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Introduction

Present status in the determination of neutrino parameters:

parameter best fit +1o 20 3o
Am2, [10~%eV?] 7891 7.24-7.99 7.09-8.19
; 9507 0 2.25 — 2.68 2141978
Am2, [10-3 VE —0.16
s =0V —(2.40+0%8 —(2.23 — 2.58) _(2.13 - 2.67)
sin” 19 0.312 0 0.28-0.35 0.27-0.36
; 520 0.41-0.61
sin? . i 0.39-0.64
S S 0.52 + 0.06 0.42-0.61
. Y115 gt 0.004-0.028 0.00j1-0.035
sin® f13 0008
0.0167 000 0.005-0.031 0.001-0.039
—0.61%ga2) ™
h) ( e 0— 2n D—9
(—0.41407) 7 = E

WMAP, 0v2B — m_ < 0.5 eV

No information about CP violation or about the neutrino mass spectrum

Schwetz, Tortola, Valle

arXiv:1108.1376



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)
VR VIB o
Ulep = | =\/1/6  /1/3 = /1/2
—V1/6 1/3 /1/2

e The two heaviest neutrinos present a mild mass hierarchy

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

A a2 2 2 . _ A e 2 2
AITISDE = m5j —mj] — mg = \/Amsoi — mj



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)
VR VB o
Ulep = | =\/1/6  /1/3 = /1/2
—V1/6 1/3 /1/2

e The two heaviest neutrinos present a mild mass hierarchy

? T T TTTTTT T T TTTTIT T IIIIIIII T T TTTTIT

1: T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T T TTTIT

ﬂ.l%— /

m (eV)
B

0.01E




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 S 6

mg = 4.1 to 5.8 MeV )

29 mb/ 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

\Uckum| =

| B ~
Me = 0.51 MeV ’}’)’LT/TTLH ~ 17

m, = 106 MeV & my,/me ~ 208
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 large mixing angles?
* Why mild mass hierarchy?

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 Moy > My

1 L
—cv et — 3f;.ij(1LifI))(<InTzfj) + h.c.

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

1 |
e () Utep v ?DRT\/ ﬁu

agﬁ;g —f\l*’:g — Qlé}gé‘; §1§3 °152C3 Dﬂ,.f = diag(ﬂffh Afjgﬁ Aff;g)
R = | Cy83 C1C3 — 518253  —51C3 — C15283
S9 51Co C1C2

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

1.9 x 1074 0.011 0.117
Y,=| -86x10"" 0.012—0.031: 0.32+0.12
8.6 x 107 —0.012—0.0317 0.32 —0.12;

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
Y1 2002 Ys x002 Y3 002 msg Yz Mo

my ~ — (P, mg~ ==(P")", my~=(D") S o 73
1 My M3 my Y5 Ms

m Assume hierarchical V'Y, Y~ 1 : 20 : 20? (down-type quark Yukawas)
Yukawa couplings Vi 'Y, Y~ 1 : 300 : 3007 (up-type quark Yukawas)

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

Hierarchy inv, asinY ~ Degenerate v,
ms M3 ms

— ~ 20 — 300 — ~ 400 — 90000 far from — S 6
ms Mo Mo

A more rigorous analysis shows that generically

ms -
. . _J > Yo — |
my y_g M Hierarchical v, Ty ~ O(10°7 ")

~ 9
m M ms
2 Y2 Degenerate v,

ms
far from —

> 0(10%7%) 2

Mo



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.

m.,/m - ]
2/ 1 10% m2
105
1000 |-
10*
10}
oy 0.1 \
= m
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..........................................
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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



Consider a model with just two right-handed neutrinos

yr:y2 = 1:500 (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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Consider a model with just two right-handed neutrinos

Yt - Y2
MllMg

1300 (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
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Consider a model with just two right-handed neutrinos

yr:y2 = 1:500 (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
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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
my Y Wz
Yery mil.d Very strong hierarchy
hierarchies in RH masses
= 2. 2
Y1702 M M,=yi:y;
M,=M,
Y12y = 1:2 Y1 y2 = 1 :300

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




The case with three right-handed neutrinos

1:300 : 3007
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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.



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)

_ | *
v 7a ] —C
—L" = (Y,")ijlLivrj Do — Umj VpiVRi + h.c.

IMMdJ > my, My

— L et —f., P(11i®,) (7 1E,) + hc.

\u

R(My) = (VI MYy 1) (M)

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

22

.-"'ML;(_H[]_) — ll(ﬂ[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 ~ Blaﬁlal + K;mBi + bﬁ}22 Grimus, Lavoura

Different operators mix: N

&
Y |

\ , \ u,d, e // (p\ /(I)1

\\ o // / 1 \ 7
P 1 ——
O ’s VAR
/ 1
o Lk gt L /




RGE effects

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

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

(5}{,11 ~ Blu,ﬁful + K’,lu’Bi + bfi22 Grimus, Lavoura

Different operators mix.

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

0k ~ Bk + 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}, 1 vp®, + ( ZL_,.-VR(I)Q — MMdJJ/gJ/R + h.c.

lMl\IdJ > mup, My

— LY eff_?t (I:0a) (DLIE;) + hec.

Work 1n the basis where only @, acquires a vev
2

M, (Myaj) = =

(9
5 K (Myaj)

Rank 1. At tree level 2 Mt
mo, my =0



RGE effects

5‘%11 ~ B ﬁul + Hhar,B_T + bKJQQ X )
- J.”; _I_U, \\ //
S EERENPA 31
R
| d )
|Y;}|2’l)2 N . ; 2 ‘\ /’ 2
M3 — ' Small COrrcctions - h - -
2M1’113.j L, % L;
_ | .
L [As|v? | 122 [Y2TY) Minaj
My = — Y| — 5| log
16m= M maj ‘Yy‘ mpg
mqy = 0

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



_ Y P

ma =
’ 2Mmaj
1 Asle? | YAV M,
My = : ‘ 5‘U Yf‘z . ‘ % pzf‘ lOg ma,J
1672 M, maj ‘Yul‘ mmy

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 violation are required)

Yl ~Y3
* A~ O(1)

ma| ] [V

mg| 872 |V 1|?




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

v~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 \




Message 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.



Comparison to the two right-handed neutrino model

Effective theory of the 2RHN-1HDM
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Effective theory of the IRHN-2HDM




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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. : [
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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’YV2’M1,M2} N {YV’YV’MMai’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.




Possibly, new phenomena at low energies,

apart from neutrino masses

e Extra scalars at the LHC, if they are not too heavy.

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

2
mtg Y33 mt 2 mtg
— | cosa — ———log” —-
mpy, Y33 my T gy

Paradisi
Hisano, Sugiyama, Yamanaka

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



A more realistic model: 3RHN+2HDM

If the neutrino Yukawa couplings have hierarchical eigenvalues,
at tree level one generically expects:

m:gn) S mgn) S mgn)

The radiative corrections induce
( (
Oy ~ mé]) x O0.1) > méj)

In the 3RHN+2HDM one naturally obtains:




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

oU. = UOT 1

oUy, = (VE—-1)TUW©

Summing up both contributions

(71 — 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.

1 Y2 ,.. y2ty! M.
SU a = 3Te(YY2 + Y, V) 4+ 205 + 2X; log —mal
1 lﬁﬂ-|}’l|[ r{ FYaYaT) 226+ 20575 ] % mn
1 (YHEYH Y2, | | M.
v \te) Te )1 [amyey2iyl | y2yli ]1 o maj
1672 Y} [ r(V Yy YY) log My

Similar to m /m, — OU | can easily be ~ 0.2
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New flavour structures in K**and Y ? can induce radiatively a

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

I Y2ty My
§Us = 3Te(YY2 + Y, V) 4+ 2)\ + 2X; log —2
ST = e [ r{ T YaYa ') 20 24 | log o

1 (VMY -ty ‘ ‘ M,

v € € ATy Y..’T}/l Y..?'},rlT o8 )

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
Miyaj

1 }/.?*

U,
ST TR g

{ ISTI(YHYd + Yd YJT) + Ir (YL?YHH) + QYUH(YEl)_l}/ETYUl} lue%

Y’TYl Mg,
3Tr(Y Y2 + VIV 12X 4 222 log m“}
L (VY)Y e,

T I

9 9 f‘s
{T:-(Y;Tyj)lug +3Tr(Y, TY1+Yd 1) log }

M naj My



Mixing angles: effect on 0,; and 6.,

Under well motivated assumptions, there 1s a correlation between
the radiatively generated 0 | and the radiatively generated deviation
from maximal atmospheric mixing.

Neglect the effects of the charged lepton Yukawa couplings. Then,

gb =Ty L yOr

\VAR|

C

Usis = (1+ € )U(D) + &UY)



Mixing angles: effect on 0,; and 6.,

Under well motivated assumptions, there 1s a correlation between
the radiatively generated 0 | and the radiatively generated deviation
from maximal atmospheric mixing.

Neglect the effects of the charged lepton Yukawa couplings. Then,

gb =Ty L yOr

\VAR|

C

Usis = (1+ e3)UY + U

U ~0, UY ~1/v2
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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)

[0
1
1
(1)
(1)
(

)

O(1
~[O(1
O(1

second column of Ulep

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



Some speculations about the mixing angles

The third column of the leptonic mixing matrix seems to follow . ‘1)
a pattern, at least at lowest order: 8 =0, 6 ,=104. 1
The second column does not seem to follow any pattern: the solar [o(1)
mixing angle is neither minimal nor maximal. U™ 051;
o(1
In the IRHN—SHDM, & <I>1) N <I>1)
(more higgs doublets!) o) /,»—/\\% @3/,»—’\\@2
\ , / ]\'flna' ) / ]\jnn' \
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Third column of Ulep
Possibly with a pattern seconfl column of U, , _
(ifYVI has a pattern) Even if each Yukawa coupling

had an structure, the combination
of them gives a “structureless” U. .



Some speculations about the mixing angles

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™

In the IRHN-3HDM,
(more higgs doublets!)

Third column of Ulep

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

second column of U1ep

Even if each Yukawa coupling
had an structure, the combination
of them gives a “structureless” U_.



Conclusions

Flavour, CP, EWPD

Tiny neutrino masses

Mild v mass hierarchy

Neutrino Mixing angles

Baryogenesis

Dark matter

Strong CP problem

Hierarchy problem

Cosmological constant
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SM

SM
+ heavy RH neutrinos

SM
+ Heavy RH neutrinos
+ heavy higgs doublet




Conclusions

SM SM
SM 4 heavy RH neutrinos + Heavy RH neutrinos
Y + heavy higgs doublet

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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