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ABSTRACT

With the startof Run II at the FermilabTevatrona hostof new physics
opportunitiesareopened. In this paperwe will review the prospectsfor
physicsat the CDF andDØ experiments.Topics rangingfrom QCD, to
electro-weakprecisionmeasurements,to top-quarkphysics,to searchesfor
theHiggsbosonandsignalsof physicsbeyondtheStandardModelwill be
discussed.B-Physicsat theTevatronis coveredin a separatecontribution
to theseproceedings.We will outlinehow upgradesto theacceleratorand
thedetectorsmake thesestudiespossiblewith precisionshigherthanever
achieved previously andwill show resultsfrom the �rst datacollectedin
RunII. Theseresultsgiveuscon�dencein ourability to achieveambitious
physicsgoals,andpoint theway towarda bright futurefor theTevatron.
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1 Intr oduction

“High energy physicsis a particularlyexciting �eld right now.” We haveall heardthat

statementso many times that it hasbegun to ring ratherdesperatelyin our ears. In

this case,however, theBellmanis right.1 We are on thevergeof makingfundamental

advancesin ourunderstandingof questionsthatareof interestevento ournon-physicist

friends. Why is theremassandhow doesit arise?Why isn't theremoreantimatter?

How is matterput together? None of thesequestionsare addressedby the current

StandardModel of particleinteractions(SM) although,up to now, it hassucceededin

accuratelypredictingthousandsof experimentalmeasurements2 (with theexceptionof

�nite neutrinomasses).

Within thenext decade,thissituationwill almostcertainlychange.Ourunderstand-

ing of themechanismof massgeneration,which,in theSM, is tiedupwith thebreaking

of symmetrybetweenelectro-magneticandweakinteractions,will take a hugestride

forwardwith thediscovery(or exclusionaltogether)of theHiggsboson,theonly inhab-

itantof theSM zooyet to beobserved.Will thiselusiveparticlehaveall theproperties

predictedby the SM? Or will its characteristics�t betterwith thosepredictedby ex-

tensionsof theSM?Perhapsit doesn't exist at all andsomeothermechanismwill be

foundto breaktheelectro-weaksymmetry?

Answeringthesequestionsde�niti vely is within thegraspof experimentsnow run-

ning or beingbuilt. It will requirea multi-prongstrategy though,with directsearches

for Higgs-like particlesbeingcomplementedwith predictionsof the Higgs properties

usingprecisionmeasurementsof otherelectro-weakparameters(for example,theW-

bosonand top-quarkmasses)and measurementsof rare decays(especiallythoseof

heavy particlessuchas� , bandt).

Electro-weaksymmetrybreakingis not theonly phenomenonthatshouldyield se-

cretsin thecomingyears.Theoverwhelmingpreponderanceof matterin theobservable

universeis aneffectthatis intimatelyconnectedwith theviolationof CPsymmetry. All

indicationsarethat theCPviolation presentin theStandardModel is not suf�cient to

explain theobservedasymmetrybetweenmatterandantimatter.3 However, sourcesof

CP violation beyond thosein the SM maywell contributehere. Studiesof B-hadron

andkaonpropertiesaswell asneutrinooscillationsarecrucial to this understanding,

andagain,experimentstakingdatanow or in thenearfutureshouldclarify thisquestion

substantially.

Finally, knowing how themassesof quarks,leptonsandbosonsariseandthe link



betweenthisprocessandelectro-weaksymmetrybreakingstill doesnot tell uswhy the

protonhasthemassit does.To understandthis, we mustunderstandthe intricaciesof

the stronginteraction.This hasbeena long processfor which importantinformation

will begatheredin theexperimentsrunningover thenext few years.

Looking over this list of fundamentalquestionsit' s easyto seewhy the Fermilab

Tevatronwill be a focal point of high energy physicsfor yearsto come. After a suc-

cessfuldatatakingperiodfrom 1992–1996(RunI), whichsaw, amongotherthings,the

discoveryof thetopquark,4 theTevatronstartedanew eraof datatakingin March2001

(RunII). In RunII proton-antiprotoncollisionsoccurin theCDF andDØ detectorsat

acenterof massenergy of 1.96TeV, which representsthehighestenergy availableata

collider. We canusetheseinteractionsto studyall of thequestionsabove: from direct

Higgssearchesandsearchesfor particlesbeyond thosepredictedin theSM, to preci-

sion measurementsof SM parameters,to studiesof B-physicsandCP violations, to

sensitive probesof thestrongforceandits theory, quantum-chromodynamics(QCD).

As youwill see,thesestudiesareexpectedto beconsistentlyamongthemostsensitive

availablewith a realchanceof �nding somethingtruly groundbreaking.To understand

why, we will walk throughthe physicsof Run II, with the exceptionof B-physics,

which is discussedseparatelyin theseproceedings.5 We'll startwith abrief discussion

of the Tevatronacceleratorandthe CDF andDØ detectors,especiallycomparingex-

pecteddetectorperformances.We'll thenseehow thesedetectorsareusedto dig out

physicssignalsfrom the large backgroundpresentat a p�p collider. And �nally , we'll

endwith abrief summaryof someof themostinterestingphysicstopicsof RunII, with

predictionsof expectedsensitivities andindicationsfrom the �rst datacollectedasto

how the detectorsareactuallyperforming. Unfortunately, spacelimitations preclude

thediscussionof interestingresultsstill comingfrom Run I dataof theTevatron. So,

with aneye towardthefuture– let'sgetstarted.

2 Run II at Fermilab

2.1 The Tevatron

The FermilabTevatronacceleratorfacility hasbeensubstantiallymodi�ed to achieve

the high luminositiesrequiredby the physicsgoalsof Run II, which beganof�cially

in Marchof 2001.Themainchangeswith respectto previousTevatronrunningarein

thecenter-of-massenergy of thep�p collisions,which hasbeenincreasedfrom 1.8TeV



to 1.96TeV betweenRunsI andII, andin theinstantaneousluminosity, which should

increaseby morethantwo ordersof magnitudewith respectto thevaluesachievedin

Run I. Someof the factorscontributing to thesechangesaredetailedin Table1 (see

Ref. 6).

Becauseof theseacceleratorchangesphysicsprospectsat Run II areimprovedin

two ways. Obviously, the increasein the amountof dataavailablemadepossibleby

increasedRunII luminositieswill allow new analysesto beperformedandwill increase

thestatisticalprecisionof old ones.However, thesmallincreasein CM energyoverRun

I actuallyresultsin asubstantialincreasein cross-sectionfor severalinterestingphysics

channels.For example,cross-sectionsfor W/Z , topquarksandjetswith Pt > 400GeV

will increaseby factorsof 1.1,1.35and2, respectively.

By July, 2002the Tevatronhaddeliveredapproximately50 pb� 1 of datato CDF

andDØ. Of thisdatatheexperimentsrecorded10–20pb� 1, whichwasusedto produce

theresultspresentedat theICHEP02conferencein Amsterdam7 uponwhich thispaper

is based.In the future,Run II datataking is foreseento happenin two main stages–

Run IIa, whereapproximately2 fb� 1 of datawill be collected,andRun IIb, wherea

total integratedluminosityof 10–15fb� 1 is hopedfor. Theexacttiming of thetransition

betweenRunsIIa andIIb will bedeterminedby degradationof theCDFandDØ silicon

detectorswith radiationdoseaccumulatedandis expectedto occuraround2005-2006.

Detailsof themachinegoalsfor RunsIIa andIIb aregivenin Table1.

Table1. A comparisonof theRunI andRunII parametersat theFermilabTevatron.

Run Ib Run IIa Run IIb

typical ! July02 goal goal

Years 92–96 01–05 06–LHC

ECM [TeV] 1.8 1.96 1.96 1.96

Bunches(p� �p) 6� 6 36� 36 36� 36 36� 36(140� 103)

BunchSpacing[ns] 3500 396 396 396(132)

Totalprotons(� 1012) 1.4 9.7 9.7(38)

Totalanti-protons(� 1012) 0.3 1.1 3.4(9.6)

< Interac's/X'ing> 2.5 < 1 2.3 5.5(3.7)

Inst. Lumi. (� 1032 cm� 2s� 1) 0.16 0.2 0.86 2.0(4.1)

Integ. Lumi [fb � 1] 0.125 0.01 2 15



2.2 The Detectors

To take full advantageof the physicspossibilitiesin Run II, both the CDF andDØ

collaborationshavemademajorupgradesto theirdetectors.8,9

CDFhasreplacedtheirRunI silicondetectorwith anew deviceproviding3D track-

ing up to j � j< 2.� Furtherimprovementsin trackingcomefrom a new, fasterdrift

chamberwith 96 layers(COT) andnew Time-of-Flight(TOF)detector. They havealso

signi�cantly enhancedtheircapabilitiesin theforwardregionwith anew plugcalorime-

ter anda new forwardmuonsystem.Finally, they have upgradedtheir triggersystem

andaddedanew tracktriggeratLevel-1,basedoninformationfrom theirdrift chamber

aswell asconstructinganew impactparametertriggeratLevel-2usingdatafrom their

silicon detector. A cut-awayview of theCDFRunII detectoris shown in Figure1.

Trackers: silicon and 
drift chambersEndplug CalorimeterForward Muon

TOF

Solenoid

Central Calorimeter

Central Muon

Fig. 1. TheCDF RunII detector.

The DØ upgradewasalsoan ambitiousproject. The old, non-magnetictracking

� Thepseudo-rapidityis de�ned as� � � ln tan( � =2).



systemwascompletelyreplacedandnow includesasiliconmicro-vertex detectorwith

3D readoutanda centraltracker (CFT) using8 super-layersof scintillating �bers im-

mersedin a2.0Teslaaxialmagnetic�eld. Becauseof theincreasedamountof material

in thetrackingsystem,pre-showerdetectorshavebeenaddedin thecentralandforward

regions. The DØ uranium-liquidargon calorimeterhasbeenretained,but its readout

electronicshave beencompletelyreplaced.The muonsystemin the centralregion is

also largely unchangedfrom Run I. However, trigger scintillator countershave been

addedandthe muonsystemin the forward region hasbeencompletelyreplaced.Fi-

nally, totally new triggeranddataacquisitionsystemshave beeninstalled.A diagram

of theDØ RunII detectoris shown in Figure2.

Fig. 2. TheDØ RunII detector.

Bothdetectorsarenow operatingquitewell, with only someaspectsof theDØ trig-

gersystemremainingto becommissioned.Detectorperformanceis now approaching

designgoalsfor many of the sub-systems.A summaryof someof the performance

goalsin Run II is given in Table2. As canbe seen,the detectorshave beenbuilt to

thehigheststandardsandareexpectedto have largely similar capabilities.Severaldif-



ferencesareworth mentioning,however, asthey highlight the differencesin many of

theanalysesthatwill beperformedby thecollaborations.It shouldbeemphasizedthat

theseperformancedifferencestendto berathersmallwith bothexperimentsexpected

to beableto measurea largerangeof phenomenawith similar precision.

Oneof CDF's mainstrengthsis their superbtrackingsystem.Their excellentmo-

mentumandvertex reconstructionresolutiongive theman advantagein severalareas

of B-physicswhere�nal statesmustbereconstructedusingseveralrelatively low mo-

mentumtracks.DØ, ontheotherhand,hasverystrongcalorimetryandmuondetection

coveringa larger solid anglethanCDF's. This is especiallyhelpful in someanalyses

of physicsbeyond the standardmodelwheremuon,electronand jet acceptancesare

important.Finally, CDFandDØ havesubstantialdifferencesin thephilosophyof their

trigger systems.While both experimentsusea three-level trigger, with the �rst level

usingcustomhardware,the secondusingspecialpurposeCPUsandthe third usinga

farm of PCs,an importantdifferencecanbe found at level-1. Mainly becauseof the

choiceof the silicon detectorreadoutchip, CDF canissuelevel-1 acceptsat ratesup

to 50 kHz, while theDØ level-1 systemis limited to approximately5 kHz. Themain

consequenceof this differenceis thatCDF canconstructa low-Pt track triggeraimed

at suchB-physicstopicsassin2� andBs mixing usingfully hadronicdecays.This

extendedlevel-1ratecapabilityis notexpectedto givemuchadvantagein suchhigh-Pt

topicsasvectorbosons,topandHiggsphysicsandphysicsbeyondthestandardmodel,

though,sincesignalratesherearealreadyquitelow.

Finally, a word aboutcoordinatesystems.Both CDF andDØ usecoordinatesys-

temswith the z-axis pointing alongthe protonbeamdirection,the x-axis away from

the centerof the ring andthe y-axispointing up. Azimuthal angles(in the x � y, or

transverseplane)aregenerallydenotedas� , with r measuringthe distancefrom the

beamline in this transverseplane.Thepolarangle,� , is measuredfrom thez-axisand

pseudo-rapidity, � , is de�ned usingit, asdescribedabove.

3 Physicsand How to Find It

Physicsof interestin proton-antiprotoninteractionsat the Tevatroncomesfrom the

“hard scattering”of a pair of (anti)quarksor gluonsthatmakeup thep and�p. Because

of the large strongcouplingconstant,this hardscatteringis governedalmostexclu-

sively by QCD,which is well-understoodat theseenergies,andgenerallyresultsin the

productionof light quarksor gluonswith subsequentgluonradiation.These�nal-state



Table2. A comparisonof expectedDØ andCDF detectorperformancesin RunII.

DØ CDF

Tracking System

Technologies silicon,scintillating�bers silicon,drift chambers

MagneticField [T] 2.0 1.4

j � j accept. < 3.0(Si),< 1.7(CFT) < 2.0(Si),< 1.0(COT)

Radii [cm] 2.8–10.0(Si),< 52(CFT) 1.6–10.7(Si),< 132(COT)

� Pt /Pt [%] 2 � 0.2Pt 0.7� 0.1Pt

Impactparamres [� m] 13 � 50/Pt 6 � 22/Pt

Primaryvtx res [� m] 15–30(r � � ) 10–35(r � � )

Secondaryvtx res [� m] 40(r � � ), 80(r � z) 14(r � � ), 50(r � z)

MassresJ= ! � + � � [MeV] 27 15

ParticleID pre-shower dE/dx, TOF

Calorimetry

Technologies uranium-liquidAr lead-scint./prop.-chambers

j � j accept. < 4.0 < 3.6

Granularity (� � � ) 0.1� 0.1 0.1� 0.26

EM res. [%] 14/
p

E 16/
p

E

Jetres. [%] 80/
p

E 80/
p

E

Muon System

Technologies drift tubes,scintillator drift chamb's,scintillator

MagneticField [T] 1.8 0 (central)

j � j accept. < 2.0 < 1.5

� coverage [%] > 90 > 80

Shielding int. len. 12–18 5.5–20

Standalone� Pt /Pt [%] 18 � 0.3P —

Trigger System

Hardware L1 customelectronics customelectronics

L2 customCPUs customCPUs

L3 PCfarm PCfarm

Acceptrate L1 [Hz] 5000 50000

L2 [Hz] 1000 300

L3 [Hz] 50 50



Table3. Cross-sections,rates(at L = 2� 1032 cm� 2s� 1), andevent characteristicsof

variousphysicsprocessesat theTevatronin RunII.

Mode X-Sect Rate < E jet
t > < E lept

t > < ME t > Displ. V.

[GeV] [GeV] [GeV] [mm]

Inelasticp�p 50mb 10MHz low none � 0 none

p�p! b�b(j � j< 1) 50 � b 10 kHz � 6 � 1 � 0 few

p�p! WX ! `� X 4 nb 0.8Hz high � 45 � 45 none

p�p! ZX ! b�bX 1 nb 0.2Hz � 45 low � 0 � 5

p�p! t �t! `+(b)jets 2.5pb 1.8/hour � 50 � 45 � 50 � 5

p�p! tX (s-chan) 1 pb 0.7/hour

p�p! tX (t-chan) 1 pb 1.4/hour

p�p! WH ! `� b�b 26 fb 0.4/day � 45 � 45 � 45 � 5

p�p! Z H ! � � b�b 22 fb 0.4/day � 45 none � 70 � 5

partonsthenhadronizeto producetheparticlesobservedin thedetector.

SuchQCDprocessesarereferredto as“low-Pt ” becausethetransversemomentaof

theobjectsproducedin thehardscattertendto have Pt 's smallcomparedto thebeam

energy. More rareevents,suchasvectorboson,top quarkandHiggs productionas

well assignalsof physicsbeyondthestandardmodelarecalled“high-Pt ” becausethey

containobjectswith relatively largePt .

Also presentin any hardscatteringevent at the Tevatronarethe remnantpartons

of the protonandantiproton,which alsohadronizeto form jets of particles,referred

to asthe “underlyingevent”, traveling basicallyalongthe beamdirection. Occasion-

ally, someof theparticlesfrom theunderlyingeventareproducedwith relatively large

transversemomentaand contaminatethe productsof the hard scattering,confusing

eventclassi�cation.

An ideaof theproblemsandopportunitiesfacingthosephysicistsstudyinghighPt

physicsat theTevatroncanbeobtainedby examiningthe�rst threecolumnsof Table3.

Eventratesarehigh enoughthatwe will beableto recordsigni�cant samplesof some

of themostinterestingphysicsprocesses.However, theQCD multi-jet cross-sectionis

huge– 10 ordersof magnitudehigherthantopproduction,for example.

As mentionedbefore,productionof relatively low energy jets by QCD at these



energiesis awell understoodprocess(althoughotheraspectsof QCDobservableat the

Tevatronaremuchmore interesting). Theseeventsarethereforea major obstacleto

gettingat the physicswe don't understand,suchasthat associatedwith the breaking

of the electro-weaksymmetry. The �rst stepin overcomingthis obstacleis to write

interestingeventsto tapefor of�ine analysisata laterstage.Obviously, it is impossible

to do this at the10 MHz rateof QCD events. Sosophisticatedselectionmechanisms

mustbedevelopedto winnow the few interestingeventsthatoccuron a time scaleof

secondsto hoursfrom theoverwhelmingQCDbackground,all atafrequency setby the

p�p bunchcrossingtime of 396ns. This dauntingtaskis the job of the triggersystem,

which is thereforeoneof themostcritical elementsin theexperimentsat theTevatron.

Of�ine, evenmoresophisticatedalgorithmsarerequiredto producecleansamples

of signaleventswith well-understooddetectoreffectsandlow backgroundlevels.This

oftenrequireschoosingspeci�c eventtopologiesfor study, whichalsoimpactsthetrig-

geralgorithmsdevelopedto selecttheseeventsonline. For example,decaysof vector

bosonsto quarksstronglyresembleQCDevents,soonly decaysto leptonsaregenerally

used(seeFigure3 for arepresentativeFeynmandiagram).Thetopquarkdecaysnearly

100%of thetime via t! bW. Again, leptonicdecaysof theW (for at leastoneof the

topsin theevent)tendto give thecleanesteventsamples.An exampleis givenin Fig-

ure3. Finally, Higgsproductionat theTevatronoccursmainly via gluon-gluonfusion

(througha top-quarkloop) with theHiggs thendecayingeitherto b�b (for Higgsmass

lessthanabout130 GeV) or to vectorbosonpairs(for higherHiggs masses).While

leptonicdecaysof thevectorbosonsbeusedto identify Higgseventsin thisproduction

modefor high massHiggses,the b�b �nal stateseenin low massHiggs productionis

swampedby QCD producedb�bpairs.This forcesusto searchfor a low massHiggsin

it associatedproductionmode

p�p! H + W(Z)! b�b+ `� ; qq0(``; � � ; qq)

even thoughthe cross-sectionfor this is lower by almostan orderof magnitudethan

that for thegluon-gluonmode.Feynmandiagramsfor low massHiggsproductionare

givenin Figure4.

Luckily for triggeralgorithmdevelopersandof�ine analyzers,it turnsoutthatthese

interestingphysicschannelsshareareasonablysmallnumberof simpleeventcharacter-

isticsthatallow themto bedistinguishedfrom QCDbackground.Thesecharacteristics

all arisefrom two generalfeaturesof QCDeventsathadroncolliderscontrastedto other

(electro-weak)physicsprocesses.
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Fig. 3. Feynmandiagramsfor W productionwith W! �� (left-side)andtop pair pro-

ductionwith onetop decayingsemi-leptonicallyandthe otherdecayinghadronically

(right-side).

1. The energy scalesof the QCD hardscatteris set by the energy distribution of

partonswithin thep and �p, which arepeakedat low values.This meansthat jets

(andtheir componentparticles)in QCD eventstendto have energiesthatarelow

comparedto thebeamenergy. In contrast,energy scalesin theproductionof such

objectsasweakbosons,top, Higgs andbeyond the SM particlesaresetby the

heavy massof the primaryparticleproduced.Decayproductsof theseparticles

thensharetheirhighenergies.B-physicseventstendtohaveenergiesintermediate

betweenthesetwo extremesassetby theb-quarkmass.

2. Hadronizationof �nal-statepartonsfrom QCDhardscatteringfavorstheproduc-

tion of low massmesonsandbaryonscontaininglight quarks(u, d, s). If unstable,

theseparticlestendto haveeitherveryshortlifetimes(strongor EM) or very long

lifetimes. In addition,their low energy meansthat they do not producehigh Pt

leptonsor neutrinosin their decays.The heavy particlesdiscussedabove, how-

ever, candecayto high Pt leptonsor neutrinos.They alsooftenhave b-quarksin

theirdecaychains.ThesequarksproduceB hadronswith lifetimessuchthatthey

travel several mm's in the detectorbeforedecaying– topologiesthat arerecon-

structibleusingprecisetrackinginformationfrom silicon detectors.

Basedonthesedifferences,ashortlist of distinguishingvariablecanbeconstructed

that allow other physicsprocessesto be distinguishedfrom QCD. Theseare shown

below andtypical valuesfor someof themarelistedin Table3.

1. Jettransverseenergy – E j et
t
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Fig. 4. Feynmandiagramsfor Higgs productionthroughgluon fusion (top diagram)

andassociatedHiggsproductionwith W's andZ 's (bottomdiagrams).

2. Leptontransverseenergy – E lept
t

3. Missing transverseenergy – M E t . This canbe causedby the presenceof high

Pt neutrinos,or othernon-interactingparticles,thatarenotdetectedandtherefore

spoil theenergy balanceof theeventin thetransverseplane.

4. Multi-particle verticesthataredisplacedfrom thepoint at which thep�p interac-

tion happened– DisplacedVertices. Suchverticescanarisefrom the decayof

moderatelylong-livedB-hadronsthatareproducedat theinteractionpoint.

5. High energy photons

Thesevariables,andothersderivedfrom them,form thebasisfor mostof thetrigger

andof�ine algorithmsusedatCDFandDØ.

4 First Resultsand a Look into the Futur e

Having seenwhat theRunII capabilitiesareandgenerallyhow physicsis doneat the

Tevatron,we now turn our attentionto theactualCDF andDØ results.As mentioned

before,only asmallamountof datahadbeenanalyzedatthetimeof theSLAC Summer

Institute(10–20pb� 1) sotheresultsdiscussedhere,whichareall preliminary, giveonly



a tasteof whatcanbedone. We will, therefore,alsoexaminewhatcanbedonewith

RunII dataset,with specialattentionpaidto analysesto watchin thecomingyears.

An enormousamountof work hasgoneinto preparingtheseresultsandpredictions

and justicecertainlycannotbe doneto their beautyandcomplexity in a few pages.

Interestedreadersare encouragedto visit the web sitesof CDF8 andDØ9 for up to

theminuteinformationabouttheexperiments.Thepreliminaryresultspresentedhere

wereall preparedfor theICHEPconferencein Amsterdam.More detailson themcan

befoundin speci�c talksandwriteups(therewere21 from theTevatron)linkedoff of

the ICHEP02web page.7 Summariesweregiven by F. Bedeschi10 andM. Narain.11

Finally, predictionsof CDF andDØ sensitivities weretaken mainly from the Run II

TevatronPhysicsWorking Groups12 andalsofrom someof theresultspresentedat the

2001Snowmassworkshop.13

One�nal note: B-physicsat theTevatronwill not bediscussedin thefollowing as

it is extensively coveredby F. Würthweinin hiscontribution to this conference5 andin

theRunII B-PhysicsWorkingGroupReport.14

4.1 QCD

AlthoughQCDeventshavebeendiscussedmainlyasbackgroundto otherphysicspro-

cessesmany importantstudiesof thestrongforcewill beperformedat theTevatronin

RunII. Amongthesearetestsof (Next-to-)Next-to-Leading-Order, (N)NLO, QCD us-

ing weakbosonPt distributionsandtheangulardistributionof leptonsfrom W decays.

Previousmeasurementsof thesedistributionsarestatisticslimited andmuchmorepre-

cisemeasurementsshouldbepossiblein RunII. Direct photonproductionwill alsobe

usedto testQCD andto measurethe gluon distribution in the protonwhereprevious

resultsareinconsistent.Searchesfor deviationsbetweendataandpredictionsfor well

understoodQCD distributions,suchasthe di-jet invariantmassdistribution, canalso

beusedto detectevidenceof physicsbeyondtheSM. Finally, diffractivephysics,such

asstudiesof thepropertiesof thepomeronshouldalsoprove to bea rich �eld in Run

II.

Aside from theseimportantphysicstopics,QCD remainsa large backgroundfor

many otheranalyses.It mustthereforebethoroughlyunderstoodbeforepreciseresults

canbe obtained. Someof the issuesthat will be addressedherein Run II aremore

precisetuningof MonteCarloeventgenerators,bettermeasurementsof partondistri-

bution functionsusingW Pt distributions,directphotondataandhigh E t jet data,and



developingabetterunderstandingof thepropertiesof variousjet-�nding algorithms.

Work hasalreadybegun on many of thesetopics and �rst physicsdistributions

were shown at the ICHEP02conference.15 As an exampleof the work shown, DØ

hasproducedpreliminaryjet Pt spectraanddi-jet invariantmassspectrafor eventsin

two j � j regions(seeFigure5). Although thesedistributionsusepreliminaryvalues

for the jet energy scaleandarenot fully corrected,they still show evidenceof events

with jet Pt > 400GeV, which is aninterestingregionbothfor partondensitymeasure-

mentsandnew physicssearches.CDF hasalsomadegreatstrides,showing the �rst

comparisonof three-jetproductionwith a NLO QCD predictionat a hadroncollider.

Agreementbetweenthe dataand the NLO QCD predictionfor the Dalitz variables

x i = 2E j et� i =m3� j et is quitegood(seeFigure6). Themeasured,total three-jetcross

sectionin the kinematicallyallowed region, 466� 2+206
� 71 pb alsoagreeswell with the

predictionof 402� 3 pb.
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Fig. 5. DØ preliminaryinclusive jet Pt distribution (left plot) anddi-jet invariantmass

spectrum(right plot).

4.2 W/Z Bosonand Top Physics

Run II is expectedto producesigni�cant advancesin our understandingof the prop-

ertiesof theW andZ bosonsandthe top quark. As canbe seenfrom Table4, event

yieldsfor theseparticlesin RunII will beordersof magnitudemorethanthosein Run

I. This will allow large improvementsin precisionon existing measurementsaswell



Fig. 6. PreliminaryDalitz distributionsof CDF 3-jet data(left plot) andNLO QCD

prediction(right plot).

asopeningup somenew areasof study. A summaryof someof the mostinteresting

electro-weakmeasurementsin RunII, comparedto RunI resultsandexpectationsfrom

theLargeHadronCollider (LHC), arealsogivenin Table4.

Severaltopicsdeserve speci�c note.Measurementof theforward-backwardasym-

metry in Z ! `+ ` � eventswith the Run IIb datasetwill allow a determinationof the

sin2 � W to a precisioncomparableto thecurrentworld average.Theprecisionon the

massmeasurementof theW andthetop quark,for eachexperiment,will beimproved

to approximately30 MeV and3 GeV respectively in RunIIa. Thesevariablesaresen-

sitive to theHiggsmassbecauseof loopcorrections.ComparingtheHiggsmassvalue

predictedfrom M W , M t andotherelectro-weakvariablesto thevaluethat is found if

theHiggs is observedwill bea stringenttestof whethertheobservedHiggs is aspre-

dictedin theSM. Measuringthedecaysof thetop to a longitudinallypolarizedW and

a b-quarkwill provide a testof theV � A structureof theweakinteractionin the top

sector. Finally, a new areathat will openup in Run II will be single-topproduction

throughW-bosonexchangein thes- andt-channels.Feynmandiagramsfor thesepro-

cessesareshown in Figure7. This will allow, for the �rst time, a directmeasurement

of theCKM matrixelementj Vtb j. Predictionsfor theprecisionof thesemeasurements

comparedto currentandfuturevaluesaregivenin Table4.

CDF and DØ have produced�rst resultson the road to theseexciting measure-



Table 4. Expectedevent yields and measurementprecisionsfor variousW, Z and

t-quarkobservablescomparedthecurrentstatusandpredictionsfrom theLHC.

Measurement Curr ent Run II / exp. LHC

(2 fb� 1) (15 fb� 1) (10 fb� 1)

reconstr. W! `� 77k 2300k 17250k 6� 107

reconstr. Z ! `+ ` � 10k 202k 1515k 6� 106

reconstr. p�p! t �t! `+jets � 20 � 800 � 6000 8� 105

reconstr. p�p! tX 0 � 150 � 1200 1.7� 104

(Ref. 16) (Ref. 16) (Ref's 18,19)

� sin2 � W 5.1� 10� 4 4� 10� 4 1.4� 10� 4 (100fb� 1)

(Ref. 20) (Ref. 21) (Ref. 21)

� MW [MeV] 39 27 17 10

� M t [GeV] 5.1 2.7 1.3 < 2

(Ref. 22) (Ref. 23) (Ref's 18,19)

� MH /MH [%] 58 35 25 18

(Ref. 23)

� BR(t! Wob) [%] 42 9 4 1.6

(Ref. 24) (Ref. 17) (Ref. 19)

� (p�p! tX ) < 13.5pb 20% 8%

j Vtb j — 12% 5% < 5%(100fb� 1)

(Ref. 25) (Ref. 17) (Ref. 19)
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ments.16,17 Hundredsof Z ! `+ ` � andthousandsof W! `� eventshavebeenobserved

(seeTable5) andCDF haseven observed a W! � � signalasan excessof one-and

three-trackjets (most � decayshave one or threecharged particles)in eventswith

narrow jetsconsistentwith W! � � production(seeFigure8). First measurementsof

cross-sectiontimesbranchingratio have alsobeenmadefor bothW andZ production

in theelectronandmuonchannelsasshown in Table5 andFigure9. Thesemeasure-

mentsarequiteconsistentwith theoreticalpredictionsandshow clearly theevolution

of thecross-sectionwith energy whencomparedwith previousmeasurements.

A preliminarymeasurementof theW width hasalsobeenmadeby bothcollabora-

tionsusingthe ratio of theW to Z cross-sectiontimesbranchingratio measurements

(seeTable5). Thistechniquereliesoninput from LEPfor theZ ! e+ e� branchingratio

andfrom theoryfor a predictionof theW/Z cross-sectionratio andis not theultimate

methodthat will be usedto determinethis quantityusingRun II data. However the

goodagreementwith thetheoreticalpredictionis anindicationthatweareon theright

trackto makingcompetitivemeasurementsusingW'sandZ 's.

Preliminaryresultsfor otherproductionpropertiesof vectorbosonsarealsobeing



Table5. Numbersof candidateW andZ eventsin theelectronandmuondecaychan-

nelsobservedby CDF andDØ. Also shown arepreliminarymeasurementsof W and

Z productioncross-sectiontimesbranchingratiomeasurementswith errorsfrom event

statistics,systematicsandtheluminositymeasurement,in thatorder.

Channel Candidates � � B R [pb]

CDF DØ CDF DØ

W! e� 5547 9205 2600� 30� 130� 260 2670� 60� 330� 270

Z ! e+ e� 798 328 — 266� 20� 20� 27

W! �� 4561 — 2700� 40� 190� 270 —

Z! � + � � � 170 � 57 — —

� W [GeV] 2.118� 0.04222 1.67� 0.24� 0.14 2.26� 0.18� 0.29� 0.04

(world ave) (� stat,syst) (� stat,syst,theory)

made. CDF hasproduceda �rst distribution of the forward-backward asymmetryvs

e+ e� invariantmassfor Z ! e+ e� events.Remember, thatthiscanbeusedto determine

sin2 � W . Althoughstatisticsarestill limited, thedataagreesquitewell with theoretical

expectationsascanbeseenin Figure10.

On the top quark side, DØ hasbegun the processby examining W+jets events.

Theseare interestingfor many analyses,with top eventsinhabiting the W+� 3-jets

sampleandHiggspossiblyshowing upin W/Z+� 2-jets.Althoughstatisticsarestill to

low to haveobservedany topevents(let alonetheelusiveHiggs)theDØ datashown in

Figure11 indicatethatwehavemadeastrongstart.

4.3 The Higgs

Oneof themostexciting prospectsfor RunII at theTevatronis thepossibilityof dis-

coveringtheHiggs.Theopportunityis evidentfrom anexaminationof Figures12 and

13. Figure12, which is theLEP ElectroweakWorking Group�t of theHiggsmassto

precisionelectro-weakobservables,20 indicatesthat, if theHiggs is SM-like, it should

be light. The �t givesM H = 81+52
� 33 GeV, or MH < 193 GeV at 95% CL, which is

compatiblewith direct searchesat LEP II 26 that limit this rangeto M H > 114.4GeV

at95%CL. A light Higgsis alsorequiredby theminimal supersymmetricextensionto

theSM, whichrestrictsthelightestHiggsmassto belessthanapproximately135GeV.

All of this is goodnews for the Tevatron,ascanbe seenfrom Figure13. Given the



Fig. 8. Track multiplicity in the � -
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tion.

10 2

10 3

1
Center of Mass Energy (TeV)

s
W

, Z
 ´

 B
 (

pb
)

Dé and CDF Run2 Preliminary

Center of Mass Energy (TeV)Center of Mass Energy (TeV)Center of Mass Energy (TeV)

pp
_
 5  W+X 5  ln+X

pp
_
 5  Z+X 5  ll+X

Dé(e) Run2
CDF(e) Run2
CDF(m) Run2
Dé(e)
CDF(e) CDF(m)
UA1 UA2

Dé( m)

Fig. 9. A comparisonof the Run II

CDF and DØ measurementsof the W

and Z production cross-sectionstimes

leptonicbranchingratiosat
p

s=1.96TeV

with previousmeasurementsandtheoret-
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luminositieshopedfor in RunIIb, weshouldbeableto see3� evidencefor anSM-like

Higgsup to massesof about180GeV.

To accomplishthis feat,however, informationfrom all Higgsproductionanddecay

modesmustbeused.

� MH < 130GeV: q�q0 ! W/Z H ! `� b�b,� �� b�b,`+ ` � b�b,q�qb�b

� MH > 130GeV: gg! H ! W + W � /Z /Z ! `+ ` � � �� ,`+ ` � jj, `+ ` � `0+

Nearly all aspectsof the detectorswill be usedin thesesearches.However, triggers,

particularlythoseinvolving leptonsandjets+M E t , will needto be nearly100%ef�-

ciency for Higgsevents,andb-quarkidenti�cation will haveto besuperb– with tagging

ef�ciencies of 60–75%andb�bresonancemassresolutionof � 30%required.

The gameis particularly intensebecausethe LHC experimentsshouldbe ableto

seenearlyany typeof Higgswithin a yearof their start. This hasmotivatedCDF and

DØ to startlookingatHiggssignatureseventhoughseveralyearsworthof accumulated

luminositywill berequiredbeforeeventheLEP limits canbepassed.DØ hasstarted

theprocessby lookingfor eventscontaininge+ e� andM E t (Ref's16,17).Excessesof

sucheventsoverSM backgroundsarepredictedin modelswheretheHiggscouplingto



Fig. 10. Theforward-backwardasymme-

try asa function of e+ e� invariantmass

for Z ! e+ e� eventsfrom CDF.
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fermionsis suppressed.In thesecasesthebranchingratioof H ! W + W � is � 98%for

MH > 100GeV. Preliminaryresultsfrom DØ areshown in Figure14. No excessabove

predictedbackgroundsis observedwith the9 pb� 1 analyzed.Eventhoughno signalis

observedthis studyis importantin that it increasescon�dencein our ability to model

backgroundsto Higgsproduction.

4.4 Beyond the Standard Model

The limitations of the SM leadmostphysiciststo believe that it cannotbe the whole

story behindthe fundamentalforcesof nature. Unfortunately, no evidencefor any

chink in the armor of the SM hasyet beenfound, althougha bewildering array of

theoreticalmodelshave beenproposedto addressthe SM's shortcomings(seeRef's

27-31). Becauseof the excellentdetectorcapabilitiesand the large dataset,Run II

shouldbea fruitful �eld in which to searchfor signalsof physicsbeyondtheSM.

Sensitivitiesfor asampleof new physicstopicsareshown in Table6. While this list

showsonly thetip of thenew physicsiceberg, it doesgiveasenseof thecapabilitiesof

theTevatronin beyondtheSM searches.A few commentsabouttheentriesin thelist

arein order.

Given the ad hoc natureof electro-weaksymmetrybreakingin the SM, several
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theoreticalframeworkshave beendevelopedto attemptto explain it. Oneexampleis

supersymmetry, or SUSY,32 which postulatessuperpartnershaving particleswith spins

differing by onehalf a unit from all known SM particlesaswell asanextendedHiggs

sectorcontaining� vephysicalHiggsstates.In its raw state,SUSYcontainsmorethan

100parametersallowing it to predictalmostany typeof new phenomenonthatcouldbe

observed. This situationcanbeimproved(from anexperimentalist'spoint of view) by

makingvarious,well motivated,assumptionsaboutrelationshipsbetweenparameters.

Dif ferent typesof assumptionslead to different versionsof SUSY, one of the most

popularof which is the Minimal SupersymmetricStandardModel, or MSSM, where

only � ve parametersare requiredto describedthe model. (SeeRef. 27 for a good

overview.)

Another possibility is technicolor,33 which breakselectroweak symmetrywhen

the interactionsof an extendedgaugesymmetrycontainingextra multipletsof tech-

nifermionsbecomestrong.Still anotheroptionlies in theorieswith largeextra dimen-

sions,34 which solvesthe problemof the disparitybetweenthe Planckscaleat which

gravity is strongandtheelectro-weakscaleby assumingthat thenaturalenergy scale

of gravity, (M S) actuallyis neartheelectro-weakscale.Thisassumptionis madeplau-

sibleby postulatingtheexistenceof extraspatialdimensionsin whichgravity alsoacts,

andleadsto thepredictionof anumberof new graviton stateswith variouscouplingsto
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The left plot shows datacontaininggood e+ e� pairs while the right plot shows the

distributionafterall selectioncuts(largeM E t , no jets,etc.).

fermionsandbosons.Othertheoriespredictanenhancementin therateof decaysof the

topquarkthatarehighly suppressedin theSM35 or theexistenceof heavier versionsof

theW- andZ-bosons.36

As canbe seenfrom Table6, the precisionwith which all of thesetheories(and

many more)canbetestedwill besubstantiallyimprovedin RunII at theTevatron.

First attemptsat searchingfor new physicssignalshave alreadybeenmadeby the

DØ collaboration.44 Gaugemediatedmodelsof supersymmetrycan give scenarios

wherethelightestsupersymmetricparticleis thegravitino (thepartnerof thegraviton)

andthenext to lightestsupersymmetricparticleis a neutralino,� 0
1 (oneof thepartners

of the neutralgaugebosonsand Higgses)or a slepton(one of the lepton partners).

Theseleadto decaymodesof thetype:

p�p! gauginos! W=Z=
 + � 0
1� 0

1! 
 
 + ~G ~G + X :

The gravitinos, ~G, do not interactin the detectorandaredetectedasmissingenergy.

Resultsof the searchareshown in Figure15. Although the sensitivity with the � 10

pb� 1 collectedso far is too small to exclude any of the SUSY parameterspace,an

approximatelymodelindependentlower limit for thecross-sectionof this processhas

beensetat0.9pb.

Another possibility for extensionsof the SM is lepto-quarkmodels,wherenew



Table6. A selectionof new physicssensitivitiesat theTevatronin RunII comparedto

thecurrentstateof knowledgeandLHC expectations.

Sensitivity

Model Curr ent Excl. Run IIb LHC (100fb� 1)

MSSM 0.5< tan � < 2.4 � all 5� all

(tan � ; MA ) (Ref. 37) (Ref. 27)

Technicolor > 600 > 850 � 800

(M �T 8 [GeV]) (Ref. 39) (2fb� 1, Ref. 39) (Ref. 38)

ExtraDim. > 1.0–1.4 2.1–3.5 6-9

(MS [TeV ]) (Ref. 39) (Ref. 40) (Ref. 41)

RareTop(t! qZ ) < 33% 2� 10� 3 2� 10� 4

(t! q
 ) < 3.2% 2� 10� 4 3.4� 10� 5

(Ref. 42) (Ref. 17) (Ref. 19)

New bosons > 690 900–1200 5000

(MZ 0 [GeV]) (Ref. 39) (Ref. 39) (Ref. 43)

particlesexist that carry both quarkand leptonquantumnumbers.DØ hassearched

for suchparticlesin the2-electron+ 2-jet channel,unfortunatelywith no success(see

Figure16). Thisallowsa limit on thepresumedlepto-quarkmassof, M LQ > 113GeV

to besetat the95%CL (assumingthebranchingratio to thismodeis 1).

Finally, DØ hasalsolookedfor gravitonsarisingin theorieswith largeextradimen-

sions.Suchparticlescandecayto to e+ e� or 
 
 andinterferewith theSM production

mechanismsfor these�nal states.A two-dimensionaldistribution of diEM (electrons

andphotonsarenot distinguished)invariantmassvs. thecosineof thescatteringangle

in thecenter-of-massframeof thehardscatteris shown in Figure17. Again, thedata

distribution is indistinguishablefrom theSM predictionallowing a limit on thefunda-

mentalscaleof gravity to be setat M S > 0.82TeV, in Hewett's convention.45 This

comparesfavorably with the limit setin the DØ Run I search– M S > 1.2 TeV (Ref.

46).
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5 Conclusions

From QCD studies,to electro-weakprecisionmeasurements,to probesof CP viola-

tion and searchesfor as-yetundiscoveredparticles,the Run II physicsmenuis full

of interestingtopics. We have seenthat world-bestlevelssensitivity areexpectedfor

a wide rangeof importantmeasurementsin Run II. First physicsresultspresentedat

theICHEPconferencein July, 2002indicatethatwe arewell on theway to achieving

thesegoals,with detectorperformancesbeginning to approachdesignspeci�cations

andsophisticatedanalysistechniquesbeingtunedup. Of course,with suchanexciting

program,things are not standingstill at Fermilab. Acceleratorand detectorperfor-

mancesarecontinuingto improve. In fact, with the steadyrunningwe have enjoyed

throughthefall weshouldhaveadatasampleof 50pb� 1 or moreby theendof theyear

andconceivably250pb� 1 (morethantwice theRunI sample)in time for thesummer.

Furtherin thefuture,a new seriesof upgradesto themachineandthedetectorsshould

allow usto collect15 fb� 1 by thetimeLHC startsup. With datasetsof this size,a low

massHiggsis well within ourgrasp.Thebestis clearlyyet to come!
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Fig. 17. Distributionsof diEM invariantmassvs. center-of-massscatteringanglein

theDØ large extra dimensionssearch.The SM predictionis shown in theupper-left,

the DØ datain the upper-right, the predictionfor an extra dimensionssignal in the

lower-left andtheQCDbackgroundto thesearchin thelower-right.


