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Topics covered
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• Muon and tau pair production cross-sections 

• General introduction to tau decays 

• Adaptation of tau branching fractions from HFLAV/PDG fits 

• General formalism of KK2F, TAUOLA, PHOTOS Monte Carlo for -pairs 

•  vs  modeling 

• Lepton flavor violation:  

• Alternate parametrizations of hadronic currents 

• Pre-sampler optimization for lepton pair emissions: ,  

• Dark scalar production in tau decays decaying to a pair of leptons 

• Electric and magnetic dipole moments 

• Low multiplicity generators: MADGRAPH, EKHARA, AAFH, WHIZARD

τ

τ− → π−ντ τ− → ρ−ντ

τ− → ℓ−α

τ− → ν̄ℓℓ−ℓ−ℓ+ντ τ− → π−ℓ−ℓ+ντ
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Revisiting vacuum polarization
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• Default implementation of vacuum polarization in KK2F 
    did NOT calculate the hadronic part for E < 40 GeV 

• Until 2007:

J. Z. Bai et al. (BES Collaboration)
Phys. Rev. Lett. 88, 101802

• New input on                                                                
      from BES (2 to 5 GeV, 2002), Crystal Ball (5 to 7.4 GeV, 1990)  
• Incorporating new calculation (REPI) of vacuum polarization into KORALB 

& KK2F makes the cross-sections agree...  
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Modeling spectrum in τ-pair and μ-pair production with radiation 
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�(�⇥⇥ ) = 0.18%
�(�µµ) = 0.22%

θCM∈[22º, 158º]

With this new implementation of vacuum polarization in KKMC, 
and assuming a beam energy spread of the order of 5 MeV, the 

contribution to the uncertainty in cross-section is estimated to be:
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Bremsstrahlung
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hep-ph/0211132

•Baseline: Born-level agreement between KORALB & KK2F
•First order correction from initial state:                            ~ 11% 
•Second order                            ⇒   Validate                      ~ 1% 
•Last fully controlled term in KK2F: 
•Also contribution from final state bremsstrahlung: 
•Vary XK0 (minimum photon energy) ⇒ Δ(σ) < 0.1% 
•Verify factorization:                                                     
•Several cross-checks verify precision at < 0.2% level

Precision calculation for e+ e--> 2f:  
the KK MC project

Nucl.Phys.Proc.Suppl. 
116 (2003) 73-77

http://arxiv.org/pdf/hep-ph/0211132
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•Z*/γ interference has negligible impact on σ @ 10.58 GeV
•QED interference between ISR-FSR (box diagrams):       

for both tau and mu-pairs 
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Vertex Corrections
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•These diagrams are not turned on in KK2F by default
•Virtual pair production & vertex corrections cancel each other
•Assign half the size of vertex corrections as error ~ 0.15%

Reports of the Working Groups on Precision Calculations for LEP2 Physics

hep-ph/0007180
By Two Fermion Working Group 
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Vector Resonances
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Intermediate vector resonances, eg. J/Ψ, Υ(3S), ...

•Estimated from
•Other resonances in principle contribute but are negligible 

because of low branching fractions and/or cross-sections
• �(�⇥⇥ ) = 0.04%
• �(�µµ) = 0.12%, 0.10%(

�
s�/s > 0.1), 0.04%(

�
s�/s > 0.4)

�,B(V � ⇧+⇧�), d�(⇧+⇧�)/d
⇤

s⇥
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τ-pair and μ-pair cross-section at 10.58 GeV
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σ(ττ) σ(μμ) σcuts(μμ) σ(ττ)/σ(μμ)
Vacuum Polarization 0.18% 0.22% 0.22% 0.05%

Bremsstrahlung 0.2% 0.2% 0.2% 0.2%
Interference 0.04% 0.04% 0.04% 0.04%

Vertex Corrections 0.15% 0.15% 0.15% -
Vector Resonances 0.04% 0.12% 0.1% -

Total 0.31% 0.36% 0.35% 0.21%
• �(e+e� ⇤ ⇥+⇥�) = (0.919± 0.003) nb

• ⇥(⇤+⇤�)/⇥cuts(µ+µ�) = 1.100± 0.002
• ⇥cuts(e+e� ⇤ µ+µ�) = (0.835± 0.003) nb
• ⇥(e+e� ⇤ µ+µ�) = (1.147± 0.004) nb

SwB, B. Pietrzyk, J.Roney, Z.Was	 Phys.Rev.D 77 (2008) 054012 

https://arxiv.org/abs/0706.3235
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Tau Decays
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Including QED &
QCD corrections:

τ 

υ
e 
υµ 

W 

e µ u 

d' 

u u 

d' d' 

20%   20%                60% 

|d’> = Vud|d> + Vus|s>

Naive prediction:

17.8

17.4

10.8

25.5
9.3

9.3
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HFLAV/PDG fits to all measured tau branching fractions
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• If unitary constraint is released,  
 

• The fit has χ2/d.o.f. = 142/129, corresponding 
to a confidence level CL = 20.13%.  

• TauolaBelle2 has 92 channels initialized 
to PDG 2020 branching fractions which add 
up to unity as generic  -pair cocktail 

• BELLE2-NOTE-PH-2020-055_v2

1 − ℬall = (0.03 ± 0.10) %

τ

https://pdg.lbl.gov/2020/reviews/rpp2020-rev-tau-branching-fractions.pdf



Swagato BanerjeeTau & low multiplicity 
event generators

τ− → X−ντ
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The matrix element for a semi-leptonic decay  

is   

where  is the matrix element of the V-A current relevant 
for the final state X encoding the hadronic form factors and CKM matrix 

element (|Vud| or |Vus|) 
for final state containing contributions from non-strange or strange quarks. 

Then the matrix element squared for decay of a  with spin  is  

 

where  is the spin-averaged part of the total width,  
 is polarization vector of τ-lepton  

and  is the polarimeter vector encoding channel dependent phase space.

τ−(P) → ντ(N) + X(Q)

M =
G

2
ū (N) γμ (v + aγ5) u (P) Jμ

Jμ ≡ ⟨X |Vμ − Aμ |0⟩

τ s

|ℳ |2 =
G2(v2 + a2)

2
(H + sμωμ)

H
sμ

ωμ
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General formalism of τ pair modeling 
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Matrix element squared of e-e+ → τ-τ+ takes the form: 
|ℳ|2 = |ℳ|2 spin-av + ωµ Cµν ω̅ν 

where |ℳ|2 spin-av is the spin-averaged part  
and Cµν is the spin-correlation matrix. 

The event generator KKMC calculates the |ℳ|2 spin-av  and Cµν,  
whereas ωµ is done by TAUOLA. 

 Radiation from tau production vertex e-e+ → τ-τ+(n  ) are modeled by KKMC. 
 Final state radiation in leptonic tau decays are modeled by TAUOLA. 
 Final state radiation in hadronic tau decays are modeled by PHOTOS.

γ

Main references: 
• KK2F [S.Jadach, B.F.L.Ward, Z.Was,  Comput.Phys.Commun. 130 (2000) 260] 
• TAUOLA [S.Jadach, Z.Was, R.Decker, J.H.Kuhn,  Comput.Phys.Commun. 76 (1993) 361]  
• PHOTOS [E.Barberio, Z.Was,  Comput.Phys.Commun. 79 (1994) 291]

https://arxiv.org/abs/hep-ph/9912214
https://inspirehep.net/literature/354687
https://inspirehep.net/literature/360686


Swagato BanerjeeTau & low multiplicity 
event generators

τ− → π−ντ
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Figure 1: E(pi-) no ISR
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Figure 1: E(pi-) with ISR
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General shape comes from kinematics of 2-body decay, 
but photon radiation changes the shape of its energy distribution 

shown below in the CM frame of e-e+ → τ-τ+.
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 vs τ− → π−ντ τ− → ρ−ντ
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Let us consider, hypothetically, a  with mass of  = 770 MeV.  
Further, let us ignore the width of , and ignore its decay.

π− ρ−

ρ−

Distribution of their energies in the CM frame are same, 
because with unpolarized beams, we average over  and .τL τR
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tauL vs tauR decays
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Bullock, Hagiwara, Martin Nucl. Phys. B395 (1993) 499

z: fraction of  visible energy in  decaysτ

Distributions from polarized tau decays are indeed different.

https://doi.org/10.1016/0550-3213(93)90045-Q
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 vs τ− → π−ντ τ− → ρ−ντ
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 decays are generated in signal-side with changed meson masses,  
 decays on the tag-side with usual meson mass. 

[with m( ) = 770 MeV , m( ) = 770 MeV , m( ) = 139 MeV]

τ−

τ+ → π+ν̄τ
π− ρ− π+

Preferentially select  on the tag-side, 
 on the signal-side 

τL
⇒ τR

Preferentially select  on the tag-side, 
 on the signal-side 

τR
⇒ τL

Distributions from polarized tau decays are indeed different.
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 vs τ− → π−ντ τ− → ρ−ντ
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Let us consider, hypothetically, both  and  with mass = 274 MeV. π− ρ−

Setting mass of mesons to be same, washes out differences.
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Distribution of decays products of the meson
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S.Raychaudhuri, D.P.Roy Phys. Rev. D53 (1996) 4902

Decay products of the meson are sensitive to polarization effects

https://doi.org/10.1103/PhysRevD.53.4902
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 [ : axion-like invisible particle]τ− → ℓ−α α
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with unpolarized beams.
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 [ : axion-like invisible particle]τ− → ℓ−α α
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 [ : axion-like invisible particle]τ− → ℓ−α α
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 [ : axion-like invisible particle]τ− → ℓ−α α
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Alternate parameterization for hadronic currents

24

• TauolaBelle2 version allows several new parameterizations of hadronic currents: 
• Currents for τ- → π-π0ν decays controlled by FF2PIRHO flag 
• Currents for τ- → π-2π0ν and 2π-π+ν decays controlled by IRCHL3PI flag 
• Currents for τ- → π-π+K-ν and π-π0K0ν decays controlled by IFKPIPI flag 
• Currents for τ- → π-3π0ν and 2π-π+π0ν decays controlled by IFCURR4PI flag 
• New parameterization of τ- → π-4π0ν and 2π-π+2π0ν decays added 

• With appropriate choice of flags  [FF2PIRHO, IRCHL3PI, IFKPIPI, 
IFCURR4PI] old behavior can be recovered, or new ones turned on. 
• Older version is still maintained for backward compatibility in new updates
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2-pion decays
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Visible mass squared in  decays: 
 
hdata is obtained from the distribution published by 
Belle: M. Fujikawa et al., “High-Statistics Study of the 
tau- → pi- pi0 nu(tau) Decay”, Phys. Rev. D 78 (2008) 
072006, arXiv:0805.3773 [hep-ex].  
 
rho is generated with TauolaBelle 

rho1, rho2, and rho3 correspond to different 
parametrizations available on TauolaBelle2 with 
FF2PIRHO = 1, 2, 3 

Default is FF2PIRHO = 2 in TauolaBelle2

τ− → π−π0ντ
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3-pion decays

26



Swagato BanerjeeTau & low multiplicity 
event generators

3-pion decays
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3-pion decays

28

a1 is generated with TauolaBelle 

rchl0 and  rchl1 correspond to different parametrizations available on TauolaBelle2  
with IRCHL3PI = 0, 1.  

Default is IRCHL3PI = 1 in TauolaBelle2.  

Plan to validate with BELLE II data to check if IRCHL3PI=1 is better match or not.
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τ− → (Kππ)−ν

29

ρ−(770) peakρ−(770) peak

Currents for τ- → π-π+K-ν and π-π0K0ν decays are tunable by IFKPIPI flag 
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4-pion decays
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τ+ → 2π+π−π0ντ decays

Default value IFCURR4PI = 0  
in TauolaBelle2 agrees with  
Novosibirsk parameterization 

previously implemented  
in TauolaBelle
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4-pion decays
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Default value IFCURR4PI = 0  
in TauolaBelle2 agrees with  
Novosibirsk parameterization 

previously implemented  
in TauolaBelle

τ− → π−3π0ντ decays
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5-pion decays
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Green: TauolaBelle2 
Red: TauolaBelle 

Blue: Ratio

τ- → π-4π0ν and 2π-π+2π0ν decays
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Tau decays into three charged leptons and two neutrinos
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Soft lepton pair emission at the low boundary of phase space. 
PHOTOS++ [N. Davidson, T. Przedzinski, Z. Was, Comput.Phys.Commun. 199 (2016) 86-101] 

https://inspirehep.net/literature/403296
https://inspirehep.net/literature/875368
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Pre-sampler optimizations 
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	 e-Print: 1912.11376 [hep-ph]
Comput.Phys.Commun. 283 (2023) 108592

https://arxiv.org/abs/1912.11376
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τ− → ν̄ee−e−e+ντ
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Matrix element from https://arxiv.org/pdf/1912.11376.pdf 

https://arxiv.org/pdf/1912.11376.pd
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τ− → ν̄μμ−μ−μ+ντ
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Matrix element from https://arxiv.org/pdf/1912.11376.pdf 

https://arxiv.org/pdf/1912.11376.pd
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Pre-sampler optimizations 
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τ− → ν̄eμ−e−e+ντ

τ− → ν̄ee−μ−μ+ντ
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τ− → π−e−e+ντ
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Matrix element from https://arxiv.org/pdf/1306.1732.pdf

Physical Review D88 (2013) 033007
arXiv:1306.1732 [hep-ph]

https://arxiv.org/abs/1306.1732


Swagato BanerjeeTau & low multiplicity 
event generators

τ− → π−μ−μ+ντ
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Matrix element from https://arxiv.org/pdf/1306.1732.pdf

Physical Review D88 (2013) 033007
arXiv:1306.1732 [hep-ph]

https://arxiv.org/abs/1306.1732
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Dark leptophilic scalar decaying into a pair of leptons
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◦  decays to a lepton pair: search for narrow peak in lepton pair invariant mass distribution. 
▪  → e+e- for  < 2mµ  

▪  → µ+µ- for  > 2mµ 

◦ High production cross-section times branching ratio in the region 40 MeV <  < 6.5 GeV.

ϕL
ϕL mϕL

ϕL mϕL

mϕL

ξ is the lepton flavor independent coupling constant,
mℓ is mass of the lepton the dark scalar couples with,
v is the vacuum expectation value = 246 GeV

B. Batell, N. Lange, D. McKeen, M. Pospelov, and A. Ritz, “Muon anomalous magnetic moment through the leptonic higgs portal,” Phys. Rev. D 95 (2017) 075003.

https://arxiv.org/abs/1606.04943
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e+e− → τ+τ−ϕL; ϕL → e+e−/μ+μ−
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Św.B, D. Biswas, T. Przedzinski, Z. Was, e-Print: 2112.07330 [hep-ph]

https://arxiv.org/abs/2112.07330
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Event generation with TauolaBelle2 and Photos++
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on-shell

Resolution varies from 5 to 30 MeV, increasing at larger values of  mϕL



Swagato BanerjeeTau & low multiplicity 
event generators

Electric and magnetic dipole moments
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Spin re-weighting technique
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2209.06047  [hep-ph]
Phys.Rev.D 106 (2022) 11, 113010

 depends on , 
, CM energy , 

scattering angle , 
 velocity , and 

Lorentz factor .

Rij a
b s

θ
τ β

γ

https://arxiv.org/abs/2209.06047


Swagato BanerjeeTau & low multiplicity 
event generators

Spin re-weighting technique
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2209.06047  [hep-ph]
Phys.Rev.D 106 (2022) 11, 113010

τ− → ρ−ντ, τ+ → ρ+ν̄τ

e−e+ → τ−τ+

 : acoplanarity between   and φ ρ− ρ+

https://arxiv.org/abs/2209.06047
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Spin re-weighting technique
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2307.03526 [hep-ph]
Phys.Rev.D 109 (2024) 1, 013002

https://arxiv.org/abs/2307.03526
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Madgraph and EKHARA generators
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Madgraph vs KKMC
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AAFH and WHIZARD generators
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• Muon and tau pair production cross-sections 

• General introduction to tau decays 

• Adaptation of tau branching fractions from HFLAV/PDG fits 

• General formalism of KK2F, TAUOLA, PHOTOS Monte Carlo for -pairs 

•  vs  modeling 

• Lepton flavor violation:  

• Alternate parametrizations of hadronic currents 

• Pre-sampler optimization for lepton pair emissions: ,  

• Dark scalar production in tau decays decaying to a pair of leptons 

• Electric and magnetic dipole moments 

• Low multiplicity generators: MADGRAPH, EKHARA, AAFH, WHIZARD

τ

τ− → π−ντ τ− → ρ−ντ

τ− → ℓ−α

τ− → ν̄ℓℓ−ℓ−ℓ+ντ τ− → π−ℓ−ℓ+ντ


