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Asymmetric e+-e- collider (√s = 10.58 GeV) 
• e+e- → Υ(4S) → BB, DD, ττ, … 
B (βγ~0.28): precision meas. of the CKM matrix, rare decays 
τ: cLFV, test of LFU 
D, dark sector, hadron physics, etc.
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Belle II @ SuperKEKB Luminosity Accomplished
Integrated 623 fb-1

Peak 4.7 x 1034 /cm2/s
World Record!!

Run2

Long- 
shutdown

Central Drift Chamber 
spatial resolution: 100 µm 

dE/dx resolution: 5% 
PT resolution: 0.4%

EM Calorimeter, CsI(Tl) 
energy resolution: 1.6%-4%

Vertex Detector 
vertex resolution: 15 µm

Particle Identification 
K eff.: 90%, fake π rate: 5%

KL and µ Detection 
KL0 p resolution: 15 MeV 
µ identification eff.: ~90%

e- (7 GeV)
e+ (4 GeV)

Run1

Target: 50 ab-1 (Belle x50)

last 
week

https://www.belle2.org/project/super_kekb_and_belle_ii
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electroweak	interactions).	Many	opportunities	for	initiatives	by	young	scientists.	
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From SM precision measurement to BSM searchesBelle II Physics

1. B→Kνν 
2. B→Kττ

4. R(D(*)) 
5. B→ℓν 
3. b→sγ

6. τLFV

94 physics publications in total 
List of our recent publications in backup

https://www.belle2.org/research/physics/publications

Key analysis technique: B tagging

https://www.belle2.org/research/physics/publications
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inclusive decays. In both cases, the FEI provides an explicit 
tag-side decay chain with an associated probability.

Methods

The FEI algorithm follows a hierarchical approach with six 
stages, visualized in Fig. 2. Final-state particle candidates 
are constructed using the reconstructed tracks and clusters, 
and combined to intermediate particles until the final B can-
didates are formed. The probability of each candidate to be 
correct is estimated by a multivariate classifier. A multi-
variate classifier maps a set of input features (e.g., the four 
momentum or the vertex position) to a real-valued output, 
which can be interpreted as a probability estimate. The 
multivariate classifiers are constructed by optimizing a loss 
function (e.g., the misclassification rate) on Monte Carlo 
simulated Υ(4S) events and are described later in detail.

All steps in the algorithm are configurable. Therefore, 
the decay channels used, the cuts employed, the choice of 
the input features, and hyper-parameters of the multivari-
ate classifiers depend on the configuration. A more detailed 
description of the algorithm and the default configuration 
can be found in Keck [4] and in the following we give a brief 
overview over the key aspects of the algorithm.

Combination of Candidates

Charged final-state particle candidates are created from 
tracks assuming different particle hypotheses. Neutral final-
state particle candidates are created from clusters and dis-
placed vertices constructed by oppositely charged tracks. 

Each candidate can be correct (signal) or wrong (back-
ground). For instance, a track used to create a 𝜋+ candidate 
can originate from a pion traversing the detector (signal), 
from a kaon traversing the detector (background) or origi-
nates from a random combination of hits from beam back-
ground (also background).

All candidates available at this stage are combined to 
intermediate particle candidates in the subsequent stages, 
until candidates for the desired B mesons are created. Each 
intermediate particle has multiple possible decay channels, 
which can be used to create valid candidates. For instance, 
a B− candidate can be created by combining a D0 and a 𝜋− 
candidate, or by combining a D0 , a 𝜋− and a 𝜋0 candidate. 
The D0 candidate could be created from a K− and a 𝜋+ , or 
from a K0

s
 and a 𝜋0.

The FEI reconstructs more than 100 explicit decay chan-
nels, leading to (10000) distinct decay chains.

Multivariate Classi"cation

The FEI employs multivariate classifiers to estimate the 
probability of each candidate to be correct, which can be 
used to discriminate correctly identified candidates from 
background. For each final-state particle and for each decay 
channel of an intermediate particle, a multivariate classi-
fier is trained which estimates the signal probability that the 
candidate is correct. To use all available information at each 
stage, a network of multivariate classifiers is built, following 
the hierarchical structure in Fig. 2.

For instance, the classifier for the decay of B−
→ D0𝜋− 

would use the signal probability of the D0 and 𝜋− candidates, 
as input features to estimate the signal probability of the B− 
candidate created by combining the aforementioned D0 and 
𝜋− candidates.

Additional input features of the classifiers are the kin-
ematic and vertex fit information of the candidate and its 
daughters. The multivariate classifiers used by the FEI 
are trained on Monte Carlo simulated events. The training 
is fully automatized and distributed using a map reduce 
approach [5]. Monte Carlo simulated data used to train the 
FEI is partitioned. At each reconstruction stage, the parti-
tioned data is distributed to nodes where the reconstruc-
tion is performed and training datasets are produced (the 
mapping stage). The reduction stage consists of merging the 
training datasets and training multivariate classifiers with 
these training datasets.

The available information flows from the data provided 
by the detector through the intermediate candidates into the 
final B meson candidates, yielding a single number which 
can be used to distinguish correctly from incorrectly identi-
fied Btag mesons. The process is visualized in Fig. 2. This 
allows one to tune the trade-off between tag-side efficiency 
and tag-side purity of the algorithm by requiring a minimal 
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Fig. 2  Schematic overview of the FEI. The algorithm operates on 
objects identified by the reconstruction software of the Belle II detec-
tors: charged tracks, neutral clusters and displaced vertices. In six dis-
tinct stages, these basics objects are interpreted as final-state particles 
( e+ , 𝜇+ , K+ , 𝜋+ , K0

L
 , 𝛾 ) combined to form intermediate particles ( J∕𝜓 , 

𝜋0 , K0
s
 , D, D∗ ) and finally form the tag-side B mesons

• Major strength: ability to reconstruct event with missing energy 
• Constraint the kinematics of Bsig by the initial state at an e+e- collider 

Hadronic / semileptonic tagging 
• Reconstruct Btag in low multiplicity, high branching fraction decay 
modes using Full Event Interpretation 

• FEI consists of >200 BDTs,  
reconstructing O(10k) decay chains 

• Tagging samples dominated by large-BF mode with low-background  

Inclusive tagging 
• Reconstruct Bsig and assign everything 
else to the rest-of-event (ROE)

B tagging technique at Belle II
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the remaining tracks and clusters compatible with an arbi-
trary Btag meson decay. Figure 1 depicts this situation.

The initial four momentum of the produced Υ(4S) reso-
nance is precisely known and no additional particles are 
produced in this primary interaction. Therefore, because 
of the relevant quantum numbers conservation, knowledge 
about the properties of the tag-side Btag meson allows one 
to recover information about the signal-side Bsig meson 
which would otherwise be inaccessible. Most importantly, 
all reconstructed tracks and clusters which are not assigned 
to the Btag mesons must be compatible with the signal decay 
of interest.

Ideally, a full reconstruction of the entire event has to take 
all reconstructed tracks and clusters into account to attain 
a correct interpretation of the measured data. The Full 
Event Interpretation (FEI) algorithm presented 
in this article is a new exclusive tagging algorithm devel-
oped for the Belle II experiment, embedded in the Belle II 
Analysis Software Framework (basf2) [2]. The FEI auto-
matically constructs plausible Btag meson decay chains com-
patible with the observed tracks and clusters, and calculates 
for each decay chain the probability of it correctly describ-
ing the true process using gradient-boosted decision trees. 
“Exclusive” refers to the reconstruction of a particle (here 
the Btag ) assuming an explicit decay channel.

Consequently, exclusive tagging reconstructs the Btag 
independently of the Bsig using either hadronic or semilep-
tonic B meson decay channels. The decay chain of the Btag 
is explicitly reconstructed and therefore the assignment of 
tracks and clusters to the tag-side and signal-side is known.

In the case of a measurement of an exclusive branching 
fraction like Bsig → 𝜏𝜈𝜏 , the entire decay chain of the Υ(4S) 
is known. As a consequence, all tracks and clusters measured 
by the detector should be already accounted for. In particu-
lar, the requirement of no additional tracks, besides the ones 
used for the reconstruction of the Υ(4S) , is an extremely 

powerful and efficient way to remove most reducible1 back-
grounds. This requirement is called the completeness con-
straint throughout this text.

In the case of a measurement of an inclusive branching 
fraction like Bsig → Xul𝜈 , all remaining tracks and clusters, 
besides the ones used for the lepton l and the Btag meson, are 
identified with the Xu system. Hence, the branching fraction 
can be determined without explicitly assuming a decay chain 
for the Xu system.

The performance of an exclusive tagging algorithm 
depends on the tagging efficiency (i.e., the fraction of Υ(4S) 
events which can be tagged), the tag-side efficiency (i.e., 
the fraction of Υ(4S) events with a correct tag) and on the 
quality of the recovered information, which determines the 
tag-side purity (i.e., the fraction of the tagged Υ(4S) events 
with a correct tag) of the tagged events.

The exclusive tag typically provides a pure sample (i.e., 
purities up to 90% are possible). But, this approach suffers 
from a low tag-side efficiency, just a few percent, since only 
a tiny fraction of the B decays can be explicitly reconstructed 
due to the large amount of possible decay channels and their 
high multiplicity. The imperfect reconstruction efficiency of 
tracks and clusters further degrades the efficiency.

Both the quality of the recovered information and the 
systematic uncertainties depend on the decay channel of the 
Btag , therefore we distinguish further between hadronic and 
semileptonic exclusive tagging.

Hadronic tagging considers only hadronic B decay chains 
for the tag-side [3, Section 7.4.1]. Hence, the four momen-
tum of the Btag is well-known and the tagged sample is very 
pure. A typical hadronic B decay has a branching fraction 
of (10−3) . As a consequence, hadronic tagging suffers 
from a low tag-side efficiency and can only be applied to 
a tiny fraction of the recorded events. Large combinatorics 
of high-multiplicity decay channels further complicate the 
reconstruction and require tight selection criteria.

Semileptonic tagging considers only semileptonic 
B → Dl𝜈 and B → D∗l𝜈 decay channels [3, Section 7.4.2]. 
Due to the presence of a high-momentum lepton, these decay 
channels can be easily identified and the semileptonic tag-
ging usually yields a higher tag-side efficiency compared 
to hadronic tagging due to the large semileptonic branch-
ing fractions. On the other hand, the semileptonic tag will 
miss kinematic information due to the neutrino in the final 
state of the decay. Hence, the sample is not as pure as in the 
hadronic case.

To conclude, the FEI provides a hadronic and semi-
leptonic tag for B± and B0 mesons. This enables the meas-
urement of exclusive decays with several neutrinos and 

Υ(4S)
Btag Bsig

ντ

µ
+

νµ

ντ

signal-sidetag-side

Fig. 1  Schematic overview of a Υ(4S) decay: (Left) a common tag-
side decay B−

tag
→ D0(→ K0

s
(→ 𝜋−𝜋+)𝜋−𝜋+)𝜋− and (right) a typical 

signal-side decay B+
sig

→ !+(→ "+#"#̄! )#! . The two sides overlap spa-
tially in the detector, therefore the assignment of a measured track to 
one of the sides is not known a priori

1 Reducible background has distinct final-state products from the sig-
nal.

Reconstruction of events with missing energy:
Full Event Interpretation (FEI)

5 • Reconstruct one B (Btag) and constrain 
the 4-momentum of  the other B (Bsig)

Belle algorithm: NIM A 654, 432-440 (2011)
Belle II FEI: Keck, T., Abudinén, F., z, F.U. et al. 
Comput Softw Big Sci (2019) 3: 6. 
https://doi.org/10.1007/s41781-019-0021-8

Tagging efficiency (evaluated on Belle MC) 
@10% purity

−

5

(%) (%)• The FEI uses a multivariate 
technique to reconstruct the B-tag side 
(semileptonic or hadronic) through 
O(103) decay modes in a Y(4S) decay.

Comp. Soft. for Big Science 3 (2019) 6

https://doi.org/10.1007/s41781-019-0021-8
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• Flavor Changing Neutral Current (FCNC) 
• Forbidden at the tree level in the SM 
• Small branching fraction in the SM (<10-5) 

• Sensitive to New Physics (NP) 
• Heavy new particles can enter the loop 

• Key channels: b→sγ, dγ, sℓℓ, dℓℓ, sνν, … 
• Precise theoretical prediction for the inclusive process 
• The branching fraction of exclusive processes has large 
uncertainty, except for b→sνν 

• Many observables 
• Branching fractions, CP asymmetries, Angular distribution, 
Photon polarization

Electroweak Penguin Decays

5

Dec. 16,  2025
Experimental Flavor Physics:

Results and prospects
S. Nishida (KEK) WHEPP2025

14

Electroweak Penguin

• Flavor Changing Neutral Current (FCNC)
✓ Forbidden at the tree level in the SM.
✓ Small branching fraction (BF) in SM (<10−5)

• Sensitive to New Physics (NP).
✓ Unknown heavy particles in the loop.

• b → s, d, sℓ+ℓ−, dℓ+ℓ−, s, …
✓ b→d is suppressed by |Vtd/Vts|2 w.r.t. b→s.

• Precise theoretical prediction for the inclusive process 
(e.g. B→Xs).

• The branching fraction of exclusive processes (e.g. 
B→K*) has large uncertainty, except for b → s.

Electroweak Penguin Decays (b → s, d)

B(B+→K+) = (0.56±0.04)  10−5

[PRD 107, 014511 (2023)]including B+→+ (K+) 
• Many observables

✓ Branching fractions, CP asymmetries, Angular 
distribution (b→sℓ+ℓ−), photon polarization (b→s)
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• Many observables

✓ Branching fractions, CP asymmetries, Angular 
distribution (b→sℓ+ℓ−), photon polarization (b→s)

Analysis covered in this talk 
• B+→K+νν reinterpretation 
• B→XSνν 
• Search for B+→K+ττ 
• b→s(d)γ transitions 
• Time-dependent CP violation in B0→KSππγ
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B+→K+νν reinterpretation
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Likelihood and reinterpretation took are publicly available on HEPData

• Originally measured µSM = 4.6±1.3 (B-only; 3.5σ; SM: 2.7σ) 
• A model-agnostic likelihood enabling consistent reinterpretations 
beyond the SM. 

• Re-weight SM signal in true q2:  
w(q2)=σBSM/σSM (keeps q2-dependent efficiencies) 

• Bayesian week effective theory fit to |CVL+CVR|, |CSL+CSR|, |CTL| 
• Fit prefers an enhanced vector contribution (in SM, CVL=6.6) 
and a non-zero tensor component PRD 112, 092016 (2025)

cryogenics group for the efficient operation of the detector
solenoid magnet and IBBelle on site; the KEK Computer
Research Center for on-site computing support; the NII for
SINET6 network support; and the raw-data centers hosted
by BNL, DESY, GridKa, IN2P3, INFN, and the University
of Victoria.

DATA AVAILABILITY

The data that support the findings of this article are
openly available [34,35].

APPENDIX A: PREDICTED YIELDS AT THE
POSTERIOR MODE

Direct comparison of the observed data yields to
the predicted yields at the posterior mode parameter
point (the best-fit point to data; see Table I) for the
unconstrained Bþ → Kþνν̄ SM and the WET is shown in
Fig. 4, for the highest-sensitivity bins of the analysis. The
WET model provides a better fit to the data than the
unconstrained SM prediction, as indicated by the smaller
pull values.

APPENDIX B: PRIOR SENSITIVITY STUDY

To investigate the sensitivity of the results in Table I to
the choice of priors, we derived the posterior mode and
credible intervals for alternative sets of priors.
First, we select truncated-normal priors centered on

the SM expectation (the only nonzero Wilson coefficient
being CSM

VL ¼ 6.6), which disfavor deviations from the SM
expectation:

pðηiÞ ¼
!
N ðηijμ ¼ CSM

i ; σ ¼ 20Þ ηi ≥ 0;

0 ηi < 0:
ðB1Þ

Here, ηi ∈ ½jCVL þ CVRj; jCSL þ CSRj; jCTLj& and CSM
i cor-

respond to the respective SM point CSM
i ∈ ½6.6; 0.0; 0.0&.

Second, we select uniform priors in the squared
Wilson coefficients, as these enter Eq. (9), which
subsequently translate to linear priors for the Wilson
coefficients:

pðηiÞ ∝
!
ηi ηi ≤ 30;

0 ηi > 30:
ðB2Þ

These priors favor larger values for the Wilson
coefficients.
The resulting credible intervals for both cases are shown

in Table IV. The vector Wilson coefficient posterior mode
and credible intervals are found to be the most robust to
prior choices. The largest changes are found for the scalar
Wilson coefficients, to which the analysis is the least
sensitive, due to low efficiency at high q2. This is also
expected from the posterior distribution in Fig. 3.

APPENDIX C: HEPDATA INVENTORY

To enable reinterpretation under any NP model with the
model-agnostic likelihood [1], the necessary information
from Belle II will be published on HEPData [34,35]. The
release will include the following components:
(1) the SM Bþ → Kþνν̄ differential branching fraction

as a function of q2;
(2) signal selection efficiency as a function of q2;
(3) binned joint number densities:

FIG. 4. Observed and predicted best-fit yields in the highest-
sensitivity bins of the analysis. These correspond to the
ηðBDT2Þ > 0.98 region of the ITA. The signal is shown for
the unconstrained Bþ → Kþνν̄ SM (left) and the WET (right)
predictions. The predicted background yields are shown indi-
vidually for the neutral and charged B-meson decays, and the
summed five continuum categories. Pulls are shown in the lower
panels.

TABLE IV. The posterior modes and HDIs at 68% and 95% for
the (sums of the) WET Wilson coefficients in Eq. (9), for
alternative prior choices (cf. Table I).

Priors Parameters Mode 68% HDI 95% HDI

Eq. (B1) jCVL þ CVRj 11.4 [8.0, 14.6] [2.2, 16.4]
jCSL þ CSRj 0.0 [0.0, 9.2] [0.0, 14.7]

jCTLj 7.7 [1.5, 8.8] [0.0, 11.0]

Eq. (B2) jCVL þ CVRj 11.6 [8.2, 14.0] [4.2, 16.0]
jCSL þ CSRj 8.9 [4.6, 12.6] [1.3, 15.6]

jCTLj 7.2 [3.9, 9.6] [1.4, 11.7]

MODEL-AGNOSTIC LIKELIHOOD FOR THE … PHYS. REV. D 112, 092016 (2025)

092016-9

FIG. 18. Distributions of ηðBDT2Þ, q2rec, beam-constrained mass of the ROE Mbc;ROE, ΔEROE, Fox-Wolfram R2, and modified
Fox-Wolfram Hso

m;2 in data (points with error bars) and simulation (filled histograms) shown individually for the Bþ → Kþνν̄ signal,
neutral and charged B-meson decays, and the sum of the five continuum categories in the ITA. Events in the most signal-rich region, with
ηðBDT2Þ > 0.98, are shown. Simulated samples are normalized according to the fit yields in the ITA. The pull distributions are shown in
the bottom panels.

I. ADACHI et al. PHYS. REV. D 109, 112006 (2024)

112006-20

PRD 109, 112006 (2024)

Belle II  
inclusive-tag 
w/ SM signal

https://www.hepdata.net/record/ins2725943
https://journals.aps.org/prd/abstract/10.1103/pr66-sd36
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006
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resonance e+e− → qq̄ simulation sample. The resulting
OBDT distribution is used in the fit, and the changes in
the signal branching fractions are taken as systematic
uncertainties. Additionally, data-to-simulation efficiency
ratios are measured to be 1.21 ± 0.13, 0.90 ± 0.20, and
0.78±0.10 for MR1, MR2, and MR3, respectively. These
ratios are applied as correction factors to the qq̄ efficien-
cies, and their statistical uncertainties are assigned as
systematic uncertainties. The OBDT distribution for BB
events is validated with the Mbc sideband, defined as
5.20GeV/c2 < Mbc < 5.26GeV/c2, and with the OBDT

sideband, defined as 0.80 < OBDT < 0.86. We com-
pare the efficiencies of the OBDT requirement between
data and simulation samples using B → J/ψXs events
with J/ψ → µ+µ−. The reconstruction and selection
procedures are the same as for the B → Xsνν̄ analysis,
except for the selection of a J/ψ → µ+µ− candidate.
We require the invariant mass of the J/ψ candidate to
be within 0.05GeV/c2 of the nominal mass [33]. The
B candidate from the B → J/ψXs decay must satisfy
Mbc > 5.25GeV/c2 and |”E| < 0.1GeV. The event is
then treated as a B → Xsνν̄ event by ignoring the muons
from J/ψ → µ+µ−. The data-to-simulation OBDT se-
lection efficiency ratios are 1.00 ± 0.04, 1.05 ± 0.08, and
0.97±0.14 for MR1, MR2, and MR3, respectively. These
ratios are used as correction factors, and their statistical
uncertainties are assigned as systematic uncertainties.

TABLE I: Summary of the dominant systematic uncertain-
ties and the total contribution from subdominant uncertain-
ties on B(B → Xsνν̄) in the entire MXs

range. The impact
on the branching fraction uncertainty σB from each source is
estimated by fixing the corresponding nuisance parameter in
the minimization procedure and subtracting its uncertainty
in quadrature from the total uncertainty. Due to correlations
among sources, the quadrature sum of individual uncertain-
ties does not equal the total uncertainty.

Source Impact on σB [10−5]

Simulated-sample size 6.0

Background normalization 5.7

Branching fractions of major B-decays 2.3

Non-resonant Xsνν̄ generation range 2.1

OBDT selection efficiency 2.0

Photon multiplicity correction 1.8

qq̄ background efficiency 1.8

Other subdominant contributions 3.0

Total systematic sources 11.7

Table I shows a summary of the dominant system-
atic uncertainties. The finite size of the simulation sam-
ples used to determine the PDF shapes is included as
a source of systematic uncertainty, and is dominated by
the limited statistics of the background simulation sam-
ples. The ratio of data to simulation in the Mbc and
OBDT sideband regions shows a maximum deviation of

12%. A conservative systematic uncertainty of ±20% is
assigned to the background normalization in each M reco

Xs

region: MR1, MR2, and MR3. To estimate the sys-
tematic uncertainty of the photon multiplicity correc-
tion factor, we compare the photon multiplicity distri-
butions in data and simulation with B0

tagX
±
s candidates.

The residual difference is assigned as the systematic un-
certainty of photon multiplicity correction factor. The
lower bound on the MXs

mass when generating the non-
resonant B → Xsνν̄ component is set to 1.1GeV/c2.
We assign a systematic uncertainty of ±0.1GeV/c2 to
this value, which is conservatively estimated from the
MXs

distribution of B → Xsγ, B0 → K+π−µ+µ−, and
B+ → K+π+π−µ+µ− decays [24–26]. The impact of
varying the branching fractions of the leading B meson
decays [33] is also included as a systematic uncertainty.
The full list of contributions to the systematic uncer-
tainty, including subdominant contributions, is included
in the Supplemental Material [35].
The post-fit distribution of the bin index is shown in

Fig. 2. The branching fractions, given in Table II, are
calculated as B = Nsig/(2 × NBB × ε), where NBB is
determined as in Ref. [45]. The observed signal yields are
not significant, and upper limits (ULs) on the branching
fractions are determined using the CLs method [46]. The
CLs values are shown in the Supplemental Material [35].
The central value of B(B → Kνν̄) determined from the
fit results is [0.3± 0.8(stat)+0.9

−0.7(syst)]× 10−5, consistent

with the value [1.1+0.9
−0.8(stat)

+0.8
−0.5(syst)] × 10−5 obtained

in the dedicated B+ → K+νν̄ analysis [7].

FIG. 2: The bin index distribution after the fit, for data
and histogram templates. The background templates are
separated into 6 categories: charged B meson decay, neu-
tral B meson decay, and four types of e+e− → qq̄ back-
ground (q = u, d, s, c).

After unveiling the signal region, which had not been
examined during the optimization of the analysis, we
identified and corrected an error in the single-candidate
selection. This resulted in a 2.6% change in the mean up-

• Reconstruct XS from K + nπ (n=0, 1, ...,4) 
• Sum-of-exclusives: 93% 

• Hedonic tag method (~0.1%) 
• Fit to the bins of MXs and BDT output 
• BDT: background suppression variable 

• First search of inclusive B→XSνν 
 
 
 
 
 
 
 

• SM prediction: (2.9±0.3) x 10-4 
• Main syst.: limited MC and background normalization

B→XSνν

8

Kνν K*νν Other

6

TABLE II: Efficiencies (ε), signal yields (Nsig), and
branching-fraction (B) central values and upper limits, where
the subscripts obs and exp indicate observed and expected
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fit, since they depend on nuisance parameters. The expected
upper limit is calculated from the background-only hypoth-
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−62

+95
−81 8.8+8.5

−8.2
+12.6
−10.8 32.2 24.4

per limit expected from the simulation and a 0.6% change
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Particules (IN2P3) du CNRS and L’Agence Nationale
de la Recherche (ANR) under Grant No. ANR-23-CE31-
0018 (France); BMFTR, DFG, HGF, MPG, and AvH
Foundation (Germany); Department of Atomic Energy
under Project Identification No. RTI 4002, Department
of Science and Technology, and UPES SEED funding
programs No. UPES/R&D-SEED-INFRA/17052023/01
and No. UPES/R&D-SOE/20062022/06 (India); Israel
Science Foundation Grant No. 2476/17, U.S.-Israel
Binational Science Foundation Grant No. 2016113,
and Israel Ministry of Science Grant No. 3-16543;
Istituto Nazionale di Fisica Nucleare and the Research
Grants BELLE2, and the ICSC – Centro Nazionale
di Ricerca in High Performance Computing, Big Data
and Quantum Computing, funded by European Union
– NextGenerationEU; Japan Society for the Promo-
tion of Science, Grant-in-Aid for Scientific Research
Grants No. 16H03968, No. 16H03993, No. 16H06492,
No. 16K05323, No. 17H01133, No. 17H05405,
No. 18K03621, No. 18H03710, No. 18H05226,
No. 19H00682, No. 20H05850, No. 20H05858,
No. 22H00144, No. 22K14056, No. 22K21347,
No. 23H05433, No. 26220706, and No. 26400255, and
the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) of Japan; National Research Foun-
dation (NRF) of Korea Grants No. 2021R1-F1A-1064008,
No. 2022R1-A2C-1003993, No. 2022R1-A2C-1092335,
No. RS-2016-NR017151, No. RS-2018-NR031074,
No. RS-2021-NR060129, No. RS-2023-00208693, No. RS-
2024-00354342 and No. RS-2025-02219521, Radiation
Science Research Institute, Foreign Large-Size Re-
search Facility Application Supporting project, the
Global Science Experimental Data Hub Center, the

6

TABLE II: Efficiencies (ε), signal yields (Nsig), and
branching-fraction (B) central values and upper limits, where
the subscripts obs and exp indicate observed and expected
values, respectively. The efficiencies are determined from the
fit, since they depend on nuisance parameters. The expected
upper limit is calculated from the background-only hypoth-
esis. The first and second uncertainties are statistical and
systematic, respectively.

B [10−5]

MXs

[

GeV/c2
]

ε
[

10−3
]

Nsig central value ULobs ULexp

[0, 0.6] 2.93 6+18
−17

+19
−16 0.3± 0.8+0.9

−0.7 2.2 2.0

[0.6, 1.0] 1.32 36+27
−26

+31
−26 3.5+2.6

−2.5
+3.1
−2.6 9.5 6.6

[1.0,mB ] 0.62 24+44
−43

+62
−53 5.1+9.2

−8.8
+12.9
−11.0 31.2 26.7

Full range 0.97 66+64
−62

+95
−81 8.8+8.5

−8.2
+12.6
−10.8 32.2 24.4

per limit expected from the simulation and a 0.6% change
in the observed upper limit from data.

In summary, we search for B → Xsνν̄ decay using
365.4 fb−1 of Υ (4S) and 42.7 fb−1 of off-resonance data
collected by the Belle II experiment. The analysis re-
constructs one B meson in a hadronic decay mode and
considers 30 exclusive channels in the reconstruction of
the Xs system. No significant signal is observed, and
we set 90% C.L. upper limits on the partial branching
fractions of 2.2 × 10−5 for 0.0 < MXs

< 0.6GeV/c2,
9.5 × 10−5 for 0.6 < MXs

< 1.0GeV/c2, and 3.1 × 10−4

for 1.0GeV/c2 < MXs
. We calculate the branching frac-

tion for the entire MXs
region by summing the partial

branching fractions to find

B(B → Xsνν̄) = [8.8+8.5
−8.2(stat)

+12.6
−10.8(syst)]× 10−5,

and set a corresponding 90% C.L. upper limit

B(B → Xsνν̄) < 3.2× 10−4.

This branching fraction and upper limit do not include
the contribution from long-distance B+ → τ+(→ X+

s ν̄)ν
decays. This is the first search for inclusive B → Xsνν̄
decays and can be used to constrain potential contribu-
tions from physics beyond the SM [11].

This work, based on data collected using the
Belle II detector, which was built and commissioned
prior to March 2019, was supported by Higher Ed-
ucation and Science Committee of the Republic of
Armenia Grant No. 23LCG-1C011; Australian Re-
search Council and Research Grants No. DP200101792,
No. DP210101900, No. DP210102831, No. DE220100462,
No. LE210100098, and No. LE230100085; Aus-
trian Federal Ministry of Education, Science and
Research, Austrian Science Fund (FWF) Grants
DOI: 10.55776/P34529, DOI: 10.55776/J4731,
DOI: 10.55776/J4625, DOI: 10.55776/M3153, and
DOI: 10.55776/PAT1836324, and Horizon 2020 ERC
Starting Grant No. 947006 “InterLeptons”; Natural

Sciences and Engineering Research Council of Canada,
Digital Research Alliance of Canada, and Canada
Foundation for Innovation; National Key R&D Program
of China under Contract No. 2024YFA1610503, and
No. 2024YFA1610504 National Natural Science Founda-
tion of China and Research Grants No. 11575017,
No. 11761141009, No. 11705209, No. 11975076,
No. 12135005, No. 12150004, No. 12161141008,
No. 12405099, No. 12475093, and No. 12175041,
and Shandong Provincial Natural Science Foundation
Project ZR2022JQ02; the Czech Science Foundation
Grant No. 22-18469S, Regional funds of EU/MEYS:
OPJAK FORTE CZ.02.01.01/00/22 008/0004632 and
Charles University Grant Agency project No. 246122;
European Research Council, Seventh Framework
PIEF-GA-2013-622527, Horizon 2020 ERC-Advanced
Grants No. 267104 and No. 884719, Horizon 2020
ERC-Consolidator Grant No. 819127, Horizon 2020
Marie Sklodowska-Curie Grant Agreement No. 700525
“NIOBE” and No. 101026516, and Horizon 2020 Marie
Sklodowska-Curie RISE project JENNIFER2 Grant
Agreement No. 822070 (European grants); L’Institut
National de Physique Nucléaire et de Physique des
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Search for B+→K+ττ
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Signal region

• Previous best UL (BABAR): < 2.25 x 10-3 (90% C.L.) 
• Combined analysis: Belle (711 fb-1) + Belle II (365 fb-1) 
• Reconstruct the other B with a hadronic-tag (full reconstruction) 
• On signal-side, consider only leptonic τ decays (ℓνν) 
• Use cut-based selections to suppress background 
• Extract signal by event counting in EECL variable 
• EECL: total energy not assigned to the tag B and the signal candidate 

• Combined result: < 8.7 x 10-4 (90% C.L.) ̶ World-best 
• Dominant systematics: background estimation 
• More data will improve the background estimation in the sidebands

Paper in preparation
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• Theoretically clean, clear experimental signature (high energy photon) 
• Test NP also with CP, Isospin, and helicity observables. 

Recent Belle II results 
Exclusive channels: 
• B→ργ (Belle + Belle II): PRD 111, L071103 (2025) 
• B→γγ (Belle + Belle II): PRD 110, L031106 (2024) 
• B→K*γ (Belle II): JHEP09 (2025) 024 

Inclusive channels: 
• B→XSγ (Belle II, 189 fb-1): arXiv:2210.10220 

→ Belle II already competitive, entering precision regime for b→sγ 

Recent results: Time-dependent CP violation in B0→KSππγ

b→s(d)γ transitions

10

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.L071103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L031106
https://link.springer.com/article/10.1007/JHEP09(2025)024
https://arxiv.org/abs/2210.10220
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CPV in B0 → K0
Sℓ+ℓ−ν submitted to JHEP [arXiv:2510.01331]

Photon emitted predominantly left-handed 
 transitions in the SM, non-CP eigenstate 

‣ Mixing-induced CP violation arises from 
interference between mixing and decay 
amplitudes in decays to CP eigenstates 

‣ S≠0 probes beyond SM contributions to 
right-handed currents

b → sν
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1 Introduction

Flavor-changing neutral currents, in particular b → sω transitions, are sensitive probes of
the Standard Model (SM) of particle physics [1–3]. The emitted photon in these transitions
is predominantly left-handed. A right-handed photon is predicted to occur only due to a
chirality flip of the outgoing s-quark line, which is suppressed by a factor proportional
to m2

s/m2
b . Therefore, in decays of B0 and B0 mesons to a CP eigenstate and a photon,

denoted as B0 → fCPω, the mixing-induced CP violation is predicted to be very small.
Physics beyond the SM may enhance the mixing-induced CP violation by increasing the
right-handed current contribution to these transitions. Measurement of the mixing-induced
CP asymmetry in these decay channels probes those non-SM processes that result in larger
CP asymmetries.

At the KEKB and SuperKEKB colliders, pairs of B mesons in a coherent quantum
state are produced through e+e→ collisions at the !(4S) resonance. The B mesons are
referred to as Bsig and Btag, where Bsig is the meson of interest and Btag is the meson
whose information is used to infer the flavor (B0 or B0) of Bsig at the time the Btag
decays. The time-dependent CP asymmetry in neutral B mesons decaying to a final state
fCPω is defined as

ACP (”t) =
#(Btag=B0(”t) → fCP ω) ↑ #(Btag=B0(”t) → fCP ω)
#(Btag=B0(”t) → fCP ω) + #(Btag=B0(”t) → fCP ω)

where #(Btag=B0(”t)) is the decay rate of a B meson for which its companion has been
tagged as a B0 at decay, and ”t ↓ tsig ↑ ttag corresponds to the di$erence between the
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proper decay times of the Bsig and Btag. It can be parameterized as follows:

ACP (!t) = S sin(!m!t) → C cos(!m!t), (1.1)

where S and C are known as the mixing-induced and direct CP violation parameters,
respectively, and !m is the mass di”erence between the heavy and light mass eigenstates of
the neutral B mesons. The BaBar and Belle experiments have reported measurements [4, 5]
of the time-dependent CP asymmetries for the B0 ↑ K0

S ω+ω→ε decay, with uncertainties
at the level of 25% (the Belle measurement was performed on a subset of the full Belle
data).

This paper presents the combined measurement of the time-dependent CP asymmetry
in B0 ↑ K0

S ω+ω→ε decays using the entire Belle dataset, 711 fb→1, and 365 fb→1 of data
recorded between 2019 and 2022 by Belle II.

The channel of interest is the B0 ↑ Kresε ↑ (K0
S ω+ω→)ε decay, where the interme-

diate resonance Kres decays into a K0
S and a charged-pion pair. Among the many possible

intermediate resonances only those that decay through the two-body Kres ↑ K0
S ϑ0 channel

are true CP eigenstates. For this measurement, we only consider the decay of K0
S to two

charged pions, K0
S ↑ ω+ω→, while the ϑ0 meson is reconstructed using its main decay

mode, ϑ0 ↑ ω+ω→. The time-dependent CP asymmetry we measure has, in addition to
the CP eigenstate B0 ↑ K0

S ϑ0ε mode, contributions from non-CP eigenstates involving
strange meson resonances. The most important of these are

B0 ↑ Kresε ↑ (K↑±ω↓)ε ↑ ((K0
S ω±)ω↓)ε (1.2)

B0 ↑ Kresε ↑ ((Kω)±
0 ω↓)ε ↑ ((K0

S ω±)ω↓)ε, (1.3)

where (Kω)±
0 represents a Kω pair in an S-wave configuration. The contributions of these

modes to the e”ective time-dependent CP asymmetries could be determined through a
full amplitude analysis [4–6] of the isospin partner mode B+ ↑ K+ω+ω→ε, which would
provide a full description of the amplitudes and interferences present in the Kres system.
No amplitude analysis is performed in this work, but the isospin partner channel is used
to validate aspects of the analysis strategy.

In addition to the measurement of the time-dependent CP asymmetries, S and C, we
measure two new CP observables, proposed in Ref. [6]. We construct these new CP observ-
ables from a combined measurement of the time-dependent CP asymmetry in two halves of
the (m2(K0

S ω+), m2(K0
S ω→)) plane defined by the inequalities m2(K0

S ω+) ↭ m2(K0
S ω→). To

ease the notation, in subsequent sections we refer to the half-plane where m2(K0
S ω+) > m2(K0

S ω→)
as the “up” half while the opposite half is referred to as the “down” half. Following this
notation, the two new observables are defined as

S+ = Sup + Sdown

S→ = Sup → Sdown,

where Sup and Sdown are the values of S, defined in Eq. 1.1, measured in the two half-
planes. These new CP observables can be combined with two parameters (a, b), that can
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Mixing-induced 
CP violation

Direct 
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1 Introduction

Flavor-changing neutral currents, in particular b → sω transitions, are sensitive probes of
the Standard Model (SM) of particle physics [1–3]. The emitted photon in these transitions
is predominantly left-handed. A right-handed photon is predicted to occur only due to a
chirality flip of the outgoing s-quark line, which is suppressed by a factor proportional
to m2

s/m2
b . Therefore, in decays of B0 and B0 mesons to a CP eigenstate and a photon,

denoted as B0 → fCPω, the mixing-induced CP violation is predicted to be very small.
Physics beyond the SM may enhance the mixing-induced CP violation by increasing the
right-handed current contribution to these transitions. Measurement of the mixing-induced
CP asymmetry in these decay channels probes those non-SM processes that result in larger
CP asymmetries.

At the KEKB and SuperKEKB colliders, pairs of B mesons in a coherent quantum
state are produced through e+e→ collisions at the !(4S) resonance. The B mesons are
referred to as Bsig and Btag, where Bsig is the meson of interest and Btag is the meson
whose information is used to infer the flavor (B0 or B0) of Bsig at the time the Btag
decays. The time-dependent CP asymmetry in neutral B mesons decaying to a final state
fCPω is defined as

ACP (”t) =
#(Btag=B0(”t) → fCP ω) ↑ #(Btag=B0(”t) → fCP ω)
#(Btag=B0(”t) → fCP ω) + #(Btag=B0(”t) → fCP ω)

where #(Btag=B0(”t)) is the decay rate of a B meson for which its companion has been
tagged as a B0 at decay, and ”t ↓ tsig ↑ ttag corresponds to the di$erence between the
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proper decay times of the Bsig and Btag. It can be parameterized as follows:

ACP (!t) = S sin(!m!t) → C cos(!m!t), (1.1)

where S and C are known as the mixing-induced and direct CP violation parameters,
respectively, and !m is the mass di”erence between the heavy and light mass eigenstates of
the neutral B mesons. The BaBar and Belle experiments have reported measurements [4, 5]
of the time-dependent CP asymmetries for the B0 ↑ K0

S ω+ω→ε decay, with uncertainties
at the level of 25% (the Belle measurement was performed on a subset of the full Belle
data).

This paper presents the combined measurement of the time-dependent CP asymmetry
in B0 ↑ K0

S ω+ω→ε decays using the entire Belle dataset, 711 fb→1, and 365 fb→1 of data
recorded between 2019 and 2022 by Belle II.

The channel of interest is the B0 ↑ Kresε ↑ (K0
S ω+ω→)ε decay, where the interme-

diate resonance Kres decays into a K0
S and a charged-pion pair. Among the many possible

intermediate resonances only those that decay through the two-body Kres ↑ K0
S ϑ0 channel

are true CP eigenstates. For this measurement, we only consider the decay of K0
S to two

charged pions, K0
S ↑ ω+ω→, while the ϑ0 meson is reconstructed using its main decay

mode, ϑ0 ↑ ω+ω→. The time-dependent CP asymmetry we measure has, in addition to
the CP eigenstate B0 ↑ K0

S ϑ0ε mode, contributions from non-CP eigenstates involving
strange meson resonances. The most important of these are

B0 ↑ Kresε ↑ (K↑±ω↓)ε ↑ ((K0
S ω±)ω↓)ε (1.2)

B0 ↑ Kresε ↑ ((Kω)±
0 ω↓)ε ↑ ((K0

S ω±)ω↓)ε, (1.3)

where (Kω)±
0 represents a Kω pair in an S-wave configuration. The contributions of these

modes to the e”ective time-dependent CP asymmetries could be determined through a
full amplitude analysis [4–6] of the isospin partner mode B+ ↑ K+ω+ω→ε, which would
provide a full description of the amplitudes and interferences present in the Kres system.
No amplitude analysis is performed in this work, but the isospin partner channel is used
to validate aspects of the analysis strategy.

In addition to the measurement of the time-dependent CP asymmetries, S and C, we
measure two new CP observables, proposed in Ref. [6]. We construct these new CP observ-
ables from a combined measurement of the time-dependent CP asymmetry in two halves of
the (m2(K0

S ω+), m2(K0
S ω→)) plane defined by the inequalities m2(K0

S ω+) ↭ m2(K0
S ω→). To

ease the notation, in subsequent sections we refer to the half-plane where m2(K0
S ω+) > m2(K0

S ω→)
as the “up” half while the opposite half is referred to as the “down” half. Following this
notation, the two new observables are defined as

S+ = Sup + Sdown

S→ = Sup → Sdown,

where Sup and Sdown are the values of S, defined in Eq. 1.1, measured in the two half-
planes. These new CP observables can be combined with two parameters (a, b), that can
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1 Introduction

Flavor-changing neutral currents, in particular b → sω transitions, are sensitive probes of
the Standard Model (SM) of particle physics [1–3]. The emitted photon in these transitions
is predominantly left-handed. A right-handed photon is predicted to occur only due to a
chirality flip of the outgoing s-quark line, which is suppressed by a factor proportional
to m2

s/m2
b . Therefore, in decays of B0 and B0 mesons to a CP eigenstate and a photon,

denoted as B0 → fCPω, the mixing-induced CP violation is predicted to be very small.
Physics beyond the SM may enhance the mixing-induced CP violation by increasing the
right-handed current contribution to these transitions. Measurement of the mixing-induced
CP asymmetry in these decay channels probes those non-SM processes that result in larger
CP asymmetries.

At the KEKB and SuperKEKB colliders, pairs of B mesons in a coherent quantum
state are produced through e+e→ collisions at the !(4S) resonance. The B mesons are
referred to as Bsig and Btag, where Bsig is the meson of interest and Btag is the meson
whose information is used to infer the flavor (B0 or B0) of Bsig at the time the Btag
decays. The time-dependent CP asymmetry in neutral B mesons decaying to a final state
fCPω is defined as

ACP (”t) =
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where #(Btag=B0(”t)) is the decay rate of a B meson for which its companion has been
tagged as a B0 at decay, and ”t ↓ tsig ↑ ttag corresponds to the di$erence between the
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proper decay times of the Bsig and Btag. It can be parameterized as follows:

ACP (!t) = S sin(!m!t) → C cos(!m!t), (1.1)

where S and C are known as the mixing-induced and direct CP violation parameters,
respectively, and !m is the mass di”erence between the heavy and light mass eigenstates of
the neutral B mesons. The BaBar and Belle experiments have reported measurements [4, 5]
of the time-dependent CP asymmetries for the B0 ↑ K0

S ω+ω→ε decay, with uncertainties
at the level of 25% (the Belle measurement was performed on a subset of the full Belle
data).

This paper presents the combined measurement of the time-dependent CP asymmetry
in B0 ↑ K0

S ω+ω→ε decays using the entire Belle dataset, 711 fb→1, and 365 fb→1 of data
recorded between 2019 and 2022 by Belle II.

The channel of interest is the B0 ↑ Kresε ↑ (K0
S ω+ω→)ε decay, where the interme-

diate resonance Kres decays into a K0
S and a charged-pion pair. Among the many possible

intermediate resonances only those that decay through the two-body Kres ↑ K0
S ϑ0 channel

are true CP eigenstates. For this measurement, we only consider the decay of K0
S to two

charged pions, K0
S ↑ ω+ω→, while the ϑ0 meson is reconstructed using its main decay

mode, ϑ0 ↑ ω+ω→. The time-dependent CP asymmetry we measure has, in addition to
the CP eigenstate B0 ↑ K0

S ϑ0ε mode, contributions from non-CP eigenstates involving
strange meson resonances. The most important of these are

B0 ↑ Kresε ↑ (K↑±ω↓)ε ↑ ((K0
S ω±)ω↓)ε (1.2)

B0 ↑ Kresε ↑ ((Kω)±
0 ω↓)ε ↑ ((K0

S ω±)ω↓)ε, (1.3)

where (Kω)±
0 represents a Kω pair in an S-wave configuration. The contributions of these

modes to the e”ective time-dependent CP asymmetries could be determined through a
full amplitude analysis [4–6] of the isospin partner mode B+ ↑ K+ω+ω→ε, which would
provide a full description of the amplitudes and interferences present in the Kres system.
No amplitude analysis is performed in this work, but the isospin partner channel is used
to validate aspects of the analysis strategy.

In addition to the measurement of the time-dependent CP asymmetries, S and C, we
measure two new CP observables, proposed in Ref. [6]. We construct these new CP observ-
ables from a combined measurement of the time-dependent CP asymmetry in two halves of
the (m2(K0

S ω+), m2(K0
S ω→)) plane defined by the inequalities m2(K0

S ω+) ↭ m2(K0
S ω→). To

ease the notation, in subsequent sections we refer to the half-plane where m2(K0
S ω+) > m2(K0

S ω→)
as the “up” half while the opposite half is referred to as the “down” half. Following this
notation, the two new observables are defined as

S+ = Sup + Sdown

S→ = Sup → Sdown,

where Sup and Sdown are the values of S, defined in Eq. 1.1, measured in the two half-
planes. These new CP observables can be combined with two parameters (a, b), that can
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• Time-dependent CP fit 
• Unbinned ML 3D fit 
• New observables S+, S- 
• Dalitz plane: Sup, Sdown 
• Exploit π+↔︎π- symmetry of the Dalitz plane:  
   even (symmetric) vs odd (antisymmetric) components 
e.g.) even-dominated: KSρ0γ,   odd-dominated: K*±π∓γ
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Figure 1. Unbinned maximum likelihood projections on Mbc (left) and !E (right) using the Belle
(top) and Belle II (bottom) datasets.

The projections of the fit result in Mbc and !E are shown in Fig. 1 for Belle and Belle II.
The projections on !t are shown in Fig. 2. The !t projections for B0- and B0-tagged
events are also shown, together with the asymmetry, in a signal enhanced region. The
signal over background ratio in this region is about 3.4 for Belle and 2.4 for Belle II.

The same fit strategy is used to extract the CP observables using the two halves of
the (m2(K0

S ω+), m2(K0
S ω→)) plane, S+ and S→. Candidates in the two halves of the plane

are fit simultaneously. All free-floating parameters are common in the simultaneous fit to
the two halves with the exception of the yields. This unbinned maximum likelihood fit is
independent of the previous one. It has a total of 14 free floating parameters for Belle, due
to an additional CP observable: C, S+ and S→ (instead of only C and S) and a total of
six free floating yields instead of three. For Belle II the number of free-floating parameters
rises to 22.

The results of the simultaneous unbinned maximum likelihood fit in the two half-
planes are S+ = →0.33 ± 0.34 and S→ = →0.36 ± 0.38 for Belle and S+ = →0.72 ± 0.31 and
S→ = 0.70 ± 0.30 for Belle II, with correlations of →5.9% and +6.5%, respectively.
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Figure 2. Unbinned maximum likelihood projection on !t (left) and unbinned maximum likelihood
projection on !t split by tagged B0 and B0 candidates in a signal enhanced window defined by:
Mbc > 5.27 GeV/c2, |!E| < 0.1 GeV and r → [0.875, 1] (right), using the Belle (top) and Belle II
(bottom) dataset.

5.3 Validation and systematic uncertainties

We validate the fit strategy using the simulated MC samples for both the signal mode B0 ↑
K0

S ω+ω→ε and the control mode B+ ↑ K+ω+ω→ε. Then we validate on the data using
the control mode and finally we perform the time-dependent CP asymmetry measurement.

The strategy for extracting the CP observables is first validated with MC samples.
Using our nominal model, we create and fit a large number of data-like MC samples, with a
luminosity equivalent to that used in the measurement, by resampling with replacement the
combined MC samples of all components. The signal component in these data-like samples
is generated with one of several di”erent values of the mixing-induced CP observable, S.
The di”erences between the fitted and expected values of the CP observables (and yields)
from this validation process are taken as systematic uncertainties.

We perform the measurement of the time-dependent CP asymmetries in the control
mode using the same procedure as for the signal mode, and the same values for the !m
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• Lepton flavor Universality (LFU) test 

Reconstruct signal D(*) and τ→ℓνν 
• Partially reconstruct semileptonic Btag 
• Fully reconstruct hadronic Btag 

Unassigned energy in ECL (Eextra, EECL) 
• Low for neutrinos,  
• High for missing detectable particles
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LFU in R(D(*))
Lepton Flavor Universality (LFU): e/μ/tau 
coupling strengths to electroweak bosons are 
equal (hadronic form factors, BFs and 
experimental efficiencies cancel in the ratio) 
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‣ Fully reconstruct hadronic B-tag (precise 
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👍 high purity
👍 excellent kinematic constraints

m2
miss = (pe+eℬ ℬ pBtag

ℬ pD* ℬ pl)

SL-tag

10

with Y = D*ℓ system
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• Fit to multi-class BDT outputs to simultaneously 
separate semitauonic signal, semileptonic normalization, 
and backgrounds 
-> enabling extraction of R(D(*)) 

• Most powerful variables: Eextra and cosθBY 

• First measurement using SL tag at Belle II 
• Leading systematics 
• Size of MC samples for signal shaping, normalization and 
backgrounds 

• Backgrounds from unmeasured semileptonic decays
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B. LFU tests of electrons versus muons

For the ratio of the semileptonic signal branching
fractions of electrons to muons we find,

RðDþ
e=μÞ ¼ 1.068þ0.050

−0.048ðstatÞþ0.024
−0.023ðsystÞ; ð10Þ

RðDþ%
e=μÞ ¼ 1.079þ0.037

−0.036ðstatÞ
þ0.020
−0.019ðsystÞ; ð11Þ

with a correlation coefficient of ρ ¼ −0.398, both consis-
tent with the expectation of LFU within 1.2 and 1.6
standard deviations, respectively.

C. Consistency checks

To assess the stability of the result, we determine
RðDð%ÞþÞ for various subsamples, fitting them simultane-
ously to account for correlations in common systematic
uncertainties. The tests are summarized in Fig. 6. We
consider several sample divisions: First, we split by the
lepton flavor of the semitauonic and semileptonic signal,
fitting RðDð%ÞÞ separately in the reconstructed electron and
muon channels. We also decouple the Dþ and D%þ fit
channels, allowing for an independent extraction of
RðDþÞ and RðD%þÞ in the Dþ sample, while fitting only
RðD%þÞ in the D%þ sample.
The limited number ofD% feed-down signal events results

in a large anticorrelation. The obtained RðDþÞ (RðDþ%Þ)
values in the split datasets are consistent with the nominal
result with p-values ranging from 10%–78% (20%–88%).
Additional cross-checks involve splitting the data by the

charge of the signal lepton and by its polar angle, where the
latter is divided at cos θl ¼ 0.22 to approximately halve the
dataset. We also consider a separation based on the number

FIG. 4. Distributions of the signal enriched bins (5, 6, 10–20)
for Eextra with the results of the fit superimposed.

FIG. 5. Distributions of the signal enriched bins (5, 6, 10–20)
for p%

l with the results of the fit superimposed.

FIG. 6. Summary of the various consistency checks. The central
values of each sample split fit (blue and orange error bars), along
with the sizes of the statistical and total uncertainties are shown
(inner and outer ticks). The nominal results Eqs. (8) and (9) are
also shown (dashed black line) with statistical and total un-
certainty (inner and outer gray line). The left column shows
RðDÞ, and the right column RðD%Þ.

I. ADACHI et al. PHYS. REV. D 112, 032010 (2025)

032010-10

of reconstructed tracks on the signal side (excluding the
lepton). Here, we choose a threshold of four tracks to
ensure a balanced division of the dataset.
Beyond that, the dataset is split according to different D

meson reconstruction modes, selecting alternating modes
based on their branching fractions. Furthermore, we divide
the dataset based on the decay modes of the tag-side B0: We
partition the dataset by choosing only tag-side semileptonic
decays with electrons and with muons, respectively.
Second, we further categorize events by distinguishing
between tag-side decays with D mesons and those with D!

mesons. We also test the stability using a more stringent
LID selection and find good agreement between the results.
The ratio of branching fractions of B̄0 → Dþl−ν̄l over

B̄0 → D!þl−ν̄l is 0.40# 0.01, which is consistent with the
prediction from Ref. [6] of 0.417# 0.012 within 1.1
standard deviations and the world average of Ref. [25]
of 0.431# 0.014 within 1.8 standard deviations.

IX. CONCLUSIONS

We reportmeasurements of the ratiosRðDþÞ andRðD!þÞ
and test the predictions of lepton-flavor-universality of the

SM. For this we analyzed a 365 fb−1 data sample, recorded
by theBelle II experiment from2019–2022. Signal events are
selected by first reconstructing the companion B meson in
semileptonic modes using a hierarchical approach. The
signal side is analyzed using a multiclass multivariate
approach, combining the discriminating power of five
variables. The selected events are analyzed using a likelihood
fit and we determine

RðDþÞ ¼ 0.418þ0.075
−0.073ðstatÞþ0.049

−0.056ðsystÞ;

RðD!þÞ ¼ 0.306þ0.035
−0.033ðstatÞþ0.016

−0.018ðsystÞ;

consistent with the SM expectation within 1.7 standard
deviations. Figure 7 shows the 2D confidence intervals
(CI) and compares this result with the SM expectation and
the Belle II measurements Refs. [23,24], which analyzed an
orthogonal dataset. Further we present the world average
from Ref. [25] and find our results to be consistent with it
within 0.6 standard deviations. The uncertainties on the
measurements of the ratios are dominated by statistical
uncertainties and the largest systematic uncertainty is the
limited simulated sample size used to determine efficiencies,
train the multiclass classification algorithm, and determine
template shapes.
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and the hadronic-tag result), as reported by HFLAV [?], is shown
in orange. The gray band shows the SM expectation forRðXτ=lÞ,
obtained by subtracting non-B̄ → Dð!Þðl−=τ−Þν̄ components
[24]. The world average includes only the hadronic-tag Belle
II measurement, excluding both the inclusive RðXτ=lÞ result and
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of reconstructed tracks on the signal side (excluding the
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(CI) and compares this result with the SM expectation and
the Belle II measurements Refs. [23,24], which analyzed an
orthogonal dataset. Further we present the world average
from Ref. [25] and find our results to be consistent with it
within 0.6 standard deviations. The uncertainties on the
measurements of the ratios are dominated by statistical
uncertainties and the largest systematic uncertainty is the
limited simulated sample size used to determine efficiencies,
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B. LFU tests of electrons versus muons

For the ratio of the semileptonic signal branching
fractions of electrons to muons we find,

RðDþ
e=μÞ ¼ 1.068þ0.050

−0.048ðstatÞþ0.024
−0.023ðsystÞ; ð10Þ

RðDþ%
e=μÞ ¼ 1.079þ0.037

−0.036ðstatÞ
þ0.020
−0.019ðsystÞ; ð11Þ

with a correlation coefficient of ρ ¼ −0.398, both consis-
tent with the expectation of LFU within 1.2 and 1.6
standard deviations, respectively.

C. Consistency checks

To assess the stability of the result, we determine
RðDð%ÞþÞ for various subsamples, fitting them simultane-
ously to account for correlations in common systematic
uncertainties. The tests are summarized in Fig. 6. We
consider several sample divisions: First, we split by the
lepton flavor of the semitauonic and semileptonic signal,
fitting RðDð%ÞÞ separately in the reconstructed electron and
muon channels. We also decouple the Dþ and D%þ fit
channels, allowing for an independent extraction of
RðDþÞ and RðD%þÞ in the Dþ sample, while fitting only
RðD%þÞ in the D%þ sample.
The limited number ofD% feed-down signal events results

in a large anticorrelation. The obtained RðDþÞ (RðDþ%Þ)
values in the split datasets are consistent with the nominal
result with p-values ranging from 10%–78% (20%–88%).
Additional cross-checks involve splitting the data by the

charge of the signal lepton and by its polar angle, where the
latter is divided at cos θl ¼ 0.22 to approximately halve the
dataset. We also consider a separation based on the number

FIG. 4. Distributions of the signal enriched bins (5, 6, 10–20)
for Eextra with the results of the fit superimposed.

FIG. 5. Distributions of the signal enriched bins (5, 6, 10–20)
for p%

l with the results of the fit superimposed.

FIG. 6. Summary of the various consistency checks. The central
values of each sample split fit (blue and orange error bars), along
with the sizes of the statistical and total uncertainties are shown
(inner and outer ticks). The nominal results Eqs. (8) and (9) are
also shown (dashed black line) with statistical and total un-
certainty (inner and outer gray line). The left column shows
RðDÞ, and the right column RðD%Þ.
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Figure 1. Distributions of (top row) EECL and (bottom row) M2
miss with fit results superimposed for the samples (from left

to right) D→+, D→0
[D0ω0], D

→0
[D0ε], D

0, and D+. To enhance the signal contribution in the EECL distribution, the additional

requirement M2
miss > 1.5 GeV2/c2 is imposed for D→ modes and M2

miss > 2 GeV2/c2 for D modes. In the M2
miss plots, the

y-axis is zoomed for high M2
miss region with un-zoomed insets.

Figure 2. (Red marker) the measured R(D) and R(D→) with
(red ellipse) their corresponding confidence region at 68.3%
confidence level, are compared with (black marker) the SM
prediction, and (green ellipse) the world average [6]. The
(dark violet band) Belle II R(D→) measurement with hadronic
tagging [16], superseded by this measurement, and (yellow
ellipse) the Belle II R(D(→)) measurement with semileptonic
B-tagging [17], as well as (blue band) the constraint from the
Belle II R(Xϑ/ϖ) measurement [49] are also displayed. The
grey band indicates the SM expectation of R(Xϑ/ϖ) taken
from Ref. [49].

Biases of the fit procedure are studied in simulated380

ensembles, and the maximum observed deviations in381

R(D(→)) are assigned as systematic uncertainties.382

Experimental uncertainties arise from e!ciency correc-383

tions for tracking, particle identification, photon and ω0
384

reconstruction, and Btag e!ciency, derived from control385

samples. Most corrections contribute negligible uncer-386

tainties, except those for low-momentum ω0 and ε, which387

are reported separately. All corrections are assumed to388

be correlated between B̄ → D(→)ϑ↑ϖ̄ω and B̄ → D(→)ϱ↑ϖ̄ε389

decays, leaving residual di”erences in D→ feed-down to390

D and PDF shapes. The Btag e!ciency is validated in391

q2 sidebands and uncertainties from data–simulation dis-392

crepancies propagated. We find that e!ciencies with the393

B0 → D↑ωωωω0 and B+ → D0ωωωω0 tagging modes394

di”er between B̄ → D(→)ϱ↑ϖ̄ε and B̄ → D(→)ϑ↑ϖ̄ω de-395

cays. These di”erence is propagated as a systematic un-396

certainty. Additional systematics are assigned from the397

calibration of the M2
miss resolution, propagated to both398

PDF shapes and e!ciencies. Uncertainties on N!(4S),399

f00, and f+↑ cancel in the ratio and are therefore ne-400

glected.401

After incorporating all systematic e”ects, we obtain402

R(D→) = 0.242± 0.019(stat)± 0.016(syst), (2)

R(D) = 0.439± 0.055(stat)± 0.046(syst) (3)

with correlations of ↑0.40 (statistical), ↑0.20 (system-403

atic).404

To assess the stability of the result, we determine405

R(D(→)) for various subsamples: decay channel with D0
406

and D+, electron and muon, data sample in early and407

later run period, and adding q2 sideband. The deter-408

mined R(D(→)) agrees each other within statistical error409
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Figure 1. Distributions of (top row) EECL and (bottom row) M2
miss with fit results superimposed for the samples (from left

to right) D→+, D→0
[D0ω0], D

→0
[D0ε], D

0, and D+. To enhance the signal contribution in the EECL distribution, the additional

requirement M2
miss > 1.5 GeV2/c2 is imposed for D→ modes and M2

miss > 2 GeV2/c2 for D modes. In the M2
miss plots, the

y-axis is zoomed for high M2
miss region with un-zoomed insets.

Figure 2. (Red marker) the measured R(D) and R(D→) with
(red ellipse) their corresponding confidence region at 68.3%
confidence level, are compared with (black marker) the SM
prediction, and (green ellipse) the world average [6]. The
(dark violet band) Belle II R(D→) measurement with hadronic
tagging [16], superseded by this measurement, and (yellow
ellipse) the Belle II R(D(→)) measurement with semileptonic
B-tagging [17], as well as (blue band) the constraint from the
Belle II R(Xϑ/ϖ) measurement [49] are also displayed. The
grey band indicates the SM expectation of R(Xϑ/ϖ) taken
from Ref. [49].

Biases of the fit procedure are studied in simulated380

ensembles, and the maximum observed deviations in381

R(D(→)) are assigned as systematic uncertainties.382

Experimental uncertainties arise from e!ciency correc-383

tions for tracking, particle identification, photon and ω0
384

reconstruction, and Btag e!ciency, derived from control385

samples. Most corrections contribute negligible uncer-386

tainties, except those for low-momentum ω0 and ε, which387

are reported separately. All corrections are assumed to388

be correlated between B̄ → D(→)ϑ↑ϖ̄ω and B̄ → D(→)ϱ↑ϖ̄ε389

decays, leaving residual di”erences in D→ feed-down to390

D and PDF shapes. The Btag e!ciency is validated in391

q2 sidebands and uncertainties from data–simulation dis-392

crepancies propagated. We find that e!ciencies with the393

B0 → D↑ωωωω0 and B+ → D0ωωωω0 tagging modes394

di”er between B̄ → D(→)ϱ↑ϖ̄ε and B̄ → D(→)ϑ↑ϖ̄ω de-395

cays. These di”erence is propagated as a systematic un-396

certainty. Additional systematics are assigned from the397

calibration of the M2
miss resolution, propagated to both398

PDF shapes and e!ciencies. Uncertainties on N!(4S),399

f00, and f+↑ cancel in the ratio and are therefore ne-400

glected.401

After incorporating all systematic e”ects, we obtain402

R(D→) = 0.242± 0.019(stat)± 0.016(syst), (2)

R(D) = 0.439± 0.055(stat)± 0.046(syst) (3)

with correlations of ↑0.40 (statistical), ↑0.20 (system-403

atic).404

To assess the stability of the result, we determine405

R(D(→)) for various subsamples: decay channel with D0
406

and D+, electron and muon, data sample in early and407

later run period, and adding q2 sideband. The deter-408

mined R(D(→)) agrees each other within statistical error409
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Figure 1. Distributions of (top row) EECL and (bottom row) M2
miss with fit results superimposed for the samples (from left

to right) D→+, D→0
[D0ω0], D

→0
[D0ε], D

0, and D+. To enhance the signal contribution in the EECL distribution, the additional

requirement M2
miss > 1.5 GeV2/c2 is imposed for D→ modes and M2

miss > 2 GeV2/c2 for D modes. In the M2
miss plots, the

y-axis is zoomed for high M2
miss region with un-zoomed insets.

Figure 2. (Red marker) the measured R(D) and R(D→) with
(red ellipse) their corresponding confidence region at 68.3%
confidence level, are compared with (black marker) the SM
prediction, and (green ellipse) the world average [6]. The
(dark violet band) Belle II R(D→) measurement with hadronic
tagging [16], superseded by this measurement, and (yellow
ellipse) the Belle II R(D(→)) measurement with semileptonic
B-tagging [17], as well as (blue band) the constraint from the
Belle II R(Xϑ/ϖ) measurement [49] are also displayed. The
grey band indicates the SM expectation of R(Xϑ/ϖ) taken
from Ref. [49].

Biases of the fit procedure are studied in simulated380

ensembles, and the maximum observed deviations in381

R(D(→)) are assigned as systematic uncertainties.382

Experimental uncertainties arise from e!ciency correc-383

tions for tracking, particle identification, photon and ω0
384

reconstruction, and Btag e!ciency, derived from control385

samples. Most corrections contribute negligible uncer-386

tainties, except those for low-momentum ω0 and ε, which387

are reported separately. All corrections are assumed to388

be correlated between B̄ → D(→)ϑ↑ϖ̄ω and B̄ → D(→)ϱ↑ϖ̄ε389

decays, leaving residual di”erences in D→ feed-down to390

D and PDF shapes. The Btag e!ciency is validated in391

q2 sidebands and uncertainties from data–simulation dis-392

crepancies propagated. We find that e!ciencies with the393

B0 → D↑ωωωω0 and B+ → D0ωωωω0 tagging modes394

di”er between B̄ → D(→)ϱ↑ϖ̄ε and B̄ → D(→)ϑ↑ϖ̄ω de-395

cays. These di”erence is propagated as a systematic un-396

certainty. Additional systematics are assigned from the397

calibration of the M2
miss resolution, propagated to both398

PDF shapes and e!ciencies. Uncertainties on N!(4S),399

f00, and f+↑ cancel in the ratio and are therefore ne-400

glected.401

After incorporating all systematic e”ects, we obtain402

R(D→) = 0.242± 0.019(stat)± 0.016(syst), (2)

R(D) = 0.439± 0.055(stat)± 0.046(syst) (3)

with correlations of ↑0.40 (statistical), ↑0.20 (system-403

atic).404

To assess the stability of the result, we determine405

R(D(→)) for various subsamples: decay channel with D0
406

and D+, electron and muon, data sample in early and407

later run period, and adding q2 sideband. The deter-408

mined R(D(→)) agrees each other within statistical error409
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Figure 1. Distributions of (top row) EECL and (bottom row) M2
miss with fit results superimposed for the samples (from left

to right) D→+, D→0
[D0ω0], D

→0
[D0ε], D

0, and D+. To enhance the signal contribution in the EECL distribution, the additional

requirement M2
miss > 1.5 GeV2/c2 is imposed for D→ modes and M2

miss > 2 GeV2/c2 for D modes. In the M2
miss plots, the

y-axis is zoomed for high M2
miss region with un-zoomed insets.

Figure 2. (Red marker) the measured R(D) and R(D→) with
(red ellipse) their corresponding confidence region at 68.3%
confidence level, are compared with (black marker) the SM
prediction, and (green ellipse) the world average [6]. The
(dark violet band) Belle II R(D→) measurement with hadronic
tagging [16], superseded by this measurement, and (yellow
ellipse) the Belle II R(D(→)) measurement with semileptonic
B-tagging [17], as well as (blue band) the constraint from the
Belle II R(Xϑ/ϖ) measurement [49] are also displayed. The
grey band indicates the SM expectation of R(Xϑ/ϖ) taken
from Ref. [49].

Biases of the fit procedure are studied in simulated380

ensembles, and the maximum observed deviations in381

R(D(→)) are assigned as systematic uncertainties.382

Experimental uncertainties arise from e!ciency correc-383

tions for tracking, particle identification, photon and ω0
384

reconstruction, and Btag e!ciency, derived from control385

samples. Most corrections contribute negligible uncer-386

tainties, except those for low-momentum ω0 and ε, which387

are reported separately. All corrections are assumed to388

be correlated between B̄ → D(→)ϑ↑ϖ̄ω and B̄ → D(→)ϱ↑ϖ̄ε389

decays, leaving residual di”erences in D→ feed-down to390

D and PDF shapes. The Btag e!ciency is validated in391

q2 sidebands and uncertainties from data–simulation dis-392

crepancies propagated. We find that e!ciencies with the393

B0 → D↑ωωωω0 and B+ → D0ωωωω0 tagging modes394

di”er between B̄ → D(→)ϱ↑ϖ̄ε and B̄ → D(→)ϑ↑ϖ̄ω de-395

cays. These di”erence is propagated as a systematic un-396

certainty. Additional systematics are assigned from the397

calibration of the M2
miss resolution, propagated to both398

PDF shapes and e!ciencies. Uncertainties on N!(4S),399

f00, and f+↑ cancel in the ratio and are therefore ne-400

glected.401

After incorporating all systematic e”ects, we obtain402

R(D→) = 0.242± 0.019(stat)± 0.016(syst), (2)

R(D) = 0.439± 0.055(stat)± 0.046(syst) (3)

with correlations of ↑0.40 (statistical), ↑0.20 (system-403

atic).404

To assess the stability of the result, we determine405

R(D(→)) for various subsamples: decay channel with D0
406

and D+, electron and muon, data sample in early and407

later run period, and adding q2 sideband. The deter-408

mined R(D(→)) agrees each other within statistical error409
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LFU in R(D(*))
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https://hflav-eos.web.cern.ch/hflav-eos/semi/ckm25/html/RDsDsstar/RDRDs.html

Belle IIa = Hadronic-tag 
Belle IIb = Semileptonic-tag 

3.8σ tension with SM prediction 
• R(D) tension with SM: 2.5σ 
• R(D*) tension with SM: 2.3σ

Average for each experiment

https://hflav-eos.web.cern.ch/hflav-eos/semi/ckm25/html/RDsDsstar/RDRDs.html
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Key points 
• Theoretically clean: no hadrons at the B decay vertex 
-> decay rate directly proportional to fB2|Vub|2 

• Complementary determination of |Vub|: independent of semileptonic form-
factor systematics 

Two channels, different experimental challenges: 
• τν: large BF, but multiple neutrinos   ->   missing-energy reconstruction 
• μν: two-body kinematics, but tiny BF   ->   strong background suppression

Leptonic B decays: B→ℓν (ℓ=τ, µ)

17
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• Strategy 
• Reconstruct the tag-side B hadronic decay 
• Use four tau decay channels covering ~72%: 
eνν, µνν, πν, ρν 

• Simultaneous 2D fit in (M2miss vs. EECL) across channels 

• Observe BF = (1.24±0.41±0.19) x 10-4 
• Evidence at the 3σ level 
• consistent with others 
• Statistical-limited. 
• Main syst.: limited MC statistics in 2D PDFs 

• Extract |Vub| from BF 
• Consistent with HFLAV and SM expectation 

Search for B→τν

18

with a significance of 3.0σ. The measured branching
fraction is consistent with the current world average and
with the SM prediction. Figure 7 shows a comparison of
our BðBþ → τþντÞ measurement, with past measurements
from BABAR and Belle, and SM predictions based on
exclusive and inclusive determinations of jVubj [4].
Assuming the SM and using fB ¼ 190.0ð13Þ MeV [3],

we extract a measurement of the CKM matrix element

jVubjBþ→τþντ ¼ ½4.41þ0.74
−0.89 & × 10−3: ð8Þ

Even though we use a smaller data sample, the statistical
uncertainty of this measurement is comparable to the
previous hadronic tag analysis from BABAR (426 fb−1)
[11] and Belle (711 fb−1) [12]. This improved sensitivity is
due to the use of a new B tagging algorithm and an
optimized selection.
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with a significance of 3.0σ. The measured branching
fraction is consistent with the current world average and
with the SM prediction. Figure 7 shows a comparison of
our BðBþ → τþντÞ measurement, with past measurements
from BABAR and Belle, and SM predictions based on
exclusive and inclusive determinations of jVubj [4].
Assuming the SM and using fB ¼ 190.0ð13Þ MeV [3],

we extract a measurement of the CKM matrix element

jVubjBþ→τþντ ¼ ½4.41þ0.74
−0.89 & × 10−3: ð8Þ

Even though we use a smaller data sample, the statistical
uncertainty of this measurement is comparable to the
previous hadronic tag analysis from BABAR (426 fb−1)
[11] and Belle (711 fb−1) [12]. This improved sensitivity is
due to the use of a new B tagging algorithm and an
optimized selection.
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FIG. 7. Branching fraction BðBþ → τþντÞmeasured by Belle II
compared with the past measurements and the two SM expect-
ation values, the yellow band calculated using the exclusive value
jVubj ¼ ð3.75' 0.06' 0.19Þ × 10−3 and the green band with
the inclusive value jVubj ¼ ð4.06' 0.12' 0.11Þ × 10−3.
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multipion modes like τþ → πþ π0 π0 ν̄τ and τþ → πþ πþ

π− ν̄τ, where the additional pions are not reconstructed.
Since in the fit we use templates from simulation that
also include those modes and relative branching frac-
tions this is completely taken into account in the final
result.

VI. FIT RESULT

Performing the fit to the data we obtain

BðBþ → τþντÞ ¼ ð1.24% 0.41Þ × 10−4; ð5Þ

where the uncertainty is statistical only (stat.).
In order to check the goodness of fit, we generate

pseudodatasets from the simulated distributions and repeat
the fit on the obtained pseudodata. We observe that the χ2

values obtained in pseudodata are worse than the χ2

obtained in data for 11% of the cases. The χ2 is defined as

χ2 ¼
X100

i¼1

ðni − θiÞ2

σ2ni þ σ2θi
; ð6Þ

where the sum runs over the 100 bins of the distribution.
Here, ni represents the content of bin i in the pseudodata
distribution, and θi is the corresponding value from
the simulation. The terms σni and σθi denote the
statistical uncertainties on the pseudodata and simulation,
respectively.
In Fig. 5 we show the projections of the fit for Eextra

ECL
and M2

miss distributions (in Appendix B we show the
same projections for each τþ category). The comparison
of fitted background yields with respect to MC simu-
lation expectation is shown in Table IV. Table V shows
BðBþ → τþντÞ obtained by fitting simultaneously the
four τþ categories and fitting each category independ-
ently from each other.

FIG. 4. Two-dimensional PDFs of Eextra
ECL and M2

miss from simulation for signal (top) and background (bottom) in the τþ → eþ νe ν̄τ
channel (left) (similar for the τþ → μþ νμ ν̄τ channel) and in the τþ → πþ ν̄τ (right) (similar for the τþ → ρþ ν̄τ channel). The color
represents the PDF probability in each bin.
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signal background

FIG. 5. First row: distributions of Eextra
ECL (left) and M2

miss (right) with the fit results superimposed. The signal MC simulated data are
scaled by a factor of 30 to make it visible. Second row: distributions of Eextra

ECL with the fit results superimposed for the leptonic channels
in the signal enriched region M2

miss > 10 GeV2=c4. Third row: distributions of Eextra
ECL with the fit results superimposed for the hadronic

channels in the signal enriched region M2
miss > 0.8 GeV2=c4.
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FIG. 9. The upper panel: Weighted distribution of the fitted muon momentum p
B
µ in the B rest

frame, where events from the signal-enriched category I and V are weighted by w = log (1 + Sc/Bc).

The stacked histograms represent the fitted signal and background processes with the color scheme

introduced in Fig. 6, and the data points show the combined Belle and Belle II sample. The

hatched band indicates the systematic uncertainty. The lower panel: Di!erence between data and

the background prediction, with uncertainties from statistical and systematic sources.

Due to the low significance of the observed B
+ → µ

+
ωµ branching fraction, both Bayesian524

and Frequentist upper limits are determined. The likelihood function is converted into a525

Bayesian posterior probability density function (PDF) by assuming a flat prior, ε(ϑk), on526

the partial branching fraction, resulting in527

f(ϑk|n) =
L(n|ϑk)ε(ϑk)∫→

0
L(n|ϑk)ε(ϑk) dϑk

, (34)

28

• Analysis strategy 
• Single high-momentum muon + missing energy 
• Inclusive tag to infer the signal-side B kinematics 
• qq suppression with event-shape classifier 

• Observe BF = (4.2±1.9±1.9) x 10-7 
• Significance: 2.4σ; Statistical-limited. 
• Main systematic: b→u and qq modelings (~30%) 

• Extract |Vub| from BF 
• Consistent with HFLAV and SM expectation 

Search for B→μν

19

Paper in preparation

FIG. 11. The observed Bayesian (green dash-dotted line) and frequentist (blue solid line) upper

limits at 90% CL, along with the corresponding Bayesian (black curve) and frequentist (blue dotted

curve) PDFs. The SM expectation for the B
+ → µ

+
ωµ branching fraction is indicated by the red

dashed line.

at 90 % CL. Both upper limits are shown in Fig. 11 in addition to the SM expectation.532

B. 2HDM Interpretation533

Extending the study of the B
+ → µ

+
ωµ decay to physics beyond the SM, the measured534

branching fraction is used to constrain the parameter space of two-Higgs-doublet models535

(2HDM) of type II [61] and type III [62, 63], using the process shown in Fig. 1 (b-c). In536

type II models, the presence of a charged Higgs boson modifies the branching fraction to537

B(B+ → µ
+
ωµ) = BSM ↑

(
1↓ m

2

B
tan2

ε

m
2

H+

)
. (37)

Here, BSM is the SM branching fraction, tan ε is the ratio of the vacuum expectation values538

of the two Higgs fields, and mH+ is the mass of the charged Higgs boson. In type III models,539
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background events, respectively, within a 68% containment window centered on the B
+ →498

µ
+
ωµ peak.499

The branching fraction is measured to be500

B(B+ → µ
+
ωµ) = (4.36± 1.89± 1.02)↑ 10→7

, (30)

where the first uncertainty is statistical and the second systematic. This represents the501

most precise determination of the B
+ → µ

+
ωµ branching fraction to date, benefiting from502

improved modeling of the background shapes. The systematic uncertainty is marginally503

larger than in the previous Belle result Ref. [2], owing to updated modeling of the b → u504

and b → c backgrounds and the inclusion of an additional e!ciency uncertainty from the505

control mode. The observed significance relative to the background-only hypothesis is 2.35506

standard deviations, consistent with the expectation of 2.3+0.7

→0.8
.507

In addition to the nominal fit combining signal and background across Belle and Belle II,508

we perform the fit with the background combined but the signal treated independently,509

which yields a consistent result. We also carry out fully standalone fits for Belle and Belle II510

with neither signal nor background combined. This is shown in Fig. 10 in addition to the511

combined Belle and Belle II result. The standalone fits yield512

B(B+ → µ
+
ωµ)Belle = (4.67± 2.08± 1.11)↑ 10→7

, (31)

B(B+ → µ
+
ωµ)Belle II = (3.94± 3.79± 2.45)↑ 10→7

, (32)

respectively. The shift in the Belle central value compared to the published result in Ref. [2]513

arises from updated central values and systematic uncertainties in the b → u and b → c514

backgrounds. The updated Belle result supersedes the previous measurement and is consis-515

tent within 1.1 standard deviations with the old result. The comparison takes into account516

correlations, treating unchanged statistical and most systematic uncertainties as correlated517

and updated ones from new theory inputs as uncorrelated.518

The magnitude of the CKM matrix element |Vub| is extracted from the branching fraction519

in Eq. 30 using the B-meson decay constant fB = (190± 1.3)MeV [1] and the B
+ lifetime520

εB = (1.638± 0.004) ps. The result is521

|Vub| =
(
3.90 +0.77

→ 0.96
(stat.) +0.43

→ 0.49
(sys.) ± 0.03 (theo.)

)
↑ 10→3

, (33)

which, while less precise, is consistent with recent inclusive and exclusive determinations of522

|Vub| [1].523
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FIG. 10. Two-dimensional likelihood contours for the B
+ → µ

+
ωµ branching fraction measured

from combined Belle and Belle II data. The inner dark-orange and outer orange ellipses correspond

to the joint 38.3 % (!ε
2 = 1.0) and 68.3 % (!ε

2 = 2.3) confidence regions, respectively. The

dashed blue vertical line with its shaded band shows the Belle standalone result (Eq. 31), while

the dashed red horizontal line with its shaded band shows the Belle II standalone result (Eq. 32).

The black star marks the best-fit point when Belle and Belle II branching fractions are fitted

independently, and the black circle indicates the combined fit with the single branching fraction

extracted across both data sets, as shown in Eq. 30.

where n denotes the vector of the observed yields in the bins of all categories. The Bayesian528

upper limit at 90 % confidence level (CL) is determined to be529

B(B+ → µ
+
ωµ) < 7.13↑ 10→7

. (35)

Performing the fit to ensembles of Asimov data sets with the NPs shifted to their best fit530

values, we determined the frequentist upper limit531

B(B+ → µ
+
ωµ) < 6.25↑ 10→7 (36)
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Tau is the heaviest lepton -> highly sensitive to new physics 
• Many decay modes (~200) 

Cross section: 0.9 nb @Belle II 
• Comparable to BB production (1.1 nb), 
• i.e., excellent statistics = “Tau factory” 

Tau physics outcomes: 
• LFV (τ→3μ, τ→eγ, …) 
LFU test, mass measurement, … 

• With ML-based analysis and improved systematic control, 
we are producing competitive results even at early statistics.

Tau physics and Belle II 

20

Over the decade of their operation, Belle and BaBar experiments improved the sensi-
tivity of LFV ⌧ decay modes by ⇠2 orders of magnitude w.r.t. CLEO experiment at CESR
e+e� collider. Stringent bounds on LFV decays are set, the most recent result being the
ones reported by Belle in search for the decays ⌧� ! `�� (` = e, µ). No significant excess
over background predictions was observed and upper limits were set on LFV branching
fractions ranging between 10�7

� 10�8 at the 90% confidence level.

Figure 2: Projection of expected upper limits at the Belle II experiment [54] and cur-
rent status of observed upper limits at CLEO, BaBar, Belle, ATLAS, CMS and LHCb
experiments [55] on LFV, LNV and BNV processes in ⌧ decays.

Current experimental status on the observed bounds on LFV in the 52 benchmark ⌧
decay channels are shown in Figure 2. Belle II will collect an immense amount of data from
e+e� annihilation at the upgraded SuperKEKB facility. This will be one of the factors
pushing up the sensitivity of LFV probes at Belle II. Equally important is the increase of
the signal detection e�ciency which directly translates into enhancement in sensitivity.
At Belle and BaBar, the signal e�ciencies lied between 3% and 12% depending on the
decay channel. At Belle II an increase in the signal e�ciency will be achieved due to
anticipated higher trigger e�ciencies; improvements in the vertex reconstruction, charged
track and neutral meson reconstructions, particle identification; as well as from a better
understanding of the physics backgrounds and refinements in the analysis techniques.

Projections for two illustrative scenarios of luminosity L = 5 ab�1 and 50 ab�1 for Belle
II are shown in Figure 2, and listed in the Table 1 in Section 6. The extrapolations are done
from the expected limits obtained at the Belle experiment, assuming similar e�ciencies of
the individual channels. The presence of irreducible backgrounds for ⌧� ! `�� decays is
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Figure 3. Distribution of data (black rectangles) and MC signal events for the ω→ → µ→ε decay
(gray rectangles) in the two-dimensional plane defined by the Mbc and !E/

↑
s variables. The red

dashed lines indicate the hidden region, and the blue dashed rectangle the fit region.

The uncertainty of 0.5% on the integrated luminosity Lint = 427.87 ± 2.01 fb→1 is251

obtained in [33] using three di”erent methodologies involving Bhabha scattering e+e→ →252

e+e→(nε), e+e→ → εε(nε), and e+e→ → µ+µ→(nε) events. The ω+ω→ cross-section at the253

#(4S) resonance, ϑ(e+e→ → ω+ω→) = 0.919 ± 0.0033 nb, is calculated in [37]. An overall254

uncertainty of 0.7% is assigned to the cross-section, considering that data from di”erent255

center-of-mass energies are used in the analysis.256

The signal e$ciency uncertainty sources are due to the limitation of the MC statistics257

(0.2%), the trigger e$ciency correction (1.0%), the lepton identification e$ciency (0.6%),258

the tracking e$ciency (0.5%), the photon detection e$ciency (0.8%), and the GBDT e$-259

ciency (5.7%). The systematic uncertainty on the ECL-based trigger e$ciency is evaluated260

by comparing its e$ciency in sideband data and simulation. The di”erence is assigned261

as the systematic uncertainty. The systematic uncertainty associated with the corrections262

to the simulated muon identification e$ciency is derived from auxiliary measurements in263

data using J/% → µ+µ→, e+e→ → µ+µ→, and e+e→ → e+e→µ+µ→. These corrections are264

obtained as a function of the momentum, the polar angle, and the charge, and applied265

to simulated events. We evaluate the systematic uncertainty by varying the corrections266

within their uncertainties and calculating the resulting change in the selection e$ciency.267

The track-reconstruction e$ciency is measured in data and simulation using e+e→ → ω+ω→268

events, yielding a di”erence of 0.27% per track. The systematic uncertainty on the photon269

detection e$ciency, measured with e+e→ → µ+µ→ events, is calculated from the data-270

simulation e$ciency ratio. A systematic uncertainty for the GBDT selection is derived271

by applying the classifier to a control sample of ω→ → ϖ→ε decays. In this sample, the272

muon identification is replaced by a pion identification information, and all other selection273

criteria are maintained. The selection criteria on the GBDT output is tuned so that the274

relative e$ciency in the control sample matches that of the ω→ → µ→ε signal process.275

– 8 –

• Forbidden in the SM (LFV) 
• Many NP models predict B.F. of 10-8~10-10, 
• Belle (988 fb-1): < 4.2 x 10-8 

Analysis strategy 
• Single charged track in tag side. 
• BDT for background suppression 
• Unbinned 2D ML fit to (Mbc, ΔE) 

Results 

• Similar sensitivity even with lower statistics 
compared to Belle 

LFV: τ→μγ

21

★ The statistical approach used in this analysis is 

the CLs technique [3], a Modified Frequentist 

method.

○ CLs is constructed using toys MC.

○ Toys are generated in the fit region.

○ We use the likelihood ratio test statistic.

○ Nuisance parameters are profiled.

★ Recommended method to not exclude the 

signal + background hypothesis, in the case of 

low sensitivity.

23

Results

UL results

  427.9 fb⁻¹

@ 90 C.L.

Large UL fit 
region

[3] A L Read 2002 J. Phys. G: Nucl. Part. Phys. 28 2693
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expected: 15.7±3.4, observed: 18

(90% C.L.)

Mbc = E2
beam − | ⃗pτ |2 ΔE = Eτ − Ebeam

Paper in preparation



KEK-PH2026 (February 16th, 2026) Yu Nakazawa

Challenge: dominant low multiplicity background due to electron 
• e+e- → ℓℓ(γ) and e+e- → eeℓℓ(γ) 

Analysis strategy 
• Tag side τ: reconstruct with the remaining particles,  
Tag side τ: without exclusive mode reconstruction. 

• Mode-dependent BDTs for background suppression 
• Signal extraction with unbinned fit to M(3ℓ)  

• Inclusive tag-side reconstruction + BDT give higher efficiency than Belle.

Search for τ→eℓℓ’ (5 channels)

22

JHEP12 (2025) 169
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Figure 4. BDT score distribution in the sideband region after the preselection. The green arrows
indicate the selection criteria applied to the BDT score. The various simulated background processes
are shown as a stack of color-filled histograms, with statistical uncertainties displayed as hatched
areas. The signal in the full fitting region is shown as a red histogram with branching fraction values
given on the plots.

in the range [0.5,1] with a step of 0.05, and selecting the one that gives the best expected
upper limit, following the procedure explained in section 7. For each mode, table 2 shows
the nominal cut on the BDT score, the absolute signal efficiency, as well as the number
of remaining events in the data sidebands. Possible correlations between the BDT score
and Me!! have been checked in the validation samples and background simulation and are
found to be negligible.
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Figure 5. Distribution of data events and fits to the Me!! variable. The background and signal
components of the PDF are shown in red and blue, respectively, while the black dashed line is the
total fitted PDF.
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https://link.springer.com/article/10.1007/JHEP12(2025)169
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Prospects

23

• 2026: We plan to run until ~July and reach a total integrated luminosity of 1 ab-1. 
• During the long shutdown starting in 2032, upgrades are planned for the SuperKEKB 
accelerator and the Belle II detectors. 
• TDR plan to be published within the next ~2 years.
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Belle II has a broad physics program, including  
B, D, and τ decays, hadron spectroscopy/exotics, 
and dark-sector searches. 

Thanks to detector performance and improved 
analysis methods, we are already producing 
competitive physics results. 

Next:  
1 ab⁻¹ by July 2026, and  
push precision and discovery reach with the 
world’s leading integrated luminosity. 

Data taking continues today.

Summary

24
Live event display: https://evdisp.belle2.org/

https://evdisp.belle2.org/
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• B0→π0π0: essentially a 4γ final state, so the signal 
vertex is unavailable, and we are limited to time-
integrated CPV. 
• φ2 from B→ππ has an eight-fold ambiguity. 

• Integrate the TDCPV formula over tCP; then ttag can 
constrain SCP and CCP. 
• This was quite challenging at Belle/BABAR due to limited B-
vertex resolution. 

• Belle II enables a precision  
reconstruction of the Btag vertex. 

• The analysis is ongoing.

What’s next: 
Time-dependent CP violation measurement without a signal vertex

25

= tCP-ttag

5 ab-1

0.36 ab-1 
(Run1 eq.)

S00=0.65: favored by an indirect φ2 determination.

PRD 112, 032011 (2025)

https://journals.aps.org/prd/abstract/10.1103/rzr8-l6l8
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Backup

26
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============================================================ 
CP violation in B decays (6) 
------------------------------------------------------------ 
1) Observation of time-dependent CP violation and branching fraction of B0 → J/ψ π0, PRD 111, 012011 (2025) 
2) Measurement of CP asymmetries in B0 → KS π0 γ decays at Belle II, PRL 134, 011802 (2025) 
3) Measurement of branching fractions, asymmetry, and isospin asymmetry for B0 → ρ0 γ using Belle and Belle II data, PRD 111, L071103 (2025) 
4) Measurement of branching fraction, polarization, and time-dependent CP violation in B0 → ρ+ ρ- and constraint on CKM angle φ2, PRD 111, 092001 (2025) 
5) Measurement of the branching fraction and CP-violating asymmetry of B0 → π0 π0 using Belle II data, PRD 111, L071102 (2025) 
6) Measurement of time-dependent CP asymmetries in B0 → KS π+ π- γ decays at Belle and Belle II, arXiv:2510.01331 (to appear in JHEP) 

============================================================ 
CP violation in D decays (6) 
------------------------------------------------------------ 
1) Measurement of the time-integrated CP asymmetry in D0 → KS KS using Belle and Belle II data, PRD 111, 012015 (2025) 
2) Search for CP violation in D+(s) → KS K- π+ π+ decays using triple and quadruple products, JHEP 04 (2025) 036 
3) Measurement of the CP asymmetry in D+ → π+ π0 at Belle II, PRD 112, L031101 (2025) 
4) Measurement of the time-integrated CP asymmetry in D0 → π0 π0 at Belle II, PRD 112, 012006 (2025) 
5) Measurement of the time-integrated CP asymmetry in D0 → KS KS using opposite-side flavor tagging at Belle and Belle II, PRD 112, 012017 (2025) 
6) Measurement of the CP asymmetry in D0 → π+ π- π0 at Belle II, arXiv:2510.21224 (submitted to PRD) 

============================================================ 
Charm baryons (5) 
------------------------------------------------------------ 
1) Observations of the singly Cabibbo-suppressed decays Ξc+ → p KS, Λ π+, Σ0 π+ at Belle and Belle II, JHEP 03 (2025) 061 
2) Measurements of branching fractions of Ξc+ → Σ+ KS, Ξ0 π+, Ξ0 K+ at Belle and Belle II, JHEP 08 (2025) 195 
3) Measurement of the branching fraction of Λc+ → p KS π0 at Belle, PRD 112, 012013 (2025) 
4) First measurements of branching fractions for Ξc0 → Λ η, Λ η′ and search for Ξc0 → Λ π0 using Belle and Belle II data, arXiv:2510.20882 (submitted to PRD) 
5) Search for CP violation in Ξc+ → Σ+ h+ h- and Λc+ → p h+ h- at Belle II, arXiv:2509.25765 (submitted to PRD) 

============================================================ 
Tau decays (2) 
------------------------------------------------------------ 
1) Search for lepton-flavor-violating τ- → ℓ- KS decays at Belle and Belle II, JHEP 08 (2025) 092 
2) Search for lepton-flavor-violating τ → e ℓ ℓ decays at Belle II, JHEP 12 (2025) 169
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============================================================ 
Semileptonic/leptonic B decays (5) 
------------------------------------------------------------ 
1) |Vub| from simultaneous untagged B0 → π- ℓ+ ν and B+ → ρ0 ℓ+ ν decays, PRD 111, 112009 (2025) 
2) Measurement of B+ → τ+ ν branching fraction with a hadronic tagging method at Belle II, PRD 112, 072002 (2025) 
3) Determination of |Vcb| using B → D ℓ ν decays at Belle II, PRD 112, 112009 (2025) 
4) Test of lepton flavor universality with measurements of R(D+) and R(D*+) at the Belle II experiment, PRD 111, L071102 (2025) 
5) Measurement of inclusive B0 → Xu ℓ ν partial branching fractions and |Vub| at Belle II, arXiv:2512.08056 (submitted to PRD) 

============================================================ 
Electroweak penguin B decays (2) 
------------------------------------------------------------ 
1) First search for B → Xs ν ν decays at Belle II, arXiv:2511.10980 (submitted to PRL) 
2) Model-agnostic likelihood for the reinterpretation of the B+ → K+ ν ν measurement at Belle II, PRD 112, 092016 (2025) 

============================================================ 
Searches for Exotica (6) 
------------------------------------------------------------ 
1) A search for feebly-interacting particles in B decays with missing energy (Belle, Belle II Collaborations), arXiv:2601.07104 
2) Search for B0 → K*0 τ+ τ- decays at the Belle II experiment, arXiv:2504.10042 (to appear in PRL) 
3) Search for lepton flavor-violating B0 → KS τ ℓ (ℓ = μ, e) with hadronic B-tagging at Belle and Belle II, PRL 135, 041801 (2025) 
4) Search for a dark Higgs boson produced in association with inelastic dark matter at the Belle II experiment, PRL 135, 131801 (2025) (arXiv:2505.09705) 
5) Search for lepton-flavor-violating B0 → K*0 τ ℓ (ℓ = e, μ) with hadronic B-tagging at Belle and Belle II, JHEP 08 (2025) 184 
6) Search for an axion-like particle in B → K(*) a (→ γ γ) decays at Belle, JHEP 12 (2025) 109 

============================================================ 
Additional category: Quarkonium / spectroscopy (2) 
------------------------------------------------------------ 
1) Search for e+ e- → γ χbJ (J=0,1,2) near √s = 10.746 GeV at Belle II, arXiv:2508.16036 
2) Observation of the radiative decay Ds0*(2317)+ → Ds*+ γ using Belle and Belle II data, arXiv:2510.27174
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New inputs(?) from BABAR

29

15
Babar and © L. De Brunhoff

December 15, 2025David Hitlin

Experiment

This average 
does not include 
the BABAR 25 
preliminary result

Experiment R(D) R(D*) Correlation

BABAR 12 (hadronic tag) 0.440 ± 0.058 ± 0.042 0.332 ± 0.024 ± 0.018 -0.27

HFLAV (CKM 2025 average) 0.281 ± 0.011 0.358 ± 0.024 -0.374

BABAR 25 (leptonic tag)  
PRELIMINARY

0.316 ± 0.062 ± 0.019 0.226 ± 0.022 ± 0.012 -0.82

BABAR 12

BABAR 25
PRELIMINARY

Systematics still under discussion: 
• Normalization BFs 
• D** modeling 
• Limited MC for D** 
• π0 efficiency 
• Fit/PDF shape modeling 

We await the final result and its 
finalized systematics.


