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The  Strong  CP  Problem

L � ✓̄

32⇡2
G̃µ⌫G

µ⌫

✓̄ = ✓ + arg det(MuMd)

✓̄ . 10�11
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• QCD  violates  CP  via

• This  term  has  two  contribu$ons

• Experiment  tells  us

• Why  is  the  cancella$on  so  perfect?
[PDG  '13]
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3  Popular  SoluAons

5

1. Massless  up-‐quark,  but:

2. Axion  solu$on

3. Spontaneous  CP  viola$on:
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.
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mu(2 GeV) = 2.3+0.7
�0.5 GeV
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Accident  or
sign  of  spontaneous  

CP  viola-on?

The  CKM  Unitarity  Triangle

Fit  result:

6

(V †
CKMVCKM)bd = 0

[UTFit  Winter  '13  SM  Fit]

↵ = (88.7± 3.1)�
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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)

8

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  solu$on  (ignoring  signs),  e.g.

The  Phase  Sum  Rule
[Antusch, King, Malinsky, MS '10]
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[Antusch, King, Malinsky, MS '09] see also
[Fritzsch and Xing; Masina and Savoy '06;
Harrison, Dallison, Roythorne, Scott '09]
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Discrete  Vacuum  
Alignment

• Yukawas  propor$onal  to  flavon  vevs,  e.g.

• Add  term  to  W  compa$ble  with  Zn  symmetry

• Solve  F-‐term  condi$ons  (|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) =

(
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n q , q = 1, . . . , n for “�”

2⇡
n q +
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n , q = 1, . . . , n for “+”
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✓


�n

⇤n�2
⌥ �M2

◆
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*  We  assume  here  that  CP  enforces  k  and  l  to  be  real.
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Overview
• Symmetry  of  the  Model

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

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

12

SU(3)C ⇥ SU(2)L ⇥ U(1)Y| {z }
gauge sym.
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4| {z }
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[Antusch, Holthausen, Schmidt, MS '13]
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Coupling  to  MaYer
• The  effec$ve  superpoten$al  reads

• Giving  the  mass  matrix  structure

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

14
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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. Correc$ons  to  the  flavon  sector:
At  least  dimension  seven,  do  not  change  the  flavon  
direc-ons  and  phases

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

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

15

[Antusch, Holthausen, Schmidt, MS '13]
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Nelson-‐Barr  Models
Nelson-‐Barr  models  defined  by  two  condi$ons
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-‐violaAng  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
17

[Nelson '84; Barr '84]
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RelaAon  to  our
Model  Class

18

In  our  model  we  have:

with  a  real  determinant  as  well:
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[Antusch, Holthausen, Schmidt, MS '13]
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In  Words

19

Nelson-‐Barr Our  Class  of  Models
Real  Yukawa  Couplings

Real  "Messenger"  Masses

Complex  Couplings  between  
light  &  heavy  Fields

EffecAve  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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Summary  and  
Conclusions

• Solu$on  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  direcAons  and  phases

• Messenger  sector  to  control  higher-‐dimensional  operators

21
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Thank  you  for  your  
aYenAon!
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Flavon  Alignment
Study  only  one  example  for  simplicity:

1. Fix  the  possible  vev  direc$on  in  flavour  space

2. Fix  the  direc$on  in  rela$on  to  other  vevs

3. Fix  the  phase

23
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[Antusch, Holthausen, Schmidt, MS '13]
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Backup:  CorrecAons  from  
SUSY  breaking

• SUSY  breaking  might  give  correc$ons,  e.g.

• Also  LR  sfermion  mixing  gives  correc$ons

• If  SUSY  breaking  conserves  CP  and  is  close  to  
MFV,  correc$ons  are  poten$ally  small  enough.

�✓̄ = 3arg(mg̃)

g̃
mq

g̃

m2
LR

q̃cq̃

q qc
q

mg̃
qc

m2
LR

q̃cq̃

g̃ g̃


