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Motivation

The Standard Model predicts zero Lepton flavor Violation

Lepton flavor Violation ≡ New Physics

Neutral LFV observed in Neutrino Oscillations!!!

Neutrino Oscillations =⇒ BSM for neutrino masses

This BSM could induce charged LFV

nLFV
New Neutrino Physics−−−−−−−−−−−−−−−→ cLFV
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cLFV not seen yet. Intense program (I).

LFV transitions LFV Present Bounds (90%CL) Future Sensitivities

BR(µ→ eγ) 4.2× 10−13 (MEG 2016) 4× 10−14 (MEG-II)

BR(τ → eγ) 3.3× 10−8 (BABAR 2010) 10−9 (BELLE-II)

BR(τ → µγ) 4.4× 10−8 (BABAR 2010) 10−9 (BELLE-II)

BR(µ→ eee) 1.0× 10−12 (SINDRUM 1988) 10−16 Mu3E (PSI)

BR(τ → eee) 2.7× 10−8 (BELLE 2010) 10−9,−10 (BELLE-II)

BR(τ → µµµ) 2.1× 10−8 (BELLE 2010) 10−9,−10 (BELLE-II)

BR(τ → µη) 2.3× 10−8 (BELLE 2010) 10−9,−10 (BELLE-II)

CR(µ− e,Au) 7.0× 10−13 (SINDRUM II 2006)

CR(µ− e,Ti) 4.3× 10−12 (SINDRUM II 2004) 10−18 PRISM (J-PARC)

CR(µ− e,Al) 3.1× 10−15 COMET-I (J-PARC)

2.6× 10−17 COMET-II (J-PARC)

2.5× 10−17 Mu2E (Fermilab)

Strongest present constraints on LFVµe sector
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cLFV not seen yet. Intense program (II)

Upper bounds on LFV H and Z decays (95%CL):

LEP ATLAS CMS

BR(Z → µe) 1.7× 10−6 7.5× 10−7PRD90(2014)072010

BR(Z → τe) 9.8× 10−6

BR(Z → τµ) 1.2× 10−5 1.69× 10−5 arXiv:1604.07730

BR(H → µe) - 3.6× 10−3CMS-PAS-HIG-14-040

BR(H → τe) - 1.04× 10−2 arXiv:1604.07730 0.7× 10−2CMS-PAS-HIG-14-040

BR(H → τµ) - 1.43× 10−2 arXiv:1604.07730 1.51× 10−2PLB749(2015)337-362

cLFV signal???:

CMS 2.4σ excess: BR(H → τµ) = 0.84+0.39
−0.37% (95%CL) PLB749(2015)337-362

ATLAS ∼ 1σ excess: BR(H → τµ) = 0.53± 0.51% (95%CL) arXiv:1604.07730
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Type-I Seesaw Model

Neutrino oscillations =⇒ Non-zero Neutrino masses mν

Add νR to the SM =⇒ Dirac mass: mD = vYν
νR is a SM singlet =⇒ Majorana mass: M

Mtype−I =

(
0 mD

mT
D M

)

mν ∼
m2
D

M

Low M ∼ 1 TeV =⇒ small Yν � 1
Large coupling Yν ∼ 1 =⇒ heavy M ∼ 1014 GeV

}
Suppressed

Pheno
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Low Scale Seesaw Models

Use symmetries to lower M yet keeping the coupling Yν large.
Approximate Lepton Number consevation: U(1)L
Smallness of neutrino masses ⇐⇒ small violation of U(1)L

µX small scale /L

mν ∝ µX

Decouple M and Yν from mν :

Low heavy masses M ∼ 1 TeV
Large coupling Yν ∼ 1

}
Enhanced

Pheno
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The Inverse Seesaw Model [Mohapatra and Valle, 1986]

SM extended with 3 pairs of fermionic singlets: νRi(L = +1) & Xj(L = −1)

LISS = −Y ijν LiH̃νRj −M
ij
R ν

C
Ri
Xj −

1

2
µijXX

C
i Xj + h.c. i, j = 1..3

Neutrino mass matrix

Mν =

 0 mD 0
mT
D 0 MR

0 MT
R µX

 mD = vYν : Dirac mass, νL-νR-H Yukawa interaction

MR: Controls heavy N masses

µX : Controls light ν masses (/L)

Use µX to accommodate low energy neutrino data. Arganda et al., PRD91(2015)1,015001

µX = MT
Rm

−1
D U∗PMNSmνU

†
PMNSm

T−1

D MR

it allows to choose Intuitive Input Parameters

MR −→ Masses of the 6 heavy Majorana neutrinos (3 pseudo-Dirac pairs)

Yν −→ Yukawa interaction between νL-νR-H
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Geometrical parametrization for Yν
E. Arganda, M.J. Herrero, XM, C. Weiland, PRD91(2015)1,015001

Assuming MRij = MRδij and real Yν matrix: LFVij ←→
(
YνY

T
ν

)
ij

Yν 9 d.o.f −→ 3 vectors (+ global strength f ):

Yν ≡ f

 ne
nµ
nτ


3 modulus : |ne|, |nµ|, |nτ |
3 relative flavor angles: θµe, θτe, θτµ
global rotation O(θ1, θ2, θ3), OOT = 1

YνY
T
ν = f2

 |ne|2 ne · nµ ne · nτ
ne · nµ |nµ|2 nµ · nτ
ne · nτ nµ · nτ |nτ |2

 Fully determined by (cij ≡ cos θij)
(f, |ne|, |nµ|, |nτ |, cµe, cτe, cτµ)

Independent of O

Exp. Searches: LFVµe very suppressed =⇒ LFVµe = 0↔ ne · nµ = 0↔ cµe = 0

We can choose Yν = A ·O with A = f

 |ne| 0 0
0 |nµ| 0

|nτ |cτe |nτ |cτµ |nτ |
√

1− c2τe − c2τµ


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Results for LFV radiative decays in the ISS with ����LFVµe

E. Arganda, M.J. Herrero, XM, C. Weiland, PRD91(2015)1,015001

V. De Romeri, M.J. Herrero, XM, F. Scarcella, About to appear

Dominant contributions:

BR(τ → eγ) ∼ f4

M4
R

c2τe

BR(τ → µγ) ∼ f4

M4
R

c2τµ

LFVµe highly suppressed :
(occurs at next order)

BR(µ→ eγ) ∼ f8

M8
R

c2τec
2
τµ

Focus on just one of the two axes:

−LFVτµ with ���LFVτe,µe

−LFVτe with ���LFVτµ,µe
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ISS scenarios with highly suppressed LFVµe

We study different classes of scenarios with��LFVµe in the LFVτµ direction (≡ TM):

Scenario Name cτµ |ne| |nµ| |nτ | Example

TM-1 1/
√
2 1 1 1 Yν = f

 1 0 0

0 1 0

0 1/
√

2 1/
√

2


TM-2 1 1 1 1 Yν ' f

 1 0 0

0 1 0

0 1 0


TM-3 1/

√
2 0.1 1 1 Yν = f

 0.1 0 0

0 1 0

0 1/
√

2 1/
√

2


TM-4 1 0.1 1 1 Yν ' f

 0.1 0 0

0 1 0

0 1 0


TM-5 1

√
2 1.7

√
3 Yν = f

 0 1 −1

0.9 1 1

1 1 1

 ≡ Y (1)
τµ

TM-6 1/3
√
2

√
3

√
3 Yν = f

 0 1 1

1 1 −1

−1 1 −1

 ≡ Y (2)
τµ

TM-7 0.1
√
2

√
3 1.1 Yν = f

 0 −1 1

−1 1 1

0.8 0.5 0.5

 ≡ Y (3)
τµ

And equivalent ones for the LFVτe direction (≡ TE) (Replace µ←→ e in all the above)
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The flavor of the Heavy Neutrinos
E. Arganda, M.J. Herrero, XM, C. Weiland, PLB752(2016)46-50

All the above scenario share the property of suppressing LFVµe

The flavor of the heavy neutrinos is different in each scenario.

Some of the neutrinos carry both µ and τ flavors.

��/�

��/�

��/�

�τμ
(�)

��/�

��/�

��/�

�τμ
(�)

��/�

��/�

��/�

�τμ
(�)

� μ τ
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LFV H → τµ and H → τe in the ISS
E. Arganda, M.J. Herrero, XM, C. Weiland, PRD91(2015)1,015001

Motivation:

Large Yukawa couplings =⇒ Higss physics

Excess of 2.4σ by CMS: BR(H → τµ) = 0.84+0.39
−0.37% [PLB749(2015)337-362]

YΤΜ
H1L

YΤΜ
H2L

YΤΜ
H3L
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Μ
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YΤe
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R
HH

®
e

ΤL

Solid lines: allowed by all radiative decays

f =
√
6π f =

√
6π

Conclusions:

Maximum LFVHD rates and being allowed by LFV radiative decays

BR(H → µτ)ISSmax ∼ 10−5 or BR(H → eτ)ISSmax ∼ 10−5

Promising large LFVHD rates, although not enough for explaining CMS excess
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LFV h→ τµ and h→ τe in the SUSY-ISS
E. Arganda, M.J. Herrero, XM, C. Weiland, PRD93(2016)5,055010

Motivation:

Embed the ISS in the MSSM =⇒ New contributions to LFV

Excess of 2.4σ by CMS: BR(H → τµ) = 0.84+0.39
−0.37% [PLB749(2015)337-362]
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Conclusions:

Maximum LFVHD rates and being allowed by LFV radiative decays

BR(h→ µτ)ISSmax ∼ 10−2

Possible explanation of the CMS and ATLAS excess
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Heavy N production at LHC: exotic LFV events
E. Arganda, M.J. Herrero, XM, C. Weiland, PLB752 (2016) 46-50

Motivation:

Heavy N with masses reachable at LHC =⇒ Let’s produce them

Standard searches mostly for signal with LNV, small in the ISS

Same N can couple to diff. charged lepton =⇒ signals with LFV

� = �� ���

� = �

� = � / �

� = � / ��

ℒ = ��� ��-�

�τμ
(�)

�������� �� τ⟶μγ

��

��+ γ�

200 300 400 500 600 700 800 900 1000

0.1

1

10

100

1000

104

MR (GeV)

��/�

��/�

��/�

�τμ
(�)

� μ τ

Total Events pp→ µ±τ∓jj

Conclusions:

We obtain O(10− 500) exotic events for masses MR ∈ (200, 1000)GeV.

Main background from misidentifications (work in progress)
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LFV Z → τµ and Z → τe in the ISS with ����LFVµe

V. De Romeri, M.J. Herrero, XM, F. Scarcella, About to appear

LFV Z decays: a promising window to Low scale Seesaw neutrinos!!

Bounds from LEP: BR(Z → τµ) < 1.2× 10−5,BR(Z → τe) < 9.8× 10−6

Present searches by LHC: BR(Z → τµ) < 1.69× 10−5 (ATLAS, April’16)

LFV Z decays in the ISS-���LFVµe

Formulas from Illana et al. arXiv:hep-ph/0001273

Large rates within present experimental sensitivities†

�τμ=�

�τμ=�/�

�τμ=�/��

�������� �� ���
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B
R
(Z

→
μ
τ)

†Similar results for BR(Z → τe)
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Z → τµ vs τ → µµµ

We find Strong correlation between Z → τµ and τ → µµµ
in agreement with Abada et al.JHEP1504(2015)051

We have checked it is due to the dominance of the Z penguin in τ → µµµ

ISS-���LFVµe: Bounds on BR(τ → µµµ) suggest BR(Z → τµ)max ∼ 10−7
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Full study of the ISS-����LFVµe: Constraints

We consider the following subset of most constraining observables:

LFV transitions: formulas from Ilakovac,Pilaftsis NPB437(1995)491

BR(τ → µγ) < 4.4× 10−8
(BABAR’10)

BR(τ → µµµ) < 2.1× 10−8
(BELLE’10)

Lepton flavor Universality: formulas from Abada et al. JHEP1402(2014)091

∆rk
3σ ≡

RK

RSMK
− 1 = (4± 12)× 10−3

(NA62) with RK ≡
Γ(K+ → e+ν)

Γ(K+ → µ+ν)

Lepton flavor Conserving observables
Z invisible width: formulas from Abada et al. JHEP1402(2014)091

Γ(Z → inv.)3σ = 499.0± 4.5 MeV (LEP)

EWPO: S, T, U parameters formulas from Akhmedov et al. JHEP1305(2013)081

S3σ = −0.03± 0.30, T 3σ = 0.01± 0.12, U3σ = 0.05± 0.10 (PDG’14)

Theoretical constraints:
Perturbativity imposed by constraining heavy neutrino widths: ΓN/MN < 1/2

Agreement with light neutrino data: validity of the µX parametrization
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Full study of the ISS-����LFVµe: Results

����������
τ → μμμ

τ → μγ

� → ���
Δ��
���

��-�

�������� ��� �� (�→ τμ)

��
-�

��
-�

��
-�

��
-�

��
-�

��
-��
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�� (���)

�

BR(Z → τµ)max ∼ 10−7 allowed by all the constrains for masses MR ∼ 2− 3 TeV
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Full study of the ISS-����LFVµe: Other scenarios

Similar results for other scenarios
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Conclusions

The Inverse Seesaw is an appealing Model for explaining light neutrino data.

Heavy neutrinos from the ISS model can have important implications for
charged lepton flavor violation.

Strong experimental bounds motivate scenarios with suppressed LFVµe

Studying the LFVτµ sector within the ISS-���LFVµe (similar for LFVτe).:

LFV H decays: We found large ratios for BR(h→ τµ), specially
in the SUSY-ISS with contributions of the order of the CMS excess.

Production at colliders: We predicted detectable number of
singular LFV events µ±τ∓jj for heavy neutrino masses reachable at
the LHC.

LFV Z decays: We found ratios, as large as BR(Z → τµ) ∼ 10−7,
potentially measurable at Future Linear Colliders and FCCee.

LFV is a promising window to Low scale Seesaw neutrinos

Thank you!
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