
���	������
���������������
�������
��	��
������������������������



2023.3.30
S. Watanuki

Yonsei University



0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2cD

Average
 0.012± 0.025 ±R(D) = 0.358 

 0.008± 0.010 ±R(D*) = 0.285 
 = -0.29r

) = 32%2cP(

HFLAV

Prelim. 2022

s3

LHCb22

LHCb18

Belle17

Belle19

Belle15
BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
Prelim. 2022

Test of lepton flavor universality (LFU)

Ø We see anomalies in semi-leptonic B
decays

– !" ∗ ≡ $ %→" ∗ ''
$ %→" ∗ (( (1-loop)

– !) ∗ ≡ $ %→) ∗ *+
$ %→) ∗ ℓ+ (tree)

Search for lepton flavor violation (LFV)

Ø If lepton flavor universality is violated, 
lepton flavor is no longer guaranteed

– Leptoquark (LQ) model

– Extended gauge sector

Ø B factory is also powerful to search 
the LFV modes:

– -. → /.ℓ0ℓ1
– - 2/4

5 → ℓ0ℓ1
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!) 67 !)∗

Any combination
using (e, µ, t)

Cross-check is
still needed!!

89 ;̅
< <

=>

?.

LQ
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ØLFU tests at Belle
– ! → # ∗ %&/# ∗ ℓ& using semi-leptonic (SL) tag

– ! → )∗ℓ*ℓ+
– ! → )ℓ*ℓ+

ØLFV searches at Belle
– ! ,/-

. → %ℓ ℓ = 0, 2
– !* → )*%ℓ ℓ = 0, 2 using hadronic tag

S. Watanuki @DIS2023
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← New result!



Ø PRL124, 161803 (2020) 

Ø SL tag with ! → ℓ%̅% modes

Ø Measured by D+, D0, D*+ and D*0

Ø & ∗ () and & ∗ ℓ) are 
distinguished by BDT

– *+,--
. , visible energy

– cos 23,5 ∗ ℓ

Ø 2D fit on EECL vs BDT

S. Watanuki @DIS2023
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B+B-

& ∗

µ/e

n

6& ∗

t

n

µ/e

n
n

Tag side Signal side

= Extra energy in ECL

EECL

B
D

T

7 → & ∗ ()

7 → & ∗ ℓ)

Background

EECL BDT>0.9

https://link.aps.org/doi/10.1103/PhysRevLett.124.161803
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Looking forward the updates from Belle II
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Ø PRL.126.161801

Ø 711fb-1 (772x106 ! "!) collected by Belle detector.

Ø Reconstruct 4 decay modes:

– !# → %∗# → %#'(, %*('# ℓ#ℓ,

– !( → %∗( → %#',, %*('( ℓ#ℓ,

Ø Results in several q2 bin options, including high 
q2 region (up to 19 GeV2/c4).

µ modee mode

B+/B0 combined

B factory observables

• -./ ≡ 1.2345 − 78
5

• Δ1 ≡ 18 − 1.234

e mode can be measured
as clean as µ mode.

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.161801
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Ø RK* measured in Belle is all consistent 
with SM.

Ø This is the first result for !"∗$
measurement.

B+/B0 combined B+

B0

q2 (GeV2/c4) Comb. (B0/B+)

[0.045, 1.1] 0.52)*.+,-*.., ± 0.05
[1.1, 6] 0.96)*.+2-*.34 ± 0.11
[0.045, 19] 6. 78)*.93-*.9: ± 0.08
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Ø JHEP03(2021)105
Ø 3D fitting with Mbc, DE, and 

modified Neural Net output.
Ø Results are all consistent with SM.

B+/B0 combined

B+

B0

q2 (GeV2/c4) Comb. (B0/B+)

[1.0, 6.0] 1.03%&.'()&.'* ± 0.01
whole q2 ,. ,-%&../)&..0 ± 0.02

https://link.springer.com/article/10.1007/JHEP03(2021)105
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Ø arXiv:2301.10989

Ø U(5S) resonance data (121/fb) 
at Belle, SL tag

Ø Fit the c.m. momentum (p*) of 
the primary lepton

Ø ! "#$ → &±(∓ < +,. +×+$/,

Ø ! "#$ → &±0∓ < 1. 2×+$/,
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3#4

µ/e

n

t n
n

Tag side Signal side

5"#$ "#$

U(5S)
K+

KS

ℓ+

ℓ7

Use the p* for the fitLHCb ... ℬ B!" → τ±µ∓ < 3.4×10%&
PRL123,211801 (2019)

Preliminary Preliminary

S. Watanuki @DIS2023

https://arxiv.org/pdf/2301.10989.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.211801


Ø PRD 104, L091105 (2021 
November 29)

Ø U(4S) data (711/fb) with
hadronic tag
– Neural network package

Ø t recoil mass for signal search

Ø ! "# → %±'∓ < *. ,×*#./

Ø ! "# → %±0∓ < *. /×*#./
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B+B- t

µ/e

n
n

Tag side Signal side

µ/e
Hadronic

U(4S)

LHCb ... ℬ 2! → τ±µ∓ < 1.2×10$%
PRL123,211801 (2019)

S. Watanuki @DIS2023

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.L091105
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.211801
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t

K+

µ/e

B+B-

ROE
X

1. Tag side B is fully 
reconstructed by 
hadronic decays.

2. Primary charged tracks on signal side:
K+ and lepton (l=µ,e) are selected.

3. (condition)
Only 1 charged track (X=µ,e,p) with
opposite sign to the primary lepton.
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t+

K+

µ-/e-

B+

Opposite Sign channel (OSµ/e)

t-

K+

µ+/e+

B+

Same Sign channel (SSµ/e)
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K+

µ-/e-
D0

n
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X-

X+
n

n

n
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- -



D veto

Ø M(K+X-) for X=p (SS), or
M(K+µ-) for µ/p miss-ID (OSµ).

BB suppression

Ø BDT is trained using signal decay topology, 
neutral remnant, etc.

qq suppression

Ø Another BDT is trained with tag side decay 
topology.

S. Watanuki @DIS2023
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BR U.L. 
(90% CL)

! "#$#%&
×()*

! "#$&%#
×()*

! "#$#+&
×()*

! "#$&+#
×()*

Babar <2.8 <4.5 <1.5 <4.3
LHCb <3.9 - - -
Belle
(Preliminary) <0.59 <2.45 <1.51 <1.53

ØarXiv:2212.04128

Øt recoil mass is fitted to search the ,# → .#/±ℓ∓ .

ØBelle have provided the most stringent upper 

limit on 34 3# → "#$ℓ .

ØPaper submitted to PRL. BaBar ... PRD86,012004(2012)
LHCb ... JHEP06(2020)129

https://arxiv.org/pdf/2212.04128.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.012004
https://link.springer.com/article/10.1007/JHEP06(2020)129


ØB semi-leptonic we are seeing sign of Lepton flavor 
universality violation
– !" ∗ (tree) shows more than 3s anomaly from SM
– !$ ∗ (loop) is all consistent with SM

ØLFUV allows LFV, and vice versa
– So far, no significant peak have been found
– For B&/() → τ±ℓ∓, ℓ = 0 channels are the first or the most 

stringent UL could be set
– UL is early O(10-7) for 1∗20 and 13)20, O(10-9) for 1420

(LHCb)
– Belle provided results of 54 → 146ℓ, one of which 

reaches O(10-6) level (world best limit)
S. Watanuki @DIS2023
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The SLQ (PRD98,055003) predicts 
! " → $%& ∼ ( )*+, against -./.

PRD.98.115002

VLQ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.055003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.115002
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Ø JHEP03(2021)105

Ø 711fb-1 (772x106 ! "!) collected by Belle detector. 

Ø Both #$% and #$&' are measured.

Ø 3D fitting with Mbc, DE, and modified Neural Net output.

K+µ+µ-

K+e+e-

Mbc DE Neural Network output

Mbc DE

Signal enhanced distributions

Neural Network output

https://link.springer.com/article/10.1007/JHEP03(2021)105
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!"∗" #$ ∈ 0.1, 1.1 *+,$/./ (LHCb) 

!"∗" #$ ∈ 1.1, 6.0 *+,$/./ (LHCb+Belle) 

!"# #$ ∈ 0.1, 1.1 *+,$/./ (LHCb) 

!"# #$ ∈ 1.1, 6.0 *+,$/./ (LHCb) 

12 ∗

S. Watanuki @DIS2023
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Ø The uncertainty both stat. and syst. can be 
much reduced.
– A dominant source of systematics comes 

from imperfect lepton ID.

– After improve this, !! ∗ become statistical 
uncertainty dominated.

Ø Complementary study with LHCb can be 
performed at Belle II:
– Clean study in electron channel;

Angular study for # → %∗&'&(
– Inclusive study ()*ℓ'ℓ();

Measurement with small theoretical error

Nucl. Part. Phys. 46 023001

PTEP 2019 (2019) 12, 123C01

Current long-term plan
expects 50ab-1 in ~2031

https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de
https://academic.oup.com/ptep/article/2019/12/123C01/5685006


Øf
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Mode BR U.L. (90% CL)

B0→K*0µ+e- <1.2x10-7 (Belle)

B0→K*0µ-e+ <1.6x10-7 (Belle)

B0→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)

!" → $"%"&' !" → $"%'&" !( → $)(%±&∓

!( → $∗(%±&∓

JHEP03(2021)105

PRD98, 071101(R) (2018)

https://link.springer.com/article/10.1007/JHEP03(2021)105
https://link.aps.org/doi/10.1103/PhysRevD.98.071101
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My fitter showed
almost no bias! !

+ Linearity Check

! "# → %#&#'(
= *×,-(*
is assumed

signal
CBall+Gauss

background
2nd Chebyshev

+ Systematics (by real data)

S. Watanuki @DIS20232023/3/30

Additive
(#evts)

OSµ SSµ OSe SSe

PDF (fsig) 0.28 0.11 0.16 0.16

... ... ... ... ...

Total 0.30 0.14 0.18 0.20

Multiplicative

(%)
OSµ SSµ OSe SSe

BB sup. 10.6 12.7 10.0 12.6

qq sup. 8.8 9.2 8.6 6.6

... ... ... ... ...

Total 15.3 17.0 14.8 15.7

+ Fitting models



Ø The analysis was based on 
PHSP signal MC.

Ø We assumed an extreme NP
operators (blue) and 
efficiencies are weighted.
– See arXiv:1602.00881 and

PRD71,014015(2005) for 
detail. 

Ø This would provide more 
conservative results.
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Still under control

q2 distributions of

two cases signal MC

PHSP Extreme NP
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PHSP

Extreme NP

where Normalization factor is;

Ø Wave function ... 1602.00881

Ø Form factor ... hep-ph/0406232

https://arxiv.org/pdf/1602.00881.pdf
https://arxiv.org/pdf/hep-ph/0406232.pdf
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Now

LS1

LS2


