
1

Charged Lepton Flavor 
Violation in the  Sectorτ

Swagato Banerjee

On  behalf of Belle and Belle II collaborations



CLFV in 
  sectorτ

Swagato 
Banerjee

Charged Lepton flavor violation (LFV) in  decaysτ

2

LFV is not forbidden by any continuous symmetry 
⇒ most new physics (NP) models naturally includes LFV

LFV in tau sector is complementary to muon sector in NP parameter space: 
current limit on  ~ 10-13  does not forbid  ~ 10-8ℬ(μ → eγ) ℬ(τ → ℓγ)

Vincenzo Cirigliano, Benjamin Grinstein, Gino Isidori, Mark B. Wise: hep-ph/0507001 [hep-ph], hep-ph/0608123 [hep-ph]
R. Barbieri, L. Hall, A. Strumia: hep-ph/9501334 [hep-ph] 

Lee & Shrock: Phys.Rev.D 16 (1977) 1444

Any observation of LFV ⇒ unambiguous signature of NP

https://arxiv.org/abs/hep-ph/0507001
https://arxiv.org/abs/hep-ph/0608123
https://arxiv.org/abs/hep-ph/9501334
https://inspirehep.net/literature/118973
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LFV τ decays

Neutrinoless 2 and 3 body τ decays have different sensitivity

B(τ → "γ) B(τ → """)
mSUGRA+seesaw (EPJC14(2000)319, PRD66(2002)115013) 10−7 10−9

SUSY SO(10) (NPB649(2003)189, PRD68(2003)033012) 10−8 10−10

SUSY Higgs (PLB549(2002)159, PLB566(2003)217) 10−10 10−7

Non-Universal Z′ (PLB547(2002)252) 10−9 10−8

SM+Heavy Majorana νR (PRD66(2002)034008) 10−9 10−10

Illustrative scenarios ...
ν µ

χ
γ

τ − −
∼ −

τ −
µ
µ

−
−µ

+H0

! Search for τ → "γ/P 0, τ → """, τ → "hh′ decays (" = e, µ; h = π, K)
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LFV τ decays

Mass dependent couplings enhance tau LFV w.r.t. lighter leptons

Some models predict LFV upto existing experimental bounds

eg. SUSY models: non-diagonal slepton mass matrix ⇒ LFV

Normal (Inverted) hierarchy for slepton ⇒ τ → µγ ( τ → eγ)

∼ O(10−6)
(CLEO ’00)

(J. Ellis, J. Hisano, M. Raidal and Y. Shimizu, Phys. Rev. D 66 (2002) 115013)

τ Physics @ BABAR

Low- and high-energy 
phenomenology of a 

doubly charged scalar

A. Crivellin et. al.
Phys. Rev. D 99, 035004 

(2019)
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https://inspirehep.net/literature/1683975
https://inspirehep.net/literature/1683975
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Tree level :

Loop induced :
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Belle II at SuperKEKB ATLAS, CMS, LHCb at LHC STCF proposal at China/Novosibirsk 

Tentative timeline

e-Print: 2203.14919 [hep-ph]

https://arxiv.org/abs/2203.14919
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About fifty τ decay modes & many transitions with τ in the final state 
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• Lepton flavor violation (charge conjugate modes implied) 
• τ → e/µ γ (Belle II, STCF, FCC-ee) 
• τ → e/µ (scalar/pseudoscalar/vector mesons) (Belle II) 
• τ → e e e (Belle II) 
• τ → µ µ µ (Belle II, ATLAS, CMS, LHCb, STCF, FCC-ee) 
• τ → e µ µ, µ e e (Belle II) 
• τ → e/µ h h (non-resonant final states with h=π/K) (Belle II, STCF) 

• τ → e/µ invisible ( ) (Belle II) 
• H → e τ, µ τ (ATLAS, CMS) 
• Z(Z') → e τ, µ τ (ATLAS, CMS) 
• e → τ transitions (EIC) 

• Lepton number violation 
• τ- → e+ h- h- (non-resonant final states with h=π/K) (Belle II) 
• τ- → µ+ h- h- (non-resonant final states with h=π/K) (Belle II) 

• Baryon number violation 
• τ- → Λ π-, Λ̅ π- (Belle II) 
• τ- → p̅ µ+ µ-, p µ- µ-  (Belle II, LHCb)

α
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Signature of the signal process 

2-body τ → ℓα decay will appear as a bump 
against the SM 3-body τ → ℓνν̅ background    
in the pℓ distribution in the τ pseudo-rest frame:

τ pseudo-rest frame

•LFV decay: τ → ℓα (where ℓ = e or µ, and α is an invisible boson) 
•α can enter from new physics models, eg. light axion like particles (ALP),  Z’, etc.
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• Event reconstruction: 
‣ Split event into hemispheres  to thrust axis  

         which maximizes Thrust  

‣ Require exactly 4 tracks: 1 in signal-side, 3 in tag-side 
‣ Veto neutrals (π0,γ) to suppress hadronic background. 

• Backgrounds reduced by cuts: 
‣ qq̅, ℓ⁺ℓ⁻, ℓ⁺ℓ⁻ℓ⁺ℓ⁻, ℓ⁺ℓ⁻h⁺h⁻ and τ⁺τ⁻  

with misidentified signal (e.g. τ → πν)  

• Data-MC agreement in the discriminating variable: 

⊥ ( ̂nT)
= max(∑ | ⃗p i | ⋅ ̂nT)/(∑ | ⃗p i |)

xℓ = 2Eps
ℓ /mτ
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95% C.L. upper limits from Belle II (ICHEP’2022)

Comparison with previous limits from ARGUS (0.472 fb-1) [Z. Phys. C68 (1995) 25]

https://inspirehep.net/literature/394587
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Upper Limit

B90
UL = N90

UL/(Nτ × ε)

ε: high statistics signal MC simulated for different Data-taking periods

Cumulative:

90%      70%        70%       50%    50%        50%

90%      63%        44%       22%    11%        ~5%

Trigger . Reco . Topology . PID . Cuts . Signal−Boxε =

στ+τ−(10.6GeV) ∼ 0.89 nb, L ∼ 339 fb−1 ( BABAR Summer 2006)
⇒ Nτ = 2 × L× στ+τ− ∼ 6.0 × 108

N90
UL: 90% C.L. Upper Limit for (Nobs, Nbkg) from Data

Naive Sensitivity : N90
UL = 2.3 ×

√
Nbkg, Nbkg ∼ O(1) ⇒ B90

UL ∼ O(10−7)

τ Physics @ BABAR

 S. Banerjee
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τ Physics @ BABAR

Luminosity (L) Nτ = 2Lσ

Belle II 10.58 GeV 50 ab-1 9.2 x1010

HL-LHC    14 TeV 3 ab-1   (1015 )

STCF 2-7 GeV 1 ab-1 7.0 x109

FCC-ee 91.2 GeV 150 ab-1 3.4 x 1011

(Efficiency much lower)𝒪

s
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Current status of LFV  decays ~ 10-7τ
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 at Belle IIτ → μμμ
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Belle II 2020 (preliminary) Two independent variables:

➡ ΔE close to  0 for signal
➡ Mass of tau daughters close to τ mass 

ΔE = ECMS
μμμ − ECMS

beam

Mτ = E2
μμμ − P2

μμμ

Higher signal efficiency is foreseen at Belle II than at Belle or BaBar
• higher trigger efficiencies  
• improved vertexing detectors 
• upgraded tracking /calorimetry 
• momentum dependent particle identification optimizations

• Known initial conditions (beam energy constraint) 
• Clean environment (fewer backgrounds)

Expected Belle II sensitivity:  < 3.6 x 10-10  with 50 ab-1ℬ(τ → μμμ)
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2.44 [Feldman − Cousins for Nobs = 0]

Belle II to probe LFV in several channels ≃ 𝒪(10-10) to  𝒪(10-9) with 50 ab-1

 2207.06306 [hep-ex]

Projections

https://arxiv.org/abs/2207.06307
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• Further improvements are expected with polarized beams  
• With beam polarization, helicity distributions can suppress backgrounds 
• Optimization study shows at least 10% improvement in τ→ℓγ sensitivity

https://arxiv.org/
pdf/0810.1312.pdf

Intriguing aspect of having the polarization is the possibility to determine 
the helicity structure of the LFV coupling in  from Dalitz plots.τ → μμμ

https://arxiv.org/pdf/0810.1312.pdf
https://arxiv.org/pdf/0810.1312.pdf
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Introduction B0
(s) ! e+µ� ⌧� ! µ�µ+µ� ⌧ ! pµµ Conclusions

Physics Letters B 724 (2013)

Background estimation for ⌧� ! µ�µ+µ�

• Fit the mass sidebands in each bin
) single exponential model (others were used, results compatible)

• Interpolate to estimate expected background in signal region
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LHCb

The 4 highest S/B bins merged: M3body 2 [0.65, 1.0], MPID 2 [0.725, 1.0]

Fatima Soomro (INFN) cLFV searches at LHCb June 25, 2013 35 / 45

B(⌧� ! µ�µ+µ�) Z0 ! ⌧±µ⌥ D0 ! e±µ⌥ Prospects

Conclusion

I ATLAS limit on the ⌧�
! µ�µ+µ� branching ratio

B(⌧�
! µ�µ+µ�) < 3.76⇥ 10�7 @ 90% C.L.

I LHCb limit on the ⌧�
! µ�µ+µ� branching ratio

B(⌧�
! µ�µ+µ�) < 4.6⇥ 10�8 @ 90% C.L.

I ATLAS limit on the Z
0
! ⌧±µ⌥ branching ratio

B(Z ! ⌧±µ⌥) < 1.69⇥ 10�5 @ 95% C.L.

I LHCb limit on the D
0
! e

±µ⌥ branching ratio

B(D0
! e

±µ⌥) < 1.3⇥ 10�8 @ 90% C.L.

I Decays involving ⌧ ’s play an important role in searches for
charged lepton flavour violation

Kristof De Bruyn (CPPM) LFV in Tau Decays: Results and Prospects at the LHC Tau 2016 25 / 25

JHEP 02 (2015) 121

LHCb-PUB-2018-009

Using D decays (3fb-1 at 7/8 TeV)

https://arxiv.org/abs/1409.8548
https://inspirehep.net/literature/1691586
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CMS t  3� µ decay projections
● Projection for HL-LHC (3000 fb-1)

● Forward muon detectors will be enhanced.
● The new ME0 detector extends coverage 
from  = 2.4 to 2.8�

●The major source of  at LHC is D,B meson ⇤
decays

Luca Fiorini          18

CERN-LHCC-2017-012

Signal and background yields in [1.55, 
2.00] GeV, assuming BR(⇤->3µ)=2x10-8

of a given intial state X, being either a W-boson or charm/beauty hadron. The HL-LHC ATLAS tracker
upgrades [7, 8] entail improvements in vertex and mass determination. This reflects in an improved mass
resolution in both the W-channel and HF-channel. Figure 1 exemplifies this, comparing the reconstructed
tau mass obtained from Run 2 simulations to the one obtained from simulating the HL-LHC detector and
collision conditions. The reconstructed tau mass is fitted with a double-Gaussian with both means and
width floating. The total width, �, is obtained from the weighted average of the width of each single
Gaussian. Signal mass windows di�erent from the ones used in Run 1 are included as an improvement
taking advantage of the reduced background contributions.
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ν)µ 3→(τ→HL-LHC bbDs

ν)µ 3→(τ→HL-LHC ccDs

ν)µ 3→(τ→run-2 bbDs

ν)µ 3→(τ→run-2 ccDs

Figure 1: Comparison of tau mass resolutions in the W- (left) and HF-channel (right) in run-2 and under HL-LHC
detector conditions. The quoted widths, �, are obtained from a double Gaussian fit.

Given that the Run 1 analysis was performed in the W-channel only di�erent extrapolation approaches are
chosen for the two production modes and are summarised in the following two sections.

2.1 W-channel

The projection in the W-channel is based on the ATLAS Run 1 result [6]. The inclusive W production cross
section at

p
s = 14 TeV has been calculated at NNLO using FEWZ [9, 10] and the MSTW2008NNLO

pdf set [11] to �(pp ! W±(! l⌫)) = 21.66 nb [12], thus in 3ab�1 of collision data the tau lepton yield
from W-boson decays increased by about a factor of 260 w.r.t the Run 1 statistics (NHL�LHC

W!⌧⌫ = 6.50⇥ 1010).
Since the Run 1 result, several improvements in triggering on low momentum and close-by muons as well
as their reconstruction have been developed and deployed. To estimate the impact of these improvements
the combined trigger and reconstruction e�ciencies are evaluated in Run 2 MC simulation relative to
Run 1. The acceptance improves by a factor of 2.2 evaluated on Run 2 and this is confirmed using HL-LHC
MC simulations. Scenarios corresponding to di�erent assumed levels of analysis improvements, relative to
the Run 1 benchmark are defined, taking into account di�erent optimisations.

1. Non-improved scenario: Here no analysis or detector improvements are considered and the
sensitivity is extrapolated scaling for the integrated luminosity and higher production cross section
at
p

s = 14 TeV. The background yield of the Run 1 analysis (NRun 1
bkg = 0.193) is scaled by a factor

of 260, while A ⇥ ✏ is considered to be the same as in Run 1. This is by far the most conservative
approach of the three approaches.

2. Intermediate scenario: In this scenario the improvements in triggering and reconstruction of low
pT muons estimated from Run 2 MC are included in the projection, while no e�ects on further

3
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in the Run 1 analysis is scaled by the increase in luminosity and data and an additional penalty factor
of 10 is applied on top.

2. Medium background scenario: In this scenario it is considered that the background level in the
HF-channel is a factor of 3 larger than in the W-channel. The scaling according to the increase in
luminosity is applied.

3. Low background scenario: This is the most aggressive of the scenarios considered in the HF-
channel. The background level is assumed to be the same as in the W-channel, still taking into
account the increase in luminosity. This scenario provides a reference for the e�ect of potential
analysis improvements.

The background variability considered above is meant to include also a potentially less e�ective background
rejection relative to the W-channel, where the missing energy variable plays an important role. The
expected upper limits are estimated with the same procedure used in the W-channel case. Figure 2 and
Table 2 summarise the CLs curves and the 90% CLs limits for the three scenarios considered.

Scenario A ⇥ ✏ [%] Nexp
bkg 90% CL UL on BR(⌧ ! 3µ) [10�9]

High background 0.88 507.05 6.40
Medium background 0.88 152.12 2.31
Low background 0.88 50.71 1.03

Table 2: Summary of the inputs to the limit calculation for each scenario as well as the expected 90% CLs upper
limit on the LFV branching fraction for an assumed luminosity of 3 ab�1 of pp collisions at

p
s = 14 TeV in the

HF-channel.

3 Conclusion

A study of the ATLAS experiment reach in the search for lepton flavour violation in the charged sector
by searching for ⌧ ! 3µ decays at the HL-LHC is presented. The study is based on the results of the
W ! ⌧(! 3µ)⌫ search performed on the data collected during Run 1 of LHC, and takes into account
several aspects of the extrapolation such as trigger selections and e�ciencies, detector performance e�ects,
luminosity and collision energy conditions, which have been validated using Run 2 simulations. Systematic
uncertainties are extrapolated from the Run 1 analysis. Extrapolations to the statistics ATLAS expects to
collect at the HL-LHC are performed and upper limits on the ⌧ ! 3µ branching fraction are obtained
for di�erent levels of background and A ⇥ ✏ . Exclusion limits at 90% CL on the ⌧ ! 3µ branching
fraction below 10�8 in the W-channel and a few 10�9 in the HF-channel are foreseen. Both channels are
complementary due to the di�erent tau production channel, contributing backgrounds and systematic
uncertainties and thus a combination will yield a stronger limit.

6

ATL-PHYS-PUB-2018-032 CMS-TDR-016

Future prospects using D & B decays (3 ab-1 at 14 TeV) :

B(⌧� ! µ�µ+µ�) Z0 ! ⌧±µ⌥ D0 ! e±µ⌥ Prospects

Conclusion

I ATLAS limit on the ⌧�
! µ�µ+µ� branching ratio

B(⌧�
! µ�µ+µ�) < 3.76⇥ 10�7 @ 90% C.L.

I LHCb limit on the ⌧�
! µ�µ+µ� branching ratio

B(⌧�
! µ�µ+µ�) < 4.6⇥ 10�8 @ 90% C.L.

I ATLAS limit on the Z
0
! ⌧±µ⌥ branching ratio

B(Z ! ⌧±µ⌥) < 1.69⇥ 10�5 @ 95% C.L.

I LHCb limit on the D
0
! e

±µ⌥ branching ratio

B(D0
! e

±µ⌥) < 1.3⇥ 10�8 @ 90% C.L.

I Decays involving ⌧ ’s play an important role in searches for
charged lepton flavour violation

Kristof De Bruyn (CPPM) LFV in Tau Decays: Results and Prospects at the LHC Tau 2016 25 / 25

Eur. Phys. J. C (2016) 76:232
(20 fb-1 at 8 TeV)

JHEP 01 (2021) 163
(33 fb-1 at 13 TeV)

B(⌧� ! µ�µ+µ�) Z0 ! ⌧±µ⌥ D0 ! e±µ⌥ Prospects

Conclusion

I ATLAS limit on the ⌧�
! µ�µ+µ� branching ratio

B(⌧�
! µ�µ+µ�) < 3.76⇥ 10�7 @ 90% C.L.

I LHCb limit on the ⌧�
! µ�µ+µ� branching ratio

B(⌧�
! µ�µ+µ�) < 4.6⇥ 10�8 @ 90% C.L.

I ATLAS limit on the Z
0
! ⌧±µ⌥ branching ratio

B(Z ! ⌧±µ⌥) < 1.69⇥ 10�5 @ 95% C.L.

I LHCb limit on the D
0
! e

±µ⌥ branching ratio

B(D0
! e

±µ⌥) < 1.3⇥ 10�8 @ 90% C.L.

I Decays involving ⌧ ’s play an important role in searches for
charged lepton flavour violation

Kristof De Bruyn (CPPM) LFV in Tau Decays: Results and Prospects at the LHC Tau 2016 25 / 25

CMS

8.0

https://inspirehep.net/literature/1795280
https://inspirehep.net/literature/1816103
https://arxiv.org/abs/1601.03567
https://arxiv.org/abs/2007.05658
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𝝉 → 𝜸𝝁
Background Background 

“Physics Potential of a Super tau-Charm Facility"  
(RF/SNOWMASS21-RF7_RF1_STCF-013.pdf)

➢ STCF with 1ab-1:  

𝓑𝟗𝟎
𝑼𝑳(𝝉 → 𝜸𝝁) <

𝑵𝟗𝟎
𝑼𝑳

𝟐𝜺𝑵𝝉𝝉
~𝟏 . 𝟐 × 𝟏𝟎−𝟖

➢ STCF with 1ab-1:  

𝓑𝟗𝟎
𝑼𝑳(𝝉 → 𝝁𝝁𝝁) <

𝑵𝟗𝟎
𝑼𝑳

𝟐𝜺𝑵𝝉𝝉
~𝟏 . 𝟒 × 𝟏𝟎−𝟗

  1.0 ab-1 ×3.5 nb = 3.5𝑵𝝉𝝉~ × 𝟏𝟎𝟗At 4.26 GeV, number of tau pairs per year: 

Physics 49 (2020) 8, 513-524
PoS CHARM2020 (2021), 007

https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF7_RF1_STCF-013.pdf
https://inspirehep.net/literature/1818769
https://inspirehep.net/literature/1926635
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Sensitivity study with 100 fb-1 of data to be collected at  
 =140 GeV (18 GeV electron on 275 GeV protons)s

Expect to improve current sensitivity by an order of magnitude

e-Print: 2207.10261 [hep-ph]
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σ(ep → τX) = 1.7 f b
σ(ep → τX) = 11.4 f b

F = 3B+L = 0 |F| = |3B+L| = 2

https://arxiv.org/abs/2207.10261
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FCC-ee
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ℬ(τ → μμμ)

ℬ(τ → μγ) e-Print: 1811.09408 [hep-ex]

https://arxiv.org/abs/1811.09408
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Summary of experimental prospects of  decaysτ

20

e-Print: 2203.14919 [hep-ph]

https://arxiv.org/abs/2203.14919
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Summary of transitions with  in the final state τ
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e-Print: 2203.14919 [hep-ph]

https://arxiv.org/abs/2203.14919
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LFV decays of Higgs Boson
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Phys. Rev. D 104 (2021) 032013

Run 2 H  � tµ  Search

● Main backgrounds are the Z  � tt , W+jets and QCD production.
● Analysis employs  categorization in 0-jet, 1-jet, 2-jet VBF and no VBF final states
● Both BDT and collinear mass fit analyses are used, BDT better sensitivity.

Luca Fiorini          7

● Best-fit BR(H  � tµ) = 0.00 ±0.12%
● No excess found, this result excludes the BR corresponding to the CMS Run 1 excess

JHEP 06 (2018) 001

In the SM:
l

l ' 

Yukawa off-diagonal terms

Search)for)Lepton)Flavor)Violation)in)Z)and)Higgs)decays)with)the)CMS)Experiment

Alexander)Nehrkorn |))Tau2016))|))22.09.2016

Search'for LFV'in'Higgs decays

Introduction

13)/)21

• LFV)couplings)to)the)Higgs)possible,)e.g.

if)SM)only)valid)to)finite)scale)Λ

• LFV)Higgs)couplings)would)allow)processes)like

" → !,)( → " and ( → ! via)a)virtual Higgs boson

• ℬ U → !" < V(10.N) @)95%)CL)from " → !&

• ℬ U → !(/"( < V(10%) @)95%)CL)from ( → !&/"&
and !/" gZ2)measurements

• ℬ U → !(/"( < 13% @)95%)CL)from theoretical

reinterpretation of U → (( search results from ATLAS

" direct search very promising

arXiv:1209.1397

H

#

#′

Phys. Lett. B 800 (2020) 135069

ATLAS

CMS

http://dx.doi.org/10.1103/PhysRevD.104.032013
https://reader.elsevier.com/reader/sd/pii/S0370269319307919?token=DAC64E0A1CDD9B370250FF85688BFF59C741518E7AE3314F8C3922792C84E12721289A49416B8B703185418412709913
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Global fit:  decays and transitions with  in the final stateτ → e τ
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ep → τ + X
pp → τe + X

Model-independent probes of new physics at scale   
encoded as Wilson coefficients (Cn) via EFT approach. 

For certain operators, Higgs decay and LFV Drell-Yan compete, 
which are assumed to scale by factor of 4 at HL-LHC.  

For many other operators, bounds dominated by τ and B-decays.

(Λ)

ep → τ + X

pp → τe + X

Z → τe
h → τe Z → τe Z → τe Z → τe

e-Print: 2203.14919 [hep-ph]e-Print: 2102.06176 [hep-ph]

More: 
E. Mereghetti’s 
talk on 3 Sep’22

https://arxiv.org/abs/2203.14919
https://arxiv.org/abs/2102.06176
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Global fit:  decays and transitions with  in the final stateτ → μ τ
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Model-independent probes of new physics at scale   
encoded as Wilson coefficients (Cn) via EFT approach. 

For certain operators, Higgs decay and LFV Drell-Yan compete, 
which are assumed to scale by factor of 4 at HL-LHC.  

For many other operators, bounds dominated by τ and B-decays.

(Λ)

e-Print: 2203.14919 [hep-ph]

https://arxiv.org/abs/2203.14919
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Summary and outlook
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• Observation of LFV in the charged lepton sector would completely change our 
understanding of physics and herald a new period of discoveries in particle physics. 
Synergies between different experiments compliment discovery potential/confirmation. 

• Now is a very interesting era in the searches for LFV in decays of the  lepton, as the 
current limits will improve by an order of magnitude down to a few parts in 10-10 to 10-9   

            at the Belle II experiment. Polarized beams can further improve the sensitivity. 

• Similar sensitivities will be probed at ATLAS, CMS & LHCb with high luminosity upgrade. 

• Proposed experiments at STCF, EIC & FCC-ee will continue searches for LFV in the tau 
sector, also with the possibility of beam polarization.

τ


