The Coming Revolutions in Particle Physics
Chris Quigg

Fermi National Accelerator Laboratory
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A Decade of Discovery Past

Electroweak theory — law of nature [Z, ete™, pp, YN, (9 —2),, ...]
Higgs-boson influence observed in the vacuum [EW experiments]

Neutrino flavor oscillations: v, — v,, v — VM/VT Wiw i)

Understanding QCD [heavy flavor, Z°, pp, VN, ep, lattice]

Discovery of top quark [pp]
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Our Picture of Matter (the revolution just past)

Pointlike (r < 107 m) quarks and leptons
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Pointlike (r < 107 m) quarks and leptons







The World's Most Powerful Microscopes

nanonanophysics

Fermilab's Tevatron Collider & Detectors

900-GeV protons: ¢ — 586 km/h
980-GeV protons: ¢ — 495 km/h
Improvement: 91 km /h!

Protons antlprotons pass my wmdow 45000 times / second
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Gauge symmetry (group-theory structure) tested in
ete” — WTW—




Gauge symmetry (group-theory structure) tested in
ete” — WTW—

17/02/2005

LEP

PRELIMINARY

YFSWW/RacoonWW
__..no ZWW vertex (Gentle)
only v, exchange (Gentle)




Gauge symmetry (group-theory structure) tested in

bosons:

Massive weak

Higgs boson

fect

Meissner eff




The Importance of the |-TeV Scale

EWV theory does not predict Higgs-boson mass
Thought experiment: conditional upper bound

W W;,z%2% HH, HZY satisfy s-wave unitarity,

)1/2

provided | My < (87v2/3GF) '~ =1 TeV
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... and determine unknown parameters

—

Fagf opl BT P

24946 = 2.7 MeV

— mZ=91 186 =+ 2 MeV
m, = 60 — 1000 GeV

<=0.123 = 0.006
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... and determine unknown parameters

80.376 = 0.033




Revolution:

Understanding the Everyday
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Symmetry of laws % symmetry of outcomes
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Studies among the Snow Crystals ...






The agent of electroweak symmetry breaking
represents a novel fundamental interaction
at an energy of a few hundred GeV ...

We do not know the nature of the new force.
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The agent of electroweak symmetry breaking
represents a novel fundamental interaction
at an energy of a few hundred GeV ...

We do not know the nature of the new force.
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What is the nature of the mysterious new
force that hides electroweak symmetry?

XA force of a new character, based on
interactions of an elementary scalar
*A new gauge force, perhaps acting on

undiscovered constituents
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Essential step toward understanding the new force
that shapes our world:
Find the Higgs boson and explore its properties.

* s it there? How many?

* Verify quantum numbers (spin, parity, ...)
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Imagine a world without a Higgs mechanism




If electroweak symmetry were not hidden ...

* Massless quarks and leptons
* QCD confines quarks into color-singlet hadrons
* Nucleon mass little changed

* QCD breaks EW symmetry, gives tiny W, Z masses;
weak-isospin force doesn’t confine

* b might outweigh n: rapid B-decay
= lightest nucleus is n ... no hydrogen atom
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|. Find the Higgs boson,
the Holy Grail of particle physics,
the source of all mass in the Universe.

2. Celebrate.

3. Then particle physics will be over.

We are not ticking off items on a shopping list ...

VWVe are exploring a vast new terrain
... and reaching the Fermi scale




Revolution:

The Meaning of ldentity

VVarieties of matter

> What sets masses and mixings of quarks and leptons?

> What is C’P violation trying to tell us?

> Neutrino oscillations give us another take, might hold a
_key to the matter excess |n the Unlverse
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Parameters of the Standard Model

3 coupling parameters ., Qem, Sin® Oy
2 parameters of the Higgs potential
1  vacuum phase (QCD)
quark masses F/avo,.ph .
quark mixing angles t/v:'hel‘e ey::s May b
- CP-violating phase € bregy in LL0c diag
| the Y Nose
charged-lepton masses .
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Mass / Weak Scale
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/A up quarks
V down quarks
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Quark family patterns: generations

Veltman: Higgs boson knows something we don’t know!



Neutrino family patterns (an example)




Neutrino Masses

100 = I T T TTTT I T T TTTTI I T T TTITI I T T TTTTI | IIIII_
10_1 = mh =

E m &

sy -2 = 3 o
— 10 = =
\QJ/ ® T
2 = EX|
_3 . oL
510 = m, Z
104 = =
10-5 B L T e R | S ]

{0 TG N R R (1)
m, (eV)

IR0="

109

100
10-1
e
£ 10-3
104

0=

my

Im

| llllllll | llllllll | llllllll | llllllll

| 1111

502 02 Sl Sl e

m, (eV)

101

1146

38






@
MNNew Physics on the Fermi Scale?

If dark matter interacts weakly ...
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Many extensions to EVV theory
entail dark matter candidates

Supersymmetry is highly developed, has several
important consequences:

*Predicts that Higgs field condenses,
breaking EVWV symmetry, if top is heavy
*Predlcts a Ilght nggs mass
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Revolution:

The Unity of Quarks & Leptons

> What do quarks and leptons have in common?

> Why are atoms so remarkably neutral?

> Which quarks go with which leptons?
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Mass of the vacuum

Natural to neglect gravity in particle physics

Gravitational ep interaction = 10~ EM

But gravity is not always negligible ...

Higgs field contributes uniform vacuum energy density

M2 2
OH = fg” >10% GeV* A~ 10% g cm 3
3H?
Critical density o. = 0 < 107%° g cm™*
87 G Newton



How to separate EWV, higher scales?

Does My < | TeV make sense!?

The peril of quantum corrections — hierarchy problem




How to separate EWV, higher scales?

Traditional: change electroweak theory to understand
why My, electroweak scale € Mpianck

To resolve hierarchy problem: extend standard model
on the |-TeV scale ...

composite Higgs boson
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Revolution:
A New Conception of Spacetime

> Could there be more space dimensions
than we have perceived?
-t What is thelr.lze7 Their shaf ne?
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Suppose at scale R ... gravity propagates in 4+n dimensions

Gauss law: GnN ~ M2 R™  M" : gravity’s true scale
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(1 mm)~" 1/R M* Mpianck
1 TeV

Mpianck would be a mirage!



Gravity follows Newtonian force law down to < | mm

Vir)= —/dm /d’l"z GewtonP(11)P(12) 114+ eqexp(—r12/Aq)
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Connections ...




