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Summary of presentation

Brief overview of axions and their motivation
CAST Phase I: final results

CAST Phase II: preliminary results with He4 & upgrade
towards He3

Axions in the lab: PVLAS. Incompatibility CAST/PVLAS.
Possible reconciliation. (covered by J. Jaeckel)

Axions as dark matter: ADMX (thanks to K. van Bibber for
material provided)

Conclusions
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AXION motivation

m Strong CP problem: why strong interactions seem [y lalyere

not to violate CP?

— CP violating term in QCD Is not forbidden. But neutron
electric dipole moment not observed.

m Natural answer if Peccel-Quinn mechanism exist.
— New U(1) global symmetry - spontaneously broken.
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Solar Axions

m Solar axions produced by photon-to-
axion conversion of the solar plasma

photons
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m Axion helioscope [Sikivie, PRL 51 (87)]
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CAST setup overview
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Phase | final result

m —200 h of tracking data for each detector
m Almost non-interrupted operation. High quality data

TPC 2004 subtracted spectrum Micromegas 2004 subtracted spectrum

| MM subtracted spectra |
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No axion signal detected
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Phase | final result

CCD/Telescope

m Spot position well
determined

m Full sensitivity of telescope
exploited

m Counts inside the spot
compatible with
background level
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Phase | final result
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CAST phase |l — principle of detection

X ray .
detector Transverse magnetic field (B)

e

Extending the coherence to higher

axion masses...
eCoherence condition (gL << 1) is
recovered for a narrow mass range around

1t axions
TA

t=1y (33 days)

vacuum

N x (10° YGevig, )

6.08 mbar
draN,
Me

Ne: number of electrons/cm3
p: gas density (g/cm3)
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Phase |l operation (*He)

e Data taking with 4He
performed all along 2006

e —160 density steps
performed, reaching —13
mbar (—0.39 eV)

e Approximate explored

region shown in plot
*QCD axion models region is
entered !l.

e Data now under analysis

e SHe phase will start mid
2007 (upgrade works
ongoing)
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New Micromegas + 2nd X-ray optic

shielding

calibration sources

faraday cage _
with electronics

telescope
tube
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Laboratory axions: PVLAS

PVLAS experiment observes an alteration of the polarization of a
laser going through a magnetized vacuum.

Signal not compatible with standard model expectations.
Signal persisting many systematics checks during several years.
In principle compatible with an axion-like particle, but...

PVLAS “signal” published last march

] 7 ol 7 17 C reek endi z
PRL 96, 110406 (2006) PHYSICAL REVIEW LETTERS 24 MARCH 2006

Experimental Observation of Optical Rotation Generated in Vacuum by a Magnetic Field

E. Zavattini.,' G. Zavattini.> G. Ruoso.” E. Pt__':tl11;:1:1.‘:'.#1 E. Milotti.> M. Karuza.! U. Gastaldi.,> G. Di Domenico,’
F. Della Valle,' R. Cimino.® S. Carusotto,* G. Cantatore,"* and M. Brcf_:.:ml1

(PVLAS Collaboration)
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Laboratory axions: PVLAS

m PVLAS was not designed to look
for axions, but to study the
“vacuum magnetic
birefringence“

QED predicts that vacuum must
show a (very small)
birefringence when a magnetic
field is applied

In particle physics language,
polarized photons interact with
the B field by means of this
loop, provoking a phase out
with respect perpendicular
polarization (=ellipticity)
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PVLAS axion (?)

Axions could produce
vacuum magnetic
birefringence

(ellipticity).
But also another effect,
dichroism.

virtual production of axions

Real production of axions
Rotation of polarization - Dichroism

PVLAS observe a dichroism, and an ellipticity(*).
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PVLAS axion(?)

In the standard
scenario, PVLAS
signal is not
compatible with solar
axion experiments
(even just solar
physics)

For PVLAS to be an
axion-like particle,
there must be
cancellation of its

production in the Sun.
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Reconciling CAST and PVLAS

m Several ideas being put forward from theory.
— Masso & Redondo, Antoniadis et al, Mohapatra et al, etc...
— Basic goal: to find a mechanism by which axion
production is suppressed in the Sun. See talk of
m Necesity of laboratory based axion experiment: “light <gREREEC)
shining through wall” experiments.

‘A4 e 0L . ow 'ph‘Q.torl v
<.>. Cent Cant Ye,e .'l“.'tl"-- Caat A TN "-‘ .'-“.’0.0".>
A

\j

photon photon

source detector
WALL

—Many efforts now ongoing!! JLAB, ALPS, BMV, CERN, (and PVLAS themselves)
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Dark Matter Axions: ADMX

" S— Primakoff Conversion
m Resonant cavities (Sikivie,1983)

Primakoff conversion inside a “tunable”
resonant cavity

Energy of photon = m_c?+0([3?)
Expected peak at right frequency (DM
axions are non-relativistic)

Substructure of the peak may give
information of the WIMP halo model

Maxwellian Fine-Structure

e —

AE/E ~ 1017

—_— |

4 Frequency Frequency (GHz)
axion (energy)
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Dark Matter Axions: ADMX

High-Q Cavity (~200,000)

ADMX experiment in &
LLNL, Livermore. | -
High-Q (—200000) cavity

with turning rod to

adjust resonance.

First runs taken few
years ago.

Since then, development
of SQUID technology to
Increase sensitivity (scan
rate)
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Present situation

m Already excluded region by past runs (in red) and goal
for the upgraded setup

Previous
experiments

=J
w

Current experiment (done)

Axion models

“Power sensitivity” (arb. units)

SN SNXNS Es

i/’/;’.f/z’////

10-3
(250 MHz) (250 GHz)
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ADMX upgrades

Stage

ADMX Now

Phase |

Technology

HEMT;
Pumped
LHe

Replace
| w. SQUID

D,

Phase ll
Add
Fridge

1.3 Kp

| Phase |

upgrade
DONE

\1.3K

100 mK

0.4

100

Vo= T

sys phys T T

amp

3.3

Lt

200

Scan Rate
- {TSFS-J "

1 @ KSVZ

4 @ KSVZ
OR

Sensitivity Reach
gt « T,

KSVZ

5 @ DFSZ
AND !

0.5 x KSVZ

DFSZ
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ADMX: upgrade | prospects
(2 years running)

Overclosu

2

Axion models

“Power sensitivity” (arb. units)
N N N N IR e NG AT S

—

10-6 10-5 104 10-3
(250 MHz) M, (eV) (250 GHz)

A concurrent high-frequency R&D program is needed to
complete the program within a decade, and should begin soon
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Upgrade Il and beyond

Overclosu |/
Sn-1 9873

“Power sensitivity” (arb. units)

/
/
L/
/
/
/
L/
L
L/
/

106 104 10-3
(250 MHz) M, (eV) (250 GHz)

Phase Il will rescan the lowest mass decade at or below
DFSZ, then continue upward (if prepared by the R&D)
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Upgrade | finished

Bucking f SQUD
coil spool housing (Nb)

SQUID
package

Cold finger
Nb & Cryoperm
magnetic shields

BT MAGNET CENTERLINE

long ago & on schedule

“Dry” cavity ‘

All design work was completed ‘
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SQUID amplifier + receiver has
been designed and built.

Field compesating foil assembly
completed
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Status and prospects

The Phase | Integration is nearing completion

Commissioning begins — January 2007

Phase | running begins — April 2007
Scientific deliverable: 800-900 MHz
No imperative for long Phase | run
But existing cavity, SQUIDs could do 1.1 GHz

Proceed to Phase Il design a.s.a.p.
Add dil-fridge for ultimate sensitivity, speed

Goal Phase Il run begins - 2009

[ The entire program 1076-4) eV can be accomplished within a decade
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Further upgrades

To complete the job, ADMX needs concurrent R&D

The ‘In-Line’ SQUID Amplifier To get to 10, and then 100 GHz, we need to:
Top electrode with -~ Develop new RF cavity geometries
Dielectric layer Josephson junctions - Develop new SQUID geometries

We know what to do, but have bootlegged as
far as we can; now it needs real attention

r g -
Substrate Input resonator Ground

Our Road-Map includes support for R&D
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Limits on axions: overall view
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Conclusions

m Axion searches very active field nowadays

m CAST delivered final phase | result. Now right In
the middle of phase Il (preparing to use 3He
ouffer gas). Entering QCD axion model region.

PVLAS seeing a signal. Lots of activity triggered

noth In theory (reconcile results) and experiment
(many proposals for photon regeneration or
polarization exp”s)

m ADMX finished phase | upgrade. Starting data
taking very soon, sensitive to realistic dark DM
axion models.

m Axion searches are in the spotlight -
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Axion searches In the spotlight

m CAST In the core of a small but very active community:

1st Joint ILIAS-CAST-CERN Axion Training, CERN Nov. 2005
2nd Joint ILIAS-CAST-CERN Axion Training, Patras May 2006

Hopefully to be established as an annual meeting for axions experimenters and
theoreticians (3rd meeting will be in May in Patras)

HI
' = !' I'--'*L'-----rl L2 T8
B Wi ARIEEE iy

Forum of active discussions on
PVLAS result, its compatibility
with other results, proposals for
future experiments, etc...

CERNMec.05
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Backup slides

Moriond EW 2007




AXIONI theory motivation

m Axion: Introduced to solve the strong CP problem

Possible CP-violating term in QCD lagrangian:

1

=y _ TeYes
( G[_LL/ — 3‘5,u,1,/,or_7'(;"jL

Two different contributions here: QCD
vacuum and EW quark mixing

Experimental consecuence: prediction of electric dipole
moment for the neutron:

|d,| = Alf| x I e ] (A = 0.04 — 2.0)
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AXIONI theory motivation

B But experiment says...

d,| < 0.63 x 107%°e x cm

So, .
0] < 107

Peccei-Quinn (1977) propose an elegant solution to this problem.
© not anymore a constant, but a field - the axion a(x).
Fine-tunning reached naturally, dinamically.
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AXIONI theory motivation

m Peccel-Quinn solution to the strong CP problem

eNew U(1) symmetry introduced in the SM:

Peccei Quinn symmetry of scale f,

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

10°GeV
me ~ 0.6 eV °

a
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AXIONI phenomenology

m [he axion IS...

pseudoscalar
neutral
practically stable

phenomenology
driven by the
breaking scale f, and
the specific axion
model

Couples to photon:

L ay = Yavy~y (E ' B) a

Moriond EW 2007
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PRIMAKOFF
EFFECT

axion-photon coupling
present in almost every

axion model




B X-ray focusing optics
(concentrator)

— Optic designed and built
specifically for CAST

New manufacturing method
for X-ray optics developed by
LLNL, using plastic substrates.

Distance from front of optic to
detector is 1.3 m
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m X-ray focusing optics
e Under construction at Livermore

e “Concentrator” approach, i.e., one
reflection (improves efficiency)

Nested Shells 14
Length 117.5 mm
Focal Length 1.3 m
Coating Material [ridium
Coating Thickness 300450 A
Throughput 36%
Spot-size <3 mm (diameter)
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New X-ray optics

m Under construction in Livermore:

— Shells delivered. Quality satisfactory
— Integration under progress

m Calibration of the optics scheduled to start at the end of
August in PANTER (Munich)

m Installation in CAST will be possible at the end of

September
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X-ray window “‘“-J*‘ 28

B New Micromegas
chamber with
shielding

L)

¥
'

ar 5#
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New I\/Ilcromegas detector

 Higher efficiency:

e X-ray window more transparent

e Heavier gas (Xe-based mixture)
e Lower background:

e Smaller: easier to shield, spot

e Cleaner materials

 Less fluorescence (golden mesh)
e Better resolution:

e Better mechanical solution
Moriond EW 2007 Igor G. Irastorza
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New Micromegas detector

m First prototype already |
operational in Saclay — Improved resolution

m Tests performed:
— Galin test
— Stability test

— Semi-sealed mode test Copy of
— Gas tests (Xe mixtures) logbook

demonstrated (—12% FWHM
at 5.9 keV peak achieved)
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PVLAS positive result

N . PVLAS group is checking
Observed eIIIptICIty Slgnal the signal against all possible

IS (for 55 T) - systematics since a few years

Dati in vuoto con B=55T
— AN =34 x 10'18 Ellitticita normalizzate a t= 630 ys

While QED prediction is |
— An =1.21 x 1022

e

Mmf”” ik \HJL[LW}P‘"JLFWMM[wwa’l‘m

10"

630 pes)

A factor > 10* higher !!

Other effects?

— Systematics (the signal has
survived all tests so far)

— New physics? 0
Speculations... axions?

Ellitticita |rad|

(mnormalizzata a T
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SQUID amplifiers — basics

I

Moriond EW 2007
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 The basic SQUID amplifier is
a flux-to-voltage transformer

« SQUID noise arises from
Nyquist noise in shunt
resistance

— Thus it scales linearly
with T

« However, SQUIDs of
conventional (inductively
coupled) design are poor
amplifiers above 100 MHz




The cavity has been fabricated, plated, annealed, and
mode-mapped (the latter an excellent summer student project!)
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The enabling technology — GHz SQUID amplifiers

Presently the noise temperature of our HFET amps is ~ 1.5K
But the quantum limit at 1 GHz is ~ 50 mK

Input

pe_— N

Josephsan °
junctions

oy _"I.
ai

Noise Temperature (mK)

4- 6 8 2 4 68 2
100 1000

junctions Physical Temperature (mK)

Our latest SQUIDs are now within 15% of the Standard Quantum Limit
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Excluded g,,, vs. m, with all experimental
and observational constraints

10-4 LR L, LR R, PR TR AL E

Laser Experiments

Solar-Magnetic

Microwave
Cavi

PORASG-jr-u-04
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Axion searches In the spotlight

m PVLAS result published last march...

PHYSICAL REVIEW LETTERS week ending

PRL 96, 110406 (2006) 24 MARCH 2006

Experimental Observation of Optical Rotation Generated in Vacuum by a Magnetic Field

E. Zavattini,' G. Zavattini.> G. Ruoso,” E. Polacco.* E. Milotti.,> M. Karuza,' U. Gastaldi,® G. Di Domenico,’
F. Della Valle,' R. Cimino.® S. Carusotto,* G. Cantatore,"* and M. Brcganl]

(PVLAS Collaboration)

Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Trieste and Universita di Trieste, Trieste, ltaly
2Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Ferrara and Universita di Ferrara, Ferrara, Italy
*Istituto Nazionale di Fisica Nucleare (INFN), Laboratori Nazionali di Legnaro, Legnaro, ltaly
i Ystituto Nazionale di Fisica Nucleare (INFN), Sezione di Pisa and Universita di Pisa, Pisa, Italy
*Istituto Nazionale di Fisica Nucleare (INFN), Sezione Trieste and Universita di Udine, Udine, Italy
SIstituto Nazionale di Fisica Nucleare (INFN), Laboratori Nazionali di Frascati, Frascati, Italy
(Received 29 July 20035; revised manuscript received 8 February 2006; published 24 March 2006)

We report the experimental observation of a light polarization rotation in vacuum in the presence of a
transverse magnetic field. Assuming that data distribution is Gaussian, the average measured rotation is
(3.9 = 0.5) X 10712 rad/pass. at 5 T with 44 000 passes through a 1 m long magnet, with A = 1064 nm.
The relevance of this result in terms of the existence of a light, neutral, spin-zero particle is discussed.
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Axion searches In the spotlight

lournal of Cosmology and Astroparticle Physics
= U e AIQP and SISSA journal

e

[Igrs to recoriclle
PVILAS raspp|agygipes
AT CA CFppasy. Ol Rushorsy

& e ariment vi Physica, CERN - Theory Dimsion, 1211 Geneva 23, Switzerland
! il .
FLELLE?)}].‘iiQ}LE‘ Fédérale de Lausanne, Insbifuie of Theoretical Physica Eduard Massé and Javier Redondo
FSBATFP/ALPPC, BSP 780 CH-1015, Lousanne, Switzerland Grup de Fisica Teorica and Institut de Fisica d’Altes Energies, Universitat

- . Autonomsa de Barcelona, 08193 Bellaterra, Barcelona, Spain
Inatidui des Haufea Efudes Scientifiques, Bures-aur-Yveltle, F-91440, France E-mail: massoGifae.es and redondo@ifae.es

o 0 % Received 15 June 2005
June 30, 2006 Accepted 9 September 2005

Published 29 September 2005

CERM-PH-TH/2006-119

iding astrophysical constraints on
‘n-like particles

Online at stacks.iop.org/JCAP /2005/i=09/a=015
doi:10.1088/1475-7516,/2005 /09 /015

Abstract. Stellar energy loss arguments lead to strong constraints on the
coupling ¢y~ of alight axion-like particle to two photons. Helioscopes, like CAST,
are able to impose competitive bounds. The PVLAS experiment has recently
observed a rotation of the polarization of a laser propagating in a magnetic field
that ean be interpreted as the effect of a quite strong ¢~ eoupling. We present
scenarios where the astrophysical and CAST bounds can be evaded, and we show
that the PVLAS result can be accommodated in one of the models, provided that
the new physics scale is at very low energies.

And others...
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Axion searches In the spotlight

m CAST In the core of a small but very active

community:

— 1st Joint ILIAS-CAST-CERN Axion Training, CERN Nov. 2005
— 2nd Joint ILIAS-CAST-CERN Axion Training, Patras May 2006

— Hopefully to be established as an annual meeting for axions
experimenters and theorists

m Forum of active discussions on PVLAS result, its
compatibility with other results, proposals for future
experiments, etc...
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Axion searches In the spotlight

® The interest on axions reaches also string
theorists...

Axions In String Theory

Peter Svriek

and
Edward Witten
Institute For Advanced Study, Princeton NJ

context of string theory
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CAST sensitivity

Subtracted spectrum - “expected“axion spectrum

Solar axion spectrum for g
~6x101° GeV-1

(Tokyo Helioscope
sensitivity)

~Subtracted spectrum

|
0
>
n
=
=
w
@)

Comparison of sensitivities of CAST
and Tokyo Helioscope
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0 2 4 (&) 8 10 12 14 16 18 20
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Upgrades for phase Il

m Cold windows — Developed and
Installed in the experiment

m “He system — Designed, built
and In operation

m SHe system — Under design

® New Micromegas + 2nd X-
ray optic — Under construction
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Phase Il operation (“He)

m “He density scanning history

— Normal operation:
= Daily change of density (AP = 0.083 mbar at 1.8K)
Each new data taking period start at same pressure as the last setting
= ~ 1.5 hrs at each pressure setting for each detector
If CCD missing — pressure step repeated next day or revisited later.
Cold window bake-out ~ once per month (2-3 days duration)

m 4 short data taking runs

» Bake-out

e Intervention inside cryostat Windows

* |ntervention for MM line
e TAO investigation

m Scan has now completed 50 pressure steps up to to —4 mbar
— Equivalent to ~0.215 eV axion mass
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m Calibration test with both the MICROMEGAS and the
telescope scheduled for this summer, in the PANTER
X-ray facility in Munich

X_Y_plot_zoom_run2203_6 Nent = 56843
Intag = 5.417e+04

€
£31

30

16

1 The ABRIXAS telescope spot, 29

as seen by the current CAST | ogF .7 77 il
Micromegas (test done in R B
PANTER in 2002) 27

I Logarithmic scale in intensity

| Expected structure of the
Spot. 25

1 Spatial resolution of the
CAST Micromegas < 100 um

i N ] i i i
i i o . I i i
. . - | ] N .
1 - - 1 --" = - - n 1 1
L L] o - L] H H H
. S
:

I.I.II|IIII|II.II|IIII|IIIIJII.I1|II
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Phase Il operation (“He)
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Micromegas V4

Phase Il operation (“He)

m Micromegas: new detector (V5)
Installed with gold coated mesh
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