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Prev Event: 0 microsec
TotalPE ID/OD: 107154.5 437.9
NumHits ID/OD: 10483 309
Trig 10: 0x03
Cont Vertex: ( 101, 378, -454)
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Inquiring minds want to know ...
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Fermi National Accelerator
Laboratory (near Chicago)
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Stanford Linear
Accelerator Center
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Event display from the SLD
experiment at SLAC
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What forces exist in nature?
What is a force?

How do they interact?

How do forces change with energy or temperature?

How has the universe evolved?



Mini-Ph.D. — Quantum Mechanics 101

Lesson 1:

Size actually does matter.



Determine the postion and velocity
of a car ... no problem
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Determine the postion and velocity
of a small particle ... no problem




Problem! Cannot have

_ perfect
Heisenberg knowledge of
uncertainty both the position

principle and velocity

\<\ Heisenberg



The fundamental nature of forces: virtual particles

AEAt=h  Heisenberg







Standod Medel of Ped.c e Ph.ﬁ.c._g

http://particleadventure.org/

http://hepwww.rl.ac.uk/Pub/Phil/ppintro/ppintro.html

the Atom
Quark

Size < 107"%m

~ Nucleus
E Ske=~10"m

Size = 107"0m

If the proton and neutrons in this picture were.
10 cm across, then the quarks and elecirons
= would be less than 0.1 mm in size and the.
L aintire atom would be about 10 km acrosse




v Lvi
_n‘a' Fundamevdd The Standard Model of
q’hk.:r.[‘q_'s Particle Interactions
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Same mass - Opposite electric charge and magnetic moment
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Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
These are a few of the many types of baryons.

Symbol] Name | Quark | Electric | Mass |Spin
content| charge | GeV/c? q 1
p proton uud 1 0.938 | 1/2
p lantiproton| Tud -1 0.938 | 12
n neutron udd 0 0.940 | 1/2
A lambda | wuds 0 1.116 | 1/2
Q~ | omega SSS -1 1.672 | 3/2

Mesons qq

Mesons are bosonic hadrons
These are a few of the many types of mesons.

Symbol] Name | Quark | Electric | Mass |Spin
— content| charge | GeV/c?
0\ n pion ud +1 0.140 | 0
K~ kaon su -1 0494 | O
p* tho ud +1 0.776 | 1
B | B-zero db 0 5279 | 0
Ne eta-c cC 0 2980 | 0O




i
Quantum Chromodynamics =
QCD %
S
Why bare quarks & | asymptotic freedom
have never been -
observed.

distance ——

«—— energy density, temperature

quark-antiquark pair

reated from vacuum
quark

->

“white” Strgng color 2 @E “white”
white” proton nggﬁf% h separatioftdHfined quarks)

(confined quarks)
Thanks to Mike Lisa (OSU)
for parts of this animation
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Strong interactio

Hadrons

Baryons mesons

P = uud K=usortus

n = udd >\ . 7 = ud or ud
nuclei @
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2010 APS J.J.

Sakuri Prize
Winners

Tom Kibble
Gerald Guralnik

UR’s own Carl Hagen
Francois Englert

Robert Brout

© Pessers 829

10 Decomber 1979, Salom receives the Nobel Prize from
King Cart XV1 Gustav of Sweden






Oops

wooho

L HC 125-ish GeV
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- Stanford’lLinear. = - he 1990's physicists studied the W
A CCElerator Center == and Zin minute detail in experiments
¥ 3t SLAC (SLC) and CERN (LEP)

The Standard Model passed with
flying colors.
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On to the very big ...

anetary Nebula NGC 6369 * The Lictle Ghost

Telescopes are

time machines 1 Mpc= 1 Megaparsec = 3x10%22 m

| 1light year = 9x10% m

fibble,

Light travels from NYC to San Francisco in 1/100 second
and it travels 1 Mpc in 3 million years



Check out

Vesto Slipher (1875-1969) Lowell
Observatory discovers a strange thing
in 1912 ...

Most nearby galaxies are moving away
from us

Made use of the Doppler shift in atomic
spectra


http://galileoandeinstein.physics.virginia.edu/more_stuff/flashlets/doppler.htm

Humason
(from AIP)

Edwin Hubble (1889-1953) and Milton
Humason (1891-1972) at Mount Wilson
Observatory combine Hubble’s distance
measurements (Cephied variable stars)
with Slipher’s reshift information and
discover ...

Galaxies that are further away are
moving away from us faster

Hubble’s Law V=Hd
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Light travels from NYC to San Francisco in 1/100 second
and it travels 1 Mpc in 3 million years

Welcome to the
“expanding universe”!!
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extrapolate back in
time find the age of the
universe = 13.7 billion
years.

200 300
Distance [Mpc]

Type la SNe from Riess, Press and Kirshner (1996)
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Think of the universe as more like a butt than a zit ...



Hot Big Bang Theory — some of the players
Jor

General Relativity

Einstein

Expanding universe
Robert Walker

Howard Robertson

Friedmann

Big Bang
h, Ralph 1 \cleosynthesis
% Alpher




i | o ME LONGER TO GEY TO

HAVEN'T You EVER
HEARD OF THE
EXPANDING UNIVERSE?

O TRAVES 217
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Big  quark-gluon proton & neutron formation of formation of star dispersion of

Bang plasma formation low-mass nuclei neutral atoms formation massive elements
T 2102 K 102 K 10° K 4,000 K 20 Km;}) K <20 K-—;}) K 3K 2
time 10-%s 107 s 3 min 400,000 yr 1 x 10 yr >1 x 10" yr 15 x 10" yr

TIME
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Big qNrk-gluon proton & neutron formation of formation of star
Bang formation low-mass nuclei neutral atoms formation

) 7
Tuniverse 101 “K 109 K 4,000 K 20 K—% K
time 107 s 3 min 400,000 yr 1x 10 yr

Very hot, dense primordial
soup of fundamental particles

dispersion of
massive elements
<20 K-3 K
>1 x 109)'r

today

3K
15 x IOer



n & neutron formation of formation of star
low-mass nuclei neutral atoms formation
q -

10" K 4,000 K 20 K—-}) K
3 min 400,000 yr 1 x 10 yr

Big quark-gluon pr
Bang plasma
Tuniwrsc >10 " K
time 10-%s

At 0.000001 second after bang,
protons and neutrons form

dispersion of
massive elements
<20 K-3 K

>1 x 109)'r

3K
15 x ]0)yr
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Big quark-gluon proton & neutron formatiopn of formation of star dispersion of
Bang plasma formation low-massuclei  neutral atoms formation massive elements
) . v .
Togiverse  >10"° K 10" K 10° 4,000 K 20 K-3 K <20K-3K 3K,
time 10-%s 1074 s 3 mir 400,000 yr 1x 10 yr >1 % 107 yr 15 x 10 yr

At 3 minutes, light nuclel form
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Big quark-gluon proton & neutron formation of formation of star dispersion of
Bang plasma formation low-mass nuclei  nffytral atoms formation massive elements
) . >
Toshins. >10°K 10" K 10° K 4,000 K 20 K-3 K <20K-3K
time 10-%s 104 s 3 min 400,000 yr 1x 10 yr >1 % 107 yr

At ~300,000 years, t = 3000 degrees, atoms
form and light streams freely

today

3K
15 x ]09yr



Modern accelerators study processes at
energies that existed VERY early in the

universe
Another form of time travel !
< >
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Big  quark-gluon proton & neutron formation of formation of star dispersion of today
Bang plasma formation low-mass nuclei neutral atoms formation massive elements

Toskere. 107K 10 K 10° K 4,000 K 20 K-3 K <20K-3K 3K,
time 10-%s 10 s 3 min 400,000 yr 1x 10 yr e — X 107yr

What were forces like at those temperatures?

.

What types of particles existed?




quark-gluon proton & neutron  formation of formation of star dispersion of today
formation low-mass nuclei  nentral atoms formation massive clements
Tumiwnr ) "]'I K 4000 Kk 20 K-3 K <20 k-3 K 3K a
time e 3 min 400,000 yr Ix Iﬂ'q}'r o B m",-f 15 % 10 yr
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Cosmic Microwave Background

Penzias and Wilson - 1964

Wavelength [mm]
1 0.67

FIRAS data with 400G errorbars
2.725 K Blackbody

Uniform and isotropic

—in as far as they could measure



# Obsecun \ight From
Tive Wmiwerr became

Traw E.pun-dd

T A 400,000 wors

P Pectect 'blnctt‘lamj«a
o\ diheckirag  Ja ﬁ'.k.a;

Amowa + of ITM

Nieley A

inder it llar /indergulactie
Spaws  agrees o7
enpect=at o fom Ry
& ong an.‘ums..l atheod
T~ 3 min wies

Cosmic Microwave Background

Fenzias and Wilson - 1964

Umitormm s [Sotropic

I &5 Tod a5 thery Sould measumn




Pudows 7 By B

NONSTATIC Wminsie ¢ xpectd From Refativiky

5

e
B
% .1-.-
-
e
oy

el Al
(e TR 8 S e
A7 PRI R P
i s 1.k

Cloged Ceometry

Flat Geometry

Sumofomsleg i trioagle

>180°

i o gt ExpaNOL -
5':!1.'!1,, Do, + rnlhf'-f._j,

e

E £ i1gc”
Aas i eBig MML anu-lﬂ.

=

=Nk
-

P . kbl E;{JHE’J |L1:|

&, ﬁ-'ﬂlf
VE“’G Specin |\ (b




All oF Ha taiiange of ¢
Poink ?

' '*"'-"SM ﬁ#\dﬂ-’t - W\u‘) S lmiwerse SP SMooTh
- .u-l-u.eu. 12 lﬂu,tira-(es

W\uh CMR S.o saao-i-k
;so {-tr‘l‘l C

Qt  T= “oo,000 yrs
only parts manatnsr & § (M(./ o
Hooooo |t Yars (puld ke comeally Conmacked
Wt a\ ok SAMR +m—@’-h~m— ??

g Flatwnro ﬁro\o(om ) a.wea.rs b he ““0
cloge o "Rk --vrr«.b

Se-f.uﬂ-\
?ﬂ.ﬁh;us Foe '}u.m.li'\(’ ‘6 ba ¢7 e Meole (




I lrg Scds Gomcbune okl - hoo o plict

Sreu Ctudo foer A a

pe rFe.-.’cLU horo gluono Univers? 7

Hubble Deep Field South HST - WFPC2
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History of the Universe - Cucreal Pmdigm
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Particle Data Group, LBNL, (©) 2000.  Supported by DOE and NSF
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Very exciting development in last decade

Observed fluctuations in the CMB temp

WMap data on the temperature
fluctuations in the CMB






GEOMETRY OF THE UNIVERSE

OPEN FLAT CLOSED

Fluctuations largest on half-degree scale Fluctuations largest on Fluctuations largest on
1-degree scale greater than 1-degree scale



We seem to be missing most of the
mass in the universe!
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Angular Scale [Degrees]
5 2 1 05 0.2

— LCDM

® VAP

® ARCHEOPS
® BOOM

® MAXIMA

o

500

Ned Wright - 23 Jan 2003

“Power spectrum” (size) of temperature fluctuations
sensitive to different matter/energy components of the
universe



Composition
of the ; 7y N\ s | Neutrincs:
Cosmos /ﬂ/ s '] 0.6%

Baryons (atoms):
comprising
stars, heavy
elements, and
helium and

| free hydrogen:

4.4%

1 Dark
matter:

22%

Dark
energy:
1 73%

95% of the universe is unknown!




Many, many missing pieces ...

CAM %

5' L.

What does what the Hrggs doee *|n the Standard Mode]'?

—Do we know‘abtrut aII of the fundamental partrcles thétems&’? S
i 8 J R > -
s | - Why 3 famllres’> ﬂuﬁ\ ‘ -, _\.\_. -

A
T~ NVhy IS the mass spectrum of fundamentalpartlcles as |t rs’?

. 3%

Why.is the universe matter instead: of _antrmatter? A

. | Ao \
— —%’” ‘-——-\ 1 "—\§ \ - e m— pr—

Recent progress! But, as usual in
science, we have new puzzles ...
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Beyond the horizon multiverse

Inbletiom  —= Coumtlesg 3 of Such NG ens




We live In exciting times!




