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Summary of presentationSummary of presentation

Brief overview of axions and their motivationBrief overview of axions and their motivation
CAST Phase I: final resultsCAST Phase I: final results
CAST Phase II: preliminary results with He4 & upgrade CAST Phase II: preliminary results with He4 & upgrade 
towards He3towards He3
Axions in the lab: PVLAS. Incompatibility CAST/PVLAS. Axions in the lab: PVLAS. Incompatibility CAST/PVLAS. 
Possible reconciliation. Possible reconciliation. (covered by J. (covered by J. JaeckelJaeckel))
Axions as dark matter: ADMX Axions as dark matter: ADMX (thanks to K. van Bibber for (thanks to K. van Bibber for 
material provided)material provided)
ConclusionsConclusions

CAST Collaboration



Moriond EW 2007Moriond EW 2007 Igor G. IrastorzaIgor G. Irastorza 33

AXION motivation AXION motivation 

StrongStrong CP CP problemproblem:: whywhy strongstrong interactionsinteractions seemseem
notnot toto violateviolate CP?CP?
–– CP CP violatingviolating termterm in QCD in QCD isis notnot forbiddenforbidden. . ButBut neutronneutron

electricelectric dipoledipole momentmoment notnot observedobserved..

Natural Natural answeranswer ifif PecceiPeccei--QuinnQuinn mechanismmechanism existexist..
–– NewNew U(1) global U(1) global symmetrysymmetry spontaneouslyspontaneously brokenbroken..

PRIMAKOFF 
EFFECT

As a As a resultresult, , newnew pseudoscalarpseudoscalar, neutral , neutral andand
veryvery lightlight particleparticle isis predictedpredicted, , the axion.the axion.
ItIt couplescouples toto the the photonphoton in in everyevery modelmodel..
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Solar AxionsSolar Axions
Solar axions produced by photonSolar axions produced by photon--toto--
axion conversion of the solar plasma axion conversion of the solar plasma 
photonsphotons

ax
ions

Solar axion flux [van Bibber PRD 39 (89)]
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CAST setup overviewCAST setup overview

LHC test 
magnet

TPC

Micromegas
&

CCD/Telescope



Moriond EW 2007Moriond EW 2007 Igor G. IrastorzaIgor G. Irastorza 77

Phase I final resultPhase I final result

TPC 2004 subtracted spectrum Micromegas 2004 subtracted spectrum

~200 h of tracking data for each detector~200 h of tracking data for each detector
Almost nonAlmost non--interrupted operation. High quality datainterrupted operation. High quality data

•No axion signal detected
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Phase I final resultPhase I final result
CCD/Telescope

Spot position well Spot position well 
determineddetermined
Full sensitivity of telescope Full sensitivity of telescope 
exploitedexploited
Counts inside the spot Counts inside the spot 
compatible with compatible with 
background levelbackground level

Tracking data Signal simulation

•No axion signal detected



Moriond EW 2007Moriond EW 2007 Igor G. IrastorzaIgor G. Irastorza 99

Phase I final resultPhase I final result

for

New exclusion plot, 
including all phase I 
data improves last 
2003 result
Factor of 7 
improvement beyond 
previous experimental 
searches.
It goes beyond 
astrophysical limit of 
globular clusters for 
coherence masses
Recently accepted 
for pub. in JCAP

JCAP, in press
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CAST phase II CAST phase II –– principle of detectionprinciple of detection

Extending the coherence to higher
axion masses...
•Coherence condition (qL << 1) is
recovered for a narrow mass range around
mγ

Ne: number of electrons/cm3

ρ: gas density (g/cm3)

axions
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X ray
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Phase II operation (Phase II operation (44He)He)

~13 mbar~13 mbar
~0.39 ~0.39 eVeV

CAST phase II sensitivityCAST phase II sensitivity

•• Data taking with 4He Data taking with 4He 
performed all along 2006performed all along 2006

•• ~160 density steps ~160 density steps 
performed, reaching ~13 performed, reaching ~13 
mbarmbar ((~0.39 ~0.39 eVeV))

•• Approximate explored Approximate explored 
region shown in plotregion shown in plot

••QCD axion models region is QCD axion models region is 
entered !!.entered !!.

•• Data now under analysisData now under analysis

•• 33He phase will start mid He phase will start mid 
2007 (upgrade works 2007 (upgrade works 
ongoing)ongoing)
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faraday cage
with electronics

shielding
calibration sources

telescope
tube

gate valve

New New MicromegasMicromegas + 2nd X+ 2nd X--ray opticray optic
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LaboratoryLaboratory axions: PVLASaxions: PVLAS
PVLAS PVLAS experimentexperiment observes observes anan alterationalteration of the of the polarizationpolarization of a of a 
laserlaser goinggoing throughthrough a a magnetizedmagnetized vacuumvacuum. . 
SignalSignal notnot compatible compatible withwith standardstandard modelmodel expectationsexpectations..
SignalSignal persistingpersisting manymany systematicssystematics checkschecks duringduring severalseveral yearsyears..
In In principleprinciple compatible compatible withwith anan axionaxion--likelike particleparticle, , butbut……

PVLAS PVLAS ““signalsignal”” publishedpublished lastlast marchmarch
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LaboratoryLaboratory axions: PVLASaxions: PVLAS
PVLAS was not designed to look PVLAS was not designed to look 
for axions, but to study the for axions, but to study the 
““vacuum magnetic vacuum magnetic 
birefringencebirefringence““
QED predicts that vacuum must QED predicts that vacuum must 
show a (very small) show a (very small) 
birefringence when a magnetic birefringence when a magnetic 
field is appliedfield is applied
In particle physics language, In particle physics language, 
polarized photons interact with polarized photons interact with 
the B field by means of this the B field by means of this 
loop, provoking a phase out loop, provoking a phase out 
with respect perpendicular with respect perpendicular 
polarization (=polarization (=ellipticityellipticity)  )  
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PVLAS axion (?)PVLAS axion (?)
Axions could produce Axions could produce 
vacuum magnetic vacuum magnetic 
birefringence birefringence 
((ellipticityellipticity).).
But also another effect, But also another effect, 
dichroismdichroism..

virtual production of axionsvirtual production of axions EllipticityEllipticity

Real production of axionsReal production of axions
Rotation of polarization Rotation of polarization -- DichroismDichroism

PVLAS observe a PVLAS observe a dichroismdichroism, and an , and an ellipticityellipticity(*). (*). 



Moriond EW 2007Moriond EW 2007 Igor G. IrastorzaIgor G. Irastorza 1616

PVLAS axion(?)PVLAS axion(?)
In the standard In the standard 
scenario, PVLAS scenario, PVLAS 
signal is not signal is not 
compatible with solar compatible with solar 
axion experiments axion experiments 
(even just solar (even just solar 
physics)physics)
For PVLAS to be an For PVLAS to be an 
axionaxion--like particle, like particle, 
there must be there must be 
cancellation of its cancellation of its 
production in the Sun.production in the Sun.



Moriond EW 2007Moriond EW 2007 Igor G. IrastorzaIgor G. Irastorza 1717

ReconcilingReconciling CAST CAST andand PVLASPVLAS
SeveralSeveral ideas ideas beingbeing putput forwardforward fromfrom theorytheory..
–– MassoMasso & Redondo, & Redondo, AntoniadisAntoniadis et al, et al, MohapatraMohapatra et al, et al, etcetc……

–– Basic Basic goalgoal: : toto findfind a a mechanismmechanism by by whichwhich axion axion 
productionproduction isis suppressedsuppressed in the Sun.in the Sun.

NecesityNecesity of of laboratorylaboratory basedbased axion axion experimentexperiment: : ““lightlight
shiningshining throughthrough wallwall”” experimentsexperiments. . 

BB

axionaxion photonphoton

photonphoton
sourcesource

WALLWALL

photonphoton
detectordetector

See talk of 
J. Jaeckel

––ManyMany effortsefforts nownow ongoingongoing!! JLAB, ALPS, BMV, CERN, (!! JLAB, ALPS, BMV, CERN, (andand PVLAS PVLAS themselvesthemselves))
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Dark Matter Axions: ADMXDark Matter Axions: ADMX
Resonant cavities (Sikivie,1983)Resonant cavities (Sikivie,1983)
–– PrimakoffPrimakoff conversion inside a conversion inside a ““tunabletunable””

resonant cavityresonant cavity
–– Energy of photon = mEnergy of photon = maacc22+O(+O(ββ22))
–– Expected peak at right frequency (DM Expected peak at right frequency (DM 

axions are nonaxions are non--relativistic)relativistic)
–– Substructure of the peak may give Substructure of the peak may give 

information of the WIMP halo modelinformation of the WIMP halo model
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Dark Matter Axions: ADMXDark Matter Axions: ADMX
ADMX experiment in ADMX experiment in 
LLNL, Livermore.LLNL, Livermore.
HighHigh--Q (Q (~200000) cavity ~200000) cavity 
with turning rod to with turning rod to 
adjust resonance.adjust resonance.

First runs taken few First runs taken few 
years ago.years ago.

Since then, dSince then, development evelopment 
of SQUID technology to of SQUID technology to 
increase sensitivity (scan increase sensitivity (scan 
rate)rate)
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PresentPresent situationsituation
AlreadyAlready excludedexcluded regionregion by by pastpast runsruns (in red) (in red) andand goalgoal
forfor the the upgradedupgraded setupsetup
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ADMX ADMX upgradesupgrades

Phase I 
upgrade

DONE
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ADMX: ADMX: upgradeupgrade I I prospectsprospects
(2 (2 yearsyears runningrunning))
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UpgradeUpgrade II II andand beyondbeyond
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UpgradeUpgrade I I finishedfinished
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UpgradeUpgrade I I finishedfinished
SQUID SQUID amplifieramplifier + + receiverreceiver has has 
beenbeen designeddesigned andand builtbuilt..

FieldField compesatingcompesating foilfoil assemblyassembly
completedcompleted
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Status Status andand prospectsprospects
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FurtherFurther upgradesupgrades
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LimitsLimits onon axions: axions: overalloverall viewview
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ConclusionsConclusions
Axion Axion searchessearches veryvery active active fieldfield nowadaysnowadays
CAST CAST delivereddelivered final final phasephase I I resultresult. . NowNow rightright in in 
the the middlemiddle of of phasephase II (II (preparingpreparing toto use use 33He He 
buffer gas). buffer gas). EnteringEntering QCD axion QCD axion modelmodel regionregion..
PVLAS PVLAS seeingseeing a a signalsignal. . LotsLots of of activityactivity triggeredtriggered
bothboth in in theorytheory ((reconcilereconcile resultsresults) ) andand experimentexperiment
((manymany proposalsproposals forfor photonphoton regenerationregeneration oror
polarizationpolarization expexp´́ss))
ADMX ADMX finishedfinished phasephase I I upgradeupgrade. . StartingStarting data data 
takingtaking veryvery soonsoon, , sensitivesensitive toto realisticrealistic darkdark DM DM 
axion axion modelsmodels..
Axion Axion searchessearches are in the are in the spotlightspotlight
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Axion searches in the spotlightAxion searches in the spotlight
CAST in the core of a small but very active community:CAST in the core of a small but very active community:
–– 1st Joint ILIAS1st Joint ILIAS--CASTCAST--CERN Axion Training, CERN Nov. 2005CERN Axion Training, CERN Nov. 2005
–– 2nd Joint ILIAS2nd Joint ILIAS--CASTCAST--CERN Axion Training, CERN Axion Training, PatrasPatras May 2006May 2006
–– Hopefully to be established as an annual meeting for axions expeHopefully to be established as an annual meeting for axions experimenters and rimenters and 

theoreticians  (theoreticians  (3rd meeting will be in May in 3rd meeting will be in May in PatrasPatras))

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

CERN CERN decdec.05.05
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Axion searches in the spotlightAxion searches in the spotlight
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Backup slidesBackup slides
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AXION theory motivation AXION theory motivation 
Axion: introduced to solve the Axion: introduced to solve the strong CP problemstrong CP problem

Possible CP-violating term in QCD lagrangian:

(                              )

Two different contributions here: QCD 
vacuum and EW quark mixing

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

(A = 0.04 – 2.0)
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AXION theory motivationAXION theory motivation
But experiment saysBut experiment says……

So, •Why so small?

•Hight fine-tunning of two
different contributions
required

Peccei-Quinn (1977) propose an elegant solution to this problem. 
θ not anymore a constant, but a field the axion a(x). 
Fine-tunning reached naturally, dinamically.
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AXION theory motivationAXION theory motivation
PecceiPeccei--Quinn solutionQuinn solution to the strong CP problemto the strong CP problem

•New U(1) symmetry introduced in the SM: 
Peccei Quinn symmetry of scale fa
•The AXION appears as the Nambu-Goldstone boson
of the spontaneous breaking of the PQ symmetry

θ absorbed in 
the definition of a

axion – gluon
vertex

•a qq transitions
•a – π0 mixing
•axion mass > 0
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AXION phenomenologyAXION phenomenology
The axion isThe axion is……

pseudoscalarpseudoscalar
neutralneutral
practicallypractically stablestable
phenomenology phenomenology 

driven by the driven by the 
breaking scale breaking scale ffaa and and 
the specific axion the specific axion 
modelmodel

Couples to photon:Couples to photon:
axion-photon coupling
present in almost every
axion model

PRIMAKOFF 
EFFECT
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XX--ray focusing optics ray focusing optics 
(concentrator)(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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XX--ray focusing opticsray focusing optics
• Under construction at Livermore 
• “Concentrator” approach, i.e., one 
reflection (improves efficiency)
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New XNew X--ray opticsray optics
Under construction in Livermore:Under construction in Livermore:
–– Shells delivered. Quality satisfactoryShells delivered. Quality satisfactory
–– Integration under progressIntegration under progress

Calibration of the optics scheduled to start at the end of Calibration of the optics scheduled to start at the end of 
August in PANTER (Munich)August in PANTER (Munich)
Installation in CAST will be possible at the end of Installation in CAST will be possible at the end of 
SeptemberSeptember
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New New MicromegasMicromegas
chamber with chamber with 
shieldingshielding

Pb

Cu

N2

X-ray window

Conversion 
volume

Focused γ
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New New MicromegasMicromegas detectordetector

• Higher efficiency:Higher efficiency:
•• XX--ray window more transparentray window more transparent
•• Heavier gas (Heavier gas (XeXe--based mixture)based mixture)

•• Lower background: Lower background: 
•• Smaller: easier to shield, spotSmaller: easier to shield, spot
•• Cleaner materialsCleaner materials
•• Less fluorescence (golden mesh)Less fluorescence (golden mesh)

•• Better resolution:Better resolution:
•• Better mechanical solutionBetter mechanical solution

Same 2Same 2--D pattern as in phase ID pattern as in phase I
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New New MicromegasMicromegas detectordetector
First prototype already First prototype already 
operational in operational in SaclaySaclay
Tests performed:Tests performed:
–– Gain testGain test
–– Stability testStability test
–– SemiSemi--sealed mode testsealed mode test
–– Gas tests (Gas tests (XeXe mixtures)mixtures)

–– Improved resolution Improved resolution 
demonstrated (demonstrated (~~12% FWHM 12% FWHM 
at 5.9 keV peak achieved)at 5.9 keV peak achieved)

Copy of Copy of 
logbooklogbook
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PVLAS positive resultPVLAS positive result
Observed Observed ellipticityellipticity signal signal 
is (for 5.5 T):is (for 5.5 T):
–– ΔΔnn = 3.4 = 3.4 ×× 1010--1818

While QED prediction is While QED prediction is 
–– ΔΔnn = 1.21 = 1.21 ×× 1010--2222

A factor > 10A factor > 1044 higher !! higher !! 
Other effects?Other effects?
–– SystematicsSystematics (the signal has (the signal has 

survived all tests so far)survived all tests so far)
–– New physics? New physics? 

SpeculationsSpeculations…… axions?axions?

PVLAS group is checking PVLAS group is checking 
the signal against all possible the signal against all possible 
systematicssystematics since a few yearssince a few years
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Axion searches in the spotlightAxion searches in the spotlight

PVLAS result published last marchPVLAS result published last march……
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Axion searches in the spotlightAxion searches in the spotlight
Attempts to reconcile Attempts to reconcile 
PVLAS result with PVLAS result with 
CAST and other CAST and other 
limitslimits……

And othersAnd others……
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Axion searches in the spotlightAxion searches in the spotlight

CAST in the core of a small but very active CAST in the core of a small but very active 
community:community:
–– 1st Joint ILIAS1st Joint ILIAS--CASTCAST--CERN Axion Training, CERN Nov. 2005CERN Axion Training, CERN Nov. 2005
–– 2nd Joint ILIAS2nd Joint ILIAS--CASTCAST--CERN Axion Training, CERN Axion Training, PatrasPatras May 2006May 2006
–– Hopefully to be established as an annual meeting for axions Hopefully to be established as an annual meeting for axions 

experimenters and theoristsexperimenters and theorists

Forum of active discussions on PVLAS result, its Forum of active discussions on PVLAS result, its 
compatibility with other results, proposals for future compatibility with other results, proposals for future 
experiments, etcexperiments, etc……
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Axion searches in the spotlightAxion searches in the spotlight

The interest on axions reaches also string The interest on axions reaches also string 
theoriststheorists……
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Solar axion spectrum for g 
~ 6 x 10-10 GeV-1 

(Tokyo Helioscope
sensitivity)

CAST TPC 
Subtracted spectrum

Energy [keV]

c/
ke

V
/ c

m
2 /s

Subtracted spectrum Subtracted spectrum ““expectedexpected““axion spectrumaxion spectrum

Comparison of sensitivities of CAST 
and Tokyo Helioscope

CAST sensitivityCAST sensitivity
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Upgrades for phase IIUpgrades for phase II

Cold windows Cold windows –– Developed and Developed and 
installed in the experimentinstalled in the experiment
44He system He system –– Designed, built Designed, built 
and in operationand in operation
33He system He system –– Under designUnder design

New New MicromegasMicromegas + 2nd X+ 2nd X--
ray optic ray optic –– Under constructionUnder construction
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Phase II operation (Phase II operation (44He)He)
44He density scanning historyHe density scanning history
–– Normal operation:Normal operation:

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

4 short data taking runs4 short data taking runs

Scan has now completed 50 pressure steps up to Scan has now completed 50 pressure steps up to toto ~4 mbar~4 mbar
–– Equivalent to ~0.215 Equivalent to ~0.215 eVeV axion massaxion mass

•• Intervention inside cryostatIntervention inside cryostat
•• Intervention for MM lineIntervention for MM line
•• TAO investigation TAO investigation 

•• BakeBake--out out 
windowswindows
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Calibration test with both the MICROMEGAS and the Calibration test with both the MICROMEGAS and the 
telescope scheduled for this summer, in the PANTER telescope scheduled for this summer, in the PANTER 
XX--ray facility in Munichray facility in Munich

The ABRIXAS telescope spot, The ABRIXAS telescope spot, 
as seen by the current CAST as seen by the current CAST 
MicromegasMicromegas (test done in (test done in 
PANTER in 2002)PANTER in 2002)

Logarithmic scale in intensityLogarithmic scale in intensity
Expected structure of the Expected structure of the 

spot.spot.
Spatial resolution of the Spatial resolution of the 

CAST CAST MicromegasMicromegas < 100 < 100 μμmm
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Phase II operation (Phase II operation (44He)He)

TPC

Detectors setups Detectors setups 
identical as identical as 
previous phaseprevious phase
–– TPCTPC
–– MMMM
–– CCDCCD

Operating Operating 
conditions conditions 
(background, (background, 
etcetc……) equivalent ) equivalent 
to previous onesto previous ones
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Phase II operation (Phase II operation (44He)He)

Micromegas V4 Micromegas V5

MicromegasMicromegas:  new detector (V5) :  new detector (V5) 
installed with gold coated meshinstalled with gold coated mesh


