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Dark MatterDark MatterDark Matter Dark Matter 
 Cosmological evidences:Cosmological evidences:

–– Multiple CMB observations. Last Multiple CMB observations. Last 

“Dark 
energy” 

~73%
WMAP precision data adds WMAP precision data adds 
evidence for evidence for CDM cosmological CDM cosmological 
model.model.
Distant SupernovaDistant Supernova IaIa–– Distant Supernova Distant Supernova IaIa
measurements (universe is measurements (universe is 
accelerating its expansion accelerating its expansion 
Dark energy)Dark energy)..

non baryonic 
Dark 

Matter

Visible < 
1%

Baryonic
< 5%

a e e gy)a e e gy)
–– Large Scale Structure (cold dark Large Scale Structure (cold dark 

matter).matter).
–– NucleosynthesisNucleosynthesis, Lyman , Lyman  forest, forest, 

Matter 
~23 %

yy , y, y ,,
……

 Galactic evidences:Galactic evidences:
–– Galactic rotation curvesGalactic rotation curvesGalactic rotation curvesGalactic rotation curves
–– Gravitational mass of galaxy Gravitational mass of galaxy 

clusters (oldest evidence; 1933 clusters (oldest evidence; 1933 
ZwickyZwicky))
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yy))
–– …… Bullet Cluster (NASA)



What can Dark Matter be?What can Dark Matter be?What can Dark Matter be?What can Dark Matter be?

B i tt ?B i tt ? NONO Baryonic matter? Baryonic matter? NONO
–– Dust, gas, planets, brown stars,… MACHOS (non Dust, gas, planets, brown stars,… MACHOS (non 

visible conventional matter)visible conventional matter)visible conventional matter)visible conventional matter)
–– Ruled out by primordial NucleoRuled out by primordial Nucleo--synthesis, and the synthesis, and the 

rest of cosmological observations.rest of cosmological observations.rest of cosmological observations.rest of cosmological observations.
–– Gravitational lensing of MACHOS Gravitational lensing of MACHOS  not enoughnot enough

 Non baryonic, but standard, matter?Non baryonic, but standard, matter? NONONon baryonic, but standard, matter? Non baryonic, but standard, matter? NO NO 
–– Neutrinos would be the only candidate in the SM. Neutrinos would be the only candidate in the SM. 

Ruled out by cosmological observations (they would Ruled out by cosmological observations (they would 
i H D k M )i H D k M )constitute Hot Dark Matter)constitute Hot Dark Matter)

 Non baryonic, beyond standard? Non baryonic, beyond standard? most probablemost probable

IMFP2012, IMFP2012, BenasqueBenasque, Spain, May , Spain, May 
20122012 Igor G. Irastorza / U. ZaragozaIgor G. Irastorza / U. Zaragoza 44



Candidates to Dark MatterCandidates to Dark MatterCandidates to Dark MatterCandidates to Dark Matter
 Two main candidates attract most of theTwo main candidates attract most of the Two main candidates attract most of the Two main candidates attract most of the 

present activity in the field:present activity in the field:

WIMPS  Like the LSP of supersymmetric theoriesLike the LSP of supersymmetric theoriesWIMPS
Neutral
Heavy

 Like the LSP of supersymmetric theories Like the LSP of supersymmetric theories 
(usually the neutralino). (usually the neutralino). 

 WIMP stands for Weakly Interacting Massive WIMP stands for Weakly Interacting Massive 
Fermion Particle (generic name).Particle (generic name).

 Axions appear as NambuAxions appear as Nambu--Goldstone bosons in Goldstone bosons in 

AXIONS
Neutral

V li ht

pppp
the PQ spontaneous symmetry breaking.the PQ spontaneous symmetry breaking.

 More generically, we speak about More generically, we speak about axionaxion--likelike
particles to refer to fundamentalparticles to refer to fundamental Very light

(pseudo)scalar

particles, to refer to fundamental particles, to refer to fundamental 
(pseudo)scalars of similar properties without (pseudo)scalars of similar properties without 
referring to a specific theory model.referring to a specific theory model.
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Dark Matter WIMPs detectionDark Matter WIMPs detection
In order to do predictions of expected 
WIMP fl es/signals one has to makeWIMP 

galactic halo

WIMP fluxes/signals one has to make 
working hypothesis about how 
WIMPs are clustered in the galactic 
halo

Standard (=simpler) 
halo modelhalo model

Sphericity
Isotropy
Non-rotation

W
d Non-rotation

Thermalization

Non-Standard
l f

WIMP 
phenomenology

Mass

and 

f(v)
Relaxing one or more of 
the above assumptions 
to some degree

Must explain rotation

Mass
WIMP-nucleon 
cross section
SD/SI coupling?

( )
at Earth

Must explain rotation 
curve of Milky Way

SD/SI coupling?
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WIMP “wind”
WIMP detectionWIMP detection

232 km/s

WIMP detectionWIMP detection
232 km/s

Effect looked for at laboratory: 
Elastic dispersion of WIMPs 

with nuclei of detectorwith nuclei of detector

nuclear
recoil
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WIMP detectionWIMP detectionWIMP detectionWIMP detection
 Expected signal: Expected signal: p gp g
rare low energy eventrare low energy event

nuclear
recoil
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Great stability over time.



Annual modulation signalAnnual modulation signal
232 km/s

Annual modulation signalAnnual modulation signal
232 km/s

0.4

0.45

0.5
Standard halo model

60 GeV
10-8 nbarn

0 25

0.3

0.35

/
kg

/
d

ay

Germanium
semiconductor detector

0.15

0.2

0.25

ou
n

ts
/

ke
V

/

0

0.05

0.1co

0 5 10 15 20 25 30
Energy (keV)

IMFP2012, IMFP2012, BenasqueBenasque, Spain, May 2012, Spain, May 2012 99Igor G. Irastorza / U. ZaragozaIgor G. Irastorza / U. Zaragoza



TheThe pionneerspionneersThe The pionneerspionneers

 25th anniversary of the first experimental 
paper on WIMP direct detection
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paper on WIMP direct detection



TheThe pionneerspionneersThe The pionneerspionneers

Start of a Ge detector saga: COSME, COSME-II, IGEX, 
Start of a singular facility in Spain: Canfranc Lab
G i d d i d i h 90’

IMFP2012, Benasque, Spain, May 2012IMFP2012, Benasque, Spain, May 2012 Igor G. Irastorza / U. ZaragozaIgor G. Irastorza / U. Zaragoza 1111

Ge semiconductors dominated in the 90’s



WIMP detection mechanismWIMP detection mechanismWIMP detection mechanismWIMP detection mechanism

nuclear
recoil
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Ability to scale-up
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NEWAGE… CYGNUS best limits for SDp



Progress over timeProgress over timeProgress over timeProgress over time
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Plot from 
R. Gaitskell
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*plot from  arXiv:1204.2373



DAMADAMA LIBRALIBRADAMADAMA--LIBRALIBRA
 DAMA: 100 kg of ultrapure DAMA: 100 kg of ultrapure NaINaI((TlTl) ) 

operating for about 7 years at Gran operating for about 7 years at Gran SassoSassop g yp g y
 Looked for annual modulation of the dataLooked for annual modulation of the data
 LIBRA: 250 kg. Operated for 6 more yearsLIBRA: 250 kg. Operated for 6 more years, , 

totaltotal exp 1 17 ton yearexp 1 17 ton yeartotal total exp. 1.17 ton year.exp. 1.17 ton year.
((arXivarXiv 1002.1028)1002.1028)

POSITIVE CLAIMPOSITIVE CLAIM
 6.36.3 statistical statistical 
significance went up to significance went up to 

event/kg/keV/day

8.98.9 after LIBRA.after LIBRA.
No systematic effect No systematic effect 
found that can mimic found that can mimic 
that signalthat signalthat signalthat signal
Modulation absent Modulation absent 
above 6 above 6 keVkeV
Only single hit eventsOnly single hit events
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Only single hit eventsOnly single hit events
Time 
(days)

2 more annual cycles added in 
arXiv 1002.1028



DAMA Positive result: WIMP interpretationDAMA Positive result: WIMP interpretationpp
 No systematic effect can No systematic effect can 

explain it satisfactorily explain it satisfactorily 
(neutrons(neutrons

 Other Other NaINaI experiments that could experiments that could 
refute/corroborate DAMA resultrefute/corroborate DAMA result(neutrons, (neutrons, 

temperature,…)temperature,…)
 Classical WIMP excluded Classical WIMP excluded 

by other experiments, butby other experiments, but

refute/corroborate DAMA result refute/corroborate DAMA result 
 ANAIS in ANAIS in CanfrancCanfranc::

–– Prototyping phase finished.Prototyping phase finished.
N t l ith l 40KN t l ith l 40Kby other experiments, but by other experiments, but 

some marginal options some marginal options 
(non(non--standard set of standard set of 
assumptions) at low assumptions) at low 
massmass

–– New crystals with lower 40K New crystals with lower 40K 
contamination on the waycontamination on the way

 DMIceDMIce: : NaINaI crystals “inside” crystals “inside” IceCubeIceCube
mass…mass…

 KIMS in Korea:KIMS in Korea:
 CsICsI crystalscrystals CsICsI crystalscrystals

 Alternative solutions.Alternative solutions.
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Alternative solutions.Alternative solutions.



NobleNoble liquidliquid detectorsdetectorsNoble Noble liquidliquid detectorsdetectors
 Nuclear recoil discrimination by Nuclear recoil discrimination by 

measurement of both charge and measurement of both charge and 
scintillation (2scintillation (2--phase mode)phase mode)

 3D position of interaction site 3D position of interaction site  sselfelf--
shieldingshielding

 “Monolithic” detector “Monolithic” detector  no internal wallsno internal walls
 Relatively easyRelatively easy scaling upscaling up Relatively easy Relatively easy scaling upscaling up
 Very clean media (purification by filtering)Very clean media (purification by filtering)

 XENONXENON collcollXENON XENON collcoll
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Noble Liquid detectors: XENONNoble Liquid detectors: XENON
 FirstFirst resultsresults of XENON100 at of XENON100 at 

GranGran SassoSasso:: leadingleading oneone inin thethe
 XENON100 TPCXENON100 TPC

Gran Gran SassoSasso: : leadingleading oneone in in thethe
WIMP WIMP racerace..

 48 kg 48 kg fiducialfiducial mass, 3 events, mass, 3 events, 
1 8 1 8 ±± 0 6 t d 0 6 t d bkgbkg1.8 1.8 ±± 0.6 expected 0.6 expected bkgbkg

 XENON1T in XENON1T in preparationpreparation in in p pp p
Gran Gran SassoSasso ((approvedapproved))

 DARWIN: R&D DARWIN: R&D towardstowards
multitonmultiton ((synergysynergy withwith Lar)Lar)

IMFP2012, IMFP2012, BenasqueBenasque, Spain, May , Spain, May 
20122012 Igor G. Irastorza / U. ZaragozaIgor G. Irastorza / U. Zaragoza 2121

multitonmultiton ((synergysynergy withwith Lar)Lar)



Noble Liquid detectorsNoble Liquid detectorsqq
ZEPLIN-III  FUTURE FUTURE expsexps

XENON1TLUX (350kg)

O
N

X-MASS (800kg)XE
N

23235 ton LAr2.4 ton LXe

P j t t d thP j t t d th ltitltit

 ArDMArDM: 800 kg in : 800 kg in CanfrancCanfranc

Projects towards the Projects towards the multitonmultiton….….
 DARWINDARWIN
 MAX / XAXMAX / XAXN 800 g800 g Ca a cCa a c

 DarkSideDarkSide: 10 kg : 10 kg  50 kg50 kg
Gran Gran SassoSasso

 DEAP/CLEANDEAP/CLEAN InIn

 LZ program (LUX+ZEPLIN)LZ program (LUX+ZEPLIN)
 XMASS 20tXMASS 20t
 DEAP/CLEAN programDEAP/CLEAN program

AR
G

O
N
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 DEAP/CLEANDEAP/CLEAN. In . In 
construction.construction.

 DEAP/CLEAN programDEAP/CLEAN program
 ……



NobleNoble liquidsliquids FamilyFamilyNoble Noble liquidsliquids FamilyFamily
C l t d  i  d l t Future ton- and multiton-scaleCompleted, ongoing, deployment Future ton- and multiton-scale

miniCLEANminiCLEAN CLEANCLEAN

XMASSXMASS
20 ton20 ton

(10 ton)(10 ton)
XMASSXMASS

1 t1 t
XMASSXMASS

1 t1 t

miniCLEANminiCLEAN
ArAr 360 kg (100 kg)360 kg (100 kg)
Ne 310 kg (85 kg)Ne 310 kg (85 kg)

DEAPDEAP
3.6 ton (100 kg)3.6 ton (100 kg)( ) ( ) -- FVFV

LNeLNe
LArLAr

LXeLXe

CLEANCLEAN
20 20 –– 50 ton50 ton

NeNe//ArAr

XENON100+XENON100+
250 kg250 kg

(10 ton)(10 ton)1 ton1 ton
(100 kg)(100 kg)

60
cm

1 ton1 ton
(100 kg)(100 kg)

ArDMArDM
850 k850 k

XENON100XENON100
170 kg170 kgWARP WARP 

LXeLXe

250 kg250 kg
(100 kg)(100 kg)

2 m

LZD…LZD…
20 ton (1020 ton (10--15 ton)15 ton)

60
cm

~48cm
WARP 140 kgWARP 140 kg

850 kg850 kg
60

cm
60

cm
170 kg170 kg
(50 kg)(50 kg)

40cm 20cm 30cm

3.5
cm

15
cm

30
cm

WARP WARP 
2.6 kg 2.6 kg 

(1.83 kg)(1.83 kg)

30
cm

30
cm

&&

40cm40cm40cm

2 m

LUXLUX
350 kg350 kg

(100 kg)(100 kg)

43cm

1 m

1 m

MAX (MAX (ArAr/Xe), /Xe), 
Xenon 1t, LZS…Xenon 1t, LZS…
1.51.5--5 ton (1 ton)5 ton (1 ton)

XENON10XENON10
14 kg14 kg

(5.4 kg)(5.4 kg)

ZEPLINZEPLIN--IIIIII
12 12 kg kg 
(6.5(6.5kg)kg)

2525

From Akimov VCI2010



Hybrid Hybrid bolometersbolometers: CDMS: CDMS

 5 tower prototype (55 tower prototype (5 kgskgs ofof GeGe))

yy
CDMS II at Soudan

 5 tower prototype (5 5 tower prototype (5 kgskgs of of GeGe) ) 
operating underground (+ several Si operating underground (+ several Si 
detectors).detectors).

 Nuclear/recoil discrimination Nuclear/recoil discrimination 
demonstrated down to 10demonstrated down to 10--15 15 
keVrkeVr

Events from gamma Events from gamma 
calibrationcalibration

keVrkeVr

EDELWEISS 

Events from neutron Events from neutron 

 At At ModaneModane

calibrationcalibration



CDMS:CDMS: lastlast resultsresultsCDMS: CDMS: lastlast resultsresults
 612 kg612 kg--daysdays Data taking Data taking 
 2 events / 0.9 2 events / 0.9 ±± 0.2 expected bkg.0.2 expected bkg.

gg
Jul2007 Jul2007 -- Sep2008Sep2008
Science 327 (2010)

2 events were 2 events were 
found in the WIMPfound in the WIMP & l l i& l l i
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found in the WIMP found in the WIMP 
search regionsearch region  & low energy analysis& low energy analysis



Hybrid Hybrid bolometersbolometers: : Heat+lightHeat+lightyy gg
CRESSTCRESST--II at Gran II at Gran SassoSasso

 Nuclear/electron recoil discrimination by heat Nuclear/electron recoil discrimination by heat 
& light measurement.& light measurement.

 Discrimination between different nuclei recoils Discrimination between different nuclei recoils 
(W and O) in same crystal.(W and O) in same crystal.

 730 kg d of CaWO2 reported (8 modules, ~3 730 kg d of CaWO2 reported (8 modules, ~3 
kg total mass). kg total mass). g )g )

 67 events in NR band. Tension with expected 67 events in NR band. Tension with expected 
backgrounds.backgrounds.

 Work on improvingWork on improving bkgbkg understanding &understanding &

ROSEBUDROSEBUD--II at II at CanfrancCanfranc

 Work on improving Work on improving bkgbkg understanding & understanding & 
reductionreduction

 Concept first applied Concept first applied 
underground. underground. 

 R&D for future EURECAR&D for future EURECA
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 R&D for future EURECAR&D for future EURECA



FutureFuture bolometersbolometers: EURECA: EURECAFutureFuture bolometersbolometers: EURECA: EURECA

In the US CDMSIn the US CDMS  S pe CDMSS pe CDMS
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In the US: CDMS In the US: CDMS  SuperCDMSSuperCDMS



WIMPWIMP directionaldirectional signalsignalWIMP WIMP directionaldirectional signalsignal
P itiP iti i ti t ?? Positive Positive signaturessignatures??
–– AnnualAnnual modulationmodulation
–– A A dependencedependence

P iblP ibl b tb t bj tbj t tt PossiblePossible butbut subjectsubject toto
systematicssystematics.. .. NotNot
enoughenough indentifyingindentifying of a of a 
WIMPWIMPWIMPWIMP

–– DirectionDirection of of thethe
recoilrecoil isis thatthatnuclear recoilrecoil isis thatthat
possiblepossible??

 IfIf thethe directiondirection of of thethe nuclear nuclear 
recoilrecoil couldcould bebe measuredmeasured

recoil

recoilrecoil couldcould bebe measuredmeasured, , 
uniqueunique signaturesignature of WIMP…of WIMP…

 DirectionalDirectional signalsignal
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Pionners: DRIFTPionners: DRIFTPionners: DRIFTPionners: DRIFT
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DirectionalityDirectionality withwith novel concept novel concept 
TPCs.TPCs. RecentRecent initiativesinitiatives

NEWAGE (NEWAGE (KamiokaKamioka)) microdotsmicrodots NEWAGE (NEWAGE (KamiokaKamioka):):
–– MicrodotMicrodot readoutreadout

 MIMAC (MIMAC (FrenchFrench collcoll.).) MIMACMIMAC

microdotsmicrodots

GEM/MMsGEM/MMs

NEWAGENEWAGE

(( ))
–– MicromegasMicromegas readoutreadout

 DMTPC (US DMTPC (US groupsgroups))
““ ti lti l d td t””–– ““opticaloptical readoutreadout””

Optical readoutOptical readoutF SD i t ti WIMP titi d t tF SD i t ti WIMP titi d t t DMTPCDMTPC
Optical readoutOptical readout For SD interacting WIMPs, a competitive detector For SD interacting WIMPs, a competitive detector 

based on He3 or CF4 seems already feasible based on He3 or CF4 seems already feasible 
(MIMAC, DMTPC...)(MIMAC, DMTPC...)
B t f th l SI L lB t f th l SI L l But for the general SI case.... Large volume But for the general SI case.... Large volume 
challenge to addresschallenge to address

 An early signal in solid state detectors would An early signal in solid state detectors would 
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strengthen the case for directionality.strengthen the case for directionality.



COUPP at SNOLABCOUPP at SNOLABCOUPP at SNOLABCOUPP at SNOLAB
 The old bubble chamber concept.The old bubble chamber concept.  Good sensitivity with 19F nucleus Good sensitivity with 19F nucleus 

to SD pure p couplings (even into SD pure p couplings (even in Insensitive to gamma Insensitive to gamma 
backgroundsbackgrounds

 No energy info (digital response). No energy info (digital response). 

to SD pure p couplings (even in to SD pure p couplings (even in 
presence of high radon presence of high radon 
background)background)
G d liG d li ttBut tuning of threshold allows But tuning of threshold allows 

energy scanenergy scan
 COUPP COUPP 4 kg prototype running at 

 Good scalingGood scaling--up prospects: up prospects: 
COUPPCOUPP--60 kg prototype being
commissioned in Fermilab

SNOLAB (seeing neutron related
bkg). 
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Low mass WIMPsLow mass WIMPsLow mass WIMPsLow mass WIMPs
 To access low mass region (< 10 To access low mass region (< 10  To access low mass region (< 10 

GeVGeV) )  thresholds below 1 thresholds below 1 keVkeV
 Non discriminating techniques Non discriminating techniques 

(CRESST(CRESST TexonoTexono CoGeNTCoGeNT))

g (
GeV)  thresholds below 1 keV

 Non discriminating techniques 
(CRESST, Texono, CoGeNT, or raw –(CRESST, (CRESST, TexonoTexono, , CoGeNTCoGeNT))

 Interest Interest  models making DAMA models making DAMA 

( , , ,
low E- data from CDMS, XENON)

 Interest  DAMA signal can be
compatible with others (ncompatible with others (now ow 
covered by covered by CoGeNtCoGeNt))

 Interest  DAMA signal can be 
interpreted as low M WIMP (scattering 
off Na)

 Still limits are 3.5 orders of Still limits are 3.5 orders of magmag
higher @ 6 higher @ 6 GeVGeV than @ 60 than @ 60 GeVGeV

 Still limits are 3.5 orders of mag
higher @ 6 GeV than @ 60 GeV

5757
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LowLow massmass WIMPsWIMPs:: CoGeNTCoGeNTLowLow massmass WIMPsWIMPs: : CoGeNTCoGeNT
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Low mass WIMPsLow mass WIMPsLow mass WIMPsLow mass WIMPs
C ibiliC ibili ““hihi ”” l f lll f ll CompatibilityCompatibility amongamong ““hintshints” ” 
possiblepossible butbut playingplaying withwith
theorytheory//astrophysicsastrophysics//experimentexperiment

Plot from J. CollarPlot from J. Collar

assumptionsassumptions neededneeded..
 CompatibilityCompatibility withwith exclusionsexclusions ((lowlow

EE analysisanalysis of CDMS XENON)of CDMS XENON)E E analysisanalysis of CDMS, XENON) of CDMS, XENON) 
mattermatter of of discussiondiscussion..
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But what if there are AXIONs?But what if there are AXIONs?But what if there are AXIONs? But what if there are AXIONs? 

“Dark 
energy” 

3%~73%

non baryonic 
DarkVisible < 

Baryonic < 
5%

Dark 
Matter ~23 

%

1%

IMFP2012, Benasque, Spain, May IMFP2012, Benasque, Spain, May 
20122012 Igor G. Irastorza / U. ZaragozaIgor G. Irastorza / U. Zaragoza 6363



AXION motivationAXION motivation 

 Strong CP problem: why strong interactions seem 
not to violate CP?
– CP violating term in QCD is not forbidden But neutron– CP violating term in QCD is not forbidden. But neutron 

electric dipole moment not observed.

 Natural answer if Peccei-Quinn mechanism exist.
N U(1) l b l t  t l b k– New U(1) global symmetry  spontaneously broken.

PRIMAKOFF 

 As a result, new pseudoscalar, neutral and 
very light particle is predicted, the axion.

 It couples to the photon in every model
EFFECT

 It couples to the photon in every model.

IMFP2012, Benasque, Spain, 
May 2012
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AXION motivation: CosmologyAXION motivation: CosmologyAXION motivation: CosmologyAXION motivation: Cosmology
 AxionsAxions are produced are produced in the early Universe by a in the early Universe by a pp y yy y

number of processes:number of processes:
–– AxionAxion realignmentrealignment
–– Decay of Decay of axionaxion stringsstrings
–– Decay of Decay of axionaxion wallswalls

NONNON--RELATIVISTICRELATIVISTIC
(COLD) AXIONS(COLD) AXIONS

 In general, In general, Range of Range of axionaxion masses of masses of 1010--66 –– 1010--33 eVeV are of are of 
interest for the interest for the axionaxion to be the (main component of the) to be the (main component of the) CDMCDM..

–– Thermal productionThermal production RELATIVISTICRELATIVISTIC
(HOT) AXIONS(HOT) AXIONS

 In order to have substantial relativistic In order to have substantial relativistic axionaxion density, the density, the axionaxion mass must mass must 
be close to 1 be close to 1 eVeV. (. (ma > ~0.9 ma > ~0.9 eVeV gives densities too much in excess to be gives densities too much in excess to be 
compatible with latest CMB data)compatible with latest CMB data) Hannestad et al, JCAP 08 (2010) 001 (arXiv:1004.0695)
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Axions vsAxions vs NeutralinosNeutralinosAxions vs. Axions vs. NeutralinosNeutralinos
 BothBoth axions andaxions and neutralinosneutralinos areare partpart ofof wellwell motivatedmotivated BothBoth axions and axions and neutralinosneutralinos are are partpart of of wellwell motivatedmotivated

extensionsextensions of SM. (PQ of SM. (PQ mechanismmechanism strongstrong CP CP problemproblem, , 
SUSYSUSYmassmass hierarchyhierarchy, , etcetc…)…)

 BothBoth offeroffer in in additionaddition a a solutionsolution toto thethe darkdark mattermatter
problemproblem..

 A priori, no A priori, no theoreticaltheoretical preferencepreference forfor oneone oror anotheranother. . 
((BothBoth couldcould existexist!)!)

 IsIs therethere observationalobservational preferencepreference forfor oneone oror anotheranother ? ? 
((otherother thanthan anan eventual eventual directdirect detectiondetection))
C ti lC ti l i di d  CDMCDM i ti t tt l i ll i l ConventionalConventional wisdomwisdom  CDM CDM signaturessignatures at at cosmologicalcosmological
//astrophysicalastrophysical levelslevels doesdoes notnot distinguishdistinguish axions vs axions vs 
WIMPsWIMPsWIMPsWIMPs..
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Axions vsAxions vs NeutralinosNeutralinosAxions vs. Axions vs. NeutralinosNeutralinos
 Recent arguments (not totally accepted) aiming at Recent arguments (not totally accepted) aiming at 

“distinguishing”  axion/WIMP CDM:“distinguishing”  axion/WIMP CDM:
–– Axion CDM may form a Bose Einstein condensate. This Axion CDM may form a Bose Einstein condensate. This 

condensate “falls in” the galactic while keeping overall angularcondensate “falls in” the galactic while keeping overall angularcondensate falls in  the galactic while keeping overall angular condensate falls in  the galactic while keeping overall angular 
momentum, giving rise to particular structure in the DM galactic momentum, giving rise to particular structure in the DM galactic 
distribution (caustic rings). Some evidence seems to exist for distribution (caustic rings). Some evidence seems to exist for 
“ i“ i t ” ti i (t ” ti i (Siki iSiki i ))“axion“axion--type” caustic rings (type” caustic rings (SikivieSikivie))

–– Axion bath in the early universe may cool down photon bath Axion bath in the early universe may cool down photon bath 
gravitationally and affect cosmological value of gravitationally and affect cosmological value of NN effeff. (very . (very g y gg y g ,eff,eff ( y( y
speculative). WMAP value for speculative). WMAP value for NN,eff,eff with some tension with SM with some tension with SM 
expectations (4.3expectations (4.3±±0.9). Also effect on BBN ratios.0.9). Also effect on BBN ratios.

–– IsocurvatureIsocurvature fluctuations in the CMB would be sign of axions (or fluctuations in the CMB would be sign of axions (or 
ALPs). Not seen so far (although absence is not exclusive)ALPs). Not seen so far (although absence is not exclusive)
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Axions vsAxions vs NeutralinosNeutralinosAxions vs. Axions vs. NeutralinosNeutralinos

 LHC has not seen SUSY so far.LHC has not seen SUSY so far.
 No clear signal in WIMP detectors so far (after >3 orders No clear signal in WIMP detectors so far (after >3 orders 

f it d t i th l t d d )f it d t i th l t d d )of magnitude swept in the last decade)of magnitude swept in the last decade)

W h ld t k i l th i h th iW h ld t k i l th i h th i We should take seriously the axion hypothesis.We should take seriously the axion hypothesis.
 Mixed DM (axions+WIMPs) also possible, and even more Mixed DM (axions+WIMPs) also possible, and even more 

natural (PQMSSM models)natural (PQMSSM models)natural (PQMSSM models)natural (PQMSSM models)

C ent b l n e of effo t (& e o e ) bet een ionC ent b l n e of effo t (& e o e ) bet een ion Current balance of efforts (& resources) between axions Current balance of efforts (& resources) between axions 
and WIMP searches too biased towards WIMPs. Not and WIMP searches too biased towards WIMPs. Not 
justifiedjustifiedjustified.justified.
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AxionAxion parameterparameter spacespaceAxion Axion parameterparameter spacespace

Astrophysical p y
hints for ALPs

Axions as

HDM

CDM
“classical window”

CDM
Defects dominate

White 
Dwarfs

CDM
“anthropic window”
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classical window
Vaxuum mis. + defects hep-ph/1202-5851

Dwarfs



BeyondBeyond axionsaxionsBeyondBeyond axionsaxions
AXIONS Minicharged Hidden photons AXIONS c a ged

particlesChamaleons
Hidden photons 
/ paraphotons

WISP (W kl i t ti Sli P ti l )

ALPS

 DiverseDiverse theorytheory motivationmotivation

WISPs (Weakly interacting Slim Particle)

 DiverseDiverse theorytheory motivationmotivation
–– HigherHigher scalescale symmsymm. . breakingbreaking
–– StringString theorytheory

DM / DEDM / DE candidatescandidates–– DM / DE DM / DE candidatescandidates
–– AstrophysicalAstrophysical hintshints WISPy Cold 

Dark Matter
 GenericGeneric AxionAxion--likelike particlesparticles

((ALPsALPs) ) parameterparameter spacespace 
arXiv:1201.5902
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DetectingDetecting axionsaxionsDetecting Detecting axionsaxions
 Relic Relic AxionsAxions

–– AxionsAxions that are part of galactic dark that are part of galactic dark 
matter halo:matter halo:

A ionA ion Halos opesHalos opes AxionAxion HaloscopesHaloscopes

 SolarSolar AxionsAxions Solar Solar AxionsAxions
–– Emitted by the solar core. Emitted by the solar core. 

 Crystal detectors Crystal detectors yy
 AxionAxion HelioscopesHelioscopes ((CAST  IAXO))

A iA i i th l bi th l b AxionsAxions in the labin the lab
 “Light shinning through wall” experiments “Light shinning through wall” experiments 
 VacuumVacuum birrefringencebirrefringence experimentsexperiments
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Dark Matter Axions: HaloscopesDark Matter Axions: HaloscopesDark Matter Axions: HaloscopesDark Matter Axions: Haloscopes
R t iti (Siki i 1983)R t iti (Siki i 1983)

Primakoff conversion of 
 Resonant cavities (Sikivie,1983)Resonant cavities (Sikivie,1983)

–– Primakoff conversion inside a “tunable” Primakoff conversion inside a “tunable” 
resonant cavityresonant cavity

DM axions into 
microwave photons 

inside cavity
yy

–– Energy of photon = mEnergy of photon = maacc22+O(+O(22))

Axion DM field
Non-relativistic

B0

Non relativistic
Frequency  axion mass

If cavity tuned to the 
axion frequency, 

conversion is “boosted” 
by resonant factor 

Cavity dimensions 
smaller than de Broglie 
wavelength of axions

IMFP2012, IMFP2012, BenasqueBenasque, Spain, May , Spain, May 
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(Q quality factor)wavelength of axions



Dark Matter Axions: HaloscopesDark Matter Axions: HaloscopesDark Matter Axions: HaloscopesDark Matter Axions: Haloscopes
R t iti (Siki i 1983)R t iti (Siki i 1983) Resonant cavities (Sikivie,1983)Resonant cavities (Sikivie,1983)
–– Primakoff conversion inside a “tunable” Primakoff conversion inside a “tunable” 

resonant cavityresonant cavityyy
–– Energy of photon = mEnergy of photon = maacc22+O(+O(22))
–– Expected peak at right frequency (DM Expected peak at right frequency (DM 

axions are nonaxions are non--relativistic)relativistic)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: HaloscopesDark Matter Axions: HaloscopesDark Matter Axions: HaloscopesDark Matter Axions: Haloscopes
 ADMX in Livermore ADMX in Livermore 

(now at (now at UwashingtonUwashington))
–– Development of Development of 

SQUID technology SQUID technology Q gyQ gy
for 2nd phasefor 2nd phase

 CARRACK in Kyoto.CARRACK in Kyoto.
Different detectionDifferent detection–– Different detection Different detection 
approach: “single approach: “single 
microwave quanta” microwave quanta” 
detectiondetectiondetection.detection.
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Solar AxionsSolar AxionsSolar AxionsSolar Axions
S l i d d b hS l i d d b h Solar axions produced by photonSolar axions produced by photon--toto--
axion conversion of the solar plasma axion conversion of the solar plasma 
photonsphotons

 Solar axion flux [van Bibber PRD 39 (89)] [CAST 
JCAP 04(2007)010]

Solar physics
+

Primakoff effectPrimakoff effect

Only one unknown
parameter ga
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Axion Helioscope principle
 AxionAxion helioscopehelioscope [[SikivieSikivie, PRL 51 (83)], PRL 51 (83)]

Axion Helioscope principle

AXION PHOTON CONVERSION

IMFP2012, IMFP2012, BenasqueBenasque, Spain, May , Spain, May 
20122012

Igor G. Irastorza / Universidad de Igor G. Irastorza / Universidad de 
ZaragozaZaragoza 9191

Igor G. Irastorza / Universidad de Igor G. Irastorza / Universidad de 
ZaragozaZaragoza COHERENCE   1



AxionAxion HelioscopesHelioscopesAxionAxion HelioscopesHelioscopes
 Previous helioscopes: Previous helioscopes: 

–– First implementation at Brookhaven (just few hours of data) [Lazarus et First implementation at Brookhaven (just few hours of data) [Lazarus et 
at. PRL 69 (92)]at. PRL 69 (92)]

–– TOKYO Helioscope (SUMICO): 2 3 m long 4 T magnetTOKYO Helioscope (SUMICO): 2 3 m long 4 T magnetTOKYO Helioscope (SUMICO): 2.3 m long 4 T magnet TOKYO Helioscope (SUMICO): 2.3 m long 4 T magnet 

 Presently running: Presently running: 
–– CERN Axion Solar Telescope (CERN Axion Solar Telescope (CASTCAST) ) 
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CAST experiment @ CERNCAST experiment @ CERNCAST experiment @ CERNCAST experiment @ CERN
 CAST is the most powerful implementation CAST is the most powerful implementation 

of an axion of an axion helioscopehelioscope
CAST Latest results

–– CAST phase II: inserting gas (CAST phase II: inserting gas (44He, He, 33He) inside He) inside 
the magnet bores to gain sensitivity to high the magnet bores to gain sensitivity to high 
axion massesaxion masses

CAST i iti t QCD i t thCAST i iti t QCD i t th CAST is sensitive to QCD axions at the CAST is sensitive to QCD axions at the 
0.10.1--1 1 eVeV scalescale

 Innovations: xInnovations: x--ray optics, low background ray optics, low background y p , gy p , g
techniquestechniques

X-ray detectors
(+ x-ray focusing 

X ray detectors optics)

LHC test magnet

X-ray detectors

LHC test magnet 
9 T, 10 m

Platform to track the 
Sun (±8°V ±40°H)Sun (±8 V ±40 H)

3 h/day)



International Axion Observatory (IAXO)
• Towards a new generation axion helioscope
• Conceptual Design Report in preparation. Letter of 

International Axion Observatory (IAXO)
Each conversion bore 
(between coils) aboutp g p p p

Intent to CERN.
• Goal: 1‐1.5 orders of magnitude in sensitivity to  ga

better than CAST

(between coils) about 
0.5-1 m diameter

better than CAST

All bores equiped with 
x-ray focusing and low 

b detectors 
-

Fully exploiting u y e p o t g
innovations of CAST

New larger 
toroidal magnet –
specifically built for

First feasibility results 
and sensitivity 
prospects recently 
published:

specifically built for 
axion physics

JCAP 1106:013,2011 
(arxiv:1103.5334)



Axion searches:Axion searches: midmid term prospectsterm prospectsAxion searches: Axion searches: midmid--term prospectsterm prospects

Much larger
QCD axion 
region explored

IAXO prospects

IAXO

Astrophysical
hints for ALPs

IAXO in the high mass 
end, and future phases of 
ADMX in the low mass 

d ll l l

p p

end will explore large part 
of the QCD axion model 
region in the next 
decade.
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ConclusionsConclusionsConclusionsConclusions
 Growing observational evidence for Dark Matter (cosmological, Growing observational evidence for Dark Matter (cosmological, 

astrophysical )astrophysical )astrophysical,…). astrophysical,…). 
 WIMPsWIMPs

–– Liquid Liquid XeXe and hybrid and hybrid bolometersbolometers leading mainstream race of WIMP. leading mainstream race of WIMP. 
Al d t th 10Al d t th 10 4444 22 l l f 50l l f 50 100100 G VG V WIMPWIMP Already at the ~10Already at the ~10--4444 cmcm22 level for 50level for 50--100 100 GeVGeV WIMP mass…WIMP mass…

–– 100 kg experiments taking data. Clear roadmap to 1T.  100 kg experiments taking data. Clear roadmap to 1T.  
–– Many other activities in parallel (SD couplings, directionality with TPCs, …)Many other activities in parallel (SD couplings, directionality with TPCs, …)

New “frontline” at low mass WIMPs very active (DAMANew “frontline” at low mass WIMPs very active (DAMA CoGeNTCoGeNT “hints”)“hints”)–– New “frontline” at low mass WIMPs very active (DAMA, New “frontline” at low mass WIMPs very active (DAMA, CoGeNTCoGeNT “hints”).“hints”).

 AXIONS have a large (possibly growing) motivation as DARK AXIONS have a large (possibly growing) motivation as DARK 
MATTER candidate. MATTER candidate. 
–– ADMX exploring “low mass range”, ADMX exploring “low mass range”, 
–– CAST, and later IAXO, sensitive to relevant high mass axion models. CAST, and later IAXO, sensitive to relevant high mass axion models. 

 Large progress in the last decade. For next decade:Large progress in the last decade. For next decade:Large progress in the last decade. For next decade:Large progress in the last decade. For next decade:
–– High chances to fully probe the WIMP hypothesis (with LHC & indirect searches High chances to fully probe the WIMP hypothesis (with LHC & indirect searches 

results). results). 
–– Good part of the axion parameter space will also be probed with ADMX+ & IAXO. Good part of the axion parameter space will also be probed with ADMX+ & IAXO. p p p pp p p p
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ThankThank youyou veryvery muchmuch
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