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EVIDENCE FOR EVIDENCE FOR 
THE EXISTENCE OF THE EXISTENCE OF 
DARK MATTERDARK MATTER

•• Gravitational effects around Gravitational effects around 
galaxiesgalaxies

••Cosmological ObservationsCosmological Observations
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I. I. The Rotational Velocities (The Rotational Velocities (υυ22 does does 
not fall as 1/r outside the galaxies)not fall as 1/r outside the galaxies)
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Cosmological Constraints Cosmological Constraints 
in the in the ((ΩΩ,,ΛΛ) ) PlanePlane
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Slicing the Pie of the CosmosSlicing the Pie of the Cosmos
WMAP3:WMAP3: ΩΩCDM CDM ==0.240.24±±0.02,0.02, ΩΩΛΛ

==0.720.72±±0.040.04 , , ΩΩb b ==0.0.040422±±0.00.00303
WMAP1 yielded:WMAP1 yielded:
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What is the nature of dark matter?What is the nature of dark matter?
It is not known.  However:It is not known.  However:

•• It possesses gravitational interactions It possesses gravitational interactions ((from the rotation curves)from the rotation curves)
•• No other long range interaction is allowed. Otherwise it would hNo other long range interaction is allowed. Otherwise it would have ave 

formed formed ““atomsatoms”” and , hence, stars etc. So and , hence, stars etc. So 
It isIt is electrically neutral electrically neutral 

•• It does not interactIt does not interact stronglystrongly (if it did, it should have already been (if it did, it should have already been 
detected)detected)

•• It may (hopefully) posses some very weak interactionIt may (hopefully) posses some very weak interaction
This will depend on the assumed theory This will depend on the assumed theory 

•• Such an interaction may be exploited Such an interaction may be exploited for its direct detectionfor its direct detection
•• The smallness of  the strength of such an interaction and its loThe smallness of  the strength of such an interaction and its low w 

energyenergy makes its makes its direct detection extremely difficultdirect detection extremely difficult..
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DARK MATTER CANDIDATESDARK MATTER CANDIDATES
•• The The axionaxion:: 1010--6 6 eVeV<<mma a <10<10--3 3 eVeV
•• The neutrinoThe neutrino: : It is not dominant. It is not cold, not It is not dominant. It is not cold, not CDMCDM..
•• Supersymmetric particlesSupersymmetric particles..
Three possibilitiesThree possibilities::
ii) ) ss--νετρίνονετρίνο: : Excluded on the basis of results of underground Excluded on the basis of results of underground 
experiments and accelerator experimentsexperiments and accelerator experiments (LEP)(LEP)
ii) ii) GravitinoGravitino: : Not directly detectableNot directly detectable
iiiiii) ) ΑΑxinoxino: : Not directly detectableNot directly detectable
iv)iv) AA Majorana Majorana fermionfermion, , the the neutralino neutralino oror LSP LSP 

((The lightest supersymmetric particleThe lightest supersymmetric particle):): A linear    A linear    
combination of the 2 neutral combination of the 2 neutral gauginosgauginos and the 2     and the 2     
neutral neutral HiggsinosHiggsinos. . MOST FAVORITE  CANDIDATE!MOST FAVORITE  CANDIDATE!

•• Particles from theories in extra dimensions (Particles from theories in extra dimensions (KaluzaKaluza--Klein Klein WIMPsWIMPs))
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A1. SUSY MODELS: The neutralinoA1. SUSY MODELS: The neutralino
(Z(Z--exchange exchange ññ Axial currentAxial current))
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A2. SUSY MODELS: The neutralinoA2. SUSY MODELS: The neutralino
((squarksquark--exchange exchange ññAxial +scalarAxial +scalar))
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A3. SUSY MODELS: The neutralinoA3. SUSY MODELS: The neutralino
(Higgs(Higgs--exchangeexchangeññScalarScalar
ññcoherent cross sectioncoherent cross section))
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B. Universal Extra Dimension B. Universal Extra Dimension 
TheoriesTheories (e.g. Servant et al)    (e.g. Servant et al)    

•• KaluzaKaluza--Klein Theories: Klein Theories: A tower of new particlesA tower of new particles

•• Postulate a discreet symmetry: Postulate a discreet symmetry: KK--K parityK parity

•• The even modes (ordinaryThe even modes (ordinary particles) have Kparticles) have K--K K 
parity +1   parity +1   

•• The odd modes (exotic) have KThe odd modes (exotic) have K--K parity K parity --11

•• The lightest odd mode is absolutely stableThe lightest odd mode is absolutely stable

•• The interactions of the new particles are The interactions of the new particles are the the 
same with those of SMsame with those of SM

•• Essentially only the particleEssentially only the particle’’s mass is  unknown s mass is  unknown 
parameterparameter
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B1 B1 KaluzaKaluza--Klein theoriesKlein theories
The lightest particle is the brother The lightest particle is the brother 
of the B boson, the Bof the B boson, the B(1)(1)..
KK--K quark exchange.K quark exchange.
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B1 KB1 K--K theories K theories WIMP:  BWIMP:  B(1)(1). . 
KK--K qK q(1)(1) exchange. exchange. 
(with (with MoustakidesMoustakides and and OikonomouOikonomou))



DSU2006,  Madrid 20/06/2006DSU2006,  Madrid 20/06/2006

B1. B1. KaluzaKaluza--Klein theories (cont.)Klein theories (cont.)
The lightest particle is  the BThe lightest particle is  the B(1)(1)..
HiggsHiggs--Exchange.Exchange.
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B1. B1. KaluzaKaluza--Klein theories (cont.)Klein theories (cont.)
WIMPWIMP is  the Bis  the B(1)(1).. HiggsHiggs--Exchange.Exchange.
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B1. B1. KaluzaKaluza--Klein theories (cont.)Klein theories (cont.)
WIMP is  the BWIMP is  the B(1)(1).. ∆∆=0.05. =0.05. mmhh invisibleinvisible

σσpp on the left, on the left, σσnn on the right.on the right.
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B1B1.. KaluzaKaluza--Klein theories (cont.)Klein theories (cont.)
WIMP is  the BWIMP is  the B(1)(1).. ∆∆=0.8=0.8 mmhh 100100--200 200 GeVGeV

σσpp on the left, on the left, σσnn on the right.on the right.
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BB22 WIMP isWIMP is the the νν(1)(1)..
ΖΖ--Exchange Dominates.Exchange Dominates.
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Nuclear Recoil after the LSPNuclear Recoil after the LSP--
nucleus collisionnucleus collision
( Elastic for SUSY WIMPS)( Elastic for SUSY WIMPS)
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Conversion of the energy of the Conversion of the energy of the 
recoiling nucleus into detectable recoiling nucleus into detectable 
form (light, heat, ionization etc.)form (light, heat, ionization etc.)
•• The neutralino (LSP) is non relativistic.The neutralino (LSP) is non relativistic.

•• With few exceptions, it cannot excite the nucleus. It only With few exceptions, it cannot excite the nucleus. It only scatters off elastically:scatters off elastically:

•• Measuring the energy of the recoiling nucleus is extremely hardMeasuring the energy of the recoiling nucleus is extremely hard::
--Low event rateLow event rate (much less than 30 per Kg of target per year are expected)(much less than 30 per Kg of target per year are expected)..
--Bothersome backgroundsBothersome backgrounds (the signal is not very characteristic)(the signal is not very characteristic)..
--Threshold effectsThreshold effects..
--Quenching factorsQuenching factors..
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Novel approachesNovel approaches: : Exploitation ofExploitation of
other signaturesother signatures of the reactionof the reaction
•• The modulation effectThe modulation effect: The  seasonal due to the : The  seasonal due to the 
motion of the Earth dependence of the rate.motion of the Earth dependence of the rate.

•• The excitationThe excitation of the nucleus (in some cases , of the nucleus (in some cases , 
heavy WIMP etc, that this is realistic) andheavy WIMP etc, that this is realistic) and
detection of the subsequently emitted dedetection of the subsequently emitted de--
excitationexcitation γγ rays.rays.

•• Asymmetry measurements in directional Asymmetry measurements in directional 
experiments experiments (the (the direction of the recoilingdirection of the recoiling
nucleusnucleus must also be measured).must also be measured).

•• Detection of other particles (electrons, XDetection of other particles (electrons, X--rays), rays), 
produced during the LSPproduced during the LSP--nucleus collisionnucleus collision
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The SUSY INPUTThe SUSY INPUT

•• Allowed parameter space: Allowed parameter space: Universality at GUT scaleUniversality at GUT scale:                         :                         
-- One  mass One  mass mm00 for the scalarsfor the scalars
--One  mass One  mass mm1/2 1/2 for the fermions                                              for the fermions                                              
--TanTanββ, , the ratio of vacuum expectation values of the   the ratio of vacuum expectation values of the   
HigssHigss HHuu ,,HHdd ,, i.e. <vi.e. <vuu>/ <>/ <vvdd>                                                               >                                                               
--The cubic coupling The cubic coupling AA0 0 (or (or mmtt))
--The The sign of sign of µµ, , in  in  µµHHuu HHdd

•• These parameters are constrained via the  These parameters are constrained via the  
renormalization group equationsrenormalization group equations from the observable low from the observable low 
energy quantities (all related to the above five energy quantities (all related to the above five 
parameters).parameters).

•• (see, e.g.,: Ellis, Arnowitt, Nath, (see, e.g.,: Ellis, Arnowitt, Nath, BottinoBottino, Lazarides, , Lazarides, 
Munoz, Gomez and their collaborators)Munoz, Gomez and their collaborators)
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LSP Velocity DistributionsLSP Velocity Distributions
•• Conventional:Conventional: Isothermal modelsIsothermal models
•• (1) Maxwell(1) Maxwell--BoltzmannBoltzmann (symmetric or axially symmetric) (symmetric or axially symmetric) 
•• with characteristic velocity equal to the sunwith characteristic velocity equal to the sun’’s velocity around the s velocity around the 

galaxy, galaxy, vvmm = v= v0 0 = 220 km/s, = 220 km/s, 
•• and escape velocity  and escape velocity  vvescesc =2.84v=2.84v00 put in by hand.put in by hand.
•• (2)(2) Modification of MModification of M--B characteristic velocityB characteristic velocity

Interaction of dark matter with dark energy: Interaction of dark matter with dark energy: υυm m == nvnv0 0 ,,
vvescesc =n2.84=n2.84mescmesc n>1n>1
((TetradisTetradis and JDV )and JDV )

•• Adiabatic models employingAdiabatic models employing EddingtonEddington’’ss theorytheory: : 
ρρ((rr))flflΦΦ((rr) ) flfl f(f(r,vr,v) (JDV) (JDV--Owen)Owen)

•• Other nonOther non--thermal modelsthermal models::
Caustic ringsCaustic rings ((SikivieSikivie , JDV), wimps in bound orbits etc, JDV), wimps in bound orbits etc
SgrSgr Dwarf galaxyDwarf galaxy, anisotropic flux,  (Green & Spooner), anisotropic flux,  (Green & Spooner)
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Coupling of Dark Matter and Dark Coupling of Dark Matter and Dark 
EnergyEnergy (N. (N. TetradisTetradis, P.L. B 632 (2006) 463, P.L. B 632 (2006) 463

•• A scalar field A scalar field ((masslessmassless up to Hubble up to Hubble 
distances).distances).

•• At the galactic scale it generates a new At the galactic scale it generates a new 
long range scalar interaction between DM long range scalar interaction between DM 
& DE.& DE.

•• This leads to  an This leads to  an interaction between DM interaction between DM 
particles above gravity particles above gravity determined by determined by κκ::

•• κκ22= 4= 4mmPP( (1/m(( (1/m(ΦΦ))())(d(md(m((ΦΦ))))/d /d ΦΦ)|)|( ( ΦΦ==φφ00)) ))
2 2 
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Coupling of Dark Matter and Dark Coupling of Dark Matter and Dark 
EnergyEnergy (N. (N. TetradisTetradis, P.L. B 632 (2006) 463, P.L. B 632 (2006) 463

•• Energy momentum tensor for DM Energy momentum tensor for DM 
diagdiag((--ρρ,,p,p,pp,p,p) with Eq. of state: ) with Eq. of state: p(rp(r)=)=ρρ(r)(r) <<υυ22>>

•• Solution of Einstein Solution of Einstein EqsEqs flfl gravitational Potentialgravitational Potential
such that: such that: ΦΦ’’ =(2/=(2/3)3)(1+(1+κκ22)<)<υυ22>1/>1/rrflfl

matter rotational velocity:matter rotational velocity:((υυ00))
22==((22//33(1+(1+κκ22))<))<υυ22>>

•• flflDM: MBDM: MB ~~ Exp[Exp[--υυ22 / / ((n n υυ00))
22]] ;; nn2 2 ==(1+(1+κκ22))

•• And escape velocity:And escape velocity:
•• υυesc esc =2.84=2.84υυ0 0 (matter)(matter) flflυυesc esc =2.84n=2.84nυυ0 0 (DM)(DM)
•• BEFORE WE EXPLOIT THIS EFFECTBEFORE WE EXPLOIT THIS EFFECT

SOME REMINDERS ARE NEEDEDSOME REMINDERS ARE NEEDED
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TheThe event rateevent rate for the coherent for the coherent 
modemode

•• Can be cast in the formCan be cast in the form::

•• Where:Where:
ρρ(0)(0):: the local WIMP densitythe local WIMP density≈≈0.3 GeV/cm0.3 GeV/cm33..
σσSS

pp,,χχ : the WIMP: the WIMP--nucleon cross section. nucleon cross section. It can be extractedIt can be extracted fromfrom
the data the data once once ffcohcoh ((A,mA,mχχ)) is knownis known..
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The factorThe factor ffcohcoh(A,m(A,mχχ)) for A=127 (I) for A=127 (I) 
vsvs the LSP massthe LSP mass (The dashed for threshold 10keV)(The dashed for threshold 10keV)
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The factorThe factor ffcohcoh(A,m(A,mχχ) ) for A=19 (F)for A=19 (F)
(The Dashed for threshold 10keV)(The Dashed for threshold 10keV)
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Current Limits on coherent proton Current Limits on coherent proton 
cross sectioncross section (astro(astro--ph/0509259)ph/0509259)
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THE MODULATION EFFECTTHE MODULATION EFFECT
vvJuneJune==235+15=235+15=250km/s250km/s
vvDecDec=235=235--15=15=220km/s220km/s
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THETHE MODULATION EFFECT*MODULATION EFFECT*
(continued)(continued)

•• R=RR=R0 0 (1+b(1+b sinsinγγ coscosαα)=R)=R0 0 (1+h(1+h coscosαα))

((αα=0 around June 3nd)  =0 around June 3nd)  

•• γγ==γγ’’ -- ππ/3, /3, γγ’’ is the  angle between the axis of is the  angle between the axis of 
galagalaχχy   and  the axis of the ecliptic. y   and  the axis of the ecliptic. 

•• h=modulation amplitudeh=modulation amplitude..

•• RR00 =average rate=average rate..

•• * with N. * with N. TetradisTetradis (calculations with non standard (calculations with non standard 
MM--B)B)
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The Differential RateThe Differential Rate (Reminders)(Reminders)
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The Function The Function ΨΨ0 0 ((xx)); n=1; n=1
(dotted (dotted ññmmWIMPWIMP 30GeV, thick 30GeV, thick ññmmWIMPWIMP 200GeV)200GeV)
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The Function The Function ΨΨ0 0 ((xx)); n=2; n=2
((dotteddottedññmmWIMPWIMP 30GeV, thick 30GeV, thick ññmmWIMPWIMP 200GeV)200GeV)
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The Modulation Amplitude The Modulation Amplitude H(xH(x), n=1), n=1
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The Modulation Amplitude The Modulation Amplitude H(xH(x), n=2), n=2
Note a decrease by almost a factor of 5Note a decrease by almost a factor of 5
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Effect on Total RatesEffect on Total Rates
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TheThe factor t factor t for for 127127II (coherent mode)(coherent mode)
QQthth=0=0, 10 , 10 keV, Isothermal model (MkeV, Isothermal model (M--B),B),

On topOn top n=1, at the bottom n=2n=1, at the bottom n=2



DSU2006,  Madrid 20/06/2006DSU2006,  Madrid 20/06/2006

TheThe Modulation AmplitudeModulation Amplitude h h for for 127127II
QQthth=0=0, 10 , 10 keV, Isothermal model (MkeV, Isothermal model (M--B),B),

On topOn top n=1, at the bottom n=2n=1, at the bottom n=2
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TheThe Modulation AmplitudeModulation Amplitude h h for for 127127II
QQthth=0=0ññthick, thick, QQthth=5keV=5keVññfine fine 
QQthth=10=10ññdash; dash; Eddington TheoryEddington Theory
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Conclusions: Conclusions: 
Experimental ambitions for RecoilsExperimental ambitions for Recoils
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NON RECOIL MEASUREMENTSNON RECOIL MEASUREMENTS

•• (a) Measurement of ionization electrons (a) Measurement of ionization electrons 
produced directly during the WIMPproduced directly during the WIMP--
nucleus collisionsnucleus collisions

•• (b) Measurement of hard X(b) Measurement of hard X--rays following rays following 
the dethe de--excitation of the atom in (a)excitation of the atom in (a)

•• (c) Excitation of the Nucleus and (c) Excitation of the Nucleus and 
observation of the deobservation of the de--excitation excitation γγ raysrays
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Relative rate for electron ionizationRelative rate for electron ionization
(there are (there are Z electronsZ electrons in an atom!)in an atom!)
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Detection ofDetection of hard Xhard X--raysrays

•• After the ionization there is a probability for a After the ionization there is a probability for a K K 
or L holeor L hole

•• This hole deThis hole de--excites via excites via emitting Xemitting X--raysrays or or Auger Auger 
electronselectrons..

•• Indicating with Indicating with bbnnℓℓ the the fluorecencefluorecence ratio ratio 
(determined experimentally)(determined experimentally)

•• the the fraction of Xfraction of X--rays per recoilrays per recoil is:is:

σσX(nX(nℓℓ) ) //σσr  r  = = bbnlnl((σσnnℓℓ//σσrr)) with with σσnnℓℓ//σσr r the relative   the relative   

ionization rateionization rate per orbitper orbit
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The K The K XrayXray rates in WIMP interactions in rates in WIMP interactions in 132 132 XeXe for for 

masses: masses: LLññ30GeV30GeV, , MMññ100GeV100GeV, , HHññ300GeV300GeV
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CONCLUSIONS: CONCLUSIONS: Excitation of the nucleus:Excitation of the nucleus:

Possible in the exotic models!Possible in the exotic models!
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CONCLUSIONS A: KCONCLUSIONS A: K--K WIMPSK WIMPS

•• Theoretical advantages: Theoretical advantages: Only the masses are unknownOnly the masses are unknown
parametersparameters

•• Experimental advantagesExperimental advantages: The WIMP energy is an order : The WIMP energy is an order 
of magnitude biggerof magnitude bigger

The energy transfer to the nucleus is in the MeV regionThe energy transfer to the nucleus is in the MeV region. . 
WIMPS need not be detected via the hard recoil WIMPS need not be detected via the hard recoil 
measurements. measurements. One can excite the nucleusOne can excite the nucleus

•• Limits Limits KK--K Nucleon cross sectionsK Nucleon cross sections can be extracted fromcan be extracted from
current limitscurrent limits via:via:

•• σσ(K(K--K)K) ((cohcoh) ) ≈≈(A/Z)(A/Z)221010((--6)6) pbpb [[mm(K(K--K)K)/200GeV]/200GeV](1/2)  (1/2)  

•• σσ(K(K--K)K) (spin) (spin) ≈≈1010((--2)2) pbpb [[mm(K(K--K)K)/200GeV]/200GeV](1/2)(1/2)
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CONCLUSIONSCONCLUSIONS-- SUSY WIMPS SUSY WIMPS 
Standard Rates (theory)Standard Rates (theory)

•• Most of the uncertainties come the fact that the Most of the uncertainties come the fact that the 
allowed SUSY parameter space has not been allowed SUSY parameter space has not been 
sufficiently sharpened.sufficiently sharpened.

•• The other uncertainties (The other uncertainties (nuclear form factor, nuclear form factor, 
structure of the nucleon, quenching factor, structure of the nucleon, quenching factor, 
energy thresholdenergy threshold) could affect the results by an ) could affect the results by an 
order of magnitudeorder of magnitude..

•• Most of the parameter space yields undetectable Most of the parameter space yields undetectable 
ratesrates..

•• The The coherent contributioncoherent contribution due to the scalar due to the scalar 
interaction is the interaction is the most dominantmost dominant..
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CONCLUSIONSCONCLUSIONS--Modulation (theory)Modulation (theory)
•• The The modulation amplitude hmodulation amplitude h is small less is small less than than 
2%2% and depends on the LSP mass. and depends on the LSP mass. 

•• It crucially It crucially depends on the velocity distributiondepends on the velocity distribution
•• Its Its signsign is also is also uncertainuncertain for intermediate and for intermediate and 
heavy nuclei.heavy nuclei.

•• It may It may increaseincrease as the energy cut off remains as the energy cut off remains 
big (as in the DAMA experiment), but big (as in the DAMA experiment), but at the at the 
expense of the number of countsexpense of the number of counts.  The DAMA .  The DAMA 
experiment experiment maybe consistentmaybe consistent with the other with the other 
experiments, experiments, if  the spin interaction dominatesif  the spin interaction dominates. . 

•• The modulation is reduced in exotic WIMP The modulation is reduced in exotic WIMP 
velocity distributionsvelocity distributions
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CONCLUSIONSCONCLUSIONS: : Electron productionElectron production
during LSPduring LSP--nucleus collisionsnucleus collisions

•• During the neutralinoDuring the neutralino--nucleus collisions, nucleus collisions, 
electrons may be kicked off the atomelectrons may be kicked off the atom

•• Electrons can be identified Electrons can be identified easier than nuclear easier than nuclear 
recoils recoils (Low threshold (Low threshold ~0.25keV ~0.25keV TPC detectors)TPC detectors)

•• The branching ratio for this process depends on The branching ratio for this process depends on 
the threshold energies and the LSP mass.the threshold energies and the LSP mass.

•• For a threshold energy of 0.25 keV the ionization For a threshold energy of 0.25 keV the ionization 
event rate in the case of  a heavy target can  event rate in the case of  a heavy target can  
exceed the rate for recoils exceed the rate for recoils by an order of 10by an order of 10..

•• Detection of hard XDetection of hard X--rays also seams feasiblerays also seams feasible



DSU2006,  Madrid 20/06/2006DSU2006,  Madrid 20/06/2006

••THE ENDTHE END
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The directional event rateThe directional event rate

•• The event rate in The event rate in directional experimentsdirectional experiments is:is:

RRdirdir=(=(κκ/2/2ππ))RR00[1+cos([1+cos(αα--ααmmππ))]]

•• RR00 is the average usual (is the average usual (nonnon--dirdir) rate) rate

•• αα the phase of the Earththe phase of the Earth (as usual)(as usual)

•• αα mm is the is the shift in the phase of the Earthshift in the phase of the Earth (it (it 
depends on depends on µµrr and the direction of observation)and the direction of observation)

•• κκ/2/2ππ is the is the reduction factorreduction factor (it depends on (it depends on µµrr

and the and the direction of observationdirection of observation))

•• κκ and and ααm m depend only slightly on SUSYdepend only slightly on SUSY
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The Directional rate The Directional rate ttdirdir in the case in the case 
of of 127127I for wimp mass of 100 I for wimp mass of 100 GeVGeV
MM--B distribution m=1)B distribution m=1)
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The Directional rate The Directional rate ttdirdir in the case in the case 
of of 127127I for wimp mass of 100 I for wimp mass of 100 GeVGeV
MM--B distribution m=2)B distribution m=2)
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The The parameter parameter κκ vsvs the polar anglethe polar angle
in the case of in the case of A=127, rightA=127, right for for 
mmχχ=100 =100 GeV(MGeV(M--B distribution m=1)B distribution m=1)
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The The parameter parameter κκvsvs the polar anglethe polar angle
in the case of in the case of A=127, rightA=127, right for for 
mmχχ=100 =100 GeV(MGeV(M--B distribution m=2)B distribution m=2)
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Directional Rate: ModulationDirectional Rate: Modulation vsvs ΘΘ
mmwimpwimp=100 =100 GeV,GeV,dotteddottedññΦΦ==ππ, , fine fine 
ññΦΦ=0=0, , thickthickññΦΦ==ππ/2,3/2,3ππ/2/2 ((m=1m=1))
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Directional Rate: ModulationDirectional Rate: Modulation vsvs ΘΘ
mmwimpwimp=100 =100 GeV,GeV,dotteddottedññΦΦ==ππ, , fine fine 
ññΦΦ=0=0, , thickthickññΦΦ==ππ/2,3/2,3ππ/2/2 ((m=2m=2))
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The  The  event rateevent rate vsvs the polar anglethe polar angle
((A=19,  left) A=19,  left) , (, (A=127, rightA=127, right) for ) for 
mmχχ=100 =100 GeVGeV and Mand M--B distributionB distribution
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The parameter The parameter κκ vsvs the LSP massthe LSP mass::
perpendicular to the sunperpendicular to the sun’’s velocity s velocity 
(left)(left) and and opposite to it (right) opposite to it (right) 
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A. SUSY MODELS WITH RA. SUSY MODELS WITH R--PARITY: PARITY: 
The neutralinoThe neutralino χχ

•• Standard model particles have RStandard model particles have R--parity=1parity=1

•• All SUSY particles have RAll SUSY particles have R--parity parity --11

•• Lightest SUSY particle absolutely stableLightest SUSY particle absolutely stable

•• A linear combination of the 4 neutral A linear combination of the 4 neutral 
fermions                                           fermions                                           
(two (two gauginosgauginos and two and two HiggsinosHiggsinos) i.e.) i.e.
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From the quark level From the quark level 
to the nucleon level (coherent)to the nucleon level (coherent)
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The Differential cross section at the The Differential cross section at the 
nuclear level.nuclear level.

•• υυ is the neutralino velocityis the neutralino velocity and and uu stands  stands  
essentially for essentially for the energy transfer Qthe energy transfer Q::

•• u=Q/Qu=Q/Q0 0 , Q, Q00=40A=40A--4/34/3 MeVMeV

•• F(uF(u): ): The nuclear form factorThe nuclear form factor

•• FF11 11 (u):(u): The The isovectorisovector spin response spin response 
functionfunction



DSU2006,  Madrid 20/06/2006DSU2006,  Madrid 20/06/2006

Expressions for the nuclear cross Expressions for the nuclear cross 
section (continued)section (continued)

WithWith

•• ΣΣSS==σσpp
ss((µµrr/m/mpp))

22AA2   2   (scalar interaction)(scalar interaction)

•• σσpp
ss is the scalar protonis the scalar proton--LSP cross sectionLSP cross section

•• µµrr isis the LSPthe LSP--nucleus reduced massnucleus reduced mass

•• AA is the nuclear massis the nuclear mass

•• ΣΣSpin Spin is the expression for the spin inducedis the expression for the spin induced

cross section (to be discussed later).cross section (to be discussed later).
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BR for transitions to theBR for transitions to the first first 
excited stateexcited state at 50 keV for Iat 50 keV for I vsvs LSP LSP 
massmass (Ejiri; Quentin, (Ejiri; Quentin, StrottmanStrottman and JDV) and JDV) 

Note: quenching of recoil ignoredNote: quenching of recoil ignored
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The The RelativeRelative (with respect to recoil) (with respect to recoil) rate of rate of 
ionization per electron ionization per electron vsvs: : a) a) EEthresholdthreshold for mfor mχχ

=100=100GevGev (left)(left) and b) mand b) mχχ for for EEthresholdthreshold = 0.2 keV (right)= 0.2 keV (right)
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Relative rate forRelative rate for inner electron hole inner electron hole 
productionproduction in the case of in the case of 132132XeXe.      .      

•• nnℓℓ εεnnℓℓ(keV(keV) () (σσnnℓℓ//σσrr))LL ((σσnnℓℓ//σσrr))MM ((σσnnℓℓ//σσrr))HH
•• isis 34.5634.56 0.0340.034 0.2210.221 0.2550.255

•• 2s      5.45     2s      5.45     1.2111.211 1.4611.461 1.4631.463

•• 2p      4.89     3.796      4.506     4.513 2p      4.89     3.796      4.506     4.513 

•• WIMP masses indicated by subscript:WIMP masses indicated by subscript:

LLññ30GeV, M30GeV, Mññ100GeV, H100GeV, Hññ300GeV300GeV
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CONCLUSIONSCONCLUSIONS--Transitions to Transitions to 
excited statesexcited states

•• For neutralino transitions to excited states are For neutralino transitions to excited states are 
possible possible in few odd A nuclei*in few odd A nuclei*..

•• When allowed, are When allowed, are kinematicallykinematically suppressedsuppressed

•• The branching ratio depends on the structure of The branching ratio depends on the structure of 
the nucleus and the LSP massthe nucleus and the LSP mass

•• In the case of In the case of IodineIodine, a popular target for , a popular target for 
recoils, it can be as high as recoils, it can be as high as 7% for LSP mass 7% for LSP mass 
higher than 200 higher than 200 GeVGeV

•• * For K* For K--K WIMPS it is quite easyK WIMPS it is quite easy
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II: Cosmological EvidenceII: Cosmological Evidence
for dark matterfor dark matter

The 3 main reasons for the Big Bang Scenario:The 3 main reasons for the Big Bang Scenario:

•• The receding of GalaxiesThe receding of Galaxies (red shift) (Hubble (red shift) (Hubble 
1929)1929)

•• The Microwave Background RadiationThe Microwave Background Radiation (CMBR (CMBR ––
PenziasPenzias and Wilson 1964)and Wilson 1964)

•• The Big Bang The Big Bang NucleosynthesisNucleosynthesis (BBN, 1946)(BBN, 1946)

All bear a signature of dark matterAll bear a signature of dark matter
(BBN also gave the first argument for CMBR, but (BBN also gave the first argument for CMBR, but 
nobody paid any attention)nobody paid any attention)
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Anisotropy in the CMBR (cont.)Anisotropy in the CMBR (cont.)
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IIcIIc: Light curves : : Light curves : ddLL vsvs red shift z red shift z 
(Generalization of Hubble(Generalization of Hubble’’s Law to s Law to 
Large Distances)Large Distances)

•• Upper continuousUpper continuous

•• Middle continuousMiddle continuous

•• Lower continuousLower continuous

•• DashedDashed--

Non accelerating Non accelerating 

universeuniverse

3.0,7.0 =Ω=Ω
Λ M

3.0,0.0 =Ω=Ω
Λ M

0.1,0.0 =Ω=Ω
Λ M
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B1 B1 KaluzaKaluza--Klein theories Klein theories WIMP:BWIMP:B(1)(1)

KK--K qK q(1)(1)exchangeexchange--The axial current.The axial current.
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BB22 WIMP isWIMP is the the νν(1)(1).. (continued)(continued)
ΖΖ--Exchange Dominates.Exchange Dominates.
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Spin Contribution Spin Contribution ññ Axial CurrentAxial Current

•• Going from quark to the nucleon level for Going from quark to the nucleon level for 
the the isovectorisovector component is standardcomponent is standard (as in (as in 
weak interactions):                                   weak interactions):                                   
ff11A A (q) (q) flfl ff11A A == ggAA ff

11
A A (q) , (q) , ggAA =1.24=1.24

•• For the For the isoscalar this is not trivialisoscalar this is not trivial. The . The 
nanaïïve quark model fails badly (ve quark model fails badly (the proton the proton 
spin crisisspin crisis)                                            )                                            
ff00A A (q) (q) flfl ff00A A == gg00

AA ff
00
A A (q) , (q) , gg00

AA =0.1=0.1
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The relative differential Rate, The relative differential Rate, 
((dRdRee/dT/dTee )/)/RRrecoilrecoil, , vsvs the electron the electron 
energyenergy TT for for electron productionelectron production in in 
LSPLSP--nucleus nucleus ((MoustakidisMoustakidis, Ejiri, JDV)., Ejiri, JDV).
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Detection of Detection of hard Xhard X--raysrays (events (events 
relative to recoil)          (continued)relative to recoil)          (continued)

•• The interesting quantity is:The interesting quantity is:

•• ((σσK K ((KKijij)/)/σσrr)=()=(σσ1s1s//σσrr)) bb1s 1s B(KB(Kijij))

•• Where:Where:

•• bbnnℓℓ==FluorecenceFluorecence ratio, ratio, KKijij =K=K--ijij branchbranch
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CONCLUSIONSCONCLUSIONS--Directional RatesDirectional Rates

•• Good signaturesGood signatures, but the , but the experiments are hardexperiments are hard (the (the 
DRIFT experiment cannot tell the sense of direction of DRIFT experiment cannot tell the sense of direction of 
recoil)recoil)

•• Large asymmetriesLarge asymmetries are predictedare predicted

•• The The rates are suppressedrates are suppressed by a factor by a factor κκ/2/2ππ, , κκ<0.6<0.6

•• For a given LSP velocity distribution, For a given LSP velocity distribution, κκ depends on the depends on the 
direction of observationdirection of observation

•• In the most favored direction In the most favored direction κκ is approximately 0.6is approximately 0.6

•• In the plane perpendicular to the sunIn the plane perpendicular to the sun’’s velocity s velocity κκ is is 
approximately equal to 0.2approximately equal to 0.2
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CONCLUSIONSCONCLUSIONS-- Modulation in Modulation in 
Directional ExperimentsDirectional Experiments

•• The The Directional ratesDirectional rates also also exhibit modulationexhibit modulation
•• In the In the most favored directionmost favored direction of observation, opposite to of observation, opposite to 

the sunthe sun’’s motion, the s motion, the modulation is now twice as largemodulation is now twice as large. . 
(Maximum in June, Minimum in December)(Maximum in June, Minimum in December)

•• In the plane In the plane perpendicular to the sunperpendicular to the sun’’s motions motion the the 
modulation is modulation is much largermuch larger. The difference between the . The difference between the 
maximum and the minimum can be as high maximum and the minimum can be as high as 50%.as 50%. It It 
also shows a also shows a direction characteristic patterndirection characteristic pattern (for (for 
observation directions on the galactic plane the observation directions on the galactic plane the 
maximum may occur in September or March, while maximum may occur in September or March, while 
normal behavior for directions perpendicular to the normal behavior for directions perpendicular to the 
galaxy)galaxy)
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A typical Scatter Plot (A typical Scatter Plot (Universal set Universal set 
of parametersof parameters) () (CeredenoCeredeno, , 
GabrielliGabrielli, Gomez and Munoz), Gomez and Munoz)
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A  Scatter Plot (A  Scatter Plot (Non UniversalNon Universal) ) 
((CeredenoCeredeno, , GabrielliGabrielli, Gomez and , Gomez and 
Munoz)Munoz)
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The event rate due to the spinThe event rate due to the spin

•• WhereWhere ff00AA== aapp+a+ann ((isoscalarisoscalar) ) and and ff11AA== aapp--aann ((isovectorisovector) ) couplings at couplings at 
the nucleon level and the nucleon level and ΩΩ00(0), (0), ΩΩ11(0)(0) the corresponding the corresponding static spin static spin 
matrix elementsmatrix elements

•• The event rate is cast in the formThe event rate is cast in the form::
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The factorThe factor ffspinspin(A,m(A,mχχ)) for A=127 (I)for A=127 (I)
(The Dashed for threshold 10keV)(The Dashed for threshold 10keV)
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The factorThe factor ffspinspin(A,m(A,mχχ)) for A=19 (F)for A=19 (F)
(The Dashed for threshold 10keV)(The Dashed for threshold 10keV)



DSU2006,  Madrid 20/06/2006DSU2006,  Madrid 20/06/2006

The The constrained amplitude planeconstrained amplitude plane ((aapp,,χχ,a,ann,,χχ) for the) for the ΑΑ=127 =127 
systemsystem ((arbitrary unitsarbitrary units), ), when they are relatively real.when they are relatively real.



DSU2006,  Madrid 20/06/2006DSU2006,  Madrid 20/06/2006

The constrained (The constrained (aapp,,χχ,a,ann,,χχ) plane: relative phase of ) plane: relative phase of 
the amplitudes the amplitudes δδ==ππ/6/6 ((--)), , δδ==ππ/3 /3 ((--)and )and δδ==ππ//2 (2 (--))
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The The constrainedconstrained ((σσpp,,χχ,,σσnn,,χχ) plane) plane for the for the ΑΑ=127 =127 
system system ((arbitrary unitsarbitrary units)). Under the curve on the . Under the curve on the 
leftleft, if the  amplitudes have , if the  amplitudes have the same signthe same sign and and 
between the curves on the between the curves on the right for opposite signright for opposite sign..
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The constrained (The constrained (σσp,p,χχ,,σσnn,,χχ)) plane: relative phase of plane: relative phase of 
amplitudes amplitudes δδ==ππ/6/6 ((--)), , δδ==ππ/3 /3 ((--)and )and δδ==ππ//2 (2 (--))
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The directional event rateThe directional event rate

•• The event rate in The event rate in directional experimentsdirectional experiments is:is:

RRdirdir=(=(κκ/2/2ππ))RR00[1+cos([1+cos(αα--ααmmππ))]]

•• RR00 is the average usual (is the average usual (nonnon--dirdir) rate) rate

•• αα the phase of the Earththe phase of the Earth (as usual)(as usual)

•• αα mm is the is the shift in the phase of the Earthshift in the phase of the Earth (it (it 
depends on depends on µµrr and the direction of observation)and the direction of observation)

•• κκ/2/2ππ is the is the reduction factorreduction factor (it depends on (it depends on µµrr

and the and the direction of observationdirection of observation))

•• κκ and and ααm m depend only slightly on SUSYdepend only slightly on SUSY
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The Directional rate The Directional rate ttdirdir in the case in the case 
of of 127127I for wimp mass of 100 I for wimp mass of 100 GeVGeV
MM--B distribution m=1)B distribution m=1)
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The Directional rate The Directional rate ttdirdir in the case in the case 
of of 127127I for wimp mass of 100 I for wimp mass of 100 GeVGeV
MM--B distribution m=2)B distribution m=2)
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The The parameter parameter κκ vsvs the polar anglethe polar angle
in the case of in the case of A=127, rightA=127, right for for 
mmχχ=100 =100 GeV(MGeV(M--B distribution m=1)B distribution m=1)
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The The parameter parameter κκvsvs the polar anglethe polar angle
in the case of in the case of A=127, rightA=127, right for for 
mmχχ=100 =100 GeV(MGeV(M--B distribution m=2)B distribution m=2)
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Directional Rate: ModulationDirectional Rate: Modulation vsvs ΘΘ
mmwimpwimp=100 =100 GeV,GeV,dotteddottedññΦΦ==ππ, , fine fine 
ññΦΦ=0=0, , thickthickññΦΦ==ππ/2,3/2,3ππ/2/2 ((m=1m=1))
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Directional Rate: ModulationDirectional Rate: Modulation vsvs ΘΘ
mmwimpwimp=100 =100 GeV,GeV,dotteddottedññΦΦ==ππ, , fine fine 
ññΦΦ=0=0, , thickthickññΦΦ==ππ/2,3/2,3ππ/2/2 ((m=2m=2))


