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WHAT IS THE UNIVERSE
MADE OF?

Recently there have been remarkable advances
iIn our understanding of the Universe on the
largest scales

We live in interesting times: for the first time in
history, we have a complete “inventory” of the
Universe
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NEW ANSWERS

' No Big Bang

| Clusters

Supernovae

 Remarkable agreement
Dark Matter: 23% + 4%
Dark Energy: 73% £ 4%

[Baryons: 4% x 0.4%
Neutrinos: 2% (£m /eV) ]

 Remarkable precision

« Remarkable results

Feng 3



NEW QUESTIONS

DARK MATTER DARK ENERGY
— What is its mass? — What is it?
— What are its spin and other _ 4120
quantum numbers? Why not Q, ~ 10777
— Is it absolutely stable? — Why not Q, = 07?
— What is the symmetry origin of the — Does it evolve?
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dark matter particle?

Is dark matter composed of one
particle species or many? BARYONS

How and when was it produced?

— ~ ()7
Why does QDM have the observed Why not QB 0

value? — Related to neutrinos,
What was its role in structure leptonic CP violation?
forma_ntlon? o — Where are all the
How is dark matter distributed baryons?

now? '
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MICROPHYSICS AND COSMOLOGY
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THE DARK UNIVERSE

The problems appear to be completely different

DARK MATTER DARK ENERGY

* No known particles « All known particles
contribute contribute

* Probably tied to * Probably tied to
M, ~ 100 GeV Moo ~ 107° GeV

« Several compelling * No compelling

solutions solutions
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DARK MATTER

ELEMENTARY |
PARTICLES Known DM properties

* Not short-lived

 Not cold

* Not baryonic

Precise, unambiguous evidence for
physics beyond the standard model

20 June 07 Feng 7



NEW PARTICLES AND
NATURALNESS

I Classical Quantum
| |

| |

| |
® = X +

| |

| |

| | |

2 _ 2y - 1 42,0

mp, = (mh)O 1672

m,~ 100 GeV, A ~10"® GeV - cancellation of 1 partin 1034

At M,... ~ 100 GeV we expect new particles:
supersymmetry, extra dimensions, something!
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THE WIMP "MIRACLE"

(1) Assume a new (heavy) o

particle y is initially in "%

1078 |

thermal equilibrium:

VY <> ff 5

(2) Universe cools:

vy £ ff :

(3) ys “freeze out”:

1 10 100 1000
x=m/T (time -)

o & ff
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Mass of Dark Matter Particle (TeV)

* The amount of dark matter
left over is inversely o
proportional to the
annihilation cross section:

30%

Qpy ~ <cv>"! o
« What is the constant of
proportionality?

3%

Fraction of Total -Dark Matter Density

* |Impose a natural relation:

10-2
HEPAP LHC/ILC Subpanel (2006)

Op= kOLZ/mZ . SO QDM - m2 [band width from k = 0.5 — 2, S and P wave]

Remarkable “coincidence™ Qp,, ~ 0.1 form ~ 100 GeV — 1 TeV
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STABILITY

New Particle States

* This all assumes the —
new particle is stable 1 _l

« How natural is this? /
Stable

Standard Model
Particles
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LEP'S COSMOLOGICAL LEGACY

» Large Electron Positron Collider at CERN,
1989-2000

« Confirmed the standard model, stringently
constrained effects of new particles through
precision measurements

Good: Naturalness Bad: Precision Constraints
SM SM
Higgs new Higgs nelw
particle particle
SM SM

« Simple solution: impose a discrete parity, so all interactions require pairs
of new particles. This makes the lightest new particle stable - Dark
Matter! DM is easier to explain than no DM. Cheng, Low (2003); Wudka (2003)
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Make a

Writing Theoretical Model \
Physics Papers

Predict DM Calculate EW
FOR Signals Corrections
Dark Find

A Reference ,  So Dumb!
Forthe . Propose
7 V 4 Discrete

Rest of Us!
Symmetry

By Jonathan Feng

Fig. 1
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SUMMARY SO FAR

» Cosmological data strongly suggest
—Dark Matter exists

* Microphysical Data strongly suggest
—New particles (WIMPs) exist
— They are stable
— They have the right relic density
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WIMPS FROM SUPERSYMMETRY

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

Supersymmetry: many motivations. For every known particle
X, predicts a partner particle X

/7

Neutralino y e (v, Z, H,, H,)
In many models, y is the lightest supersymmetric particle,
stable, neutral, weakly-interacting, mass ~ 100 GeV. All

the right properties for WIMP dark matter!
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Minimal Supergravity

600 Focus
Co-annihilation :
region Too much point
dark matter region
Bulk
region Red: post-WMAP

0 500 1000 1500 2000 2500
mg (GeV)

Relic density favors regions where detection is promising
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WIMP DETECTION

= =
)¢ f
Crossing
ﬁ
/\ symmetry
)¢ f Y | S
Annihilation Scattering

Correct relic density - Efficient annihilation then
—> Efficient annihilation now (indirect detection)
—> Efficient scattering now (direct detection)
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DIRECT DETECTION

- = 10-40 http://dmtools.brown.edu/
« WIMP essen“als: E lct;lifé;i(ll13\»13111'5ic,Fi1{pSnﬁ
=
2 19|
v~103c z
= A
= \
L € 10" \ [ o)
Kinetic energy ~ 100 keV -
[
g 10 SuperCDM
: i 5 [ in Snolab ]
Local density ~ 1/ liter 2
éj S
U 10'48 170619214100 #

° " 10
Detected by recoils off T —
u |tra-se n S Itlve u n d e rg ro u n d Bil]\-lg}kh”s(t)?)((i) t‘? jlxtig%t'tn?lsnl\?}ill pAlﬂtn Mod. 3sigma,w/o DAMA 1996 limit
detectors

WARP 2.3L, 96.5 kg-days 55 keV threshold
ZEPLIN I (hn "(1(17 result

CDMS (Soudan) ”004 + 2005 Ge (7 keV threshold)
XENONI10 2007 (Net 136 kg-d, BG Subtract)
SuperCDMS (Projected) "51\" (7-STwSnolab)
Baltz and Gondolo 2003

Baltz and Gondolo, 2004, Markov Chain Monte Carlos
070619214100
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FUTURE DIRECT DETECTION

2005 _=2006 2007 2008 2009 2010 2011 2012
LHC 1. - 4ifb 40/fb
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1
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)y
|[ JEDELWEISS 10 kgiy= EDELWEISS Ph 2
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|
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PROSPECTS

If the relic density “coincidence” is no coincidence and DM
Is WIMPs, the new physics behind DM will very likely be
discovered in the next few years:

Direct dark matter searches
Indirect dark matter searches

The Tevatron at Fermilab
The Large Hadron Collider at CERN
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What then?

« Cosmology can't  Particle colliders
discover SUSY can’t discover DM

http://dmtools.brown.edu/
Gaitskell,Mandic,Filippini

Cross-section [sz] (normalised to nucleon)

—

=3
I
2

1/}

10 10° 10 i - 17 <9
WIMP Mass [GeV] Lifetime > 10-"s > 1077 s %

p—
OI
IS
s}
|
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THE EXAMPLE OF BBN

- 0.005 0.01 .02 0.03

___________

___________

| |
-0 | i -
C | \ _

1 i 1 I -
5 6 7 8481
Baryon-to-photon ratio n,,

20 June 07

0

Nuclear physics =2 light
element abundance
predictions

Compare to light
element abundance
observations

Agreement = we
understand the universe
back to

T~1MeV
t~1sec
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DARK MATTER ANALOGUE

« Particle physics =2
dark matter abundance
prediction

 Compare to dark
matter abundance
observation

Comoving Number Density

~w * How well can we do?
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Contributions to Neutralino
WIMP Annihilation
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Jungman, Kamionkowski, Griest (1995)



LARGE HADRON COLLIDER

P = —=m

MontBlanc

* Collides protons (bags
of quarks)

* Produces particles that
cascade decay to
neutralinos

* Fixed beam energies
« Starts 2008

v N\ ‘i:?
&\ g ¥

'l N Sy
NI

el =—py—p—— i} e

20 June 07 Feng 25



INTERNATIONAL LINEAR
COLLIDER

e Collides ete-

T Y * Variable beam energies
f ! L * Polarizable e- beam
a B 'y Option to collide ee-
« Starts 2077
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RELIC DENSITY DETERMINATIONS
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IDENTIFYING DARK MATTER

Are Q. and Q.. identical? «— Calculate
Yes N the new
/ YV o Qhep
Congratulations! Which is bigger? A
You've :
discovered the Did you Yes
identity of dark make a Qeosmo Qe
matter and mistake? No
extended our \ _ Yes
understanding of NOT lNO Does it
the Universe to Can you discover decay?
T=10 GeV, t=1 Are you another particle * Yes
ns (Cf. BBN at sure? that contributes to \NO
T=1 MeV, t=1s) DM?
A Yes 1 Can you identify a
No source of entropy
Think about the No Yes production?
cosmological
constant problem l No
Does it account
for the rest of Can this be resolved with some non-
Yes DM? standard cosmology?
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DIRECT DETECTION IMPLICATIONS

LHC + ILC 2> Am <1 GeV, Ac/c < 20%

10 \ Co T http://dmtools.brownedu
Gaitskell.Mandic,Filippin

10 "k

44
10

2 r = .
>m”| (normalised to nucleon)

cm
_-:.._-

Comparison tells us about local dark matter density and velocity profiles,
ushers in the age of neutralino astronomy

10’ 107 10"

WIMP Mass [GeV]

Cross-

10"

20 June 07 Feng 29



CONCLUSIONS

« Cosmology now provides sharp problems that
are among the most outstanding in basic
science today.

* They require new microphysics, solutions rely on
the intimate connection between large and small

 This field may be transformed by the end of this
decade

20 June 07 Feng 30



	WHAT IS THE UNIVERSE MADE OF?
	NEW ANSWERS
	NEW QUESTIONS
	THE DARK UNIVERSE
	DARK MATTER
	NEW PARTICLES AND NATURALNESS
	THE WIMP “MIRACLE”
	STABILITY
	LEP’S COSMOLOGICAL LEGACY
	WIMP DETECTION
	DIRECT DETECTION
	FUTURE DIRECT DETECTION
	What then?
	THE EXAMPLE OF BBN
	DARK MATTER ANALOGUE
	Contributions to NeutralinoWIMP Annihilation
	LARGE HADRON COLLIDER
	INTERNATIONAL LINEAR COLLIDER
	DIRECT DETECTION IMPLICATIONS
	CONCLUSIONS

