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The  Flavour  Puzzle  I
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The  flavour  sector  has  many  (13+7+2)  parameters  with  peculiar  pa<erns:

Fermion  masses  (errors  are  from  2009  and  scaled  by  a  factor  of  3)

4

GUTs!
(not  part  of  this  talk)
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The  Flavour  Puzzle  II

Mixing  parameters

5

Quarks [PDG ’08] Leptons [NuFIT 1.2, NO]

✓12 in � 12.9 34.0
✓23 in � 2.4 41.8
✓13 in � 0.2 9.0

� in � 68.9 (270)
↵1 in � - ?
↵2 in � - ?
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Great  Recent  Progress  
in  the  Lepton  Sector

[Schwetz,  Tortola,  Valle  2011] [Fogli,  Lisi  et  al.  2012]

March 2011, NH Jun 2012, NH

sin2 ✓12 0.312+0.017
�0.015 0.307+0.018

�0.016

sin2 ✓23 0.51± 0.06 0.386+0.024
�0.021

sin2 ✓13 0.010+0.009
�0.006 0.0241± 0.0025

� ? (1.08+0.28
�0.31)⇡
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The  Flavour  Puzzle

• Why  do  we  have  three  generaAons?

• Why  are  the  SM  fermion  masses  so  vastly  
different?

• What  is  the  origin  of  CP  violaAon?

• Why  are  the  quark  mixing  angles  rather  small  
and  the  leptonic  mixing  angles  rather  large?

7
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Non-­‐Abelian  (discrete)  
family  symmetries

8

GF

Gn

Ge

A4,  S4,  T',  SO(3),  SU(3),  ...

e.g.:  Zn≥3

e.g.:  Z2  x  Z2

UPMNS

symmetry  of  me

symmetry  of  mn

(tri-­‐)bimaximal,
golden  raSo,
trimaximal,  ...

[for  a  recent  review  see  King,  Luhn  2013]
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The  Strong  CP  Problem

L � ✓̄

32⇡2
G̃µ⌫G

µ⌫

✓̄ = ✓ + arg det(MuMd)

✓̄ . 10�11

9

• QCD  violates  CP  via

• This  term  has  two  contribuAons

• Experiment  tells  us

• Why  is  the  cancellaAon  so  perfect?
[PDG  '13]
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3  Popular  Solu6ons

10

1. Massless  up-­‐quark,  but:

2. Axion  soluAon

3. Spontaneous  CP  violaAon:
Topic  of  this  talk

– 10–

Figure 1: Exclusion ranges as described in the text.
The dark intervals are the approximate CAST and
ADMX search ranges. Limits on coupling strengths are
translated into limits on mA and fA using z = 0.56
and the KSVZ values for the coupling strengths. The
“Laboratory” bar is a rough representation of the ex-
clusion range for standard or variant axions. The “GC
stars and white-dwarf cooling” range uses the DFSZ
model with an axion-electron coupling corresponding to
cos2 β = 1/2. The Cold Dark Matter exclusion range
is particularly uncertain. We show the benchmark case
from the misalignment mechanism.

February 21, 2013 11:25
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[PDG  '13]

mu(2 GeV) = 2.3+0.7
�0.5 MeV
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ρ
-1 -0.5 0 0.5 1

η

-1

-0.5

0

0.5

1
γ

β

α

)γ+βsin(2

sm∆
dm∆

dm∆

Kε

cbV
ubV

)ντ→BR(B

winter13
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Accident  or
sign  of  spontaneous  

CP  viola-on?

The  CKM  Unitarity  Triangle

Fit  result:

11

(V †
CKMVCKM)bd = 0

[UTFit  Winter  '13  SM  Fit]

↵ = (88.7± 3.1)�
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Generalised  CP  I

• In  the  Standard  Model  CP  commutes  with  
internal  symmetries

• This  is  in  general  not  the  case  for  arbitrary  
symmetry  groups

• First  discovered  in  the  80's,  recently  regained  
aWenAon

13

[Ecker,  Grimus,  Neufeld  '87,  '88;  ...  Feruglio,  Hagedorn,  Ziegler  '12;  Holthausen,  
Lindner,  Schmidt  '12;  Chen,  Fallbacher,  Mahanthappa,  Ratz,  Trautner  '14]



28/04/14  -­‐  DESY Mar6n  Spinrath  (KIT)Spontaneous  CP  viola6on

Consistency  condi6on

• A  field  transforms  as

• Implying  the  consistency  condiAon

14

[following  the  discussion  in  Holthausen,  Lindner,  Schmidt  '12]

�
G�! ⇢(g)�

�
CP�! U�⇤

U⇢(g)⇤U�1 = ⇢(u(g)) , u 2 Out(G)

�

U�⇤

U⇢(g)⇤�⇤

⇢(g0)� = U⇢(g)⇤U�1�

CP g

g0 CP�1

Figure 1: CP definition.

with U being a unitary matrix, which is not necessarily block-diagonal, because it generically

interchanges representations. Even di↵erent real representations can be connected by such a

CP transformation, as we will discuss later.

If the representation is real, i.e. ⇢ = ⇢⇤, there is always the trivial CP transformation

� ! �⇤, which acts trivially on the group. In the following, we will take ⇢ to be complex

and faithful, i.e. ⇢ is injective. If ⇢ were not faithful then the theory would only be invariant

under the smaller symmetry group isomorphic to G/ ker ⇢ and the restricted representation

would be faithful.

Note that Eq. (2.4) in combination with Eq. (2.1) implies the existence of a matrix W

with W 2 = , which exchanges the complex conjugate components of �,

�⇤ = W� , which implies ⇢(g) = W⇢(g)⇤W�1 . (2.5)

See sec. 4.1 and especially Eq. (4.3) for a concrete example. Comparing first performing a

group transformation and then performing a CP transformation with the inverse order of

operations and demanding that the resulting transformation is contained in the symmetry

group G of the theory, as shown in Fig. 1, one finds the requirement that

U⇢(g)⇤U�1 2 Im⇢ ⌘ ⇢(G) , (2.6)

i.e. the CP transformation maps group elements ⇢(g) onto group elements ⇢(g0). We will

refer to this condition as consistency condition and denote models satisfying this condition

consistent. If the condition (2.6) is not fulfilled, the group G is not the full symmetry group

of the Lagrangian and one would have to consider the larger group, which closes under CP

transformations (2.6). We do not consider this case further and will assume that the groupG is

the full symmetry group of the Lagrangian. Hence, a generalised CP transformation preserves

the group multiplication, i.e. U⇢(g1g2)⇤U�1 = U⇢(g1)⇤U�1U⇢(g2)⇤U�1 and U ⇤U�1 = ,

and therefore is a homomorphism 4. Furthermore the CP transformation is bijective, since

U is unitary and therefore invertible. Hence, CP is an automorphism 5 of the group, as is

depicted in Fig. 2.

4A (group) homomorphism µ : G ! H is a mapping preserving the group structure, i.e. µ(g1g2) =

µ(g1)µ(g2) 8g1,2 2 G, µ(g�1) = µ(g)�1, and µ(EG) = EH , where EG,H denotes the identity elements of G and

H, respectively.
5An automorphism µ of a group G is a bijective homomorphism µ : G ! G.

4
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In  terms  of  mass  
matrices

• For  the  charged  leptons

• For  the  (Majorana)  neutrinos

15

⇢T (g⌫i)M⌫ ⇢(g⌫i) = M⌫ with g⌫i 2 G⌫ < T 0
oHCP ,

UT
⌫,CP M⌫ U⌫,CP = M⇤

⌫ with U⌫,CP 2 G⌫ < T 0
oHCP .

⇢†(gei)M
†
e Me ⇢(gei) = M†

e Me with gei 2 Ge < T 0
oHCP ,

U†
e,CP

�
M†

e Me

�
Ue,CP =

�
M†

e Me

�⇤
with Ue,CP 2 Ge < T 0

oHCP .
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Generalised  CP  II

• A  CP  symmetry  is  an  outer  automorphism  of  
the  other  symmetries

• Some  examples:
• For  con6nuous  symmetries  outer  automorphisms  trivial  or  

Z2  apart  from  SO(8)  with  Out(SO(8))  =  S3

• Out(A4)  =  Z2  (interchanges  complex  1-­‐dim.  irreps)

• Out(T')  =  Z2  (will  be  discussed  later)

• Out(D(27))  =  GL(2,  3)

16

[following  the  discussion  in  Holthausen,  Lindner,  Schmidt  '12]
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Some  recent  approaches  to  
Family  Symmetries  and  CP

·• mt  reflec&on  symmetry  [Harrison,  Sco3  '02,  '04;  Grimus,  Lavoura  '03;  also  Babu,  Ma,  Valle  '02]

·• tricmaximal  mixing    [Harrison,  Sco3  '02,  '04;  Harrison  (ICHEP12)]

·• SU(3) x CP  [Ross,  Velasco-­‐Sevilla,  Vives  '04]

·• D(27)    [Ferreira  et  al.  '12]/D(6  n2)  [King  et  al.]

·• S4  with  CP  [Mohapatra,  Nishi  '12]

·• Geometrical  CP  viola&on  [Branco  et  al.  '83;  recently  revived  by  de  Medeiros  Varzielas  et  al.]

·• T'  with  "Geometrical  CP  viola&on"  [Chen,  Mahanthappa  '09,  ...;  Meroni,  Petcov,  MS  '12;  
Girardi,  Meroni,  Petcov,  MS  '13]

·• S2  and  accidental  CP  [Babu,  Kubo  '04,  '11]

[taken  par6ally  from  Hagedorn  (BeNe  2012)]

17
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How  to  suppress  the  
strong  CP  phase?

• Step  1:  Promote  CP  to  be  fundamental

• Step  2:  Break  CP  such  that  arg  det  (Mu  Md)  =  0
• Step  2a:  Make  Mu  real  with  vanishing  1-­‐3  element

• Step  2b:  For  Md  use  ('*'  real  elements)

20

Md =

0

@
0 ⇤ 0
⇤ i ⇤ ⇤
0 0 ⇤

1

A

[Antusch,  Holthausen,  Schmidt,  MS  '13]

✓̄ = 0
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• We  parameterise  the  mixing  matrices  as,  e.g.

• For  mass  matrices  with  vanishing  1-­‐3  element:

• Simple  soluAon  (ignoring  signs),  e.g.

The  Phase  Sum  Rule
[Antusch,  King,  Malinsky,  MS  '10]

U †
d = Ud

23U
d
13U

d
12 with Ud

12 =

0

@
cd12 sd12e

�i �d12 0

�sd12e
i �d12 cd12 0

0 0 1

1

A (UdMdM
†
dU

†
d = diag.)

↵ ⇡ �d12 � �u12
!⇡ 90�

[Antusch,  King,  Malinsky,  MS  '09]  see  also
[Fritzsch  and  Xing;  Masina  and  Savoy  '06;
Harrison,  Dallison,  Roythorne,  Scoc  '09]

21

Md =

0

@
0 ⇤ 0
⇤ i ⇤ ⇤
0 0 ⇤

1

A , Mu real ) �d12 = 90� , �u12 = 0
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Discrete  Vacuum  
Alignment

• Yukawas  proporAonal  to  flavon  vevs,  e.g.

• Add  term  to  W  compaAble  with  Zn  symmetry

• Solve  F-­‐term  condiAons  (|FP|=0)  +  CP  symmetry*

[Antusch,  King,  Luhn,  MS  '11]

h�i / (0, 0, x)

T
or h�i / (x, x, x)

T

arg(h�i) = arg(x) =

(
2⇡
n q , q = 1, . . . , n for “�”

2⇡
n q +

⇡
n , q = 1, . . . , n for “+”

W � P

✓


�n

⇤n�2
⌥ �M2

◆

22

*  We  assumed  here  for  simplicity  that  k  and  l  are  posi6ve.
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Overview
• Symmetry  of  the  Model

• Flavour  model  for  quarks  only  (dR  is  A4  triplet)!

• 5  singlet  flavons  xi  with  real  vevs,  4  triplets:

24

SU(3)C ⇥ SU(2)L ⇥ U(1)Y| {z }
gauge sym.

⇥ A4 ⇥ Z2 ⇥ Z5
4| {z }

discrete family/shaping sym.

⇥U(1)R| {z }
R sym.

h�1i ⇠

0

@
1
0
0

1

A , h�2i ⇠

0

@
0
1
0

1

A , h�3i ⇠

0

@
0
0
1

1

A , h�̃2i ⇠ i

0

@
0
1
0

1

A

[Antusch,  Holthausen,  Schmidt,  MS  '13]
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Flavon  Alignment
Study  only  one  example  for  simplicity:

1. Fix  the  possible  vev  direcAon  in  flavour  space

2. Fix  the  direcAon  in  relaAon  to  other  vevs

3. Fix  the  phase

25

W = Ã2 · (�̃2 ? �̃2) + Õ1;2(�1 · �̃2) + Õ2;3(�̃2 · �3) +
P

⇤2

⇣
�̃4
2 ±M4

F

⌘

FÕ1;2
= 0 ) h�1i ? h�̃2i and FÕ2;3

= 0 ) h�3i ? h�̃2i

FÃi
= 2(�̃2)j(�̃2)k = 0, where i 6= j 6= k 6= i ) h�̃2i ⇠ (0, 1, 0)

FP = 0 ) argh�̃2i = 0,
⇡

2
,⇡,

⇡

2

[Antusch,  Holthausen,  Schmidt,  MS  '13]
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Coupling  to  Maier
• The  effecAve  superpotenAal  reads

• Giving  the  mass  matrix  structure

26

Wd = Q1d̄Hd
�2⇠d
⇤2

+Q2d̄Hd
�1⇠d + �̃2⇠s + �3⇠t

⇤2
+Q3d̄Hd

�3

⇤

Wu = Q1ū1Hu
⇠2u
⇤2

+Q1ū2Hu
⇠u⇠c
⇤2

+Q2ū2Hu

✓
⇠c
⇤

+
⇠2t
⇤2

◆

+ (Q2ū3 +Q3ū2)Hu
⇠t
⇤

+Q3ū3Hu

Md =

0

@
0 bd 0
b0d icd dd
0 0 ed

1

A and Mu =

0

@
au bu 0
0 cu du
0 d0u eu

1

A

[Antusch,  Holthausen,  Schmidt,  MS  '13]
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Higher  Dimensional  
Operators  I

27

Hd

d̄

Q3

φ3

Hd

d̄

Q1

φ2

ξd

Hd

d̄

ξs

Q2

φ̃2

Q2

φ1

Hd

d̄

ξd

∆1 ∆̄1

∆1 ∆̄1 ∆3 ∆̄3

∆1 ∆̄1

∆1 ∆̄1

∆2 ∆̄2

∆3 ∆̄3

Hd

d̄

∆1 ∆̄1

φ3

Ῡ1 Υ1

ξt

Q2

We give a "UV 
completion" of the 
model giving full 
control over the 

effective operators!

[Antusch,  Holthausen,  Schmidt,  MS  '13]
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Higher  Dimensional  
Operators  II

1. CorrecAons  to  the  flavon  sector:
At  least  dimension  seven,  do  not  change  the  flavon  
direc-ons  and  phases

2. CorrecAons  to  the  up-­‐quark  sector:
Suppressed  (real)  correc-ons  to  the  1-­‐1,  1-­‐2,  2-­‐2  
elements  of  Mu

3. CorrecAons  to  the  down-­‐quark  sector:
No  correc-ons  from  higher-­‐dim.  operators!

28

[Antusch,  Holthausen,  Schmidt,  MS  '13]
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Correc6ons  from  SUSY  
breaking

• SUSY  breaking  might  give  correcAons,  e.g.

• Also  LR  sfermion  mixing  gives  correcAons

• If  SUSY  breaking  conserves  CP  and  is  close  to  
MFV,  correcAons  are  potenAally  small  enough.

�✓̄ = 3arg(mg̃)

g̃
mq

g̃

m2
LR

q̃cq̃

q qc
q

mg̃
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Nelson-­‐Barr  Models
Nelson-­‐Barr  models  defined  by  two  condiAons:
1.  At  the  tree  level  there  are  no  Yukawa  or  mass  terms  coupling  F  fermions
to  C*  fermions,  or  C  fermions  to  C  fermions.

2.  The  CP-­‐viola6ng  phases  appear  at  the  tree  level  only  in  those  Yukawa
terms  that  couple  F  fermions  to  R  =  (C  +  C*)  fermions.

In  terms  of  a  mass  matrix  including  heavy  vector-­‐like  fields:

Yvd  and  MU  real,  <f>  complex
31

[Nelson  '84;  Barr  '84]

MD ⇠
✓
Y vd 0
h�i M⌥

◆
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Rela6on  to  our
Model  Class

32

In  our  model  we  have:

with  a  real  determinant  as  well:

MD ⇠

0

BBBBBBBBBB@

0 0 0 h�T
2 i 0 0

0 0 h�̃T
2 i h�T

1 i h⇠ti h⇠ci
0 h�T

3 i 0 0 0 h⇠ti
vd M�1 0 0 0 0
0 h⇠si M�2 0 0 0
0 h⇠di 0 M�3 0 0
0 h�T

3 i 0 0 M⌥1 h⇠ti
0 0 0 0 0 M⌥2

1

CCCCCCCCCCA

detM ⇠ v3dM
3
�2

M3
�3

M⌥1M⌥2h⇠2dih�1ih�2ih�3i

[Antusch,  Holthausen,  Schmidt,  MS  '13]
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In  Words

33

Nelson-­‐Barr Our  Class  of  Models
Real Yukawa Couplings

Real "Messenger" Masses

Complex Couplings between 
light & heavy Fields

Effective Yukawa Couplings 
(apart from top)

Real Messenger Masses

Real couplings but complex 
Flavon vevs

Structure of Couplings Alignment of Flavon vevs
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What  is  T'?

• T'  is  the  double  covering  of  A4:

• Seven  representaAons:

• In  our  basis,  complex  Clebsch-­‐Gordan  
coefficients,  e.g.

36
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CP  Transforma6ons
• In  our  basis,  we  find  the  CP  transforma&ons

• In  this  basis  couplings  can  be  forced  to  be  
complex,  e.g.

• In  a  different  basis  this  might  change,  but  physics  
will  not  change!

37

[Girardi,  Meroni,  Petcov,  MS  '13]

1 ! 1⇤ , 10 ! 10⇤ , 100 ! 100⇤ , 3 ! 3⇤ ,

2 !
✓

ei⇡/4 0
0 e�i⇡/4

◆
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◆
20⇤ , 200 !

✓
i 0
0 1

◆
200⇤

�O = � [(200 ⇥ 200)10 ⇥ 100]

) CP[O]/O⇤ = i ) arg(�) = ⇡/4
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What  is  physical?

• There  are  three  sources  for  CP  violaAon
• Complex  Clebsch-­‐Gordan  coefficients  of  T'

• Complex  coupling  constants

• Complex  (or  real)  vacuum  expecta6on  values

• Only  the  combinaAon  of  the  three  is  physical!

38
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Vevs  and  phases  in  the  
Lagrangian

• Take  an  operator  invariant  under  CP

• Add  two  flavon  fields  to  this  operator,  e.g.

• This  product  remains  real  if

• In  this  basis  real  vevs  can  introduce  phases!

39
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0 00)3
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Symmetries  and
field  content

• Symmetries:

• Flavour  model  for  leptons  only

• Flavon  fields  without  singlets:

41

[Girardi,  Meroni,  Petcov,  MS  '13]
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Yukawa  and  Mass  
Matrices

• The  effecAve  superpotenAals  read

• Giving  the  Yukawa  and  Mass  matrices

42
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[Girardi,  Meroni,  Petcov,  MS  '13]
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Neutrino  Spectra

43

@3� NO A NO B IO A

m1 in 10�3 eV [4.23, 4.66] [5.56, 6.20] [45.7, 58,7]
m2 in 10�3 eV [9.23, 10.17] [9.83, 11.20] [46.3, 59.6]
m3 in 10�2 eV [4.28, 5.56] [4.23, 5.74] [1.53, 1.98]P
mi in 10�2 eV [5.63, 7.04] [5.77, 7.48] [10.73, 13.81]

[Girardi,  Meroni,  Petcov,  MS  '13]

Only  three  possible  spectra:  two  with  normal  ordering,  one  with  inverted  ordering
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JCP  vs.  sin  d

44
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[Girardi,  Meroni,  Petcov,  MS  '13]
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Neutrinoless  Double
Beta  Decay

45
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[Girardi,  Meroni,  Petcov,  MS  '13]
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Summary  and  
Conclusions  I

• SoluAon  to  Strong  CP  problem  with  discrete  
Symmetries  but  without  Axions

• Ingredients:
• Fundamental  CP  symmetry

• Phase  sum  rule  (right  CKM  unitarity  triangle)

• Discrete  symmetries  to  fix  flavour  direc6ons  and  phases

• Messenger  sector  to  control  higher-­‐dimensional  operators

47
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Summary  and  
Conclusions  II

• Combining  CP  and  discrete  symmetries  can  be  
non-­‐trivial
• Consistent  treatment  needed

• Generalised  CP  does  not  have  to  be  physical  CP

• New  phenomenology

• Quark  sector  shows  hints  of  spontaneous  CP  viola6on

• Experimental  results  for  leptonic  CP  violaAon  
needed!

48
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Thank  you  for  your  
aien6on!


