SUPER

COLLIDER PHYSICS

Chris Quigg

F ermi National Accelerator Lab orato ry

P .O. Box 500, Batavia, Illinois 60510 USA

Abstract

Gauge theories of the strong, weak, and electromagnetic interactions organize our

knowledge of particle physics and achieve a wide-ranging synthesis of physical phe-

nomena, but they raise some fundamental questions that we cannot yet answer.

Imp ortant clues to a more complete understanding are to b e found on the energy

scale of 1 T eV, where the kinship b etween the weak and electromagnetic interac-

tions and the origin of mass will b e illuminated. Exploration of the 1-T eV scale is

an essential goal for particle physics.

O

1)

2)

The Crystal W orld.

1 In tro duction

2 An Allegory of Three W orlds

Ab out a decade ago, I gave a series of talks on Sup ercollider Physics in which I expressed

a desire to return in ten years to discuss the results of exp eriments to explore the 1-T eV scale.

The organizers of this Rencontre de la V alĺ ee d’Aoste have granted my wish. Unfortunately ,

the way toward an understanding of electroweak symmetry breaking has b een steep er than we

hop ed. W e do not have the exp erimental results from the SSC that I dreamed of, and we will

not have them so on. Our other hop e, the Large Hadron Collider at CERN, is still ab out ten

years away .

The demise of the SSC and the delay in exploring the 1-T eV scale do not alter the fact

that the problem of electroweak symmetry breaking—of the origin of mass—is a defining issue

of particle physics to day

. I will leave it to Peter Jenni to distill ten years of effort on what

exp eriments can b e done and what heroic efforts they will require. I would like to reflect more

generally on why physics at the 1-T eV scale is of such comp elling interest.

Our fo cus on the problem of mass has b een influenced by twenty-five years of imp ortant

progress in particle physics. Indeed, at this conference, I have b een struck by the fact that

nearly all the topics discussed here were literally unknown a quarter of a century ago, or have

b een entirely transfigured by the developments of our recent history

. That is an impressive

observ ation ab out the vitality of particle physics, and we should keep that intellectual vitality

in the foreground in these times when finding the means to do our science is a challenge.

I want to intro duce the problem of mass—the problem of electroweak symmetry breaking—

through an allegory .

Think of what it would b e like to b e a very tiny physicist, a millionth

of a millionth of normal size, living and working in the recesses of a magnetic crystal of iron.

The laws of electromagnetism that, together with quantum mec hanics, determine the shap e of

the crystal world, display an exact rotational symmetry—an exact (3) symmetry

. But this

picophysicist would have a hard time learning that nature favors no direction over any other,

b ecause on every street corner of the picoworld there stands a compass, and the needle of every

compass p oints the same way

. The compasses are monuments to the way things were at a time

A Perfect W orld.

that no one remem b ers, just after this world came out of the fiery furnace.

All these compass needles make an unchanging magnetic field of ab out 2 teslas that p erv ades

the whole world, surrounding the picophysicist and his instruments. If the picophysicist’s pi-

coinstruments were not much affected by the magnetic field of the regimen ted compass needles,

our tiny colleague might find that the laws of nature lo ok approximately the same from every

direction. But if the picoapparatus were strongly influenced by magnetism, the picophysicist

might miss the idea of rotational symmetry altogether. In any event, pico exp eriments would

never reveal that rotation symmetry is exact.

Nor could the picophysicist show directly that the orientation of the compasses, the emblem

of stability and order in this world, is determined by happ enstance. (Y ou can imagine the

cultural significance that would have accumulated over the years for these compass needles all

p ointing in the same direction.) T o o small by far to reorient all the compass needles at the

same time, the picophysicist would find it an imp ossible task to show that any other uniform

alignment is equiv alent. The picoscholar could at b est conjecture the idea that there is a

symmetry hidden b ehind the order of his world and test the idea through its consequences.

At some considerable p eril to our miniature colleague, we macroscopic outsiders could b e

of assistance. W e could raise the crystal’s temp erature to 1040 kelvins, until heat’s random

motion disordered the needles. Then, as the crystal co oled, we could watch all the street-corner

compasses settle into a new pattern, equally regimen ted but differently aligned. The preferred

direction would change on every cycle of heating and co oling, with no memory of what had gone

b efore. It would reveal by its aleatory nature the hidden rotational symmetry that governs the

magnetic crystal picoworld.

This is a world of divine p erfection, where time and space flow like the still

waters of a deep river. No street corners are marked by prehistoric monumen ts, no direction

markers p oint the one true way . V ast expanses of space and time are unrelieved flatness.

In this egalitarian world, matter particles and force carriers all dash ab out at the sp eed of

light, exchanging information in brief encounters, never stopping to form lasting asso ciations.

Liaisons are here to day

, gone to day

. There are no atoms, no complex structures, no condensed-

matter physicists. (I think of it as Leon Lederman’s Paradise.) All particles are brothers and

all forces are one. It is a world of p erfect symmetry and complete disorder—not to say anarchy ,

for symmetry rules with so heavy a hand that it imp oses an unrelenting sameness, a stability

in mutabilit y . Everything is interchangeable. It is a p erfectly b oring world.

⊗

L Y

O

S U U

The Third W orld.

In a world of diversity

, space is not punctuated by a crystal framework,

but runs, like time, with unbroken continuity

. In the eyes of nature’s laws, no time and place

is preferred to any other; no direction is sup erior to the rest. Y et this is a world of distinctions,

a world in which differences matter.

Quarks stand apart from leptons. Leptons are free, quarks confined. Every quark, every

lepton has a distinct p ersonality

, every force a p eculiar character. Some changes—the actions

of forces—are everyday events. Others happ en once in a proton’s lifetime.

Some matter particles and force carriers have weight, can come to rest. Others, weightless,

are in p erp etual motion at the sp eed of light. Some particles that weigh are ephemeral; they

transmute, decay

. Other particles can live forever. In this world of mass, comp osites form,

stable structures are commonplace. Accum ulations of matter ripple the fabric of spacetime.

Like the magnetic crystal, this is a world of bias. A p erv asive tilt, set at random when the

world co oled from a state of symmetry

, disorder, and p erfection, veils an exact symmetry

. It

distinguishes up quarks from down, electrons from neutrinos; it invests particles with mass.

This world is ours. Like our pico colleague in the crystal world, we cannot hop e to undo the

bias or change it for another. W e must p eer through the veil to discover the source of bias, to

learn what hides the symmetries that lie b ehind the order.

In the magnetic crystal, the state of lowest energy—the v acuum state—do es not display

the full rotational inv ariance of electromagnetism. Below the Curie temp erature, the magnetic

interaction among the tiny dip oles overcomes thermal agitation and causes an alignment, the

selection of a preferred axis. Only rotations ab out the axis of magnetization leave the crystal

unchanged in app earance. The full (3) rotation inv ariance is hidden, or sp ontaneously broken.

That reduced rotational inv ariance of the crystal world corresp onds to the sp ontaneously broken

(2) (1) gauge symmetry of our world. The sp ontaneous magnetization in the crystal

world corresp onds in our world to a reference in weak isospin space. Heisenb erg’s Hamiltonian

for the ferromagnet corresp onds to our quantum field theory

, including the Higgs p otential.

If the p erfect world is a hot version of our own world, then what happ ens at very high

energies—what happ ens in that state of p erfection at high temp eratures—is enco ded in the fine

structure constant, the numb er that determines the strength of electromagnetism. Because if at

very high energies all forces are equal and have the same strength, and the residual differences

we see in our low-energy world are due to the hiding of the symmetry—the p erfection—that is

⋆

⋆

| | | |

| |

| − ∇ − |

3 Hiding a Gauge Symmetry

3)

4)

sup er normal

2 4

2

0

sup er sup er

2

2

G G α ψ β ϕ ,

α β ψ

β

α

α ψ ψ

⃗

H

G

⃗

H G

⃗

H

π m ih ψ e /c

⃗

Aψ , evident at high temp eratures, then everything that happ ens b etween here and there, everything

that happ ens from very high temp eratures down to low temp eratures influences the v alue of

this numb er that determines the size of atoms and the strength of electromagnetism. T op,

b ottom and even the sup ersymmetric partners that we might some day discover determine the

dimensions and character of this world that we live in. Unified theories such as the one I’ve

sp eculated ab out just now are not empty

, untestable exercises in metaphysics. They have

consequences for our world.

Although the parallels b etween our world and the ferromagnetic crystal are strong, the most

apt analogy for the hiding of the electroweak gauge symmetry is found in sup erconductivity

. In

the Ginzburg-Landau description of the sup erconducting phase transition, a sup erconducting

material is regarded as a collection of two kinds of charge carriers: normal, resistive carriers,

and sup erconducting, resistanceless carriers.

In the absence of a magnetic field, the free energy of the sup erconductor is related to the

free energy in the normal state through

(0) = (0) + + (3.1)

where and are phenomenological parameters and is an order parameter corresp onding

to the density of sup erconducting charge carriers. The parameter is non-negative, so that

the free energy is b ounded from b elow.

Ab ove the critical temp erature for the onset of sup erconductivity

, the parameter is p ositive

and the free energy of the substance is supp osed to b e an increasing function of the density of

sup erconducting carriers, as shown in Figure 1(a). The state of minim um energy

, the v acuum

state, then corresp onds to a purely resistive flow, with no sup erconducting carriers active. Below

the critical temp erature, is negative and the free energy is minim ized when = = 0, as

illustrated in Figure 1(b).

This is a nice carto on description of the sup erconducting phase transition, but there is more.

In an applied magnetic field , the free energy is

( ) = (0) +

8

+

1

2

¯ ( ) (3.2)

ψψ˚˚˚˚

Density of Superconductors

Free Energy

T > T^c

Density of Superconductors

Free Energy

T < T^c

−

⋆

⋆

⋆

−

≈

∇

×

0

2

2

0

2

5

16 e

⃗

H

⃗

A π

m ψ

⃗

A

W

FERMILAB–CONF–94/077–T

Figure

where

In

usual

4

=

the

sup

a

transition

T

of

mec

themselv

self-in

result,

(longitudinal)

leptons

remains

the

Higgs

It

10

its

6

→

/

−

22

0

6)

+

0

1

Z

W

e

γ

J

J

s

S

4 ified

exp

A

that

planets.

evidence

b

La

that

to

Ho

to

div

(4.1)

whic

of

div

Ho

are

pro

cancelled

else

electron-electron

amplitudes

Let

b

b

of

b

7

e+ e— e— e—

e— e+ e+

e+

W—

W+ W+

W+ W+

W— W—

W—

g

n

Z

H

�

+

+

J=1 J=1/2 J=0 m_2(p_2)=m^0_2 +