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A disproportionate number of axion-hunters are
Red Sox fans. It prepares you for life.

But everyone deserves a pleasant surprise, once a century!

Two cosmic events took place
simultaneously on October 27, 2004




Outline

Some basics about the axion

Microwave-cavity searches for dark matter axions

Other axion searches

What if the axion be found?

(See Physics Today, August 2006, KvB & Les Rosenberg)



TSP’s* fine-tuning problem

*Thinking Snookers Player (Pierre Sikivie, Physics Today 49 (1996)22)



TSP’s hypothesis, and first
unsuccessful experiment
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ic oscillations

A high-Q search for rel




The Axion

The Strong-CP Problem Peccei-Quinn / Weinberg-Wilczek
« Lacp= e+ & GG - 0 a dynamical variable
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— EXxplicitly CP-violating - T =f, spontaneous symmetry
breaking
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Completing the analogy f «— | AX/ON

PQ-symmetry Pendulum
breaking scale length
Quanta
m, (w)
Couplings
Daii

Total energy
Q, (E)




AXxion basics
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Good news — Parameter space is bounded
Bad news — All couplings are extraordinarily weak
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Jay, > 10710 GeV!

G.G. Raffelt ~ “Stars as Laboratories for
Fundamental Physics” U. Chicago Press (1996)



Axion-photon mixing provides the key [p. sikivie, PRL 51, 1415 (1983)]

Dark matter L Y et R Laboratory

Solar

Coherent mixing of axions and photons over large spatial regions of strong magnetic
fields (a sea of virtual photons) compensates for the extraordinarily small value of 9ayy

See Raffelt & Stodolsky for general treatment of axion-photon mixing — PRD 37, 1237 (1988)



The Primakoff Effect

Classical EM field Sea of virtual photons Primakoff Effect
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icrowave cavity experiment:

Listening to dark matter




The cosmological inventory is now well-delineated

- But we know neither what the “dark energy” or the “dark matter” is

- A particle relic from the Big Bang is strongly implied for DM
— WIMPs ?

— Axions ?

Other
[-): rkﬁnergz nonluminous
g3oe/n Ry Dark matter components
. (identity unknown) intergalactic gas 3.6%
239, neutrinos 0.1%

supermassive BHs 0.04%

Luminous matter
stars and luminous gas 0.4%
radiation 0.005%

P02552-ljr-u-004



Evidence for dark matter:
Gravitational lensing by clusters of galaxies

+ Cluster mass reconstruction from multiple Reconstructed Cluster
gravitational lensing of background galaxy Mass Distribution

e
~
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Consistent with dynamical estimates; Qy/Q2g ~ 7




Evidence for dark matter:
Rotation curves of spiral galaxies

] ] NGC 3198 |
- Galaxies have constant rotation curves ) e
— halo
N
£100
If mass were = | disk
localised St

VvV = constant
then:

- Dark Matter is right in our own Milky Way! M(r) o r
- Maximum likelihood local density p ~ 450 MeV/cm3 Man = 10M,,,,




Nature of axionic dark matter, and principle of the microwave
cavity experiment [Pierre Sikivie, PRL 51, 1415 (1983)]

Gz wRAHZ 35 Iz Local Milky Way density:
z Phaio ~ 450 MeV/em?
[ |
Integration: | 8msec | . | 50sec Thus for m, ~ 10 peV:
y Resolution: 125 Hz 0.02 Hz Phato ~ 10'% cm=3
g Maxwellian Fine-Structure
a
; AE/E ~10~1 B virial ~ 1073;
_)\\')(_ A pe Broglie ~ 100 m
AE/E ~ 1076
- ABfow ~ 107%:
Resonance condition: A 1000 k
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Signal power: The signal is the
Po(B2VQ,, )9°m,p,) Total Energy
, = Mass + Kinetic
~ 10723W MMMMM S : 2
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Axion Dark Matter eXperiment (ADMX)
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Axion hardware  ADMX LLNL-UW-Florida-Berkeley-NRAO

Magnet with Insert (side view) Magnet (Warig NMR!Inc:)
, TR Ly e S , '
'”{b"‘ B r':" 1 '

&w“..

n<«— Stepping motors

Liquid helium

| Amplifier,
refrigerator
—— Tuner

__Tuning rods

360 cm|

~Superconducting
= magnet
v 8T, 6 tons

Pumped LHe - T~ 15k




Axion hardware (cont’d)

High-Q Cavity (~200,000)

Experimental Insert




ADMX may be the world’s quietest spectral receiver
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Dicke Radiometer equation:

Systematics-limited for signals of 1026 W — 10-3 of DFSZ axion power.
Last signal received from Pioneer 10 (6 billion miles away) ~ 1021 W.




Sample data and candidates
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Signal maximizes off-resonance:
Radio peak

Signal distributed over many
sub-spectra: a good threshold
candidate (but did not persist
in rescan)




Brief outline of analysis — 100 MHz of data

Data, with Theoretical Curve - Each frequency appears in
(Gaussian noise through receiver and analysis) >45 su bspectra
S ] T 1 .

o - Weighted and co-added to

=0 - produce spectrum

O

-l ) + 800,000 bins (125 Hz)/100 MHz

S 4l ~

oL -1 | || =]
-6 -4 2 0 2 4 6 . : =
Power excess (standard deviations) 6535 candidates > 2.25 V6 o (95°/° CL)
— Rescan all to same sensitivity
S/N > 4 for Thermalized KSVZ Axion| — 23 candidates (Net 90% C.L.)
— Each examined: radio peaks
A10-21:I|l L B B B
E & KSVZ signal power -
‘ﬁ_ 10-22 __ysot;s:z"(‘/iasﬂo-ﬁ) =
qh, :z ...... """"" :
g . \JEEQM—\ For a persistent peak, the ultimate
107700 720 740 760 780 800 test is to turn off the magnet!
Frequency (MHz)




Limits on axion models and local axion halo density
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density over an octave in mass range
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ADMX performed as designed — scanned in the model band

ik

PRL 80 (1998) 2043

PRD 64 (2001) 092003
PRD 69 (2004) 011101(R)
ApJ Lett 571 (2002) 27

From W. Wuensch et al.,
Phys. Rev. D40 (1989) 3153
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We learned much from the first-generation exp’ts (~ liter volume)
Already came within a factor of 100-1000 of the desired sensitivity




Origin of the non-thermalized component

Late-infall axions pass through our position with specific velocities




1-D infall, and the “folding” of phase space
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- Model begins with
— Zero Temperature CDM

=
&E// — Hubble expansion

— Initial density perturbationr=o0

- Grows self-consistent potential




Velocity spectrum of axions at our solar system
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Diurnal and sidereal oscillation of
the fine-structure
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Simulation of one infall model
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Diurnal and sidereal oscillation
of late-infall axion peaks
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Results of a high-resolution analysis raw s (9 091304 (2005)
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Upgrade (Phase I) to GHz SQUID amplifiers commissioning!

Input
~. Microstrip
— . ) 4 A
! ® SQUID A2-5, f =684 MHz
g 2 A SQUID L1-3, f =642 MHz
b B SQUID K4-2, f =702 MHz by
Insulating 9 GaAs HEMT _FI;
layer 21000 - T
p - - -
(0] 6-
S 1
Josephson & 4:
junctions SQUID “washer |°_’ o
1mm o) 27 + t
50 um K2 _.‘-
— — o 100 - TL_..
Z 6: - %é g‘%.
, o 0L standars Quantum Limi
‘.;] c .
] | 2 4 638 2 4 68 2 4
= — 100 1000
Josephson .
junctions Physical Temperature (mK)

Latest SQUIDs are now within 15% of the Standard Quantum Limit



Calibration peak injected into the upgraded experiment
with the SQUID amplifier (just received last night!)

SQUID FFTO001

power after amplification (dBm)




Phase | / Phase |l Upgrades in detail

|

Stage ADMX Now Phase | Phase I
! Replace = . = [Add
TeChnO/Ogy Ell_'llrenped W. SQUID 1‘ r— e Frldge IE’
Torys 1.3 K 1.3 K 100 mK
T amp 2 0.4 100
Tsys: Tphys+ Tamp 33 1 7 200
Scan Rate
o (T. )2 1 @ KSVZ 4 @ KSVZ 5 @ DFSZ
i OR AND !
Sensitivity Reach
2 KSVZ 0.5 x KSVZ DFSZ
g x Tsys




Unlike HEMTs, the SQUIDs require a B-field-free environment AX/ON

| _ Bucking SQUID
l l coil spool housing (Nb)

SQUID
package |

. _ 1 49.25"
E m it

—‘— : 1 ‘\ 8T MAGNET CENTERLINE Nb & Cryope rm
magnetic shields

Cold finger

“Dry” cavity . .
Cancelling the fringe field at the SQUID
was essentially the entire upgrade!




The field compensation coil

Field (Gauss)
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20000
10000

-10000

M14019 Axial field profile 3/16/05

— Uncompensated
— Compensated

50 100 150 200 250 300
Distance from 8T magnet center (cm)

A clever design allows the bucking
coil to experience no net force for

any value of the main magnet




The SQUID amplifier + receiver

CHI Ach  loa MAG S dB/ REF @ dB
: ' : : : SELECT
‘ CETTER
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8 SPACE
q Avg
! 128
3 BACK
x SPACE
i
ERASE
* TITLE
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=S
STOR DEV
fDI5K]
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IF Bl 48 Kz ] PONER -38.1 dbm SHP_ 160 _msec CANCEL
START 5@ Mz 3T0P 1.8 CHe




The cavity

one Rod at Edge of the cavity
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For the long term, ADMX needs concurrent R&D

The ‘In-Line’ SQUID Amplifier

Top electrode with
Dielectric layer Josephson junctions

Substrate Input resonator Ground
plane

To get to 10 GHz (40 ueV), and ultimately
100 GHz (0.4 meV), we need to:

— Develop new RF cavity geometries
— Develop new SQUID geometries

100 GHz



Rydberg-atom single-quantum detectors

Atoms with a single electron promoted to a large principal quantum
number, n>> 1. Superposition of Rydberg states yields “classical
atoms” with macroscopic dimensions (e.g. ~1 mm).

Potential for highly sensitive microwave photon detectors (“RF photo-
multiplier tubes”) realized by Kleppner and others in the 1970’s. The
axion experiment is an ideal application for Rydberg atoms:

- Large transition dipole moments <n + l‘er‘ n> o n2a0
- Long liftetimes T xn’ (I<<n); T,,~lmsec

- Transitions span microwave range ~ AE, =E,  —E =2R/n*; AE,,~7GHz

Most importantly, being a phaseless detector (photons-as-particles),
the Rydberg-atom detector can evade the standard quantum limit:

hv = kT




Rydberg single-quantum detection (S. Matsuki et al., Kyoto)
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Detecte:

The blackbody spectrum has been measured at 2527 MHz
a factor of ~2 below the standard quantum limit (~120mK)




Searches for Solar Axions




The solar axion spectrum

Y a
Produced by a Primakoff interaction, with a
‘y*
mean energy of 4.2 keV
Ze
T coniray = 1.3 keV, but plasma screening
Flux [10'm_(eV)? cm2 sec” keV] suppresses low enerqgy part of spectrum

The total flux (for KSVZ axions) at the
Earth is given by

O, =7.44x10"cm?sec” (m, /1eV)?

The dominant contribution is confined to
the central 20% of the Sun’s radius

10

E[keV]



Principle of the experiment (Sikivie’s PRL 1983 again!)

Photon
Detector

1 2
L,, =ag,,E-B == T(a<y)="(8,BL)F@)

_SingLr2) F(0)=1 and q=k -k, = ma2 /2w
(gL /2)

where F(q)



The CERN Axion Solar Telescope (CAST)

Prototype LHC dipole magnet, double bore, 50 tons, L~10m, B~10T

Tracks the Sun for 1.5 hours at dawn & 1.5 hours at dusk

Instrumented w. 3 technologies: CCD w. x-ray lens; Micromegas, TPC



CAST results and future prospects

g, 1GeV "l

| S—

Lazarus et .:../
- SOLAX. COSME _ i /]
FDAMA f !

g E_Tokyo Helioscope ~ SN
AR —

M, [€V]

K. Zioutas et al., Phys. Rev. Lett. 94, 121301 (2005)

CAST has published results
equalling the Horizontal Branch Star

limit (Red Giant evolution)

The Phase Il run underway is
pushing the mass limit up into the
region of axion models, 0.1-1 eV

Fill the magnet bore with gas (e.g.
helium), and tune the pressure

When the plasma frequency equals

the axion mass, full coherence and

conversion probability are restored:
w, = (4maN, /m,)"* = m,

KvB et al. PRD 1989

The Phase Il run will go to yet higher m_ with 3He, and add a second x-ray optic




The Sun’s photosphere has its own magnetic field, and ongoing
analyses of RHESSI, Yohkoh & Hinode x-ray satellite data may yield
a competitive limit on solar axions (or - who knows - see something)

Synthetic axion signal superimposed onto Hinode ‘quiet sun’image

Increasing 9ayy ——>

Google “RHESSI Science Nuggets” for April 30, 2007

“First limits on the 3-200 keV X-Ray Spectrum of the Quiet Sun Using RHESSI”, I. G. Hannah, G.J.
Hurford, H.S. Hudson, R.P. Lin, K. van Bibber, Astrophysical Journal, 659:L77-L80, 2007, 9 March 2007



Purely laboratory experiments




Vacuum birefringence & dichroism waiani, zavattini, Petronzio, Phys. Lett. 1986)

Vacuum dichroism

e= N-(1/4gB,L)?- |F(q)|?

(N = number of passes)

T =

Fabry-
Perot Bo

Vacuum birefringence

QED:

E = a/45m (B/Bgit)?, Byt = Me2le ~4.41 x 1013 G

Axion:
v =N -(1/96)-(g Boma)2°L3/w



The Rochester-BNL-FNAL-Trieste (1990) & PVLAS (2006) exp’ts

M (GeV)

Zavattini et al., PRL 2006
r——rr T ——

Semertzidis et ﬁ.
PRL 1990 ‘

M=1/,,

10 0.001
m. (eV) )

Brief summary of the PVLAS episode

Neither RBFT nor PVLAS experiments came within orders of
magnitude of measuring the higher-order QED effect

Nevertheless PVLAS published a positive vacuum dichroism
result at the very fringe of the RBFT exclusion region

PVLAS was always problematic from many viewpoints

The PVLAS effect is tiny — rotation of 3.9 x 1072 rad/pass:
width of mechanical pencil lead at the distance of the Moon!

There were evident unexplained systematic errors in their data

If interpreted as a pseudoscalar, it should have been excluded
by CAST & HBS limits, 4 orders of magnitude stronger

Finally, PVLAS concluded it was an instrumental
artifact, and not new physics at all (hep-ex:0706.3419v1)

Nevertheless, this result launched several new
photon-regeneration experiments around the world,
and much theoretical work!




PVLAS details & data

PVLAS Schematic

Photodiode

Amplifier
I~

‘l/

Lox !

11
L2 10

't

1y

r2 [ 7] Sine Generator
P
] — ~
QWP [ Lock-in™]
M2 ——
Trigger L A
[ B box
Rotating i M o Slow ADC| | Fast ADC
Magnet N
‘§ | Interaction
§ | Region
N K
‘ Data storage
Field ¢
I I pea |
M1 — ReA ]
RN V. ,
| Vvalve Gas line
Vacuum Gas
Chamber s Bottle
aser
Mirror

Phase-Amplitude Plot & Spectrum

QWP =0°

tox 1t
1zxett

sx

axrt:

AL ] 210

QWP =90°

o

psd {dBVrms)
F

psd (dBVms)




Photon regeneration — simple (“shining light through walls”)

KvB et al., PRL 59 (1987) 759

Only two published measurements to
date:

g<6.7x107 GeV'' form, < 1 meV
G. Ruoso et al., Z. Phys. C. 56, 505 (1992) &

R. Cameron et al., Phys. Rev. D47, 3707 (1993)
LULI collaboration (2007)

Photon
Detector

EXCLUDED BY
THIS EXPT. /

‘]| T T T T ]

EXCLUDED BY _
PARTICLE. EXPTS.




Several photon regeneration efforts launched around the world

Experiments in various phases of prepation or operation

name place magnet {field length)  |laser wavelength power | Ppyss photon flux at
detector
5T 1064 nm
ALPS DESY 200W =107 |10/s
4.21m :
oW
ut 1053 nm
BMV LuLl 500W =107 | 10/pulse
0.25m )
4 pulses/day
17T 900nm
LIPSS Jefferson Laboratory | ' 10 KW =105 |0./s
; oW
9.57
540 nm
0SQAR 10m 0 g
preliminary phase) | CERN 95T “fw =10 10/s
oW
3.3m
5T 1064 nm
PVLAS im 0.8W sirooe
(regeneration) LA 22T oW e e
0.5m Npass=5x 10°

CERN Courier, Vol. 47 No. 2 (March 2007)

LIPSS (Yale-Hampton-Jlab)

But all of them would still be orders of magnitude away from CAST/HBS limits



One of the early ones to be late to the funeral ... “GammeV”

Search for axion-like particles using a variable baseline photon regeneration technique

A. S. Chou!2, W. Wester!, A. Baumbaugh!, H. R. Gustafson®, Y.
Irizarry-Valle!, P. O. Mazur!, J. H. Steffen!, R. Tomlin!, X. Yang!, and J. Yoo!
L Fermi National Accelerator Laboratory, PO Box 500, Batavia, IL 60510
2 Center for Cosmology and Particle Physics, New York University, J Washington Place, New York, NY 10003
3 Department of Physics, University of Michigan, 450 Church St, Ann Arbor, MI }8109
(Dated: November 16, 2007)
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Resonantly-Enhanced Photon Regeneration
Basic concept — encompass the production and regeneration magnet
regions with Fabry-Perot optical cavities, actively locked in frequency

Photon

P. Sikivie, D.B. Tanner, KvB PRL (2007) Detectors

Matched Fabry-Perots

2 imple
(y=a—=y) =— P"(y—=a—=>y =

nn
where n,n’ are the mirror transmissivities & F, F’ are the finesses of the cavities

2

Re sonant
P 2
JU

FFI.PSimple(y%a%y)

For n ~ 105-6), the gain in rate is of order 10(10-12)
and the limit in Dayy improves by 10(25-3)




Excluded g,,, vs. m, with all experimental
and observational constraints
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And if the axion be found?

The Study of Unique Quantum System

4 Power

(D (> ,
|
I
P sy A | 10-100 m Thermal
. ~— I 1000's km Non-thermal
~ / ~ |

Separation |

And should the axion posses fine-structure, it would constitute
a “movie” of the formation of our Milky Way galaxy




Wilczek on axions

(Physics Today, Oct. ‘03)

“...I'm much more optimistic about the dark matter problem. Here we have the unusual situation
that two good ideas exist — which, according to William of Occam (the razor guy), is one too many.

“The symmetry of the standard model can be enhanced, and some of its aesthetic shortcomings
can be overcome, if we extend it to a larger theory. Two proposed extensions, logically
independent of one another, are particularly specific and compelling.

“One incorporates a symmetry suggested by Roberto
Peccei and Helen Quinn in 1977. Peccei-Quinn symmetry
rounds out the |logical structure of quantum
chromodynamics by removing QCD's potential to support
strong violation of time-reversal symmetry, which is not
observed. This extension predicts the existence of a
remarkable new kind of very light, feebly interacting
particle: the axion. ...

“The properties of the particles, axion or LSP, are just right for dark matter. Moreover, you can
calculate how abundantly each would be produced in the Big Bang. For both particles, the
predicted abundance is also quite promising. Vigorous, heroic experimental searches are under
way to observe dark matter in either of those forms. We will also get crucial information about
supersymmetry once the Large Hadron Collider starts running in 2007. | will be disappointed —
and surprised — if, a decade from now, we don't have a much more personalized portrait of the

dark matter. ...”



Witten on axions

(priv. comm., July 2006)

“The axion is the most plausible known solution of the
strong CP problem, so axion searches are very important.
Axions are also one of the most plausible known dark
matter candidates. So it is doubly important to search for
axions as dark matter.

“In particular, it is important to look for axionic dark matter
in the range of F, suggested by cosmological arguments.
It is true that if axions are found in that range, this will
cause problems for some theories (including many string-
based models), but that is what experiments do
sometimes.

“If it turns out that axionic dark matter doesn't exist in the range
that is suggested by cosmology, and which is the focus of
current searches, it is important — though difficult — to continue
to search for axionic dark matter at higher values of F,, as
suggested by some grand unified and string-based models.
Again, if axions are eventually found at these higher values of
F, , this will challenge our understanding of cosmology at very
high energy scales, and this will be part of the importance of
the discovery.”



Summary & final remarks

The theoretical case is better than ever

“If the axion doesn’t exist, please tell me how to
solve the Strong-CP problem” (Wilczek)

“Axions may be intrinsic to the structure of
string theory” (Witten)

Experimental progress is excellent
& discovery would teach us a lot '

Be prepared for the unexpected

The really unexpected ...



