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We still don’t know much about our Universe.

The origin of
the present Universe

Why is there more matter than antimatter?

Need Physics Beyond the Standard Model

What is Dark Matter? 

DM

Dark Energy Atoms

26.8%

What is the origin of
tiny neutrino mass ?

0.5 MeV < 1 eV
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Charged Lepton Flavor Violation

*Beyond the minimal extension of the SM

Searches for CLFV are strong tools to probe BSM physics.
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Searches for CLFV are strong tools to probe BSM physics.

Charged Lepton Flavor Violation

Petcov ’77, Marciano-Sanda ’77 ....

Ex) SM + neutrino mass (νSM)

Dirac or Majorana

ℒ = ℒSM + ℒν−mass

Extremely small!Br(μ → eγ) =
αem

32π ∑
i=2,3

U*μiUei
Δm2

1i

m2
W

2

< 10−54
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Searches for CLFV are strong tools to probe BSM physics.

Charged Lepton Flavor Violation

Petcov ’77, Marciano-Sanda ’77 ....

Ex) SM + neutrino mass (νSM)

Br(μ → eγ) < 10−54 ≪ Br(μ → eγ)BSM

*Underlying mechanism of the neutrino mass. 

✔  The Observations of CLFV would point to new physics beyond νSM.  



COMET
Mu2e

* Example

Belle

Mu to e conversion

Mu to e gamma

Mu to 3e

BaBar
LHC

CLFV searches
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BESIIIMEG/Mu3e

Tau decays

BaBar, PRL104 (2010) 021802 Belle, PLB719 (2013) 346-353

BR(τ → eγ) < 3.3 × 10−8 BR(τ → eπ+π−) < 2.3 × 10−8

MEG II Collaboration, 2310.12614 P. Wintz, Conf. Proc. C 980420, 534 (1998).

BR(μ → eγ) < 3.1 × 10−13 BR(μ− Ti → e− Ti) < 6.1 × 10−13



MEG/Mu3e
COMET

Mu2e

* Example

Belle

Mu to e conversion

Mu to e gamma

Mu to 3e

BaBar
LHC

CLFV searches
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BESIII

HERA

EIC

Electron-Proton/Ion collider

Tau decays

ep → τ/μ X @ EIC
e

P

τ/μ

LFV

X

S = 20 ∼ 140 GeV

ℒ = 1033−34 cm−2 s−1

*Higher than HERA



8CLFV searches

ep → τ/μ X @ EIC

e

P

τ/μ

LFV
X P

τ/μ

LFV
P

e

pp → e τ/μ @LHC

✔ Model-Independent Analysis of CLFV process at low- and high-energy

EIC vs LHC vs Low-Energy CLFV searches

LFV LFV
π+

π−τ/μ e

γ e

τ
LFV

μ e

N N

τ, μ, and meson decays
Ex)

V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan, JHEP03(2021)256
F. Delzanno, KF, S. Gonzalez-Solis, E. Mereghetti, arXiv 2411.13497



9Model-Independent Analysis

Scale

Λ

SMEFT : Standard Model Effective Field Theory 

𝒪(100) GeV



10Model-Independent Analysis

Scale

𝒪(100) GeV

BSM Physics

SMEFT : Standard Model Effective Field Theory 

τ e

ϕBSM

γ
τ

e

q
ZBSM

q

Λ
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All possible interactions based on gauge and Lorentz invariance

SMEFT

Scale

Λ

𝒪(100) GeV

BSM Physics

Higher Dimensional Operators

Dipole 4 Fermion

Model-Independent Analysis

τ e

ϕBSM

γ
τ

e

q
ZBSM

q

✔ EFT can apply to concrete models

SMEFT : Standard Model Effective Field Theory 

ℒSMEFT = ℒSM + ∑
d=5

1
Λd−4

Cd𝒪d



Total : 16 different types of  LFV operators (dim 6) 

12CLFV operators 

Gauge boson Fermion Higgs

ℒLFV = ℒψ2φ2D + ℒψ2Xφ + ℒψ2φ3 + ℒψ 4



Total : 16 different types of  LFV operators (dim 6) 

13CLFV operators 

Gauge boson Fermion Higgs

ℒLFV = ℒψ2φ2D + ℒψ2Xφ + ℒψ2φ3 + ℒψ 4

⊃ −
4GF

2 ∑
ℓ = τ, μ
q = u, d

[CLq]ℓeij ℓ̄LγμeL q̄RiγμqRj

eL τL /μL

qRiqR j

*Assume a generic quark flavor structure

[CLd]τe =
[CLd]dd [CLd]ds [CLd]db

[CLd]sd [CLd]ss [CLd]sb

[CLd]bd [CLd]bs [CLd]bb

Ex)

*Focus on tau-electron case.



14Low-Energy Tau and Meson Decay

2.3 × 10−8

1.53 × 10−5 Belle PRL130(2023)26 261802

Belle PRL130(2023)26 261802

Belle PLB719(2013)346

τ → eπ0 8 × 10−8

τ → eη′ 1.6 × 10−7

τ → eπ+π−

Decay mode Upper limit (90 % C . L.)

Belle PLB648(2007)341

τ → eη 9.2 × 10−8 Belle PLB648(2007)341

Belle PLB648(2007)341

τ → eKS 2.6 × 10−8 Belle PLB692(2010)4

τ → eπ+K− 3.7 × 10−8 Belle PLB719(2013)346

τ → eπ−K+ Belle PLB719(2013)3463.1 × 10−8

B0 → e±τ∓ 1.6 × 10−5 Belle PRD104(2021)9

B+ → π+e+τ− 7.4 × 10−5 BaBar PRD86(2012)012004

B+ → π+e−τ+ 2.0 × 10−5 BaBar PRD86(2012)012004

B+ → K+e−τ+

B+ → K+e+τ−

1.5 × 10−5

uu/dd/ss

ds/ds

db/bd

sb/bs
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2.3 × 10−8 Belle PLB719(2013)346

τ → eπ0 8 × 10−8

τ → eη′ 1.6 × 10−7

τ → eπ+π−

Decay mode Upper limit (90 % C . L.)

Belle PLB648(2007)341

τ → eη 9.2 × 10−8 Belle PLB648(2007)341

Belle PLB648(2007)341

uu/dd/ss

• Certain combinations of CLFV operators can be bounded.

BR(τ → eπ+π−) ≃ 0.5 × [CLu]uu − [CLd]dd
2

Ex)

Low-Energy Tau and Meson Decay

A. Celis, V. Cirigliano, E. Passemar, PRD89(2014)095014
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2.3 × 10−8 Belle PLB719(2013)346

τ → eπ0 8 × 10−8

τ → eη′ 1.6 × 10−7

τ → eπ+π−

Decay mode Upper limit (90 % C . L.)

Belle PLB648(2007)341

τ → eη 9.2 × 10−8 Belle PLB648(2007)341

Belle PLB648(2007)341

uu/dd/ss

• Certain combinations of CLFV operators can be bounded.

BR(τ → eπ+π−) ≃ 0.5 × [CLu]uu − [CLd]dd
2

Ex)

• Quark-flavor conserving processes are generated by light quarks operators

[CLu]τe =
[CLu]uu [CLu]uc [CLu]ut

[CLu]cu [CLu]cc [CLu]ct

[CLu]tu [CLu]tc [CLu]tt

[CLd]τe =
[CLd]dd [CLd]ds [CLd]db

[CLd]sd [CLd]ss [CLd]sb

[CLd]bd [CLd]bs [CLd]bb

How?

Low-Energy Tau and Meson Decay

A. Celis, V. Cirigliano, E. Passemar, PRD89(2014)095014



17Scale running effects

ℒLFV = −
4GF

2
[CLd]τebb τ̄LγμeL b̄RγμbR

e τ

b

Bμ

u /d u /d

Scale

∼ GeV

Λ

Light-quark operators are induced via the RGEs:

τ

e

LFV
π+

π−

[CLu]uu, [CLd]dd ∼
g2

(4π)2
[CLd]bb

Loop effect ∼ 𝒪(10−3)

μ
d

dμ
[CLd]dd =

4
3

Nc
g2

1

(4π)2
y2

d [CLd]bbEx)



LHC search

ATLAS Collaboration, PRD98(2018)092008

 [TeV]Z'm
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 B
 [p

b]
σ

5−10

4−10

3−10

2−10

1−10
Expected 95% CL

σ 1±Expected 
σ 2±Expected 

Observed 95% CL
LFV Z'

ATLAS

τ e→LFV Z' 

-1 = 13 TeV, 36.1 fbs

36 fb-1 

q

q̄

ℓ

ℓ′ 

Z′ 

• ATLAS published pp → l l’ bounds in high-mass final states using 36 fb-1 

’22 ATLAS and ’23 CMS results with 138 and 139 fb-1 ATLAS JHEP 10 (2023) 082
CMS JHEP 05 (2023) 227

310 410
 [GeV]τem

0.5
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1
1.25
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210
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410
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en

ts

ATLAS
-1 = 13 TeV, 139 fbs

 channelτe
 Control Regiontt

Post-Fit

Data Top Quarks
Diboson Drell-Yan
Fake Uncertainty

ATLAS Collaboration, JHEP 10 (2023) 082

138 fb-1 
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• Bound on CLFV top decay by ATLAS with 79.8 fb-1:  BR(t → qℓℓ′ ) < 1.86 × 10−5 (95 % CL.)
ATLAS collaboration, ATLAS-CONF-2018-044



Existing bounds

LHC (middle)
Low energy (right)

[CLd]dd [CLd]ds [CLd]db [CLd]sd [CLd]ss [CLd]sb [CLd]bd [CLd]bs [CLd]bb

10-5

10-4

10-3

10-2

10-1

10

1

C
(μ
=
1
Te
V
)

Upper limit on LFV coupling (left) and lower limit on new physics scale (right)
Λ
[TeV

]

τ→eππ τ→eπK B→πτe τ→eπK τ→eη B→Kτe Bd→τe B→Kτe τ→eππ

* Single Operator Analysis

• Operators with d-type quarks sector well constrained by low-energy

• PDF and loop suppression in [CLd]bb

19
V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan, JHEP03(2021)256

[CLd]ij τ̄LγμeL d̄RiγμdR j



Existing bounds

• Less constrained by low energy than d-type operators

• Strong bound on  from [CLu]tt τ → eπ+π−

LHC (middle)
Low energy (right)

[CLu]uu [CLu]uc [CLu]ut [CLu]cu [CLu]cc [CLu]ct [CLu]tu [CLu]tc [CLu]tt

10-5

10-4

10-3

10-2

10-1

10
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C
(μ
=
1
Te
V
)

Upper limit on LFV coupling (left) and lower limit on new physics scale (right)
Λ
[TeV

]

τ→eππ τ→eππ τ→eππ
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* Single Operator Analysis

V. Cirigliano, KF, C. Lee, E. Mereghetti, B. Yan, JHEP03(2021)256

[CLu]ij τ̄LγμeL ūRiγμuR j



Multi-operator scenario

*Case with 8 nonzero CLFV operators

Z couplings + down-type 4F operators

21

• Collider probes are necessary to close the free direction. 

S. Banerjee, V. Cirigliano, et al,
Snowmass White Papaer, 2203.14919 

[CLd]bb

[CLQ,D]bb

ℒLFV ⊃ −
g2

cW
(c(1)

Lφ + c(3)
Lφ) τ̄LγμZμeL

−
4GF

2 ∑
a=d,s,b

[CLd]aa
τ̄LγμeLd̄RaγμdRa

−
4GF

2 ∑
a=d,s,b

[CLQ,D]aa
τ̄LγμeLd̄LaγμdLa



What about  case?e → μ

F. Delzanno, KF, S. Gonzalez-Solis, E. Mereghetti, arXiv 2411.13497
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What about  case?e → μ

F. Delzanno, KF, S. Gonzalez-Solis, E. Mereghetti, arXiv 2411.13497

EIC (left)
LHC (middle)
Low energy (right)

[CLd]dd [CLd]ds [CLd]db [CLd]sd [CLd]ss [CLd]sb [CLd]bd [CLd]bs [CLd]bb
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Upper limit on LFV coupling and lower limit on new physics scale

Λ
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]

μ→e

KL→eμ

B→πeμ

KL→eμ

μ→e B→Keμ

B→πeμ

B→Keμ μ→e

[CLd]ij τ̄LγμeL d̄RiγμdR j

•  conversion currently gives strong bound μ → e

23



F. Delzanno, KF, S. Gonzalez-Solis, E. Mereghetti, arXiv 2411.13497

•  LHC leads the bound on   and [CLu]cu [CLu]tq/qt

EIC (left)
LHC (middle)
Low energy (right)

[CLu]uu [CLu]uc [CLu]ut [CLu]cu [CLu]cc [CLu]ct [CLu]tu [CLu]tc [CLu]tt
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μ→e

μ→e

[CLu]ij τ̄LγμeL ūRiγμuR j

What about  case?e → μ 24



Summary

Searches for Lepton Flavor Violations are Powerful Probes of BSM Physics.

Today

• Systematic Analysis based on SMEFT

• Strong bound in  case especially from  conversione − μ μ → e

- The RGEs allow to constrain CLFV heavy quark operators 

• Collider searches are essential in multi-operator scenarios

Outlook/Discussion 

• b, c quark and tau lepton tagging

• Multi-Dimensional Analysis using Machine Learning


