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Supersymmetric dark matter has been 
around for over 2 decades.

We still haven’t found it.

What possibly could be new?
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In fact, the wealth of cosmological data has sharpened old 

proposals and also led to qualitatively new possibilities
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In addition, the anticipated wealth of particle physics 
data has generated new approaches to old questions 

• What particle forms dark matter?
• What is its mass?
• What is its spin?
• What are its other quantum numbers and interactions?
• Is dark matter composed of one particle species or many?
• How and when was it produced?
• Why does ΩDM have the observed value?
• How is dark matter distributed now?
• What is its role in structure formation?
• Is it absolutely stable?
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WIMP Dark Matter
The classic WIMP: neutralinos predicted by supersymmetry

Goldberg (1983), Ellis et al. (1983)

• Supersymmetry: For every known particle X, predicts a 
partner particle X ̃.  Stabilizes weak scale if masses are ~ 
100 GeV.

• Neutralino χ ∈ ( γ̃, Z̃, H ̃u, H ̃d ): neutral, weakly-interacting.

• In many models, χ is the lightest supersymmetric particle 
and stable.  All the right properties for dark matter!
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STABILITY
• DM must be stable

• Problems 
↕

Discrete symmetry
↕

Stability

• In many theories, dark 
matter is easier to explain 
than no dark matter

New Particle States

Stable

Standard Model
Particles
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Cosmological Implications

(1)

(2)

(3)

(1) Initially, neutralinos are 
in thermal equilibrium: 

χχ ↔ f f

(2) Universe cools:
N = NEQ ~ e−m/T

(3) χs “freeze out”:
N ~ const
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• The amount of dark matter left 
over is inversely proportional to 
the annihilation cross section:

ΩDM ~ <σAv>−1

Scherrer, Turner (1985)

• What’s the constant of 
proportionality?

• Impose a natural relation:

σΑ = kα2/m2 ,  so ΩDM ∼ m2 HEPAP LHC/ILC Subpanel (2005)
[k = 0.5 – 2]

Remarkable “coincidence”:  ~100 GeV mass particles are 
naturally produced in the right quantity to be dark matter
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ΩDM = 23% ± 4% stringently constrains 
SUSY models

Feng, M
atchev, W

ilczek
(2000)

Focus
point

region

Co-annihilation
region

Bulk
region

Yellow: before 2003
Red: after 2003

Too much 
dark matter

Cosmology excludes many possibilities, favors certain regions
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IDENTIFYING NEUTRALINOS

If neutralinos contribute significantly to dark matter, we 
are likely to see signals before the end of the decade:

Direct dark matter searches
Indirect dark matter searches

Tevatron at Fermilab

Large Hadron Collider at CERN (2007)
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What then?

• Cosmo/astro can’t 
identify SUSY

• Particle colliders
can’t identify DM

Lifetime > 10 −7 s 1017 s ?
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THE EXAMPLE OF BBN

• Nuclear physics light 
element abundance 
predictions

• Compare to light 
element abundance 
observations

• Agreement we 
understand the universe 
back to 

T ~ 1 MeV
t ~ 1 sec
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DARK MATTER ANALOGUE

(1)

(2)

(3)

• Particle physics 
dark matter abundance 
prediction

• Compare to dark 
matter abundance 
observation

• How well can we do?
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Contributions to Neutralino
WIMP Annihilation
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Choose a representative model
• Bulk region (Baltz, Battaglia, Peskin, Wizansky)
• Focus point region (Alexander, Birkedal, Ecklund, 

Matchev; Moroi, Shimizu, Yotsuyanagi;…)
• Co-annihilation region (Arnowitt, Dutta, Kamon, 

Khotilovich, Toback; Nauenberg; …)
• Funnel region (Allanach, Belanger, Boudjema, 

Pukhov; …)

An Approach (ALCPG Cosmology Group)

λ1

λ3, …, λ105

λ2

m
SUG

RA

MSSM

• Relax model-dependent 
assumptions and determine 
parameters

• Identify cosmological, astroparticle
implications
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An example in the bulk region: LCC1 (SPS1a)
ALCPG Cosmology Subgroup

m0, M1/2, A0, tanβ =  100, 250, -100, 10  [ µ>0, m3/2>mLSP ]

• Correct relic density through χ annihilation with light 
sfermions:

• Representative of 
SUSY with relatively 
light  χ, l ̃
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PRECISION MASSES

• LHC produces strongly-
interacting superpartners, 
which cascade decay

W
eiglein

et al. (2004)
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PRECISION MASSES
• ILC: Exploit all properties

– kinematic endpoints
– threshold scans
– e- beam polarization
– e-e- option

Feng, P
eskin

(2001)

e-e-

e+e-

• Must also verify insensitivity to all other parameters

M
artyn

et al. (2004)
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RELIC DENSITY DETERMINATIONS

WMAP
(current)

Planck
(~2010)

LHC (“best case scenario”)

ILC

LCC1
A

LC
P

G
 C

osm
ology S

ubgroup

% level comparison of predicted Ωhep with observed Ωcosmo
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IDENTIFYING DARK MATTER
Are Ωhep and Ωcosmo identical? 

Congratulations! 
You’ve 

discovered the 
identity of dark 

matter and 
extended our 

understanding of 
the Universe to 
T=10 GeV, t=1 
ns (Cf. BBN at 

T=1 MeV, t=1 s)

Yes

Yes

Yes

Calculate 
the new

Ωhep

Can you discover 
another particle 

that contributes to 
DM?

Which is bigger?

No

Ωhep
Ωcosmo

Does it account 
for the rest of 

DM?

YesNo

Did you 
make a 

mistake?

Does it
decay?

Can you identify a 
source of entropy 

production?

No
Yes

No

No

Yes

Can this be resolved with some non-
standard cosmology?

Yes

No

No

Are you 
sure?

Yes

Think about the 
cosmological 

constant problem

No
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DIRECT DETECTION IMPLICATIONS
LHC + ILC ∆m < 1 GeV, ∆σ/σ < 10%

Current Sensitivity

Near Future

Future

Theoretical Predictions

B
aer, B

alazs, B
elyaev, O

’Farrill(2003)

Comparison tells us about local dark matter density and velocity profiles
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HESS
COLLIDERS ELIMINATE PARTICLE PHYSICS UNCERTAINTIES,

ALLOW ONE TO PROBE ASTROPHYSICAL DISTRIBUTIONS

Particle
Physics

Astro-
Physics

Very sensitive to halo profiles near the 
galactic center

INDIRECT DETECTION 
IMPLICATIONS
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SuperWIMP Dark Matter 

• Must DM have weak force interactions?

• Strictly speaking, no – the only required 
DM interactions are gravitational (much 
weaker than weak).

• But the relic density “coincidence” 
strongly prefers weak interactions.

Is there an exception to this rule?
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SuperWIMPs: The Basic Idea
Feng, Rajaraman, Takayama (2003)

• Consider gravitinos (also axinos,…):
spin 3/2,  mass ~ MW , couplings ~ MW/M*

• G̃ not LSP

• Assumption of most of 
literature

SM

LSP
G̃

• G̃ LSP

• Completely different 
cosmology and particle 

SM

NLSP

G̃

physics
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• Suppose G̃ is the lightest 
superpartner

• WIMPs freeze out as usual

• But then all WIMPs decay to 
gravitinos after

MPl
2/MW

3 ~ a month

Gravitinos naturally inherit the right density, but interact only 
gravitationally – they are “superWIMPs”

G̃
WIMP≈
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Other Production Mechanisms
• Gravitinos are the original SUSY dark matter 

Old ideas:  

Pagels, Primack (1982)
Weinberg (1982)
Krauss (1983)
Nanopoulos, Olive, Srednicki (1983)

Khlopov, Linde (1984)
Moroi, Murayama, Yamaguchi (1993)
Bolz, Buchmuller, Plumacher (1998)

…                       

• Weak scale gravitinos
diluted by inflation, 
regenerated in reheating

ΩG ̃ < 1 TRH < 1010 GeV

• For DM, require a new 
energy scale

• Gravitinos have thermal 
relic density 

• For DM, require a new 
energy scale
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SuperWIMP Detection

SuperWIMPs evade all particle dark matter searches. 

“Dark Matter may be Undetectable”

But cosmology is complementary: Superweak interactions 
very late decays l ̃ → G̃ l observable consequences.  In 
fact, must check that these do not exclude this scenario: 
BBN, CMB, structure formation.
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Big Bang Nucleosynthesis
Late decays may modify light element abundances

Cyburt, Ellis, Fields, Olive (2002)

Fields, S
arkar, P

D
G

 (2002)

Feng, R
ajaram

an, Takayam
a

(2003)

Some SUSY parameter space excluded, much ok
Ellis, Olive, Vangioni (2005); Choi, Jedamzik, Roszkowski, Ruiz de Austri (2005)
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Cosmic Microwave Background
• Late decays may also distort 

the CMB spectrum

• For 105 s < τ < 107 s, get
“µ distortions”:

µ=0: Planckian spectrum
µ≠0: Bose-Einstein spectrum

Hu, Silk (1993)

• Current bound: |µ| < 9 x 10-5

Future (DIMES): |µ| ~ 2 x 10-6
Feng, Rajaraman, Takayama (2003)
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Structure Formation

Kaplinghat (2005)
Cembranos, Feng, Rajaraman, Takayama (2005)

Cold dark matter (WIMPs) 
seeds structure formation. 
Simulations may indicate 
more central mass than 
observed – cold dark 
matter may be too cold.

SuperWIMPs are produced at 
t ~ month with large 
velocity (v ~ 0.1c – c): 
warm dark matter
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CONCLUSIONS
Dark matter: extraordinary progress, but many open 

questions

Neutralino WIMPs: synergy of dark matter detection 
experiments, colliders

Gravitino SuperWIMPs: qualitatively different 
implications for conventional detection, BBN, CMB, 
structure formation, colliders

Both cosmology and particle physics new particles at 
100 GeV: bright prospects!


	In fact, the wealth of cosmological data has sharpened old proposals and also led to qualitatively new possibilities
	STABILITY
	Cosmological Implications
	What then?
	THE EXAMPLE OF BBN
	DARK MATTER ANALOGUE
	Contributions to NeutralinoWIMP Annihilation
	An example in the bulk region: LCC1 (SPS1a)
	PRECISION MASSES
	PRECISION MASSES
	DIRECT DETECTION IMPLICATIONS
	INDIRECT DETECTION IMPLICATIONS
	SuperWIMP Dark Matter
	SuperWIMPs: The Basic Idea
	Other Production Mechanisms
	SuperWIMP Detection
	Big Bang Nucleosynthesis
	Cosmic Microwave Background
	Structure Formation
	CONCLUSIONS

