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Fermion masses

After LHC discovery of the Higgs boson and


precise measurement of Yukawa couplings


the BEH mechanism is well established as


the mechanism to give mass to charged fermions

However: what about neutrinos?



from oscillation experiments -> they are massive 


and their mass is very light

The SM must be extended



Neutrino masses
The simplest extension    -> add      and Dirac mass    


     is not satisfactory:



- extreme lightness of neutrino masses not explained


- lepton number conservation must be imposed

    otherwise, Majorana mass is allowed



   -> new scale in the SM     -> BSM physics!



M can be at any scale, lighter or heavier than EW scale



If M>EW -> Seesaw mechanism


          lightness of neutrino mass arise naturally 
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Seesaw mechanism
Simplest: type I seesaw 


           -> add heavy fermion singlets N

Minkowsky77


Gell-Mann Ramond Slansky 79


Yanagida 79


Mohapatra Senjanovic 80

  

Heavy fermion singlet:       . Type I seesaw. 

Minkowski 77; Gell-Mann, Ramond, Slansky 

79; Yanagida 79; Mohapatra, Senjanovic 80.

In this talk, we will focus on the following extension of SM:

Seesaw Models

m� =
v2

2
Y M�1Y T
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Light neutrino mass for 



Drawback: impossible to test! 


- both directly -> never produce heavy states


- neither indirectly -> NP effects suppressed by the large M:

Y � 1 and M �MGUT
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Seesaw mechanism
O(1) Yukawa not necessary:  



It seems better, but:


 - N produced via Yukawa couplings -> difficult direct prod.


 - moreover: NP effects now suppressed by Y^2  

Can we build testable models?


YES

2 ways: 


 - use different seesaw particle, which can be gauge-produced 


   at accelerators


 - try to have low scale with large Yukawa



                                           we will do both

M � TeV with Y � 10�6 (Ye)
<latexit sha1_base64="uLKf18ZLse+IbO3/BdmD2Y4OMs8="></latexit><latexit sha1_base64="cKJ2aR6Nb1/E/1Q7zjvrjEZ9Xrw="></latexit><latexit sha1_base64="cKJ2aR6Nb1/E/1Q7zjvrjEZ9Xrw="></latexit><latexit sha1_base64="I8Ox8oe2KNjExF81V5IDGJ9L2go="></latexit>

� Y 2/M2
<latexit sha1_base64="uro7IKpxgA1z3Klq+mSs9ZEnzF8=">AAAB83icdVDLSgNBEOz1GeMr6tHLkCAIwrqbQBJvQS9ehAjmIdlNmJ3MJkNmH8zMCmHJb3jxYBCv/ow3/8ZJIkFFCxqKqm66u7yYM6ks68NYWV1b39jMbGW3d3b39nMHh00ZJYLQBol4JNoelpSzkDYUU5y2Y0Fx4HHa8kZXM7/1QIVkUXinxjF1AzwImc8IVlpyHMkCdN8tnt90i71cwTIvKpVyyUK2ac2BLLNartql8lIp1PLO2RQA6r3cu9OPSBLQUBGOpezYVqzcFAvFCKeTrJNIGmMywgPa0TTEAZVuOr95gk600kd+JHSFCs3V7xMpDqQcB57uDLAayt/eTPzL6yTKr7opC+NE0ZAsFvkJRypCswBQnwlKFB9rgolg+lZEhlhgonRMWR3C8vf/SbNo2pZp3+o0LmGBDBxDHk7BhgrU4Brq0AACMTzCM0yNxHgyXozXReuK8TVzBD9gvH0C8wiScg==</latexit><latexit sha1_base64="1NAcjJUOjPFT9Y8jY3/tn8SobxA=">AAAB83icdVDLSsNAFJ3UV62vqks3Q4sgCDFpoa27ohs3QgX7kCYtk+mkHTqThJmJEEL/Qty4UMStP+Ouf+O0laKiBy4czrmXe+/xIkalsqypkVlZXVvfyG7mtrZ3dvfy+wctGcYCkyYOWSg6HpKE0YA0FVWMdCJBEPcYaXvjy5nfvidC0jC4VUlEXI6GAfUpRkpLjiMph3e90tl1r9TPFy3zvFqtlC1om9Yc0DJrlZpdriyVYr3gnD5M60mjn/9wBiGOOQkUZkjKrm1Fyk2RUBQzMsk5sSQRwmM0JF1NA8SJdNP5zRN4rJUB9EOhK1Bwrn6fSBGXMuGe7uRIjeRvbyb+5XVj5dfclAZRrEiAF4v8mEEVwlkAcEAFwYolmiAsqL4V4hESCCsdU06HsPz9f9IqmbZl2jc6jQuwQBYcgQI4ATaogjq4Ag3QBBhE4BE8gxcjNp6MV+Nt0ZoxvmYOwQ8Y75/8cpP4</latexit><latexit sha1_base64="1NAcjJUOjPFT9Y8jY3/tn8SobxA=">AAAB83icdVDLSsNAFJ3UV62vqks3Q4sgCDFpoa27ohs3QgX7kCYtk+mkHTqThJmJEEL/Qty4UMStP+Ouf+O0laKiBy4czrmXe+/xIkalsqypkVlZXVvfyG7mtrZ3dvfy+wctGcYCkyYOWSg6HpKE0YA0FVWMdCJBEPcYaXvjy5nfvidC0jC4VUlEXI6GAfUpRkpLjiMph3e90tl1r9TPFy3zvFqtlC1om9Yc0DJrlZpdriyVYr3gnD5M60mjn/9wBiGOOQkUZkjKrm1Fyk2RUBQzMsk5sSQRwmM0JF1NA8SJdNP5zRN4rJUB9EOhK1Bwrn6fSBGXMuGe7uRIjeRvbyb+5XVj5dfclAZRrEiAF4v8mEEVwlkAcEAFwYolmiAsqL4V4hESCCsdU06HsPz9f9IqmbZl2jc6jQuwQBYcgQI4ATaogjq4Ag3QBBhE4BE8gxcjNp6MV+Nt0ZoxvmYOwQ8Y75/8cpP4</latexit><latexit sha1_base64="PnBjEPC5MqWXk6i427U8/V2IMAE=">AAAB83icdVDLSgMxFM34rPVVdekmWARXY6aFtu6KbtwIFexDOtOSSdM2NMkMSUYoQ3/DjQtF3Poz7vwb0wdFRQ9cOJxzL/feE8acaYPQp7Oyura+sZnZym7v7O7t5w4OGzpKFKF1EvFItUKsKWeS1g0znLZiRbEIOW2Go6up33ygSrNI3plxTAOBB5L1GcHGSr6vmYD3ncL5TafQzeWRe1Eul4oIei6aASK3Uqp4xdJSyYMFat3ch9+LSCKoNIRjrdseik2QYmUY4XSS9RNNY0xGeEDblkosqA7S2c0TeGqVHuxHypY0cKZ+n0ix0HosQtspsBnq395U/MtrJ6ZfCVIm48RQSeaL+gmHJoLTAGCPKUoMH1uCiWL2VkiGWGFibExZG8Ly9/9Jo+B6yPVuUb56uYgjA47BCTgDHiiDKrgGNVAHBMTgETyDFydxnpxX523euuIsZo7ADzjvX+CJkOk=</latexit>



Other seesaws
type I is only one of the possible realization of neutrino masses


Let’s adopt an effective operator approach: 

Many ways of getting it:


- tree-level


- 1 loop


-  …
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 3 possibilities:


 fermion SU(2)-singlets  -> typeI seesaw


 scalar SU(2)-triplets    -> typeII seesaw


 fermion SU(2)-triplets  -> typeIII seesaw
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Type-III seesaw

I. INTRODUCTION

... other global fits have been studied in [1–4].

This paper is organized as follows. In Section II, the parametrizations adopted for our

analysis for the general and the two-/three-triplet scenario are introduced. In Sections III,

the set of observables that have been used to probe for the new extra triplets is described.

In Section IV the results are presented and discussed, and finally, we conclude in Section V.

II. PARAMETRIZATIONS

The type-III Seesaw consists in the addition of an arbitrary number N of SU(2) fermion

triplets with zero hypercharge ⌃ = (⌃1,⌃2,⌃3) to the Standard Model particle content. It

is described by the following Lagrangian

L = LSM + i⌃R /D⌃R � 1

2

⇣
⌃i

R (M⌃)ij ⌃
c j
R � (Y⌃)i↵ ⌃

i
R�̃

†⌧`↵L

⌘
+ h.c. , (1)

where �̃ = i⌧2�⇤, � the SM Higgs field, M⌃ the allowed Majorana mass matrix for the right-

handed component of the triplets, and Y⌃ the Yukawa couplings between the triplets and the

Higgs field. The vev of the Higgs, vEW, will generate Dirac neutrino massesmD = vEWY⌃/
p
2

through the Yukawa interaction. Notice that at least two triplets are necessary in order to

get two massive neutrinos necessary to account for neutrino oscillation data. The neutral

eigenstate of the electric charge ⌃0 ⌘ ⌃3 plays the role of the right-handed neutrino of the

Type-I Seesaw.

A. General scenario (G-SS)

B. Three triplets Seesaw scenario (3⌃-SS)

C. Two triplets Seesaw scenario (2⌃-SS)

III. OBSERVABLES

The following set of 26 observables will be used to derive the most updated global con-

straints on the mixing between the neutral components of the triplets and the active neu-

2

     exactly behaves like  


-> all the neutrino mass phenomenology studied for typeI


seesaw models can be applied here


-> additionally richer phenomenology from charged states 

�0
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1 The Type III See-saw Model

In this model, we assume that there are SU(2)L fermion triplets with zero hypercharge,
~⌃ = (⌃1,⌃2,⌃3), where ⌃± = 1p

2
(⌃1 ⌥ i⌃2), ⌃0 = ⌃3 are its charge eigenstates. It is

convenient to construct a Dirac spinor  out of the charged states:

 = ⌃+c
R + ⌃�

R. (1)

In terms of  and ⌃0, the lepton mass Lagrangian is:
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where mD = Y⌃v/
p
2. By diagonalising these mass matrices, we find that both the

neutrinos and the charged leptons have to mix between di↵erent flavours, with mixing
matrices that reduce respectively to UPMNS and to the identity in the see-saw limit
M⌃ ! +1. It is useful to express these mixing matrices in terms of the small parameters

" = v2

2 Y
†
⌃M

�2
� Y⌃, (3)

"0 = v2

2 M
�1
⌃ Y †

⌃Y⌃M
�1
⌃ . (4)

The masses of the light and heavy neutral leptons are respectively:

m = mT
DM

�1
⌃ mD, (5)

M = M⌃. (6)

By writing the full lepton Lagrangian in terms of the mass basis leptons, we find that
many SM processes get an " correction, moreover new processes appear even at tree-level
with a cross-section of order "�2. Remarkably, also the muon decay rate (and therefore
the Fermi constant) gets a correction.

2 3 Triplets Scenario

Let’s assume that there are exactly 3 triplets. In this case, approximate lepton number
symmetry requires the mass matrices to have a precise structure:

mD =
vp
2

0

@
Ye Yµ Y⌧

✏1Xe ✏1Xµ ✏1X⌧

✏2We ✏2Wµ ✏2W⌧

1

A , (7)

M =

0

@
µ1 ⇤ µ3

⇤ µ2 µ4

µ3 µ4 N

1

A . (8)

However, it can be shown that, in presence of ✏1,2, the µis can be reabsorbed in the other
parameters, hence we will set them to zero:

µi = 0. (9)

1
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Type-III seesaw

Advantages: 


- LHC: triplets can be Drell-Yann produced (if M is small)


          independently of the strength of Y


- Richer pheno: FCNC for charged leptons at tree-level


                    relevant only if Y is large and M small

We can have large Y and low M if 


neutrino mass suppression comes from a symmetry ->



-> Lepton Number



Requirement of approximate L conservation

cd=6 = � =
v2

2
Y †M�2Y
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Approximate L conservation

Neutrino mass


L violating

flavour changing operator


L conserving

Standard seesaw:

We consider models where

Inverse seesaw models (initially for type-I)

Mohapatra 86 Mohapatra Valle 86 Bernabeu Santamaria Vidal Mendez Valle 87


Branco Grimus Lavoura 89 Malinsky Romao Valle 05 Buchmueller Wyler 90


Gavela Hambye Hernandez^2 09  
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1) General case - Eff. ops. analysis
Consider type-III seesaw, add a certain number of triplets, 


integrate them out, generate effective operators, calculate 


all possible processes, compare with experiments and put bounds
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-> non-unitarity of the leptonic mixing matrix



-> FCNC for charged leptons at tree-level

N = (1� �)UPMNS
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-> non-unitarity of the leptonic mixing matrix



-> FCNC for charged leptons at tree-level
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PRELIMINARY
new bounds:

CB, Fernandez-Martinez, Filaci, Hernandez-Garcia, Lopez-Pavon, in preparation
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In this case we are assuming large Y and small M 


-> approximate L conservation, but we do not see it directly



Also at the LHC: searches for triplets like these



but: how can we know they are responsible for neutrino masses?



1) General case - Eff. ops. analysis

CMS2017M� > 840 GeV (if Ye = Yµ = Y� )
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2) Inverse type-III with 3 triplets

large effects 


even with 


conserved L

m� =
v2

2
Y T M�2Y = 0
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Approximate L conservation fixes the pattern of Y and M:
Kersten Smirnov 07


Abada CB Bonnet Gavela Hambye 07
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m� =
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2) Inverse type-III with 3 triplets
Approximate L conservation fixes the pattern of Y and M:

Kersten Smirnov 07


Abada CB Bonnet Gavela Hambye 07
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2) Inverse type-III with 3 triplets

Compute                           with these specific Y and M

This is the footprint of the seesaw!

It must be taken into account when performing the fit

Now, if we compute the light neutrino mass matrix using eq. (5), we obtain the following
relations:

mee = a2e + 2beYe, (10)

meµ = aeaµ + bµYe + beYµ, (11)

me⌧ = aea⌧ + b⌧Ye + beY⌧ , (12)

mµµ = a2µ + 2bµYµ, (13)

mµ⌧ = aµa⌧ + b⌧Yµ + bµY⌧ , (14)

m⌧⌧ = a2⌧ + 2b⌧Y⌧ , (15)

where the ais and bis are products of parameters from the previous equations that are
yet unmeasured. If we now invert these relations in order to eliminate the unknown
parameters, we end up with the following relation:

Y⌧ =
1

m2
eµ �meemµµ

(Ye (meµmµ⌧ �me⌧mµµ)+

+ Yµ (meµme⌧ �meemµ⌧ )�
q
Y 2
e mµµ � 2YeYµmeµ + Y 2

µmee⇥ (16)

⇥
q
m2

e⌧mµµ � 2meµme⌧mµ⌧ +meem2
µ⌧ +m2

eµm⌧⌧ �meemµµm⌧⌧

⌘
.

Using the various BRs of many possible processes as well as the above relation, we
performed a Montecarlo simulation and proceeded with a fit of the simulated statistics,
both for Normal Ordering and Inverted Ordering, using the following free parameters:

✓e✓µ,

�e the phase of ✓e,

✓e � ✓µ,

�µ the phase of ✓µ,

� the Dirac phase,

'1 the first Majorana phase,

'2 the second Majorana phase,

m0 the lightest neutrino mass,

where ✓i =
p
2
v Yi. The results of the fit are the following:

2

m� =
v2

2
Y M�1Y T
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3) Inverse type-III with 2 triplets

More constrained scenario, we expect more stringent bounds

M =

✓
µ1 ⇤
⇤ µ2

◆
. (18)

However, it can be shown that, in presence of ✏1, the µis can be reabsorbed in the other
parameters, hence we will set them to zero:

µi = 0. (19)

Now, if we compute the light neutrino mass matrix using eq. (5), we obtain the following
relations:

mee = 2aeYe, (20)
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me⌧ = a⌧Ye + aeY⌧ , (22)

mµµ = 2aµYµ, (23)

mµ⌧ = a⌧Yµ + aµY⌧ , (24)

m⌧⌧ = 2a⌧Y⌧ , (25)

where the ais are products of parameters that are yet unmeasured. If we now invert
these relations in order to eliminate the unknown parameters, we end up with many
useful relations.

Using eq.s (20), (21) and (23) we obtain:

Yµ =
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Using eq.s (20), (22) and (25) we obtain:
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We have still to use eq. (24): substituting eq.s (26) and (27) into it, after some simple
algebra we obtain

meemµ⌧ = meµme⌧ � sµs⌧
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e⌧ �meem⌧⌧ ), (28)

where si is the sign in front of the square root in the expression of Yi.
Using the various BRs of many possible processes as well as the above relations, we

performed a Montecarlo simulation and proceeded with a fit of the simulated statistics,
both for Normal Ordering and Inverted Ordering, using the following free parameters:

✓e =
p
2
v Ye,

� the Dirac phase,

' the Majorana phase.

It is important to stress that the constraint (28) depends heavily on the mass hierarchy
and on the Majorana phase ', in fact:
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26 observables in the fit, as a function of 



      receives non-unitary corrections (measured in muon decay):



 W mass


 ratios of Z fermionic decays 


 invisible width of Z


 ratios of weak decays constraining EW universality


 weak decays costraining CKM unitarity


 LFV processes:

Observables for the fit
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Observables
● 28 observables included in the analysis as a function of     ,        ,  
and 

●         recives non-unitarity corrections since it is meassured in the
Muon decay:



1) General case:


     



    


2) 3 triplets:



3) 2 triplets:


        



     In (2) and (3) consider both NH and IH
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|�e| |�µ| �e �µ
<latexit sha1_base64="iAQV58PZ8YaHobAO6ovXG6AsNr8="></latexit><latexit sha1_base64="w8EYqDlAQb/ZAOtI0dLgcQ3WGQg="></latexit><latexit sha1_base64="w8EYqDlAQb/ZAOtI0dLgcQ3WGQg="></latexit><latexit sha1_base64="6LuHCjszgjn1zifETWeCyNfbLf4=">AAACGnicdVDLSgNBEJyN7/iKevQyGARPy6yBJN6CXjxGMFHIhmV20jGDsw9megMh8Tu8+CtePCjiTbz4N05ifKIFDTVV3Ux3hamSBhl7dXIzs3PzC4tL+eWV1bX1wsZm0ySZFtAQiUr0ecgNKBlDAyUqOE818ChUcBZeHo39sz5oI5P4FAcptCN+EcuuFBytFBS8kY89QB7AyM9/cD/K7Mvvc532ZAD0i1snKBSZe1CplEuMei6bgDK3Wq56pfKnUiRT1IPCs99JRBZBjEJxY1oeS7E95BqlUHCV9zMDKReX/AJalsY8AtMeTk67ortW6dBuom3FSCfq94khj4wZRKHtjDj2zG9vLP7ltTLsVttDGacZQizeP+pmimJCxznRjtQgUA0s4UJLuysVPa65QJtm3obwefv/pLnvesz1TlixdjiNY5Fskx2yRzxSITVyTOqkQQS5Jrfknjw4N86d8+g8vbfmnOnMFvkB5+UNHl2hhg==</latexit>

(9 parameters)
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FIG. 1. Frequentist confidence intervals at 1�, 90% and 2� on the parameter space of the G-SS

(upper panels) and the 3⌃-SS for normal hierarchy (middle panels) and inverted hierarchy (bottom

panels).
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Observable Experimental bound Future sensitivity

⌧ ! µ� < 4.4 · 10�8 [5] < 3 · 10�9 [6]

⌧ ! e� < 3.3 · 10�8 [5] < 3 · 10�9 [6]

µ ! e (Ti) < 4.3 · 10�12 [7] < 10�18 [8]

TABLE II. Summary of the present constraints and expected future sensitivities for the LFV

observables considered in the global fit.

G-SS 3⌃-SS 2⌃-SS

LFC LFV NH IH NH IH

p
2⌘ee, |✓e|

1� < 0.015 — < 3.7 · 10�3 0.032+0.010
�0.012 < 6.9 · 10�4 < 2.6 · 10�3

2� < 0.027 — < 0.025 < 0.050 < 8.4 · 10�4 < 3.2 · 10�3

p
2⌘µµ, |✓µ|

1� < 0.028 — < 0.027 < 1.5 · 10�5 < 1.0 · 10�3 < 5.5 · 10�4

2� < 0.034 — < 0.034 < 0.020 < 1.2 · 10�3 < 6.6 · 10�4

p
2⌘⌧⌧ , |✓µ|

1� < 0.024 — < 0.024 0.040+0.018
�0.036 < 7.7 · 10�3 < 2.0 · 10�3

2� < 0.043 — < 0.042 < 0.066 < 9.3 · 10�3 < 2.3 · 10�3

p
2⌘eµ,

p
|✓e✓µ|

1� < 0.016 < 6.5 · 10�4 < 6.5 · 10�4 < 6.5 · 10�4 < 6.5 · 10�4 < 6.5 · 10�4

2� < 0.024 < 7.7 · 10�4 < 7.7 · 10�4 < 7.7 · 10�4 < 7.7 · 10�4 < 7.7 · 10�4

p
2⌘e⌧ ,

p
|✓e✓⌧ |

1� < 0.012 < 0.107 < 1.9 · 10�3 0.036+0.010
�0.023 < 2.3 · 10�3 < 1.6 · 10�3

2� < 0.024 < 0.127 < 0.023 < 0.052 < 2.8 · 10�3 < 1.9 · 10�3

p
2⌘µ⌧ ,

p
|✓µ✓⌧ |

1� < 0.022 < 0.115 < 0.023 < 7.9 · 10�4 < 2.1 · 10�3 < 8.2 · 10�4

2� < 0.033 < 0.137 < 0.032 < 0.032 < 2.5 · 10�3 < 9.7 · 10�4

TABLE III. Comparison of all 1 and 2� constraints on the heavy-active neutrino mixing. For the

G-SS the bounds are expressed for
p
2⌘↵� (see Eq. (??)). For the o↵-diagonal entries the indirect

bounds from the LFC observables via the Schwarz inequality Eq. (??) are compared with the direct

LFV bounds and the dominant bound is highlighted in bold face. For the 3⌃-SS and 2⌃-SS the

bounds are shown for ✓↵ for assumptions of a normal (NH) and inverted hierarchy (IH). As an

overall bound on the given scenario, the less stringent bound is highlighted in bold face.
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from Schwartz inequality :

  

Parameterization G-SS 
●              light neutrino non-unitary mixing matrix can be parametrized:

●      is the coefficient of the d=6 effective operator

●      positive-definite matrix subject to the Schwarz inequality

Previous global fits: 
Antusch, Biggio, 
Fernandez-Martinez, 
Gavela, JLP 2006;  
Antusch, Fischer 2014

General 3 triplets 2 triplets

from LFV processes:

trinos:

• The mass of the W boson MW

• Ratios of Z fermionic decays: Rl, Rc, Rb and �0
had

• The invisible width of the Z �inv

• Ratios of weak decays constraining EW universality: R⇡
µe, R

⇡
⌧µ, R

W
µe, R

W
⌧µ, R

K
µe, R

K
⌧µ,

Rl
µe and Rl

⌧µ

• 9 weak decays constraining the CKM unitarity

• 3 LFV processes: µ to e conversion in Ti, ⌧ ! e� and ⌧ ! µ�

Notice that we are not including in the list of observables the determinations of the

e↵ective weak mixing angle ✓W in our global fit since its corrections from Non-Unitarity

depend on the SM loop corrections [4].

The SM expectation containing loop level corrections, together with the non-unitarity

correction at leading order and the experimental measurements that will be the inputs of

our global fit are all summarized in Tab. (I). The present experimental bounds and future

sensitivities of the set of more constrained LFV transitions that would take place through

the Non-Unitarity of the leptonic mixing matrix, and that have been included in the global

fit, are summarized in Tab. II.

A. Constraints from µ decay: GF , MZ , MW and ✓W

As usual, all SM predictions will be made in terms of the very accurate measurements of

↵, MZ and GF as measured in µ decay, Gµ [5]:

↵ = (7.2973525698± 0.0000000024) · 10�3,

MZ = (91.1876± 0.0021) GeV, (2)

Gµ = (1.1663787± 0.0000006) · 10�5 GeV�2.

However, a Non-Unitary mixing matrix N↵i would modify the expected decay rate of

µ ! e⌫⌫̄. Indeed, their index i must be summed since the final neutrino states are not

determined, and therefore:

3
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p
|✓µ✓⌧ |

1� < 0.022 < 0.115 < 0.023 < 7.9 · 10�4 < 2.1 · 10�3 < 8.2 · 10�4

2� < 0.033 < 0.137 < 0.032 < 0.032 < 2.5 · 10�3 < 9.7 · 10�4

TABLE III. Comparison of all 1 and 2� constraints on the heavy-active neutrino mixing. For the

G-SS the bounds are expressed for
p
2⌘↵� (see Eq. (??)). For the o↵-diagonal entries the indirect

bounds from the LFC observables via the Schwarz inequality Eq. (??) are compared with the direct

LFV bounds and the dominant bound is highlighted in bold face. For the 3⌃-SS and 2⌃-SS the

bounds are shown for ✓↵ for assumptions of a normal (NH) and inverted hierarchy (IH). As an

overall bound on the given scenario, the less stringent bound is highlighted in bold face.
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G-SS the bounds are expressed for
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Future perspectives

Analyse the 3 and 2 triplets case at the LHC



 2 triplets case studied in



- perform the study in the 3 triplets scenario



- use present LHC bounds on triplets typeIII-like 


   to place direct constraint on the approximate L-conserving 


   type-III seesaw 

Eboli, Gonzales-Fraile, Gonzales-Garcia ‘11



Conclusions

Low-scale seesaws with approximate Lepton Number symmetry 
are very interesting scenarios



We are studying the typeIII seesaw with approximate L-
symmetry with 2 and 3 triplets



We are placing new bounds on the parameters of these models



We will study LHC phenomenology



In case of signal (at the LHC or in LFV processes) the 
correlations typical of these models will make them *really* 
testable



Conclusions

Low-scale seesaws with approximate Lepton Number symmetry 
are very interesting scenarios



We are studying the typeIII seesaw with approximate L-
symmetry with 2 and 3 triplets



We are placing new bounds on the parameters of these models



We will study LHC phenomenology



In case of signal (at the LHC or in LFV processes) the 
correlations typical of these models will make them *really* 
testable

Ευχαριστώ!
Than

k you
!
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Observable SM prediction Experimental value

MW ' MSM
W (1� 0.20 (⌘ee + ⌘µµ)) (80.363± 0.006) GeV (80.385± 0.015) GeV

Rl ' RSM
l (1� 0.18 (⌘ee + ⌘µµ)) 20.740± 0.010 20.804± 0.050

Rc ' RSM
c (1� 0.11 (⌘ee + ⌘µµ)) 0.17226± 0.00003 0.1721± 0.0030

Rb ' RSM
b (1 + 0.06 (⌘ee + ⌘µµ)) 0.21576± 0.00003 0.21629± 0.00066

�0
had ' �0 SM

had (1� 0.55 (⌘ee + ⌘µµ)� 0.53⌘⌧⌧ ) (41.479± 0.008) nb (41.541± 0.037) nb

�inv ' �SM
inv (1 + 0.33 (⌘ee + ⌘µµ) + 1.32⌘⌧⌧ ) (0.50166± 0.00005) GeV (0.4990± 0.0015) GeV

R⇡
µe ' (1 + (⌘µµ � ⌘ee)) 1 1.0042± 0.0022

R⇡
⌧µ ' (1 + (⌘⌧⌧ � ⌘µµ)) 1 0.9941± 0.0059

RW
µe ' (1 + (⌘µµ � ⌘ee)) 1 0.992± 0.020

RW
⌧µ ' (1 + (⌘⌧⌧ � ⌘µµ)) 1 1.071± 0.025

RK
µe ' (1 + (⌘µµ � ⌘ee)) 1 0.9956± 0.0040

RK
⌧µ ' (1 + (⌘⌧⌧ � ⌘µµ)) 1 0.978± 0.014

Rl
µe ' (1 + (⌘µµ � ⌘ee)) 1 1.0040± 0.0032

Rl
⌧µ ' (1 + (⌘⌧⌧ � ⌘µµ)) 1 1.0029± 0.0029

���V �
ud

��� '
p
1� |Vus|2(1� ⌘µµ)

p
1� |Vus|2 0.97417± 0.00021

��V ⌧!K⌫⌧
us

�� ' |Vus| (1� ⌘ee � ⌘µµ + ⌘⌧⌧ ) |Vus| 0.2212± 0.0020
���V ⌧!K,⇡

us

��� ' |Vus| (1� ⌘µµ) |Vus| 0.2232± 0.0019
��V KL!⇡e⌫e

us

�� ' |Vus| (1� ⌘µµ) |Vus| 0.2237± 0.0011
���V KL!⇡µ⌫µ

us

��� ' |Vus| (1� ⌘ee) |Vus| 0.2240± 0.0011
��V KS!⇡e⌫e

us

�� ' |Vus| (1� ⌘µµ) |Vus| 0.2229± 0.0016
���V K±

!⇡e⌫e
us

��� ' |Vus| (1� ⌘µµ) |Vus| 0.2247± 0.0012
���V K±!⇡µ⌫µ

us

��� ' |Vus| (1� ⌘ee) |Vus| 0.2245± 0.0014
���V K,⇡!µ⌫

us

��� ' |Vus| (1� ⌘µµ) |Vus| 0.2315± 0.0010

TABLE I. List of observables input to the global fit. The first column contains the leading de-

pendence on the non-unitarity parameters ⌘, the second column contains the loop-corrected SM

expectation, and the third column the experimental measurement used in the fit.
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Observable Experimental bound Future sensitivity

⌧ ! µ� < 4.4 · 10�8 [5] < 3 · 10�9 [6]

⌧ ! e� < 3.3 · 10�8 [5] < 3 · 10�9 [6]

µ ! e (Ti) < 4.3 · 10�12 [7] < 10�18 [8]

TABLE II. Summary of the present constraints and expected future sensitivities for the LFV

observables considered in the global fit.

G-SS 3⌃-SS 2⌃-SS

LFC LFV NH IH NH IH

p
2⌘ee, |✓e|

1� < 0.015 — < 3.7 · 10�3 0.032+0.010
�0.012 < 6.9 · 10�4 < 2.6 · 10�3

2� < 0.027 — < 0.025 < 0.050 < 8.4 · 10�4 < 3.2 · 10�3

p
2⌘µµ, |✓µ|

1� < 0.028 — < 0.027 < 1.5 · 10�5 < 1.0 · 10�3 < 5.5 · 10�4

2� < 0.034 — < 0.034 < 0.020 < 1.2 · 10�3 < 6.6 · 10�4

p
2⌘⌧⌧ , |✓µ|

1� < 0.024 — < 0.024 0.040+0.018
�0.036 < 7.7 · 10�3 < 2.0 · 10�3

2� < 0.043 — < 0.042 < 0.066 < 9.3 · 10�3 < 2.3 · 10�3

p
2⌘eµ,

p
|✓e✓µ|

1� < 0.016 < 6.5 · 10�4 < 6.5 · 10�4 < 6.5 · 10�4 < 6.5 · 10�4 < 6.5 · 10�4

2� < 0.024 < 7.7 · 10�4 < 7.7 · 10�4 < 7.7 · 10�4 < 7.7 · 10�4 < 7.7 · 10�4

p
2⌘e⌧ ,

p
|✓e✓⌧ |

1� < 0.012 < 0.107 < 1.9 · 10�3 0.036+0.010
�0.023 < 2.3 · 10�3 < 1.6 · 10�3

2� < 0.024 < 0.127 < 0.023 < 0.052 < 2.8 · 10�3 < 1.9 · 10�3

p
2⌘µ⌧ ,

p
|✓µ✓⌧ |

1� < 0.022 < 0.115 < 0.023 < 7.9 · 10�4 < 2.1 · 10�3 < 8.2 · 10�4

2� < 0.033 < 0.137 < 0.032 < 0.032 < 2.5 · 10�3 < 9.7 · 10�4

TABLE III. Comparison of all 1 and 2� constraints on the heavy-active neutrino mixing. For the

G-SS the bounds are expressed for
p
2⌘↵� (see Eq. (??)). For the o↵-diagonal entries the indirect

bounds from the LFC observables via the Schwarz inequality Eq. (??) are compared with the direct

LFV bounds and the dominant bound is highlighted in bold face. For the 3⌃-SS and 2⌃-SS the

bounds are shown for ✓↵ for assumptions of a normal (NH) and inverted hierarchy (IH). As an

overall bound on the given scenario, the less stringent bound is highlighted in bold face.
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