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Introduction

Present status in the determination of neutrino parameters:

parameter best fit lo range 20 range 30 range
Am3; [107°eV?] 7.62 7.43-7.81 7.27-8.01 | 7.12-8.20
2.55 2.46 — 2.61 2.38 —2.68 |2.31 —2.74
|Am3,| [1073eV?] B r
2.43 2.37 — 2.50 229 — 258 |2.21 —2.64
sin? 614 0.320 0.303-0.336 0.29-0.35 | 0.27-0.37
ey 0.613 (0.427)* | 0.400-0.461 & 0.573-0.635 | 0.38-0.66 | 0.36-0.68
S
- 0.600 0.569-0.626 0.39-0.65 | 0.37-0.67
0.0246 0.0218-0.0275 0.019-0.030
sinZ 65 7 0.017-0.033
0.0250 0.0223-0.0276 0.020-0.030
0.807
5 g 0— 27 0— 27 0—2r
—0.03m
Forero, Tortola, Valle
WMAP, OVZB —m, < 0.5 eV arXiv::1205.4018

No information about CP violation or about the neutrino mass spectrum



Even with this limited information about the neutrino sector, we can
already notice some features:

* Neutrino masses are tiny, m,, < O (0.1 eV)
e Two large mixing angles (6, ~7/4, 0, ~ 71/6)
One small mixing angle (6,5 ~0)
V23 /130
Ulep = | =/1/6 /1/3  —/1/2
—V1/6 V1/3 \/1)2

e The two heaviest neutrinos present a mild mass hierarchy

A ey 2 2 e 2 L _ A2 2
Amg,,, =msz —mj] — m3 = \/Amatm — mj

A a2 2 2 . _ A sy 2 2
AITISDE = m5 —mj] — mo = \/Ar”'soi — mj
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Compare to the quark sector

~
m, = 1.7 to 3@
u my/m,. ~ 140
m. — 1 27+0.0? -
c -4 1-0.0¢ Me/mg =~ 500

my; = 1720+ 0.9 £ 1.3 GeV ~

vs. mg/ms <6

mg = 4.1 to 5.8 MeV )

29 m,,/ me >~ 41
my = 10172 MoV =

0.07 myg/mg ~ 20
my = 4.197559GeV

0.82 0.56 O
0.41 0.56 0.71
0.41 0.56 0.71

0.97 0.23 0.004
0.23 0.973 0.04 vs. |Uten| =

0.008 0.04 1

Compare also to the charged lepton sector

|Uckm| =

| B ~
Me — 0.51 MeV ’}’)’LT/TTLH ~ 17
m, = 1.78 GeV

The neutrino sector presents a completely different pattern



Any model of neutrino masses should address the following questions:

* Why tiny masses?
* Why mild mass hierarchy?
* Why large mixing angles?

And preferably, the model should be testable



A very popular neutrino mass model: the (type |) see-saw model

Add to the Standard Model at least two right-handed neutrinos

- -1
—L" = (Y,)ijlLive® — 5313,@»;5;;% +h.c.

1 L
—Lv el = 5,&;.{“,,-(@1(1))(_(1)?”13) +h.c.

i

k= (Y, My'Y,") e M, =

Very compelling explanation
to the small neutrino masses

Furthermore, this model predicts charged lepton flavour violation:

BR(U—ey)~10"7, in excellent agreement with experiments.



Can the type I see-saw mechanism accommodate a mild mass hierarchy?

The high energy theory, spanned by{Y,,M, .}, depends on 18 parameters
The low energy theory, spanned by { M, }, depends on 9 parameters

There is a lot of freedom at high energies

It would not be surprising if the see-saw mechanism could accommodate m_/m _<6.



Can the type I see-saw mechanism accommodate a mild mass hierarchy?

The high energy theory, spanned by{Y,,M, .}, depends on 18 parameters
The low energy theory, spanned by { M, }, depends on 9 parameters

There is a lot of freedom at high energies

It would not be surprising if the see-saw mechanism could accommodate m_/m _<6.

The answer 1s yes. In fact the see-saw mechanism can accommodate anything

L
}/;' — <(I)U> UIE‘-]Z) L‘)g]ﬂ V kD;u Casas, Al

Dy; = diag(M,, My, M3)

CaC3 —C183 — 8182C3  S183 — €152C3
S 516 C16o

But there is a price...



The price 1s that the resulting Yukawa coupling could be “weird”

For example, taking M =10” GeV, M_=10" GeV, M =10" GeV
and R(z,=21, z,=0, z,=0), one obtains the matrix

1.9x%x 10 0.011 0.114
Y,=| =86x107° 0.012—0.031z 0.324+0.12
8.6 x 10 —0.012—0.0317 0.32—0.12i

Which reproduces, by construction, the low energy neutrino data
(m,=0.05 eV, m,=0.0083 ¢V, sin°0, =0.3, sin’0 =1, and m =m /6, 6 ,=0 and no CP violation)

However, the eigenvalues are

, — ' "N

ys = 0.50 | This Yukawa coupling does not seem to be
yp = 1.3 x 1077 generated by the same mechanism that

iy = 2.2 X 10~4 ) y2/y1 = 6 generates Y, Y, Y_(whatever it is...)

| Y3 [y2 = 379




A more interesting question 1s not whether the see-saw can accommodate
the data, but whether the see-saw can accommodate the data with our
present (very limited) understanding of the origin of flavour.

Can the see-saw mechanism accommodate
the oscillation data when the
neutrino Yukawa couplings are hierarchical?

Not so easy... The see-saw mechanism tends to produce very large
neutrino mass hierarchies Casas, Al, Jimenez-Alburquerque



“Naive see-saw’’ (no mixing)

2 2

2 2
my ~ ﬁll<¢’0>2? Mo ~ %(@0)2’ My ~ ;4_1<(I)0)2 s - Y3 M2

mo Y3 M;

m Assume hierarchical

VRD IR 1:20:20? (down-type quark Yukawas)
Yukawa couplings

VRD IR 1:300:300° (up-type quark Yukawas)

m For the right-handed neutrino masses, we don't know

Hierarchy inv asinY ~ Degenerate v,

m3 | - My - - m3 < @
— ~ 20 — 300 — ~ 400 — 90000  far from — 56
ma Mo Mo

A more rigorous analysis shows that generically

ms

Mo - y_g M Hierarchical V.

ma ™~ y3 M,

Mo < O(l():"—") ms3 ‘
. far from — S 6

Degenerate v, > @(102—5) 2

Mo



Consider a model with just two right-handed neutrinos

Y142 = 1:300 (inspired by the hierarchy

Assume M : My,= 1:300 in the up-quark sector)

The neutrino mass hierarchy depends just on the mixing angle in
the right-handed sector, 8, and on the Majorana phase a.

m.,/m - ]
2/ 1 10% m2
105
1000 |-
10*
10}
oy 0.1 \
= m
CXP. 1
..........................................
[ SIS E S S NS S S [ S ST S S N S SO S S S S S S 0001 1, L 4
0.0 0 0.4 0.6 0.8 1.0 1 1.4 0. 0 0.4 0.6 0.8 1.0 1
R eR
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Consider a model with just two right-handed neutrinos

Yi - Y2
MllMg

1:300 (inspired by the hierarchy

Assume 1 - 300 | in the up-quark sector)

The neutrino mass hierarchy depends just on the mixing angle in
the right-handed sector, 8, and on the Majorana phase a.
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Consider a model with just two right-handed neutrinos

Yi - Y2
MllMg

1:300 (inspired by the hierarchy

Assume 1 - 300 | in the up-quark sector)

The neutrino mass hierarchy depends just on the mixing angle in
the right-handed sector, 8, and on the Majorana phase a.

m./m - _
2/ 1 10% m2
105
1000 |-
1wtk
10k
ey 0.1 /\
= m
GXP. 1
..........................................
[ SIS E S S NS S S [ S ST S S N S SO S S S S S S 0001 1,
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0. 0.2 0.4 0.6 0.8 1.0 1.2
0, 0



Consider a model with just two right-handed neutrinos

Yi - Y2
MllMg

1:300 (inspired by the hierarchy

Assume 1 - 300 | in the up-quark sector)

The neutrino mass hierarchy depends just on the mixing angle in
the right-handed sector, 8, and on the Majorana phase a.
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Consider a model with just two right-handed neutrinos

yr:y2 = 1:300 (inspired by the hierarchy

Assume M : My,= 1:300 in the up-quark sector)

The neutrino mass hierarchy depends just on the mixing angle in
the right-handed sector, 8, and on the Majorana phase a.
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There are two situations where the see-saw mechanism can naturally
generate a mild neutrino mass hierarchy (without tunings):

“naive see-saw’’

Very mild
hierarchies

V1=V,

M =M,

Y1 - Y2 =
MllMQI

1:2
1:6

Very strong hierarchy
in RH masses

M :M,=y:y,

yl:ygzl:SOO
M1M2=190000




There are two situations where the see-saw mechanism can naturally
generate a mild neutrino mass hierarchy (without tunings):

“naive see-saw’’

Very mild
hierarchies

V1=V,

M =M,

Y1 - Y2 =
MllMQI

1:2
1:6

Very strong hierarchy
in RH masses

M :M,=y:y,

yl:ygzl:SOO
M1M2=190000




There are two situations where the see-saw mechanism can naturally
generate a mild neutrino mass hierarchy (without tunings):

“naive see-saw’’

Very mild
hierarchies

V1=V,

M =M,

Y1 - Y2 =
MllMQI

1:2
1:6

Very strong hierarchy
in RH masses

M :M,=y:y,

yl:ygzl:SOO
M1M2=190000




There are two situations where the see-saw mechanism can naturally
generate a mild neutrino mass hierarchy (without tunings):

“naive see-saw’’

Very mild
hierarchies

V1=V,

M =M,

Y1 - Y2 =
MllMQI

1:2
1:6

Very strong hierarchy
in RH masses

M :M,=y:y,

yl:ygzl:SOO
M1M2=190000




There are two situations where the see-saw mechanism can naturally

generate a mild neutrino mass hierarchy (without tunings):
mo y% M,

“naive see-saw” — ~ —— < 6
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There are two situations where the see-saw mechanism can naturally
generate a mild neutrino mass hierarchy (without tunings):

. M
“naive see-saw’”’ @ yz 1 <6
mq y1 MZ
Yery mﬂ,d Very strong hierarchy
hierarchies 6 T rrr e
= 2 2
Y172 M- M,=yi:y;
M, =M,
Yyp Yo = 1:2 Y1 y2 = 1 :300

My: M= 1:6 My My =1 : 90000




The case with three right-handed neutrinos

1:300 : 3007

Y - Y2 2 Ys =
. ) ) ) 2
My : My : Ms= 1:300: 300
1 1
0.8 0.8
__ D6 __ 06
= . =
> >
0.4 4 0.4
.'..
0.2 ;.r’ 0.2
< [Vi2|=0 |V12|=0.2
0 0
0 002 004 0.06 008 0.1 0 002 004 006 008 0.1
Vi3l Vi3]
1 1
0.8 0.8
__ D6 __ 0.6
= >
0.4 04
0.2 0.2
[Vi2|=0.6 |V12]|=0.8
0 0
0 002 004 006 0.08 0.1 0 002 004 006 008 0.1

Vil

Visl
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[Vas |
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Vil
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The see-saw mechanism generates a neutrino mass hierarchy
much larger than the observed experimentally, except:

 When the Yukawa eigenvalues and right-handed masses
present a mild mass hierarchy.

* In the case of hierachical Yukawa eigenvalues,
for very special choices of the parameters.

The see-saw mechanism provides a very compelling explanation

to the smallness of neutrino masses, while keeping all the successes
of the Standard Model. However, it fails to provide a compelling
explanation to why the neutrino mass hierarchy is so mild.



A possible solution: Introduce a second higgs doublet

With a second higgs doublet, quantum corrections can soften
the neutrino mass hierarchy.

Even if at tree level m_/m, is very large, as generically expected

in the (standard) see-saw mechanism, the quantum corrections
can generate m,/m_~6.

Grimus, Neufeld
Al, Simonetto



Neutrino masses in the see-saw model extended with one extra Higgs

Consider the Standard Model extended by right-handed neutrinos
and at least one extra Higgs doublet (no ad-hoc discrete symmetries)

_ - 1 .
v sa ] —C
—L" = (Y, )ijZLlr/ijD — U\hj VpiVRj + h.c.

IMMdJ > my, My

— L et —f., P(11i®,) (RF1S,) + h.c.

\_,

Hab(ﬂf] ) — (};{11[\—11}? T) (:url )

Work 1n the basis where only @, acquires a vev

22

J‘My(ﬂ[l) — ll(ﬂj_{l)

The neutrino mass matrix 1s affected by quantum corrections below M,



RGE effects

Quantum effects generate a correction to the coefficient of the
dimension 5 operator which generates neutrino masses:

5‘%11 ~ B fi”’l + f{lmB-T + bfi22 Grimus, Lavoura
la la

Different operators mix: N

=
?E—\
o |

N , \ u,d, e / (D\ /@1

\\ o // / 1 N\ 7
(1) 1
\1 , ’(P //)\6\\
/ 1
’ /Lj /
\ ,
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RGE effects

Quantum effects generate a correction to the coefficient of the
dimension 5 operator which generates neutrino masses:

(5}1‘,11 ~ B fial + H:lu,BT + bﬁ.}22 Grimus, Lavoura
la la

Different operators mix.

Compare to the correction in the “one Higgs doublet model”:

Ok ~ Br + kB!

New qualitative features?




To highlight the new features, consider a model with one right-handed neutrino
and two Higgs doublets (no ad-hoc discrete symmetries imposed):

1
—L" = (Y}, [ vp®, + ( ZL_,.-VR(I)Q MMdJJ/ng + h.c.

lMl\IdJ > mup, My

—Lr et = Eh D110 ) (PLIT;) + hec.

Work 1n the basis where only @, acquires a vev

2
v
M, (Myraj) = 5511(MMaj)
Y, v’
ms =
Rank 1. At tree level 2 Mt

mo, my =0



RGE effects

okt ~ By, k™ + HZMBi + br** N L7
CI)l\\\___{/q)l
I
| ) o
|Y;/J_|2?')2 _|_ 11 t 2 ‘\ /’ 2
ms — ' small corrections - > - -t
2J\Jnmj L; % L;
— | 0"
S 1 ‘/\5‘UQ ‘Y2|2 ‘YUQTYJ‘ log Mﬂ'l'dj
g = — _
1674 Mma,j Y ‘YI}‘Q mpg

myp = 0

A second neutrino mass 1s generated from the same right-handed neutrino
mass scale M, —a mild mass hierarchy might be naturally accommodated.



VP

s = 2Mmaj
m 1 ‘)\5‘3}2 —‘ ‘ ‘YZTYI‘Z_ ] MHL‘:L]
’ 1672 M, maj Y ‘Yul‘ . mpy

Neutrino mass hierarchy:

Assume:
M . large, to implement the see-saw mechanism
m,<<M__ (e.g m =100 GeV-1 TeV)

e Neutrino Yukawa couplings misaligned (new sources of
ﬂavour Vlolatlon are required)

. )\5~O(1)

ma| | As| Y7 log (

mg| 872 |V 1|?




Yukawa couplings to the same generation
of right-handed neutrinos (more details later)

Y~y



LEPTON FLAVOUR VIOLATION?
ELECTRIC DIPOLE MOMENTS?

S

e Neutrino Yukawa couplings misaligned (new sources of
flavour violation are required)




LEPTON FLAVOUR VIOLATION?
ELECTRIC DIPOLE MOMENTS?

e Neutrino Yukawa couplings misaligned (new sources of
flavour violation are required)

Logarithmic dependence with m
while the rate for pj-ey decreases as m;,

ms |)\ ns

msz| 82 |Yl \




Messages to take home:

The Standard Model extended with =1 right-handed neutrino
and =1 Higgs doublet can naturally explain the smallness of
neutrino masses and the existence of a mild mass hierarchy,
without jeopardizing any of the successes of the Standard Model,

since all extra particles decouple at low energies.

No need to introduce flavour symmetries to explain the

intergenerational mass differences in the neutrino sector,

although they might be necessary to explain the observed

pattern of mixing angles.




Comparison to the two right-handed neutrino model

Effective theory of the 2RHN-1HDM
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The eftective theories are identical

2RHN-1HDM

1RHN-2HDM




The eftective theories are identical

However, there are important differences in the way the can
generate the mild neutrino mass hierarchy.



First part of the talk: the 2RHN-1HDM can generate a neutrino mass
hierarchy in agreement with experiments when:

 When the Yukawa eigenvalues and right-handed
masses present a mild hierarchy.

 When there are hierachical Yukawa eigenvalues,
only for very special choices of the parameters.
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First part of the talk: the 2RHN-1HDM can generate a neutrino mass
hierarchy in agreement with experiments when:

 When the Yukawa eigenvalues and right-handed
masses present a mild hierarchy.

<4

Generic

. . . situation in
* When there are hierachical Yukawa eigenvalues, oy _2H4DM

only for very special choices of the parameters.

2RHN-1HDM IRHN-2HDM
| 2
{YVI’YVZ’MI,MZ} < {YV’YV’Mqu’Mqu/b}
\ J \. ~" S A M
ho _ 5 Maj]
/ \ s ( mu )

Yukawa couplings to the same The “equivalent” right-handed
generation of RH neutrinos. neutrino masses naturally have
Eigenvalues expected to be similar a mild hierarchy.




A remarkable difference with respect to the
two right-handed neutrino model:

Possibly, new phenomena at low energies,

apart from neutrino masses

LFV processes could be observable, if not too suppressed by m. .

2
m3 Y. mi ., m?
fl — | cosa — log® ——

Yool
|2

2 1 2 o 2
my w33 gy my

: 622

Paradisi
Hisano, Sugiyama, Yamanaka

Could be present at tree level.
If not, generated radiatively by the neutrino Yukawa couplings



Mixing angles

New flavour structures in K**and Y > modify, through quantum corrections,

the flavour structure of the neutrino mass operator K'' and the charged
lepton Yukawa coupling Y '.

Leptonic mixing matrix Charged lepton

1 Yukawa coupling

I, — VI

SU. = U0 1

oUy, = (VE—-1)TU©

Summing up both contributions

[/ — V;LTU(O) + O



Mixing angles: effect on 0,; and 0.,

New flavour structures in K**and Y ? can induce radiatively a

non-vanishing 0 , and a deviation from maximal atmospheric mixing.

]. }/J*
SU5 = STr(Y Y2 + Y Y1) 42X + 2)
B T 6r2 v [ r{ YY) 22+
1 (}ﬁ}f(};l)_ljfzt)l

1672 V)]

VAT Mo
Y 12 mpy

2 2 ﬂfma'
st Y7220

my



Mixing angles: effect on 0,; and 0.,

New flavour structures in K**and Y ? can induce radiatively a

non-vanishing 0 , and a deviation from maximal atmospheric mixing.

LYy Y2ty Monai
5Uys = 3Te(YHY2 + Y Y1) 4+ 2M\ + 2) log —=2
8 16w~|}fl|[ r{ TYaYa ') AL 245 Ty | loe T
1 (YH(YH) vz, ‘ ‘ M
% € e 3Ty }/..’1‘}/'1 Y_.?}/lT Tor )
1672 Y] [ r(V Y Y }J e

Similar to m /m, — OU | can easily be ~ 0.2



Mixing angles: effect on 0,; and 0.,

New flavour structures in K**and Y ? can induce radiatively a

non-vanishing 0 , and a deviation from maximal atmospheric mixing.

Additional effects i1f the cut-off A 1s larger than M i through the
quantum effects from the neutrino Yukawa couplings Y ', Y °.

f‘s
ﬂfm aj

1 Y7

5Ups =
B 16w V)

{ ISTI(Ylerd + Yd YH] + Ir (YL:JY;JH) + QYVH(YEl)_lY;JTYVl} lgg

YAV Moy,
+[3TI'(Y”Y~+Y@£ ) 2N 2N ]1” '}

mgyg
L Lo e,
1672 V)]

2 2 2 A
{TI-(Y;TY;) log + 3T (VY] + Y2V log }

M aj My



Some speculations about the mixing angles

The third column of the leptonic mixing matrix seems to follow
a pattern, at least at lowest order: 0, ,=0, 6 =1v4.

The second column does not seem to follow any pattern: the solar
mixing angle 1s neither minimal nor maximal.

In the IRHN-2HDM

Third column of Ulep

Possibly with a pattern
(if Y ' has a pattern)

1)
1)
1

1
1
(1)
(1)
(

O
~| O
O

)

second column of Ulep

Possibly with a pattern
(if Y ?has a pattern)
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Y had an structure, the combination

of them gives a “structureless” U. .
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The third column of the leptonic mixing matrix seems to follow
a pattern, at least at lowest order: 8 =0, 6,,=104.

mixing angle is neither minimal nor maximal. 2™
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Even if each Yukawa coupling
had an structure, the combination
of them gives a “structureless” U_.



The dark matter connection

The explanation of the observed neutrino flavour transitions
and the nature of the dark matter of the Universe could be
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However, the model generically predicts large neutrino mass hierarchies



Our modification Hehn, AL arXiv:1208.3162

L. Lo, Ly | €ry €ros 3 @ X N1N;
spin 1/2 1/2 0 1/2 0
sSU@)xU(1),  (2-1/2) (L,1) (2,1/2) (1,0) (2,1/2)
Z, + + + - -

If the Z, symmetry is exact (or very weakly broken) the model contains
a dark matter candidate (n, or X).

Due to the Z, symmetry, n,,n, do not acquire a vev — no neutrino mass at

tree level.

All neutrino masses are generated at the one loop level
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O~ ZF0) | e oI =, i
P D (M o 52 v,
Mgy m;. m; m;
- =~ X ) - log —* + log —
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}]a; \,}.}b 78
/ ‘*1 Y~ [YP (coupling to the same x)
I:E - /\ - IL; )\E._,bllj b /\glﬂ} e )EEEQ}

Mild mass hierarchy generically expected



Probability

0.05——mmm———r——————————— e 005 ——
r g >M exp ] - My, g, exp
0.04f 0.04}
0.03} = 0.03}
_ o i
0.02} 2 0.02f
C =¥ :
0.01F 0.01}
0.00* : 0.00
0.001 0.01 0.1 1. 0.001 0.01 0.1 1.
M/ M [m; Hehn, Al
Features:

m Small neutrino mass due to the see-saw mechanism.

m Mild neutrino mass hierarchy due to the presence of a second scalar doublet.

m No need to invoke a flavor symmetry to explain the intergenerational
mass hierarchy in the neutrino sector, although it might be necessary to
explain the pattern of mixing angles.

m The model contains a dark matter candidate and can generate the observed
matter-antimatter asymmetry in the Universe through leptogenesis
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Flavour, CP, EWPD

Tiny neutrino masses

Mild v mass hierarchy

Neutrino Mixing angles

Baryogenesis

Dark matter

Strong CP problem

Hierarchy problem

Cosmological constant
problem

Thank you for your attention!
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