial simulated sample before any selection.

After obtaining the weighted simulation samples, the weighted efficiency ✏ is calculated
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Figure 4: Born cross sections for ⇡⇡⌥ (1S) (top), ⇡⇡⌥ (2S) (middle), and ⇡⇡⌥ (3S) (bottom),
with fit results overlaid. Points with error bars show measured cross sections, solid curves are the
results of the simultaneous fit results.

generator-level invariant mass of the parent particle ⌥ (10753) for the jth event generated
at the ith energy in the initial simulated sample before any selection.

After obtaining the weighted simulation samples, the weighted efficiency ✏ is calculated
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Figure 4: Born cross sections for ⇡⇡⌥ (1S) (top), ⇡⇡⌥ (2S) (middle), and ⇡⇡⌥ (3S) (bottom),
with fit results overlaid. Points with error bars show measured cross sections, solid curves are the
results of the simultaneous fit results.

generator-level invariant mass of the parent particle ⌥ (10753) for the jth event generated
at the ith energy in the initial simulated sample before any selection.

After obtaining the weighted simulation samples, the weighted efficiency ✏ is calculated
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by the following formula:

✏wtd
i =

PNrec
k=0 wik

PNgen

j=0 wij

, (5.5)

where Nrec is the number of events remaining after the event selection at the ith energy
point, and Ngen is the generated number of the simulated signal events. The simulated
signal lineshapes used in the fit are also updated with the resulting weights. The Born
cross sections are then re-calculated and re-fitted, and this process is repeated. Stable
results for the correction factors and Born cross sections are obtained within five iterations.
The final results are summarized in Tab. 1. We determine the statistical significance of the
⌥ (nS) signals using their likelihood ratios relative to the background-only hypothesis.

The Born cross sections and the fit to their energy dependence are displayed in Fig. 4.
Clear signals of the ⌥ (10753) state are seen in the ⇡⇡⌥ (1S) and ⇡⇡⌥ (2S) channels. We first
fit the Born cross sections from the three channels individually. The ⌥ (10753) mass from the
individual ⇡⇡⌥ (1S) and ⇡⇡⌥ (2S) fits are found to be (10758.1±5.3) MeV/c2 and (10756.3±
3.6) MeV/c2, with widths of (25±20) MeV and (34±15) MeV, respectively. The consistency
of the mass and width values suggests that the structure found in ⇡⇡⌥ (1S) and ⇡⇡⌥ (2S) is
the same. The significances of the ⌥ (10753) from the ⇡+⇡�⌥ (1S) and ⇡+⇡�⌥ (2S) channels
individually are 4.1� and 7.5�, respectively. In contrast, no decays of the ⌥ (10753) to
⇡⇡⌥ (3S) final states are evident. We fit the Born cross sections from ⇡⇡⌥ (3S) data with
the ⌥ (10753) parameters fixed to the expected values, and the significance is only 0.2�.

We then fit the Born cross sections from ⇡⇡⌥ (1S), ⇡⇡⌥ (2S), and ⇡⇡⌥ (3S) channels
simultaneously with common resonance mass and width parameters. The simultaneous fit
is shown as the solid curve in Fig. 4. The goodness of fit is �2/n.d.f. = 89.3/70 = 1.28,
where n.d.f. is the number of degrees of freedom. The mass and width of the ⌥ (10753) state
are found to be (10756.3 ± 2.7) MeV/c2 and (29.7 ± 8.5) MeV, respectively. In addition,
the parameters of the ⌥ (5S) are measured to be (10884.7± 1.2) MeV/c2, and (38.7± 3.7)

MeV, and ⌥ (6S) are (10995.5± 4.2) MeV/c2, and (34.6± 8.6) MeV. The parameters of the
⌥ (5S) and ⌥ (6S) resonances are consistent with the world average values [2].

We determine the ratios between ⇡+⇡�⌥ (1S) and ⇡+⇡�⌥ (2S) cross sections, and
between ⇡+⇡�⌥ (3S) and ⇡+⇡�⌥ (2S) cross sections at three different energies corresponding
to the ⌥ (10753), ⌥ (5S), and ⌥ (6S) resonance peaks based on the simultaneous fit result
and the covariance matrix. The results are given in Tab. 2. The ratios between ⇡+⇡�⌥ (1S)

and ⇡+⇡�⌥ (2S) channels are consistent among the three resonance peaks, while the ratio
of the ⇡+⇡�⌥ (3S) and ⇡+⇡�⌥ (2S) channels from ⌥ (10753) peak is significantly smaller
than other two.

R⌥ (10753)
�(1S/2S) R⌥ (10753)

�(3S/2S) R⌥ (5S)
�(1S/2S) R⌥ (5S)

�(3S/2S) R⌥ (6S)
�(1S/2S) R⌥ (6S)

�(3S/2S)

Ratio 0.46+0.15
�0.12 0.10+0.05

�0.04 0.45+0.04
�0.04 0.32+0.04

�0.03 0.64+0.23
�0.13 0.41+0.16

�0.12

Table 2: Cross-section ratios at resonance peaks above the ⌥ (4S). Uncertainty in this table
combines statistical and systematic uncertainties.
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Figure 3: Distributions of dipion mass (left) and maximal difference between the ⇡+⇡�µ+µ�

mass and the ⇡±µ+µ� mass (right). Plots from top to bottom show ⇡+⇡�⌥ (1S) at
p
s = 10.745

GeV, ⇡+⇡�⌥ (1S) at
p
s = 10.805 GeV, ⇡+⇡�⌥ (2S) at

p
s = 10.745 GeV, and ⇡+⇡�⌥ (2S) atp

s = 10.805 GeV. Points with error bars show the events in the signal region from data, green
shaded histograms show the events in the sideband region, red histograms are the weighted
simulated signal, red dashed histograms are the phase space signal simulation, and blue dashed
histograms are the Zb(10610/10650)

± from simulation. The simulated signal sample is normalized
to the number of events in data, while simulated Zb(10610/10650)

± events are normalized
arbitrarily.
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p
s = 10.745

GeV, ⇡+⇡�⌥ (1S) at
p
s = 10.805 GeV, ⇡+⇡�⌥ (2S) at

p
s = 10.745 GeV, and ⇡+⇡�⌥ (2S) atp

s = 10.805 GeV. Points with error bars show the events in the signal region from data, green
shaded histograms show the events in the sideband region, red histograms are the weighted
simulated signal, red dashed histograms are the phase space signal simulation, and blue dashed
histograms are the Zb(10610/10650)

± from simulation. The simulated signal sample is normalized
to the number of events in data, while simulated Zb(10610/10650)
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• Cross sections show a peak 
in the Y(10753) region

• Confirmation of Y(10753) and 
observation of its new decay 
channel

• 𝜒𝑏1𝜔 
Υ(𝑛𝑆)𝜋+𝜋− ratio one order 

higher at Υ 10753  than at 
Υ(5𝑆)

Belle-II, PRL 130, 9, 091902, (2023)

uncertainties in the Born cross-section measurements (dis-
cussed below) are approximately included by convolving
the likelihood with a Gaussian function whose width equals
the total systematic uncertainty.
For data collected at

ffiffiffi
s

p
¼ 10.701 GeV, the signal yield

is calculated as Nsig ¼ maxð0; Nobs − NbÞ. The observed
yield Nobs is obtained by counting events in the χb0, χb1,
and χb2 signal regions of 9.80<M½γϒð1SÞ%<9.89GeV=c2,
9.84<M½γϒð1SÞ%<9.93GeV=c2, and 9.86<M½γϒð1SÞ%<
9.95GeV=c2, respectively, in which about 95% of signal
candidates are retained; the background yieldsNb in the χbJ
signal regions are obtained by scaling background events
with the luminosity using

ffiffiffi
s

p
¼ 10.745 GeV data. The

statistical uncertainty for Nsig is estimated using a Bayesian
approach including background uncertainties [54]. The
upper limit at 90% Bayesian credibility on Nsig (NUL) is
also determined with the same approach. Signal yields and
upper limits are listed in Table I.
The eþe− → ωχbJ Born cross section is calculated using

σBðeþe− → ωχbJÞ ¼
Nsigj1 − Πj2

LεBintð1þ δISRÞ
; ð1Þ

where L is the integrated luminosity, ε is the reconstruction
efficiency, Bint is the product of the branching fractions of
the intermediate states, j1 − Πj2 is the vacuum polarization
factor [6,55], and ð1þ δISRÞ is the radiative-correction
factor [56–58]. In calculating the radiative-correction
factor, we use the energy dependence of the Born cross
sections measured in this Letter. Values of the inputs,
resulting Born cross sections, and their upper limits for
nonsignificant signals are listed in Table I.
Combining σBðeþe− → ωχb1 and ωχb2Þ ¼ ð0.76'

0.16Þ and ð0.29' 0.14Þ pb at
ffiffiffi
s

p
¼ 10.867 GeV from

Belle [41] and those from this Letter, we show the Born
cross sections for eþe− → ωχb1 and ωχb2 as functions of
collision energy in Fig. 2. We observe a strong enhance-
ment of the cross section near 10.75 GeV. We fit these

distributions with a coherent sum of a two-body phase
space and a BW function [59]

""""
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ2ð

ffiffiffi
s

p
Þ

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeeBfΓ

p

s −M2 − iMΓ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ2ð

ffiffiffi
s

p
Þ

Φ2ðMÞ

s

eiϕ
""""
2

; ð2Þ

where M is the mass of the ϒð10753Þ, Γ (Γee) is its
total (electron) width, Bf is the branching fraction for the
decay ϒð10753Þ → ωχb1 or ωχb2, Φ2 is the two-body
phase-space factor, and ϕ is the relative phase between
the amplitudes. In the fits, the mass and total width in
the BW function are fixed to 10752.7 MeV=c2 and
35.5 MeV [5], respectively. There are two solutions for
ΓeeB½ϒð10 753Þ → ωχb1 and ωχb2%. One corresponds to
constructive interference and yields ½0.63' 0.39ðstatÞ '
0.20ðsystÞ% and ½0.53' 0.46ðstatÞ ' 0.15ðsystÞ% eV (solu-
tion I). The other corresponds to destructive interference
and yields ½2.01' 0.38ðstatÞ ' 0.76ðsystÞ% and ½1.32'
0.44ðstatÞ ' 0.55ðsystÞ% eV (solution II). The systematic
uncertainties are discussed below. The fit qualities for ωχb1
and ωχb2 are χ2=ndf ¼ 0.5=1 and 0.1=1. An alternative
model with two interfering BW functions for theϒð10 753Þ
and ϒð10 860Þ states shows little interference and
ΓeeB½ϒð10 753Þ → ωχb1 and ωχb2% ¼ ½1.24' 0.56ðstatÞ%
and ½0.92' 0.37ðstatÞ% eV (solution I) and ½1.28'
0.57ðstatÞ% and ½1.09' 0.40ðstatÞ% eV (solution II). The
fit qualities for ωχb1 and ωχb2 are χ2=ndf ¼ 0.4=1 and
0.1=1. We also test a single BW of ϒð10 753Þ with a free
mass and width to fit the energy dependence, and find a less
satisfactory χ2=ndf of 12=6.
In addition, we search for the Xb in eþe− → γXb with

Xb → ωϒð1SÞ at
ffiffiffi
s

p
¼ 10.653, 10.701, 10.745, and

10.805 GeV. Distributions of M½ωϒð1SÞ% for events within
0.70 < Mðπþπ−π0Þ < 0.86 GeV=c2 are shown in Fig. 3.
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FIG. 2. Energy dependence of the Born cross sections for (left)
eþe− → ωχb1 and (right) eþe− → ωχb2. Circles show the mea-
surements reported here, triangles are the results of the Belle
experiment [41]. Error bars represent combined statistical and
systematic uncertainties. Curves show the fit results and various
components of the fit function.
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FIG. 3. Distributions of ωϒð1SÞ mass from data at
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p
¼
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histograms are from simulated events eþe− → γXb½→ωϒð1SÞ%
with the Xb mass fixed at 10.6 GeV=c2 and yields fixed at the
upper limit values.
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contamination. At least one of the leptons is identified with
95% efficiency for electrons and 90% efficiency for muons.
To reduce the effects of bremsstrahlung and final-state
radiation, photons within a 50 mrad cone of the initial
electron or positron direction are included in the calcula-
tion of the particle four-momentum. The ϒð1SÞ signal
regions are selected as 9.25 < Mðeþe−Þ < 9.58 GeV=c2

and 9.34 < Mðμþμ−Þ < 9.58 GeV=c2.
Energy deposits in adjacent electromagnetic calorimeter

crystals are treated as photon candidates if they are not
associated with charged particles. We require the energy of
the photon from the χbJ decay to exceed 50 MeV. Photons
used to reconstructπ0 candidates are required to have energies
greater than 25, 25, and 40MeV, when detected in the barrel,
forward end cap, and backward end cap, respectively, and
to satisfy 0.105 < MðγγÞ < 0.150 GeV=c2. We perform

mass-constrained fits for the ϒð1SÞ and π0 candidates to
improve momentum resolutions.
We perform kinematic fits to the πþπ−π0γϒð1SÞ combi-

nations constraining their four-momenta to the initial eþe−

collision four-momentum. An average of 1.18 candidates
per event is found in data. In events with multiple
candidates, only the candidate with the smallest fit χ2 is
retained. To avoid systematic effects from the modeling of
the beam-energy spread, we do not use the momenta after
the kinematic fit.
Figure 1 shows distributions of M½γϒð1SÞ% and

Mðπþπ−π0Þ for events restricted to 9.75 < M½γϒð1SÞ% <
10 GeV=c2 and 0.61<Mðπþπ−π0Þ<0.95GeV=c2, where
signals are clearly visible at

ffiffiffi
s

p
¼ 10.745 and 10.805 GeV.

We perform a two-dimensional unbinned likelihood fit to
the M½γϒð1SÞ% versus Mðπþπ−π0Þ distributions for data
collected at

ffiffiffi
s

p
¼ 10.745 and 10.805 GeV [51]. The fit

function is a sum of four components: signals inM½γϒð1SÞ%
and Mðπþπ−π0Þ distributions, peaking background in the
M½γϒð1SÞ% distribution from eþe− → πþπ−π0χbJ, peaking
background in the Mðπþπ−π0Þ distribution from non-χbJ
backgrounds with a ω, and combinatorial background.
Each χbJ signal shape is described by a Crystal Ball
function [52] while the ω signal shape is described by a
Breit-Wigner function (BW) convolved with a Gaussian
function. The widths of the Crystal Ball and Gaussian
functions are approximately 15 and 13 MeV=c2, respec-
tively. Signal shape parameters are fixed from a fit to
simulated signal events. A product of linear functions is
used to describe the combinatorial background.
Fit results are presented in Table I. We find significant

signals of χb1 and χb2 at
ffiffiffi
s

p
¼ 10.745 GeV. The signifi-

cances of the χb0, χb1, and χb2 signals at 10.745 and
10.805 GeV are 11σ and 4.5σ, respectively. We report the
first observation of ωχbJ signals at

ffiffiffi
s

p
¼ 10.745 GeV.

These significances are estimated using Wilks’s theorem
[53]. We compute 90% Bayesian credibility upper limits on
the yields assuming uniform priors (Table I). Systematic
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s

p
¼ 10.701, 10.745, and 10.805 GeV with

fit results overlaid.

TABLE I. Measurements of eþe− → ωχbJ at
ffiffiffi
s

p
¼ 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
ffiffiffi
s

p
(GeV) Nsig NUL ΣðσÞ ε j1 − Πj2 1þ δISR Syst (%) σB (pb) σULB (pb)

eþe− → ωχb0 10.701 0.0þ1.1
−0.0 3.0 ' ' ' 0.182 0.931 0.67 16.6 0.0þ6.1

−0.0 16.6
eþe− → ωχb1 0.0þ2.1

−0.0 3.9 ' ' ' 0.184 0.931 0.64 10.6 0.0þ0.7
−0.0 1.2

eþe− → ωχb2 0.1þ2.2
−0.1 4.0 ' ' ' 0.182 0.931 0.62 10.6 0.1þ1.4

−0.1 2.5
eþe− → ωχb0 10.745 3.0þ5.5

−4.7 12.0 0.5 0.183 0.931 0.65 25.9 2.8þ5.1
−4.4 ( 0.7 11.3

eþe− → ωχb1 68.9þ13.7
−13.5 ' ' ' 5.9 0.183 0.931 0.65 12.7 3.6þ0.7

−0.7 ( 0.5 ' ' '
eþe− → ωχb2 27.6þ11.6

−10.0 ' ' ' 3.1 0.184 0.931 0.65 14.5 2.8þ1.2
−1.0 ( 0.4 ' ' '

eþe− → ωχb0 10.805 3.6þ3.8
−3.1 9.9 1.2 0.182 0.932 1.12 24.9 4.1þ4.3

−3.5 ( 1.0 11.4
eþe− → ωχb1 15.0þ6.8

−6.2 26.2 2.7 0.182 0.932 1.12 20.2 0.9þ0.4
−0.4 ( 0.2 1.7

eþe− → ωχb2 3.3þ5.3
−3.8 12.8 0.8 0.183 0.932 1.11 29.1 0.4þ0.7

−0.5 ( 0.1 1.6
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contamination. At least one of the leptons is identified with
95% efficiency for electrons and 90% efficiency for muons.
To reduce the effects of bremsstrahlung and final-state
radiation, photons within a 50 mrad cone of the initial
electron or positron direction are included in the calcula-
tion of the particle four-momentum. The ϒð1SÞ signal
regions are selected as 9.25 < Mðeþe−Þ < 9.58 GeV=c2

and 9.34 < Mðμþμ−Þ < 9.58 GeV=c2.
Energy deposits in adjacent electromagnetic calorimeter

crystals are treated as photon candidates if they are not
associated with charged particles. We require the energy of
the photon from the χbJ decay to exceed 50 MeV. Photons
used to reconstructπ0 candidates are required to have energies
greater than 25, 25, and 40MeV, when detected in the barrel,
forward end cap, and backward end cap, respectively, and
to satisfy 0.105 < MðγγÞ < 0.150 GeV=c2. We perform

mass-constrained fits for the ϒð1SÞ and π0 candidates to
improve momentum resolutions.
We perform kinematic fits to the πþπ−π0γϒð1SÞ combi-

nations constraining their four-momenta to the initial eþe−

collision four-momentum. An average of 1.18 candidates
per event is found in data. In events with multiple
candidates, only the candidate with the smallest fit χ2 is
retained. To avoid systematic effects from the modeling of
the beam-energy spread, we do not use the momenta after
the kinematic fit.
Figure 1 shows distributions of M½γϒð1SÞ% and

Mðπþπ−π0Þ for events restricted to 9.75 < M½γϒð1SÞ% <
10 GeV=c2 and 0.61<Mðπþπ−π0Þ<0.95GeV=c2, where
signals are clearly visible at

ffiffiffi
s

p
¼ 10.745 and 10.805 GeV.

We perform a two-dimensional unbinned likelihood fit to
the M½γϒð1SÞ% versus Mðπþπ−π0Þ distributions for data
collected at

ffiffiffi
s

p
¼ 10.745 and 10.805 GeV [51]. The fit

function is a sum of four components: signals inM½γϒð1SÞ%
and Mðπþπ−π0Þ distributions, peaking background in the
M½γϒð1SÞ% distribution from eþe− → πþπ−π0χbJ, peaking
background in the Mðπþπ−π0Þ distribution from non-χbJ
backgrounds with a ω, and combinatorial background.
Each χbJ signal shape is described by a Crystal Ball
function [52] while the ω signal shape is described by a
Breit-Wigner function (BW) convolved with a Gaussian
function. The widths of the Crystal Ball and Gaussian
functions are approximately 15 and 13 MeV=c2, respec-
tively. Signal shape parameters are fixed from a fit to
simulated signal events. A product of linear functions is
used to describe the combinatorial background.
Fit results are presented in Table I. We find significant

signals of χb1 and χb2 at
ffiffiffi
s

p
¼ 10.745 GeV. The signifi-

cances of the χb0, χb1, and χb2 signals at 10.745 and
10.805 GeV are 11σ and 4.5σ, respectively. We report the
first observation of ωχbJ signals at

ffiffiffi
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p
¼ 10.745 GeV.

These significances are estimated using Wilks’s theorem
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TABLE I. Measurements of eþe− → ωχbJ at
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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.
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• cross section shows a peak at , 
hence a confirmation and a new decay 
channel 

• the ratio one order of 
magnitude higher at  than at 

Υ(10753)

χb1ω/ππΥ(nS) ∼
Υ(10753) Υ(5S)

PRL 130, 091902 (2023)
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 and Υ(10753) → χb0ω ηbω
 a

nd
 

Υ
(1

07
53

)→
χ b

0ω
η b

ω

• Tetraquark interpretation of this state predicts enhancement of 
 

• we measure  indirectly by using recoil mass 

Υ(10753) → ηb(1S)ω

ηb Mrecoil(ω) = (Ecm − Eω)2 − p2
ω

11

𝚼 𝟏𝟎𝟕𝟓𝟑 → 𝝌𝒃𝟎𝝎 / 𝜼𝒃𝝎

𝑒+𝑒− → 𝜔𝜒𝑏0(1𝑃) transition was not observed using full reconstruction 
due to low decay probability 𝜒𝑏0 to Υ(1𝑆)𝛾. But in charmonium 𝑌(4220) →
𝜔𝜒𝑐0 decay was found to be enhanced compare to 𝑌(4220) → 𝜔𝜒𝑐1,2 by 
BES III 

𝑀𝑟𝑒𝑐𝑜𝑖𝑙(𝜔) = (𝐸𝐶𝑀 − 𝐸𝜔)2−𝑝𝜔
2

We first reconstructed 𝜔 → 𝜋+𝜋−𝜋0,since 𝜂𝑏(1𝑆) does not have convenient 
for reconstruction decay channels, and than use its recoil mass to identify 
the signal

Γ(𝜔𝜂𝑏)
Γ(Υ𝜋+𝜋−)

~30

Tetraquark (diquark-antidiquark) interpretation of this state predicts 
enhancement of Υ(10753) → 𝜔𝜂𝑏(1𝑆)  transition (Zhi-Gang Wang   
Chin.Phys.C 43 2019 123102)

Belle-II preliminary, arxiv:2312.13043
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FIG. 1. Distributions of M(⇡+⇡�⇡0) for the e+e� !
⌘b(1S)! (top) and e+e� ! �b0(1P )! (bottom) candidates.
Points indicate the data; solid curves show the results of the
fit; dashed and dotted curves show the signal and background
components of the fit, respectively. Vertical lines indicate the
! signal region.

and �bJ(1P ) signals are fixed to the simulation results.
To model the background, we use a 3rd-order Chebyshev
polynomial for the ⌘b(1S) channel, and the product of a
4th-order Chebyshev polynomial and a square-root func-
tion for the �b0(1P ) channel. Orders of the polynomial
functions are chosen to give the maximal p-value for the
fit.

Based on the results of the full-reconstruction analy-
sis [2], we find that the expected ratio of the �b1(1P ) and
�b2(1P ) yields with partial reconstruction is N1/N2 =
1.4±0.7. In an initial fit to the data we fix N1/N2 = 1.4,
and find N1 +N2 = (5.5± 3.2)⇥ 103, which agrees with
the expectation based on Ref. [2] of (3.4 ± 1.0) ⇥ 103.
In the following, we fix N1 + N2 to the expected value,
which helps to improve the sensitivity to the �b0(1P )
signal. Thus, only the ⌘b(1S) and �b0(1P ) yields, and
background parameters, are free in the fit. The fit re-
sults are shown in Figs. 2 and 3. We use 1MeV/c2 bins
for fitting and 10MeV/c2 or 5MeV/c2 bins for visualiza-
tion. No significant signals are observed; the obtained
⌘b(1S) and �b0(1P ) yields are given in Table I.

FIG. 2. Distribution of Mrecoil(⇡
+⇡�⇡0) for the e+e� !

⌘b(1S)! candidates. Top: data points with the fit function
overlaid. Bottom: the same distributions with the back-
ground component of the fit function subtracted. The solid
histogram shows the fit function for the best fit; the dashed
histogram shows the same function with the yield fixed to the
upper limit.

FIG. 3. Distribution of Mrecoil(⇡
+⇡�⇡0) for the e+e� !

�b0(1P )! candidates. Symbols are the same as those in Fig. 2.
The �b1(1P ) and �b2(1P ) contributions between 9.88 and
9.94GeV/c2 are discussed in the text.
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VI. CONCLUSIONS

We report a search for the e+e� ! ⌘b(1S)! and
e+e� ! �b(1S)! processes at

p
s = 10.745GeV. No

significant signals are observed, and we set the following
90% CL upper limits on Born-level cross sections:

�B(e
+e� ! ⌘b(1S)!) < 2.5 pb,

�B(e
+e� ! �b0(1P )!) < 8.7 pb.

(4)

The upper limit on the e+e� ! �b0(1P )! cross section
is comparable to the upper limit obtained using full re-
construction of 11.3 pb [2]. We combine the two results,
taking into account correlations, to obtain

�B(e
+e� ! �b0(1P )!) < 7.8 pb. (5)

The tetraquark model of Ref. [11] predicts that the
decay rate of ⌥(10753) ! ⌘b(1S)! is strongly enhanced
compared to the decay rates of ⌥(10753) ! ⌥(nS)⇡+⇡�.
The obtained upper limit on �B(⌘b(1S)!) is close to the
measured values of �B(⌥(nS)⇡+⇡�), which are in the
range (1 � 3) pb [1]. Thus, our results do not support
the tetraquark-model prediction that the ⌥(10753) !
⌘b(1S)! decay is enhanced [11]. In the 4S � 3D mixing
model, the decay rate of ⌥(10753) ! ⌘b(1S)! is smaller
than the decay rate of ⌥(10753) ! ⌥(nS)⇡+⇡� by a
factor 0.2 � 0.4 [17]; our upper limit is consistent with
this expectation.

The upper limit on the �b0(1P )! cross section is higher
than the measured �b1(1P )! and �b2(1P )! cross sections
of (3.6±0.9) pb and (2.8±1.3) pb, respectively [2]. For a
4S � 3D mixed state, the decay rate to �b0(1P )! is ex-
pected to be comparable to the decay rates to �b1(1P )!
and �b2(1P )! [14]; our upper limit is consistent with this
expectation. In the charmonium sector, the decay of the
Y (4230) state to �c0! is enhanced compared to the de-
cays to �c1! and �c2! [34]. We do not find an analogous
enhancement in the decay pattern of ⌥(10753), which
may indicate that Y (4230) and ⌥(10753) have di↵erent
structures.
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Summary
Belle II has collected over  data sample in its first 3 years of 
operation before LS1, and started Run 2 data taking in Feb. this year.

With the data set of ~1/2 the size of Belle, the physics precision of 
Belle II results are comparable or better in many analyses.

Recent Belle II physics highlights include first evidence for 
, and inclusive test of LFU with .

In addition, we have presented interesting new results in charm 
baryons and bottomonium spectroscopy. 

Run 2 is underway with the goal of collecting a several  data in 
the next few years.

0.4 ab−1

B+ → K+νν̄ B → Xτν

ab−1

29



Thank you!
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Belle II Physics Mind-map

Image courtesy of Tom Browder
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2 x mB = 10.56 GeV
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Non-leptonic hadron decays at e+e– colliders

• Coherent production of meson-antimeson 
pairs with kinematics constrained by 
precisely known collision energy 

• Simple and clean event topologies: 
hadronic events have typically O(10) 
particles 

• Asymmetric-energy colliders: boosted 
production for time-dependent 
measurements 

• Hermetic detectors: excellent (and 
kinematically unbiased) efficiencies for all 
final states, including neutral hadrons 
such as π0, η, KS0, KL0, n

5

B-Factory basics 

• Asymmetric collider 
Boost of center-of-mass 

• Excellent vertexing 
performance ( ) 

• coherent  pairs 
production 

• Excellent flavour tagging 
performance

⇒

σ ∼ 15 μm
BB

6

Expected Mbc ≃ mBExpected ΔE ≃ 0

ΔE = E*B − s /2 Mbc = ( s /2)2 − ⃗p*2
B

•   
constrained kinematics 

• Hermetic detector  complete event 
reconstruction

s = m(Υ(4S)) = 10.58 GeV ≃ 2mB ⇒

⇒

 
measurement of 

 for time 
dependent CP 
violation (TDCPV) 

Δt

9
Invariant  mass with  energy 

replaced by half of the collision energy.
B B Difference between expected and 

observed B energy

Signal 
Continuum 

 backgroundBB̄

B factory analysis 101 

SignalContinuum 

Point-like particles colliding at BBbar threshold: low background and 
knowledge of initial state offers stringent kinematic constraints.  

Extract signal using

kinematics event shape
Event topology

KinematicsKey variables of B decays
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• only two  mesons in the final 

state

• Since the initial state is clearly 
determined, fully accounting 
one  ( ) makes it possible 
to constrain the accompanying 

 ( )

• Having a single missing particle 
(e.g. ) is usually as clean as 
getting all particles measured

• The price to pay is a big drop of 
efficiency ( ) 

e+e− → Υ(4S) → BB
B

B Btag

B Bsig

ν

< 𝒪(1%)

How to handle a missing particle at Belle II?
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FEI algorithm to reconstruct 

• uses ~200 BDT’s to reconstruct  different 
 decay chains 

• assign signal probability of being correct 

Btag

𝒪(104)
B

Btag

Full Event Interpretation (FEI)
Btag Bsig
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0 &∗ Measurement

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

We perform the first measurement of                                         at Belle II.4 5∗ = ℬ 7! → 5∗2*&̅+
ℬ 7! → 5∗ℓ*&̅ℓ

• +meson pairs are reconstructed using the hadronic + tagging method.
• <∗ mesons are reconstructed through <∗* → <)>*/<*>), and <∗) → <)>), 

and @ decays are reconstructed leptonically via @ → ABB̅/DBB̅.

• The yields of ;+ → <∗@&B̅1 and ;+ → <∗ℓ&B̅ℓ modes are extracted simultaneously 
among three <∗ modes by fitting 62344

' and :567 in two dimensions. 

!

"∗"

#$#
##

"# %$%&'"
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%"

"(

%"

'(

ℓ(

!

!

Post-fit distributions for U∗$ → U5W$ 1.5 < -)*++
' < 6.0 GeV/3' '

2. :567: A linear sum of the energy of calorimeter clusters not used for the + ;+ reconstruction
1. 62344

' ≡ G8687 − G-89: − G9∗ − Gℓ
'
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R(D*) ≡
ℬ(B → D*τ+ν)
ℬ(B → D*ℓ+ν)

arXiv:2401.02840 
PRD submitted

First  result from Belle II 

Analysis features 
• Use hadronic B-tagging with FEI (slide 34)

• leptonic  decays, 

• three  modes:  and 

Signal ( ) & Normalization ( ) 
• extracted simultaneously

• by fitting 2D  

R(D*)

τ τ+ → ℓ+νℓν̄τ
D* D*+ → D0π+, D+π0 D*0 → D0π0

B → D*τ+ν B → D*ℓ+ν

(M2
miss, EECL)
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First  result from Belle II 

Analysis features 
• Use hadronic B-tagging with FEI (slide 64)

• leptonic  decays, 

• three  modes:  and 

Signal ( ) & Normalization ( ) 
• extracted simultaneously

• by fitting 2D  

R(D*)

τ τ+ → ℓ+νℓν̄τ
D* D*+ → D0π+, D+π0 D*0 → D0π0

B → D*τ+ν B → D*ℓ+ν

(M2
miss, EECL)

 from Belle IIR(D*)
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Figure 6.1: The 2D PDFs of EECL and M2

miss
from B ! D⇤⌧�⌫⌧ (left) , B ! D⇤`�⌫` (middle) , and B ! D⇤⇤`�⌫`

(right). The z-axis corresponds to an arbitrary normalization to demonstrate the shape di↵erence in the
distributions.

R(D⇤) =
B(B ! D⇤⌧�⌫)

B(B ! D⇤`�⌫)
(` = e, µ)

=
ND⇤⌧⌫

(ND⇤`⌫/2)
· "D

⇤`⌫

"D⇤⌧⌫
(6.1)

where ND⇤⌧(`)⌫ is the observed number of D⇤⌧(`)⌫ can-474

didates in the data and "D⇤⌧(`)⌫ is the reconstruction475

e�ciency of correctly reconstructed B ! D⇤⌧(`)⌫ can-476

didates. The factor of 2 in the denominator averages477

the summed yield from two modes with light leptons,478

` 2 {e, µ}. We assume isospin symmetry for charged479

and neutral B meson decays and set R(D⇤) = R(D⇤0) =480

R(D⇤+). Here, the reconstruction e�ciencies are defined481

as482

"D⇤⌧⌫(D⇤`⌫) =
N rec

D⇤⌧⌫(D⇤`⌫)

Ngen

D⇤⌧⌫(D⇤`⌫)

, (6.2)483

where N rec

D⇤⌧(`)⌫ and Ngen

D⇤⌧(`)⌫ are the number of recon-484

structed and generated D⇤⌧(`)⌫ decays in the MC, re-485

spectively.486

The fit includes some parameters that are uncon-487

strained and others subject to Gaussian constraints. We488

define four event categories in the fit and additionally489

divide the background events with a correctly recon-490

structed D⇤ candidate into five sub-categories. The491

yields of each category or sub-category are parameter-492

ized as follows.493

1. Signal events:494

The yield ND⇤⌧⌫ is parameterized by Eq. (6.3).495

ND⇤⌧⌫ = R(D⇤) · ND⇤`⌫

2
· "D

⇤⌧⌫

"D⇤`⌫
. (6.3)496

The yield is floated freely, the reconstruction e�-497

ciencies of the signal and the normalization events498

are nuisance parameters constrained by the MC ex-499

pectations.500

2. Signal events with a mis-identified lepton candi-501

date:502

B ! D⇤⌧�⌫⌧ candidates accompanying a fake lep-503

ton candidate from the tau decay which passes lep-504

ton ID requirement can also be considered as signal505

events. The yield N `-misID

D⇤⌧⌫ is fixed relative to the506

yield ND⇤⌧⌫ using the ratio determined in the MC.507

3. Normalization events:508

The yield ND⇤`⌫ is parameterized for neutral and509

charged B modes based on their branching frac-510

tions, reconstruction e�ciency ("D⇤`⌫), NBB , and511

the branching factions of ⌥(4S) ! B0B0 (f00),512

where f00 = 0.486± 0.012 [39]. The yield is floated513

freely, but f00, NBB , and "D⇤`⌫ are constrained nui-514

sance parameters.515

4. Background events with a correctly reconstructed516

D⇤ candidate: The B ! D⇤⇤`�⌫ yield (ND⇤⇤`⌫)517

is allowed to vary since the branching fractions are518

not measured, while the hadronic B decay yield519

(NHad.B), B0 $ B+ cross feeds of semileptonic B520

decay yield (NBCF), continuum event yield (Nqq),521

and other background event yield (Nother) are fixed522

to the MC value.523

5. Background events with a fake D⇤ candidate:524

The yield NFakeD⇤ is floated with a constraint given525

by the calibration factor determined in the �MD⇤526

fits.527

The treatment of fit parameters is summarized in Ta-528

ble 6.1. B(B0 ! D⇤+`�⌫`) is common to the fit cate-529

gories of D⇤+ ! D0⇡+ and D⇤+ ! D+⇡0. The other530

parameters are floated independently in each D⇤ mode.531

In total 6 parameters are floated as shown in Table 6.1,532

11 nuisance parameters are constrained in the fit, addi-533

tionally.534

The PDFs used in the fit are constructed from MC535

template distributions. The existence of empty bins in536

the templates introduces potential biases in the determi-537

nation of the signal yield due to limited size of the sim-538

ulation samples. An adaptive kernel density estimation539

(KDE) [40] method is used to estimate the probability540

density in those empty bins, and the KDE is applied to541
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The yield NFakeD⇤ is floated with a constraint given525
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fits.527

The treatment of fit parameters is summarized in Ta-528
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gories of D⇤+ ! D0⇡+ and D⇤+ ! D+⇡0. The other530

parameters are floated independently in each D⇤ mode.531

In total 6 parameters are floated as shown in Table 6.1,532
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The PDFs used in the fit are constructed from MC535

template distributions. The existence of empty bins in536

the templates introduces potential biases in the determi-537
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ulation samples. An adaptive kernel density estimation539
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ized as follows.493
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3. Normalization events:508

The yield ND⇤`⌫ is parameterized for neutral and509

charged B modes based on their branching frac-510

tions, reconstruction e�ciency ("D⇤`⌫), NBB , and511

the branching factions of ⌥(4S) ! B0B0 (f00),512

where f00 = 0.486± 0.012 [39]. The yield is floated513

freely, but f00, NBB , and "D⇤`⌫ are constrained nui-514
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Fit projections for the sub-mode  D*+ → D0π+

40

Systematics 
• dominant sources:  PDF shape, MC statisticsEECL

(peak-bin yield ~O(600))
M2

miss

 [GeV]extra
ECLE

0

100

200

300

400

500

C
an

di
da

te
s

Belle II Preliminary
-1 dt = 189.3 fbL ∫

+π0D→+*D Data
ντD*
νD*l

ν)τD**l(
BHadronic 

(*)DFake 
Other BG
Fit uncertainty

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 [GeV]extra

ECLE

4−
2−
0
2
4

Pu
ll

 for entire  regionEECL M2
miss

 [GeV]extra
ECLE

0

5

10

15

20

25

C
an

di
da

te
s

Belle II Preliminary
-1 dt = 189.3 fbL ∫

+π0D→+*D Data
ντD*
νD*l

ν)τD**l(
BHadronic 

(*)DFake 
Other BG
Fit uncertainty

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 [GeV]extra

ECLE

4−
2−
0
2
4

Pu
ll

 for signal-enhanced region
EECL
1.5 < M2

miss < 6.0 GeV2

]2)2c [(GeV/2
missM

0

20

40

60

80

100

C
an

di
da

te
s

Belle II Preliminary
-1 dt = 189.3 fbL ∫

+π0D→+*D

Data
ντD*
νD*l

ν)τD**l(
BHadronic 

(*)DFake 
Other BG
Fit uncertainty

2− 0 2 4 6 8 10
]2)2c [(GeV/2

missM

4−
2−
0
2
4

Pu
ll

]2)2c [(GeV/2
missM

0

20

40

60

80

100

C
an

di
da

te
s

Belle II Preliminary
-1 dt = 189.3 fbL ∫

+π0D→+*D

Data
ντD*
νD*l

ν)τD**l(
BHadronic 

(*)DFake 
Other BG
Fit uncertainty

2− 0 2 4 6 8 10
]2)2c [(GeV/2

missM

4−
2−
0
2
4

Pu
ll

13

 [GeV]ECLE
0

5

10

15

20

25

30

C
an

di
da

te
s 

/ (
0.

1 
G

eV
)

Belle II Preliminary
-1 dt = 189.3 fbL ∫

+π0D→+*D

4c/2 < 6.0 GeV2
missM1.5 < 

Data
ντD*
νD*l

ν)τD**l(
BHadronic 

(*)DFake 
Other BG
Fit uncertainty

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 [GeV]ECLE

2−
0
2

Pu
ll

(a)

 [GeV]ECLE
0

2

4

6

8

10

12

14

C
an

di
da

te
s 

/ (
0.

1 
G

eV
)

Belle II Preliminary
-1 dt = 189.3 fbL ∫

0π+D→+*D

4c/2 < 6.0 GeV2
missM1.5 < 

Data
ντD*
νD*l

ν)τD**l(
BHadronic 

(*)DFake 
Other BG
Fit uncertainty

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 [GeV]ECLE

2−
0
2

Pu
ll

(b)

 [GeV]ECLE
0

5

10

15

20

25

30

35

40

C
an

di
da

te
s 

/ (
0.

1 
G

eV
)

Belle II Preliminary
-1 dt = 189.3 fbL ∫

0π0D→0*D

4c/2 < 6.0 GeV2
missM1.5 < 

Data
ντD*
νD*l

ν)τD**l(
BHadronic 

(*)DFake 
Other BG
Fit uncertainty

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 [GeV]ECLE

2−
0
2

Pu
ll

(c)

Figure 6. Distributions of EECL in the signal-enhanced region 1.5 < M2

miss < 6.0 GeV2/c4 for the D⇤+ ! D0⇡+ (left),
D⇤+ ! D+⇡0 (middle), and D⇤0 ! D0⇡0 (right) modes, with fit projections overlaid. The bottom panel presents pull values
from fit results. The rectangular-shaded regions on the histograms and in the pull plot correspond to statistical uncertainties
in the fit.

Table VII. Observed (expected) yields of the signal and normalization modes. The index i designates the fit category for the
three D⇤ decays. Only statistical uncertainties are given.

Parameter Observed (expected) yield

D⇤+ ! D0⇡+ D⇤+ ! D+⇡0 D⇤0 ! D0⇡0

N i
D⇤⌧⌫ +N i

D⇤⌧⌫,`-misID 50.9± 7.8 7.8± 1.2 49.2± 7.5

N i
D⇤`⌫ 1084.6± 36.7 (1041.0± 11.2) 137.9± 6.6 (133.2± 4.3) 940.9± 36.0 (927.2± 10.7)

across all D⇤ modes from 0% to 200% of the expected
yields in the simulation. The variation is repeated 1000
times and the maximum and minimum shifts observed in
�R(D⇤) are assigned as the systematic uncertainty for
each of the background categories. These uncertainties
are combined in a quadratic sum for all three categories,
resulting in a total systematic uncertainty of +2.7%

�2.3%.

A similar procedure is employed to determine the un-
certainty from the composition of the hadronic B decay

background. The branching fractions of B ! D⇤D(⇤)
s

and B ! D⇤n⇡(⇡0) decays are varied by their uncer-
tainties according to a single Gaussian distribution to

obtain �R(D⇤). Uncertainties between B ! D⇤D(⇤)
s

decays are assumed to be fully correlated while those
between B ! D⇤n⇡(⇡0) decays are treated as uncorre-

lated. The correlation for B ! D⇤D(⇤)
s decays takes into

account the systematic variation due to cross feed in the
branching fraction measurement [53]. Contributions of
hadronic B decays that are not measured are also varied
from 0% to 200% of their estimated branching fraction,
while B ! D⇤D(⇤)K decays are not considered because
they contribute only a small fraction to the total back-
ground. The total uncertainty from all hadronic B de-
cays is 2.1%, which is the quadratic sum of the individual
sources.

Systematic uncertainties arise from various e�ciency
corrections applied to the signal and normalization chan-

nels. These include the correction of the FEI recon-
struction e�ciency and the e�ciency corrections due to
track reconstruction, lepton and hadron identification, as
well as the low-momentum ⇡, K0

S , and ⇡0 reconstruction.
Each of the e�ciency corrections is varied by±1� and the
resulting di↵erences in the PDF shapes are determined.
The systematic uncertainty is 2.0%, which is obtained by
adding these di↵erences in quadrature.

The KDE smooths the template histograms using a
user-specified width scale factor for local densities. The
PDF shape depends on the assigned value of this scale
factor. To determine the systematic uncertainty associ-
ated with the KDE, the PDFs after the KDE are fit to
simplified simulated experiments where KDE is not ap-
plied. The fit is repeated for 1000 simplified simulated
experiments, and the observed shift in the �R(D⇤) dis-
tribution is taken as the systematic uncertainty of +2.0%

�0.8%.

The form factors for the semileptonic B decay models
used in the simulation impact the distributions of kine-
matic quantities, such as q2, and thus the PDF shapes
in the final fit. To determine the associated systematic
uncertainty, the 1� uncertainties on the weights used for
the form factor weighting are employed to construct co-
variance matrices for each signal D⇤ decay and each cat-
egory of semileptonic B decays. An alternative PDF is
then constructed by random sampling from the resulting
covariance matrices. The varied PDF is used in an al-
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FIG. 3. Distributions of the number of photon candidates in the rest of the event for the HTA after the selection described
in Sec. IV in data (points) and simulation (histogram) for the opposite-charge pion-enriched control sample, on the left before
the photon multiplicity correction and on the right after the correction. The yields are shown individually for the three
background categories (BB̄ decays, cc̄ continuum, and light-quark continuum). The data to simulation ratio is shown in the
bottom panel

FIG. 4. E�ciency of reconstructing an energy deposit in the
ECL matched to the K0

L direction as a function of the K0

L

energy for data and simulation selected with the ITA analysis.

deposit is studied in both data and simulation, and is477

tested separately in the ITA and HTA analyses. The ITA478

selection for the ECL deposits is looser than the HTA se-479

lection, therefore a higher e�ciency is found. Figure 4480

shows the ITA K
0
L e�ciency as a function of momentum;481

the simulation overestimates the e�ciency by 17%. A482

correction is applied in the ITA sample to account for483

the overestimated e�ciency. A 50% relative uncertainty484

is assigned to the correction to account for the systematic485

uncertainties in the estimation of the e�ciency. The K
0
L486

reconstruction e�ciency is smaller for the HTA. Since487

the e↵ect on Eextra is already addressed by the correc-488

tion and systematic uncertainty derived from the extra-489

photon-multiplicity spectrum, no direct correction to the490

K
0
L e�ciency is applied. Instead, a systematic uncer-491

tainty is assigned, wherein the yields of B final states492

with a K
0
L are varied by 17%.493

While the radiative-return production of � mesons494

does not encompass K
0
L with energies below 1.6 GeV,495

approximately half of the K
0
L mesons in the main back-496

ground processes populate this lower-energy range. As497

a consistency check, a 100% ine�ciency is incorporated498

in the ITA for this kinematic region in the simulation.499

Specifically, all energy deposits in the ECL that fall500

within a 15 cm radius of the extrapolated K
0
L trajectory501

are removed for simulated K
0
L with energies smaller than502

1.6GeV. The impact of this additional requirement on503

the analyses is found to be covered by hadronic energy504

systematic uncertainty, discussed above.505

VI. BACKGROUND SUPPRESSION506

Simulated signal and background events are used to507

train BDTs. Several inputs are considered, including508

general event-shape variables described in Ref. [35], as509

well as variables characterizing the kaon candidate and510

the kinematic properties of the ROE. Moreover, vertices511

of two and three charged particles, including the kaon512

candidate, are reconstructed to identify potential kaons513

from D
0 and D

+ meson decays; variables describing the514

fit quality and kinematic properties of the resulting can-515

didates are considered as possible BDT inputs. Variables516

are excluded if either their contribution to the classifica-517

tion’s separation power is negligible or they are poorly518

described by the simulation.519

The ITA uses two consecutive BDTs. A first binary520

classifier, BDT1, is designed as a first-level filter after521

event selection. It is trained on 106 simulated events522

of 100 fb�1 equivalent luminosity of each of the seven523

considered background categories (decays of charged B524

e+e− → γϕ( → K0
SK0

L)

24

FIG. 22. Distribution of �E in data obtained for B+ !
(K+,⇡+)D0 decays reconstructed as B+ ! K+⌫⌫̄ events
with the daughters from the D0 decays removed.

ex].1581

[39] D. Martschei, M. Feindt, S. Honc, and J. Wagner-Kuhr,1582

Advanced event reweighting using multivariate analysis,1583

J. Phys. Conf. Ser. 368, 012028 (2012).1584

[40] M. Prim, b2-hive/e↵ort v0.1.0 (2020),1585

https://doi.org/10.5281/zenodo.3965699.1586

[41] M. Pivk and F. R. Le Diberder, SPlot: A Statistical tool1587

to unfold data distributions, Nucl. Instrum. Meth. A 555,1588

356 (2005), arXiv:physics/0402083.1589

[42] L. Heinrich, M. Feickert, and G. Stark, scikit-hep/pyhf:1590

v0.7.0 (2022), https://doi.org/10.5281/zenodo.7110486.1591

[43] T. Fawcett, An introduction to ROC analysis, Pattern1592

Recognition Letters 27, 861 (2006).1593

Appendix A: Validation of particle identification1594

corrections1595

The kaon identification e�ciency and the pion-to-kaon1596

fake rate are validated for the ITA sample using the1597

B
+ ! h

+
D

0(! K
+
⇡
�) decays, where h

+ stands for1598

⇡
+ or K+. The decays are reconstructed using the pion1599

mass hypothesis and the nominal kaon identification for1600

the h
+ candidate. The kaon and pion candidates from1601

the D
0 decay are di↵erentiated by kaon identification:1602

the particle with the higher value is assumed to be a1603

kaon. Only D
0 candidates with an invariant mass within1604

three standard deviations of the known D
0 mass [14]1605

are kept. Furthermore, the candidates are restricted to1606

Mbc > 5.27GeV/c2 and |�E| < 0.1GeV. If several candi-1607

dates pass the selection, a random one is chosen. The in-1608

formation on the reconstructed �E variable is kept while1609

the tracks from the D
0 decay are removed.1610

Each event is reconstructed as a B+ ! K
+
⌫⌫̄ event, as1611

discussed in Secs. VI and VII. The same procedure is re-1612

peated for both data and simulation. The selected events1613

show a q
2
rec distribution peaking between 3GeV2

/c
4 and1614

5GeV2
/c

4 corresponding to the D
0 mass squared. The1615

events have a B
+ ! K

+
⌫⌫̄ signal-like signature and for1616

this q
2 range are reconstructed with high e�ciency (see1617

Fig. 5). The distribution of the �E variable for the sig-1618

nal region of the ITA is shown in Fig. 22. Two promi-1619

nent peaks corresponding to h
+ = K

+ and h
+ = ⇡

+ (at1620

�E = 0) are observed. The yields of the two compo-1621

nents extracted in a fit using Gaussian shapes. The rel-1622

ative abundances of the B
+ ! K

+
D

0 and B
+ ! ⇡

+
D

0
1623

decays in data and simulation are found to be consis-1624

tent within statistical uncertainty, with ratio 1.03±0.09.1625

Based on this, no additional corrections and systematic1626

uncertainties are introduced.1627

Appendix B: List of BDT parameters and input1628

variables1629

1. Inclusive Tag Analysis1630

Table III presents the parameters that are used to train1631

the classifiers BDT1 and BDT2 of the ITA. Furthermore,1632

all input variables are listed below. Unless otherwise1633

specified, all variables are measured in the laboratory1634

frame. Each variable is used in BDT1, BDT2 or in both1635

BDTs as specified in parentheses. The variable selection1636

is done by iteratively removing variables from the train-1637

ing and checking the impact of their removal on the bi-1638

nary classification performance, measured with the area1639

under the receiver operating characteristic curve [43].1640

TABLE III. Parameter values of ITA classifier model [15].

Parameter Value
Number of trees 2000
Tree depth 2 (BDT1), 3 (BDT2)
Shrinkage 0.2
Sampling rate 0.5
Number of equal-frequency bins 256

For a given track, the point of closest approach1641

(POCA) is defined as the point on the track that1642

minimizes the distance to a line d passing through the1643

average interaction point and parallel to the z-axis,1644

defined as the symmetry axis of the solenoid. The trans-1645

verse impact parameter dr is defined as this minimal1646

distance and the longitudinal impact parameter dz is1647

defined as the z-coordinate of the POCA with respect1648

to the average interaction point [31].1649

1650

Variables related to the kaon candidate1651

• Radial distance between the POCA of the K+ can-1652

didate track and the IP (BDT2)1653

• Cosine of the angle between the momentum line of1654

the signal kaon candidate and the z axis (BDT2)1655

Variables related to the kaon candidate do not include1656

q
2
rec, because the data are binned in this variable and in1657
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FIG. 3. Distributions of the number of photon candidates in the rest of the event for the HTA after the selection described
in Sec. IV in data (points) and simulation (histogram) for the opposite-charge pion-enriched control sample, on the left before
the photon multiplicity correction and on the right after the correction. The yields are shown individually for the three
background categories (BB̄ decays, cc̄ continuum, and light-quark continuum). The data to simulation ratio is shown in the
bottom panel

FIG. 4. E�ciency of reconstructing an energy deposit in the
ECL matched to the K0

L direction as a function of the K0

L

energy for data and simulation selected with the ITA analysis.

deposit is studied in both data and simulation, and is477

tested separately in the ITA and HTA analyses. The ITA478

selection for the ECL deposits is looser than the HTA se-479

lection, therefore a higher e�ciency is found. Figure 4480

shows the ITA K
0
L e�ciency as a function of momentum;481

the simulation overestimates the e�ciency by 17%. A482

correction is applied in the ITA sample to account for483

the overestimated e�ciency. A 50% relative uncertainty484

is assigned to the correction to account for the systematic485

uncertainties in the estimation of the e�ciency. The K
0
L486

reconstruction e�ciency is smaller for the HTA. Since487

the e↵ect on Eextra is already addressed by the correc-488

tion and systematic uncertainty derived from the extra-489

photon-multiplicity spectrum, no direct correction to the490

K
0
L e�ciency is applied. Instead, a systematic uncer-491

tainty is assigned, wherein the yields of B final states492

with a K
0
L are varied by 17%.493

While the radiative-return production of � mesons494

does not encompass K
0
L with energies below 1.6 GeV,495

approximately half of the K
0
L mesons in the main back-496

ground processes populate this lower-energy range. As497

a consistency check, a 100% ine�ciency is incorporated498

in the ITA for this kinematic region in the simulation.499

Specifically, all energy deposits in the ECL that fall500

within a 15 cm radius of the extrapolated K
0
L trajectory501

are removed for simulated K
0
L with energies smaller than502

1.6GeV. The impact of this additional requirement on503

the analyses is found to be covered by hadronic energy504

systematic uncertainty, discussed above.505

VI. BACKGROUND SUPPRESSION506

Simulated signal and background events are used to507

train BDTs. Several inputs are considered, including508

general event-shape variables described in Ref. [35], as509

well as variables characterizing the kaon candidate and510

the kinematic properties of the ROE. Moreover, vertices511

of two and three charged particles, including the kaon512

candidate, are reconstructed to identify potential kaons513

from D
0 and D

+ meson decays; variables describing the514

fit quality and kinematic properties of the resulting can-515

didates are considered as possible BDT inputs. Variables516

are excluded if either their contribution to the classifica-517

tion’s separation power is negligible or they are poorly518

described by the simulation.519

The ITA uses two consecutive BDTs. A first binary520

classifier, BDT1, is designed as a first-level filter after521

event selection. It is trained on 106 simulated events522

of 100 fb�1 equivalent luminosity of each of the seven523

considered background categories (decays of charged B524

The relative abundance  to  for data vs. MC is 
found to be consistent w/ expectation with 

D0K+ D0π+

1.03 ± 0.09
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FIG. 22. Distribution of �E in data obtained for B+ !
(K+,⇡+)D0 decays reconstructed as B+ ! K+⌫⌫̄ events
with the daughters from the D0 decays removed.
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Appendix A: Validation of particle identification1594

corrections1595

The kaon identification e�ciency and the pion-to-kaon1596

fake rate are validated for the ITA sample using the1597

B
+ ! h

+
D

0(! K
+
⇡
�) decays, where h

+ stands for1598

⇡
+ or K+. The decays are reconstructed using the pion1599

mass hypothesis and the nominal kaon identification for1600

the h
+ candidate. The kaon and pion candidates from1601

the D
0 decay are di↵erentiated by kaon identification:1602

the particle with the higher value is assumed to be a1603

kaon. Only D
0 candidates with an invariant mass within1604

three standard deviations of the known D
0 mass [14]1605

are kept. Furthermore, the candidates are restricted to1606

Mbc > 5.27GeV/c2 and |�E| < 0.1GeV. If several candi-1607

dates pass the selection, a random one is chosen. The in-1608

formation on the reconstructed �E variable is kept while1609

the tracks from the D
0 decay are removed.1610

Each event is reconstructed as a B+ ! K
+
⌫⌫̄ event, as1611

discussed in Secs. VI and VII. The same procedure is re-1612

peated for both data and simulation. The selected events1613

show a q
2
rec distribution peaking between 3GeV2

/c
4 and1614

5GeV2
/c

4 corresponding to the D
0 mass squared. The1615

events have a B
+ ! K

+
⌫⌫̄ signal-like signature and for1616

this q
2 range are reconstructed with high e�ciency (see1617

Fig. 5). The distribution of the �E variable for the sig-1618

nal region of the ITA is shown in Fig. 22. Two promi-1619

nent peaks corresponding to h
+ = K

+ and h
+ = ⇡

+ (at1620

�E = 0) are observed. The yields of the two compo-1621

nents extracted in a fit using Gaussian shapes. The rel-1622

ative abundances of the B
+ ! K

+
D

0 and B
+ ! ⇡

+
D

0
1623

decays in data and simulation are found to be consis-1624

tent within statistical uncertainty, with ratio 1.03±0.09.1625

Based on this, no additional corrections and systematic1626

uncertainties are introduced.1627

Appendix B: List of BDT parameters and input1628

variables1629

1. Inclusive Tag Analysis1630

Table III presents the parameters that are used to train1631

the classifiers BDT1 and BDT2 of the ITA. Furthermore,1632

all input variables are listed below. Unless otherwise1633

specified, all variables are measured in the laboratory1634

frame. Each variable is used in BDT1, BDT2 or in both1635

BDTs as specified in parentheses. The variable selection1636

is done by iteratively removing variables from the train-1637

ing and checking the impact of their removal on the bi-1638

nary classification performance, measured with the area1639

under the receiver operating characteristic curve [43].1640

TABLE III. Parameter values of ITA classifier model [15].

Parameter Value
Number of trees 2000
Tree depth 2 (BDT1), 3 (BDT2)
Shrinkage 0.2
Sampling rate 0.5
Number of equal-frequency bins 256

For a given track, the point of closest approach1641

(POCA) is defined as the point on the track that1642

minimizes the distance to a line d passing through the1643

average interaction point and parallel to the z-axis,1644

defined as the symmetry axis of the solenoid. The trans-1645

verse impact parameter dr is defined as this minimal1646

distance and the longitudinal impact parameter dz is1647

defined as the z-coordinate of the POCA with respect1648

to the average interaction point [31].1649

1650

Variables related to the kaon candidate1651

• Radial distance between the POCA of the K+ can-1652

didate track and the IP (BDT2)1653

• Cosine of the angle between the momentum line of1654

the signal kaon candidate and the z axis (BDT2)1655

Variables related to the kaon candidate do not include1656

q
2
rec, because the data are binned in this variable and in1657
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FIG. 5. Signal-selection e�ciency as a function of the dineutrino invariant mass squared q2 for simulated events in the SR for
the ITA (left) and HTA (right). The error bars indicate the statistical uncertainty.

q
2 dependence compared to the e�ciency for the HTA.635

Moreover, e�ciency varies significantly within the SR of636

the ITA. The analysis relies on modeling of this variation637

by simulation, which is checked using a control channel,638

as discussed in the next section.639

VIII. SIGNAL SELECTION EFFICIENCY640

VALIDATION641

The decay B
+ ! K

+
J/ (! µ

+
µ
�) is used to vali-642

date the BDT performance on signal-like events between643

data and simulation, exploiting its large branching frac-644

tion and distinctive experimental signature. These events645

are selected in data and B
+ ! K

+
J/ simulation by646

requiring the presence of two oppositely-charged muons647

with an invariant mass within 50MeV/c2 of the known648

J/ mass [14]. To suppress background events, the vari-649

able |�E| is required to be less than 100MeV and the650

beam-energy constrained mass Mbc is required to exceed651

5.27GeV/c2. These criteria results in 7214 events being652

selected in the data sample with an expected background653

contamination of 2%. Each event is then reconsidered as654

a B+ ! K
+
⌫⌫̄ event by ignoring the muons from the J/ 655

decay and replacing the kaon candidate with the signal656

kaon candidate from a simulated B
+ ! K

+
⌫⌫̄ event,657

to reflect the three-body topology of the signal signa-658

ture. The kinematic properties of the signal kaon are659

then adjusted such that the B
+ four-momentum in the660

simulated B
+ ! K

+
⌫⌫̄ decay matches the momentum661

of the corresponding B
+ from the B

+ ! K
+
J/ decay662

reconstructed in data. This signal-embedding method is663

performed for both data and B
+ ! K

+
J/ simulation.664

The results are summarized for the ITA in Fig. 6, where665

the distributions of the output values of both BDTs are666

shown. Good agreement between simulation and data is667

observed for the selected events before (B+ ! K
+
J/ )668

and after (B+ ! K
+��J/ ) the signal embedding. The669

ratio of the selection e�ciencies for the SR in data and670

simulation is 1.00± 0.03 and agreement is observed.671

For the HTA, the signal embedding is used to check672

both the FEI and the combined FEI plus BDTh signal re-673

construction e�ciency. The ratio of data and simulation674

e�ciencies at the two levels of the selection are found to675

be 0.68±0.06 and 0.60±0.10, respectively. The first fac-676

tor is used as a correction for signal e�ciencies and BB̄677

normalization. It agrees with an independent FEI cali-678

bration derived from B ! X`⌫ FEI-tagged events [38].679

From the relative uncertainty on the e�ciency ratio com-680

puted after the ⌘(BDTh) selection, a 16% systematic un-681

certainty on the signal-selection e�ciency is derived.682
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FIG. 6. Distribution of the classifier output BDT1 (main
figure) and BDT2 for BDT1 > 0.9 (inset). The distributions
are shown before (B+ ! K+J/ ) and after (B+ ! K+��J/ )
the muon removal and replace of the kaon momentum of se-
lected B+ ! K+J/ events in simulation and data. As a
reference, the classifier outputs directly obtained from simu-
lated B+ ! K+⌫⌫̄ signal events are overlaid. The simulation
histograms are scaled to the total number of B+ ! K+J/ 
events selected in the data.
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Charm baryon decays Ξ0
c → Ξ0h0

(h0 = π0, η, η′ )
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and SU(3)F flavor symmetry [12–18]. Theoretical predictions for the branching fractions40

of Ξ0
c → Ξ0h0 decays based on these approaches are listed in table 1. A first measurement41

of the branching fractions for Ξ0
c → Ξ0h0 decays will help to clarify the theoretical picture.42

(a) (b)

Figure 1. The Feynman diagrams for (a) internal W -emission and (b) W -exchange in Ξ0
c → Ξ0h0

decays [4].

Table 1. Theoretical predictions for the branching fractions and decay asymmetry parameters for
Ξ0
c → Ξ0h0 decays. Branching fractions are given in units of 10−3.

Reference Model B(Ξ0
c → Ξ0π0) B(Ξ0

c → Ξ0η) B(Ξ0
c → Ξ0η′) α(Ξ0

c → Ξ0π0)

Körner, Krämer [5] quark 0.5 3.2 11.6 0.92
Xu, Kamal [7] pole 7.7 - - 0.92
Cheng, Tseng [8] pole 3.8 - - −0.78
Cheng, Tseng [8] CA 17.1 - - 0.54
Żenczykowski [9] pole 6.9 1.0 9.0 0.21
Ivanov et al. [6] quark 0.5 3.7 4.1 0.94
Sharma, Verma [11] CA - - - −0.8
Geng et al. [12] SU(3)F 4.3±0.9 1.7+1.0

−1.7 8.6+11.0
−6.3 -

Geng et al. [13] SU(3)F 7.6±1.0 10.3±2.0 9.1±4.1 −1.00+0.07
−0.00

Zhao et al. [14] SU(3)F 4.7±0.9 8.3±2.3 7.2±1.9 -
Zou et al. [10] pole 18.2 26.7 - −0.77
Huang et al. [15] SU(3)F 2.56±0.93 - - −0.23± 0.60

Hsiao et al. [16] SU(3)F 6.0±1.2 4.2+1.6
−1.3 - -

Hsiao et al. [16] SU(3)F-breaking 3.6±1.2 7.3±3.2 - -
Zhong et al. [17] SU(3)F 1.13+0.59

−0.49 1.56±1.92 0.683+3.272
−3.268 0.50+0.37

−0.35

Zhong et al. [17] SU(3)F-breaking 7.74+2.52
−2.32 2.43+2.79

−2.90 1.63+5.09
−5.14 −0.29+0.20

−0.17

Xing et al. [18] SU(3)F 1.30±0.51 - - −0.28± 0.18

In addition to the branching fraction measurement, parity violation in Ξ0
c decays can43

be measured using the decay asymmetry parameter, α. In addition to Ξ0
c → B + V de-44

cays [2], Belle has also measured the decay asymmetry parameter for Ξ0
c → Ξ−π+ [19].45

In weak decays, the interference between the parity-violating and parity-conserving ampli-46

tudes contributes to an asymmetry in the angular decay distribution. The degree of parity47

violation can therefore be quantified by fitting to the Ξ0
c decay angular distribution and48

extracting α. Predictions for α(Ξ0
c → Ξ0π0) from different models are also listed in table 1.49

In this paper, we present the first measurements of the branching fractions for Ξ0
c →50

Ξ0π0, Ξ0
c → Ξ0η and Ξ0

c → Ξ0η′ decays and the asymmetry parameter of the Ξ0
c → Ξ0π051

decay. This analysis combines data samples with integrated luminosities of 980 fb−1 and 42652
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