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Missing particle and (semi)leptonic signatures 
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Flavour changing 
neutral currents

Tests of lepton 
flavour universality

New particle 
searches

Forbidden 
decays

• B→ Xs l+l- 
• Loop in SM 
• Rare at BR < ~10-6

• ALPs 
(Pseudoscalars) 

• Higgs-like 
(Scalars) 

• Dark photons 
(Vector) 

• Lepton flavour 
violating 

• Lepton number 
violating 

• Forbidden or 
very highly 
suppressed

• Semileptonic or 
leptonic 

• BR ratios with τ/
µ, τ/e, µ/e 

• Tree or loop

NP searches with leptons

Flavour changing neutral currents

e.g: s → dνν, b → sℓℓ

• Loop-level in SM, suppressed by 
GIM mechanism

• Rare decays, BR ~ 10-6 – 10-11

• Need to control theory errors
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Tests of lepton flavor universality

• Ratios of BR with τ/µ, µ/e, τ/e 
in final state

• Can be tree-level or loop-level 
transition

• Almost free from theory 
uncertainties since lepton 
flavour is conserved in SM

Forbidden decays

• Lepton flavour violating

• Lepton number violating

• Baryon number violating

• Forbidden or very suppressed 
in SM,  BR~O(10-54)

• Observation is a clear sign of NP

ℓ+, ν

ℓ-, ν–

–

Can do these searches in different flavour sectors: strange, charm, beauty, tau, muon
Correlations between observables depends on NP type!

NP searches with leptons

Flavour changing neutral currents

e.g: s → dνν, b → sℓℓ

• Loop-level in SM, suppressed by 
GIM mechanism

• Rare decays, BR ~ 10-6 – 10-11

• Need to control theory errors
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Tests of lepton flavor universality

• Ratios of BR with τ/µ, µ/e, τ/e 
in final state

• Can be tree-level or loop-level 
transition

• Almost free from theory 
uncertainties since lepton 
flavour is conserved in SM

Forbidden decays

• Lepton flavour violating

• Lepton number violating

• Baryon number violating

• Forbidden or very suppressed 
in SM,  BR~O(10-54)

• Observation is a clear sign of NP

ℓ+, ν

ℓ-, ν–

–

Can do these searches in different flavour sectors: strange, charm, beauty, tau, muon
Correlations between observables depends on NP type!

L.Zani, BEAUTY2020 - Search for low-mass NP states at BaBar 7

ALPs in meson decays

� Flavor Changing Neutral Current processes are a perfect 
testbed to search for low mass ALP emitted by a W± ( exploit 
b ? s transitions)

●  B? K  isγγ  extremely rare in the SM and hence uniquely 
sensitive to very small ALP-W coupling g

aW  
●  ~ 1/mτ a

3g2a  γγ: displaced vertex, long-lived particle constraints

E. Izaguirre, T. Lin, B. 
Shuve, PRL 118 (2017)

● ALPs are pseudo-scalars mainly coupling to pairs of gauge bosons, with non-renormalizable coupling constant 
 [gaV ] ~ 1/M

● Most of ALPs searches target gluons or photons coupling at E ~ MeV-GeV 
● W± coupling is usually suppressed at low energy for E<< MW

Search for the process  B± � K±a, a � !!  by looking at narrow peaks in the diphoton 
invariant mass spectrum  - signature searched for the (rst time!

FPCP2021 Shun Watanuki 192021/6/7

Mode BR U.L. (90% CL)

B0→K*0µ+e- <1.2x10-7 (Belle)

B+→K*0µ-e+ <1.6x10-7 (Belle)

B+→K*0µe <1.8x10-7 (Belle)

B+→K+µ-e+ <7.0x10-9 (LHCb)
<3.0x10-8 (Belle)

B+→K+µ+e- <6.4x10-9 (LHCb)
<8.5x10-8 (Belle)

B0→Ks
0µ±e

∓
<1.8x10-7 (Belle)

B+→K+tµ <4.8x10-5 (BaBar)

B+→K+te <3.0x10-5 (BaBar)

B+→K+t+µ- <3.9x10-5 (LHCb)

#$ &̅
' '

ℓ

ℓ′
ℓ, ℓ+ = -, ., /

So far, no signals of LFV
have been found...
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Missing energy and semileptonic analyses
• Low lepton fake rates, 

good electron 
momentum resolution. 

• High hadronic and 
semileptonic tag full 
reconstruction 
efficiencies.  

• Hermetic coverage for 
vetoes and inclusive 
tagging.  

• Background robustness 
at high luminosity. 

3

Belle II Detector Diagram

electrons  (7 GeV)

positrons (4 GeV)

K-Long and muon detector: 
Resistive Plate Chambers (barrel outer 
layers); Scintillator + WLSF + SiPMs (end-
caps, inner 2 barrel layers)

Particle Identification  
Time of Propagation TOP (barrel) 
Proximity focusing Aerogel RICH (fwd)

Central Drift Chamber 
He(50%):C2H6(50%), small cells, long 
lever arm,  fast electronics

EM Calorimeter: 
CsI(Tl), waveform sampling 
(barrel+ endcap)

Vertex Detector 
1→2 layer PXD + 4 layer SVD

Beryllium beam pipe 
10 mm radius

To project to future capacity we must look at current detector performance!
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(Anticipated) SuperKEKB/Belle II Luminosity Profile

4

1SPKFDUFE EBUB�UBLJOH BU #FMMF **

'SBOL .FJFS 	%VLF 6OJWFSTJUZ
 3FDFOU #FMMF ** SFTVMUT BOE QSPKFDUJPOT ���������� �� � ��

KEKB SuperKEKB Achievements

β*y(mm) 5.9/5.9 0.3/0.27 1/1 **

Ibeam(A) 1.19/1.65 2.6/3.6 0.7/0.8 **

L(cm-2s-1) 2.11x1034 65x1034 3.12x1034

~90% data taking efficiency

** for this Lumi.
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Lepton reconstruction
• Good universality in efficiency, and in resolution after 

bremsstrahlung corrections.

5

e: FSR, bremsstrahlung in material 
(less material in tracking volume 

than LHC detectors). Corrected at 
track level and/or calorimeter level.

e- γ µ-

5 Reconstruction Software

the energy and position reconstruction is primarily needed for photons and neutral hadrons,

it may also aid the electron and charged hadron reconstruction in regions without, or with

only limited, tracking coverage. The sum of all reconstructed showers is used to constrain the

missing energy in decays involving neutrinos. A special case is the reconstruction of highly

energetic ⇡0 ! �� decays where the two photon showers overlap or merge.

The second task of the calorimeter is particle identification for electrons, muons, charged

hadrons, neutral hadrons and photons based on shower shape variables and tracks matched

to clusters.

A critical aspect of calorimeter cluster reconstruction, and electron reconstruction is the

material budget in front of the calorimeter. In Belle II the number of radiation lengths (or

thickness) X/X0 is approximately 0.3 in the barrel and higher in the endcaps and in regions

with service material. The material budget is depicted in Fig. 14.

Fig. 14: The number of EM radiation lengths (or thickness) X/X0 in front of the calorimeter

as a function of cos ✓, averaged over �.

The clustering used up to release-00-07-02 is an incomplete adaptation of the Belle clus-

tering code which was developed for a low background environment. It starts from an initial

list of crystals with energy deposits above some threshold, nominally 0.5 MeV, which is

about twice the expected level from electronics noise. To obtain some robustness against

high beam backgrounds, the energy threshold was raised as a function of crystal polar angle

to between 1.28 MeV (barrel) and 2.5MeV (outer endcap rings). A cluster starts with a seed

crystal with at least 10MeV that is a local energy maximum amongst its nearest neighbour

crystals. A nearest neighbour touches either the side or the corner of the crystal and a local

maximum is a crystal whose energy exceeds that of its next neighbours. All crystals from

the initial list that are nearest or next-to-nearest neighbours of the seed crystal are added

to the cluster. In the barrel, the size of a cluster is thus limited to a square arrangement of

5 ⇥ 5 crystals. If clusters share crystals after this step, their energies are split according to

65/688

a Gaussian function summed with a bifurcated Gaussian. A second-order polynomial is used
to model the background for both channels. The model parameters for the signal PDFs are
first determined in MC, which include the mean (common to each component), widths, tail
parameters, and relative fractions of each component. In the fit to data, only a global mean
and a width fudge factor are floated, with all other parameters fixed. This simultaneous fit
uses the same signal shape in both the pass and fail samples. The systematic uncertainties
in this analysis are primarily due to the fixed parameters in the fit PDFs. To determine the
systematic uncertainty, each fixed parameter was varied by 1 � of its nominal value based
on the fits to MC.
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FIG. 1: The dielectron invariant mass of J/ ! e+e� candidates (top), and dimuon invariant
mass of J/ ! µ+µ� candidates (bottom).

2.2. Lepton identification e�ciencies in 2-photon events, e+e� ! e+e�`+`�

The selection criteria for each track in this channel are as follows: the impact parameters
must satisfy |dr| < 2.0 cm, |dz| < 5.0 cm, and the track momenta required to be plab > 0.4
GeV/c. The di-lepton invariant mass is required to be less than 3 GeV/c2 and the event
is required to have a visible energy in the CMS frame of Evis < 6 GeV. In both cases,
the dominant background is from the e+e� ! e+e�⇡+⇡� process. The lepton ID e�ciency
is calculated through a tag and probe method. In the electron channel tight a electron
identification requirement (eID > 0.95) is applied on the tag track e+ (e�) and the other
track e� (e+) is used as a probe to determine the e�ciency. For the muon identification
e�ciency, the tag side track is required to satisfy muID > 0.95 and p > 0.7GeV/c, where
the latter requirement is needed to due to ine�cient muon identification for low momentum
tracks. A correction factor to account for hadron mis-identification is required to account
for and correct background yields. The eID e�ciency is defined as follows,

✏ =
Nprobe � f ·

P
T

P
P nT,P

probe · rT · rP
Ntag � f ·

P
T

P
P nT,P

tag · rT
(4)

where: Ntag and Nprobe are the number of events after tag and probe selection, respectively;
f is the fraction of events between data and MC before tag selections; ntag/probe is the number
of background events estimated in MC; r is the ratio of mis-identification probabilities in
data to MC; and T and P indicate whether the track is tag or probe (T, P = e, µ, ⇡, K, p).
Signal reconstruction plots are shown for e+e� ! e+e�`+`� in Fig. 2.
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a Gaussian function summed with a bifurcated Gaussian. A second-order polynomial is used
to model the background for both channels. The model parameters for the signal PDFs are
first determined in MC, which include the mean (common to each component), widths, tail
parameters, and relative fractions of each component. In the fit to data, only a global mean
and a width fudge factor are floated, with all other parameters fixed. This simultaneous fit
uses the same signal shape in both the pass and fail samples. The systematic uncertainties
in this analysis are primarily due to the fixed parameters in the fit PDFs. To determine the
systematic uncertainty, each fixed parameter was varied by 1 � of its nominal value based
on the fits to MC.
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2.2. Lepton identification e�ciencies in 2-photon events, e+e� ! e+e�`+`�

The selection criteria for each track in this channel are as follows: the impact parameters
must satisfy |dr| < 2.0 cm, |dz| < 5.0 cm, and the track momenta required to be plab > 0.4
GeV/c. The di-lepton invariant mass is required to be less than 3 GeV/c2 and the event
is required to have a visible energy in the CMS frame of Evis < 6 GeV. In both cases,
the dominant background is from the e+e� ! e+e�⇡+⇡� process. The lepton ID e�ciency
is calculated through a tag and probe method. In the electron channel tight a electron
identification requirement (eID > 0.95) is applied on the tag track e+ (e�) and the other
track e� (e+) is used as a probe to determine the e�ciency. For the muon identification
e�ciency, the tag side track is required to satisfy muID > 0.95 and p > 0.7GeV/c, where
the latter requirement is needed to due to ine�cient muon identification for low momentum
tracks. A correction factor to account for hadron mis-identification is required to account
for and correct background yields. The eID e�ciency is defined as follows,

✏ =
Nprobe � f ·
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probe · rT · rP
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P
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(4)

where: Ntag and Nprobe are the number of events after tag and probe selection, respectively;
f is the fraction of events between data and MC before tag selections; ntag/probe is the number
of background events estimated in MC; r is the ratio of mis-identification probabilities in
data to MC; and T and P indicate whether the track is tag or probe (T, P = e, µ, ⇡, K, p).
Signal reconstruction plots are shown for e+e� ! e+e�`+`� in Fig. 2.

4

BELLE2-NOTE-PL-2020-027



Belle II 2021 Phillip URQUIJO

Lepton identification
• Electrons strongly rely on ECL shower shapes, E/p, dE/dx 

(CDC).  

• Muons rely on KLM (above ~700 MeV/c), and ECL (lower 
momenta). 

• The τ problem: B→ τ→l have <p>~500 MeV/c. 

• Use of ML methods for e & µ ID in use, optimised for low 
p (big improvements with ECL shower shape BDT).

6
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FIG. 19: Lepton identification e�ciency and ⇡ ! e (top), ⇡ ! µ (bottom) mis-identification
probability f as a function of plab for likelihood-based and BDT-based PID, in the ECL
barrel region. The cut on the classifier is arbitrarily chosen to result in a flat 95% average
e�ciency for correctly identifying e and µ in each of the three momentum categories. The
quantity shown in the bottom pad - �mis�ID = fBDT/fL� 1 - represents the relative di↵erence
in mis-identification probability of the BDT method with respect to the likelihood method.
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B→ τ→l decay kinematics
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Neutrals and vetos
• Fundamentals of missing energy B decay studies at Belle II. 

• Calorimeter extra energy (ECL cluster based BDT to separate 
signal from beam background and split offs). 

• KL - veto (ECL- pulse shape discrimination, KLM). 

• Track counting based veto (absolutely crucial).

7

Extra energy - cluster variable BDT ECL PSD KL/γ -ID (New to Belle II) 
NIM A 982 (2020) 164562

Belle II Track Counting
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Figure 10: Measurement of the K0
L
efficiency and photon-as-hadron fake-rate for the PSD

classifier as a function of cluster energy for several control samples of K0
L
, and photons.

Errors bars correspond to statistical errors.

energies, which arises from the decrease in the signal-to-noise ratio of the
waveforms. This effect was observed previously in Section 3.1 Figure 2 by
the broadening of the hadron intensity values with decreasing crystal energy.
This degradation in resolution increases the difficulty to definitively classify
a crystal energy deposit as hadronic or electromagnetic.

In Figure 10 multiple K0
L efficiency measurements are overlaid. These

measurements are complementary as together they span the full K0
L momen-

tum range of interest for the Belle II experiment. Beginning by studying the
K0

L from ISR sample, it is observed that at cluster energies below 1 GeV
the K0

L efficiency is measured to be above 80% in data and simulation. At
cluster energies above 1 GeV, the K0

L efficiency in data is observed to be
2σ below the value in simulation. Note the error bars in Figure 11 corre-
spond to statistical errors. With a larger data sample the significance of this
difference in data and simulation can be verified. If confirmed, a potential
source of this discrepancy could be from the modelling of the K0

L hadronic
interactions in CsI(Tl) by GEANT4. If the simulated cross section for K0

L

interactions that produce final states with π0’s is over estimated then this
could result in such a discrepancy. This is because in these interactions the
full π0 energy is typically absorbed in the form of an electromagnetic shower

24

6. CALIBRATED DISCREPANCIES

-SSµ -OSµ  e-SS  e-OS -SSµ -OSµ  e-SS e-OS -SSµ -OSµ  e-SS  e-OS  2019a
 2019b

 2019c
 All

* [
%

]
δ

4−

2−

0

2

4

6 value stat error sys error (Preliminary)Belle II

2019a 2019b 2019c Combined

FIG. 8: The overall calibrated Data-MC discrepancy for the tracking e�ciency (�⇤). The mea-

surement is shown for the individual channels (µ-SS, µ-OS, e-SS, e-OS) as well as for the di↵erent

data taking periods (2019a, 2019b, 2019c). The �⇤ for the combined channels are shown in the

rightmost four bins. Statistical (grey) and total systematic (blue) uncertainties are shown.

10

δ∗ = Calibrated Data-MC discrepancy for 
tracking efficiency 

(a) On all particles. (b) Only on primaries.

Figure 13: Track finding e�ciency calculated for simulated ⌥(4S) events with di↵erent
levels of beam-induced background relative to the expected level. Figure 13a is calculated
on all trackable simulated particles, whereas Figure 13b only takes into account trackable
particles from the primary interaction. The gray vertical lines indicate the typical trans-
verse momentum of particles only trackable in the VXD (below left line) and with high
e�ciency in the CDC (above right line).

from the primary e+e� interaction and decays of short-lived particles, pro-
duced by event generators (primaries), and all final-state particles including
those produced by Geant4 during the travel through the detector (secon-
daries) is made. Most of the analyses rely only on the former, whereas the
latter can give valuable additional information for decays in flight or for
particle identification. Comparing with the momentum spectrum shown in
Figure 3, the e�ciency for most of the charged particles expected at typi-
cal Belle II collisions is higher than 93% for up to two times the expected
beam background. Tracks with transverse momenta below 100MeV/c im-
pose complex problems to the track finding due to the small number of hits,
high multiple scattering and the high level of background in the innermost
layers. As a result, the e�ciency decreases. The di↵erence between the
non-background and the expected beam background is small.

In Figure 14a the finding e�ciency on primaries is compared for di↵erent
simulated particle types. Due to the di↵erent interaction of electrons with the
material, their trajectories are more likely to di↵er from the nominal helical
path, making their reconstruction more challenging. However, the Belle II
algorithms are able to achieve high e�ciencies for every shown particle type
for up to twice the expected beam background level.

30

Beam 
background like

Signal 
photon like

Comput.Phys.Commu
n. 259 (2021) 107610



Belle II 2021 Phillip URQUIJO

Btag reconstruction

• >1 M hadronic B-tags, >5 M semileptonic B-tags in 200 fb-1 sample. 

• Recent improvements (new channels, PID, vertex fitting).
8

Hadronic FEI results with Belle II 
BELLE2-CONF-PH-2020-019 

M2miss resolution with B→D* l ν 
BELLE2-CONF-PH-2020-009 

FIG. 2. The post-fit m2
miss distribution is shown.

Source Relative uncertainty (%)

Tracking of ⇡s 10%

MC modeling 5%

FEI Calibration 3%

Tracking of K, ⇡, ` 3%

N
B

0 2%

f+0 1%

Charm branching fractions 1%

Lepton ID 1%

Total 12%

TABLE I. Summary of the relative systematic uncertainties for the branching fraction measure-

ment.

12

(a) (b)

FIG. 6. (a) Calibration factors for each of the di↵erent channels and di↵erent signal probability,

Ptag, selection choices. A good agreement is seen between muon and electron channels. (b) ✏MC
tag ⇥✏cal

against purity for Ptag > 0.001, 0.01 and 0.1 for B0
and B+

mesons.

B+

Ptag > ✏ uncertainty [%]

0.001 0.65± 0.02 3.0

0.01 0.61± 0.02 3.1

0.1 0.64± 0.02 3.3

B0

Ptag > ✏ uncertainty [%]

0.001 0.83± 0.03 3.4

0.01 0.78± 0.03 3.5

0.1 0.72± 0.03 3.9

TABLE I. Final calibration factors averaged over lepton type. A weighted average taking into

account the uncertainties and correlated systematics was used.

Channel MC Stat. B(B0/+ ! X`⌫) Tracking D`⌫ FF Lepton ID D⇤`⌫ FF Fit Stat. Fit Model

B+e� 0.39 2.09 0.91 0.06 0.76 0.41 0.93 2.67

B+µ�
0.37 2.1 0.91 0.06 2.13 0.38 0.86 2.93

B0e� 0.62 2.1 0.91 0.07 0.73 0.43 1.22 3.72

B0µ�
0.6 2.09 0.91 0.06 2.13 0.41 1.19 3.17

TABLE II. A break down of the percentage contribution from di↵erent sources of uncertainty on

the calibration factors for the selection Ptag > 0.001.

8. CONCLUSIONS477

At Belle II hadronic tag-side reconstruction will be a critical part of the physics program478

allowing a number of challenging final states with missing energy to be measured. This479

includes measurements of R(D(⇤)) with B ! D(⇤)⌧⌫ decays, measurements of the CKM480

16

Semileptonic FEI with Belle 
G. Caria PhD thesis

5.5. B-TAG CALIBRATION 115
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Figure 5.10: Pre-fit (left) and post-fit plots (right) used to determine the tag calibration
factors are shown for all samples. The classifier output of the tagging algorithm is
denoted by sigProb.

4.2. FIT COMPONENTS 83

(a) Sample: D
+
`
�.

(b) Sample: D
⇤+

`
�.

Figure 4.3: Input variable distributions for the B
0 samples.

Btag B→D*+ l ν 
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(a) (a)

(b) (b)
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(d) (d)

(e) (e)

FIG. 2. Distributions for (a) ⌧+ ! µ+⌫̄⌧⌫µ, (b) ⌧
+ ! e+⌫̄⌧⌫e,

(c) ⌧+ ! ⇡+⌫̄⌧ , (d) ⌧+ ! ⇢+⌫̄⌧ , and (e) the sum of them.
The left and right columns show the distributions of EECL

and p⇤sig projected in the region EECL < 0.2 GeV, respec-
tively. The markers show the data distribution, the solid line
the total fitted distribution, and the dashed line the signal
component. The orange (red) filled distribution represents
the BB̄ (continuum) background.

originates from the error on the slope; the signal recon-
struction e�ciency; the branching fractions of the dom-
inant background decays peaking in the EECL signal re-
gion, e.g., B+ ! D̄0`+⌫` followed by D0 ! KLKL or
D0 ! KLKLKL; the correction of the tagging e�ciency,
obtained from the double-tagged samples and assumed to
be 100% correlated among the four ⌧ decay modes; and
the branching fractions of the ⌧ lepton. For branching
fractions of D mesons with multiple KL mesons in the

TABLE II. Signal yields and branching fractions, obtained
from fits for the ⌧ decay modes separately and combined.
Errors are statistical only.

Decay mode Nsig B(10�4)

⌧+ ! µ+⌫̄⌧⌫µ 13±21 0.34±0.55
⌧+ ! e+⌫̄⌧⌫e 47±25 0.90±0.47
⌧+ ! ⇡+⌫̄⌧ 57±21 1.82±0.68
⌧+ ! ⇢+⌫̄⌧ 119±33 2.16±0.60
Combined 222±50 1.25±0.28

TABLE III. List of systematic uncertainties.

Source Relative uncertainty (%)

Continuum description 14.1
Signal reconstruction e�ciency 0.6
Background branching fractions 3.1
E�ciency calibration 12.6
⌧ decay branching fractions 0.2
Histogram PDF shapes 8.5
Best candidate selection 0.4
Charged track reconstruction 0.4
⇡0 reconstruction 1.1
Particle identification 0.5
Charged track veto 1.9
Number of BB̄ pairs 1.4
Total 21.2

final state, we use the values for corresponding decays
with KS and take 50% of the value as the uncertainty.
To estimate the e↵ect of the uncertainty on the shape

of the histogram PDFs due to the statistical uncertainty
in the MC, the content of each bin is varied following a
Poisson distribution with the initial value as the mean.
This is repeated 1000 times and the standard deviation
of the distribution of branching fractions is taken as sys-
tematic uncertainty. For the systematic uncertainty re-
lated to the best-candidate selection, we repeat the fit
without applying this selection. The result is divided
by the average multiplicity of 1.07 and compared to the
nominal fit result. The uncertainties on the e�ciency
of the reconstruction of charged tracks and neutral pi-
ons and on the e�ciency of the particle identification
have been estimated using high-statistics control sam-
ples. The charged-track veto is tested using the D0⇡+

double-tagged sample by comparing the number of addi-
tional charged tracks in MC and data events. We find
that it agrees well and so take the relative statistical un-
certainty on the control sample as the systematic un-
certainty. We also test an alternative description of the
continuum background in EECL by using a polynomial of
second order but the deviation is well covered by the re-
lated systematic uncertainty so we do not include it sep-
arately. The quadratic sum of all contributions is 21.2%.
We find evidence for B+ ! ⌧+⌫⌧ decays with a signifi-

cance of 3.8�, by convolving the likelihood profile with a
Gaussian whose width is equal to the systematic uncer-

6

scribed in Ref. [31], taking into account the uncertainty
arising from the finite number of events in the tem-
plate MC histograms. The fit region covers muon mo-
menta from 2.2 to 4GeV/c with 50MeV/c bins and the
full range of the onn variable from �1 to 1 with 0.04
bins. The region at high muon momentum p⇤µ and high
onn is sparsely populated; to avoid bins with zero or a
few events, which are undesirable for the fit method em-
ployed, we increased the bin size in this region. The fine
binning in the signal region is preserved. After the re-
binning, the p⇤µ-onn histogram is reduced from 1800 to
1226 bins. The fit method tends to scale low-populated
templates to improve the fit to data; because of this,
background components with the predicted fraction of
under 1% of the total number of events are fixed in the
fit to the MC prediction. The fitted-yield components
are the signal, B̄ ! ⇡`�⌫̄`, B̄ ! ⇢`�⌫̄`, the rest of
the charmless semileptonic decays, BB̄, cc̄, uds, ⌧+⌧�,
and e+e�µ+µ�. The fixed-yield components are µ+µ�,
e+e�e+e�, e+e�uū, e+e�ss̄, and e+e�cc̄.

To obtain the signal branching fraction, we fit the ratio
R = NB!µ⌫̄µ/NB!⇡µ⌫̄µ . This ratio also helps to reliably
estimate the fit uncertainty. The result of the fit is R =
(1.66± 0.57)⇥ 10�2, which is equivalent to a signal yield
of NB!µ⌫̄µ = 195 ± 67 and the branching fraction ratio
of B(B� ! µ�⌫̄µ)/B(B̄ ! ⇡`�⌫̄`) = (4.45 ± 1.53stat) ⇥
10�3. This result can be compared to the MC predic-
tion of this ratio RMC = 114.6/11746 = 0.976 ⇥ 10�2,
obtained assuming B(B ! µ⌫̄µ) = 3.80 ⇥ 10�7 and
B(B̄ ! ⇡`�⌫̄`) = 1.45 ⇥ 10�4 (the PDG average [3]).
The fitted value of R results in the branching fraction
B(B ! µ⌫̄µ) = (6.46 ± 2.22) ⇥ 10�7, where the quoted
uncertainty is statistical only. The statistical significance
of the signal is 3.4�, determined from the likelihood ra-
tio of the fits with a free signal component and with the
signal component fixed to zero. The fit result of the
reference process B̄ ! ⇡`�⌫̄` agrees with the MC pre-
diction to better than 10%. The projections of the fit-
ted distribution in the signal-enhanced regions are shown
in Fig. 2. The fit qualities of the displayed projections
are �2/ndf = 27.6/16 (top panel) and �2/ndf = 29.1/25
(bottom panel), taking into account only data uncertain-
ties.

The double ratioR/RMC benefits from substantial can-
cellation of the systematic uncertainties from muon iden-
tification, lepton and neutral-kaon vetos and the compan-
ion B-meson decay mis-modelling, as well as partially
cancelling trigger uncertainties and possible di↵erences
in the distribution of the onn variable.

In the signal region, the main background contribution
comes from charmless semileptonic decays; in particu-
lar, the main components B̄ ! ⇡`�⌫̄` and B̄ ! ⇢`�⌫̄`,
which peak at high onn values, are carefully studied.
With soft and undetected hadronic recoil, these decays
are kinematically indistinguishable from the signal in an
untagged analysis. For the B̄ ! ⇡`�⌫̄` component,
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FIG. 2: Projections of the fitted distribution to data onto

the histogram axes in the signal-enhanced regions 0.84 < onn
(top plot) and 2.6GeV/c < p⇤µ < 2.85GeV/c (bottom plot).

we vary the form-factor shape within uncertainties ob-
tained with the new lattice QCD result [5] and the pro-
cedure described in Ref. [4], which was used to estimate
the value of |Vub|. Since the form-factor is tightly con-
strained, the contribution to the systematic uncertainty
from the B̄ ! ⇡`�⌫̄` background is estimated to be only
0.9%. For the B̄ ! ⇢`�⌫̄` component, the form-factors
at high q2 or high muon momentum have much larger
uncertainties and several available calculations are em-
ployed [24, 25, 32], resulting in a systematic uncertainty
of 12%.
The rare hadronic decay B� ! K0

L⇡
�, where K0

L is
not detected and the high momentum ⇡ is misidentified
as a muon, is also indistinguishable from the signal decay
and has a similar onn shape. This contribution is fixed
in the fit and the signal yield di↵erence, with and with-
out the B� ! K0

L⇡
� component, of 5.5% is taken as a

systematic uncertainty since GEANT3 poorly models K0
L

interactions with materials.
The not-yet-discovered process B� ! µ�⌫̄µ� with a

soft photon can mimic the signal decay. To estimate
the uncertainty from this hypothetical background, we
perform the fit with this contribution fixed to half of
the best upper limit B(B� ! µ�⌫̄µ�) < 3.4 ⇥ 10�6 at
90% C.L. by Belle [33] and take the di↵erence of 6% as
the systematic uncertainty.
Previous studies [13, 14] did not characterize these

backgrounds in a detailed manner, which could have led
to a substantial underestimation of the systematic uncer-
tainties.

• Leptonic decays will soon reach <10% precision on |Vub|.
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of the signal is 3.4�, determined from the likelihood ra-
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signal component fixed to zero. The fit result of the
reference process B̄ ! ⇡`�⌫̄` agrees with the MC pre-
diction to better than 10%. The projections of the fit-
ted distribution in the signal-enhanced regions are shown
in Fig. 2. The fit qualities of the displayed projections
are �2/ndf = 27.6/16 (top panel) and �2/ndf = 29.1/25
(bottom panel), taking into account only data uncertain-
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The double ratioR/RMC benefits from substantial can-
cellation of the systematic uncertainties from muon iden-
tification, lepton and neutral-kaon vetos and the compan-
ion B-meson decay mis-modelling, as well as partially
cancelling trigger uncertainties and possible di↵erences
in the distribution of the onn variable.

In the signal region, the main background contribution
comes from charmless semileptonic decays; in particu-
lar, the main components B̄ ! ⇡`�⌫̄` and B̄ ! ⇢`�⌫̄`,
which peak at high onn values, are carefully studied.
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FIG. 2: Projections of the fitted distribution to data onto

the histogram axes in the signal-enhanced regions 0.84 < onn
(top plot) and 2.6GeV/c < p⇤µ < 2.85GeV/c (bottom plot).

we vary the form-factor shape within uncertainties ob-
tained with the new lattice QCD result [5] and the pro-
cedure described in Ref. [4], which was used to estimate
the value of |Vub|. Since the form-factor is tightly con-
strained, the contribution to the systematic uncertainty
from the B̄ ! ⇡`�⌫̄` background is estimated to be only
0.9%. For the B̄ ! ⇢`�⌫̄` component, the form-factors
at high q2 or high muon momentum have much larger
uncertainties and several available calculations are em-
ployed [24, 25, 32], resulting in a systematic uncertainty
of 12%.
The rare hadronic decay B� ! K0

L⇡
�, where K0

L is
not detected and the high momentum ⇡ is misidentified
as a muon, is also indistinguishable from the signal decay
and has a similar onn shape. This contribution is fixed
in the fit and the signal yield di↵erence, with and with-
out the B� ! K0

L⇡
� component, of 5.5% is taken as a

systematic uncertainty since GEANT3 poorly models K0
L

interactions with materials.
The not-yet-discovered process B� ! µ�⌫̄µ� with a

soft photon can mimic the signal decay. To estimate
the uncertainty from this hypothetical background, we
perform the fit with this contribution fixed to half of
the best upper limit B(B� ! µ�⌫̄µ�) < 3.4 ⇥ 10�6 at
90% C.L. by Belle [33] and take the di↵erence of 6% as
the systematic uncertainty.
Previous studies [13, 14] did not characterize these

backgrounds in a detailed manner, which could have led
to a substantial underestimation of the systematic uncer-
tainties.

µ, e, π channels
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B→D(*) τ ν
• Belle II needs to improve R(D) - also more 

sensitive to H± -like scalar. 

• Beyond R(D) and R(D*) - kinematics, polarisation 
and other observables.
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8 Leptonic and Semileptonic B Decays
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Fig. 62: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 62.

The doubly di↵erential partial width for B ! P `±⌫` (assuming no scalar or tensor current)

is [224]

d2�
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,

where Cq = 1/2 for ⇡0 and 1 otherwise20, ⌘EW is an electroweak correction discussed below,

�12 and ⇣12 are obtained from Eqs. (92) and (93) by substituting M2
B ! q2, and

� = (M2
B + M2

P � q2)2 � 4M2
BM2

P , (100)
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◆
, (101)

the last being the angle in the centre-of-mass of the `` system between the B meson and

lepton 1 with charge ±1. Quantities such as �, �12 are sometimes known as the Källén

functions.

Integrating over cos ✓,

d�

dq2
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

⇢
��12|f+|2 + ⇣12

(M2
B � M2

P )2

q2
|f0|2

�
, (102)
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For a massless neutrino,
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20 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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FIG. 1. EECL fit projections and data points with statistical uncertainties in the D
+
`
� (top left), D0

`
� (top right), D⇤+

`
�

(bottom left) and D
⇤0
`
� (bottom right) samples, for the full classifier region. The signal region, defined by the selection

Ocls > 0.9, is shown in the inset.

of the tagging algorithm between data and MC simula-
tion.

The EECL projections of the fit are shown in Fig. 1.
The fit finds R(D) = 0.307±0.037 and R(D⇤) = 0.283±
0.018, where the error is statistical.

To estimate various systematic uncertainties contribut-
ing to R(D(⇤)), we vary each fixed parameter 500 times,
sampling from a Gaussian distribution built using the
value and uncertainty of the parameter. For each varia-
tion, we repeat the fit. The associated systematic uncer-
tainty is taken as the standard deviation of the resulting
distribution of fitted results. The systematic uncertain-
ties are listed in Table I.

In Table I the label “D⇤⇤ composition” refers to the
uncertainty introduced by the branching fractions of the
B ! D

⇤⇤
`⌫` channels and the decays of the D⇤⇤ mesons,

which are not well known and hence contribute signifi-
cantly to the total PDF uncertainty. The uncertainties
on the branching fraction of B ! D

⇤⇤
`⌫` are assumed to

be ±6% for D1, ±10% for D⇤
2 , ±83% for D0

1, and ±100%
for D

⇤
0 , while the uncertainties on each of the D

⇤⇤ de-
cay branching fractions are conservatively assumed to be

±100%.

A large systematic uncertainty arises from the limited
size of the MC samples. Firstly, this is reflected in the un-
certainty of the PDF shapes. To estimate this contribu-
tion, we recalculate PDFs for signal, normalization, fake
D

(⇤) events, B ! D
⇤⇤
`⌫`, feed-down, and other back-

grounds by generating toy MC samples from the nominal
PDFs according to Poisson statistics, and then repeating
the fit with the new PDFs. Secondly, the reconstruc-
tion e�ciency of feed-down events, together with the ef-
ficiency ratio of signal to normalization events, are varied
within their uncertainties, which are limited by the size
of the MC samples as well.

The e�ciency factors for the fake D
(⇤) and Btag re-

construction are calibrated using collision data. The un-
certainties on these factors are a↵ected by the size of
the samples used in the calibration. We vary the factors
within their errors and extract associated systematic un-
certainties.

The e↵ect of the lepton e�ciency and fake rate, as
well as that due to the slow pion e�ciency, do not can-
cel out in the R(D(⇤)) ratios. This is due to the dif-

Belle PRL 124, 161803 (2020) 
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Fig. 73: On the left is the B ! D⌧⌫ q2 distribution in the hadronic tag analysis and ⌧� !
`�⌫̄`⌫⌧ with the full Belle data sample [251]. On the right is the projection to the 50 ab�1

Belle II data seta. In both panels, the solid histograms show the predicted distribution shape

with the 2HDM of type II at tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data

are shown based on the SM hypothesis.

where t0 = (MB + M⇡)(
p

MB �
p

M⇡)2 and t+ = (MB + M⇡)2. The expansion parameters

have been determined in fits to lattice simulations and experimental data on light leptonic

modes B ! ⇡`⌫` [84, 298–300]. The scalar form factor, present in ⌧ modes, has been obtained

in lattice QCD via the vector matrix element; cf. Eqs. 96 and 97.

We consider the ratio of branching fractions to test for NP contributions:

R⇡ ⌘ B(B ! ⇡⌧⌫⌧ )

B(B ! ⇡`⌫`)
⌘ B⌧

B`
, (151)

where |Vub| cancels out. Possible NP scenarios can be described by

�Le↵ = 2
p

2GF Vub

h
(1 + CV1

)OV1
+ CV2

OV2
+ CS1

OS1
+ CS2

OS2
+ CT OT

i
, (152)

similarly to the b ! c case above, where CX (for X = V1,2, S1,2, and T ) indicates a NP con-

tribution in terms of the Wilson coe�cient of OX normalised by 2
p

2GF Vub. The di↵erential

branching fractions for each tau helicity, �⌧ = ⌥1/2, are then written as [243]

dB�
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+ CV2
)m⌧HV,0 + (CS1

+ CS2
)
p

q2HS

���
2
�

, (154)

with

NB =
⌧BG2

F V 2
ub

192⇡3M3
B

p
Q+Q�

✓
1 � m2

⌧

q2

◆2

, (155)

where Q± = (MB ± M⇡)2 � q2 and the quantities H contain the hadron transition form

factors. The di↵erential branching fractions for B ! ⇡`⌫` are given by

dB�

`

dq2
=

dB�
⌧

dq2

����
m⌧!0, CX=0

,
dB+

`

dq2
= 0 . (156)
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Fig. 72: Expected Belle II constraints on the RD vs RD⇤ plane (left) and the RD⇤ vs P⌧ (D⇤)

plane (right) compared to existing experimental constraints from Belle. The SM predictions

are indicated by the black points with theoretical error bars. In the right panel, the NP

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

for polarisations j = + and T , where MB⇤ = 5.325 GeV, b0,+,T
n are expansion parameters,

and Nz(= 4) is the expansion order. The analytical variable z is defined as

z ⌘ z(q2) =

p
t+ � q2 �

p
t+ � t0p

t+ � q2 +
p

t+ � t0
, (150)
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B→D*+τ ν

B→D0 τ ν

Belle PRD97, 
012004 (2018) 

R(D*), PL Had tag 

(13%)
(8%)

PTEP 2019, 123C01 E. Kou et al.

Table 50. Expected precision for RD(∗) and Pτ (D∗) at Belle II, given as the relative uncertainty for RD(∗) and
absolute for Pτ (D∗). The values given are the statistical and systematic errors respectively.

5 ab−1 50 ab−1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%
RD∗ (±3.0 ± 2.5)% (±1.0 ± 2.0)%
Pτ (D∗) ±0.18 ± 0.08 ±0.06 ± 0.04

still capable of explaining the data, because a charged Higgs contribution to OS2 can be sizeable if
the coupling of the third-generation quark doublet to a right-handed c quark is large [283–285].

The current results for RD(∗) are Rexp
D /RSM

D ≈ Rexp
D∗ /RSM

D∗ within uncertainty. Such a relation is
naturally given in scenarios that contain a non-zero contribution to OV1 , i.e. a left-handed current.
A straightforward realization of the left-handed current is given by a W ′ boson implemented in a
new SU(2)L gauge group. This class of model can also address the RK anomaly (lepton flavor non-
universality in B→ K"+"−), as well as RD(∗) ; see Refs. [286–290]. Some types of leptoquark model
can also induce OV1 [225,288,291–295] and explain RK and RD(∗) at the same time [288,289].

Future prospects Based on the existing results from Belle and the expected statistical and exper-
imental improvements at Belle II, we provide estimates of the precision on RD(∗) and Pτ (D∗) in
Table 50 for two integrated luminosities. In Fig. 72, the expected precisions at Belle II are com-
pared to the current results and SM expectations. They will be comparable to the current theoretical
uncertainty. Furthermore, precise polarization measurements, Pτ (D∗), and decay differentials will
provide further discrimination of NP scenarios (see, e.g., Refs. [227,263] for a detailed discussion).
In the estimates for Pτ (D∗), we take the pessimistic scenario that no improvement to the system-
atic uncertainty arising from hadronic B decays with three or more π0, η, and γ can be achieved.
However, although challenging, our understanding of these modes should be improved by future
measurements at Belle II and hence the systematic uncertainty will be further reduced. As shown in
Fig. 70, the Belle analyses of B→ D(∗)τντ largely rely on the EECL shape to discriminate between
signal and background events. One possible challenge at Belle II is therefore to understand the effects
from the large beam-induced background on EECL. From studies of B→ τν, shown earlier in this
section, EECL should be a robust observable.

With the Belle II dataset, NP scenarios can be precisely tested with q2 and other distributions of
kinematic observables. Figure 73 demonstrates the statistical precision of the q2 measurement with
50 ab−1 data based on a toy MC study with hadron-tag-based analysis. A quantitative estimation of
the future sensitivity to a search for NP in B̄→ D(∗)τ ν̄ is shown in Fig. 74 [296]: it shows the regions
of CX that are probed by the ratios (red) and the q2 distributions (blue) at Belle II with 5 ab−1 (dashed
lines) and 50 ab−1 (solid lines) respectively, at 95% CL. One finds that the distributions are very
sensitive to all NP scenarios, including those with new scalar or tensor mediators. NP contributions
that enter in CX can be described as

CX ≈
1

2
√

2GFVcb

gg′

M 2
NP

, (142)

where g and g′ denote the couplings of new heavy particles to quarks and leptons respectively (at
the NP mass scale MNP). Assuming couplings of g, g′ ∼ 1, one finds that the Belle II NP mass scale
reach, MNP ∼ (2

√
2GFVcbCX )−1/2, is about 5–10 TeV/c2.
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Future studies: B→Xc τ ν inclusive, B→π/ρ τ ν
• Inclusive B→ Xτν (with FEI hadronic tag) — only ever measured by LEP. 

• Charmless (Belle B→π τ ν had tag.) is highly stats limited and can be seen with Belle II.  

12

Belle Phys. Rev. D 93, 032007 (2016) 
Br(B→π τ ν)<2.8 x 10-4 95% CL

8 Leptonic and Semileptonic B Decays
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Fig. 62: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 62.

The doubly di↵erential partial width for B ! P `±⌫` (assuming no scalar or tensor current)

is [224]

d2�

dq2 d cos ✓`
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

8M3
B

�1/2
12

q2

✓
q2 � m2

1 � m2
2 � �12

q2
cos2 ✓

◆
�

q2
|f+|2+ (99)

+ ⇣12
(M2

B � M2
P )2

q2
|f0|2 ⌥ 2(m2

1 � m2
2)(M

2
B � M2

P )
�1/2

q2

�1/2
12

q2
cos ✓ < (f+f⇤

0 )

#
,

where Cq = 1/2 for ⇡0 and 1 otherwise20, ⌘EW is an electroweak correction discussed below,

�12 and ⇣12 are obtained from Eqs. (92) and (93) by substituting M2
B ! q2, and

� = (M2
B + M2

P � q2)2 � 4M2
BM2

P , (100)

cos ✓ = 4��1/2

✓
1 �

m2
`

q2

◆�1 ✓
pB · q p` · q

q2
� pB · p`

◆
, (101)

the last being the angle in the centre-of-mass of the `` system between the B meson and

lepton 1 with charge ±1. Quantities such as �, �12 are sometimes known as the Källén

functions.

Integrating over cos ✓,

d�

dq2
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

⇢
��12|f+|2 + ⇣12

(M2
B � M2

P )2

q2
|f0|2

�
, (102)

where

�12 = 1 � m2
1 + m2

2

q2
� �12

(q2)2
. (103)

For a massless neutrino,

�`0 =

✓
1 �

m2
`

q2

◆✓
2

3
+

m2
`

3q2

◆
, (104)

⇣`0 = m2
`

✓
1 �

m2
`

q2

◆
, (105)

�1/2
`0

q2
=

✓
1 �

m2
`

q2

◆
. (106)

20 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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Inclusive - Exclusive B→X τ ν tension

8 Leptonic and Semileptonic B Decays
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Fig. 75: Allowed regions for V1, V2, S1, S2, and T scenarios based on the measurement of

R⇡. The light grey region is allowed from the measurement of R⇡ by the Belle experiment at

95% CL. The V1 and V2 (S1 and S2) scenarios have the same region since their contributions

are identical. The dark (darker) gray regions with black dashed curves denote a possible

reach of 95% CL constraint expected at the Belle II, when L = 5ab�1 (50 ab�1) data is

accumulated. For these results, the theoretical uncertainties given in Refs. [143, 159] are

taken into account. The thick dashed red lines for the tensor case show the exclusion limit

when the theoretical uncertainty is reduced by a factor of two.

A key reason for measuring B ! ⇡⌧⌫ is that the tensor type interaction of NP that a↵ects

b ! u⌧⌫ cannot be constrained from B ! ⌧⌫. The current results for bT
n for the tensor form

factor still have large uncertainties [159]. Nevertheless, the constraint on CT is comparable

to the other NP scenarios. Improvements in the evaluation of the tensor form factor will be

significant for the future measurement of this process at Belle II.

The following study determined the future sensitivity of R⇡ to NP scenarios with 5 ab�1

and 50 ab�1 of Belle II data, based on Ref. [243]. To estimate exclusion limits on the Wilson

coe�cient CX , it is assumed that the experimental central value is identical to the SM

prediction and the expected experimental errors at 5 ab�1 and 50 ab�1 are extrapolated

from the Belle measurement [297]. The expected constraints from Belle II are therefore

R5 ab�1

⇡ = 0.64 ± 0.23 , (158)

R50 ab�1

⇡ = 0.64 ± 0.09 . (159)

The above values are compared with each NP scenario to determine constraints on CX , as

shown in Fig. 75. Focusing on the vicinity of the origin of CX , we see that |CX | & O(0.1)

can be tested by the R⇡ measurement for vector and tensor scenarios. A large negative

contribution to CVi
⇠ �2 for example, will always be allowed within the uncertainty. For

the tensor case, we expect to constrain |CT | . 1, which can be improved if the theoretical

uncertainties are addressed. In the figure, a scenario where the theoretical uncertainty is

reduced by half is also presented, indicating improved sensitivity to tensor interactions.

As for the scalar scenarios, B ! ⌧⌫ has better sensitivity than B ! ⇡⌧⌫ due to the chiral

enhancement of the pseudoscalar contribution in the purely leptonic decay.

8.5.3. B ! Xc⌧⌫. Authors: F. Bernlochner (exp.), J. Hasenbusch (exp.), Z. Ligeti (th.)
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FIG. 8. The form factors and ratios ⌘2
EW|Vcb|2F2

, hA1(w)/hA1(1), R1 and R2 as a function of the hadronic recoil, w, for CLN,

CLNnoR and CLNnoHQS using preliminary input from JLQCD at non-zero recoil. The LQCD input has been included in the

plot for hA1 . The central values and uncertainties are calculated via the same method as Fig. 3.

FIG. 9. Summary of the F(1)⌘EW|Vcb| values from the various fit scenarios covered in this paper. For the PDG reference values

we use F(1) = 0.904± 0.012.
Belle II 2021 Phillip URQUIJO

B→Xc,u l ν, B→D* l ν
• Vxb inclusive-exclusive puzzle persists.  

• Vub: recent inclusive Belle result reduces tension. 

• Vcb: Non-zero recoil LQCD inputs coming from 
Fermilab/MILC & JLQCD (Fermilab/MILC 
2105.14019 [hep-lat]).

13

19

FIG. 9. The post-fit projection ofMX of the two-dimensional
fit to MX : q2 on MX and the q2 distribution in the range
of MX 2 [0, 1.5]GeV are shown. The resulting yields are
corrected to correspond to a partial branching fraction with
EB

` > 1GeV. The remaining q2 distributions are given in
Figure 22 (Appendix D).

- DGE: The Dressed Gluon Approximation (short
DGE) from Andersen and Gardi [19, 20] makes pre-
dictions by avoiding the direct use of shape func-
tions, but produces predictions for hadronic observ-
ables using the on-shell b-quark mass. The calcu-
lation is carried out in the MS scheme and we use
mb(MS) = 4.19 ± 0.04 GeV.

- GGOU: The prediction from Gambino, Giordano,
Ossola, and Uraltsev [18] (short GGOU) incorpo-
rates all known perturbative and non-perturbative
e↵ects up to the order O(↵2

s �0) and O(1/m3
b), re-

spectively. The shape function dependence is incor-
porated by parametrizing its e↵ects in each struc-
ture function with a single light-cone function. The
calculation is carried out in the kinetic scheme and
we use as inputs mkin

b = 4.55 ± 0.02 GeV and

µ2 kin
⇡ = 0.46 ± 0.08 GeV2.

- ADFR: The calculation of Aglietti, Di Lodovico,
Ferrera, and Ricciardi [21, 22] makes use of the ra-
tio of B ! Xu `+ ⌫` to B ! Xc `+ ⌫` rates and
soft-gluon resummation at next-to-next-to-leading-
order and an e↵ective QCD coupling approach.
The calculation uses the MS scheme and we use
mb(MS) = 4.19 ± 0.04 GeV.

Table VI lists the decay rates and their associated uncer-
tainties for the probed regions of phase space, which we
use to extract |Vub| from the measured partial branching
fractions with Eq. 32.

C. |Vub| Results

From the partial branching fractions with EB
` > 1 GeV

and MX < 1.7 GeV determined from fitting MX we find

|Vub| (BLNP) = (3.90 ± 0.09 ± 0.15 ± 0.21) ⇥ 10�3 ,

|Vub| (DGE) =
⇣
4.08 ± 0.09 ± 0.16+0.20

�0.26

⌘
⇥ 10�3 ,

|Vub| (GGOU) =
⇣
3.97 ± 0.09+0.15

�0.16
+0.15
�0.16

⌘
⇥ 10�3 ,

|Vub| (ADFR) = (3.63 ± 0.08 ± 0.14 ± 0.17) ⇥ 10�3 .
(33)

The uncertainties denote the statistical uncertainty, the
systematic uncertainty and the theory error from the par-
tial rate prediction. For the partial branching fraction
with EB

` > 1 GeV, MX < 1.7 GeV, and q2 > 8 GeV2 we
find

|Vub| (BLNP) =
⇣
4.24+0.22

�0.23
+0.30
�0.32

+0.26
�0.28

⌘
⇥ 10�3 ,

|Vub| (DGE) =
⇣
4.16+0.21

�0.23
+0.30
�0.32

+0.18
�0.21

⌘
⇥ 10�3 ,

|Vub| (GGOU) =
⇣
4.25+0.22

�0.23
+0.30
�0.33

+0.24
�0.26

⌘
⇥ 10�3 ,

|Vub| (ADFR) =
⇣
3.68+0.19

�0.20
+0.26
�0.28 ± 0.17

⌘
⇥ 10�3 . (34)

Finally, the most inclusive determination with EB
` >

1 GeV from the two-dimensional fit of MX and q2 results
in

|Vub| (BLNP) =
⇣
4.05 ± 0.09+0.20

�0.21
+0.18
�0.20

⌘
⇥ 10�3 ,

|Vub| (DGE) =
⇣
4.16 ± 0.09+0.21

�0.22
+0.11
�0.12

⌘
⇥ 10�3 ,

|Vub| (GGOU) =
⇣
4.15 ± 0.09+0.21

�0.22
+0.08
�0.09

⌘
⇥ 10�3 ,

|Vub| (ADFR) =
⇣
4.05 ± 0.09+0.20

�0.21 ± 0.18
⌘
⇥ 10�3 .

(35)

In order to quote a single value for |Vub| we adapt the
procedure of Ref. [25] and calculate a simple arithmetic

D. Ferlewicz, PU, E. Waheed 
PRD 103, 073005 (2021) Belle 

+ non-zero recoil JLQCD 

Belle arXiv:2102.00020  
 |Vub| inclusive

|Vub| =(4.10 ± 0.09 ± 0.22 ± 0.15)×10−3
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Future studies

14

• Vcb: New Belle II results 
(inclusive Belle used only 140 
fb-1). Exclusive needs more 
data at low w (better slow 
pion efficiency at Belle II). 

• Vub: inclusive and exclusive 
are experimentally statistics 
limited. 

• New physics: 

• LFUV with light leptons 
(improved lepton 
identification systematics 
at Belle II).

Belle II arXiv: 2008.10299,  B→D* l ν tagged 
Belle II arXiv: 2008.07198, B→D* l ν untagged

FIG. 3: The left column shows the MX distribution in data and background MC (normalized to the events
in data) for p⇤` > 0.8GeV/c. The corresponding background subtraction factors wi are shown in the right
column together with a fitted Legendre polynomial of degree 7. If the fit has a minimum at the left or right
tail, the polynomial is replaced with a constant value. The uncertainties are from statistical uncertainties
only.

5. MEASUREMENT OF HADRONIC MASS MOMENTS

5.1. Extraction of Moments

To extract unbiased moments, the measured Mn
X spectrum has to be corrected for e↵ects that

distort the measured distribution. We derive calibration functions based on MC simulation to
describe the relationship between the reconstructed moments hMn

X ,recoi and the moments calculated
at the generator level hMn

X ,truei. Both moments are calculated in bins of the generator level Mn
X

distribution. We find a linear relationship between hMn
X ,recoi and hMn

X ,truei, which allows us to
calculate a calibrated MX value

Mn
X ,calib =

Mn
X � c(Emiss � pmiss,Xmult, p

⇤
` )

m(Emiss � pmiss,Xmult, p
⇤
` )

. (5)

Here c and m denote the fitted intercept and slope of the linear calibration functions, respectively.
Since the bias of the measured MX spectrum is not constant over the available phase-space, the
calibration is performed in bins of p⇤` , Emiss � pmiss , and the particle multiplicity of the X -system
denoted as Xmult. We use bins in p⇤` with a width of 0.1GeV/c between 0.8 and 1.9GeV/c and one
bin for p⇤` � 1.9GeV/c. A binning of [�0.5, 0.05, 0.2, 0.5] GeV and [1, 8, 30] is used for Emiss�c·pmiss

and Xmult, respectively. Due to limited statistics in the phase space above p⇤` � 1.7GeV/c, the
additional binning in Emiss � c · pmiss and Xmult is not used in this region. Figure 4 shows an
example of three calibration curves for hMX i in three bins of p⇤` and one bin in Emiss � c · pmiss

and Xmult. Figure 5 shows the second hadronic mass moment hM2
X i from signal MC before and

after the application of the calibration procedure. The second moments of the B ! Xc`⌫` MC at
generator level with and without the application of event selection criteria are also shown.

Together with the signal probability wi and the calibrated MX ,calib distribution, the hMn
X i can

be calculated without unfolding the measured MX spectrum. The hadronic mass moments are

13

FIG. 6: Measured hMn
X i moments as a function of di↵erent p⇤` cuts. The error-bars correspond to the

statistical (inner) and total (outer) uncertainty calculated by adding the statistical and systematic error in
quadrature. A comparison to previous hMn

X i measurements from BaBar (2007) and Belle (2006) is shown as
reference points. The current precision is not yet competitive with the previous results.

6. SUMMARY

We have presented a preliminary measurement the first six moments of the hadronic mass
spectrum in B ! Xc`⌫` decays. The hMn

X i are measured as a function of a lower cut on the lepton
momentum in the signal B rest frame p⇤` . The results agree with previous measurements within their
uncertainties, but tend to higher nominal values for lower cuts on p⇤` . The moments are calculated
as a weighted mean using signal probabilities as event-wise weights. The achieved precision is not

17

Belle II arXiv: 2009.04493, B→X l ν MX moments
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B→K(*)±/0 l+l-

16

FPCP2021 Shun Watanuki 32021/6/7

Ø As we might already know, LHCb reported a 
series of anomalies with several modes.
(B0→K*0ℓ+ℓ-, B+→K+ℓ+ℓ-, Lb→pKℓ+ℓ-)

Ø Angular analyses with B→K*µ+µ- also shows 
tensions, though the SM prediction suffers from 
the hadronic uncertainty.
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JHEP 08, 055(2017)

RK* by LHCb
3fb-1

LHCb measurement of RK
[LHCb-PAPER-2021-004]
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B+ oK+ℓℓ decays at Belle II 

22-Mar-2021 Moriond-QCD 2021  |   S. Sandilya 9

BF a 10-7

• These decays have raised a lot of interest in 
the study of  the LFU ratio.

• The rare decays B+oK+ℓℓ (ℓ =e, μ ) are seen at 
Belle II with just 62.8 fb-1

• Signal yield : 8.6−3.9
+4.3 ± 0.4 (2.7V)

• B-decays with bosℓℓ transitions: FCNCs, suppressed at tree level and sensitive to 
many SM extension.
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Figure 1. Signal-enhanced Mbc (left), ∆E (middle), and O′ (right) projections of three-dimensional
unbinned extended maximum-likelihood fits to the data events that pass the selection criteria for
B+ → K+µ+µ− (top), and B+ → K+e+e− (bottom). Points with error bars are the data; blue solid
curves are the fitted results for the signal-plus-background hypothesis; red dashed curves denote
the signal component; cyan long dashed, green dash-dotted, and black dashed curves represent
continuum, BB̄ background, and B → charmless decays, respectively.

as calibration modes for the PDF shapes used as well as to calibrate the efficiency of

O > Omin requirement for possible difference between data and simulation. These are also

used to verify that there is no bias for some of the key observables. For example, we ob-

tain RK(J/ψ) = 0.994 ± 0.011 ± 0.010 and 0.993 ± 0.015 ± 0.010 for B+ → J/ψK+ and

B → J/ψK0
S
, respectively. Similarly, AI(B → J/ψK) is −0.002 ± 0.006 ± 0.014.

– 7 –

Belle II 
B→K+ l+ l-

Belle JHEP 2103, 105 
(2021)  B→K+ e+ e- 

Belle Phys. Rev. Lett. 
126, 161801 (2021)

• Long term focus on electron channels (LFUV, angular analyses) &  inclusive channels. 

•  q2 (electron) resolution ~ 50 MeV2/c2 near J/ψ, background constrained with Mbc. 

9 Radiative and Electroweak Penguin B Decays

Table 67: The Belle II sensitivities to B ! K(⇤)`+`� observables that allow to test lepton

flavour universality. Some numbers at Belle are extrapolated to 0.71 ab�1.

Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

RK ([1.0, 6.0] GeV2) 28% 11% 3.6%

RK (> 14.4 GeV2) 30% 12% 3.6%

RK⇤ ([1.0, 6.0] GeV2) 26% 10% 3.2%

RK⇤ (> 14.4 GeV2) 24% 9.2% 2.8%

RXs
([1.0, 6.0] GeV2) 32% 12% 4.0%

RXs
(> 14.4 GeV2) 28% 11% 3.4%

QFL
([1.0, 2.5] GeV2) 0.38 0.12 0.050

QFL
([2.5, 4.0] GeV2) 0.34 0.12 0.044

QFL
([4.0, 6.0] GeV2) 0.28 0.092 0.036

QFL
(> 14.2 GeV2) 0.18 0.054 0.018

Q1 ([1.0, 2.5] GeV2) 1.2 0.48 0.15

Q1 ([2.5, 4.0] GeV2) 1.0 0.42 0.14

Q1 ([4.0, 6.0] GeV2) 0.86 0.34 0.11

Q1 (> 14.2 GeV2) 0.66 0.24 0.080

Q2 ([1.0, 2.5] GeV2) 0.64 0.24 0.080

Q2 ([2.5, 4.0] GeV2) 0.60 0.22 0.072

Q2 ([4.0, 6.0] GeV2) 0.48 0.18 0.058

Q2 (> 14.2 GeV2) 0.17 0.068 0.022

Q3 ([1.0, 2.5] GeV2) 0.64 0.24 0.080

Q3 ([2.5, 4.0] GeV2) 0.60 0.22 0.072

Q3 ([4.0, 6.0] GeV2) 0.48 0.18 0.058

Q3 (> 14.2 GeV2) 0.36 0.14 0.044

Q4 ([1.0, 2.5] GeV2) 1.0 0.36 0.11

Q4 ([2.5, 4.0] GeV2) 0.90 0.30 0.10

Q4 ([4.0, 6.0] GeV2) 0.68 0.24 0.080

Q4 (> 14.2 GeV2) 0.52 0.20 0.064

Q5 ([1.0, 2.5] GeV2) 0.94 0.34 0.11

Q5 ([2.5, 4.0] GeV2) 0.84 0.30 0.10

Q5 ([4.0, 6.0] GeV2) 0.68 0.24 0.080

Q5 (> 14.2 GeV2) 0.46 0.18 0.054

Q6 ([1.0, 2.5] GeV2) 1.0 0.34 0.11

Q6 ([2.5, 4.0] GeV2) 0.90 0.30 0.10

Q6 ([4.0, 6.0] GeV2) 0.72 024 0.080

Q6 (> 14.2 GeV2) 0.54 0.20 0.064

Q8 ([1.0, 2.5] GeV2) 1.0 0.38 0.12

Q8 ([2.5, 4.0] GeV2) 0.94 0.34 0.11

Q8 ([4.0, 6.0] GeV2) 0.76 0.28 0.090

Q8 (> 14.2 GeV2) 0.54 0.20 0.064
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B→Xs l+l-
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Tagged Dilepton Inclusive
4

TABLE I. The 18 hadronic final states used to reconstruct
Xs. The 8 final states enclosed in parentheses are not used
for the measurement of AFB.

B̄0 decays B− decays
(K0

S) K−

K−π+ (K0
Sπ

0) K−π0 K0
Sπ

−

K−π+π0 (K0
Sπ

−π+) K−π+π− K0
Sπ

−π0

K−π+π−π+ (K0
Sπ

−π+π0) K−π+π−π0 K0
Sπ

−π+π−

(K−π+π−π+π0)(K0
Sπ

−π+π−π+)(K−π+π−π+π−)(K0
Sπ

−π+π−π0)

We combine the Xs with two oppositely charged lep-
tons to form a B meson candidate. To identify the
signal, we use two kinematic variables defined in the
Υ(4S) rest frame: the beam-energy constrained mass
Mbc =

√

E∗2
beam − |!pB|2, and the energy difference ∆E =

EB − E∗
beam, where E∗

beam is the beam energy and
(!pB, EB) is the reconstructed momentum and energy of
the B candidate. We require Mbc > 5.22 GeV/c2 and
−100 MeV < ∆E < 50 MeV (−50 MeV < ∆E < 50
MeV) for the electron (muon) channel.
To reject large contamination from charmonium back-

grounds B → J/ψ(ψ(2S))Xs followed by J/ψ(ψ(2S)) →
#+#−, we reject events having dilepton invariant mass in
the following veto regions: −400 to 150 MeV/c2 (−250
to 100 MeV/c2) around the J/ψ mass and −250 to 100
MeV/c2 (−150 to 100 MeV/c2) around the ψ(2S) mass
for the electron (muon) channel. In the electron channel,
there is non-negligible peaking background from events
in which the bremsstrahlung photon recovery fails and in-
stead the radiated photon together with another random
photon forms a misreconstructed π0 as Xs’s daughter.
To veto such events, the π0’s photon daughter with the
highest energy is added in the calculation of the dilep-
ton invariant mass, and events with invariant mass from
150 MeV/c2 below to 50 MeV/c2 above the nominal J/ψ
mass are rejected for the modes involving π0. We also
require the dilepton mass to be greater than 0.2 GeV/c2

to remove the photon conversion and π0 Dalitz decays.

V. BACKGROUND SUPPRESSION

The main background comes from random combina-
tions of two semileptonic B orD decays, which have both
large missing energy due to neutrinos, and displaced ori-
gin of leptons from B orD mesons. The displacement be-
tween the two leptons is measured by the distance∆z!+!−

between the points of closest approach to the beam axis
along the beam direction. We also use the confidence
level of the B vertex (Cvtx), constructed from all charged
daughter particles except for K0

S daughters. We set re-
quirements on ∆z!+!− and Cvtx to preserve about 79% of
the signal while rejecting 66% of the background. Other
background originates from e+e− → qq̄ (q = u, d, s, c)
continuum events, which can be efficiently suppressed us-
ing event shape variables.
To suppress the continuum background and further

reduce the semileptonic background, we employ a neu-
ral network based on the software package “NeuroBayes”
[23]. The inputs to the network are (i) a likelihood ra-
tio based on ∆E, (ii) the cosine of the angle between
the B candidate and the beam axis in the Υ(4S) rest
frame, (iii) ∆z!+!− , (iv) Cvtx, (v) the total visible en-
ergy, (vi) the missing mass [24], and (vii) 17 event shape
variables based on modified Fox-Wolfram moments [25].
For the different types of backgrounds (semileptonic and
continuum), the neural network is trained separately and
requirements on two output values are chosen to maxi-
mize the statistical significance. This optimization is per-
formed separately for electron and muon channels and for
the regions MXs

< 1.1 GeV/c2 and MXs
> 1.1 GeV/c2,

and the obtained selection preserves 51% (63%) of the
signal while rejecting 98% (96%) of the background for
electron (muon) channels. According to the MC sim-
ulation, 83% of the remaining background consists of
semileptonic events.
The probability of multiple B candidates in a signal

event is 8% with the average number of B candidates
per signal event being 1.1. When multiple B candidates
are found in an event, we select the most signal-like B
candidate based on the neural network output. For the
measurement of AFB, information on the flavor of the
B candidate is necessary. For B̄0 mesons, only the self-
tagging modes with a K− are kept, after selecting one
B candidate per event. We also remove candidates with
Xs reconstructed from one kaon plus four pions because
expected signal yields are less than one event. Therefore,
we use 10 final states as listed in Table I for the Xs to
measure AFB.

VI. MAXIMUM LIKELIHOOD FIT

To examine the q2 dependence of AFB, we divide the
data into 4 bins of measured q2: [0.2, 4.3], [4.3, 7.3(8.1)],
[10.5(10.2), 11.8(12.5)], [14.3, 25.0] GeV2/c2 for the elec-
tron (muon) channel, where the gap regions correspond
to the veto regions for charmonium background events.
The bins are numbered in the order of increasing q2; the
lowest q2 for bin number 1, and the highest for bin num-
ber 4. In order to extract AFB, an extended unbinned
maximum likelihood fit to four Mbc distributions (posi-
tive/negative cos θ for electron/muon channel) is simul-
taneously performed for each q2 bin. We also measure
AFB in the low-q2 region, 1 < q2 < 6 GeV2/c2, where it
is theoretically clean.

The raw asymmetry Araw
FB = N(cos θ>0)−N(cos θ<0)

N(cos θ>0)+N(cos θ<0) ,
where N is the observed signal yields, differs from AFB

due to the dependence of the signal reconstruction effi-
ciency on q2 and cos θ. Figure 1 show the reconstruction
efficiencies on a plane of q2 and cos θ. This pronounced
dependence arises from events with low q2 and high cos θ
having lepton momenta below the event selection require-
ments. We define α as a scaling factor that relates Araw

FB
to AFB. We assume that AFB does not depend on the

• Novel Belle II studies based 
on tagging to inclusively 
reconstruct the X system (in 
progress).

Belle Σ Exclusive: Phys. Rev. D 93, 032008 (2016)

PTEP 2019, 123C01 E. Kou et al.

Table 64. The Belle II sensitivities for the inclusive B→ Xs!
+!− observables corresponding to an invariant

mass cut of MXs < 2.0 GeV. The given sensitivities are relative or absolute uncertainties depending on the
quantity under consideration.

Observables Belle Belle II Belle II
0.71 ab−1 5 ab−1 50 ab−1

Br(B→ Xs!
+!−) ([1.0, 3.5] GeV2) 29% 13% 6.6%

Br(B→ Xs!
+!−) ([3.5, 6.0] GeV2) 24% 11% 6.4%

Br(B→ Xs!
+!−) (>14.4 GeV2) 23% 10% 4.7%

ACP(B→ Xs!
+!−) ([1.0, 3.5] GeV2) 26% 9.7% 3.1%

ACP(B→ Xs!
+!−) ([3.5, 6.0] GeV2) 21% 7.9% 2.6%

ACP(B→ Xs!
+!−) (>14.4 GeV2) 21% 8.1% 2.6%

AFB(B→ Xs!
+!−) ([1.0, 3.5] GeV2) 26% 9.7% 3.1%

AFB(B→ Xs!
+!−) ([3.5, 6.0] GeV2) 21% 7.9% 2.6%

AFB(B→ Xs!
+!−) (>14.4 GeV2) 19% 7.3% 2.4%

"CP(AFB) ([1.0, 3.5] GeV2) 52% 19% 6.1%
"CP(AFB) ([3.5, 6.0] GeV2) 42% 16% 5.2%
"CP(AFB) (>14.4 GeV2) 38% 15% 4.8%

Fig. 93. Angular conventions used in the description of the B̄→ K̄∗ (→ K̄π) !+!− decay.

The adopted angular conventions are illustrated in Fig. 93 and follow Ref. [388] (see also Ref. [589]).
The angle θ! is the angle between the direction of the !− in the dilepton rest frame and the direction
of the dilepton in the B̄ rest frame. The angle θK is the angle between the direction of the kaon in the
K̄∗ rest frame and the direction of the K̄∗ in the B̄ rest frame. The angle φ is the angle between the
plane containing the dilepton pair and the plane containing the kaon and pion from the K̄∗.

The decay distribution for the CP-conjugate mode B → K∗(→ Kπ)!+!− is given by a formula
analogous to Eq. (254) with different angular functions, which we call Īj. Note that for this decay,
θ! is the angle between the direction of the !+ in the dilepton rest frame and the direction of the
dilepton in the B rest frame, while θK is the angle between the direction of the kaon in the K∗ rest
frame and the direction of the K∗ in the B rest frame. As a result, the functions Īj can be obtained by

223/654
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B→ K/K*/π/ρ ν ν 
• SM B→K(*) νν studies: Now 3 methods demonstrated. 

• SL tag, Hadronic tag, Inclusive tag. (Statistically ~independent).  

• Note: large efficiency improvements with FEI over previous 
iterations of B-full reconstruction.

18

B+ oK+νν decays at Belle II 

22-Mar-2021 Moriond-QCD 2021  |   S. Sandilya 11

• Measured signal strenth μ = 𝟒. 𝟐−𝟐.𝟗 −𝟏.𝟔
+𝟐.𝟗 +𝟏.𝟖 = 4.2−3.2+3.4.

• Consistent with the bkg-only (SM) hypothesis at CL 1.3 V (1 V)
• Observed (expected) UL @90% CL 4.1 u 10-5 (2.6 u 10-5)
• ℬ[B o K+QQ] = 𝟏. 𝟗−𝟏.𝟑 −𝟎.𝟕

+𝟏.𝟑 +𝟎.𝟖 × 𝟏𝟎−𝟓

Data and post-fit predictions in the signal 
and control region bins

Sensitivity with just 63 fb-1 data is 
already close to previous searches 
with significantly large data-set.

B+ oK+νν decays at Belle II 

22-Mar-2021 Moriond-QCD 2021  |   S. Sandilya 11

• Measured signal strenth μ = 𝟒. 𝟐−𝟐.𝟗 −𝟏.𝟔
+𝟐.𝟗 +𝟏.𝟖 = 4.2−3.2+3.4.

• Consistent with the bkg-only (SM) hypothesis at CL 1.3 V (1 V)
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• ℬ[B o K+QQ] = 𝟏. 𝟗−𝟏.𝟑 −𝟎.𝟕
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Data and post-fit predictions in the signal 
and control region bins

Sensitivity with just 63 fb-1 data is 
already close to previous searches 
with significantly large data-set.

Belle II Novel inclusive tag 
method arXiv:2104.12624 

6

for the B ! D⇡ sample with and without the veto ap-
plied. We obtain a value of 4% in both cases for charged
and neutral channels alike. We evaluate the influence
of the requirement on the number of raw tracks via the
same sample by setting it to two and zero, respectively.
We subsequently average the contributions and obtain a
value of 1%. The uncertainty on the calibration (9.6%)
includes the uncertainty on the correction of NBB (1.4%)
and the uncertainty on B (B ! D⇡). Based on studies
using dedicated control samples, we assign 2.0%, 4.0%,
and 2.2% for the uncertainties on PID e�ciency, ⇡0 ef-
ficiency and K0

S e�ciency, respectively. The systematic
uncertainty is included by convolving the likelihood func-
tion with a Gaussian with zero mean and a width equal to
the square root of the quadratic sum of the additive and
multiplicative error. The additive uncertainty is defined
as the uncertainty on the signal yield, and contributions
are summarized in Table II. A comparison of our results
with previous ones is presented in Fig. 3.

K+��̄ K�+��̄ K�0��̄ �0��̄�+��̄K0
S��̄ �0��̄ �+��̄

B decay channel

10�6

10�5

10�4

lim
it

on
B

@
90

%
C

L

BaBar hadronic

Belle hadronic

BaBar semileptonic

SM prediction

Belle semileptonic

FIG. 3: Observed limits for all channels in comparison
to previous results for the BaBar measurement with
semileptonic [9] and hadronic tag [8], as well as the

Belle measurement utilizing hadronic tagging [7]. The
theoretical predictions are taken from Ref. [2].

The systematic uncertainties are evaluated using in-
dependent samples of MC and data control samples for
charged and neutral modes. They can therefore be con-
sidered uncorrelated. Thus, we combine charged and
neutral modes by adding the negative log likelihoods. We
scale the branching fraction of the neutral modes by a
factor of ⌧B+/⌧B0 since the lifetime di↵erence is the only
factor distinguishing charged from neutral B ! h⌫⌫̄ de-
cays in the SM. We subsequently repeat the calculation

of the limit and obtain the following values at 90% C.L.:

B(B ! K⌫⌫) < 1.6 ⇥ 10�5,

B(B ! K⇤⌫⌫) < 2.7 ⇥ 10�5,

B(B ! ⇡⌫⌫) < 0.8 ⇥ 10�5,

B(B ! ⇢⌫⌫) < 2.8 ⇥ 10�5.

Based on the values and theoretical uncertainties from
Ref. [2], we also give a limit on the ratios between the
measured branching fractions of B ! K⌫⌫ and of B !
K⇤⌫⌫ and the respective SM prediction RK⇤ . We obtain
values of RK < 3.9 and RK⇤ < 2.7, respectively, where
we included the theoretical uncertainty. Both values are
quoted at 90% C.L.
In summary, we report the results of a search for eight

di↵erent B decay channels with a pair of neutrinos in
the final state, where the second B is reconstructed in
one of 108 semileptonic decay channels. No significant
signal is observed and limits are set on the respective
branching fractions at a confidence level of 90%. The
limits on the branching fraction for the B0 ! K0

S ⌫⌫̄ ,
B0 ! K⇤0⌫⌫̄, B+ ! ⇡+⌫⌫̄, B0 ! ⇡0⌫⌫̄, B+ ! ⇢+⌫⌫̄,
and B0 ! ⇢0⌫⌫̄ channels are the most stringent to
date. Although our analysis yields important improve-
ments, none of these limits excludes SM predictions
and all of them leave room for contributions from new
physics.
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Ø A search of !" → $"%%̅ is also very interesting 
topic for the complementary probe of NP.
' (" → )"*+* ,- = /. 1 ± 3. 4 ×6371

Ø Current the U.L. of exclusive mode is 
' (" → 8"9:9 ;<= < 6. 1×6374
set by BaBar with hadronic tag
– PhysRevD.87.112005

Ø Belle also performed the search both with 
semi-leptonic and hadronic tag and set the 
most stringent U.L. on other modes.
– PhysRevD.96.091101
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B→ K/K*/π/ρ … + invisible or long-lived

19

Light Dark Matter searches at (Super) B-Factories (Torben Ferber) 35

B→Kh’ decays 4

The current upper bound on invisible Higgs decays,
B(h ! inv) < 0.22 [43] excludes mixing angles larger
than ✓ ⇡ 0.015 at 95% CL. Projections for the HL-
LHC predict an extended reach to ✓ ⇡ 0.005.

Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c✓. This
suppresses the Higgs signal strength defined by

µ =
�h ⇥ B(h ! vis)

�h ⇥ B(h ! vis)SM
= c

2
✓

c
2
✓�

h
SM

c
2
✓�

h
SM + s

2
✓�

h
��̄

, (11)

where �h is the Higgs production rate and B(h ! vis)
the branching ratio to visible final states. Current
global analyses constrain universal modifications of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [47]. The ex-
pected reach for dark scalars depends on the invisible
decay rate �h

��̄. For y� = 1 we expect that mixing
angles down to ✓ ⇡ 0.008 will be probed. The sensi-
tivity is comparable with the current BaBar bounds
from B ! K /E, but less than predicted at Belle II.

IV. DISPLACED VERTEX SIGNATURES

If invisible decays are kinematically forbidden or ab-
sent, dark scalars leave signatures with visible de-
cay products. Due to the flavor-hierarchical cou-
plings, scalar decays to light leptons or mesons are
suppressed, while scalar production through the top-
quark coupling is sizeable even for small mixing ✓.
The scalar has a nominal lifetime of roughly c⌧S =
c/�S ⇡ s

�2
✓ nm and becomes long-lived at detector

scales for ✓ . 10�2. This leads to signatures with
displaced vertices, which are perfect targets for fla-
vor or beam dump experiments.

At e+e� colliders, light scalars can be abundantly
produced from BB̄ pairs at the ⌥(4S) resonance with
subsequent B ! KS decays. Direct production via
e
+
e
�
! S is strongly suppressed by the tiny electron

coupling. Alternative searches for radiative Upsilon
decays ⌥(n) ! S� through the b-quark coupling at
BaBar exclude strong mixing ✓ & 0.1 [48–50].

Measurements of B ! K
(⇤)

µµ̄ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
✓ ⇡ 10�3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [51, 52]. By reinterpreting the search
for B+

! K
+
S(! µµ̄) [52] we exclude scalar mixing

down to ✓ ⇡ 10�4, shown in blue in Fig. 2. Ve-
toed regions around the resonances K

0
S ,  (2S) and

 (3770) are partially excluded by a similar search for
B

0
! K

⇤
S(! µµ̄) decays [51].

FIG. 2: Searches for dark scalars with displaced vertices
at flavor experiments. Shown are 95% CL bounds from
B+ ! K+S(! µµ̄) searches at LHCb [52] (blue) and 90%
CL bounds on B(B ! XsS)B(S ! f) with f = µ+µ�

(yellow) and ⇡+⇡� (orange) from an inclusive search by
BaBar [53]. Regions with 3 or more signal events at
Belle II with 50/ab are shown for B ! KS(! f) with
f = ⇡+⇡� +K+K�, µ+µ� and ⌧+⌧� (green). For com-
parison, we show projections for B ! Kµµ̄ for the high-
luminosity phase of LHCb (blue curve).

To date, the only search for long-lived scalars at
e
+
e
� colliders is an inclusive search for displaced ver-

tices of charged leptons, pions or kaons by BaBar [53].
From this analysis BaBar has derived upper bounds
on the branching ratio B(B ! XsS)B(S ! f) for
di↵erent final states f . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ

+
µ
� (yellow)

and f = ⇡
+
⇡
� (orange). The sensitivity is limited

by hadronic backgrounds from K
0
S , ⇤, K

± and ⇡
±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusive B ! KS(! f) decays
at Belle II, where K stands for either K0, K+, or K⇤

excitations. Promising final states are f = µ
+
µ
� and

⇡
+
⇡
�, K+

K
� for scalar masses mS . 2GeV, as well

as ⌧�⌧+, D+
D

� or 4⇡ for heavier scalars.
Let us first focus on displaced muon pairs, which

probe a large range of scalar masses 2mµ < mS <

mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct

A. Filimonova, R. Schäfer, S. Westho!, Phys. Rev. D 101, 095006 (2020)

• h’ is long-lived 

• LHCb and Belle II complementary due to 
very di!erent B momenta 

• BaBar search is inclusive and recast is 
not competitive 

• Reach towards even smaller θ by 
searching for B→K+invisible 

• Recasting B→Kνν SM limits untrivial (3-
body vs 2-body final state)

Belle II collaboration, “Search for B+→K+νν decays using 
an inclusive tagging method at Belle II” (arXiv:2104.1262)

• B→K(*)νν studies: We may have significant 
signal of SM with 2-5 ab-1.  

• B→X + ALPs, Dark Photons, Higgs like 
scalars.  B→ X + (invisible, γγ, l+l-, h+h- etc.).

PTEP 2019, 123C01 E. Kou et al.

Fig. 97. Constraint on new physics contributions to the Wilson coefficients CNP
L and CR normalized to the SM

value of CL, assuming them to be real and independent of the neutrino flavor. The dashed (dotted) lines show
90% CL excluded regions from upper limits on Br(B→ K (∗)νν̄) at Belle and Babar; the green (purple) band
represents the 68% CL allowed region from expected measurements of Br(B→ K (∗)νν̄) at Belle II; and the
orange band gives the 68% CL allowed region from expected measurements of FL(K∗) and the branching ratio
in B→ K∗νν̄ at Belle II.

Table 69. Sensitivities to the modes involving neutrinos in the final states. We assume that 5 ab−1 of data will
be taken on the Υ (5S) resonance at Belle II. Some numbers at Belle are extrapolated to 0.71 ab−1 (0.12 ab−1)
for the Bu,d (Bs) decay.

Observables Belle 0.71 ab−1 Belle II Belle II
(0.12 ab−1) 5 ab−1 50 ab−1

Br(B+→ K+νν̄) < 450% 30% 11%
Br(B0 → K∗0νν̄) < 180% 26% 9.6%
Br(B+→ K∗+νν̄) < 420% 25% 9.3%
FL(B0 → K∗0νν̄) — — 0.079
FL(B+→ K∗+νν̄) — — 0.077
Br(B0 → νν̄)× 106 < 14 < 5.0 < 1.5

Br(Bs → νν̄)× 105 < 9.7 < 1.1 —

9.5.3. Experimental search for Bq → νν̄ or invisible final states
Contributing author: A. Ishikawa
The Bd → νν̄ decay and Bd meson decays to invisible final states were searched for by BaBar with
semi-leptonic tagging [628] and by Belle using hadronic tagging [629]. The resulting 90% CL upper
limits on the branching ratios are 1.7 · 10−5 and 1.3 · 10−4, respectively. The Bs → νν̄ decay has
not yet been searched for. These decays are helicity suppressed by the neutrino mass, so that the SM
expectation is exactly zero (see Ref. [630] for predictions taking into account the neutrino masses).

Since there are no charged tracks or photons in the final states, only the tag-side B mesons can
be used for the searches. The Belle analysis used an old hadronic tagging without a hierarchical
reconstruction method [631], which can increase the tagging efficiency by a factor of two. Another
factor of two improvement can be obtained by introducing the FEI. Requirements on event shape
variables using multivariate techniques to suppress continuum and τ+τ− backgrounds are promising
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L.Zani, BEAUTY2020 - Search for low-mass NP states at BaBar 7

ALPs in meson decays

� Flavor Changing Neutral Current processes are a perfect 
testbed to search for low mass ALP emitted by a W± ( exploit 
b ? s transitions)

●  B? K  isγγ  extremely rare in the SM and hence uniquely 
sensitive to very small ALP-W coupling g

aW  
●  ~ 1/mτ a

3g2a  γγ: displaced vertex, long-lived particle constraints

E. Izaguirre, T. Lin, B. 
Shuve, PRL 118 (2017)

● ALPs are pseudo-scalars mainly coupling to pairs of gauge bosons, with non-renormalizable coupling constant 
 [gaV ] ~ 1/M

● Most of ALPs searches target gluons or photons coupling at E ~ MeV-GeV 
● W± coupling is usually suppressed at low energy for E<< MW

Search for the process  B± � K±a, a � !!  by looking at narrow peaks in the diphoton 
invariant mass spectrum  - signature searched for the (rst time!
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B→ Xs,d τ l, B→ Xs,d τ τ

20

Current status of 
searches τ LFV

FPCP2021 Shun Watanuki 192021/6/7

Mode BR U.L. (90% CL)

B0→K*0µ+e- <1.2x10-7 (Belle)

B+→K*0µ-e+ <1.6x10-7 (Belle)

B+→K*0µe <1.8x10-7 (Belle)

B+→K+µ-e+ <7.0x10-9 (LHCb)
<3.0x10-8 (Belle)

B+→K+µ+e- <6.4x10-9 (LHCb)
<8.5x10-8 (Belle)

B0→Ks
0µ±e

∓
<1.8x10-7 (Belle)

B+→K+tµ <4.8x10-5 (BaBar)

B+→K+te <3.0x10-5 (BaBar)

B+→K+t+µ- <3.9x10-5 (LHCb)

#$ &̅
' '

ℓ

ℓ′
ℓ, ℓ+ = -, ., /

So far, no signals of LFV
have been found...

PTEP 2019, 123C01 E. Kou et al.

Also, for the B → Kτ+τ− decays, SM predictions have been given in Ref. [645] using recent
lattice determination of the B→ K form factors from the Fermilab/MILC collaboration [158]. The
SM predictions for the branching ratios and the flat terms read

Br(B+→ K+τ+τ−)SM = (1.22 ± 0.10) · 10−7,

Br(B0 → K0τ+τ−)SM = (1.13 ± 0.09) · 10−7,

FH (B→ Kτ+τ−)SM = 0.87 ± 0.02, (286)

where we added all uncertainties quoted in Ref. [645] in quadrature. As in the case of the B →
πτ+τ−, the value of FH (B→ Kτ+τ−)SM applies to the charged and neutral channel and the above
predictions refer to the q2 range [15, 22] GeV2. Predictions for additional q2 bins can be found in
Ref. [645]. Again, the dominant source of uncertainty in the branching ratio arises from the B→ K
form factors and from the CKM elements, while in the flat terms these errors largely cancel.

The SM predictions for the B→ K∗τ+τ− branching ratios read [618]

Br(B+→ K∗+τ+τ−)SM = (0.99 ± 0.12) · 10−7,

Br(B0 → K∗0τ+τ−)SM = (0.91 ± 0.11) · 10−7, (287)

where the ditau q2 ranges from 15 GeV2 to the kinematic endpoint around 19.2 GeV2. The B→ K∗

form factors used are based on a combined fit of lattice and LCSR results [419].
The SM prediction for the Bs → φτ+τ− branching ratio is given by [618]

Br(Bs → φτ+τ−)SM = (0.73 ± 0.09) · 10−7, (288)

where the ditau invariant mass ranges from 15 GeV2 to the kinematic endpoint at roughly 18.9 GeV2.
The Bs → φ form factors used are based on a combined fit of lattice and LCSR results [419].

Lepton flavor universality ratios with taus We define the lepton flavor universality ratios, in
analogy to Eq. (264) as

R$$
′

H [q2
0, q2

1] =
∫ q2

1
q2

0
dq2dBr(B→ H$+$−)/dq2

∫ q2
1

q2
0

dq2dBr(B→ H$′+$′−)/dq2
.

In these ratios uncertainties from CKM elements drop out. Also, form factor uncertainties cancel
almost exactly in ratios involving electrons and muons, while in ratios with taus, these uncertainties
get reduced.

The SM predictions from Ref. [645] read

(Rµτ
π )SM = 1.18 ± 0.06,

(Rµτ
K )SM = 0.87 ± 0.02 (289)

for the q2 ∈ [15, 22] GeV2 bin. For the B→ K∗ decays we find [618]

(Rµτ
K∗)SM = 2.44 ± 0.09, (290)

where q2 ∈ [15, 19.2] GeV2. Within the quoted uncertainties, the results in Eqs. (289) and (290)
apply to both charged and neutral decays.
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SM prediction

PTEP 2019, 123C01 E. Kou et al.

Table 70. The Belle II sensitivities for the EW penguin B decays involving taus in the final states. We assume
that 5 ab−1 of data will be taken on the Υ (5S) resonance. Some numbers at Belle are extrapolated to 0.71 ab−1

(0.12 ab−1) for the Bu,d (Bs) decay.

Observables Belle 0.71 ab−1 Belle II Belle II
(0.12 ab−1) 5 ab−1 50 ab−1

Br(B+→ K+τ+τ−) · 105 < 32 < 6.5 < 2.0
Br(B0 → τ+τ−) · 105 < 140 < 30 < 9.6
Br(B0

s → τ+τ−) · 104 < 70 < 8.1 —

Br(B+→ K+τ±e∓) · 106 — — < 2.1
Br(B+→ K+τ±µ∓) · 106 — — < 3.3
Br(B0 → τ±e∓) · 106 — — < 1.6
Br(B0 → τ±µ∓) · 106 — — < 1.3

channels, including obervables that test lepton flavor universality (see Tables 65, 66, and 67 for the
Belle II prospects). As exemplified by Fig. 94 for the case of the b → s#+#− transitions, this
complementarity and synergy can play a crucial role in indirectly discovering (or constraining) BSM
physics.

Belle II will, furthermore, push the frontier in the field of radiative and EW penguin B decays by
measuring modes at the level predicted by the SM that have so far not been observed by any other
experiment. The prime examples for such discovery channels are Bd → γ γ and B→ K (∗)νν̄ (see
Tables 63 and 69 for the expected Belle II sensitivities). In other cases, such as Bs → νν̄ or B decays
to final states containing τ+τ−, τ±e∓, or τ±µ∓ pairs, Belle II will not be able to observe them at the
SM level. However with 50 ab−1 of data the existing limits will be improved by orders of magnitude
(see Table 70 for the future Belle II constraints), which will further constrain possible new physics
couplings to neutrinos and taus as well as flavor violation in the lepton sector.

10. Time-dependent CP asymmetries of B mesons and determination of φ1, φ2

Editors: A. Gaz, L. Li Gioi, S. Mishima, J. Zupan
Additional section writers: F. Abudinén, F. Bishara, M. Gronau, Y. Grossman, S. Jaeger, M. Jung,
S. Lacaprara, A. Martini, A. Mordà, D. Robinson, A. Tayduganov

10.1. Introduction
The measurements of the CKM unitarity triangle anglesφ1,φ2,φ3 amount, within the SM, to different
ways of measuring the single CP-violating phase in the CKM matrix. In the presence of NP, additional
phases might lead to an overall inconsistency of the constraints on the CKM unitarity triangle. This
would be a clear indication of NP.

In this section we describe the methods for determining the angles

φ1 ≡ arg[−V ∗cbVcd/(V ∗tbVtd)] (294)

and

φ2 ≡ arg[−V ∗tbVtd/V ∗ubVud]. (295)
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FIG. 6: Observed distributions of the τ invariant mass for the B → Kτ" modes. The distributions show the sum of the three
τ channels (e, µ, π). The points with error bars are the data. The solid line is the background MC which has been normalized
to the area of the data distribution. The dashed vertical lines indicate the mτ signal window range. The inset shows the mτ

distribution for signal MC.
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471 M BB

• LFV channels, use tagging to infer recoil mass near mτ.  

• LF conserving channels with τ probably out of reach of 
SM, but good for NP sensitivity. 

• Results from Belle (II) on the way (none yet).

Mode BR U.L. (90% CL)

B0→K*0µ+e- <1.2x10-7 (Belle)

B+→K*0µ-e+ <1.6x10-7 (Belle)

B+→K*0µe <1.8x10-7 (Belle)

B+→K+µ-e+ <7.0x10-9 (LHCb)
<3.0x10-8 (Belle)

B+→K+µ+e- <6.4x10-9 (LHCb)
<8.5x10-8 (Belle)

B0→Ks
0µ±e

∓
<1.8x10-7 (Belle)

B+→K+tµ <4.8x10-5 (BaBar)

B+→K+te <3.0x10-5 (BaBar)

B+→K+t+µ- <3.9x10-5 (LHCb)

FPCP2021 Shun Watanuki 232021/6/7

Ø LHCb also succeeded to set the U.L. 
# $%&' in ()*)+& channel.
• Primary and 2nd vertices are determined 

by high quality tracks.
• Energy of B is calculated with kinematic 

information.
• Direction of B can be known with 

vertices.

JHEP06(2020)129

t+
K+

µ�

B+

K-
,-.∗%

2nd V

Prim. V

Mmiss

Signal distribution

than 100 MeV, and an invariant mass ranging between
100 and 160 MeV/c2, are rejected. Additional calorime-
ter clusters not explicitly associated with Btag daughter
particles may originate from other low-energy particles
in background events. We therefore define E⇤

extra to be
the energy sum of all neutral clusters with individual en-
ergy greater than 50 MeV that are not used in the Btag

reconstruction.
The normalized squared mass of the ⌧+⌧� pair is given

by sB = (pBsig � pK)2/m2
B , where pBsig and pK are the

four-momentum vectors of Bsig and of the kaon, respec-
tively, in the laboratory frame. The large mass of the ⌧
leptons in signal events kinematically limits the sB dis-
tribution to large values. A requirement of sB > 0.45 is
applied.

At this point in the selection, remaining backgrounds
are primarily BB events in which a properly recon-
structed Btag is accompanied by Bsig ! D(⇤)`⌫`, with
D(⇤) ! K`0⌫`0 and thus have the same detected final-
state particles as signal events. A multi-layer perceptron
(MLP) neural network [27], with seven input variables
and one hidden layer, is employed to suppress this back-
ground. The input variables are: the angle between the
kaon and the oppositely charged lepton, the angle be-
tween the two leptons, and the momentum of the lep-
ton with charge opposite to the K, all in the ⌧+⌧�

rest frame, which is calculated as pBsig � pK ; the an-
gle between the Bsig and the oppositely charged lepton,
the angle between the K and the low-momentum lep-
ton, and the invariant mass of the K+`� pair, all in the
CM frame. Furthermore, the final input variables to the
neural network are E⇤

extra and the residual energy, Eres,
which here is e↵ectively the missing energy associated
with the ⌧+⌧� pair and is calculated as the energy com-
ponent of p⌧

residual = p⌧
Bsig

� p⌧
K � p⌧

`+`� , where p⌧
Bsig

,

p⌧
K and p⌧

`+`� are the four-momenta vectors in the ⌧+⌧�

rest frame of the Bsig, K, and lepton pair in the event,
respectively. Eres has, in general, higher values for sig-
nal events than generic BB and continuum events due
to the higher neutrino multiplicity. A neural network is
trained and tested using randomly split dedicated signal
MC and B+B� background events, for each of the three
channels: e+e�, µ+µ�, and e+µ�. The results are shown
in Fig. 2 for the three modes combined. The last step in
the signal selection is to require that the output of the
neural network is > 0.70 for the e+e� and µ+µ� chan-
nels and > 0.75 for the e+µ� channel. This requirement
is optimized to yield the most stringent upper limit in
the absence of a signal.

The branching fraction for each of the signal modes, i,
is calculated as:

Bi =
N i

obs � N i
bkg

✏i
sigNBB

, (2)

where NBB = 471 ⇥ 106 is the total number of BB pairs

FIG. 2: (color online) MLP output distribution for the three
signal channels combined. The B+ ! K+⌧+⌧� signal MC
distribution is shown (dashed) with arbitrary normalization.
The data (points) are overlaid on the expected combinatorial
(shaded) plus mES-peaking (solid) background contributions.

in the data sample, assuming equal production of B+B�

and B0B0 pairs in ⌥ (4S) decays, and N i
obs is the number

of data events passing the signal selection. The signal ef-
ficiency, ✏i

sig, and the background estimate, N i
bkg, are de-

termined for each mode from the signal and background
MC yields after all selection requirements.

For each mode, Nbkg consists of two components:
background events that have a properly reconstructed
Btag and thus produce a distribution in mES which
peaks at the B mass, and combinatorial background
events composed of continuum and BB events with mis-
reconstructed Btag candidates which do not produce a
peaking structure in the mES signal region. After the
MLP output requirement, peaking background events
comprise more than 92% of the total Nbkg for all three
modes. To reduce the dependence on MC simulation, the
combinatorial background is extrapolated directly from
the yield of data events in the mES “sideband” region
(5.20 < mES < 5.26 GeV/c2), after the full signal selec-
tion. Sideband data events are scaled to the correct nor-
malization of the combinatorial background in the mES

signal region.
The peaking background is determined using B+B�

background MC, while data in the final signal region
is kept blinded to avoid experimentalist bias. Because
of the large uncertainties on the branching fractions of
many of the Btag decay modes as well as their associ-
ated reconstruction e↵ects, there is a discrepancy in the
Btag yield of approximately 10% between MC and data,
independent of the signal selection. A Btag yield correc-
tion is therefore determined by calculating the ratio of
data to B+B� MC events after the sB requirement. The
data sample after this requirement contains a su�ciently
large background contribution after the sB requirement,
which consists mainly of B+B� events (> 96%) according
to MC simulation, to allow for a data-driven correction

5
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NP searches with leptons

Flavour changing neutral currents

e.g: s → dνν, b → sℓℓ

• Loop-level in SM, suppressed by 
GIM mechanism

• Rare decays, BR ~ 10-6 – 10-11

• Need to control theory errors

3

Tests of lepton flavor universality

• Ratios of BR with τ/µ, µ/e, τ/e 
in final state

• Can be tree-level or loop-level 
transition

• Almost free from theory 
uncertainties since lepton 
flavour is conserved in SM

Forbidden decays

• Lepton flavour violating

• Lepton number violating

• Baryon number violating

• Forbidden or very suppressed 
in SM,  BR~O(10-54)

• Observation is a clear sign of NP

ℓ+, ν

ℓ-, ν–

–

Can do these searches in different flavour sectors: strange, charm, beauty, tau, muon
Correlations between observables depends on NP type!

⌧± ! µ±� and 3.7% for ⌧± ! e±�. The uncertainties due to limited MC statistics and
particle identification are negligible compared to the other uncertainties described above.

Table 1. Systematic uncertainties (in %) considered in this analysis.

Source ⌧± ! µ±� ⌧± ! e±�

Track reconstruction efficiency 0.7 0.7
Photon reconstruction efficiency 2.0 2.0
Photon energy calibration 3.2 3.2
Integrated luminosity 1.4 1.4
Trigger efficiency 2.1 3.4
Background PDF modeling 3.3 3.7
Total 6.2 6.5

4 Result

Since no significant excess of the signal events is observed in data, the upper limits at
the 90% confidence level (CL) are evaluated using toy MC simulations. We generate toy
signal and background events based on their PDFs while fixing the number of background
events and varying the number of signal events (s̃). For every assumed s̃, 10,000 pseudo-
experiments are generated following Poisson statistics with the means s̃ and b̃ for signal
and background, respectively; the expected number of background events is used as b̃ and
the signal yield (sMC) is evaluated by the fit. In order to obtain the expected (observed)
upper limits on the branching fraction at 90% CL, the s̃ value that gives a 90% probability
for sMC larger than zero (signal events from the fit) is taken: s̃90. The likelihood defined
in Eq. (3.4) is convolved with a Gaussian function of width equal to the total systematic
uncertainty, so the sMC is smeared accordingly. The uncertainties inflate the upper limits
on the branching fraction by ⇠2-3%; this effect is not large and consistent with the past
results [5]. The expected upper limits on the branching fraction B(⌧± ! `±�) at 90% CL
is calculated as B(⌧± ! µ±�) < 4.9⇥ 10�8 and B(⌧± ! e±�) < 6.4⇥ 10�8. Our expected
limits are 1.5–1.7 times more stringent than those of BaBar [6].

The toy MC simulation provides an observed upper limit on signal at the 90% CL as
s̃90 = 2.8 (s̃90 = 3.0) events from the fit for ⌧± ! µ±� (⌧± ! e±�). The observed upper
limits on the branching fractions are

B(⌧± ! µ±�) <
s̃90

2✏N⌧⌧
= 4.2⇥ 10�8, (4.1)

B(⌧± ! e±�) <
s̃90

2✏N⌧⌧
= 5.6⇥ 10�8, (4.2)

where N⌧⌧ = (912 ± 14) ⇥ 106, and the signal efficiencies are ✏ = 3.7% and 2.9% for
⌧± ! µ±� and ⌧± ! e±�, respectively.

– 9 –

values is adopted as follows:

(Mbc � µMbc)
2

(2�Mbc)
2

+
(�E/

p
s� µ�E/

p
s)

2

(2��E/
p
s)

2
< 1.0, (2.6)

�Mbc = 0.5(�high
Mbc

+ �low
Mbc

),

��E/
p
s = 0.5(�high

�E/
p
s
+ �low

�E/
p
s).

Here, �high/low
Mbc

and �high/low
�E/

p
s

are the widths on the higher/lower side of the peak ob-
tained by fitting the signal distribution to an asymmetric Gaussian function. The es-
timated resolutions are �high/low

Mbc
= 11.08 ± 0.08/7.46 ± 0.23 MeV/c2 and �high/low

�E/
p
s

=

(5.6±0.4)/(4.2±0.2)⇥10�3 for ⌧± ! µ±� events, and �high/low
Mbc

= 11.55±0.27/10.59±0.19

MeV/c2 and �high/low
�E/

p
s

= (6.1 ± 0.7)/(4.4 ± 0.3) ⇥ 10�3 for ⌧± ! e±� events. The mean
values of the signal distributions are µMbc = 1.78 MeV/c2 and µ�E/

p
s = �0.6 ⇥ 10�3 for

⌧± ! µ±� events, and µMbc = 1.79 MeV/c2 and µ�E/
p
s = �1.0 ⇥ 10�3 for ⌧± ! e±�

events. The overall signal efficiency estimated using the above signal region is 3.7% for
⌧± ! µ±� and 2.9% for ⌧± ! e±�.
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(a) ⌧± ! µ±�
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(b) ⌧± ! e±�

Figure 3. Two-dimensional distributions of �E/
p
s vs. Mbc for (a) ⌧± ! µ±� and (b) ⌧± ! e±�

events. Black points are data, blue squares are ⌧± ! `±� signal MC events, and magenta ellipses

show the signal region used in this analysis (±2� region).

The most dominant background in the ⌧± ! µ±� (⌧± ! e±�) search arises from ⌧+⌧�

events decaying to ⌧± ! µ±⌫µ⌫⌧ (⌧± ! e±⌫e⌫⌧ ) with a photon coming from initial-state
radiation or beam background. The µ+µ�� and e+e�� events are subdominant, with their
contributions falling below 5%. Other backgrounds such as two-photon and qq̄ are negligible
in the signal region.

– 6 –

PTEP 2019 (2019) 12, 123C01

• New phenomena coupling to τs can be probed 
directly via ee→ττ. 

• Good near term prospects for exotic searches, e.g. 
τ→l α (invisible), and τ decay LFUV (need to push 
Lepton ID systematics).

Belle arXiv:2103.12994
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Charm: SL, Forbidden
• Belle II expects to have a program of 

leptonic & semileptonic measurements 
Ds→lν or D→νν using tag methods. 

• Many charm forbidden or suppressed 
modes: most competitive with di-electron 
(recent updates by BaBar).

22

Search for rare and forbidden decays of the D
0 meson by BABAR

Rare and forbidden D0 decays summary

from F. Wilson, Lake Louise, 2020
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13 Charm Physics

Table 123: The “golden channels” for charm physics.

Channel Observable Belle/BaBar Measurement Scaled

L [ab�1] Value 5 ab�1 50 ab�1

Leptonic Decays

D+
s ! `+⌫

µ+ events

0.913

492 ± 26 2.7k 27k

⌧+ events 2217 ± 83 12.1k 121k

fDs
2.5% 1.1% 0.34%

D+ ! `+⌫
µ+ events - - 125 1250

fD - - 6.4% 2.0%

Rare and Radiative Decays

D0 ! ⇢0 � ACP

0.943

+0.056 ± 0.152 ± 0.006 ±0.07 ±0.02

D0 ! � � ACP �0.094 ± 0.066 ± 0.001 ±0.03 ±0.01

D0 ! K⇤0 � ACP �0.003 ± 0.020 ± 0.000 ±0.01 ±0.003

Mixing and Indirect (time-dependent) CP Violation

D0 ! K+⇡� x02 (%)
0.976

0.009 ± 0.022 ±0.0075 ±0.0023

(no CPV ) y0 (%) 0.46 ± 0.34 ±0.11 ±0.035

(CPV allowed)
|q/p| World Avg. [230] 0.89 +0.08

�0.07 ±0.20 ±0.05

� (�) with LHCb �12.9 +9.9
�8.7 ±16� ±5.7�

D0 ! K+⇡�⇡0 x00
0.384

2.61 +0.57
�0.68 ± 0.39 - ±0.080

y00 �0.06 +0.55
�0.64 ± 0.34 - ±0.070

D0 ! K0
S⇡+⇡�

x (%)

0.921

0.56 ± 0.19 +0.04
�0.08

+0.06
�0.08 ±0.16 ±0.11

y (%) 0.30 ± 0.15 +0.04
�0.05

+0.03
�0.07 ±0.10 ±0.05

|q/p| 0.90 +0.16
�0.15

+0.05
�0.04

+0.06
�0.05 ±0.12 ±0.07

� (�) �6 ± 11 ± 3 +3
�4 ±8 ±4

Direct (time-integrated) CP Violation in %

D0 ! K+K� ACP 0.976 �0.32 ± 0.21 ± 0.09 ±0.10 ±0.03

D0 ! ⇡+⇡� ACP 0.976 +0.55 ± 0.36 ± 0.09 ±0.16 ±0.05

D0 ! ⇡0⇡0 ACP 0.966 �0.03 ± 0.64 ± 0.10 ±0.28 ±0.09

D0 ! K0
S ⇡0 ACP 0.966 �0.21 ± 0.16 ± 0.07 ±0.08 ±0.02

D0 ! K0
S K0

S ACP 0.921 �0.02 ± 1.53 ± 0.17 ±0.66 ±0.23

D0 ! K0
S ⌘ ACP 0.791 +0.54 ± 0.51 ± 0.16 ±0.21 ±0.07

D0 ! K0
S ⌘0 ACP 0.791 +0.98 ± 0.67 ± 0.14 ±0.27 ±0.09

D0 ! ⇡+⇡�⇡0 ACP 0.532 +0.43 ± 1.30 ±0.42 ±0.13

D0 ! K+⇡�⇡0 ACP 0.281 �0.60 ± 5.30 ±1.26 ±0.40

D0 ! K+⇡�⇡+⇡� ACP 0.281 �1.80 ± 4.40 ±1.04 ±0.33

D+ ! �⇡+ ACP 0.955 +0.51 ± 0.28 ± 0.05 ±0.12 ±0.04

D+ ! ⇡+⇡0 ACP 0.921 +2.31 ± 1.24 ± 0.23 ±0.54 ±0.17

D+ ! ⌘⇡+ ACP 0.791 +1.74 ± 1.13 ± 0.19 ±0.46 ±0.14

D+ ! ⌘0⇡+ ACP 0.791 �0.12 ± 1.12 ± 0.17 ±0.45 ±0.14

D+ ! K0
S ⇡+ ACP 0.977 �0.36 ± 0.09 ± 0.07 ±0.05 ±0.02

D+ ! K0
S K+ ACP 0.977 �0.25 ± 0.28 ± 0.14 ±0.14 ±0.04

D+
s ! K0

S ⇡+ ACP 0.673 +5.45 ± 2.50 ± 0.33 ±0.93 ±0.29

D+
s ! K0

S K+ ACP 0.673 +0.12 ± 0.36 ± 0.22 ±0.15 ±0.05

429/688

Belle Phys. Rev. D 95, 011102(R) (2017) 

BaBar Phys. Rev. D 101 (2020) 112003 

Stat limited up to 50 ab-1 

Most competitive on Ds
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Roadmap
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2022: ~O(1) ab-1 (Belle). Long shutdown for 
PXD upgrade, 1→2  full layers.

2024/2025 5 ab-1 B2TiP Milestone 
PTEP 2019 (2019) 12, 123C01

2019: 10 fb-1

2021: ~300-400 fb-1 (December, Babar 500 fb-1)

2020: ~100 fb-1

2026 Possible second shutdown for high 
luminosity upgrades (SuperKEKB and Belle II)
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Belle II - LHCb Comparison
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Observable
Current 

Belle/
Babar

2019 
LHCb

Belle II  
(5 ab-1)

Belle II  
(50 ab-1)

LHCb  
(23 fb-1)

Belle II 
Upgrade  
(250 ab-1)

LHCb 
upgrade II 
(300 fb-1)

CKM precision, new physics in CP Violation
sin 2β/φ1 (B→ J/ψ KS) 0.03 0.04 0.012 0.005 0.011 0.002 0.003
γ/φ3 13º 5.4º 4.7º 1.5º 1.5º 0.4º 0.4º
α/φ2 4º – 2 0.6º – 0.3º –
|Vub| (Belle) or |Vub|/|Vcb| (LHCb) 4.5% 6% 2% 1% 3% <1% 1%
φs – 49 mrad – – 14 mrad – 4 mrad
SCP(B→η’ KS, gluonic penguin) 0.08 ○ 0.03 0.015 ○ 0.007 ○
ACP(B→KSπ0) 0.15 – 0.07 0.04 – 0.02 –
New physics in radiative & EW Penguins, LFUV
SCP(Bd→K* γ) 0.32 ○ 0.11 0.035 ○ 0.015 ○
R(B→K*l+l-) (1<q2<6 GeV2/c2) 0.24 0.1 0.09 0.03 0.03 0.01 0.01
R(B→D*τν) 6% 10% 3% 1.5% 3% <1% 1%
Br(B→τν), Br(B→K*νν) 24%, – – 9%, 25% 4%, 9% – 1.7%,  4% –
Br(Bd→µµ) – 90% – – 34% – 10%
Charm and τ 
ΔACP(KK-ππ) – 8.5×10-4 – 5.4×10-4 1.7×10-4 2×10-4 0.3×10-4

ACP(D→π+π0) 1.2% – 0.5% 0.2% – 0.1% –
Br(τ→e γ) <120×10-9 – <40×10-9 <12×10-9 – <5×10-9 –
Br(τ→µµµ) <21×10-9 <46×10-9 <3×10-9 <3×10-9 <16×10-9 <0.3×10-9 <5×10-9

Belle II  
Higher sensitivity to decays with 
photons and neutrinos (e.g. 
B→Kνν, µν), inclusive decays, 
time dependent CPV in Bd, τ 
physics. 

LHCb 
Higher production rates for ultra 
rare B, D, & K decays, access to all 
b-hadron flavours (e.g. Λb), high 
boost for fast Bs oscillations. 

Overlap in various key areas to 
verify discoveries. 

Upgrades  
Most key channels will be stats. 
limited (not theory or syst.). 
LHCb scheduled major upgrades 
during LS3 and LS4. 
Belle II formulating an upgrade 
program.

arXiv: 1808.08865 (Physics case for LHCb upgrade II), PTEP 2019 (2019) 12, 123C01 (Belle II Physics Book)
○ Possible in similar channels, lower precision
– Not competitive.
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Summary
• 210 fb-1 collected (most of it during Covid19 travel restrictions) 

• Selected highlights with up to 63 fb-1 of 2020 data shown (major updates for EPS-HEP). 

• The flavour physics (publication) program has started. 

• Semileptonic and leptonic channels are a major focus. 

• Looking for both high energy/mass scale NP and low mass “feeble” interactions. 

• Performance generally better than Belle on lepton ID, neutral/extra calorimeter energy, 
KL-ID, tracking at low momenta and B full-reconstruction (etc.). 

• Owing to better detector performance (VXD), use of more detector information (ECL 
waveform sampling), and better ML methods in particle reconstruction.  

• Excellent prospects for studies of missing particle channels.
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