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Seesaw Models

Heavy fermion singlet: VR . Type | seesaw.
Npg Minkowski 77; Gell-Mann, Ramond, Slansky
79; Yanagida 79; Mohapatra, Senjanovic 80.

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

1  ~
L = »CSM + ,C]C — §NZMZ]N] — Y;;aNi¢TLa —+ h.c.



Seesaw Models

Heavy fermion singlet: VR . Type | seesaw.
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New Physics Scale (m.~Y?v?/M)



Heavy New Physics scale

2
m, = %YM*YT < O(1eV)

« Y ~ 1 suggests M close to the GUT scale,

« Drawback: New Physics effects at low energies very suppressed by
the NP scale M.



Light New Physics scale

e Contrary to the high scale models, a low Majorana scale does not
worsen the Higgs mass hierarchy problem.

Npg

H H M2, o M?

Vissani 1998
VOé

» Drawback: In principle, a small M requires Y < 1. Suppression of
the NP effects controlled by the Yukawa couplings.

2

my, = %YM‘lYT < O(1eV)



Sizable Phenomenology?

 Sizable New Physics effects require:

(1) Y~0O(1)

(2) M ~0Apw)

Too large neutrino masses!!



Sizable Phenomenology?

 Sizable New Physics effects require:

(1) vy~o@) Y 0k
X - My~ Vi >0 (]. eV)
(2) M ~0O (Agw) Too large neutrino masses!!

« \Way out. Neutrino mass suppression coming from symmetry.
Aproximate L conservation reguired.

Inverse and direct seesaw models.

Mohapatra 1986; Mohapatra, Valle 1986; Bernabeu, Santamaria, Vidal, Mendez, Valle 1987;

Branco, Grimus, Lavoura 1989; Malinksy, Romao, Valle 2005; Buchmuller, Wyler 1990;
Gavela, Hambye, D. Hernandez, P. Hernandez 2009;



Sizable Phenomenology?

* Neutrino mass suppression coming from symmetry.
Aproximate L conservation required,

Cd:5

o (Faqg*) (gy Lg) d-5 operator
A suppressed by symmetry
L- violating




Sizable Phenomenology?

* Neutrino mass suppression coming from symmetry.
Aproximate L conservation required.,

d=5
C o~ ~
B d=5 operator
o (Fad) (67 Lo) :
suppressed by symmetry
L- violating

d=6
CaB [+ T\ .un (Tt d=6 operator
A? (La¢) Oy (gb L ) No suppressed by symmetry

L - conserving l

Sizable NP effects:!
(Non—=Unitarity PMNS matrix)




The 3N scenario (3N—SS)

« The SM is only extended through 3 right-haded neutrinos.
 The 3 extra states are heavier than the EW scale.

 Large, potentially observable, New Physics effects in ispite of the
smallness of the light neutrino masses.

* The light neutrino masses are radiatively stable
E. Fernandez-Martinez, J. Hernandez-Garcia, JLP and M. Lucente. arXiv:1508.03051



Parameterization 3N—SS

« Considering 3 massive /V, the mass matrices which conserve L are:

Ve VUV, Vs
L= 1 1 1
Sy Yo Y, Y 1 N1
V2 0 0 0 0 N
N1y N2 Ng
L= 1 -1 0
0 A O 1 N
My = A 0O O |—-1 Ny
0 0 A"/ 0 N

L exact

> m, = m%M&lmD: 0




Parameferization 3N—SS

« Considering 3 massive /V, the mass matrices which conserve L are:

) Y. Y,
EW / /
mp — \/5 €1Y€ ElY,u

EQYe// EQY’:

pr A ps
My=1 A po
py  pg A

L-violating parameters: €;, [;

€1 Y;f
EQY”

L slightly
broken

> m, = m%M&lmD# 0




Parameterization 3N—SS

« Complete neutrino mixing matrix:

i ( (1-661/2) Upyns o
— O Uparns - 0061/2




Parameterization 3N—SS

« Complete neutrino mixing matrix: N; — Vo mixing

(oo (9)
—@TUPMNS I — @T/z




Parameferization 3N—SS

« Complete neutrino mixing matrix: Ny — v4 mixing

Deviation trom unitarity ot the PMNS matrix

Schechter, Valle 1980
Langacker, London 1988

with © =~

| .
V2 \ 0 e o V2A



The general scenario (6—SS)

« The SM is only extended through an arbitrary number of
right-haded neutrinos.

* They are heavier than the EW scale.

e No further assumptions.



Parameterizalion 6—SS

« 3 x 3 light neutrino non-unitary mixing matrix can be parametrized:

N =(1-n)Upuns
 7) Is the coefficient of the d=6 effective operator

1 " , Tlee  Tlep  Tler
smpMy mp = n:u Nup Mot

N = 9 e
Ner  MNur*  Trr

Previous global fits:
Antusch, Biggio,
Fernandez-Martinez,
Gavela, JLP 2006;
Antusch, Fischer 2014
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Parameterization 6—SS

« 3 x 3 light neutrino non-unitary mixing matrix can be parametrized:

N =(1-n)Upuns
 7) Is the coefficient of the d=6 effective operator

1 ; s Tlee Tep Ter
= §mDMN mp = 77>eku Nup — Tlpr
Nor Nur=  Nrr

* 7] positive-definite matrix subject to the Schwarz inequality

‘ ‘ < Previous global fits:
Antusch, Biggio
op | = 8" : :
77 B \/77 047755 Fernandez-Martinez,
Gavela, JLP 2006:;
Antusch, Fischer 2014




Parameler counting

Trr Nep Ter - Nur
0 ﬁ W \’n}< \/W N )< /Tl
ree free free free
'95'2 New = 6‘}9 A Ner = 202 Nur = 9“29:
fixed by (5\ )ﬁxed@& fixed by 6, 6

L>9 =0, 9 Qu,ml,é 041,042)

light neutrino masses
and mixing constraint

N




Observables

« 28 observables included in the analysis as a function of o, My
and G,

e The W boson mass My,

* The effective weak mixing angle: S%Vlee% and S%thgf
 Four ratios of Z fermionic decays

e The invisible width of the Z

* 8 ratios of weak decays constraining EW universality

* 9 weak decays constraining the CKM unitarity

3 radiative LFV decays: t — ey, T — Wy and T — €7
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Results
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Results
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Results

6—SS

3N—SS
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Results
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Resulfs and Parameterizations

* N=(1—-nUpuns

« NSI parameterisation
25-1073% 2.8-107°> 2.7-103
leas| = 2705 < | 2.8-107° 4.0-107* 1.2-107°
27-107% 1.2-107% 5.6-103

Qe 0 0
e N=TUppng With T = Qe Oy 0
Z. z. Xing 2005 Ore Ory  Orr
Escrihuela, Forero, Miranda,
Tortola, Valle 2015 ~ 1
app = 1 —11gs

gy | 12184



Summary and Conclusions

* \We have combined present probes on weak lepton universality,
searches for LFV processes and precision electroweak observables
to derive updated and global constraints on the allowed mixing of
heavy Seesaw neutrinos with the SM fermions

* These bounds apply for any value of the Majorana scale larger
than the electroweak scale

« Completely general scenario as well as the case in which only 3
extra heavy neutrinos are considered

At the 1o level a mild preference for non-zero mixing in the electron
and tau sectors around 0.03 — 0.04 was found.

» At the 20 level, upper bounds between 0.1 and 0.01 for all mixing
elements were derived with a most stringent constraint on the mixing
In the e — Y sector an order of magnitude better from the y - ey.



Summary and Conclusions

» We will hopefully submit the paper to the arXiv soon!

Stay tuned:
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Relaxing the constraints

0c]% 10,7 | Yww (0)  Xzz(0)
> | g 2o with 1= M%/ — M%

* In principle, a cancellation between the tree and loop level
contributions might be possible.

« This would allow to relax the constraints from those observables and
, at the same time, achive large NP effects in other observables

L>  Fit anomalies (Z decay, charged-to-neutral current ratio
and deviation of My from theoretical expectation)

Akhmedov, Kartavtsev, Lindner, Michaels, Smirnov 2013



However ..

017 10,7
2 9

cancellation

+ If L slightly broken W) 7T > 0 NOT ™
possible

- T < 0 (cancellation) only possible when
L is highly violated.



However ..

« 1" < () (cancellation) only possible when L is highly violated.

- (5w (™o (T
@«’31\" ' mDA_ mp + m'gA'_lmD)

e Light tree level neutrino masses independent of two L-violating
parameters: 1 & L3

- Large L violation can be only driven by 111 & 3



However ..

« 1" < () (cancellation) only possible when L is highly violated.

« Large L violation can be only driven by 41 & i3

U
he ewmgﬁﬂ (E:D@P> (p11, p13)

. Loop corrections to m, should not be neglected:

YoYs
3272

(Ssz(Nl ps, Mz) M%If(m,u:s,MH))

0y, 5 =

Pilaftsis 1992; Arastizabal Sierra, Yaguna 2011.



However ..

NOT possible
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Light Neulrino Masses

1 L s, Cep~'mp, € '

1/ /!

H4

—I1p

A



T parameter

@

ol = ST 0, ( ;j (UaiUajUsiUg; fij + Ui@UajUEiUﬁjgij)) ?

/ M7 M? . M, : 2M; M . M,
i = an i = ,
J M2 M2 ]\{7 9ij MZ MQ Mj
alA?]0,|t
201 ~ lﬁ?rt?%vﬂf%; - Wﬂ,‘? ~ ‘YQ‘QUE“ /2A2 ~ 10 3
20T ~ 16,]? - Y, ~1—10
<

_ A~ 10— 100 TeV



|/u1| =>> /\\7 Ala M3

T parameter




(OV)*

EstimaTion
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Correlation among the CP—phases

v oscillation data: UE;MNSmUPT’MNS ~ —m%M&lmD = —m
~ 1 N, Y 7
YT — ﬁzgu_ﬁ’beemuu (Y (meﬂmﬁ”' B meTm““) T

Y (MepMer — Meetyr) £ \/YQQmW 2Y Y, Mey + Y2 Mee X

A

A 2 2 2
>< mefrmulu - 2m€/,l,m€7'm’u7' —|_ meem —|_ melumTT - meem,u/lmT'T)



Observables

« 28 observables included in the analysis as a function of o, My
and G,

« (& recives non-unitarity corrections since it is meassured in the
Muon decay:

Gr =G 1+ Neetnuu)

T - e

Yy Ve
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