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PARTICLE PHYSICS—FUTURE DIRECTIONS
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Abstract that anomalies in théirst place of the decimals required

Wonderful opportunities await particle physics over thea wholesale revision of the laws of Nature,
- P phy We have the benefit of a century of additional experi-

next decade, with the coming of the Large Hadron COIénce and insight, but we are not nearly so confident that
lider at CERN to explore the 1-TeV scale (extending ef- gnt, ) y : o
we have uncovered “most of the grand underlying princi-

for LEP and the Tevatron nravel the nature of elec- . .
orts at and the Tevatron to unravel the nature o ee%Ies.“ Indeed, while we celebrate the insights codified in

troweak symmetry breaking) and many initiatives to de_hestandard model of particle physiesd look forward to

velop our understanding of the problem of identity: wha{ Ving its puzzles. we are increasingl nSCi £ how
makes a neutrino a neutrino and a top quark a top quat{l?so g IS puzzles, we are Increasingly consclous otho

Here | have in mind the work of thé factories and the e Of the physical universe we have experienced. Fu
Tevatron collider onCP violation and the weak interac- ure truths are stilf o be fou precision measurements,

tions of theb quark; the wonderfully sensitive experimentsbut the century we are leaving has repeatedly shown that

at Brookhaven, CERN, Fermilab, and Frascati@hvio- Nlaturtg’s marvglslsre no'g I'mliﬁdtby ourl |T?g|nr?tlon. Eﬁ-t
lation and rare decays of kaons; the prospect of definitiy2O"&HON can yIeld surprises that completely change wha

accelerator experiments on neutrinoilations and the na- we think about—and how W? think. )
ture of the neutrinos: and a host of new experiments on the V& base our understanding of physical phenomena on

sensitivity frontier. We might even learn to read experimerif’® identification of a few constituents that seemlselemen-
for clues about the dimensionality ofagetime. If we are @Y at the current limits of resolution of abot@™"* m,
inventive enough, we may be able to follow this rich men@nd & few fundamental forces. The constituents are the
with the physics opportunities offered by a linear collidePCintlike quarks{(u,d)r, (¢,s)r, (¢,b)r} and leptons
and a (muon storage ring) neutrino factory. | expect a re-(Ves €)1, (Vs 1)1, (vr, 7)1}, With strong, weak, and elec-
markable flowering of experimental particle physics, anffomagnetic interactions specified bY/(3). © SU(2). ®

of theoretical physics that engages with experiment. | dé/(1)y gauge symmetries.

scribe some of the great questions before us and the chal-The electroweak theory is founded on the weak-isospin
lenges of providing the instruments that will be needed t8ymmetry embodied in the quark and lepton doublets and

define them more fully and—eventually—to answer them. Weak-hypercharge phase symmetry, plus the idealization
that neutrinos are masslés#n its simplest form, with the

electroweak gauge symmetry broken by the Higgs mecha-
1 PARTICLE PHYSICS nism, theSU(2);, ® U(1)y theory has scored many qual-
AT THE MILLENNIUM itative successes: the prediction of neutral-current inter-

The phvsi cul in the 1898-99 Uni , factions, the necessity of charm, the prediction of the ex-
e physics curriculum in the — niversity ofigience and properties of the weak bosdtig and Z°.

Chicago catalogue begins with a very Victorian preface [1]: ver the past ten years, in great measure due to the beau-

tiful experiments carried out at thg factories at CERN
and SLAC, precision measurements have tested the elec-
troweak theory as a quantum field theory, at the one-per-
mille level [3, 4, 5]. Last year, our colleagues working
at LEP made a heroic push to discover the Higgs boson
2000 [6]. The search will intensify again in a few years at
the Tevatron and the Large Hadron Collider.

The quark model of hadron structure and the parton
model of hard-scattering processes have such pervasive in-
fluence on the way we conceptualize particle physics that
guantum chromodynamics, the theory of strong interac-
tions that underlies both, sometimes is taken for granted.

As the ink was drying on these earnest wordsnfjen dis- QCD is a remarkably simple, successful [7], and rich the-
covered x rays and published the epoch-making radiograhy of the strong interactions [8]. The perturbative regime
of his wife’s hand, Becquerel and the Curies explored r&2f QCD exists, thanks to the crucial property of asymptotic
dioactivity, Thomson discovered the electron and showd@eedom, and describes many phenomena in quantitative
that the “uncuttable” atom had parts, and Planck notedetail. The strong-coupling regime controls hadron struc-

“While it is never safe to affirm that the future
of the Physical Sciences has no marvels in store
even more astonishing than those of the past, it
seems probable that most of the grand underly-
ing principles have been firmly established and
that further advances are to be sought chiefly in
the rigorous application of these principles to all
the phenomena which come under our notice

An eminent physicist has remarked that the fu-
ture truths of Physical Science are to be looked
for in the sixth place of decimals.”

*quigg@fnal.gov IFor surveys of the electroweak theory, with references, see Ref. [2].



ture and gives us our best information about quark masseservedCP violation, we do not know what determines that
Unfamiliar régimes of high density and high temperaturgohase. The accumulating evidence for neutrindllasions

contain riches we have only begun to explore. presents us with a new embodiment of these puzzles in the
lepton sector. At bottom, the question of identity is very
2 WHAT WE NEED TO KNOW simple to state: What makes an electron and electron, and

atop quark a top quark?

This poncise statement of t.he stand'ard model invites 4@ pography. “What is the dimensionality of siretime?”
to consider the agenda of particle physics today under a fgWsts our preconceptions and unspoken assumptions. It is
broad rubrics. given immediacy by recent theoretical work. For its inter-
Elementarity.Are the quarks and leptons structureless, onal consistency, string theory requires an additional six or
will we find that they are composite particles with inter-seven space dimensions, beyond3hd dimensions of ev-
nal structures that help us understand the properties of theyday experience. Until recently it has been presumed that
individual quarks and leptons? the extra dimensions must be compactified on the Planck

Symmetry.One of the most powerful lessons of the mod-Scale, Wilth a stupendously small compactification radius
ern synthesis of particle physics is that (local) symmetrie8 = Mpiayac = 1.6 x 107°> m. Part of the vision of string
prescribe interactions. Our investigation of symmetry mugf€ory is that what goes on in even such tiny curled-up di-
address the question of which gauge symmetries exist (arfg€nsions does affect the everyday world: excitations ofthe
eventually, why). We have learned to seek symmetry in tHealabi—Yau manifolds determine the fermion spectfum.
laws of Nature, not (necessarily) in the consequences of e have recognizeacently that Planck-scale compact-
those laws. Accordingly, we must understand how the synification is not—according to what we can establish—
metries are hidden from us in the world we inhabit. FoPbligatory, and that current experiment and observation
the moment, the most urgent problem in particle physicdmit the possibility of dimensions not navigated by the
is to complete our understanding of electroweak symmet8rong, weak, and electromagnetic interactions that are al-
breaking by exploring the 1-TeV scale. This is the businedg0st palpably large. A whole range of new experiments

of the experiments at LEP2, the Tevatron Collider, and thwill help us explore the fabric of space and time, in ways
Large Hadron Collider. we didn’t expect just a few years ago [10].

Unity. In the sense of developing explanations that apply
not to one individual phenomenon inisolation, butto many 3 A DECADE OF DISCOVERY AHEAD
phenomena in common, unity is central to all of physics,

and indeed to all of science. At this moment in particle Olver hthe fnext dgcade,l we rlnayhloorlf forV\;]ard to an I
physics, our quest for unity takes several forms. avalanche of experimental results that have the potential

First, we have the fascinating possibility of gauge couto change our view of the fundamental particles and their

pling unification, the idea that all the interactions we enmteractlons in very dramatic ways. A special preoccupa-

counter have a common origin and thus a common strengﬂﬁ_n for me is the search and study of the Higgs boson;
at suitably high energy. this is really shorthand for a thorough exploration of the

Second, there is the imperative of anomaly freedom iI’J1-TeV scale, which will elucidate the mechanism of elec-
the electroweak theory, which urges us to treat quarks alt'rc?weak symmetry breaking. We can also expect wonderful

leptons together, not as completely independent speci JOgress in flavor physics: the detglled stud)OE’fv[o_la?— :
Both of these ideas are embodied. of course, in unifie n in the B system, dramatically increased sensitivity in

theories of the strong, weak, and electromagnetic intera 1€ ezploratlhon of trare dfcayf.ﬁf andl?”mt?‘c’r?ns"o\igdrﬁm'b
tions, which imply the existence of still other forces—to" N9 €OWN € nature of neutrino osciiiations. And maybe
complete the grander gauge group of the unified theoryﬂe will at last see &£P-violating permanent eIectn_c d|.pole
including interactions that change quarks into leptons. moment of the neutron. Run Il of the Tevatron will give us

The third aspect of unity is the idea that the traditiona?urflrSt opportunity to use the top quark as a tool, and not

distinction between force particles and constituents migf%nly as an object of desire. Although the interpretation of

give way to a unified understanding of all the particlesheavy'Ion collisions at RHIC and the LHC promises to be

The gluons of QCD carry color charge, o we can imaginchallengmg, the heavy-ion colliders offer a real chance to

guarkless hadronic matter in the form of glueballs. Beyonglscover new phases of matter and enrich our understand-

that breaking down of the wall between messengers and’ of QCD. On ma_n_y.fronts, we are taking dram.atlc steps
. . in energy and sensitivity that will help us explore: extra di-
constituents, supersymmetry relates fermions and bosons. = ’ )
Finally, we desire a reconciliation between the pervasiver, > oo NeW dynamics, supersymmetry, and new kinds
outsidery’ ravity, and the forces that prevail in thep uantur%f forces and constituents might show themselves. (F'm
9 Y, pre q conflicted about whether I'd like to see them all at once, or

world of our everyday laboratory experience.

in easy-to-understand installments!)

Identity. We do not understand the physics that sets quark gxperiments that use natural sources also hold great
masses and mixings. Although we are testing the idea that

the phase in the quark-mixing matrix lies behind the ob- 2For a gentle introduction to the goals of string theory, see Ref. [9].




promise for the decade ahead. We suspect that the detectidren the Yukawa term in the electroweak Lagrangian is
of proton decay is only a few orders of magnitude away in © I~ _
sensitivity. Astronomical observations should tell us what Lyikawa = —Ce[R(¢'L) + (Lo)R]

kinds of matter and energy make up the universe. Indeegnqre , is the Higgs field, so that the electron mass is

the whole complex of experiments and observationswe cgll _ C.v/+/2. For neutrinos, which may be their own an-
. . . e — e . H

astro/cosmo/particle physics should enjoy a golden age. iy, ticles, there are still more possibilities for new physics

Now, the decade of discovery won't happen automatiy gnter. Inasmuch as we do not know how to calculate the
cally. Many of our goals are difficult, and timely successemion yukawa couplingsy, | believe thawe should con-
is in doubt for many experiments. We must push hard tgjjer the sources of all fermion masses as physics beyond
prepare the instruments, and get to the answers. the standard model.

The glorious future of new machines and new experi- The yalyes of the Yukawa couplings are vastly different
ments that lies beyond the established program also WoRd, itferent fermions: for the top quark; ~ 1, for the
happen by itself. We have, | think, come to the C°”eCtiV9electron(€ ~ 3 x 10-°, and if the neutrinos have Dirac
realization that we must do more to prepare alternative fy; ;<qes bresumab{y ~ 10-104 What accounts for the
tures by creating a rich and organic program of acceleratpénge and values of the Yukawa couplings? Our best hope
research. We're also challenged by our success: the SCQR&i| now has been the suggestion from unified theories
of our science has grown, but funding has not. Within 0Ufy,5¢ the pattern of fermion masses simplifies on high scales.
own extended family and beyond, we must do more to CoRmg ¢|assic intriguing prediction of th{/(5) unified the-
vey th(_a.urgency andllmportance of the new scientific Opdry involves the masses of thequark and ther lepton,
portunities, and fashion a program that we can carry Oyipich are degenerate at the unification point for a simple
that includes the right measure of scale diversity to eNSU[Syttern of spontaneous symmetry breaking. The different

a healthy intellectual ecosystem. running of the quark and lepton masses to low scales then
leads to the predictiom;, ~ 3m., in suggestive agreement
4 THE ORIGINS OF MASS with what we know from experiment [13].

A key aspect of the problem of identity is the origin "‘Large” extra dlmenS|qns present us with new ways to
ink about the exponential range of Yukawa couplings. If

of mass. In fact, we know the challenge of explainin h )
many different kinds of mass. The masses of the hadro e standard-model brane has a small thickness, the wave

are (in principle, and with increasing precision in praCpackets representing different fermion species might have

tice) understood from QCD in terms of the energy store ifferent locations within the extra dimension [14, 15]. On

to confine a color-singlet configuration of quarks in a smalfiMs p|cturez the Yykawa couplings measure th? overlap in
volume [11, 12]. This is a remarkable achievement. W e extra dimensions of the left-handed and right-handed

also have an excellent understanding of the masses of t gmionwave p'ackets and Fhe Higgs f|e_ld, presumgd perva-
electroweak gauge bosofE* and Z0 as consequences sive. Exponentially large differences might then arise from

of electroweak symmetry breaking, in terms of a singléma” offsets .in the new coordinatg(s). True or not, itis a
weak mixing parametesin? 6y .2 At tree level in the elec- mind-expanding way to look at an important problem.

troweak theory, we have
) 5 o 5 GRAVITY AND EXTRA DIMENSIONS
MZ = ¢*?/2 = ma/GpV2sin® y,

M2 = M2/ cos? by, It i§ entirely ngtural to neglect grav{ty in most pa.rticle—
physics applications, dzause theaupling of a graviton
with the electroweak scale= (G'r\/2)"2 ~ 246 GeV. G to a particle is tiny, generically of ordé /Mpiancx )
When we get to the question of quark and (charged) legvhereF is a typical energy scale of the problem. Thus, for
ton masses, however, our understanding is consideraldyample, we expect the branching fractBx — 7G) ~
more primitive. For each of these, we require not justi/y /Mpianac)? ~ 10738, And yet we cannot put gravity
the scale of electroweak symmetry breaking, but a dintirely out of our minds, even if we restrict our attention
tinct and apparently arbitrary Higgs-fermion-antifermiorto standard-model interactions at attainable energies.
Yukawa coupling to reproduce the fermion mass. In the The great gap between the electroweak scale of about
electroweak theory, the value of each quark or charged¢3 GeV and the Planck scale of abd0t® GeV gives rise
lepton mass is set by a new, unknown, Yukawa couplinge the hierarchy problem of the electroweak theory [16]:
Taking the electron as a prototype, we define the leftiow to protect the Higgs-boson mass from quantum cor-

handed doublet and right-handed singlet rections that explore energies up @p.,cc. The con-
” ventional approach to the hierarchy problem has been to
L= ( e > ; R=er. ask why the electroweak scale (and the mass of the Higgs
L

boson) is so much smaller than the Planck scale. Fram-

3Although for the moment we take the weak mixing parameter froning the issue this way leads us to change the electroweak
experiment, we understand how it arises in a unified theory. Indeed, in.a
unified theory we can hope to understand the parandeigip that sets 4l am quoting the values of the Yukawa couplings at a low scale typical
the scale of the hadron masses. of the masses themselves.




theory to include supersymmetry, or technicolor, or some,, produced on the other side of the Earth oscillate during

other extension. Over the past few years, we have begflight in significant numbers into,.

instead to ask why gravity is so weak. This question mo- Just as PAC2001 convened, the Sudbury Neutrino Ob-

tivates us to considahanging gravityto understand why servatory added an important new element to our under-
the Planck scale is so large [17]. Now, elegant experimenssanding of the longstanding puzzle of the solar neutrino

that study details of Casimir and van der Waals forces tefleficit [20]. SNO reports an impressively precise measure-

us that gravitation closely follows the Newtonian force lanment of the solar neutrino charged-current cross section on
down to distances on the order@B mm [18], which cor- the heavy-water target that serves as their water-Cherenkov
responds to an energy scale of only abbit'2 GeV! At detector. The measured rate implieg.dlux

shorter distances (higher energies), the constraints on devi-

ations from Newton's inverse-square force law deteriorate?Sxo(ve) = 1.75 £ 0.0770:17 £0.05 x 10°cm2 57",

rapidly, so nothing prevents us from considering changes o . ,
to gravity even on a small but macroscopic scale. where the uncertainties are statistical, systematic, and the-

One way to change the force law is to imagine that gra\;gretical. They have also measured the solar neutrino elas-

ity can propagate into extra dimensions. To respect tHIe (vz€) cross section with limited precision, and extracted

stronger constraints on the behavior of the standard-mod&™ it the flux of solar neutrinos of all active flavors,

interactions, we suppose that ti$€/(3). ® SU(2);, ® ES _ +0.16 6 =2 o1
U(1)y gauge fields, plus needed extensions, reside on sNo(Vz) = 2.39+0.347¢1; x 107 em™ s .

3 + 1-dimensional branes, notin the extra dimensions.  The SNO experimenters are in the right place at the right
How does this hypothesis change the picture? The dime, because the Super-K experiment has already given a

mensional analysis (Gauss's law, if you like) that relategery precise measurement of the solar neutrino flux from
Newton’s constant to the Planck scale changes. If graviyjastic ¢,¢) scattering [21],

propagates im extra dimensions with radius, then
ES 0.08 _ —

Cromon o M=2 o0 Af*=n=2n P8R (va) = 2.32+0.037003 x 10°ecm™ 2571

ewton Planck ’

i . . . The difference between the flux of active neutrinos and the
whereM* is gravity's true scale. Notice that if we boldly g, of electron neutrinos

take M* to be as small as TeV/c?, then the radius of the

extra dimensions is required to be smaller than aboomm, 5 (V) — dSNo(ve) = 0.57+0.17 x 106 em 2571 |

for n > 2. If we use the four-dimensional force law to ex-

trapolate the strength of gravity from low energies to highgemonstrates a.30 that active neutrinos other than,

we find that gravity becomes as strong as the other forcesmelyr,, andv,, arrive at Earth. Since the nuclear pro-
on the Planck scale. If the force law changes at an energgsses that power the Sun yield omly, this new result
1/R, as the large-extra-dimensions scenario suggests, theres in favor of neutrino oscillations as the explanation for
the forces are unified at lower enerdy*. What we know the solar neutrino puzzle.

as the Planck scale is then a mirage that results from a false

extrapolation: treating gravity as four-dimensional down 7  THE QUEST FOR NEW TOOLS

to arbitrarily small distances, when in fact—or at least in

this particular fiction—gravity propagates i+ n spa- Although theoretical speculation and synthesis is valu-

tial dimensions. The Planck mass is an artifact, given b§ble and necessary, we cannot advance without new ob-
Mbplanck = M*(M*R)™/2. Ifthe true scale of gravity were Servations. The experimental clues needed to answer to-

close toMy, the hierarchy problem would recede. day’s central questions can come from experiments at high-
energy accelerators, experiments at low-energy accelera-
6 v OSCILLATION NEWS tors and nuclear reactors, experiments wihrfd beams,

and deductions from astrophysical measurements. Past ex-

The science that grew into particle physics began witherience, our intuition, and the current state of particle the-
found beams—the emanations from naturally occurring rasry all point to an indispensable role for accelerator exper-
dioactive substance and the cosmic rays—and found beamsents.
still provide us with important windows on the universe. The opportunitiesfoaccelerator science and hemlogy
One of the great scientific detective stories of the recemire multifaceted and challenging, and offer rich rewards
past is the developing case for neutrino oscillations: the efer particle physics. One line of attack consists in refining
idence that neutrinos produced as one flavgr#,,, or~;)  known technologies taccelerate and dae the traditional
actually morph into other flavors. Long known as a theoprojectiles—electrons, protons, and their antiparticles—
retical possibilityneutrino oscillatioris now all but estab- pushing the frontiers of energy, sensitivity, and precise con-
lished by the Super-Kamiokande experiment’s observatidrnol. The new instruments might include brighter proton
of an up-down asymmetry in the flux of muon neutrinosources; very-high-luminosityte~ “factories” for B, 7 /
produced by the interaction of cosmic rays in the atmoeharm, ¢, ...; cost-effective hadron daers beyond the
sphere [19]. By far the most graceful interpretation is thatHC at CERN; anc:™ e~ linear colliders.



A second approach entails the development of exotic acf2] Quigg, C.,Acta Phys. Polon. 80, 2145 (1999);“The Elec-
celeration technologies for standard particles: electrons, troweak Theory,” FERMILAB-CONF-01-001-T, iflavor
protons, and their antiparticles. We don’t yet knowwhat in-  Physics for the Millennium (TAS000) Boulder, Colorado,
struments might result from research into new acceleration ~4-30 June 2000, edited by J. L. Rosner (World Scientific,
methods, but it is easy to imagine dramatic new possibili- ~ Singapore, 2001), pp. 3-67.
ties for particle physics, condensed matter physics, applie@] Sirlin, A., “Ten Years of Precision Electroweak Physics,” in
science, medical diagnostics and therapies, and manufac- FProc. of the 19th Intl. Symp. on Photon and Lepton Interac-
turing, as well as a multitude of security applications. f'ot”j a&“égiﬁnefilyéswggg. ;b,ngarcés igc;g/ldézd;;gsgm,

A third path involves the exploration of exotic particles (2606)] Ohe.p-pﬁé9122;7. ( )leCo
for accelerators and dalers to expand the experimenter’s '

rmamentarium. Muon storage rings for neutrino factories[4] Swartz, M., "Precision Electroweak Physics at the in
a ) 9 9 ' Proc. of the 19th Intl. Symp. on Photon and Lepton Interac-

utp~ colliders andyy colliders are all under active in- tions at High Energy LP99ed. J. A. Jaros and M. E. Peskin,
vestigation, and each of these would bring remarkable new ¢ 5 mod. Phys. A5S1 307 (2000) [eCon€990809307
possibilities for experiment. (2000)], hep-ex/9912026.

Finally, let us note the continuingimportance of enabling s} chariton, D., “Experimental tests of the standard model;
technologies: developing or domesticating new materials, o appear in the proceedings of International Europhysics
new construction methods, new instrumentation, and new  Conference on High-Energy Physics (HEP 2001), Budapest,
active controls. Hungary, 12-18 Jul 200hep-ex/0110086.

To a very great extent, the progress of particle physicge] LEP Working Group for Higgs boson searches, “Search for
has been paced by progress in accelerator science and tech- the standard model Higgs boson at LEP,” hep-ex/0107029.
nology. A renewed commitmentto accelerator research angr] Quigg, C., “The state of the standard model” hep-
development [22] will ensure a vigorous intellectual life for ph/0001145, iPhysics Potential and Development of Muon
accelerator science and lead to important new tools for par-  Colliders and Neutrino Factoriegdited by David B. Cline,

ticle physics and beyond. AIP Conference Proceedings 542 (American Institute of
Physics, Melville, NY,2000), pp. 3—28.
8 CONCLUDING REMARKS [8] Wilczek, F.,Nucl. PhysA663, 3 (2000).

[9] Greene, B.The Elegant Univers@orton, NY, 1999).

In the midst of a revolution in our conception of Nature10] For a popular account see Abel, S. and March-
we confront many fundamental questions about our world  Russell, J., “The search for extra dimensions,” Physics
of diversity and change. Are the quarks and leptons ele- World 13, (11) 39 (November 2000), available at
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These are themselves great questions and, in the usp@al] Arkani-Hamed, N., and Schmaltz, MPhys. Rev. b1,
way of science, answering them can lead us toward the an- 033005 (2000).

swers to yet broader and more cosmic questions. As Wgs] Mirabelli, E. A., and Schmaltz, MPhys. Rev. b1, 113011
contemplate the far-reachinghderstanding we can hope (2000).
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