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Why do we need Dark MatterWhy do we need Dark Matter

�� Most astronomers, cosmologists and particle physicists are Most astronomers, cosmologists and particle physicists are 
convinced that 90% of the mass of the Universe is due to convinced that 90% of the mass of the Universe is due to 
some nonsome non--luminous matter, called luminous matter, called `dark matter'`dark matter'..

�� Although the existence of dark matter was suggested 73 Although the existence of dark matter was suggested 73 
years ago, still we do not know its composition.years ago, still we do not know its composition.

�� In 1933, Fritz In 1933, Fritz ZwickyZwicky provided evidence that the mass of provided evidence that the mass of 
the luminous matter in the Coma cluster was much smaller the luminous matter in the Coma cluster was much smaller 
than its total mass implied by the motion of cluster member than its total mass implied by the motion of cluster member 
galaxies.galaxies.



�� Only in the 1970's the existence of dark matter began to be Only in the 1970's the existence of dark matter began to be 
considered seriously. considered seriously. 

�� Its presence in spiral galaxies was the most plausible Its presence in spiral galaxies was the most plausible 
explanation for the anomalous rotation curves of these explanation for the anomalous rotation curves of these 
galaxies.galaxies.

�� Although the nature of this dark matter is still unknown, its Although the nature of this dark matter is still unknown, its 
existence is not so odd. existence is not so odd. 

�� Remember that the discovery of Neptune in 1846 was due Remember that the discovery of Neptune in 1846 was due 
to the suggestion based on the irregular motion of Uranus.to the suggestion based on the irregular motion of Uranus.



Dark matter in galaxiesDark matter in galaxies
� Important evidence for the existence of DM comes from 

the study of rotation velocity of stars or hydrogen clouds 
located far away from galactic centres. 

� From Newton’s laws, the 
velocity of rotating objects
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� The observation of about 
1000 spiral galaxies has 
consistently shown, that away 
from the centre of galaxies the 
rotation velocities do not drop 
off with distance.



� The explanation for these flat rotation curves is to assume that disk 
galaxies are immersed in extended dark matter halos.

� At small distances this dark matter is only a small fraction of 
the galaxy mass, it becomes a very large amount at larger 
distances.

�Cosmologists express the mass density averaged over the Universe, �, 
in units of the critical density, �c ~ 10-29 g cm-3. They define � = � / �c.

� If � > �c (�>1) the Universe expands to 
a maximum then contracts leading to an 
inverse Big Bang (closed Universe).

� If � < �c (�<1) the Universe expands 
forever (open Universe). The same for
�=1, where the geometry of the 
Universe is flat.



�� Current observations of luminous matter in galaxies Current observations of luminous matter in galaxies 
determine determine �� ~ 0.01~ 0.01. . 

�� Analyses of rotation curves imply Analyses of rotation curves imply �� > 0.3> 0.3

� Theoretical arguments prefer a
�� ~1~1 flat Universe.

�� = = ��lumlum + + ��DMDM + + ��c.cc.c

�Thus, larger amounts of dark 
matter Or non-vanishing vacuum 
energy density �c.c contribution 
to the density of the Universe.



Comment:Comment:

�� It is fair to say that a small number of authors suggest that It is fair to say that a small number of authors suggest that 
dark matter is not really necessary to explain rotation dark matter is not really necessary to explain rotation 
curves.curves.

�� Their approach consists of modifying the Newton's law at Their approach consists of modifying the Newton's law at 
galactic scales.galactic scales.

�� These attempts are not only rather ad hoc in general but also These attempts are not only rather ad hoc in general but also 
insufficient to account the necessity of dark matter in scales insufficient to account the necessity of dark matter in scales 
larger than galactic ones.larger than galactic ones.



What is DM made of ?What is DM made of ?
�� The BigThe Big--Bang Bang nucleosynthesisnucleosynthesis, which explains the origin of , which explains the origin of 

the elements, sets a limit to the number of baryons that the elements, sets a limit to the number of baryons that 
exists in the Universe: exists in the Universe: ��baryonbaryon <0.04<0.04

�� Thus, baryonic objects are likely components of the dark Thus, baryonic objects are likely components of the dark 
matter but more nonmatter but more non--baryonic candidates are needed.baryonic candidates are needed.

�� Particle physics provides this type of candidate for dark Particle physics provides this type of candidate for dark 
matter.matter.

�� The three most promising are: neutrinos, The three most promising are: neutrinos, axionsaxions and and 
neutralinosneutralinos



Dark Matter CandidatesDark Matter Candidates

�� Neutrinos are the only DM candidates which are known to exist. TNeutrinos are the only DM candidates which are known to exist. They hey 
are leptons with zero charge & spin 1/2.are leptons with zero charge & spin 1/2.

�� The SM has 3 families of (leftThe SM has 3 families of (left--handed) neutrinos which are strictly handed) neutrinos which are strictly 
masslessmassless..

�� The The experexper. results indicate. results indicate ��m = mm = m����
-- mm����

~ 0.05 ~ 0.05 eVeV..

�� These neutrinos were in thermal equilibrium in the early UniversThese neutrinos were in thermal equilibrium in the early Universe and e and 
decoupled when they were moving with relativistic velocities.decoupled when they were moving with relativistic velocities.

�� Thus, the neutrino mass density isThus, the neutrino mass density is �� ~ ~ ��mm��/30 /30 eVeV. . i.ei.e neutrinos withneutrinos with
mm�� < 1 < 1 eVeV cannot solve the DM problem.cannot solve the DM problem.

1. Neutrinos:1. Neutrinos:



�� The theory of the strong interaction (QCD) may include in The theory of the strong interaction (QCD) may include in 
its its LagrangianLagrangian the term (the term (��/16/16��) ) tr(Ftr(F����FF����).).

�� this term violates parity (P) and charge conjugation (C). this term violates parity (P) and charge conjugation (C). 
This leads to This leads to ��<10<10--99, which is known as strong CP problem., which is known as strong CP problem.

�� PecceiPeccei & Quinn proposed U(1) symmetry  which is & Quinn proposed U(1) symmetry  which is 
spontaneously broken spontaneously broken �� a very small a very small �� & a Goldstone & a Goldstone 
boson, the soboson, the so--called called axionaxion..

�� The The axionaxion mass is    mass is    mmaa~10~10--55eV(10eV(101212GeV)/fGeV)/faa, , 

where                      where                      10109 9 GeVGeV < < ffaa < 10< 101212 GeVGeV..

2. 2. AxionsAxions::



3. 3. WIMPsWIMPs::
�� Weakly interacting massive particles (Weakly interacting massive particles (WIMPsWIMPs) are very ) are very 

interesting candidates for dark matter in the Universe.interesting candidates for dark matter in the Universe.

�� They were in thermal equilibrium with the SM particles in They were in thermal equilibrium with the SM particles in 
the early Universe, and decoupled when they were nonthe early Universe, and decoupled when they were non--
relativistic.relativistic.
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1327107 −−×≈Ω�� The relic density of The relic density of WIMPsWIMPs can can 
be computed with the resultbe computed with the result

� For weakly coupled particle with �~ �2/m2
weak����� ~ 10-8 - 10-9 GeV-2

One obtains,  < �annv> ~ 10-26 cm3 s-1. This number is close to the value 
that we need to obtain the observed density of the Universe.

� This is a possible hint that new physics at the weak scale provides us 
with a reliable solution to the dark matter problem.



SupersymmetrySupersymmetry

� Higgs is no longer a mysterious particle. SUSY introduce 
fundamental scalars (squarks, sleptons).

� SUSY ensures the stability of the hierarchy between the 
weak and the Planck scales.
� Within SUSY the three gauge coupling constants of  the SM 
join at a single unification scale.

��SUSY introduces a new unification SUSY introduces a new unification 
between particles of different spin.between particles of different spin.

� Local SUSY leads to a partial unification of the SM with gravity: 
Supergravity, which is the low-energy limit of superstrings.

��SUSY is a new type of symmetry relates SUSY is a new type of symmetry relates 
bosons and fermionsbosons and fermions..



� In simplest SUSY models, there is ONLY interactions 
between one SM particle and two SUSY particles.

� SUSY particles are produced or destroyed only in pairs. The 
LSP is absolutely stable.

� LSP may be a candidate for DM, Goldberg 1983.

� SUSY fulfils the two crucial requirements: new physics at 
the electroweak scale with a stable particle.

� In MSSM, the LSP is an electrically neutral with no strong 
Interactions particle, called neutralino.



Lightest SUSY particleLightest SUSY particle
�� NeutralinosNeutralinos are are superpositionssuperpositions

of the of the fermionicfermionic partners of the partners of the 
neutral electroweak gauge neutral electroweak gauge 
bosons, bosons, binobino and wino, and the and wino, and the 
fermionicfermionic partners of the partners of the 
twoneutraltwoneutral Higgs bosons, Higgs bosons, 
HiggsinosHiggsinos..
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� There are numerous final states into which the LSP can 
annihilate. The most important ones occur at the tree level.



�� fermionfermion--antifermionantifermion pairs give the dominant contribution to pairs give the dominant contribution to 
LSP LSP annhiliationannhiliation. . 

�� Many regions of the parameter space of the MSSM produce Many regions of the parameter space of the MSSM produce 
values of the annihilation cross values of the annihilation cross sectioninsectionin the interesting the interesting 
range (range (�� ~ 10~ 10--99 GeVGeV--22). ). 

�� Therefore, the Therefore, the neutralinoneutralino is a very good candidate to is a very good candidate to 
account for the dark matter in the Universe.account for the dark matter in the Universe.
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Search for dark matter particlesSearch for dark matter particles

�� It is shown that direct It is shown that direct 
experimental detection experimental detection 
through elastic scattering with through elastic scattering with 
nucluinuclui in a detector is in a detector is 
possible.possible.

Direct detection:
    target crystal

recoiling 
nucleus

scattered particle

�A WIMP with a mass of the order of 100 GeV and electroweak 
interactions will have � ~10-9 GeV-2. Thus for a material with nuclei 
composed of about 100 nucleons,i.e. mN ~100 GeV, one obtains:

R ~ JWIMP ���� /mN ~ 10 events/kg-1/yr-1.

� Thus, every day a few WIMPs hit an atomic nucleus in a 
detector.



�� We compute the interactions of We compute the interactions of WIMPsWIMPs with quarks and gluons, then with quarks and gluons, then 
translate it into interactions with nucleons, then to interactiotranslate it into interactions with nucleons, then to interactions with ns with 
nuclei. nuclei. 

�� It is elastic scattering since the whole nucleus recoils.It is elastic scattering since the whole nucleus recoils.

�� Note that the scattering and the annihilation cross sections areNote that the scattering and the annihilation cross sections are related related 
�� detection rate & relic density are correlated.detection rate & relic density are correlated.

�� In MSSM, we can get scattering cross section that leads to reasoIn MSSM, we can get scattering cross section that leads to reasonable nable 
number of events (10number of events (10--55 --10 events per day per kilogram).10 events per day per kilogram).
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Experimental techniquesExperimental techniques
�� Experimentalists use three techniques to detect the nuclear recoExperimentalists use three techniques to detect the nuclear recoil il 

energy:energy:
11-- Measuring ionization in solids, the recoiling of charged nucleuMeasuring ionization in solids, the recoiling of charged nucleus can s can 

produce some electronproduce some electron--hole excitation by collision with electrons.hole excitation by collision with electrons.
22-- Measuring ionization through the emission of photons in scintilMeasuring ionization through the emission of photons in scintillation lation 

crystals. crystals. 
33-- Measuring a small temperature rise.Measuring a small temperature rise.

�� For example, when a 1 cmFor example, when a 1 cm33 of Silicon crystal is cooled to a very low of Silicon crystal is cooled to a very low 
temperature (~120 temperature (~120 mKmK), the heat capacity is so low that even a few ), the heat capacity is so low that even a few 
keVkeV of deposited energy raises the temperature by a measurable of deposited energy raises the temperature by a measurable 
amount (~10amount (~10--66 K).K).

�� cosmic rays with energies ~ cosmic rays with energies ~ keVkeV--MeVMeV bombard the surface of the bombard the surface of the 
Earth, the experiments must have an extremely good background Earth, the experiments must have an extremely good background 
discrimination.discrimination.



Experiments around the worldExperiments around the world
� More than 20 experiments for the direct detection of dark matter are 

running. All of them use the elastic-scattering technique:

� The data from these experiments excluded a WIMP-nucleon cross 
section larger than10-6 GeV-2 for masses of WIMPs ~ 100 GeV.

� This is a very interesting bound, but it is still well above the expected 
value 10-9 GeV-2.

� A different method for discriminating a dark 
matter signal from background is the one used by 
the DAMA collaboration, the so-called annual 
modulation signature.

220 km/sSun

Earth 
30 km/s

�The DM flux will be larger in June than in   
December. This fluctuation produces a rate 
variation ~ 7% between the 2 conditions.



DAMA versus CDMSDAMA versus CDMS
�� The DAMA experiment The DAMA experiment 

investigates the annual investigates the annual 
modulation of this signature.modulation of this signature. -0.1
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� Recently, more data have been reported confirming this result. 

� The data collected over 4 yearly 
cycles until the second August 1999, 
strongly favor the presence of a 
yearly modulation of the rate of the 
events.

� The DAMA result is controversial, because the negative search result 
obtained by the CDMS experiment in the US.

� CDMS observed 13 nuclear recoils between 10 and 100 keV, which is 
a similar rate to what DAMA Claimed. CDMS group concludes that they 
are also due to neutrons.



�The CDMS data exclude much of the
region allowed by the DAMA annual 
modulation signal.

� The DAMA result for the cross section 
are generically above the expected weak-
interaction value, and therefore they are 
not easy to obtain in SUSY models with 
neutralino dark matter,



�This controversy between DAMA and the other experiments 
disconfirm the first direct evidence for the existence of DM

� Fortunately, the complete DAMA region will be tested by 
current dark matter detectors.

� DAMA & CDMS collaborations plan to expand their experiments.

� The DAMA collaboration installed a new set-up where 250 kg of NaI
are used. This will make the experiment more sensitive to the annual 
modulation signal.

� CDMS collaboration is moving its detector to the abandoned Soudan
mine in Minnesota and increasing the mass of its Ge/Si
targets to about 10 kg by 2006. This experiment will be able to
test a WIMP-nucleon cross section � > 10-8 pb



ConclusionConclusion
�� Nowadays there Nowadays there are overwhelmingare overwhelming evidencesevidences that most of that most of 

the mass in the universe is some (unknown) nonthe mass in the universe is some (unknown) non--luminous luminous 
`dark matter'.`dark matter'.

�� At galactic and cosmological scales DM only manifests At galactic and cosmological scales DM only manifests 
through its gravitational interactions with ordinary matter.through its gravitational interactions with ordinary matter.

�� However, at However, at microscopicalmicroscopical scales it might manifest through scales it might manifest through 
weak interactions, and this raises the hope that it may be weak interactions, and this raises the hope that it may be 
detected in lowdetected in low--energy particle physics experiments.energy particle physics experiments.

�� One of the most interesting candidates for dark matter is the One of the most interesting candidates for dark matter is the 
soso--called called neutralinoneutralino, a particle predicted by the , a particle predicted by the 
supersymmetricsupersymmetric extension of the Standard Model.extension of the Standard Model.



�� They will be present in our own galaxy and there will be a flux They will be present in our own galaxy and there will be a flux of of 
these DM particles on the Earth.these DM particles on the Earth.

�� The LSP are stable and may be left over from the Big Bang.The LSP are stable and may be left over from the Big Bang.

�� Many experiments have been carried out around the world in orderMany experiments have been carried out around the world in order to to 
detect the LSP flux.detect the LSP flux.

�� These results are controversial and we have to wait for the nextThese results are controversial and we have to wait for the next
generation of experiments to be sure whether or not the LSP, or generation of experiments to be sure whether or not the LSP, or 
WIMPsWIMPs is the evasive DM  filling the whole Universe.is the evasive DM  filling the whole Universe.

�� Underground physics is crucial to detect DM. Even if Underground physics is crucial to detect DM. Even if neutralinosneutralinos are are 
discovered LHC, only their direct detection due to their presencdiscovered LHC, only their direct detection due to their presence in e in 
our galactic halo will confirm that they are the soughtour galactic halo will confirm that they are the sought--after DM of the after DM of the 
Universe.Universe.


