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Predicting the future is a risky enterprise, as the that seem to govern the subatomic universe put
much-lovedcomic strip charactePogo once pointecut. matter and antimatter on the same footing?
Nearly 30 years ago, he confided to onehisf friends that e What is the cause of the unexpected and
he stuck topredictingthe pastbecause itvas a lotsafer unexplained deficit of electron neutrinos
than predicting the future. Pogo's observation was in my emerging from the sunand the cause of the
mind as | began &w months ago to think about what | unexplainedratio of electron neutrinos to muon
would say to you on the subject of the future directions of neutrinosproducedwhen cosmic rays slarimto
high-energy physics. the upper atmosphere?

I had thought that |would talk about global ¢ What is the universe made of?
collaboration as the path to future high-energy colliders.

Since the termination of the SSC in 1993and other Before | speak more about the four important

directors of high-energy physics laboratories have tolguestionsand their implications for future directions, |
anyone who wouldisten that we mustconvince our want to remind you of the current state of elementary
government of the necessity of this collaboratypproach particle physics. All of the familiar forms of mattesych
to building future accelerators. Howevgust as | had as protonsandelectronsandsome not-so familiar forms
grown comfortable with th@&ea of speaking to you on of matter, such as B mesomsd top quarks, can be
this subject, Representative Sensenbrenner, Chairmarreafuced to a&et of spin-1/2 particlesnamed quarks and
the House Scienc€ommittee, began to question the leptons. The quarks, of coursare what make up dull,
terms ofUnited States participation in thearge Hadron uninteresting particles such as the proton. giharks and
Collider at CERN, the highest-profile global collaboratiorieptons interact with one another through #xehange of
in acceleratophysics today. Congressm&ensenbrenner three distinct types of spin-1 particlesalled gauge
expressedseriousconcernsabout the nature of the US bosons. These three types of gauge bosons define the three
agreementvith CERN, and suddenlythe prospects for forces faniliar to all those of us who buildccelerators.
global collaboration began to seem rather dim. It was thd&ine photon, the boson of electricignd nagnetism, is
that | rememberedPogo's advice. Happily, the CERN the most familiar to us, because it is what we manipulate
Director Generabndthe Secretary of Energy have sinceto make all of ouwonderful accelerators, storagegs,
clarified the terms of the US involvement in the LHC t@nd power sources toreate anadtontrol beams o€tharged
the satisfaction of Chairman Sensenbrenaed others, particles in accelerators. Electricity anthgnetismwhich
and hehasexpressedhis support for US participation in Maxwell unified, is the simplest of thierces:the photon
the new accelerator. is coupled tothe charge of aparticle,and it is just a
To US physicists, it isrery goodnews that global simple number. It was the firstield for which we
participation in the LHC is still on track. It idearthat understood the elegant properties of gauge interaction.
there will be many more bumps in thead,but if we are Of the other two forces, thereakinteraction is next
cooperativeand vigilant, we can succeed. Wle global in importance, toacceleratobuilders. When thebeams
participation may be the only path to timgh-energy that we socarefully accelerate deviatérom the desired
accelerators othe future, everPogo could predictwith  path, they typically hit a piece of copp@qn, niobium,
confidence that it will not be easy. or some other piece of a vacuum chamber, RF cavity, or
One measure of the health ofi@ld of science is the magnet. Sometimes the result is catastrogrd,we get
depth and significance of its unresolved questionstiBy a hole in a vacuum chambdyut most of the time we
measure, the field of high-energfysics is inexcellent simply experience doss of beam. \Weneverour beams
health. Further, the nature of the important questions \we astray, however, the objects they toulshcome
confront can give us somguidance onthe future radioactive. Thanks to the weak interaction, that
directions of high-energyphysics. | have chosenfour radioactivity persistsafterthe beams go away. Theeak
questions to talk aboubecausethe acceleratorghat we interactions show up as betacay, carried byhreegauge
will need to answerthem have beenpresented athis bosons: the W bosons, which come in positive and
meeting. negative varieties, and the Z boson, which is neutral. The
| doubt that thecurrent generation of accelerators, obosons are nearly a hundredtimes as massive as the
even the next generation, will fullyanswer these proton, and because thaye somassive, theange of the

knowledge and deeper insighto the questions. Myour  hoysandths of a fermi. Recall that a proton hdiameter

questions are these: of about one fermi, or &3 cm. The only way teexplore
this weak force is in very high energy collisions.

The model | havedescribed is agreat picture. It
explains almost everything that we have been able to do
gvith accelerators. But themre a fewflaws. First ofall,

e What is thesource of electrowealsymmetry
breaking?

« Why is there apreponderance afmatter in our
part of the universe, when the laws of physic
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the Standard Moddias a glaring mathematical weaknessut one has to build mudhigher-energy accelerators than

It would be just fine mathematically if all of thgarticles

we have today.

in the theory, including the gauge bosons, were massless. The Tevatronand LEP Il may get glimpses of the

However, this is not thecase—all the quarksand the
chargedeptons dohave massesand so dathe bosons,

Higgs and perhaps even ofhe lightest supersymmetric
particles. The LHCoffers the best hope to explain the

except forthe photon. The Wand Z are asnassive as a nature of electroweak symetry breaking, but even that

silver atom.
If the particles were massless,
magnetismand the weak interaction wouldconstitute a

cannot be the end of the story. The pursuiewér-higher

then electricity, energieswill surely be one of the future directions of

elementary particlegphysics. The course it takesill

beautiful, unified, elegant theory. But the existence afepend on whether we capntinue to contain the cost of

massive particlefeads toanother question: Whyre the
W and 2z different? The Standard Mdel gives
mathematically inconsistent results for energies
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Peter Higgsproposed a way arounthe problem by

introducing aspin-0, scalar "particle’that could give the
W and Z amass, retain thelectroweakunification, and

the great colliders. Th&SC was touted as thenost
expensive scientific instrument ever to be started. In the
end, it was too expensive for an era of deficit reduction.
As we pursueever higher collision energies, lepton
colliders offer different possibilities fromadroncolliders.
Leptons are fundamental particleswith no internal
structure, unlike hadrons, with their complex internal
structure of quarkand gluons—"collidinggarbagepails,”
in the late Luis Alvarez's well-known metaphor. When
hadrons collide, among thebanana peels and coffee
grounds,every now and then theyproduce apearl. The

give the quarksand leptons masses. This particle, thepossibility of finding a pearl among theoffee grounds

Higgs, is named for him.

There is an aspect dfie theory that iscontrived. It
explains the nine verglifferentmasses of the siguarks
and three charged leptons by ninedifferent coupling

gives hadron colliders the namé'discovery machines."
Because of the complex hadron structure, it rarely happens
that one gets as much mass in new particles fradnon
collisions as goes in through thenergy of particle

constants—not much of an explanation. Only one of theseceleration, although occasionally one comes close.

couplings, the coupling of the toguark tothe Higgs,

In contrast, lepton collisiongre clean; theydon't

appears reasonable, becatise mass of the top is 175 producethe "garbage” of hadrorcollisions. All of the

GeV, a value that may be agcident ormay have deep
significance.

collision energy is available for new particles,specified
levels of energy. Thus a leptaollider can"sit on" the

The model that adds one spin-0 Higgs particle to whahergy of a postulated "pearl" and go and look for it, rather

we alreadyknow is the minimumStandard Mdel. It has
beenhighly successful for many years. LEP and now

than sending experimenterpoking thought thecoffee
groundsand bananapeels ofhadroncollisions. Electron

LEP 1I, have mounted challenge after challenge to th&ccelerators take advantage of this propertyéateclean,
Standard Mdel, through incredibly precise experimentshigh-energy collisions. However, at high energy, electrons

and the theory has stood firm.
However, the Nhimum Standard Mdel is not the

lose energy tobremsstrahlungnd synchrotronradiation;
and the higher theenergythe more of it they lose,

only way to provide aconsistent description of matter.effectively limiting the achievable energy of electron
There are ateast two other ways: supersymmetry andolliders. Muons, however, offer an interestimassibility
dynamical symmetry breaking, both very interestingfor lepton colliders, becauswjth a mass 207 times the

theories. Supersymmetrgquiresthat for every spin-1/2
fermion, theremust be a supgrartnerwith spin 0. The
spin 1 gauge bosons should also have super paxtitdrs
spin 1/2. Supersymmetry would automaticallyuble the
number of elementary particles and gauge bosonsrder
for this theory torepresentnature, thesuperparticles
would have to be verymassive, oforder 246 GeV,
although the lightestould be adight as 70 GeV. If it

mass of the electron, accelerated muonaatosuffer such
large energy losses.

In fact, muons would appear to be the perfect particles
for a collider—theygive cleanlepton collisionsandthey
don'tradiate energy—were ot for one flaw: theydon't
live very long. Muons are only muons for two
microseconds beforethey decay into electrons and
neutrinos.However, acceleratinthem to high energies

does turn out to be that light, experimenters will find it atan extend their lifetimes to 40 milliseconds, long enough

LEP Il in the not-too-distant future.
An alternative theory is that thguarksand leptons

to take 1,000 turnsround a collidering, and perhaps
long enough to make themselves useful. The trick in

are made up of still smaller but more massive fermions+uilding a successful muocollider is to find a way to

let me call them technifermions. The technifermibase
very strong interactions, just as the quarks do. Adais,
model would give us many new particles. If thwere the
correct theory, we would not expect technicoloptaduce

take advantage othe muon's useful qualities within its

short lifetime, and to deal with the products of its decay.
It's quite atrick, but here arghe basics forcreating

muon collisions:Send anintense beam of protons to a

observable effects until collision energies exceed 1 TeV. target, producingpions. Capture the pions inraagnetic

It really doesn't matter tacceleratobuilderswhether
nature chooses to break -electroweagmmetry by

field, where they decainto positiveand negativemuons.
Cool the muons into intensepherentbeamsand quickly

supersymmetry or technicolor, because, either way, to fir@dceleratehem to collision energy. Collide. Repeat as
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Muon colliders are one avenue ofexploration for We can hope that other brilliadiscoveriesand ideas
future colliders at thesnergy frontier beyondhe LHC. will allow us to reach the 100 TeV frontier in the lifetime
Another is the VLHC, oNery Large Hadron Collider, of at least some of us.
which would be a successor to the LHC, at higtreargy Of course, the question oélectroweak symmetry
and—of necessity—lower cost pefeV. It will take a breaking is not the only question in particle physjast
great R&D effort to bring this cost down. To be as ever-higher energy collidesse not the onlyanswer.
successful, a new accelerator will need to probe physicsTétere areother important questiongnd other ways of
a scale at least on order of magnitude beyond the LHC, famswering them.
an energy of 100-200 TeV ithe center ofmass. The Color change doesot appear to changde mass of
VLHC could bebuilt with either high-field orlow-field the quarks, so irrespective aflor, all quarks have the
magnets; the higher the field, the smaller the size of tsame mass. Upnd down quarks have different asses
collider. because the weak force appeardligtinguishbetween the

About 150 physicistdnterested in a future VLHC weak isospin 1/2 quarks and the weak isospin glirks.
held a conference d&ermilab in March. Theconference So we havesix different masses for the quarks, and
postershowed Fermi's famous "Accelerator In Space" perhaps six different masses for the leptons. Although the
transparency, which Fermused during his retiring theoretical structure is perfectly consistent wilro-mass
presidentialaddress tothe American Physical Society at neutrinos, as | will note latercertain astrophysical
Columbia University onJanuary29, 1954. The title of observations may not be.
his talk was "Wat can we learnwith high energy Matter dominates oucorner of the universe, the
accelerators?" galaxy. Other than the paltry amount of antimatteated

At the time, many more elementary particlsre when high-energy cosmic rays collide with particles in our
turning up than anyonbkad suspectedPhysicistswere atmosphere, there is nevidencefor antimatter in our
barely making out the outlines oélementary particle galaxy. On the other hand, the interactions of faandly
physics. Fermiaskedthen: What should wedo? and quarks andeptonsproducematterandantimatter inequal
answered that question: Accumulate more dath higher amounts. With one exceptiothere is no way totell
and higher energy accelerators. matter from antimatter. The exception comes in dbey

Fermi made aplot of energyandcost ofaccelerators
as a function of time. He used that plot to extrapolate

years t01994: he got a $5 \1l® ev, for a 5 PeV is made of nearlequalamounts of an anti-Rand a K.

accelerator, at a cost of $170B (probably in 1954 dollarsjhere js a small difference of two parts in3,and that is
Its energywas comparable to the highest-energy cosmic-

ray proton known at the time. Thdesign on the all that we know. The decay OfEK is said toviolate the

workshop poster is a fanciful "preliminary” design of SUC'%ymmetry obtained by changing all particliedo their
a gargantuan machinaroundthe earthwith a radius of gntiparticles and changing their intrinsic parity. The
8000 kmand amagneticfield of 20,000 Gauss—above glectromagneticand strong  interactionsare invariant
the orblt_occupled by the space shuttle. The acce|9rat0r§3$aratelwnder chargeconjugationand parity, and the
was talking about was a fixed target one. If coBverts \yeakinteraction.There islittle room to incorporate the
the 5 PeV to a collider energy one obtains 3 TeV. So tg yiolation into the Standard Model.

energy inthe center ofmass of Fermi'sSaccelerator in The searchfor an understanding ofthe difference
space” is comparable to the Tevatron's energy today.  petweenmatterandantimatter is for the momeribcused

This is very interesting. Clearly, at the time of thepn searching for a deeper understanding of/©Rtion in
talk, this extrapolation mushave seemedcompletely

impossible to reach, both technologicadiydfinancially. the decays of lﬁ andsearching for CRviolation in the
Yet Fermi's dream of reaching a centemussenergy of gecays ofneutral and charged Bmesons.There is an
the order of the TeV has beeachieved,not only for a jmmense amount of activity in thisrea. The KEK
much smallerprice but also longbefore 1994.  His  gynchrotron, theBrookhavenAGS, the CERNSPS, and
extrapolation in energy by three orders of magnitude to the Fermilab Tevatron all support fixed-target experiments
end ofthe century is actually amazingccurate when gesigned to look for further evidence of CP violation in K
compared tothe SPS, Tevatron,and LHC.  The TeV  gecaysThe holy grail isdirect CP violation. What we
center ofmassenergythat accelerator physicists have have found so far is CRriolation that occurs as a
now achievedshould becompared tothe few GeV the 0
Bevatron would provide later in 1954. Fermi's consequence of the fact that the state vector that is a K
machine did not take account of technical innovations,
no one in 1954could havepredictedall the milestones
that would enable us to achieve that energy. To citsva
discovery ofthe antiproton, of superconductivitiat can measurements of the relative rates of tr]?a iKto two
achieve high fields and enormous savings in elebitls,
the invention of stochastic coolingadvances in
cryogenics and controls. measurements of the relative rates (i} Kdecayinginto

two chargedpions and two neutral pions, it may be
possible to detect direct CP violation in K decays.

&Sthe long-lived neutral K meson,OK. The I{ meson

R slightlyunequal araunts of K andanti-KO. This is
CP violation through mixing. By comparingry precise

chargedpions andtwo neutral pions withequally precise
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But nature could beunkind. This comparison of
measurements could give a null resenthoughdirect

massscale somewhere betwethte electroweak scale and
the Planck scale. These interactions shdedd toproton

CP violationdoesexist. At a specific value of the top decay, andthey must distinguishbetween matter and

quark mass close to equal to175 GeV, theexperiment
could give a null result. Alternatively, trsmarchfor very
rare decays of K mesons has beeaderwayfor more than

a decadeThe branching ratios of theEK into two

neutrinos and a neutral pion is onIy‘.lLé. andyet it is a

antimatter. Thecurrentview in particle physics is that
they favor the production ofjuarksover antiquarks, and
leptons over antileptons. The reaction rates must
ultimately lead to the microwave backgrounghhoton-to-

baryon ratio of 18.
As in the case of electroweak symmetry breaking, we

primary constituent. At this moment, the only way tanay learn alot about CP violation fromlow-energy

observe suchsmall branching ratios is with
neutral kaon beamsnd thesecan only be produced by
proton collisions. In spite of théact that thesedecays
have gone undetected, two medium-energy proton
synchrotrons—one, the Fermilab Main Injectamder
construction and one, the KEKapaneséiladronCollider,
just proposed—could be used to produce kaon b&dths
enough intensity to reach these limits.

Becauseone expects a similar mixing toccur in
neutral B decays, there iss&rong expectation tobserve

CP violation in neutral Blecays. There are thredee B
factories nearinghe end of construction, alldesigned to

produce ther" (4S), which decays into a BBThe PEP I
B factoryandthe KEK B factory use beams ofinequal

intenseexperiments, but a full explanation witequire higher

energy colliders, probably witkenergiesthat are beyond
our dreams.

Let me now discuss a third future direction. As in the
case of matter-antimatter asymmetry, themre also
astrophysical results involving neutrinos that cannot be
explained bythe minimum Standard Mdel. The flux of
electron neutrinos from the sun isfactor of 2 to 2.5
smaller tharpredicted by a well-developedoatel of the
sun. Fourexperiments haveneasuredhe solarelectron
neutrino flux, and all give a consistently low result.

A secondastrophysical neutrino experiment has also
yielded unexpected anthexplainedresults. Neutrinos are
produced in the upper atmosphere when cosmic rays slam
into it and produce pions and kaons, some of whtay

energies. Both should be in operation with completeeforethey have achance tointeract again. The pion

detectors in1999. Both Bfactories expect taeach and

then exceed luminosity of 3x183 cmrZsecl: The
luminosity record for colliders of anysort is held by
CESR at Cornell. At these meeting, thiegve reported

that CESR haseached duminosity of 4x182, well on

their way to reaching their luminosity goal of 6X%0
Certainly the exploitation of theséactories by
increasing the luminosity will be one of thiature
directions of high-energphysics. But this is &ery hard
way to make a living. There may begaickerpath to the
goal of measuring everything thean be measureabout
B decays.B's are made ofquarks, and quarks, even b
quarks, can be moreeadily pair-produced inhadron
collisions. Already, more B'sdecayinginto the preferred

decay mode d8 - J/y Kg have been reconstructed by théln

CDF collaboration thamnywhereelse. At the Tevatron,
the cross section for all BBs 3x16 times larger than the

cross section for*e" production of BB pairs. The CDF
detector isnot particularly efficient at detecting Becays.
When CDF and DZero begin running again in thgear
2000, they will certainly contribute to thénderstanding
of B decaysparticularly By decayswhich are not easily

detected at & B factories. When LHC-B begins
operation sometimafter the year 2005, it will bring an
even more powerful detector to bear the searchfor CP

decays produce auon neutrinoand amuon. Thekaon
decaysyield a muon and amuon neutrino most of the
time, andsome of the timendelectron neutrincand an
electron. Typically, the muons decay before thegch the
ground to yield amuon neutrino, electron antineutrino,
and anelectron. If one builds a massive neutroetector
deep underground, wherghe only particles that can
penetrate the earth and reach the detector are neutrinos, one
expects todetectroughly twice as many muon neutrinos
as electron neutrinos. But, in fact, the fractiorelgfctron
neutrinos islarger than expected.Five yearsago, when
experimentersfirst announcedthis puzzling result, the
statistical accuracy and systematic ernoesetoo large to
allow a definitive statement. Fiwears make a very big
difference, however,and now the errors aresmaller and
nderstood. Within the minimur8tandard Mdel there is
o explanation for this result. The precision of
astrophysical measurements can and will be improved.
There is a plausible explanation for both the solar and
atmospheric neutrino observations. If neutrinos have a
small mass, less than a few electron volts, and if the mass
eigenstatesare just a little different from production
eigenstates, then mixingan occur;and one kind of
neutrino can changeinto another. For example, if an
electron neutrino emerged from the sun and changeda
muon neutrino for part of the time as fitaveled 150
million kilometers to the earth, thisould account for the
solar neutrino deficit. If the muon neutrinpsoduced as a
consequence of collisions of cosmic rays with particles in

our field.

However, it isunlikely that K decays and Rlecays
will revealthe whole story. In fact, they won'There
must be another set of interactions that transfquarks
into leptons. These interactions will loharacterized by a
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neutrinos. These proposadse plausible, butunproved.
The only way to truly understand what is going on will be
to build very intense neutrino beams wittell-defined
compositionand momentum spectra. This wiltequire



intense proton beams. Several laboratories with prot6iiozen out" or stopped annihilating one another as the
beams are currently considering proposals for long-universecooledand their energy decreasedAccording to
baseline neutrino experiments this scheme, a large number of WIMRSuId beleft in
Although theStandard Mdeltells us that thdourth the present universe. If so, tleeak force provides the
force, the strong force, transmitted by the gauge bosowsly means of detecting them. Experimenters have
known as gluons, gives rise to most of the mass of thesigned underground crystal detectbist they hopewill
matter that wecansee, the stuff that makes up most obe sensitive enough tdetectthe few WIMP scattering
the universe remains a complete mystétgither particle events expected to occur as the earth and sun move in their
physicists nor astrophysicists know the nature of 80 to ¥alactic orbit though thehypothesized sea of coldark
percent ofthe matter in the universe. Fdecadessince matter. Experiments such as these, together with neutrino
Zwicky's observations of galactic rotation curves in thexperiments and other future high-energy physics
1930s, physicists have recognized that there mustdre experiments, and advances in astrophysics will all help to
matter in the universe than meets the eye. During the passwer the last of our four questions, What isuthiwerse
60 years, still stronger evidence for unseen massdras made of?
from observing the motions of clusters of galaxies and The future of high-energy physics lies in the
from examining the large-scale structure of the universe.questions thatare being posed in particle physics and
What is this unseen mass, this dark matter? astrophysics. For the last 50 years, particle physics and
Conjectures range from ordinary matter that takes the fofimgh-energy physics have beaimost synonymous. We
of huge Jupiter-like objects that give off too little light tohave made progress inunderstandingthe structure of
be observed, to small black holes, to fundamental particlestter and energy by building acceleratorswith ever
such as neutrinos, or more speculative wisps of timegher energy. Our future progress along this pattard
fundamental fabricAmong thecandidates ighe class of answering the great questions that confront us detlend
weakly interacting massive particles, or WIMP&dso on our ability tocollaboratewith our colleagues in the
known ascold dark matter. Such particles wouldave global community that constitutes high energy physics.
been created inthe energetic early universand have
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