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NEW UNIVERSE AT THE
SMALLEST SCALES?

The Universe is very big.

The smallest scales — atoms, nuclel, protons —
are very small.

What do these have to do with each other?

In fact, studies of the very big and the very small
have become intimately related, and their
connection is among the exciting frontiers in
science.
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VERY BIG: STATUS REPORT

galactic
solar system galaxy cluster universe

1012 1017 1023 > 1026
meters meters meters meters
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EVIDENCE FOR DARK MATTER

data
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Radius (kpc)

Begeman, Broeils, Sanders (1991)

Galaxies and clusters of
galaxies rotate too fast M v? _ GM g/ftot Ly pm1/2
> dark matter " "
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EVIDENCE FOR DARK ENERGY

Calao/Tolola
(Hamuy et al,
A 1996) 7,

14, = I (I R N T O B A I I N T R N B
0.02 0.05 0.1 0.2 0.5 1.[

redshift 7 MORE REDSHIFT —

Hubble (1929): The universe is expanding
Supernovae (1998): and accelerating - dark energy
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EVIDENCE FOR BOTH

1990

2003

Cosmic Microwave Background (2003): Universe has
dark matter, dark energy, or both
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COMPOSITION OF THE UNIVERSE

3\\\\‘\\\\‘\\\
' No Big Bang

ol . Three measurements agree:

Supernovae

Dark Matter: 25%

o | Dark Energy: 70%
A NB | Normal Matter: 5%

0
\ Two must be wrong to
. Clusters ¢, 1 . .
, &, A1  change this conclusion
o ]
1 o) B
“, \ i
[ ‘ N N ‘ [ ‘ I | ‘ | | \_
0 1 2 3
QM
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COMPOSITION OF THE UNIVERSE

Heavy Elements:

Qf = pi/p(“R['l'](TAL S
oot sehall  ()—(0.0003

Q'[“()']'AL =1

Neutrinos (v):
0=0.0047

Stars:
(2=0.005

2 =8l Free H
R W & He:
(2=0.04

Cold Dark Matter:
(2=0.25

Dark Energy (A):
Q=0.70
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VERY SMALL: STATUS REPORT

atom Q electron
nucleus proton
y neutron
. up quark
down quark

10-'0 meters
(thickness of human 10-14 10-15 <1018
hair ~ 10° m) meters meters meters
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MICROSCOPES

Higher energies = shorter wavelengths

low resolution high resolution
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PARTICLE COLLIDERS

10 TeV
e Hadron Colliders
&g~ Colliders ]
LHC
1 TeV (CERN)
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E. O. Lawrence’s Livingston Plot: Moore's Law
Cyclotron (1930s) for Particle Colliders
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BASIC BUILDING BLOCKS

ELEMENTARY
PARTICLES

Frederick Reines

1995 Nobel Prize

for the Detection
of the Neutrino
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http://www.physsci.uci.edu/news/nobel.shtml
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Precise Confirmation
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Q= pi/p(‘R['l'ICAL
Q'l()l‘AL =1

Cosmic Pie‘éf’
J
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PROBLEM!

ELEMENTARY

Neutrinos (v):
0=0.0047

Stars:
0Q=0.005

Free H VS "

& He:

Q=0.04
Cold Dark Matter:
0Q=0.25

Dark Energy (A4):
0Q=0.70

PARTICLES

Illl

11 111

rations of Matter

lh]

Feng
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DARK MATTER

ELEMENTARY |
PARTICLES Known DM properties

e Stable

* Heavy, slow

* Not protons
and neutrons

Dark matter is unambiguous evidence for
new particles

29 Feb 08 Feng 17



CONSTRAINING THE NUMBER OF
PROTONS AND NEUTRONS

Qp 1
. 0.005 0.01 0.02 003
E T T T T L

« Assume the Big Bang happened

 When the universe cooled,
protons and neutrons combined
to form light nuclei (He, Li)

« We can determine the number of
light nuclei

» Precise agreement if protons and
neutrons are 5% of the Universe

* This is Big Bang
nucleosynthesis, one piece of
evidence for the Big Bang
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DARK MATTER CANDIDATES

 The observational
constraints are no
match for the creativity
of theorists

 Masses and interaction
strengths span many,
many orders of
magnitude, but many
of the favored
candidates may be
discovered soon

29 Feb 08
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Example: DM from Extra
Dimensions

 (x,y,z, )+ w,v,...? Science fiction?

 No — a hot topic at the interface of particle physics
and cosmology:
How does gravity work?
What is our world made of?
What is the history (and future) of the universe?
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|Isaac Newton

1687:. Space and time are the static stage
on which physical processes act

29 Feb 08 Feng 21



Albert Einsten

1915: Spacetime is an active player:
curves, expands, shrinks, ...

29 Feb 08 Feng 22



Small Dimensions

* The universe does not
expand into space —
space itself expands

« Extrapolating back, space
was small — the Big Bang

« Other dimensions could exist but still be small. In fact,
string theory (quantum physics + gravity) requires 6 extra
spatial dimensions.

 How can we test this possibility?

29 Feb 08 Feng 23



Extra Dimensions

« Suppose all particles propagate in extra
dimensions, but these are curled up in circles.

* We will not notice them if the circles are very small.

Garden hose

29 Feb 08 Feng 24



Extra Dimensional Matter

« However, the momentum in the extra

directions will be quantized.
———4/R

* From our viewpoint, we will see this as
new particles with masses — 3/R

m~0, 1/R, 2IR, 3/IR, 4/R, ...

— 2/IR

Each known particle has a copy at each
mass.

Mass

— 1/R

 One of these could be the dark matter! — 0
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Dark Matter Direct Detection

CDMS in the Soudan mine
Y2 mile underground in Minnesota
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Indirect Detection

Dark Matter Madlibs!

Dark matter annihilates in to
a place

, which are detected by

particles an experiment

29 Feb 08
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photons

Dark Matter annihilates in

some particles

the galactic center to

, which are detected by Cerenkov telescopes .

a place

an experiment
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Dark Matter annihilates in _ the center of the Sun to
a place
neutrinos , which are detected by AMANDA, IceCube
some particles an experiment
T som . T owiayer >
Z
| S
on [l § >
2 | z
il :
] | g
o
2390 D

29 Feb 08 Feng 29



Dark Matter annihilates in the halo to
a place

positrons , which are detected by _AMS on the ISS

some particles an experiment

29 Feb 08 Feng 30



Dark Matter at Colliders

* Many dark matter
candidates are
heavy particles.
Can we make
them in the lab?

e Einstein: E = mc=2.
Energy can be
transformed into
mass.

 To make new, heavy particles, simply smash together
known particles at high energy.
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SYNERGY

Temperature / Energy
meV eV keV MeV GeV TeV
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The Accelerator

Two proton beams rotate in opposite directions 100 m underground in
Geneva on the French-Swiss border. The beams collide at 4
interaction points, which are surrounded by detectors.
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LHC Detectors

U#'! Detector characteristics
Muon Detectors Electromagnetic Calorimeters . Width:  44m
Ay \ o Diameter: 22m
/ '-.:\\ -« Weight: 7000t
% % Solenoid CERN AC - ATLAS V1997
/ VN Forward Calorimeters

~ 1"- I'. I' J End Cao Toroid

rrel T. I Irimer Delecbor . . N
sarrel Torod Hadronic Calorimeters Shielding
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UCI Faculty Working on the LHC

Theorists Experimentalists

=
i

s ]

Andy Lankford

Yuri Shirman Daniel Whiteson Anyes Taffard
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UCI @ LHC

* The main UCI experimental responsibilities
are in triggering and data acquisition.

« Data acquisition: the data collected by each
detector is
— 1 Terabyte/second
— 10,000 Encyclopedia Britannicas/second
— 10 Libraries of Congress/minute
— 3 300GB hard drives/second
— 100 full length DVD movies/second

— 10,000 times the rate your computer can store
data

29 Feb 08 Feng 38



UCI @ LHC

Triggering: finding needles in haystacks

29 Feb 08 Feng 39



LHC SOCIOLOGY

your\ disabouttor ge

NS
Collaboration

In each experiment, ~2000 The procedure for sharing data
collaborators from ~40 countries and credit is not completely clear
(and growing) and is a topic of heated debate
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DARK ENERGY

* Heisenberg’'s uncertainty principle: it is impossible to
simultaneously measure a particle’s position and velocity
precisely.

* Immediate corollary: all particle’s have some energy.

« This “zero point energy” is dark energy — the fact that dark
energy exists is not at all mysterious.

* The problem is that the natural value for the amount of dark
energy is 10720 times the observed value!
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Approach #1: Symmetry

« Consider a bubble, length
L, height H

e L-His a small number

« Explained by symmetry —
the most symmetric
shapes, spheres, minimize
surface area

» Actually, gravity makes
bubbles slightly lopsided,
L-H#0

29 Feb 08 Feng 42




Approach #1

» Small numbers < broken symmetry

Q, ~ 10120

?7 Q, ~1
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Approach #2

QA ~ 10120 Many universes with
different values of Q,

Anthropic principle:
Q, ~ 1

29 Feb 08 Feng 44



* Two very different approaches

* There are others, but none is especially
compelling

* Dark energy is a very difficult problem
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SUMMARY

9 Heavy Elements:

Q,- = p,‘/pcR['l'lCAL B s
ELOa 00003

Q'[‘(}‘I'AL =1

"8 Neutrinos (v):

* For the first time -
in history, we Beric o) —
have a complete
picture of the
Universe

Free H
& He:
Q=0.04

Cold Dark Matter:
0Q=0.25

Dark Energy (A):
0=0.70

» Dark matter and dark energy require new
discoveries at the smallest length scales
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Historical Precedent

 Remarkable precision (~10%)

« Remarkable result

But just the first step in centuries of exploration
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Available at
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