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Abstract. As of Novemberof 2007, the CDF detectorhasrecordedapproximately2.7 fb
� 1 of

data.This contribution describessomeof themostrecentandmostrelevant resultsfrom theCDF
collaborationin all areasof its wide physicsprogram,aswell assomeinsightsinto the Tevatron
reachfor Higgssearcheswithin thenext few years.
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INTR ODUCTION

The physicsprogramof the CDF collaborationincludesthe study of jet production,
heavy flavor production,electroweak and top physics,as well as searchesfor Higgs
andmanifestationsof physicsbeyondtheStandardModel (SM). Theseprocesseshave
productioncrosssectionswhich spanover nine ordersof magnitude,from about109

pb for inclusive jet production,to the smallestcrosssectionsever measuredat hadron
colliders,of theorderof 1 pb,for WZ, singletop,ZZ andHiggsproduction.Run2 of the
Tevatronstartedin Marchof 2001,aftera significantupgradeof thedetector[1]. Since
then,CDF haspublishedover 140 articles,with 45 publicationsin 2006,30 (expect
to reach � 40) in 2007,andover 50 publicationswhich arestill underinternalreview.
Someof the CDF physicshighlights from Run 2 include: observation of Bs mixing,
D0 � D̄0 (charm)mixing andnew baryonstates,the singlemostprecisetop mass,W
massandW widthmeasurements,observationof WZ andZZ production,stringentlimits
on anomaloustriple gaugecouplings,evidencefor single top production,significant
exclusionor reachin severalbeyondSM models,andconstantsensitivity improvements
in Higgssearches.Thiscontributionfocusesonsomeof theresults,organizedby physics
topicaccordingto thefollowing outline:

• QCD
– Inclusiveanddijet crosssection

• Heavy Flavor
– Bs oscillations
– Bs lifetime, ∆Γs

– Bs
� µ

�
µ �

– Charmmixing (D0 � D̄0)
• Electroweak

– MW andΓW



– WZ andZZ
• Top

– Mt

– tt̄ crosssection
– Singletop

• HiggsSearch
– StandardModelHiggs
– MSSM Higgs

• BeyondSM Searches
– SUSY
– Extradimensions+ gravitons
– Heavy resonances

QCD

Thestudyof jet productionathadroncollidersprovidesanimportanttestof perturbative
QCD (pQCD) predictions,with a crosssectionwhich spansover eight ordersof mag-
nitudeasa function of jet pT . The high pT tail probesdistancesdown to � 10� 19 m
andis sensitive to new physics(suchasquarkcompositeness),andthemeasurementof
the differentialcrosssectionasa function of pT andrapidity canbe usedto constrain
thePDFsat high x andQ2, particularlythegluonPDFswhich arepoorly known in this
kinematicregion.

InclusiveJet CrossSection

From a datasamplewith an integratedluminosity of 1.13 fb � 1, inclusive jet events
areselectedby requiringat leastone jet with pT

� 20 GeV/c andrapidity
�
y
�	�

2 
 1.
JetsarereconstructedusingtheMidpoint jet clusteringalgorithm[2] with coneradius
R � 0 
 7 and merge fraction fmerge � 0 
 75, and their energy is correctedfor detector
effectsdown to thehadronandpartonlevels.Theinclusivedifferentialjet crosssection
is split into five rapidity regionsbasedon detectorgeometry:
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 1. Figure1 showsthemeasuredandthe
predicteddifferentialinclusive jet crosssectionasa functionof jet pT . Goodagreement
with NLO pQCDpredictionsis observedin all the jet rapidity regions.Thefigurealso
shows the data/theoryratio. The overall experimentaluncertaintyin the forward-most
rapidity region is smallerthanthePDFuncertainty, so this measurementcanbeuseful
to constrainglobalPDFfits.

Di-jet CrossSection

Using the samedatasampleandthe samejet clusteringalgorithmdescribedabove,
eventsareselectedwith at leasttwo central,energeticjets.Eachjet mustsatisfypT
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FIGURE 1. Left: The solid pointsandlines arethe measureddifferential inclusive jet crosssections
asa functionof pT for thedifferentrapidity regions.ThedashedpointsandlinesrepresentNLO pQCD
predictions.Right:data/theorydifferentialcrosssectionratio.

GeV/c and
�
y
� �

1 
 0, and only eventswith a dijet invariantmassmj j
� 180 GeV/c2

are considered.Figure 2 shows the measureddifferential crosssectionas a function
of invariantdijet mass,togetherwith NLO pQCDpredictions,aswell asthedata/theory
ratio.Goodagreementis foundwith theoreticalpredictionsin theentiredijetmassrange.
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FIGURE 2. Left: The solid pointsandlines arethe measureddifferential inclusive jet crosssections
asa functionof pT for thedifferentrapidity regions.ThedashedpointsandlinesrepresentNLO pQCD
predictions.Right:data/theorydifferentialcrosssectionratio.



HEAVY FLAVOR PHYSICS

The studyof heavy flavor at the Tevatronhasthe advantagethat the bb̄ andcc̄ cross
sectionsarelarge andthat all b andc hadronspeciesareproducedthanksto the large
centerof massenergy available.However, theoverall inelasticpp̄ crosssectionis very
largeandeventsaretypically verybusy, resultingin very largebackgrounds.Thismakes
it necessaryto usetriggersspecificallydesignedto selectheavy flavor events,following
two basicstrategies:

Lepton triggers (µ B e): selectsemileptonicand leptonic decaysof b and c hadrons
providing acleansignaturein ahadronicenvironmentwheremosttracksarepions.

Displacedtrack triggers: Selectdecaysof B andD mesonswhichhave long lifetimes.
Requiresvery fasttrackandimpactparameterreconstructionin busy events,per-
formedat CDF by theSiliconVertex Trigger(SVT) [3].

In addition to the conventionaldimuon(J C ψ) trigger anddisplacedtrack plus lepton
trigger(usedfor semileptonicmodes),theCDF-II detectorhasa uniquetwo-displaced-
trackstriggerwhichallows to triggeron fully hadronicdecays.

Bs Oscillations

Oscillation of B mesonsfrom particle to antiparticledue to flavor-changingweak
interactionshasbeenestablishedin theBd andBs systems,confirmingtheinterpretation
of theobserved“heavy” and“light” masseigenstatesasa superpositionof theparticle
and antiparticleflavor states.The observation of Bs oscillation and the subsequent
measurementof its frequency are amongthe most important resultsfrom Run 2 of
theTevatron.Togetherwith a precisedeterminationof theBd oscillationfrequency, the
ratio of the CKM matrix elements

�
Vtd

� C �Vts
�
can be determinedwith high precision,

contributing to a stringenttest of the unitarity of the CKM matrix. Using 1 fb � 1 of
data,CDF triggersboth on semileptonicand fully hadronicBs decaysthanksto its
uniqueSVT trigger. The time evolution of Bs mesonsthat decaywith the sameor
oppositeflavor as their flavor at productionis studiedas a function of properdecay
time,measuredfrom thedistancebetweenproductionanddecaypoints.TheBs flavor at
decayis determinedunambiguouslyfrom thechargesof thedecayproducts.Theflavor
at productionis inferredfrom characteristicsof b quarkproductionandfragmentation
in pp̄ collisions,which give rise to several “flavor tagging” characteristicssuchasthe
charge of the lepton, kaon,or b-jet tracks in the side oppositeto the trigger Bs, the
charge of fragmentationkaons,and the charge of the kaonsin the sameside as the
trigger Bs. Figure3 shows the resultof an amplitudescanof the Bs time evolution as
a function of the oscillation frequency ∆ms. The amplitudeof sucha scanshouldbe
zerofar from the true oscillationfrequency, andunity closeto the true frequency. The
probability that thebackground(with no oscillation)fluctuatesto give sucha signalis� 8x10� 8, equivalentto a 5σ fluctuation.TheBs oscillationfrequency is determinedto
be∆ms � 17
 77 D 0 
 10E statF�D 0 
 07E systF ps� 1, andwedetermine

�
Vtd

� C �Vts
� � 0 
 2060D

0 
 0007E expF � 0 G 081� 0 G 0060E theorF , no longerlimited by experimentalprecision.
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FIGURE 3. MeasuredamplitudevaluesanduncertaintiesversustheBs T B̄s oscillationfrequency ∆ms.
At 17.77ps

� 1 theamplitudeis consistentwith oneandinconsistentwith zeroat 5 standarddeviations.

Bs Lifetime Differ ence∆Γs

Themassdifferencebetweentheheavy andlight masseigenstatesdeterminestheos-
cillation frequency of Bs mesons.Anotherquantitywhichdeterminesthetimeevolution
of Bs mesonsis thedecayratedifference∆Γs � ΓL

� ΓH . Assumingno CPviolation,
the light andheavy masseigenstateshave well definedCPparity, andthereforediffer-
entangulardistribution of its decayproducts.A simultaneousfit to mass,lifetime, and
angularvariablesin Bs

� J C ψ φ decaysallows to separatetheCPevenstateBsL from
theCP odd stateBsH andmeasurethe lifetime difference.Figure4 shows the lifetime
andmassprojectionsof sucha fit. Fixing theCPviolating phaseφs � 0 in thefit yields
∆Γs � 0 
 076

�
0 G 059� 0 G 063E statFUD 0 
 006E systF ps� 1, consistentwith theSM predictionof 0.096

ps� 1, andameanlifetime cτs � 456 D 13E statFVD 7 E systF µm.

Bs W Bd X µµ

In the SM, the flavor changingneutral current (FCNC) decaysBsC Bd
� µ

�
µ �

proceedthroughloop diagramssuchas the one shown in figure 5 (top-left) and are
heavily suppressed.The SM predictsthe branchingratios (BR) BR E Bs

� µ
�

µ � FY�
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FIGURE 4. Massandlifetime projectionsof theBs fit result.

e
3 f 4 g 0 f 5h x10i 9 andBR

e
Bd j µ k µ ilhnm e

1 f 00 g 0 f 14h x10i 10, below CDFsensitivity.
However, in severalSUSYscenariossuchasMSSM,RPVandmSUGRAthesebranch-
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FIGURE 5. Top-Left: a SM box diagramfor Bs | µµ decay. Bottom-Left:SUSYdecayenhancedby
Higgsflavor violatingdiagram.Right: DimuoninvariantmassversusNN outputfor dimuoncandidates.

ing ratioscanbe boostedby a factorof the orderof 100 dueto diagramssuchasthe
oneshown in figure 5 (bottom-left).Using a neuralnetwork (NN) to selectsignaland
suppressbackgroundsin 2 fb i 1 of data,CDF searchesfor B j µ k µ i decays.Figure5
(right) shows the invariantmassdistribution vs NN outputfor dimuoncandidates.No
significantexcessis found,andthe following 95%confidencelevel (CL) limits areset



on thebranchingratios:

• BR
e
Bs j µ k µ i h~} 5 f 8x10i 8 @ 95%CL

• BR
e
Bd j µ k µ i�h�} 1 f 8x10i 8 @ 95%CL

Thesearethebestlimits to date.

Charm Mixing (D0 � D̄0)

The first evidencefor charmmixing waspresentedby BELLE andBaBarin 2007.
Sincecharmis an up-typequark, top cannotparticipatein the mixing loops and the
resultingmixing is suppressedcomparedto thatin thebottomandstrangesectors.Using
1.5fb i 1 of data,CDFhasfoundevidenceof charmmixing from thestudyof thecharm
mesondecaysD � k j πk D0 j πk K i πk , whichis aCabibbofavored(“right sign”,RS)
decay, andD � k j πk D0 j πk K k π i , which resultseitherfrom D0 mixing or from a
doublyCabibbosuppressed(“wrong sign”, WS) decay. The ratio of WS to RSdecays
asa function of time canbe expressedasR

e
t h�m Rd � y��� Rdt � e

x� 2 � y� 2 h t2 � 4, where
x� andy� are the charmsectormixing parameterswhich are relatedto ∆m and∆Γ of
theD0

L andD0
H masseigenstates.Figure6 shows a fit to the ratio of WS to RScharm

t
�0

�
2 4 6

�
8
�

10

R

0.004
�
0.006
�
0.008
�

0.01
� )-1CDF II Preliminary  (1.5 fb

)
�-3 (102x’

-0.5 0
�

0.5
�

)
-3

y’
 (1

0

-10

0
�

10

20
�

)-1CDF II Preliminary  (1.5 fb

FIGURE 6. Left: Ratio of “wrong sign” to “right sign” charmmesondecaysasa function of proper
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correspondto 1,2,3and4 standarddeviations.The solid point is the resultof the fit to R� t � , the open
diamondis the most probablevalue for physicallyallowed (non-negative) valuesof x� 2, and the cross
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mesondecaysasafunctionof D0 lifetimes,aswell astheresultingBayesianprobability
contoursin thex� 2-y� plane.Theno-mixingpoint (x� 2 m y�	m 0) lies outsidethecontour
equivalentto 3 f 8σ , with a probability of 0.013%.This constitutesevidencefor charm
mixing with asignificancecompetitiveto thatof BELLE andBaBar.



ELECTR OWEAK PHYSICS

At theTevatron,W andZ bosonsarepredominantlyproducedthroughqq̄ annihilation
andidentifiedmostly by their decayinto electronsor muons.The studyof their prop-
ertiesconstitutean importanttestof theSM. The large samplesof W andZ candidate
eventscollectedby CDF allow precisemeasurementsof several electroweak observ-
ables,suchasinclusiveanddifferentialcrosssections,W mass,width andchargeasym-
metry, dibosonproductionandgaugebosonself-couplings.

W Massand Width

TheW massandwidth areimportantparametersof theSM. Radiative correctionsto
MW aredominatedby Higgsandtop-bottomloops,andthereforeaprecisedetermination
of thetop andW massplaceanindirectconstrainon themassof theSM Higgsboson.
A precisemeasurementof ΓW providesa stringenttestof SM predictions.TheW mass
and width are measuredusing 200 and 350 pbi 1 of data,respectively. CandidateW
bosoneventsareselectedby requiringan isolated,high energy electronor muonand
large missingtransverseenergy (E/T) due to the undetectedneutrino.A Monte Carlo
simulationis usedto predictthe chargedlepton pT , theE/T andtheW transversemass
distributionsasa functionof MW andΓW.

The W massis extractedfrom templatefits to the pT of the leptonsand to the

transversemass,definedas MT
W m�� 2p�T pν

T cos
e
∆φ h , where∆φ is the differencein

azimuthalanglebetweenthe charged leptonand the neutrino.The fits are performed
in the regionsaroundthe peakof the distributions.Figure7 shows a transversemass
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FIGURE 7. Transversemassfits for MW in W | eν (left) and W | µν (right) events.Thefit is
performedin theregion65-90GeV/c2.

fit for W j eν andW j µν candidateevents.Combiningelectronandmuonchannels



with fits to p�T andE/T yields MW m 80413g 34
e
stath§g 34

e
systh MeV/c2, the world’s

mostprecisesinglemeasurementwith a total uncertaintyof 48MeV/c2.
TheW width is extractedfrom templatefits in thehighMT

W tail region,which is most
sensitiveto ΓW. Figure8 showsatransversemassfit for W j eν andW j µν candidate
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FIGURE 8. Transversemassfits for ΓW in W | eν (left) and W | µν (right) events.The fit is
performedin theregion90-200GeV/c2.

events.Combiningelectronand muon channelsyields ΓW m 2032 g 71 MeV/c2, the
world’smostprecisesinglemeasurement,in goodagreementwith SM predictions.

WZ and ZZ Production

While W andZ vectorbosonsarereadily producedat the Tevatron,pair production
of vectorbosonsis far morerare.Theseprocessesprobegaugebosonself interactions,
an importantconsequenceof the SU

e
2h L ¶ U

e
1h Y structureof the SM. Crosssections

whichdeviatefrom SM predictionswouldbeindicativeof physicsbeyondtheSM. CDF
measurestheWZ andZZ crosssectionsin eventswith multipleleptonsand/orlargeE/T in
thefinal state,yieldinga low numberof eventsbut verycleansignatures.Theseanalysis
benefitgreatly from an improved leptonacceptancewhich resultsfrom exploiting all
availabledetectorinformationwhendefiningleptons.

TheWZ crosssectionis measuredin a 1.9 fb i 1 datasampleusingeventswith three
chargedleptonsandlargeE/T in thefinal state.Thecrosssectiontimesbranchingratio is
low, but thesignalis veryclean.A totalof 25eventspasstheWZ selectionrequirements,
with a SM predictionof 22 g 3 events.Figure 9 (left) shows the E/T distribution for
WZ candidateeventscomparedwith theSM expectations.Themeasuredcrosssection
is σ

e
WZ h·m 4 f 3k 1 ¸ 4i 1 ¸ 1 pb, wherethe uncertaintyis largely dominatedby the statistical

uncertainty. This is in goodagreementwith theSM NLO predictionof 3 f 7 g 0 f 3 pb.
The ZZ crosssectionis measuredin a 1.1 fb i 1 datasample.The selectionof four

isolated,energetic charged leptonsyields only one event over an expectedSM total
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of 2.5 events.The crosssectionis measuredin the ZZ jÈÇÉÇ νν channelby selecting
eventswith largeE/T andtwo oppositelycharged,sameflavor leptonswith invariantmass
closeto the Z mass.In order to separateZZ from theWW background,an event-by-
eventprobabilityis calculatedbasedonall theavailablekinematicinformation.Figure9
(right) shows the resulting likelihood ratio discriminant(LR), which is fit to extract
the signalyield. Combiningwith the four chargedleptonchannel,the measuredcross
sectionis σ

e
ZZ hÊm 0 f 75k 0 ¸ 71i 0 ¸ 54 pb, the smallestcrosssectionever measuredat a hadron

collider, with asignalsignificanceof 3σ . This is consistentwith theSM NLO prediction
of 1 f 4 g 0 f 1 pb.

TOP PHYSICS

The top quark,discoveredin 1995by the CDF andD0 collaborations,is the heaviest
known fundamentalparticle.Its Yukawa couplingto theSM Higgsis roughlyone,and
thereforetop might play a specialrole in electroweaksymmetrybreaking.Becauseof
its large mass,radiative correctionsto other SM observablesaredominatedby loops
involving top,anddependstronglyon thetop mass.A precisedeterminationof Mt and
MW helpsconstrainthemassof theSM Higgsboson.

At theTevatron,top is mainlyproducedin tt̄ pairsvia thestronginteractionin quark-
antiquarkannihilationandgluon-gluonfusion.Singletopproductionhasasmallercross
sectionandinvolveselectroweakproductionof a topquarkvia theWtb vertex by a t or s
channelexchangeof a virtual W boson.Onceproduced,it decaysvirtually 100%of the
time into aW anda b, t j Wb. Thetop lifetime is soshortthat it decaysbeforeit has
timeto hadronize.Thefinal statethereforedependsonthedisintegrationmodeof theW
bosonsandhasjetsfrom thehadronizationof b quarks.



tt̄ CrossSection

Measuringthe tt̄ productioncrosssectionin differentchannelsis an importanttest
of pQCD predictions.In addition, the crosssectionanalysisestablisha baselinefor
top quark sampleswhich are usedto study other top propertiessuch as the mass,
and to estimatetop relatedbackgrounds,which are important in many searchesfor
physicsbeyond the SM. Sincetop productionhasa very small crosssectionand the
backgroundsaretypically large,theseanalysisneedaneventselectionto obtaina data
samplewith goodS� B, anda precisedeterminationof the dominantbackgroundsand
of the overall signal acceptance.Figure 10 (left) shows the signal and background
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FIGURE 10. Summaryof backgroundsandsignalasa functionof jet multiplicity for tt̄ crosssection
measurementsin the dileptonchannel(left) and in the lepton+jetschannelwith b tagging(right). The
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multiplicity bins,with largett̄ acceptance.

contributionsasa function of jet multiplicity for the “dilepton” tt̄ sample,whereboth
W bosonsdecayinto electronor muon.The zeroandonejet bins,whereoneexpects
little top contribution, areusedasa control region, andthe crosssectionis measured
in thebin with Ú 2 jets,wheremostof the top signalis expected.Themeasuredcross
sectionis σtt̄ Û 6 Ü 16 Ý 1 Ü 05Þ statßUÝ 0 Ü 72Þ systß	Ý 0 Ü 37Þ lumi ß pb. Figure10 (right) shows
the signalandbackgroundcontributionsfor the “lepton+jet” tt̄ sample,whereoneW
decaysinto electronor muonandtheotherto quarks(resultingin morejestsin thefinal
state).In order to enhancethe top to backgroundratio, eventsarerequiredto have at
leastoneb-taggedjet. Theoneandtwo jet binsareusedascontrolregionsandthecross
sectionis measuredin the three,four and Ú 5 jet bins.The measuredcrosssectionis
σtt̄ Û 8 Ü 2 Ý 0 Ü 5 Þ statßVÝ 0 Ü 8 Þ systß	Ý 0 Ü 5 Þ lumi ß pb.

CDF measuresthett̄ crosssectionsin many differentchannelsandfindsall measure-
mentsto be consistentwith eachother and with theoreticalpredictions,as shown in
figure11.
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FIGURE 11. Summaryof CDF tt̄ crosssectionmeasurements(left), wherea top massof 175GeV is
assumedfor acceptancecalculations,andcomparisonof tt̄ crosssectionandtopmassmeasurementswith
theoreticalpredictions(right).

SingleTop

Single top productionis interestingbecauseit probesthe Wtb electroweak vertex,
allowing a direct measurementof theVtb CKM matrix element.The NLO production
crosssectionspredictedat theTevatronareσs Û 0 Ü 88 Ý 0 Ü 11 pb for s-channelproduc-
tion andσt Û 1 Ü 98 Ý 0 Ü 25 pb for the t-channel[4]. The tiny crosssections,combined
with very largebackgrounds,makeit impossibleto extractasingletopsignalusingcon-
ventionalcountingexperiments.Instead,multivariatetechniquessuchasmatrixelement
discriminantsor multivariatelikelihoodsarerequired.Using thesesophisticatedanaly-
sistechniques,combinedwith moreintegratedluminosity, CDF hasfoundevidencefor
single top productionandmeasuredits crosssection.Figure12 (left) shows the mul-
tivariatelikelihooddistribution for dataandtheexpectedcontributionsfrom singletop
andbackgrounds.The observed signalsignificanceis 2.7σ and the overall single top
crosssection(both s and t channels)is measuredto be sigmasñ t Û 2 Ü 7 Ý 1 Ü 2 pb. Fig-
ure12 (right) shows thematrix elementeventprobabilitydiscriminantfor dataandthe
expectedcontributionsfrom single top andbackgrounds.The observed signalsignifi-
canceis 3.1σ andthe measuredcrosssectionis sigmasñ t Û 3 Ü 0 Ý 1 Ü 2 pb. Assuminga
SM (V ò A, CP conserving)Wtb vertex, thesemeasurementscanbe translatedinto a
directmeasurementof Vtb, yieldingVtb Û 1 Ü 02 Ý 0 Ü 18Þ experimentßóÝ 0 Ü 07Þ theoryß .

Top Mass

The top massis a fundamentalparameterof the SM. As statedearlier, a precise
determinationof Mt helpsconstrainthe SM Higgs massandreducesthe uncertainties
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nant(right) for dataandfor theexpectedsingletop andbackgroundcontributions.

of dominantradiative correctionsto otherSM observables.The reconstructionof the
topmasspresentsseveralexperimentalchallenges.Quarkshadronizeto form jetswhose
energy mustbe correctedbackto the partonlevel, makingit crucial to have a precise
jet energy scale(JES).The assignmentof the observed final statejets to the partons
from theleadingordertt̄ productionprocessusuallyhasseveralpossiblepermutations,
a problemwhich becomeseven worsewith the presenceof gluons from initial and
final state radiation. Neutrinos from leptonic W decaysescapedetection,and their
undeterminedlongitudinal momentumgives rise to non-unique“neutrino solutions”.
Finally, top sampleshave non-negligible backgroundswhich mustbe accountedfor in
themassdetermination.

CDF hasperformedthe world’s most precisesingle top massmeasurementbased
on a 1.7 fb

� 1 datasampleusing eventswith one lepton, large E/T , and exactly four
energetic jets,at leastoneof which mustbe b tagged.The analysisusesa 10 variable
neuralnetwork discriminantto separatesignalfrom background,asshown in figure13
(top left). The jet energy scaleis measured“in-situ” from hadronicW decays,anda
signallikelihoodis calculatedeventby eventusingamatrixelementintegrationmethod.
The combinedoverall signal probability is a 2-D likelihood as a function of Mt and
JES,shown in figure 13 (right). Figure 13 (bottom left) also shows the most likely
top massvalue for eachof the 293 tt̄ candidateevents.The measuredtop massis
Mt Û 172Ü 7 Ý 1 Ü 3 Þ statßVÝ 1 Ü 2 Þ JESß	Ý 1 Ü 2 Þ systß Û 172Ü 7 Ý 2 Ü 1 GeV/c2.

HIGGS SEARCHES

One of the outstandingquestionsin particle physicsis the dynamicsof electroweak
symmetrybreakingandtheorigin of particlemasses.In theSM, electroweaksymmetry
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is spontaneouslybroken through the Higgs mechanismby introducing a doublet of
self-interactingcomplex scalarfields with non-zerovacuumexpectationvalues.The
physicalmanifestationof this scenariois theexistenceof amassivescalarHiggsboson.
AssumingtheSM to becorrect,a∆χ2 curvecanbederivedfrom precisionelectroweak
measurementsasa function of the SM Higgs mass,MH . Recentimprovementsin the
combinedTevatron top mass(as of March of 2007) Mt Û 170Ü 9 Ý 1 Ü 8 GeV/c2 and
the combinedLEP2+TevatronW massMW Û 80Ü 398 Ý 0 Ü 025 GeV/c2, pushthe most
likely valueof MH down into theregion excludedby LEP directsearches,asshown in
figure14.Thepreferredvaluefor MH is 76ñ 33� 24 GeV/c2, andat95%CL 114 � MH � 182
GeV/c2. If indeedtheHiggsexistsandlies in this massrange,it is within reachof the
Tevatronif enoughluminosity is collected.Its searchis soimportantthatit hasbecome
thetoppriority of theCDFcollaboration.

At the Tevatron, the Higgs is mainly producedvia gluon-gluonfusion (througha
fermion loop). Associatedproductionwith a W or Z boson(througha virtual W or
Z) hasa smallercrosssection,but hasthe advantageof an isolatedleptonin the final
statewhich helpsreducethe backgrounds.The way the Higgs decaysdependson its
mass.Thedominantdecaymodefor massesup to about135GeV/c2 is to bb̄. For larger
masses,the dominantdecayis to WW. CDF hasperformedseveral searchesfor SM
Higgsin differentchannelsandoptimizedfor differentHiggsmasses.

For MH � 130 GeV/c2, the most sensitive channelis gg 	 H 	 WW 
�	 � ν � ν .
A matrix elementmethod is usedto calculatean event by event probability using
full kinematicinformation,anda likelihoodratio (LR) discriminantis constructedto
separatesignal from background.Figure 15 (left) shows the LR distribution for data
andfor differentsourcesof background,aswell astheexpecteddistribution for aHiggs
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signalwith MH * 160GeV/c2 (scaledupby afactorof 10to makeit visible).Thisfigure
showshow hardit is to separatethetiny Higgssignalfrom thelargebackgrounds,in this
casetheWW backgroundin particular, evenusingsophisticatedanalysistechniques.In
the absenceof an excessof eventsover SM predictions,95% CL upperlimits on the
crosssectionarederivedasa functionof MH, asshown in figure15 (right). For aHiggs
massof 160GeV/c2, theobserved95%CL upperlimit is 0.8pb,equivalentto two times



theSM prediction.
CDF hascombinedall SM Higgs searchesand setsa 95% CL upperlimit on the

productioncrosssectionas a function of MH , shown in figure 16 (left). Perhapsthe

)2Higgs Mass (GeV/c
120 140 160 180 200

+

9
5

%
 C

L
 L

im
it/

S
M

1

10

2
,

10

WHlvbb 1.7/fb
Expected WHlvbb

ZHvvbb 1/fb
Expected ZHvvbb
ZHllbb 1/fb
Expected ZHllbb
HWWllvv 1.9/fb
Expected HWWllvv
CDF for 1-1.9/fb

σ 1±
-

Expected CDF 

CDF II Preliminary
.

FIGURE 16. Left: CDFcombined95%CL upperlimit on theSM Higgscrosssection(dividedby SM
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integratedluminosity(perexperiment).Sensitivity curvesassumeanimprovementof 2.25whichhasbeen
demonstratedto beachievable.

mostimportantstatementsthatcanbemadetodayaboutsearchesfor SM Higgsinvolve
the expectedTevatron reach.Figure 16 (right) shows the expectedsensitivity as a
function of integratedluminosity (per experiment)andasa function of MH . It should
benotedthatthesensitivity curvesshown assumeanimprovementof 2.25with respect
to thecurrentsensitivities.This improvementis achievable:it hasbeenprovedin other
analysisandarisesfrom usingtechniqueswhichhavenotyetbeenfully implementedin
Higgssearches,suchasneuralnetworkor matrixelementdiscriminants,extendedlepton
acceptance,improvedb taggingandinclusionof additionaltriggers.With anintegrated
luminosity of 7 fb / 1 the Tevatronexpectsto excludeall massesbelow 188 GeV/c2 at
2σ andto have3σ sensitivity for evidencein themassrange150 0 170GeV/c2.

SUSYHiggsSearches

Theoreticaldifficulties arisein the SM relatedto divergent radiative correctionsto
the Higgs mass.In order to keepthe Higgs massstablebetweenthe electroweakand
the Plank scale,large quantumcorrectionsmust be very finely tuned or somenew
physicsmustintervene.The challengeof preservingthe widely separatedelectroweak
and Plank scalesin the presenceof quantumcorrectionsis known as the hierarchy
problem.Supersymmetricmodelsoffer a naturalsolutionto this problem.Theminimal



supersymmetricextensionof thestandardmodel(MSSM) requirestwo Higgsdoublets
resultingin aHiggssectorwith two chargedandthreeneutralbosons.Oneof theneutral
bosonsis CP-odd (A), andtheothertwo areCP-even (h, H). Thesymbolφ is usedto
denoteany of h, H or A. The leadingdecaymodesfor the neutralMSSM Higgs are
φ 1 bb̄ (90%)andφ 1 τ τ̄ (10%).

CDF hasperformedseveralsearchesfor chargedandneutralSUSYHiggs.For large
valuesof tanβ , the ratio of Higgs coupling to down-typeversusup-typequarks,the
productionof light neutral Higgs in associationwith b-quarkscan be significantly
enhanced.We searchfor the processφ 2 b 1 bb̄ 2 b by selectingeventswith three
b-taggedjets with ET 3 20 GeV. The dominantbackgroundsare QCD heavy flavor
productionand light jets misidentifiedas b jets. We study the invariant massof the
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two leadingjets, M12, and Mdiff F Mjet1
vertex 2 Mjet2

vertex 0 Mjet3
vertex, relatedthe massof the

tracksforming the displacedvertexes.The distributionsobserved in the triple-tagged
datasamplearefit to backgroundtemplatesandto signalshapesfor differentvaluesof
the Higgs mass,asshown in figure 17. No excessof eventsis observed over the SM
expectation,and therefore95% CL upperlimits are derived on the productioncross-
sectiontimesbranchingratio, shown in figure 17 (right). Expectedlimits arederived
from pseudo-experimentswherethefits areperformedto background-onlydistributions.

Theselimits canbetrivially convertedinto limits on tanβ versuspseudoscalarmass
mA in MSSM modelsby dividing by the SM cross-sectiontimesbranchingratio and
takingthesquareroot.Theresultis shown in figure18(left). Theselimits donot include
potentiallylargeloopcorrectionsandHiggswidth effects,whichmakethelimits worsen
quickly at high tanβ . Limits were also generatedfor the mmax

h scenario[5], which
maximizesthe massof the lighter scalarHiggs h and allows conservative exclusion
bounds,with µ * 0 200 GeV, shown in figure 18 (right). Herethe limits remaintight
dueto largeandnegativevaluesof loopcorrections.
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FIGURE 19. Fit of thepartially reconstructeddi-τ massto backgroundandsignalwith Higgsmassof
140GeVfor theτeτµ (left) andτeτhad

� τµτhad (right) final states.

Despitethe smallerBR into taus,Higgs searchesin the di-τ channeldo not suffer
from suchlarge QCD backgrounds.A searchwasperformedfor φ 1 τ τ̄ by selecting
eventswith tau pairs in threefinal states:τeτhad, τµτhad and τeτµ , whereτe, τµ and
τhad denotethedecaymodesτ 1 eνeντ , τ 1 µνµντ andτ 1 hadronsντ , respectively.
The dominantbackgroundis Z

�
γ � 1 τ τ . The partially reconstructedmassof the di-τ

systemis definedas the invariantmassof the visible tau decayproductsand the E/T ,



mvis *
�

pvis � 2
τ1 2 pvis � 2

τ2 2 E/2T . This distribution is fit to a combinationof background
and signal generatedat differentHiggs masses,as shown in figure 19. No excessof
eventsover the SM predictionis observed,andupperlimits at 95% CL areseton the
crosssectiontimesbranchingratios.Figure20 shows theupperlimits andtheir MSSM
interpretationasexclusionregionsin thetanβ-mA planefor themmax

h MSSM scenarios
with positiveandnegativesignof µ.

� � � � � � � � � � � � � � � � � � � � � � � �� � �
�

� �
� � �

� � �  ! "  #$ % &  ' (  #� ) * #+1 � ) * #+2

, -

./0
12

3 4 5 6 7 8 9 : ; < = > ? @ @ A B C D E F GHIJ K K L M N O O P
Q R S T U V W W X Y Z [ \ ] ^ _ ` a b c d e f g h i j k l m n o p q q r s t u v w v p x s y z { | } ~ � � �

� � � �
� �� � �

� �� � �
� � � � � � � �

� � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � ��� �� �� �� �  �� �¡ �� �¢ �� � �

£ ¤ ¥ ¦ § ¨ © ª « ¬
­ ®¯°

± ² ³ ´ µ ¶ · ¸ ¹ º » ¼ ½ ¾ µ ¿ À Á Â Ã ÄÅÆÇ È È É Ê Ë Ì Ì Í

Î Ï Ï Î Ð Ï Î Ñ Ï Î Ò Ï Î Ó Ï Ð Ï Ï Ð Ð Ï Ð Ñ ÏÏÎ ÏÐ ÏÔ ÏÑ ÏÕ ÏÒ ÏÖ ÏÓ Ï× ÏÎ Ï Ï

Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å
æ çèé ê ë ìí î ï ð ñ ð í ò

í î ï ð ñ ð í ò
ó ôõ ö ÷

ø ùú û ü

ý þ ÿ � � � � � � � � � � 	 � � 
 � � � 
 � � � � � �� � � � � � � � � � � �  ! � " # $ % & '()* + + , - . / / 0

FIGURE 20. Left: 95% CL upperlimit on crosssectiontimesBR asa function of mA. Right: tanβ
limits for themmax

h scenariowith positive(top)andnegative(bottom)signof µ asa functionof mA.

OTHER BEYOND SM SEARCHES

Apart from SUSYHiggs,CDF searchesfor sparticlesandgauginos,alsopredictedby
SUSYmodels,andfor manifestationsof physicsbeyondthestandardmodel(BSM) in
severalalternativetheoreticalscenarios,includingadditionalheavy gaugebosons,gravi-
tons,extra dimensions,technicolor, leptoquarks,anddeviationsfrom SM predictionsin
severalsignatures.A few of themostrecentBSM searchesaredescribedbelow.

Search for Squarks/Gluinos

In the minimal supergravity scenario(mSUGRA) with R-parity conservation, all
sparticlesexcepttheneutralinoareunstableanddecayinto their SM counterparts.This
cascadedecaysresultin afinal statewith severaljetsfrom thesquarksandgluinos,and
largeE/T from theundetectedneutralinos.Eventsareselectedwith 2,3or 4 high energy
jets plus large E/T . Eventswith identified leptonsare rejected,and cuts on azimuthal
separationbetweenjetsandE/T areusedto reducetheQCD backgrounds.Theresulting
E/T distribution is fit to a combinationof backgroundsandsignalgeneratedat different
gluino/squarkmasses.The observed distributionsagreewith the SM predictions,and



upperlimits areseton thecrosssectionasafunctionof squarkandgluinomasses.From
theselimits, lower limits areobtainedfor thesquarkandgluinomasses.Theselimits are
combinedto obtaina 95%CL exclusionregion in theMg̃-Mq̃ plane,shown in figure21
(left). A scanis performedin theM0-M1

1
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at theGUT scale)for themSUGRAscenariowith A0 B 0, negativeµ andtanβ B 5, and
the resultingexclusionregion is shown in figure 21 (right). At low valuesof M0 and
M1
1
2 theselimits extendtheregionexcludedby LEP.

Search for Charginos/Neutralinos

StrongsparticleproductionattheTevatronis suppressedowing to thelargesquarkand
gluinomassesinferredfrom thelimits shown above.Theassociatedproductionof χ̃ C1 χ̃0

2
is thereforelikely to bethedominantSUSYproductionmechanism.CDFhasperformed
a searchfor the processpp̄ D χ̃ C1 χ̃0

2 followed by χ̃0
2 DFE ¯E χ̃0

1 and χ̃ C1 DGE ν χ̃0
1, which

resultsin a striking trilepton plus E/T signature.In orderto gain acceptancefor events
with a soft third lepton,eventswith only two energetic, like sign (LS) leptonsarealso
considered.The SM backgroundsare small, dominatedby Drell-Yan, dibosons,and
W H Z I γ. No significantexcessof eventsis observedfor thedifferenttrileptonandLS
topologiescomparedto SM predictions.As no evidenceof SUSY is observed,results
from the differenttopologiesarecombinedto obtainlimits on the crosssectiontimes
BR for somepointsin parameterspaceof themodel.Figure22 shows 95%CL upper
limits for theχ̃ C1 χ̃0

2 productioncrosssectiontimesBR asafunctionof thecharginomass
for two scenarios:mSUGRAwith tanβ B 3, A0 B 0, µ J 0 andM0 B 60andanMSSM
scenariowhichkeepsthesamerelationsasmSUGRAbut with nosletponmixing,which
enhancestheBR of charginosandneutralinosto electronsandmuons.In themSUGRA
scenariotheexpectedlimit is sensitiveto charginomassesof about125GeV/c2. For the
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MSSM scenarioconsidered,chargino massesbelow 129 GeV/c2 areexcludedat 95%
CL.

Search for Lar geExtra Dimensions

CompactifiedLarge ExtraDimensions(LED) have beenproposed[6] asanalterna-
tivesolutionto thehierarchyproblembetweentheweakandgravitationalscales.In these
models,only gravitons(G) canpropagatein then extra dimensionsof the4 I n dimen-
sionalbulk of spacetime.Theresultingeffective(or reduced)Plankscale,MD, is related
to thePlankscaleandto theextentRof theextradimensionsthroughM2

Plank \ RnM2] n
D .

The large valueof the Plankscaleis thereforedueto the large extent of the extra di-
mensions.Thepredictedgravitonsareproduceddirectly in processessuchasqq̄ D gG,
qg D qG andgg D gG, resultingin ahighly energeticmono-jetsignatureaccompanied
by largeE/T from theundetectedgraviton. CDFsearchesfor theseprocessesby selecting
eventswith onehighly energetic jet (ET J 150GeV)andlargeE/T ( J 120GeV).A sec-
ondjet with ET ^ 60 GeV is allowedin orderto gainsomeacceptance.Figure23 (left)
shows theE/T distribution of theselectedeventssuperimposedwith theSM predictions
andwith theexpecteddistribution for LED signalwith n B 2 andMD B 1 TeV. No ex-
cessof eventsis foundoverSM predictions,and95%CL lower limits arederivedonthe
reducedPlankscaleasa functionof thenumberof extradimensions,shown in figure23
(right). For n J 3, thesearethebestavailablelimits on MD.
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Search for High MassResonances

Several extensionsof the SM predict the existenceof new particlesdecayinginto
leptonor photonpairs,suchasZ k predictedin GUT theories[7] or Randall-Sundrum
(RS)gravitons.TheRandal-Sundrummodel[8] is atheoryof extradimensionsin which
awarpfactordeterminesthecurvaturek of theextra dimensionsandthereforethemass
of theKaluza-Kleingraviton resonances.Searchesfor dileptonor diphotonresonances
are broad,inclusive and sensitive. Discovery of a sharpmasspeakover background
would be compellingevidenceof a new particle.CDF hassearchedfor resonancesin
dielectron,dimuon,dijet anddiphotonfinal states.Figure24 shows the invariantmass
distributionfor dielectron(left) anddiphoton(right) final states.As nosignificantexcess
is foundoverSM predictions,95%CL upperlimits arederivedonthecrosssectiontimes
BR asa functionof thenew particlemass.Figure25 shows thelimits for thedielectron
final stateasa function of MZ l (left), and the limits for the dielectron,diphoton,and
combinedeeI γγ final statesasa functionof MG (right). Lower limits canbe inferred
for the new particle masseswhen the crosssectionlimits are comparedto different
theoreticalscenarios.For example,for a Z k with SM couplings,the dielectronlimit
impliesMZ l J 923GeV/c2 at 95%CL, andthecombinedlimit implies thatMG J 889
GeV/c2 for a RS modelwith k H MPlank B 0 m 1. Figure26 shows the 95% CL excluded
regionon thek H MPlank-MG plane,themostexclusive limit to date.

CONCLUSIONS AND OUTLOOK

TheCDF collaborationhasbeenveryactive in all aspectsof its broadphysicsprogram,
with constantlymaturing and improving analysiscovering a wide rangeof topics.
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Increasinglysophisticatedanalysistechniquesandimproveddetectorunderstandingand
performance,togetherwith increasingdatasamples,allow to probesomeof thesmallest
crosssectionsever measuredat hadroncolliders.Evidencefor processessuchasWZ,
ZZ andsingletop productionhasbeenfound.The studyof top quarkis uniqueto the
Tevatron.CDF hasperformedthe most precisesingle determinationof its mass,and
measuredits productionand decayproperties.CDF is a hadroncollider experiment
which hasproducedseveral B physicsresultswhich arecompetitive with dedicatedB



)
2
�

 (GeV/cG
�M

200 300 400 500 600 700 800 900

p
l

M
k/

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

-1 L dt =  1.1 - 1.3 fb∫

CDF Run II Preliminary

-e+�e
γ�γ�

-e+ + eγ�γ�

)
2
�

 (GeV/cG
�M

200 300 400 500 600 700 800 900

p
l

M
k/

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1
 vs RS Graviton Mass Exclusion PlotplMk/
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factories,andsomeof themostpreciseelectroweakmeasurementsto date,bringingSM
teststo a level of precisionsimilaror betterthanelectron-positroncolliders.Continuous
improvementsin theexpectedsensitivity of searchesfor Higgsandfor physicsbeyond
theSM allow significantexclusionor reachonmany differentmodels.In particular, CDF
(andD0) might havesomethinginterestingto sayabouttheHiggsif enoughluminosity
is recordedduringthenext two years,makingthesearchfor Higgsa toppriority.
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