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Axion Physics in a Nut ShellAxion Physics in a Nut Shell

CosmologyCosmology

CosmicCosmic
StringString

In spite of small mass, axionsIn spite of small mass, axions
are born are born nonnon--relativisticallyrelativistically
((““nonnon--thermal relicsthermal relics””))

→→ Cold dark matterCold dark matter
candidate candidate 
mmaa ~ 1~ 1--1000 1000 μμeVeV

Search for Axion Dark MatterSearch for Axion Dark Matter

SS

NN

γγaa

BBextext

Microwave resonatorMicrowave resonator
(1 GHz (1 GHz == 4 4 μμeV)eV)

PrimakoffPrimakoff
conversionconversion

ParticleParticle--Physics MotivationPhysics Motivation

CP conservation in QCD byCP conservation in QCD by
PecceiPeccei--Quinn mechanismQuinn mechanism

For  fFor  faa ≫≫ ffππ axions are axions are ““invisibleinvisible””
and very lightand very light

→→ AxionsAxions aa ~ ~ ππ00

mmππffππ ≈≈ mmaaffaa

γγ

γγ
aa

Solar and Stellar AxionsSolar and Stellar Axions

Axions thermally produced in stars,Axions thermally produced in stars,
e.g. by Primakoffe.g. by Primakoff productionproduction

•• Limits from avoiding excessiveLimits from avoiding excessive
energy drainenergy drain

•• Search for solar axions (CAST)Search for solar axions (CAST)

aaγγ
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StandardStandard
QCD LagrangianQCD Lagrangian
containscontains
a CP violating terma CP violating term
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The CP Problem of Strong InteractionsThe CP Problem of Strong Interactions

Induces a neutronInduces a neutron
electric dipole momentelectric dipole moment
(EDM) much in excess(EDM) much in excess
of experimental limitsof experimental limits

cme103
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Characterizes degenerateCharacterizes degenerate
QCD ground state (QCD ground state (ΘΘ vacuum)vacuum)

Phase of Quark Phase of Quark 
Mass MatrixMass Matrix

1010−Θ 1010−Θ Why so smallWhy so small ??≲≲
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Dynamical SolutionDynamical Solution

PecceiPeccei & Quinn 1977  & Quinn 1977  -- Wilczek 1978  Wilczek 1978  -- Weinberg 1978Weinberg 1978

ReRe--interpret      asinterpret      as
a dynamical variable a dynamical variable 
(scalar field)(scalar field)

ΘΘ

af
)x(a

→Θ
af

)x(a
→Θ

PecceiPeccei--Quinn scale,Quinn scale,
Axion decay constantAxion decay constant

PseudoPseudo--scalarscalar axionaxion fieldfield
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Axions generically coupleAxions generically couple
to gluons and mix with to gluons and mix with ππ00

gluongluon

aa
gluongluon

aa

V(a)V(a)

0=Θ 0=Θ

Potential (mass term)Potential (mass term)
induced by Linduced by LCP CP drivesdrives
a(x) to CPa(x) to CP--conservingconserving
minimumminimum

CPCP--symmetry symmetry 
dynamically restoreddynamically restored
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AxionAxion PropertiesProperties

MassMass
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Nucleon couplingNucleon coupling
(axial vector)(axial vector)
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New degree New degree 
of freedomof freedom

AxionAxion

ΘΘ
__

GravityGravity
SymmetricSymmetric
relativerelative
to gravityto gravity

Pool tablePool table

AxisAxis

SymmetrySymmetry
dynamicallydynamically
restoredrestored

SymmetrySymmetry
brokenbroken

FloorFloor
inclinedinclined

ffaa

The Pool Table AnalogyThe Pool Table Analogy

P.P.SikivieSikivie, Physics Today, Dec. 1996, pg. 22, Physics Today, Dec. 1996, pg. 22
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Windows of OpportunityWindows of Opportunity

AxionsAxions AlternativesAlternatives

•• Cosmic cold dark matter candidateCosmic cold dark matter candidate
•• Direct detection possibleDirect detection possible

•• Supersymmetric particlesSupersymmetric particles
•• Superheavy particlesSuperheavy particles
•• Sterile Neutrinos Sterile Neutrinos 
•• Many others Many others ……
(but usually not experimentally(but usually not experimentally
accessible)accessible)

Search for new physics at E Search for new physics at E ≫≫ TeVTeV
in lowin low--energy experimentsenergy experiments
(Axions Nambu(Axions Nambu--Goldstone boson ofGoldstone boson of
spontaneously broken symmetry)spontaneously broken symmetry)

•• Neutrino masses (seeNeutrino masses (see--saw)saw)
•• Proton decayProton decay
•• Neutron electric dipole momentNeutron electric dipole moment
•• Deviation from NewtonDeviation from Newton’’s laws law

(e.g. large extra dimensions)(e.g. large extra dimensions)

Solve strong CP problemSolve strong CP problem
by Pecceiby Peccei--QuinnQuinn
dynamical symmetry restorationdynamical symmetry restoration

•• Massless upMassless up--quarkquark
•• Spontaneous CP violationSpontaneous CP violation
•• set at some high energy scaleset at some high energy scale

(no radiative corrections)(no radiative corrections)
0=Θ 0=Θ
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E E ≈≈ ffaa

•• UUPQPQ(1) spontaneously broken (1) spontaneously broken 
•• Higgs field settles in Higgs field settles in 
““Mexican hatMexican hat””

aa

V(a)V(a)

E E ≈≈ ΛΛQCD QCD ≪≪ ffaa

•• UUPQPQ(1) explicitly broken (1) explicitly broken 
byby instantoninstanton effects effects 

•• Mexican hat tiltsMexican hat tilts
•• AxionsAxions acquire a massacquire a mass

aa

V(a)V(a)

ΘΘ=0=0
__

Axions as Pseudo NambuAxions as Pseudo Nambu--Goldstone BosonsGoldstone Bosons

•• The realization of the PecceiThe realization of the Peccei--Quinn mechanism involves a new chiral Quinn mechanism involves a new chiral 
U(1)  symmetry,  spontaneously broken at a scale fU(1)  symmetry,  spontaneously broken at a scale faa

•• Axions are the corresponding NambuAxions are the corresponding Nambu--Goldstone modeGoldstone mode
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Production of Cold Axion Population in the Early UniverseProduction of Cold Axion Population in the Early Universe

Approximate axionApproximate axion
cold dark matter densitycold dark matter density
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Inflation after PQ symmetry breaking Inflation after PQ symmetry breaking 

Homogeneous mode oscillates afterHomogeneous mode oscillates after
T T ≲≲ ΛΛQCDQCD

Dependence on initial misalignmentDependence on initial misalignment
angleangle

ia Θ∝Ω ia Θ∝Ω

Reheating restores PQ symmetry Reheating restores PQ symmetry 

•• Cosmic strings of broken UCosmic strings of broken UPQPQ(1)(1)
form by Kibble mechanismform by Kibble mechanism

•• Radiate longRadiate long--wavelength axionswavelength axions
•• ΩΩaa independent of initial conditionsindependent of initial conditions

Inhomogeneities of axion field large,Inhomogeneities of axion field large,
selfself--couplings lead to formation of couplings lead to formation of 
minimini--clustersclusters
Typical propertiesTypical properties
•• Mass   Mass   ~ 10~ 10−−1212 MMsunsun
•• Radius ~ 10Radius ~ 101010 cmcm
•• Mass fraction up to several 10%Mass fraction up to several 10%

•• Isocurvature fluctuations from largeIsocurvature fluctuations from large
quantum fluctuations of masslessquantum fluctuations of massless
axion field created during inflationaxion field created during inflation

•• Strong CMBR bounds on isocurvature Strong CMBR bounds on isocurvature 
fluctuationsfluctuations

•• Scale of inflation required to beScale of inflation required to be
very small very small ΛΛII ≲≲ 10101313 GeVGeV

[Beltr[Beltráán, Garcn, Garcííaa--Bellido & LesgourguesBellido & Lesgourgues
hephep--ph/0606107]ph/0606107]
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Search for GalacticSearch for Galactic Axions (Cold Dark Matter)Axions (Cold Dark Matter)

PowerPower

FrequencyFrequency mmaa

AxionAxion SignalSignal

Thermal noise of Thermal noise of 
cavity & detectorcavity & detector

Power of galacticPower of galactic axionaxion signalsignal

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

×

ρ
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
π

×

⎟
⎠
⎞

⎜
⎝
⎛×

−

−

325
aa

5

2

3
21

cm/g105GHz2
m

10

Q
T5.8

B

m22.0

V
W104

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

×

ρ
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
π

×

⎟
⎠
⎞

⎜
⎝
⎛×

−

−

325
aa

5

2

3
21

cm/g105GHz2
m

10

Q
T5.8

B

m22.0

V
W104

Microwave EnergiesMicrowave Energies
(1 GHz (1 GHz ≈≈ 44 μμeVeV))

DM axionsDM axions
Velocities in galaxyVelocities in galaxy
Energies thereforeEnergies therefore

mmaa = 10= 10--3000 3000 μμeVeV
vvaa ≈≈ 1010−−33 cc
EEaa ≈≈ (1(1 ±± 1010−−66) m) maa

Axion HaloscopeAxion Haloscope (Sikivie(Sikivie 1983)1983)

BBextext ≈≈ 8 Tesla8 Tesla

Microwave Microwave 
ResonatorResonator
Q Q ≈≈ 101055

PrimakoffPrimakoff ConversionConversion
γγaa

BBextext

CavityCavity
overcomesovercomes
momentummomentum
mismatchmismatch
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Kinion 1Kinion 1

Darin Kinion (ADMX Collaboration) at Neutrino 2006, Santa FeDarin Kinion (ADMX Collaboration) at Neutrino 2006, Santa Fe

See parallel talk atSee parallel talk at
the workshop herethe workshop here

byby
Gianpaolo CarosiGianpaolo Carosi
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Kinion 3Kinion 3

Darin Kinion (ADMX Collaboration) at Neutrino 2006, Santa FeDarin Kinion (ADMX Collaboration) at Neutrino 2006, Santa Fe
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Axion Dark Matter SearchesAxion Dark Matter Searches

Limits/sensitivities, Limits/sensitivities, assuming axions are the galactic dark matter assuming axions are the galactic dark matter 

1. Rochester1. Rochester--BrookhavenBrookhaven--
FermilabFermilab
PRD 40 (1989) 3153PRD 40 (1989) 3153

2. University of Florida2. University of Florida
PRD 42 (1990) 1297PRD 42 (1990) 1297

3. US Axion Search 3. US Axion Search 
(Livermore)(Livermore)
ApJL 571 (2002) L27ApJL 571 (2002) L27

4. CARRACK I (Kyoto)4. CARRACK I (Kyoto)
preliminarypreliminary
hephep--ph/0101200ph/0101200

44

112233

5. ADMX (Livermore)5. ADMX (Livermore)
foreseenforeseen
e.g. Rev. Mod. Phys.e.g. Rev. Mod. Phys.
75 (2003) 777 75 (2003) 777 

55
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Axion Hot Dark Matter from Thermalization after Axion Hot Dark Matter from Thermalization after ΛΛQCDQCD

FreezeFreeze--out temperatureout temperature

Cosmic thermal degrees ofCosmic thermal degrees of
freedom at axion freezefreedom at axion freeze--outout

Cosmic thermal degrees ofCosmic thermal degrees of
freedom freedom 
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LeeLee--Weinberg Curve for Neutrinos andWeinberg Curve for Neutrinos and AxionsAxions

log(log(ΩΩaa))

log(mlog(maa))

ΩΩMM

1010 eVeV1010 μμeVeV

CDMCDM HDMHDM

AxionsAxions

Thermal RelicsThermal Relics
NonNon--ThermalThermal

RelicsRelics

log(log(ΩΩνν))

log(log(mmνν))

ΩΩMM

1010 eVeV

CDMCDMHDMHDM

1010 GeVGeV

NeutrinosNeutrinos

Thermal RelicsThermal Relics
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StructureStructure--Formation Exclusion Range for AxionsFormation Exclusion Range for Axions

Hadronic axions

Hannestad,Hannestad,
Mirizzi &Mirizzi &
Raffelt,Raffelt,
hephep--ph/0504059ph/0504059
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Mass Limits on Hot Dark Matter Axions and NeutrinosMass Limits on Hot Dark Matter Axions and Neutrinos

9595%% CLCL 9595%% CLCL

Σ

Hannestad, Mirizzi & RaffeltHannestad, Mirizzi & Raffelt
hephep--ph/0504059ph/0504059

Hannestad, astroHannestad, astro--ph/0409108ph/0409108
(Seesaw proceedings, Paris, 2004)(Seesaw proceedings, Paris, 2004)

AxionsAxions

mmaa < 1.05 eV (95< 1.05 eV (95%% CL)CL)

NeutrinosNeutrinos

ΣΣmmνν < 0.65 eV (95< 0.65 eV (95%% CL)CL)
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LateLate--time signal most sensitive observabletime signal most sensitive observable

Supernova 1987A EnergySupernova 1987A Energy--Loss ArgumentLoss Argument

NeutrinoNeutrino
spheresphere

NeutrinoNeutrino
diffusiondiffusion

Emission of very weakly interactingEmission of very weakly interacting
particles would  particles would  ““stealsteal”” energy from theenergy from the
neutrino burst and shorten it.neutrino burst and shorten it.
(Early neutrino burst powered by accretion,(Early neutrino burst powered by accretion,
not sensitive to volume energy loss.)not sensitive to volume energy loss.)

Volume emissionVolume emission
of novel particlesof novel particles

SN 1987A neutrino signalSN 1987A neutrino signal
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DirectDirect
searchsearch

Cold Dark MatterCold Dark Matter

TeleTele
scopescopeExperimentsExperiments

Globular clustersGlobular clusters
(a(a--γγ--coupling)coupling)

Too manyToo many
eventsevents

Too muchToo much
energy lossenergy loss

SN 1987A (aSN 1987A (a--NN--coupling)coupling)

Astrophysical Axion BoundsAstrophysical Axion Bounds

101033 101066 101099 10101212 [[GeVGeV]] ffaa

eVeVkeVkeV meVmeV μμeVeVmmaa

Hot dark matter limitsHot dark matter limits
(a(a--ππ--coupling)coupling)

CASTCAST ADMXADMX
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AlpsAlpsAxionAxion--like particles (ALPs)like particles (ALPs)
(Pseudo)(Pseudo)--scalar particles with a twoscalar particles with a two--photon vertexphoton vertex
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Particles with TwoParticles with Two--Photon CouplingPhoton Coupling

Particles with twoParticles with two--photon vertex:photon vertex:
•• Neutral pions (Neutral pions (ππ00), Gravitons), Gravitons
•• Axions (a) and similar hypothetical particlesAxions (a) and similar hypothetical particles

aBEgL aa
rr
⋅= γγ aBEgL aa
rr
⋅= γγ

TwoTwo--photonphoton
decaydecay π

=Γ γ
γ 64

mg 3
a

2
a

a π
=Γ γ

γ 64

mg 3
a

2
a

a
PhotonPhoton
CoalescenceCoalescence

PrimakoffPrimakoff
EffectEffect

Conversion of photons intoConversion of photons into
pions, gravitons orpions, gravitons or axionsaxions, , 
or the reverseor the reverse

Magnetically Magnetically 
induced vacuuminduced vacuum
birefringencebirefringence

In addition to QED In addition to QED 
CottonCotton--MoutonMouton--effecteffect

PVLAS experiment currently measures anPVLAS experiment currently measures an
effect ~ 10effect ~ 1044 larger than QED expectationlarger than QED expectation
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Search for SolarSearch for Solar AxionsAxions

γγ aa

SunSun

PrimakoffPrimakoff
productionproduction

Axion Helioscope (Sikivie 1983)Axion Helioscope (Sikivie 1983)

γγ
Magnet Magnet SS

NN
aa

AxionAxion--PhotonPhoton--OscillationOscillation

TokyoTokyo Axion HelioscopeAxion Helioscope
(Results since 1998)(Results since 1998)

CERNCERN AxionAxion Solar Telescope (CAST)Solar Telescope (CAST)
(Data since 2003)(Data since 2003)

Axion  fluxAxion  flux

Alternative technique: Alternative technique: 
Bragg conversion in crystalBragg conversion in crystal
Experimental limits on solar axion fluxExperimental limits on solar axion flux
from darkfrom dark--matter experimentsmatter experiments
(SOLAX, COSME, DAMA, ...)(SOLAX, COSME, DAMA, ...)
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LHC Magnet Mounted as a Telescope to Follow the SunLHC Magnet Mounted as a Telescope to Follow the Sun
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CAST Movies (1)CAST Movies (1)
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CAST MovingCAST Moving
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Expected XExpected X--Ray Flux at CASTRay Flux at CAST

Solar axion flux at Earth Solar axion flux at Earth 2
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(Cross section 2(Cross section 2××14 cm14 cm22) ) 
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Integrated exposure time Integrated exposure time 
((±±4040ºº horizontal  and  horizontal  and  
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per yearper year FourthFourth--powerpower

dependence:dependence:
Weak sensitivity gain Weak sensitivity gain 
with exposure timewith exposure time
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CAST Focussing XCAST Focussing X--Ray TelescopeRay Telescope

One spare mirror system from the failed Abrixas xOne spare mirror system from the failed Abrixas x--rayray
satellitesatellite

•• From 43 mm From 43 mm ∅∅ (LHC magnet aperture)  to ~3 mm (LHC magnet aperture)  to ~3 mm ∅∅
•• Signal/background improvement > 100Signal/background improvement > 100
•• Signal and background simultaneously measuredSignal and background simultaneously measured
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Sun Spot on CCD with XSun Spot on CCD with X--Ray TelescopeRay Telescope



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany The Hunt for Dark Matter, 10-12 May 2007, Fermilab, Illinois

CAST Exclusion Range (2003CAST Exclusion Range (2003--2004 Data)2004 Data)

CAST Results:CAST Results:

PRL 94:121301 (2005) PRL 94:121301 (2005) 
(hep(hep--ex/0411033)ex/0411033)

JCAP, in pressJCAP, in press
hephep--ex/0702006ex/0702006

Anticipated sensitivityAnticipated sensitivity
with variablewith variable--pressurepressure
helium fillinghelium filling

For the first timeFor the first time
covers QCD axioncovers QCD axion
parametersparameters
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Preliminary Limits from HePreliminary Limits from He--4 Filling Phase (CAST II)4 Filling Phase (CAST II)
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ALP Signatures in Laser ExperimentsALP Signatures in Laser Experiments

Particles with twoParticles with two--photon vertex:photon vertex:
•• Neutral pions (Neutral pions (ππ00), Gravitons), Gravitons
•• Axions (a) and similar hypothetical particlesAxions (a) and similar hypothetical particles

aBEgL aa
rr
⋅= γγ aBEgL aa
rr
⋅= γγ

PrimakoffPrimakoff
effecteffect

Magnetically induced Magnetically induced 
vacuum birefringencevacuum birefringence
(Cotton(Cotton--Mouton effect,Mouton effect,
also caused by QED)also caused by QED)

DichroismDichroism
(Rotation of plane of(Rotation of plane of
polarization by losspolarization by loss
of one componentof one component
into ALP channel)into ALP channel)

Ellipticity of beamEllipticity of beam
that was originallythat was originally
linearly polarizedlinearly polarized
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Cantatore 12Cantatore 12



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany The Hunt for Dark Matter, 10-12 May 2007, Fermilab, Illinois

Cantatore 20Cantatore 20
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The PVLAS Dichroism SignalThe PVLAS Dichroism Signal

PVLAS, PRL 96:110406 (2006), hepPVLAS, PRL 96:110406 (2006), hep--ex/0507107 ex/0507107 
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Cantatore 35Cantatore 35
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Do Axions Escape from the Sun?Do Axions Escape from the Sun?

Primakoff conversion rate in the static limit (no recoil, screenPrimakoff conversion rate in the static limit (no recoil, screening included)ing included)
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Conversion rate Conversion rate γγ →→ aa for given energy identical to reverse rate for given energy identical to reverse rate aa →→ γγ
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Example of Sun for EExample of Sun for Eaa = 4 keV, near center of Sun (k= 4 keV, near center of Sun (kSS = 9 keV)= 9 keV)
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Even for PVLAS particle interpretation with gEven for PVLAS particle interpretation with g1010 ≈≈ 55 ××10104 4 several orders ofseveral orders of
magnitude to sparemagnitude to spare

sun
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a L105)PVLAS(L ×≈ sun
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Sun would burn out in about 1000 years!Sun would burn out in about 1000 years!
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What if axionWhat if axion--like particles are like particles are ““trappedtrapped””??

Radiative energy transferRadiative energy transfer
Photons transport energy over a distance ~ 1 mean free path (mfpPhotons transport energy over a distance ~ 1 mean free path (mfp))

To be harmless, a To be harmless, a ““trappedtrapped”” lowlow--mass particle species, e.g., axionmass particle species, e.g., axion--like particles,like particles,
must have a mfp approximately less than photons (in the Sun ~ 10must have a mfp approximately less than photons (in the Sun ~ 10 cm)cm)

T

r

γγ

A new lowA new low--mass particle has the strongest effect on a starmass particle has the strongest effect on a star
when its mfp is of order the geometric dimensions of the star!when its mfp is of order the geometric dimensions of the star!

Raffelt & Starkman, Raffelt & Starkman, ““Stellar energy transfer by keVStellar energy transfer by keV--mass scalarsmass scalars””,,
Phys. Rev. D 40, 942 (1989)Phys. Rev. D 40, 942 (1989)
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AlpsAlpsPVLASPVLAS--Inspired ALPs IndustryInspired ALPs Industry

•• PVLAS paper (PRL 96:110406,2006, hepPVLAS paper (PRL 96:110406,2006, hep--ex/0507107)ex/0507107)
has 102 citations as of April 2007 has 102 citations as of April 2007 

•• Numerous theory papers to reconcile PVLASNumerous theory papers to reconcile PVLAS
particle interpretation withparticle interpretation with
stellar energystellar energy--loss limits and with CAST limits loss limits and with CAST limits 

•• About half a dozen experimental projects to testAbout half a dozen experimental projects to test
PVLAS particle interpretation by photon regenerationPVLAS particle interpretation by photon regeneration
(DESY, CERN, Jefferson Lab, Toulouse, PVLAS, (DESY, CERN, Jefferson Lab, Toulouse, PVLAS, 
Fermilab Fermilab ……))

•• Astrophysical consequences for photon propagationAstrophysical consequences for photon propagation
in ubiquitous Bin ubiquitous B--fieldsfields
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Photon Regeneration ExperimentsPhoton Regeneration Experiments

Single pass Single pass 

ResonantResonant
cavities oncavities on
generation &generation &
regenerationregeneration
sideside

hephep--ph/0701198ph/0701198

““Shining light through a wallShining light through a wall””
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Depletion of TeV Gammas from Galactic CenterDepletion of TeV Gammas from Galactic Center

Mirizzi, Raffelt & Serpico,Mirizzi, Raffelt & Serpico,
Signatures of axionSignatures of axion--likelike
particles in TeV gammaparticles in TeV gamma--
ray sources,ray sources,
arXiv:0704.3044arXiv:0704.3044
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Technological Applications of PVLAS ParticlesTechnological Applications of PVLAS Particles

arXiv:0704.0490v1 [heparXiv:0704.0490v1 [hep--ph] ph] 


