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The Constituents of Ordinary Matter
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The Standard Modd, or "Who Ordered the Muon ?"
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Forces (I)

@ Forces between particles arise as aresult of the exchange of "gauge- bosons' or force
carrying particles between matter particles.

» time

e.q. Electromagnetism :
- Gauge- Boson (B) = photon
- Coupling (g) = electric charge carried by fermion f




Forces(I1)

@ Therange (R) of forcesisrelated to the mass (M) of the gauge bosons through
Heisenberg's uncertainty principle :

CECtZ 6 b
Need to "borrow" enough

energy to create the gauge

& boson.

@ Massive gauge bosons are difficult to create at low energy : the forces they mediate appear
weak at low energies. Thisiswhy the weak nuclear force appears weak :
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Forces(I11) : Electroweak Unification

Charged- Current (CC) :
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Forces (V) : Electroweak Unification

@ So at high energies the electromagnetic and weak nuclear forces appear to be two facets of
the same underlying electroweak interaction. This symmetry appears broken only at low
energies.

@ The Feynman graphs can be completely g completely Z

g ] 5
rotated to describe the creation 10

/
of the gauge bosonsin particle /
anti- particle collisions.
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Forces(V) : The Strong I nteraction

@ Thetheory of the strong interaction (Quantum Chromo- Dynamics) issimilar is many
respects to the theory of the electromagnetic interaction (Quantum Electro- Dynamics),
although it has some strange properties :

- Each quark can have 1 of 3 types of "charge" in QCD :

R G B
@ @ ®

That' swhy protons and

- - - neutrons are colourless.
- Colourless combinations are : RR, GG, BB,

= Colours are conserved (similar to charge conservation in QED).

-« + +
= A residua colour interaction binds
S . - a4 U ¢
nucleons together inside nuclei : J ¥ d)



The Standard Model : Summary

ELEMENTARY
PARTICLES

Three Generations of Matter

Z& Fermilab 95-759

But :
-=\\Vhy 3 matter generations ?

-=\\Vhy the observed pattern of particle
masses ?

-=Are the neutrinos really massless?
(the latest evidence indicates not).

-=Can al the forces be unified into a
single underlying force ?

-=\Where does gravity fitin ?

-=\Why isthere an excess of matter over
anti- matter in the known universe ?

=\Why does Q(proton) = Q(e") ?



Why is Particle Physics also High Energy Physics ?

@ DeBroglie:
~ nucleon quark
N= h/p
nucleus
<«——> <« <«
»10° ¥ m »10° ' m »10 ¥ m
@ Einstein:

f
X
E=nc’ >——— + Most likely when E. A Eg: m,
g

= |_arge energies are needed to create the most massive of the fundamental particles: top
quark, Higgs boson (?), new particles (?)
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Particle Physics& TheEarly Universe

Higher energies correspond to
earlier epochs after the Big Bang :

Reach of current collider
experiments.

What makes up the dark
/ matter in the universe ?

What is the source and
composition of the highest
energy cosmic rays ?

\ Why is there an excess of
matter over anti- matter in the
universe ?

Do protons decay ?
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What'sMissing ? The Higgs Boson

@ Back to electroweak unification. The theory that shows the electromagnetic and the weak
nuclear force to be 2 aspects of the same underlying force actually requiresthe g, W and Z to
be massless.

= Electroweak symmetry is (badly) broken, since the gis massless and the Z weighs 100 times
as much as a proton.

- The Higgs mechanism provides away- out. The underlying electroweak symmetry is hidden
in avery similar manner to that in which the underlying rotational symmetry is hidden in a
permanent bar magnet

Potential Energy At high energies (well above the

/ bump), the symmetry is manifest.

Re(Higgs Field)

T~ At low energies the system rolls
Im(Higgs Field) down the central hill in aparticular
direction ® the symmetry is broken.
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What'sMissing ? The Higgs Boson

@ TheHiggsfidd, through its coupling to particles, "causes' them to have inertial mass.
@ Analogy with a particle accelerating in aviscous liquid :

@ Note that the Higgs hypothesis does not "explain” why particles have the masses they do. We

have no ideawhy M(n) =207 " M(e).
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What'sMissing ? The Higgs Boson

# Vacuum Higgsfield : # Particlein aHiggsfield :
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What'sMissing ? The Higgs Boson

# Apply aperturbation to thefield : #And ... what'sthis?
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What'sMissing ? The Higgs Boson

@ Likeany other field, the Higgsfield has its own quantathat can be excited :

Electromagnetic Field ®  Photon (g)
Higgs Field ® HiggsBoson (H)

@ Thetheory of the Higgs mechanism provides no prediction for the mass of the Higgs boson -
we have to go and search :

Direct search - Higgs boson must

Indirect search (due

to "virtual effects") : T have amass > 115 GeV/c
the most favoured

massis < 100 GeV/c?

H

16



17



A Higgs Event?

18



But ...

@ Although we are busy searching for the Higgs, we already know that the theory which

predictsits existenceiswrong !

@ Quantum field theory tells us how to calculate corrections to the mass of the Higgs boson :

t
\
H H
DM, ~ C dg b ¥
.'t_
/
N4
all known particles can
run around in the loop \

as"virtua" particles

have to integrate over
all possible energies
(up to 10™ GeV)

v
an infinity we can't
get rid of :
"Hierarchy Problem"
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What's Missing ? Even Stranger

_ SUSY
fermions 4——p bOsONS

Diagramsinvolving particles
carefully cancel with diagrams
involving their super- partnersto
give us afinite answer when we try
to calculate processes involving
Higgs bosons.

@ But, we've never seen a Super-
Symmetric partner particle.

AT

OPTIMIST : haf of the particles of the PESSIMIST : no evidence for
theory have already been discovered. Super- Symmetry whatsoever.

OPTIMIST and PESSIMIST : something has to show up below 1000 GeV
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Grand Unification

@ |t turns out that Super- Symmetry solves another puzzle in particle physics : the unification
of the forces.

Running coupling constants :

Strong —» v ..

Weak Lt . '
X ‘~.--"

High enerqy : full charge
of particle.

Electro-

magnetism
L ow enerqy : charge of
particle partially screened by
vacuum fluctuations,

@All 3 forces are equal in strength, presumably because they are unified into a
single force at these high energies.

@The couplings only meet if Super- Symmetric particles are assumed to exist.

@Grand Unified Theories explain why Q(proton)=Q(€"). They also predict
proton decay ... we're looking.
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Nobody hasthe

faintest idea \

Frankly, a bit embarrassing ...

stars,
dust etc.

\ Supersymmetric
particles ?
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Fermilab
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Winter

Fermilab

Tornados
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Anti- Matter Production

hydrogen bottle

Anti- matter .
#*Creation rate :< 1 nano- g/year.
*Cost : $60 trillion/g.

Cl p for every 10° protons)
— 120 GeV protons
‘A\il - g
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"Tevatron” : TeV Synchrotron

@l inear accelerators can reach up to

25 MeV/m:

Medical linacs generate electron or photon
beams up to 25 MeV over afew metres.

@But ... would take 40 km to reach 1000 GeV !
@ Solution : bend the accelerator into acircle.

"Synchrotron”,

@ Particles accelerated over effective distances of

millions of km!

Superconducting
magnets to bend proton
and anti- proton beams
into acircle.

\

/

Radio- frequency
cavities to replace the
energy lost through
synchrotron radiation.
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The Tevatron in Numbers

@ There are roughly 10* protons in the Tevatron at any one time.
@ Thisis < 10 * grams of material. Tota energy in the beam :

= 10% protons” 10%eV "~ 1.6 10 *Joules/eV = 160 kJoules

total

@ Thisisegual to the kinetic energy of al
tonne car travelling at 40 mph ...

... yet is concentrated in abeam that is 30 nm in diameter (smaller than a human hair).

@ Bringing the beams into head- on collision means no energy is wasted :

30



The CDF Detector

31



@ |nsertion of the silicon
micro- vertex detector into
the central tracking
chamber.

@ Largest such device ever
constructed.

—

The CDF Detector

@ Assembled detector rolling
Into the beamline.
€ 2 ~3000 tonnes.
@ ~1 million electronic
“channels'.
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Detector Schematic b

U silicon micro- vertex detector
= > 500,000 strips.

= precision measurement (microns) of
tracks close to the interaction point.

U multi- wire drift chamber
= 30,240 sense wires.
= Similar principle to Geiger counter.
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Top Quark Production
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Needlein a Haystack

@ Only 1 collision in 10,000,000,000 produces atop,anti- top quark pair.

@ We have to find those few eventsin the PetaBytes of data recorded every few
years by the CDF experiment.

1 PetaByte = 1,000,000,000 MB
> 1 million CD'sworth of data

Tape Robot b

+ millions of lines of
computer code

U Computer Farm
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Measuring the Top Quark Mass

(1) Select events that have final states consistent with
top quark pair production and decay.

(2) Measure the energies and angles of the final state
particles as accurately as possible.

(3) Neutrinos ?

(4) Fit the events to the hypothesis of top quark pair
production and decay :
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Constraining the Standard M odel

@ Combined with other precision t H ?
measurements, particularly the
: W W W w W W

mass of the W boson, these

measurements indirectly

constrain the mass of the b w ? |

Higgs boson : CM,,] Mg, CM,] InM, New Physics
< Combination of all existing precision

measurement data.

Approximate size of CDF Run 2
error ellipse alone. Roughly as
powerful at constraining the Higgs as
all data collected previoudly.
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Higgs at the Tevatron

@ We can aso search for the Higgs directly b

@ Currently we are only sensitive to Higgs bosons
that are produced with anomaloudy high
probability.

@ With the data we expect to collect over the next 2
years, we can confirm or rule out the 115 GeV/c?
Higgs signal that might have been seenat LEP 3

T @ This massrange will be thoroughly
searched at the next generation of
colliders p
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The Future of Accelerator Based Particle Physics

Large Hadron Collider :
= CERN, Geneva

= proton- proton collider
= 14 TeV energy

= £1 billion project

= Turnson ~2007
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The Future of Accelerator Based Particle Physics

w_mm- T\t QLY U/ — = K U ATLAS detector schematic

With an available energy of 14 TeV :

=T he mechanism for electroweak
symmetry breaking must be discovered
(the Standard M odel Higgs boson or
- something similar)

— T = ==|f the universe is super- symmetric, the
W e e first SUSY particles must appear.
!

=NO- LOSE THEOREM : certain
predictions of the Standard Model

| must break down at these high

| i . . .

§ 0 (m energies, revealing aspects of the

- underlying fundamental physics.

e e
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Current statusof ATLAS:;
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The Future of Accelerator Based Particle Physics

@ The Large Hadron Collider is adiscovery machine,
= At high energies colliding protonsis like colliding "bags' of quarks with varying energies.

= |t'sdifficult to measure the energies of particles and their probabilities of production very
accurately.

@ A consensus has emerged that in addition to the L HC, we will need an accelerator capable of
making precision measurements of the new particles that will be discovered.

= For colliding eectrons and positrons, this must be alinear collider.
- More exotic possibilities include a possible future muon collider,

~30 km
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The Further Future

@ Our current theoriestell us
nothing about what happensin
this huge energy region.

@ |t may be that nothing happens.

@ How do we get access to energies far beyond the reach of
current or conceivable accelerators ?

- Use cosmic particle accelerators ?
- Search for extremely rare processes such as proton decay.

Active Galactic Nucleus b
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Summary

@ The Standard Model of particle physicsisamazingly successful. It enables usto
understand amost all the properties and interactions of the fundamental particles that we
know. It is extremely predictive.

@ But, we know it islogically incomplete without a symmetry breaking mechanism such as
the Higgs mechanism.

@ Worse, even the simplest Higgs theories are known to be inconsi stent.

@ \We hope that just around the corner in energy isthe "mirror- world" of Super- Symmetry,
or something similar, that will make the theories consistent.

@ Something must happen up to energies around 1 TeV, which we are just starting to
thoroughly explore.

@ The Tevatron isthefirst accelerator to explore this energy region, before handing over the
baton to the L HC around 2007.

@ What happens between this 1000 GeV scale and the scale of Grand Unified Theories 12
orders of magnitude higher ?

@ What is the physics of the Planck scale: 10” GeV ?

Superstringsin 11 dimensions ?
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ThisTalk : http://www.hep.ucl.ac.uk/~dwaters

Particle Physics : http://hepweb.rl.ac.uk/ppUK

CDF : http://www- cdf.fnal.gov

Fermilab : http://www.fnal.gov
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