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Beyond the Standard Model: New Physics

◮ Strong arguments in favour of New Physics!

Observations unaccounted for in the Standard Model: neutrino oscillations,

baryon asymmetry of the Universe, viable dark matter candidate

And a number of theoretical caveats...

◮ Neutrino oscillations: 1st laboratory evidence of NP

New mechanism of mass generation? New (Majorana) fields?

◮ Extend the SM (or embed in larger framework)! But how?

Hundreths of (well motivated) theoretical constructions!!

How to unveil the NP model at work?

◮ Explore the full lepton sector!

A unique gateway to NP signals!



“Hints” on New Physics from neutrino masses

◮ What do we know about the mechanism of neutrino mass generation?

⇒⇒⇒ Should account for ννν oscillation data!

⇒⇒⇒ Address SM problems (e.g. BAU from leptogenesis); not worsen TH caveats!

◮ Numerous (appealing) mechanims of ννν mass generation

Calling upon distinct new states (singlets, triplets, ...), realised at very different scales!

◮ Quick comparison [SM + RH ν]: “standard” high-scale type I seesaw vs low-scale seesaw

High scale Low scale

O(1010−15 GeV)O(1010−15 GeV)O(1010−15 GeV) O(MeV - TeV)O(MeV - TeV)O(MeV - TeV)

Theoretically “natural” Y ν ∼ 1Y ν ∼ 1Y ν ∼ 1 Finetuning of Y ν (or approximate LN conservation)

“Vanilla” leptogenesis Leptogenesis possible (resonant, ...)

Decoupled new states New states within experimental reach!

Collider, high-intensities (“leptonic observables”)

Which observables? N

[High-scale seesaw in “UV complete” NP models (eg SUSY seesaw): very rich pheno!]



Leptonic observables: signs of New Physics

◮ In the Standard Model: (strictly) massless neutrinos

conservation of total lepton number & lepton flavours

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

W±W±W±

•

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

◮ In the SMmνmνmν : (total) Lepton number conserved; what about lepton flavours? And CP?

◮ SMmνmνmν - cLFV possible??
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[Petcov, ’77]

Possible - yes... but not observable!!

◮ SMmνmνmν - observable EDMs? Contributions from δCP (2-loop)... still dlepe ≤ 10−35e cm



Lepton sector: gateway to new experimental signals

◮ Direct searches for New Physics states at high-energy colliders

⇒⇒⇒ New resonances, SM-forbidden final states, ...

◮ “Leptonic” observables    cLFV, LNV, ...

Rare processes searched for at high-intensities

⇒⇒⇒ NP discovery (before LHC!)

⇒⇒⇒ Complementary information to direct searches

cLFV, LNV, ... not necessarily related to ννν masses!
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∑
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⇒⇒⇒ Still - a possible bridge to the mechanism of ννν mass generation



Brief summary

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

◮ Observables and experimental status

Lepton number violation

Charged lepton flavour violation

◮ Models of New Physics (ννν mass generation & more)

Ad-hoc extensions and seesaw realisations

Additional fields and symmetries

Larger frameworks

◮ Overview & discussion



◮◮◮ Leptonic observables (cLFV, LNV): current status



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;
∑ ~Pe = ~0

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)



cLFV in muonic atoms

⋆ Muonic atoms: 1s bound state formed when µ− stopped in target

◮ 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 ∼ 3× 10−17∼ 3× 10−17∼ 3× 10−17; COMET @ JPARC I (II)∼ 10−15(10−17)∼ 10−15(10−17)∼ 10−15(10−17)

◮ 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!



Rare 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
±
k

τ± → ℓ±i ℓ∓j ℓ
±
kτ± → ℓ±i ℓ∓j ℓ
±
k

◮ Event signature: E3ℓ −
√
s/2 ∼ 0;

M3ℓ ∼ mτ

◮ Current status:

3ℓ final state BR (BaBar) BR (Belle)

e−e+e−e−e+e−e−e+e− 2.9× 10
−8

2.7× 10
−8

2.7× 10
−8

2.7× 10
−8

µ−e+e− 2.2× 10
−8

1.8× 10
−8

µ−e−e− 1.8× 10
−8

1.5× 10
−8

e+µ−µ−
2.6× 10

−8
1.7× 10

−8

e−µ+µ−
3.2× 10

−8
2.7× 10

−8

µ−µ+µ−µ−µ+µ−
µ−µ+µ−

3.3× 10
−8

2.1× 10
−8

2.1× 10
−8

2.1× 10
−8

◮ Future experimental prospects:

SuperB (Belle II) and/or Tau-Charm factories

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



Rare processes: (semi)leptonic decays

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

◮ Meson(s) & charged lepton: τ → ℓ h0 ;τ → ℓ h0 ;τ → ℓ h0 ; τ → ℓ hi hjτ → ℓ hi hjτ → ℓ hi hj ... and “exotic” modes...
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90%  C L upper lim its  on  τ LFV  decays

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, ....



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

◮ In-flight lepton conversion: ℓi → ℓjℓi → ℓjℓi → ℓj  µ→ τ conversion [few GeV, dense target]

Possibly studied at high-intensity facilities: Muon or Linear colliders, COMET...

◮ 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 Linear Collider / FCC-ee



Lepton Number Violation observables

⋆ 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−
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[KamLAND-Zen, ’15]

Experiment |mee||mee||mee| (eV)

EXO-200 (4 yr) 0.075 - 0.2

nEXO (5 yr) 0.012 - 0.029

nEXO (5 yr + 5 yr w/ Ba tagging) 0.005 - 0.011

KamLAND-Zen (300 kg, 3 yr) 0.045 - 0.11

GERDA phase II 0.09 - 0.29

CUORE (5 yr) 0.051 - 0.133

SNO+ 0.07 - 0.14

SuperNEMO 0.05 - 0.15

... ...

◮ 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+: 2 nucleons (∆Q = 2), possibly excited final states

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

◮ Experimental status: CR(µ− + Ti → e+ + Ca(∗)µ− + Ti → e+ + Ca(∗)µ− + Ti → e+ + Ca(∗)). 3.6× 10−11 (1.7× 10−12). 3.6× 10−11 (1.7× 10−12). 3.6× 10−11 (1.7× 10−12) [SINDRUM, ’98]

◮ Future prospects: Mu2e, COMET  O(10−16)??



Lepton Number Violation observables

◮ 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

B− → ℓ−ℓ′−ρ+ 1.7× 10−7 4.2× 10−7

B− → ℓ−ℓ′−D+ 2.6× 10−6 6.9× 10−7

M1

M2

W±

W±

νs

ℓ
±
1

ℓ
±
2

◭ H 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, Belle II, ...



◮◮◮ After the experiments:

which New Physics model?

cLFV (and LNV) might be - or not! -

associated with NP responsible for ν mass generation...



Many models to one observable?

Interpreting data - how??

◮ Pheno approaches:


















































Effective approach

(model-independent)

[Presentation by A. Signer]

Model dependent

(specific NP scenario)

◮ Different from quark FV!

No SM “TH background”...



Theoretical frameworks

◮ SM extensions (aiming at accounting for ννν masses and mixings...)

- Standard seesaws [type I, type II, type III] & variants

Inverse Seesaw (ISS), ...

- Additional states (and symmetries): leptoquarks,

Left-Right symmetric, ...

- Extended frameworks: supersymmetric seesaws,

GUTs, ...

◮ Simplified “toy models” for phenomenological analyses: SM + νsνsνs

“ad-hoc” construction (no specific assumption on mechanism of mass generation)

encodes the effects of N additional sterile states (well-motivated NP candidates)

in a single one [... Not to be confused with oscillation anomaly solution!...]



◮◮◮Minimal toy-model: SM + νsνsνs

Assuming that New Physics is encoded into such a

simple model, what can we expect and learn?



“Toy model” for phenomenological analyses: 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 :

rectangular matrix←←← UUU = U |3×4

◮ Left-handed lepton mixing ŨPMNSŨPMNSŨPMNS:

3× 3 sub-block, non-unitary!

U4×4 =















Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4















U4×4 =















Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4















U4×4 =















Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4















◮ Physical parameters: 4 masses [3 light (mostly active) + 1 heavier (mostly sterile) states]

6 mixing angles [θ12, θ23, θ13, & θi4] and 6 phases [(3 Dirac and 3 Majorana)]

◮ Modified charged (W±W±W±) and neutral (Z0Z0Z0) current interactions:

LW±LW±LW± ∼ − gw√
2
W−

µ

∑

α=e,µ,τ

∑3+nS
i=1 UαiUαiUαi ℓ̄α γµ PL νi

LZ0LZ0LZ0 ∼ − gw
2 cos θw

Zµ

∑3+nS
i,j=1 ν̄i γ

µ
[

PL (U†
U)ij(U†
U)ij(U†
U)ij − PR (U†

U)∗ij(U†
U)∗ij(U†
U)∗ij

]

νj



νsνsνs and cLFV: radiative and 3 body decays

◮ Radiative decays: ℓi → ℓjγℓi → ℓjγℓi → ℓjγ
“3+1” toy model

◮ Consider µ→ eγµ→ eγµ→ eγ MEG

W � γ

µ eνi

◮ For m4 & 10 GeV sizable νs contributions excluded

.. but precluded by other cLFV observables
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as 3-body decays and nuclear conversion

◮ Three-body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj (���) and conversion in Nuclei µ− eµ− eµ− e (���)
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◮ For sterile states above EW scale, strongly

dominated by ZZZ penguin contributions
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Sterile neutrinos and cLFV at higher energies

◮ cLFV ZZZ decays at FCC-ee vs 3 body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj
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◮ Potentially observable at Future Circular Collider
“3+1” toy model [Abada et al, ’15]
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◮ Recall: ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj dominated by ZZZ penguins

◮ Strong correlation between Z → µτZ → µτZ → µτ and τ → 3µτ → 3µτ → 3µ

◮ Probe µ− τµ− τµ− τ cLFV beyond Belle II reach

◮ Complementarity probes of νsνsνs cLFV

at low- and high energies!

◮ Testable LNV: ⋆ 0ν2β⋆ 0ν2β⋆ 0ν2β within exp. sensitivity



Sterile neutrinos: impact for LNV meson and tau decays

◮ On-shell νsνsνs: “resonant-enhancement” of M1 →M2ℓ
±
α ℓ

±
β

M1 →M2ℓ
±
α ℓ

±
βM1 →M2ℓ

±
α ℓ

±
β and τ± →M1M2ℓ

∓τ± →M1M2ℓ
∓τ± →M1M2ℓ
∓ decays

◮ Full update of LNV constraints on νsνsνs ([0.1 GeV, 10 GeV][0.1 GeV, 10 GeV][0.1 GeV, 10 GeV]) [1712.03984]

◮ Several BRs close to experimental sensitivity! Possibility to infer information on m
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◮ New bounds on all m
ℓiℓj
νm
ℓiℓj
νm
ℓiℓj
ν entries - . O(10−3GeV). O(10−3GeV). O(10−3GeV) [mττ

ν . O(10−2GeV)][mττ
ν . O(10−2GeV)][mττ
ν . O(10−2GeV)]

[Abada, De Romeri, Lucente, Toma, AMT, 1712.03984]



◮◮◮Models of neutrino mass generation

(Illustrative) highlights...



The seesaw mechanism

⋆ Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

◮◭

◮ ◭

•

H

H

νLνLνL

νLνLνL

= ×××

Y νY νY ν

Y νY νY ν

MRMRMR

νRνRνR

νRνRνR

H

H

νLνLνL

νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ

H

H

νLνLνL

νLνLνL

+

.

×××

Y ΣY ΣY Σ

Y ΣY ΣY Σ

MΣMΣMΣ

ΣRΣRΣR

ΣRΣRΣR

H

H

νLνLνL

νLνLνL

1
Λ
LLH H1

Λ
LLH H1

Λ
LLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

◮ Observables: depend on powers of Y νY νY ν  large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

◮ Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1)⇒Mnew ≈ 1013−15⇒Mnew ≈ 1013−15⇒Mnew ≈ 1013−15 GeV!

Suppression of rates due to the large mass of the mediators!

◮ Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)



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 UUUTM6×6
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)



Low scale: Inverse Seesaw (ISS)

◮ Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM

◮M9×9
ISS =









0 YνvYνvYνv 0

Y T
ν vY T
ν vY T
ν v 0 MRMRMR

0 MRMRMR µXµXµX









⇒







3 light ννν :mν ≈ (Yνv)2

(Yνv)2+M2
R

µXµXµX

3 pseudo-Dirac pairs : mN±mN±mN± ≈MR ± µXMR ± µXMR ± µX

◮ Non-unitarity ŨPMNSŨPMNSŨPMNS ⇒ modified neutral and charged leptonic currents

◮ Abundant signals at colliders, cLFV (poor LNV - and EDM - prospects...)

◮ cLFV ZZZ decays at FCC-ee vs 3 body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj
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◮ Other cLFV bounds preclude large BR(τ → 3µτ → 3µτ → 3µ)...

[Abada et al, ’15]
Contrary to “3+1 toy model”, flavour textures

& parameters constrained by ννν data...

◮ Allows to probe µ− τµ− τµ− τ cLFV beyond Belle II reach

◮ τ → 3µτ → 3µτ → 3µ at Belle II:    disfavour ISS(3,3)(3,3)(3,3)



cLFV: (3,3) ISS realisation at colliders

◮ cLFV exotic events at the LHC

◮ Searches for heavy NNN at the LHC

q q′ → τ µ+ 2 jetsq q′ → τ µ+ 2 jetsq q′ → τ µ+ 2 jets (no missing ET !)

◮ After cuts, significant number of events!

[Arganda et al, 1508.05074]

◮ Impact of heavy νsνsνs on WWHWWHWWH production at Lepton Colliders

◮ Sizeable deviations from SM expectations

σ(e+e− →WWH)σ(e+e− →WWH)σ(e+e− →WWH) ⇒⇒⇒ ∆BSM ∼ −38%∆BSM ∼ −38%∆BSM ∼ −38%

◮ Maximal effects for
√
s ∼ 3
√
s ∼ 3
√
s ∼ 3 TeV (CLIC)

mνs ≈mνs ≈mνs ≈ few TeV, |Y ν | ∼ 1|Y ν | ∼ 1|Y ν | ∼ 1

[Baglio et al, 1712.07621]



The “triplet” seesaws

⋆ Weinberg operator realised via triplet scalars ∆∆∆ (type II) or fermions ΣΣΣ (type III)

◮ Very distinctive signatures for numerous observables: cLFV example

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

= 3.1× 10−4

[Hambye, 2013]



◮◮◮ Extensions of the SM: additional fields, symmetries and
complete frameworks

A few examples of a vast array of well motivated constructions...



Leptoquarks & massive neutrinos: cLFV constraints

Leptoquarks: well motivated solution to several tensions aµaµaµ, RKRKRK , RDRDRD, anomalies, ...

◮◮◮ Neutrino masses, DM and BBB anomalies:

SM + scalar leptoquarks (h1,2h1,2h1,2) + RH lepton triplets ΣRΣRΣR; SU(3)×SU(2)×U(1)×ZDM
2

νL νLNRdL dR dR dL

h2 h2

h1 h1 ◮◮◮ Radiatively induced mνmνmν (3-loop); Σ0Σ0Σ0 ! DM candidate

◮◮◮ Non-trival structure in leptoquark Yukawa couplings yyy

⇒⇒⇒ account for R
(∗)
K

R
(∗)
KR
(∗)
K anomalies!

yyy ∼









ǫ4 ǫ5 ǫ2

ǫ3 ǫ3 ǫ4

ǫ4 ǫ ǫ









◮◮◮ Huge impact / constraints from cLFV and meson decays:

CR(µ− eµ− eµ− e,N), K → πνν̄K → πνν̄K → πνν̄ the most stringent

◮◮◮ Oscillation data (perturbative couplings)

viable DM candidate

◮◮◮ Explain RK(∗)RK(∗)RK(∗) anomalies [no R
D(∗)R
D(∗)R
D(∗) , (g − 2)µ(g − 2)µ(g − 2)µ]

◮◮◮ Leptoquarks and triplets: within LHC reach!
[Hati, Kumar, Orloff, AMT, ’18]



Adding symmetry: neutrino masses, LNV & cLFV

⋆⋆⋆ Discrete and continuous flavour symmetries, extensions of the SM gauge group

◮◮◮ Many appealing (predictive) models with interesting cLFV, LNV and CPV signatures

◮◮◮ Minimal Left-Right extension of the SM: SU(2)LLL⊗U(1)⇒ SU(2)LLL⊗SU(2)RRR⊗U(1)B−LB−LB−L

Spectrum includes RH neutrinos, bi-doublet and triplet Higgs, new ZR, WR bosons

◮ New contributions to LNV & cLFV observables at low- and high-energies

ft), conversion in nuclei (center) and
d decay of a heavy right-handed neutrino with dilepton
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FIG. 12: Dependence of the rates of low energy

◮ If LHC
√
s
√
s
√
s above heavy neutrino threshold:

dilepton LFV/LNV signatures pp→WR → e±µ∓,± + 2pp→WR → e±µ∓,± + 2pp→WR → e±µ∓,± + 2 jets

◮ Complementarity studies of LHC signatures and

low-energy rare decays
[Das et al, 1206.0656]



Supersymmetric type I seesaw

◮ Large Y νY νY ν : sizable contributions to cLFV observables

cLFV! exchange of virtual SUSY particles ΛcLFV ≪ Λmν
LNVΛcLFV ≪ Λmν
LNVΛcLFV ≪ Λmν
LNV

l̃ (ν̃)

γ

ℓi ℓj

χ̃0 (χ̃±)

MEG 2013 B
R

(µ
 →

 e
 γ

)

C
R

(µ
-e

, 
T

i)
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[Antusch, Arganda, Herrero, AMT, ’06 - ’07] [Figueiredo and AMT, ’13]

◮ Y νY νY ν unique source of LFV: synergy of high- and low-energy observables

◮ Isolated cLFV manifestations⇒⇒⇒ disfavours SUSY seesaw hypothesis

◮ “Correlated” cLFV observations⇒⇒⇒ strengthen SUSY seesaw hypothesis !
∆m

ℓ̃
m

ℓ̃

(ẽ
L
, µ̃

L
)

∆m
ℓ̃

m
ℓ̃

(ẽ
L
, µ̃

L
)

∆m
ℓ̃

m
ℓ̃

(ẽ
L
, µ̃

L
) & O(0.5%) and µ → eγ|MEGµ → eγ|MEGµ → eγ|MEG ✔ !! Hints on the seesaw scale: MR ∼ 1014MR ∼ 1014MR ∼ 1014 GeV



Hints of an organising principle: SUSY seesaw and GUTs

⋆ Supersymmetric Grand Unified Theories

◮ Reduce arbitrariness of Y qY qY q, Y ℓY ℓY ℓ, Y νY νY ν , ...: ⇒ increase predictivity and testability!

◮ SU(5) + RH neutrinos SUSY GUTs

Correlated CP violation and flavour observables

in lepton and hadron sectors

[Buras et al, 1011.4853]

◮ SO(10) type II SUSY seesaw
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CR(µ → e in Ti )

Leptogenesis motivated

highly correlated cLFV observables!

[Calibbi et al, 0910.0337]



◮◮◮ Concluding remarks



New Physics and lepton observables

◮ Confirmed observations and several “tensions” suggest the need to go beyond the SM

In the lepton sector, ννν-masses provided the 1st laboratory evidence of NP

Many experimental “tensions” nested in lepton-related observables

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

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

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

◮ “Leptonic” observables (cLFV, LNV, CPV, ...)

might be induced by NP at the origin of ν masses...

or from an “independent NP” source (High scale type I + FV Multi-Higgs...)

◮ Experimentally exciting near-future!

Accompanied by theoretical and phenomenological analyses and ideas!



Leptonic observables: signs of New Physics

◮ Explore the underlying synergy between

ννν physics and high-intensity observables

to constrain the New Physics model

at the origin of neutrino phenomena

◮ And keep an open eye on collider searches and new oscillation phenomena !

(not adressed here...)



◮◮◮ Backup



cLFV in muonic atoms: Muonium channels

⋆ Muonium: hydrogen-like Coulomb bound state (e−µ+);(e−µ+);(e−µ+); free of hadronic interactions!

◮ Mu−MuMu−MuMu−Mu conversion

⇒⇒⇒ Oscillation between (e−µ+)(e−µ+)(e−µ+)! (e+µ−)(e+µ−)(e+µ−)

e+

e− µ−

µ+

NP

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

◮ cLFV MuMuMu decay: Mu→ e+e−Mu→ e+e−Mu→ e+e−

clear signal compared to SM decay Mu→ e+e−ν̄µνe (no missing energy)

◮ Experimental status: no bounds (nor clear roadmap)...



And many other... EDMs, magnetic moments...

◮ Electric dipole moments of charged leptons LEDMLEDMLEDM = −i/2dℓdℓdℓ ℓ̄σµνγ5ℓFµν

EDM (e cm) Current bounds Future sensitivity

|de||de||de| 8.7 × 10−298.7 × 10−298.7 × 10−29 [ACME] O(10−30)O(10−30)O(10−30) [ACME]

|dµ| 1.9 × 10−19 [Muon g-2] O(10−21) [g-2/EDM Coll.]

|Re(dτ )| 4.5 × 10−17 [Belle] –

|Im(dτ )| 2.5 × 10−17 [Belle] –

◮ (Anomalous) magnetic moments of charged leptons ~µ = gℓgℓgℓ
e

2mℓ

~S ⇒ aℓaℓaℓ = 1
2
(gℓgℓgℓ − 2)

ae :ae :ae : Best determination of ααα...
athee = 0.001159652181643(764) ! 5

th order in QED (12,672 diags)!

aexpe = 0.00115965218073(28)

aµaµaµ : Current tension between theory and experiment −→

Very sensitive probe of New Physics close to ΛEW

If δaµδaµδaµ confirmed  discrepancies for ae,τae,τae,τ and dℓdℓdℓ!

[0801.1134]

aτaτaτ : Short tau lifetime...
atheτ = 0.00117721(5) [0701260]

−0.007 < aexpτ < 0.005 [1601.07987]



The effective approach to NP contributions

◮ LeffLeffLeff - “vestigial” (new) interactions of “heavy” fields with SM at low-energies

Leff = LSM +
∑

n≥5
Leff = 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, ...)

◮ Dimension 5 - ∆L5∆L5∆L5 (Weinberg): neutrino masses (LNVLNVLNV, ∆L = 2) O5
ijO5
ijO5
ij ∼ (Li H)(H Lj)∼ (Li H)(H Lj)∼ (Li H)(H Lj)

◮ Dimension 6 - ∆L6 :∆L6 :∆L6 : kinetic corrections, cLFV (dipole and 3-body), EWP tests, t physics...

Dipole: O6
ℓiℓjγ
O6

ℓiℓjγ
O6

ℓiℓjγ
∼ Liσ

µνejHFµν∼ Liσ
µνejHFµν∼ Liσ
µνejHFµν radiative decays ℓi → ℓjγℓi → ℓjγℓi → ℓjγ

4 fermion: O6
ℓiℓjℓkℓl
O6

ℓiℓjℓkℓl
O6

ℓiℓjℓkℓl
∼ (ℓiγµPL,Rℓj)(ℓkγ

µPL,Rℓl)∼ (ℓiγµPL,Rℓj)(ℓkγ
µPL,Rℓl)∼ (ℓiγµPL,Rℓj)(ℓkγ
µPL,Rℓl) 3-body decays ℓi → ℓjℓkℓlℓi → ℓjℓkℓlℓi → ℓjℓkℓl, ...

O6
ℓiℓjqkql
O6

ℓiℓjqkql
O6

ℓiℓjqkql
∼ (ℓiγµPL,Rℓj)(qkγ

µPL,Rql)∼ (ℓiγµPL,Rℓj)(qkγ
µPL,Rql)∼ (ℓiγµPL,Rℓj)(qkγ
µPL,Rql) µ− eµ− eµ− e in Nuclei, meson decays, ...

Vector/scalar: O6
HHℓiℓj
O6

HHℓiℓj
O6

HHℓiℓj
∼ (H†i

↔
DµH)(ℓiγµℓj)∼ (H†i
↔
DµH)(ℓiγµℓj)∼ (H†i
↔
DµH)(ℓiγµℓj) 3-body decays ℓi → ℓjℓkℓlℓi → ℓjℓkℓlℓi → ℓjℓkℓl, ...

◮ Dimension 9 - ∆L9 :∆L9 :∆L9 : ... 0ν2β0ν2β0ν2β decays, ... O9
ijO9
ijO9
ij ∼ (ℓLqLd

c
R)(ℓLqLd

c
R)∼ (ℓLqLd

c
R)(ℓLqLd

c
R)∼ (ℓLqLd

c
R)(ℓLqLd

c
R)

◮ Dimension 12, 14 - ∆L12,14 :∆L12,14 :∆L12,14 : ... cLFV & LNV decays: µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗



The effective approach

◮ LeffLeffLeff - “vestigial” (new) interactions of “heavy” fields with SM at low-energies

Leff = LSM +
∑

n≥5
Leff = 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 on (leptonic) observables to constrain
C6

ij
C6

ijC6

ij

Λ2
(cLFV)

Hypotheses on:

1. size of “new couplings”

⇒⇒⇒ Natural couplings

C6ij ∼ O(1)C6ij ∼ O(1)C6ij ∼ O(1)

2. scale of “new physics”

⇒⇒⇒ Natural scale - delicate..

direct discovery Λ ∼Λ ∼Λ ∼ TeV

Effective coupling

(example)

Bounds on ΛΛΛ (TeV)

(for |C6ij | = 1)

Bounds on |C6ij ||C6ij ||C6ij |

(for Λ = 1 TeV)
Observable

Cµe
eγ 6.3× 10

4
2.5× 10

−10 µ→ eγ

Cτe
eγ 6.5× 10

2
2.4× 10

−6 τ → eγ

Cτµ
eγ 6.1× 10

2
2.7× 10

−6 τ → µγ

Cµeee

ℓℓ,ee
207 2.3× 10

−5 µ→ 3e

Ceτee
ℓℓ,ee 10.4 9.2× 10

−5 τ → 3e

Cµτµµ

ℓℓ,ee
11.3 7.8× 10

−5 τ → 3µ

Cµe

(1,3)Hℓ
, Cµe

He
160 4× 10

−5 µ→ 3e

Cτe
(1,3)Hℓ, C

τe
He ≈ 8 1.5× 10

−2 τ → 3e

Cτµ

(1,3)Hℓ
, Cτµ

He
≈ 9 ≈ 10

−2 τ → 3µ

[Feruglio et al, 2015]



Constraints on sterile fermions: masses and θαsθαsθαs

◮ Neutrino oscillation parameters: ŨPMNS comply with observed mixings

◮ Electroweak precision tests: invisible Z width; leptonic Z width; Weinberg angle...

[Del Aguila et al, ’08; Atre et al, ’09; ...

Antusch et al, ’09-’14; Fernandez-Martinez et al, ’16; ...]

◮ Searches at the LHC: invisible Higgs decays H → νLνR; direct searches, ...

[Dev et al, ’12-’15; Bandyopadhyay et al, ’12; Cely et al, ’14;

Arganda et al, ’14-’15; Deppish et al, ’15; ...]

◮ Peak searches in meson decays: monochromatic lines in ℓ± spectrum from X±
M → ℓ±νs

[Shrock, ’80-’81; Atre et al, ’09; Kusenko et al, ’09; Lello et al,’13]

◮ Beam dump experiments: νs decay products (light mesons, ℓ±) from X±
M decays

[PS191, CHARM, NuTeV, ...]



Constraints on sterile fermions: masses and θαsθαsθαs

◮ Neutrinoless double beta decays - |mee||mee||mee|: [EXO-200, KamLAND-Zen, GERDA,...]

[Blenow et al, ’10; Lopez-Pavon et al, ’13;

Abada et al, ’14, ..., Giunti et al]

◮ Rare meson decays: Lepton Number Violating (LNV) e.g. K+ → ℓ+ℓ+π−

Lepton Universality Violating (LUV) e.g. RXM
, R(D), Rτ

[CLEO, Belle, BaBar, NA62, LHCb, BES III, ...]

[Shrock, ’81; Atre et al, ’09; Abada et al, ’13-’15, ...]

◮ Lepton Flavour Violation: 3 body decays among most stringent...

[Gronau et al, ’85; Ilakovac & Pilaftsis, ’95 - ’14;

Deppisch et al, ’05; Dinh et al, ’12; Alonso et al, ’12; ...]

◮ Cosmology: large scale structures, Lyman-α, BBN, CMB, X-ray, SN1987a, ...

[Smirnov et al, ’06; Kusenko, ’09; Gelmini, ’10;

Donini et al, ’14; Hernández et al, ’15-’16; ...]



Sterile neutrinos: impact for LNV observables

◮ Lepton number violation: 0ν2β0ν2β0ν2β decays

◮ νsνsνs can strongly impact predictions for |mee||mee||mee|
⇒⇒⇒ augmented ranges for effective mass (IO and NO)

◮ Observation of 0ν2β0ν2β0ν2β signal in future experiments

does not imply Inverted Ordering for light νs

[Abada, De Romeri and AMT, ’14; ...; Giunti et al, ’15 ←]

▲�✁✂✄☎✆✄ ✝✞✆✆✟ ✝✶ ✥☎✠✡

⑤☛
❜

❜
⑤

☞✌
✍

✎

✾✏✑ ✒✓▲✓ ✔✕✕✖✗ ▲✘✙✘✚

✛✜
✲✹

✛✜
✲✸

✛✜
✲✷

✛✜
✲✢

✛

✛✜
✲✹

✛✜
✲✸

✛✜
✲✷

✛✜
✲✢

✛

◆✣✤♠✦✧ ★♥ ✩✤✪✫✤✐✬✭ ✮ ★s

★♥
★✯✰

◮ LNV & Leptonic CPV: electric dipole moments

◮ Majorana (and Dirac) phases⇒⇒⇒ lepton EDMs

◮ Non-vanishing contributions: at least two sterile ννν

Dominant Majorana contribution!

◮ |de|/e ≥ 10−30|de|/e ≥ 10−30|de|/e ≥ 10−30 cm for mν4,5 ∼mν4,5 ∼mν4,5 ∼ [100 GeV, 100 TeV]

◮ EDM observation: Majorana CPV neutrinos?

[Abada and Toma, ’15]



Sterile neutrinos: impact for LNV meson and tau decays

◮ On-shell νsνsνs: “resonant-enhancement” of M1 →M2ℓ
±
α ℓ

±
β

M1 →M2ℓ
±
α ℓ

±
βM1 →M2ℓ

±
α ℓ

±
β and τ± →M1M2ℓ

∓τ± →M1M2ℓ
∓τ± →M1M2ℓ
∓ decays

◮ Experimental searches: strong constraints on νsνsνs parameter space!

Bounds from BaBar, Belle, LHCb; near future - LHCb, Belle II, BES-III, NA62...

◮ Full update of LNV constraints on νsνsνs ([0.1 GeV, 10 GeV][0.1 GeV, 10 GeV][0.1 GeV, 10 GeV]) [1712.03984]

◮ Prospects for observation:

⇒⇒⇒ νsνsνs must decay inside the detector (sufficiently short-lived)

⇒⇒⇒ Sizeable #events :#events :#events : BRs ∼ O(10−8,−10)∼ O(10−8,−10)∼ O(10−8,−10)







Non-negligible mixings!

NB→ℓαℓβMNB→ℓαℓβMNB→ℓαℓβM ≈ Lint × σprod(pp→ B+ +X)×BR(B+ → ℓ+α ℓ
+
β M

−)BR(B+ → ℓ+α ℓ
+
β M

−)BR(B+ → ℓ+α ℓ
+
β M

−)×D



Sterile neutrinos: impact for LNV meson and tau decays

◮ On-shell νsνsνs: “resonant-enhancement” of M1 →M2ℓ
±
α ℓ

±
β

M1 →M2ℓ
±
α ℓ

±
βM1 →M2ℓ

±
α ℓ

±
β and τ± →M1M2ℓ

∓τ± →M1M2ℓ
∓τ± →M1M2ℓ
∓ decays

◮ Experimental searches: strong constraints on νsνsνs parameter space!

Bounds from BaBar, Belle, LHCb; near future - LHCb, Belle II, BES-III, NA62...

◮ Full update of LNV constraints on νsνsνs ([0.1 GeV, 10 GeV][0.1 GeV, 10 GeV][0.1 GeV, 10 GeV]) [1712.03984]

◮ Prospects for observation:

◮ BRs of several LNV meson and tau decays close to current sensitivities

⇒⇒⇒ Certain τττ and KKK LNV decay modes already in conflict with experimental data!
[Abada, De Romeri, Lucente, Toma, AMT, 1712.03984]



Sterile neutrinos: 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′

◮ Muonic atom decay: µ−e− → e−e−µ−e− → e−e−µ−e− → e−e− [Koike et al, ’10]

Coulomb interaction increases overlap between Ψµ− and Ψe−

Rate strongly enhanced in large ZZZ atoms [Uesaka et al, ’15-’16]

NP

e�

e�

µ�

e�

◮ cLFV in muonic atoms from νsνsνs:

µ−e− → e−e−µ−e− → e−e−µ−e− → e−e− (���) vs

µ− eµ− eµ− e conversion (���) in Aluminium

◮ For Aluminium, CR(µ− eµ− eµ− e) has

stronger experimental potential

.. consider “heavy” targets to probe

BR(µ−e− → e−e−µ−e− → e−e−µ−e− → e−e−)
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“3+1” toy model [Abada, De Romeri and AMT, ’16]



The “triplet” seesaws

⋆ Weinberg operator realised via triplet scalars ∆∆∆ (type II) or fermions ΣΣΣ (type III)

◮ Very distinctive signatures for numerous observables: cLFV example

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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= 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]



The “triplet” seesaws

◮ cLFV bounds on the seesaw mediators: a comparative (“effective”) view

◮ Type I (singlet fermion):

mNmNmN . 100 TeV ×
(

10−14

BR(µ→eγ)

) 1
4 × f(Y ν

ℓiℓj
)

mNmNmN . 300 TeV×
(

10−16

BR(µ→3e)

) 1
4 × f(Y ν

ℓiℓj
)

mNmNmN . 2000 TeV×
(

10−18

CR(µ−e, Ti)

) 1
4 × f(Y ν

ℓiℓj
)

◮ Type II (scalar triplet):

m∆m∆m∆ . 70 TeV×
(

10−14

BR(µ→eγ)

) 1
4 × f(Y ∆

ℓiℓj
)

m∆m∆m∆ . 2200 TeV×
(

10−16

BR(µ→3e)

) 1
4 × f(Y ∆

ℓiℓj
)

m∆m∆m∆ . 600 TeV×
(

10−18

CR(µ−e, Ti)

) 1
4 × f(Y ∆

ℓiℓj
)

◮ Type III (fermion triplet):

mΣmΣmΣ . 100 TeV×
(

10−14

BR(µ→eγ)

) 1
4 × f(Y Σ

ℓiℓj
)

mΣmΣmΣ . 1600 TeV×
(

10−16

BR(µ→3e)

) 1
4 × f(Y Σ

ℓiℓj
)

mΣmΣmΣ . 20000 TeV×
(

10−18

CR(µ−e, Ti)

) 1
4 × f(Y Σ

ℓiℓj
)

f(Yℓiℓj ) ∼ combination of
√
Y
√
Y



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 UUUTM6×6
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)



Geometric cLFV: RS warped extra dimensions

⋆⋆⋆ Embed 4dim space-time into 5dim AdS space (extra dim compactified on orbifold)

Geometrical distribution in bulk: Yukawa hierarchy for “anarchic” O(1) couplings!

◮ Custodially protected model; generic anarchic Yukawa couplings

[Beneke et al, 1508.01705]

◮ Most stringent constraints from µ→ eγµ→ eγµ→ eγ and µ− eµ− eµ− e conversion

τττ decays comparatively less restrictive

◮ Current µ− eµ− eµ− e bounds constrain NP scale beyond LHC reach: TKK & 4TKK & 4TKK & 4 TeV

( 10 TeV for 1st KK-excitations)

◮ Future cLFV sensitivities: exclude anarchic RS models (without extra symmetries)

up to 8 TeV (KK gluon masses around 20 TeV)



Vector-like leptons: an example

◮◮◮ Massive vector-like fermions present in well-motivated SM extensions:

composite Higgs models, warped extra dimensions, ...

◮◮◮ Global view: generic set-up (composite Higgs inspired), 3 generations of LV
iL
V
iL
V
i and EV

iEV
iEV
i

massive neutrinos from additional νR and vector-like partners

◮◮◮ cLFV parametrised by small set of couplings

⇒⇒⇒ correlated observables!
BR(h→ℓiℓj)

BR(ℓi→ℓjγ)
≈

4π
3α

BR(h→ℓiℓi)|SM
BR(ℓi→ℓjνiν̄j)

BR(h→ℓiℓj)

BR(ℓi→ℓjγ)
≈

4π
3α

BR(h→ℓiℓi)|SM
BR(ℓi→ℓjνiν̄j)

BR(h→ℓiℓj)

BR(ℓi→ℓjγ)
≈

4π
3α

BR(h→ℓiℓi)|SM
BR(ℓi→ℓjνiν̄j)

[Falkowski et al, ’14]

◮◮◮ Synergy between FV Higgs decays and cLFV! Flavour conserving EDM and δaµδaµδaµ as well!


