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§  Peccei-Quinn solution to the strong CP problem 
• 	
  New	
  U(1)	
  symmetry	
  introduced:	
  	
  
	
  

− Peccei	
  Quinn	
  symmetry	
  of	
  scale	
  fa 

− The	
  AXION	
  appears	
  as	
  the	
  Nambu-­‐Goldstone	
  boson	
  of	
  the	
  
	
  	
  	
  spontaneous	
  PQ	
  symmetry	
  breaking	
  

θ	
  absorbed	
  in	
  	
  
the	
  definition	
  of	
  a 

θ = a/fa	
  relaxes	
  to	
  zero…	
  	
  
CP	
  conservation	
  is	
  preserved	
  “dynamically”	
  

“Axion	
  lagrangian”	
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§ Axion	
  decay	
  constant	
  
§ The	
  axion	
  mass	
  and	
  the	
  scale	
  of	
  the	
  interaction	
  are	
  closely	
  related	
  

§ The	
  nature	
  of	
  axion	
  implies	
  they	
  must	
  interact	
  with	
  hadrons	
  and	
  photons	
  

	
  

	
  

§ GUT	
  motivated	
  axion	
  models	
   suggest	
   that	
   axions	
   can	
  also	
   significantly	
  
interact	
  with	
  	
  leptons	
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Ø Hadronic	
  axion	
  models	
  

Ø Non-­‐hadronic	
  axion	
  models	
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§  Axions could be produced in the early Universe by a 
number of processes: 

•  Axion realignment 
•  Decay of axion strings 
•  Decay of axion walls 

 
•  Thermal production 

NON-­‐RELATIVISTIC	
  
(COLD)	
  AXIONS	
  
Cold	
  Dark	
  Matter	
  	
  
(CDM)	
  candidate	
  

RELATIVISTIC	
  
(HOT)	
  AXIONS	
  
Hot	
  Dark	
  Matter	
  	
  
(HDM)	
  candidate	
  

Hannestad	
  et	
  al,	
  JCAP	
  08	
  (2010)	
  001	
  (arXiv:1004.0695)	
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§  Axions	
  can	
  be	
  produced	
  in	
  the	
  core	
  of	
  stars,	
  	
  
	
  like	
  the	
  Sun,	
  by	
  Primakoff	
  conversion	
  	
  
	
  of	
  plasma	
  photons.	
  

	
  

§  Axion	
  decay	
  may	
  produce	
  γ-­‐ray	
  emission	
  lines	
  originating	
  from	
  
certain	
  places	
  (e.g.,	
  galactic	
  center).	
  

	
  

§  Axions	
  may	
  have	
  a	
  wider	
  impact:	
  
	
  	
  	
  	
  	
  	
  	
  The	
  cooling	
  of	
  white	
  dwarfs	
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§  Laboratory	
  axions	
  
à 	
  Shining-­‐Light-­‐through-­‐Walls	
  
	
  	
  	
  	
  	
  (OSQAR,	
  LIPSS,	
  ALPS)	
  
	
  

à 	
  Polarization	
  	
  
	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  (PVLAS)	
  	
  
	
  

§  Solar	
  axions	
  
à 	
  Crystals	
  
	
  	
  	
  	
  (SOLAX,COSME)	
  
	
  

à 	
  Helioscopes	
  
	
  	
  	
  	
  (Tokyo,	
  CAST)	
  

§  Halo	
  axions	
  	
  	
  
	
  	
  	
  	
  	
  	
  (relics	
  of	
  Big	
  Bang)	
  

à 	
  Haloscopes	
  
	
  	
  	
  	
  (ADMX,Carrack)	
  
	
  

à 	
  Telescopes	
  
	
  	
  	
  	
  (Haystack)	
  	
  

CDM  
“classical window” 

Vaxuum mis. + defects 

White  
Dwarfs 

CDM  
Defects dominate 
hep-ph/1202-5851 
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§  Any pseudoscalar (or scalar) particle, neutral, light, and 
coupled to   the photon, is considered an ALP, whatever 
the theory behind it. 

§  In	
  this	
  wider	
  context,	
  
gaγ  and	
  ma	
  are	
  two	
  
independent	
  
“phenomenological”	
  
parameters.	
  

§  The	
  QCD-­‐inspired	
  
axions	
  (or	
  “proper”	
  
axion)	
  lies	
  in	
  a	
  limited	
  
region	
  of	
  this	
  space,	
  
shown	
  as	
  the	
  yellow	
  
band	
  

(or	
  WISPs	
  =	
  Weakly	
  Interacting	
  Scalar	
  Particle)	
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§  First axion helioscope proposed by P. Sikivie 

•  Blackbody photons (keV) in solar core can be converted into axions in the 
presence of strong electromagetic fields in the plasma 

•  Reconversion of axions into x-ray photons is possible in strong laboratory 
magnetic fields 

 

 

§  Idea refined by K. van Bibber et al. by using buffer gas to restore 
coherence over long magnetic field 

Sikivie  PRL 51:1415 (1983) 

Van Bibber et al. PhysRevD 39:2089 (1989) 
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The	
  axion	
  mass	
  band	
  for	
  which	
  a	
  Primakoff	
  based	
  experiment	
  is	
  sensitive	
  can	
  
be	
  extracted	
  from	
  the	
  coherence	
  condition	
  

The	
  converted	
  photons	
  may	
  acquire	
  an	
  
effective	
  mass	
  in	
  the	
  presence	
  of	
  gas	
  

extending	
  the	
  axion	
  mass	
  sensitivity	
  range	
  of	
  
an	
  experiment	
  	
  that	
  has	
  a	
  fixed	
  magnet	
  

length	
  

Axion-­‐to-­‐photon	
  conversion	
  in	
  the	
  presence	
  
of	
  a	
  nearly	
  homogeneous	
  	
  magnetic	
  field	
  B	
  is	
  
only	
  effective	
  when	
  the	
  polarization	
  plane	
  is	
  

parallel	
  to	
  the	
  incident	
  particle	
  

Coherence	
  Condition	
  

Conversion	
  Probability	
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§  Decommissioned	
  LHC	
  test	
  magnet	
  (L=10	
  m,	
  B=9	
  T)	
  
§  Moving	
  platform	
  ±8°V,	
  	
  ±40°H	
  (allows	
  3	
  hours/day	
  of	
  solar	
  tracking)	
  
§  4	
  magnet	
  bores	
  to	
  look	
  for	
  x-­‐rays	
  from	
  axion	
  conversion	
  	
  
§  X-­‐ray	
  focusing	
  system	
  to	
  increase	
  signal/background	
  ratio	
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§ Primakoff	
  production	
  of	
  axions	
  in	
  the	
  Sun	
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§  	
  No	
  significant	
  signal	
  observed	
  
§  Typical	
  upper	
  limit	
  
§  	
  Touching	
  KSVZ	
  benchmark	
  

Expected	
  axion	
  flux	
  from	
  the	
  Sun	
  as	
  function	
  of	
  
energy.	
  

à Solar	
  Physics	
  +	
  Primakoff	
  effect:	
  	
  
	
  	
  	
  	
  only	
  one	
  unknown	
  parameter	
  g10	
  

Serpico&Raffelt,  
based on SSM BP2004 of Bahcall et al. 
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§  	
   To	
   date,	
   interpretation	
   of	
   solar	
   axion	
   experimental	
  
results	
   has	
   looked	
   at	
   photon-­‐axion	
   coupling:	
   	
   hadronic	
  
models	
  

	
  
	
  

But	
  we	
  know	
  that	
  other	
  processes	
  might	
  be	
  at	
  play	
  ...	
  
	
  

!"#$%&'()*'

!"#$%&'()*+,-.%/)-0%+010*+%23&%/41+&5%%6704 !8%910:1+5%81;%<=><5%?@"@%A1:(B1 &0%1)%%%%%%%C

+,-./$01#/,2,-.13$0/45$6,57$8429,-#:$:.5.;
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q Vacuum	
  Phase	
  
	
  

	
  Phys.Rev.Lett.94:121301,	
  2005	
  
	
  JCAP	
  04	
  (2007)	
  010	
  

	
  
q 4He	
  Phase	
  
	
  

	
  	
  JCAP	
  02	
  (2009)	
  008	
  
	
  
q First	
  Results	
  from	
  3He	
  Phase	
  	
  
	
  

	
  	
  Phys.Rev.Lett.	
  107:261302,	
  2011	
  
	
  
q Preliminary	
  analysis	
  of	
  rest	
  3He	
  Phase	
  

	
  
	
  	
  	
  	
  	
  	
  

0.65 eV !ma !1.18 eV

0.39 eV !ma ! 0.65 eV

ma ! 0.02 eV

0.02 eV !ma ! 0.39 eV
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§ Primakoff	
  and	
  electron	
  production	
  of	
  axions	
  in	
  the	
  Sun	
  

ga! =1!10
-12GeV-1

gae =1!10
-13

§  No	
  significant	
  signal	
  observed	
  
§  White	
  Dwarf	
  compatible?	
  

Total	
  
Compton+Bremsstrhalung	
  

Bremsstrhalung	
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§  Extraction	
  of	
  a	
  limit,	
  a	
  generic	
  limit	
  can	
  be	
  expressed	
  as	
  
29 GeV10meV612
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Figure 2. CAST constraints on gae×gaγ as a function of ma, assuming the solar emission is dominated
by the BCA reactions which involve only the electron coupling gae.

models for the same value of fa and moreover, it has a different spectrum (see figure 1).
Therefore, helioscopes are appealing to search for non-hadronic axions. Indeed, some of us
have recently shown that a next generation helioscope [53], such as the proposed International
AXion Observatory (IAXO) [54] can test the WD cooling hypothesis down to very small
couplings gae ∼ 10−13.

In the present paper we analyze the CAST data in search of non-hadronic axions and
set new upper bounds on gae × gaγ , the product of the electron coupling (responsible for the
production in the Sun) and the two-photon coupling (responsible for the detection in CAST).

Figure 2 shows our results when we assume that the Primakoff emission from the Sun is
subdominant and therefore the solar flux is caused by the BCA reactions alone. Our analysis
of CAST data then constrains

gaγ × gae < 8.1 × 10−23 GeV−1 (95% CL) (1.1)

at low masses ma ! 10 meV — where the probability of axion-photon conversion in CAST
becomes independent of the mass — and worsens as 1/m2

a for higher masses.
If we also include the Primakoff flux (which is unavoidable because it is produced by

the same coupling gaγ involved in the CAST detection), the signal at CAST depends inde-
pendently on three parameters: gae, gaγ and ma. However, for ma ! 10 meV the detection is
independent of mass and we can plot our results in the gae–gaγ parameter space. In this low-
mass range, phase-I of CAST gives the strongest constraints and thus we have focused only
on this data set. Our analysis, based on a two free parameter likelihood method is able to
exclude the region above the thick black line in figure 3. For very small values of gae ! 10−12,
the BCA flux is negligible and the CAST bound smoothly becomes gaγ < 0.88×10−11 GeV−1

as found in our previous study [5] where only Primakoff emission was assumed. However, for
larger values of gae the BCA flux becomes dominant and we recover equation 1.1.

Note that our bound relies on a simple calculation of the solar axion flux, for which we
have taken a solar model unperturbed by axion emission. If gae or gaγ are very large, the large
axion flux requires a modified internal structure of the Sun with larger nuclear reaction rates
and higher temperature of the core. The most stringent constraint derives from the agreement
between the predicted and observed solar boron neutrino flux [55], excluding the gray region
depicted in figure 3 (labeled Solar ν). Thus our bound is completely self-consistent up to

– 3 –
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Figure 3. Constraints on gae and gaγ for ma ! 10 meV. The region above the thick black line
is excluded by CAST. The gray region is excluded by solar neutrino measurements. In the vertical
orange band, axion emission strongly affects white dwarf cooling and the evolution of low-mass red
giants; parameters to the right of this band are excluded. Likewise, helium-burning stars would be
perceptibly affected in the horizontal blue band; parameters above it are excluded.

and higher temperature of the core. The most stringent constraint derives from the agreement
between the predicted and observed solar boron neutrino flux [55], excluding the gray region
depicted in figure 3 (labeled Solar ν). Thus our bound is completely self-consistent up to
gae = 3 × 10−11, in contrast to those solar axion searches utilising Bragg scattering [56–59]
which have more limited sensitivity [60].

In order to put our results into context we also show in figure 3 two color bands rep-
resenting parameters where axion emission would have a strong impact on stellar evolution.
In the vertical orange band of gae values, axion emission would strongly affect WD cool-
ing [37–44] and delay helium ignition in low-mass red giants [45, 46]. The exact range of gae

values that is consistently ruled in or ruled out by these arguments remains to be studied in
detail, but for sure parameters to the right of this band are excluded. Within the horizontal
blue band, axion Primakoff emission would strongly affect stars in the helium-burning phase.
The upper edge of this band corresponds to the traditional horizontal-branch star limit, the
remaining range represents a new argument concerning the blue-loop suppression during the
helium-burning phase of massive stars [52].

The orange band cuts the CAST constraint in its horizontal part which corresponds to
the Primakoff flux dominating the solar flux, but very close to the values gae ∼ 10−12 where
the BCA flux starts to dominate. Therefore, CAST cannot shed any further light on the WD
cooling hypothesis. However, a next-generation helioscope such as IAXO with its improved
sensitivity to gaγ will also benefit from the large BCA-emitted flux and will improve over the
RG bound in part of the parameter space. In principle, the WD cooling hypothesis is then
testable in a laboratory experiment.

After having presented our results and main messages, the rest of the paper is devoted
to elaborate on our definitions, assumptions, and analysis method. In section 2 we give a
brief account of axion theory, we further examine the implications of our findings, and finally

– 4 –
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§  Re-­‐visit	
  4He	
  phase	
  (ongoing)	
  
§  Re-­‐visit	
  vacuum	
  phase	
  (2013-­‐14)	
  

q  Better	
  detectors,	
  new	
  optics	
  àhigher	
  sensitivity	
  and	
  
increased	
  discovery	
  potential	
  (red	
  line)	
  

q  Probing	
  standard	
  KSVZ	
  model	
  (green	
  line)	
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§  Challenge:	
  	
  move	
  a	
  25-­‐meter	
  long	
  structure	
  (15	
  m	
  for	
  the	
  magnet,	
  another	
  
10	
  m	
  for	
  the	
  x-­‐ray	
  telescopes)	
  that	
  weighs	
  200	
  tons	
  

§  Solution:	
  	
  borrow	
  from	
  other	
  heavy-­‐industry	
  and	
  ground-­‐based	
  astronomy	
  

Randy Hill, LLNL 

IAXO: the next generation 

20 
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§  CAST	
   is	
   established	
   as	
   a	
   reference	
   result	
   in	
   experimental	
   axion	
  
physics:	
  

§  CAST	
  PRL2004	
  most	
  cited	
  experimental	
  paper	
  in	
  axion	
  physics	
  

§  The	
   use	
   of	
   4He	
   and	
   3He	
   gases	
   in	
   the	
   conversion	
   region	
   at	
  CAST	
   has	
  
successfully	
   managed	
   to	
   establish	
   the	
  most	
   restringing	
   limits	
   on	
   the	
  
coupling	
  to	
  photons	
  for	
  axion	
  masses	
  up	
  to	
  1.18	
  eV	
  

§  Competitive	
   limits	
   on	
   axion-­‐electron	
   coupling	
   have	
   been	
   set	
   for	
   the	
  
vacuum	
  case	
  of	
  CAST	
  

§  Near	
  term	
  future	
  runs	
  will	
  further	
  improve	
  the	
  present	
  limits	
  of	
  CAST	
  	
  

§  IAXO:	
  4th	
  generation	
  helioscope.	
  Stay	
  tune	
  for	
  Dr.	
  Vogel’s	
  talk	
  

21 



Lawrence Livermore National Laboratory 
LLNL-­‐PRES-­‐563700	
  

J. Ruz    Intensity Frontier 2013     Argonne, Il. 22 


