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WHAT IS THE DARK MATTER?
Prospects for DIRECT and INDIRECT detection of 
WIMPs are improving. 

 With many upcoming experiments 
Production at Large Hadron Collider
Better CMB data from PLANCK
Direct Detection

Spin Independent - CDMS-II, XENON50, LUX
Spin Dependent - COUPP, PICASSO

Indirect detection via
GLAST and larger ACTs
PAMELA and ATIC

-- there could well be a big discovery in the next year 
or two!  



With all
these

upcoming
experiments,

the next
few years

will be very
exciting!

LHC

Indirect:

Fermi (GLAST) launched 
June 11, 2008

Astronomical:

Planck & Herschel 
scheduled for launch 
spring 2009, ...
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Crystal
Energy
deposition

Recoil energy
(few keV) is 
measured by
• Ionisation
• Scintillation
• Cryogenic

Galactic
dark matter
particle
(e.g.neutralino)

dark matterdark matter

(e.g.neutralino)(e.g.neutralino) EnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergyEnergy

Indirect Method (Neutrino Telescopes)

  Sun

Galactic dark
matter
particles
are accreted 

Annihilation
High-energy    
neutrinos
(GeV-TeV)
can be measured



Supersymmetric
WIMP (δ)

annihilation 
is related by

crossing
to

WIMP 
Direct Detection 

by
Elastic Scattering

Primack, Seckel, & Sadoulet
Ann Rev Nucl Part Sci 1988



Future WIMP Sensitivities

Genius/CRESST

Direct Detection Indirect,  km3 Detector

Earth Sun

  Sun

Annihilation High-energy    
neutrinos
(GeV-TeV)
can be measured



                                                                                                                              
Jonathan Feng, SLAC Summer School 2003

                                                         

 

Freeze out when annihilation rate ≈ expansion rate 
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Direct Method (Laboratory Experiments)
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Search for Neutralino Dark Matter

Recent review: Richard Schnee, lectures at TASI 2009, arXiv:1101/1101.5205v1 
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Experimental Approaches
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Need as large as possible: 
amount of information and  
signal to noise ratio

An expanding community
       ≈ 270 physicists 
             ≈ 40% of world

U.S.
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At least two pieces of information in order 
to recognize nuclear recoil

extract rare events from background
  (self consistency)
+ fiducial cuts (self shielding, bad 
regions)



Primack, Seckel, & 
Sadoulet, Ann Rev 
Nucl Part Sci 1988
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DAMA
Clear summer-winter modulation 

13 years 1.17 ton year
2 different experiments

(same electronics)
right phase for WIMP
If WIMP ≈4% asymmetry,
Very large signal
Surprisingly low background

Wide suspicion that this
is instrumental

but no convincing explanation 
so far! Subtle problem!
David Nygren’s  suggestion
   After-pulsing after µ’s

Keep our eyes open!
Repeat experiment

South Pole
Princeton

KIMS (100kg CsI, 3 keVee)
12

Latest Princeton Nov 2011



Schematic of an individual detector within CDMS. A WIMP scattering from a 
germanium nucleus produces a low-energy nuclear recoil, resulting in both 
ionization and athermal phonons. Charge carriers drift out to one face of the 
detector under the influence of a small electric field, and are detected with a 
sensitive amplifer [signal shown as Q(t)]. Phonons reaching the other face break 
Cooper pairs in a thin superconducting aluminum layer; the resulting 
quasiparticles heat a transition-edge sensor (TES) bonded to the aluminum 
layer, causing a measurable momentary change in its resistance R(t). In reality, 
the readout elements on both sides are highly segmented, and the relative 
timing of the ionization and phonon signals recorded, to provide good event 
localization.

Figure from: Perspective by Karl van Bibber 
http://physics.aps.org/viewpoint-for/10.1103/
PhysRevLett.102.011301  on
Z. Ahmed et al. CDMS Collaboration, “Search 
for Weakly Interacting Massive Particles with 
the First Five-Tower Data from the Cryogenic 
Dark Matter Search at the Soudan 
Underground Laboratory,” Phys. Rev. Lett. 
102, 011301 (2009) – Published January 05, 
2009

 CDMS - Cryogenic DM Search
Berkeley-Stanford-led experiment 

has been at forefront

http://physics.aps.org/viewpoint-for/10.1103/PhysRevLett.102.011301
http://physics.aps.org/viewpoint-for/10.1103/PhysRevLett.102.011301
http://physics.aps.org/viewpoint-for/10.1103/PhysRevLett.102.011301
http://physics.aps.org/viewpoint-for/10.1103/PhysRevLett.102.011301
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CDMS Blind Analysis

We unblinded the signal region November 5, 2009

masked signal region (2σ NR band)

All WIMP search data
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Unblind Events Failing Timing Cut

All WIMP search data failing 
the timing cut

150 events in the NR band fail the timing cut, consistency checks deemed ok
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Unblind Events Passing Timing Cut 

2 events in the NR band pass the timing cut!

All WIMP search data 
passing the timing cut

Event 1:            
Tower 1, ZIP 5 (T1Z5)           
Sat. Oct. 27, 2007

Event 2:            
Tower 3, ZIP 4 (T3Z4)           
Sun. Aug. 5, 2007

2 events 
near NR 

Background 0.8 ± 0.1 (stat) ± 0.2 (syst)  surface events

         + 0.1 ± 0.05 (syst) neutron  => 23% Probability
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90% C.L. Spin-Independent Limit

Upper limit at the 90% C.L. on the WIMP-nucleon cross section :
 3.8 x 10-44

 cm2 for a WIMP of mass 70 GeV/c2

Science 12 February 2010

New EDELWEISS limit 
arXiv: 1103.4070
We are working on a paper
combining our data!



Eureka
MAX,   GeoDM

DEAP/
Miniclean

• Overview of dark matter searches Katherine Freese (Univ. of Michigan)

http://www.physics.ucla.edu/hep/dm10/talks/freese.pdf
http://www.physics.ucla.edu/hep/dm10/talks/freese.pdf




www.luxdarkmatter.org        

In DUSEL
(Deep Underground Science 
and Engineering Laboratory)

Homestake Mine
Lead, South Dakota, USA

2012?

http://www.luxdarkmatter.org
http://www.luxdarkmatter.org


14 LUX Experiment / Rick Gaitskell / Brown University 

LUX in the Davis Laboratory at the Homestake Mine in South Dakota (4850L) 

!!Construction/excavation design completed 

!!New 300’ access/safety tunnel being excavated 

!!Shared with Majorana facility 

!! Two story, dedicated LUX 55’ x 30’ x 32’ facility 

 being built now 

1964 

Rendering by J. Thomson 

Lab 

Mine shaft 

Majorana 

LUX 

Mechanical 
& Electrical  
Services 

200 m 

!!Beneficial 

occupancy: 

November/

December 2010 



www.luxdarkmatter.org

http://www.luxdarkmatter.org
http://www.luxdarkmatter.org


2005-2007 2008-2011 2011-2012

XENON100 is a collaboration of Columbia and Rice universities, University of 
Zurich, University of Coimbra and Gran Sasso National Laboratory. UCLA joined 
the XENON100 effort in April 2008.



Spin-independent elastic WIMP-nucleon 
cross-section as function of WIMP mass. 
The new XENON100 limit at 90% CL, as 
derived with the Profile Likelihood method 
taking into account all relevant systematic 
uncertainties, is
shown as the thick (blue) line together with 
the 1σ and 2σ sensitivity of this run (shaded 
blue band). 

Dark Matter Results from 100 Live Days of XENON100 Data E. Aprile et al. 4/13/11

LHC favored region



A search for light dark matter in XENON10 data  

Implications on Inelastic Dark Matter from 100 Live Days of XENON100 Data
E. Aprile et al.  4/15/11

E. Aprile et al.  4/15/11
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DAMA
Clear summer-winter modulation 

13 years 1.17 ton year
2 different experiments

(same electronics)
right phase for WIMP
If WIMP ≈4% asymmetry,
Very large signal
Surprisingly low background

Wide suspicion that this
is instrumental

but no convincing explanation 
so far! Subtle problem!
David Nygren’s  suggestion
   After-pulsing after µ’s

Keep our eyes open!
Repeat experiment

South Pole
Princeton

KIMS (100kg CsI, 3 keVee)
27

Latest Princeton Nov 2011
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A 7 GeV/c2 WIMP?

28

CoGeNT
Evidence for a signal ?

Detailed shape of the background: very 
weak!

CRESST
Events in Oxygen band

57 events 
Claim that they cannot
be fully explained by 
n, alphas,gamma 22 events
 Claim 4.6 sigma effect ????

Hooper, Collar, Hall, McKinsey arXiv 1007.1005
A 7 GeV/c2 WIMP could explain CoGeNT,DAMA and CRESST!
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Alas!

29

Ahmed et al  ArXiv:1011.2482
PRL 2011

CDMS low mass

2010

CDMS

Xenon 100 2011

Xenon 100 ArXiv:1104.3088
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Can we have a WIMP excited state?

30

Idea by Neal Weiner
CDMS and Zeplin had already excluded most of the territory
Xenon 100 finishes the job





AF
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Spin Dependent  vs.  Spin Indenepdent

SI SI SISI

SD SD



Spin Dependent  vs.  Spin Indenepdent

SI SI

SD SD

LUX LUX



-5 
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-8
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By ~2012 Direct Detection could probe most of the CMSSM 
(constrained minimal supersymmetric standard model) and 
mSUGRA (minimal supergravity) WIMP parameter space!  If LUX 
and other large noble gas detectors succeed, they will leapfrog 
over CDMS and have great discovery potential during 2010-11.

LUX

10-8 pb = 10-44 cm2        (barn=10-24 cm2,  pb = 10-12 b = 10-36 cm2)

pb

LUX



By ~2012 Direct Detection could probe most of the 
CMSSM (constrained minimal supersymmetric standard 
model) and mSUGRA (minimal supergravity) WIMP 
parameter space!

-

LUX (2010)

-

-5
-6
-7
-8
-9
-10

XENON100 April 2011
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Where do we go next?

37

Strong consensus
Sensitivity = Mass + background free.

Why don’t we pick a common 
technology now?

In spite of excellent progress, we do not know yet 
which are the best technologies…

We believe there is much to gain from at least two 
complementary technologies with different 
discrimination techniques and backgrounds

We propose instead a responsible 
common roadmap 

Generation 1  -> 10-45 cm2  Exploration of technology 
+ science   (Supersymmetry)

Generation 2  -> 10-46 cm2  Push the most promising 
technologies to their limit + science

Generation 3  -> <10-47 cm2  2 (US) 3or4 worldwide -> 
detailed understanding of the physics

≈2014 technology choice for ≈2018 
deployment



WHAT IS THE DARK MATTER?
Prospects for DIRECT and INDIRECT detection of 
WIMPs are improving. 

 With many upcoming experiments 
Production at Large Hadron Collider
Better CMB data from PLANCK
Direct Detection

Spin Independent - CDMS-II, XENON50, LUX
Spin Dependent - COUPP, PICASSO

Indirect detection via
GLAST and larger ACTs
PAMELA and ATIC

-- there could well be a big discovery in the next year 
or two!  



The number of detectable (S = 5) 
subhalos with more than Npix detectable 
pixels versus Npix, for three different 
choices of M(for <σv> = 3x10-26 cm3 s−1). 
The shaded regions show the range of 
N(>Npix) for ten randomly chosen 
observer locations and the solid lines 
refer to an observer placed along the 
intermediate axis of the host halo 
ellipsoid.

2008 ApJ 686, 262

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2008ApJ...686..262K&db_key=AST&link_type=ABSTRACT&high=446aa6c7b107934
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2008ApJ...686..262K&db_key=AST&link_type=ABSTRACT&high=446aa6c7b107934
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2008ApJ...686..262K&db_key=AST&link_type=ABSTRACT&high=446aa6c7b107934
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2008ApJ...686..262K&db_key=AST&link_type=ABSTRACT&high=446aa6c7b107934


V. Springel et al. 2008 Nature 456, 73-76

Dark matter is the dominant form of matter in the universe, but its nature is unknown.  It is plausibly an 
elementary particle, perhaps the lightest supersymmetric partner of known particle species1. In this 
case, annihilation of dark matter in the halo of the Milky Way should produce g -rays at a level which 
may soon be observable2,3.  Previous work has argued that the annihilation signal will be dominated by 
emission from very small clumps4,5 (perhaps smaller even than the Earth) which would be most easily 
detected where they cluster together in the dark matter halos of dwarf satellite galaxies6. Here we 
show, using the largest ever simulation of the formation of a galactic halo, that such small-scale 
structure will, in fact, have a negligible impact on dark matter detectability. Rather, the dominant and 
likely most easily detectable signal will be produced by diffuse dark matter in the main halo of the Milky 
Way7,8. If the main halo is strongly detected, then small dark matter clumps should also be visible, but 
may well contain no stars, thereby confirming a key prediction of the Cold Dark Matter (CDM) model.

A blueprint for detecting supersymmetric dark matter in the Galactic halo

http://adsabs.harvard.edu/abs/2008Natur.456...73S
http://adsabs.harvard.edu/abs/2008Natur.456...73S


 DARK MATTER
ANNIHILATION AT 
THE GALACTIC 

CENTER?



                              The Milky Way in the Sky

                              

                              



There’s a supermassive black 
hole at the center of our galaxy…

 Modern large telescopes 
can track individual stars 
at galactic center
 Need infrared (to penetrate 

dust).
 Need very good resolution 

(use adaptive optics).

 and have been observing 
for past 10 years, with 
improving resolution… Keck, 2 µm Ghez, et al.



Motions of stars 
consistent with 
large, dark mass 
located at Sgr 
A*…

Ghez, et al.



Schödel, Genzel, et al. 2004





A 2.2 micron 
animation of the 
stellar orbits in the 
central parsec. Images 
taken from the years 
1995 through 2010 are 
used to track specific 
stars orbiting the 
proposed black hole at 
the center of the 
Galaxy. These orbits, 
and a simple 
application of Kepler's 
Laws, provide the best 
evidence yet for a 
supermassive black 
hole, which has a mass 
of 4 million times the 
mass of the Sun. 
Especially important 
are the stars S0-2, 
which has an orbital 
period of only 15.78 
years, and S0-16, 
which comes a mere 90 
astronomical units 
from the black hole.



Schödel et al. 2003



 The central object at the center of the Milky Way is…
 Very dark – but now seen to flare in X-rays and IR.
 Very massive (~3 million solar masses).
 Must be very compact (star S0-2 gets within 17 light hours 

of the center).

 Currently the best case for any supermassive black 
hole.



γ rays from WIMP annihilation at the 
Galactic Center Scattering of WIMPs by 

star cluster around 
central supermassive 
black hole predicts 
WIMP density 
       ρ(r) ∝ r -3/2 

in central pc.  The 
annihilation rate ∝ ρ2 so 
signal is modestly 
enhanced  and centrally 
peaked.

Gnedin & Primack, Phys Rev Lett 2004  

NFW extrapolation inward

with 3x higher density 
from baryonic contraction 



   



Early Atmospheric 
Čerenkov Telescopes

HEGRA

WHIPPLE

THEMIS



New Ground and Space Based Telescopes

MAGIC
VERITAS



New ground and space based 
telescopes will find more Blazars at 

higher redshifts

Ground-based Gamma Ray Telescopes 2004

(VERITAS)



Results from H.E.S.S. on MWy Center



H.E.S.S.:   High Energy Stereoscopic System
● Array 4 telescopes,    diameter ~12 m
● Field of view   ~5o 
● Angular resolution (single photon): ~ 6 ' 
                                           (with hard cuts): ~ 4 ' 
● Energy resolution    ~15%
● Location:  Namibia,   1800 m   asl 
  Coord.:  23o16' S,   16o30' E  

Energy Threshold   (pre - post cuts):
   0o:   (105 GeV,   125 GeV)
 20o:   (115 GeV,   145 GeV)
 45o:   (265 GeV,   305 GeV)
            60o:   (785 GeV,   925 GeV)

Victor Hess 
1912 balloon 
flight to 6 km: 
“cosmic ray” 
intensity 
increased with 
altitude



H.E.S.S.:   High Energy Stereoscopic System

Science 3 Sept 2004



A&A Letters, 425L, 13 (October 2004) 

See also Dieter Horns’ talk at Gamma2004, astro-ph/0408192, Phys Lett B;
and HESS contributions to ICRC29 (2005) by Hinton, Ripkin, Rolland 



100 pc



1’ ≈ 2 pc

Sgr A*



Felix Aharonian’s talk at Texas @ Stanford
December 2004



Discovery of Very-
High-Energy 
Gamma-Rays from 
the Galactic Centre 
Ridge
Authors: The 
H.E.S.S. 
Collaboration: F. A. 
Aharonian, et al
Nature
Journal-ref: Nature 
439 (2006) 695



Felix Aharonian’s talk at Texas @ Stanford

TeV Gamma‐rays from central <10 pc region of GC



Angular distribution of the gamma-ray emission from the Sgr A source.

W. Hoffman plenary talk at ICRC29 2005 



Differential energy spectrum 
from the direction of the 
Galactic Center measured in 
2003 (two telescopes) and 
2004 (four telescopes).



Galactic Centre source light curves. The integral nightly average  flux 
above 1 TeV is given as function of time in modified Julian Days for 
both 2003 and 2004 observations.  The Galactic Centre source flux is 
consistent with a constant flux at all probed time scales.



18 TeV neutralino* 500 GeV 
neutralino*

13? TeV
KK WIMP*

*Note: the predicted neutralino annihilation spectrum actually looks more like the 
observed one -- see Bergstrom et al. PRL 95 (2005) 241301  

* 10 TeV KK annihilation spectrum is from Bergstrom et al. PRL 94 (2005) 131301 



Phys.Rev.Lett. 94 (2005) 131301



Phys.Rev.Lett. 95 (2005) 241301



Comments
The H.E.S.S. galactic center signal could 

possibly be explained by a SN remnant, or by 
emission associated with accretion by the SMBH 
or dark matter annihilation near it, or a 
combination of sources

A SN remnant is an extended source expected 
to produce a power-law energy spectrum offset 
from the SMBH, accretion is expected to be 
variable, while DM annihilation should produce a 
cuspy angular distribution with an energy 
spectrum cut off near the WIMP mass

No time variability has been seen by H.E.S.S.



Comments, con’d
The power law spectrum observed to ~12 TeV 

requires MWIMP > 30 TeV -- can a SUSY WIMP 
that massive be consistent with unitarity and 
Ωm≈0.25?  UCSC grad student Rudy Gilmore 
answers NO for usual SUSY neutralinos, but he 
is investigating whether WIMP annihilation 
through an s-channel Higgs could work

The angular resolution of the 4-telescope 
H.E.S.S. array may allow determination of  the 
angular distributions; MAGIC and VERITAS may 
also help measure the high energy spectrum and 
see if there is a roll-off



    Abstract: We set an upper limit on the mass of a supersymmetric 
neutralino dark matter particle using the MicrOMEGAS and 
DarkSUSY software packages and the most recent constraints on relic 
density from combined WMAP and SDSS data. We explore several 
different possible scenarios within the MSSM, including coannihilation 
with charginos and sfermions and annihilation through a massive Higgs 
resonance, using low energy mass inputs. We find that no 
coannihilation scenario is consistent with dark matter in observed 
abundance with a mass greater than 2.5 TeV for a wino-type particle or 
1.8 TeV for a Higgsino-type. Contrived scenarios involving Higgs 
resonances with finely-tuned mass parameters can allow masses as high 
as 34 TeV. The resulting gamma-ray energy distribution is not in 
agreement with the recent multi-TeV gamma ray spectrum observed by 
H.E.S.S. originating from the center of the Milky Way. Our results are 
relevent only for dark matter densities resulting from a thermal origin. 

Phys.Rev.D76:043520 (2007)
Rudy C. Gilmore, Mass Limits on Neutralino Dark Matter (

http://wwwlapp.in2p3.fr/lapth/micromegas/
http://wwwlapp.in2p3.fr/lapth/micromegas/
http://www.physto.se/~edsjo/darksusy/
http://www.physto.se/~edsjo/darksusy/


In the upper plot, we summarize our findings by 
showing the resulting local gamma–ray flux from the 
galactic center in several annihilation scenarios using 
the halo model of [12] with fiducial normalization (no 
baryonic compression), and compare to the latest 
observations of the H.E.S.S. experiment (black data 
points, [30]). The dashed lines show the true 
continuous distribution, while the solid lines show the 
total (continuous plus discrete) emission spectra as 
seen by a detector with an energy resolution of 15 
percent. The blue line is a 1 TeV Higgsino, 
coannihilating with a nearly degenerate chargino and 
second Higgsino. The red line shows the same model 
with coannihilation from a 3rd generation squark, at a 
mass of 1.8 TeV. The green line is a 2.4 TeV wino. 
The purple and orange lines are both a mixed type 
neutralino annihilating through a heavy Higgs 
resonance. The orange model has been optimized by 
fine tuning of the resonance, so that the cross section 
and resulting flux are maximized, while the purple 
line shows a more typical model. The lower plot 
demonstrates an attempt to fit a Higgs resonance 
model to the H.E.S.S. data. A factor 10 density boost 
is applied, resulting in a 102 increase in flux above the 
fiducial value.

SUSY DM maximum mass is too low, spectrum shape 
is wrong, to account for Sag A* gamma rays

Rudy C. Gilmore, Mass Limits on Neutralino Dark Matter

E2 dN
     dE

E2 dN
     dE



Cosmic Microwave Background
Early History

Although Penzias and Wilson discovered the CMB in 1965, Weinberg (p. 104) points out 
that Adams and McKellar had shown that the rotational spectra of cyanogen (CN) 
molecules observed in 1941 suggested that the background temperature is about 3K.  

The COBE FIRAS measurements showed that the spectrum is that of thermal radiation 
with T = 2.73K.  

The CMB dipole anisotropy was discovered by 
Paul Henry (1971) and Edward Conklin (1972),  
and confirmed by Conklin and Wilkinson (1977) 
and Smoot, Gorenstein, and Muller (1977) -- 
see http://www.astro.ucla.edu/~wright/CMB-dipole-history.html

The upper panel of the figure shows the CMB 
dipole anisotropy in the COBE data.  It is 
usually subtracted when the temperature 
anisotropy map is displayed (lower panel).

CMB 
dipole

CMB - 
dipole

galactic coordinates

http://www.astro.ucla.edu/~wright/CMB-dipole-history.html
http://www.astro.ucla.edu/~wright/CMB-dipole-history.html


CMB Temperature Anisotropy
Sachs & Wolfe (1967, ApJ, 147, 73) showed that on large angular scales the 
temperature anisotropy is ΔT/T = φ/3c2 .  White & Hu give a pedagogical derivation 
in http://background.uchicago.edu/~whu/Papers/sw.pdf

This was first convincingly seen by the COBE DMR experiment, reported by George 
Smoot on April 27, 1992.  Their result ΔT/T = 10-5  had been predicted by the CDM 
model (Blumenthal, Faber, Primack, & Rees 1984).  The search then began for smaller-
angular-scale CMB anisotropies.

http://background.uchicago.edu/~whu/Papers/sw.pdf
http://background.uchicago.edu/~whu/Papers/sw.pdf


WMAP



30o 1o 0.1o



30o barely visible

Angular Thermal  Variations
1o prominent 0.1o barely visible







This and the next several slides are from a talk by Wayne Hu; see 
http://background.uchicago.edu/~whu/beginners/introduction.html



See also Annual Rev. Astron. and Astrophys. 2002
Cosmic Microwave Background Anisotropies
by Wayne Hu  and Scott Dodelson 
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Cosmic Microwave Background 
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Scott Dodelson 



http://space.mit.edu/home/tegmark/

For animation of the effects of changes in 
cosmological parameters on the CMB angular 
power spectrum and the matter power spectrum, 
plus links to many CMB websites, see Max 
Tegmark’s and Wayne Hu’s websites:

http://background.uchicago.edu/~whu/physics/
physics.html
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G. Hinshaw et al.

Fig. 12. The foreground-reduced Internal Linear Combination (ILC) map.

WMAP 5-year data and papers are at http://lambda.gsfc.nasa.gov/ 
ApJS, 180, 225 (2009)
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     Considering a range of extended models, we continue to find that the 
standard ΛCDM model is consistently preferred by the data. The 
improved measurement of the third peak now requires the existence of 
light relativistic species, assumed to be neutrinos, at high confidence. 
The standard scenario has three neutrino species, but the three-year 
WMAP data could not rule out models with none. The CDM model also 
continues to succeed in fitting a substantial array of other 
observations. Certain tensions between other observations and those of 
WMAP, such as the amplitude of matter fluctuations measured by weak 
lensing surveys and using the Ly-α forest, and the primordial lithium 
abundance, have either been resolved with improved understanding of 
systematics, or show promise of being explained by recent observations. 
With further WMAP observations we will better probe both the universe at 
a range of epochs, measuring fluctuation
characteristics to probe the initial inflationary process, or other non-
inflationary scenario, improving measurements of the composition of the 
universe at the recombination era, and characterizing the reionization 
process in the universe.

J. Dunkley, et.al.  Five-Year Wilkinson Microwave Anisotropy Probe (WMAP) 
Observations: Likelihoods and Parameters from WMAP Data
Final paragraph of Conclusions:





Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations:
Sky Maps, Systematic Errors, and Basic Results  -  N. Jarosik et al. -  January 2010

http://lambda.gsfc.nasa.gov/product/space/

Fig. 9.— The temperature 
(TT) and temperature-
polarization (TE) power 
spectra for the seven-year 
WMAP data set. The solid 
lines show the predicted 
spectrum for the best-fit 
flat ΛCDM model. The 
error bars on the data 
points represent 
measurement errors while 
the shaded region 
indicates the uncertainty in 
the model spectrum 
arising from cosmic 
variance.
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Table 8. WMAP Seven-
year Cosmological 
Parameter Summary

The parameters reported in 
the first section assume the 
6 parameter flat CDM model, 
first using WMAP data only 
(Larson et al. 2010), then 
using WMAP+BAO+H0 data 
(Komatsu et al. 2010). The H0 
data consists of a Gaussian 
prior on the present-day value 
of the Hubble constant, 
H0 = 74.2±3.6 km s−1 Mpc−1
(Riess et al. 2009), while the 
BAO priors on the distance 
ratio rs(zd)/DV(z) at z = 0.2, 0.3 
are obtained from the Sloan 
Digital Sky Survey Data 
Release 7 (Percival et al. 
2009). Uncertainties are 68% 
CL unless otherwise noted.

N. Jarosik et al. -
  January 2010
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