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The Strong CP Problem
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The absence of P and CP violation in the
strong interactions requires

— 10 from upper limit
H < 1 O_ on the neutron electric
dipole moment



The Standard Model does not provide a

reason for @ to be so tiny,

but a relatively small modification does



Upo ()

* Is a symmetry of the classical action
* |s spontaneously broken

* has a color anomaly

Pecceil and Quinn, 1977



Ifa U,,(1) symmetry is assumed,
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and a light neutral pseudoscalar
particle is predicted: the axion.

Weinberg and Wilczek, 1978
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The remaining axion window
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There are two cosmic axion
populations: hot and cold.

—

tl
When the axion mass turns on, at QCD time,

I, 1 GeV

p.(t) = tl 3-107 eV
1



Cold Axions

Density Q, ~ (10_5 eV)Z
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Effective potential V(T,® )
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axion strings axion domain walls



Axion production by vacuum realignment
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If inflation after the PQ phase transition
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If no inflation after the PQ phase transition

" cold axions are produced by vacuum

realignment, string decay and wall decay
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= axion miniclusters appear
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Axion dark matter is detectable
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ADMX hardware

high Q cavity experimental insert
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Upgrade with SQUID Amplifiers

Voltage (uV)
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The basic SQUID amplifier is a flux-
to-voltage transducer

SQUID noise arises from Nyquist
noise in shunt resistance
scales linearly with T

However, SQUIDs of conventional
design are poor amplifiers above
100 MHz (parasitic couplings).

Flux-bias to here



ADMX Upgrade: replace HEMTs (2 K)
with SQUIDs (50 mK)
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e (J. Clarke et al., U.C. Berkeley)
In phase |l of the upgrade, the
— : experiment is cooled with a
Josephson dilution refrigerator.
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The magnetic field needs to
be cancelled at the location
of the SQUID.

From outwards-in:

I[ron shield
Cryoperm (mumetal) shields

Superconducting shields
SQUID amplifier package
SQUIDs

The upgrade will be sensitive to
the more pessimistically-coupled
axions even if they are a minority
fraction of the dark-matter halo.




Axion to photon conversion
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o 2
gy 2
pla<=—y)= Bo
JT a
2 2
. m, —,
with q. =
2F

iIn @ magnetic field

Theory

«P.S.’83
* L. Maiani, R. Petronzio
and E. Zavattini ‘86
» K. van Bibber et al. '87
* G. Raffelt and
L. Stodolsky, ‘88
K. van Bibber et al. '89

Experiment

* D. Lazarus et al. '92

* R. Cameron et al. ‘93

* S. Moriyama et al. '98,
Y. Inoue et al. '02

» K. Zioutas et al. 04

* E. Zavattini et al. 05



Cern Axion Solar Telescope
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from C. Eleftheriadis (CAST), arXiv: 0706.0637
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Tokyo Axion Helioscope
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Primakoff conversion of solar axions
In crystals on Earth

.............. Solax, Cosme '98
ngw -
Eo(x)
DAMA ‘01
E, = fewkeV Nal (100 kg)

Bragg scattering on crystal lattice
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Linearly polarized light in a constant magnetic field




Rotation

B w’ m L
=4—"— _sin*| 4

1
= = —— o = —— psin(20
nf, M, 2 750




Rotation and Ellipticity

Maiani, Petronzio and Zavattini, 1986
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Shining light through walls
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K. van Bibber
et al. ‘87

A. Ringwald ‘03
R. Rabadan,

A. Ringwald and
C. Sigurdson ‘05
P. Pugnat et al. 05

R. Battesti et al.

A. Afanasev et al.
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From C. Robilliard et al. (BMV), PRL 99 (2007) 190403
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From A. Chau et al. (GammeV) , PRL 100 (2008) 080402
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Resonantly Enhanced Axion-Photon Regeneration
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Hoogeveen (1996); P.S., Tanner and van Bibber (2007)
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Eduardo Guendelman (2007)

* Inamagnetic field B(X) = z B,(x,y), the dynamics
of photons and axions
moving parallel to the x-y plane is equivalent to
that of a charged scalar particle (charge q)

@ = A +1a inan electric potential

|
qq)(xay) = EgBO(Xay)

* So, a photon beam may be deflected by an

inhomogeneous magnetic field.



Macroscopic forces mediated by axions

Theory:
mf — /.

La?f =&y f a f(ly5 T Hf )f J. Moody and

/ F. Wilczek '84

j Experiment:
forces coupled to forces coupled to |
the f spin density the f number density A. Youdin et al. "96
W.-T. Ni et al. ‘96
background of 9. 107

magnetic forces /



Conclusions

Axions solve the strong CP problem and are
a cold dark matter candidate.

Axions haven't been found yet.

If axions exist, they are present on Earth as
dark matter and emitted by the Sun.

If an axion signal is found, it will provide a rich
trove of information on the structure of the Milky
Way halo, and/or the Solar interior.



Resonantly Enhanced Axion-Photon Regeneration
P.S., D. Tanner and K. van Bibber, PRL 98 (2007) 172002
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from S. Andriamonje et al. (CAST) , hep-ex: 0702006
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ADMX Upgrade: replace HEMTs (2 K)
with SQUIDs (50 mK)

Input 1000 -
microstrip 8 7 s Calibration
6l = Signal
| a;-’ -74 1
4 3
1 9 SQUID
.g 75
2_ =
Insulating 517 Fs{a 519 n7ﬁ9| 521
layer requency (MHz)

D PP
=
——t
o
-
-
I
e

Noise temperature (mK)
-k
(=}
o

Joseph s»

Quantum Limit

junctions SQUID “washer ” 24 —r —
| 1 mm | 10 2 3456710(0K)2 3 4567
; | : Temperature (m
e (J. Clarke et al., U.C. Berkeley)
In phase |l of the upgrade, the
— : experiment is cooled with a
Josephson dilution refrigerator.

junctions



Telescope search for cosmic axions

M.S. Bershady, M.T.Ressell

4 and M.S. Turner ’90
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