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Beyond the Standard Model: New Physics
I Strong arguments in favour of New Physics!

Observations unaccounted for in the Standard Model: neutrino oscillations,

baryon asymmetry of the Universe, viable dark matter candid ate

And a number of theoretical caveats...

How to unveil the NP model at work?

I Neutrino oscillations: 1st laboratory evidence of NP

New mechanism of mass generation? New(Majorana) �elds?

I Charged leptons \host" several lingering tensions with SM...

(g � 2)�(g � 2)�(g � 2)� , B-meson anomalies (RK ( � ) , RD ( � ) ), ...

I Explore the full lepton sector!

A unique gateway to NP signals!

Unprecedented experimental breakthroughs

in a (very) near future!



Leptonic observables: signs of New Physics

I In the Standard Model: (strictly) massless neutrinos

conservation of total lepton number & lepton 
avours

tiny leptonic EDMs (at 4-loop level.. dCKM
e � 10� 38 e cm)

I Extend the SM to accommodate� � ! � �� � ! � �� � ! � �
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[SMm �m �m � = \ad-hoc" m � (Dirac), UPMNS ]

I In the SMm �m �m � : (total) Lepton number conserved; what about lepton 
avours? And CP?

I SMm �m �m � - cLFV possible??

W �




` i ` j

� LUik U �
jk

BR(� ! e
 )BR(� ! e
 )BR(� ! e
 ) /

�
�
�
�
P

U �
�i Uei

m 2
� i

M 2
W

�
�
�
�

2

� 10� 5410� 5410� 54

[Petcov, '77]

Possible - yes... but not observable!!

I SMm �m �m � - observable EDMs? Contributions from � CP (2-loop)... still dlep
e � 10� 35 e cm



Lepton sector: gateway to new experimental signals

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

))) New resonances, SM-forbidden �nal states, ...

I \Leptonic" observables    cLFV, LNV, EDMs

Rare processes searched for athigh-intensities

))) NP discovery (before LHC!)

))) Complementary information to direct searches

))) Sensitive toscales beyond collider reach...

I cLFV, LNV, ... not necessarily related to ��� masses!



Brief summary

III Leptonic high-intensity observables: signs of New Physics

I Observables and experimental status

Charged lepton 
avour violation

Lepton number violation

Lepton Flavour Universality Violation [ talk by O. Sumensary ]

Lepton moments: EDM and (g � 2)`(g � 2)`(g � 2)`

I After the experiments: (re)shaping New Physics ?

New Physics scales and nature - model independent

Constraining SM extensions

Synergies of observables: cLFV & LNV

I Overview & discussion

Relying on many contributions to Flavour@EPPSU 2019!



III Leptonic observables (cLFV, LNV and friends)

A lot of muons :)



cLFV: radiative and 3-body muon channels
e



�

NP

I cLFV decay: � + ! e+ 
� + ! e+ 
� + ! e+ 


I Event signature: Ee = E 
 = m � =2 (� 52:8 MeV)

Back-to-back e+ - 
 (� � 180� ); Time coincidence

I Current status: BR(� ! e
� ! e
� ! e
 ). 4:2 � 10� 13. 4:2 � 10� 13. 4:2 � 10� 13 [MEG, '16]

I Future prospects: MEG II @ PSI    sensitivity 4 � 10� 144 � 10� 144 � 10� 14

eee

eee

eee
���

I cLFV decay: � + ! e+ e� e+� + ! e+ e� e+� + ! e+ e� e+

I Event signature:
P

Ee = m � ;
P ~Pe = ~0

common vertex; Time coincidence

I Current status: BR(� ! eee� ! eee� ! eee). 1:0 � 10� 12. 1:0 � 10� 12. 1:0 � 10� 12 [SINDRUM, '88]

I Future prospects: Mu3e @ PSI

Phase I: 10� 1510� 1510� 15 (� E5 � source) ) Phase II: 10� 1610� 1610� 16 (H.I. � -beam)



cLFV in muonic atoms

I cLFV � � � e�� � � e�� � � e� conversion: � � + ( A; Z ) ! e� + ( A; Z )� � + ( A; Z ) ! e� + ( A; Z )� � + ( A; Z ) ! e� + ( A; Z )

e

�
NP

q

q0I Event signature: single mono-energetic electron,E Al, Pb, Ti
�e � O (100 MeV)

I Current status: CR(� � e� � e� � e, Au) . 7 � 10� 13. 7 � 10� 13. 7 � 10� 13 [SINDRUM, '06]

I 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 @ JPARC I (II) � 10� 15 (10� 18 )� 10� 15 (10� 18 )� 10� 15 (10� 18 )

I Coulomb enhaced muonic atom decay: � � e� ! e� e�� � e� ! e� e�� � e� ! e� e�

�( � � e� ! e� e� ; N) / � �e ! eevrel [(Z � 1) � m e]3=�

))) Consider largeZ targets! Pb, U!?

NP

e�

e�

� �

e�I Clean experimental signature: back-to-back electrons,Ee� � m � =2

I Experimental status: New observable!

I cLFV Mu � MuMu � MuMu � Mu conversion ))) Oscillation between(e� � + )(e� � + )(e� � + ) ! (e+ � � )(e+ � � )(e+ � � )

I Current status: P(Mu � MuMu � MuMu � Mu) < 8:3 � 10� 11< 8:3 � 10� 11< 8:3 � 10� 11 [Willmann et al, 1999]

I Future prospects: MUSE (JPARC)? FNAL?

e+

e� � �

� +

NP



Rare lepton processes: cLFV tau decays

I Radiative decay: � � ! ` � 
� � ! ` � 
� � ! ` � 


I Event signature: E �nal �
p

s=2 = � E � 0;

M �nal = M `
 � m �

I Current status: BR(� ! e
� ! e
� ! e
 ). 3:3 � 10� 8. 3:3 � 10� 8. 3:3 � 10� 8 ;

BR(� ! �
� ! �
� ! �
 ). 4:4 � 10� 8. 4:4 � 10� 8. 4:4 � 10� 8 [BaBar, '10]

I 3-body decays: � � ! ` �
i ` �

j ` �
k� � ! ` �

i ` �
j ` �

k� � ! ` �
i ` �

j ` �
k

I Event signature: E3` �
p

s=2 � 0;

M 3` � m �

I Current status: BR(� ! 3`� ! 3`� ! 3`). O(10� 8). O(10� 8). O(10� 8)

[Lusiani, EPPSU'19]

I Future experimental prospects:

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

BR(� ! `
 ) � 1 � 3 � 10� 9(� ! `
 ) � 1 � 3 � 10� 9(� ! `
 ) � 1 � 3 � 10� 9 BR(� ! 3`) � 1 � 2 � 10� 10(� ! 3`) � 1 � 2 � 10� 10(� ! 3`) � 1 � 2 � 10� 10



Rare processes: (semi)leptonic decays

cLFV tau decays into mesons: \large" � mass) possible to have semi-leptonic decays

I Meson(s) & charged lepton: � ! ` h 0 ;� ! ` h 0 ;� ! ` h 0 ; � ! ` h i hj� ! ` h i hj� ! ` h i hj

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

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

BR(K L ! �eK L ! �eK L ! �e ) < 4:7 � 10� 124:7 � 10� 124:7 � 10� 12 ; BR(K + ! � + � + e�K + ! � + � + e�K + ! � + � + e� ) < 2:1 � 10� 112:1 � 10� 112:1 � 10� 11

BR(D 0 ! �eD 0 ! �eD 0 ! �e ) < 1:5 � 10� 81:5 � 10� 81:5 � 10� 8 ; BR(B ! �eB ! �eB ! �e ) < 2:8 � 10� 92:8 � 10� 92:8 � 10� 9 , ....

I Future prospects: BR(B ( s) ! �eB ( s) ! �eB ( s) ! �e )< O(10� 10 )O(10� 10 )O(10� 10 ) LHCb'II, BR(B ! X�e (� )B ! X�e (� )B ! X�e (� ))< O(10� 6 )O(10� 6 )O(10� 6 ) Belle II, ..



cLFV signatures at \higher" energies: SM & NP decays

I ZZZ boson decays: Z ! ` i ` jZ ! ` i ` jZ ! ` i ` j  ZZZ s abundantly produced atLEP and at the LHC

I Current bounds: BR(Z ! e� ) < 7:5 � 10� 7 [ATLAS, 2014]

BR(Z ! �� ) < 1:2 � 10� 5 ; BR(Z ! e� ) < 9:8 � 10� 6 [OPAL & DELPHI]

I Higgs boson decays: H ! ` i ` jH ! ` i ` jH ! ` i ` j  \Higgs-factory" at LHC - study rare processes...

I Current data: BR(H ! �� ) . 0:0025(H ! �� ) . 0:0025(H ! �� ) . 0:0025 [CMS]; BR(H ! e� ) . 0:0061(H ! e� ) . 0:0061(H ! e� ) . 0:0061 [CMS]

I Production of \on-shell" NP states ))) new interactions induce cLFV decays

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

I Future experimental prospects: LHC Run 2 !!

... and a Higgs factory (linear/circular) ... and FCC-ee (at the Z pole)



Unique short-term prospects: a lot of muons!

I Very intense muon beams (PSI, JPARC, FNAL), improvements indetector R&D ...

I Unique experimental era, world-wide:

severalexperiments to start data taking soon;

(even two mu-e conversion experiments)

I Unprecedented improvement in sensitivity:

from � 10� 10� 10 to � 10000� 10000� 10000 !



LNV ( � L = 2� L = 2� L = 2) observables: neutrinoless double beta decays

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

I Neutrinoless double beta decays: (A; Z ) ! (A; Z + 2) + 2 e�(A; Z ) ! (A; Z + 2) + 2 e�(A; Z ) ! (A; Z + 2) + 2 e�
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[adapted from Giuliani, EPPSU'19]

I Current status: m �� < (61 � 165)m �� < (61 � 165)m �� < (61 � 165) meV

[Kamland-Zen, '16]

[ review by Hernando Morata]



LNV in \muonic" atoms: � � � e+� � � e+� � � e+ conversion
I LNV ( � L = 2� L = 2� L = 2 ) � � � e+� � � e+� � � e+ conversion: � � + ( A; Z ) ! e+ + ( A; Z � 2)�� � + ( A; Z ) ! e+ + ( A; Z � 2)�� � + ( A; Z ) ! e+ + ( A; Z � 2)�

� � � e�� � � e�� � � e� : coherent, single nucleon, nuclear ground state

� � � e+� � � e+� � � e+ : 2 nucleons (� Q = 2 ), possiblyexcited �nal states
! !"#"#

$%&'()
*+,"-./#0&12'#3 4)
! !"! ")$%&'#035%&)
6")))))))7" ! !! !#

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

<=>>) ! !"#!

$%&'()

I Event signature: single positron - butcomplexE -spectrum

E N�

� � e+ = m � � EB (A; Z ) � ER (A; Z ) � � Z � 2( � )

E Al,GDR
� � e+ � O (83:9 MeV) [< GDRAl > � 21:1 MeV (6:7 MeV)] [Geib et al, '16]

I Experimental status - present bounds:

Collaboration year Process Bound

PSI/SINDRUM 1998 � � + Ti ! e+ + Ca� 3:6 � 10� 11

PSI/SINDRUM 1998 � � + Ti ! e+ + Ca 1:7 � 10� 12

I Experimental status - future prospects:

Recent studies:best sensitivity associated withCalcium, Sulphur and Titanium targets

CR(� � � e+� � � e+� � � e+ ) < O( few � 10 � 15 )< O( few � 10 � 15 )< O( few � 10 � 15 ) for 48 Ti48 Ti48 Ti (both LNC and LNV searches) [Yeo et al, '17]

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



LNV ( � L = 2� L = 2� L = 2) in semileptonic tau and meson decays

I LNV in semileptonic tau and/or meson decays

LNV decay
Current Bound

` = e; `0 = e ` = �; ` 0 = �

K � ! ` � `0� � + 6:4 � 10� 10 1:1 � 10� 9

D � ! ` � `0� � + 1:1 � 10� 6 2:2 � 10� 8

D � ! ` � `0� K + 9:0 � 10� 7 1:0 � 10� 5

B � ! ` � `0� � + 2:3 � 10� 8 4:0 � 10� 9

B � ! ` � `0� K + 3:0 � 10� 8 4:1 � 10� 8

B � ! ` � `0� � + 1:7 � 10� 7 4:2 � 10� 7

B � ! ` � `0� D + 2:6 � 10� 6 6:9 � 10� 7

M 1

M 2

W �

W �

� s

` �
1

` �
2

J H Experimental status: BaBar, Belle

LNV decay
Current Bound

` = e ` = �

� � ! `+ � � � � 2:0 � 10� 8 3:9 � 10� 8

� � ! `+ � � K � 3:2 � 10� 8 4:8 � 10� 8

� � ! `+ K � K � 3:3 � 10� 8 4:7 � 10� 8

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

TauFV, Super Charm-Tau factory... NA62, KOTO, KLEVER, ...



Anomalous magnetic moments

ae :ae :ae : Best determination of ��� ...
athe

e = 0 :001159652181643(764)! 5th order in QED (12,672 diags)!

aexp
e = 0 :00115965218073(28) [??]

a�a�a� : Current tension betweentheory and experiment O(3:6� )O(3:6� )O(3:6� )

Very sensitive probe of New Physics close to � EW SUSY, Leptoquarks, ...

[0801.1134]

SM contribution 
QED (5 loops) 
EW (2 loops) 
HVP (LO) 
HVP (NLO) 
HVP (NNLO) 
HLbL 
HLbL (NLO) 
Total 
Experiment 
Diff (Exp. - SM):

1011 × (value ± error) 
116584718.951 ± 0.080

153.6 ± 1.0 
6923 ± 42 

-98.4 ± 1.0
12.4 ± 0.1 

105 ± 26 
3 ± 2 

116591803 ± 49
116592089 ± 63

286 ± 80

T. Blum et al. (arXiv:1311.2198) 

J-PARC (ultra-cold � s): 0.3-0.4 ppm

a�a�a� : Short tau lifetime...
athe

� = 0 :00117721(5) [0701260]

� 0:007 < aexp
� < 0:005 [1601.07987]

In the future... Belle: ja� j < 2 � 10� 5 (?); STC factories; CLIC (O(10� 4 ))..

I Many, many new ideas! Also for baryons! a� ca� ca� c < 0:001 (LHCb ?)



Electric dipole moments: charged leptons & more
I Sensitive probes of CP violating NP models

hadronic

hadronic
leptonic :

electron

leptonic

New ACME (ThO) result:
|de|<1.1 10-29 e.cm (90% C.L.)

����������	
����
��������������
�

	����������� �������������������������� �������������� �� ��
� ��������������� de����� !	"� e-N�������������

#���������� ����������������$������������� ����������������� �� ��
� ��������������� dq����� !	"�% -N����������������� � QCD

|dn|<10-26 e.cm, (90% C.L.)
|dpdir |< 5 10-21 e.cm, |dpind (Hg) |< 2 10-25 e.cm, [Paul, EPPSU'19]

I Future prospects: brilliant! Huge number ofindependent world-wide experiments

Increaseaccuracy and improvesensitivity ; invest on \heavy leptons" (��� , ��� )

I Muon EDM: JPARC/FNAL d� < O(10� 21 ) e.cm; PSI d� < 5 � 10� 23 e.cm

I Tau EDM: Belle II jRe,Im(d� )j < O(10� 18 � 19 ) e.cm; CLIC d� < 7 � 10� 19 e.cm; SCTF, ...

Baryons: d� c < 7 � 10� 17 � 18 e.cm (at LHCb ?)



Electric dipole moments: charged leptons & more

I Sensitive probes of CP violating NP models

• muEDM@JPARC
• � EDM@Belle I/II

� ��������	
���
����	��� ����	
����	
���
��

500 ppl. ++)

65 ppl. ++)

[Paul, EPPSU'19]

I Future prospects: brilliant! Huge number ofindependent world-wide experiments

Increaseaccuracy and improvesensitivity ; invest on \heavy leptons" (��� , ��� )

I Muon EDM: JPARC/FNAL d� < O(10� 21 ) e.cm; PSI d� < 5 � 10� 23 e.cm

I Tau EDM: Belle II jRe,Im(d� )j < O(10� 18 � 19 ) e.cm; CLIC d� < 7 � 10� 19 e.cm; SCTF, ...

Baryons: d� c < 7 � 10� 17 � 18 e.cm (at LHCb ?)



Lepton (muon!) dedicated experiments: a golden road ahead!

�

MEG�II:� x10

� -e,�N:�x�100,000

Tau�cLFV:� x10

� EDM:� x�100�-�104

Mu3e: � x�10,000



III After the experiments:

which New Physics model?



Many models to one observable?

Interpreting data - how??

I Pheno approaches:
8
>>>>><

>>>>>:

E�ective approach

(model-independent)

Model dependent

(speci�c NP scenario)

I cLFV (and LNV): e�ective approach

hints on NP scale and nature...



The e�ective approach to NP contributions

I L e�L e�L e� - \vestigial" (new) interactions of \heavy" �elds with SM at low-energies

L e� = L SM +
P

n � 5L e� = L SM +
P

n � 5L e� = L SM +
P

n � 5
1

� n � 4
1

� n � 4
1

� n � 4 Cn (g; Y; :::) On (`; q; H; 
; ::: )Cn (g; Y; :::) On (`; q; H; 
; ::: )Cn (g; Y; :::) On (`; q; H; 
; ::: )

I Dimension 5 - � L 5� L 5� L 5 (Weinberg): neutrino masses (LNVLNVLNV, � L = 2 ) O5
ijO5
ijO5
ij � (L i H )(H L j )� (L i H )(H L j )� (L i H )(H L j )

I Dimension 6 - � L 6 :� L 6 :� L 6 : kinetic corrections,cLFV (dipole and 3-body) , EWP tests, t physics...

Dipole: O6
` i ` j 
O6
` i ` j 
O6
` i ` j 
 � L i � �� ej HF ��� L i � �� ej HF ��� L i � �� ej HF �� radiative decays ` i ! ` j 
` i ! ` j 
` i ! ` j 


4 fermion: O6
` i ` j ` k ` l

O6
` i ` j ` k ` l

O6
` i ` j ` k ` l

� (` i 
 � PL;R ` j )( `k 
 � PL;R ` l )� (` i 
 � PL;R ` j )( `k 
 � PL;R ` l )� (` i 
 � PL;R ` j )( `k 
 � PL;R ` l ) 3-body decays ` i ! ` j `k ` l` i ! ` j `k ` l` i ! ` j `k ` l , ...

O6
` i ` j qk ql

O6
` i ` j qk ql

O6
` i ` j qk ql

� (` i 
 � PL;R ` j )(qk 
 � PL;R ql )� (` i 
 � PL;R ` j )(qk 
 � PL;R ql )� (` i 
 � PL;R ` j )(qk 
 � PL;R ql ) � � e� � e� � e in Nuclei, meson decays, ...

Vector/scalar: O6
HH` i ` j

O6
HH` i ` jO6
HH` i ` j

� (H y i
$
D � H )( ` i 
 � ` j )� (H y i
$
D � H )( ` i 
 � ` j )� (H y i
$
D � H )( ` i 
 � ` j ) 3-body decays ` i ! ` j `k ` l` i ! ` j `k ` l` i ! ` j `k ` l , ...

I Dimension 9 - � L 9 :� L 9 :� L 9 : ... 0� 2�0� 2�0� 2� decays, ... O9
ijO9
ijO9
ij � (`L qL dc

R )( `L qL dc
R )� (`L qL dc

R )( `L qL dc
R )� (`L qL dc

R )( `L qL dc
R )

I Dimension 12, 14 - � L 12;14 :� L 12;14 :� L 12;14 : ... cLFV & LNV decays: � � + ( A; Z ) ! e+ + ( A; Z � 2)�� � + ( A; Z ) ! e+ + ( A; Z � 2)�� � + ( A; Z ) ! e+ + ( A; Z � 2)�



The e�ective approach: impact of cLFV (and more)

I Apply experimental bounds onobservables to constrain
C6

ijC6
ijC6
ij

� 2

C6
ijC6
ijC6
ij

� 2

C6
ijC6
ijC6
ij

� 2

BR(� ! e
 ) ' � e
� 4� 4� 4

m 5
�

� �
(jCD

LCD
LCD
L j2 + jCD

RCD
RCD
R j2)(� ! e
 ) ' � e

� 4� 4� 4

m 5
�

� �
(jCD

LCD
LCD
L j2 + jCD

RCD
RCD
R j2)(� ! e
 ) ' � e

� 4� 4� 4

m 5
�

� �
(jCD

LCD
LCD
L j2 + jCD

RCD
RCD
R j2) , d`

e ' �
�

� e�
2�

� n �
m 2

`
� 2

�
sin �d`

e ' �
�

� e�
2�

� n �
m 2

`
� 2

�
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1. hypothesis onsize of \new couplings" 2. hypothesis onscale of \new physics"

I Well-motivated scale - direct discovery (TeV?)�! Hints on C6
ijC6
ijC6
ij ! jC6

�e jMEGjC6
�e jMEGjC6
�e jMEG . O(10� 10 )

I Natural couplings C6
ij � O (1)C6
ij � O (1)C6
ij � O (1) �! Probe NP scales!

� ! e
� ! e
� ! e
 4:2 � 10� 134:2 � 10� 134:2 � 10� 13 [MEG] 4 � 10� 144 � 10� 144 � 10� 14 [MEG II]

(dipole) � � O (104 TeV)� � O (104 TeV)� � O (104 TeV) � � O (2 � 104 TeV)� � O (2 � 104 TeV)� � O (2 � 104 TeV)

� ! 3e� ! 3e� ! 3e 10� 1210� 1210� 12 [SINDRUM] 10� 1610� 1610� 16 [Mu3e]

(dipole,4f) � � O (500 TeV)� � O (500 TeV)� � O (500 TeV) � � O (5000 TeV)� � O (5000 TeV)� � O (5000 TeV)

� � e� � e� � e 7 � 10� 137 � 10� 137 � 10� 13 [SINDRUM] 10� 1710� 1710� 17 [COMET, Mu2e]

(dipole j 4f) � � O (300 j 103 TeV)� � O (300 j 103 TeV)� � O (300 j 103 TeV) � � O (5 � 103 j 104 TeV)� � O (5 � 103 j 104 TeV)� � O (5 � 103 j 104 TeV)

jde jjde jjde j [ACME] ! � 1 loop � O (30 TeV)� 1 loop � O (30 TeV)� 1 loop � O (30 TeV)

10 3

10 4
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-2
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-1

1 10 10
2

!

"
 (

T
eV

)

EXCLUDED (90% CL)

B(!  #  e$)=10-13

B(!  #  e$)=10-14

B(!  #  e conv in 27Al)=10-16

B(!  #  e conv in 27Al)=10-18

[Davidson '12, Feruglio et al '15, De Gouvea and Vogel '13" , ...]



cLFV sensitivity and � NP� NP� NP

I Nature probably (reasonably) lies somewhere in between... C6
ij � O (gweak)C6
ij � O (gweak)C6
ij � O (gweak) (?)

�

MEG�II:� x10

� -e,�N:�x�100,000

Tau�cLFV:� x10

� EDM:� x�100�-�104

Mu3e: � x�10,000

� 104 TeV

I In the near future: muons have super-probing power!



Experimental bounds and L e�

I Despite its generality, caution in taking \na•�ve limits"!

- limits assume dominance of one operator; NP leads to several (interference...)

- multiple \NP" scales: L e� = L SM+
C5O5

� LNV� LNV� LNV
(m � )+

C6O6

� 2
LFV� 2
LFV� 2
LFV

(` i $ ` j ) + :::+
C9O9

� 05
LNV� 05
LNV� 05
LNV

(0� 2� ) + :::

I Full analyses! threshold & RGEe�ects; correlations, higher-ordercontributions...

- contributions from \unexpected operators" may lead to

signi�cant e�ects (and constraints!) - e.g. CSLR
bbCSLR
bbCSLR
bb from � ! 3e and � � e conversion

[Crivellin et al, '16-'17]

[1702.03020]

�( � � e; N ) =
m 5

�
4� 4

�
�
� eC D

L D N +

+4
�

GF m � m p S ( p )
N

�
P

q

C S LL
qq + C S LR

qq
m � m q G F

f ( q )
S p + ~C L

gg f G p

�

+ V ( p )
N

� P
q (C V RL

qq + C V RR
qq ) f ( q )

V p

�
+ p ! n

o �
�
�

2

I Unlikely reconstruction of New Physics Lagrangian ...



Further hints on New Physics models

I Most models can account forextensive ranges for cLFV observables... But!

(i) identify operators (combining distinct observables) and

(ii) infer hints on 
avour structure (one observable, di�erent 
avours)

))) Focus on muon sector! What can we learn?same 
avour... but di�erent operators!
e
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�
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q0� ! e
� ! e
� ! e
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Further hints on New Physics models

I Most models can account forextensive ranges for cLFV observables... But!

(i) identify operators (combining distinct observables) and

(ii) infer hints on 
avour structure (one observable, di�erent 
avours)

))) Focus on muon sector! What can we learn?same 
avour... but di�erent operators!
e



�

NP
e

�
NP

e

e

e

�
NP

q

q0

??? If dominant contribution to � � e conversion is:

Photonic penguin))) correlation betweenBR(� ! e
� ! e
� ! e
 ), BR( � ! 3e� ! 3e� ! 3e) and CR(� � e� � e� � e,N)

ZZZ penguin))) correlation betweenBR(� ! 3e� ! 3e� ! 3e) and CR(� � e� � e� � e,N) [and BR(Z ! �e )!]

HHH penguin))) unusual patterns! CR(� � e� � e� � e,N) ][�][�][� BR(� ! 3e� ! 3e� ! 3e), BR( � ! e
� ! e
� ! e
 ) ...



Correlation of observables in NP models: peculiar patterns

ratio LHT MSSM (dipole) MSSM (Higgs)

BR( � ! eee )
BR( � ! e
 ) 0.02. . . 1 � 6 � 10� 3 � 6 � 10� 3

BR( � ! eee )
BR( � ! e
 ) 0.04. . . 0.4 � 1 � 10� 2 � 1 � 10� 2

BR( � ! ��� )
BR( � ! �
 ) 0.04. . . 0.4 � 2 � 10� 3 0:06 : : : 0:1

BR( � ! e�� )
BR( � ! e
 ) 0.04. . . 0.3 � 2 � 10� 3 0:02 : : : 0:04

BR( � ! �ee )
BR( � ! �
 ) 0.04. . . 0.3 � 1 � 10� 2 � 1 � 10� 2

BR( � ! eee )
BR( � ! e�� ) 0.8. . . 2 � 5� 5� 5 0.3. . . 0.5
BR( � ! ��� )
BR( � ! �ee ) 0.7. . . 1.6 � 0:2 5. . . 10
CR( � Ti ! eTi )
BR( � ! e
 ) 10� 3 : : : 102 � 5 � 10� 3 0:08 : : : 0:15

` j (`k )

` j (`k )

~� ( ~̀)


 (Z; H )

` i ` j~� � (~� 0)

N N

q q

~� ( ~̀)


 (Z; H )

� e~� � (~� 0)

[Buras et al, 1006.5356]

I Most models predict/accommodate extensiveranges for observables

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

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

NP discovery ... and provide complementary information todirect searches!



Peculiar correlations: the \triplet" seesaws
F O5

WeinbergO5
WeinbergO5
Weinberg : singlet fermions NNN (type I), triplet scalars ��� (type II) or fermions ��� (type III)

I Very distinctive signatures for numerousobservables: cLFV example

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

Type II: ` i ! ` j 
 & � � e;N at loop level; 3-body decays̀i ! 3` j` i ! 3` j` i ! 3` j at tree level!

Type III: 3-body decays and coherent conversion at tree-lev el! ` i ! ` j 
 @ loop...

I Useratios of observables to constrain and identify mediators!

Type I Type II Type III
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BR( � ! e
 )
BR( � ! 3e) = 1 :3 � 10� 3BR( � ! e
 )
BR( � ! 3e) = 1 :3 � 10� 3BR( � ! e
 )
BR( � ! 3e) = 1 :3 � 10� 3

BR( � ! �
 )
BR( � ! 3� ) = 1 :3 � 10� 3BR( � ! �
 )
BR( � ! 3� ) = 1 :3 � 10� 3BR( � ! �
 )
BR( � ! 3� ) = 1 :3 � 10� 3

BR( � ! e
 )
CR( e� �; Ti ) = 3 :1 � 10� 4BR( � ! e
 )
CR( e� �; Ti ) = 3 :1 � 10� 4BR( � ! e
 )
CR( e� �; Ti ) = 3 :1 � 10� 4

[Hambye, 2013]



III Minimal SM extensions via sterile fermions:

cLFV, LNV, and more...

   Based on \Invisibles" & \Elusives" collaborations...



\Toy model" for phenomenological analyses: SM + � s� s� s

I Assumptions: 3 active neutrinos + 1 sterile state nL = ( � Le ; � L� ; � L� ; � c
s )TnL = ( � Le ; � L� ; � L� ; � c
s )TnL = ( � Le ; � L� ; � L� ; � c
s )T

interaction basis! physical basis nL = U4� 4 � inL = U4� 4 � inL = U4� 4 � i

UT
4� 4 M U 4� 4 = diag(m � 1 ; :::; m � 4 ) \ Majorana mass": L toy � nT

L CMn L

I Active-sterile mixing U �i :U �i :U �i :

rectangular matrix    UUU = Uj3� 4

I Left-handed lepton mixing ~UPMNS
~UPMNS~UPMNS :

3 � 3 sub-block, non-unitary!

U4� 4 =

0

B
B
B
B
B
@

Ue1 Ue2 Ue3 Ue4

U� 1 U� 2 U� 3 U� 4

U� 1 U� 2 U� 3 U� 4

Us1 Us2 Us3 Us4

1

C
C
C
C
C
A

U4� 4 =

0

B
B
B
B
B
@

Ue1 Ue2 Ue3 Ue4

U� 1 U� 2 U� 3 U� 4

U� 1 U� 2 U� 3 U� 4

Us1 Us2 Us3 Us4

1

C
C
C
C
C
A

U4� 4 =

0

B
B
B
B
B
@

Ue1 Ue2 Ue3 Ue4

U� 1 U� 2 U� 3 U� 4

U� 1 U� 2 U� 3 U� 4

Us1 Us2 Us3 Us4

1

C
C
C
C
C
A

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

6 mixing angles [� 12 , � 23 , � 13 , & � i 4 ] and 6 phases [(3 Dirac and 3 Majorana)]

I Modi�ed charged ( W �W �W � ) and neutral ( Z 0Z 0Z 0) current interactions:

L W �L W �L W � � � gwp
2

W �
�

P
� = e;�;�

P 3+ n S
i =1 U �iU �iU �i �̀ � 
 � PL � i

L Z 0L Z 0L Z 0 � � gw
2 cos � w

Z �
P 3+ n S

i;j =1 �� i 
 �
h
PL (U yU ) ij(U yU ) ij(U yU ) ij � PR (U yU ) �

ij(U yU ) �
ij(U yU ) �
ij

i
� j



Sterile neutrinos and cLFV: high-intensity & colliders

I Radiative decays: � ! e
� ! e
� ! e

\3+1" toy model

For m4 & 10 GeV sizable� s contributions ��� excluded

.. but precluded by other cLFV observables

I Three-body decays and � � e� � e� � e conversion

well within experimental reach!
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For sterile states above EW scale, strongly

dominated byZZZ penguin contributions
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I Strong correlation betweenZ ! ��Z ! ��Z ! �� and � ! 3 �� ! 3 �� ! 3 �

I FCC-ee: probe � � �� � �� � � cLFV beyondBelle II reach

[Abada, De Romeri, Orlo�, Monteil, AMT '15]



Sterile neutrinos: impact for LNV meson and tau decays

I On-shell � s� s� s : \resonant-enhancement" of M 1 ! M 2` �
� ` �

�M 1 ! M 2` �
� ` �

�M 1 ! M 2` �
� ` �

� and � � ! M 1M 2` �� � ! M 1M 2` �� � ! M 1M 2` � decays

I Experimental searches: strong constraints on� s� s� s parameter space!

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

I Full update of LNV constraints on � s� s� s ([0:1 GeV; 10 GeV][0:1 GeV; 10 GeV][0:1 GeV; 10 GeV]) [1712.03984; see also Atre at al, '09]

I Prospects for observation:
))) � s� s� s must decay inside the detector (su�ciently short-lived)

))) Sizeable # events :# events :# events : BRs � O (10� 8; � 10 )� O (10� 8; � 10 )� O (10� 8; � 10 )

9
=

;
Non-negligible mixings!



Sterile neutrinos: impact for LNV meson and tau decays

I LNV meson and tau decays via � s� s� s : experimental impact

[Abada, De Romeri, Lucente, Toma, AMT '18]

I BRs of several LNV meson and tau decays close tocurrent sensitivities

))) Certain ��� and KKK LNV decay modes already incon
ict with experimental data!



Sterile neutrinos: impact for LNV meson and tau decays

I LNV meson and tau decays o�er possibility to infer information on m
` � ` �
�m
` � ` �
�m
` � ` �
�

m` � ` �
� =

�
�
�
P 4

i =1
U�i m i U�i

1� m2
i =p2

12 + i m i � i =p2
12

�
�
�m` � ` �

� =
�
�
�
P 4

i =1
U�i m i U�i

1� m2
i =p2

12 + i m i � i =p2
12

�
�
�m` � ` �

� =
�
�
�
P 4

i =1
U�i m i U�i

1� m2
i =p2

12 + i m i � i =p2
12

�
�
�

I mee
�mee
�mee
� best constraints from0� 2�0� 2�0� 2�

I New bounds on all m
` � ` �
�m
` � ` �
�m
` � ` �
� entries - . O(10� 3GeV). O(10� 3GeV). O(10� 3GeV) [m � �

� . O(10� 2GeV)][m � �
� . O(10� 2GeV)][m � �
� . O(10� 2GeV)]
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[Abada, De Romeri, Lucente, Toma, AMT '18]



Interference e�ects in semileptonic cLFV & LNV decays
I And if LNV and cLFV decays are mediated viaseveral(on-shell) Majorana� s� s� s ???

If � M � M� M � M� M � M and � M < � N� M < � N� M < � N , for non-zeroCP phases (Dirac and/or Majorana)

))) Constructive & destructive (coherent) interference e�ects in LNV and LNC decays!

I Ratio of LNV to LNC BRs (di�erent 
avour �nal states): R` � ` �R` � ` �R` � ` � �
� LNV

M ! M 0̀ �
� ` �

�

� LNC
M ! M 0̀ �

� ` �
�

� LNV
M ! M 0̀ �

� ` �
�

� LNC
M ! M 0̀ �

� ` �
�

� LNV
M ! M 0̀ �

� ` �
�

� LNC
M ! M 0̀ �

� ` �
�

[Abada, Hati, Marcano, AMT, 1904.05367]

K ! �e�K ! �e�K ! �e� :

M � 350M � 350M � 350 MeV and jU` 4 j � j U` 4 j = 10 � 5jU` 4 j � j U` 4 j = 10 � 5jU` 4 j � j U` 4 j = 10 � 5

 � = � � 5 � � � 4 � = � � 5 � � � 4 � = � � 5 � � � 4 , U�i = jU�i j e� i� �i� �i� �i

(combination of Dirac and Majorana phases)

I R` � ` �R` � ` �R` � ` � === 1 : one sterile stateor

no interference

I � 6= �� 6= �� 6= � , R` � ` �R` � ` �R` � ` � 6= 16= 16= 1 ))) constructive & destructive interference; important cancellations!



Interpreting data: interference e�ects in cLFV & LNV decays

���  � = 0 � = 0 � = 0

���  e =  � = �= 2 e =  � = �= 2 e =  � = �= 2

FFF  e = �  � = �= 2 e = �  � = �= 2 e = �  � = �= 2

NNN  e = 0 ;  � = �= 2 e = 0 ;  � = �= 2 e = 0 ;  � = �= 2

HHH  e = 0 ;  � = 0 e = 0 ;  � = 0 e = 0 ;  � = 0

JJJ  e = �= 2;  � = 0 e = �= 2;  � = 0 e = �= 2;  � = 0

j=j=j= exp. bounds

I  e =  � e =  � e =  � : from LNV BRs in con
ict with data [��� ] to BR(K + ! � � e+ � +K + ! � � e+ � +K + ! � � e+ � + )� 0� 0� 0 [��� ]

 e = �  � e = �  � e = �  � : from LNC/LFV BRs in con
ict with data [��� ] to BR(K + ! � � e� � �K + ! � � e� � �K + ! � � e� � � )� 0� 0� 0 [FFF ]

I Experimental searches [NA62]: negative LNV/LNC results ;;; stringent bounds on jU� 4 jjU� 4 jjU� 4 j!

I Observation of LNC only: Majorana nature not ruled out!

I Thorough analyses of Re�Re�Re� - taking into account all 4 (non-SM) decay modes!



III Concluding remarks



New Physics and lepton observables

I Con�rmed observations suggest the need to gobeyond the SM

Other than ��� -masses, many experimental\tensions" nested inlepton-related observables

I Lepton physics might o�er valuable hints in constructing and probing NP models

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

))) Probe (otherwise) unreachable scales

))) Hint on NP couplings & new Lorentz structure

))) Exclude regimes and regions in BSM parameter space

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

I New Physics can be manifest via cLFV, LNV, ... evenbefore any direct discovery!

I Experimentally exciting near-future!

Accompanied byth and pheno analyses and ideas



New Physics and lepton observables

I Con�rmed observations suggest the need to gobeyond the SM

Other than ��� -masses, many experimental\tensions" nested inlepton-related observables

I Lepton physics might o�er valuable hints in constructing and probing NP models

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

))) Probe (otherwise) unreachable scales

))) Hint on NP couplings & new Lorentz structure

))) Exclude regimes and regions in BSM parameter space

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

I New Physics can be manifest via cLFV, LNV, ... evenbefore any direct discovery!

I Experimentally exciting near-future!

Accompanied byth and pheno analyses and ideas

�Many exciting adventures starring ...



III Backup



Sterile neutrinos: constraints



III cLFV probing power into New Physics models (examples...)



Low scale seesaws: Inverse Seesaw (ISS)
I Addition of 3 \heavy" RH neutrinos and3 extra \sterile" fermions XXX to the SM

I M 9� 9
ISS =

0

B
B
@

0 Y� vY� vY� v 0

Y T
� vY T
� vY T
� v 0 M RM RM R

0 M RM RM R � X� X� X

1

C
C
A )

8
<

:

3 light ��� : m � � ( Y� v ) 2

( Y� v ) 2 + M 2
R

� X� X� X

3 pseudo-Dirac pairs : mN �mN �mN � � M R � � XM R � � XM R � � X

I Non-unitarity ~UPMNS
~UPMNS~UPMNS ) modi�ed neutral and charged leptonic currents

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

(3,3) ISS realisation [Abada, De Romeri and AMT, '16]
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I Sizeable valuesfor the di�erent observables!

Within reach of high-intensity facilities and colliders ))) complementary probes!



Vector-like leptons: an example
III Massive vector-like fermions present inwell-motivated SM extensions:

composite Higgs models, warped extra dimensions, ...

III Global view: generic set-up (composite Higgs inspired), 3 generations of L V
iL V
iL V
i and E V

iE V
iE V
i

massive neutrinos from additional� R and vector-like partners

III cLFV parametrised bysmall set of couplings

))) correlated observables!
BR(h! ` i ` j )
BR(` i ! ` j 
 ) � 4 �

3 �
BR(h! ` i ` i )jSM
BR(` i ! ` j � i �� j )

BR(h! ` i ` j )
BR(` i ! ` j 
 ) � 4 �

3 �
BR(h! ` i ` i )jSM
BR(` i ! ` j � i �� j )

BR(h! ` i ` j )
BR(` i ! ` j 
 ) � 4 �

3 �
BR(h! ` i ` i )jSM
BR(` i ! ` j � i �� j )

[Falkowski et al, '14]

III Synergy betweenFV Higgs decays and cLFV! Flavour conservingEDM and �a ��a ��a � as well!



Leptoquarks - what about cLFV?

FFF Leptoquarks: well motivated solution to several tensionsa�a�a� , RKRKRK , RDRDRD , anomalies, ...

III cLFV to distinguish LQ scenarios: spin-ind./spin-dep. � � e� � e� � e contributions

[Davidson et al, '17]

III cLFV observables:source of very stringent (killer) constraints...

One example:Neutrino masses, DM and BBB anomalies

SM + scalar leptoquarks (h1;2h1;2h1;2) + RH lepton triplets � R� R� R ; SU(3) � SU(2) � U(1) � Z DM
2

III Huge impact / constraints from cLFV and meson decays :

CR(� � e� � e� � e,N), K ! �� ��K ! �� ��K ! �� �� the most stringent

III Oscillation data (perturbative couplings)

viable DM candidate

III Explain RK ( � )RK ( � )RK ( � ) anomalies [no RD ( � )RD ( � )RD ( � ) , (g � 2)�(g � 2)�(g � 2)� ]

III Leptoquarks and triplets: within LHC reach!
[Hati, Kumar, Orlo�, AMT, '18]



The e�ective approach

I L e�L e�L e� - \vestigial" (new) interactions of \heavy" �elds with SM at low-energies

L e� = L SM +
P

n � 5L e� = L SM +
P

n � 5L e� = L SM +
P

n � 5
1

� n � 4
1

� n � 4
1

� n � 4 Cn (g; Y; :::) On (`; q; H; 
; ::: )Cn (g; Y; :::) On (`; q; H; 
; ::: )Cn (g; Y; :::) On (`; q; H; 
; ::: )

I Apply experimental bounds on(leptonic) observables to constrain
C6

ijC6
ijC6
ij

� 2 (cLFV)

Hypotheses on:

1. size of \new couplings"

))) Natural couplings

C6
ij � O (1)C6
ij � O (1)C6
ij � O (1)

2. scale of \new physics"

))) Natural scale - delicate..

direct discovery� �� �� � TeV

E�ective coupling

(example)

Bounds on ��� (TeV)

(for jC6
ij j = 1 )

Bounds on jC6
ij jjC6
ij jjC6
ij j

(for � = 1 TeV)
Observable

C�e
e
 6:3 � 104 2:5 � 10� 10 � ! e


C�e
e
 6:5 � 102 2:4 � 10� 6 � ! e


C� �
e
 6:1 � 102 2:7 � 10� 6 � ! �


C�eee
``;ee 207 2:3 � 10� 5 � ! 3e

Ce�ee
``;ee 10:4 9:2 � 10� 5 � ! 3e

C�� ��
``;ee 11:3 7:8 � 10� 5 � ! 3�

C�e
(1 ; 3) H` , C�e

He 160 4 � 10� 5 � ! 3e

C�e
(1 ; 3) H` , C�e

He � 8 1:5 � 10� 2 � ! 3e

C� �
(1 ; 3) H` , C� �

He � 9 � 10� 2 � ! 3�

[Feruglio et al, 2015]



cLFV bounds and L e�

I Apply experimental bounds oncLFV observables to constrain L e�L e�L e�

L e�
�L e�
�L e�
� � m �

� 2
1

(��� +1) �� R � �� eL F �� + 1
� 2

���
( ��� +1) (�� L 
 � eL (�e
 � e) + �� L 
 � eL (�qL 
 � qL )) + :::

���  \e�ective coupling"; relative weight of \em vs 4f" operators
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B(!  #  e$)=10-13

B(!  #  e$)=10-14

B(!  #  eee)=10-14

B(!  #  eee)=10-16

[De Gouvea and Vogel, '13]



Models of New Physics

I Models of New Physics can change SM's predictions, introducing:

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

(ii) new Lorentz structure in the \four-fermion" interaction ) new e�ective operators

I So far, no experimental evidence!

Most models can account forextensive ranges for cLFV observables...

However,speci�c cLFV patterns (correlation of observables,dominance of regimes)

might be used tofavour a speci�c model!

BR(� ! e
 )
BR(� ! �
 )
BR(� ! e
 )
BR(� ! �
 )
BR(� ! e
 )
BR(� ! �
 )

e



�

NP

���





���

Probe NP 
avour structure

BR(� ! e
 )
BR(� ! 3e)
BR(� ! e
 )
BR(� ! 3e)
BR(� ! e
 )
BR(� ! 3e)

e



�

NP

eee




 (Z; H )??(Z; H )??(Z; H )??

���

e; qe; qe; q

e; qe; qe; q

Probe NP operator at work

I Here: some simpleexamples of how New Physics leads tocLFV



Correlation of observables in NP models: peculiar patterns

))) Focus on muon sector! What can we learn?same 
avour... but di�erent operators!

Example: consider SUSY seesaw case(type I seesaw embedded into NUHM MSSM)

~l (~� )




` i ` j

~� 0 (~� � )
` j (`k )

` j (`k )

~� ( ~̀)


 (Z; H )

` i ` j~� � (~� 0)

N N

q q

~� ( ~̀)


 (Z; H )

� e~� � (~� 0)

SUSY: fermions + scalar fermions [ ( `; � ) ! ( ~̀; ~� )( `; � ) ! ( ~̀; ~� )( `; � ) ! ( ~̀; ~� ) ]

gauge/Higgs + fermionic \inos" [ (Z; W; H ) ! (~� 0 ; ~� � )(Z; W; H ) ! (~� 0 ; ~� � )(Z; W; H ) ! (~� 0 ; ~� � ) ]

??? If dominant contribution to � � e� � e� � e conversion is:

Photonic penguin))) correlation betweenBR(� ! e
� ! e
� ! e
 ), BR( � ! 3e� ! 3e� ! 3e) and CR(� � e� � e� � e,N)

CR(� � e� � e� � e,N) � 5 � 10� 3� 5 � 10� 3� 5 � 10� 3 BR(� ! e
� ! e
� ! e
 ) ; BR(� ! 3e� ! 3e� ! 3e) � 6 � 10� 3� 6 � 10� 3� 6 � 10� 3 BR(� ! e
� ! e
� ! e
 )

Z penguin))) correlation between BR(� ! 3e) and CR(� � e,N) [and BR(Z ! �e )!]

HHH penguin))) unusual patterns! CR(� � e� � e� � e,N) ][][][ BR(� ! 3e� ! 3e� ! 3e), BR( � ! e
� ! e
� ! e
 ) ...

CR(� � e� � e� � e,N) � 0:08 � 0:15� 0:08 � 0:15� 0:08 � 0:15 BR(� ! e
� ! e
� ! e
 ) ; BR(� ! 3e� ! 3e� ! 3e) � 6 � 10� 3� 6 � 10� 3� 6 � 10� 3 BR(� ! e
� ! e
� ! e
 )



Geometric cLFV: RS warped extra dimensions
FFF Embed4dim space-time into 5dim AdS space (extra dim compacti�ed on orbifold)

Geometrical distribution in bulk: Yukawa hierarchy for \anarchic" O(1) couplings!

I Custodially protected model ; generic anarchic Yukawa couplings

[Beneke et al, 1508.01705]

I Most stringent constraints from � ! e
� ! e
� ! e
 and � � e� � e� � e conversion

��� decays comparatively less restrictive

I Current � � e� � e� � e bounds constrain NP scale beyond LHC reach: TKK & 4TKK & 4TKK & 4 TeV

( 10 TeV for 1st KK-excitations)

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

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



Sterile neutrinos: impact for LNV observables

I Lepton number violation: 0� 2�0� 2�0� 2� decays

I � s� s� s can strongly impactpredictions for jmee jjmee jjmee j

))) augmented ranges for e�ective mass (IO and NO)

I Observation of 0� 2�0� 2�0� 2� signal in future experiments

does not imply Inverted Ordering for light � s

[Abada, De Romeri and AMT, '14; ...; Giunti et al, '15  ]
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I LNV & Leptonic CPV: electric dipole moments

I Majorana (and Dirac) phases ))) lepton EDMs

I Non-vanishing contributions: at least two sterile ���

Dominant Majorana contribution!

I jde j=e � 10� 30jde j=e � 10� 30jde j=e � 10� 30 cm for m � 4; 5 �m � 4; 5 �m � 4; 5 � [100 GeV, 100 TeV]

I EDM observation: Majorana CPV neutrinos?

[Abada and Toma, '15]


