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Flavour and CP violation: SM

Flavour in the Standard Model: interactions between fermion families (and the Higgs)

 and   encode flavour dynamics (masses, mixings & CP violation) 
flavour-universal gauge interactions
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SM quark sector:  6 massive states 
 flavour violated in charged current interactions   
 conservation of total baryon number in SM interactions 
 CP violation sources:  and   

                                  (strongly constrained by tiny neutron EDM) 
                                   not enough to explain observed BAU from baryogenesis 

Extensive probes of the “CKM paradigm”: meson oscillation and decays, CP violation... 
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 UTfit update
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Flavour and CP violation: SM

SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  lepton flavour universality preserved (only broken by Yukawas)  
  no intrinsic CPV sources - tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10− 38e cm

Extend the SM to accommodate  : assume most minimal extension SM   

                                                 [SM = “ad-hoc”  (Dirac), ] 

να ↭ νβ mν

mν
mν UPMNS

In SM  : flavour-universal lepton couplings, total lepton number conserved (LNC) 

          cLFV possible... but not observable!! BR( )  

            lepton EDMs still beyond observation...

mν

μ → eγ ∼ 10− 54

Leptonic observables: signs of New Physics

! In the Standard Model: (strictly) massless neutrinos

conservation of total lepton number & lepton flavours

lepton flavour universality preserved (only broken by Yukawas)

tiny leptonic EDMs (at 4-loop level.. dCKMe ≤ 10−38e cm)

! Extend the SM to accommodate να " νβνα " νβνα " νβ : assume most minimal extension SMmνmνmν

[SMmνmνmν= “ad-hoc” mν (Dirac), UPMNS]

! In the SMmνmνmν : (total) Lepton number conserved, flavour-universal lepton couplings

cLFV possible... but not observable!! BR(µ → eγ)BR(µ → eγ)BR(µ → eγ) ∼ 10−5410−5410−54

W−

γ

ℓi ℓj

νLUik U∗
jk

EDMs still beyond observation (contributions from δCP @ 2-loop...)

! Observation of SM-“forbidden” modes and/or tensions with data

⇒⇒⇒ discovery of New Physics! Possibly before LHC! cLFV, LNV, EDMs, ...: observation of SM-forbidden leptonic modes and/or tensions with data  
 Discovery of New Physics! (Possibly before direct signal @ LHC!)⇒

Flavour in the Standard Model: interactions between fermion families (and the Higgs)

 and   encode flavour dynamics (masses, mixings & CP violation) 
flavour-universal gauge interactions

Yu
ij, Yd

ij Yℓ
ij ↝



2A.M. Teixeira, LPC Clermont

Flavour and CP violation: SM

SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  lepton flavour universality preserved (only broken by Yukawas)  
  no intrinsic CPV sources - tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10− 38e cm

Extend the SM to accommodate  : assume most minimal extension SM   

                                                 [SM = “ad-hoc”  (Dirac), ] 

να ↭ νβ mν

mν
mν UPMNS

In SM  : flavour-universal lepton couplings, total lepton number conserved (LNC) 

          cLFV possible... but not observable!! BR( )  

            lepton EDMs still beyond observation...

mν

μ → eγ ∼ 10− 54

Leptonic observables: signs of New Physics

! In the Standard Model: (strictly) massless neutrinos

conservation of total lepton number & lepton flavours

lepton flavour universality preserved (only broken by Yukawas)

tiny leptonic EDMs (at 4-loop level.. dCKMe ≤ 10−38e cm)

! Extend the SM to accommodate να " νβνα " νβνα " νβ : assume most minimal extension SMmνmνmν

[SMmνmνmν= “ad-hoc” mν (Dirac), UPMNS]

! In the SMmνmνmν : (total) Lepton number conserved, flavour-universal lepton couplings

cLFV possible... but not observable!! BR(µ → eγ)BR(µ → eγ)BR(µ → eγ) ∼ 10−5410−5410−54

W−

γ

ℓi ℓj

νLUik U∗
jk

EDMs still beyond observation (contributions from δCP @ 2-loop...)

! Observation of SM-“forbidden” modes and/or tensions with data

⇒⇒⇒ discovery of New Physics! Possibly before LHC! cLFV, LNV, EDMs, ...: observation of SM-forbidden leptonic modes and/or tensions with data  
 Discovery of New Physics! (Possibly before direct signal @ LHC!)⇒
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Discovery 
of

NEW PHYSICS !!!

(beyond S
Mmν) 

LFUV (meson decays): 
, ...RK(*), RD(*), Rℓ

K, π

(EDM)e

LNV ( ):
 

ΔL = 2
0ν2β

μ− N → e+ N′�
M+

1 → M−
2 ℓ+

α ℓ+
α
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SM? seesaw? LR?
compositeness? leptoquarks?

symmetries? SUSY? 

 Neutrino oscillations: 1st laboratory ("flavoured") evidence of NP  
 massive neutrinos and leptonic mixings  

 New (Majorana) fields? New sources of CP violation? 
      and leptogenesis... (?)

⇒ Uαi
PMNS

⇒
ΔL ≠ 0

 Strong arguments in favour of New Physics! 

A number of theoretical caveats... and observations unaccounted for in the SM:  
baryon asymmetry of the Universe, viable dark matter candidate, neutrino oscillations 

 Tensions (?) between SM and observation: rooted in flavours! 
      , , anomalies in atomic decays, (meson decays)... 

 in close relation with the lepton sector  
(and often involving muons!) 

(g −2)μ (g −2)e

⇒

 Many hints and a clear necessity of New Physics...  
    Which NP model? Realised at which scale ?  

 Unique opportunities to search for NP in the lepton sector  
    exploring connections to mechanism of  mass generation! 

ΛNP
⇒

ν

Flavour'ed paths: SM and beyond...

Muon flavours to lead the way!
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New Physics quests with muon cLFV

μ
NP



Brief summary

!!! Leptonic high-intensity observables: signs of New Physics

! Muon observables and status

Lepton moments: EDM and (g − 2)ℓ(g − 2)ℓ(g − 2)ℓ

Lepton Flavour Universality Violation

Lepton number violation

Charged lepton flavour violation

! The probing power of muons: (re)shaping New Physics ?

New Physics scales and nature - in a nutshell

Constraining SM extensions

! Overview & discussion

[" Many contributions to WG4!]

Why muon flavours?
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Muons in the Standard Model... and beyond!

! A SM muon ID: lepton, spin 1/2, charge -1

First discovered in 1936 (cosmic radiation)

Mass mµ = 105mµ = 105mµ = 105 MeV; lifetime τµ = 2.1969811± 0.0000022 µτµ = 2.1969811± 0.0000022 µτµ = 2.1969811± 0.0000022 µs;

Allowed decays: Michel decay µ− → e−ν̄νµ− → e−ν̄νµ− → e−ν̄ν (BR≈ 100%) " determination of GFGFGF

Rare modes: µ− → e−ν̄νγµ− → e−ν̄νγµ− → e−ν̄νγ (BR = 6.0× 10−8)

µ− → e−ν̄νe+e−µ− → e−ν̄νe+e−µ− → e−ν̄νe+e− (BR = 3.4× 10−5)

Couplings to EW gauge bosons: ge = gµ = gτ ∝ gge = gµ = gτ ∝ gge = gµ = gτ ∝ g (universal!)

Electric dipole moment (from δCKM) |dµ| ≈ 10−36|dµ| ≈ 10−36|dµ| ≈ 10−36 e.cm

Magnetic dipole moment aSM
µ × 1010 = 11659182.9± 4.0± 2.6± 0.1aSM
µ × 1010 = 11659182.9± 4.0± 2.6± 0.1aSM
µ × 1010 = 11659182.9± 4.0± 2.6± 0.1 [Davier et al, ’19]

“Bound states”: Muonium (µ+e−)(µ+e−)(µ+e−) " QED and gravity tests; µµµH " proton radius;

Muonic atoms (1s bound state) " P violation (and more!)

! Muons can offer much more...

“Clean” objects, “easily” produced in large numbers! " [Presentation by Y. Kuno]

⇒⇒⇒ Unveil tiny NP effects cLFV, LNV, EDMs, (g − 2)µ(g − 2)µ(g − 2)µ, LFUV, exotic transitions..

A SM muon ID: lepton, spin 1/2, charge -1  
First discovered in 1936 (cosmic radiation) 

Mass  = 105 MeV; lifetime  

Michel decay  (BR  100%)  determination of   

Couplings to EW gauge bosons:  (universal? or not!) 

Electric dipole moment (from ):  e.cm (new CPV?) 

Magnetic dipole moment  : an exciting adventure!  

 tension with SM? (new physics expected to show up elsewhere? in cLFV?) 
or in fair agreement with SM? (LQCD vs. data driven... impact for EW fit?)   

and in comparison with  ?  (LFU violating new physics?) 

"Bound states": Muonium ( )  QED (and gravity!) tests;    proton radius 
                   Muonic atoms (1s bound state)  P violation, cLFV, and more! 

Muons - ideal probe for NP: from lepton flavour universality tests,  
                 to anomalous magnetic moments, ... to cLFV!

mμ τμ = 2.1969811 ± 0.0000022 μs

μ− → e− ν̄ν ≈ ↝ GF

g e = g μ = g τ ∝ g
δCKM |dμ | ≈ 10− 36

(g − 2)μ
4.2σ

(g −2)e

μ+ e− ↝ μH ↝
↝
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cLFV muon observables
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Muons - ideal probe for NP: from lepton flavour universality tests,  
                 to anomalous magnetic moments, ... to cLFV!

Muon cLFV - extensive opportunities, numerous observables, at low- and high-energies 

Leptonic decays: radiative  and three-body  
    muonic atoms  & LNV   
    nuclear assisted Coulomb decays  
    Muonium oscillations  and decays  

    Light "invisible" searches (e.g. , ...) 

Semi-leptonic decays:  ,  

At colliders: ,  (e.g. FCC-ee, CEPC, ...);  
 high  dilepton tails in   ... 
 Numerous channels at a future muon collider!  

μ → eγ μ → 3e
μ−(A, Z) → e−(A, Z) μ−(A, Z) → e+ (A, Z −2)*

μ−e−→ e−e−

Mu(μ+ e−) −Mu(μ−e+ ) Mu(μ+ e−) → e+ e−

μ → eϕ

τ → Mμ M → (M′ �)μℓ

Z → μτ H → μτ
pT pp → μℓ

!!! Overview of (high-intensity) observables: status & prospects

A lot of muons :)

And friendly neutrons!
Muons: lightest "unstables" - clean objects, ideal & versatile probes for new physics searches 

At the centre of a world-wide comprehensive programme - experiments and theory

See talk by S. Renner   
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 Need many many (really many!) muons: excellent sensitivity with current sources, 
amazing prospects with advent of high-intensity beams (PSI, FNAL, J-PARC) 
and beyond?... Muon facility? Muon collider?   

⇒

Fabrizio Cei, KAON2019

cLFV muon observables

Searching for tiny -cLFV effects  high-intensity sources for excellent sensitivitiesμ ⇒

!!! Overview of (high-intensity) observables: status & prospects

A lot of muons :)

And friendly neutrons!
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"Between an advanced muon facility and  

a muon collider, muons are the future!" 

Robert Bernstein, Venice 2023  
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Learning about New Physics from muon cLFV

a azing sources of information on the NP models we do need! μ



Many models to one observable?

Interpreting data - how??

! Pheno approaches:
⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

Effective approach

(model-independent)

Model dependent

(specific NP scenario)

! Different from quark FV!

No SM “TH background”...
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In "theory", what are the methods to interpret the data - measurements or new bounds?  
   (What can we learn from all these muons?) 

Muon cLFV: learning about New Physics

A azing prospects - so many experimental avenues, so many channels to study!  

Near future: first hints of New Physics from -cLFV, or tighter constraints ... but on which NP?

μ
μ

̣Experimental data: 
... muon cLFV ...

Constraining classes of 
SM extensions: EFT 
(model-independent) 

Minimal NP models: 
simple BSM

Towards the full UV complete NP model: 
, BAU, DM, flavour & CP,  

gauge unification, hierarchy, ... 
mν

 Two phenomenological approaches or  
  flavoured paths to New Physics:     

Effective approach (model independent)               
Model-specific (implications for a given BSM)

⇒

(remarkably little SM background)
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Learning about New Physics from muon cLFV:  
effective approach (EFT)

A brief survey of recent developments & ideas...
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SM interpreted as a low-energy limit of a (complete, yet unknown) NP model 
 model-independent, effective approach (EFT)⇒

,eff = ,SM + ∑
n≥5

1
Λn−4 .n(g , Y, . . . ) /n(ℓ, q, H, γ, . . . )

effective coefficients   Weinberg operator ( )  
  flavoured contributions 

(among many others!)

/5 ↝ mν
/6 ↝

effective operators

(unknown) NP scale

Cast observables in terms of  and ; Apply current data (limits, ...)     

 

 Constrain  and/or infer sensitivity of process to large sets of   

 Hints on  (and on properties of new states & nature of couplings) 

Deceptively simple task... different new physics scales, numerous operators!  
Technically very involved! Many contributions in recent years (at all levels!) 

                                                                                     

0ij ΛNP

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . . + 0939

Λ′�5
LNV

(0ν2β) + . . .

⇒ 0ij 0ij

⇒ ΛNP

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ

Muon cLFV: EFT approach to New Physics
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Cast current data (limits, ...)  in terms of  and : cLFV operators ( ) 0ij ΛNP 36

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

Muon cLFV: EFT approach to New Physics

  BR( ) depends on dipole  
(but also sensitive to scalar/tensor/vector 
  contributions - RGE mixing, loops, ...) 

                     Unexpected findings!

⇒ μ → eγ CD

Cast current data (limits, ...)  in terms of  and  : cLFV operators (  lowest order) 

Experimental bounds and Leff

! Effective approach: Leff = LSM +
∑

n≥5Leff = LSM +
∑

n≥5Leff = LSM +
∑

n≥5
1

Λn−4
1

Λn−4
1

Λn−4 Cn(g, Y, ...) On(ℓ, q,H, γ, ...)Cn(g, Y, ...) On(ℓ, q,H, γ, ...)Cn(g, Y, ...) On(ℓ, q,H, γ, ...)

⇒⇒⇒ Apply experimental bounds to constrain C6
ijC6
ijC6
ij and infer sensitivity of a process to C6

ijC6
ijC6
ij

⇒⇒⇒ Challenging task! Many contributions, running & mixing effects...

! Simple “one-at-a-time” limits (not including corrections)...

[Crivellin et al, ’17 (thanks to M. Pruna!)]

Simple "one-at-a-time" limits: cLFV rates in terms of one :CD,S,...

 Simple examples: at leading order one has  

BR( )  

BR( )  

CR( , N): far more involved (nuclear target effects, spin (in)-dependent contributions, ...)

μ → eγ ≃384π2 v4

Λ4 ( |CD,L |2 + |CD,R |2 )
μ → eee ≃ v4

Λ4 [ 1
8 |CS,LL |2 + 2 |CV,RR + 4eCD,L |2 + (64 ln

mμ

me
− 136) e |CD,L |2 + |CV,RL + 4eCD,L |2 ]+ (L ↔ R)

μ − e

[Crivellin et al, 2017 (courtesy of M. Pruna)]

 Include as many observables & operators  
as possible! (e.g.  contact interactions,  
                                      [Davidson et al, 2007.09612] 
angular observables in polarised  decays  
                       [Bolton, Petcov, 2204.03468], ...)

μeγγ

μ → 3e

e

eNP

m e

r e

q

NP

g

so
µ e
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orders of magnitude different from the other coefficients, we also plot the reach in a parametrization similar to that
introduced in [19] by defining a variable

D = cotan(✓D � ⇡/2) . (III.1)

This non-linear transformation magnifies the regions where the dipole contribution either dominates the four-fermion
interactions (✓ = 0,⇡) or is suppressed (✓ = ⇡/2). We also define a similar variable V , that magnifies the regions
where leptonic four-fermion coefficients are much larger or smaller than those with quarks. We subtract ⇡/2 in order
to have µ ! e� larger at the centre of the plot, following [19]. However, this choice means that =0 corresponds to
both to ✓ = 0 and ✓ = ⇡, and the rates can be discontinuous at 0 while they are continuous at ±1. This can be
observed in figure 3.

0 0.5 1 1.5 2 2.5 3
 Dθ
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V)
Λ
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SINDRUM-II [7e-13] (Au)

AMF / PRISM [1e-18] (Au)

COMET-I [1e-15] (Al)

Mu2e / COMET-II [1e-16] (Al)

AMF / PRISM [1e-18] (Al)

/4π=φ/4  π=Vθ/2  π=Sθ                          Aµ→eA  eee→µ γ e→µ
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Mu3e-II [1e-16]
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FIG. 1. Reach as a function of (left) the angle ✓D, which parametrizes the relative magnitude of dipole and four-fermion
coefficients, and (right) the variable D = cotan(✓D �⇡/2). The scale ⇤ is defined in eqn (II.1) with the coefficients normalised
according to Table II. The solid region is currently excluded.

Figure 2 displays the reach as a function of ✓V , which is effectively the angle between the µ ! eēe and µA! eA
four-fermion operators. Results for a vanishing dipole contribution (✓D = ⇡/2) shows that µ ! eēe vanishes at
✓V = ⇡/2 and µA! eA at ✓V = 0,⇡. Adding a small negative dipole coefficient, µ ! eēe doesn’t vanish anymore
since the dipole contributes independently as well as in interference with the four-fermion contributions, and the
rate is reduced when this interference is destructive. The magnitude of the negative dipole coefficient is larger for
✓D = 3⇡/4, exhibiting that µA! eA vanishes when the dipole cancels the four-fermion contributions. Similar plots
for V = cotan(✓V � ⇡/2) are shown in Figure 3.

Figure 4 illustrates the complementarity of heavy and light targets for µA!eA, by plotting the conversion ratios
as function of ~C · ~eAlight / sin� and ~C · ~eAheavy? / cos�. Recall that ~C · ~eAheavy? parametrizes the independent
information obtained with Au. This additional contribution to µAu ! eLAu causes the rate to vanish at a different
value than that of the light targets. The dipole, which also contributes to µA ! eA, was taken to either vanish
(✓D = ⇡/2), be positive (✓D = 3⇡/4) or negative (✓D = ⇡/4). This illustrates the impact of ~C · ~eD on the rate:
cancellations can occur among the dipole and four-fermion contributions, as well as between the two independent
combinations of four-fermion coefficients.

Finally, the dependence of the sensitivity on the angle � and the variable D is exhibited in Figure 5. As expected,
the µ ! e� and µ ! eēe processes are independent of �. The shape of the conversion processes on light and heavy
targets are globally similar, although the ridges along which the rates cancel are slightly different.
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Muon cLFV: EFT approach to New Physics

[Davidson & Echenard, 2204.00564]

 And results of a recent approach:  

 

      

ℒeff
NP, cLFV = 1

Λ2 [CD(ēσνρPRμ)Fνρ + CS(ēPRμ)(ēPRe) + CVR(ēγνPLμ)(ēγνPRe) + CVL(ēγνPLμ)(ēγνPLe)+
+ CN-light3N-light + CN-heavy⊥3N-heavy⊥]

 ⃗C = {CD, CS, CVR, CVR, CVL, CN-light, CN-heavy⊥}

  Sensitivity to NP scales (current & future):  

    MEG ( )  TeV (dipole) 

    SINDRUM II ( , Au)  TeV (4f) 

    Mu2e/COMET II ( , Al)  TeV 
(both dipole and 4f)

μ → eγ ↭ ΛcLFV ∼/(103)
μ − e ↭ ΛcLFV ∼/(103)

μ − e ↭ ΛcLFV ≲/(104)
dipole vs. 4-fermion  

dominance

 

 cLFV data to constrain  (and infer sensitivity of a process to a given operator )

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

⇒ 06 36

 BR( )     

                        and likewise for other observables...   

⇒ μ → eγ ≃384π2 v4

Λ4 | ⃗C . ̂eDR |2 ↝ ≤ BRexp (future)
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Muon cLFV: EFT approach & conversion in nuclei

 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

Comparatively more involved theoretical approach!  

Important nuclear effects ("new" non-relativistic ET treatment: inclusion of intrinsic nucleon  

  and muon velocities, lepton wave functions, full nuclear response - factored from cLFV physics ...)  

[see Cirigliano et al, 2203.09547; Hoferichter et al, 2204.06005 & Haxton et al, 2208.07945; among others ...]   

μ − e

 

 cLFV data to constrain  (and infer sensitivity of a process to a given operator )

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

⇒ 06 36
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 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

Comparatively more involved theoretical approach!  

Explore target-nucleus dependence to distinguish dominant operator (hint on NP model!)  
[extensive contributions since Kitano et al, 0203110! see Davidson et al, 1810.01884; Heeck et al, 2203.00702, ...]  

Choice of future targets offering the largest complementarity with respect to  
                                                                                               Aluminium (Mu2e, COMET)

μ − e

[Heeck et al, 2203.00702]

 

 cLFV data to constrain  (and infer sensitivity of a process to a given operator )

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

⇒ 06 36

Muon cLFV: EFT approach & conversion in nuclei

2

mass, it can be described to leading order in chiral per-
turbation theory by an e↵ective Lagrangian connecting
muons and electrons via dipole and two-nucleon opera-
tors [4]:

Lµe = �
4GFp

2

X

X=L,R

⇥
mµCD,Xe�↵�PXµF↵�

+
X

N=p,n

⇣
C(NN)

S,X ePXµNN + C(NN)
P,X ePXµN�5N

+ C(NN)
V,X e�↵PXµN�↵N + C(NN)

A,X e�↵PXµN�↵�5N

+ C(NN)
Der,Xe�↵PXµ (N

 !
@ ↵i�5N)

+ C(NN)
T,X e�↵�PXµN�↵�N

⌘i
+ h.c., (2)

where PL,R are chiral projection operators and the C are
dimensionless Wilson coe�cients at the experimental en-
ergy scale ⇠ mµ. We expect spin-independent µ ! e
conversion to dominate due to coherent enhancement.2

This is an assumption that does not hold true in all pos-
sible models [14, 31] but will be employed from here on
out. For spin-independent scattering, only a subset of
Wilson coe�cients contribute, leading to the µ! e con-
version rate, conventionally normalized relative to the
muon capture rate �capture [4, 11],

BRSI(µA! eA) =
32G2

F

�capture

h���Cpp
V,RV

(p) + Cpp0

S,LS
(p)

+Cnn
V,RV

(n) + Cnn0

S,LS
(n) + CD,L

D

4

����
2

+ {L$ R}
#
. (3)

Here, the primed coe�cients are defined as CNN 0

S,X ⌘
CNN

S,X + 2mµ

mN
CNN

T,X , X = L,R [14, 31]. The overlap in-
tegrals,

D =
4p
2
mµ

Z 1

0
dr r2 [�E(r)]

�
g�e f

�
µ + f�

e g�µ
�
, (4)

S(p) =
1

2
p
2

Z 1

0
dr r2Z⇢(p)

�
g�e g

�
µ � f�

e f�
µ

�
, (5)

S(n) =
1

2
p
2

Z 1

0
dr r2N⇢(n)

�
g�e g

�
µ � f�

e f�
µ

�
, (6)

V (p) =
1

2
p
2

Z 1

0
dr r2Z⇢(p)

�
g�e g

�
µ + f�

e f�
µ

�
, (7)

V (n) =
1

2
p
2

Z 1

0
dr r2N⇢(n)

�
g�e g

�
µ + f�

e f�
µ

�
, (8)

contain all the information about the structure of the nu-
cleus, here assumed to be spherically symmetric, through
the density distributions of charge ⇢(c), protons ⇢(p), and
neutrons ⇢(n). These are normalized via

Z 1

0
dr 4⇡r2⇢(c),(p),(n)(r) = 1 . (9)

2 For a recent computation of the conversion rate for 208Pb with
a breakdown into coherent, and incoherent spin-dependent and
spin-independent contributions, see Ref. [30].

The radial electric field E(r), relevant for the dipole over-
lap integral D, is defined as

E(r) =
Ze

r2

Z r

0
dr̃ r̃2⇢(c)(r̃) . (10)

The functions g�e , f
�
e , g�µ , and f�

µ are radial parts of the
electron and muon relativistic wavefunctions, determined
by numerically solving the relevant Dirac equations in the
external electric field of the nucleus, following Ref. [26].

The overlap integrals can be calculated for a given iso-
tope after specifying the nuclear distributions. The Wil-
son coe�cients entering Eq. (3) can be obtained in a
given new-physics model through standard procedure of
matching at the new-physics scale and running down the
coe�cients to the experimental scale via renormalization-
group equations. Here, we will take them to be arbitrary
input parameters.

III. NUCLEAR DISTRIBUTIONS

It is di�cult to compute nuclear charge distributions
accurately from the first principles [32–34], especially for
heavy elements. Instead, they can be extracted from ex-
periments. Information about the nuclear distributions
⇢ can be obtained via spectroscopy in (muonic) atoms
and through elastic scattering. Relying on electromag-
netic interactions, this gives access to the charge distri-
bution ⇢(c), for which numerous data tables exist [35, 36].
Spectroscopic measurements typically allow only to ex-
tract the value of the root-mean-square charge radius.
Electron–nucleus scattering data can probe electromag-
netic form-factors at di↵erent values of the momentum
transfer, but available data points are sparse.

A model-independent determination of the charge dis-
tribution is practically impossible and is typically re-
placed by fitting a theoretically or phenomenologically
motivated ansatz to data. Widely adopted parametriza-
tions for spherically symmetric charge distributions with
varying degrees of complexity are listed below:

1. Three-parameter Fermi model (3pF) [37, 38]:

⇢(c)(r) =
⇢0

1 + exp
�
r�c
z

�
✓
1 + w

r2

c2

◆
. (11)

The two-parameter Fermi model (2pF) can be ob-
tained as the special case w = 0; the one-parameter
Fermi function (1pF) is defined here through w = 0
and z = 0.52 fm (which corresponds to a constant
surface thickness of 2.3 fm).

2. Three-parameter Gaussian model (3pG) [38]:

⇢(c)(r) =
⇢0

1 + exp
�
r2�c2

z2

�
✓
1 + w

r2

c2

◆
. (12)

3. Modified-harmonic oscillator model (MHO) [39]:

⇢(c)(r) = ⇢0

✓
1 + w

r2

a2

◆
e�r2/a2

. (13)
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mation ⇢(p) = ⇢(c).
We again compare our results with more sophisticated

theoretical ⇢(p) models for 50
22Ti [47] and

208
82 Pb [48], which

only di↵er from our Tab. I values by 2% and 3%, respec-
tively.

D. Overlap integrals S(n) and V (n)

The overlap integrals S(n) and V (n) depend on the neu-
tron density ⇢(n), which is far more di�cult to measure
than the proton or charge density and only known for
very few nuclei. We have no choice but to make a the-
oretical ansatz here. The elementary approximation is
simply ⇢(n) ' ⇢(p), in which case S(n) ' (N/Z)S(p) and
V (n) ' (N/Z)V (p), listed in Tab. I.

For comparison to more realistic distributions, we use
the state-of-the-art predictions of ⇢(n) for 50

22Ti [47] and
208
82 Pb [48] as well as the experimental data for 40

20Ca [49]
to calculate S(n) and V (n). In all cases, the deviations
are between 2% and 3%, well within our allotted errors.
Despite the many approximations we had to make to cal-
culate the neutron overlap integrals, the results seem ro-
bust.

E. Summary

Our final results are shown in Fig. 3 and tabulated in
Tab. I. For D, they are based on the 1pF charge dis-
tribution and we estimate an uncertainty of about 2%
at low Z that grows to 8% at large Z. For S(p) and
V (p), we unfold the 1pF charge distribution to account
for the finite proton size and obtain the proton-center
distribution following Ref. [46]. We estimate the uncer-
tainties to range from 5% for low Z to 10% at high Z.
For the neutron overlap integrals S(n) and V (n) we ap-
proximate ⇢(n) = ⇢(p) and use the same distributions as
for S(p) and V (p). For small Z, we expect a similar un-
certainty around 5%, while at large Z the approximation
⇢(n) = ⇢(p) is going to become increasingly worse, intro-
ducing an error in excess of 10%. While the accuracy
of the overlap integrals is su�cient for our current pur-
poses, e↵orts should be undertaken to improve them if
muon-to-electron conversion is observed.

V. COMPLEMENTARITY OF TARGETS

Assuming optimistically that COMET or Mu2e ob-
serve µ ! e conversion on their aluminium target with
su�cient significance to claim a discovery, what target
nucleus should be investigated next? One answer was
given long ago: any high-Z target, e.g. gold, since the
overlap integrals become more distinguishable at large
Z [4, 11–15] (see Fig. 3). Unfortunately, high-Z elements
have a very short muon lifetime that renders them di�-
cult to use in experimental setups similar to Mu2e.

In order to find appropriate low -Z targets, we must
first find a quantitative measure of complementarity.
Following Refs. [4, 14], we write the spin-independent

D
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FIG. 3. All overlap integrals as a function of Z, using the
data from Tab. I. We approximate ⇢(n) = ⇢(p) and use the
proton-center distribution unfolded from the 1pF charge dis-
tribution.

branching ratio from Eq. (3) as

BRSI =
32G2

F

�capture

⇥
|v ·CL|2 + |v ·CR|2

⇤
, (17)

where

v ⌘
✓
D

4
, V (p), S(p), V (n), S(n)

◆
(18)

is a vector specific to the µ ! e conversion target and

CL ⌘
⇣
CD,R, C

pp
V,L, C

pp
S,R, C

nn
V,L, C

nn
S,R

⌘
, (19)

(similar for CR) contains all new-physics information.
By measuring µ ! e conversion on di↵erent nuclei we
can measure C along di↵erent directions in order to de-
termine its individual components. Since all overlap inte-
grals are positive and of similar magnitude, the di↵erent
vectors v all point roughly in the same direction, so this
procedure requires a precise understanding of the nuclear
structure.

Assuming µ ! e conversion is measured on Al, the
next target material should be chosen so as to provide
as much complementary information to Al as possible,
which is equivalent to demanding that the corresponding
vector v is maximally misaligned with vAl. This can be
quantified through the misalignment angle3

✓Al = arccos

✓
v · vAl

|v||vAl|

◆
. (20)

We show this angle in Fig. 4, which clearly confirms that
high-Z targets have the largest complementarity with Al
overall.

Restricting ourselves to Mu2e-friendly Z < 25 targets,
lithium-7 and titanium-50 show the largest complemen-
tarity with respect to aluminium, followed by chromium-
54 and vanadium. They have larger N/Z ratios, 2.33 and

3 Since the dipole overlap integral D is somewhat special and in
any case well constrained through µ ! e�, one might consider
defining v without D; this turns out to not make a di↵erence in
✓, which is dominated by the proton vs. neutron di↵erence and
essentially insensitive to the D direction.

Overlap integrals:  
more distinguishable at large  ! Z
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 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

Comparatively more involved theoretical approach!  

Explore target-nucleus dependence to distinguish dominant operator (hint on NP model!)  
[extensive contributions since Kitano et al, 0203110! see Davidson et al, 1810.01884; Heeck et al, 2203.00702, ...]  

Choice of future targets offering the largest complementarity with respect to  
                                                                                               Aluminium (Mu2e, COMET)
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FIG. 4. Misalignment angle with Al, as calculated with
Eq. (20) using our data from Tab. I. The misalignment angle
increases with the number of neutrons in isotopes.

2.27 for lithium-7 and titanium-50, respectively, com-
pared to Al’sN/Z ' 2.08, which might ultimately help to
distinguish CLFV operators involving protons from those
involving neutrons [4]. Lithium has already been identi-
fied as a promising target in Ref. [4]. Titanium has long
been proposed as a suitable second target for aluminum-
based experiments, and our analysis shows that the iso-
tope Ti-50 would be particularly useful; aside from the
conversion rate and the background from muon decay
in orbit, di↵erent isotopes of an element are expected
to behave essentially identically experimentally, notably
because the conversion energy depends only weakly on
the number of neutrons [26]. The theoretically interest-
ing isotopes Ti-50, Ti-49, and Cr-54 have a low natural
abundance and are di�cult enrich in the large quanti-
ties necessary for conversion experiments; Li-7 and V-51,
on the other hand, are the dominant isotopes and hence
practically preferable as second targets after an observa-
tion of µ ! e conversion on aluminium.

VI. CONCLUSIONS

The search for lepton flavor violation is one of our most
sensitive probes of physics beyond the Standard Model.
Experiments searching for µ� ! e� conversion such as
COMET, DeeMe, and Mu2e, promise to improve existing
limits by several orders of magnitude. Robust theoretical
predictions, as presented here, are crucial ingredients for
experimental simulations of possible signal strength and

are relevant for the choice of alternative targets. An ob-
servation of the coherent conversion signal would clearly
indicate new physics. Still, it would not provide enough
information to understand the nature of the new interac-
tions. Our results allow tracking the nucleus-dependence
of the µ� ! e� conversion rate by looking at di↵er-
ent target materials, which would then help to discrimi-
nate the possible underlying new-physics models and ef-
fective operators. Such studies are instrumental in the
context of proposed upgrades of the already approved
experiments [50].

Our results indicate that the isotope dependence can
exceed the uncertainty due to the nuclear charge distri-
bution. Thus, experiments must carefully control the
isotope composition of the targets to enable the proper
interpretation of the results in terms of bounds on un-
derlying short distance parameters of the e↵ective La-
grangians. The isotope dependence can also improve
the experiments’ potential to distinguish various New
Physics scenarios if a signal is observed.

Further improvement of the total coherent conversion
rates requires more precise determination of the proton,
neutron, and charge density profiles. The progress in the
many-body computational methods may allow in the fu-
ture ab-initio evaluation of these density functions, which
would be highly desirable for experimentally studied tar-
get materials.
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- Heavier nuclei (Au, Pb)! ... not feasible... (AMF?) 

- Among experimental-friendly  targets 
   several (theoretically good) candidates 

   Li-7, Ti-50, Ti-49, Cr-54, .., V-51

Z ≤ 25

[Heeck et al, 2203.00702]

 

 cLFV data to constrain  (and infer sensitivity of a process to a given operator )

ℒeff = ℒSM + 0535
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Muon cLFV: EFT approach & conversion in nuclei

    Li-7 and/or V-51 : preferable "second" targets 
post CR( ,Al) observation

⇒
μ − e
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 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

And of its lepton number violating counterpart,  

A unique connection between LNV (in association with Majorana nature and possibly,  
       neutrino mass generation) and cLFV 

μ − e
μ−+ (A, Z) → e+ + (A, Z −2)(*)

 

 cLFV data to constrain  (and infer sensitivity of a process to a given operator )

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

⇒ 06 36

Muon cLFV: EFT approach & conversion in nuclei

LNV in “muonic” atoms: µ− − e+µ− − e+µ− − e+ conversion

! LNV (∆L = 2∆L = 2∆L = 2) µ− − e+µ− − e+µ− − e+ conversion: µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗

µ− − e−µ− − e−µ− − e−: coherent, single nucleon, nuclear ground state

µ− − e+µ− − e+µ− − e+: 2 nucleons (∆Q = 2), possibly excited final states
!!"#"#
$%&'()

*+,"-./#0&12'#34)
!!"!")$%&'#035%&)
6")))))))7"!!!!#

*8,"-./#0&12'#34)
!)))))))#9:)
!)))))));#)

<=>>) !!"#!
$%&'()

! Event signature: single positron - but complex E-spectrum

EN∗

µ−e+ = mµ − EB(A,Z)− ER(A,Z)−∆Z−2(∗)

EAl,GDR
µ−e+

≈ O(83.9 MeV) [< GDRAl >∼ 21.1 MeV (6.7 MeV)] [Geib et al, ’16]

! Experimental status - present bounds:

Collaboration year Process Bound

PSI/SINDRUM 1998 µ−+Ti→ e++Ca∗ 3.6 × 10−11

PSI/SINDRUM 1998 µ−+Ti→ e++Ca 1.7 × 10−12

! Experimental status - future prospects:

Recent studies: best sensitivity associated with Calcium, Sulphur and Titanium targets

CR(µ− − e+µ− − e+µ− − e+)< O( few× 10
−15)< O( few× 10
−15)< O( few× 10
−15) for 48Ti48Ti48Ti (both LNC and LNV searches) [Yeo et al, ’17]

For Aluminium targets improvement of current sensitivity maybe very hard (even factor 10)...

From a theoretical point of view, not straightforward! 

- Higher-dimension operators in  (dim 6, 10, 14...) 

- Nuclear matrix elements extremely hard to compute! 

 

(only two  known, for Ti-48...)  
[Domin et al, 0409033; Simkovic et al, 0103029] 

 Very hard to draw implications... Must tackle NME!

ℒeff

ΓLNV
μe ≈ G4

F g 4
A

32π2 |ϵ2
Cj

|
m2

e m2
μ

R2 |F(Z − 2,Ee) | < ϕμ > 2 |ℳ(μ− ,e+ ) |2

ℳ(μ− ,e+ )

⇒a et
Y Np I

j w w
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µ
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e
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w w

Nucleus

Best sensitivity: Ca, S and Ti (!?) 
CR( , Ti) μ− − e+ < 3(10− 15)

[see e.g. Geib et al, 1609.09088]

[Yeo et al, 1705.07464]
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Muon flavoured probes @ high scales 

 High  di-lepton tails: flavour probes! 
     LHC limits very competitive for  tails!  
           Better than quarkonium-decays  

⇒ pT
μτ

  
Remarkable LHC / flavor complementarity!

tails perform better than Flavor experiments. 

tails worst than FCNC meson and tau decays.

- Similar for results for  

Angelescu, DAF, Sumensari '20

- Recast results:

LFV tails!  [1807.06573]
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 Semileptonic decays vs. Drell-Yan at the LHC: lepton flavour'ed (violating) tails
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FIG. 2. Limits derived from high-pT LFV dilepton tails on the coefficients
q

|C`k`l
qiqj |

2 + |C`l`k
qiqj |

2 by using 13 TeV ATLAS searches [39]
into the eµ channel (left panel), the e⌧ channel (middle panel) and the µ⌧ channel (right panel). For comparison, we show the limits obtained
by the flavor physics observables, namely quarkonium decays (cyan), µN ! eN (magenta), FCNC meson decays (green) and LFV ⌧ -decays
(yellow). The LHC and flavor results for uu, dd ! eµ, e⌧, µ⌧ have been rescaled by an additional factor of ⇥10 for visibility. The limits
from µN ! eN have been rescaled by a factor of ⇥103 to become visible.

Finally, as there are no experimental bounds on the ⌧ ! `KL

decay, we use the existing limits on ⌧ ! `KS , also listed in
Table III. We find the following constraints:

|Ce⌧
ds � C⌧e

ds | < 10�3 ,

|Cµ⌧
ds � C⌧µ

ds | < 10�3 .
(30)

Note that for scenarios predicting Ce⌧
ds = (C⌧e

ds )
⇤, the contri-

butions to B(⌧ ! `KS) would be proportional to the imag-
inary part of Ce⌧

ds , which we assume to be zero in this study.
In this case, an alternative would be to consider bounds on
B(⌧ ! `K⇤) and B(⌧ ! `K⇤) decays, from which we derive
the following bounds, by using the decay constant reported in
Ref. [60],

|Ce⌧
ds | < 7⇥ 10�4 , |C⌧e

ds | < 7⇥ 10�4 ,

|Cµ⌧
ds | < 10�3 , |C⌧µ

ds | < 10�3 .
(31)

IV. RESULTS AND DISCUSSION

We now compare the constraints on left-handed operators
derived in Sec. II from high-pT data with the ones obtained
from flavor-physics observables, as discussed in Sec. III. This
comparison is made in Fig. 2 where we depict the current

and projected LHC limits from Table II at 36 fb�1 (blue) and
3 ab�1 (red), respectively. In the same plot, we include flavor
constraints from quarkonium decays (light blue), µ ! e nu-
clear conversion (magenta), FCNC meson decays (green) and
LFV ⌧ -decays (yellow). There are several interesting features
of this plot which we discuss in the following.

Firstly, the high-pT limits on quark-flavor conserving Wil-
son coefficients C`k`l

qiqi are significantly better than the lim-
its coming from quarkonium decays irrespective of the LFV
dilepton pair. The latter are less competitive because they are
obtained from measuring relatively wide (short lived) qq̄ vec-
tor mesons (�, J/ ,⌥). Due to the large widths of these
quarkonia, their LFV branching ratios are suppressed, and
thus the low-energy bounds on the relevant Wilson coeffi-
cients are weaker. As a striking example, the high-pT bound
on Cµ⌧

cc (Ceµ
ss ) is a factor of ⇠ 300 (⇠ 4 ⇥ 104) times more

stringent than the flavor bound. This conclusion can be ex-
tended to lepton flavor conserving transitions where analo-
gous LHC searches in high-pT dilepton tails qiq̄i ! `+`� are
expected to provide stronger bounds than the ones extracted
from quarkonium decays.

Secondly, the low-energy limits from FCNC meson decays
involving down-quarks or those from LFV ⌧ -decays are typ-
ically more constraining than high-pT dilepton tails at cur-
rent luminosities. However, for some specific transitions, the
constraints that we estimate at the high-luminosity phase of

 Impossible for  tails 
          to out-perform cLFV searches 

( , N) conversion bounds 

⇒ μe

μ − e
[Angelescu et al, 2002.05684]

 

 cLFV data to constrain  (and infer sensitivity of a process to a given operator )

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

⇒ 06 36

[Further constraints from quarkonia decays, see e.g. Calibbi et al, 2207.10913]
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Muon flavoured probes @ high scales 

Extraordinary potential to probe NP at the source of cLFV leptonic decays  
  

 Case of  collider:  

Recall BR( )  

⇒ μ+ μ+

τ → 3μ = BR(τ → eνν̄)
4G2

F
[ |CLL |2 + |CRR |2 + 1/2( |CLR |2 + |CRL |2 )]

σ(μ+ μ+ → μ+ τ+ ) = s
4π

[ |CLL |2 + |CRR |2 + 1/6( |CLR |2 + |CRL |2 )]

 Flavour physics (leptons!) at a Muon Collider: what could we expect?

 

 cLFV data to constrain  (and infer sensitivity of a process to a given operator )

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

⇒ 06 36

[Fridell et al, 2304.14020]
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Number of events for a muon collider at  
 = 2 TeV and   

         (allowed from cLFV search limits) 

cLFV transitions "observable", even under  
the strong cLFV current bounds! 

And also for future sensitivities 

s ℒ = 1 ab− 1

Process Current BR limit N(µ+µ+
! µ+⌧+) Future BR limit N(µ+µ+

! µ+⌧+)

µ ! 3e < 1.0⇥ 10�12 [48] < 6.7⇥ 10�2
⇠ 10�16 [49] ⇠ 7⇥ 10�6

⌧ ! 3e < 2.7⇥ 10�8 [46] < 1.0⇥ 104 ⇠ 5⇥ 10�10 [47] ⇠ 190

⌧ ! µ+µ�e� < 2.7⇥ 10�8 [46] < 1.0⇥ 104 ⇠ 4.5⇥ 10�10 [47] ⇠ 170

⌧ ! e+µ�µ� < 1.7⇥ 10�8 [46] < 6.4⇥ 103 ⇠ 2.5⇥ 10�10 [47] ⇠ 95

⌧ ! e+e�µ� < 1.8⇥ 10�8 [46] < 6.8⇥ 103 ⇠ 3⇥ 10�10 [47] ⇠ 110

⌧ ! µ+e�e� < 1.5⇥ 10�8 [46] < 5.7⇥ 103 ⇠ 2.2⇥ 10�10 [47] ⇠ 83

⌧ ! 3µ < 2.1⇥ 10�8 [46] < 7.9⇥ 103 ⇠ 3.5⇥ 10�10 [47] ⇠ 130

Table 1: The upper bounds on the number of µ+µ+
! µ+⌧+ events at a µ+µ+ collider with

p
s =

2 TeV and L = 1 ab�1 corresponding to the experimental bounds on rare µ or ⌧ decays.
We take the flavor mixing to be universal, i.e. we assume no flavor hierarchy in the e↵ective
operators, such that ⇠`i!`j`k`l = 1. In the fourth and fifth columns, the future sensitivities
on the BR of each LFV decay process and corresponding number of events at a µ+µ+

collider are shown, respectively. As a second benchmark scenario, we note that for a muon
collider with

p
s = 10 TeV and L = 10 ab�1, each event number should be multiplied by a

factor 250.

where

⇠µ!3e :=
|C⌧µµµ

LL |
2 + |C⌧µµµ

RR |
2 + 1

6

�
|C⌧µµµ

LR |
2 + |C⌧µµµ

RL |
2
�

|Cµeee
LL |2 + |Cµeee

RR |2 + 1
2 (|C

µeee
LR |2 + |Cµeee

RL |2)
. (9)

The number of events, N , can be as large as 100 at
p
s = 2 TeV and L = 1 ab�1 if

p
⇠µ!3e & 40.

For example, as we will discuss below, the
p

⇠µ!3e parameter is as large as �m2
atm/�m2

sol ⇠ 30 in

the model where the e↵ective operator is related to the mechanism to generate the neutrino masses,

and can potentially be larger depending on the specific structure of the neutrino mass matrix. We

therefore see that there is a possibility of finding LFV processes at a µ+µ+ collider even under strong

constraints from rare decays.

For completeness, we list number of events corresponding to the µ and ⌧ decays in Table 1, where

we take the ⇠ parameter defined as

⇠`i!`+j `�k `�l
:=

|C⌧µµµ
LL |

2 + |C⌧µµµ
RR |

2 + 1
6

�
|C⌧µµµ

LR |
2 + |C⌧µµµ

RL |
2
�

1
2

h
|Cijkl

LL |2 + |Cijkl
RR |2 + 1

1+�kl

⇣
|Cijkl

LR |2 + |Cijkl
RL |2

⌘i
+ (k $ l)

(10)

as unity. If we take the coe�cients with the di↵erent flavor indices as independent free parameters,

the muon colliders o↵er a unique way to test the Cµµµµ
AB and Cµµ⌧⌧

AB interactions, as these operators

cannot be probed by rare µ or ⌧ decays.

6

See talk by N. Craig   
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The probing power of flavour 
muons
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66 CHAPTER 5. FLAVOUR PHYSICS

2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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Learning about New Physics from muon cLFV:  
SM extensions

Extremely active research field! A few examples of the constraining & probing  
power of muons amidst a vast array of well motivated constructions... 
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Models of New Physics can change SM’s predictions, introducing: 

(i) new sources of flavour violation (corrections to SM vertices, new SM-NP interactions)  

(ii) new Lorentz structure in the “four-fermion” interaction ⇒ new effective operators  

      new cLFV couplings to SM and/or to new fields in the Feynman diagrams! ⇒

Muon cLFV: hinting towards the NP model

(A) cLFV couplings  extended gauge/scalar sectors 

 

                  

(A): an example - New contributions to  conversion 

↭
,ϕ = g ϕ

ℓℓ′� ℓ̄′�ℓ ϕ + g ϕ
qq′ � q̄′�q ϕ + g̃ ϕ

ff′ � f̄′� f VSM

↝ g ϕ
eμ μ̄ e ϕ + g ϕ

qq q̄′�q ϕ + g̃ ϕ
eμ μ̄ e ZSM

μ −e

New Physics - hints on the source of µµµ cLFV

! Models of New Physics can change SM’s predictions, introducing:

(i) new sources of flavour violation (corrections to SM vertices, new SM-NP interactions)

(ii) new Lorentz structure in the “four-fermion” interaction ⇒ new effective operators

⇒⇒⇒ new cLFV couplings to SM and/or to new fields in the Feynman diagrams!

! (A) cLFV couplings""" extended gauge/scalar sectors

LφLφLφ = gφℓℓ′gφℓℓ′gφℓℓ′ ℓ̄
′ ℓφφφ + gφqq′gφqq′gφqq′ q̄

′ qφφφ + g̃φff ′g̃φff ′g̃φff ′ f̄ ′ f VSMVSMVSM + ...

# gφeµgφeµgφeµ µ̄ eφφφ + gφqqgφqqgφqq q̄ qφφφ + g̃φeµg̃φeµg̃φeµ µ̄ eZSMZSMZSM + ...

! (A): an example - New contributions to µ− eµ− eµ− e conversion

Tree level: φ

µ

q

e

q

gφeµ

gφqq

= Z ′ (φ)

µ

q

e

q

Qℓ

Qq

; ν̃ (φ)

µ

q

e

q

λ

λ′

; ZSM (∃ new φ)

µ

q

e

q

gSM (NN †)eµ

gSM

Additional U(1) Rp violating SUSY Extended Higgs

Higher order: many contributions! Boxes, penguins, ....

Additional U(1)

Tree level:

Rp violating SUSY Extended Higgs

Higher order: many additional contributions! Boxes, penguins, ...
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Models of New Physics can change SM’s predictions, introducing: 

(i) new sources of flavour violation (corrections to SM vertices, new SM-NP interactions)  

(ii) new Lorentz structure in the “four-fermion” interaction ⇒ new effective operators  

     new cLFV couplings to SM and/or to new fields in the Feynman diagrams! ⇒

Muon cLFV: hinting towards the NP model

(B) cLFV couplings  new fermions & new scalar fields        [  carry lepton flavour & number] 

 

                  

(B): further new contributions to  conversion 

↭ ψ , ϕ

,ψϕ = hℓ ψϕ ℓ̄ ψ ϕ + hqψϕ q̄ ψ ϕ + hℓqϕ ℓ̄ q ϕ + . . .
↝ hμψϕ μ̄ ψ ϕ + heψϕ ψ̄ e ϕ + hqψϕ q̄ ψ ϕ + hμqϕ μ̄ q ϕ + heqϕ q̄ e ϕ + . . .

μ −e

SUSY seesaw

Typically loop:

Left-Right models SM + sterile sν

New Physics - hints on the source of µµµ cLFV

! Models of New Physics can change SM’s predictions, introducing:

(i) new sources of flavour violation (corrections to SM vertices, new SM-NP interactions)

(ii) new Lorentz structure in the “four-fermion” interaction ⇒ new effective operators

⇒⇒⇒ new cLFV couplings to SM and/or new fields in the Feynman diagrams!

! (B) cLFV couplings""" new fermions & new scalar fields [ψφ↔ lepton flavour/number]

LψφLψφLψφ = hℓψφhℓψφhℓψφ ℓ̄ψ φψ φψ φ + hqψφhqψφhqψφ q̄ψ φψ φψ φ + hℓqφhℓqφhℓqφ ℓ̄ qφφφ + ...

# hµψφhµψφhµψφ µ̄ψ φψ φψ φ + heψφheψφheψφ ψ̄̄ψ̄ψ eφφφ + hqψφhqψφhqψφ q̄ ψφφφ + hµqφhµqφhµqφ µ̄ qφφφ + heqφheqφheqφ q̄ eφφφ + ...

Typically loop:

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃± (χ̃0)

; ;

µ

u

νi

dj u

e

W W
...

SUSY seesaw Left-Right models SM + sterile νs

Also tree-level: Leptoquarks

µ e

d d

S
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What can we then learn about New Physics from cLFV observables? 

      Let us consider a "user-friendly" canvas: the type I SUSY seesaw⇒

Hinting towards the NP model: peculiar patterns

While  is a "dipole-dominated" transition,  and  conversion  
         receive contributions from anapole (long-distance), ,  & Higgs penguins, boxes, ... 

If dominant contribution to  conversion from: 
(i) Photon penguin  correlation between BR( ), BR( ) and CR( , N)  
       CR( , N)  BR( ) ; BR( )  BR( ) 

(ii)  penguin  correlation between BR( ) and CR( , N)     [and BR( )] 

(iii) Higgs penguin  unusual patterns! E.g. CR( , N)  BR( )

μ → eγ μ → 3e μ − e
γ Z

μ −e
⇒ μ → eγ μ → 3e μ − e

μ − e ≈ 5 × 10−3 μ → eγ μ → 3e ≈ 6 × 10−3 μ → eγ

Z ⇒ μ → 3e μ − e Z → eμ
⇒ μ − e ≈ 0.08 −0.15 μ → eγ

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider SUSY seesaw case

l̃ (ν̃)

γ

ℓi ℓj

χ̃0 (χ̃±)
ℓj (ℓk)

ℓj (ℓk)

ν̃ (ℓ̃)

γ (Z,H)

ℓi ℓjχ̃± (χ̃0)

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃± (χ̃0)

SUSY: fermions + scalar fermions [(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)]

gauge/Higgs + fermionic “inos” [(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)]

⋆⋆⋆ If dominant contribution to µ− eµ− eµ− e conversion is:

Photonic penguin ⇒⇒⇒ correlation between BR(µ → eγµ → eγµ → eγ), BR(µ → 3eµ → 3eµ → 3e) and CR(µ− eµ− eµ− e,N)

CR(µ− eµ− eµ− e,N) ≈ 5× 10−3≈ 5× 10−3≈ 5× 10−3 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Z penguin ⇒⇒⇒ correlation between BR(µ → 3e) and CR(µ− e,N) [and BR(Z → µe)!]

HHH penguin ⇒⇒⇒ unusual patterns! CR(µ− eµ− eµ− e,N) ][][][ BR(µ → 3eµ → 3eµ → 3e), BR(µ → eγµ → eγµ → eγ) ...

CR(µ− eµ− eµ− e,N) ≈ 0.08− 0.15≈ 0.08− 0.15≈ 0.08− 0.15 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider SUSY seesaw case

l̃ (ν̃)

γ

ℓi ℓj

χ̃0 (χ̃±)
ℓj (ℓk)

ℓj (ℓk)

ν̃ (ℓ̃)

γ (Z,H)

ℓi ℓjχ̃± (χ̃0)

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃± (χ̃0)

SUSY: fermions + scalar fermions [(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)]

gauge/Higgs + fermionic “inos” [(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)]

⋆⋆⋆ If dominant contribution to µ− eµ− eµ− e conversion is:

Photonic penguin ⇒⇒⇒ correlation between BR(µ → eγµ → eγµ → eγ), BR(µ → 3eµ → 3eµ → 3e) and CR(µ− eµ− eµ− e,N)

CR(µ− eµ− eµ− e,N) ≈ 5× 10−3≈ 5× 10−3≈ 5× 10−3 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Z penguin ⇒⇒⇒ correlation between BR(µ → 3e) and CR(µ− e,N) [and BR(Z → µe)!]

HHH penguin ⇒⇒⇒ unusual patterns! CR(µ− eµ− eµ− e,N) ][][][ BR(µ → 3eµ → 3eµ → 3e), BR(µ → eγµ → eγµ → eγ) ...

CR(µ− eµ− eµ− e,N) ≈ 0.08− 0.15≈ 0.08− 0.15≈ 0.08− 0.15 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Supersymmetry (SUSY):  
fermions + scalar fermions [ ] 
gauge/Higgs + fermionic "inos" [ ] 

    cLFV  contributions @ loop level

(ℓ, ν) ↭ (ℓ̃, ν̃)
(Z, W, H ) ↭ ( χ̃0, χ̃± )

⇒

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider SUSY seesaw case

l̃ (ν̃)

γ

ℓi ℓj

χ̃0 (χ̃±)
ℓj (ℓk)

ℓj (ℓk)

ν̃ (ℓ̃)

γ (Z,H)

ℓi ℓjχ̃± (χ̃0)

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃± (χ̃0)

SUSY: fermions + scalar fermions [(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)]

gauge/Higgs + fermionic “inos” [(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)]

⋆⋆⋆ If dominant contribution to µ− eµ− eµ− e conversion is:

Photonic penguin ⇒⇒⇒ correlation between BR(µ → eγµ → eγµ → eγ), BR(µ → 3eµ → 3eµ → 3e) and CR(µ− eµ− eµ− e,N)

CR(µ− eµ− eµ− e,N) ≈ 5× 10−3≈ 5× 10−3≈ 5× 10−3 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Z penguin ⇒⇒⇒ correlation between BR(µ → 3e) and CR(µ− e,N) [and BR(Z → µe)!]

HHH penguin ⇒⇒⇒ unusual patterns! CR(µ− eµ− eµ− e,N) ][][][ BR(µ → 3eµ → 3eµ → 3e), BR(µ → eγµ → eγµ → eγ) ...

CR(µ− eµ− eµ− e,N) ≈ 0.08− 0.15≈ 0.08− 0.15≈ 0.08− 0.15 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)



Peculiar patterns: disentangling seesaws
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 Seesaw realisations: distinctive signatures for numerous cLFV observables 
ratios of observables to identify seesaw mediators & constrain their masses!

Hambye, 2013

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider different seesaw realisations

singlet fermions NNN (type I), triplet scalars ∆∆∆ (type II) or fermions ΣΣΣ (type III)

Type I: cLFV transitions at loop level (radiative, 3-body, conversion in Nuclei)

Type II: ℓi → ℓjγ & µ− e,N at loop level; 3-body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj at tree level!

Type III: 3-body decays and coherent conversion at tree-level! ℓi → ℓjγ @ loop...

! Use ratios of observables to constrain and identify mediators!

Type I Type II Type III
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BR(µ→eγ)
BR(µ→3e) = 1.3× 10−3BR(µ→eγ)
BR(µ→3e) = 1.3× 10−3BR(µ→eγ)
BR(µ→3e) = 1.3× 10−3

BR(τ→µγ)
BR(τ→3µ) = 1.3× 10−3BR(τ→µγ)
BR(τ→3µ) = 1.3× 10−3BR(τ→µγ)
BR(τ→3µ) = 1.3× 10−3

BR(µ→eγ)
CR(e−µ,Ti) = 3.1× 10−4BR(µ→eγ)
CR(e−µ,Ti) = 3.1× 10−4BR(µ→eγ)
CR(e−µ,Ti) = 3.1× 10−4

[Hambye, 2013]
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What can we then learn about New Physics from cLFV observables? 

      Most models of NP predict/accommodate extensive ranges for cLFV observables 
    (little info on scale and on the nature of couplings)
⇒

Hinting towards the NP model: peculiar patterns

Correlation of observables in NP models: peculiar patterns
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[Calibbi et al, 1709.00294]

! Most models predict/accommodate extensive ranges for observables

(no new physics yet discovered, only bounds on new scale!)

! Correlations might allow to disentagle models of cLFV in the absence of

NP discovery ... and provide complementary information to direct searches!

[adapted from Calibbi et al, 1709.00294]
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! Most models predict/accommodate extensive ranges for observables
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Upon experimental determination of rates for cLFV transitions: 
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What can we then learn about New Physics from cLFV observables? 

      Most models of NP predict/accommodate extensive ranges for cLFV observables 
    (little info on scale and on the nature of couplings)
⇒

Hinting towards the NP model: peculiar patterns

In the absence of a direct discovery of the new states 
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In all cases provide complementary information to direct searches! 

⇒
⇒
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What can we then learn about New Physics from cLFV observables? 
     Not all models of NP necessarily lead to "experimentally observable" cLFV... 

    (e.g. very heavy new states, symmetry-protection, ...) 
One can trivially compute contributions to cLFV observables, and thus exclude (or not) 

regimes of a given model... Or do much more! 
 

(Well-motivated) NP models &  cLFVμ

A few illustrative examples of muon-cLFV in well-motivated BSM realisations:  
from minimal SM extensions to UV-complete constructions,  

aiming at addressing SM observational problems and further "tensions" (anomalies) 

Addressing anomalies: extensions of SM's gauge sector and  
   cLFV from LFUV (B-meson anomalies ...) 

Mechanisms of neutrino mass generation (LFV in neutral sector!) 
GUT inspired, higher-order (scotogenic), ... 
Back to seesaw cLFV "signatures" - and how CP violating phases impacts them  

(Recall LFV; LFV does not require  !!)

(g − 2)ℓ

mν ⇒ mν ≠ 0



Prospects for a flavour violating Z 0

explanation of �aµ,e
Emanuelle Pinsard - Laboratoire de Physique de Clermont

Motivation & Model
Muon anomalous magnetic moment: Tension (Theory $ Observation) = 4.2�4.2�4.2�

�aµ�aµ�aµ ⌘ aSMµ � aexpµ = 251 (59)⇥ 10
�11

Electron anomalous magnetic moment: �aCs
e�aCs
e�aCs
e  O(�2.5��2.5��2.5�)

�aRb
e�aRb
e�aRb
e  O(1.7�1.7�1.7�)

Depending on ↵e↵e↵e from Cs or Rb atoms

=)=)=) Addressing �aµ�aµ�aµ and �ae�ae�ae? Extend the SM content with one new (light) neutral gauge boson Z 0Z 0Z 0
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I Low-energy, minimal ad-hoc model: 1
st1
st
1
st

phenomenological analysis [arXiv:2204.13134]
I Both left & right couplings =)=)=) sizeable contributions to (g � 2)`

I Evade stringent experimental constraints (direct searches, EWPO and hadronic, ...)

stricly Flavour Violating coupling to leptons g↵�L,R 6= 0g↵�L,R 6= 0g↵�L,R 6= 0

http://clrwww.in2p3.fr/ Invisibles’22 emanuelle.pinsard@clermont.in2p3.fr

Constraints
Most Stringent Constraints

XLepton flavour universality
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decays:  RZ
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X Muonium oscillations

Accommodating both �aµ and �ae ?
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e nor �aRb

e�aRb
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e

LFV Z 0Z 0Z 0
can explain �aµ�aµ�aµ

�ae (and �a⌧ ) are predicted to be SM-like
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! ⌧+⌧� at a Muon Collider
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I Clear departure from SM expectation
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Conclusion
I Minimal framework of leptophilic LFV Z 0Z 0Z 0 I Good prospects for muon cLFV observables: I First phenomenological analysis of
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=)=)=) Predictions for maximal cLFV observables values for

mZ0 ' 500GeV

=)=)=) Good prospects for cLFV muon observables

Conclusion
I Minimal framework of leptophilic LFV Z 0Z 0Z 0 I Good prospects for muon cLFV observables: I First phenomenological analysis of

µ ! 3eµ ! 3eµ ! 3e and CR(µ� e,Al)CR(µ� e,Al)CR(µ� e,Al) promising NP model !

I Explanation of �aµ�aµ�aµ (�ae�ae�ae & �a⌧�a⌧�a⌧ SM-like)  Aim towards complete model

I Distinctive features at muon collider! (extra fields, cLFV structure, ...)

I LFU ratios most constraining,  Large cross sections  Prospects for dark matter candidate?
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µ ! e�µ ! e�µ ! e�, ⌧ ! µēµ⌧ ! µēµ⌧ ! µēµ  AFBAFBAFB very different from SM

=)=)=) Test the model

Prospects for a flavour violating Z 0

explanation of �aµ,e
Emanuelle Pinsard - Laboratoire de Physique de Clermont

Motivation & Model
Muon anomalous magnetic moment: Tension (Theory $ Observation) = 4.2�4.2�4.2�

�aµ�aµ�aµ ⌘ aSMµ � aexpµ = 251 (59)⇥ 10
�11

Electron anomalous magnetic moment: �aCs
e�aCs
e�aCs
e  O(�2.5��2.5��2.5�)

�aRb
e�aRb
e�aRb
e  O(1.7�1.7�1.7�)

Depending on ↵e↵e↵e from Cs or Rb atoms

=)=)=) Addressing �aµ�aµ�aµ and �ae�ae�ae? Extend the SM content with one new (light) neutral gauge boson Z 0Z 0Z 0

L
int
Z0 =

X

↵, �

Z 0
µ

h
¯̀
↵�

µ
(g↵�L PL + g↵�R PR)`� + ⌫̄↵�

µ
(g↵�L PL)⌫�

i
+H.c.L

int
Z0 =

X

↵, �

Z 0
µ

h
¯̀
↵�

µ
(g↵�L PL + g↵�R PR)`� + ⌫̄↵�

µ
(g↵�L PL)⌫�

i
+H.c.L

int
Z0 =

X

↵, �

Z 0
µ

h
¯̀
↵�

µ
(g↵�L PL + g↵�R PR)`� + ⌫̄↵�

µ
(g↵�L PL)⌫�

i
+H.c.

I Low-energy, minimal ad-hoc model: 1
st1
st
1
st

phenomenological analysis [arXiv:2204.13134]
I Both left & right couplings =)=)=) sizeable contributions to (g � 2)`

I Evade stringent experimental constraints (direct searches, EWPO and hadronic, ...)

stricly Flavour Violating coupling to leptons g↵�L,R 6= 0g↵�L,R 6= 0g↵�L,R 6= 0

http://clrwww.in2p3.fr/ Invisibles’22 emanuelle.pinsard@clermont.in2p3.fr

Constraints
Most Stringent Constraints

XLepton flavour universality

in Z ! `+`�Z ! `+`�Z ! `+`� and ⌧ ! `⌫̄⌫⌧ ! `⌫̄⌫⌧ ! `⌫̄⌫
decays:  RZ

↵�RZ
↵�RZ
↵� , R⌧

µeR⌧
µeR⌧
µe

X Rare leptonic decays:

cLFV 3 body decays and

radiative decays

X Neutrinoless µ� eµ� eµ� e
conversion in nuclei

X Muonium oscillations

Accommodating both �aµ and �ae ?

Z 0
contribution to �aµ�aµ�aµ

Agreement with LFU ratios RZ
↵�RZ
↵�RZ
↵� and R⌧

µeR⌧
µeR⌧
µe

gµ⌧ can saturate �aµ�aµ�aµ !
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=)=)=) Predictions for maximal cLFV observables values for

mZ0 ' 500GeV

=)=)=) Good prospects for cLFV muon observables

Conclusion
I Minimal framework of leptophilic LFV Z 0Z 0Z 0 I Good prospects for muon cLFV observables: I First phenomenological analysis of

µ ! 3eµ ! 3eµ ! 3e and CR(µ� e,Al)CR(µ� e,Al)CR(µ� e,Al) promising NP model !

I Explanation of �aµ�aµ�aµ (�ae�ae�ae & �a⌧�a⌧�a⌧ SM-like)  Aim towards complete model

I Distinctive features at muon collider! (extra fields, cLFV structure, ...)

I LFU ratios most constraining,  Large cross sections  Prospects for dark matter candidate?
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=)=)=) Predictions for maximal cLFV observables values for

mZ0 ' 500GeV

=)=)=) Good prospects for cLFV muon observables

Conclusion
I Minimal framework of leptophilic LFV Z 0Z 0Z 0 I Good prospects for muon cLFV observables: I First phenomenological analysis of

µ ! 3eµ ! 3eµ ! 3e and CR(µ� e,Al)CR(µ� e,Al)CR(µ� e,Al) promising NP model !

I Explanation of �aµ�aµ�aµ (�ae�ae�ae & �a⌧�a⌧�a⌧ SM-like)  Aim towards complete model

I Distinctive features at muon collider! (extra fields, cLFV structure, ...)

I LFU ratios most constraining,  Large cross sections  Prospects for dark matter candidate?
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=)=)=) Predictions for maximal cLFV observables values for

mZ0 ' 500GeV

=)=)=) Good prospects for cLFV muon observables

Conclusion
I Minimal framework of leptophilic LFV Z 0Z 0Z 0 I Good prospects for muon cLFV observables: I First phenomenological analysis of

µ ! 3eµ ! 3eµ ! 3e and CR(µ� e,Al)CR(µ� e,Al)CR(µ� e,Al) promising NP model !

I Explanation of �aµ�aµ�aµ (�ae�ae�ae & �a⌧�a⌧�a⌧ SM-like)  Aim towards complete model

I Distinctive features at muon collider! (extra fields, cLFV structure, ...)

I LFU ratios most constraining,  Large cross sections  Prospects for dark matter candidate?
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Minimal extensions of the SM: anomalies & -physicsμ

Excellent prospects for future muon collider 
           (SM s-channel ,  t-channel) 

 Cross section very sensitive to presence of    

 Clear departure from SM in forward-backward asymmetry!

μ+ μ−→ τ+ τ−
γ,Z Z′�

⇒ Z′�
⇒

 Minimal SM extension via light vector  (leptophilic cLFV couplings): 
explain both  and  

Z′ �
Δaμ Δae

 Saturate  (  and  strictly SM-like) 

Very stringent constraints from  
LFU tests ( ) and  

cLFV ( ,  and  !)

⇒ Δaμ Δae Δaτ

Z → ℓℓ
μ → eγ τ → μēμ Mu − Mu

[Kriewald, Orloff, Pinsard, AMT, 2204.13134]

Forward-backward asymmetry

AFB(µ+µ� ! ⌧+⌧�) =
�F � �B

�F + �B

Extensive studies of SM extensions capable of addressing "anomalous" behaviours  

(i.e. tensions with SM expectation): , and LFUV in B-meson decays 

     Minimal, testable models (first step towards complete constructions) 

    cLFV  LFUV (?)

(g − 2)ℓ
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Scotogenic models: neutrinos, DM and cLFV     

[Alvarez et al, 2301.08485]

 Scotogenic models: a link between neutrino mass generation and dark matter! 
  Additional  symmetry: stabilises dark matter candidate ... but 

                             neutrino masses @ 1-loop

Z2
⇒

 cLFV observables: strict correlation between BR( ), BR( ) [dipole dominated] 

less manifest for  decays [non-negligible box contributions] 

muon cLFV decays  falsify model @ MEG II and Mu3e !

μ → eγ μ → 3e
τ

⇒

[Ma, 2006]

Recent example: SM extended by  Weyl fermions,  
  Majorana fermion singlets & scalars 

  mass generation, DM candidates,  
 and BAU via leptogenesis! 

SU(2)L

⇒ ν
(g − 2)μ

 1  2 F1 F2 ⌘ S

SU(2)L 2 2 1 1 2 1

U(1)Y -1 1 0 0 1 0

Table 1: Field content of the scotogenic model under consideration beyond the Standard

Model fields.

explanation of the observed baryon asymmetry via leptogenesis, as we will demonstrate

below.

Our paper is organised as follows: in Sec. 2, we start by introducing the scotogenic

model under consideration. Sec. 3 is then devoted to a discussion of the anomalous magnetic

moment within our model and the required coupling hierarchies. In Sec. 4, we discuss the

applied constraints and the observables of our interest. The results from our Markov Chain

Monte Carlo (MCMC) analysis are presented in Sec. 5, where we analyse the parameter

space, charged lepton flavour violating decays, dark matter observables and discuss collider-

related aspects. In Sec. 6, we present our findings concerning leptogenesis as a means to

generate the baryon asymmetry. Conclusions are drawn in Sec. 7.

2 Model

We consider a scotogenic framework extending the SM by two Weyl fermion SU(2)L dou-

blets,  1 and  2, two Majorana fermion singlets, F1 and F2, a scalar SU(2)L doublet, ⌘,

and a real scalar singlet, S. In addition, we assume a Z2-symmetry under which the SM

fields are even and the additional ones are odd. This ensures neutrino mass generation at

the one-loop level together with the existence of a stable dark matter candidate. We note

for completeness that the additional fields are singlets with respect to SU(3)C .

The new field content including their respective representations under SU(2)L⇥U(1)Y
is summarised in Tab. 1. In the following subsections, we briefly summarise the di↵erent

sectors, present the corresponding Lagrangian, and set the notation.

2.1 The scalar sector

The scalar sector of the model consists of the SM Higgs doublet H, an additional real

singlet S, and a SU(2)L doublet ⌘. Their charges are given in Tab. 1. Upon electroweak

symmetry breaking (EWSB), which involves the Higgs doublet only, the doublets can be

expanded into components according to

H =

 
G+

1p
2

⇥
v + h0 + iG0

⇤
!
, ⌘ =

 
⌘+

1p
2

⇥
⌘0 + iA0

⇤
!

. (2.1)

Here, h0 is the SM Higgs boson, G0 and G+ are the would-be Goldstone bosons, and

v =
p
2hHi ⇡ 246 GeV denotes the vacuum expectation value (VEV). Moreover, ⌘0 and

A0 are CP -even and CP -odd neutral scalars, and ⌘+ is a charged scalar. Neither S nor ⌘

may obtain a VEV due to the assumed Z2-symmetry.

– 3 –

with i, j = 1, 2 and k = 1, 2, 3. Lk and ec
k
denote the left-handed and right-handed leptons,

respectively. Moreover, we have introduced the notation �̃ = i�2�⇤ for � = H, ⌘. Without

loss of generality we work in a basis where MF12 = 0. Moreover, we impose |M1|  |M2|,

where we have simplified the notation by setting Mi = MFii
for i = 1, 2. Finally, we adopt

the phase-convention  1 = ( 0
1
, �

1
) and  2 = ( +

2
,� 0

2
) for the SU(2)L doublets.

After EWSB, we have a charged heavy Dirac state  + with mass M and four neutral

Majorana fermions. Their mass matrix is given in the basis {F1, F2, 0
1
, 0

2
} as

M�0 =

0

BBBB@

M1 0 vp
2
y11

vp
2
y21

0 M2
vp
2
y12

vp
2
y22

vp
2
y11

vp
2
y12 0 M 

vp
2
y21

vp
2
y22 M 0

1

CCCCA
. (2.9)

This matrix is diagonalised by a unitary matrix U� according to

diag
�
m

�
0
1
,m

�
0
2
,m

�
0
3
,m

�
0
4

�
= U�M�0U�1

� , (2.10)

with the convention m
�
0
i

 m
�
0
j

for i < j.

2.3 Neutrino masses

The main di↵erence with respect to the T1-2-A model discussed in Refs. [19, 20] is the

extra copy of the singlet fermion. Although the mechanism is very similar, in this case,

due to the extra degree of freedom, the neutrino mass matrix has rank three instead of two,

and consequently, all three active neutrinos will acquire a non-zero mass. After EWSB,

rotating to the mass eigenbasis, a Majorana mass term is generated at the one-loop level

via the diagram

⌫i
�0

k

⌫j

�0
n

⌘ ⌫c
j

�
M⌫

�
ji
⌫i , (2.11)

where the neutrino mass matrix can be expressed as

M⌫ = G
T ML G . (2.12)

This is a well-known structure common to most of the scotogenic models and similar to

the type-I seesaw, where the matrix G contains the couplings defined in Eq. (2.8) ordered

as

G =

0

B@
g1
 

g2
 

g3
 

g1
F1

g2
F1

g3
F1

g1
F2

g2
F2

g3
F2

1

CA , (2.13)

and ML is a 3 ⇥ 3 symmetric matrix which encodes the information of the loop function,

and the mixing in the neutral scalar and fermion sectors, defined in Eqs. (2.5) and (2.10),

– 5 –

Figure 5: Results for the relevant cLFV decays with the current limits from MEG col-

laboration [30] and Belle [52, 53] (full lines) and expected sensitivities (dashed lines) from

MEGII [49], Mu3e [50] and Belle II [54]. The other decays not shown here lay below the

expected future bounds.

limits of charged LFV searches. This hierarchy is linked to that of gR, as both contribute

equally to these processes, see Appendix A. While both g2
 
and g2

R
have to be large to fit

(g� 2)µ, g1 and g1
R
must remain small to not exceed the current limit of BR(µ ! e�). On

the same grounds, g3
 
and g3

R
are similarly constrained by the upper limit on BR(⌧ ! µ�).

It is worth noting that the fit of (g � 2)µ links the components of gR and g with the

trilinear coupling ↵, as can be seen in Fig. 4 (right). As discussed in Sec. 3, the dominant

contribution to (g � 2)µ and charged LFV decays comes from the left diagram in Fig. 1,

proportional to ↵. For example, smaller values of ↵ imply larger values of g2
 

and g2
R

in

order to fit the anomalous magnetic moment (g � 2)µ, as can be seen in the upper corner

on the right panel of Fig. 4.

The perturbativity requirement for both the Yukawa couplings and ↵ sets then a lower

and upper limit on the trilinear coupling of roughly 30 GeV . ↵ . 4m
�
0
1
. Note, that the

upper bound is actually given for ↵/M� where M� is the average masses of the scalars

involved in this coupling.

5.2 Charged lepton flavour violating decays

Charged lepton flavour violating decays rank among the most stringent constraints for

neutrino mass models, as fitting the neutrino mixing angles, in general, requires non-

diagonal Yukawa matrices that connect also to the charged leptons and allow for transitions

between di↵erent lepton flavours. While the limits to the branching ratios of these processes

are already remarkable, especially for the limit on the decay µ ! e� from the MEG

collaboration [30], there is a renovate interest with new experiments expected to take place

in the near future, such as MEGII [49], Mu3e [50], or COMET [51], with an expected

improvement on the sensitivity of even four orders of magnitude for certain processes like

µ ! 3e, or Belle and Belle II for the tau decays [52–54].

– 13 –
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GUT models: type II seesaw (and cLFV)    

 Grand unified models: several possibilities explored, from (SUSY)  to , ...  
Many realisations include mechanisms of  mass generation, and open the door to 
        flavour violation (at all levels)  
Realised at very high scales ( ) - how to probe and test them? 

SU(5) SO(10)
ν

MGUT

 cLFV observables: evident correlation between BR( ), BR( ) and CR( , N),  
           ratio dictated by masses of mediators (triplet  and  leptoquark) 

future observation muon cLFV decays  hint on  

If BR( ) CR( , N)  disfavour IO,  eV

μ → 3e KL → μe e − μ
Δ SU(5)

⇒ mΔ /mLQ

KL → μe ≥10 × e − μ ⇒ mν
1 ≲10− 2

Illustrative example: non-susy  GUT & type II seesaw  [scalar triplet ,  (LQ) partners in ] 
                                                  (variations to avoid "wrong"  relations)

SU(5) Δ SU(5) 15
mf

Figure 5: Ratios BR(µ ! eee)/CR(µAl ! eAl) (red points) and BR(µ ! eee)/BR(KL ! µe)
(blue points) as functions of M�/MLQ. See the text for details.

providing the most stringent bounds, which translate into lower limits on the masses as stringent
as M� & 200 TeV, MLQ & 500 TeV, for O(1) couplings. Table 4 and Eq. (39) show that
upcoming experiments will improve these limits by about one order of magnitude.

Even if not so constraining, µ ! e�, KL ! µe and K+
! ⇡+µe depend on different

combinations of the couplings, hence ratios of the branching ratios of different modes can provide
information on the flavour structure of Y� and YLQ, that is, on the flavour structure of the
neutrino mass matrix, Eq. (31), as we will discuss below.

The matrices Y� and YLQ are related by the GUT boundary condition, Eq. (28). Moreover,
as discussed in Appendix C, the RGE running does not affect their flavour structure, only the
overall normalisation. Therefore, we see from Eq. (39) that the ratio between the rates of µ ! eee
and µ ! e conversion in nuclei only depends on MLQ/M�:

BR(µ ! eee) ' 0.0021

✓
MLQ

M�

◆4

CR(µAu ! eAu) ' 0.0049

✓
MLQ

M�

◆4

CR(µAl ! eAl) ,

(40)
where we employed the TeV-scale relation Eq. (29). It is then clear that measurements (or
constraints) of different LFV processes can provide non-trivial information on the mass spectrum
of the theory, to be combined with the constraints from gauge coupling unification and proton
decay discussed in the previous section. This is also depicted in Figure 5, where we plot the
ratio BR(µ ! eee)/CR(µAl ! eAl) (red points) as a function of M�/MLQ, varying the mass
parameters within the 1�-favoured region of the Model 2 fit reported in Section 3.2.

The figure also displays BR(µ ! eee)/BR(KL ! µe) (blue points). In the latter case, the
correlation is much less pronounced since the two processes depend on different combinations
of the coupling matrices (see Eq. (39)), which are in turn affected by the uncertainty stemming
from the neutrino parameters in Eq. (31). To produce Figure 5, we employ the fits provided in
Refs. [80, 81] for the mixing angles and neutrino mass differences, while the poorly-constrained
Dirac phase and the unknown Majorana phases of the PMNS have been uniformly varied within
[0, 2⇡), and we scanned the value of the lowest neutrino mass (assuming normal hierarchy) in
the range 0.001 eV  m1  0.1 eV. The logarithm of the absolute strength of the coupling was
varied uniformly in the range �4.5  log10(|Y

11
� |)  �2.

The same choice of parameters has been employed to generate the plots of Figure 6, where
the rates of µ ! eee, µAl ! eAl and KL ! µe are compared to the present bounds and
future experimental sensitivities reported in Table 4. As we can see, a large portion of the
parameter space is already excluded and substantially more is within the sensitivity of the
upcoming experiments, in particular Mu3e [65] and Mu2e/COMET [67, 68]. Therefore, unless

19

Figure 6: CR(µAl ! eAl) vs BR(µ ! eee) (left panel) and BR(KL ! µe) vs BR(µ ! eee)
(right panel) for the same variation of the parameters as in Figure 5 (see text for details).
The colour of the points denotes the value of M�/MLQ, as indicated under the plots, and the
dashed line corresponds to M� = MLQ and to setting the combinations of couplings appearing in
Eq. (39) to their fitted central values. The gray lines indicate the present and future experimental
limits as in Table 4. The present bound on µ ! e conversion was rescaled according to Eq. (40).

Figure 7: Correlations between processes induced by the exchange of the same field (� or fR2)
for the same variation of the parameters as in Figures 5 and 6. The colour of the points denotes
the value of log10(|Y 11

�,LQ|), as indicated under the plots. Lines as in Figure 6.
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Figure 6: CR(µAl ! eAl) vs BR(µ ! eee) (left panel) and BR(KL ! µe) vs BR(µ ! eee)
(right panel) for the same variation of the parameters as in Figure 5 (see text for details).
The colour of the points denotes the value of M�/MLQ, as indicated under the plots, and the
dashed line corresponds to M� = MLQ and to setting the combinations of couplings appearing in
Eq. (39) to their fitted central values. The gray lines indicate the present and future experimental
limits as in Table 4. The present bound on µ ! e conversion was rescaled according to Eq. (40).

Figure 7: Correlations between processes induced by the exchange of the same field (� or fR2)
for the same variation of the parameters as in Figures 5 and 6. The colour of the points denotes
the value of log10(|Y 11

�,LQ|), as indicated under the plots. Lines as in Figure 6.
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Figure 8: Ratio CR(µAl ! e Al)/BR(KL ! µe) as a function of the lowest neutrino mass
and the effective Majorana neutrino mass obtained by marginalising over the other neutrino
parameters. Left: normal ordering (NO). Right: inverted ordering (IO).

the overall size of the Yukawa couplings is considerably smaller than the range we considered, the
spectrum of the model favoured by gauge coupling unification will likely provide positive LFV
signals and, as Figures 5 and 6 show, such measurements would pinpoint the mass ratio MLQ/M�

(besides measuring |Y 21
�, LQ||Y

11
�, LQ|/M

2
�, LQ, that is, the coefficients of the LFV operators induced

by a triplet or a leptoquark exchange).
Of course, cleaner correlations are observed when considering pairs of processes induced by

the same field, as shown in Figure 7. The first plot displays µ ! eee and µ ! e�, that is,
processes due to the triplet �. The other three panels depict processes that are mediated by
the leptoquark fR2. These plots also show how present and future experimental bounds can
constrain the overall value of the Yukawa couplings.

The spread of the points in Figure 7 follows from the different combinations of the couplings
relevant for different processes, as illustrated in Eq. (39), and thus is entirely due to the present
uncertainty on the neutrino parameters in Eq. (31). This is a clear indication that measuring
the rates of different LFV modes mediated by the same state from �15 would provide precious
information on the neutrino parameters beyond that that is currently available from the obser-
vation of neutrino oscillations and other neutrino experiments. However, the prospects of this
programme do not seem very good in the case of the processes induced by �: the first panel
of Figure 7 indeed shows that it is unlikely to observe µ ! e� given the present constraint on
µ ! eee, which is a general feature of type II seesaw models irrespective of their possible GUT
embedding.12 Similarly, charged kaon decays (as shown in the second row of the figure) are not
as promising as KL ! eµ. This latter mode, in combination with µ ! e in nuclei (see the
second plot of Figure 7), seems instead to offer a suitable option to probe the flavour structure
of YLQ, and thus of m⌫ — especially if future experiments will be able to probe it substantially
below the 10�12 level. Needless to say, a direct connection of these leptoquark-induced processes
to the neutrino sector is possible only in presence of an underlying GUT structure as the one
we are considering here (and it would be a crucial indication thereof).

We start studying the dependence of the ratio CR(µAl ! e Al)/BR(KL ! µe) on the pa-
rameters of the neutrino mass matrix m⌫ . In Appendix D, we show the standard paramerisation
that we employ for the PMNS matrix appearing in Eq. (31) and the dependence of this ratio of
LFV rates on the 9 parameters of the neutrino sector. In particular, Figure 11 shows that mea-
suring or constraining CR(µAl ! e Al)/BR(KL ! µe) would not provide useful information on
the oscillation parameters, that is, the PMNS mixing angles, the neutrino mass splittings, and

12This conclusion can be relaxed in specific cases where m⌫ (and thus Y�) features texture zeroes (see e.g. [82]
for an assessment of such a possibility), for instance as a consequence of a flavour symmetry. In this kind of
scenarios, one may envisage the possibility that either Y

21
� = 0 or Y

11
� = 0 at some high-energy scale related to

new flavour dynamics and that the vanishing entry is only radiatively generated by running the matrix down to
M� through the RGEs shown in Appendix C. From Eq. (39) we see that this would suppress µ ! eee and make
µ ! e� comparatively more constraining. In the following, we do not further entertain a situation of this kind.
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Flavoured probes of neutrino masses: 
SM & sterile neutrinos (... and CPV phases!)

How leptonic CP violating phases can impact our expectations  



Peculiar patterns: disentangling seesaws

24A.M. Teixeira, LPC Clermont

 Models of NP (and leptonic LFV) predict/accommodate extensive ranges for cLFV...

 Seesaw realisations: distinctive signatures for numerous cLFV observables 
ratios of observables to identify seesaw mediators & constrain their masses!

Hambye, 2013

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider different seesaw realisations

singlet fermions NNN (type I), triplet scalars ∆∆∆ (type II) or fermions ΣΣΣ (type III)

Type I: cLFV transitions at loop level (radiative, 3-body, conversion in Nuclei)

Type II: ℓi → ℓjγ & µ− e,N at loop level; 3-body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj at tree level!

Type III: 3-body decays and coherent conversion at tree-level! ℓi → ℓjγ @ loop...

! Use ratios of observables to constrain and identify mediators!

Type I Type II Type III
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Type I seesaw Type II seesaw Type III seesaw

 But! In general, such studies assume CP conserving couplings...  
         CP likely violated (PMNS, and other Dirac & Majorana NP phases  leptogenesis!) 
                   Can leptonic CP violating phases impact our naïve expectations for cLFV patterns? 
        

⇒
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Simplified "seesaw models" for phenomenology: SM + 2 heavy neutral leptons

Toy models of massive Majorana neutrinos

Ad-hoc (low-energy) constructions: SM extended via  Majorana massive states (HNLs) 
                                                No assumption on mechanism of mass generation 

                                           Well-defined interactions in physical basis 

Phenomenological low-energy limit of complete constructions (type I seesaw, ISS, ...)  

nS

Hypotheses: 3 active neutrinos + 2 heavy neutral leptons   

                      interaction basis  physical basis         

nL = (νLe, νLμ, νLτ, νc
s , νc

s′�)T

↭ |nL > = =5×5 |νi >

Impact of heavy states: “toy model” (SM + νsνsνs)

! Assumptions: 3 active neutrinos + 1 sterile state nL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

T

interaction basis " physical basis nL = U4×4 νinL = U4×4 νinL = U4×4 νi

UT
4×4 M U4×4 = diag(mν1 , ...,mν4) “Majorana mass”: Ltoy ∼ nT

LCMnL

! Active-sterile mixing Uαi :Uαi :Uαi :

! Left-handed lepton mixing ŨPMNSŨPMNSŨPMNS:

3× 3 sub-block, non-unitary!
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⎠

UUU = R45 R35 R25 R15 R34 R24 R14 R23 R13 R12 × diag(1, eiϕ2 , eiϕ3 , eiϕ4 , eiϕ5)

Left-handed lepton mixing  
 sub-block, non-unitary! 

ŨPMNS
3 × 3

Active-sterile mixing  
 rectangular matrix 

Uαi
3 × 5

ns = 2

 Non-unitary lepton mixing matrix: source of cLFV in SM extensions via heavy sterile  

 Interference effects (CPV) between heavier states can be present! 
 Constructive & destructive interference effects in cLFV decays (leptonic and boson) 

 Impact to any interpretation of experimental data

ν

⇒
⇒
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cLFV signatures: ratios of observables to identify mediators & constrain their masses! 
But - CP violating phases do matter!      And impact naïve expectations...

Peculiar cLFV patterns... what if CPV & cLFV? 

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  

Observables dominated by common topology 

 conversion in nuclei 

3-body muon decays ( ) 

=5×5

μ − e
μ → 3e

  TeV 

 CP conserving 

m4 = m5 = 1
∙

Z-penguin dominance 
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Breaking correlations (continued)

Both µ � eµ � eµ � e conversion and µ ! 3eµ ! 3eµ ! 3e dominated by ZZZ-penguins, expect strong correlation
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blue: all phases vanishing; orange: random phases; green: phases grid scan

))) Hypothetical signal e.g. only in µ ! 3eµ ! 3eµ ! 3e does not disfavour HNL models!

Jonathan Kriewald LPC IRN Terascale 24.11. 2021 16 / 19

A.M. Teixeira, LPC Clermont

cLFV signatures: ratios of observables to identify mediators & constrain their masses! 
But - CP violating phases do matter!      And impact naïve expectations...

Peculiar cLFV patterns... what if CPV & cLFV? 

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  

Observables dominated by common topology 
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Loss of correlation! 
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cLFV searches: future data can shed light on underlying NP model ! 
But - CP violating phases do matter!      And impact naïve theoretical expectations...

Future cLFV data: what if CPV & cLFV? 

Some illustrative benchmark points - CP conserving ( ) and CPV variants ( )Pi P′�i

cussion, we have identified a small set of representative (benchmark) points, which reflect not
only the e↵ect on the rates, but also the impact that this might have in the interpretation of
experimental data (or negative search results).

BR(µ ! e�) BR(µ ! 3e) CR(µ � e, Al) BR(⌧ ! 3µ) BR(Z ! µ⌧)

P1 3 ⇥ 10�16
� 1 ⇥ 10�15 X 9 ⇥ 10�15 X 2 ⇥ 10�13

� 3 ⇥ 10�12
�

P0
1 1 ⇥ 10�13 X 2 ⇥ 10�14 X 1 ⇥ 10�16 X 1 ⇥ 10�10 X 2 ⇥ 10�9 X

P2 2 ⇥ 10�23
� 2 ⇥ 10�20

� 2 ⇥ 10�19
� 1 ⇥ 10�10 X 3 ⇥ 10�9 X

P0
2 6 ⇥ 10�14 X 4 ⇥ 10�14 X 9 ⇥ 10�14 X 8 ⇥ 10�11 X 1 ⇥ 10�9 X

P3 2 ⇥ 10�11 % 3 ⇥ 10�10 % 3 ⇥ 10�9 % 2 ⇥ 10�8 X 8 ⇥ 10�7 X
P0
3 8 ⇥ 10�15

� 1 ⇥ 10�14 X 6 ⇥ 10�14 X 2 ⇥ 10�9 X 1 ⇥ 10�8 X

Table 2: Predictions for several cLFV observables in association with three configurations
with vanishing CPV phases, Pi (i = 1 � 3) and associated variants with non-vanishing CP
violating phases, see Eqs. (32, 33). We have taken m4 = m5 = 5 TeV. The symbols (%, X,
�) respectively denote rates already in conflict with current experimental bounds, predictions
within future sensitivity and those beyond future experimental reach.

Table 2 summarises the predictions for several cLFV observables for three configurations of
active-sterile mixing angles, in the case of vanishing CPV phases (Pi), and for non-vanishing
values of the CP violating phases (P0

i
):

P1 : s14 = 0.0023 , s15 = �0.0024 , s24 = 0.0035 , s25 = 0.0037 , s34 = 0.0670 , s35 = �0.0654 ,

P2 : s14 = 0.0006 , s15 = �0.0006 , s24 = 0.008 , s25 = 0.008 , s34 = 0.038 , s35 = 0.038 ,

P3 : s14 = 0.003 , s15 = 0.003 , s24 = 0.023 , s25 = 0.023 , s34 = 0.068 , s35 = 0.068, , (32)

The variants P0
i
have identical mixing angles, but in association with the following phase con-

figurations:

P0
1 : �14 =

⇡

2
, '4 =

3⇡

4
; P0

2 : �24 =
3⇡

4
, �34 =

⇡

2
, '4 =

⇡
p

8
; P0

3 : �14 ⇡ ⇡ , '4 ⇡
⇡

2
. (33)

We have chosen m4 = m5 = 5 TeV for all three benchmark points.
The first point (P1) represents a case for which only two cLFV observables would be within

future experimental reach, respectively µ ! 3e and µ � e conversion in Aluminium; however,
in the presence of CP phases (P0

1), the predictions for the di↵erent considered observables are
now all within future sensitivity. P2 (and its CP variant, P0

2) correspond to a similar scenario,
but for which only the two considered µ � ⌧ observables lie within future reach in the case of
vanishing phases.

The third and final point (P3) clearly illustrates the importance of taking into account the
possibility of CP violating phases upon interpretation of experimental data. Negative search
results for the di↵erent µ � e channels would lead to the exclusion of the associated mixing
angles (for heavy masses around 5 TeV); however, and should CPV phases be present, the
considered active-sterile mixing regime can be readily reconciled with current bounds (with
µ ! e� now even lying beyond experimental reach). This demonstrates the crucial role of CPV
phases in evaluating the viability of a given scenario in what regards conflict/agreement with
cLFV bounds.

In this study we have taken the simple extension of the SM with 2 neutral fermions, con-
sidering them close in mass in order to explore the potential of the new CPV phases in cLFV
observables. These states could very well be embedded in a seesaw and the latter even incorpo-
rated in higher BSM frameworks. The conclusions drawn in this work are always valid once we
consider that the source of lepton flavour violation is mostly due to the new leptonic mixing.

24

: only cLFV  decays within future reach; cLFV  decays beyond sensitivity... 

What if one observes  and ?     Disfavour cLFV from HNL? or CPV...  

: all considered cLFV transitions within reach! 

P2 τ μ
μ −e μ → 3e

P′�2

(Non)-observation of cLFV observable(s)  not necessarily disfavour HNL extension!⇒

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  

Impact of CPV phases regarding experimental prospects! 

=5×5

[Abada, Kriewald, AMT, 2107.06313]
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[Abada, Kriewald, AMT, 2107.06313]

cussion, we have identified a small set of representative (benchmark) points, which reflect not
only the e↵ect on the rates, but also the impact that this might have in the interpretation of
experimental data (or negative search results).
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Table 2: Predictions for several cLFV observables in association with three configurations
with vanishing CPV phases, Pi (i = 1 � 3) and associated variants with non-vanishing CP
violating phases, see Eqs. (32, 33). We have taken m4 = m5 = 5 TeV. The symbols (%, X,
�) respectively denote rates already in conflict with current experimental bounds, predictions
within future sensitivity and those beyond future experimental reach.

Table 2 summarises the predictions for several cLFV observables for three configurations of
active-sterile mixing angles, in the case of vanishing CPV phases (Pi), and for non-vanishing
values of the CP violating phases (P0

i
):

P1 : s14 = 0.0023 , s15 = �0.0024 , s24 = 0.0035 , s25 = 0.0037 , s34 = 0.0670 , s35 = �0.0654 ,

P2 : s14 = 0.0006 , s15 = �0.0006 , s24 = 0.008 , s25 = 0.008 , s34 = 0.038 , s35 = 0.038 ,

P3 : s14 = 0.003 , s15 = 0.003 , s24 = 0.023 , s25 = 0.023 , s34 = 0.068 , s35 = 0.068, , (32)

The variants P0
i
have identical mixing angles, but in association with the following phase con-

figurations:

P0
1 : �14 =

⇡

2
, '4 =

3⇡

4
; P0

2 : �24 =
3⇡

4
, �34 =

⇡

2
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⇡
p

8
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We have chosen m4 = m5 = 5 TeV for all three benchmark points.
The first point (P1) represents a case for which only two cLFV observables would be within

future experimental reach, respectively µ ! 3e and µ � e conversion in Aluminium; however,
in the presence of CP phases (P0

1), the predictions for the di↵erent considered observables are
now all within future sensitivity. P2 (and its CP variant, P0

2) correspond to a similar scenario,
but for which only the two considered µ � ⌧ observables lie within future reach in the case of
vanishing phases.

The third and final point (P3) clearly illustrates the importance of taking into account the
possibility of CP violating phases upon interpretation of experimental data. Negative search
results for the di↵erent µ � e channels would lead to the exclusion of the associated mixing
angles (for heavy masses around 5 TeV); however, and should CPV phases be present, the
considered active-sterile mixing regime can be readily reconciled with current bounds (with
µ ! e� now even lying beyond experimental reach). This demonstrates the crucial role of CPV
phases in evaluating the viability of a given scenario in what regards conflict/agreement with
cLFV bounds.

In this study we have taken the simple extension of the SM with 2 neutral fermions, con-
sidering them close in mass in order to explore the potential of the new CPV phases in cLFV
observables. These states could very well be embedded in a seesaw and the latter even incorpo-
rated in higher BSM frameworks. The conclusions drawn in this work are always valid once we
consider that the source of lepton flavour violation is mostly due to the new leptonic mixing.

24

: associated with large active-sterile mixings 

   CP conserving case excluded due conflict with bounds from cLFV  decays  
: suppression of rates from CPV phases (Dirac & Majorana) 
   reconcile large mixing regimes with observation!

P3
μ

P′�3

CPV phases must be included to thoroughly assess viability of HNL regimes! 

Some illustrative benchmark points - CP conserving ( ) and CPV variants ( )Pi P′�i

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases) 

Impact of CPV phases regarding experimental prospects!

=5×5

Future cLFV data: what if CPV & cLFV? 

cLFV searches: future data can shed light on underlying NP model ! 
But - CP violating phases do matter!      And impact naïve theoretical expectations...
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How to look for the presence of new sources of leptonic CP violation, in association with cLFV?  
Consider further observables: cLFV  boson decays and associated CP asymmetries!Z

Future cLFV data: finding leptonic CPV 

cLFV searches: future data can shed light on underlying NP model ! 
But - CP violating phases do matter!      And impact naïve theoretical expectations...

 For regimes with  

BR( ) and BR( )  

both within future sensitivity 

       as large as 20%!    

 Joint observation highly suggestive of  

SM extended by at least 2 heavy sterile  

cLFV & CPV at work!                  

⇒
Z → μτ τ → 3μ

?CP(Z → μτ)

⇒
ν

[Abada, Kriewald, Pinsard, Rosauro, AMT, 2207.10109]

  =                ?CP(Z → ℓαℓβ)
Γ(Z → ℓ−

α ℓ+
β ) − Γ(Z → ℓ+

α ℓ−
β )

Γ(Z → ℓ−α ℓ+
β ) + Γ(Z → ℓ+α ℓ−β )

and axial-vector currents can be cast in terms of the CV and CA coe�cients, respectively given by
CV = �

1
2 + 2 sin2

✓w and CA = �
1
2 . Moreover, one has

Cij =
3X

⇢=1

U
†
i⇢

U
⇢j

. (5)

Although all numerical results here presented will be obtained without relying on any approxima-
tion, for the purpose of first analytical insights it proves convenient to consider some simplifying limits
of the “3+2 toy model”. For the purpose of deriving illustrative (compact) analytical expressions, we
will assume that the active-sterile mixings (i.e., ✓↵i with ↵ = e, µ, ⌧ and i = 4, 5) are su�ciently small
so that cos ✓↵i ⇡ 1 is indeed a valid approximation. In this limit, one can thus parametrise the 3 ⇥ 2
rectangular active-sterile mixing matrix as

U↵(4,5) ⇡

0

@
s14e

�i(�14�'4) s15e
�i(�15�'5)

s24e
�i(�24�'4) s25e

�i(�25�'5)

s34e
�i(�34�'4) s35e

�i(�35�'5)

1

A , (6)

with s↵i = sin ✓↵i, and where �↵i ('i) denote Dirac (Majorana) phases. It is further convenient to work
in the limit ✓↵4 ⇡ ✓↵5, with nearly mass-degenerate heavy states, i.e. m4 ⇡ m5 � ⇤EW (typically of
the order of a few TeV).

3 cLFV neutral boson decays: the impact of leptonic CP phases

Here formulae and technical discussions; refer to Xabi and MJ, as well as to our previous work...

3.1 Z boson decays

The cLFV Z vertex for on-shell charged leptons can in general be decomposed as

ū↵(p↵)�µ

`↵`�
(q)v�(p�) =

X

X=L,R

ū↵(p↵)
⇥
F

X

S q
µ
PX + F

X

V �
µ
PX + F

X

T �
µ⌫

q⌫PX

⇤
v�(p�) , (7)

in which q
µ = p

µ
↵ + p

µ

�
is the momentum of the Z-boson an �

µ⌫ = i

2 [�
µ
, �

⌫ ]. For on-shell Z-boson
decays the scalar amplitudes do not contribute due to the ward identity q

µ
✏
⇤
µ(q) = 0, but they can

appear if the Z boson is an o↵-shell intermediate state. Furthermore, all amplitudes but F
L

V
vanish

in the limit of massless charged leptons. We emphasise that in the calculation of the contributing
diagrams, which are shown in Fig. 1, we do not neglect the charged lepton masses.

Z
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¯̀
�

ni

W
±

nj

(a)

Z

`↵

¯̀
�

W
±

ni

W
±

(b)

Z

`↵

¯̀
�

ni

W
±

(c)

Z

`↵

¯̀
�

ni

W
±

(d)

Figure 1: Feynman diagrams contributing to cLFV Z decays (in unitary gauge).

We split the contributions to the invariant amplitudes according to the di↵erent topologies as (the
superscript refers to the diagrams of Fig. 1)

F
L

V = F
L (a)
V

+ F
L (b)
V

+ F
L (c+d)
V

. (8)
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Outlook & conclusions
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 Confirmed observations suggest the need to go beyond the Standard Model 
    Other than  masses, many experimental tensions appear to be "nested"   

                                     in lepton-related observables 

 Lepton physics (muons!) might offer valuable hints upon proposals of New Physics 
and valuable probes to test the SM extensions! 

 Experimental opportunities with muons: near future discovery of New Physics, possibly  
before observation of new resonance at colliders 

 Theory efforts & theoretical approaches must be ready! (on par!) 

 Consider as many observables as possible (proposal of new ones!) 
 Explore distinct approaches: effective theories & NP models  

 Increase theoretical control: nuclear interactions in atomic  conversion,  
running between scales, operator mixing effects, ... 

 Include as many sources of data as possible, synergies of observables & sectors 
 Actively contribute to prepare next round of experiments (e.g. target nuclei, ...) 

 Lepton physics (muons!): a azing opportunities ahead!  
Calling upon joint theory-experimental effort

ν

⇒

μ − e

μ

 cLFV: overviewμ

30
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 Confirmed observations suggest the need to go beyond the Standard Model 
    Other than  masses, many experimental tensions appear to be "nested"   

                                     in lepton-related observables 

 Lepton physics (muons!) might offer valuable hints upon proposals of New Physics 
and valuable probes to test the SM extensions! 

 Experimental opportunities with muons: near future discovery of New Physics, possibly  
before observation of new resonance at colliders 

 So much to be learnt from muon flavours... 

 Hint on New Physics couplings & new Lorentz structure (i.e. new interactions) 
 Exclude regimes and regions in BSM parameter space  
 Falsify a model (directly, or through correlations - cLFV patterns)  

and/or reduce "ambiguities" on other sectors... 
(and remember - CPV phases matter in flavours!) 

 Probe otherwise unreachable scales! 

ν

⇒

 cLFV: overviewμNew Physics and lepton observables

! Confirmed observations suggest the need to go beyond the SM

Other than ννν-masses, many experimental “tensions” nested in lepton-related observables

! Lepton physics might offer valuable hints in constructing and probing NP models

(Synergy of) lepton observables can provide information on the underlying NP model

⇒⇒⇒ Hint on NP couplings & new Lorentz structure

⇒⇒⇒ Exclude regimes and regions in BSM parameter space

⇒⇒⇒ Falsify (!!) a model (direct, or via correlations, ...)

⇒⇒⇒ Probe (otherwise) unreachable scales

! New Physics can be manifest via cLFV, LNV, ... even before any direct discovery!

! Experimentally exciting near-future!

Accompanied by th and pheno analyses and ideas

N
ew

 P
h

y
si

c
s 

m
o

d
el

"Leave no (flavoured) stone unturned" - 

leave no single grain of sand unobserved,  

or muon-flavour unte(a)sted!   !  
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Additional material
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Morel et al [Nature, 588, pages 61–65 (2020)]

New Physics: badly needed? or not? 

Fermilab plot, April 7 2021, BMWc version

 17.5  18  18.5  19  19.5  20  20.5  21  21.5

1.5 σ

4.2 σ

aµ × 109 – 1165900

BNL g-2

FNAL g-2

BMWc lattice LO-HVP
Experimental

Average

White Paper
Standard Model

Standard Model with

Laurent Lellouch Virtual Breakfast with g-2, IJClab, 19 May 2021

 Anomalous magnetic moment of the electron 

(2018)   

(2020)               

ΔaCs
e = − 0.88(36) × 10− 12 ↝ −2.3σ

ΔaRb
e = 0.48(30) × 10− 12 ↝ + 1.7σ

Difference of  in determination of  ?! 
(SM input parameter!)

5.4σ α

• Theory prediction challenging (hadronic effects)

• Need NP of the order of the SM EW contribution
• Chiral enhancement necessary for heavy NP
• Soon more experimental results from Fermilab
• Vanishes for mμ→0 measure of LFUV

Muon Anomalous Magnetic Moment

4.2σ deviation from the SM prediction 
Page 4

( ) 11251 49 10aµ
-D = ± ´ T. Aoyama et al., arXiv:2006.04822

 Anomalous magnetic moment of the muon @ 2021:   
Δaμ = aexp

μ − aSM
μ = ?

Anomalous magnetic moments: muons and electrons

 Two anomalies in  and  ?  

    Possible hint of lepton flavour universality violation?  
    Lepton universality (MFV) naïvely suggests  

                                                                    but ...

Δaμ ΔaCs
e

Δae /Δaμ ≈ m2
e /m2

μ ∼+ 2.4 × 10− 5

ΔaCs
e /Δaμ ∼− 3.3 × 10− 4
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cLFV: modes & experimental prospects     

 Radiative and 3-body muon decay channels
cLFV: radiative and 3-body muon channels

e

γ
µ

NP

! cLFV decay: µ+ → e+ γµ+ → e+ γµ+ → e+ γ

! Event signature: Ee = Eγ = mµ/2 (∼ 52.8 MeV)

Back-to-back e+ - γ (θ ∼ 180◦); Time coincidence

! Current status: BR(µ→ eγµ→ eγµ→ eγ)" 4.2× 10−13" 4.2× 10−13" 4.2× 10−13
[MEG, ’16]

! Future prospects: MEG II @ PSI### sensitivity 4× 10−144× 10−144× 10−14

eee

eee

eee
µµµ

! cLFV decay: µ+ → e+ e− e+µ+ → e+ e− e+µ+ → e+ e− e+

! Event signature:
∑

Ee = mµ;
∑

P⃗e = 0⃗

common vertex; Time coincidence

! Current status: BR(µ→ eeeµ→ eeeµ→ eee)" 1.0× 10−12" 1.0× 10−12" 1.0× 10−12
[SINDRUM, ’88]

! Future prospects: Mu3e @ PSI

Phase I: 10−1510−1510−15 (πE5 µ source) ⇒ Phase II: 10−1610−1610−16 (H.I. µ-beam)
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cLFV: modes & experimental prospects     

cLFV in muonic atoms

! cLFV µ− − e−µ− − e−µ− − e− conversion: µ− + (A,Z)→ e− + (A,Z)µ− + (A,Z)→ e− + (A,Z)µ− + (A,Z)→ e− + (A,Z)

e

µ
NP

q

q′
! Event signature: single mono-energetic electron, EAl, Pb, Ti

µe ≈ O(100 MeV)

! Current status: CR(µ− eµ− eµ− e, Au)" 7× 10−13" 7× 10−13" 7× 10−13
[SINDRUM, ’06]

! Future prospects (Al): Mu2e @ FNAL I (II) ∼ 6× 10−17(few × 10−18)∼ 6× 10−17(few × 10−18)∼ 6× 10−17(few × 10−18);

COMET @ J-PARC I (II) ∼ 10−15(10−18)∼ 10−15(10−18)∼ 10−15(10−18)

! Coulomb enhaced muonic atom decay: µ−e− → e−e−µ−e− → e−e−µ−e− → e−e−

Γ(µ−e− → e−e−, N) ∝ σµe→eevrel [(Z − 1)αme]
3/π

⇒⇒⇒ Consider large Z targets! Pb, U!?

NP

e−

e−

µ−

e−

! Clean experimental signature: back-to-back electrons, Ee− ≈ mµ/2

! Experimental status: New observable!

! cLFV Mu−MuMu−MuMu−Mu conversion ⇒⇒⇒ Oscillation between (e−µ+)(e−µ+)(e−µ+)# (e+µ−)(e+µ−)(e+µ−)

! Current status: P(Mu−MuMu−MuMu−Mu)< 8.3× 10−11< 8.3× 10−11< 8.3× 10−11
[Willmann et al, 1999]

! Future prospects: MUSE (J-PARC)? FNAL?

e+

e− µ−

µ+

NP

 Nuclear assisted cLFV and Muonium channels
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cLFV: modes & experimental prospects     

 LNV atomic conversionLNV in “muonic” atoms: µ− − e+µ− − e+µ− − e+ conversion

! LNV (∆L = 2∆L = 2∆L = 2) µ− − e+µ− − e+µ− − e+ conversion: µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗

µ− − e−µ− − e−µ− − e−: coherent, single nucleon, nuclear ground state

µ− − e+µ− − e+µ− − e+: 2 nucleons (∆Q = 2), possibly excited final states
!!"#"#
$%&'()

*+,"-./#0&12'#34)
!!"!")$%&'#035%&)
6")))))))7"!!!!#

*8,"-./#0&12'#34)
!)))))))#9:)
!)))))));#)

<=>>) !!"#!
$%&'()

! Event signature: single positron - but complex E-spectrum

EN∗

µ−e+ = mµ − EB(A,Z)− ER(A,Z)−∆Z−2(∗)

EAl,GDR
µ−e+

≈ O(83.9 MeV) [< GDRAl >∼ 21.1 MeV (6.7 MeV)] [Geib et al, ’16]

! Experimental status - present bounds:

Collaboration year Process Bound

PSI/SINDRUM 1998 µ−+Ti→ e++Ca∗ 3.6 × 10−11

PSI/SINDRUM 1998 µ−+Ti→ e++Ca 1.7 × 10−12

! Experimental status - future prospects:

Recent studies: best sensitivity associated with Calcium, Sulphur and Titanium targets

CR(µ− − e+µ− − e+µ− − e+)< O( few× 10
−15)< O( few× 10
−15)< O( few× 10
−15) for 48Ti48Ti48Ti (both LNC and LNV searches) [Yeo et al, ’17]

For Aluminium targets improvement of current sensitivity maybe very hard (even factor 10)...
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cLFV: modes & experimental prospects     

 Muon cLFV searches and axion-like particles
Muon cLFV searches and axion-like particles

⋆ Axion-like particles: very light, “invisible” (neutral or feebly coupled) states

⇒⇒⇒ present in numerous well motivated NP models; role in astrophysics & cosmology

" If ALPs have flavour violating couplings to leptons, dedicated cLFV searches

µ→ eaµ→ eaµ→ ea µ→ eγaµ→ eγaµ→ eγa, among many others (including τ modes)

" Current limits: BR(µ+ → e+aµ+ → e+aµ+ → e+a)< 2.6× 10−6< 2.6× 10−6< 2.6× 10−6
[TRIUMF, ’86]

BR(µ→ eaµ→ eaµ→ ea)< 5.8× 10−5< 5.8× 10−5< 5.8× 10−5
[TWIST, ’14]

BR(µ→ eaγµ→ eaγµ→ eaγ)< 1.1× 10−9< 1.1× 10−9< 1.1× 10−9
[Crystal Box, ’88]

" Future reach (?): BR(µ→ eaµ→ eaµ→ ea)< 10−8< 10−8< 10−8 @ Mu3e [Perrevoort, ’18]

BR(µ→ eaµ→ eaµ→ ea)< 2× 10−6< 2× 10−6< 2× 10−6 @ COMET/Mu2e [Garcia i Tomo et al, ’11]

Possibly at MEG... BR(µ→ eaµ→ eaµ→ ea)< 3× 10−7< 3× 10−7< 3× 10−7 (?)

" Interesting synergy between rare muon decays and ALP searches!
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cLFV: modes & experimental prospects     

 Further muonic probes of New Physics
Further muonic probes of New Physics

⋆ Testing antimatter gravity with Muonium

" No direct test of gravity for antimatter (“heavy µ+µ+µ+)

No test of weak equivalence principle (equivalence of

gravitational and inertial masses) for antimatter

" Methods: Annual modulation of Muonium 1s-2s transition frequency

Mach Zehnder atom interferometer

[Kirch, ’07-’19]
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cLFV: modes & experimental prospects     

 Further muonic probes of New PhysicsFurther muonic probes of New Physics

⋆ Testing antimatter gravity with Muonium

⋆ The proton radius: experiments with muonic Hydrogen

" Measurement of proton radius relies on Lamb Shift

(sensitive to rprprp)

" Proton radius determined with great accuracy

for muonic Hydrogen, µHµHµH

[1506.00873]

" An excess of 6σ6σ6σ deviations between rµpr
µ
pr
µ
p and repr

e
pr
e
p! New Physics?
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cLFV: modes & experimental prospects     

 Rare Lepton Number Violating ( ) decaysΔL = 2
Rare Lepton number violating (∆L = 2∆L = 2∆L = 2) decays

⋆ LNV suggests the presence of Majorana states; opens the door for leptogenesis...

" Neutrinoless double beta decays: (A,Z) → (A,Z + 2) + 2e−(A,Z) → (A,Z + 2) + 2e−(A,Z) → (A,Z + 2) + 2e−

Current status: mββ < (61− 165)mββ < (61− 165)mββ < (61− 165) meV [Kamland-Zen, ’16]

" LNV in semileptonic tau and/or meson decays

LNV decay
Current Bound

ℓ = e, ℓ′ = e ℓ = µ, ℓ′ = µ

K− → ℓ−ℓ′−π+ 6.4× 10−10 1.1× 10−9

D− → ℓ−ℓ′−π+ 1.1× 10−6 2.2× 10−8

D− → ℓ−ℓ′−K+ 9.0× 10−7 1.0× 10−5

B− → ℓ−ℓ′−π+ 2.3× 10−8 4.0× 10−9

B− → ℓ−ℓ′−K+ 3.0× 10−8 4.1× 10−8

M1

M2

W±

W±

νs

ℓ±
1

ℓ±
2

# $ Experimental status: BaBar, Belle

LNV decay
Current Bound

ℓ = e ℓ = µ

τ− → ℓ+π−π− 2.0× 10−8 3.9× 10−8

τ− → ℓ+π−K− 3.2× 10−8 4.8× 10−8

τ− → ℓ+K−K− 3.3× 10−8 4.7× 10−8

" Future prospects: LHCb (Upgrade I & II), Belle II (upgrade),

TauFV, Super Charm-Tau factory... NA62, KOTO, KLEVER, ...
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cLFV: modes & experimental prospects     

 Rare lepton processes: cLFV tau decaysRare lepton processes: cLFV tau decays

! Radiative decay: τ± → ℓ± γτ± → ℓ± γτ± → ℓ± γ

! Event signature: Efinal −
√
s/2 = ∆E ∼ 0;

Mfinal = Mℓγ ∼ mτ

! Current status: BR(τ → eγτ → eγτ → eγ)" 3.3× 10−8" 3.3× 10−8" 3.3× 10−8;

BR(τ → µγτ → µγτ → µγ)" 4.4× 10−8" 4.4× 10−8" 4.4× 10−8
[BaBar, ’10]

! 3-body decays: τ± → ℓ±i ℓ
∓
j ℓ

±
kτ± → ℓ±i ℓ

∓
j ℓ

±
kτ± → ℓ±i ℓ

∓
j ℓ

±
k

! Event signature: E3ℓ −
√
s/2 ∼ 0;

M3ℓ ∼ mτ

! Current status: BR(τ → 3ℓτ → 3ℓτ → 3ℓ)" O(10−8)" O(10−8)" O(10−8)

[Lusiani, EPPSU’19]

! Future experimental prospects:

Belle II, LHCb Upgrades, ..., TauFV, (Super) Tau-Charm factories, FCC/CEPC

BR(τ → ℓγ) ≤ 1− 3× 10−9(τ → ℓγ) ≤ 1− 3× 10−9(τ → ℓγ) ≤ 1− 3× 10−9 BR(τ → 3ℓ) ≤ 1− 2× 10−10(τ → 3ℓ) ≤ 1− 2× 10−10(τ → 3ℓ) ≤ 1− 2× 10−10
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cLFV: modes & experimental prospects     

 cLFV semi-leptonic decays: tau leptons
Rare processes: (semi)leptonic decays

cLFV tau decays into mesons: “large” τ mass ⇒ possible to have semi-leptonic decays

! Meson(s) & charged lepton: τ → ℓh0 ;τ → ℓh0 ;τ → ℓh0 ; τ → ℓhi hjτ → ℓhi hjτ → ℓhi hj

Meson decays: excellent testing grounds for lepton flavour dynamics - cLFV

! KKK, DDD and BBB meson decays: abundant data [LHCb, BNL, KTeV, BaBar, Cleo, Belle, ...]

BR(KL → µeKL → µeKL → µe) < 4.7× 10−124.7× 10−124.7× 10−12; BR(K+ → π+µ+e−K+ → π+µ+e−K+ → π+µ+e−) < 2.1× 10−112.1× 10−112.1× 10−11

BR(D0 → µeD0 → µeD0 → µe) < 1.5× 10−81.5× 10−81.5× 10−8; BR(B → µeB → µeB → µe) < 2.8× 10−92.8× 10−92.8× 10−9, ....

! Future prospects: BR(B(s) → µeB(s) → µeB(s) → µe)<O(10−10)O(10−10)O(10−10) LHCb’II, BR(B → Xτe(µ)B → Xτe(µ)B → Xτe(µ))<O(10−6)O(10−6)O(10−6) Belle II, ..
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cLFV: modes & experimental prospects     

 cLFV decays at colliderscLFV signatures at “higher” energies: SM & NP decays

! ZZZ boson decays: Z → ℓi ℓjZ → ℓi ℓjZ → ℓi ℓj " ZZZs abundantly produced at LEP and at the LHC

! Current bounds: BR(Z → eµ) < 7.5× 10−7
[ATLAS, 2014]

BR(Z → µτ) < 1.2× 10−5; BR(Z → eτ) < 9.8× 10−6
[OPAL & DELPHI]

! Higgs boson decays: H → ℓi ℓjH → ℓi ℓjH → ℓi ℓj " “Higgs-factory” at LHC - study rare processes...

! Current data: BR(H → µτ) # 0.0025(H → µτ) # 0.0025(H → µτ) # 0.0025 [CMS]; BR(H → eτ) # 0.0061(H → eτ) # 0.0061(H → eτ) # 0.0061 [CMS]

! Production of “on-shell” NP states ⇒⇒⇒ new interactions induce cLFV decays

Multiplicity, composition, EmissEmissEmiss, ...: properties of final state strongly model-dependent...

! Future experimental prospects: LHC Run 2 !!

... and a Higgs factory (linear/circular) ... and FCC-ee (at the Z pole)
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cLFV: modes & experimental prospects     

 cLFV decays at colliderscLFV signatures at “higher” energies: SM & NP decays

! ZZZ boson decays: Z → ℓi ℓjZ → ℓi ℓjZ → ℓi ℓj " ZZZs abundantly produced at LEP and at the LHC

! Current bounds: BR(Z → eµ) < 7.5× 10−7
[ATLAS, 2014]

BR(Z → µτ) < 1.2× 10−5; BR(Z → eτ) < 9.8× 10−6
[OPAL & DELPHI]

! Higgs boson decays: H → ℓi ℓjH → ℓi ℓjH → ℓi ℓj " “Higgs-factory” at LHC - study rare processes...

! Current data: BR(H → µτ) # 0.0025(H → µτ) # 0.0025(H → µτ) # 0.0025 [CMS]; BR(H → eτ) # 0.0061(H → eτ) # 0.0061(H → eτ) # 0.0061 [CMS]

! Production of “on-shell” NP states ⇒⇒⇒ new interactions induce cLFV decays

Multiplicity, composition, EmissEmissEmiss, ...: properties of final state strongly model-dependent...

! Future experimental prospects: LHC Run 2 !!

... and a Higgs factory (linear/circular) ... and FCC-ee (at the Z pole)
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Figure 8: Expected (red line) and observed (black solid line) 95% CL upper limits on the LFV
Yukawa couplings, |Yµt | vs. |Ytµ | (left) and |Yet | vs. |Yte | (right). The |Yµt | or |Yet | couplings
correspond to left chiral muon or electron and right chiral t lepton, while |Ytµ | or |Yte | cou-
plings correspond to left chiral t lepton and right chiral muon or electron. In the left plot, the
expected limit is covered by the observed limit as they have similar values. The flavor diagonal
Yukawa couplings are approximated by their SM values. The green and yellow bands indicate
the range that is expected to contain 68% and 95% of all observed limit variations from the
expected limit. The shaded regions are constraints obtained from null searches for t ! 3µ or
t ! 3e (dark blue) [92] and t ! µg or t ! eg (purple) [93]. The blue diagonal line is the
theoretical naturalness limit |YijYji| = mimj/v

2 [11].

Table 4: Observed and expected upper limits at 95% CL and best fit branching fractions for
each individual jet category, and their combinations, in the H ! µt channel.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

µte <0.34 <0.57 <1.13 <0.83 <0.27
µth <0.33 <0.43 <0.49 <0.30 <0.18
µt <0.15

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

µte <0.31 <0.36 <0.77 <0.58 <0.19
µth <0.37 <0.40 <0.50 <0.39 <0.24
µt <0.15

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

µte �0.03 ± 0.17 �0.40 ± 0.28 �0.66 ± 0.56 �0.41 ± 0.39 �0.14 ± 0.13
µth +0.05 ± 0.17 �0.05 ± 0.22 +0.02 ± 0.25 +0.10 ± 0.16 +0.07 ± 0.09
µt +0.00 ± 0.07

  Limits on "effective" Yukawa couplings: 
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Figure 7: Observed (expected) 95% CL upper limits on the B(H ! µt) (left) and B(H ! et)
(right) for each individual category and combined. The categories from top to bottom row
are µth 0Jets, µth 1Jet, µth 2 Jets, µth VBF, µte 0Jets, µte 1Jet, µte 2 Jets, µte VBF, and µt
combined (left) and eth 0Jets, eth 1Jet, eth 2 Jets, eth VBF, etµ 0Jets, etµ 1Jet, etµ 2 Jets, etµ
VBF, and et combined (right).

reported in Tables 4 and 5. The limits are also summarized in Table 6 and graphically shown
in Fig. 7. The limits are improved from previous results [30]. The improvement relies on the
larger data set, the updated background estimation techniques, and BDT classification. The
results are cross-checked with an additional investigation following the strategy in Ref. [30]
and are found to be consistent.

The upper limits on B(H ! µt) and B(H ! et) are subsequently used to put constraints on
LFV Yukawa couplings [11]. The LFV decays et and µt arise at tree level from the assumed
flavor violating Yukawa interactions, Y`a`b , where `a, `b are the leptons of different flavors (`a 6=
`b). The decay widths G(H ! `a`b) in terms of the Yukawa couplings are given by:

G(H ! `a`b) =
mH

8p
(|Y`a`b |2 + |Y`b`a |2),

and the branching fractions are given by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM
.

The SM Higgs boson decay width is assumed to be GSM = 4.1 MeV [90] for mH = 125 GeV. The
95% CL upper limit on the Yukawa couplings obtained from the expression for the branching
fraction above is shown in Table 6. The limits on the Yukawa couplings are

p
|Yµt |2 + |Ytµ |2 <

1.11⇥10�3 and
p
|Yet |2 + |Yte |2 < 1.35⇥10�3 and are shown in Fig. 8. Tabulated results are

available in the HepData database [91].

[CMS Coll, 2105.03007]
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cLFV & LFUV: light meson decays   

 LFUV in kaon and pion leptonic decaysFlavour non-universality in µ− eµ− eµ− e sector: meson decays

⋆ In the SM, charged leptons have universal couplings to EW gauge bosons

ge = gµ = gτ = gge = gµ = gτ = gge = gµ = gτ = g ⇒⇒⇒ Studied and tested for π, Kaons and B-mesons

" Kaon sector: RℓKRℓKRℓK = Γ(K→ e ν̄)
Γ(K→µ ν̄)

= Γ(K→ e ν̄)
Γ(K→µ ν̄)= Γ(K→ e ν̄)
Γ(K→µ ν̄)=

(

me
mµ

)2 (
m2

K−m2
e

m2
K−m2

µ

)2

(1 + δRQED)

RSM
KRSM
KRSM
K = (2.477± 0.001)× 10−5(2.477± 0.001)× 10−5(2.477± 0.001)× 10−5

[Cirigliano et al, ’07]

Rexp
KRexp
KRexp
K = (2.488± 0.009) × 10−5(2.488± 0.009) × 10−5(2.488± 0.009) × 10−5

[NA62]

In the future, NA62 & TREK: O(0.2%)O(0.2%)O(0.2%) precision!

" Pion sector: Rπe/µRπe/µRπe/µ =
Γ(π→ e ν̄ (γ))
Γ(π→µ ν̄ (γ))

= Γ(π→ e ν̄ (γ))
Γ(π→µ ν̄ (γ))= Γ(π→ e ν̄ (γ))
Γ(π→µ ν̄ (γ))

RπSMRπSMRπSM = (1.2352± 0.0002)× 10−4(1.2352± 0.0002)× 10−4(1.2352± 0.0002)× 10−4 (±0.16 pp mille)

RπexpRπexpRπexp = (1.2344± 0.00030) × 10−4(1.2344± 0.00030) × 10−4(1.2344± 0.00030) × 10−4 (±2.4 pp mille)

In the future, PEN and PIENU (final results): beyond O(0.02%)O(0.02%)O(0.02%) precision!



Anomalies in “nuclear” transitions: 8Be8Be8Be and 4He4He4He

⋆⋆⋆ 8Be8Be8Be: anomaly in angular correlation of e+e−e+e−e+e− internal pair creation @ 5σ − 6σ5σ − 6σ5σ − 6σ

8Be∗8Be∗8Be∗ (jπ = 1+, T = 0) → 8Be08Be08Be0 (jπ = 0+, T = 0) , E = 18.15 MeV

⋆⋆⋆ Similar anomaly in e+e−e+e−e+e− angular correlation

of 4He4He4He (0− → 0+, 21.01 MeV decay) @ 7.2σ7.2σ7.2σ

""" Both anomalies can be interpreted as production and decay of hypothetical

light vector boson mX ∼ 17mX ∼ 17mX ∼ 17 MeV, ΓX/Γγ ∼ O(10−5) [Feng et al., ’20]

(regime subject to very strong experimental constraints...)

""" If such a state exists, could it ease/solve other SM tensions?

A.M. Teixeira, LPC Clermont

Hati  et al  [2005.00028]

Minimal framework: SU(3)xSU(2)xU(1)xU(1)    

  extra RH neutrinos, heavy vector-like leptons, scalar  

 from mixings with  and ; dynamical  

New neutral currents (  and )

B− L ↝ Z′�
h X

mν NR L0 mM = vXyM

Z′� h X

Anomalous magnetic moments & more 

A simultaneous explanation to  and  and to  atomic decay "anomaly"?Δaμ ΔaCs
e

8Be

 Angular correlation of  internal pair creation 
  

                     @  
 Similar deviations in   angular correlation 

                 @ 

⇒ e+ e−
8Be*( jπ = 1+ , T = 0) → 8Be0( jπ = 0+ , T = 0)

5σ −6σ
⇒ 4He e+ e−

4He(0− → 0+ , E = 21.01 MeV) 7.2σ

 Production and decay of (hypothetical) light vector boson  ⇒
mX ∼17 MeV, ΓX /Γγ ∼3(10− 5) Feng et al  [2006.01151]

Cancellation of NP contributions: saturate  and  

Constrained parameter space!   and    ! 

(Far more challenging with ...)

Δaμ ΔaCs
e

8Be Δaμ ⇒ Δae
ΔaRb

e

Morel et al [Nature, 588, pages 61–65 (2020)]
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Muon cLFV: EFT approach to New Physics

 Comparative probing power (simplified overview): leptonic and (light) meson decays 

- Single  at a time (perturbative ) 

- Most stringent constraints:  and   

- If NP is such that 

    

 cannot observe    (or ) 

nor   

(unless exotic NP at work!) 

36
2q2ℓ 06

μ −e μ → 3e

02q2ℓ
6
Λ2 ≳ 1

(103 TeV)2 − 1
(102 TeV)2

⇒ J/ψ → eμ Υ(1S) → eμ
μ → eγ

[Calibbi et al, 2207.10913]

 

 cLFV data to constrain  (and infer sensitivity of a process to a given operator )

ℒeff = ℒSM + 0535

ΛLNV
(mν) + 0636

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

⇒ 06 36

I
I I Ci lp

i
b He e b M

C Let V S

�ℓ�� μ���
(�)

�ℓ�� μ���
(�)

�ℓ�� μ���

�ℓ�� μ���

���� �� μ�

10-2 10-1 1 10 100 103 104

J/ψ→eμ μ → eee CR (μ → e) μ → eγ

Figure 3: Defining a single non-zero SMEFT WC at µ = ⇤, and assuming a perturbative coefficient
|C(⇤)|  1, these bars show the highest NP scale that each µe LFV observable can probe. Darker
colours are for current bounds, while lighter ones are for future sensitivities. For LFV quarkonium
decays, we show the prospects assuming a future improvement of 1, 2, 3 orders of magnitude.

we illustrate with different shadings possible improvements of the sensitivity to the branching
ratio by one, two, and three orders of magnitude. The left (right) plot shows the results for
2q2` operators with second (third) generation quarks, motivated by searches for LFV charmonium
(bottomonium) decays. For all operators, searches for µ ! e conversion in nuclei (yellow), followed
by µ ! eee (blue) provide the most stringent constraints with an expected improvement of one
order of magnitude in the future. Both LFVQD and µ ! e� (grey) are less sensitive to 4-fermion
2q2` SMEFT operators. If new physics mainly generates the operators in Figure 3 with couplings
C/⇤2 & 1/(1000TeV)2 � 1/(100TeV)2, we thus expect that both µ ! e conversion in nuclei and
µ ! eee will be observed at upcoming experiments, while µ ! e� and LFVQD, such as J/ ! eµ
and ⌥(nS) ! eµ, will not. Hence any observation of LFVQD to eµ would be a most striking signal
that cannot be explained in terms of a single 2q2` SMEFT operator.

Figure 4 displays the analogous results for the single SMEFT operator analysis in the ⌧e sector.6
The different coloured bars illustrate now the sensitivity of LFVQD (orange-red), ⌧ ! eee (blue),
⌧ ! eµµ̄ (green), ⌧ ! ⇢e (yellow), ⌧ ! ⇡e (purple), Z ! e⌧ (dark red) and the radiative decay

6Similar results are obtained for the ⌧µ sector with the only exception being J/ ! µ⌧ , for which there is no
BESIII analysis yet.
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decays, we show the prospects assuming a future improvement of 1, 2, 3 orders of magnitude.

we illustrate with different shadings possible improvements of the sensitivity to the branching
ratio by one, two, and three orders of magnitude. The left (right) plot shows the results for
2q2` operators with second (third) generation quarks, motivated by searches for LFV charmonium
(bottomonium) decays. For all operators, searches for µ ! e conversion in nuclei (yellow), followed
by µ ! eee (blue) provide the most stringent constraints with an expected improvement of one
order of magnitude in the future. Both LFVQD and µ ! e� (grey) are less sensitive to 4-fermion
2q2` SMEFT operators. If new physics mainly generates the operators in Figure 3 with couplings
C/⇤2 & 1/(1000TeV)2 � 1/(100TeV)2, we thus expect that both µ ! e conversion in nuclei and
µ ! eee will be observed at upcoming experiments, while µ ! e� and LFVQD, such as J/ ! eµ
and ⌥(nS) ! eµ, will not. Hence any observation of LFVQD to eµ would be a most striking signal
that cannot be explained in terms of a single 2q2` SMEFT operator.

Figure 4 displays the analogous results for the single SMEFT operator analysis in the ⌧e sector.6
The different coloured bars illustrate now the sensitivity of LFVQD (orange-red), ⌧ ! eee (blue),
⌧ ! eµµ̄ (green), ⌧ ! ⇢e (yellow), ⌧ ! ⇡e (purple), Z ! e⌧ (dark red) and the radiative decay

6Similar results are obtained for the ⌧µ sector with the only exception being J/ ! µ⌧ , for which there is no
BESIII analysis yet.
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Extensive studies of SM extensions capable of addressing "anomalous" behaviours  

(i.e. tensions with SM expectation): , and LFUV in B-meson decays 

     Minimal, testable models (first step towards complete constructions) 

    cLFV  LFUV

(g − 2)ℓ

↭

Minimal extensions of the SM: anomalies & -physicsμ

Most constraining observables: 
 and  conversion in nuclei 

 viable regimes within sensitivity  
of Mu2e and COMET 

KL → eμ μ − e

⇒

 Minimal SM extension via single vector LQ ( )  

explain both  and  at tree-level 

Vμ
1

RK(*) RD(*)

 Effective  couplings from mixings  
of SM leptons with heavy vector-like leptons 

           (  doublets to avoid  decays)

⇒ V1 q ℓ

SU(2)L Z → ℓℓ′�

V1V1V1 vector leptoquark
Leptoquarks: scalar or vector fields coupling leptons to quarks (typically arise in GUTs)

Leptoquark Lagrangian: L � V µ
1

⇣
d̄i
L�µKik

LKik
LKik
L `kL + ūj

LV †
ji�µKik

LKik
LKik
L UP

kj⌫
j
L

⌘

Both b ! c`⌫ and b ! s`` at tree-level:

� K23
L K33

LK23
L K33

LK23
L K33

L contributes to b ! c⌧⌫ and

b ! s⌧⌧

))) (Large) Cbs⌧⌧
9 feeds universally into

Cbsµµ
9 and Cbsee

9 (RG running)
))) �Cuniv.

9
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[Hati, Kriewald, Orloff, AMT, 1907.05511]

Results: V1V1V1 leptoquark & non-unitary mixing from VL leptons

Confrontation with the most constraining observables (cLFV decays)

10�25 10�22 10�19 10�16 10�13 10�10 10�7 10�4 10�1

CR(µ � e, Au)

10�25

10�22

10�19

10�16

10�13

10�10

10�7

10�4

10�1

B
R

(K
L

!
e±

µ
⌥
)

RD(⇤) & RK(⇤)

RD(⇤) & RK(⇤) & LFV

Current 
bounds

Current 
bounds

Future sensitivity 

Viable Parameter Space

[C. Hati, JK, J. Orlo↵, A. M. Teixeira JHEP12(2019)006]

Future limits: CR(µ � e, Al) . O(10
�17

) (Mu2e, COMET)
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Low-scale models of  generation: type I seesaw mν

Addition of 3 "heavy" Majorana RH neutrinos to the SM: 

Spectrum & mixings:  

Heavy states do not decouple  modified neutral and charged leptonic currents 

Rich phenomenology at high intensities and at colliders  

⇒

A.M. Teixeira, LPC Clermont

Low scale type I seesaw

! Addition of 3 “heavy” Majorana RH neutrinos to SM; MeV " mNi " 10fewTeVMeV " mNi " 10fewTeVMeV " mNi " 10fewTeV

! Spectrum and mixings: mνmνmν ≈ −v2Y T
ν M−1

N Yν UUUT M6×6
ν UUU = diag(mi)

UUU =

(

UννUννUνν UνN

UNν UNN

)

UννUννUνν ≈ (1− ε)UPMNSUPMNSUPMNS Non-unitary leptonic mixing ŨPMNSŨPMNSŨPMNS!

! Heavy states do not decouple ⇒ modified neutral and charged leptonic currents

! Rich phenomenology at high-intensity/low-energy and at colliders!

[Alonso et al, 1209.2679]

(see also Dinh et al, ’12-’14)
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! Heavy states do not decouple ⇒ modified neutral and charged leptonic currents

! Rich phenomenology at high-intensity/low-energy and at colliders!

[Alonso et al, 1209.2679]

(see also Dinh et al, ’12-’14)

Low-scale models of  generation: type I seesaw mν

 Addition of 3 "heavy" Majorana RH neutrinos to the SM: 

A.M. Teixeira, LPC Clermont

Low scale type I seesaw

! Addition of 3 “heavy” Majorana RH neutrinos to SM; MeV " mNi " 10fewTeVMeV " mNi " 10fewTeVMeV " mNi " 10fewTeV

! Spectrum and mixings: mνmνmν ≈ −v2Y T
ν M−1

N Yν UUUT M6×6
ν UUU = diag(mi)

UUU =

(

UννUννUνν UνN

UNν UNN

)

UννUννUνν ≈ (1− ε)UPMNSUPMNSUPMNS Non-unitary leptonic mixing ŨPMNSŨPMNSŨPMNS!
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! Heavy states do not decouple ⇒ modified neutral and charged leptonic currents

! Rich phenomenology at high-intensity/low-energy and at colliders!

[Alonso et al, 1209.2679]

(see also Dinh et al, ’12-’14)

Alonso, Dehn, Gavela, Hambye [1209.2679]

Low-scale type I seesaw 

A.M. Teixeira, LPC Clermont

Low scale type I seesaw
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(see also Dinh et al, ’12-’14) 7
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 cLFV processes mediated by sterile states at loop-level 
Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)   =5×5

Leptonic cLFV decays: the role of CPV phases

 Radiative decays:  BR  (μ → eγ) ∝ |Gμe
γ |2

Gμe
γ = ∑

i= 4,5
=ei =*μi Gγ (

m2
Ni

m2
W )

Assume (for simplicity & illustrative purposes):  and   

 

 Radiative decays: rate depends only on Dirac phases; full cancellation for  

(Other form factors - more involved expressions, depend also on Majorana phases )

m4 ≈ m5 sin θα4 ≈ sin θα5 ≪ 1

|Gμe
γ |2 ≈ 4 sin2 θe4 sin2 θμ4 cos2 ( δ14 + δ25 −δ15 −δ24

2 ) Gγ (
m2

Ni

m2
W )

⇒ Σδ = π
φ4,5

=αi(θαi, δD
αi, φM

i )

 Sizeable contributions to extensive leptonic cLFV observables 
              

 Interference effects (CPV) between heavier states can be present! 
 Constructive & destructive interference effects in cLFV decays (leptonic and boson) 
 Impact to any interpretation of experimental data 

⇒
⇒
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 cLFV processes:  flavour transitions & Dirac phases 
Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)   
Simplified approach:  ;  TeV   

μ −e
=5×5

sin θα4 = sin θα5 m4 = m5 = (1, 5, 10)

Leptonic cLFV decays: the role of CPV phases

0 1 2 3 4 5 6

�14

10�18

10�17

10�16

10�15

10�14

10�13

BR(µ ! e�)

BR(µ�
! e

�
e
+
e
�)

BR(Z ! e
±

µ
⌥)

Figure 3: Dependence of cLFV observables and several form factors (contributing to the di↵erent
cLFV decay rates) on the CP violating Dirac phase �14 (all other phases set to zero). On the left
panel we present BR(µ ! e�) (blue), BR(µ ! 3e) (orange) and BR(Z ! eµ) (green); on the right

one finds |G
�↵
� | (blue), |F

�↵

Z
| (orange) and |F

�3↵
box | (green), choosing for illustrative purposes ↵ = e and

� = µ. In both panels, solid, dashed and dotted lines respectively correspond to the following heavy
fermion masses: m4 = m5 = 1, 5, 10 TeV.

As this first discussion is dedicated to understanding and rendering visible the role of phases,
no experimental constraints will be applied (certain observables might thus reach values already in
disagreement with current experimental bounds).

3.1 cLFV decay rates: sensitivity to CPV phases

In what follows, we focus on µ � e sector flavour violation, and consider the following subset of
observables: BR(µ ! e�), BR(µ ! 3e) and BR(Z ! eµ). We then devote a brief dedicated discussion
to µ � e conversion in nuclei.

The role of Dirac phases In Fig. 3 we display the dependence of the above mentioned cLFV
rates (and their form factors) on the Dirac phases. We set as an illustrative (benchmark) choice
the following values for the mixing angles, ✓14 = ✓15 = 10�3, ✓24 = ✓25 = 0.01 and ✓34 = ✓35 = 0.
Moreover, all phases are set to zero except the Dirac phase �14. We also consider three representative
values of the heavy fermion masses m4 = m5 = 1, 5, 10 TeV (associated with solid, dashed and dotted
lines). As can be seen in the left panel, all considered observables have a clear dependence on �14

(the only non-vanishing phase considered), with the associated rates exhibiting a strong cancellation
(typically amounting to around four orders of magnitude) for �14 = ⇡, for all considered masses of
the heavy sterile states. This behaviour can be understood by considering the pattern shown by the
form factors contributing to cLFV radiative and 3-body muon decays, all displaying an (analogous)
suppression for �14 = ⇡.

Working in the limits above referred to, in Appendix C we present analytical expressions for the
form factors contributing to the purely leptonic decays, including the full dependence on all phases.
Regarding the dipole contributions, and in the case in which only �14 6= 0, one has

G
µe

� ⇡ s14s24e
� i

2 (�14)2 cos

✓
�14

2

◆
G�(x4,5) , (22)

thus implying that in the simplest case of µ ! e� decays, the corresponding branching fraction for
the radiative decays is given by

BR(µ ! e�) / |G
µe

� |
2

⇡ 4s
2
14s

2
24 cos2

✓
�14

2

◆
G

2
�(x4,5) , (23)

with x4,5 = m
2
4/M

2
W

= m
2
5/M

2
W

, thus indeed approximately vanishing for �14 = ⇡. Similar results can
be obtained for the photon penguin form factor F

µe
� , as well as for one of the terms in the form factor

8

 Dirac: only  
all other phases (Majorana & 

remaining Dirac) set to 0  

 Strong cancellation for  

 

in all observables  

  (similar results for other Dirac phases)

δ14 ≠ 0

⇒
δ14 = π

 1 TeV 
 5 TeV 
10 TeV

Abada, Kriewald, AMT [2107.06313]

 
 

θe4 = θe5 = 10− 3

θμ4 = θμ5 = 0.01
θτ4 = θτ5 = 0
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 cLFV processes:  conversion and CPV Dirac / Majorana phases 
Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  
Simplified approach:  ;  TeV  

μ −e
=5×5

sin θα4 = sin θα5 m4 = m5 = 1

Leptonic cLFV decays: the role of CPV phases

 Interference effects 
Both destructive AND constructive! 

Joint effect of Dirac ( ) and  

Majorana ( ) CPV phases 
(all other dof's fixed) 

 From beyond experimental  
sensitivity... 

to within near future reach... 
and even already excluded!

δ34
φ4

⇒

Figure 8: Neutrinoless µ � e conversion in Aluminium as a function of the degenerate heavy sterile
mass, m4 = m5 (in GeV). We set ✓1j = 10�3, ✓2j = 0.01, for di↵erent values of the tau-sterile mixing
angles: ✓3j = 0 (blue), ✓3j = 0.01 (orange) and ✓3j = 0.1 (green), with j = 4, 5. On the left, we
set all Majorana phases to zero and consider three choices of the Dirac phase, �14 = 0, ⇡/2 and ⇡,
respectively corresponding to solid, dashed and dotted lines. Conversely, on the right panel all Dirac
phases are set to zero, and we consider three choices of the Majorana phase, '4 = 0, ⇡/4 and ⇡/2,
corresponding to solid, dashed and dotted lines.
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Figure 9: Contour plots for cLFV µ � e conversion in Aluminium, for fixed values of the degenerate
heavy sterile mass, m4 = m5 = 1 TeV, for ✓1j = 10�3, ✓2j = 0.01 and ✓3j = 0.1 (j = 4, 5) and varying
CPV phases: on the top row, spanned by pairs of Dirac phases, (�14��24) and (�14��34), respectively
left and right panels; bottom row, spanned by Dirac-Majorana phases, (�14 � '4) and (�34 � '4),
respectively left and right panels. The colour scheme denotes the associated value of CR(µ � e, Al)
as indicated by the colour bar to the right of each plot (white regions denote CR(µ � e, Al)> 10�13).
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CP conserving
CPV (max destructive interference)

CPV (max constructive interference)

 
 

θe4 = θe5 = 10− 3

θμ4 = θμ5 = 0.01
θτ4 = θτ5 = 0.1

[Abada, Kriewald, AMT, 2107.06313]
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cLFV signatures: ratios of observables to identify mediators & constrain their masses! 

But - CP phases (Dirac and/or Majorana) generically present in most models of  masses... 

And impact naïve expectations...

ν

CPV & cLFV: phenomenological impact 

Consider "3+2" toy model (SM + 2 heavy sterile states; leptonic mixing , CPV phases)  

Phenomenological analysis: experimental constraints on TeV-scale HNL extensions 
        - lepton flavour universality,  
        - lepton number violation, 
        - electroweak precision,  
        - cLFV!, ...   
          and further limits (e.g. , perturbative unitarity, ...) 
    
    conducting a thorough survey of parameter space 
        random scans of mixings and phases, grid based, ... 

   
 Impact for phenomenological studies (predictions) of cLFV observables 
 Impact for falsifiable scenarios 
 More words of warning for interpreting future data

=5×5

η

↝

⇒
⇒
⇒

CP violating phases do matter in cLFV observables! 



General view on parameter space

Scan ✓↵4✓↵4✓↵4 and ✓↵5✓↵5✓↵5 independently, randomly vary all phases (apply all constraints)
Mass splitting varied within �N4,5�N4,5�N4,5 , m4 = 1 TeV, m5 � m4 2 (40 MeV, 210 GeV)
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COMET, Mu2e

SINDRUM II (Au)

MEG II

MEG

))) Sizeable µ ! e�µ ! e�µ ! e� rate possible without µ � eµ � eµ � e conversion and vice versa!
))) E↵ects of CPV phases significant!

Jonathan Kriewald LPC IRN Terascale 24.11. 2021 17 / 19
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cLFV signatures: ratios of observables to identify mediators & constrain their masses! 
But - CP violating phases do matter!      And impact naïve expectations...

Peculiar cLFV patterns... what if CPV & cLFV? 

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  

Impact of CPV phases regarding experimental prospects! 

=5×5

Loss of correlation between observables! 
    (CP violating case)

Abada, Kriewald, AMT [2107.06313]

Strong correlation between     
        observables (CP conserving case) 

    Observation of  suggests  
     a potential observation of 

 conversion

⇒ μ → eγ

μ −e

 General overview of parameter space: all angles & CPV phases randomly (independently) varied 
                                 Non-degenerate heavy states (mass around TeV scale) 

 δDirac
αi , φMaj

i ≠ 0
δ, φ = 0



Breaking correlations

E↵ective coupling GMMGMMGMM of Mu � MuMu � MuMu � Mu oscillation (µ+e� ! µ�e+µ+e� ! µ�e+µ+e� ! µ�e+) only depends on boxes
Both µ ! e�µ ! e�µ ! e� and GMMGMMGMM only depend on ✓14,5✓14,5✓14,5 and ✓24,5✓24,5✓24,5 ))) expect strong correlation
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cLFV signatures: ratios of observables to identify mediators & constrain their masses! 
But - CP violating phases do matter!      And impact naïve expectations...

Peculiar cLFV patterns... what if CPV & cLFV? 

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)   

Observables sensitive to one unique source of flavour violation (1-loop level) 
                                     but with distinct (dominant) topology 

Muonium oscillations ( ): box diagram 

Radiative muon decays ( ): dipole 

=5×5

μ+ e− → μ− e+

μ → eγ

  TeV 

 CP conserving 

m4 = m5 = 1
∙
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Strong correlation 
for  and  

Muonium oscillations!
μ → eγ
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Breaking correlations

E↵ective coupling GMMGMMGMM of Mu � MuMu � MuMu � Mu oscillation (µ+e� ! µ�e+µ+e� ! µ�e+µ+e� ! µ�e+) only depends on boxes
Both µ ! e�µ ! e�µ ! e� and GMMGMMGMM only depend on ✓14,5✓14,5✓14,5 and ✓24,5✓24,5✓24,5 ))) expect strong correlation
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blue: all phases vanishing; orange: random phases; green: phases grid scan

))) Presence of CP violating phases breaks correlation!
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cLFV signatures: ratios of observables to identify mediators & constrain their masses! 
But - CP violating phases do matter!      And impact naïve expectations...

Peculiar cLFV patterns... what if CPV & cLFV? 

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)   

Observables sensitive to one unique source of flavour violation (1-loop level) 
                                     but with distinct (dominant) topology 

Muonium oscillations ( ): box diagram 

Radiative muon decays ( ): dipole 

=5×5

μ+ e− → μ− e+

μ → eγ
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 CPV phases (random ) 
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Summary & Conclusion
Presence of CPV Majorana and Dirac phases can suppress and enhance the rate of
cLFV observables with significant impact on the interpretation of future data:

� P
(0)
1P
(0)
1P
(0)
1 : Enhancing rates to future

sensitivities in µ⌧µ⌧µ⌧ -sector

� P
(0)
2P
(0)
2P
(0)
2 : Enhancing rates in µeµeµe-sector

� P
(0)
3P
(0)
3P
(0)
3 : Suppressing rates in µeµeµe-sector
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In general, numerous constraints on SM extensions via sterile fermions from 
(negative searches for) flavour violating transitions:  

Bounds on combinations 
of active-sterile mixings 

 ⇒ |∑
i

UeiU*μi | (mN) ≲10− n

[Alonso et al, 1209.2679 (adapted)]

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  

Impact of CPV phases regarding experimental prospects!

=5×5

Future cLFV data: what if CPV & cLFV? 

cLFV searches: future data can shed light on underlying NP model ! 
But - CP violating phases do matter!      And impact naïve theoretical expectations...
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In general, numerous constraints on SM extensions via sterile fermions from 
(negative searches for) flavour violating transitions:  

Bounds on combinations 
of active-sterile mixings 

 ⇒ |∑
i

UeiU*μi | (mN) ≲10− n

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)  

Impact of CPV phases regarding experimental prospects!

=5×5

Future cLFV data: what if CPV & cLFV? 

Excluded ??

cLFV searches: future data can shed light on underlying NP model ! 
But - CP violating phases do matter!      And impact naïve theoretical expectations...

[Alonso et al, 1209.2679 (adapted)]
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cLFV boson decays and heavy neutral leptons

 cLFV processes: ,  and CPV Dirac / Majorana phases 

Scalar and vector boson cLFV decays sensitive to additional heavy sterile states 

              

H → ℓαℓβ Z → ℓαℓβ
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and axial-vector currents can be cast in terms of the CV and CA coe�cients, respectively given by
CV = �

1
2 + 2 sin2

✓w and CA = �
1
2 . Moreover, one has

Cij =
3X

⇢=1

U
†
i⇢

U
⇢j

. (5)

Although all numerical results here presented will be obtained without relying on any approxima-
tion, for the purpose of first analytical insights it proves convenient to consider some simplifying limits
of the “3+2 toy model”. For the purpose of deriving illustrative (compact) analytical expressions, we
will assume that the active-sterile mixings (i.e., ✓↵i with ↵ = e, µ, ⌧ and i = 4, 5) are su�ciently small
so that cos ✓↵i ⇡ 1 is indeed a valid approximation. In this limit, one can thus parametrise the 3 ⇥ 2
rectangular active-sterile mixing matrix as

U↵(4,5) ⇡

0

@
s14e

�i(�14�'4) s15e
�i(�15�'5)

s24e
�i(�24�'4) s25e

�i(�25�'5)

s34e
�i(�34�'4) s35e

�i(�35�'5)

1

A , (6)

with s↵i = sin ✓↵i, and where �↵i ('i) denote Dirac (Majorana) phases. It is further convenient to work
in the limit ✓↵4 ⇡ ✓↵5, with nearly mass-degenerate heavy states, i.e. m4 ⇡ m5 � ⇤EW (typically of
the order of a few TeV).

3 cLFV neutral boson decays: the impact of leptonic CP phases

Here formulae and technical discussions; refer to Xabi and MJ, as well as to our previous work...

3.1 Z boson decays

The cLFV Z vertex for on-shell charged leptons can in general be parametrised as

ū↵(p↵)�µ

`↵`�
(q)v�(p�) =

X

X=L,R

ū↵(p↵)
⇥
F

X

S q
µ
PX + F

X

V �
µ
PX + F

X

T �
µ⌫

q⌫PX

⇤
v�(p�) , (7)

in which q
µ = p

µ
↵ + p

µ

�
is the momentum of the Z-boson an �

µ⌫ = i

2 [�
µ
, �

⌫ ]. For on-shell Z-boson
decays the scalar amplitudes do not contribute due to the ward identity q

µ
✏
⇤
µ(q) = 0, but they can

appear if the Z boson is an o↵-shell intermediate state. Furthermore, all amplitudes but F
L

V
vanish

in the limit of massless charged leptons. We emphasise that in the calculation of the contributing
diagrams, which are shown in Fig. 1, we do not neglect the charged lepton masses.

Z
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W
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Figure 1: Feynman diagrams contributing to cLFV Z decays (in unitary gauge).

We split the contributions to the invariant amplitudes according to the di↵erent topologies as (the
superscript refers to the diagrams of Fig. 1)

F
L

V = F
L (a)
V

+ F
L (b)
V

+ F
L (c+d)
V

. (8)
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Figure 2: Feynman diagrams contributing to cLFV Higgs decays (in unitary gauge).

with A0 = A0(m2
W

), and B
↵,�

0,1 = B0,1(m2
↵,�

, m
2
i
, m

2
W

), and F
L (c+d)
T

= F
R (c+d)
T

= 0.

Note that, in all contributions in the above, the terms proportional to A0(m2
W

) and B0,1(q2, m2
W

, m
2
W

)
do not contribute to the amplitude since they do not depend on the internal neutrino masses and
therefore cancel due to the (semi-) unitarity of U . Of the contributions listed in the above, terms
proportional to the B0,1 and C00 functions contain UV-divergences which are regulated dimensionally
(we integrate in (4� 2") dimensions). In the case of on-shell Z-boson decays (q2 = m

2
Z
), the sum over

all contributions however is manifestly finite as shown in App. C.2. Thus we set q
2 = m

2
Z

and can
safely take the limit D ! 4.

A few comments are in order. Firstly, we note here that all contributions except for F
L

V
are

generically suppressed by at least one power of the charged lepton masses and can be therefore safely
neglected in what regards their contribution to the decay. Secondly, note that functions of the form
B0,1(m2

↵,�
, m

2
W

, m
2
i
) (or similar) contain potentially problematic large logarithms ⇠ log(m2

i
/m

2
W

) in
the limit of very small or very large neutrino masses. However, in the sum over all diagrams (and
internal states) these logarithms cancel and, as expected, light neutrinos “decouple” from the ampli-
tude. Finally, we have checked numerically that our results fully agree with the ones found in [?,?,?,?]
in the limit of vanishing charged lepton masses.

Neglecting suppressed contributions, the decay rate can be written as2

�(Z ! `
�
↵ `

+
�
) =

1

48⇡2m2
Z

s

1 �
(m↵ + m�)2

m
2
Z

s

1 �
(m↵ � m�)2

m
2
Z

|F
L

V |
2

"
2m

2
Z � (m2

↵ + m
2
�
) �

(m2
↵ � m

2
�
)2

m
2
Z

#

(19)
We notice that concerning the evaluation of the Passarino-Veltman functions we use the public

Fortran code LoopTools [?] (wrapped into a dedicated python code). From a numerical point of view,
the observable evaluated is the CP averaged decay rate

�(Z ! `
±
↵ `

⌥
�
) =

1

2

h
�(Z ! `

+
↵ `

�
�
) + �(Z ! `

�
↵ `

+
�
)
i

, (20)

as current searches do not distinguish the charges of the final state leptons.
As noticed in [?] cLFV Z decays exhibit a clear dependence on both Dirac and Majorana CP

violating phases; moreover, they are closely related to several other cLFV leptonic decays, in particular
to processes receiving contributions from Z-penguin topologies.

3.2 Higgs decays: H ! `↵`�

In the presence of sterile fermions, one finds new contributions leading to cLFV H ! `↵`� (↵ 6= �).
Working in the unitary gauge, one can identify three types of diagrams (as depicted in Fig. 2):
corrections to the H`` vertex due to two neutrinos (cf. diagram (a)), two W

± bosons and one
neutrino (diagram (b)), as well as corrections to the fermion legs (diagrams (c) and (d)).

We have carried out the evaluation of the new contributions, leading to the following expression
for the decay fraction:

BR(H ! `↵
¯̀
�) =

�(H ! `↵`�)

�H

(21)

2
The full decay rate including the suppressed contributions is given in the Appendix.

8

Full computation (no approximation) of cLFV widths;  
both unitary & Feynman gauges for complete models with HNL (type I seesaw, ISS, ...)    

See also extensive contributions by several groups: for instance 
[9403398], ..., [1405.4300], [1412.6322], [1503.04159], [1607.05257], [1612.0929], [1703.00896],  

[1710.02510], [1807.01698], [1912.13327], [2005.11234], ... among many others! 

[Abada, Kriewald, Pinsard, Rosauro, AMT, 2207.10109]
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Figure 9: General overview of cLFV H ! `↵⌧ vs. cLFV tau-lepton decays in the “3+2 toy model”
parameter space. All active-sterile mixing angles, as well as Dirac and Majorana CP phases, are
randomly varied . In all panels, m4 = 5 TeV, with m5 � m4 2 [10 MeV, 1 TeV]. Blue points
correspond to vanishing phases, while orange denote random values of all phases (�↵i and 'i, with
↵ = e, µ, ⌧ and i = 4, 5). Dotted (dashed) lines denote current bounds (future sensitivity) as given in
Table 1. (For additional information, see detailed description in the text.)
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Figure 10: General overview of cLFV H ! `↵⌧ and Z ! `↵⌧ (with `↵ = e, µ) in the “3+2 toy
model” parameter space. All active-sterile mixing angles, as well as Dirac and Majorana CP phases,
are randomly varied . In all panels, m4 = 5 TeV, with m5 � m4 2 [10 MeV, 1 TeV]. Blue points
correspond to vanishing phases, while orange denote random values of all phases (�↵i and 'i, with
↵ = e, µ, ⌧ and i = 4, 5). Dotted (dashed) lines denote current bounds (future sensitivity) as given in
Table 1. (For additional information, see detailed description in the text.)

from the IN2P3 (CNRS) Master Project, “Flavour probes: lepton sector and beyond” (16-PH-169).
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Figure 16: General overview of cLFV observables (correlations) in the “3+2 toy model” parameter
space. All active-sterile mixing angles, as well as Dirac and Majorana CP phases, are randomly varied
(see detailed description in the text). In all panels, m4 = 1 TeV, with m5 � m4 2 [40 MeV, 210 GeV].
Blue points correspond to vanishing phases, while orange denote random values of all phases (�↵i and
'i, with ↵ = e, µ, ⌧ and i = 4, 5). Dotted (dashed) lines denote current bounds (future sensitivity) as
given in Table 1.

Profiting from the data collected leading to the results displayed in Fig. 16, we have tried to infer
which would be the required future sensitivity for the ⌧ � e channels so that the regimes (mixing
angles and CP phases) leading to predictions for µ ! e�, µ ! 3e, µ � e conversion in Al, ⌧ ! 3µ

and Z ! µ⌧ , all within future experimental sensitivities, would also be within reach of ⌧ ! e� and
⌧ ! 3e dedicated searches. Requiring that at least 68% of the previously mentioned subset be within
⌧ � e future reach would imply the following ideal experimental sensitivities17:

BR(⌧ ! e�) � 2 ⇥ 10�13
, BR(⌧ ! 3e) � 3 ⇥ 10�14

. (31)

In other words, should a signal of cLFV in µ � e and ⌧ � µ transitions be observed at the current and
near-future facilities, an improvement of circa 4 orders of magnitude in the ⌧ � e sensitivity is needed
in order to obtain competitive constraints on these SM extensions via heavy neutral leptons from all
flavour sectors.

5.2 Reconciling cLFV predictions with future observations

As discussed extensively in the previous (sub)sections, CPV phases can impact the predictions for the
cLFV observables, enhancing or suppressing the distinct rates. To conclude the discussion, we have
identified a small set of representative (benchmark) points, which reflect not only the e↵ect on the

17We have assumed the same ratio between the envisaged ⌧ ! e� and ⌧ ! 3e sensitivities as the one of the future
prospects of Belle II [66].
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 cLFV processes: ,  and CPV Dirac / Majorana phases 
Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing , CPV phases)   

All angles & CPV phases randomly (independently) varied; non-degenerate heavy states (TeV)

H → ℓαℓβ Z → ℓαℓβ
=5×5

 Important contributions of sterile fermions to cLFV Higgs and Z decays!  
(  most promising, but still beyond "observation", even FCC-ee...) 

 Clear effect of Majorana and Dirac phases on decay rates: 
     Constructive and destructive interferences 

Milder loss of correlation with respect to CP conserving case than cLFV leptonic decays
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