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"How helpful is astronomy's
pedantic accuracy, which | used
to secretly ridicule!”

Einstein’s to Arnold Sommerfeld on
December 9, 1915 (measurements of
the perihelion advance of Mercury)
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Dark Matter
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- Dark Matter
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Particle Relic from the Bang

* neutrinos ‘

- sterile ne’Ut'rinos gravitinos
’(. .: ]

* LSP (neutrallno) - E
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Cold T hermal Relics™
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The WIMP “Miracle”

Q= Cross section (& mass ’P) of order weak scale
WIMP (Weakly Interactlng Masswe Partlcle)

* miracle
0, \'mir-i-kal ' N

L :én;ektréordinary event manifes'ti'ﬁg
-~ divine interv\entiolQ in.human affairs

————
—

. R .
Nd” ", N’
1\ o

Comc:ldence or CausatloQ N

, ‘,—\ \’___\ ———,

N’ ./ -0



WIMPS

Goal:_'Discover: dark matter and its roIe in shaplng the universe

Particle Physics: TR -2

Discover dark matter.and B 0
grounded in physical’ T d 3 v G
embedded in an overarchmg phyS|cs deeI/theOrM

Astro thslbs = _ [ “ 3 , '}' ..... 2 ,;.\:LQ | ’\\_,
Understand the role of darK ‘matter Ny \\ RV
- formation of structure: | | .
/ “evolution of Structure™ .. . — | e Y
WMEé . _E M L~ 0\ el

massive; stabIF “weakty” interactlng, 'SU(3)C X U(l EM\elnglet
WIMP must be/a BSM (but per’haps ndt far BSM) particle.
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WIMPS

Too good to be true’?
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DAMA -
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CoGeNT

counts/0.05 keV (0.33 kg, 56 days)

CoGeNT
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CoGeNT
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CoGeNT + DAMA
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XENON/CDMS
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Indirect Detection

Low-energy photons Positrons

Galactic Center Quarks W

Dwarf spheroidals . . )

DM clumps, Sun — e
Electrons

Medium-energy

e
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Indirect Detection

Anti-coincidence

Calorimeter
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Fermi/GLAST
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. WIMPS causatlon or commdence’?

. Sltuatlonnow is muddled , e
- dll'eCt—hIF}tS DAM"‘ LIBRAS
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WIMPs -

Colllder Searches

SOCIal WIMP

M I\/Ia\reri'CK WIMP g
P g

. WIMP"is a Ioher B MtMP part of a somai network

» Use effectlve field theory, V. e Motlvated model fram\ework
e. g.: 4~ Ferrr)unteractlon Lo 89 Iowvenergy§US\< \
* WIMP only new species. e Many ntew partlcles/pararneters
» Clear retatie_ﬁships b’etweef‘ I\/luddy relationships between -
/\arfmhllatlon -scattering- | annihilation- scatterlng- {
. productlon cro/se seetlorts ot p_Q?U\(i’[IOﬂ _‘cr’ss,setitlons
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WIMPs -

Colllder Searches

Maverlck WIMPs
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WIMPs -

« WIMPs: causation or'Coinci'deriCe?
* Situation- now is muddled .

_directhints: DAMA/LIBRES GG

- indirect hints: PAMEL,
- LHC W|II soon welgh in:;

‘(_- \ f_:
* In the nexp decade the WIMP hypotheS|s will have either-

A
* Direct, 1nd|reqt collider mformatlon confusmg decade

__"—‘r\

convineing. ewdence or a near;—death expenence —— %
\ \ ]

« How WI|| we all know theyAaII see the same phenomenon’?
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~ Dark Questlons
« Why only one WII\/IP’?

* If social-network of several WIMPs stronger mteractlng ones:

— Easierto detect. ——
—SmallerQ Y- o ;"ﬂ' \
- Super-WIMPs " | : SV %
. Self~|nteract|ng WIMPs ot SN 1 AR ¥ X
+ Inelastic W-II\/IIf’s B ol A
i p. - A o (PO gt
. Leptop/h+I10 IMPs 2 ¥ | o\ X —
N ~ \ ‘ ."6
. FIavgr-/dependent WIMP coupllngs ’ \ "
And thls is jUSI for WIMP"S! \



WIMPs

Dark matter is @ complex physical phenomenon..
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Inflation

Classical Equations of Motion Quantum Fluctuations
V(ig)z0 — V(g)=0 Op —— O0p —— O



Disturbing the Quantum Vacuum

Changing Electric field =——»  Particle creation

Particle creation if energy gained in acceleration from electric field
over a Compton wavelength exceeds the particle’s rest mass.

Schwinger (1951); Heisenberg & Euler (1935); W eisskopf (1936)



Disturbing the Quantum Vacuum

Tidal gravitational field =—»  Particle creation

Black
Hole

Particle creation if energy gained in acceleration from gravitational
field over a Compton wavelength exceeds the particle’s rest mass.

Hawking (1974); Bekenstein (1972)



Disturbing the Quantum Vacuum

Expanding Universe =—>  Particle creation

¢<> ¢
expansion
&L

Particle creation if energy gained in expansion over a Compton
wavelength exceeds the particle’s rest-mass.

Schrodinger’s alarming phenomenon (1939)



Disturbing the Quantum Vacuum

The Proper Vibrations of the Expanding Universe

Erwin Schrodinger, Physica 6, 899 (1939)

troduction:

“ ... production of matter, merely by expansion,... Alarmed by
these prospects, | have examined the matter in more detail.”

Conclusion:

. There will be a mutual adulteration of [particles] in t
course~qf time, giving rise to ... the ‘alarming pheno




Disturbing the Quantum Vacuum

The Proper Vibrations of the Expanding Universe

Erwin Schrodinger, Physica 6, 899 (1939)

Creation of a single pair of particles somewhere

in a Hubble volume V= (¢ Hy)=> = 10'> Mp¢?
in a Hubble time ly= H,' =10!° years
with a Hubble energy £,=01 H,=1033¢eV

Alarming?







Most Fundamental Question

1. Is inflation eternal? Is there a multiverse?

Does inflation do what it was invented to do?




Next Most Fundamental Question

2. What if exact Harrison-Zel'dovich perturbation spectrum?

s e

spectral index exactly unity
no gravitational waves

exactly gaussian perturbations
only curvature perturbations

Harrison I Zel'dovich.

« \What do observations tell us about spectral index (/7)?
ch for gravitational waves from B-mode polarization (/).

» Search for n lanity ( Ay )

* Theory developments: effective field theory approach.

* Who s the inflaton ... superstrings = inflaton ?
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matlon & Superstrings Are a Match
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Make some perturbaﬁo_ns?

Lonely 32 §ear-old‘scalar
field (mflaton) seeks a -
fundamentalgheory in,
which to be.embedded.
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Additional Fundamental Questions

How did inflation begin”? (is it eternal)

)

How did | lon end? (preheating, reheatin frosting, ...

Oiker particle production (gravitons, WIMPZILL

el

Why only one inflaton? (isocurvature perturbations)
. Why so gaussian?

. Was inflation “normal?” (3-D FRW)




Additional Fundamental Questions

11.What was the expansion rate during inflation?

12.WhatW shape of the potential (fesenstruction)?
inflaton \ . _ ‘

SN 4
(=]

/

>
Planck-scale i
detectors |-




Cosmologlcal Constant (Dark Energy)

=instein proposed
cosmological constant, A.

1929 Hubble discovered
expansion.of the Universe.

1934 Einstein called it
‘ \ qunder

l}} |
nomers found
r/|t and renamed
| eygy.
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The Cosmologlcal Constant
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3) Baryon formation
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1030 g cm™ ..... so-Small, and yet not zero!




Taking Sides!

Can’t hide from the data ood to ignore
— SNe

— Subtraction: 1. 0

H(2) not given by
Einstein—de Sitter

— Baryon acoustic
— Galaxy clusters

— Weak lensing

- Tl .

-

Modlfy I’ICIht-.
Cons’(ant (“just”




Tools to Modify the Right-Hand Side

"7,

i fillds (quintessence)




Anthropic/Landscape/DUCTtape

« Many sources of va
« String theory has e landscape.

* The multiverse could populate many (all?) vacua.

* Very, very r\ rely vacua have cancellations that yielg a small A.

» While exponentially uﬁcom'mon, they are‘ﬁre'f'erre.d because ...




Anthropic/Landscape/DUCTtape

* The anthropic “princi cosmoillogical constant.

* Perhaps there is n
.. (people without id

hropic principle ...
ave principles).

—

 But principles must not be applied selectively.

\~

« What does ',. his mean for particle physics?

- Does it explain the weak scale/Planck scale hi'eﬁ;rchy?
- Who needs low-energy SUSY?
- Give u /searchmg fo
- No dreams of a fi

°|s partlcle ﬁ)




Quintessence/WD-40

* Many possible contri
* Why then is total s

* Perhaps some dyna
... but we’r_(? not there yet!

1) 1

global vacuum energy to zero ...

Requires m,; 1075 eV

* Long-range fo



Tools to Modify the Left-Hand Side

 Braneworld modifies Fri ation
Friedmann equati

Binetruy, Deffayet, Langois

» Gravitational force stance

Five-dimensional Istances 2 Deffayet, Dvali, Gabadadze
* Tired gravitons .
Grav:tqns unstable leak into bulk Gregory, Rubakov & Sibiryakov
B

 Gravity changes at dlstanCE R~ Gpc

—
ich, F'#Iollowood & Terning

gIQu, Ross & Santiago
/'

_ur_i',. Turner & Trodden

tto, Buchert; Ellis; Celerier



Dark Energy

stron
clusters g weak clusters strong clusters We?k
lensing Iensmg Iensmg lensing

"Nothing more can be done by the theorists."In"this matter it is
only you, the astronomerSJNho can perform a S|mprys|nvaluable
service to theoretical physics.”, |




Asymptotic de Sitter Space?

« Our cosmic horizon'is visible Universe

* Finite-dimensional H\ilb'e
| §
* Have to do astronomy now!
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Dark energy is é
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Cosmologlcal Standard Model and Its
Impllcatlons for Beyond the Standard
Model of Partlcle Physics |

“Until cosmology and parhgr'
the same cont@xt there IS not.r

ics can be brought togetherin
h hope for real progress in .

_cosmo}ogy — N. Bohr 1939
CERN “Rocky Kolb
28 July 2011 ’S,_ &5 A University of Chicago



