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* Huge hierarchy of charged fermions:
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* Large mixing angles in PMNS matrix:
612 | 623 | 613 |
34° | 44° | 9.3°
34° | 39° | 9.0°

[Forero et. al (2012)]

[Fogli et. al (2012)]

» Explanation of different structures?

» Compatibility with GUTs?



Seesaw Mechanism

Standard Seesaw [Minkowski; Yanagida;Glashow;Gell-Mann,Ramond, Slansky; Mohapatra,Senjanovic]

* Introduction of right-handed (RH) neutrinos N

0 mpb
M= 2
(" o)



Sta ndard Seesaw [Minkowski; Yanagida;Glashow;Gell-Mann,Ramond,Slansky; Mohapatra,Senjanovic]

* Introduction of right-handed (RH) neutrinos N
T
M = ( 0 ATI\?N ) = m, ~ —mbMyump

« mp ~ O (New), Myn ~ O (10" GeV) < Agur

~

effective light neutrino mass: m, < O (0.1eV)
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* Introduction of right-handed (RH) neutrinos N
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« If SO(10): RH neutrinos as well as all SM fermions in 16
mp ~ m, = Large (quadratic) hierarchy in neutrino masses

Cancellation of hierarchies needed in neutrino mass matrix



Standard Seesaw [Minkowski; Yanagida;Glashow;Gell-Mann,Ramond,Slansky; Mohapatra,Senjanovic]
* Introduction of right-handed (RH) neutrinos N
0 mp 7 =il
M = ( ] MI\?N = my, & —mpMyymp
14
« mp ~ O (New), Myn ~ O (10" GeV) < Agur

effective light neutrino mass: m, < O (0.1eV)

~

« Different flavour structure possible

« If SO(10): RH neutrinos as well as all SM fermions in 16
mp ~ m, = Large (quadratic) hierarchy in neutrino masses
Cancellation of hierarchies needed in neutrino mass matrix

» New scale below Agyr needed



Solutions to Large Hierarchy from Seesaw

+ Forget about SO(10), use e.g. SU(5)



« Forget about SO(10), use e.g. SU(5)

» Use an alternative seesaw mechanism

Alternative Seesaw

Type Il (scalar triplet) seesaw  Type Il (fermionic triplet) seesaw




« Forget about SO(10), use e.g. SU(5)
» Use an alternative seesaw mechanism

« Cancel hierarchy through structure in RH Majorana mass matrix My

Alternative Seesaw

Type Il (scalar triplet) seesaw  Type Il (fermionic triplet) seesaw
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Introduce additional singlets S
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Double Seesaw [Mohapatra,Valle;Barr]

Introduce additional singlets S

0o mf 0
M=| . 0 ML | =m =miMgiMssMen ™ mp
Mss

Mainly two different limits studied:
* Inverse seesaw: Msy > mp > Mss
e.g. mp ~ O(100 GeV) , Msy ~ O (TeV), Mss~ ©O(0.01 keV)
« Double seesaw: Mss > Mgy > mp
mp ~ O(Aew) , Msy~O(Agur), Mss~ O (Mpy)
» Naturally leads to correct scale of RH neutrinos
Mun ~ M2y /Mss ~ N/ Mpy ~ 102 GeV



Double SeesaW [Mohapatra,Valle;Barr]
Introduce additional singlets S

0 mh mi
T _ _
M= . Mnn o Mgy = my, = mng;& MSSMSI\% TmD
Mss

Mainly two different limits studied:
* Inverse seesaw: Mgy > mp > Mss
e.g. mp ~ O(100 GeV) , Msy ~ O(TeV), Mss~ O(0.01 keV)
« Double seesaw: Mss > Msy > mp
mp ~O(Aew) , Msy~O(Agur) , Mss ~ O(Mp)
» Naturally leads to correct scale of RH neutrinos
Mnn ~ M2y /Mss ~ N7/ Mpy ~ 1013 GeV



Dou ble SeesaW [Mohapatra,Valle;Barr]

Introduce additional singlets S

0 mh mi
T _ _
M= . Mnn o Mgy = my, = mng;& MSSMSI\% TmD
Mss

Mainly two different limits studied:
* Inverse seesaw: Msy > mp > Mss
e.g. mp ~ O(100 GeV) , Msy ~ O(TeV), Mss~ O(0.01 keV)
« Double seesaw: Mss > Msy > mp
mp ~ O(Aew) , Msy~O(Agur), Mss~ O(Mpy)
» Naturally leads to correct scale of RH neutrinos
Mnn ~ M2y /Mss ~ N7/ Mpy ~ 1013 GeV
« If Mss singular, there are massless neutrinos.



Dou ble SeesaW [Mohapatra,Valle;Barr]

* Introduce additional singlets S
0 mg mSTV
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mp, msy ~ O (Aew) , Msy ~ O (Agur) , Mss ~ O (Mpy)

DS

« Double seesaw (DS) contribution: m2° ~ mJ Mgy Mgn T mp



Dou ble SeesaW [Mohapatra,Valle;Barr]

* Introduce additional singlets S

T T
0 mp mg
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M=| . 0 My | =m=m>+m

mp, msy ~ O (Aew) , Msy ~ O (Agur) , Mss ~ O (Mpy)
« Double seesaw (DS) contribution: m2° ~ mJ Mgy Mgn T mp

« Linear seesaw (LS) contribution: mL> ~ [mgl\/lg,&mg,, + (... )T]
generally smaller
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* Introduce additional singlets S

T T
0 mp ms
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generally smaller

Cancellation [smirmov (1993,2004)]

. = non hierarchical = weak hierarchy in m,



Double Seesaw [Mohapatra,valie:Barr]

* Introduce additional singlets S

T T
0 mp ms

v

M= . |0 MSTN jm,,:m +m

mp, msy ~ O (Aew) , Msy ~ O (Agur) , Mss ~ O (Mp)
« Double seesaw (DS) contribution: mP® ~

« Linear seesaw (LS) contribution: mL> ~ [ msy + (... )T]
generally smaller

Cancellation [smirmov (1993,2004)]

. = non hierarchical = weak hierarchy in m,

- (Dirac screening = Dirac flavour structure is cancelled)






How can this structure be obtained? — no SO(10)

Abelian Symmetry — L number
With the charges L(v;) = L(N) =1, L(S)=0

MssSS

in basis (v, N, S)"

10
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Abelian Symmetry — L number
With the charges L(v;) = L(N) =1, L(S) =0, L(¢) =—2and L(o) = -1

MssSS + Y, LN + YsySNo

in basis (v, N, S)"
2 21 0 Y, (¢) 0
L(M) =]. 2 1| ==M=]. 0 Ysn (0’)
. . 0 . .

Minimal LR symmetry SU(2); x SU(2)r x U(1)g_1

[3,1] [2,2] [2,1]
G(M)( . [L,3] [1,2])
[1,1]



Lagrangian

a;j16; 16; H+ Bii Si 16; A+ (MSS),-J- SiS;

D Msy
Mes 0 My
Mss



Lagrangian

;i 16; 16; H + f;; S; 16; A + (Mss); SiS;

16, S| H alx
SO(10) |16 1 (10 16 1
0 mbp mi,
M= s
mD:a<H> ) MSN::B<A>N ) mSV:ﬂ<A>V

= correlation between a and £ needed.



Lagrangian

;i 16; 16; H + f;; S; 16; A + (Mss); SiS;

i S| H o allx
SO(10) |16 1 (10 16 1
0 mp mg,
M= s
Mss
mp =a(H), Msy=pB(A)y, ms, =p(A),
= correlation between a and £ needed.

Cancellation Mechanism
e.g. Frogatt Nielsen mechanism

Hierarchy cancelled, anarchical spectrum

[Hall, Murayama, Weiner (1999); de Gouvéa, Murayama (2012)]



Realisation with Extended Gauge Symmetry |
SO(10) C Es

2T~ 1601001
= Singlets are in the same representation
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SO(10) C Es
271 - 1601001

= Singlets are in the same representation
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SO(10) C Es
27 > 1601001
= Singlets are in the same representation
27,21, (Y{”} 27 + V42 351, + v 351A)
In terms of SU(3), x SU(3)r x SU(3)¢
* Leptons :
LiSeEn . e
a2 (3:3,1)
e gy oL
[QL i~ (311:3)1 QR o (1)3:3)]
* Relevant Higgs multiplets

(2]
[Pt

Hic' (34
Hs C (3, 3,1) + (6,
HaC (3,3,1)+ (3,6, 1) +(

1) c 27
, 1) C 3515
3, 1) C 351,

o W

(=)
[t

=)



Dirac Screening structure obtained from
<(HA)1> ~ O (SU(2), breaking scale)
<(HA)i33}> ~ O (SU(2)r breaking scale)
<(H5)gg> = <(HA)§> ~ O (SU(3). x SU(3)g breaking scale)

in basis (1/ LT O T RS Lg)

[ <(HA)1> 0 0 0
0 . Void <(HA)‘1{33}> 0 0
Y51, <(Hs)g§i> Y351, <(HA)1> 0

0 Y351, <(HA)§>
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Dirac Screening structure obtained from
<(HA)1> ~ O (SU(2), breaking scale)
<(HA)i33}> ~ O (SU(2)r breaking scale)
<(H5)gg> = <(HA)§> ~ O (SU(3). x SU(3)g breaking scale)

in basis (1/ LT O T RS Lg)

[ <(HA)1> 0 0 0
0 . Void <(HA)‘1{33}> 0 0
Y3514 <(Hs)g§i> Y3514 <(HA)1> 0
0 Y351, <(HA)§>
0

= Construction of viable Higgs Potential important



Realisation with Flavour Symmetry within SO(10)

« Explain number of generations: 16; ~ 3

Particle Content

36, 5 4 4|
soi0) | 16 1|10 18

14



« Explain number of generations: 16; ~ 3
» Complex representation 3, otherwise 3 x 3 contains singlet

A4 not pOSSIble, but: T7[Luhn,Nasri,Ramond], Z(Sl)[Ma], PG

Particle Content

16, 5,' H JAN Xi
SO(10) | 16 1 |10 16 || 1
Tz 3 L1 1,3




« Explain number of generations: 16; ~ 3

» Complex representation 3, otherwise 3 x 3 contains singlet
A4 not possible, but: T7[Luhn NasriRamond], 2(81)ma], . ..

« Explain difference in CKM and MNS matrix (in lowest order)

Particle Content

16, 5,' H JAN Xi
SO(10) |16 1 /10 16 1
Tz 3 L1 1,3



« Explain number of generations: 16; ~ 3
» Complex representation 3, otherwise 3 x 3 contains singlet
A4 not pOSSIble, but: T7[Luhn,Nasri,Ramond], Z(Sl)[Ma], PG

« Explain difference in CKM and MNS matrix (in lowest order)
« Flavons (gauge group singlets charged with respect to Gg) x

@i

Bij
WD A 16; 16; Hx + WJS:' 16; Ax + (Mss); SiSj

Particle Content

E: Sf H A Xi
SO(10) | 16 110 16 1




Superpotential

+

Field @ S5 |1 AN

SO(10) | 16 | 1 || 10 16 (| 1

T7 IR | L i3

WDaH (163165 +16;16; +16,16, )/A

AS (16, +16; +163 )/A
AS,(16; +w16, +w 163 )/A
AS3(16; +w 16, +w163 /A
55 + (52 53+ S3 52) + h.c.

+
_|_
+

with
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T7: Solar Mixing Angle

ms, originates from S;16; A x = mtS diagonal
' v g

17



ms, originates from S;16; A x = mk> diagonal = introduce A’:

<A’> ,B:IL 0 0 i 1. 1 <X1) 0
ms, = - OG5 RE I 0 0 (x2)
A 0. Lo, W oEt o




ms, originates from S;16; A x = mk> diagonal = introduce A’:

(), (
A

B

O 1Lk ae)
0 1isn 80 W W Wl
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Dominant 2-3 block in neutrino mass matrix preserved, 615, 613 can be fitted:

X |2lg1 o ﬁ2 v B3|
V2|2A + B|

~
~

, sSinfi3 ~

, B3 o



Dominant 2-3 block in neutrino mass matrix preserved, 615, 613 can be fitted:
X [2B1 — B> — P3|
V2|2A + B|

~
~

, sSinfi3 ~

, B3 o

my and my especially changed:
H) \ 2 T
o <<°‘A< >) ‘ —|2A+B|sin2613‘
2 ~
) 315 ]1 — tan61s|

)
(a {H)
2 ~ ~
) |2A + B| |1 + sin® 13|

(A)y €

)
L [daH)
e <<A>N €




Dominant 2-3 block in neutrino mass matrix preserved, 615, 613 can be fitted:

X |2lg1 o ﬁ2 v B3|
V2|2A + B|

~
~

D sin 913 ~ 5 923

4
my and my especially changed:

H) \ 2 T
m1z<a< >) ‘ —|2A+B|sin2613‘

2 ~
) 31B| |1 - |
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Stability with respect to RG

O iy = mEMS*,\}MSSMS*,& T mp stable with respect to RG?

20



e m, = mEMgA}MSSMg,& " mp stable with respect to RG?
» Two contributions to m, from

« Active N: Y,” M7y,

» Effective D5 operator: &



e m, = mEMgA}MSSMg,& " mp stable with respect to RG?
» Two contributions to m, from

« Active N: Y,” M7y,

» Effective D5 operator: &

« MSSM (T7) — same RG equations (non—renormalization theorem)



m, = mgl\/lsfl\}l\/lgsl\/lg,& " mp stable with respect to RG?
Two contributions to m, from
Active N: Y,T M7y,
Effective D5 operator: &
MSSM (T7) — same RG equations (non—renormalization theorem)
SM: additional vertex corrections

[Antusch, Kersten, Lindner, Ratz (2002)]



Running between Mass Thresholds

RG transformation

(n) 7T () (n)
Yy E)ZN Yu Zext

(N ge M () ()
Mnn —Zn  Mnn Zn

. () T (m) ()
(K') £>Ze)d: (K') Zext

—==-> 4

21



RG transformation

(n) 7T () (n)
Yy E)ZN Yy Zext

M ge M7 ) 0
MNN —)ZN MNNZN

™ re M T ()

n)
K —)Zext K Zext




Yo 2S5 7w Vi Zo
i 22,50 4 51 S0 g
= NN = —Wigy Vg VISN

% E)Z(:))ct 4 Z(:lt Vi Mun Vv = Dy = (M;)

Leading Order Correction to Neutrino Mass
Rescaling of RH neutrino masses M;:

my = — <H>2 Zez-ct [YVTVN D[VIVI\TYV] ZLext




Renormalization of RH neutrinos

11 p?
M = (167r2 22 (Ydvo)u (Vi Y)jk/\/lk< +5+In M2>
The finite Higgs mass has been neglected. There are O (u#/M;) corrections.

Assuming y3 >> y» > y1 and not all Ug i3 vanish:
s . o0 ha

[Aparici, Herrero-Garcia, Rius, Santamaria (2011); MS, Smirnov (2011)]



0 0 f[_ m
0 Mgy f RT

My 0
M
mtree ~ mes Mok
af —
M

x(UL)pa(UR)kat(a > B)

[Petcov, Toshev (1984); Babu,Ma (1988)

mp = mg =511keV, £ = (UL)a4(UR),'4
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» Double Seesaw structure can accomodate different hierarchies in
charged and neutral fermion masses

» A complete cancellation of the Dirac structure can be obtained

« Standard (Fermionic singlet) seesaw within SO(10) x Gf possible



Double Seesaw structure can accomodate different hierarchies in
charged and neutral fermion masses

A complete cancellation of the Dirac structure can be obtained
Standard (Fermionic singlet) seesaw within SO(10) x G possible
Study of RG stability of double seesaw structure

Within MSSM, double seesaw structure is stable

Threshold corrections in non-SUSY dominantly lead to a rescaling of
RH neutrino masses

Structure of formula in cancellation mechanism modified
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For the collaboration and
for everything, what | learned from youl



Thank you, Alexeil

For the collaboration and
for everything, what | learned from youl

All the best for the next 60 years!



« T7 2 Z; x Z3 C SU(3), also called Frobenius group
» Smallest group with complex 3: order 21
« Irreducible representations: 1y, 1, 13 =2 15 and 3, 3*

« 1, like in Z3: 1; and 1, ® 13 are invariant
» Generators of 3:

e i/ o} 0 0 1
A= 0" iR/ L g B=( 0 0
) 0 eS'/ri/? 1 0

+ {3®3}=3@3"
(a1, @, a3)” ~ 3: (a3 33,8131, 3)" ~ 3,
(3{2 asy, ag3 ail, af 32})T ~ 3"

* 3®1;,=3:

(a1, a2, a3)T ~3 c~1 (a1 CIE = BoloMbb T 53 ¢) with w = el 27/3



» Higher-dimensional operators up to % ~ ety n= <X/\1> ~ 0.48

Xi e F X~ 0(1)
ot A T 2mi 2t
X xs e T iy w0 ()
= Introduction of Z7
* Problem: Mss ~ O (64/\/7/3/), but contributions like

Mss ~ SS (x)" /A"~

+ Solution: forbid tree-level and generate Mss at higher order
« Observe: only one covariant

SSx3 /N ~ (aS151 + b(5:S3 + $352)) x1x2x3/ N\

Field | 16, | s [ # A || xi
N EREI P E
Z7 3 2 |0 1 1




Consider operators up to order % ~elp=nl" n=2221 048

Additional Z7 to forbid operators

Field H 16; | 5 ‘ H A H Xi — All higher-dimensional operators
T 3 1,01, 1,/ 3" suppressed by n’ compared to LO.
v 3 0 0 3 1 — Vanishing entries are filled.

Structure of covariants periodic in 7 due to subgroup Z7 of T

Structure | Transformation Properties | Order in €

under Generator A

X] e ] 0 (1)
X1 xe e 57 (M) )17y 0 (&)
X7 x3 e~ 5 (143) 5 171 xq O (e)

—_ _27i =
X172 %3 e 57 (n16) 5 1=2 5 2 0 (€?)



Cabibbo Angle
By introduction of 164, 16}, ~ (17,, 6z,)

% (m,. 16;164 mlf") <>/§) 3

contributes to down type and charged lepton mass matrix

/ O(e*n’)  o(®)  O(en®)
maomn = (18,1, (LEY) | o(et) ol
. . 0

Charged Lepton Mass Matrix
The introduction of 45, ~ (11, 4z,)

% (Ei 16; H@H) (X)Zl

can generate needed Georgi-Jarlskog factor.



T7

« W=Kx1X2X3
ow

e F-terms: Fy, = —
dx1

= K x2 x3 and cyclic = (x23) =0, {(x1) #0
T7 X Z7
» Renormalizable part forbidden
* Introduce U(1)g: superpotential: +2, matter: +1, Higgs/flavons: 0
and driving field ¢ ~ (3*,5)+2 = superpotential linear in ¢
« W =k¢x® =K1 x2x3+ cyclic
* F3, = K X2 x3 and cyclic = (x23) =0, (x1) #0

» Leading order can be obtained,

« Further investigation needed to generate viable flavon potential



« Y (81) C U(3): order 81

« lIrreducible representations: 1;, i=1,...,9and 3;,i=1,...,8
Rep. Egs g 33 35 37
Rep.” 1; 13 14 3; 3¢ 3g
» Kronecker products:
oL ®)i=di 043, hj=1,2,3

«3®L=3, i=12;;=123:
(a1, 22, a3)" ~ 3;, c ~ 1 (aq,w tac,w a3c)
$ {31 ®31} N 32 6934:
(a1, @, a3)” ~ 3y (a1a1,a2a2,3333)7 ~3, withw =
'31@32:%l®l2®l3®37e_?_38: J
(alyaZa 33) ~ §1, (b17 bz, b3) ~ 32: (al b]-, ao b2, as b3) g ll

i2m/3



e 3(81) C U(3): order 81
« lIrreducible representations: 1;, i=1,...,9and 3;,i=1,...,8

Rep. |13 |1, 14 15 16 |3; 33 35 37
Rep* |1; (13 17 13 19 (3> 34 36 33
» Kronecker products:

e li®lj:li+jmod3) ihj=1,2,3
«30L=3, i=12;j=123:
(a1, a2, 33)T ~3,c~1;: (a1 a3, )
* {3;®3;} =383,
(a1, a2, a3)T ~3;: (a1 a1,a ar,a3a3)" ~ 3, with w = ey’
% 31 ®§2 :ll @lz 6913 @;7 @33:
(a1,a2,33)" ~ 3y, (b1, bo, b3)T ~ 3,: (a1 b1, a2 bp, a3 b3) " ~ 14




« Y (81) C U(3): order 81

« lIrreducible representations: 1;, i=1,...,9and 3;,i=1,...,8
Rep. diy gl 1 S a5l 37
Rep.” 1; 15 14 34 36 3s
» Kronecker products:
oL ®)i=di 043, hj=1,2,3

«3®L=3, i=12;;=123:
(a1, 22, a3)" ~ 3;, c ~ 1 (aq,w tac,w a3c)
$ {31 ®31} N 32 6934:
(a1, @, a3)” ~ 3y (a1a1,a2a2,3333)7 ~3, withw =
'31@32:%l®l2®l3®37e_?_38: J
(alyaZa 33) ~ §1, (b17 bz, b3) ~ 32: (al b]-, ao b2, as b3) g ll

i2m/3



Particle Content

Field mi 5,' H A Xi
SO0) |16 | 1|10 16| 1
¥ (81) 31 [ L ||y 1 || 3=3]

Lagrangian

Z DaH (163165 +16,16; +16,16, )/A
+/1A5(16; +16;, +163 )/A
+ 0 AS(16; +wle, +w?l6; )/A
+ 0, AS3(16; +w?16, +wl6; )/A
+ A5 5 + (52 S53+ S3 52) + h.c.






Charged Fermions

» Quark mass hierarchy : : = : : ,e~3-1073

» Zero mixing in quark sector

. mp = ~ N = higher-dimensional operators are relevant
Neutrinos

» Dirac mass hierarchy exactly drops out

myg(a(H)>2 (Z‘fzé) (A-8) (

A+ 2B
(D) y +

b

=2

>Z )>z
oo o Ot

» Neutrino mass matrix diagonalized by tri-bimaximal mixing matrix
a(H o (H)

AT
2=3 Ay D)w

2 . 2 B
A 3]

) =3




Order in € Structure Representation

o (1) x5 (x3) ™ 1,55 for (2m—n) mod3=0
(= 0 o) REamipite* 3] for (2m'~in) mod 3 =1

3*d comp. of 3, for (2m —n) mod 3 =2
O (e)

« Structure of operators calculable to arbitrary order

« All higher-dimensional operators suppressed compared to LO.
« Vanishing entries are filled.

« Additional Z, symmetry can be introduced to suppress

higher-dimensional operators, e.g. Z3

= Numerical Example to show the possibility to fit the data



1.1589 - 10~° 0 8.6454 - 10~7
mp = - 1.0051-10"3 3.4268-10~% | (H) ,

7.4031-10°
Msy = | 3.0486-10—3 1.9009-10 3w

1.2503

0.63863
4.6288 -107° 3.2038 - 10—°

0.91423 w? 0.71852 w

2.3890 - 102 w?

1 1.7689-1072w? 3.8688 1072w
Mss = . 1.1516-10 2w —0.7475 Mpy

1.1809 - e 9019 17675 - 312 15297 .o

m, ~ ) 2.5403 - ¢~ 10031

Am3, =7.910 %eV?,
913 = 4.50 , 923 = 49.50 ,

1.4336 - 103 w? ) (AN g

3.08
3.4549 - ¢ 311 210 2eV
1.8254
Am3, =25103ev?, 65, =33.0°,
§=137°, @1 =313, @, =162°



In polar coordinates x; = X;e'é

Vi (X, &) = M22X2+A12X4+AQZX2X,<+252X3cos a +3¢;)
i#k

Minimisation:

A
S = 2X (M 20XF + X2X3 + XoX3 + 35X cos (a + 361)) =0
1
A
—6KX3 sin (o + 3¢1) L0 and cyclic
06
Minimum
3Kk 4+ V9k2 — 8M2 ), o ke T

(Xa) = (Xl XS

(&) = —

41 : 3

possible in a certain region of parameter space (M?, A1, A2, &, a).



RG Evolution EFT by EFT

Neutrino mass operator

) or
0 Y, H
Om (A) = ©®

Mnn



Neutrino mass operator

Q o
0 Y H
Sl () = ©

My
RG transformation

Y, 2% ZT Y, Zew
My 255 ZT My Zn

RG T
K — Zopy K Zext



(H) 1z} M. M3
Neutrino mass operator
(3)
) 0 Y H
— v
Om (A) (3)
Mnn
RG Evolution
o 28,0
| 0 VA G & VAN
Om (Ms) = G 3 ©E

Zy My Zn



Neutrino mass operator

(3) (321'
o YH
Om (M) = (3)
My
RG Evolution
o Qoo
OM (M3) — 0 Zext Yu H ZN

G 3 @
Zy My Zn

Diagonalization

GG 3 3 @
N Zn Mnn Zn Un=

(3 G 3 @3
Zl V) Zn Un= (

(2)
yT

r)
y3



% == % % % = . .
(H) My Mo Ms A
. Diagonalization
Neutrino mass operator
(3) (3) (3) (3) (3) (3) (2)
) 0 Y H U Zn Myn Zn Un= Myn 0
Om (N) = 1/(3) A o
Mnn 3 (G @3 @ .
Ze?:t YVTZN UNE ( YT }/3T )
RG Evolution o
Integrate Out
€) (3T) (3)T (©)]
Oy (1) = ’ Ze(X3t) Yis) H(3)ZN @ T pg—1 , &
Zy My Zy Om (Ms)= | Y2 Ms ysH Y,,(Z)H

MNN



1

m ezl

2 ext Zext

©) (3), ®) @)
mb | X Myp, = Mgy X | mp

(3) (3) (@) (2) (2,) (,2) (3 (3)
Xn EZNUNZI/\IU;\I U’JZN_IUIJ{IZ/\_/l

) 2) () (2)
Z,IVE ZN 0 ; U;VE UN 0] A
Ol () e 2

Approximation

©)
Vy Myn Vi = Dy = diag(My, My, M3) = Xy &~ V7. V],

(©))

©)
m, = —(H>ZL | Y, Vn~ Dy Viy Yl,] Zoxt

ext

= Dominantly rescaling of right-handed neutrino masses
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