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DARK MATTER
Non luminous massive matter: Non luminous massive matter: mattermatter of unknown of unknown 

composition that does not composition that does not emitemit or or reflectreflect enough enough 

electromagnetic radiationelectromagnetic radiation to be observed directly, but to be observed directly, but 

whose presence  can be inferred from whose presence  can be inferred from gravitationalgravitational

effects on visible matter. effects on visible matter. 

Observed phenomena consistent with existence of dark 
matter: (I) rotational speeds of galaxies and orbital 
velocities of galactic clusters,
(II) gravitational lensing of background objects by 
galaxy clusters such as the Bullet cluster, and 
(III) the temperature distribution of hot gas in galaxies 
and clusters of galaxies. 

(IV) Dark matter also plays a central role in structure (IV) Dark matter also plays a central role in structure 

formation and galaxy evolution, and has measurable formation and galaxy evolution, and has measurable 

effects on the anisotropy of the cosmic microwave effects on the anisotropy of the cosmic microwave 

background. background. 
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Power Spectrum of Galaxies 
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Gravitational Lensing vs alternative gravity 

models
MOdifiedMOdified &ewotian&ewotian Dynamics at galactic scales of Dynamics at galactic scales of 

MilgromMilgrom, introduces universal  acceleration constant a, introduces universal  acceleration constant a
00

Relativistic Field Theory LimitRelativistic Field Theory Limit-- TensorTensor--VectorVector--ScalarScalar

(TEVES)(TEVES) Model of Model of BekensteinBekenstein

ALTER&ATIVES TO DARK MATTERALTER&ATIVES TO DARK MATTER

TimeTime--like Vector Instabilities (c.f. growthlike Vector Instabilities (c.f. growth

of galaxies, baryon spectrum)of galaxies, baryon spectrum)

Can fit many rotation curves, but FAIL, in their simplest form at least,

to account for certain  gravitational lensing observations 

FerrerasFerreras, , SakellariadouSakellariadou, , YusafYusaf (2008)(2008)

MavromatosMavromatos, , SakellariadouSakellariadou, , YusafYusaf (2009)(2009)

FerrerasFerreras, , MavromatosMavromatos, , SakellariadouSakellariadou, , YusafYusaf (2009)(2009)
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TYPES OF DARK MATTER
•• HOT DARK MATTER (HDM):HOT DARK MATTER (HDM): form of dark matter which 

consists of particles that travel with ultrarelativistic
velocities: e.g. neutrinos

•• COLD DARK MATTER (CDM):COLD DARK MATTER (CDM): form of dark matter
consisting of slowly moving particles, hence cold,

• e.g. axions, WIMPS (stable supersymmetric particles 
(neutralinos etc.) or MACHOS. 

•• WARM DARK MATTER (WDM):WARM DARK MATTER (WDM): form of dark matter with 
properties between those of HDM and CDM, sterile 
neutrinos, light gravitinos-partner of gravitons  in 
supergravity theories;)







Model dependenceModel dependence……





BUTBUT……TeVeSTeVeS excluded by excluded by 

Gravitational Gravitational LensingLensing Data Data 

((FerrerasFerreras, , SakellariadouSakellariadou, , 

YusafYusaf, &M), &M)
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&on&on--equilibrium equilibrium 

CosmologiesCosmologies

LahanasLahanas, &M, , &M, 

&anopoulos&anopoulos
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charginos

neutralinos

• R-parity:    R R = (= (--1)1)3(B3(B--L)+2sL)+2s → RR ==

–– RR--parity conservation hinted parity conservation hinted 

but but not requirednot required by proton stabilityby proton stability

–– not a fundamental symmetrynot a fundamental symmetry

• If R-parity is conserved:

–– SUSYSUSY--partners are always produced in pairs partners are always produced in pairs 

((RR is a multiplicative quantum number)is a multiplicative quantum number)

–– Lightest SUSYLightest SUSY--particle (LSP) is stableparticle (LSP) is stable

• should be colorless and neutral 

• weakly interacting → escapes the detector undetectable 
→ large missing energy

• dark matter candidate

graviton (spin 2)  graviton (spin 2)  ↔↔ gravitinogravitino (spin 3/2)(spin 3/2)

(□ = superpartners)

+1, for SM particles+1, for SM particles

––1, for 1, for superpartnerssuperpartners

SUSY PARTICLE SPECTRUMSUSY PARTICLE SPECTRUM

























Dark matter: (in)direct WIMP searches

•• DirectDirect detectiondetection

–– look for elastic scattering of WIMP on nucleilook for elastic scattering of WIMP on nuclei

–– sensitive to WIMP mass sensitive to WIMP mass mmXX and cross section and cross section 

σσXX--nucleon nucleon 

–– variousvarious techniquestechniques appliedapplied toto observe observe thethe recoilrecoil::

scintillatorscintillator NaINaI, cryogenic, noble liquids , cryogenic, noble liquids 

((ArAr, , XeXe), bubble chamber (superheated liquid) ), bubble chamber (superheated liquid) 

�� uncorrelated uncorrelated systematicssystematics

–– annualannual modulationmodulation observedobserved by DAMA/LIBRA (?) by DAMA/LIBRA (?) 

•• notnot confirmedconfirmed by by otherother experimentsexperiments

•• Indirect detectionIndirect detection

–– look for annihilation products in galactic halolook for annihilation products in galactic halo

–– sensitive to DM particle annihilation processessensitive to DM particle annihilation processes

–– telescopestelescopes

•• neutrinos: ANTARES, neutrinos: ANTARES, NESTOR,AmandaNESTOR,Amanda, , IcecubeIcecube, , SuperKSuperK

•• γγ--rays: MAGIC, HESS, rays: MAGIC, HESS, VeritasVeritas, , CangarooCangaroo

•• γγ--rays, antiprotons, erays, antiprotons, e++: : GlastGlast, P, PAMELAAMELA, AMS, HEAT , AMS, HEAT 

–– can distinguish different can distinguish different WIMPsWIMPs: : neutralinosneutralinos, , 
KK states, ...KK states, ...

–– hints of DM annihilation seen by EGRET, HESS , hints of DM annihilation seen by EGRET, HESS , 

ATIC &  PAMELAATIC &  PAMELA (but probably excess positrons are due to 
PULSARS)

• Important for checking compatibility of cosmological and particle 
physics (LHC) results with SUSY (or other) scenario

http://dmtools.brown.edu







Simplest (Toy) Model: mSUGRA with dilaton Quintessence

DiamandisDiamandis, , GeorgalasGeorgalas, , LahanasLahanas, &M, , &M, &anopoulos&anopoulos

PapantonopoulosPapantonopoulos, , PappaPappa



Simplest (Toy) Model: mSUGRA with dilaton Quintessence

DiamandisDiamandis, , GeorgalasGeorgalas, , LahanasLahanas, &M, , &M, &anopoulos&anopoulos

Consistency with BigConsistency with Big--Bang Bang &ucleosynthesis&ucleosynthesis (at (at MeVMeV scales)  scales)  

required,  determines exotic scaling and equation of state of  prequired,  determines exotic scaling and equation of state of  part art 

of Dark Matter (due to coupling with of Dark Matter (due to coupling with dilatondilaton ) ) 

PapantonopoulosPapantonopoulos, , PappaPappa



Boltzmann equation Modifications for Thermal Dark matter Relics,Boltzmann equation Modifications for Thermal Dark matter Relics, e.g. e.g. 

&eutralinos&eutralinos

FriedmannFriedmann equationequation

Lahanas, &M, &anopoulos



Lahanas, &M, &anopoulos

Equation of State (Consistent with BB&)Equation of State (Consistent with BB&)

ppDMDM ~ 0.4 ~ 0.4 ρρDMDM





Conventional CosmologyConventional Cosmology

Supercritical String CosmologySupercritical String Cosmology

More Room for More Room for SupersymmetrySupersymmetry at Collidersat Colliders……....
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Lahanas, &M, &anopoulos



New Signals of SSC at LHC
DuttaDutta et al., PRD79 , 055002 (2009)et al., PRD79 , 055002 (2009)

Unlike Standard Unlike Standard mSUGRAmSUGRA scenarios, in toy SSC scenarios, in toy SSC mSUGRAmSUGRA

Final states consist of: Final states consist of: 

(i)(i) Z bosons  +  Z bosons  +  

(ii)(ii) HiggsesHiggses + + 

(iii)(iii) highhigh--energy energy taustaus + + 

…… + jets plus missing energy + jets plus missing energy 

Higher values of scalar unification 

masses m0 allowed in SSC

Contrast with standard-Cosmology  

mSUGRA where only low-energy τ exist 

due to proximity of stau mass to that of 

lightest neutralino in stau-neutralino co-

annihilation region
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Very Different 
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Standard mSUGRA

Increasing m1/2 leads to shifts from Higgs- to τ-

dominant decay chains in SSC. Distinguishable 

from co-annihilation region due to 

LARGE MASS DIFFERE&CES between

and     

For values of m1/2  < 350 GeV

dominates,  hence Z production 
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DuttaDutta et al., PRD79 , 055002 (2009)et al., PRD79 , 055002 (2009)

Very Different 

Phenomenology from

Standard mSUGRA

Hence, question as to whether Hence, question as to whether 

astrophysical dark matter is the same as astrophysical dark matter is the same as 

particle one, cannot be answered uniquely particle one, cannot be answered uniquely 

as it as it itit highly model dependenthighly model dependent……..

But plethora of data exist and will become But plethora of data exist and will become 

available (c.f. LHC, Planck mission available (c.f. LHC, Planck mission ……))

So with time we will probably be able to So with time we will probably be able to 

answer such fundamental questionsanswer such fundamental questions……
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