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COHERENT PRODUCTION OF PSEUDOSCALARS (AXION S )  INS I DE A DIPOLE 
MAGNETIC FIELD 

YANNIS SEMERTZIDIS * 
UNIVERSITY OF ROCHESTER, ROCHESTER , NY 1 4 6 2 7  

W e  s e t  a l imit o n  the coupl ing of any l ight pseudoscalar 
that couples to two photons by l ooking at the induced optical 
rotation of a polari zed laser beam ins ide a d ipole magnetic 
field . The l imit i s  9 avv < 2 . 5  x 1 0- 6  Gev- 1  for a particle of 
mass m .  S: 7 x 1 0 -3  ev . 
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I .  Theoretical motivation 

The QCD Lagrangian contains a term that violates CP 

symmetry : 

-
8 nµv 

L e - --2 F F nµv 
32rr 

( 1 ) 

where F " µv is the gluon field and 8 is an angular parameter 

with possible values (0 � 8 < 2 rr ) . This term viol ates the Parity 
( P) symmetry and conserves the charge ( C )  symmetry and 
therefore viol ates the combined CP symmetry . An experimental 
upper l imit on the violation of CP symmetry in strong 
interactions exists l l from the study of the electric dipole 
moment ( EDM) of neutron . The l imit of 4 X  1 0 -25 e · c m  l imits 8 to 
! 8 ! < 1 0 -9  or J rr - 8 ! < 1 0 -9 •  

Because it is unl ikely for e to be so close to 0 or n it 
bel ieved to be exactly 0 or n. In order to explain why e 
choses to take the value 0 or n, Peccei and Quinn2 l f irst 
proposed a new theory in which e gets the value O below the 

QCD energy scale , because the Lagrangian has an e ffective 
potential with minimum at that value . The Peccei-Quinn 
symmetry ( U ( l ) P . Q .  axial symmetry ) corresponds to invariance 
in the Lagrangian under the transformat ions : 

is 

( 2 )  

where Ui 1 di refer to the SU ( 2 )  quarks , Tl is a rotation angle 

( some arbitrary phase) and 

$u [$ � ' $ : J $ d [:n 
the two Higgs doubl ets o f  the standard SU ( 3 ) XSU ( 2 ) LXU ( l )  
theory . 

( 3 )  

A breakdown of this symmetry gives rise to a 
pseudogoldstone boson , the axion , predicted by Weinberg and 

Wilczek . 3 ] The scale at which the symmetry breaks down f irst 
thought to be at the weak symmetry breaking scale and the mass 

of the axion at the MeV range . The axion mass depends on the 
./2 / nmn , 

symmetry breaking scale fa : m a = -1-. - with f n  the pion form 



343 

factor ( 9 4  MeV) and m n  the pion mas s  ( 13 5  MeV) . 
The heavy mass axion was excluded by beam dump and 

branching ratio experiments . 4 ] An extens ion5 J of the 
Peccei-Quinn model was invented which includes an extra Higgs 
doublet with very high vacuum expectation value (VEV) . fa in 
this case is proportional to the (VEV) of the third Higgs 
doublet and therefore the axion mas s  can be very smal l .  

An experiment to look for very l ight pseudoscalars and/or 
scalars that couple to two photons was setup at Brookhaven 
National Lab . It uses a polarized laser l ight ins ide a dipole 
magnetic f ield . The Lagrangian that describes it i s  

L = - "!._ F  F µv + [ "J:.. ( o a o µ a - m 2 a 2 ) + -1- F p µv a ] 
4 µv 2 µ a 4 M µv 

( 4 ) 

where the f irst term describes the propagation of the 
class ical f ields , the second term is referring to the axion 
coupled to two photons , and the third term describes the QED 
vacuum pol arization . 

II . Axion induced rotation and e l l ipticity . 

The interaction Lagrangian for the axion is 

( 5 ) 

with g avv = h  the coupl ing constant , E the electric f ield vector 
of the photon beam , B the external magnetic field , and ¢. the 
axion fiel d .  A polarized l aser beam entering the magnetic 
f ield region undergoes rotation because only one component 

produces axions ( and thus is attenuated) due to E ·  B nature of 

the interaction Lagrangian . The rotation angle is given by 

s ;xt 1 2  . 
E = N --- sm 2 8 

1 6 M 2 

where N is the number of times the l ight passes through the 
magnet ic field , 8 the angle between B ,x, x k  and the electric 
field of the l ight beam , and l the magnet ic field length . 

( 6 )  

I n  case that the axion , that i s  produced ins ide the 
magnetic field , interacts with a virtual photon from the 
magnet ic field , it recombines giving back the original photon . 
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Because axions acquire mass , they travel slower that the speed 

of l ight in vacuum and therefore there is a phase d i fference 

between the paral lel and orthogonal components .  This 

translates to an ell ipticity given by 

l)J . = � ( B •x'U:) z {m; l  _ si n(m; l )} sin 2 8 . 
2 M m. 2 w  2 w  

There is also e l l ipticity induced from QED vacuum 
polari z ation6 J which is given by 

a 2 B �xt W  l l)J = N  4 si n 28 
1 5 m. 

( 7 )  

( 8 )  

where a � 1 / 1 37 is the f ine structure constant , w the photon 
energy ( green l ight , 2 . 4 1  eV) and me the electron mass in eV . 
In these units ( natural Heavis ide-Lorentz ) a magnet ic field o f  

lT is equal � o  1 9 5  ev2 , and a l ength of 1 c m  equal t o  5 x 1 04 

III . Experiment7 J 
An Ar ion laser ( 2  Watt single l ine) is used as the source 

of the polarized photons ( fig . 1 ) . The l ight goes through a 

telescope that trans forms the beam characteristics in order to 
match the cavity ( see below) . The hal f  wave plate ( HWP ) 
rotates the polarizat ion plane so that the pol ari zation can 
have the des ired angle with the external magnetic f ield . 

After the l ight passes through some steering mirrors ( P . S . : 
periscope , Ml : mirror ) it enters the vacuum vessel . 

Very high quality polari zers are used to polarize ( P) and 

analyze (A) the l ight . The delay l ine method is used where 

the laser beam travels in the magnetic field region several 
hundred times . After exiting from the magnetic field region 

the l ight is heterodyned with a Faraday cel l ( F . C . ) .  In case 
the sought a fter e ffect is ell ipt icity the QWP is used to 

convert the ell ipticity into rotat ion . Two superconducting 
dipole magnets from the CBA8 ] proj ect are used . Each is about 
4 . 5  meters long and can del iver 5 T maximum magnet ic field . 
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The photodiode a fter the analyzer sees a current that is 

proportional to 

+ fl 0 E 0 COS [ 2 Jl (f F - j M )  t + ( <j> F - <j> M ) ]  + fl 0 E 0 COS [ 2 Jl ( f  F + f M )  t + ( <j> F + <j> M ) ] }  ( 9 )  
with o 2 "' 1 0 - 7  the extinction between the two polarizers , a "'  1 0 -6 
the misalignment between the polariz er and analyzer from the 
perfect cross ing , fl o "' 1 0-3  the Faraday rotation ampl itude , E 0 
the rotation ( or e l l ipticity) ampl itude induced by the 
magnetic field,  <l> F •  <l> M are the Faraday cell and rotation 
phases respectively , and fF = 2 6 0 Hz , fM = 3 9 . 0 6 2 5  mHz are the 

Faraday cell and the magnet modulat ion frequenc ies 
respectivel y . The photodiode current is ampli fied by a charge 
sensitive ampl i f ier and the rotation is found by Fourier 

analyz ing the resulting voltage from the formula 

E = flJ J,•/M  ( 1 0 )  0 
2 I 2 1 , 

where I 1 , . 1 M is the power at the s ignal frequency , and I 2 1 , the 

power at twice the Faraday cel l frequency . 

In f ig . 2 rotation data is shown . 9 ) The number o f  
reflections were 7 9 0 , the modulated magnetic f i e l d  was B2 = 
1 . 6 5 T2 and the pressure ins ide the cavity was better than 

1 0-5 Torr . We also run the experiment with the QWP in place, 

and observed peaks at the magnet frequency o f  the same order 
as the rotation , but with 3 8  reflections . Treating these 

s ignals as a background of unknown origin we set a l imit on 

the axion coupl ing constant to two photons . We are continuing 
the e f fort s in resolving the origin of these s ignal s  by 

performing various tests in the system . 

* The other members of the col l aboration are : R .  Cameron , G .  
Cantatore , A .  c .  Meliss inos ; University o f  Rochester . H .  
Halama Don Laz arus and A .  Prodel l ;  Brookhaven National Lab . 
F .  A .  Nezrick ; Fermi National Lab . c .  Rizzo and E .  Zavattini ; 
University of Trieste . 
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Fig . 1 The apparatus ; A: analyzer ; FC : Faraday cel l ; Ml : 
steering mirror ; P :  polari zer ; PD : photodiode ; PS : periscope ; 
QWP : quarter-wave plate ; and TL:  telescope . 
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Fig . 2 Rotation data in vacuum . 
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Fig.  3 Excluded regions for the inverse coupl ing t o  two 
photons . The shaded region is a result of the rotation data 
and the dashed curve of the ell ipt icity data . 


