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BellePISA



• CLFV is a powerful probe of NP → observation is unambiguous sign of BSM.

Introduction
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• Muon experiments have placed 
extremely tight constraints on CLFV 
over the years → no discovery yet...


• Could CLFV be found in tau decays? 

• Also hinted by anomalies e.g. 

• Not as simple as muons - taus are short 

lived, you cannot form a tau beam.


• Historically done at  colliders.
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Talk outline
• SuperKEKB and Belle II


• CLFV and precision measurements with  leptons


• LFU in charged currents ( )


• LFU in neutral currents ( )

τ
B → Xℓν

B → K(*)ℓℓ
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• Major upgrade to KEKB with unprecedented 
design luminosity (6x1035 cm-2 s-1).


• x30 of KEKB with higher beam current 
and new nano-beam collision scheme 
(aiming for ~50 nm beam spot).

• B-Factory colliding   at   = 10.58 GeVe+e− → Υ(4S) → BB̄ s

SuperKEKB at KEK, Tsukuba
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σ(e⁺e⁻→ϒ(4S)) 1.05 nb

σ(e⁺e⁻→τ⁺τ⁻) 0.92 nb

σ(e⁺e⁻→cc)̅ 1.33 nb

• Provides large, relatively clean samples of B-mesons, D-mesons and τ-leptons.
FIG. 2: Schematic view of Belle-II beam crossing at the interaction region. The spread of the

z vertex distribution can be estimated as �z =

p
✏x�⇤

xp
2�x

where for Belle-II optics in phase 2 the

horizontal emittance ✏x = 4 ⇥ 10�6 mm, �⇤
x = 200 mm, and the crossing angle �x = 41 mrad

leading to expected �z = 0.049 cm.
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FIG. 1: Schematic view of Belle-I beam crossing at the interaction region. The spread of the

z vertex distribution can be estimated as �z =

p
✏x�⇤

xp
2�x

where for Belle-I optics the horizontal

emittance ✏x = 20 ⇥ 10�6 mm, �⇤
x = 1200 mm, and the crossing angle �x = 11 mrad leading to

expected �z = 1 cm.
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Particle	Identification		
K/π-ID:	π	fake	rate	1.8%		
at	𝝐(K)=95%

EM	Calorimeter	
Energy	resolution	4%-1.6%	
e-ID:	π,K	fake	rate	1-0.01%	
at	𝝐=95%

Vertex	detector	
Vertex	resolution:	15	μm

Belle II detector
Belle II TDR, arXiv:1011.0352

e- (7 GeV)

e+ (4 GeV)

Central	Drift	Chamber	
Spatial	resolution:	100	μm	
dE/dx	resolution:	5%	
pT	resolution:	0.4%

KL	and	μ	detector		
μ-ID:	π,K	fake	rate	2-1%	
at	𝝐=95%• Successor of Belle with


→Upgraded sub-detectors 
and trigger 

→Improved vertex  
reconstruction


• Comparable performance 
in electron and muon 
reconstruction.


• Solid angle coverage >90%

→High hermeticity ideal for  

missing energy measurements

https://arxiv.org/abs/1011.0352


Belle II timeline
• Full detector operation started in 2019. 
• Achieved world record luminosity  

of 4.7x1034 cm-2 s-1 (June 8th, 2022)

• x2 Belle instantaneous luminosity

• Aiming one order higher 

• Collected 424 fb-1 before summer 2022. 
• 189 fb-1 used for the analyses shown here.


• Long Shutdown 1 (LS1) to replace PXD + detector maintenance 
and improvement → aiming to restart in winter 2023.


• LS1 dataset already matches BaBar (~500 fb-1) and challenges Belle (~1 ab-1) 
thanks to improved reconstruction performance.
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• B-factories are ideal for 
missing energy channels.


• Well known initial state: 



• Excellent control over 
invisible particles: 
missing energy/mass can 
be precisely determined. 

• Decay products are well 
separated along the  
event thrust:

E*τ = E*beam = s /2

The potential of 𝞽 measurements

7

ℓ

BelleBackground contamination 

8/12/15& C.&Cecchi& 6&

©
√&

©
√&

ℓ
h

h

⌫̄⌧

signal side

tag side

e+ e�
⌧

⌧

ν
"1-prong"

"3-prong"

| ⃗T | = max (∑
i

pi ⋅ ̂T
|pi | )

• Heaviest lepton and the 
only one that decays into 
hadrons.


• Numerous possible LFV and 
even LNV couplings:


•  (radiative)


•  (leptonic)


•  
(semileptonic)


• Many ways to test the SM.

τ → ℓγ

τ → ℓℓℓ

τ → ℓh(…)

π

π π
π

ν



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

� 10�8 at the 90% confidence level.

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

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

Projections for two illustrative scenarios of luminosity L = 5 ab�1 and 50 ab�1 for Belle
II are shown in Figure 2, and listed in the Table 1 in Section 6. The extrapolations are done
from the expected limits obtained at the Belle experiment, assuming similar e�ciencies of
the individual channels. The presence of irreducible backgrounds for ⌧� ! `�� decays is
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History of CLFV in the 𝞽 sector

8arXiv:2203.14919

Belle II Projections

• Progress in the CLFV search was 
mainly driven by Belle and BaBar.

 Limits approach the region  
 sensitive to NP.

• Belle II can probe this region with 
a few ab-1 - what about now?

Projections

Data

https://arxiv.org/abs/2203.14919


New searches: τ → ℓX
The pseudo rest frame (ps)

5/21/2019 EDUARD BURELO, BELLE II, TAU MEETING 2

• 𝐸𝜏 ≈
𝐸𝑐𝑚
2

• Direction of the W given by the opposite to the 3S direction

𝜏 → 𝑙  𝜈𝑙𝜈𝜏
𝜏 → 𝑙𝛼

𝑃3𝜋

-𝑃3𝜋
𝜏 𝜏

𝑙

𝛼

𝜃
𝜃𝑝𝑠

‣ Search for the two body decay !→e/µ+" where  
" is an unobserved particle (missing energy) 

‣ The tag is the three body SM decay !→3π# 

‣ The signal will manifest as a peak in the lepton momentum spectrum in the rest frame of the ! 

‣ However, we do not know the ! momentum. Approximated by assuming: 

→ "Pseudo-rest frame" built from the tag decay products

MPP Colloquium  |  3 Dec 2019  |  Francesco Tenchini !33

Search for !→$+" (invisible)

E⌧ ⇡ ECMS/2
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~p⌧ ⇡ ~p3⇡ =
P3

i=1 ~pi
<latexit sha1_base64="fRXUV3A0x7g/X/kDdFB1TdqoC9A=">AAACJnicbVDLSsNAFJ3UV62vqEs3wVZwVZJ2oZtC0Y3LCvYBTQ2T6aQdOkmGeRRLyNe48VfcuKiIuPNTnLZRtPXAhcM593LvPT6jREjb/jBya+sbm1v57cLO7t7+gXl41BKx4gg3UUxj3vGhwJREuCmJpLjDOIahT3HbH13P/PYYc0Hi6E5OGO6FcBCRgCAoteSZtZI7xihhqZe4EqrUhYzx+OFHrLqMpDVXqNBLSM1J75Nq+m2SkmcW7bI9h7VKnIwUQYaGZ07dfoxUiCOJKBSi69hM9hLIJUEUpwVXCcwgGsEB7moawRCLXjJ/M7XOtNK3gpjriqQ1V39PJDAUYhL6ujOEciiWvZn4n9dVMrjsJSRiSuIILRYFiloytmaZWX3CMZJ0oglEnOhbLTSEHCKpky3oEJzll1dJq1J27LJzWynWr7I48uAEnIJz4IALUAc3oAGaAIFH8Aym4NV4Ml6MN+N90Zozsplj8AfG5xdOp6d4</latexit><latexit sha1_base64="fRXUV3A0x7g/X/kDdFB1TdqoC9A=">AAACJnicbVDLSsNAFJ3UV62vqEs3wVZwVZJ2oZtC0Y3LCvYBTQ2T6aQdOkmGeRRLyNe48VfcuKiIuPNTnLZRtPXAhcM593LvPT6jREjb/jBya+sbm1v57cLO7t7+gXl41BKx4gg3UUxj3vGhwJREuCmJpLjDOIahT3HbH13P/PYYc0Hi6E5OGO6FcBCRgCAoteSZtZI7xihhqZe4EqrUhYzx+OFHrLqMpDVXqNBLSM1J75Nq+m2SkmcW7bI9h7VKnIwUQYaGZ07dfoxUiCOJKBSi69hM9hLIJUEUpwVXCcwgGsEB7moawRCLXjJ/M7XOtNK3gpjriqQ1V39PJDAUYhL6ujOEciiWvZn4n9dVMrjsJSRiSuIILRYFiloytmaZWX3CMZJ0oglEnOhbLTSEHCKpky3oEJzll1dJq1J27LJzWynWr7I48uAEnIJz4IALUAc3oAGaAIFH8Aym4NV4Ml6MN+N90Zozsplj8AfG5xdOp6d4</latexit><latexit sha1_base64="fRXUV3A0x7g/X/kDdFB1TdqoC9A=">AAACJnicbVDLSsNAFJ3UV62vqEs3wVZwVZJ2oZtC0Y3LCvYBTQ2T6aQdOkmGeRRLyNe48VfcuKiIuPNTnLZRtPXAhcM593LvPT6jREjb/jBya+sbm1v57cLO7t7+gXl41BKx4gg3UUxj3vGhwJREuCmJpLjDOIahT3HbH13P/PYYc0Hi6E5OGO6FcBCRgCAoteSZtZI7xihhqZe4EqrUhYzx+OFHrLqMpDVXqNBLSM1J75Nq+m2SkmcW7bI9h7VKnIwUQYaGZ07dfoxUiCOJKBSi69hM9hLIJUEUpwVXCcwgGsEB7moawRCLXjJ/M7XOtNK3gpjriqQ1V39PJDAUYhL6ujOEciiWvZn4n9dVMrjsJSRiSuIILRYFiloytmaZWX3CMZJ0oglEnOhbLTSEHCKpky3oEJzll1dJq1J27LJzWynWr7I48uAEnIJz4IALUAc3oAGaAIFH8Aym4NV4Ml6MN+N90Zozsplj8AfG5xdOp6d4</latexit><latexit sha1_base64="fRXUV3A0x7g/X/kDdFB1TdqoC9A=">AAACJnicbVDLSsNAFJ3UV62vqEs3wVZwVZJ2oZtC0Y3LCvYBTQ2T6aQdOkmGeRRLyNe48VfcuKiIuPNTnLZRtPXAhcM593LvPT6jREjb/jBya+sbm1v57cLO7t7+gXl41BKx4gg3UUxj3vGhwJREuCmJpLjDOIahT3HbH13P/PYYc0Hi6E5OGO6FcBCRgCAoteSZtZI7xihhqZe4EqrUhYzx+OFHrLqMpDVXqNBLSM1J75Nq+m2SkmcW7bI9h7VKnIwUQYaGZ07dfoxUiCOJKBSi69hM9hLIJUEUpwVXCcwgGsEB7moawRCLXjJ/M7XOtNK3gpjriqQ1V39PJDAUYhL6ujOEciiWvZn4n9dVMrjsJSRiSuIILRYFiloytmaZWX3CMZJ0oglEnOhbLTSEHCKpky3oEJzll1dJq1J27LJzWynWr7I48uAEnIJz4IALUAc3oAGaAIFH8Aym4NV4Ml6MN+N90Zozsplj8AfG5xdOp6d4</latexit>

π
⌧tag

<latexit sha1_base64="RMm5raAS/qNw6Yya13wjGg8drII=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVgRpf9wtlf2KNwX5m5RPXt3jWwCodUtvQS9hmeIxMkmNafteip2cahRM8rEbZIanlA1pn7ctjanippNPU4/JnlV6JEq0nRjJVP16kVNlzEiFdlNRHJif3kT8zWtnGB11chGnGfKYzR5FmSSYkEkFpCc0ZyhHllCmhc1K2IBqytAW5f6vhMZBxfcq/oVXrp7CDEXYgV3YBx8OoQrnUIM6MNBwBw/w6Nw4986T8zxbLTifN9vwDc7LBxw5lGY=</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="OHg8lUQRtjoa4kmwIEXzR3QafqM=">AAAB9XicjVDLSgNBEJz1GeMr6tHLYBA8hV0vegx68RjBPCC7ht7JbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxGC5FJo3UaDkncxwULHk7Xh0OfXbd9xYkeobHGc8UjDQIhEM0Em3IULeK0KjKMJg0qtUg5o/A/2bVMkCjV7lPeynLFdcI5NgbTfwM4wKMCiY5JNymFueARvBgHcd1aC4jYpZ6gk9dkqfJqlxo5HO1K8XBShrxyp2mwpwaH96U/E3r5tjch4VQmc5cs3mj5JcUkzptALaF4YzlGNHgBnhslI2BAMMXVHl/5XQOq0Ffi249qv1i0UdJXJIjsgJCcgZqZMr0iBNwoghD+SJPHv33qP34r3OV5e8xc0B+Qbv7ROs8pKZ</latexit>

e+
<latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit>

e�
<latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit>

⌧sig
<latexit sha1_base64="1S+hVzrQrXJlUYWQrUuJCCLUBfw=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVsSI/rhbKvsVbwryNymfvLrHtwBQ65begl7CMsVjZJIa0/a9FDs51SiY5GM3yAxPKRvSPm9bGlPFTSefph6TPav0SJRoOzGSqfr1IqfKmJEK7aaiODA/vYn4m9fOMDrq5CJOM+Qxmz2KMkkwIZMKSE9ozlCOLKFMC5uVsAHVlKEtyv1fCY2Diu9V/AuvXD2FGYqwA7uwDz4cQhXOoQZ1YKDhDh7g0blx7p0n53m2WnA+b7bhG5yXDybilG0=</latexit><latexit sha1_base64="a6K9IdUcn6ENn/TY2hGeNk0M7k4=">AAAB9XicjVC7SgNBFL3rM66vqKXNYBCswq6NNmLQxjKCeUA2htnJbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzpIZLoXgNBUreTDWncSh5Ixycjv3GFddGJOoChylvx7SnRCQYRStdBkizTh7omBjRG3WKJb/sTUD+JqXjF/cofXhzq53ia9BNWBZzhUxSY1q+l2I7pxoFk3zkBpnhKWUD2uMtSxWNuWnnk9QjsmuVLokSbUchmahfL3IaGzOMQ7sZU+ybn95Y/M1rZRgdtnOh0gy5YtNHUSYJJmRcAekKzRnKoSWUaWGzEtanmjK0Rbn/K6G+X/a9sn/ulSonMEUBtmEH9sCHA6jAGVShBgw03MAd3DvXzq3z6DxNV2ecz5st+Abn+QMYcZXh</latexit><latexit sha1_base64="a6K9IdUcn6ENn/TY2hGeNk0M7k4=">AAAB9XicjVC7SgNBFL3rM66vqKXNYBCswq6NNmLQxjKCeUA2htnJbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzpIZLoXgNBUreTDWncSh5Ixycjv3GFddGJOoChylvx7SnRCQYRStdBkizTh7omBjRG3WKJb/sTUD+JqXjF/cofXhzq53ia9BNWBZzhUxSY1q+l2I7pxoFk3zkBpnhKWUD2uMtSxWNuWnnk9QjsmuVLokSbUchmahfL3IaGzOMQ7sZU+ybn95Y/M1rZRgdtnOh0gy5YtNHUSYJJmRcAekKzRnKoSWUaWGzEtanmjK0Rbn/K6G+X/a9sn/ulSonMEUBtmEH9sCHA6jAGVShBgw03MAd3DvXzq3z6DxNV2ecz5st+Abn+QMYcZXh</latexit><latexit sha1_base64="ne5HGLWYmne5eDeX6OlF2vwPfn4=">AAAB9XicjVDLSgNBEOz1GeMr6tHLYBA8hV0vegx68RjBPCC7htnJbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxNRyKTRvokDJO5nhVMWSt+PR5dRv33FjRapvcJzxSNGBFolgFJ10GyLNe0VoFLFiMOlVqkHNn4H8TaqwQKNXeQ/7KcsV18gktbYb+BlGBTUomOSTcphbnlE2ogPedVRTxW1UzFJPyLFT+iRJjRuNZKZ+vSiosnasYrepKA7tT28q/uZ1c0zOo0LoLEeu2fxRkkuCKZlWQPrCcIZy7AhlRrishA2poQxdUeX/ldA6rQV+Lbj2q/WLRR0lOIQjOIEAzqAOV9CAJjAw8ABP8Ozde4/ei/c6X13yFjcH8A3e2ye3m5Kg</latexit>

⌫⌧
<latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit>
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⌫̄e

µ�

⌫̄µ
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⌫̄⌧
<latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit>

π
π

⌧tag
<latexit sha1_base64="RMm5raAS/qNw6Yya13wjGg8drII=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVgRpf9wtlf2KNwX5m5RPXt3jWwCodUtvQS9hmeIxMkmNafteip2cahRM8rEbZIanlA1pn7ctjanippNPU4/JnlV6JEq0nRjJVP16kVNlzEiFdlNRHJif3kT8zWtnGB11chGnGfKYzR5FmSSYkEkFpCc0ZyhHllCmhc1K2IBqytAW5f6vhMZBxfcq/oVXrp7CDEXYgV3YBx8OoQrnUIM6MNBwBw/w6Nw4986T8zxbLTifN9vwDc7LBxw5lGY=</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="OHg8lUQRtjoa4kmwIEXzR3QafqM=">AAAB9XicjVDLSgNBEJz1GeMr6tHLYBA8hV0vegx68RjBPCC7ht7JbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxGC5FJo3UaDkncxwULHk7Xh0OfXbd9xYkeobHGc8UjDQIhEM0Em3IULeK0KjKMJg0qtUg5o/A/2bVMkCjV7lPeynLFdcI5NgbTfwM4wKMCiY5JNymFueARvBgHcd1aC4jYpZ6gk9dkqfJqlxo5HO1K8XBShrxyp2mwpwaH96U/E3r5tjch4VQmc5cs3mj5JcUkzptALaF4YzlGNHgBnhslI2BAMMXVHl/5XQOq0Ffi249qv1i0UdJXJIjsgJCcgZqZMr0iBNwoghD+SJPHv33qP34r3OV5e8xc0B+Qbv7ROs8pKZ</latexit>

µ�e�

↵
<latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit>
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Belle II
∫ -1dt = 62.8 fbL
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63 fb−1

τ → eX

̂pτ ≈ − ̂p3π , Eτ ≈ s /2
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Belle II
∫ -1dt = 62.8 fbL

τ → eXbump hunt

• Invisible LFV particles (" " or " ") can emerge 
  

from NP models e.g. light ALP: 


• Approximate the  rest frame using :


• Bump search over the  spectrum.


• Ratio  allows partial 
cancellation of systematics (mainly lepton ID).


• Most stringent limit, 2.2-14 better than previous.

X α

τ τ → 3πν

τ → ℓν̄ν

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

� 10�8 at the 90% confidence level.

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

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

Projections for two illustrative scenarios of luminosity L = 5 ab�1 and 50 ab�1 for Belle
II are shown in Figure 2, and listed in the Table 1 in Section 6. The extrapolations are done
from the expected limits obtained at the Belle experiment, assuming similar e�ciencies of
the individual channels. The presence of irreducible backgrounds for ⌧� ! `�� decays is
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Table 3. Final selection efficiencies and yields on data and simulation for specific regions of the (M⌧ ,

�E⌧ ) plane: the signal regions (SR) and the reduced sidebands (RSB) for both channels. The expected

data yield in the SR Nexp is the product of the yield Ndata observed in the RSB and the MC background

ratio rMC. The final observed yields in the data SR are also reported in the last row. Statistical (stat)

and systematic (syst) uncertainties are omitted wherever negligible.

Quantity Region Mode
e� µ�

Signal
efficiency "`�

SR (6.1 ± 0.9 (syst))% (6.5 ± 0.6 (syst))%

rMC SR / RSB 0.23+0.16
�0.10 (stat) 0.12+0.07

�0.04 (stat)

Ndata RSB 1.0+2.3
�0.8 (stat) 3.0+2.9

�1.6 (stat)
Nexp SR 0.23+0.55

�0.21 (stat) 0.36+0.39
�0.23 (stat)

Nobs SR 2.0+2.6
�1.3 (stat) 0.0+1.8

�0.0 (stat)
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Figure 4. Scatter plots of �E⌧ vs M⌧ for simulated SM background and data in the ⌧� ! e�� (left) and

⌧� ! µ�� (right) channels, after all selections. The red squares represent the signal regions (SR), while

the green lines delineate the ±3� (e�) or ±2� (µ�) �E⌧ band (RSB) used for estimating the expected

number of events in the SR. The RSB region is the area outside the red box and inside the green solid

lines.

6 Upper limit computation

The 90% confidence level (C.L.) upper limits on the ⌧� ! `�� branching fractions are computed
as

BUL(⌧ ! `�) =
s

L ⇥ 2�⌧⌧ ⇥ "`�
, (3)

where s is the corresponding 90% C.L. upper limit on Nobs � Nexp, the difference between
the observed and expected data yields. The other inputs to Equation 3 are the integrated
luminosity L = 190 ± 1 fb�1 of the analyzed data sample; the ⌧ -pair production cross section
�⌧⌧ = 0.919± 0.003 nb and the signal efficiency "`�. The selection of a specific final state for the
� candidate reconstructed as � ! K+K� is already included in the total signal efficiency "`�, as
the simulated samples allow for any possible known decays of the �. Therefore no normalization
to B(� ! K+K�) is needed in Equation 3.
We estimate upper limits with the CLs [12, 13] method in a frequentist approach implemented

10

10

0 2 4

Upper limit on B(⌧ ! e�)

0.00

0.25

0.50

0.75

1.00

C
L

s

Belle II (Preliminary)�
Ldt = 190 fb�1

⇥10�7

CLs,obs

CLs,exp

±2� CLs,exp

±1� CLs,exp

� = 10%

0 2 4

Upper limit on B(⌧ ! µ�)

0.00

0.25

0.50

0.75

1.00

C
L

s

Belle II (Preliminary)�
Ldt = 190 fb�1

⇥10�7

CLs,obs

CLs,exp

±2� CLs,exp

±1� CLs,exp

� = 10%

Figure 5. Observed (solid black curve) and expected (dashed black curve) CLs as a function of the

assumed branching fractions of ⌧� ! e�� (top) and ⌧� ! µ�� (bottom). The red lines correspond to

the 90% C.L.s
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  ℬ(τ → μϕ) < 9.7 × 10−8 @90% C.L.

τ → μϕ

• Channel favored by models with e.g. vector leptoquarks.


• Improve Belle efficiency x2 by not reconstructing the other : ε=6.5%(μ)/6.1%(e) 

• Reconstruct , suppress background with BDT instead.

• Poisson counting in signal region (SR), expected background from reduced 

sidebands (RSB) in data, scaled with simulations.

τ
τ → ℓϕ( → K+K−)

https://arxiv.org/abs/2305.04759


• Precision test of SM properties, important 
input for LFU tests.


• Reconstruct events into four tracks with 
 and 


• Access mτ with pseudo-mass technique:


• Fit endpoint with empirical function 
incorporating smearing from ISR and 
detector resolution effects.

τtag → ℓνν̄, π(π0)ν τsig → 3πν
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Figure 4. Distribution of the pseudomass for e+e� ! ⌧+⌧� process with subsequent 3-prong

(⌧+ ! ⇡+⇡�⇡+⌫̄⌧ ) and 1-prong (⌧� ! `�⌫̄`⌫⌧ , ⌧� ! h�⌫⌧ or ⌧� ! ⇡�⇡0⌫⌧ ) decays in the

entire range (up), and in the range 1.70 to 1.85 GeV/c2 (bottom). The description of the plot is

the same as that of Fig. 2.

• Momentum shift due to the B-field map: The leading source of uncertainty
for this measurement comes from a momentum scale factor of 0.056+0.051

�0.042% that
is introduced to compensate for the imperfections of the magnetic-field map used
during the reprocessing of data. The scale factor is measured according to an
observed shift in the invariant mass of D0 in data vs the PDG [13] value. The
central value for the scale factor is used to correct the momenta of the tracks in
data, and the average of the impact due to the up and down variations is used in
Monte Carlo to estimate the associated systematic uncertainty of 0.29 MeV/c2.
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E. Wang , M.-Z. Wang , Z. Wang , A. Warburton , M. Watanabe , S. Watanuki , M. Welsch , C. Wessel ,
E. Won , X. P. Xu , B. D. Yabsley , S. Yamada , W. Yan , S. B. Yang , J. H. Yin , K. Yoshihara ,

C. Z. Yuan , Y. Yusa , L. Zani , V. Zhilich , J. S. Zhou , Q. D. Zhou , V. I. Zhukova , and R. Žlebč́ık

(The Belle II Collaboration)

We present a measurement of the ⌧ -lepton mass using a sample of about 175 million e+e� ! ⌧+⌧�

events collected with the Belle II detector at the SuperKEKB e+e� collider at a center-of-mass
energy of 10.579GeV. This sample corresponds to an integrated luminosity of 190 fb�1. We use the
kinematic edge of the ⌧ pseudomass distribution in the decay ⌧� ! ⇡�⇡+⇡�⌫⌧ and measure the ⌧
mass to be 1777.09 ± 0.08 ± 0.11MeV/c2, where the first uncertainty is statistical and the second
systematic. This result is the most precise to date.

The ⌧ -lepton mass, m⌧ , is one of the fundamental pa-
rameters of the standard model. An experimental de-
termination of m⌧ with the lowest possible uncertainty
has important consequences for tests of lepton-flavor-
universality between ⌧ and lighter leptons where the ⌧
mass enters to the fifth power [1] . Precise knowledge
of m⌧ is also important for the predictions of leptonic
and hadronic branching fractions of the ⌧ [2] and the de-
termination of the strong-interaction coupling ↵s at the
⌧ -mass scale [3, 4].

The most precise measurements of the ⌧ mass currently
available are reported in Table I. The BES [5], KEDR [6],
and BES III [7] collaborations measured the ⌧ mass by
analyzing the e+e� ! ⌧+⌧� cross-section near the ⌧+⌧�

production threshold. The Belle [8] and BaBar [9] mea-
surements use the pseudomass endpoint method [10] at
a center-of-mass energy near the ⌥(4S) mass. The high-
est precision to date has been achieved by the BES III
collaboration. While the statistical and systematic un-
certainties for the BES III measurement are of similar
size, the precision of the Belle and BaBar measurements
is limited by systematic uncertainties. For both experi-
ments the largest systematic uncertainties arose from the
knowledge of the beam energy and the momentum recon-
struction of the ⌧ -decay products.

Experiment m⌧ [MeV/c2 ]

BES [5] 1776.96 + 0.18
� 0.21

+ 0.25
� 0.17

KEDR [6] 1776.80 + 0.25
� 0.23 ± 0.15

BES III [7] 1776.91± 0.12 + 0.10
� 0.13

Belle [8] 1776.61± 0.13± 0.35
BaBar [9] 1776.68± 0.12± 0.41

Table I: Summary of most precise measurements of the ⌧ mass
to date.

In this paper, we report a measurement of m⌧ us-
ing a sample of about 175 million e+e� ! ⌧+⌧�

events recorded with the Belle II detector [11] at the
asymmetric-energy e+e� SuperKEKB collider [12]. The
data, collected between March 2019 and July 2021 near
the nominal center-of-mass energy of

p
s = 10.579GeV,

correspond to an integrated luminosity of 190 fb�1.
We determine m⌧ from the hadronic decays ⌧� !
⇡�⇡+⇡�⌫⌧ using the pseudomass endpoint method.
Charge-conjugate modes are implied throughout. As-

suming zero mass for the neutrino, the ⌧ mass is given
by

m⌧ =
q

M2
3⇡ + 2(E⇤

⌧ � E⇤
3⇡)(E

⇤
3⇡ � p⇤3⇡ cos↵

⇤). (1)

Here, and throughout the paper, quantities in the e+e�

center-of-mass frame are indicated by the asterisk. The
mass, energy, and momentum of the three-pion system
are denoted by M3⇡, E⇤

3⇡, and p⇤3⇡, respectively. The
energy of the ⌧ is given by E⇤

⌧ ; ↵
⇤ is the angle between

the momenta of the three-pion system and the neutrino.
The energy E⇤

⌧ is half of the e+e� center-of-mass energyp
s/2 up to corrections from initial state radiation (ISR)

from the e± beams and final state radiation (FSR) from
the ⌧ and its decay products. The pseudomass Mmin is
defined by setting ↵⇤ equal to 0 and therefore minimizing
Eq. 1 as

Mmin =
q
M2

3⇡ + 2(
p
s/2� E⇤

3⇡)(E
⇤
3⇡ � p⇤3⇡)  m⌧ .

(2)
In the absence of ISR and FSR, and assuming a per-
fect measurement of the four-momentum of the three-
pion system, the Mmin distribution extends up to m⌧ ,
where it has a sharp edge. The momentum resolution of
the detector and the energy loss through radiation smear
the endpoint position and introduce a tail towards larger
Mmin values. However, as seen in Fig. 1, an edge remains
in the observed Mmin distribution and is used to measure
the ⌧ mass. One challenge is to precisely measure the in-
puts to Eq. 2, namely the e+e� center-of-mass energyp
s and the momenta of the ⌧ -decay products. Another

challenge is to develop an empirical model to describe
the Mmin distribution. Any inaccuracy in either directly
impacts the ⌧ -mass determination.

I. THE BELLE II DETECTOR AND
SIMULATION

The Belle II detector consists of several subdetectors
arranged in a cylindrical structure around the e+e� inter-
action point [11]. Charged-particle trajectories (tracks)
are reconstructed by a two-layer silicon-pixel detector,
surrounded by a four-layer double-sided silicon-strip de-
tector and a central drift chamber (CDC). Only 15% of

mτ

resolution 
effects

ISR
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the e+e� ! BB̄ sample is dominated by charged B
mesons, the weighted average of the two uncertainties
results in 0.24MeV/c2, assuming the uncertainties of the
B+ and B0 masses are fully correlated. In the experi-
mental data the B-meson energy spread has an average
value of 5.4MeV. A systematic uncertainty of 0.25MeV
is assigned to the measurement of �E⇤

B
based on simu-

lation. The impact of the various systematic uncertain-
ties on the ⌧ mass is added in quadrature and results in
0.07MeV/c2.

The computation of Mmin relies on the knowledge of
the boost vector of the center-of-mass frame. The boost
vector is measured in experimental data using a dimuon
sample. Its uncertainty is found to contribute negligibly
to the systematic uncertainty on the ⌧ mass.

B. Reconstruction of charged particles

Several sources of systematic uncertainty impact the
determination of the charged-particle momentum correc-
tions derived from the D0 ! K�⇡+ sample. Di↵erent
sources contribute to di↵erent cos ✓ regions. In partic-
ular, some residual dependence of the scale factors on
the transverse momentum pT is observed. This e↵ect is
included as a source of systematic uncertainty by mea-
suring the variation in the scale factors after splitting
the D0 ! K�⇡+ sample in pT at its median value of
1.3 GeV/c. The small deviation from the known value of
the D0 mass-peak observed in simulation is also included
as systematic uncertainty. Other important sources of
uncertainties include the modeling of the D0 mass peak,
the uncertainty of the known D0 mass, and a bias due to
di↵erences in the cos ✓ distributions of the charged parti-
cles in the ⌧� ! ⇡�⇡+⇡�⌫⌧ and D0 ! K�⇡+ samples.
As a consistency check, the scale factors are tested in
D+ ! K�⇡+⇡+, D0 ! K�⇡+⇡�⇡+, and J/ ! µ�µ+

decays. The D+, D0, and J/ peak positions match
the known values within the uncertainties, as shown in
Fig. 4 for the D±. Assuming that the individual system-
atic e↵ects are independent, the impact of the variations
of the momentum correction on the ⌧ mass are added in
quadrature, resulting in 0.06MeV/c2.

The correction of tracking misalignment uses cosmic-
ray tracks, and di-muon and hadronic collision-
events [38]. To estimate the impact of a residual mis-
alignment in the determination of m⌧ , various misalign-
ment configurations are used in the simulated data. The
maximum deviation with respect to the nominal config-
uration, 0.03MeV/c2, is assigned as the systematic un-
certainty due to the residual misalignment of the sub-
detectors.

C. Fit model

The uncertainty of the estimator bias directly prop-
agates to the precision of the ⌧ mass, resulting in an
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Figure 4: Deviation of the D± invariant-mass peak position
from the known value before (blue) and after (red) momen-
tum corrections as a function of the cosine of the kaon polar
angle ✓K . The vertical error bars on the blue points indicate
the statistical uncertainties in determining the peak position
while the vertical error bars on the red points indicate the
statistical and total uncertainties of the applied momentum
corrections.

uncertainty of 0.03MeV/c2. To test the independence of
the estimator bias on the ⌧ mass, an alternative assump-
tion of a linear dependence is used, which results in the
same bias. Thus no additional systematic uncertainty is
assigned.
The dependence of the result on the choice of the edge

parametrization is investigated by repeating the measure-
ment with alternative functions used previously by the
Belle and BaBar collaborations [8, 9]. The largest devi-
ation with respect to the main result is 0.02MeV/c2 and
is assigned as a systematic uncertainty.

D. Imperfections of the simulation

We study possible simulation mismodelings that might
lead to an incorrect estimation of the fit-bias correction.
Di↵erences between the properties of material used in the
simulation and those in the detector may have an impact
on the correction of the fit bias. Studies of the inter-
action of photons with the detector material indicate a
deficit of around 10% in the density of the beam-pipe in
simulation. The impact of this deficit is tested by in-
creasing by 10% the beam-pipe density in the simulation
of a signal sample corresponding to 4 ab�1. The statisti-
cal uncertainty of the di↵erence between the results using
the nominal simulation and the simulation with the mod-
ified material density is 0.03MeV/c2, which is seen to be
significantly larger than the actual di↵erence between the
two models. Hence, we assign the statistical precision of
the di↵erence as the uncertainty for this e↵ect.
The modeling of ISR and FSR as well as the kine-

matic properties of the ⌧ -decay products may be di↵er-
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approximately 92%.
Background from qq̄ production is suppressed by re-

jecting events containing neutral pions in the signal hemi-
sphere or more than one neutral pion in the tag hemi-
sphere. Events with photons of energy greater than
0.2GeV that are not used in neutral-pion reconstruc-
tion are also rejected. In order to suppress e+e�(�),
µ+µ�(�), `+`�`+`�, and e+e�h+h� events, which are
characterized by low-momentum charged particles, we
rank the three charged particles in the signal hemisphere
in decreasing order of transverse momenta and ensure
that their values exceed 0.6, 0.2, and 0.1GeV/c. We
further reject events from qq̄, e+e�(�), and e+e�(nh)
processes by restricting the thrust value and the vis-
ible center-of-mass energy of the event, E⇤

vis, that is
the sum of all reconstructed particles’ energies, to be
within ranges of [0.87,0.97] and [2.5, 9.0]GeV, respec-
tively. We remove most of the remaining background
with requirements on the magnitude of the missing mo-
mentum, 0.05 < p⇤miss < 3.5GeV/c, on its polar angle,
0.5 < ✓⇤miss < 2.7 rad, and on the square of the miss-
ing mass, 0 < M2

miss < 54GeV2/c4. The missing mo-
mentum is the di↵erence between the momenta of the
initial e+e� and that of all reconstructed particles in
the event, while the square of missing mass is defined
as M2

miss = (
p
s� E⇤

vis)
2 � (p⇤miss)

2.
After all requirements, we observe 583192 events in the

experimental data in the Mmin range [1.70, 1.85]GeV/c2.
The signal-reconstruction e�ciency in this region is 2.3%,
and the purity of the sample is 90%. Among the signal
events, around 56% are lepton tagged and the remaining
events are hadron tagged. The dominant backgrounds
are from the e+e� ! qq̄ processes (6.4%), followed by
e+e� ! ⌧+⌧� with decays other than ⌧� ! ⇡�⇡+⇡�⌫⌧
in the signal hemisphere (2.0%).

III. BEAM ENERGY

The computation of Mmin relies on the knowledge of
the e+e� center-of-mass energy. We exploit the fact that
the collision energy is just slightly above the kinematic-
production threshold for BB̄ pairs and measure the B-
meson energy, E⇤

B , using fully reconstructed neutral and
charged B-meson decays,

E⇤
B =

q
m2

B + (p⇤B)
2 ⇡ mB +

1

2mB
(p⇤B)

2. (3)

Here p⇤B and mB are the momentum and mass of the B
meson. A maximum-likelihood fit is performed to the E⇤

B
distribution to determine its peak position. The collision
energy

p
s is obtained from E⇤

B after correcting for the
e↵ect of ISR and by accounting for the energy depen-
dence of the e+e� ! BB̄ cross-section [33, 34] using the
following procedure.

We use a model where the center-of-mass energy of the
colliding particles is described by a Gaussian of width �p

s

about a mean value
p
s, where

p
s and �p

s vary slowly
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Figure 2: Corrected center-of-mass energy
p
s (solid) and

center-of-mass energy of BB̄ pair 2E⇤
B (dashed blue line) as

functions of data-taking time, expressed in terms of chrono-
logically ordered event numbers. The horizontal dashed line
represents the nominal center-of-mass energy,

p
snominal =

10.579GeV, and the vertical dashed lines indicate the start
of di↵erent data-taking periods. The 68.3% confidence level
band of

p
s is displayed as shaded area.

during data-taking. The e+e� ! BB̄ cross-section is
then given by

d2�

dx d
p
s0

= G(
p
s0�

p
s,�p

s)W (s0, x)�0(s
0(1�x)), (4)

where
p
s0 is the event-by-event center-of-mass energy,

x is the fraction of energy carried by the ISR pho-
ton [35], and G is the Gaussian distribution. The photon-
emission probability is described by the function W , and
�0 is the Born cross-section for e+e� ! BB̄ [34]. In
terms of these quantities, the B-meson energy is given
by E⇤

B = 1
2

p
s0(1� x). We use events simulated ac-

cording to Eq. 4 to establish a mapping between the
corrected quantities (

p
s,�p

s) and observed quantities
(E⇤

B ,�E⇤
B
). The inverse of this mapping is used to ob-

tain corrected values for the center-of-mass energy
p
s as

a function of data-taking time. The results are shown
in Fig. 2. During the 2019 and early 2020 data-taking
periods, the

p
s value is around 2MeV above the nomi-

nal value
p
snominal = 10.579GeV. It then drifts to lower

values where it stabilizes at around 6MeV below the nom-
inal value by the middle of the 2021 data-taking period.

IV. METHOD

To reduce experimenter’s bias, we validate the method
of the ⌧ -mass measurement and estimate the statistical
and systematic uncertainties before looking at the cen-
tral value of the result. The Mmin distribution around
the edge can be empirically described as a Heaviside
step function multiplied by second-order polynomials,

5

and convoluted with a double-Gaussian resolution func-
tion to account for the ISR, FSR, and detector resolution.
We approximate this function with the following expres-
sion:

F (Mmin) = 1� P3 · arctan
✓
Mmin � P1

P2

◆

+ P4(Mmin � P1) + P5(Mmin � P1)
2 . (5)

To determine the ⌧ mass, we perform an unbinned
maximum-likelihood fit [36] to the Mmin distribution in
the range [1.70, 1.85]GeV/c2 using Eq. 5. The parameter
P1 determines the edge position and therefore is an es-
timator of the ⌧ mass. The P2 parameter modifies the
slope of the threshold, while the rest of the parameters
describe the shape away from the edge. Fits to simulated
events in which the generated value of the ⌧ mass is varied
in the range [1772, 1782]MeV/c2, show that on average
P1 overestimates the ⌧ mass with a constant o↵set of
0.40± 0.03MeV/c2. This bias results from the empirical
parametrization of the Mmin distribution.

Figure 3 shows the Mmin distribution in the range
of [1.70, 1.85]GeV/c2 in data with the background pre-
dicted from simulation and the fit projection overlaid.
While the ⌧� ! ⇡�⇡+⇡�⌫⌧ events show a clear thresh-
old, the background processes are featureless around the
endpoint. Their contribution is described by the pa-
rameters P3, P4, and P5. The observed value P1 =
1777.49±0.08MeV/c2 is then corrected for the estimator
bias to obtain the measured ⌧ mass,

m⌧ = 1777.09± 0.08 MeV/c2, (6)

where the uncertainty is the statistical uncertainty of the
P1 parameter. The statistical precision of the result is
validated by generating simplified simulated experiments
based on Poisson statistics, as well as by re-sampling the
data based on bootstrapping techniques [37], and repeat-
ing the measurement on them.

V. SYSTEMATIC UNCERTAINTIES AND
CONSISTENCY CHECKS

The systematic uncertainties are grouped into cate-
gories associated with the knowledge of the colliding
beams, the reconstruction of the charged particles, the
fit model, and imperfections in the simulated data. Ta-
ble II summarizes the sources that contribute to the to-
tal uncertainty. The largest uncertainty arises from the
beam-energy correction, followed by the uncertainty on
the charged-particle momentum. The various systematic
uncertainties are added in quadrature, resulting in a total
systematic uncertainty of 0.11MeV/c2.

A. Knowledge of the colliding beams

The uncertainty on the
p
s measurement, as indicated

by the red band in Fig. 2, is on average around 0.75MeV
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Figure 3: Top: Spectrum of Mmin in experimental data (dots)
with fit result (solid blue line) and background contribution
(gray-filled area) overlaid. Bottom: Di↵erences between data
and fit result divided by the statistical uncertainties.

Source Uncertainty
[MeV/c2 ]

Knowledge of the colliding beams:
Beam-energy correction 0.07
Boost vector < 0.01

Reconstruction of charged particles:
Charged-particle momentum correction 0.06
Detector misalignment 0.03

Fit model:
Estimator bias 0.03
Choice of the fit function 0.02
Mass dependence of the bias < 0.01

Imperfections of the simulation:
Detector material density 0.03
Modeling of ISR, FSR and ⌧ decay 0.02
Neutral particle reconstruction e�ciency  0.01
Momentum resolution < 0.01
Tracking e�ciency correction < 0.01
Trigger e�ciency < 0.01
Background processes < 0.01

Total 0.11

Table II: Summary of systematic uncertainties in the ⌧ -mass
measurement.

and is dominated by systematic uncertainties. The es-
timation of

p
s from the B-meson energy relies on the

knowledge of the energy dependence of the e+e� ! BB̄
cross section, whose uncertainty is driven by the beam-
energy uncertainty of the BaBar measurement [33, 34].
An additional uncertainty originates from the uncertain-
ties in the average values of the charged (0.26MeV/c2)
and neutral (0.20MeV/c2) B-meson masses [32]. Since
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We present a measurement of the ⌧ -lepton mass using a sample of about 175 million e+e� ! ⌧+⌧�

events collected with the Belle II detector at the SuperKEKB e+e� collider at a center-of-mass
energy of 10.579GeV. This sample corresponds to an integrated luminosity of 190 fb�1. We use the
kinematic edge of the ⌧ pseudomass distribution in the decay ⌧� ! ⇡�⇡+⇡�⌫⌧ and measure the ⌧
mass to be 1777.09 ± 0.08 ± 0.11MeV/c2, where the first uncertainty is statistical and the second
systematic. This result is the most precise to date.

The ⌧ -lepton mass, m⌧ , is one of the fundamental pa-
rameters of the standard model. An experimental de-
termination of m⌧ with the lowest possible uncertainty
has important consequences for tests of lepton-flavor-
universality between ⌧ and lighter leptons where the ⌧
mass enters to the fifth power [1] . Precise knowledge
of m⌧ is also important for the predictions of leptonic
and hadronic branching fractions of the ⌧ [2] and the de-
termination of the strong-interaction coupling ↵s at the
⌧ -mass scale [3, 4].

The most precise measurements of the ⌧ mass currently
available are reported in Table I. The BES [5], KEDR [6],
and BES III [7] collaborations measured the ⌧ mass by
analyzing the e+e� ! ⌧+⌧� cross-section near the ⌧+⌧�

production threshold. The Belle [8] and BaBar [9] mea-
surements use the pseudomass endpoint method [10] at
a center-of-mass energy near the ⌥(4S) mass. The high-
est precision to date has been achieved by the BES III
collaboration. While the statistical and systematic un-
certainties for the BES III measurement are of similar
size, the precision of the Belle and BaBar measurements
is limited by systematic uncertainties. For both experi-
ments the largest systematic uncertainties arose from the
knowledge of the beam energy and the momentum recon-
struction of the ⌧ -decay products.

Experiment m⌧ [MeV/c2 ]

BES [5] 1776.96 + 0.18
� 0.21

+ 0.25
� 0.17

KEDR [6] 1776.80 + 0.25
� 0.23 ± 0.15

BES III [7] 1776.91± 0.12 + 0.10
� 0.13

Belle [8] 1776.61± 0.13± 0.35
BaBar [9] 1776.68± 0.12± 0.41

Table I: Summary of most precise measurements of the ⌧ mass
to date.

In this paper, we report a measurement of m⌧ us-
ing a sample of about 175 million e+e� ! ⌧+⌧�

events recorded with the Belle II detector [11] at the
asymmetric-energy e+e� SuperKEKB collider [12]. The
data, collected between March 2019 and July 2021 near
the nominal center-of-mass energy of

p
s = 10.579GeV,

correspond to an integrated luminosity of 190 fb�1.
We determine m⌧ from the hadronic decays ⌧� !
⇡�⇡+⇡�⌫⌧ using the pseudomass endpoint method.
Charge-conjugate modes are implied throughout. As-

suming zero mass for the neutrino, the ⌧ mass is given
by

m⌧ =
q

M2
3⇡ + 2(E⇤

⌧ � E⇤
3⇡)(E

⇤
3⇡ � p⇤3⇡ cos↵

⇤). (1)

Here, and throughout the paper, quantities in the e+e�

center-of-mass frame are indicated by the asterisk. The
mass, energy, and momentum of the three-pion system
are denoted by M3⇡, E⇤

3⇡, and p⇤3⇡, respectively. The
energy of the ⌧ is given by E⇤

⌧ ; ↵
⇤ is the angle between

the momenta of the three-pion system and the neutrino.
The energy E⇤

⌧ is half of the e+e� center-of-mass energyp
s/2 up to corrections from initial state radiation (ISR)

from the e± beams and final state radiation (FSR) from
the ⌧ and its decay products. The pseudomass Mmin is
defined by setting ↵⇤ equal to 0 and therefore minimizing
Eq. 1 as

Mmin =
q
M2

3⇡ + 2(
p
s/2� E⇤

3⇡)(E
⇤
3⇡ � p⇤3⇡)  m⌧ .

(2)
In the absence of ISR and FSR, and assuming a per-
fect measurement of the four-momentum of the three-
pion system, the Mmin distribution extends up to m⌧ ,
where it has a sharp edge. The momentum resolution of
the detector and the energy loss through radiation smear
the endpoint position and introduce a tail towards larger
Mmin values. However, as seen in Fig. 1, an edge remains
in the observed Mmin distribution and is used to measure
the ⌧ mass. One challenge is to precisely measure the in-
puts to Eq. 2, namely the e+e� center-of-mass energyp
s and the momenta of the ⌧ -decay products. Another

challenge is to develop an empirical model to describe
the Mmin distribution. Any inaccuracy in either directly
impacts the ⌧ -mass determination.

I. THE BELLE II DETECTOR AND
SIMULATION

The Belle II detector consists of several subdetectors
arranged in a cylindrical structure around the e+e� inter-
action point [11]. Charged-particle trajectories (tracks)
are reconstructed by a two-layer silicon-pixel detector,
surrounded by a four-layer double-sided silicon-strip de-
tector and a central drift chamber (CDC). Only 15% of
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and convoluted with a double-Gaussian resolution func-
tion to account for the ISR, FSR, and detector resolution.
We approximate this function with the following expres-
sion:

F (Mmin) = 1� P3 · arctan
✓
Mmin � P1

P2

◆

+ P4(Mmin � P1) + P5(Mmin � P1)
2 . (5)

To determine the ⌧ mass, we perform an unbinned
maximum-likelihood fit [36] to the Mmin distribution in
the range [1.70, 1.85]GeV/c2 using Eq. 5. The parameter
P1 determines the edge position and therefore is an es-
timator of the ⌧ mass. The P2 parameter modifies the
slope of the threshold, while the rest of the parameters
describe the shape away from the edge. Fits to simulated
events in which the generated value of the ⌧ mass is varied
in the range [1772, 1782]MeV/c2, show that on average
P1 overestimates the ⌧ mass with a constant o↵set of
0.40± 0.03MeV/c2. This bias results from the empirical
parametrization of the Mmin distribution.

Figure 3 shows the Mmin distribution in the range
of [1.70, 1.85]GeV/c2 in data with the background pre-
dicted from simulation and the fit projection overlaid.
While the ⌧� ! ⇡�⇡+⇡�⌫⌧ events show a clear thresh-
old, the background processes are featureless around the
endpoint. Their contribution is described by the pa-
rameters P3, P4, and P5. The observed value P1 =
1777.49±0.08MeV/c2 is then corrected for the estimator
bias to obtain the measured ⌧ mass,

m⌧ = 1777.09± 0.08 MeV/c2, (6)

where the uncertainty is the statistical uncertainty of the
P1 parameter. The statistical precision of the result is
validated by generating simplified simulated experiments
based on Poisson statistics, as well as by re-sampling the
data based on bootstrapping techniques [37], and repeat-
ing the measurement on them.

V. SYSTEMATIC UNCERTAINTIES AND
CONSISTENCY CHECKS

The systematic uncertainties are grouped into cate-
gories associated with the knowledge of the colliding
beams, the reconstruction of the charged particles, the
fit model, and imperfections in the simulated data. Ta-
ble II summarizes the sources that contribute to the to-
tal uncertainty. The largest uncertainty arises from the
beam-energy correction, followed by the uncertainty on
the charged-particle momentum. The various systematic
uncertainties are added in quadrature, resulting in a total
systematic uncertainty of 0.11MeV/c2.

A. Knowledge of the colliding beams

The uncertainty on the
p
s measurement, as indicated

by the red band in Fig. 2, is on average around 0.75MeV
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Figure 3: Top: Spectrum of Mmin in experimental data (dots)
with fit result (solid blue line) and background contribution
(gray-filled area) overlaid. Bottom: Di↵erences between data
and fit result divided by the statistical uncertainties.

Source Uncertainty
[MeV/c2 ]

Knowledge of the colliding beams:
Beam-energy correction 0.07
Boost vector < 0.01

Reconstruction of charged particles:
Charged-particle momentum correction 0.06
Detector misalignment 0.03

Fit model:
Estimator bias 0.03
Choice of the fit function 0.02
Mass dependence of the bias < 0.01

Imperfections of the simulation:
Detector material density 0.03
Modeling of ISR, FSR and ⌧ decay 0.02
Neutral particle reconstruction e�ciency  0.01
Momentum resolution < 0.01
Tracking e�ciency correction < 0.01
Trigger e�ciency < 0.01
Background processes < 0.01

Total 0.11

Table II: Summary of systematic uncertainties in the ⌧ -mass
measurement.

and is dominated by systematic uncertainties. The es-
timation of

p
s from the B-meson energy relies on the

knowledge of the energy dependence of the e+e� ! BB̄
cross section, whose uncertainty is driven by the beam-
energy uncertainty of the BaBar measurement [33, 34].
An additional uncertainty originates from the uncertain-
ties in the average values of the charged (0.26MeV/c2)
and neutral (0.20MeV/c2) B-meson masses [32]. Since

7

ent in simulated and experimental data. The simulated
Mmin distribution is weighted according to the observed
di↵erences between the experimental and simulated dis-
tributions in p⇤3⇡. The impact on the result is found to
be 0.02MeV/c2.

Systematic uncertainties due to the simulation mis-
modeling of photon and neutral-pion reconstruction,
transverse-momentum resolution, track-finding, trigger
e�ciencies, and background processes are found to be
below or equal to 0.01MeV/c2 each.

E. Consistency checks

We check the stability of the result throughout vari-
ous data-taking periods and observe no evidence for a
time dependence. To exclude a potential dependence
of the measured ⌧ mass on the kinematic properties of
the three-pion system or the ⌧ -decay products, we di-
vide the data into sub-regions of various kinematic vari-
ables. Specifically, we use the cosine of the polar angle
of the three-pion system and the individual pions, M3⇡

and p3⇡, and the momentum of the highest-momentum
decay product. We obtain consistent results, indicat-
ing no significant unaccounted-for systematic e↵ects. Fi-
nally, we explicitly test for a dependence of the mea-
surement on the modeling of the ⌧ decay. In the ver-
sion of the TAUOLA program used for the simulation of
⌧ decays [39] the modeling of the three-pion mass dis-
tribution in the ⌧� ! ⇡�⇡+⇡�⌫⌧ channel is based on
form factors from Ref. [40]. As an alternative we use a
sample simulated with form factors based on resonance
chiral-Lagrangian currents for the hadronic ⌧ decays [41–
44]. Using 6.6 ab�1 of simulated samples, the fit to the
generator-level Mmin distributions of ⌧ decays simulated
with the two models show negligible variation in the re-
sulting P1 values. The P1 values from fits to the re-
constructed distributions are in agreement within 1.7�.
Therefore no additional source of systematic uncertainty
is considered.

VI. SUMMARY

We measure the mass of the ⌧ lepton to be

m⌧ = 1777.09± 0.08± 0.11MeV/c2 (7)

using e+e� ! ⌧+⌧� data collected with the Belle II de-
tector at a center-of-mass energy of

p
s = 10.579GeV and

corresponding to an integrated luminosity of 190 fb�1.
The statistical uncertainty per unit sample size is smaller
compared to the previous results [8, 9] owing to the im-
proved event selection and momentum resolution of the
Belle II detector, which result in a steeper slope of the
Mmin distribution in the threshold region. The main
sources of systematic uncertainty arise from the knowl-
edge of the beam energy and from the uncertainty of

1776 1776.5 1777
]2c [MeV/τm

BES (1996)
-0.17
+0.25  -0.21

+0.181776.96  

BELLE (2007)
 0.35± 0.13 ±1776.61 

KEDR (2007)
 0.15± -0.23

+0.251776.81  

BaBar (2009)
 0.41± 0.12 ±1776.68 

BES III (2014)
-0.13
+0.10 0.12  ±1776.91 

Belle II Preliminary (2023)
 0.11± 0.08 ±1777.09 

PDG Average (2022)
 0.12±1776.86 

Figure 5: Summary of the most precise ⌧ -mass measure-
ments [5–9] compared with the result of this work. The ver-
tical gray band indicates the average value of previous mea-
surements [32]. The inner bars represent the statistical uncer-
tainties, while the outer bars indicate the total uncertainties.

the charged-particle momentum correction. As shown in
Fig. 5, our result is consistent with previous measure-
ments [5–9] and is the most precise to date.
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• SM expects lepton coupling to EW gauge bosons to be flavour-universal, but 
tensions exist: 





• Until December 2022, also in:





• The latter now essentially disappeared, 
though other tensions in  survive.

R(D(*)) =
ℬ(B → D(*)τντ)
ℬ(B → D(*)ℓνℓ)

RK(*) =
BF(B → K(*)μ+μ−)
BF(B → K(*)e+e−)

b → sℓℓ

LFU anomalies in B decays
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• The kinematics of a B decay with neutrinos can be precisely known through the use 
of tagging i.e. the complete reconstruction of the other B produced in the collision.


• Hadronic channels provide exact knowledge of kinematics - at the price of statistics.


• Full Event Interpretation using MVA:  
ε(B⁺/B⁰)=(0.5/0.3)% for hadronic tags (x2 of Belle!) 

B decay reconstruction: tagging
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FEI 3

multiplicity decay channels further complicate the re-
construction and require tight selection criteria.

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

To conclude, the FEI provides a hadronic and semilep-
tonic tag for B± and B0 mesons. This enables the mea-
surement of exclusive decays with several neutrinos and
inclusive decays. In both cases the FEI provides an ex-
plicit tag-side decay chain with an associated probabil-
ity.

2 Method

The FEI algorithm follows a hierarchical approach with
six stages, visualized in Figure 2. Final-state parti-
cle candidates are constructed using the reconstructed
tracks and clusters, and combined to intermediate par-
ticles until the final B candidates are formed. The prob-
ability of each candidate to be correct is estimated by
a multivariate classifier. A multivariate classifier maps
a set of input features (e.g. the four-momentum or the
vertex position) to a real-valued output, which can be
interpreted as a probability estimate. The multivariate
classifiers are constructed by optimizing a loss-function
(e.g. the mis-classification rate) on Monte Carlo simu-
lated ⌥(4S) events and are described later in detail.

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

2.1 Combination of Candidates

Charged final-state particle candidates are created from
tracks assuming different particle hypotheses. Neutral
final-state particle candidates are created from clus-
ters and displaced vertices constructed by oppositely
charged tracks. Each candidate can be correct (sig-
nal) or wrong (background). For instance, a track used

Tracks Displaced Vertices Neutral Clusters

⇡
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K
0
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⇡
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D
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⇤
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B
0

B
+

D
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D
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Ds

J/ 

K
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Fig. 2: Schematic overview of the FEI. The algorithm
operates on objects identified by the reconstruction
software of the Belle II detectors: charged tracks, neu-
tral clusters and displaced vertices. In six distinct
stages, these basics objects are interpreted as final-state
particles (e+, µ+, K+, ⇡+, K0

L, �) combined to form in-
termediate particles (J/ , ⇡0, K0

S, D, D⇤) and finally
form the tag-side B mesons.

to create a ⇡+ candidate can originate from a pion
traversing the detector (signal), from a kaon traversing
the detector (background) or originates from a random
combination of hits from beam-background (also back-
ground).

All candidates available at this stage are combined
to intermediate particle candidates in the subsequent
stages, until candidates for the desired B mesons are
created. Each intermediate particle has multiple possi-
ble decay channels, which can be used to create valid
candidates. For instance, a B� candidate can be created
by combining a D0 and a ⇡� candidate, or by combin-
ing a D0, a ⇡� and a ⇡0 candidate. The D0 candidate
could be created from a K� and a ⇡+, or from a K0

S

and a ⇡0.
The FEI reconstructs more than 100 explicit decay

channels, leading to O(10000) distinct decay chains.

2.2 Multivariate Classification

The FEI employs multivariate classifiers to estimate the
probability of each candidate to be correct, which can
be used to discriminate correctly identified candidates
from background. For each final-state particle and for
each decay channel of an intermediate particle, a mul-
tivariate classifier is trained which estimates the signal
probability that the candidate is correct. In order to
use all available information at each stage, a network

Comput Softw Big Sci 3, 6 (2019)
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NEW!

• Test light lepton LFU in five different angular observables:


      where


• Most uncertainties cancel in the difference 
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recoil parameter

Parameterisation of the decay

• Three form-factors as function of  parameterise 
the non-perturbative physics 
 




• Form factor parameterisations


• Boyd, Grinstein, Lebed (BGL)  
[Phys. Rev. D56, 6895 (1997)]: 
 

• Caprini, Lellouch, Neubert (CLN)  
 [Nucl. Phys. B530, 153 (1998)]:

w = vB ⋅ vD*

d4Γ
dwd cos θℓd cos θVdχ

∝ |Vcb |2 F2(w, cos θℓ, cos θV, χ)

8

Probe LFU independently from anomalies.
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• Extract signal from fits to  for each variable in 3 recoil ranges.


• First dedicated test of LFU using a full set of angular variables.


• Statistically limited: full LS1 analysis in progress.
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NEW!



Independent LFU test: R(Xe/μ)
arXiv:2301.08266

•  with hadronic tag.


• Binned fit on lepton momentum in the B frame.


• Backgrounds fixed from off-resonance data 
and sidebands, while  floats freely.                             


• Most precise measurement, in agreement w/SM:


• Systematically dominated by lepton ID


• Paves the way for 


•  cross-check, only possible at Belle II!

R(Xe/μ) =
ℬ(B → Xeν)
ℬ(B → Xμν)

Xℓν

R(Xτ/ℓ) = ℬ(Xτν)/ℬ(Xℓν)

R(D(*))

5

Figure 1: Same-charge control channel (left) and opposite-charge signal (right) spectra of the lepton momentum in
the Bsig rest frame, pB` , with the fit results overlaid. The background component mostly contains events with fake or
secondary leptons. The last bin contains overflow events. The hatched area shows the total statistical plus
systematic uncertainty, added in quadrature in each bin.

Table I: Statistical and systematic uncertainties on the
value of R(Xe/µ) from the most significant sources.

Source Uncertainty [%]

Sample size 0.9

Lepton identification 1.9

X ` ⌫ branching fractions 0.2

Xc ` ⌫ form factors 0.1

Total 2.1

of the two to be the uncertainty from that source. We
further validate these uncertainties by generating a large
number of test data sets obtained by modifying the simu-
lated data set, each corresponding to a specific systematic
variation, and observing the resulting variation in the ex-
tracted value of R(Xe/µ). The resulting uncertainties are
summarized in Table I. The largest uncertainty, of 1.9%,
is associated with the lepton-identification e�ciencies
and misidentification probabilities. In the R(Xe/µ) ratio,
branching-fraction and form-factor uncertainties largely
cancel, with residual uncertainties arising from coupling
between signal and background template shapes. Un-
certainties associated with track finding e�ciencies are
negligible.

We find an R(Xe/µ) value of

R(Xe/µ) = 1.007± 0.009 (stat)± 0.019 (syst), (2)

which agrees with a previous measurement from Belle
in exclusive B ! D⇤`⌫ decays [9]. In order to reduce
model dependence, we also provide a fiducial measure-
ment by recalculating Ngen

` of Eq. (1) in the restricted

phase space defined by selecting events with a generated
B-frame lepton momentum above 1.3 GeV/c, leading to
an overall scaling of R(Xe/µ) by 0.998. The result is

R(Xe/µ | pB` > 1.3 GeV/c) = 1.005± 0.009 (stat)

± 0.019 (syst).
(3)

In order to test the dependence of the result on the cho-
sen lower threshold on pB` , we measure R(Xe/µ) while
changing the nominal value of 1.3 GeV/c to 1.1, 1.2, and
1.4 GeV/c. The values are mutually consistent with a
p-value of 0.27, taking into account the correlations be-
tween uncertainties of the four measurements. Similarly,
the result is consistent between subsets of the full data
set when split by lepton charge, tag flavor, and by data-
taking period. We find that the bremsstrahlung recovery
procedure has negligible impact on the result. Further-
more, we check the impact on R(Xe/µ) of the modeling of
charmed D meson decays by varying the branching ratio
of each decay D ! K + anything within its uncertainty
as provided in Ref. [22] while fixing the total event nor-
malization. The e↵ect is negligible. No evidence for a
significant bias associated with the selection of a single
candidate in the case of multiple candidates as described
in Ref. [36] is observed.
Our result is the most precise branching fraction-

based test of electron-muon universality in semileptonic
B decays. The measurement in the full phase space,
Eq. 2, is consistent with the standard-model prediction
of 1.006± 0.001 [37].
This work, based on data collected using the Belle

II detector, which was built and commissioned prior to

5

Figure 1: Same-charge control channel (left) and opposite-charge signal (right) spectra of the lepton momentum in
the Bsig rest frame, pB` , with the fit results overlaid. The background component mostly contains events with fake or
secondary leptons. The last bin contains overflow events. The hatched area shows the total statistical plus
systematic uncertainty, added in quadrature in each bin.

Table I: Statistical and systematic uncertainties on the
value of R(Xe/µ) from the most significant sources.

Source Uncertainty [%]

Sample size 0.9

Lepton identification 1.9

X ` ⌫ branching fractions 0.2

Xc ` ⌫ form factors 0.1

Total 2.1

of the two to be the uncertainty from that source. We
further validate these uncertainties by generating a large
number of test data sets obtained by modifying the simu-
lated data set, each corresponding to a specific systematic
variation, and observing the resulting variation in the ex-
tracted value of R(Xe/µ). The resulting uncertainties are
summarized in Table I. The largest uncertainty, of 1.9%,
is associated with the lepton-identification e�ciencies
and misidentification probabilities. In the R(Xe/µ) ratio,
branching-fraction and form-factor uncertainties largely
cancel, with residual uncertainties arising from coupling
between signal and background template shapes. Un-
certainties associated with track finding e�ciencies are
negligible.

We find an R(Xe/µ) value of

R(Xe/µ) = 1.007± 0.009 (stat)± 0.019 (syst), (2)

which agrees with a previous measurement from Belle
in exclusive B ! D⇤`⌫ decays [9]. In order to reduce
model dependence, we also provide a fiducial measure-
ment by recalculating Ngen

` of Eq. (1) in the restricted

phase space defined by selecting events with a generated
B-frame lepton momentum above 1.3 GeV/c, leading to
an overall scaling of R(Xe/µ) by 0.998. The result is

R(Xe/µ | pB` > 1.3 GeV/c) = 1.005± 0.009 (stat)

± 0.019 (syst).
(3)

In order to test the dependence of the result on the cho-
sen lower threshold on pB` , we measure R(Xe/µ) while
changing the nominal value of 1.3 GeV/c to 1.1, 1.2, and
1.4 GeV/c. The values are mutually consistent with a
p-value of 0.27, taking into account the correlations be-
tween uncertainties of the four measurements. Similarly,
the result is consistent between subsets of the full data
set when split by lepton charge, tag flavor, and by data-
taking period. We find that the bremsstrahlung recovery
procedure has negligible impact on the result. Further-
more, we check the impact on R(Xe/µ) of the modeling of
charmed D meson decays by varying the branching ratio
of each decay D ! K + anything within its uncertainty
as provided in Ref. [22] while fixing the total event nor-
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from 1 ab�1 of fully-simulated events using sampling with replacement [21]. The number of
signal and background events in each data sample are drawn from a Poisson distribution,
with the mean corresponding to the total number of events expected in the data. Each
of these simulated data samples is fit. The estimators are unbiased and have Gaussian
distributions, validating our assumption that in simulated data Mbc and �E distributions
are uncorrelated.
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Figure 1. Mbc distributions for each B ! J/ (`+`�)K channel with the fit result superimposed
(top) and pull distribution with respect to the fit result (bottom), where the pull is defined as the
di↵erence between the fit result and the value of the distribution in a bin, divided by the estimated
uncertainty in that bin. Black dots with error bars denote the data, blue curves denote the total fit,
dashed red curves are the signal component, dotted green curves are the background component,
and filled cyan regions in the charged channels are the B+ ! J/ ⇡+ component.

6. MEASUREMENT OF OBSERVABLES

The branching fractions are determined using the relation

B =
nsig

2NBB f i ✏
, (6)

where nsig is the signal yield determined by the fit, NBB is the number of BB events, ✏
is the signal selection e�ciency, f i is f± for the charged channels and f 00 for the neutral
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Figure 2. �E distributions for each B ! J/ (`+`�)K channel with the fit result superimposed
(top) and pull distribution with respect to the fit result (bottom). Black dots with error bars
denote the data, blue curves denote the total fit, dashed red curves are the signal component,
dotted green curves are the background component, and filled cyan regions in the charged channels
are the B+ ! J/ ⇡+ component.

channels; f±(f 00) is the branching fraction of ⌥(4S) to charged (neutral) BB pairs assuming
B
�
⌥(4S) ! BB

�
= 1. We use the values f 00 = 0.487± 0.013 and f± = 1� f 00 = 0.513±

0.013 reported in Ref. [22] rather than the world average [23], as the latter is dominated by
measurements that assume isospin symmetry in B ! J/ K decays.

We calculate RK using the relation

RK(J/ ) =
B (J/ (µ+µ�)K)

B (J/ (e+e�)K)
=

nJ/ (µ+µ�)K
sig

nJ/ (e+e�)K
sig

⇥ ✏J/ (e
+e�)K

✏J/ (µ+µ�)K
, (7)

and AI using the relation

AI =
2 (⌧B+/⌧B0)(f±/f 00)(nsig/✏)|J/ (`+`�)K0

S
� (nsig/✏)|J/ (`+`�)K+

2 (⌧B+/⌧B0)(f±/f 00)(nsig/✏)|J/ (`+`�)K0
S
+ (nsig/✏)|J/ (`+`�)K+

, (8)

where (⌧B+/⌧B0) = 1.076± 0.004 [20] is the ratio of the lifetimes of the charged and neutral
B meson, and (f±/f 00) = 1.053± 0.052 [22]. The factor of 2 in Eq. (8) arises because a K0

forms a K0
S meson half the time. Results are listed in Tables I and II.
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LFU in neutral currents: B → J/ψ( → ℓℓ)K

19

arXiv:2207.11275
Preparing for  (II)R(K(*))

Belle II measurement of !→#/$% decays with 189 fb-1 

Not an EW penguin process but a control channel for !→%&+&- 

=> Validate '% measurement, lepton identification 

• Reconstruct !+→%+#/$ and !0→%0S#/$ decays (#/$→(+(-, )+)-) 

• Signal yield extracted from the fit of  and  Mbc ΔE

8

NEW!

Lepton identification systematic uncertainty improved wrt Belle

RK(J/ψ) = ℬ(B → KJ/ψ( → μ+μ−))
ℬ(B → KJ/ψ( → e+e−))

• Tree level transition. Control sample for .


• 


• Fit  and 


• Agrees with unity, still statistically limited.


• Systematics dominated by lepton ID, improved from Belle.

B → K(*)ℓℓ

RK(J/ψ)SM =
ℬ(B → J/ψ(μ+μ−)K)
ℬ(B → J/ψ(e+e−)K)

≃ 1

Mbc = E*2
beam − p*2

B ΔE = E*beam − E*B

https://arxiv.org/abs/2207.11275


Towards LFU test: B → K*ℓℓ
• Challenge: low BR  statistically limited 

• Reconstruction: , ,  

• Bkg suppression:  

•  BDT (for , ...)  

• veto on  

• veto on  :  GeV 

• Fit to  distribution 

• Similar performance for electrons and muons

⇒

K*0 → K+π− K*+ → K+π0 K*+ → K0
Sπ+

ee → qq BB

M(J/ψ, ψ(2S) → ℓℓ)

B → K*γ M(e+e−) > 0.14

(Mbc, ΔE)

23

[arXiv:2206.05946]

K*μ+μ−

K*e+e−

189 fb−1
LFU in neutral currents: B → K*(892)ℓℓ

20

arXiv:2206.05946
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Figure 1. Distributions of Mbc (left) and �E (right) for B ! K⇤µ+µ� (top), B ! K⇤e+e�

(middle), and B ! K⇤`+`� (bottom). Points with error bars are superimposed on the blue (solid)
curve, which shows the total fit function, while red (solid) and black (dotted) lines represent
the signal and background components, respectively. Candidates shown in the �E distributions
are restricted to Mbc 2 [5.27, 5.29] GeV/c2 range and the Mbc distributions are restricted to
�E 2 [�0.05, 0.05] GeV.

We summarize the systematic uncertainties in Table I. The individual sources of uncer-
tainties are assumed to be independent and the corresponding uncertainties are added in
quadrature to determine the total uncertainty.
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Figure 1. Distributions of Mbc (left) and �E (right) for B ! K⇤µ+µ� (top), B ! K⇤e+e�

(middle), and B ! K⇤`+`� (bottom). Points with error bars are superimposed on the blue (solid)
curve, which shows the total fit function, while red (solid) and black (dotted) lines represent
the signal and background components, respectively. Candidates shown in the �E distributions
are restricted to Mbc 2 [5.27, 5.29] GeV/c2 range and the Mbc distributions are restricted to
�E 2 [�0.05, 0.05] GeV.

We summarize the systematic uncertainties in Table I. The individual sources of uncer-
tainties are assumed to be independent and the corresponding uncertainties are added in
quadrature to determine the total uncertainty.
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K*μμ K*ee

• Measure BF reconstructing  or 


• Mass veto on 


• Remaining background suppressed with BDT


• Fit on  with PDFs from 

K*+( → K0
Sπ+, K+π0) K*0 → K+π−

J/ψ, ψ(2S) → ℓ+ℓ−, γ → e+e−

Mbc, ΔE B → J/ψ(ℓℓ)K

https://arxiv.org/abs/2206.05946


• Compatible with world averages.


• Comparable performance between  and   

• Statistically limited, with subleading systematics driven by particle ID.


• Branching fraction measurement of  is also ongoing.


• Ready to provide an independent  measurement with 5~10 ab-1.

e+e− μ+μ−

B → Kℓℓ

RK(*)

Preparing for LFU: B → K*(892)ℓℓ
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We summarize the systematic uncertainties in Table I. The individual sources of uncer-
tainties are assumed to be independent and the corresponding uncertainties are added in
quadrature to determine the total uncertainty.
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K*ℓℓ

Table I. Relative systematic uncertainties (in %) for B ! K⇤``.

Source Systematic (%)

Kaon identification 0.4

Pion identification 2.5

Muon identification +1.9
�0.8

Electron identification +0.9
�0.5

K0
S identification 2.0

⇡0 identification 3.4

Tracking 1.2� 1.5

MVA selection 1.3� 1.7

Simulated sample size < 0.5

Signal cross feed < 1%

Signal PDF shape 0.5� 1.0%

B(⌥ (4S) ! B+B�)[(B(⌥ (4S) ! B0B0)) 1.2

Number of BB pairs 2.9

Total +6.7
�6.0

7. RESULTS AND SUMMARY

We reconstruct 22± 6, 18± 6, and 38± 9 signal events for B ! K⇤µ+µ�, B ! K⇤e+e�,
and B ! K⇤`+`� corresponding to 4.8�, 3.6�, and 5.9�, respectively, here � denotes the
significance from a null yield and is defined as � =

p
�2 ln(L0/L), where L0 is the likelihood

with Nsig constrained to be zero and L is the maximum likelihood, using 189 fb�1 data
collected in the 2019–2021 run period. Here, the uncertainties are statistical only. The
branching fraction is calculated using the formula

B(B ! K⇤`+`�) =
Nsig

2⇥ f+�(00) ⇥ "⇥NBB

,

where, Nsig, f+�(00), ", and NBB are the signal yields extracted from the fit, branching
fraction of B(⌥ (4S) ! B+B�(B0B0)), signal e�ciency corrected for data-MC di↵erence as
detailed in section 6, and number of BB pairs derived from a data-driven subtraction of the
non-resonant contribution from the recorded data, respectively. We use f+� = (51.4±0.6)%
and f 00 = (48.6± 0.6)% for charged and neutral B mesons [17]. The e�ciency varies from
6�16% depending on the decay mode and NBB = 197⇥106. The branching fractions for the
entire q2 region, excluding the charmonium resonances (J/ and  (2S)) and low q2 region
to remove B ! K⇤�(! e+e�) background, are

B(B ! K⇤µ+µ�) = (1.19± 0.31+0.08
�0.07)⇥ 10�6,

B(B ! K⇤e+e�) = (1.42± 0.48± 0.09)⇥ 10�6,

B(B ! K⇤`+`�) = (1.25± 0.30+0.08
�0.07)⇥ 10�6.

Here, the first and second uncertainties are statistical and systematic, respectively. The
precision of the result is limited by sample size and compatible with world average values [17].
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• SM suppressed: , very sensitive to NP:  
→ up to  enhancement with LFUV in 3rd generation


• Experimental limits much weaker,  at 90% C.L. 
 
 

• "Baseline" follows Belle's analysis (hadronic tag, )


• "Improved" incorporates . 


• Can be improved even further by including  and better systematics.


• Similar considerations apply to CLFV searches e.g.  and 

ℬSM(B → K*ττ) ∼ 𝒪(10−7)
× 103

𝒪(10−3)

τ → ℓνν̄
τ → πν

B → K*+ττ

B → Xτe B → Xτμ

Perspectives for b → sττ

22

mechanism is at work for muons and taus, we obtain also a
correlation between b → sμþμ− and b → cμ−ν̄μ: The
Oð25%Þ shift needed in Cμμ

9 and Cμμ
10 to describe b →

sμþμ− data [10] translates into a very small positive Δ for
muons (compared to the very large negative Δ for taus),
leading to a decrease of b → cμ−ν̄μ decay rates compared
to the SM by a negligible amount of only a few per mille,
and there would be no measurable differences between
electron and muon semileptonic decays.
Conclusions.—In this Letter, we have studied the pos-

sibility of finding NP in b → sτþτ− processes motivated by
the converging experimental evidence for LFU violation
in both b → s and b → c transitions. We have updated the
SM predictions for B → Kτþτ−, B → K$τþτ−, and Bs →
ϕτþτ− and calculated the expression of these branching
ratios in terms of NP contributions to the b → sτþτ−

Wilson coefficients Cττ
9;10;90;100.

We have also analyzed the correlation between NP
contributions to b → sτþτ− and b → cτ−ν̄τ under general
assumptions in agreement with experimental indications:
The deviations in b → cτ−ν̄τ decays come from a NP
contribution to the left-handed four-fermion vector oper-
ator, this NP contribution is due to physics coming from a
scale significantly larger than the electroweak scale, and the
resulting contribution to b → sντν̄τ is suppressed.
Under these assumptions, an explanation of RDð$Þ

requires an enhancement of all b → sτþτ− processes by
approximately 3 orders of magnitude compared to the SM.
In this case, the predictions for the branching ratios are
completely dominated by NP contributions when integrated
over the whole kinematic region allowed for the dilepton
invariant mass. The corresponding enhancement yields
branching ratios between 10−4 and 10−3 for these modes,
as illustrated in Fig. 1.
There are many models which aim at explaining

the b → cτν anomalies, including charged Higgs bosons

[66–73], W0 gauge bosons [74–77], and leptoquarks
[20,43,50,56,63,64,78–88]. However, models with charged
Higgs bosons produce scalar currents which are disfavored
as discussed earlier. W0 models are mostly in conflict with
LHC searches [51,74] and also leptoquarks are bounded
by high energy analysis [51]. In leptoquark models, the
bounds can be avoided by assuming a large coupling to the
second generation [20–22]. This latter class of leptoquark
models, which survives all the constraints, leads exactly to
the setup outlined in the introduction and a large enhance-
ment of b → sτþτ− processes. Probing these transitions
would thus help to discard or confirm this promising class
of models.
Our study thus confirms the potential of b → sτþτ−

decays in the current and forthcoming experiments study-
ing b decays such as LHCb and Belle II, which will provide
complementary analyses of these decays with the exciting
opportunity to discover NP in these transitions.
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potentially altering various observables from their SM predictions [88,89]. Belle II has a

unique capability to study these transitions both inclusively and using specific

channels.
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large backgrounds.
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energy photon. No constraints are imposed on the hadronic system Xs. The partner
B meson is reconstructed in its hadronic decays. The lower photon-energy threshold,
E

B
� > 1.4 GeV, is inferior to those used in previous results, resulting in a significantly more
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0
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The expected relative uncertainties on the branching fractions are shown in Table 5. The

systematic uncertainty is driven by uncertainties on the residual background contamination,
which is estimated to be 10% (5%) for the baseline (improved) scenario. The baseline
scenario corresponds to current Belle II performance. The improved scenario relies on
ongoing studies of ⇡0

! �� veto modeling. In the baseline scenario the precision becomes
limited by the systematic uncertainties at approximately 10 ab�1 of data whereas in the
improved scenario the statistical power of the Belle II sample will be exploited up to
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mechanism is at work for muons and taus, we obtain also a
correlation between b → sμþμ− and b → cμ−ν̄μ: The
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sμþμ− data [10] translates into a very small positive Δ for
muons (compared to the very large negative Δ for taus),
leading to a decrease of b → cμ−ν̄μ decay rates compared
to the SM by a negligible amount of only a few per mille,
and there would be no measurable differences between
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sibility of finding NP in b → sτþτ− processes motivated by
the converging experimental evidence for LFU violation
in both b → s and b → c transitions. We have updated the
SM predictions for B → Kτþτ−, B → K$τþτ−, and Bs →
ϕτþτ− and calculated the expression of these branching
ratios in terms of NP contributions to the b → sτþτ−

Wilson coefficients Cττ
9;10;90;100.

We have also analyzed the correlation between NP
contributions to b → sτþτ− and b → cτ−ν̄τ under general
assumptions in agreement with experimental indications:
The deviations in b → cτ−ν̄τ decays come from a NP
contribution to the left-handed four-fermion vector oper-
ator, this NP contribution is due to physics coming from a
scale significantly larger than the electroweak scale, and the
resulting contribution to b → sντν̄τ is suppressed.
Under these assumptions, an explanation of RDð$Þ

requires an enhancement of all b → sτþτ− processes by
approximately 3 orders of magnitude compared to the SM.
In this case, the predictions for the branching ratios are
completely dominated by NP contributions when integrated
over the whole kinematic region allowed for the dilepton
invariant mass. The corresponding enhancement yields
branching ratios between 10−4 and 10−3 for these modes,
as illustrated in Fig. 1.
There are many models which aim at explaining

the b → cτν anomalies, including charged Higgs bosons

[66–73], W0 gauge bosons [74–77], and leptoquarks
[20,43,50,56,63,64,78–88]. However, models with charged
Higgs bosons produce scalar currents which are disfavored
as discussed earlier. W0 models are mostly in conflict with
LHC searches [51,74] and also leptoquarks are bounded
by high energy analysis [51]. In leptoquark models, the
bounds can be avoided by assuming a large coupling to the
second generation [20–22]. This latter class of leptoquark
models, which survives all the constraints, leads exactly to
the setup outlined in the introduction and a large enhance-
ment of b → sτþτ− processes. Probing these transitions
would thus help to discard or confirm this promising class
of models.
Our study thus confirms the potential of b → sτþτ−

decays in the current and forthcoming experiments study-
ing b decays such as LHCb and Belle II, which will provide
complementary analyses of these decays with the exciting
opportunity to discover NP in these transitions.
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• Belle II offers a unique and fertile environment for LFU and CLFV tests.


• Analyses using 189 fb-1 can already provide world-leading results and access 
unique observables.


• 424 fb-1 recorded on tape: new analyses with larger statistics incoming!


• Data-taking soon to restart in winter 2023.

Summary
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Major upgrade in Long Shutdown 1
Belle II detector upgrade
• Exchange of PXD (pixel detector) with the full 2nd layer
• TOP conventional MCP-PMT replacement (TBD)
• Migration to new back-end readout (COPPER → PCIe40)
Beam background mitigation
• Additional shield on the QCS(*) bellows
• Additional shield for neutron background
• Installation of a non-linear collimator
Protection of machine and Belle II
• Collimator heads of more robust material
• Faster beam abort system
Improvement of beam injection 
• Enlarged beam pipe at the HER injection
• Pulse-by-pulse beam control for Linac

Beam kick by skew sextupole:
Δ𝑝𝑦 =

𝑆𝐾2
2

𝑦2 − 𝑥2 ,  Δ𝑝𝑥 = 𝑆𝐾2𝑥𝑦

Skew 
sextupole

Skew 
sextupoleCollimator

Beam channel 
for injectionQCS: Final focusing system

11(from July 2022 until October 2023) Kodai Matsuoka
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Base: Conservative extrapolation  
          from 2021 run parameters

Target: Extrapolation from 2021  
            with expected improvements

Belle
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Angular asymmetries in tagged B → D * ℓν
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