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The Standard Model (SM) of Particle Physics

What does the SM fail to explain?

The fundamental questions in particle physics

Colliders as powerful tools to find new laws of nature

The TeVatron at Fermilab
The Large Hadron Collider at CERN




The role of Particle Physics:

to discover what the universe is made of
and how it works

to explain it in terms of quantum physics which
governs the microscopic, subatomic world

This has revealed a structure and simplicity
that would have amazed even Einstein!

The basic feature is the occurence of forces which held together
At the microscopic level:

Elementary particles are the ultimate constituents of matter
Four basic forces act between these elementary matter particles
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vitational For

Attractive force between 2 massive objects:

Is very weak unless one of the
masses 1s huge, like the earth
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Proportional to product of masses

Assumes interaction over a distance d
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Forces within atoms and between atoms T P SpaE

positive and negative charges bind together and screen each other
=>» diminute force between us and the earth but huge between 2 electrons

Electrons interact with protons via quantum of e.m. energy

the photons

Einstein was the first to understand this idea




neutrons and electrons.

=] Strong nuclear force binds together
protons and neutrons to form nuclei

D.LS. of electrons with protons or
neutrons at high energies shows that
protons and neutrons
are not fundamental

p~2>uud formed by three quarks, bound together by




Weak Force

Observation of decay of an
atom, emiting an electron

Short range forces only existent
inside the protons and neutrons,
with massive force carrierls:

& Roulree Secayi 1o 2 peotee, an oleeiree, and
am andineebning vid & virtusl [madialng W
bosoa. This i mestron P decay,

gauge bosons =2 W and Z

Explains Solar Fusion!




The universe 1s made out of matter particles
and held together by force particles

fermions

bosons

OSOons

graviton



A quantum theory that describes how all known fundamental

particles interact via the strong, weak and electromagnetic forces
* |t has been tested at the per mille level at experiments around the world:

CERN, Fermilab, SLAC
. L ELEMENTARY
Force carriers : PARTICLES

8 gluons, the W, Z and the photon
and 3 coupling constants: 81,87 83

o Matter fields :

3 families of quarks and leptons
with the same properties (quantum
numbers) under the symmetries of nature
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The Standard Model holds together only

postulating the existence of a special field of

Tebgsfel o

nggs Field

ang serves as source of mass, tr@ d gtrh@ ' atticle

the s energy, t he particles wo etica y
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Higgs Particle
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but will present big mysteries of its own!

Data from experiments & quantum effects within the SM theory
114.6 GeV <m, < 200 GeV
SM

1 GeV= 1 proton mass 4 pounds = 1000 trillion trillion protons !

/

** The Higgs is expected to have a mass about a billion billion times
the Giga-electron-Volt (GeV) energy scale

/

“ But, a 200 GeV Higgs is necessary to solve the mass puzzle of the SM




Fundamental Questions

of Particle Physics




2. Are there undiscovered new symmetries, new laws in nature?
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Just as for
every particle
there exists
an antiparticle

 Qunrks @ Lemorer P rromicnen Syguarks ) Sesoren ) SUSY-Krallsilchen

-- is an essential part of string Theory
prowdes a solutlon to the nggs mass stab|I|ty problem
d NS c 0 0 Neutra
-- provides a solution to the Matter antimatter asymmetry of the Universe




2. Are there Extra Dimensions (ED) of space?

* Can provide a DM candidate

each point in space would have additional
dimension attached to it

ED may be too tiny to see but SM particles may be feeling them

As a particle moves in the ED its kinetic
energy is converted to a tower of massive particles in our
4D world

SM particles + Gravitons
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Measuring the masses and behaviour
of the new particles would tell us how
the ED look like, how many they are.




3. Do all the forces become one?

Electromagnetic Force
I

« THE TERASCALE
ELECTROWEAK UNIFICATION

Weak Nuclear Force
E

GRAND UNIFICATION

was just one force
after the Big Bang

Strong Nuclear Force
|

PLANCK BIG BANG

SCALE

Gravitation
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As the universe cooled down that single force split into the four we know today: gravity,
electromagnetism and the strong and weak nuclear forces

Similar mathematical laws describe three of the forces but not gravity

At the TeV scale electromagnetism and weak forces unified
Electroweak Symmetry restoration build into the Standard Model

At higher Energies the SM fails to unify the strong and electroweak forces,
BUT, if superpartners exist at the TeV scale, apparent

unification of the 3 forces occurs at an energy 20 trillion times the TeV scale



4. How can we solve the Mystery of Dark energy?

Recent measurements by telescopes
and space probes show the universe
is expanding at an accelerated rate.

Theorists think Dark Energy, a misterious force
that fills the vacuum of empty space, is responsible
for pushing the galaxies

expansion

E

2
%
%,

Farthest $

Time
{~15 billion years)

apart and makes up 75% of the universe. VP supernova. 4
expansion e g
Bt

Expanding universe

s * Are cosmological cousins of the Higgs
75% . - :
e responsible for inflation?

e could SUSY provide an explanation for
a small but finite value of Dark Energy?

distances, like due to extra dimensions, explain

inflation?




Visible matter would not keep the stars in their orbits

Dark matter holds the universe together. What is it?

Many possible hypothetical candidates:
Axions =» associated with strong interactions
WIMPs =>» with weak interactions & TeV-scale masses
-- in SUSY, Extra Dimensions, many types of particles --

* First, the universe was hot and dense: particles and antiparticles annihilated
to form dark matter particles and viceversa.

* As the universe expanded and cooled down, encounters between particles
became rarer and finally the number of DM particles became a constant.

*The relic DM density depends on the mass/properties of the DM particles:
calculations are consistent with weak interaction particles at the TeV scale



6. What Happened to the Antimatter?

* Anti-matter is governed by the same interactions
as Matter.

* Was produced almost certainly equally at the birth
of the universe.

* But....observable Universe is mostly
made of Matter, not Antimatter !

A tiny imbalance should have ocurred at some point
or it all would have annihilated, only radiation left

To remove preferentially antimatter,
Charge-Parity (CP) symmetry which transforms
Matter into Antimatter must be violated.

CP-violation is present in the SM but
is insuffcient by many orders of magnitude

in the Higgs properties, in SUSY.



At the TeV scale we expect discoveries

Precision measurements and astrophysical observations point to it

* Particle Accelerators reproduce in a controlled lab enviroment forms
of matter and energy last seen in the early universe

* With colliders we can discover particles and measure their properties

Particles are the tools we use
to find new forces,
new dimensions of space.

mysteries of our cosmos TR L
and discover new |aWS Of nature “This could be the discovery of the century. Depending,

of course, on how far down it goes”



The TeVatron at Fermilab (2001-2009)
the world highest —energy accelerator

Fermilab's
ACCELERATOR CHAIN

pp at Vs=2 TeV.

MAIN INJECTOR

beams of protons and antiprotons in
opposite directions, colliding to crea




At the Tevatron:
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* Search for Higgs particles

M, [GeV]

* Explore supersymmetry in many
channels with moderate reach

175 180

m, [GeV]

165 170



The Large Hadron Collider

about a billion collisions per second!

LHC discoveries may include:

* The mass of ordinary matter arises
entirely from particle interactions

* All elementary particles have
superpartners

e Electron, Profon
@' Positron, Profon |

* Space has more than 3 dimensions

* New forces of nature appear at the
TeV scale

revolutionize our
understanding of nature !




The Large Hadron Collider
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o Solve the Mysteries of Matter
at the TeV scale.

Determine how the Higgs works
without model dependent assumptions

* Probe the essence of Dark Matter. ol

|dentify its nature and measure its properties
Compute DM candidate’s density in the universe
to match astrophysical measurements.

 Zoom in to bring into focus Einstein vision of a
Unified Theory.

Remarkable high precision=>» Opens the window to explore energies
that no accelarator will ever reach directly.



* The ILC is a powerful telescope that allows us to
explore the highest possible energies of nature.




step in understanding
the nature of matter and energy, space and time

* Experiments at particle accelerators around the world

give us the capability to address many of the most fundamental questions
of science

Synergy:
astrophysical observations of teh relics of the big bang must agree with
data from physics experiments




Extras




Exploring the Higgs Sector

R =
e e 7°H M /,  Initial beam Energy and Z decay well known

mp, = 120 GeV h
Standard Model

- red bars: LC precision
0.1

ACFA LC Study

Coupling constant to Higgs boson
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Mass (GeV)

The SM Higgs interactions with particles
are proportional to particle masses

Determine if the Higgs is Standard
and responsible for mass,
or
if it comes from a more complex theory
and has modified properties.

A complex Higgs interacts with other Higgs
particles and can be a source of extra Charge-
Parity violation



Discovering and Understanding Supersymmetry

o ————— SUSY is not just new particles,
B emston ) j is a new symmetry of nature.
10E = - . q 0
. . To probe it, study strength of interactions
§ o1 LHE oaly between SM particles and their partners
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The ILC has the power of polarized beams and known scattering energy



Dark Matter in the Lab

A careful search for DM candidates at the TeV scale is essential

The ILC will determine its properties with extreme detail, allowing to
compute which fraction of the total DM density of the universe it makes

ILC sensitivity to DM density Dark Ntter ass (Te)
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SUSY models which explain DM

and Matter-Antimatter Asymmetry Underground lab: detection via impact

of colliding DM particle on nuclei



A Telescope to the Highest Energies

W | Lordeaz - put details count!
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g The exact SUSY spectrum,
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New forces of Nature: new gauge bosons

* The ILC can “see” them as a telescope:
zooming in to see the virtual Z’ contributions to muons/taus pair production
=» using polarized electron-positron beams and measuring angular
distribution of leptons can measure strength of Z’ couplings to leptons

Discriminate the origins of the new force 0.5

* Z-prime from grand unification models which can 4/’/
explain neutrino masses !
* Z-prime from grand unification models in which the'iggs/

is unified with quarks and leptons

o
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Vs = 1.0 TeV, m,. = 3.0 TeV
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vector coupling

axial coupling



Revealing Extra Dimensions

The production rate for the graviton partner +
photon depends on the number of the extra
dimensions

Measuring production rates at different
collision energies, the ILC can cleanly
determine the number
of extra dimensions

* The LHC can discover partner

* The ILC can identify the type of particles

inside them and study the size, shape and
number of ED’s.

Production Rate
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vitational and electrornagnetic interaction

e Gravity

Attractive force between 2
massive objects:

I

prop. to product
of masses

2
G=1/M>

Is very weak unless one of the
masses is huge, like the earth

e Electromagnetism

Attracts particles of opposite
charge

forces within atoms and
between atoms (residual em.1.)
Electrons interact with protons
Via quantum of e.m. energy
> §y=1
m, =
Modeled by a theory based
on U(1) gauge symmetry



The Higgs Mechanism

Spontaneous Breakdown of the
symmetry

vacuum becomes a source of gnergy
= a source of mass: £=mc

Theoretical calculations and data from experiments indicate that the masses
of SM particles are generated at the Tera-electron-Volt (TeV) energy scale.

In quantum field theory

Higgs Fields Higgs Boson particle




Discovering the Higgs will put the final piece

of the Standard Model in place

but will present big mysteries of its own!

Data from experiments & quantum effects within the SM theory
114.6 GeV <m,, < 200 GeV
SM

Quantum effects in

Direct LEP searches the Standard Model

(1 GeV= 1 proton mass)

From our present understanding the Higgs is expected to have a mass

of order a billion billion times the Tera-electron-Volt (TeV) energy scale buta TeV
Higgs is necessary to solve the mass puzzle of the SM

New Physics at the TeV scale is needed
to stabilize the Higgs mass quantum corrections and

to answer the fundamental questions of particle physics




» the electron has a mass of one part in a 1000 trillion
trillion grams

» the muon is about 200 times heavier than the electron

» top quark is about 350,000 times heavier than the electron
Crucial Problem:

The symmetries of the model do not allow for a










The TeVatron at Fermilab (7=

TARGET HALL
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can exclude the Standard Model
of nature at/above the TeV scale
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* Have a shot at the Higgs sector
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* Explore supersymmetry in many
channels with moderate reach
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