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CVC implies using τ decays to calculate HVP

hadrons

τ
ντ

W hadrons
γ

e+

e–

CVC: I =1 & VW: I =1 & V,A γ: I =0,1 & V

Hadronic physics factorizes in Spectral Functions (SF) :
Isospin symmetry connects Isospin-1 e+e– cross section to vectorτ spectral functions:
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branching fractions mass spectrum    kinematic factor

fundamental ingredient relating long 
distance (resonances) to short distance 
description (QCD)
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Strategy of spectral function (SF) measurements
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Measure the ratio of 
the BFs directly

Measure the normalized ππ0

invariant mass distribution

µ+/e+

νµ/e



τ− → π−π0ντ decay at Belle II

4



Belle II data 
• 575 fb-1 on tape

• 428 fb-1 data have been used for physics

• Publications on τ physics with tagged τ’s
• Search for the lepton-flavor-violating τ− → e∓ℓ±ℓ−

decays at Belle II, 2507.18236, 428 fb−1 (inclusive)

• Test of light-lepton universality in τ decays with 
Belle II, 2405.14625, 362 fb-1 (hπ0, h2π0 tag)

• Measurement of the τ-lepton mass with the Belle II 
experiment, 2305.19116, 190 fb-1, (e, µ, h, hπ0 tag)

• Search for lepton-flavor-violating τ decays to a 
lepton and an invisible boson at Belle II, 
2212.03634, 63 fb-1 (3h tag)

• Belle II trigger & data quality are suitable for 
high precision τ analyses
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https://arxiv.org/abs/2507.18236
https://arxiv.org/abs/2405.14625
https://arxiv.org/abs/2305.19116
https://arxiv.org/abs/2212.03634


h+π0 or 

h+2π0

Statistics are large enough in the 362 fb-1 data sample
Test of light-lepton universality in τ decays with Belle II, 2405.14625 (JHEP 08 (2024) 205), 362 fb-1 (hπ0, h2π0 tag)
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• The data were recorded between 2019 and 2022 at a center-of-mass energy of 10.58 GeV and 
correspond to about 333x106 e+e−→τ+τ− events.

The signal yields are (hπ0+h2π0 tags):
4,156,500 for τ− → e−νν
4,000,190 for τ− → μ−νν

We do similar selection + π-ID and improved π0

reconstruction for τ− → π−π0ντ analysis!

pµ pe

𝑅𝑅𝜇𝜇 = 0.9675 ± 0.0007 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. ± 0.0036(𝑠𝑠𝑠𝑠𝑠𝑠. )

World best precision!

hπ0 is about 2/3 of the hπ0+h2π0 tags
Expect ~5x106 e/µ-tagged hπ0 events
Expect ~2x106 eµ events
Statistical uncertainty in the ratio of the BFs is  ~10-3



Photon and π0 selection
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Select π0 γγ and γ to improve efficiency and reduce systematic uncertainties 

From τ-π-π0ν MC sample:
• Two photons can be detected in most 

of the cases 
• Significant fraction of events with only 

one photon detected 
• Small fraction (~1%) of merged  π0

(ALEPH: 13%, Phys. rep. 421 (2005) 191)
• π0γe+e- and γ-conversion (3%) can 

be added in the sample

Category Fraction (%)

2 photons detectable 76.0

1 photon detectable 14.5

Merged π0 cluster 1.2

1 photon converted 2.5

π0γe+e− 0.5

Sum 94.7

Belle II simulation, 32 fb-1



Photon and π0 selection
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Fake photons from 
hadronic interaction up 
to 400 MeV

Lots of low energy fake 
photons below 60 MeV, 
mainly beam related

More fake photons in 
forward/backward  endcaps

E> 60 MeV

E> 60 MeV E> 60 MeV

Belle II simulation, 32 fb-1

Belle II simulation
32 fb-1

Belle II simulation
32 fb-1

Belle II simulation
32 fb-1



Very preliminary MC study: τ− → π−π0ντ , π0γγ
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• Purity: 88%
• Efficiency: 8.8% (e-tag), 8.7% (µ-tag)

Belle II simulation, 32 fb-1



Very preliminary MC study: τ− → π−π0ντ , π0γ+missing
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• Purity: 94%
• Efficiency: 5.7% (e-tag), 5.8% (µ-tag)

Belle II simulation, 32 fb-1



Efficiencies and systematic uncertainties

 Trigger

 Tracking

 Particle ID

 Photon ID and π0 reconstruction

 Background

 Unfolding

 ……
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Trigger
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Test of light-lepton universality in τ decays with Belle II, 2405.14625, 362/fb (hπ0, h2π0 tag)

CDC trigger — based on charged objects only:
• At least 1 charged track with p>0.7 GeV/c, or
• At least 2 charged tracks with opening angle larger than 90 degrees
ECL trigger — based on calorimeter objects only:
• total ECL energy above 1 GeV, or
• exactly 1 or ≥1 cluster with E≥2 GeV in different ECL regions

Combined trigger efficiency is very close to 100%, no M(π−π0) dependence

MC simulates data well, uncertainty < 0.1%

Plan to use both CDC and ECL trigger:

ECL trigger 
only!

https://arxiv.org/abs/2405.14625


Tracking efficiency & fake tracks
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Test of light-lepton universality in τ decays with Belle II, 2405.14625, 362/fb (hπ0, h2π0 tag)

Similar effect in measuring 𝑅𝑅𝑒𝑒 = 𝐵𝐵(𝜋𝜋−𝜋𝜋0)/𝐵𝐵(𝑒𝑒−), the uncertainty is ~0.01%.

Check simulation of fake tracks with ISR 𝜓𝜓𝜓 → 𝜋𝜋+𝜋𝜋−𝐽𝐽/𝜓𝜓 sample (almost bkg free!): MC simulates data well
Belle II preliminary, 428 fb-1 Belle II preliminary, 428 fb-1 Belle II preliminary, 428 fb-1

https://arxiv.org/abs/2405.14625


Particle Identification
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Charged-hadron identification at Belle II, 2506.04355 (EPJC in press)

To identify particles, information from all subdetectors except PXD is used. For each subdetector, d, and particle 
species, α, with momentum 𝑝⃗𝑝, the local likelihood, Ld

α(xd|𝑝⃗𝑝), for subdetector’s measurements xd, is defined.

Local-likelihood weights of the reweighted global PID 
likelihood for particles uniformly distributed in [0.5, 5.0] 
GeV/c and the angular acceptance of the detector.

Define likelihood ratio to do PID

where the sum in the denominator runs over all species 
(e, μ, π, K, p, d).

The binary likelihood ratio, restricting γ to two species,

Pα/β ≡ Lα /(Lα +Lβ)
for π/K identification.

https://arxiv.org/abs/2506.04355


π/K separation
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Charged-hadron identification at Belle II, 2506.04355 (EPJC in press)

Control samples KSπ+π− and D*-π−D0π−K−π+ can be used to measure the PID efficiencies in high precision.

Simple pK/π>0.8 NN pK/π>0.8

Neural Network pK/π>0.8

0.3<p<1.0 GeV 1.0<p<2.0 GeV

2.0<p<3.0 GeV 3.0<p<4.0 GeVNN pK/π>0.8Simple pK/π>0.8

https://arxiv.org/abs/2506.04355


π0 efficiency (π0γγ) via ISR ω

Efficiency ~ 70%, relative data/MC efficiency difference ~ (−1.4±1.0)%.
16

Tagged π0 reconstructed π0
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Belle II: Photon Reconstruction in the Belle II Calorimeter Using GNN, https://doi.org/10.1007/s41781-023-00105-w

Better understanding the photon selection and π0 reconstruction 
is essential: fake photon suppression, gamma-conversion 
reconstruction, merged-π0 resolution, …

The 𝜋𝜋0 efficiency can be improved with combined control samples 

(𝜏𝜏-3prong and 𝜂𝜂 decays), and better signal simulation 

π0 resolution (π0γγ)

π0 mass constraint 
applied

Belle II simulation Belle II simulation

Belle II simulation



Backgrounds & unfolding

 Background:

• Non-τ background should be studied in a data-driven method

• ττ background, mainly from h2π0, depends strongly on π0 reconstruction, 

h2π0 invariant mass distribution and intermediate states, can be studied 

with data

 Unfolding: 

• π- momentum and resolution calibration

• π0 energy and resolution calibration

• A few unfolding softwares are available
18



τ− → π−π0ντ decay at STCF

(slides from Xiao-Rong Zhou of USTC)
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Super Tau-Charm Facility (STCF) in Hefei, China

Linear  Accelerator
485 m

Dumping Rings
150 m

Collider Rings
860 m

A factory producing massive tau lepton and charm hadrons, to unravel the mystery 
of how quarks form matter and the symmetries of fundamental interactions

New generation 
Spectrometer

• Ecm= 2-7 GeV，𝓛𝓛 > 0.5×1035  cm-2 s-1 

• Site: Hefei’s suburban "Future Big Science City" 20



Expected τ samples at STCF

Exp. Lum. 𝒒𝒒 Number of tau pairs
ALEPH 200 pb-1 91.2 GeV 3.3 × 105 reconstructed
BaBar 467 fb-1 ~10.58 GeV 4.3 × 108

Belle 988 fb-1 ~10.58 GeV 9.1 × 108

Belle II (by 2040s) 50 ab-1 ~10.58 GeV 4.6 × 1010

BESIII ~35 fb-1 threshold to 4.95 GeV ~1.2 × 108

STCF (expected) 1 ab-1/year 4-5 GeV 3.5 × 109

• About 1 ab-1 integrated luminosity at STCF per year
• Tau pairs at STCF produced back-to-back in center-of-mass system
• Operating at different energy, from tau pair threshold, to the peak cross section in 4-5 GeV

21



Tracking System: MDC+ITK
STCF CDR (arXiv: 2303.15790)

ITK Gaseous option : u-RGroove

ITK Silicon option: CMOS MAPS

MDC(Main Drift Chamber)
R： 20cm-840cm
48 Layers

A further optimization of the tracking system is ongoing.

ITK 
R<20cm

22

• Works in a 1T magnetic field
• MDC: main tracker with large detection volume range 48 layers, 

4 stereo super-layers, 4 axial super layers
• ITK: 3 layers of detectors with high counting rate capability

• Placed in the area close to the beam pipe (3-20 cm)
• Two options: MPGD/MAPS



Tracking System: MDC+ITK
• Tracking reconstruction algorithms: Hough transform + DAF in Genfit2 + GNN 

Circling tracking at z=0, difficult to distinguish the charge 23

Track finding efficiency (%) Track finding & fiting efficiency (%)



Tracking System: MDC+ITK
• Beam-induced background from MC simulation: beam-beam 

interaction, beam-gas interaction, etc.

• Tracking efficiency: 

• ~ 90% @ 100 MeV

• ~ 99% @ 300 MeV

• Impact parameters and momentum resolution:

• d0 resolution ~40 µm, dz resolution ~ 400 µm 

• Momentum resolution better than 0.5% at 1 GeV/c
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Particle Identification

• Two methods for PID
• A global PID algorithm based on machine learning

• A combined PID algorithm with weighted likelihood

Combined likelihood ℒℎ = �
𝑑𝑑𝑒𝑒𝑒𝑒

ℒ𝑑𝑑𝑑𝑑𝑑𝑑,ℎ

Likelihood ratio 𝑝𝑝 ℎ =
𝑃𝑃prior,ℎℒℎ

∑ℎ 𝑃𝑃prior,ℎℒℎ
25



Subdetector PID performance 
• dE/dx

ITKM dE/dx PID

3σ

MDC
e
mu
pi
K
p

• Electron ID（ECAL）

 pi/K：>3σ at p<750 MeV/c, >2σ at p>2 GeV/c

 mu/pi：>3σ at p<150 MeV/c;  e/pi：>3σ except 120-250 MeV/c

• PID system Pion efficiency with kaon mis-ID=2%
RICH BTOF DTOF

th
et

a 
(d

eg
)

momentum (MeV/c)

2 GeV/c

 >97% pion efficiency with kaon mis-ID=2% at p<2 GeV/c

• Muon ID（MUD&ECAL）

th
et

a 
(d

eg
)

momentum (MeV/c)

 >95% muon efficiency with 
pion mis-ID=3% at p>1 GeV/c 26



Global PID performance

Overall ID/mis-ID efficiency with 
momentum range (0,3.5) GeV
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𝝉𝝉−

𝝉𝝉+

Tag: 𝝉𝝉− → 𝒆𝒆−𝝂𝝂𝝉𝝉�𝝂𝝂𝒆𝒆

Signal: 𝝉𝝉+→ 𝝅𝝅+𝝅𝝅𝟎𝟎�𝝂𝝂𝝉𝝉,𝝅𝝅𝟎𝟎 → 𝜸𝜸𝜸𝜸

𝒆𝒆−𝒆𝒆+

𝝉𝝉+→ 𝝅𝝅+𝝅𝝅𝟎𝟎 �𝝂𝝂𝝉𝝉 sample: 
 𝑒𝑒+𝑒𝑒− → 𝜏𝜏+ 𝜏𝜏− at 𝑠𝑠 = 4.260 GeV 

 Generator: madgraph5＋pythia8

 3x106 events, τ decays according to PDG BFs

 OSCAR version: 2.6.2

Study of 𝜏𝜏+→ 𝜋𝜋+𝜋𝜋0𝜈̅𝜈𝜏𝜏 at STCF

Selection Criteria:
 Charge tracks: 𝑉𝑉xy< 1 cm, |𝑉𝑉z| < 10 cm, |cos𝜃𝜃| <0.93

 Photon selection: 𝐸𝐸𝛾𝛾 > 25 MeV  in barrel; 𝐸𝐸𝛾𝛾 > 50 MeV at end caps, 

0≤ TDC ≤ 14(×50ns)

 𝜋𝜋0 reconstruction: 𝜒𝜒2<200 (1C kinematic fit)

 PID requirement: Global PID

• e: 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒>𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃π&𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒 > 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐾𝐾
• π: 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃π>𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒&𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃π > 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐾𝐾

Further selection Effi. Bkg. ratio

𝑁𝑁π =1, 𝑁𝑁𝑒𝑒 = 1，𝑁𝑁𝛾𝛾 ≥ 2 55.7% 37.4%

0.115< m(π0) <0.15 42.8% 23.5%

0.8 < 𝐸𝐸
𝑃𝑃

(𝑒𝑒) <1.05 37.1% 21.8%

N(π0) =1，𝑒𝑒𝑒𝑒𝑒𝑒(𝛾𝛾) = 0 33.9% 3.5%

*Stay tuned with more constraints on vertex and ECAL time 28



0.115< m(π0) <0.15 GeV 0.8 < 𝐸𝐸
𝑃𝑃

(𝑒𝑒) <1.05

N(π0)=1 𝑒𝑒𝑒𝑒𝑒𝑒(𝛾𝛾) = 0

Study of 𝜏𝜏+→ 𝜋𝜋+𝜋𝜋0𝜈̅𝜈𝜏𝜏 at STCF
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0.115< m (π0) <0.15 GeV，

0.8 < 𝐸𝐸
𝑃𝑃

(𝑒𝑒) <1.05,
N(π0)=1，𝑒𝑒𝑒𝑒𝑒𝑒(𝛾𝛾) = 0

Study of 𝜏𝜏+→ 𝜋𝜋+𝜋𝜋0𝜈̅𝜈𝜏𝜏 at STCF
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Study of 𝜏𝜏+→ 𝜋𝜋+𝜋𝜋0𝜈̅𝜈𝜏𝜏 at STCF
Comparison of distributions between STCF-OSCAR and BESIII-BOSS simulations
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Study of 𝜏𝜏+→ 𝜋𝜋+𝜋𝜋0𝜈̅𝜈𝜏𝜏 at STCF

data volume stat.

STCF
(4.260 GeV)

1,000,000 MC 0.21(0.83%)

Estimated with 1ab-1 

luminosity 0.0036(0.01%)

ALEP -- 0.097(0.38%)

Belle -- 0.01(0.04%)

 ℬ( 𝜏𝜏+→ 𝜋𝜋+𝜋𝜋0𝜈̅𝜈𝜏𝜏) =
𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠

2𝑁𝑁𝜏𝜏𝜏𝜏𝜀𝜀𝐵𝐵(𝜏𝜏−→𝑒𝑒−𝜈𝜈𝜏𝜏�𝜈𝜈𝑒𝑒)𝐵𝐵(𝜋𝜋0→𝛾𝛾𝛾𝛾) Data: 1x106 ττ inclusive MC serve as data

 Signal shape: from 2x106 ττ inclusive MC

 Background shape: from 2x106 ττ inclusive MC

Plan:
• Detailed background estimation 

• Further optimization of the event selection

• Estimation of the systematic uncertainties from 
calibrations of momentum, energy, resolutions, etc.

• Measure the spectral functions for g-2 input
32



Summary
• BF & SF of τ− → π−π0 ντ can be measured at Belle II and STCF

• No solid estimation on the final precision Belle II can achieve

 New techniques may be developed for photon-ID and π0 reconstruction

 Lots of efforts needed to understand all the sources of systematic uncertainties reliably

 May extend the analysis to more Belle II data

• Potential for improved measurements at STCF

 Constraints  on detector design

 Charm and other non-tau backgrounds 

Thank you very much!
33
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