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At the crossroads

Some of models and approaches may indeed

reflect (correspond to) reality .

Recent
developments:

No new physics at LHC, MEG, searches for FCNC,
Higgs properties are in agreement with SM
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Scales and trameworks
Gﬂaﬂgnck E@f - S?M: v

High scale Scale of neutrino
19
Qua k le p’r oW Scale Seesaw, masses themselves

symmetry /analogy s - Relation to dark
GUT . . : Energy, MAVAN?




High scale seesaw, unification

_ 1 C
m, = - mDTR mp similarity:  my~m,~m,
R

M; = Mgyt ~ 10 GeV For the heaviest in the presence of mixing

2
M, ~ 108 - 1014 GeV NI&:T double seesaw

~ 1016 - 1017 many heavy singlets (RH neutrinos) N ~ 102
Mg ~ 10 107 GeV ..string theory

Neutrino mass as an evidence of Grand Unification ?
Gauge coupling unification

BICEP-II ?

Leptogenesis: the CP-violating out of equilibrium decay




High scale seesaw, unification

Natural, minimalistic, in principles

Neutrality, pE—
ero charges [ Majord
z Nature smallness of mass
- high mass scale

Realizes relations:

W : : uw I. Higaki et al,
Neutrinoful Universe” .~ 050073

Seesaw sector is responsible for inflation (scalar which breaks

B-L and gives masses of RH neutrinos), dark matter, Iep’roienﬁ'

Testable? - Proton decay
- Majorana masses




A GUT scenario

SO(10) GUT + hidden sector + flavor symmetries RH-neutti e

16 Ur,ub, UJ,V
d. dy.d e 4

with Hidden sector
at GUT - Planck scales

Double (cascade) seesaw >
explains smallness of neutrino
mass and difference

of g- and I- mixings

Flavor symmetries at very
high scales, above GUT
Symmetries in S- sector?

Randomness (if needed)



The problem

Natural scale My ~ mg2/m, ~ 1014 GeV

Vi introduces new mass scale <« M,
(Another indication: unification
of gauge couplings)

! F. Vissani
L hep-ph/9709409

H H

2
M2 ~ =Y, Mg? log (q /M)

(2 m )
?’2\ W2 log (9 /My)

[> New physics below Planck scale

\/ ?
M, <107 GeV SUS

Hierarchy problem

J Elias-Miro et al,
1112.3022 [hep-ph]

Renormalization of quartic
Higgs coupling . (making
it more negative)

Affects stability and lifetime

of the EW vacuum eheating T

M, < 1013 - 1014 GeV



EW - LHC scale

- No hierarchy problem (even without SUSY)
- festable at LHC, new particles at 0.1 - few TeV scale

Low écale SeesaW oo @E@iﬂsﬂ VEV
@a’; 27 O'rl\‘in‘)o IooF;ps mpl;}\\:/bmgsgs

scale
| 4
[

Neutralino as
RH neutrino

Inverse
seesaw




v MSM

Few 100 MeV -

| GeV

split ~ eV

3- 10 kev

—

e —

Normal
Mass
hierarchy

EW seesaw

M. Shaposhnikov et al

Everything below EW scale
- small Yukawa couplings

- generate light
mass of neutrinos

- generate via oscillations
lepton asymmetry
in the Universe

- can be produced in
B-decays (BR ~ 10-19)

- warm dark
matter

- radiative decays >
X-rays

Higgs inflation

Nothing new below
Planck scale




Bounds on parameters of nulSN
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distribution in the center of M31.




Inverse deesaw i

Three additional singlets S which couple with RH neutrinos

O my" O v << Mp
my O MT [[V
0O My S u - scale of L violation

m m o= mp” Myt Myt mg

- pseudo-Dirac neutrino with mass M, formed by v¢ and S
- one light Majorana neutrino per generation

If my ~ 100 GeV, My~ few Tev H)  [ISIKEV

- Violation of universality, unitarity in the light sector ~ 10-2
- pseudoDirac neurinos at LHC




|
eV - sub eV scale physms
- new scalar bosons, majorons, axions,
_ - new fermions (sterile neutrinos, baryonic nu) ,
- new gauge bosons (e.g. Dark photons)

M. Pospelov

Maybe related to Dark energy, MAVAN

Generate finite neutrino masses, usual Dirac masses can
be suppressed by seesaw with My = M,

eV scale Seesaw with RH neutrinos A. De Gouvea
for sterile anomalies LSND/ MiniBooNE ....

- 5th force searches experiments

Modification of dynamics of neutrino oscillations

Checks of standard oscillation formulas,
searches for deviations
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i i i i i
P. F. Harrison
| D. H. Perkins
W. 6. Scott

) A Uiz L. Wolfenstein
Utbm - U23( L - \016
N2/3  N1/3 0
U = | N1/6  N1/3  -N1/20)g5 sin%0;,=1/3.
176 \1/3  N1/2,
0.78
x T

v is bi-maximally mixed
v, is tri-maximally mixed

Difficult if possible connect to masses
Mixing decouples from masses

Residual symmetries approach

Acccidental?



Residual Symmefries approach

Mixing appears as a result of different ways of the flavor symmetry
breaking in the neutrino and charged lepton (Yukawa) sectors.

Ay S4 T

e & Flavons

Residual symmetries
Zrm Gl Gv 22X 22| of the mass matrices
or Z,
Ml Mv G . .
Symmetr eneric symmetries
’rr?lansfor'nza’rions j> T S, which do not depend
in mass bases ?” VGITU‘ZFSB x/‘\c mas e
S,M,5,T=M, %

Maximal control over mixing as implied by TBM
Now: broken TBM symmetry




Another realizations of symmefries

Gf New elements

Can mix with
neutrinos only

1°5; Have Majorana
mass terms

Less symmetry
control over mixing

Mixing originates from

- different nature of the mass terms of the charged leptons
(Dirac) and neutrinos (Majorana)

- Mixing from new degrees of freedom (e.g. singlets of SM )




“Degenency' of implications

The same 1-3 mixing with completely different implications

Eby,Frampton,
** Naturalness” 5 Matsuzafiniversal
Absence of = 2V4(m/4 - 0,3) V= V-
fine tuning of symmetr
3052 26 ymmetry
mass matri A 23 violation
O(l) m21

~ — S|n 9125In 923

Q Analogy with
quark mixing

relation




Pheno. level

QLC prediction

Quark-Lepton Complementarity

- +
UPMNS 3 vCKM UX H. Minakata, A Y S

L I

From charged leptons or Related to mechamism of
Dirac matrices of charged neutrino mass generation
leptons and neutrinos
Ux = Upm, Urpm
General: permutation -
to reduce the lepton mixing Usz (6c) Uzs(n/2)
matrix to the standard
. 2 ~ l .
form . QIBNE. 0, SIN<0;3 ZSIHZGC

Implies quark -lepton
symmetry, unification, Should we take
GUT? this seriously?
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Normal vs. inverteﬁ

v; T,

MASS

CP Am?s,
v, I T,
v, I I

Light flavor (v,) in the light states
Weaker mass hierarchy

| Am?,4

Am?2,4

Light flavor (v,) in the heavy states




Mass = -
ITHUIED BONEGE
hierarchy .

1
Tiheotetical Phenomenology

imglicaticisR—.- ~-J—
il ecey LBL
Solar Heltings




Theoretical implications

generically Quas;.
S\ £4an degenepa-’-e
u,f”rne-l.r.y

Normal vs. special

Am  Amy® -4 ¢ 102
m 2 Am3,?

but 1-2 mixing strongly

- deviates from maximal
Similar to quark spectrum

- |
- rescaling Pseudo-dirac + 1 Majorana
ark-lepton Flavor symmetries

Qu
SYmmeTL:Y-f icati Broken L, - L.~ Ls T
nification




: For Majorana
mss neutrinos

Normal hierarchy Inverted hierarchy

E =~ c 3
-

HE & N

s | N

Value of mass =

(117
- different patterns

- different possible

symmetries
Notice strong dependence \ J
of structure of mass matrix on S e S
the Majorana phases Majorana phases




For NH

Flavor alignment

Values of elements gradually decrease from m_ tom,,

corrections wash out sharp
difference of elements of the
dominant ut-block and

the subdominant e-line

This can originate from power dependence of elements
on large expansion parameter A ~0.7-0.8.
Another complementarity: A =1- 0,

Froggatt-Nielsen?




Predicting mass hierarchy

In models with residual (discrete) flavor symmetries mixing
does not depend on mass at least in the symmetry limit.
The same mixing pattern can be obtained for NH and ITH

The type of hierarchy is fixed by field content
(scalar sector), auxiliary symmetries, etc.

Radiative mechanisms have different preferences
those which are related to charged leptons prefer NH

broken (L.-L,-L,) symmetry

Establishing NH would favor the line with
similarity with quark sector, high scale seesaw, etc.

If so, one would expect the first quadrant,
no eV scale steriles
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Predicting CP-phase

Special properties of mass matrices
of neutrinos and charged leptons

Textures, symmetries

ices 2 :
of mass mafrice of 5 I reflection

particular values symmetry
Maximal CPV
o ode\s :
Exp\\C\" mwr\'h discr'e'\'e SYmmeTr'leS

of Lagrangiah  with radiative v mass
generation GUT's

Relations with mixing angles as
consequence of symmetries
There is no convincing model/explanation
of the value of phase in quark sector

Can we predict the phase in lepton sector where situation is more complicated
due to additional elements producing smallness of neutrino mass?




| i B
e a In o mIXIn D. Hernandez, A Y S.
sin’ P 1304. 7738 [/78,0-,0/7]

0.6
In the residual symmetry approach 05
For column of the mixing matrix: 0.4/
2 = 2 03f T A Sl LT S
|UBi| - |in| k,=0 44
U |2 = — 1+a 001 002 003 004 005" B
o 4 sin2 (nk/m) e
0.5 o= +/_ 900
k, m, p integers which
determine symmetry group 04
03
From Vi - VTC reflection ‘ f 001 0‘62 TR ‘0'055111‘ 013
symmetry of the mass matrix
TBM

sinf;;¢cos6=0
W. Grimus , L. Lavoura,
» 5= +/-900 Y. Farzan, A.S.



efating to mass degeneracy

Symmetry which left mass matrices invariant for specific mass spectra:

Partially degenerate spectrum m; =m,, ms D. Hernandez, A.S.

Transformation matrix S, = O, G, = SO(2) x Z,

Relation: |sin? 20,5 =+/-sind=cos k = % =1
2

maximal +/-1/2 Majorana phase

1-2 mixing is undefined

Small corrections to mass matrix lead to 1-2 mass
splitting and 1-2 mixing



|
com arln the hases If 8, is known we can at
least compare it with §,

The closest quark-lepton connection

GUT or/and common flavor symmetry

Seesaw type-I

Similarity of the Dirac mass matrices Mp* ~ Mpd B. Dasgupta, A.5.

In general UPMNS - UL UX

® W

N Related to (any) mechanism
UL ~ VCKM that explains smallness of

- . _ neutrino mass
Has similar hierarchical structure

determined (as in Wolfenstein Should be fixed to reproduce
parametrization) by powers of correct Lepton mixing angles

A =sin0
i As in QLC Verm ~ I » Uy ~ Urgy




Leptonic CP from CKM

If U~V (8,) s the only source of CP violation --
as in the quark sector, Uy is real

513 Sin 8CP - ('C23) 513q Sin 6q

Sin SCP ‘N 7\,3/513 it 7\,2

BCP ~_- 9 or Scp ~ T +0 Wher'e 0= (513q /513) C23 sin 8q

If other value of phase is observed
- contributions beyond CKM
(e.g. from the RH sector) or another framework




In general

neglecting terms of the order ~ 23

S|n 6CP = 313_1 [Slﬂ((x,M + SX)Vudlxe?)l - S|n O('e |vcd|Xp3 ]

here o, , 8y and o, are parameters of the RH sector

Some special values of 6, can be obtained under certain assumptions
if X.3=0 sin 8. ~ -sin o,

and if a,=n/2 8, ~ 3n/2

One can find structure of the RH sector which lead to these conditions



In the Seesaw typel

U, is the matrix diagonalizes
My = - mpdiag Upt (M) U™ mpdiag
Here My = UL (mD diag) UR+

In contrast to quarks (Dirac fermions) for Majorana neutrinos the RH
rotation that diagonalizes my becomes relevant and contributes to PMNS

CPY from U,

Minimal extension is the L- R symmetry:

UR = UL ~ VCKM* Gnd no CPV in MR







New neutrino states V.

mixing
! OGSZ Sm ~ 9052 ms
1 MeV
B 5-10 keV 2 10-1 (1-2)108eV
1 keV
- LSND, MB
- Reactor 1 eV BOo5-2eV 0.02 0.02 eV
Ga anomalies
- Extra radiation
- Solar neutrinos m (2-4)103eV 103 10¢ eV
103 eV

- Extra radiation
in the Universe Compare with large elements
of the mass matrix 0.02 eV



Ettect of sterile neutrinos

3V gructure

V:m"'Sm on the

Original active mass ' ‘

matrix e.g. from see-saw induced mass ma;r\r'ix |
ue to mixing with nu sterile
m, = 0.025 eV g

Decouples from generation of the light neutrino
For keV om << mg masses argument that this is not RH neutrino
but has some other origin

Not a small perturbation
dm can change structure (symmetries)
of the original mass matrix completely

be origin of difference of U and \/ "
cK

PMNs

can be be considered as very small

gece perturbation of the 3v system







Theoretical refevance and urgency

Sterile
Neutrings

[liass
HErALEh

LSND 1 eV steriles , controversial, not favored... still
if exist change theory substantially - not a small
perturbation, 3 Dirac CP phases etc

Bound on mixing should be 6,2 < 10-3 ’

Other steriles (7 kev, meV ) - small/negligible
perturbation of the 3v theory from other sectors

Crucial for SN neutrinos and f Ov decay, important
for cosmology and atmospheric neutrinos

Knowledge of H facilitates determination of &

Will exclude some specific models, will favor certain
approach to understand neutrino mass:

NH: g-l similarity, unification, high scale seesaw,
But also some radiative mechanisms

IH: unusual, low (EW TeV) scale mechanisms,
also - radiative, implies symmetry




Theoretical relevance and urgency

dcp enters various test equalities, sum rules, etc.,
' T which are probes of underlying physics in certain
VIo a Ion frameworks and under certain assumptions

Specific values like O, = , n/2 may have more
straightforward implications (still not unique)

+/- n/2 can be related (by symmetry) with maximal
2-3 mixing, quasi-degeneracy of mass states ...

Comparison with quark phase will be interesting

Even in unification approach they can be very different.
Substantial deviation of 5, from O, «,

will testify for new sources of CP in lepton sector

[
M@ﬂ@ﬁ@m@ Majorana - favored, seesaw , unification line

0

S, Dirae




Theoretical relevance and urgency

0,3 = 45° is special. More important in first place -
2.3 Quadrant value of deviation from 45° - that may be
Even more substantial probe of the underlying physics.
For NH: 6,5 < 45° would be in favor of similarity and

unification, otherwise strange

For IH both 6,5 < 45° and 0,5 > 45° are possible

Absolute Exclude Uiscover) completely
RS Al -

Progress in understanding the LHC,
underlying physics may come from Dark matter
Non-neutrino experiments
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S. Razzague, A.Y.S.
arXiv: 1406.1407 hep-ph




Effective volume

Str. DOM's

vlb: 40, 60
vi2: 126, 60

MICA: 60, 120
MICA: 220, 140

64 3" PMT
per module

E, [GeV]

Lagre volume at small energies




Distinguishability and CP-difference

Quick estimator (metric) of discovery potential E. Kh. Akhmedov,
S. Razzague, A. Y. S.

arXiv: 1205.7071

NiJ’ 5~ N..5=0

For each ij- bin i

relative CP-difference Si. = no fluctuations
J . ‘N-J-SZO
|

If is frue value > N;;° corresponds to " true” value of events

> N;?=° "~ “measured” number of events

ISiJ'l - distinguishability of different values of CP-phase

Total Gtot = [y . g .2 11/2
distinguishability > 5y° ]




Relative CP differences

S-distributions
for different
values of &

Normal
mass
hierarchy




Relative CP differences

cascades

TTTT T T T T T T T T T

S-distributions
for different
values of &

P A

L

403333333333 333 3333433333114

AL 0L L iy
T N A A A A N AN A NN )




smearing over E and direction

Super PINGU 1 year

tracks

(03T — MDA [PINGU.VIZ — 1 yr] (A — NI [PINGU.VIZ — 1 yr]

Oep = /4 ] b Ggp=m/2

bop = 37/2




Smearing over E and direction

cascades Super PINGU 1 year

(M, — NI [PINGU.VIZ — 1 yr] () — NI [PINGU.VLZ — 1 yr]

dop = /4 i a dep =m/2

Normal
mass
hierarchy

Solar magic
line and
interference
phase lines
determine
structure




Total distinguishability

Super—PINGU 1yr, NH, By = 0.5 GeV, vy + ¥y
1a T T T 10

Super—PINGU 1yr, NH, By = 1.0 GEV, vy + ¥

0 w/o smearing

o w/ smearing 8 fr‘Ol’n O

w/ smearing + 3% syst.

» wf smearing + 10% syst.

1.0 . . . . 1.0
Gep /T Gep /T

Super—PINGIT 1yr, NH, &y, = 0.5 Ge'V, v + Ve Super—PINGIU 1vr, NH, By, = 1.0 GeWV, v, + ¥,
. 14 T T

o wfo smearing

¢+ W/ smearing
w/ smearing + 3% syst.
w/ smearing + 10% syst.




Results and further improvements

Super-PINGU with 0.5 GeV threshold
After 4 years of operation with 5% uncorrelated error

Distinguishability
n/2 from 0 S;,;=4 -5 (depending on contribution of cascades)

t fromO S;;=6-7
Lowering threshold 1.0 > 0.5 GeV 50 % improvement

Further improvements:

Lowering threshold 0.5 > 0.26eV 20-307% improvement

Partial separation of the neutrino and antineutrino events

Larger effective volume gt

~ 1 6eV denser DOMs array
Better flavor identification

Increase of exposure time




One loop mechanism

If H gives mass to
charged leptons leptons

E. Ma, hep-ph 0601225

No RH neutrinos

new higgs doblet (n*, n°%)

and fermionic singlets N,

odd under discrete symmetry Z,

SM particles are Z, even
n® has zero VEV

If n%orisexact

n° or lightest N, are stable and
can be Dark Matter particles

Neutrino mass - DM connection




ee-Babu mechanism

Features:
- the lightest neutrino
mass is zero
- neutrino data require
inverted hierarchy
of couplings h
-f,h~0.1

K.S. Babu,

No RH neutrinos C. Macesanu
new scalar singlets n- and k*

m,~8pnfmhmflI

m, = dlClg (mel mu/ mr)

f and h are matrices of the
couplings in the flavor basis

Testable:
- new charged bosons
-decaysp—>y e, t—>3p
within reach of the
forthcoming experiments




Three loops

AN A. Ahriche et al,

VAN BTN

/v N 1404.2696 hep—ph

Z, symmetry

S~(1,1,2) and T~(1,3,2) are scalars

E~(1,3,0) is a fermionic triplet.

There are three distinct diagrams with the sets
{T+,E0 , T-}, {T*,(E+)c,TO} and {TO,E+T--}
propagating in the inner loop.




Low scale L-R symmetry

SU(2), x SU(2)x x U(1)

low scale restoration of the L-R

M (Wy ) ~ few TeV symmetry

M (Ny)~ 05 -few TeV

Several contributions to light
heutrino mass

See-saw type I with small Yukawa couplings

Higgs Triplet mechanism




Low scaie LR symmetry

x——(VVWW\

NN

Type-I

) ]
bi-leptons with the same-sign M(Wy) >M(Ny) -
resonance production of W,

No missing energy

Peaks at
S (JJ l) = mN2
s (jj I = my,?

Also opposite sign leptons




TW0 loop mechanism

K S Babu, E Ma

If usual neutrinos mix with heavy Majorana lepton N

4th generation of fermions = main contribution




Overfap in extra dimensions

Right handed components are localized small Dirac masses due fo
differently in extra dimensions overlap suppression:

Grossman Arkani-Hamed,
Warped extra D  Neubert Flat extraD  p, Dimopoulos

Hidden
brane

i\

8,

\%))
<
2
=
O
<
= |
Y
Q
>
)
=

overlap
L
ﬁ x
T

meflfR + h.c.

™ amount of overlap in extra D




Bounds on L-R mode!

P.S Bhupal Dev, et al,
1305.0056 [hep-ph]

Normal

" Excluded : | .7 %\ Excluded '
1 F _."' " 1 1

N
' .I '




Many RH neutrinos

B. Feldstein, W. Klemm
Origins: KK states of extra dimensions arXiv: 1111.6690

Statistical distribution of Yukawa couplings y

o 1 -10¢6 -1 reasonable fit
p(Y) Y1+ s 4 for charged leptons
M = 1014 - 1016 GeV Linear scale Seesaw type I

Random simulations, random phases

Anarchical spectrum



Bi-maximal mixin

As zero order structure

Upm = U™ U™ /1 1 O\ - maximal 2-3 mixing
Two maximal a2 = - <Cle 1'3| 1m'2xm'9 ,
rotations me =| =% > \—2- ' maXImG. n .m|X|n9
: : 1 1 [T - no CP-violation

F. Vissani z -7 \2

V. Barger et a/ - 2/

Scenario:

In the lowest vquar'ks =1, Ulep‘rons = vbm

approximation: m=m,=0

- mass splitting
- CKM and
- deviation from bi-maximal

Corrections
generate:



RH neutrmos and see-saw

- Small Yukawa coupling
- New Higgs with small VEV

Dirac mass - New fermions, Multi singlet
mechanism + symmetry

Mp

Majorana mass :
Realize see-saw

m, =- my' Mgl mp

Suppression of Generation of small
the Dirac mass finite mass

No new symmetry is needed

Seesaw - only suppression, e.g. if the RH masses are at Planck scale.
The dominant contribution - from another mechanism




Gan we really predict the phase?

There is no convincing model/explanation of the value of phase in quark sector

Can we predict the phase in lepton sector where situation is more complicated
due to additional elements producing smallness of neutrino mass?

At least compare with the phase in quark sector

Can the phases be equal? sin §; ~ sin g,

Connected in some way?

Can phases be unrelated o masses or even mixing?

Take special value like n/2?

Recall Global fit: 6 ~1.39 x




Parametrization -~

Upmns®™ = Up3Is UgsI 5 U,
In general

_ i dBy iB

Upmns = D(9) Upuns®™ D(B) D(B) = diag(e™, e"?, 1 Zcm hases
0

D - diagonal matrices with phase factors Ma)

Parametrizing U, and Uy in similar way we have

Upmns®™ = D(v) U 5™ (8,) D() Uy (3,) D(n)

D(a) = diag(eio‘e, ei%, e !0 phases from the RH sector

vy and n should be fixed by standard parametrization conditions

Arg {U.} = Arg {U,,} = Arg {Up3} =Arg{U;}=0
|U61| Im UHZ - IUe2| Im Ul«ll




dymmetry group relation

Transformations should be taken in the basis where CC are diagonal
(SyT)P=1 Sy MprPr=(W,)pr=I

In flavor basis

Explicitly

D. Hernandez, A.S.
1204.0445

(Upmns Si Upmns' T) P =1

The main relation: connects the mixing matrix and
generating elements of the group in the mass basis

Equivalent to

Tr (Upmns SiUpmns *T) = a
a-= ZJ kj

ij: 1 j=123

Tr (W) = a

A; - three eigenvalues of W,




Quark-iepton universality:

Vub - % vus vcb

sinB,; ~ 3 sind,, sind,,

The same coupling strength between generations
Similar Ansatz for structure of mass matrices

Fritzsch Anzatz similar
to quark sector, RH neutrinos

» Normal mass hierarhy,
with equal masses

Right value of 13 mixing

Relations between masses and mixing
Flavor ordering in mass matrix



3 41) scheme C Sy,

LSND/MiniBooNE: vacuum oscillations
P ~ 4|U€4 IZIUM4 |2

restricted by short baseline exp.
BUGEY, CHOOZ, CDHS, NOMAD

For reactor and source experiments

P ~ 4|Ue4|2(1 B IUe4|2)

With new reactor data:

= 2
- additional radiation in the universe Amg2 = 178 ev2  (0.89 eV?)
- bound from LSS? U, =0.15 U, =0.23




Neutrinos & Dark Sector

of the Universe

indirect
connection Mechanism of

@ heutrino mass Z,
generation

new particles

HDM
Direct ‘l @ right handed

connection Mixi - neutrinos
ixing pattern
New P play the role of DM
heutrino Flavor symmetries Noorrios
states ensure stability and gravitino
of DM particles as DM

W. Buchmueller
Everything from one

Warm DM -



Ol and Weinberg operator

If no new particles at the EW scale, after decoupling of
heavy degrees of freedom > set of non-renormalizable operators

, 1 hon - universality,
S. Weinberg —LLHH non- unitarity of
A the mixing matrix

scale of new physics
seesaw

Generate Majorana S o0
heutrino

The end of theory ?
Can we say more?



Higher dimension operator

D=5 operator can be suppressed by symmetry

H->iH

AT LLH™N

allows to reduce the scale of new physics
responsible for neutrino mass generation

_ <H>n
mv An—l
Vv Vv _ 1
m,= —allic 10 <Hp




Leptonic CP from CKM

Assume U~ Vi (8) s the only source of CP violation --
as in the quark sector, the LH rotation that diagonalizes the Dirac mass matrix

Uy is real

sin 8 = - SiN Co3 [1 + 2545 tanB,5 cot20,,]+ O(A4, A3 s35)
cP = q 513 3 3 3 3

|:> sin SCPN}\‘ /513 N}\,Z

In the lowest order:
513 Sln BCP - ('C23) 513q Sln 8q Sq = 12 "‘/' 008 r'Gd

Sln SCP 0’ 0046

If other value of phase is observed
Ocp V-0 OF Op~m+0 - contributions beyond CKM (e.g.

, from the RH sector) or another



Efieolive field theory approach




