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Tau lepton
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Lepton Mass Relative standard
uncertainty

Electron 0.510 998 950 69(16) 𝑀𝑒𝑉 3.1 ×  10−10

Muon 105.658 3755(23) 𝑀𝑒𝑉 2.2 ×  10−8

Tau 1776.86 12  𝑀𝑒𝑉 6.8 ×  10−5

Source: 2022 CODATA
recommended values

https://physics.nist.gov/cuu/Constants/bibliography.html
https://physics.nist.gov/cuu/Constants/bibliography.html
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Physics at Belle II
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Belle II Physics mind map
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R(D*) vs R(D)

𝑏 → 𝑠𝛾 Re(C7’)
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5s observation

3s evidence

𝐵 → 𝜏𝜈

𝐵 → 𝐾𝜈𝜈

𝐵 → 𝑋𝑠𝛾 DACP S(h’Ks)
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Long Shutdown 1 Long Shutdown 2

Boost up the peak luminosity

1. Long shutdown 1 (Jul 2022 – Dec 2023)
• Detector upgrade
• Beam background mitigation
• Improvement of beam injection

2. Run 2 (Dec 2023 –)
• Extensive machine tuning and studies 

toward
ℒ = 2.4 × 1035 cm–2s–1 (≈ KEKB x 10)

3. Long Shutdown 2 (To be confirmed)
• Need new ideas and technology for upgrade 

of SuperKEKB interaction region to enable
ℒ = 6 × 1035 cm–2s–1 
e.g. QCS (final focusing system) upgrade with 
Nb3Sn

➢ Many challenges and R&D items ahead of us
→ Need more collaborative work in the framework 
of

• SuperKEKB International Task Force
• Etc.

Many physics discoveries are expected along the luminosity improvement. 

Squeeze 𝜎𝑦
∗ ≈ 200 nm → 50 nm, 

and increase 𝐼 ≈ 1 A → 3 A

Prospects toward 50 ab–1 
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Tau physics @ Belle II
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Some physics analysis @ Belle II:



Tau lepton physics in Belle II
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TAU MASS
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𝜏 → 3𝜋
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𝜏+ 𝜏−

𝜋

𝜋

𝜋

𝜈
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The ARGUS method
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𝜏+ 𝜏−

𝜋

𝜋

𝜋

𝜈

𝑚𝜏
2 = 𝑝3𝜋 + 𝑝𝜈

𝜇 𝑝3𝜋 + 𝑝𝜈 𝜇

𝑚𝜏
2 = 𝑝3𝜋

2 + 𝑝𝜈
2 + 2𝐸3𝜋𝐸𝜈 − 2𝑃3𝜋𝑃𝜈 cos 𝜃

cos 𝜃 ≈ 1

𝐸𝜈 = 𝐸𝜏 − 𝐸3𝜋

𝑃𝜈 = 𝐸𝜈
2 − 𝑚𝜈

2 ≈ 𝐸𝜈

𝑚𝜏
2 ≈ 𝑚3𝜋

2 + 𝑚𝜈
2 + 2𝐸3𝜋 𝐸𝜏 − 𝐸3𝜋 − 2𝑃3𝜋 𝐸𝜏 − 𝐸3𝜋

𝑚𝜏
2 ≈ 𝑚3𝜋

2 +2 𝐸𝜏 − 𝐸3𝜋 𝐸3𝜋 − 𝑃3𝜋
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𝜏 → 3𝜋



Data selection
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● 3x1 prong decays of tau:
Signal:  3𝜋
Tag:   e, 𝜋, μ, 𝜋𝜋0 

● Tracks:
|dr| < 1 cm
-3 < dz < 3 cm 

● γ selection for 𝛑0 reconstruction:
0.115 < M < 0.152
-0.8660 < cos(θ) < 0.9563
clusterNHits > 1.5
region dependent Eγ (see backup)
|clusterTiming| < 200 
(minC2TDist > 40cm or E > 400 MeV)

● γ selection for the rest of photons:
Eγ > 200 MeV
-0.8660 < cos(θ) < 0.9563
clusterNHits > 1.5
|clusterTiming| < 200
(minC2TDist > 40cm or E > 400 MeV)



ARGUS Method:  Pseudomass (Mmin)
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Kinematic edge Mmin variable defined as:
● Assumptions:

○ m𝜈=0
○ 𝜈 collinear with 3𝜋’s

In  window of 1.7 < Mmin <1.85, fit the 
distribution with an edge function. we use:

where P1 is a biassed estimator of the mass

Data vs MC
MC

● tail due to:

○ mostly ISR
○ Imperfect 

detector 
resolution



Relating P1 (𝑚𝜏
𝑓𝑖𝑡

) and true 𝑚𝜏
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● To estimate the fit bias and possible dependance on m(𝛕): 
○ 200/fb of generic taupair MC,  
○ +10 signal samples, 100 fb-1  each, with shifted mgen(𝛕)

● Fit performed on each sample:

○ Fit bias correction:  Δm = mfit
𝛕 - mgen

𝛕  

○ for Belle and BaBar the fit bias was more than 1MeV!

● this is used to correct for the fit bias when performing the 
fit on data

Δm = 0.40  ± 0.03 MeV



Blind fit to data
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Belle and Babar stat unc: ~0.12 MeV w/ ~400/fb

⇒ with  less than half the data we have ~30% better precision!

● Fit results are stable across the experiments!
● statistical uncertainty: 0.08 MeV



SYSTEMATIC 
UNCERTAINTIES
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beam energy

9

Y(4S) x-sec shape:

input distribution
after ISR
after ISR and xsec-corr

*for visualization only: in the actual method and 
ARGUS BKG component is also included.

beam energy

● In the beam energy calibration we measure the energy of B-
mesons, not the colliding e+e-:

○ ISR take away energy from the colliding e+e-

○ Y(4S) xsec-dependence on the beam energy:
● when we run lower/higher than the Y(4S) peak, we get B-

meson energies are biased toward Y(4S) mass

● To correct for these, we generate toy MC events:
○ start with different input B energy and energy spread
○ use Kuraev-Fadin ISR Kernel @NLO [hep-ph/9910523]
○ Use Y(4S) lineshapes measured by Belle/BaBar [hep-

ex:2104.08371]
○ get the “measured” B energy and energy spread.

● This now allows us to “unfold” the actual EB
* in data to the 

true ECMS of the e+e-

9

https://arxiv.org/pdf/hep-ph/9910523.pdf
https://arxiv.org/abs/2104.08371
https://arxiv.org/abs/2104.08371
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beam energy corrections:
● This now allows us to “unfold” the actual EB

* in data to the true ECMS of the e+e-

2 2

2

beam energy corrections:

● This now allows us to “unfold” the actual EB
* in data to the true ECMS of the e+e-

⇒ in the end of the day we have a 2D table which for each measured EB* and σ(EB*) give 
us the true values  

2
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beam energies for tau mass

The evolution of the measured sqrt(s) values for the 
events used in the tau mass measurement:

the uncertainties impacting the 
sqrt(s) measurements:

beam energies for tau mass

The evolution of the measured sqrt(s) values for the 
events used in the tau mass measurement:

the uncertainties impacting the 
sqrt(s) measurements:

⇒ the x-sec correction is in general small (compared to it’s uncertainties) except for the 
first half of exp12 data taking
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beam energy impact on the tau mass:

beam energy impact on the tau mass:

● The overall impact of the x-sec correction on the 
tau mass is 0.035 MeV

● Systematics:
○ The leading systematic of the beam energy is the 

energy scale of BaBar (1.5 MeV)
○ followed by the B-meson PDG mass:

● here we use the AVERAGE PDG not the FIT PDG
(FIT uncertainties are believed to be 
underestimated)

○ Bias σ(EB) when tested on MC

● The quadrature sum of different variations gives a 
systematic uncert of +0.07-0.08 MeV for the tau 
mass
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Detector material budget in simulations

● increasing the material budget of the beampipe by 10% during simulation (nominal MB for 
reconstruction)

○ no real data/MC improvement in any of the main distribution
○ difference w.r.t nominal smaller than stat. error 
○ we assign the statistical uncertainty as the systematic (0.03 MeV)



TAU LEPTON MASS @ BELLE II
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TAU LEPTON MASS 
MEASUREMENTS
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𝜏 → 𝑙(𝑒, 𝜇) + 𝛼
Lepton number violation
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Lepton Flavor Violation (LFV) is allowed in various extensions of 
the Standard Model, but it has never been observed
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Projection of expected upper limits at the Belle II experiment and cur rent status of observed upper limits 
at CLEO, BaBar, Belle, ATLAS, CMS and LHCb experiments on LFV, LNV and BNV processes in decays.



Tau LFV channels
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𝜏 → 𝑙(𝑒, 𝜇) + 𝑖𝑛𝑣𝑖𝑠𝑖𝑏𝑙𝑒

• Search for the two-body decay 𝝉 →
𝒍(𝒆, 𝝁) + 𝜶 where 𝛼 is an 
unobserved particle (missing 
energy).

• Lepton Flavor Violating process not 
present in the SM but appears in 
several NP models, e.g., LFV Z´, 
light ALP candidate, more ..

• Model independent search – 
minimal assumptions are made on 
the nature of 𝛼.
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𝜏 → 𝑙 + 𝑖𝑛𝑣𝑖𝑠𝑖𝑏𝑙𝑒

𝑃3𝜋

-𝑃3𝜋

𝜏 𝜏

𝑙

𝛼

𝜃

𝜃𝑝𝑠

𝜏 → 𝑙 ҧ𝜈𝑙𝜈𝜏

𝜏 → 𝑙𝛼



Two body decay in the rest frame 
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Here   𝑥 =
2𝐸𝑙

𝑚𝜏

Two-body decay 𝜏 → 𝑒 + 𝛼



The pseudo rest frame (ps)
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𝑃3𝜋

-𝑃3𝜋

𝜏 𝜏

𝑙

𝛼

𝜃

𝜃𝑝𝑠

• 𝐸𝜏 ≈
𝐸𝑐𝑚

2

• Direction of the  given by the opposite to the 3 direction



What is the effect of using ps?
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2-body decay case

𝑚𝛼 = 1.4 𝐺𝑒𝑉

𝑥𝑚 = 1 +
𝑚𝑙

2

𝑚𝜏
2

−
𝑚𝛼

2

𝑚𝜏
2



In the 3-body decay case (𝜏 → 𝑙 ҧ𝜈𝑙𝜈𝜏)
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𝜏 → 𝑙(𝑒, 𝜇) + 𝛼 @ Belle II
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𝜏 → 𝑙(𝑒, 𝜇) + 𝛼 @ Belle II
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What´s next …
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What´s next…
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Work in progress …



Perspective …

• Belle II started operation in 2019, and the luminosity has achieved 0.5 ×
1035𝑐𝑚−2𝑠−1.

• Belle II is getting more and more productive in publication, based on the excellent 
performance of the Belle II detector. So far with first data we have 52 publications: 
https://www.belle2.org/research/physics/publications

• Tau physics have produced 6 of Belle II publications: mass, LFV(3), light-lepton 
universality, and more. 

• We plan to operate Belle II to around 2035 to reach the 50 ab-1 of data.
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BACKUP
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México in Belle II

47

• Mexico requested to join Belle II in 
2013

• Currently four institutions:  
CINVESTAV IPN, UAS and UNAM 
(IF).

• Eight faculty researchers (6 exp. & 
2 theo.)
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