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Our world is DIVERSE

VCT’H Iarge | | VCFH sma”

G0

Our goal is SIMPLIFICATION
For both Constituents and the Forces
All of Phgsics on a T=shirt (Leon L.)
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THE GRAND QUESTIONS

What is the world made of 7

What holds it togcther ?

Where do we come from?

Whg are we “us” and not “anti-us”?




E FUNDAMI

CNTAL CONSTITUL

CNTS

In 1920 there were 3 elementar‘g Particles:

proton <P+>’ electron (&), P

oton (Y)

In 1955 there were about 20 (+ their antiparticles) :

P, e, Y andalso:n, u, v, 1, K. 1,0, x, A, 2, = ...

And starting in the 1960’s there was even a
greater explosion

CAN SO MANY PARTICLES BE ALL ELEMENTARY?




M P

USA Enrico |
Fermi | g
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E FUNDAMI

CNTAL CONSTITUENTS

WHAT W

e 1
_ D

CLIEV

C TODAY

) Quarks and l_el:)tons are
Funclamental

Z)They maF be Point
it

Particles or

te strings

3) There are at least 6 of
each, maybe more
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THE FIRST UNIFICATION
lsaac Newton (1642 - 1727)

R e R A

Celestial Gravity

Thc are the same
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THE SECOND UNIFICATION
James Clark Maxwell (1831 - 1879)

kY,

Electricitg and magnetism
are different

anifestations of the same
Phenomcnon




THE THIRD UNIFICATION
S. Glashow, A. Salam, s. Weinberg (1967-68)

Responsible for neutron Holds atoms toge’ther;
decag) radioactivitg in Responsible o

reactors electricitg, magnetism

Weak + Electromagnetic = Electroweak
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THE NEXT UNIFICATION (S) 7

The Grand Unified Theorg GUT) 7
The String Theorg ?

1032K 107K 10K 103K
The Four Fundamental

Forces of Nature




THE FAMILIAR FORCES

Push (contact) Pull (contact)

But there are also forces at a distance
‘f:xamples: Gravity, Magnetism
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THE FORC]

S IN PARTICLE PHYSICS

How do we describe them?

Strong Interaction

Exchange Forces

Exchangecl Particle ca
It s

Uncer’caintg Principle:

Fermilab Public Lecture

N ]Z)C hCBV\(j

The Standard Model




THE STEPS TOWARDS KNOWILEDGE

Example: Chemical Elements

1. Observation (New Data):
Hgdrogen) J

.M Periodic Table
‘[uls] of the Elements [&]

2. Classitication:
Periodic Table

7). Unclcrstancling (Whg?):

Quantum Mechanics, Spin...
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WHERE ARE WE IN PARTICLE PHYSICS?

1. Observation :

Proton o
Many Particles, Similarities —(

Structure in the Proton

2. Classitication:

Quarks, Lel:)’cons,

) — SM
Force Carrlers

5. Understanding: J .y
Many Questions Need Answers & o9
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f:’.

W D

CTAIL

D QU

COTIONS

Whg b, families of quarks and Ieptons?
Do all forces become one?

Whg are the masses of quarks so different?
Why are neutrino masses so small?

What haPPenecl to anti-matter?
How will Standard Model break down?

What is dark matter?
What is dark energy’
Are quarks and Ieptons little strings’:’
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THE 3 FRONTIERS OF PARTICLE PHYSICS

Colliders, Tevatron = LHC

Telescopes
Satellites
Balloons

Large Arrags

External beam
fixed target

| ntensitg Frontier exPeriments can be sensitive
to mass scales >> | HC
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ENERGY AND INTENSITY FRONTIERS

Direct and Indirect Measurements

Real particles created Virtual Par’ticles exist
Erom energy for a short time

Requires high energy Requires high intensi’cﬂ

“Do-not worry

about your

difficulties in A EA

malhematics; 8 N
- s

Y can assure

you-that

mine are
still greater,” ;

RIS
e -
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FROM 500 Kw TO 2.2 Mw

1. Upgrade of an existing fixed target ComPlex
from 300 Kw to 700 Kw

2. Construction @C a new accelerator complcx ~
Prcﬂect X

Number of|
Protons B
.\(\'b
Time £y
P

>2MW @ 120 GeV
m—»( 3 MW @ 3 GeV

Number of 150 kW @ 8 GeV
Protons
Time /075 0.75
Mw o

MwW
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PROPOSED LOCATION OF PROJECT X

Fermilab Public Lecture

' Prquée/c/t?lsroject X%lt\e >

pr -
.)}/ Par
P N 4

R

» Bl AV
:‘ .1’\\

, "%'

- \,,i_; :
. ,"\
U5

Kaons
Linoar

N
\$

A
\
Main Injector \

tie into the existing Fermilab
accelerator complex and
provide a powerful proton
beam for experiments at
different energies.

»N)

N



PROJECT X EXPERIMENTAL CAMPUS

Proposed location of Project X
3-GeV experimental campus

Proton beam from 3-GeV linac
Switchyard: beam distribution
Charged kaon decay experiment

Neutral kaon decay experiment
Project X would provide

; y a 3-GeV proton beam for
Advanced muon-to-electron conversion experiment experiments with kaons,

Wilson Hall and existing buildings muons, and atomic nuclei.

Experiments with atomic nuclei
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FEYNMAN DIAGRAMS

Method for Calculatiﬂg Particle .
Prol:)erties and the Rates for Their A £ &
Interactions and Decays - -

Allows Visualization of the Process

Rules are Simplcr than in Monopolg:

1. Each cliagram

S comPosecl of vertices, internal

lines, external lines

2. Eachoft
am

f'ermi]aﬁﬁb]i@é\dd u . a

nese contri]:)utes a Factor to thé
Dlitude for this cﬂiagram

I thé Clla Fams ancl suare thé sum ,,




AN EXAMPLE (Fegnman and Indirect Expt)
A clecag KO— u'u-

The “box” diagram on the right
describes a mechanism for this clec39

But the Eredic‘cion for this rate

based on this cliagram did not agree
with the experiment

Theor9 and expcriment could be
reconciled if one Postulatc—:cl
additional Aiagram with a new quar|<

Few years later, requirecl quark) charmj was discovered

25




But therc was a Problcm: Uranus trajectorg In thc s|<9
did not follow the cxPcctation from Newton’s law
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Leverrier

X-.position

JUPITER
OTHER

NEPTUNI

NEWTON WAS RIGHT AFTER ALL

Fermilab Public Lecture




DIFFER

ENT M

CASUR

ENTS

Precision measurements
or
rare (Forbiclden) processes

Fermilab Public Lecture

interactions or c:lecags

o

Particle Properties

electric Glipole

moments




What are spin and magnetic moment?

Fundamental Properties of particlee.

like mass or charge ;
s inning /
toP that is chargici %\

Ratio of spin and magnetic moment is called gFactor

For chargecl |e|:>ton5 (e,u,T), gis close to 2 and its
deviation from 2 (g~2) can beghoth measured and
calculatec]g very Precisely (<] PPm)

gueP = 2.00233184178(128)




MUON g-2 (THEORY)

Muon g~2 can be calculated very Precisely
Thus clisa%:”eement between theorg and exl:)eriment
t be an indication of new Phgsics

mi

Leading diagram
Higher order diagrams

Possible diagram
from new physics
(supersymmetry)




MUON g-2 (EXPERIMENT)

Protons on target — Pions—>1r"'->uv —store Y in ring

Observe muon SPin rotation
through muon clec:ags to electrons

[
=
C

—
=
o

@
2
=3
=+
b
]
£
g
Tt
=
@&
2
R
et
2
e
2
=
£
]
4

Frequency(f) = no. of cycl
g-2 o« f/B

r B
3\.' % | ) “ v
YWy i \,\ ~' k‘,“l 1{ ““\‘i \:d " ‘A’ PRl ‘H\’ f&. & '4 ,ﬁ.

zW—.f‘*-m«nmf VAR, W N cver measure an 3’5
but Frequency”
|1.Rabi

BNL experiment mimeus

Need lots of muons
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MUON CAPTUR]

= (mu2e)

What haPPens when p- stops in matter?

a) It can decauy:

L™ e VV

b) It can be cal:)turecl bg the nucleus: |J"+P—>n+v

Can it transform itself into an electron?

Yes, but VERY rarely. In SM

, ~102

Only SM diagram possible

Excellent candidate for looking for New Phgsics

Current cxPcrimental limit: ~10-2
Can one do signi{:icantlg better than that?
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Most New Phsics models Preclict a rate for

muon conversion to electrons of ~107¢ — 107

To reach 1076 need a lot of muons, ~10¥

This requires LOT of Protons and ComParc to about
sophisticated apparatus 5 x 109 (?) grains of

sand on a” the
world’s beaches

Detector Solenoid




DECAY MODE: K°=21°V V

Standard Model Precliction: BR~.2 x 10-1°

PR
There are todaiabout7x Jolll (v awe

Peol:)lc in the world =

o
0

The New Phgsics can increase this clecag rate

Very difficult exPerimenta”g; not seen yet

neutral — neutral + neutral + neutral

Hence no visible tracks

To achieve requirecl Precision need high intensitg
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Neecl to make 5ma” KO beam to have goocl
direction Precision

Also goocﬂ Photon
detection and
measurement

Strive for 10%
measurement of BR




NEUTRINOS
Theg are fundamental and ubiquitous

10" go throuh each one of us every sec
They are produced in nature:
in the sun, in cosmic rays, in the earth, in the
oceans,...tal«-: 99% of energy In supernovas

Tl"lC arc EISO I"OClUCCd ID humans:

IN reactors, }39 the accelerators, in medical isotol:)es

They are unicise and iml:)ortant but ill understood

They may be responsible for our existence
WE MUST STUDY THEM




CUTRINOS AR!

Neutrino masses are tiﬂg; their mass is no more
]bjchan one millionth the mass of an electron

37




NEUTRINO AND ELECTRON
MASSES COMPARED

neutrino




EUTRINO

I —

protons target pions neutrinos detector

No of events will be Proportional to:
X X X

ThUS ‘FOF PF@CiSC measurement we ﬂCCCl:
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- I\ /71

North Dakota

LBNE \ Minnesota
(Long Baseline Neutrino Experiment)
- —— 1300 km :
Lead, SD", i

Jakota

iowa
v Nt‘l)rll\‘l\kl . ) . oy
- ) 4 MiniBooNE

: minervAa-Chicago
MicroBooNE .

GRS

Kansas
Image NASA . |
2008 Tele Atlas MISsouri i o

Image ©' 2008 TerraMetrics , G()08|€ :

2008 Europa Technologies



a) Mass hierarcl’mgz which v is heaviest
b) Stuclg omc matter-antimatter sgmmetrg
c) Search for more Vs, unexpec‘ced

N W mmp——
<qY W S —

—— —

: }
!




CONCLUDING R

The richness and cliversitg of currentlg
Plannecl Drogram on the intensitg frontier
should keep Fermilab at the forefront of

Particle P]ﬂgsics for many years to come
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