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What do we know?

@ Charge quantization
@ Anomaly cancellation

@ Gauge coupling unification

= Grand unified theory?

Leptons
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Seesaw Mechanism

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

Introduction of right-handed neutrinos N

0 mp T
M = ( . = m, ~ —mpMy,mp

(mp ~ O (New) , Mnn~ O(Ap—1))
leads to effective mass of light neutrinos m, < O (1eV)

~y
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Seesaw Mechanism

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

Introduction of right-handed neutrinos N

0 mp 1T
M = ( . = m, ~ —mpMy,mp

(mp ~ O (New) , Mnn~ O(Ap—1))
leads to effective mass of light neutrinos m, < O (1eV)

~y

@ Different flavor structure possible
@ Butin SO(10): mp ~ my
= Large (quadratic) hierarchy in neutrino masses
@ Cancellation of hierarchies needed in neutrino mass matrix
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Cancellation Mechanism

Cascade SeesaW [Mohapatra, Valle;Barr]

@ Additional singlets S

0 mp mygs
M= . 0 Mns
Mss

mp, Mys ~ O (New) , Mns ~ O (Agur) , Mss ~ O (Mp)
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Cancellation Mechanism

Cascade SeesaW [Mohapatra, Valle;Barr]

@ Additional singlets S

0 mp mys
M= . 0 Mns =>m, = mES * mﬁs
Mss

mp, Mys ~ O (New) , Mns ~ O (Agur) , Mss ~ O (Mp)

@ Double seesaw (DS) contribution: m2S ~ mpMyd " MssMydm])
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Cancellation Mechanism

Cascade SeesaW [Mohapatra, Valle;Barr]

@ Additional singlets S

0 mp mMmys
M= . 0 Mps =>m, = mfs 4 mﬁs
Mss

mp, Mys ~ O (New) , Mns ~ O (Agur) , Mss ~ O (Mp)

@ Double seesaw (DS) contribution: m2S ~ mpMyg " MssMyd m},

@ Linear seesaw (LS) contribution: m:S ~ — [mpMyd "ml¢ + (... )T]
= generally smaller
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Cancellation Mechanism

Cascade SeesaW [Mohapatra, Valle;Barr]

@ Additional singlets S

0 mp mys
M = . 0 Mns =>m, = mfs aF mlL,S
Mss
mp, Mys ~ O (New) , Mns ~ O (Ngur) , Mss ~ O (Mp)
@ Double seesaw (DS) contribution: m2S ~ FMssFT

@ Linear seesaw (LS) contribution: mtS ~ — [Fmlg + (...)7]
=- generally smaller

Cance”at|on [Smirnov]
e F= mDMﬁé T non hierarchical = hierarchy of m, given by Mss
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Cancellation Mechanism

Cascade SeesaW [Mohapatra, Valle;Barr]

@ Additional singlets S

0 mp mys
M = . 0 Mns =>m, = mfs aF mlL,S
Mss
mp, Mys ~ O (New) , Mns ~ O (Ngur) , Mss ~ O (Mp)
@ Double seesaw (DS) contribution: m2S ~ FMssFT

@ Linear seesaw (LS) contribution: mtS ~ — [Fmlg + (...)7]
=- generally smaller

Cancel Iat|0n [Smirnov]

e F= mDMﬁé T non hierarchical = hierarchy of m, given by Mss
@ F « 1 (Dirac screening = Dirac flavor structure is cancelled)
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Setup within SO(10)

@;j16;16; H + 316,A S; + (Mss); SiS;

m,’ Sj H A
SO(10) | 16 1 || 10 16
0 mp my,s
M = 0 Mps

= Correlation between « and 8 needed.

11th February 2009
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Which Flavor Symmetry?
Lagangian .

Lagrangian
@ Explain number of generations: 16, ~ 3

6, S| H AH Xi
16|
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10

Cancellation of the Dirac Mass Hierarchy

Michael A. Schmidt (IPPP)



Which Flavor Symmetry?
Lagangian .

Lagrangian
@ Explain number of generations: 16, ~ 3

@ Complex 3 = A4 not possible, but: T7 LutnNasri,Ramond], X (81) vay,

6, S| H AH Xi
16|

11th February 2009

10

Cancellation of the Dirac Mass Hierarchy

Michael A. Schmidt (IPPP)



Which Flavor Symmetry?

@ Explain number of generations: 16, ~ 3
@ Complex 3 = A4 not possible, but: 77 LutnNasri,Ramondl, X(81) vy, . . .
@ Explain difference in CKM and MNS matrix (in lowest order)

| \

Particle Content

16, S| H A Xi
SO(10) | 16 1 || 10 16 1
T 3 11 1 3"
(1) |3 1|1y 1y || 3=3]
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Which Flavor Symmetry?

@ Explain number of generations: 16, ~ 3
@ Complex 3 = A4 not possible, but: 77 LutnNasri,Ramondl, X(81) vy, . . .

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

i " ﬁ
716,16, HX"") + “016; A Sy + (Mss); SS

| \

Particle Content

16, S| H A Xi
SO(10) | 16 1 || 10 16 1
T 3 11 1 3"
(1) |3 1|1y 1y || 3=3]
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T7: Group Theory

@ T7 = 7Z; x Z3 C SU(3), also called Frobenius group
@ Smallest group with complex 3: order 21

@ Irreducible representations: 14, 15, 13 2 15 and 3, 3*
@ 1; likein Z3: 14 and 1, ® 15 are invariant

@ Generators of 3: (A’ =1, B3 =1, AABA? = B)

eZ7ri/7 0 0
A= 0o e/ 0 , B=
0 0 eSwi/7

e3®1;=3:
(a1, @, as) ~3,c~1;:
(arc,w'ac,w' Tasc) withw = €
o 303)=3a3"
(a1, @, &)’ ~ 3: (asas,ara,aa) ~3,
(a2 @sy, @z @y, agr ay)’ ~ 3*

0 1
0 o
1 0

0
1
0

27 /3
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T-: Realization

Particle Content

Field [[16,] S | H A [ v
SO(10) || 16 | 1 [[10 16| 1
T7 3 |1 1,3

\
| \

Superpotential

W > aH(163165 x1 + 16, 164 x2 + 16, 16, x3)/A
+ 31 (164 x1 + 165 x2 + 165 x3) A S1 /A
+ B2 (164 x1 + w165 X2 + w? 165 x3) A Sp/A

+ B3 (164 x1 + w? 165 x2 + w 165 x3) A S3/A
+AS1 S1 +B(SgS3+SgSg)+h.C.

\
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T7: Lowest Order

Ae A B B p (09 09 00)) e e
"= B ' DX_dlag(<X1>, (x2)’ <X3>) dlag( Y )
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T7: Higher-Dimensional Operators and Mass Scales

@ Higher-dimensional operators up to ™ ~ etn, = % ~ 0.48

2mi

X7 -2 e 1y ~ 0 (1) = Introduction of Z;
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T7: Higher-Dimensional Operators and Mass Scales

@ Higher-dimensional operators up to ™ ~ etn, = % ~ 0.48

2mi

X7 -2 e 1y ~ 0 (1) = Introduction of Z;
@ Problem: Mgs ~ O (Mpie*), but contributions like
Mss ~ SS (x)" /A"
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T7: Higher-Dimensional Operators and Mass Scales

@ Higher-dimensional operators up to ™ ~ etn, = % ~ 0.48

2mi

X7 -2 e 1y ~ 0 (1) = Introduction of Z;
@ Problem: Mgs ~ O (Mpie*), but contributions like
Mss ~ SS (x)" /A"
@ Solution: forbid tree-level and generate Mgg at higher order
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T7: Higher-Dimensional Operators and Mass Scales

@ Higher-dimensional operators up to ™ ~ etn, = % ~ 0.48

2mi

X7 -2 e 1y ~ 0 (1) = Introduction of Z;
@ Problem: Mgs ~ O (Mpie*), but contributions like
Mss ~ S8 (x)" /A"
@ Solution: forbid tree-level and generate Msg at higher order
@ Observe: only one covariant

SSX* /N2 ~ (aS1S1 + b(S2Ss + S3S2)) x1x2x3/ N

Field | 16, | S/ || H A |
T 1, 1, 1,3
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T7: Solar Mixing Angle

mtS ~ { pMyaT mlg+ (.. )T}

m, s originates from 16; A S; y = m.S diagonal
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T7: Solar Mixing Angle

mtS ~ — { pMyaT mlg+ (.. )T}

m, s originates from 16; A S; x = mtS diagonal = introduce A’:

<A/> <X1> 0 0 1 1 1 ﬂ; 0 0
ms="3~( 0 (@) 0 1 w w? 0 8 0
0 0 (x3) 1 W w 0 0 g
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T7: Solar Mixing Angle

mtS ~ — { pMyaT mlg+ (.. )T}

m, s originates from 16; A S; x = mtS diagonal = introduce A’:

<A/> <X1> 0 0 1 1 1 ﬂ; 0 0
ms="3~( 0 (@) 0 1 w w? 0 8 0
0 0 (x3) 1 W w 0 0 g

Leading order

3 ) 3 .
o (H) 2 —ZXZ’Y,'EG —X ny, - X Zﬁ//w’_1
m,~ | ——% =1
(D) €

(B () () &

X = 3a(HyA i =Bi/Bi
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T7: Phenomenology

Dominant 2-3 block in m,, preserved, 015, 13 can be fitted:

V2|21 — 72 —v3)X|

—g) X
tan 20, ~ i ~ 2 —13) X|

s Sin913 ~~ \/é|B‘ ,

NP

O3 ~
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T7: Phenomenology

Dominant 2-3 block in m,, preserved, 015, 13 can be fitted:

21(271 — o — v3)X — ) X
tan2912~f|( Y1 — 2 — 73)X] (2 =) X|

~ P , sinfiz~ =— , bp=
24+ B V6B

NS

my and m» especially changed:

o <H> 2 = sin2 012
~|——] [2A+B
1L ((A>N 62) 24+ 5] cos 261
a (Hy \? .+ = |cos?6;s
~|——] [2A+B
iz ((A>N 62) 2A+85] cos 2012
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T7: Phenomenology

Dominant 2-3 block in m,, preserved, 015, 13 can be fitted:

2 2 /{4 — — X _ X
tan 26z ~ f|( i 7 72” 13)X] , Sinfy3 =~ M ) ~~ ™
2A+ B V6B 4
my and m, especially changed:
i i
me ~ [ {H) 2‘2;”9' sin? 01, [24+ B| ~1.13 109GeV
' <A>N €2 C032912 |B| ~ 3.38 - 10° GeV
<H> 2 20 |2'Y1 - 72 _73| ~ 0.0833
« &2 ~ | COS“ 042 10
M~ | > | [2A+Bl| —5,— X ~2.25-10"0 GeV
? ((A>N e2> [2A+ 5 oS 2012

Michael A. Schmidt (IPPP)
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(A)y = 10" GeV

("), =10GeV

= my ~ 0.00424 eV
M; ~ 10%1° Gev
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T7: Cabibbo Angle and Flavon Potential

By introduction of 16,;, 16}, ~ (17, 6z,)

1 p 3
i (16,16,16,161,) ()

contributes to down type and charged lepton mass matrix

/ O(e*n®)  O(®)  O(*nP)
Mdown ~ (164). (%) ( . 0(64773) 0(62773) )
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T7: Cabibbo Angle and Flavon Potential

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

1 , 3
17 (16116,16,,16,) ()

contributes to down type and charged lepton mass matrix

/ o(en®) o)  O(nP)
Maown =~ <EH>V (<16A7’>N) ( . 0(64773) 0(62773) )

Flavon Potential

Leading order can be explained with driving field ¢ ~ (3%, 5z):

W, =k (p1xaxa + v2x3x1 + Pax1X2)

= further study required
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¥ (81): Realization

Field 16, (S | H A
SO(10) || 16 | 1 || 10 16 1
x(81) 3 [ i1y 1,323

Michael A. Schmidt (IPPP)
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¥ (81): Phenomenology
Charged Fermions |

@ Quark mass hierarchy (x1)* : (x2)": (xa)" = €*:¢?:1, e~ 0.05

@ Zero mixing in quark sector
@ m; = (x3)" ~ A = higher-dimensional operators are relevant

V.

Neutrinos

@ Dirac mass hierarchy exactly drops out

Av2B A-B A-B
(o (H)\? Y
mm(@m)( " e Aq)

@ Neutrino mass matrix diagonalized by tri-bimaximal mixing matrix

o m,=3 %‘2’2\ , mi3=3 ‘“<H>‘2 B

(A
— corrections from higher-dimensional operators lift degeneracy
11th February 2009 19
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e Summary & Outlook
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Summary & Outlook

Cancellation Mechanism

@ Different hierarchies in charged and neutral fermion masses within
SO(10)
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@ Different hierarchies in charged and neutral fermion masses within
SO(10)
@ Existence of three families explained by flavour symmetry
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SO(10)

@ Existence of three families explained by flavour symmetry

@ Higher-dimensional operators are under control
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Summary & Outlook

Cancellation Mechanism

@ Different hierarchies in charged and neutral fermion masses within
SO(10)

@ Existence of three families explained by flavour symmetry

@ Higher-dimensional operators are under control

@ Cabibbo angle can be obtained

@ Leading order of flavon potential can be achieved

Michael A. Schmidt (IPPP) Cancellation of the Dirac Mass Hierarchy 11th February 2009 21



Summary & Outlook

Cancellation Mechanism

@ Different hierarchies in charged and neutral fermion masses within
SO(10)

@ Existence of three families explained by flavour symmetry

@ Higher-dimensional operators are under control

@ Cabibbo angle can be obtained

@ Leading order of flavon potential can be achieved

v

@ Further investigation of flavon potential needed

\
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Summary & Outlook

Cancellation Mechanism

@ Different hierarchies in charged and neutral fermion masses within
SO(10)

@ Existence of three families explained by flavour symmetry

@ Higher-dimensional operators are under control

@ Cabibbo angle can be obtained

@ Leading order of flavon potential can be achieved

v

@ Further investigation of flavon potential needed
@ Flavor symmetry with complete cancellation and no degeneracies

\
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Summary & Outlook

Cancellation Mechanism

@ Different hierarchies in charged and neutral fermion masses within
SO(10)

@ Existence of three families explained by flavour symmetry

@ Higher-dimensional operators are under control

@ Cabibbo angle can be obtained

@ Leading order of flavon potential can be achieved

v

@ Further investigation of flavon potential needed
@ Flavor symmetry with complete cancellation and no degeneracies
@ Implementation in complete model

\

Michael A. Schmidt (IPPP) Cancellation of the Dirac Mass Hierarchy 11th February 2009 21



Thank you for your attention.



2 (81): Group Theory

@ X (81) C U(3): order 81
@ Irreducible representations: 1;, i=1,...,9and 3;,/=1,...,8
Rep. |1, |1, 14 15 1 |34 33 35 3y
Rep* |1y |13 1; 13 19 |3; 34, 35 3g
@ Kronecker products:

o likein T7:

1 ®1i :1i+jm0d3’ i,j=1,2,3
Jwly=3, i=12;/=1,23
° {31 ®31} =303,
(a1, @, as)’ ~3,: (a1 a1, @ a,asas)’ ~ 3, With w = £27/3
03,23, =1,01,01;,03;, ® 3g:
(ar,az,a)" ~ 3y, (b1, b2, b3)" ~ 3,: (a1 br, @ bz, a3 bs) " ~ 1,

Michael A. Schmidt (IPPP)
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Y (81): Realization

Particle Content

Field 116, [ S H Al
SO(10) || 16 | 1 || 10 16 1
x(81) 3 [ i1y 1, 3%=3

Lagrangian

£ D> aH(163165 x7 +16,16, x5 + 16,16, x3)/A
+ 31 (164 x1 + 165 x2 + 163 x3) A S1 /A
+ (2 (164 x1 + w16, x2 + w2 164 x3) A So/A

+ 3 (164 X1 + w? 16, x2 + w163 x3) A S3/A
+AS1 S+ B(S2 83+ S3S,) +hec.
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2 (81): Lowest Order

o (e)” 00
mp = /<\H>< 0 (x2° O )
0 0 (xa)
(x) 0 0 T 1 A B 0 0
MNs—<AA>N(0 (x2) 0)(1 ww2)<0 B2 0)
0 0 (x3) 1 W w 0 0 g5
A0 O
Mss = - 0 B

A=A/(957), B=B/(95:0s)

11th February 2009 25
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¥ (81): Higher-Dimensional Operators

Orderin e Structure Representation

o) x5 (x3)" " 1455for (2m—n) mod3=0
(m=0,....n) | 3% comp. of 3, for 2m—n) mod 3 =1
3" comp. of 3, for (2m —n) mod 3 =2

@ (62)

@ Structure of operators calculable to arbitrary order
@ All higher-dimensional operators suppressed compared to LO.
@ Vanishing entries are filled.
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2 (81): Flavon Potential

In polar coordinates y; = X;e'¢

Vi (X, &) = M‘?ZXZ + M ZX4+)\22X2X2 +2%Zx3cos (a+3¢)

i#k
Minimization:
% = 2X; (M2 + 20 X2 + Ao X3 + Ao X2 + 3kX; €08 (a + 367)) = 0
1
%Z —6kX$sin(a+3¢)=0  andcyclic
1
Minimum
3K + 9/12—8M>2<)\1 ot
=) =0, X = ax =5
1

possible in a certain region of parameter space (Mi, M, A2, K, @).
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