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Dark Matter



A Man with a Problem: Fritz Zwicky

ÅUndergraduate thesis under Weyl

ÅDissertation under Debye and

Scherrer @ETH Zurich(1922)

ïLived next door to Lenin (morphology?)[3]

ÅWorked at Caltech with Millikan (1925)

ïά¸ƻǳ ƴŜǾŜǊ ƘŀŘ ŀ ƎƻƻŘ ƛŘŜŀΦέ[1]

ÅLanguage: ά²Ƙƻ ǘƘŜ 5ŜǾƛƭΣέ άǎǇƘŜǊƛŎŀƭ ōŀǎǘŀǊŘǎέ[2]

ÅInvented neutron star to explain supernovae

(1898-1974)



The Problem

Å1933: Zwicky investigates 
the Coma galaxy 
cluster[19]

ÅResult:
measured rotation + virial theorem 

=> M >> Mluminous



It gets worse:

ÅSince Zwicky, much data on 
various galaxies, including the 
Milky Way, show spirals spin 
much faster than Newtonian 
dynamics, using luminous 
matter, would predict.
ÅFurthermore, our understanding of early 

nucleosynthesis yields ʍBaryon = 0.04, while 
kinematics of superclusters imply that ʍmatter = 0.3, 
where ʍis density, normalized to ʍ= 1 for a universe 
that neither expands nor contracts.[8],[18]

Aside: As of 2003, WMAP determined that for the universe, total ɋ=1.02Ñ0.02[20]



Candidates

ÅMOND: modified Newtonian dynamics[13],[14]

ÅHDM: hot dark matter
ï [˄12]

ï5ƻŜǎƴΩǘ ŎƻƴŦƻǊƳ ǘƻ [{{ όƭŀǊƎŜ ǎŎŀƭŜ ǎǘǊǳŎǘǳǊŜύΣ ǎƻ ʍ˄< 0.05[8],[18]

ÅAxions

ÅPossibly: right-handed ˄

ÅCDM: cold dark matter
ïWIMPs: weakly interacting massive particles[8]

ÅPossibly: neutralino (̝SUSY)

ÅPossibly: ?

ïMACHOs: massive compact halo objects[8],[15] (only part of ʍBaryon)

ÅMagnetic monopoles, SIMPs, etc.; always negative results

ÅDAMA

ÅMiniBooNE



Axions

ÅProposed solution to strong CP problem

ÅSpontaneous Peccei-Quinn symmetry breaking => 
new Goldstone bosonÀ[10],[11]

ÅPVLAS: polarization of the vacuum with lasers
ïIf axion field exists, polarized photons in a magnetic field 

could produce axions and annihilate back into photons, 
slightly rotating the polarization

ï2006: positive results*[5]

ï2007: *nevermind - artifact of the detector[6]

ÅNo positive results to date (including CAST[21])

ÀTechnically, vacuum QCD effects break the symmetry, so the axion is a massive pseudo-Goldstone boson



RH Neutrinos

ÅP violation => No weak interaction

ÅWhy is (LH) neutrino mass so small?  Maybe 
ǘƘŜǊŜΩǎ ŀ ǎŜŜǎŀǿ ƳŜŎƘŀƴƛǎƳΣ ƛƳǇƭȅƛƴƎ ǾŜǊȅ 
heavy RH neutrinos.

ÅExistence disputed, multiple theories; 
currently a hotbed of research:

ïLSND

ïMiniBooNE

ïCosmology (LSS + WMAP + Lyman Ŭobservations)



RH R˄esults
Å LSND (1997) [16]: Anomalous oscillations => more neutrinos than just three flavors 

of LH neutrinos

Å Cosmology (2006)[9]:

ï Uses CMB, LSS, and spectroscopic data

ï 3 massless, 1 massive case ruled out (99% CL)

ï Allowing massive LH neutrinos, msterile < 0.23eV at 95% CL (ms < 0.42eV at 99% CL)

ï Even so, ʍ˄ could be as large as 0.1.

Å MiniBooNE (2007)[17]:

ï Created to check LSND with higher statistics

ï Preliminarily, have found no evidence for sterile neutrinos



WIMPS: DAMA: Premise[18]

Å!ƴƴǳŀƭƭȅΣ ǘƘŜ 9ŀǊǘƘΩǎ ƴŜǘ 
velocity within the Milky Way 
varies sinusoidally due to its 
orbit around the Sun.

ÅTherefore, WIMP flux should vary sinusoidally 
annually (by ~7%), and make a positive signal 
easy to extract from backgrounds, which are a 
vast headache for other WIMP searches



DAMA: Experiment
ÅLow radioactive, highly 

radiopure NaI(Tl) scintillators, 
sensitive to nuclear recoil, 
deep underground in Gran 
Sasso N.L. in Italy.
ÅOver 7 years, obtained a signal corresponding exactly 

to fluctuation cycle due to annual solar orbit 
(published 2003)
ïFantastic statistics: 6.3 C̀L claimed

ïNo possible systematic defects known

Å=> There is matter bound to our galactic halo that 
reacts only weakly

Å.ǳǘΧ



DAMA: Dispute

ÅAll other experiments, which search directly for 
WIMP-induced nuclear recoils, and subtract off 
known backgrounds painstakingly, have 
negative results:

ïCDMS

ïEDELWEISS

ïCRESST

ïSIMPLE[22]

ÅHowever, there is phase space in which the 
positive and negative results are compatible[23].



Reconcilable?

ÅThe (questionably small) compatible phase 
space will be in the range of forthcoming 
experiments:

ïCDMS-II[23]

ïCRESST-II[23]

ïDAMA/LIBRA[18]

ïCOUPP: Chicago Observatory for Underground 
Particle Physics[21]

Å.ǳǘΧ



This Just In:
Å2 weeks ago, DAMA/LIBRA released first 

results[24]

ïPositive

ïMuch more phase space

ïEven higher statistics (combined with NaI): 8.2 C̀L

ÅEqually recently, CDMS-II and XENON10, higher 
energy-threshold experiments,  have released 
preliminary findings[25]

ïNegative

ïIncreased CL

ïMore phase space



DAMA Conflict: Current Status

ÅPhase space now thoroughly overlapping
ÅCommunity attitude toward DAMA results:
ïSkeptical
ïExcited

ÅPossible resolution: mirror matter[25]

ïLƴǘŜǊŀŎǘǎ ƻƴƭȅ Ǿƛŀ ƎǊŀǾƛǘȅ ŀƴŘ άǇƘƻǘƻƴ-mirror photon 
ƪƛƴŜǘƛŎ ƳƛȄƛƴƎΣέ ŜǎǎŜƴǘƛŀƭƭȅ ŀƳƻǳƴǘƛƴƎ ǘƻ ŀ ǿŜŀƪŜǊ 
Rutherford scattering
ïonly low threshold experiments (i.e., just DAMA) would be 

sensitive to this kinetic mixing
ïThere are specific gravitational lensing structures we 

expect from mirror matter, and there are cosmological 
investigations underway to evaluate this possibility



Summary
ÅKinematics clearly => much more matter than we see
ÅCan only be fractionally explained by familiar 

neutrinos, MACHOs
ÅAnomalous results from DAMA strongly support 

WIMPs or mirror matter; contradict everything else
ÅOtherwise, all explanations becoming less and less 

likely
ïAxions
ïSterile Neutrinos
ïWIMPs

ÅAs of yet, no WIMP experiments have reached the 
phase space of neutralinos, so they are yet to be ruled 
out or confirmed
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