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Why Lepton Flavour Violation (LFV)?

We have already seen it! ν ’s change flavour
We have not seen, yet, “direct” LFV in charged leptons, WHY?

mν =⇒=⇒=⇒ LFV (`a→ `bγ)

Mν

1loop
=⇒ (ALFV)ab ∝

1
(4π)2

(M2
ν )ab

v2

LFV =⇒=⇒=⇒ mν ? Not necessarily!
If Majorana mν , need for Lepton Number Violation (LNV)

Lk = ec
aRgab ebR k++

Tree level LFV (µ → eee) without neutrino masses!

A large class of models have (LNV + LFV): Mν = µ
v2

M2
If µ � M large LFV with small Mν
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Higgs Lepton Flavour Violation



Higgs Lepton Flavour Violation (Herrero-Garcia, Rius, AS, ’16)

BR(h→ µτ) = (0.84+0.39
−0.37)%

−LY−LHLFV = LYeeRΦ +
CY

Λ2 LeRΦ(Φ†Φ) + · · ·

⇒ eL

(
v√
2

(
Ye + CY

v2

2Λ2

)
+

h√
2

(
Ye + 3CY

v2

2Λ2

)
+ · · ·

)
eR + · · ·

CY Λ (TeV)

1 5
mτ/v 0.4

1/(4π)2 0.4
mτ/(v(4π)2) 0.04
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Induced τ → µγ by HLFV

LeR

ΦΦ

Φ

eReL

Φ

〈Φ〉 〈Φ〉

eLeR eR

γ
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Induced τ → µγ by HLFV

LLFV =
eCγ

ij v

16π2Λ2
√

2
ēiσµνPRejF µν + h.c.

Upper bounds on BR(h→ µτ)

CY

Cγ m2
τ /v2 mτ/v 1

1 1 0.04 10−6

mτ/v 0.04 10−6 10−10

1/(16π2) 0.03 10−6 10−10

mτ/(16π2v2) 10−6 10−10 10−14

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 3 / 23



Tree-level Topologies

LeR

ΦΦ

Φ

S
LeR

ΦΦ

ΦS1

S2

(A) (B)
LeR

Φ

Φ

S

F

Φ

LeR

ΦΦ

F1

Φ

F2

(C) (D)
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Representations

Topology Particles Representations Coefficient CY
Λ2

A 1 S S = (2,−1/2) Y λ

m2
S

B 2 S (2,−1/2)S ⊕ (1,0)S ,(3,0)S ,(3,1)S
Y µ1µ2

m2
S1

m2
S2

C1 1 F,1 S (2,−1/2)F ⊕ (1,0)S ,(3,0)S
YF Y S

F µ

mF m2
S

C2 1 F,1 S (2,−3/2)F ⊕ (3,1)S
YF Y S

F µ

mF m2
S

C3 1 F,1 S (1,−1)F ⊕ (1,0)S , (3,−1)F ⊕ (3,0)S
YF Y S

F µ

mF m2
S

C4 1 F,1 S (3,0)F ⊕ (3,1)S
YF Y S

F µ

mF m2
S

D1 2 F (2,−1/2)F ⊕ (3,0)F ,��
�XXX(1,0)F

YF1 Y12 YF2
mF1 mF2

D2 2 F (2,−1/2)F ⊕ (1,−1)F ,(3,−1)F
YF1 Y12 YF1

mF1 mF2

D3 2 F (2,−3/2)F ⊕ (1,−1)F ,(3,−1)F
YF1 Y12 YF2

mF1 mF2
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Results for HLFV

Topology A: type III 2HDM can give large HLFV

Topology B: also contains a second doublet
Topologies C and D contain VL fermions (strongly disfavoured)
Most of one-loop topologies also proportional to mτ or contain VL
fermions
Most of neutrino mass models give HLFV at one loop and
suppressed by mτ

ν–mass models with two Higgs doublets, can give large HLFV
I Extended Zee model
I Left-right symmetric models
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Neutrino mass models and LFV



Neutrino mass models and LFV

Mν = UDνUT , with Dν = diag(m1,m2,m3) , U : PMNS

(Mν )ab ∝ gab, depend on s12,s13,∆21,∆31,s23,δ ,mligth,α1,α2

Process BR upper bound Couplings limit

µ− → e+e−e− 1.0×10−12 |geµg∗ee |< 2.3×10−5
( mk

TeV

)2

τ− → e+e−e− 2.7×10−8 |geτ g∗ee |< 0.009
( mk

TeV

)2

τ− → e+e−µ− 1.8×10−8 |geτ g∗eµ |< 0.005
( mk

TeV

)2

τ− → e+µ−µ− 1.7×10−8 |geτ g∗µµ |< 0.007
( mk

TeV

)2

τ− → µ+e−e− 1.5×10−8 |gµτ g∗ee |< 0.007
( mk

TeV

)2

τ− → µ+e−µ− 2.7×10−8 |gµτ g∗eµ |< 0.007
( mk

TeV

)2

τ− → µ+µ−µ− 2.1×10−8 |gµτ g∗µµ |< 0.008
( mk

TeV

)2

µ→ eγ 4.2×10−13 |g∗eegeµ + g∗eµgµµ + g∗eτ gµτ |< 3×10−4 (mk /TeV)2

τ → eγ 3.3×10−8 |g∗eegeτ + g∗eµgµτ + g∗eτ gττ |< 0.2(mk /TeV)2

τ → µγ 4.4×10−8 |g∗eµgeτ + g∗µµgµτ + g∗µτ gττ |< 0.2(mk /TeV)2

Cr(µ → e)Au 7×10−13 |g∗eegeµ + g∗eµgµµ + g∗eτ gµτ |< 4×10−4 (mk /TeV)2
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The See-Saw type II (tree level)

Y = 1 scalar triplet χ

Lχ =−
(

L̃LYχ χLL−µ Φ̃†
χ

†Φ+h.c.
)
, Mν ≈ Yχvχ , vχ ≈

µ

m2
χ

〈Φ〉2

LFV processes controlled by Y 2
χ /m2

χ ≈M2
ν /(vχmχ )2

`−a → `+
b `
−
c `
−
d : tree, χ++ , `−a → `−b γ: 1-loop, χ+,χ++

Limit on vχmχ (Fukuyama, Sugiyama, Tsumura. ’10, Dev, Miralles, Rodejohann, ’17)
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Minimal Zee Model (one loop)

Adds to the SM a scalar singlet h+ and a new doublet Φ′

h+ ∼ (1,1), Φ′ ∼ (2, 1
2)

−LZee = LLY †
e ΦeR + L̃Lf LLh+ + µh+Φ†Φ̃′+ · · ·

φ+

eReL

h+

φ′

Simplest version gives

(Mν )ab ≈
1

(4π)2
µ

M2
h

fab(m2
a−m2

b)

“Too predictive”: excluded
Type III 2HDM versions OK
(Balaji, Grimus, Schwetz ’01)

H→ τµ linked to ν masses?
(Herrero-Garcia, Rius, AS, ’16)
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Generalized Zee Model (one loop)

Zee with type III 2HDM (the two doublets coupled to charged leptons)

−LZee = LL(Y †
1 Φ1 + Y †

2 Φ2)eR + L̃Lf LLh+ + µh+Φ†
1Φ̃2 + · · ·

Mν ≈
1

(4π)2
µ

M2
h

((
f M2

E + M2
E f T

)
− v√

2sβ

(
f MEY2 + Y T

2 ME f T
))

HLFV – LFV correlations
(Herrero-García, Ohlsson, Riad, Wirén, ’17)
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The Zee-Babu Model (two loops)
Two scalar singlets h+,k++ (Zee ’86, Babu ’88, Babu,Macesanu ’03)
(Aristizabal,Hirsch ’06, Nebot,Oliver,Palao,AS ’08, Ohlsson,Schwetz,Zhang ’09, Schmidt,Schwetz,Zhang ’14)

LZB = L̃Lf LLh+ + ec
Rg eR k++ + µ(h−)2k++ + · · ·

h−

eR

k−−

νL eR

eL eL

νL

h−

〈H〉 〈H〉

Mν ∼
µ

(4π)4M2
k

f MEg†ME f T

Lightest ν is massless
feτ/fµτ , feµ/fµτ fixed from mixings

`−a → `+
b `
−
c `
−
d : limits on gab

τ−

µ+

µ−

µ−

k−−

`a→ `bνν̄ : limits on fab

µ−

ν̄

ν̄

e−

h−
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Mν ∼
µ

(4π)4M2
k

f MEg†ME f T

Lightest ν is massless
feτ/fµτ , feµ/fµτ fixed from mixings

`−a → `−b γ : bounds gab and fab

h+, k++

µ− e−ν, e+

γ
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Constrained Parameter Space
(Nebot,Oliver,Palao,AS ’08, Herrero-Garcia,Nebot,Rius,AS ’14)
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Lepton Number Violation and neutrino masses



0νββ and Majorana mν

Majorana mν =⇒=⇒=⇒ 0νββ

νL νL

〈φ〉 〈φ〉

Chiral lepton number

Majorana ν : νLνL , 0νββ :


eLeL

eLeR

eReR

Break different quantum numbers, only linked by me
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Contributions to 0νββ
(del Aguila, Aparici, Bhattacharya, AS, Wudka ’12)

eL eL

dL

uL

dL

uL

νL νL

〈φ〉 〈φ〉

W W
O(5) =(

L̃LΦ
)(

Φ̃†LL

) A
(5)

0ν2β
∼ C(5)

ee

Λp2
effv

2

eL eR

dL

uL

dL

uL

νL

W

W

〈φ〉 〈φ〉
〈φ〉

O(7) =(
Φ†Dµ Φ̃

)(
Φ†eRγµ L̃L

) A
(7)

0ν2β
∼ C(7)

ee

Λ3peffv

eR eR

dL

uL

W

dL

uL

W

〈φ〉 〈φ〉
〈φ〉〈φ〉

O(9) =

eRec
R

(
Φ†Dµ Φ̃

)(
Φ†Dµ Φ̃

)
A

(9)
0ν2β

∼ C(9)
ee

Λ5
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Contributions to ν Masses

O(5)

νL νL

〈φ〉 〈φ〉

(Mν )ab ∼
v2

Λ
C(5)

ab

O(7)

νL νLeL eR

W v
16π2Λ

(
maC(7)

ab + mbC(7)
ba

)

O(9)
νL νLeL

eL

eR

eR

W

W

1
(16π

2)2Λ
maC(9)

ab mb

Need models: C.S. Chen, C.Q. Geng, J.N. Ng, J.M.S. Wu; del Aguila, Aparici,
Bhattacharya, AS, Wudka; M. Gustafsson, J.M. No, M.A. Rivera
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A model for 1loop 0νββ , 3loop mν with DM
(J. Alcaide, D. Das, A.S. ’17)

3 new scalars κ++ ∼ (1,2,+), χ ∼ (3,1,−),σ ∼ (1,0,−) with Z2

The relevant couplings

L = ec
aRfabebR κ

++−µκ κ
++Tr

{
χ

†
χ

†}−λ6 σ Φ†
χΦ̃ + · · ·

No new fermions =⇒=⇒=⇒ No see-saw I-III
No χLLLL coupling (Z2 symmetry) =⇒=⇒=⇒ No see-saw II

Scalar spectrum contains: κ++, S (DM), A, H, χ+,χ++

Highly constrained by

The structure of the potential (sum rules)
The ρ parameter (small charged-neutral splittings)
The scale of neutrino masses and LFV
The DM requirement (small mixings large singlet-triplet splittings)
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Neutrinoless double beta decay

Neutrinoless double beta decay

〈Φ〉 〈Φ〉 〈Φ〉 〈Φ〉

κ−−
W

W

χ0

χ−−

χ0 σ

d

u

u

d

eR

eR

The amplitude

L0νββ = 2
f ∗ee

16π2

µκλ 2
6

m2
κm4

A
Iβ (uLγ

µdL)
(
uLγµdL

)
eRec

R

4×10−10 <
mp

2G2
F

f ∗ee
16π2

µκλ 2
6

m2
κm4

A
Iβ < 4×10−9
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The neutrino masses

Neutrino mass in the unitary gauge

νL νL

ee

κ−−
WW

S,H,A

χ−χ−

νL νL

ee

κ−−

WW

S,H,A
χ−−

νL νL

ee

κ−−

W

W
S,H,A

χ−−
χ−

νL νL

ee

κ−−

WW
S,H,A

χ−−

χ−
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The neutrino masses

Mass insertion approximation

νL νL

eReR

κ−−
Φ−Φ−

σ

χ−χ−

〈Φ〉〈Φ〉

The neutrino mass matrix

Mab =
8µκλ 2

6
(4π)6m2

κ

Iν mafabmb = UDνUT
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Structure of the ν Mass Matrix

Mee highly suppressed by the factor m2
e

Meµ also suppressed because the µ → 3e bound on feµ

Mee,Meµ �Meτ ,Mµµ ,Mµτ ,Mττ ∼ 0.02eV
Mν strongly constrained

Mν =

< 10−4 < 10−4 ∼ 0.01
< 10−4 ∼ 0.02 ∼ 0.02
∼ 0.01 ∼ 0.02 ∼ 0.02

 eV

Only NH allowed
sin2

θ13 cannot be zero
Predicction for
mlight ∼ 0.005eV

Prediction for Majorana
phases: fixed by δ

δ ∼ 260◦ and s2
23 ∼ 0.44

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 19 / 23



Structure of the ν Mass Matrix

Mee highly suppressed by the factor m2
e

Meµ also suppressed because the µ → 3e bound on feµ

Mee,Meµ �Meτ ,Mµµ ,Mµτ ,Mττ ∼ 0.02eV
Mν strongly constrained

Mν =

< 10−4 < 10−4 ∼ 0.01
< 10−4 ∼ 0.02 ∼ 0.02
∼ 0.01 ∼ 0.02 ∼ 0.02

 eV

Only NH allowed
sin2

θ13 cannot be zero
Predicction for
mlight ∼ 0.005eV

Prediction for Majorana
phases: fixed by δ

δ ∼ 260◦ and s2
23 ∼ 0.44

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 19 / 23



Structure of the ν Mass Matrix

Mee highly suppressed by the factor m2
e

Meµ also suppressed because the µ → 3e bound on feµ

Mee,Meµ �Meτ ,Mµµ ,Mµτ ,Mττ ∼ 0.02eV
Mν strongly constrained

Mν =

< 10−4 < 10−4 ∼ 0.01
< 10−4 ∼ 0.02 ∼ 0.02
∼ 0.01 ∼ 0.02 ∼ 0.02

 eV

Only NH allowed
sin2

θ13 cannot be zero
Predicction for
mlight ∼ 0.005eV

Prediction for Majorana
phases: fixed by δ δ ∼ 260◦ and s2

23 ∼ 0.44

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 19 / 23



The fit (preliminary)
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LFV and LHC

LFV (`−a → `+
b `
−
c `
−
d , `−a → `−b γ, ...): limits on fab

τ−

µ+

µ−

µ−

k−−

Corrrelations of BR fixed by ν oscillation data

LHC
κ−−→ `a`b Easily produced and detected.
BR fixed by ν oscilaton data
χ−−, χ− easily produced.
Interesting phenomenology because the discrete symmetry; have
to decay into DM.
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Dark Matter (Singlet-triplet scalar Higgs portal)

Adjust the relic density with the mixing singlet-triplet
Connection with neutrino masses

λ6 =
sin2α√

2v2

(
m2

H −m2
S

)
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Conclusions

LFV compulsory from ν data

Large HLFV difficult in ν mass models but possible if they contain
two Higgs doublets
HLFV strongly constrained by neutrino data and LFV
Large LFV natural in a large class of ν mass models
LFV with BR correlated to oscillation parameters
Charged scalars could be seen at the LHC with decay BR
predicted by ν-mass parameters
In 3loop models new contributions to 0νββ and DM candidate

Can be tested NOW!

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 23 / 23



Conclusions

LFV compulsory from ν data
Large HLFV difficult in ν mass models but possible if they contain
two Higgs doublets

HLFV strongly constrained by neutrino data and LFV
Large LFV natural in a large class of ν mass models
LFV with BR correlated to oscillation parameters
Charged scalars could be seen at the LHC with decay BR
predicted by ν-mass parameters
In 3loop models new contributions to 0νββ and DM candidate

Can be tested NOW!

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 23 / 23



Conclusions

LFV compulsory from ν data
Large HLFV difficult in ν mass models but possible if they contain
two Higgs doublets
HLFV strongly constrained by neutrino data and LFV

Large LFV natural in a large class of ν mass models
LFV with BR correlated to oscillation parameters
Charged scalars could be seen at the LHC with decay BR
predicted by ν-mass parameters
In 3loop models new contributions to 0νββ and DM candidate

Can be tested NOW!

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 23 / 23



Conclusions

LFV compulsory from ν data
Large HLFV difficult in ν mass models but possible if they contain
two Higgs doublets
HLFV strongly constrained by neutrino data and LFV
Large LFV natural in a large class of ν mass models

LFV with BR correlated to oscillation parameters
Charged scalars could be seen at the LHC with decay BR
predicted by ν-mass parameters
In 3loop models new contributions to 0νββ and DM candidate

Can be tested NOW!

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 23 / 23



Conclusions

LFV compulsory from ν data
Large HLFV difficult in ν mass models but possible if they contain
two Higgs doublets
HLFV strongly constrained by neutrino data and LFV
Large LFV natural in a large class of ν mass models
LFV with BR correlated to oscillation parameters

Charged scalars could be seen at the LHC with decay BR
predicted by ν-mass parameters
In 3loop models new contributions to 0νββ and DM candidate

Can be tested NOW!

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 23 / 23



Conclusions

LFV compulsory from ν data
Large HLFV difficult in ν mass models but possible if they contain
two Higgs doublets
HLFV strongly constrained by neutrino data and LFV
Large LFV natural in a large class of ν mass models
LFV with BR correlated to oscillation parameters
Charged scalars could be seen at the LHC with decay BR
predicted by ν-mass parameters

In 3loop models new contributions to 0νββ and DM candidate

Can be tested NOW!

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 23 / 23



Conclusions

LFV compulsory from ν data
Large HLFV difficult in ν mass models but possible if they contain
two Higgs doublets
HLFV strongly constrained by neutrino data and LFV
Large LFV natural in a large class of ν mass models
LFV with BR correlated to oscillation parameters
Charged scalars could be seen at the LHC with decay BR
predicted by ν-mass parameters
In 3loop models new contributions to 0νββ and DM candidate

Can be tested NOW!

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 23 / 23



Conclusions

LFV compulsory from ν data
Large HLFV difficult in ν mass models but possible if they contain
two Higgs doublets
HLFV strongly constrained by neutrino data and LFV
Large LFV natural in a large class of ν mass models
LFV with BR correlated to oscillation parameters
Charged scalars could be seen at the LHC with decay BR
predicted by ν-mass parameters
In 3loop models new contributions to 0νββ and DM candidate

Can be tested NOW!

Arcadi Santamaria (IFIC/U. València-CSIC) LFV and Neutrino Masses CCPP, Benasque 2017 23 / 23



BACKUP SLIDES



An example of HLFV–LFV correlations
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