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1. QUESTIONS GREAT AND SMALL

It is apleasurdo be partof the SLAC Summeirnstituteagain, not simply becausét is oneof thegreattraditionsin ourfield,
but becaus¢hisis amomentof greatpromisefor particlephysics. I look forwardto exploring mary opportunitieswith you over
the courseof our two weekstogether My first taskin talking aboutNatures GreatesPuzzlesthetitle of this years Summer
Institute,is to deconstructhe premiseallittle bit.

1.1. The Nature of Scientific Questions

“About 500 yearsagoman' curiosity took a specialturn toward detailedexperimentatiorwith matter” wrote Viki Weiss-
kopf[1]. “It wasthebeginningof scienceaswe know it today Insteadof reachingdirectly atthewholetruth, atanexplanation
for theentireuniverse|jts creationandpresenform, scienceriedto acquirepartialtruthsin smallmeasureaboutsomedefinable
andreasonablseparablgroupsof phenomena.

“Sciencedevelopedonly whenmenbeganto restrainthemselesnotto askgeneralquestionssuchas: Whatis mattermade
of? How wasthe UniversecreatedWhatis the essencef life? They askedlimited questionssuchas: How doesan object
fall? How doeswaterflow in atube?etc. Insteadof askinggeneraljuestionsandreceving limited answersthey askedlimited
guestionsaandfoundgeneralanswers.”

An importantpartof whatwe mightdoin thesetwo weekstogetheris to think abouthow we actuallyconstructsciencehow
we construcunderstandingandhow we presentheactsof doingsciencdo otherpeople.Galileo,theicon of themomentwhen
we humandoundthecourageo rejectauthorityandlearnedo interrogatenatureby doingexperimentsexpressedhis approach
in thisway [2]:

lo stimo piu il trovar un vero, bencle di cosaleggiera,ch’l disputarlungamentedelle massimequestionisenza
consguir verita nissunat

We have built up scienceover thesepastfive hundredyearsnot somuchby focusingon the majesticquestionsasby thinking
aboutsmallquestionghatwe have achanceo answerandthentrying to weave theanswergo thosequestiongogetherinto an
understandinghatwill give usinsightinto thelargestquestions.

By focusingon “small things, with an eye to their larger implications, Galileo achieved far more than the philosophers
andtheologians~vho surroundechim in FlorenceandVenice,andwho, by their authority assertecanswergo the “greatest
guestions."A greatshameof theraceof physicsprofessorss thatgoingthroughGalileo’'s motions withoutaneyeto theirlarger
implications,too often constitutedreshmarphysicslab. We owe it to our studentdo explain why we requirethemto reénact
Galileo’s investigations,howv we seekto weare the answerdo small questiongnto broaderunderstandingandwhat science
reallyis. Thereis agloriousstoryhere,andwe needto corvey thatgloriousstoryto our studentsandto the public atlarge. We
owe no lessto thefuture of our science!

I don't underestimat¢he value of grandthemesasorganizing principlesandmotivationaldevices,but | wantto emphasize
theneedto balanceghegrandeuandsweepof the GreatQuestionwith our prospectfor answeringhem. At every momentwe

1| attachmorevalueto finding a fact, evenaboutthe slightestthing, thanto lengtty disputationsaboutthe GreatesQuestionghatfail to leadto ary truth
whatever.
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mustdecidewhich questiongo addressUnimaginedorogressnayflow from smallquestions Measuringhow theconductvity
of theatmosphergarieswith altitude Victor Hessdiscoveredthecosmicradiation] 3]—oneof thewellspringsof particlephysics
andthesubjectof GreatPuzzleNo. 9 atthis XXXII SLAC Summeiinstitute. Hessdid notsetoutto found particlephysics,nor
evento explore the GreatBeyond, but merelyto pursuea puzzlingobsenation. Soit’'s entirely possiblethat by payingclose
attentionto awell-chosensmallthing, we maybeableto changeheworld.

I aminsisting—withWeisslopf andGalileoandmary others—ortheimportanceof smallquestiondecauseheirrole in the
makingof sciencds sopoorly understoodIntroducingTime Magazines top eighteen(not just ten!) list of America’s Bestin
ScienceandMedicine,MichaelLemonickwrotein 2001[4],

“The questionscientistaretacklingnow arealot narroverthanthosethatwerebeingasked100yearsago....As
JohnHorgan pointedout in his controversial 1997 bestseller The End of Sciencewe've alreadymademost of
thefundamentadiscoveries:thatthe blueprintfor mostliving thingsis carriedin amoleculecalledDNA; thatthe
universebeganwith a Big Bang;thatatomsare madeof protons,electronsandneutronsthatevolution proceeds
by naturalselection.”

Horgan'sassertiorthatmostof thegreatquestiondave alreadybeenanswereds arelatively puerileform of millennialmadness.
Perhapshis misperceptiotingersbecausevhenwe scientistdalk aboutourwork we don't alwayssituateourimmediategoals
within alargerpicturethatwould give animageof whatwe'retrying to learn,whatwe’re trying to understandBut thenotionthat
sciences bestdaysarebehinduswill passijf it hasnt already’ I'm moretroubledby the breezyclaim (“more andmoreabout
lessandless”)thatwe scientistdodayaddressiarraver questionghanour ancestorslid a centuryago. This is preposterously
false;it hasnothingto dowith theway sciencds actuallydone.Ever sinceGalileo,whatwe call sciencéhasadvancedorecisely
by asking,andansweringlimited questionsseekingsmallfacts,andsynthesizingan ever-more-comprehengé understanding
of nature.lt is vexing to hearthis misconceptiorirom a distinguishedciencewriter. It is evenmorevexing becaus¢hewriter’s
fatherwasa legendaryPrincetonphysicsprofessor—anda particlephysicist. We arefailing to communicatéhatsciences, in
its essenceweaving togetherthe answergo smallquestionsandwe mustdo better!

Now let usturn for amomentto thelist of “GreatestPuzzles'thatwill commandour attentionfor thesetwo weeks:

1. Whereandwhatis darkmatter?
2. How massve areneutrinos?
3. Whataretheimplicationsof neutrinomass?
4. Whataretheoriginsof mass?
5. Why is therea spectrunof fermionmasses?
6. Why is gravity soweak?
7. Is Naturesupersymmetric?
8. Why is the Universemadeof matterandnot antimatter?
9. Wheredo ultrahigh-enegy cosmicrayscomefrom?
10. Did the Universeinflate at birth?

To their credit, the organizershave givenyou ten“GreatestPuzzlesthatarenot all GreatQuestions.Someof themaresmall
guestionghatmightgrow, in thespirit of Hesss studiesof theatmospherdnto greatanswersl think it simportantto recognize
that“top-ten” lists® arealwayssubjectve in someway: they suit a certainmoment,a certainpurposea certaininstitution, a
certainprejudice.

It'salsotruethatthelist of “GreatestPuzzles’changesvith time. To me,oneof themostinspiringthingsabouttheprogress
of sciences the way in which questionghatwere,not solong ago, “metaplysical’—thatcouldnt be addresse@sscientific
guestions—hee becomescientificquestions.| give you two thatin formertimeswere usedexclusively to torture graduate
studenton their qualifying exams:

2Now thatMr. Lemonickhaswritten a biograply of theWilkinson Microwave Anisotropy Probe[5], | trustthathe hasfoundatleastonecountergample!
3Theessentiapsychosociatapitalthatlists generatdiasbeenexaminedby Louis Menand[6].
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Whatwould happenf the massof the protonor the massof the electronchangedlittle bit?
Whatwould happenf thefine structureconstanthangedlittle bit?

Whenl wasonthereceving endof thosequestions| hadlittle patiencefor them. To tell thetruth, | really hatedthem,because
the world wasnt thatway, sowhy think aboutit? Now that |’ ve lost someof the certaintyof youth? I've cometo understand
thattheseweremuchbetterquestionghanmy teachersealized.

Let'srecasthemslightly, as

Why is theprotonmassl836 x theelectronmass?
Whataccountdor the differentstrengthf the strong,weak,andelectromagnetinteractions?

Not solong ago,theseweremetaplysical questiondbeyondthe reachof science:Massesandcouplingstrengthsveregivens.
But now we canseehow the valuesof massesnd coupling strengthsmight arise;we recognizethesequestionsas scientific
guestions.As we’'ll recallin afew paragraphswe understandvherethe protonmasscomesfrom. We have a framework for
inquiring into the origin of theelectronmass.We know, throughrenormalizatiorgroupanalysisthatcouplingconstant&volve
with enegy; we canmake a picturein whichthecouplingconstanthave thelow-enegy valueswe measurédecausehey evolve
from a commonvalue at a high enegy—the unification scale. We canimaginehow, if the world werea little different,the
couplingswould have changed. So theseturn out to be not suchannging questions—nomereinstrumentsof torture—ut
guestionghatwe cananswerscientifically Soon,we will be ableat leastto sketchplausiblestorylines,if notto tell thefull

stories. Similar progressiongrom apparentlyarbitrary givensto answerablescientific questionsappearall over the map of
science.

Somequestiongemainunansweredor so long that we might be temptedto forget that they are questions.Onethat has
beenmuchon my mind of lateis, “Why arechaged-currentveakinteractiondeft-handed?"Nearly everyonein thisroomwas
born—oratleastbornasa physicist—afterthe 1957 discaovery of parity violation in theweakinteractions.It’ s fair to saythat,
whereaour ancestorsvereshalen by the asymmetnbetweeneft-handedandright-handedparticles,we have grown up with
it. [I estimatethatl have written down morethantenthousandeft-handeddoubletgo this pointin my careef Soit would not
be astonishingf the questionhadlostits edgefor us. But | hopeyou will agreethatthe distinctionbetweereft-handedand
right-handedarticlesis oneof the mostpuzzlingaspect®f the naturalworld. It suggestshe following

Exercise Whatotherprofoundquestionshave beenwith usfor solong
thatthey arelessprominentin “top-ten” liststhanthey desere to be?

If new questionscomewithin our reachand long-standingquestionsslip from our consciousnesssomeformerly Great
Questionmow seemto usthewrongquestionsA famousexample developedin detail by Lincoln Wolfensteinlastyear[8], is
Keplers questto understandavhy the Sunshouldhave exactly six planetarycompanionsn the obsenedorbits. Keplersoughta
symmetryprinciplethatwould give orderto theuniversefollowing the Platonic-Pythagoreamadition. Perhapshethought,the
six orbitsweredeterminedy thefive regularsolidsof geometryor perhapsy musicalharmoniesWe now know thatthe Sun
holdsin its thrall morethansix planets,notto mentionthe asteroidsperiodiccomets andplanetini,nor all the moonsaround
Keplers planets.But thatis not why Keplers problemseemsill-conceivedto us; we just do not believe thatit shouldhave a
simpleanswer Neithersymmetryprinciplesnor stability criteriamale it inevitable thatthosesix planetsshouldorbit our Sun
preciselyasthey do. | think this exampleholdstwo lessondor us: First, it is very hardto know in advancewhich aspectf
the physicalworld will have simple,beautiful,informative explanationsandwhich we shallhave to acceptas“complicated.”
SecondandhereKepleris aparticularlyinspiringexample we maylearnvery greatlessonsndeedwhile pursuingchallenging
guestionghat—inthe end—donot have illuminating answers.

Sometimesve answera GreatQuestionbeforewe recognizet asa scientificquestion.A recentexampleis, “What setsthe
massof theproton?” andits corollary, “What accountdgor thevisible massof theuniverse?”Hardontheheelsof thediscovery
of asymptotidreedom? QuantumChromodynamicgrovidedtheinsight: the massof the protonis givenmostly by thekinetic

4Thescalinglaws | derivedwith JonRosner[7] maybeseenasanactof penancdor my youthful intolerance.
5Seethe 2004Nobel Lecturesby David Gross[9], David Politzer[10], andFrankWilczek [11].
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enepy of threeextremelylight quarksandthe enegy storedup in the gluonfield that confinesthemin a smallspace Almost
beforemostpeoplerealizedthat QCD had madethe questionanswerablewe hadin our handsthe conceptuabnswerandan
essentiallycompletea priori calculation[12] .

1.2.“The Theory of Everything”

| do nothave alot of patiencefor debatesaboutthe problemof knowledge;for the mostpart,| would ratherdo sciencethan
talk abouthow to doit. Neverthelessat this time whenwe anticipatea greatflowering of our subject,we shouldexamineour
habitsandthink alittle bit abouthow otherpeopledo scienceandhow they seeus.

TwointerestingharactersBobLaughlinandDavid Pineq13], havepublishedabroadsidgroclaimingtheendof reductionism
(“the scienceof thepast”),whichthey identify with particlephysics,andthetriumphof emegentbehaior, thestudyof complex
adaptve systemg“the physicsof the next century”). Theideaof emegentbehaior, which they adwertiseasbeingrich in its
applicationdo condensednatterphysicsin particular is thattherearephenomenan natureor regularities,or evenvery precise
laws, thatyou cannotrecognizeby startingwith theLagrangiarof theUniverse.Thesdancludesituationghatarisein mary-body
problemsput alsosituationsin which a simpleperturbation-theorgnalysisis not sufficientto seewhatwill happen.

My firstresponseo Laughlin& Piness thatthey have profoundlymisconstruedthewaywework. Whatis quarkconfinement
in QCD, thetheoryof the stronginteractionsjf notemegentbehaior? You coulddo perturbatiortheoryfor a very longtime
andnotdiscoverthephenomenonf confinementThis notionof emegences ubiquitousin particlephysics.As QCD becomes
strongly coupled,new phenomenamege—notonly confinementput also chiral symmetrybreakingandthe appearancef
Goldstonebosons—thaive wouldn't have anticipatedoy staringatthe Lagrangian[This is, by theway, oneof thereasonghat
we shouldforce oursehesto payattentionto heavy-ion collisionsat high enegies;thevery lack of simplicity may pushusinto
realmsof QCD wherewe cant guesshe answersy simpleanalysis.]The “Little Higgs” approacho electraveaksymmetry
breaking[14] is anotherexampleof importantfeatureghatarenot apparentn the Lagrangiann ary simplesenseA graceful
descriptionof the consequencesf thesephenomenantailsnen degreesof freedomanda new effective theory

LaughlinandPinesadwcatethe searchHor “higher organizingprinciples” (perhapsuniversal),relatively independentf the
fundamentatheory | givethemcreditfor emphasizinghatmary differentunderlyingtheorieanayleadtoidenticalobsenrational
consequence®utthey turnablind eyeto theideathatin mary importantphysicalsettingsthedetailedstructureandparameters
of theLagrangiararedecisie. They campaigraswell for thesynthesi®f principlesthroughexperimentwhich| alsorecognize
aspartof theway we do particlephysics. | believe thatthe bestpracticeof particlephysics—ofphysicsin general—embraces
bothreductionistandemepgentistapproachedn the appropriatesettings.

Overall,| amleft with theimpressiorthatLaughlin& Pinesaregiving awarto which no oneshouldcome,because¢he case
for their revolutionaryintellectualmovementis foundedon misperceptiorandfalsechoices® Perhapshebestway for usto be
heardis to listenmoreclosely try to understandhe approachewe have in common,and—occasionally—tasetheirlanguage
to describewhatwe do. It is importantfor usto seekthe respectandunderstandingf our colleaguesvho do otherphysics,in
otherways.

Onequestionof scientificstyle remains:whenwe understané phenomenomasemegent,will thatstandasa final verdict,
or doesemepgencerepresenta stagein our understandinghat will be supplantecas we gain control over our theoriesand
the methodsby which we elaboratetheir consequences&nd doesone perspectie or anothedimit our ability to advanceour
understanding?

1.3. Some Other Meta-Questions

I would lik e to bring theseintroductoryremarksto a closeby pointing you toward somemeta-questionthat! hopeyou will
think aboutduring the courseof the summerinstitute. | call themto your attentionbecausessomewise people(includingwise

81t is a deliciousirony that string theorists whosetop-davn style seemsparticularlyvexing to Laughlin& Pinesandtheir allies, may turn out to be—if
landscapédeastake hold or spacetimes emegent—theultimateemepgentists!
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peoplefrom our own community andevenwise peoplefrom Stanford,California) have beenponderingthemasquestionghat
might be moving toward scientificquestionsto which we mayhopeto find scientificanswers.

> Is this the bestof all possibleworlds? Dr. Panglosss assertionthoughburdenedwith ironical bagage,carrieswith it the
daringsuggestiorthatotherworldsarethinkable[15]. Accordingto anenduringdreamthathasprobablyinfectedall of us
from time to time, the theoryof theworld might prove to be sorestrictive thatthingshave to turn outtheway we obsenre
them.Is thisreally theway theworld works,or not? Are theelement®f our standardnodel—thequarksandleptonsand
gaugegroupsandcouplingconstants—ingtable, at leastin a probabilisticsenseor did it just happerthis way?

> Is Naturesimpleor complex? And if wetakethesophisticatesview thatit is both,whichaspectsvill have beautiful“simple”
explanationsandwhich explanationswill remaincomplicated?

> Are Natures Laws the sameat all timesand places?Yes, of coursethey are,to good approximationin our experience
Otherwisesciencewould have hadto confronta universethatis in somemannercapricious.But all timesandall places
is avery strongconclusionfor which we cannothave decisve evidence.Many peoplehave beenthinking aboutmultiple
universesn which theremay be differentincarnationsof the basicstructures.

> Can one theoreticalstructureaccountfor “everything, or shouldwe be contentwith partial theoriesusefulin different
domains?Canwe really expecP to have atheorythatappliesfrom the lowestenegiesto the highest,from the smallest
distancedo thegreatest?

All thesequestionsarea bit wooly andmayevenbeundecidablethey couldgenerata lot of blatherandnotleadto ary telling
insights. But we would be mistalento pretendthey arenotthere. Sol urgeyou to spenda little of your time at the summer
institutethinking aboutwhat constitutesa scientificexplanation.

To work towardyour own understandingf the Galileanrelationshipbetweensmall questionsandsweepingnsights,andto
practicepresentinghe significanceof yourwork to thewider world, pleasecompletethefollowing

Exercise Explainin aparagraplortwo how yourcurrentresearclproject
relateso GreatQuestionsaboutNatureor is otherwiseirresistibly fasci-
nating. Be preparedo presentyour answerto a sciencewriter ata SSI
socialevent.

2. ANTICIPATION

2.1. A Decade of Disco very Past

Beforel move onto explore somethemeghatbind togetherthe questionghatour organizershave givenus (andsomeother
topics),| wantto emphasizegain thatwe standon the thresholdof a greatflowering of experimentalparticle physicsand of
dramaticprogressn theory—especiallyhat partof theorythatengageswith experiment.

We particlephysicistsareimpatientandambitiouspeople andsowetendto regardthedecadgust pastasoneof consolidation,
asopposedo stunningbreakthroughsBut an objective look at the headlinef the pasttenyearsgivesus a very impressie
list of discoveries. It is importantthatwe know this for oursehes,andthatwe corvey our senseof achievementandpromiseto
otherst?

"Theparadignof the“string theorylandscapebffersavery particulartake onthis questior{16, 17]. Thestring-theoryandscapandanthropiccosmological
amgumentq 18] seemto meto fall in thetraditionof CharlesSanderdeirces “DesignandChancé, in TheEssentiaPeirce vol. 1 (1867—1893),ed. Nathan
Houserand ChristianKloesel (University of IndianaPress,Bloomington& Indianapolis,1992),p. 215. For a brief descriptionof Peirces evolutionary
cosmologyseelouis Menand,TheMetaphysicaClub: A Storyof Ideasin America(FarrarStrausGiroux, New York, 2001),pp. 275-280.For aplthy critique
of theanthropicapproachseethe shortessayby Paul Steinhardat http://www.edge.org/q2005/q05_print.html#steinhardt

8For oneprovocative definitionof universesseeRef.[19].

9Thisissuehasbeenjoinedrecentlyby FreemarDyson[20] andBrian Greend21].

10Thecitationsthatfollow areto pertinentlecturesat this school ratherthanto the original literature.
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> The electraveaktheoryhasbeenelevatedfrom a very promisingdescriptionto a law of nature. It is quite remarkable
thatin ashorttime we have gonefrom a conjecturectlectraveaktheoryto onethatis establisheésarealquanturrfield
theory testedasa quantumfield theoryat the level of onepermille in mary mary obserables[22]. This achiezement
is truly thework of mary handsjt hasinvolvedexperimentsatthe Z° pole,the studyof et e, pp, andv N interactions,

andsupremelyprecisemeasurementsuchasthe determinatiorof (g — 2),, [23).

> Electraveak experimentshave obsened what we may reasonablyinterpretasthe influenceof the Higgs bosonin the
vacuum[22, 24, 25].

> Experimentsisingneutrinoggeneratedby cosmic-rayinteractionsn theatmosphereyy nuclearfusionin the Sun,andby
nuclearfissionin reactorshave establishesheutrinoflavor oscillations:v,, — v, andv. — v, /v, [26, 27, 28, 29, 30].

> Aided by experimentson heavy quarks,studiesof Z°, investigationsof high-enegy pp, vV, andep collisions,andby
developmentsn latticefield theory we have maderemarkablestridesin understandinguantumchromodynamicgasthe

theoryof the stronginteractions.

> Thetop quark, a remarkableapparentlyelementaryfermion with the massof an osmiumatom, was discoveredin pp
collisions[31, 32].

> DirectCP violation hasbeenobseredin K — nw decay

> Experimentsat asymmetric-engly eTe~ — BB factorieshave establishedhat B°-mesondecaysdo not respectCP
invariance 33].

> Thestudyof type-lasupernwaeanddetailedthermalmapsof thecosmicmicrowave backgroundevealthatwelivein an
approximatehflat universedominatedby dark matterandenegy [34, 35, 36, 37, 38].

> A “three-neutrino’experimenthasdetectedheinteractionsof tauneutrinos.

> Marny experimentsmainly thoseat the highest-enagy colliders,indicatethatquarksandleptonsarestructurelessn the

1-TeV scale.

We have learnedan impressie amountin tenyears,and| find quite striking the diversity of experimentaland obserational
approachethathave broughtusnew knowledge aswell astherichnessf theinterplaybetweertheoryandexperiment.

Now | wantto talk aboutfive themesghatweave togetherthe greatquestionsandsmallthatwe will betalking aboutduring
thesetwo weeks.

3. UNDERSTANDING THE EVERYDAY

Thefirst themeis oneonwhich I amratherconfidentthatwe will make enormougrogresverthe next decadeThatis the
problemof understandinghe everyday the stuff of theworld aroundus. It pertainsto basicquestions:\Why arethereatoms?
Why is therechemistry? Why are stablestructuregpossible?And even, knowing the answerdo thosequestiongyivesus an
insightinto Whatmaleslife possible?

Thosearethegeneraljuestionghatwe areseekingo answemwhenwelook for theorigin of electraveaksymmetrybreaking.
| think thatthebestway to make theconnectioris to considemwhattheworld would belik e if therewereno mechanismiikethe
Higgsmechanismfor electraveaksymmetrybreaking.It’s importantto look at the problemin this way, becausén the public
presentationsf the aspirationof particlephysicswe heartoo oftenthatthe goal of the LHC or alinearcollider is to checkoff
the last missingparticleof the standardnodel, this years Holy Grail of particle physics,the Higgs boson. Thetruth is mud
lessboring thanthat! Whatwe're trying to accomplishis muchmoreexciting, andaskingwhattheworld would have beenlike
without the Higgs mechanisnis away of gettingat thatexcitement.

First, it's clearthat quarksand leptonswould remainmasslessbecausemasstermsare not permittedin our left-handed
world if the electraveaksymmetryremainsmanifestt! We've donenothingto QCD, sothatwould still confinethe (massless)
colortriplet quarksinto color-singlethadronswith very little changen the masse®f thosestablestructuresin particular the
nucleonmasswould be essentiallyunchangedbut the protonwould outweighthe neutronbecausehe dovn quarknow does
not outweighthe up quark,andthatchangewill have its own consequences.

11| assumdor this discussiorthatall thetrappingsof the Higgs mechanismincludingYukawva couplingsfor the fermions,areabsent.
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An interesting,andslightly subtlepoint is that, evenin the absencef a Higgs mechanismthe electraveak symmetryis
brokenby QCD, preciselyby oneof the emegentphenomenave have justdiscussedn §1.2[39]. As we approacHow enegy
in QCD, confinemenbccursandthe chiral symmetrythattreatedthe masslesgeft-handedandright-handedjuarksasseparate
objectsis broken. Theresultingcommunicatiorbetweerthe left-handedandright-handedvorlds engenders breakingof the
electraveaksymmetry Thetroubleis thatthe scaleof electraveaksymmetrybreakingis measuredby the pseudoscaladecay
constanbf the pion, sotheamountof massacquiredby the W and 7 is setby f,, notby whatwe know to bethe electraveak
scale:it is off by afactorof 2500.

But thefactis thatthe electraveaksymmetryis broken, sotheworld without a Higgsmechanism—ut with strong-coupling
QCD—isaworld in whichtheSU(2);, ® U(1)y becomedJ(1).,,. Because¢heW andZ have massestheweak-isospirforce,
which we might have takento be a confiningforcein the absencef symmetrybreaking,is not confining. Betadecayis very
rapid,becaus¢hegaugebosonsareverylight. Thelightestnucleuss thereforeoneneutronithereis nohydrogenatom. Theres
beensomeanalysisof whatwould happerto big-bangnucleosynthesim thisworld; thatwork suggestshatsomelight elements
suchasheliumwould be created 40, 41, 42, 43].*? Becausehe electronis masslessthe Bohr radiusof the atomis infinite, so
thereis nothingwe would recognizeasan atom,thereis no chemistryaswe know it, thereareno stablecompositestructures
like the solidsandliquids we know.

| invite you to explore this scenarioin even greaterdetail. [To do sois at leastaschallengingastrying to understandhe
world wedolivein.] Thepointis to seehow very differenttheworld would be, if it werenotfor themechanisnof electraveak
symmetrybreakingwhoseinnerworkingswe intendto explore andunderstandn the next decade Whatwe arereally trying
to getat, whenwe look for the sourceof electraveaksymmetrybreaking,is why we don' live in aworld sodifferent,why we
live in theworld we do. | think that’s a gloriousquestion.It's oneof thedeepestiuestionghathumanbeingshave ever tried to
engage,andyouwill answetthis question.

Whatcouldtheanswebe?As faraswe cantell, becauseve have aneffectivefieldtheorydescriptiontheagentof electraveak
symmetrybreakingrepresenta novel fundamentainteractionat anenegy of a few hundredGeV. As we parametrizet in the
standarcelectraveaktheory andwe contrive theHiggspotential it is notagaugeforcebut acompletelynew kind of interaction.
We do notknow whatthatforceis.

Whatcouldit be?It couldbetheHiggsmechanisnof the standardnodel,whichis built in analogyto the Ginzlurg—Landau
descriptionof superconduciity. Maybeit is a new gaugeforce. Onevery appealingoossibility—atleastuntil you getinto the
details—isthatthe solutionto electraveaksymmetrybreakingwill belik e the solutionto the modelfor electraveaksymmetry
breaking thesuperconductinghasdransition. Thesuperconductinghaseransitionis first describedy the Ginzburg—Landau
phenomenologybut thenin reality is explainedby the Bardeen—Coopefchriefer theorythat comesfrom the gaugetheory
of QuantumElectrodynamics. Maybe, then, we will discorer a mechanisnfor electraveak symmetrybreakingalmostas
economicabstheQCD mechanisnwe discusse@bove. Oneline thatpeoplehave investicatedagain andagainis thepossibility
thattherearenew constituentstill to be discoveredthatinteractby meansof forcesstill to be discovered,andwhenwe learn
how to calculatethe consequencesf thattheorywe will find our analogueof the BCStheory It could even be thatthereis
sometruly emepgentdescription—athis level—of the electraveakphasédransition,a residuafforce thatarisesfrom the strong
dynamicsamongthe weakgaugebosons.We know thatif we take the massof the Higgs bosonto very large values,beyond
aTeV in the Lagrangianof the electraveaktheory the scatteringamonggaugebosonshecomesstrong,in the sensethat mr
scatteringbecomesstrongon the GeV scale. Resonanceform amongpairs of gaugebosons,multiple productionof gauge
bosonshecomessommonplaceandthat resonantbehaior could be what hidesthe electraveak symmetry We'll alsohear
during thesetwo weeksaboutthe possibility that electraveak symmetrybreakingis the echoof extra spacetimelimensions.
We don't know, andwe intendto find out duringthe next decadevhich pathnaturehastaken.

Onevery importantsteptoward understandinghe new forceis to find the Higgs bosonandto learnits properties.I’ ve said
beforein public,andl sayagain here thatthe Higgsbosonwill bediscoreredwhetherit existsor not. Thatis a statementvith
apreciseechnicalmeaning.Therewill be(almostsurely)aspin-zeroobjectthathaseffectively moreor lesstheinteractionsof
the standard-modedHiggs boson,whetherit is anelementanparticlethatwe putinto to thetheoryor somethinghatemepges

121t would beinterestingto seethis worked outin completedetail.
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from thetheory Suchanobjectis requiredto getgoodhigh-enegy behaior of thetheory

If somethingvill befound,whatisit? How mary arethere?lsits spin-paritywhatwe expect(.J ¢ = 0*+) in theelectraveak
theory? Doesit generatenassfor the gaugebosonsiW and Z alone,or doesit generatemassfor the gaugebosonsandthe
fermions?How doesit interactwith itself?

Therewill beapartyonthedaythe Higgsbosonis discorered,but it will markthebeginningof alot of work!

4. THE MEANING OF IDENTITY

The secondhemehasto do with the castof charactersthe basicconstituent®f matter the quarksandleptons. It involves
the question,"What makesa top quarka top quark,an electronan electron,a neutrinoa neutrino? What distinguisheghese
objects?”Now, maybethisis a Keplerstyle questionthatwe shouldnt beasking,but it is atantalizingquestionin ary event.

Whatdo | meanby this moreprecisely?l meanwhatsetsthe massesndmixingsof the quarksandleptons?This hasto do
with thefamousCKM matrix of quarkmixings,which our colleaguesereandelsevherearemeasuringsoassiduouslyThese
elementsarise,in thestandardnodel,in thecourseof electraveaksymmetrybreakingwith valuessetby thosefamousarbitrary
Yukawva couplingswhosevalueswe don't know exceptby experiment.Whatis CP violationreally trying to tell us? Oneof the
thingsl ammostconfusedaboutis whatdiscretesymmetriesneanwhenthey areexactandwhenthey arebroken. Are parity
violation andCP violation intrinsic defects—oressentiafeatures—othe laws of nature,or do they represenspontaneously
brokensymmetries?

Neutrinooscillations—flaor-changingtransitionsmore generally—g¥e us a new look at the meaningof identity, because
they, too, have to do with fermion massesndidentities. Neutrinomassesanbe generatedn the old ways,throughYukava
couplings,andin new waysaswell [44], sothey may give usa new take onthe problem,andaddrichnesgo it. We oftenhear
thatneutrinomasss evidencefor physicsbeyondthe standardnodel.

I'm hereto tell you thatall fermionmassesstarting with the election mass,are evidencefor physicsbeyondthe standad
model.Thereasorin this: while, in theelectraveaktheoryalittle box popsup andsays,‘Write theelectronrmasshere’; nothing
in theelectraveaktheory—eithemow or atary time in thefuture—isgoingto tell ushow to calculatethatnumber It'snotthat
the calculationis technicallychallengingit is thatthe electraveaktheoryhasnothingto sayaboutfermionmass.All of these
masseare profoundlymysterious.Neutrinomassesould presentan additionalmystery becauseneutrinoscanbe their own
antiparticle which meanghereareotherwaysof generatingneutrinomassesThereis arealenigmahere,onethatwe needto
getour mindsaround.

Maybewe haven't figuredout whatthe patternis becausehereis moreto seein the pattern[45, 46, 47, 48]. Perhapst will
only becomeapparentvhenwe take into accounthe masse®f superpartnerer otherkinds of matter It'sworth remembering
that when Mendele’e madehis periodictable, he constructedt out of the chemicalelementshat had beendiscoreredby
chemists.The chemicalsdiscoveredby chemistsarethe chemicalghathave chemistry;andso Mendele'& didn't know about
helium,neon,argon,krypton,xenon.If youhadtriedto seethepattern youwould have maderealprogresdilling in themissing
elementsput without the noble gasesthatwe now think of asthe lastcolumn,you wouldn't have hadthe cluesnecessaryo
build up, in a systematiavay, the propertiesof the elementspr to guesswhatlies behindthe periodictable. Perhapsve need
to seesomethingnore—ananaloguef the noblegases—beforgve canunderstandvhatlies behindthe pattern.

I'm lessconfidentthatin tenyearswe will getto the bottomof this theme becausé really think thatwe areat the stageof
developingfor ourseheswhatthis questionis. We know very well whatarethemeasurementse'd like to make in B physics,
charmandstrangephysics,andneutrinophysics—whichelementof the mixing matriceswe would like to fill in andwhich
relationshipsve would like to test. But | don't think we've donea satishctoryjob yet of constructingwhatthe big question
is, andwhat the propertiesof the fermionsaretrying to tell us. | think it is very importantthatwe try to think of the quarks
andleptonstogetherto seewhatadditionalinsightsa commonanalysismight bring, andto try to understandvhatthe question
reallyis here.

Amongtheextensiongo thestandaranodelthatmight give uscluesinto thelargerpatternthereis, of course supersymmetry
In commonwith mary extensiongo thestandardnodel,supersymmetripringsusdarkmattercandidate$49]. Supersymmetry
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is very highly developed.It hasanumberof veryimportantconsequencesit is true X First,if thetop quarkis heary andafew
otherthingshappenn theright way, thensupersymmetrpredictsthe condensatiothatgivesriseto the hiding of electraveak
symmetry It cangenerateby the running of massesthe shapeof the Higgs potential. It predictsa light Higgs mass,less
thansomenumberin the neighborhooddf 130, 140, 150 GeV. That's consistentith the currentindicationsfrom precision
electraveakmeasurementsdt predictscosmologicakold darkmatter which seemso beagoodthingto have. It mightleadto
anunderstandingf theexcesq50, 51] of matteroverantimateiin theuniverse[52, 53]. And, in aunifiedtheory it explainsthe
(relative) valuesof the standard-modetouplingconstantsTo seethat, we have to move onto the next theme.

5. THE UNITY OF QUARKS AND LEPTONS

The quarkshave stronginteractionsasyou all know, andtheleptonsdont. Couldwe have aworld madeonly of quarks,or
only of leptons?Therearemary strongreasongor believing thatquarksandleptonsmusthave somethingo dowith eachother
despitetheir differentbehaior underthe stronginteractions.What do they have in common? They areall spiné particles,
structurelesst the currentlimits of resolution. The six quarksmatchthe six leptons.Whatmotivatesusto think of aworld in
whichthe quarksandleptonsarenotjust unrelatedsetsthatmatchby chanceput have adeepconnection?The simplestway to
expressit, | think, is to go backto a puzzleof very long standingwhy atomsaresovery nearlyneutral. This is oneof the best
measureshumberscloseto zeroin all of experimentalscience:atomsareneutralto onepartin 10%2.

If thereis no connectiorbetweenquarksandleptons,sincequarksmake up the proton,thenthe balanceof the protonand
electronchageis just a remarkablecoincidence.lt seemdmpossiblefor ary thinking personto be satisfiedwith coincidence
asanexplanation.Someprinciple mustrelatethe chagesof the quarksandthe leptons.Whatis it? A fancierway of sayingit,
andmoreor lessequivalent,is thatfor the electraveaktheoryto make senseup to arbitrarily high enegies,the symmetrieson
whichit is basednustsurvive quantuncorrections.Theway we saythatis thatthetheorymustbefree of anomalies—quantum
correctionsthat breakthe gaugesymmetryon which the theoryis based. In our left-handedworld, thatis only possibleif
weak-isospirpairsof colortriplet quarksaccompan weak-isospirpairsof color-singletleptons.For thesereasonsit is nearly
irresistibleto considera unifiedtheorythatputsquarksandleptonsinto a singleextendedfamily.

Onceyou've donethat,it's a naturalimplicationthatprotonsshoulddecay Althoughit’s a naturalimplication,it maynotbe
unavoidable becauseve don't know which quarksgo with whichleptons.If youlook atthetableschiseledn marbleoutin the
hallway to celebratehe Nobel Prizeof 1976,you will seethatthe up anddown quarksgo with the electronandits neutrino.
We have no experimentabasisfor thatarrangement just reflectsthe orderin which we metthe particles. For all we know,
thefirst generatiorof quarksgoeswith thethird generatiorof neutrinos.Supersymmetrys interestingin this context because
it setsanexperimentatargetthat’s not sofar avay—anorderof magnitudeor two away: Perhapshattargetprovidesenough
stimulus—ifwe canthink of how to build amassve, low-backgroundpparatusitfinite cost—togo thenext orderof magnitude
or two in sensitvity, perhapgo find evidencefor protondecay which would be the definitive proof of the connectiorbetween
guarksandleptons.

Couplingconstantanify in theunifiedtheory At somehigh scale whosevaluewe mightdiscoverin somefuturetheory all
thecouplingshave acertainvalue. Thediffering valueswe seeatlow enegy for theU(1) associateavith weakhyperchage, the
SU(2) associatedvith weakisospin,andthe SU(3) associateavith color comeaboutbecausef the differentevolution given
by the differentgaugegroupsandthe spectrunof particlesbetweerup thereanddown here. In this senseve canexplain why
the stronginteractionsarestrongon a certainscale.

Oneway of thinking aboutthe masse®f the quarksandleptonsis to imaginethatthe patternjust looksweird to usbecause
we are examiningthe fermion massest low enegies. Massesun with momentumscalein a way analogougo the running
of coupling constants.So possibly if we look at very high enegies,we will seea rational patternthat relatesone massto
anotherthroughClebsch—Gordaroeficients or someothersymmetryfactors. Thereare examplesof this. One of the nice

13By which| meanif it is trueandrelevantonthe 1-TeV scale.Supersymmetrmight betrueandshapephysicson the Planckscalebut have nothingdirectly
to dowith theseissues.
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fantasystudiesfor thelinearcollider is measuringnasse®f superpartners/ell enoughat low enegiesto have the courageto
extrapolatethemover fourteenor fifteenordersof magnituden enegy, to seehow they cometogethef54].

6. GRAVITY REJOINS PARTICLE PHYSICS REJOINS GRAVITY REJOINS ...

We particlephysicistshave neglectedgravity all theseyears andfor goodreason If wecalculatearepresentadie processkaon
decayinto apionplusagraviton for example,it'seasyto estimatehattheemissiorof agraviton is suppresselly Mk / Mpjanck-
ThePlanckmasSMpianck = (hc/Gl\Iewton)l/2 ~ 1.22 x 10" GeV) is abig numberbecausdewton’s constants smallin the
appropriateunits. A dimensionakstimatefor the branchingfractionis B(K — 7G) ~ (Mg /Mpianck)? =~ 10738, It will be
alongtime beforethe single-azentsensitvity of any kaonexperimentreacheshis level! And that's why we have beenableto
safelyneglectgravity mostof thetime.

All of ushave greatrespector thetheoryof gravity, becausé wasgivento usby EinsteinandNewton andthegods,whereas
we know the peoplewho madethe electraveaktheory andso it's naturalto think that gravity mustbe true. But from the
experimentalpoint of view, we know very little aboutgravity at shortdistanceg55|]. Down to a few tenthsof a millimeter,
elegantexperimentg 56, 57] usingtorsionoscillatorsand microcantileersexcludea deviation from Newton’s inverse-square
law with strengthcomparablédo gravity’s. The techniquesandthe boundsarevery impressive! But at shorterdistancesthe
constraintgleteriorateapidly, sonothingpreventsusfrom consideringchangeso gravity evenonasmallbut macroscopiscale.
Even afterthis new generatiorof experimentswe have only testedour understandin@f gravity—throughtheinverse-square
law—up to enepgiesof 10 meV (yes, milli-electronvolts), somefourteenordersof magnitudebelow the enegiesat which we
have studiedQCD andthe electraveaktheory Thatdoesnt meanthata deviation from the inverse-squartaw is just around
the corner but experimentplainly leavesan openingfor gravitational surprises.Indeed,it is anopenpossibility thatat larger
distancegshanwe have obsened astronomicallygravity might deviate from theinverse-squaréaw. Thereis a hugefield over
which gravity might be differentfrom Newton’s law, andwe wouldn't have discoreredit yet.

Now, in spiteof thefactthatwe have hadgoodreasorto neglectgravity in our daily calculationsof Feynmandiagramswe
have alsobeenkeenly aware that gravity is not always negligible. In moreor lessary interactingfield theory andcertainly
in onelike the electraveak theory wherethe Higgs field hasa nonzerovalue thatfills all of space,all of spacehassome
enegy density In the electraveaktheory thatenegy densityturnsoutto bereally large. If you calculateit, you find thatthe
contritution of theHiggsfield's vacuumexpectatiorvalueto theenegy densityof theuniverseis oy = M v?/8, whereM is
theHiggs-bosormassandv ~ 246 GeVis thescaleof electraveaksymmetrybreaking.A vacuumenegy densitycorresponds
to acosmologicatonstantA = (87Gnewton/c?) 0vac iN Einsteins equationsWe've known for avery long time thatthereis not
muchof a cosmologicakconstantthatthe vacuumenegy hasto lessthanabouto,,. < 10~4¢ GeV*, a very little number It
correspondso ~ 10 MeV/¢ or 10-2° gcm~—3. Evenin theblackestheart,thereis notmuchdarkenegy!

But if we usethe currentlower limit on the Higgs-bosommass, My 2 114 GeV, to estimatethe vacuumenegy in the
electraveaktheory wefind o5 = 108 GeV* . Thatis wrongby no lessthanfifty-four ordersof magnitude!This mismatchhas
beenknown for aboutthreedecadesThatlong ago, Tini Veltmanwasconcernedhatsomethingundamentalvasmissingfrom
our conceptiorof the electraveaktheory For mary of us,thevacuumenegy problemhasbeena chronicdull headachéor all
thistime.

This raisesaninterestingpoint abouthow sciences done,andhow scienceprogresseswWe could, all of us,have said,“The
electraveaktheoryis wrong, let's put it aside.” Think of all that we wouldnt know, if we had followed that course. We
cant forget aboutdeepproblemslik e the vacuumenepy conflict, but we have to have the senseto put themaside,to defer
considerationuntil the right moment.In the simplestterms,the questionis, “Why is emptyspacesonearlymassless?Thatis
a puzzlethathasbeenwith usrepeatedlyin the history of physics,andit is onethatis particularlypointednov. Maybenow
shouldbethetime thatwe returnto thevacuumenegy problem.

Over the lastfew years,we have a new wrinkle to the vacuumenepy puzzle,the evidence—withina certainframework of
analysis—fora nonzeracosmologicaktonstantrespectinghe boundsciteda momentago. Thatdiscovery recastghe problem
in two importantways. First, insteadof looking for a principle thatwould forbid a cosmologicatonstantperhapsa symmetry
principlethatwould setit exactlyto zero,now we have to explainatiny cosmologicatonstantWhethemwe dothatin two steps
or onestepremainsto be seen.Secondfrom the point of view of the dialogueamongobsenationandexperimentandtheory
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now it looksasif we have accesso somenew stuff whosepropertiesve canmeasureMaybethatwill give usthe cluethatwe
needto solve this old problem.

We now cometo the questionof how we separatehe electraveak scalefrom higherscaleq58]. Thisis a realmin which
we haven't neglectedgravity all along,becauseve have wantedto think of the electraveaktheoryasa truly usefuleffective
theory andwe have known thatwe livein aworld in whichtheelectraveakscaleisn’t the only scale.We have takennoteof the
Planckscaleandtheremaybeaunificationscalefor strong,weak,andelectromagnetinteractionsfor all we know, thereare
intermediatescaleswhereflavor propertiesaredeterminecandmassesireset.

We know thatthe Higgs-bosommassmustbe lessthana TeV, but the scalatmmasscommunicatesjuantum-mechanicallyith
the otherscaleshat may rangeall the way up to 10'® GeV. How do we keepthe Higgs-bosormassfrom being polluted by
thehigherscales?That's theessencef the hierarclty problem.We've dealtwith this, for twenty-five yearsor so, by extending
the standardnodel. Maybethe Higgs bosonis a compositeparticle,maybewe have broken supersymmetrghattempershe
guadraticdivergencesn the runningof the Higgs-bosormass,maybe. ... Now, becausef the obsenation thatwe haven't
testedgravity up to very high enegies,it hasbecomefashionabldo turn the questionaroundandaskwhy the Planckscaleis
somuchbiggerthanthe electraveakscale ratherthanwhy the electraveakscaleis solow. In otherwords,why is gravity so
weak?

7. ANEW CONCEPTION OF SPACETIME

Thatline of investigation hasgivenrise to new thinking, part of it connectedvith a newv conceptionof spacetime.What
is in play here,again, is a questionso old that, for a long time, we hadforgottenthat it wasa question: Is spacetimeeally
three-plus-onelimensionalVhatis our evidencefor that? How well do we know thattherearenot other extra, dimensions?
What mustbe the characteiof thoseextra dimensionsandthe characterof our ability to investigatethem, for themto have
escapeaur notice?

Could extra dimensionse present?Whatis their size? Whatis their shape?Whatinfluencedo they exert on our world?
(Becausedf they have no effect, it almostdoesnt matterthatthey exist.) Are the extra dimensionsvherefermion massesre
set,or electraveaksymmetryis broken,or what? How canwe mapthem?How canwe attackthe questionof extradimensions
experimentally?

| will give you justtwo examplesof new waysof thinking thatarestimulatedoy the notionthatadditionaldimensionshave
eludeddetection.Theseareboth probablywrong,andthathardly matters because¢hey aremind-expanding.

Perhaps,n contrastto the strongand electraveak gaugeforces, gravity can propagte in the extra dimensions—inall
dimensionsbecausd is universal.Whenweinspectheworld onsmallenoughscaleswewill seegravity leakinginto theextra
dimensions Thenby Gausss law, the gravitationalforcewill notbeaninverse-squarkaw, but will be proportionalto 1/72+7,
wheren is the numberof extra dimensions.Thatwould meanthat, aswe extrapolateto smallerdistancesor higherenepies,
gravity will notfollow the Newtonianform forever, aswe corventionallysuppose Below a certaindistancescale,it will start
evolving morerapidly; its strengthwill grow faster Thereforeit might join the otherforcesat a muchlower enegy thanthe
PlanckscalewehavetraditionallyassumedThatcouldchangeourperceptiorof thehierarcly problementirely That'sawaywe
hadnt thoughtaboutthe problembefore. It hasstimulatedalot of researclhinto how we mightdetectextradimensiong59, 60].

Perhapsxtra dimensionffer a new way to try to understandermion masse$61]. Oneof the greatchallenges—bgond
the fact that we don't have a clue how to calculatefermion masses—ishat the fermion massesave suchwildly different
values. In units of v/+/2, the massof the top quarkis 1, the massof the electronis a few x10~%, andsoon. How cana
reasonabl¢heorygeneratesuchbig differencesSupposefor simplicity, thatspacetiméiasoneadditionaldimension.In that
extra dimension,wave paclets correspondo left-handedandright-handedermions. For reasongo be suppliedby a future
theory eachwave pacletrideson adifferentrail (is centeredn a differentvalueof thenew coordinate;,,..,). It is theoverlap
betweena left-handedwave paclet, a right-handedvave paclet, andthe Higgs field—assumedo vary little with z,.,—that
setsthe masse®f the fermions. If the wave pacletsare Gaussiar{how elsecouldthey be?) thenthey needonly be offsetby
alittle in orderfor the overlapintegral to changeby alot. | don't know whetherthis story canpossiblyberight, but it is very
differentfrom ary otherstorywe have told oursehesaboutfermionmasseskor thatreason] think it is animportantopening.
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Otherextra-dimensionatlelightsmaypresenthemseles,providedthatgravity is intrinsically strongbut spreadutinto mary
dimensions.Tiny black holesmight be formedin high-enegy collisions[62]. We might have the possibility of detectingthe
exchangeor emissionof gravitons—notasindividual gravitons, but astowersof them[63].14 At all events,gravity is hereto
stayin particlephysics. It's beenpresenfor yearsasa headachen theform of the hierarcly problemandin the challengeof
thevacuumenepy problem.Now it is perhapgpresentingtself asanopportunity!

8. THE DOUBLE SIMPLEX

As | intimatedin §1.1, | have beenconcernedor sometime with the prevailing narronv view of the goalsof our science.
It is troubling, to be sure,whenwe readin the popularpressthat the sole objectof our ende&orsis to find—to checkoff, if
you will—the Higgs boson,the holy grail (at leastfor this month)of particle physics!® Whatis moretroublingto me, the
shorthandbf the Higgs searchnarravs the discoursewithin our own community In responsel, have begunto evolve a visual
metaphorthe doublesimplex—for whatwe know, for whatwe hopemight be true, andfor the openquestiongaisedby our
currentunderstandingWhile | have a deeprespecfor therefinersfire thatis mathematicsl, believe thatwe shouldbe ableto
explainthe essencef ourideasin language®therthanequations. interpolateca brief animatedoverview [64] of thedouble
simplex!® at this pointin my lecture. For a preliminaryexpositionin a pedagogicasetting,seeRef. [65]. A morecomplete
explanationof the aimsof particlephysicsthroughthe metaphorof the doublesimplex is in preparation.

9. ANTICIPATION

9.1. A decade of disco very ahead

| spole atthebeginningof thehouraboutthedecadeof discoveryjustachieved. | believe thatthedecadeaheadwill beareal
goldenageof explorationanddiscovery:.

> Wewill makeathoroughexplorationof thel-TeV enegy scalesearctor, find, andstudytheHiggsbosororits equivalent;
and probethe mechanisnthat hideselectraveaksymmetry Decisive progresswill comefrom our (anti)proton-proton
colliders,notablythe Large HadronCollider at CERN, but we ervisagea TeV-scaleelectron-positrotinear collider to
give usa secondook, througha differentlens?’

> We will continueto challengethe standardnodels attribution of CP violation to a phasein the quarkmixing matrix,
in experimentsthat examine B decaysand rare decays—omixing—of strangeand charmedparticles. Fixed-taget
experimentsaswell aset e~ andp®p colliders,will contritute.

> New acceleratogeneratecheutrinobeamsfogethemith reactorexperimentsaandthe continuedstudyof neutrinosfrom
naturalsourceswill consolidateour understandingf neutrinomixing. Double-beta-decagearchesnay confirm the
Majorananatureof neutrinos. And do not dismissthe possibility that three neutrinoswill not suffice to explain all
obsenations!

> Thetop quarkwill becomeanimportantwindow into the natureof electraveaksymmetrybreaking,ratherthana mere
objectof experimentalesire.Single-topproductionandthetop quark’s couplingto the Higgssectomwill beinformative.
Hadroncolliderswill leadtheway, with the LC openingup additionaldetailedstudies.

> Thestudyof new phase®f matterandrenavedattentionto hadronicphysicswill deeperourappreciatiorfor therichness
of QCD, andmight even bring new ideasto the realmof electraveaksymmetrybreaking'® Heavy-ion collisionshave a

14In thecolloquycitedin §1.3, FreemarDysonassertshatwe don't needaquanturrtheoryof gravity becaussinglegraviton emissiorcannever bedetected.
We would saythatheis mistalen, but the dialoguerevealsaninterestingcontrastof stylesandworld-views.

15| saythis assomeonevhoseobsessiomith electraveaksymmetrybreakingis no secret!

16Any resemblancéo Keplers stellaoctangulais purely coincidental.

11t is wrongto say aswell-meaningpeoplesometimeslo, thatthe LHC is a bluntinstrumentandthe LC a scalpel.A moreaptanalogyis to the suiteof
telescopes—radianfrared,optical, ultraviolet, X-ray, etc.—thatenrichastronomicabbsenations. Eachinstrumenis mademorecapabley thedialoguewith
its companions.

18t bearsrepeatinghatwe owe mostof ourideasaboutelectraveaksymmetrybreakingto the superconductinghasetransition.
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specialrole to play here,but ep collisions, fixed-tagetexperimentsandp®p ande™ e~ collidersall arecontritutors.

> Plannedliscoveriesandprogrammatisuneyshavetheir(important!) place butexplorationbreakghemoldof established
ideasandcanrecastbur list of urgentquestionvernight. The LHC, notto mentiona wholerangeof experimentdown
to tabletopscale will make thecomingdecadeneof thegreatvoyagesnto theunknovn. Amongtheobjectveswe have
alreadypreparedn greattheoreticaldetail are extra dimensionsnew strongdynamics supersymmetryandnew forces
andconstituentsAny oneof thesewould give usanew continentto explore.

> Protondecayremainghemostpromisingpathto establisttheexistenceof extendedamiliesthatcontainbothquarksand
leptons.Vastnewn undegrounddetectorswill berequiredto pushthe sensitvity frontier.

> Wewill learnmuchmoreaboutthecompositiorof theuniverse perhap®stablishinghenatureof someof thedarkmatter
Obsenationsof type la supern@ae,the cosmicmicrowvave backgroundandthe large-scalestructureof the universewill
extend our knowledge of the fossil record. Undegroundsearchesnay give evidenceof relic dark matter Collider
experimentswill establisithe characteof dark-mattercandidatesndwill make possiblea moreenlightenedeadingof
thefossil record.

Thesdfew itemsconstituteastaggeringlyich prospectu$or searctanddiscoveryandfor enhancedinderstandingExploiting
all theseopportunitieswill requiremary differentinstrumentsaswell asthetoil andwit of mary physicists. FredGilman[66]
will offer a roadmapto the future at the end of the school,but it is plain that one of our greatchallengess to think clearly
aboutthediversity of our experimentalnitiatives,andaboutscalediversity of thoseinitiatives. It is relatively easyto write the
majorheadlineof the programwe would lik e to see.But how do we createtheinstitutionsthatyearafteryearmake important
measurementsklow do we createthe next setof GreatesPuzzles?That,it seemgo me, is avery significantissuefor people
whowill bepartof ourfield overthenext thirty years.

| leave youwith alist of advanceghat! believe canhapperoverthenext decadeor so. | putup my list for the samereason|
think, thatthe organizersof the schoolgave you their list—becaus¢henyou canobjectto it, andmake your own! Wewill ...

Understancklectraveak symmetrybreaking,Obsenre the Higgs boson,Measureneutrinomassesand mixings,
EstablishMajorananeutrinosthroughthe obsenation of neutrinolesslouble-betalecay Thoroughlyexplore CP
violationin B decaysExploit raredecayq K, D, ...), Obsene the neutrons permanentlectricdipole meoment,
andpursueheelectronselectricdipolemomentUsetopasatool, Obserenen phasesf matter Understandhadron
structuregquantitatvely, Uncoverthefull implicationsof QCD, Obsene protondecay Understandhebaryonexcess
of theuniverse,Cataloguaghe matterandenegy of the universe Measurethe equationof stateof the darkenegy,
SearcHor new macroscopiforces Determinghegaugesymmetnthatunifiesthestrongweak,andelectromagnetic
interactions Detectneutrinosfrom the universe,Learnhow to quantizegravity, Learnwhy emptyspaceis nearly
weightlessTesttheinflation hypothesislUnderstandliscretesymmetryviolation, Resohe the hierarcly problem,
Discover new gaugeforces,Directly detectdark-matteiparticles Exploreextra spatialdimensionspnderstandhe
origin of the large-scalestructureof the universe,Obsene gravitational radiation,Solve the strongCP problem,
Learnwhethersupersymmetrypperaten the TeV scale,SeekTeV-scaledynamicalsymmetrybreaking,Search
for new strongdynamics Explainthe highest-enagy cosmicrays,Formulatethe problemof identity; . . .

...andlearntheright questiongo ask!

10. NATURE'S NEGLECTED PUZZLES

I've givenyou my view of how our puzzlesandopportunitiesand cluesfit togethey of how we might think aboutour field
andevolution. The organizershave given you their picture,with tenthemesfor ten daysof our school. To encouragdively
participationanddebate) issued. ..

The NNP Challeng: Proposea questionnot on the SS12004list, and
explain briefly why it belongsin the pantheorof Natures GreatesPuz-
zles[67].
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The contestwasopento ary studentatthe SLAC Summernnstitute—aiybodywilling to proposea new questionto bejudged
by ourinternationabanelof experts.

| presentedherewardfor the BestEleventhQuestionon WednesdayAugust11 to SISSA/SLAC graduatestudentyasaman
Farzan for herquestionaboutthe validity of Poincag invariance:

To whatextentis Poincaré symmetryexact? Looking backon the history
of sciencediscoveringthatdifferentsymmetriesrenotexacthasushered
in anew era. Poincaé symmetryis particularlyinterestingbecausét is
currentlyconsideredhe mostsacredgeometry Moreover, its evolution
to theform we learnabouttodayhasmarkedgreatrevolutionin physics,
in thepast.

Yasamars trophy, a bottle of California’s finestsparklingwine 1° bearsthe autographf Nobel LaureatesMartin Perl and
Burton Richter; SLAC notableslonatharDorfan, PersisDrell, Sid Drell, andVeraL tith; High Enegy PhysicsAdvisory Panel
Chair Fred Gilman; SLAC Summerinstitute organizersJoAnneHewett, JohnJaros,Tune Kamae,and CharlesPrescott;and

my own. Evenmore preciouswasthe opportunity—needve say obligation—topresentanddefendthe besteleventhquestion
in aneleven-minutetalk at thatday’s afternoonDiscussionSession.Padova studentMarco Zanettiand ColoradoState/UCSD
studenfThomasTopelrecevedspecialcommendationor their questionsn the natureof time andthe mechanisnmhatbreaks
the strong—electrweaksymmetry Their prizesarecopiesof PeterGalisons recentbook, Einsteins Clodks, Poincare’s Maps:

Empiresof Time Thanksandcongratulationso all [68] who enteredhe Challenge!
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