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LFV at Lepton Colliders

 In the SM: neutrinos are massless                LFV interactions are forbidden.

 Neutrino oscillations have been observed neutrinos are massive.

 This leads to violation of lepton flavor conservation.

 LFV enters into the charged lepton sector from the neutrino sector via radiative
corrections which are extremely suppressed because of the smallness of the ratio 
of neutrino mass to the W boson mass.

 The predicted branching fraction e.g. for 𝜏 → 3ℓ is  ≲ 10−54, where ℓ = 𝜇, 𝑒

 An increase of several orders of magnitude is predicted in some extensions of the 
SM.
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LFV at Lepton Colliders

 any observation of LFV in the charged lepton sector: 
 an obvious hint to the BSM physics 
 An indirect way to search for beyond the SM scenarios.

 So far, no LFV interactions among the charged leptons have been observed and 
there are several strong constraints from various experiments.

 The Belle II future prospects at 90% CL with 50 𝑎𝑏−1 : Br 𝜏 → 𝑒−𝑒+𝑒− < 10−10
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LFV at Lepton Colliders

 Future lepton colliders such as CLIC, ILC, CEPC and FCC-ee, are expected to 
provide an extraordinary place in flavor physics studies.

 The LFV through Z and Higgs have been studied.
 The Higgs and scalar LFV decays have been studied.

If the new degrees of freedom contributing to LFV are heavy comparing to the 
energy accessible at colliders then the LFV couplings could be reasonably 

parameterized via the effective contact interactions.

 Experiments can perfectly search for LFV in a model-independent approach, 
without any theoretical input.

 Effective field theories allow for a model-independent interpretation of the 
experimental results.

Motivation & Introduction:
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LFV at Lepton Colliders

 LFV 𝑒𝑒𝑒𝜏 contact interactions have been already studied at future high energy 
lepton colliders:

 the LFV contact operators probed:

via 𝑒−𝑒+ → 𝑒±𝜏∓ process at 𝑠 = 250, 500, 1000, 3000 GeV
considering two main background sources, 𝜏𝜏 and 𝑒𝜏𝜐𝜐.

 Similar study at 𝑠= 250, 500, 1000 GeV:
the effects of polarization beams
detector response
the main source of backgrounds of 𝑒𝜏𝜐𝜐.

 In this study:  Four FCC-ee benchmarks, ISR effect,
other main backgrounds, statistical data combination.

Motivation & Introduction:
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LFV at Lepton Colliders

 considering four Fermi contact interactions provide the opportunity to 
characterize the new physics effects in a model-independent framework.

 Six chirality conserving four-Fermi operators (Δ𝐿 = 1): scalar and vector type

 In addition, there are LFV operators containing dipole structures which are 
tightly constrained by radiative LFV decays, therefore, they are not considered 
in this work.

Theoretical Framework
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LFV at Lepton Colliders

 The effective Lagrangian and the relevant set of operators:

• Λ : the energy scale of new physics

• ci,j : Wilson couplings between leptons of flavor i and j

• Oi,j : four fermion leptonic operators, invariant under the SM gauge symmetry

Theoretical Framework
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LFV at Lepton Colliders

 LFV among 1st and 2nd generations is tightly constrained by experimental 
constraints arising from:
 𝜇 → 3𝑒 at SINDRUM experiment,
 the muon transition to 𝑒𝛾,

 𝑒 − 𝜇 conversion.

 However, constraints on flavor violations between 𝑒 and 𝜏, and μ and 𝜏 are 
much looser. 

 In addition to the 𝑒𝑒𝑒𝜏 four-Fermi contact interactions, contact interactions 
among leptons and quarks (like 𝑒𝑒𝑞𝑞′), and electrons and Higgs-Z (𝑒𝑒𝐻𝑍) are of 
favourite topics which have been probed in several papers.

Theoretical Framework
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Theoretical Framework

LFV at Lepton Colliders

 The theoretical cross section of 𝑒−𝑒+ → 𝑒±𝜏∓ :

10R. Jafari, 19 Jun. 2021

 The lepton masses are set to zero

 Production rate of the 4-f 
interactions grows with the 
squared center-of-mass energy.

 Vector type operators are larger 
than the scalar type by a factor of 
16 .



LFV at Lepton Colliders

 MADGRAPH5_aMC@NLO : Monte Carlo event generator

 The effective Lagrangian is implemented in the FeynRule program.

 the Universal FeynRules Output (UFO) model is inserted to the MadGraph.

Data Simulation
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 Six different signal samples corresponding 
to the six operators are generated.

 In order to generate signal events, we set 
related effective Wilson coefficient ci,j =0.1, 
with i, j = L,R, and Λ = 1 TeV



LFV at Lepton Colliders

 Four benchmarks of the FCC-ee: 365,      240, 162.5,    157.5 GeV
with their integrated luminosities : 1.5,        5, 5,          5 𝑎𝑏−1

 Background processes:

Data Simulation
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LFV at Lepton Colliders

 ISR effects are confsidered using the MGISR plugin (MadGraph5 version: 2.6.6)

Data Simulation
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𝜏𝜏 cross section [fb]

Without ISR



LFV at Lepton Colliders

 The generated samples are passed through the PYTHIA8 for parton shower, 
hadronization, and decay of unstable particles. 

 Simulation of detector: DELPHES3.4.2 using a ILD-like detector, 

 For electrons with 𝑃𝑇 > 10 GeV and |𝜂| ≤ 2.5, the identification efficiency in 
the ILD card is 95%.

 Tau-lepton hadronic decay mode which  produces a jet containing a few neutral 
and charged hadrons is considered.

 The Tau-tagging efficiency in the ILD simulation card is 40% and the tau 
misidentification rate is assumed to be equal 0.1%

Data Simulation
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LFV at Lepton Colliders

Analysis strategy
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 Event selection:

• Exactly 1 tau-tagged jet (Hadronic tau decay)

• Exactly 1 electron (positron)

• Opposite sign leptons

• RelIso < 0.15; the ratio of the sum of 𝑃𝑇 of charged particle tracks inside a

cone of size 0.5 around the electron track to 𝑃𝑇 of the electron

• 𝑃𝑇 > 20 GeV for tau

• 𝑃𝑇 > 10 GeV for electron (positron)

• |𝜂| ≤ 2.5 for all objects

• ∆𝑅 > 0.5GeV for all objects



LFV at Lepton Colliders

 To enhance the sensitivity, we apply additional cuts on:

Analysis strategy
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LFV at Lepton Colliders
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The optimized lower cuts on the energy of electron are obtained to be 78.6, 81.0, 119.7 
and 182.0 GeV for center-of-mass energy of 157.5, 162.5, 240 and 365 GeV, respectively.

Analysis strategy
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Analysis strategy

 About the 𝑒𝑒 → 𝑗𝑗 background:

 jets could be misidentified as and electron. Therefore, processes with jets in 
the final state contribute to the background.

 The jet fake  probability is expected to be 0.1%. The rate of background is 
assessed to be less than 5% of the total background contributions after event 
selection criteria.

 The contribution of the 𝑒𝑒 → 𝑗𝑗 background decreases to a negligible level 
after all cuts, and we do not mention it in the efficiency table (next slide).
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Results



LFV at Lepton Colliders
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Results & Discussion

 In order to achieve better sensitivity, the results from four energy benchmarks are 
combined.

 Comparison to the Belle-ll experiment with  50 𝑎𝑏−1 data

 Comparison to a study at 𝑠 = 1 TeV with beam polarization: 𝑃 𝑒− = 0.8, 𝑃 𝑒+ = −0.3
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Results & 

Discussion



LFV at Lepton Colliders
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Results & Discussion

 Impact of systematic uncertainties on the results

 Based on a search for LFV at LEP2 with the OPAL detector:
 the systematic uncertainty on the signal efficiency is 3.5% 
 on the number of expected background events is 5%. 

 While the future experiments are expected to be more accurate, we consider  5% 
uncertainty on both signal selection efficiency and on background expectation at 
365 GeV. The limits with this uncertainty are [× 10−9 (𝐺𝑒𝑉−2) ]:  
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Conclusion

 LFV processes are absent in the SM but appear in some extensions of the SM.

 The sensitivity of the FCC-ee, to the LFV couplings is examined using 𝑒𝜏 production.

 Effective Lagrangian: four Fermi contact interactions with vector and scalar types

 The events are generated using MadGraph5 considering ISR effect and passed
through PYTHIA8 and Delphes for using the ILD detector card.

 The hadronic tau decay channel and the main sources of background are considered.

 Cuts on 𝐸𝑒 and 𝑀𝑒𝜏 are applied to suppress the background contributions.

 Limits at 95% CL on the LFV have been obtained for the four center-of-mass
energies. Finally, a statistical combination of results is performed.

 We show that the statistical combination increases the sensitivity to the LFV
couplings significantly with respect to the individual energies.
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LFV at Lepton Colliders

Limit setting method
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 The CLs technique is exploited to find upper limits on the signal cross section

 The RooStats package is used to perform the numerical evaluation of the CLs.

 CLs technique: we define log-likelihood functions 𝐿𝐵𝑘𝑔 and 𝐿𝑆𝑖𝑔𝑛𝑎𝑙+𝐵𝑘𝑔 for the

background hypothesis, and for the signal+background hypothesis as the multiplication of
Poissonian likelihood functions.

 The p-value for hypothesis of signal+background and for the background hypothesis are
determined using the log-likelihood ratio:

 The signal cross section is constrained using

which is corresponding to 95% CL and 𝑄0 is is the expected value of test statistics Q.
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 Combination method Based on 1606.02266 [hep-ex]:
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Combination method

 Based on : https://inspirehep.net/files/aebd6033563c291bd897112e20e23437

https://inspirehep.net/files/aebd6033563c291bd897112e20e23437
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