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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 non-relativisticallynon-relativistically
 ( (““non-thermal relicsnon-thermal relics””))

  !!  ““Cold dark matterCold dark matter””

      candidate       candidate 
      m      maa ~ 1 ~ 1--1000 1000 µµeVeV

Search for Axion Dark MatterSearch for Axion Dark Matter

SS

NN

""aa

BBextext

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

                                              PrimakoffPrimakoff

                       conversion                       conversion

Particle-Physics MotivationParticle-Physics Motivation

  CP conservation in QCD byCP conservation in QCD by

 Peccei-Quinn mechanism Peccei-Quinn mechanism

  For  fFor  faa  !! f f##  axions are   axions are ““invisibleinvisible””

 and very light and very light

  !!  AxionsAxions  a  a ~  ~ ##00

            mm##ff##
    $$  m  maaffaa

""

""

aa

Solar and Stellar AxionsSolar and Stellar Axions

  Axions thermally produced in stars,Axions thermally produced in stars,

 e.g. by Primakoff e.g. by Primakoff production production

•• Limits from avoiding excessive Limits from avoiding excessive
   energy drain   energy drain
•• Search Search  forfor  solarsolar  axionsaxions  (CAST, Sumico)(CAST, Sumico)  

aa""
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CP Violation in Particle PhysicsCP Violation in Particle Physics

Discrete symmetries in particle physicsDiscrete symmetries in particle physics

C - Charge conjugation, transforms particles to antiparticlesC - Charge conjugation, transforms particles to antiparticles
     violated by weak interactions     violated by weak interactions

P - Parity, changes left-handedness to right-handednessP - Parity, changes left-handedness to right-handedness
     violated by weak interactions     violated by weak interactions

T - Time reversal, changes direction of motion (forward to backward)T - Time reversal, changes direction of motion (forward to backward)

CPT - exactly conserved in quantum field theoriesCPT - exactly conserved in quantum field theories

CP CP –– conserved by all gauge interactions conserved by all gauge interactions
          - violated by three-flavor quark mixing matrix (Cabbibo-Kobayashi-Maskawa)- violated by three-flavor quark mixing matrix (Cabbibo-Kobayashi-Maskawa)

M. KobayashiM. Kobayashi T. MaskawaT. Maskawa

Physics Nobel Prize 2008Physics Nobel Prize 2008

All known CP-violating effects derive from aAll known CP-violating effects derive from a
single phase in the quark mass matrixsingle phase in the quark mass matrix
(Kobayashi-Maskawa phase), (Kobayashi-Maskawa phase), 
i.e. from complex Yukawa couplingsi.e. from complex Yukawa couplings
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 Experimental limits:                              Why so small? Experimental limits:                              Why so small?  

The CP Problem of Strong InteractionsThe CP Problem of Strong Interactions

RealReal
quark massquark mass

Phase fromPhase from
Yukawa couplingYukawa coupling

CP-oddCP-odd
quantity ~Equantity ~E%%BB

AngularAngular
variablevariable

Remove phase of mass term by chiral phase transformation of quark fieldsRemove phase of mass term by chiral phase transformation of quark fields

••     can be traded between quark phases and       term     can be traded between quark phases and       term

•• Induces a large neutron electric dipole moment (a CP-violating quantity) Induces a large neutron electric dipole moment (a CP-violating quantity)
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Dynamical SolutionDynamical Solution

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

  Re-interpret      asRe-interpret      as
 a dynamical variable  a dynamical variable 
 (scalar field) (scalar field) PecceiPeccei-Quinn scale,-Quinn scale,

Axion decay constantAxion decay constant

Pseudo-scalarPseudo-scalar axion axion field field

Pion decay constantPion decay constant

 Axions generically couple Axions generically couple

 to gluons and mix with  to gluons and mix with ##00

gluongluon

aa
gluongluon

aa

V(a)V(a) Potential (mass term)Potential (mass term)
induced by Linduced by LCP CP drivesdrives
a(x) to CP-conservinga(x) to CP-conserving
minimumminimum

CP-symmetry CP-symmetry 
dynamically restoreddynamically restored
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Peccei-Quinn Mechanism Proposed in 1977Peccei-Quinn Mechanism Proposed in 1977
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GravityGravity
SymmetricSymmetric

relativerelative

to gravityto gravity

Pool tablePool table

New degree New degree 

of freedomof freedom

!!  AxionAxion

&&
__

(Weinberg 1978, Wilczek 1978)(Weinberg 1978, Wilczek 1978)

AxisAxis

SymmetrySymmetry

dynamicallydynamically

restoredrestored
  (Peccei & Quinn 1977)  (Peccei & Quinn 1977)

The Pool Table AnalogyThe Pool Table Analogy

P.P.SikivieSikivie, Physics Today, Dec. 1996, pg. 22, Physics Today, Dec. 1996, pg. 22

SymmetrySymmetry

brokenbroken
FloorFloor

 inclined inclined

ffaa
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30 Years of Axions30 Years of Axions
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Properties of the        termProperties of the        term

 CP-violating term in QCD Lagrangian  CP-violating term in QCD Lagrangian 

 Physically relevant quantity in path integral   Physically relevant quantity in path integral  

       term is total divergence of the Bardeen current K,       term is total divergence of the Bardeen current K,
 constructed from color gauge fields constructed from color gauge fields

•• Only surface integral at infinity contributes to action Only surface integral at infinity contributes to action
•• Naively vanishes if gauge fields fall off fast enough Naively vanishes if gauge fields fall off fast enough

 Non-zero because of topologically nontrivial gauge-field Non-zero because of topologically nontrivial gauge-field
 configurations (instantons) with winding number n configurations (instantons) with winding number n

•• Integer quantity related to winding numbers of n-vacua Integer quantity related to winding numbers of n-vacua
••  && an angle variable in the interval  an angle variable in the interval ['#, +#['#, +#]]

 & &-vacuum is gauge invariant and stable against tunneling-vacuum is gauge invariant and stable against tunneling
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Relation of the        Term to the Quark SectorRelation of the        Term to the Quark Sector

For massless quarksFor massless quarks
seemingly invariant against chiral transformationsseemingly invariant against chiral transformations

•• Adler-Bell-Jackiw anomaly of axial vector current Adler-Bell-Jackiw anomaly of axial vector current
•• Same structure as L Same structure as LCPCP    

•• Chiral transformation of quark field shifts  Chiral transformation of quark field shifts &&
••  && can be absorbed in phase of quark fields can be absorbed in phase of quark fields

 For massive quarks shows up in phase of mass For massive quarks shows up in phase of mass

•• Physically relevant parameter is Physically relevant parameter is
••  &&QCDQCD can be  can be ““rotated awayrotated away”” into phase of M into phase of Mqq

 Neutron EDM vanishes if m Neutron EDM vanishes if muu or m or md d = 0= 0

 CP-violating term in QCD Lagrangian  CP-violating term in QCD Lagrangian 



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany  Seminar at CEA Saclay, 4 Feb 2009, Gif-sur-Yvette, France

The Cleansing AxionThe Cleansing Axion

““I named them after a laundryI named them after a laundry
 detergent, since they clean up detergent, since they clean up
 a problem with an axial current. a problem with an axial current.””
(Nobel lecture 2004, written version)(Nobel lecture 2004, written version)

Frank WilczekFrank Wilczek
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•• New U(1) symmetry, spontaneously broken at a large scale f New U(1) symmetry, spontaneously broken at a large scale faa

•• Axion is  Axion is ““phasephase”” of new Higgs field: angular variable a(x)/f of new Higgs field: angular variable a(x)/faa  

•• By construction couples to GG term By construction couples to GG term
   with strength    with strength ((ss/8/8#, #, e.g. triangle loope.g. triangle loop

   with new heavy quark as in KSVZ model   with new heavy quark as in KSVZ model

•• Mixes with  Mixes with ##00--))--))’’ mesons mesons

•• Axion mass  Axion mass 
   (vanishes if m   (vanishes if muu or m or mdd = 0) = 0)

Axions as Nambu-Goldstone BosonsAxions as Nambu-Goldstone Bosons

E E $$  ffaa

Periodic variable (angle)Periodic variable (angle)

~~
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Spontaneous and Explicit Breaking of PQ SymmetrySpontaneous and Explicit Breaking of PQ Symmetry

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

•• Axions are the corresponding Nambu-Goldstone mode Axions are the corresponding Nambu-Goldstone mode

E E ~~  ffaa

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

aa

V(a)V(a)

E E ~ ~ **QCD QCD "" f faa

•• U UPQPQ(1) explicitly broken(1) explicitly broken
   by   by instanton instanton effects effects
•• Mexican hat tilts Mexican hat tilts
•• Axions Axions acquire a mass acquire a mass

aa

V(a)V(a)

&&=0=0
__
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AxionAxion Properties Properties

Mass (generic)Mass (generic)

Nucleon couplingNucleon coupling
(axial vector)(axial vector)

NN

NN

aa

Electron couplingElectron coupling
(optional)(optional)

ee

ee
aa

Gluon couplingGluon coupling
(generic)(generic)

aa
GG

GG

Photon couplingPhoton coupling

""

""
aa

Pion couplingPion coupling

aa

####

##
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From Standard to Invisible AxionsFrom Standard to Invisible Axions

Standard ModelStandard Model Standard AxionStandard Axion

Weinberg 1978, Wilczek 1978Weinberg 1978, Wilczek 1978

Invisible AxionInvisible Axion

Kim 1979,   Shifman,Kim 1979,   Shifman,
Vainshtein, Zakharov 1980,Vainshtein, Zakharov 1980,
Dine,Dine,  Fischler,Fischler,  SrednickiSrednicki  19811981
Zhitnitsky 1980Zhitnitsky 1980

 All Higgs degrees of All Higgs degrees of
 freedom are used up freedom are used up

•• Peccei-Quinn scale Peccei-Quinn scale
      ffaa = f = fewew  
   (electroweak scale)   (electroweak scale)    

•• Two Higgs fields, Two Higgs fields,
   separately giving mass   separately giving mass
   to up-type quarks and   to up-type quarks and
   down-type quarks   down-type quarks

•• Additional Higgs with Additional Higgs with
      ffaa  !! f fewew  

•• Axions very light and Axions very light and
   and very weakly   and very weakly
   interacting   interacting

 No room for No room for
 Peccei-Quinn symmetry Peccei-Quinn symmetry
 and axions and axions

Standard axions quicklyStandard axions quickly
ruled out experimentallyruled out experimentally

•• New scale required New scale required

•• Axions can be Axions can be
   cold dark matter   cold dark matter

•• Can be detected Can be detected
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DirectDirect
searchsearch

Too muchToo much
cold dark mattercold dark matter

TeleTele
scopescope

ExperimentsExperiments

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

Too manyToo many
eventsevents

Too muchToo much
energy lossenergy loss

SN 1987A (a-N-coupling)SN 1987A (a-N-coupling)

Axion BoundsAxion Bounds

101033 101066 101099 10101212    
  
[[GeVGeV]]  f  faa    

eVeVkeVkeV meVmeV µµeVeVmmaa

Too much hot dark matterToo much hot dark matter

CASTCAST ADMXADMX

ClassicClassic
regionregion

AnthropicAnthropic
regionregion
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Supernova 1987A Energy-Loss ArgumentSupernova 1987A Energy-Loss Argument

NeutrinoNeutrino
spheresphere

    NeutrinoNeutrino

   diffusion   diffusion

Late-time signal most sensitive observableLate-time signal most sensitive observable

Emission of very weakly interactingEmission of very weakly interacting
particles would  particles would  ““stealsteal”” energy from the energy 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 emission Volume emission

 of novel particles of novel particles

SN 1987A neutrino signalSN 1987A neutrino signal
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Creation of Cosmological AxionsCreation of Cosmological Axions

T T ~~  ffa a (very early universe)(very early universe)

•• U UPQPQ(1) spontaneously broken(1) spontaneously broken

•• Higgs field settles in  Higgs field settles in 
    ““Mexican hatMexican hat””

•• Axion field sits fixed at Axion field sits fixed at
   a   a11 =  = &&11 f faa  

aa

V(a)V(a)

aa

V(a)V(a)

&&=0=0
__

T T ~~  1 GeV 1 GeV (H ~ 10(H ~ 10''99 eV) eV)

•• Axion mass turns on quickly Axion mass turns on quickly
   by thermal    by thermal instanton gasinstanton gas

•• Field starts oscillating when Field starts oscillating when
   m   maa  ≳≳ 3H 3H

•• Classical field oscillations Classical field oscillations
   (axions at rest)   (axions at rest)

•• Axion number density in comoving volume conserved Axion number density in comoving volume conserved

•• Axion mass density today: Axion mass density today:
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Series of Papers on Axion Cosmology in PLB 120 (1983)Series of Papers on Axion Cosmology in PLB 120 (1983)

Page 127
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Series of Papers on Axion Cosmology in PLB 120 (1983)Series of Papers on Axion Cosmology in PLB 120 (1983)

Page 133
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Series of Papers on Axion Cosmology in PLB 120 (1983)Series of Papers on Axion Cosmology in PLB 120 (1983)

Page 137
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Killing Two Birds with One StoneKilling Two Birds with One Stone

Peccei-Quinn mechanismPeccei-Quinn mechanism
•• Solves strong CP problem Solves strong CP problem
•• May provide dark matter May provide dark matter
   in the form of axions   in the form of axions
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Lee-Weinberg Curve for Neutrinos andLee-Weinberg Curve for Neutrinos and Axions Axions

log(log(++aa))

log(mlog(maa))

++MM

1010 eV eV 10 10  µµeVeV

CDMCDM HDMHDM

AxionsAxions

Thermal RelicsThermal Relics
Non-ThermalNon-Thermal

RelicsRelics

log(log(++,,))

log(log(mm,,))

++MM

1010 eV eV

CDMCDMHDMHDM

1010 GeV GeV

NeutrinosNeutrinos

& WIMPs& WIMPs

Thermal RelicsThermal Relics
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Cold Axion ProductionCold Axion Production

  Approximate axion  Approximate axion
  cold dark matter density  cold dark matter density

Reheating restores PQ symmetry Reheating restores PQ symmetry 

•• Cosmic strings of broken U Cosmic strings of broken UPQPQ(1)(1)
   form by Kibble mechanism   form by Kibble mechanism
•• Radiate long-wavelength axions Radiate long-wavelength axions
••  ++aa independent of initial conditions independent of initial conditions

•• N = 1 or else domain wall problem N = 1 or else domain wall problem

Inhomogeneities of axion field large,Inhomogeneities of axion field large,
self-couplings lead to formation of self-couplings lead to formation of 
mini-clustersmini-clusters
Typical propertiesTypical properties
•• Mass    Mass     ~ 10~ 10''1212 M Msunsun
•• Radius ~ 10 Radius ~ 101010 cm cm
•• Mass fraction up to several 10% Mass fraction up to several 10%

Inflation after PQ symmetry breaking Inflation after PQ symmetry breaking 

Homogeneous mode oscillates afterHomogeneous mode oscillates after
                                            T T ≲≲  **QCDQCD

Dependence on initial misalignmentDependence on initial misalignment
angleangle

•• Isocurvature fluctuations from large Isocurvature fluctuations from large
   quantum fluctuations of massless   quantum fluctuations of massless
   axion field created during inflation   axion field created during inflation
•• Strong CMBR bounds on isocurvature  Strong CMBR bounds on isocurvature 
   fluctuations   fluctuations
•• Scale of inflation required to be Scale of inflation required to be
   very small    very small **II  ≲≲ 10 101313 GeV GeV

[e.g. Beltrán et al. hep-ph/0606107[e.g. Beltrán et al. hep-ph/0606107
 Hertzberg et al., arXiv:0807.1726] Hertzberg et al., arXiv:0807.1726]
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Strings form by Kibble mechanismStrings form by Kibble mechanism
after break-down of Uafter break-down of UPQPQ(1)(1)

Small loops form by self-intersectionSmall loops form by self-intersection 

AxionsAxions from Cosmic Strings from Cosmic Strings

PaulPaul Shellard Shellard
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Axion Mini ClustersAxion Mini Clusters

The inhomogeneities of the axion field are large, leading to bound objects,The inhomogeneities of the axion field are large, leading to bound objects,
““axion mini clustersaxion mini clusters””.  [Hogan & Rees, PLB 205 (1988) 228.] .  [Hogan & Rees, PLB 205 (1988) 228.] 
Self-coupling of axion field crucial for dynamics.Self-coupling of axion field crucial for dynamics.

Typical mini cluster properties:Typical mini cluster properties:

Mass   ~ 10Mass   ~ 10''1212 M Msunsun

Radius ~ 10Radius ~ 101010 cm cm
Mass fraction up to several 10Mass fraction up to several 10%%

   Potentially detectable with    Potentially detectable with 
   gravitational femtolensing   gravitational femtolensing

Distribution of axion energy density. Distribution of axion energy density. 
2-dim slice of comoving length 0.25 pc2-dim slice of comoving length 0.25 pc
[Kolb & Tkachev, ApJ 460 (1996) L25][Kolb & Tkachev, ApJ 460 (1996) L25]
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Inflation, Axions, and the Anthropic PrincipleInflation, Axions, and the Anthropic Principle

•• Axion dark matter density determined Axion dark matter density determined
   by the initial random number    by the initial random number &&i i   

•• Is different in different patches of the universe Is different in different patches of the universe

•• Our universe, after inflation, from a single patch Our universe, after inflation, from a single patch

Natural case for anthropic selection effectsNatural case for anthropic selection effects
concerning the observed dark matter density relative to baryonsconcerning the observed dark matter density relative to baryons

•• Linde,  Linde, ““Inflation and Axion Cosmology,Inflation and Axion Cosmology,”” PLB 201:437, 1988 PLB 201:437, 1988

•• Tegmark, Aguirre, Rees & Wilczek, Tegmark, Aguirre, Rees & Wilczek,
      ““Dimensionless constants, cosmology and other dark matters,Dimensionless constants, cosmology and other dark matters,””
   PRD 73, 023505 (2006) [arXiv:astro-ph/0511774]   PRD 73, 023505 (2006) [arXiv:astro-ph/0511774]    

LateLate

inflationinflation

scenarioscenario

ofof

axionaxion

cosmologycosmology Axion dark matter fraction is a random number,Axion dark matter fraction is a random number,

chosen by spontaneous symmetry breaking processchosen by spontaneous symmetry breaking process

  A small initial   A small initial && not unnatural not unnatural

  f  faa  !! 10 101212 GeV (e.g. GUT scale or string-inspired) not excluded GeV (e.g. GUT scale or string-inspired) not excluded
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Creation of Adiabatic vs. Isocurvature PerturbationsCreation of Adiabatic vs. Isocurvature Perturbations

Inflaton fieldInflaton field Axion fieldAxion field

Slow rollSlow roll

ReheatingReheating

De Sitter expansion imprintsDe Sitter expansion imprints
scale invariant fluctuationsscale invariant fluctuations

Inflaton decay Inflaton decay !! matter & radiation matter & radiation

Fluctuations in both (adiabatic) Fluctuations in both (adiabatic) 

De SitterDe Sitter
expansionexpansion
imprintsimprints
scale invariantscale invariant
fluctuationsfluctuations

Inflaton decay Inflaton decay !! radiation radiation
Axion field oscillates late Axion field oscillates late !! matter matter

Fluctuations of matter relative toFluctuations of matter relative to
radiationradiation: Entropy fluctuations: Entropy fluctuations
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Sky map of CMBR temperatureSky map of CMBR temperature
fluctuationsfluctuations
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Power Spectrum of CMBR Temperature FluctuationsPower Spectrum of CMBR Temperature Fluctuations

MultipoleMultipole expansion expansion
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Angular power spectrumAngular power spectrum

Acoustic PeaksAcoustic Peaks
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Adiabatic vs. Isocurvature Temperature FluctuationsAdiabatic vs. Isocurvature Temperature Fluctuations

Adapted from Fox, Pierce & Thomas, hep-th/0409059Adapted from Fox, Pierce & Thomas, hep-th/0409059
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Axion Limits from Isocurvature FluctuationsAxion Limits from Isocurvature Fluctuations

Hertzberg, Tegmark & Wilczek, PRD 78 (2008) 083507Hertzberg, Tegmark & Wilczek, PRD 78 (2008) 083507
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PLANCK Satellite PLANCK Satellite ' ' Launch in Early April 2009Launch in Early April 2009
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PLANCK SatellitePLANCK Satellite
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DirectDirect
searchsearch

Too muchToo much
cold dark mattercold dark matter

TeleTele
scopescope

ExperimentsExperiments

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

Too manyToo many
eventsevents

Too muchToo much
energy lossenergy loss

SN 1987A (a-N-coupling)SN 1987A (a-N-coupling)

Axion BoundsAxion Bounds

101033 101066 101099 10101212    
  
[[GeVGeV]]  f  faa    

eVeVkeVkeV meVmeV µµeVeVmmaa

Too much hot dark matterToo much hot dark matter

CASTCAST ADMXADMX

ClassicClassic
regionregion

AnthropicAnthropic
regionregion
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Lee-Weinberg Curve for Neutrinos andLee-Weinberg Curve for Neutrinos and Axions Axions

log(log(++aa))

log(mlog(maa))

++MM

1010 eV eV 10 10  µµeVeV

CDMCDM HDMHDM

AxionsAxions
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Axion Hot Dark Matter from Thermalization after Axion Hot Dark Matter from Thermalization after **QCDQCD

Freeze-out temperatureFreeze-out temperature

Cosmic thermal degrees ofCosmic thermal degrees of
freedom at axion freeze-outfreedom at axion freeze-out

Cosmic thermal degrees ofCosmic thermal degrees of
freedom freedom 

##

## aa

##

Chang & Choi, PLB 316 (1993) 51Chang & Choi, PLB 316 (1993) 51

104 105 106 107

104 105 106 107

fa (GeV)

fa (GeV)
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Axion Hot Dark Matter Limits from Precision DataAxion Hot Dark Matter Limits from Precision Data

mmaa < 1.0 eV (95% CL) < 1.0 eV (95% CL)

mmaa < 0.4 eV (95% CL) < 0.4 eV (95% CL)

WMAP-5, LSS, BAO, SNIaWMAP-5, LSS, BAO, SNIa

WMAP-3, small-scale CMB,WMAP-3, small-scale CMB,
HST, BBN, LSS, HST, BBN, LSS, Ly-Ly-((

Hannestad, Mirizzi, RaffeltHannestad, Mirizzi, Raffelt
& Wong [& Wong [arXiv:0803.1585arXiv:0803.1585]]

Melchiorri, Mena & SlosarMelchiorri, Mena & Slosar
[arXiv:0705.2695] [arXiv:0705.2695] 

Marginalizing over unknown neutrino hot dark matter componentMarginalizing over unknown neutrino hot dark matter component

Credible regions for neutrino plus axion hotCredible regions for neutrino plus axion hot
dark matter (WMAP-5, LSS, BAO, SNIa)dark matter (WMAP-5, LSS, BAO, SNIa)
Hannestad, Mirizzi, Raffelt & WongHannestad, Mirizzi, Raffelt & Wong
[[arXiv:0803.1585arXiv:0803.1585]]
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Experimental Tests of the Invisible AxionExperimental Tests of the Invisible Axion

Primakoff effect:Primakoff effect:

Axions-photon transitions in externalAxions-photon transitions in external
static E or B fieldstatic E or B field
(Originally discussed for (Originally discussed for ##00  

 by Henri Primakoff 1951) by Henri Primakoff 1951)

Pierre Sikivie:Pierre Sikivie:

Macroscopic B-field can provide aMacroscopic B-field can provide a
large coherent transition rate overlarge coherent transition rate over
a big volume (low-mass axions)a big volume (low-mass axions)

•• Axion helioscope: Axion helioscope:
   Look at the Sun through a dipole   Look at the Sun through a dipole
   magnet    magnet 

•• Axion haloscope: Axion haloscope:
   Look for dark-matter axions with   Look for dark-matter axions with
   A microwave resonant cavity   A microwave resonant cavity
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Search for SolarSearch for Solar Axions Axions

"" aa

SunSun

PrimakoffPrimakoff  
productionproduction

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

""

Magnet Magnet                     SS

                        NN
aa

AxionAxion-Photon-Oscillation-Photon-Oscillation

!!  TokyoTokyo Axion Helioscope ( Axion Helioscope (““SumicoSumico””))

    (Results since 1998, up again 2008)    (Results since 1998, up again 2008)

!! CERN CERN Axion Axion Solar Telescope (CAST) Solar Telescope (CAST)
    (Data since 2003)    (Data since 2003)

  Axion  fluxAxion  flux

  Alternative technique: Alternative technique: 
 Bragg conversion in crystal Bragg conversion in crystal
 Experimental limits on solar axion flux Experimental limits on solar axion flux
 from dark-matter experiments from dark-matter experiments
 (SOLAX, COSME, DAMA, ...) (SOLAX, COSME, DAMA, ...)



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany  Seminar at CEA Saclay, 4 Feb 2009, Gif-sur-Yvette, France

TokyoTokyo Axion Helioscope ( Axion Helioscope (““SumicoSumico””))

S.Moriyama, M.S.Moriyama, M.MinowaMinowa, T., T.NambaNamba, Y.Inoue, Y., Y.Inoue, Y.TakasuTakasu
&& A.Yamamoto, PLB 434 (1998) 147 A.Yamamoto, PLB 434 (1998) 147

~ 3 m~ 3 m
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Limits from TokyoLimits from Tokyo Axion Helioscope Axion Helioscope

Y. Inoue et al.,Y. Inoue et al.,
PLB 536 (2002) 18PLB 536 (2002) 18
[[astro-ph/0204388]astro-ph/0204388]

AxionAxion-photon-photon
transition regiontransition region
filled withfilled with
pressurized gaspressurized gas
to give photonsto give photons
an effective massan effective mass
(avoid momentum(avoid momentum
 mismatch) mismatch)
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Extending to higher mass values with gas fillingExtending to higher mass values with gas filling

Axion-photon transition probabilityAxion-photon transition probability

Axion-photon momentum transferAxion-photon momentum transfer

Transition suppressed for qL Transition suppressed for qL ≳≳  11
Gas filling: Give photons a refractiveGas filling: Give photons a refractive
mass to restore full transition strengthmass to restore full transition strength
(~ MSW effect)(~ MSW effect)

                           (n                           (nee electron density) electron density)

HeHe44 vapour pressure at 1.8 K vapour pressure at 1.8 K
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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 at CERNCAST at CERN
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Sun Spot on CCD with X-Ray TelescopeSun Spot on CCD with X-Ray Telescope
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ROI

„suspicious pressure“

90 min tracking result
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Limits from CAST-I and CAST-IILimits from CAST-I and CAST-II

CAST-I results: PRL 94:121301 (2005) and JCAP 0704 (2007) 010 CAST-I results: PRL 94:121301 (2005) and JCAP 0704 (2007) 010 
CAST-II results (He-4 filling): arXiv:0810.4482CAST-II results (He-4 filling): arXiv:0810.4482
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Search for GalacticSearch for Galactic Axions (Cold Dark Matter) Axions (Cold Dark Matter)

PowerPower

FrequencyFrequency mmaa

AxionAxion Signal Signal

Thermal noise of Thermal noise of 
cavity & detectorcavity & detector

Power of galacticPower of galactic axion axion signal signal

  Microwave EnergiesMicrowave Energies
 (1 GHz  (1 GHz $$ 4 4  µµeVeV))

  DM axionsDM axions
 Velocities in galaxy Velocities in galaxy
 Energies therefore Energies therefore

mmaa = 1-1000  = 1-1000 µµeVeV
vvaa    $$ 10 10''33 c c
EEaa  $$  (1(1 ±± 1010''66) m) maa

Axion HaloscopeAxion Haloscope  (Sikivie(Sikivie  1983)1983)

BBextext  $$ 8 Tesla 8 Tesla

Microwave Microwave 
ResonatorResonator
Q Q $$ 10 1055

PrimakoffPrimakoff Conversion Conversion

""aa

BBextext

CavityCavity
overcomesovercomes
momentummomentum
mismatchmismatch
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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. Rochester-Brookhaven-1. Rochester-Brookhaven-
          FermilabFermilab
          PRD 40 (1989) 3153PRD 40 (1989) 3153

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

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

4. CARRACK I (Kyoto)4. CARRACK I (Kyoto)
    preliminary    preliminary
    hep-ph/0101200    hep-ph/0101200

44

112233

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

55
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ADMX (G.Carosi, Fermilab, May 2007)ADMX (G.Carosi, Fermilab, May 2007)
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ADMX (G.Carosi, Fermilab, May 2007)ADMX (G.Carosi, Fermilab, May 2007)
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ADMX (G.Carosi, Fermilab, May 2007)ADMX (G.Carosi, Fermilab, May 2007)
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ADMX (G.Carosi, Fermilab, May 2007)ADMX (G.Carosi, Fermilab, May 2007)

Renewed ADMXRenewed ADMX
data taking has begundata taking has begun

on 28 March 2008on 28 March 2008
(Same day as CAST He-3 began)(Same day as CAST He-3 began)
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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. Rochester-Brookhaven-1. Rochester-Brookhaven-
          FermilabFermilab
          PRD 40 (1989) 3153PRD 40 (1989) 3153

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

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

4. CARRACK I (Kyoto)4. CARRACK I (Kyoto)
    preliminary    preliminary
    hep-ph/0101200    hep-ph/0101200

44

112233

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

55
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ADMX (G.Carosi, Fermilab, May 2007)ADMX (G.Carosi, Fermilab, May 2007)
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Axion correlationsAxion correlations Karl van BibberKarl van Bibber
at IDM 2008 at IDM 2008 



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany  Seminar at CEA Saclay, 4 Feb 2009, Gif-sur-Yvette, France

Axion InfallAxion Infall Karl van BibberKarl van Bibber
at IDM 2008 at IDM 2008 
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Fine Structure in Axion SpectrumFine Structure in Axion Spectrum

•• Axion distribution on a 3-dim sheet in 6-dim phase space Axion distribution on a 3-dim sheet in 6-dim phase space
•• Is  Is ““folded upfolded up”” by galaxy formation by galaxy formation
•• Velocity distribution shows narrow peaks that can be resolved Velocity distribution shows narrow peaks that can be resolved
•• More detectable information than local dark matter density More detectable information than local dark matter density

P.SikivieP.Sikivie
& collaborators& collaborators
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DirectDirect
searchsearch

Too muchToo much
cold dark mattercold dark matter

TeleTele
scopescope

ExperimentsExperiments

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

Too manyToo many
eventsevents

Too muchToo much
energy lossenergy loss

SN 1987A (a-N-coupling)SN 1987A (a-N-coupling)

Axion BoundsAxion Bounds

101033 101066 101099 10101212    
  
[[GeVGeV]]  f  faa    

eVeVkeVkeV meVmeV µµeVeVmmaa

Too much hot dark matterToo much hot dark matter

CASTCAST ADMXADMX

ClassicClassic
regionregion

AnthropicAnthropic
regionregion
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AlpsAlps
Axion-like particles (ALPs)Axion-like particles (ALPs)
(Pseudo)-scalar particles with a two-photon vertex(Pseudo)-scalar particles with a two-photon vertex
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Particles with Two-Photon CouplingParticles with Two-Photon Coupling

Particles with two-photon vertex:Particles with two-photon vertex:
•• Neutral pions ( Neutral pions (##00), Gravitons), Gravitons

•• Axions (a) and similar hypothetical particles Axions (a) and similar hypothetical particles

Two-photonTwo-photon
decaydecay

PhotonPhoton
CoalescenceCoalescence

PrimakoffPrimakoff
EffectEffect

 Conversion of photons into Conversion of photons into
 pions, gravitons or pions, gravitons or axions axions, , 
 or the reverse or the reverse

Magnetically Magnetically 
induced vacuuminduced vacuum
birefringencebirefringence

 In addition to QED  In addition to QED 
 Cotton-Mouton-effect Cotton-Mouton-effect

PVLAS experiment recently measured anPVLAS experiment recently measured an
effect ~ 10effect ~ 1044 larger than QED expectation larger than QED expectation
(Signal now disproved)(Signal now disproved)
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Axion-Photon-Coupling vs. MassAxion-Photon-Coupling vs. Mass
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AxionAxion-Photon-Transitions as Particle Oscillations-Photon-Transitions as Particle Oscillations

•• In an external B-field, axions In an external B-field, axions roughly like another photon polarization state roughly like another photon polarization state
•• In a homogeneous or slowly varying B-field, a photon beam develops In a homogeneous or slowly varying B-field, a photon beam develops
   a coherent   a coherent axion axion component and the other way round component and the other way round

Raffelt & Stodolsky, PRD 37 (1988) 1237 Raffelt & Stodolsky, PRD 37 (1988) 1237 

StationaryStationary
Klein-GordonKlein-Gordon
equationequation
for coupledfor coupled
a-a-""-system-system

Photon refractive and birefringence effects Photon refractive and birefringence effects 
(Cotton-Mouton-effect in vacuum or in a medium)(Cotton-Mouton-effect in vacuum or in a medium)

Axion-photon transitionsAxion-photon transitions
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Laser Search ExperimentsLaser Search Experiments

NN

SS

MagnetMagnet

Laser BeamLaser Beam
PhotonPhoton

 counter counter

PhotonPhoton
regeneratioregeneratio
nn

NN

SS

MagnetMagnet

Laser BeamLaser Beam
45º polarized45º polarized

Vacuum Cotton-Mouton-EffectVacuum Cotton-Mouton-Effect
45º polarized light beam develops small elliptical polarization45º polarized light beam develops small elliptical polarization

MeasureMeasure
elliptical elliptical 
polarizationpolarization

““Shining lightShining light
 through a wall through a wall””
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Cantatore 12Cantatore 12
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The PVLAS Dichroism SignalThe PVLAS Dichroism Signal

PVLAS, PRL 96:110406 (2006), hep-ex/0507107 PVLAS, PRL 96:110406 (2006), hep-ex/0507107 
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Cantatore 35Cantatore 35
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Latest PVLAS ResultsLatest PVLAS Results

Zavattini et al., PRD 77:032006, 2008 [arXiv:0706.3419] Zavattini et al., PRD 77:032006, 2008 [arXiv:0706.3419] 
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Photon Regeneration ExperimentsPhoton Regeneration Experiments

Single pass Single pass 

ResonantResonant
cavities oncavities on
generation &generation &
regenerationregeneration
sideside

hep-ph/0701198hep-ph/0701198  

““Shining light through a wallShining light through a wall””
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No Light Shining Through a WallNo Light Shining Through a Wall

BMV Experiment, using a pulsedBMV Experiment, using a pulsed
laser and pulsed magnetic fieldlaser and pulsed magnetic field
(Toulouse)(Toulouse)

Robilliard et al., arXiv:0707.1296Robilliard et al., arXiv:0707.1296

GammeV ExperimentGammeV Experiment
with a variable baselinewith a variable baseline
(Fermilab)(Fermilab)

Chou et al., arXiv:0710.3783Chou et al., arXiv:0710.3783
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+Gas+GasCAST SensitivityCAST Sensitivity

Limits onLimits on Axion-Photon Axion-Photon-Coupling-Coupling
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Globular Clusters of the Milky WayGlobular Clusters of the Milky Way

The galactic globular cluster M3

http://www.dartmouth.edu/~chaboyer/mwgc.htmlhttp://www.dartmouth.edu/~chaboyer/mwgc.html

Globular clusters on top of theGlobular clusters on top of the
FIRAS 2.2 micron map of the Galaxy  FIRAS 2.2 micron map of the Galaxy  
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 Color-magnitude diagram synthesized from several low-metallicity globular Color-magnitude diagram synthesized from several low-metallicity globular
 clusters and compared with theoretical isochrones (W.Harris, 2000) clusters and compared with theoretical isochrones (W.Harris, 2000)

Color-Magnitude Diagram for Globular ClustersColor-Magnitude Diagram for Globular Clusters

HH

Main-SequenceMain-Sequence

HH

HeHe

Red GiantRed Giant

HH

HeHe

CC
OO

Asymptotic GiantAsymptotic Giant

HH

HeHe

Horizontal BranchHorizontal Branch

CC
OO WhiteWhite

DwarfsDwarfs

 Particle emission reduces Particle emission reduces
 helium burning lifetime, helium burning lifetime,
 i.e. number of  HB stars i.e. number of  HB stars
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Helium-Burning Lifetime of Horizontal-Branch StarsHelium-Burning Lifetime of Horizontal-Branch Stars

Number ratio of HB-Stars/Red Giants in 15 galactic globular clusters Number ratio of HB-Stars/Red Giants in 15 galactic globular clusters 
(Buzzoni et al. 1983)(Buzzoni et al. 1983)

Helium-burning lifetime established within Helium-burning lifetime established within ±±10%10%
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