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Outline
• Charged Lepton Flavor Violation (short intro)	

• Current Status 	


! CLFV in Muon Decays (stopped 𝜇 beams)	

! CLFV in Tau Decays (e+e- colliders, LHCb)	

! CLFV in Higgs and Z Decays (LHC)	


• Future Prospects
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Charged Lepton Flavor Violation
• Charged Lepton flavor: accidental 	

    symmetry in the Standard Model	


! Lepton flavor violation forbidden if 	

    neutrinos are massless	


"Very small SM effect due to finite neutrino 	

      mass: BR(µ!eγ) ~ 10−52	


• CLFV: an unambiguous signature of new physics	

"Sensitivity to mass scales far beyond the reach of direct searches	

"Window into TeV physics and beyond	

"Next generation experiments will have sensitivity to directly test 

predictions of many BSM theories, e.g. SUSY 

4
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Possible New Physics Contributions
5

Vadim Rusu - The last oscillation: mu2eBNL Seminar 5
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What Sensitivity is Needed?
Randall-Sundrum

~10-16 constrains many models	


~10-18 ultimate goal
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LFV in Tau Decays
!
CLEO ‘00

B Factories now

Model examples:

Belle-II projection
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History of LFV Searches

MEG ’11 

’10

C. Dukes  (Tau’10) 
G.Lafferty (BEAUTY ’11)
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µ-N→e-N’ and µ+→e+γ Complementary

κ<<1	

magnetic moment type operator	


!
 µ → eγ rate ~300x 	


µN → eN’ rate 

κ>>1	

four-fermion interaction	


!
µN → eN’ greatly enhanced 

over µ → eγ rate

Model 
independent 
CLFV 
Lagrangian:	

(A. de Gouvea)

9
Chapter 3: Muon to Electron Conversion 

Mu2e Conceptual Design report 

3-3 

model is provided in Figure 3.2, which depicts a scan of the parameter space of a Littlest 
Higgs Model with T-parity [8].  The different colored points refer to different choices for 
the structure of the mirror-lepton mixing matrix that gives rise to the CLFV effects.  The 
combination of results from MEG and Mu2e would severely constrain the allowed 
parameter space of this model and could distinguish between the Littlest Higgs Model 
and the Minimal Supersymmetric models in a transparent way, as the correlations 
between the two CLFV processes are significantly different in the two models.  Several 
other specific examples are discussed in Ref. [1]. 

Figure 3.1. The sensitivity to the scale of new physics, &, as a function of ', for a muon to 
electron conversion experiment with a sensitivity of 10!16 – 10!17 is compared to that for a muon-
to-electron-gamma experiment with a sensitivity of 10!12 – 10!13.  See the text for a definition of 
'. The excluded region of parameter space, based on current experimental limits, is shaded. 

MEG goal

Mu2e goal

ProjectX potential

SINDRUM IIMEGA



08/26/2015 Yury Kolomensky, CLFV 

µ-N→e-N’ and µ+→e+γ Complementary

κ<<1	

magnetic moment type operator	


!
 µ → eγ rate ~300x 	


µN → eN’ rate 

κ>>1	

four-fermion interaction	


!
µN → eN’ greatly enhanced 

over µ → eγ rate

Model 
independent 
CLFV 
Lagrangian:	

(A. de Gouvea)

9
Chapter 3: Muon to Electron Conversion 

Mu2e Conceptual Design report 

3-3 

model is provided in Figure 3.2, which depicts a scan of the parameter space of a Littlest 
Higgs Model with T-parity [8].  The different colored points refer to different choices for 
the structure of the mirror-lepton mixing matrix that gives rise to the CLFV effects.  The 
combination of results from MEG and Mu2e would severely constrain the allowed 
parameter space of this model and could distinguish between the Littlest Higgs Model 
and the Minimal Supersymmetric models in a transparent way, as the correlations 
between the two CLFV processes are significantly different in the two models.  Several 
other specific examples are discussed in Ref. [1]. 

Figure 3.1. The sensitivity to the scale of new physics, &, as a function of ', for a muon to 
electron conversion experiment with a sensitivity of 10!16 – 10!17 is compared to that for a muon-
to-electron-gamma experiment with a sensitivity of 10!12 – 10!13.  See the text for a definition of 
'. The excluded region of parameter space, based on current experimental limits, is shaded. 

MEG goal

Mu2e goal

ProjectX potential

SINDRUM IIMEGA

Similarly, complementary information from 𝜇 and 𝜏 searches
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CLFV in Muon Decays
10
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MEG: Search for 𝜇+→e+𝛾
11
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Angela Papa

MEG (PSI)

!"#$%&'%$(')%*+#,-.$(/

Signal   µ+ decay at rest

52.8 MeV (half of Mµ) (Eγ,Ee)

Back-to-back (θeγ,φeγ)

Timing coincidence (Teγ)

Radiative muon decay 

µ
+
→ e

+
ννγ

Timing coincident, not back-to back,

E <52.8MeV

Accidental background (dominant)

Michel decay e
+

+  random γ

Random timing, angle, E < 52.8MeV
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MEG Results and Prospects
12
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MEG: Dmitry GrigorievD. Grigoriev @ NuFact 2015
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MEG-II Upgrade
13
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Angela Papa

A. Papa @ NuFact 2015
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MEG-II Sensitivity
14
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MEGII:

Angela Papa
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MEGII: Angela Papa
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Muon→Electron Conversion

Al Nucleus	

~4 fm

μ-  in 1S state
μ-  stops in thin Al foil

the Bohr radius is ~ 20 fm, so 
the μ-  sees the nucleus

60% capture 
40% decay

nucleus

µ−

muon decay in orbit

nuclear muon capture

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

muon capture, 
muon “falls into” 
nucleus: 
normalization Decay in Orbit: 

background

15
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Muon conversion: 
signal
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Muon conversion: 
signalYoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

Muon-to-Electron Conversion
● Search for the process

● Time available after formation of muonic atom:
  up to about 1 microsecond (Z-dependent)
● Ee = m¹ 

{ Ebind { Erecoil
 

● observed signal is 
smeared because of 
detector e7ects

muonic atom mono-energetic electron
 105 MeV

m¹
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Previous Best Experiment
SINDRUM-II currently has the 
best limit on this process:

Expected 
signal

Cosmic ray  
background

Prompt 
background

Experimental signature is 105 MeV e-  
originating in a thin stopping target.	


Little time separation between signal and bkg

Muon 
decay

BAu
µe < 7⇥ 10�13 @ 90% CL

Limitation: CW beam

16
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Near Term: DeeMe
17

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

Masaharu Aoki

M. Aoki @ NuFact 2015
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𝜇→e Conversion Experiments
18

V. Lobashev, MELC 1992



Mu2E

COMET

Phase-II

Experimental

Layouts

Mu2e is truer to the

original MELC design

Mu2e (FNAL)

COMET 	

(J-PARC)
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𝜇→e Conversion Experiments
18

V. Lobashev, MELC 1992



Critical parameter: beam extinction between pulses (<10-10 required)
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Critical Issue: Proton Beam Timing
19

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

Mu2e

Vladimir Nagaslaev (Thursday) for

Mu2e accelerator details
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Mu2e

Vladimir Nagaslaev (Thursday) for

Mu2e accelerator details

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

B. Krikler @ NuFact 2015
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Detectors: Mu2e
20
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Mu2e: Kevin Lynch

• Electron tracker: low-mass 
straw tubes 

• 18 planes of 5-mm diameter 
straws transverse to beam, 
0.1% momentum resolution 

• Time-division readout to seed 
pattern recognition
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Mu2e: Kevin Lynch

• Calorimeter: disk geometry 
• Hex BaF2 crystals; APD or SiPM readout 
• Provides precise timing, PID, background 

rejection, alternate track seed, and possible 
calibration trigger.
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Mu2e Schedule
21
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Mu2e Progress
22
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COMET Schedule
23

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

COMET: Ben Krikler
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COMET: Phase-I
24
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COMET: Ben Krikler
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COMET Progress
25
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COMET: Ben Krikler

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

COMET: Ben Krikler
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Next-Generation: PRISM/PRIME
26
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PRISM FFAG

Jaroslaw Pasternak (Thursday)

J. Pasternak @ NuFact 2015
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𝜇→ eee: Mu3e Experiment
27
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Mu3e: Roman Gredig

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

Mu3e: Roman Gredig
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LFV Processes at a Collider

Taus produced in pairs: e+e–!τ+τ−, before taus decay. Use one side to tag the 
process, the other to look for LFV. Obvious signature: two leptons of different flavor 
in the final state.

BABAR τ!µγ simulation
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Search Strategy
• Select a large clean sample of “tag” 	

    tau decays	


! Clean leptonic and hadronic tau decays: 	

    “1-prong” and “3-prong”	


" τ!eνν, τ!µνν,  τ!πν,  τ!ρν,  τ!3πν	

• Look for LFV decays of the “other” τ	


! Typically a fully-reconstructed final state	

"  τ!eγ, τ!µγ, τ!lll, τ!lh0   	


• Take advantage of kinematics (known beam energy): 
define
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Summary of LFV in Tau Decays
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BaBar
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HFAG-Tau
Summer 2014

BelleSummary of recent tau LFV searches 

8/12/15& C.&Cecchi& 13&

48 decay modes investigated – 100 x more sensitivity w.r.t. CLEO 
results 
LHCb results on 3 leptons comparable to B-factories 

BelleSummary of recent tau LFV searches 

8/12/15& C.&Cecchi& 13&

48 decay modes investigated – 100 x more sensitivity w.r.t. CLEO 
results 
LHCb results on 3 leptons comparable to B-factories 

HFAG

Comprehensive search with 48 decay modes: leptonic and hadronic	

Several modes with nearly zero backgrounds 	

~x100 better sensitivity wrt CLEO	

LHCb sensitivity comparable to B-Factories for leptonic modes
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Future: SuperKEKB & Belle-II
31

BelleFuture perspectives: Belle II 

8/12/15& C.&Cecchi& 14&

NANO-BEAM scheme: 
-  Smaller βγ

*  

-  Increase beam current 
-  Increase ξy 
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Belle-II vs LHCb
32

Belle

SuperKEKB luminosity projection

Goal of Be!e II/SuperKEKB"

9 months/year
20 days/month

Commissioning starts
in early 2016.

Shutdown
for upgrade

In
te
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Luminosity profile and LHCb 

8/12/15& C.&Cecchi& 17&

Golden modes are different for the two 
experiments and also cross sections!!! 

50 ab-1 in 2023-2024 
O (1011) Tau sample C. Cecci @ NuFact 2015

O(1011) 𝜏 sample by 2024	

Complementary sensitivity for Belle-II and LHCb
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Projected Sensitivities
33

BellePerspectives for LFV 

8/12/15& C.&Cecchi& 19&

τ&!&μγ&&&&(no&bckgnd&free)&expected&limite&O(10)9)&&&
τ&!&μμμ&(bckgnd&free)&expected&limit&O(10)10)&

The full range of τ LFV is only accessible at a Super B factory 
C. Cecci @ NuFact 2015
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CLFV in CMS
34
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CMS: Alexander Nehrkorn

A. Nehrkorn @ NuFact-2015	

S. Dasu, D. Kobayashi @ SUSY-2015
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CLFV in ATLAS (H0→𝜇𝜏)
35

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

ATLAS: Craig Blocker

C. Blocker @ NuFact-2015	

S. Palestini @ SUSY-2015



08/26/2015 Yury Kolomensky, CLFV

Future of CLFV Searches
36
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Summary
• CLFV offers unique sensitivity to new physics	


! Complementary to LHC in SUSY parameter space	

! Can potentially reach significantly higher mass scales	

" Bridge between Terrascale and GUT	


! Complementary to other rare decays and precision 
measurements 	

" Muon g-2, 0𝜈𝛽𝛽, EDM 	


• Current sensitivities in TeV range for CLFV	

• Multiple experiments pushing the sensitivity frontier	


" SUSY-2025 will be exciting ! 
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Backup
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MEG Analysis
39
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MEG Results
40
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Consistent with null-signal hypotesis 
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D. Grigoriev @ NuFact 2015



08/26/2015 Yury Kolomensky, CLFV

MEG-II
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The MEGII experiment -3D view

15
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Mu2e Progress
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Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

Mu2e

Groundbreaking

April 18, 2015,
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MUSIC @ Osaka
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PRISM
44

 
J. Pasternak 

Conceptual Layout of PRISM/PRIME 

From now on 
the talk is focused on  
accelerator physics 



08/26/2015 Yury Kolomensky, CLFV

PRISM
45

 
J. Pasternak 

 PRISM System Concept 

•The PRISM/PRIME experiment based on FFAG ring  was 
proposed (Y. Kuno, Y. Mori) for a next generation cLFV 
searches in order to: 
 - reduce the muon beam energy spread  
   by phase rotation, 
 - purify the muon beam in the storage ring. 
• PRISM requires a compressed  proton bunch and high 
power proton beam 

- It needs a new proton driver! 
• This will allow for a single event sensitivity of 3×10-19 
 
 

PRISM - Phase Rotated Intense Slow Muon beam 
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Belle-II Detector Upgrade
46

BelleDetector upgrade 

8/12/15& C.&Cecchi& 15&

Critical issues @8x1035 s-1cm-2 

- Higher background (x10-20) 
•  radiative Bhabha dominate 
•  radiation damage, occupancy 
•  pile-up in ECL 

- Higher event rates (x10) 
•  higher trigger rates (0.5 ! 
3KHz) 
•  DAQ 

- IMPROVEMENTS 
•  hermeticity (kπ-ID µ-ID 
endcap)   
•  IP and secondary vertex 
resolution 
•  Ks and π0 efficiency 
•  K/π separation 
•  µ-ID and PID endcaps 

TDR arXiv: 10110352 
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Low-Energy Searches for New Physics
• Precision measurements	


! Look for small deviations from the Standard Model	

" Deviations go as 	

!

" Examples: muonic g-2, parity violation measurements	


• Processes suppressed in the Standard Model	

! Symmetry violations, Rare decays, Forbidden 

transitions	

" Little Standard Model background usually implies higher 

sensitivity	

" Examples: 0νββ, EDM, LFV searches

47


