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 The Strong CP problem & the axion solution. 
 

 Astro and cosmological properties of the axion. 
 

 BICEP2 implications on the axion CDM. 

EJC, arXiv: 1404.4284 



Strong CP problem 
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 QCD µ parameter allowed in SM violates CP: 
 
 

 And leads to EDM  
 Current measurement requires 
 Note) weak CP:  
 Why is µ so small? 
 One of hierarchy problems in SM:  
   mW ~ mh ~ mt << MPl ,   
    mº : me : mt ~ 10-12 : 10-6 : 1 

 



Peccei-Quinn Mechanism 
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 Introduce a QCD-anomalous global U(1) symmetry 
which is spontaneously broken  axion 
 
 

 
 QCD phase transition below 1 GeV develops an axion 

potential dynamically settling down µeff to zero:  
 

 

     



Axion models 
 Kim-Shifman-Vainshtein-Zakharov: 

 
 

 Dine-Fischler-Srednicki-Zhitinitski: 
 
 
 
       = Domain Wall number:   
  NDW = 1 (6) for KSVZ (DFSZ) 
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Axion physics 
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 Axion mass:  
 

 Axion couplings:  
 
 
 
 
 

 Lower bound on Fa 
from stellar evolution: 



Axion Cold Dark Matter 
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 Being a Goldstone boson,  axion 
has no potential after PQ 
symmetry breaking at vPQ . 
 

 As the axion potential develops 
at the QCD phase transition,  µ 
oscillates starting from its mis-
aligned value µ0  a stable 
oscillating scalar field forms cold 
dark matter. 
 

 Distinct µ vacua: 0, 1, …, NDW-1 



Domain Wall problem 
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 If NDW >1, there exits NDW -1 distinguishable vacua  and 
thus domain walls connecting them can be formed to 
overclose the universe.  

 If the PQ symmetry is broken during inflation, this 
problem can be evaded as domain walls are washed away 
by inflation. 

 If the PQ symmetry is broken after inflation, NDW=1 is 
required. 



Axion Cold Dark Matter  
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 Axion relic abundance:  
 
 
 
 
 

 PQ symmetry breaking during inflation: 
 

 PQ symmetry breaking after inflation: 
 
 

Includes axions produced from  
the axionic string and domain walls. 

Quantum fluctuation of the initial  
mis-alignment  during inflation. 



Axion detection 
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CAPP 
in Korea 



BICEP2 
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 Measurement of B (curly) mode CMB polarization at low 
multipole  primordial gravitational (tensor) 
perturbation  determine the inflation scale. 



Implications on axion CDM 
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 Axion CDM limit: 
 
 
 

 Isocurvature perturbation 
constraint: 

Marsh, et.al., 1403.4216 
Visinelli-Gondolo, 1403.4594 



PQ symmetry breaking during inflation 
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 The axion scale during inflation may be different from the 
one  at present: Fa vs. FI . 

 Generalized constraints: 

i) FI µi < HI/2¼ : ii) FI µi > HI/2¼ : 



Two allowed axion windows  
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K.Choi, et.al.,  
1404.3880 

After 
inflation 

During 
inflation 



Dynamical generation of the axion scale 
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 Consider a supersymmetric extension of SM with the PQ 
sector 
 

 Including soft SUSY breaking, the scalar potential may 
have the form  
 

 It leads to PQ symmetry breaking at the scale 
 
 

 The resulting axion scale is    



Supersymmery breaking during inflation 
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 The inflaton field Â has a generic Kahler term 
 
 

 If Â dominates the energy density of the Universe 
 
 

 Giving the effective mass to Á: 
 Thus, during inflation and inflaton oscillation period, 

there’s an additional soft SUSY breaking by the Hubble 
parameter H.  

Dine, Randall, Thomas,  1995 



Dynamical PQ symmetry breaking during 
and after inflation 
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 Consider a representative PQ sector 
 
 

 Including the SUSY breaking effect by inflaton,  
 
 

 It leads to the time-dependent axion scale: 

EJC, Dimopoulos, Lyth, 2004 



PQ symmetry non-restoration 
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 For the PQ symmetry to be kept broken, the Hubble 
parameter at reheating should be smaller than mÁ : 
 
 
 

 Independently of n, we have  
 
 

 It requires 
 



Summary 
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 If BICEP2 is right , interpreting it as a primordial tensor 
perturbation determines the inflation scale HI = 1014 GeV. 

 It has a significant implication on the axion CDM. 
 In the conventional scenario, the axion CDM is ruled out due 

to isocurvature perturvations if PQ symmetry is broken 
during inflation. If PQ symmetry is broken after inflation, 
required is Fa ~ 3x1010 GeV (ma ~ meV) with NDW=1. 

 However,  the axion scale can be time-dependent as is generic 
in supersymmetric models. 

 In this case, the axion CDM is consistent with PQ symmetry 
breaking during inflation (allowing NDW >1) for Fa ~ 1012 GeV 
and FI ~ MP . 
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