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       The U(1) Problem in QCD

In the Non-Trivial QCD Vacuum, aTerm appears in the Lagrangian
That Violates “P” and “T”, but Preserves “C”.

Theta is a Strong Interaction Parameter, and Unless it is of Order 
10    , this Term leads to an Electric Dipole Moment of the Neutron 
of Order 10     e-cm.

The Experimental Upper Bound is  2.9x10   

The Puzzle is Why a Strong Interaction Parameter is of Order 10.    
This is Called the Strong CP-Problem. 
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   Neutron EDM Measurement History 

How Far Can ULTRA-COLD Neutrons Take US ?

SNS, ORNL

TextText

Norman Ramsey, the pioneer

EDMText



 The New Global Symmetry in QCD postulated by PECCEI and 
QUINN is Spontaneously Broken resulting in the cancellation of the 
CP-violating term. Phys. Rev. Lett. 38,1440 (1977).

A Goldstone Boson results from the Broken Symmetry. What are its 
properties ? Steven Weinberg Phys. Rev. 40, 223 (1977), and Frank 
Wilczek, Phys. Rev. Lett. 40, 279 (1977).

 The Axion is this Goldstone Boson; It Can Interact With Photons, 
Electrons and Quarks!

 

The Birth of the Axion

         Steve Weinberg                                            Frank Wilczek



   The Properties of Axions and ALPs

 Axions are Spinless Bosons that Obey the Following 
Relationship Between Coupling and Mass:

ALPs Couple to the Electromagnetic Field in the Same Way, but 
Do not obey the same constrained relationship between Mass 
and Coupling. 

Peccei-Quinn Axions Obey 
this Relation



Photons in the energy range of TeV, emitted from 
active galactic Nuclei (Blazers) at distances of 
thousands of Mpc, arrive at the Earth.

How do they survive the Extragalactic Background 
Radiation (EBR) ? 

     An Interesting Puzzle in Cosmology 



       The Puzzle

How do TeV Photons Travel Cosmological Distances 
and Escape the Opacity of the Bath of Background 
Radiation   

Why are they not Severely Attenuated by the Photon- 
Photon interaction that Produces Electron-Positron 
Pairs 



Cerenkov Telescopes can detect ultra-high energy 
photons from their interaction in the atmosphere.

            ALPs and Cosmology        



Cherenkov Light from UHE Gamma-Rays



The Magic Cherenkov Telescope Array



UHE Gamma-Rays Produce Cherenkov Light

 From a talk by Dieter Horns- Univ. Heidelberg



      Location of the Source



                MAGIC



  The Hypothesized ALP Explanation

A solution to the problem was introduced by De Angelis, Roncadelli 
and Mansutti: Phys. Rev. D 76,121301 (2007).

The photons are converted to ALPs in the inter galactic magnetic 
fields, converting to photons in the Milky way.

This was modified by Simit, Cooper and Serpico, Phys. Rev. D 77, 
063001 (2008). 

In this scenario, the gamma ray is converted to an ALP in the strong 
magnetic field of the AGN, traverses the EBR, and converts back to 
a photon in the magnetic field of the Milky Way.  

       Marco Roncadelli



What are the ranges of the parameters of ALPs 
that could be candidates ?

          What is the range of mass ?

          What is the range of coupling ?

          Could P-Q axions fulfill the requirements ?



Quantum Coherence in Magnetic Fields 



  What Would  Be the Parameters of the ALPs



An Example of an Exclusion Plot

ALPs    ALPs

EDELWEISS



Bragg-Coherent Primakoff axion-aphoton Conversion



EDELWEISS-II, JCAPII (2013) 067



 Helioscope Searches For Solar Axions ?

Axions Can Be Converted Into Photons inTransverse Magnetic 
Fields!
They Could be Created in the Sun by Photons Interacting with 
Nuclear Coulomb Fields !

sun

                The Conversion Probability in a Magnetic Field

0
nucleus





Searching for Solar Axions and ALPs with Magnetic 
Helioscopes



    The Axion Helioscope Principle

Pierre Sikivie conceived of the axion 
helioscope in 1983 

Konstantin Zioutas led a team in building 
CAST the CERN Axion Solar Telescope



Earlier Helioscope Experiments



        The CERN Axion Solar Telescope 

10-Meter Long LHC Test Magnet 
With a 9-Tesla Magnetic Field

Konstantin Zioutas, University of 
Patras, Spokesman

Why Can’t We Just Increase The 
Length?



   The CERN Axion Solar Telescope 

CAST Has Produced the Most Sensitive Solar Axion Search DataTo 
Date. The Magnet Tracks the Sun 1.05 hr During Sunrise and Again 
During Sunset (+/-) 8 Degrees.

CAST



     Quantum Coherence in the Magnet

 The Axion Enters the B-Field; It Becomes Coherent With the Photon
 

This Limits the Effective Length of the Magnet to a Coherence Length



Coherence Effects on the CAST Results



The CAST sensitivity has arrived at its best value. 
Where do we go from here ?



     IAXO, The Future



Letter of Intent presented to CERN SPSC
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I.G. Irastorza et al.,  JCAP06(2011)013











   The Predicted IAXO Sensitivity





We Finish With a Few Tantalizing Data Interpretations 
from the Observational Community !

     ALPs, to be, or not to be !



     arXiv:1403.2436 March 2014



     Phys. Rev. D 87, 035027 (2013)



         arXiv:1312.3947 Dec. 2013



     arXiv:1305.3603 June 2013



Conclusions

The discovery of axions would give important needed confirmation 
of the elegant Peccei-Quinn solution of the Strong CP-Problem.

The CAST experiment is the most sensitive Broad Mass Search; 
However, loss of coherence prevents it from probing important 
regions of the axion-model space.

The proposed ALP explanation of the observation of extra-galactic 
TeV gamma rays is another motivation for increasing the physics 
reach of axion helioscopes.

The proposed International Axion Observatory (IAXO) is the next 
step in extending the sensitivity of Solar Axion/ALP searches.

There is great interest in axions/ALPs being generated in the 
astrophysics and cosmology communities to explain a number of 
interesting phenomena.   



Is This the First Published Search for Solar Axions ?




