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Abstract. TheSU
�

2� L �

U
�

1� Y gaugetheoryof theelectroweakinteractionshasenjoyedtremen-
doussuccessover thepastfour decades,accuratelypredicting,or at leastaccommodating,all high-
energy collider data.Thegaugegroupmustbebrokensomehow to U

�

1� EM, becausetheunbroken
theorypredictsmasslessgaugebosonsandmasslessfermions.TheStandardModel incorporatesa
minimal Higgs sectorwith a singlecomplex doublet�eld, to breakthe symmetryspontaneously,
but it is not theonly possibility. SUSYHiggses,generaltwo-Higgs-doubletmodels,andotherideas
mayproveto modelnaturebetterthantheminimalmodel.Many of thesemodels,andeventheSM,
prefera light Higgs boson,with a massbetweenthe LEP limit of 114.4GeV and200 GeV. The
ConstrainedMSSMfavorsmassesunder120GeV. A survey of theexperimentalwork sofaratLEP
andtheTevatron,with estimationsof thesensitivity of theupcomingLHC experimentsis provided.
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INTR ODUCTION

TheSU � 2� L �

U � 1� Y gaugetheoryof electroweakinteractions[1] successfullymodels
all colliderdatatakento date.It is theminimalmodelthatdescribestheparity-violating
weak interactions,and uni�es the descriptionof the electromagneticinteractionwith
theweakinteractions.Thestructureis broadlysimilar to thatof anotherverysuccessful
model,QCD, which hasSU � 3� as its gaugegroup.Justas QED predictsa massless
photonsincea massterm for the photonviolates the U � 1� EM gaugesymmetry, the
electroweakgroup,if left unbroken,predictsmasslessW � andZ0 bosons.Furthermore,
fermionstoo must remainmassless,asDirac masstermsfor themin the Lagrangian
would mix the left-handedstateswith right-handedones,andtheseareknown to have
different interactionswith the weakcurrents,andhencemusthave differentquantum
numbers.

If theelectroweakgaugesymmetryis spontaneouslybroken,thenthepredictivepower
of the theory is retained,while massive gaugebosonsand fermionsareallowed. The
minimalmodelbreakingSU � 2� L �

U � 1� Y down toU � 1� EM is known astheHiggsmech-
anism[2], andis incorporatedin theStandardModel (SM). It is not theonly possibil-
ity, however, andgiven the inability of the SM to explain the natureof dark matter, it
is not even the mostcompellingdescription.The Higgs bosonreceiveslarge radiative
correctionsfrom loopscontainingknown particles,andthesecanbecounterbalancedby
loopscontainingparticlesof oppositestatisticsandhenceoppositesignamplitudes.This
argumentis oneof themotivationsfor supersymmetry, andthepredictionof adarkmat-
ter candidateis another. Theminimal SUSYmodel,theMSSM, requirestwo complex
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Higgsdoublet�elds, andhas� vephysicalstatesaftersymmetrybreaking– theCP-even,
neutralh0 andH0, theCP-odd,neutralA0, andthechargedHiggsbosonsH � andH � .
Onecanimaginemodelswith twoHiggsdoubletsevenin theabsenceof supersymmetry,
aswell asmodelswith Higgs triplets.Theselatterarisenaturallyin left-right symmet-
ric scenarios,andpredict the presenceof doubly-chargedHiggs bosonsH ���

�

��� [3].
Little Higgs modelsinvolve introducingnew bosonsto cancelfermion loopswithout
introducinglow-energy supersymmetry, but still requirea moreexact cancellationfor
thefull radiativecorrectionsatveryhighenergies.

If the StandardModel is the full descriptionof nature(settingasidedark matterfor
themoment),vacuumstability andtriviality boundsplacelimits on whatHiggsboson
massesareallowed[4], betweenapproximately130GeV and180GeV. If new interac-
tionsappearonly at high energies,theseargumentsstill hold,but becomeprogressively
weakerasthescaleof new physicsgetslower. Theargumentcanbeinverted– if aHiggs
bosonis found with a massoutsideof this range,eithervery light or very heavy, then
thereis a strongindicationfor new physicsat low massscales.In fact, somemodels,
suchastheMSSM, for many choicesof parametersconsistentwith availabledata,pre-
dict the existenceof a Higgs bosonwhich interactsalmostexactly like the SM Higgs
boson(with only smalldeviationsof decaybranchingfractions),exceptthat its massis
too light to beaccommodatedcomfortablyin theSM with nonew interactions.

Therearethreecompellingreasonsto studylight Higgs bosons(with massesunder
200 GeV). The �rst is the theoreticalmotivation mentionedabove – Higgs bosons
are almostguaranteedto exist, and their propertiestell us volumesaboutwhat other
interactionsare presentin nature.The secondreasonis that precisionelectroweak
dataprefera light Higgs boson,of massunderabout200 GeV at the 95% con�dence
level [5]. As of January2007,the best�t SM mH �

80�

36

�

26 GeV, with mH �

153GeV
at the 95% CL. Including the information from the non-observation of Higgs bosons
with massesbelow 114.4GeV in direct searches[6], the upperboundon mH risesto
189GeV. Thethird reasonfor seekinglow-massHiggsbosonsis becauseit is possible
to do so at currentandplannedcolliders.LEP could searchfor Higgs bosonsup to a
kinematiclimit of roughly 115 GeV, determinedby the center-of-massenergy of the
collider and the necessityof producingHiggs bosonsin associationwith Z0 bosons.
TheTevatron'ssensitivity is channel-dependent;thestrongestsensitivity correspondsto
114� 4 GeV

�

mH �

130GeV, with anotherstrongregion of sensitivity nearmH �

160
GeV, wheretheH0 � W � W � channelis themostpowerful. TheLHC is expectedto be
ableto cover therangemH �

1 TeV, althoughHiggsbosonswith somemasseswill be
easierto discover thanothers.In particular, Higgsbosonswith massesunder130GeV
will bemoredif�cult for theLHC experiments.

SEARCHESFOR HIGGS BOSONSAT LEP

The searchesfor a SM-like Higgs bosonat LEP, which closeddown at the end of
2000,did not yield evidencefor a Higgsboson,althougha tantalizingexcessof events
wasreportedby the ALEPH experiment[7], correspondingto a bit morethanwhat is
expectedfrom a SM Higgsbosonwith a massmH 	

115GeV. Suchexcesseswerenot
seenby the other threeLEP experiments,and the combinedp-value, the probability
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FIGURE 1. Upperlimit on thesquareof the ZZH couplingfrom the combinedsearchesfor a Higgs
bosonwith SM branchingfractionsandpossiblysuppressedcouplingto theZ0 boson[6]. Theupperlimits
areexpressedasfractionsof theSM prediction.Thesolidblackline showstheobservedlimit asafunction
of mH , andthe dashedblack line shows themedianexpectedlimit. The shadedbandsshow the � 1 � 2s
distributionsaroundtheexpectedlimits. Discontinuitiesin thesensitivity arisefrom thelimited mH search
rangeschosenfor someanalysesonsomeexperimentswhichdid not includetheentiresensitivearea.

of an upward �uctuation of the backgroundto the dataor more,is 9% [6], far higher
than the criterion neededto claim evidence.The exclusionof SM-like Higgs bosons
with massesbelow 114 GeV is quite strong,asthe large expectedsignalrateandlow
backgroundsallow for powerful searches.The coupling limit as a function of mH is
shown in Figure1. Modelswith extendedHiggssectorsoftenpredicta SM-like Higgs
bosonbut with suppressedcouplingsto theZ0 boson.In theMSSM, theZZH coupling
is suppressedby a factorof sin� b � a � , wheretanb is the ratio of VEV' s of the two
Higgsdoublets,anda is theHiggsmixing angle.

For very light Higgs bosons,the decaybranchingratiosvary rapidly with mass,as
kinematicthresholdsarecrossed.For exotic models,Higgsbosonsmaydecayinvisibly,
or via cascadesh0 � A0A0, with A0 decaysto charm,or gluons,or taus.The LEP
experimentshada strongadvantageof beingableto identify boostedZ0 bosons,fully
reconstructedfrom their leptonicdecays,andto infer thepropertiesof recoilingobjects,
regardlessof the decaymodes[8]. Strong limits on the Higgsstrahlungprocessare
obtainedall the way down to zeromass,but stopat massesabove 85 GeV dueto the
reducedsensitivity of the decay-modeindependentsearchand the falling production
crosssection.A greatmany speci�c modelshavebeentestedby directLEPHiggsboson
searches.Neutral MSSM Higgs bosonsearchresultsare summarizedin [9], for CP-
conservingandCP-violatingscenarios,aswell aslimits on crosssectionsmultipliedby
decaybranchingfractionswhichcanbeappliedto any model.

Recently, Roszkowski, Ruiz andTrotta[10] performeda Bayesiananalysisscanning
over CMSSMparameterspace,with a likelihoodfunctionwhich includeddirectLEP2
Higgssearches,precisionEW measurements,gm � 2, WMAP cosmicmicrowaveback-
groundradiationmeasurements,therecently-measuredBs mixing rate,Br � B � sg� , and
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the limit on Br � Bs
� m� m� � in orderto predictthemostcrediblevaluesof theHiggs

bosonmassin thisscenario.Interestingly, almostall of theposteriorprobabilityliesbe-
low mH �

120 GeV, with SM-like Higgs behavior. The H0, the A0 andthe H � could
have massesup to 4 TeV, however, althoughmassesunder2 TeV arepreferred.LEP
mayhave just barelymisseddiscoveringa Higgsboson,if theCMSSMis a reasonable
approximationto nature.On theotherhand,if aSM-likeHiggsbosonis not foundwith
amassbelow approximately135GeV, theMSSMis all but ruledout,althoughthereare
escaperoutesandcleverparameterchoices.

SEARCHES FOR HIGGS BOSONSAT THE TEVATRON

With this in mind,theTevatronbecamethefocusof Higgsbosonsearches,asthehigher
energy of thecolliding p Åp beamsallows for heavier Higgsbosonsto beproduced.The
dif�culty is the large backgroundto most searches.The processgg � H0 � bÅb has
the largestproductionrate and decaybranchingratio for light Higgs bosonsneeded
to testthe MSSM hypothesis,but it is swampedby the muchlarger gg � bÅb process.
Instead,associatedproductionof a Higgs bosonwith a leptonically-decayingvector
bosonis used,W � H0 � �

� n� bÅb, Z0H0 � n ÅnbÅb, and Z0H0 ���

�

�

� bÅb are the most
sensitive to Higgs bosonsof masslessthanabout135 GeV. Anotherpowerful search
is the gg � H0 � W � W � channel,which alsobene�ts from vector-bosonfusion and
associatedproductionprocesses.Typically the leptonicW � bosondecaysaresought,
andlittle is requiredof therestof theevent.

The expectedsensitivity to a Higgs bosonproducedwith the SM productioncross
sectionswasestimatedin 2000[11], andtherequiredluminosityto excludeat the95%
CL, obtainevidenceat the 3s level, or discover at the5s level, is shown in Figure2.
The exercisewas repeatedin 2003 [12] with more realistic Monte Carlo simulations
andsomedatataken with the Run II detectorcon�gurations.The projectedluminos-
ity requirementsare shown in Figure 2 and generallycon�rm the earlier sensitivity
estimations,comingin with slightly moreoptimistic sensitivity. Systematicuncertain-
ties werenot includedin the latter studythey hadnot yet beenevaluated,nor wasthe
gg � H0 � W � W � channelestimatedat that time. For the earlier study, systematic
uncertaintieswereexpectedto scaleas1��� ��� dt. Onevery importantchangeto the
expectedsensitivities for Higgsbosonmassesabove 135GeV is therecentcalculation
of thegg � H0 productioncrosssectionatNNLO [13], whichaddsapproximately50%
moresignalraterelative to theNLO crosssectionsquotedin [11].

The sensitivity projectionshada delicatesetof requirementsto balance– realistic
projectionsrequirethe bestestimationsof the acceptanceand backgrounds,yet it is
fully expectedthat the analysisteamsinvolved in the searcheswill apply increasingly
sophisticatedtechniquesto analyzethedata.Furthermore,thedetectorscontinueto be
upgraded,even during running. Trigger and dataacquisitionupgradesare necessary
in order to follow the increasingluminosity projections,and DØ �nished installing
its upgradedinner silicon tracking layer which is expectedto improve signi�cantly
the b-taggingperformance.Low-massHiggs bosonsearchespresentedin 2006 still
lack in many casessomeof the sophisticatedtechniquesexpectedto be put to use,
suchasimproved triggers,improved dijet massresolutiontechniques,neuralnetsand
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FIGURE 2. Sensitivity projectionsof theSUSY/HiggsWorking Group[11] (left �gure) andtheTeva-
tronHiggsSensitivity WorkingGroup[12] (right �gure). Shown aretheamountsof integratedluminosity
perexperimentrequiredin orderto achieve anexpectedsensitivity to a StandardModel Higgsbosonat
the95%CL, 3s evidence,and5s discovery level.

matrix elementdiscriminators,forward b-tagsand forward leptons,andsophisticated
b-tag discriminants.Eachof theseimprovementshas an ongoing effort within both
collaborations.One example of an improvementwhich has a signi�cant impact on
the sensitivity is splitting the H0 � bÅb channelsinto single-taggedanddouble-tagged
subsets.This operationimprovesthesensitivity in two ways:thedouble-taggedsample
has a smaller fraction of mistaggedlight-�a vor and charm jets, and the dijet mass
resolutionin thedouble-taggedsampleis better.

Thestatusof theTevatronsearchesasof ICHEP2006is shown in Figure3.Thelimits
areshown asa multiple of theSM productionratebecausesomechannels,suchasthe
bÅb+missingenergy channel,aresensitive to bothZ0H0 andW � H0 production,andthe
SM ratio is assumed.For ICHEP2006,DØ analyzeda full 1 fb �

1 in its H0 � W � W �

channelsbut abouta third of that amountof datain its H0 � bÅb channels.CDF, on
theotherhand,analyzeda full 1 fb �

1 for its H0 � bÅb channelsbut only 360pb�

1 for
H0 � W � W � . It is a “snapshot”in time – asof April 2007,both CDF andDØ have
�nished all analyseswith 1 fb �

1.
The Tevatron collider is performing at record levels, having deliveredmore than

2 fb �

1 to the experiments,with storesstartingwith luminositiesfrequentlyexceeding
200

�

1030 cm2/s. The trigger ratesrise fasterthanthe luminosity dueto segmentsof
nearbylow-energy tracksbeingfalselyreconstructedashigh-energy tracks,anddueto
overlappingenergy depositsin thecalorimeterspassingtrigger thresholdsmoreeasily.
More sophisticatedtriggeringalgorithmsarestudiedby CDF andDØ, suchasstereo
reconstructionof tracksat thetriggerlevel, andbettercalorimeterclusteringalgorithms
in order to maintainhigh trigger ef�ciencies for Higgs bosonsat the high projected
luminosities.

LOW-MASS HIGGS BOSONSEARCHESAT THE LHC

TheATLAS andCMS experimentsoffer strongsensitivity to a SM (or SM-like) Higgs
bosonover the rangeof massesfrom 115 GeV up to 1 TeV, and the sensitivities are
describedin detailin [14] and[15]. Figure4 showstheexpectedsigni�cancelevelsin s
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FIGURE 3. Summarystatusof the CDF andDØ Higgs searchlimits asof ICHEP 2006.Limits are
shown for eachof theSM channelsseparatelyandcombined,asa multipleof theSM productionrate.

for both ATLAS andCMS after 30 fb �

1 have beenaccumulatedby eachexperiment.
The searchstrategy dependscritically on the value of mH being tested,due to the
changingbranchingfractionsof theHiggsboson.For mH �

135GeV, thesensitivities
of thetÅtH0 � tÅtbÅb search,theH0 � gg search,andtheH0 � t � t � aresimilar. Their
combinationis neededin order to achieve discovery-level sensitivity at 30 fb �

1. The
associated-productionmodesW � H0 andZ0H0 with H0 � bÅb areexpectedto havepoor
signal-to-backgroundperformanceand are not expectedto contribute as much to the
sensitivity. The possibility of a SM-like Higgs bosonwith a massunder135 GeV, a
massrangefavoredby theprecisionelectroweak�ts andtheCMSSM,andtherelative
dif�culty of discoveringsuchaparticleat theLHC, encouragesthefull developmentof
theTevatronresourcesto devoteto this search.

At highermasses,however, thesensitivity of ATLAS andCMS rises,asthedistinct
decaymodesH0 � W � W �

� �

� n�

�

���

Ån
���

andH0 � Z0Z0 � �

�

�

�

�

���

�

�

� becomethe
most important.Vector-bosonfusion enhancesthe productioncrosssectionand also
suppliesforward“taggingjets” whichcanbeusedto helpdistinguisheventscontaining
Higgsbosonsfrom theSMW � W � backgrounds.ATLAS estimatesit mayneedaslittle
as1 fb �

1 of datain orderto discover a SM Higgsbosonwith a massof 160GeV. For
higherHiggsbosonmassesstill, the full massreconstructionin theZ0Z0 modeallows
bothacleanseparationof signalfrom thebackground,aswell asaprecisemeasurement
of theHiggsbosonmass.

EXTENDED AND EXOTIC HIGGS SEARCHES

Eventhoughthecurrentsensitivity of CDF andDØ combinedis not yet enoughto test
for the presenceof a SM-like Higgs boson,extendedmodelsprovide signatureswith
large enoughproductionratesthat they canbe detectedwith 1 fb �

1. In particular, the
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FIGURE 4. Discoverypotentialfor a SM Higgsbosonin ATLAS [14] andCMS[15], for thedifferent
searchchannelsseparatelyandcombined,estimatedfor anintegratedluminosityof 30 fb �

1.

productioncrosssectionfor Higgsbosonsproducedin associationwith b quarks,andvia
ab loop in gg � H scalesroughlyastan2b. Furthermore,athigh tanb, eithertheh0 or
theH0 is expectedto havea massverysimilar to thatof theCP-oddA0 boson,andthus
the expectedsignalcrosssectionis approximatelytwice that of just oneHiggs boson.
TheseHiggsbosonsareexpectedto decayroughly10%of thetimeto taupairs,and90%
of the time to bÅb pairs,althoughmodelparameterchoicescanbe madewhich modify
both the couplingsandthe branchingratios[16]. CDF andDØ have recentlyreleased
searchesfor theH0 � t � t � mode[17][18], usingapproximately1 fb �

1 of data.Both
analysesusedetailedtau identi�cation algorithmsdesignedto detectleptonicallyand
hadronicallydecayingtau leptons,and usethe reconstructedvisible massof the tau
decayproductsto helpseparateaHiggsbosonsignalfrom thebackgrounds(dominantly
Z0 � t � t � ). Both searchesare sensitive to tanb

	

40 at the 95% CL level. CDF
observes an excessof candidatesnear mH �

160 GeV at a level of 2s , while DØ
observesdatawhich arein agreementwith SM backgroundpredictions.The excessin
CDF is interestingbut is notyet verystrong.

The LHC hasa tremendouspotentialto discover Higgs bosonsin the MSSM. The
sensitivity to the lightest CP-even Higgs boson,the h0 follows that of the SM Higgs
sensitivity. If the A0 is very heavy, however (a few hundredGeV or more), it could
be possiblethat only oneHiggs bosonis observable,andit would look very SM-like,
exceptperhapsfor its low mass.At very high or low valuesof tanb, a chargedHiggs
bosoncouldbeobservableat theLHC, andathigh tanb, ATLAS andCMS canusethe
H0 � t � t � channelto coverH0 andA0 massesup to 700GeV[14].

SUMMARY

The searchesfor the Higgs bosonsof the SM and the MSSM are gainingsensitivity
asdataare collectedby the CDF andDØ collaborations.The LHC, when it collects
30 fb �

1 of data,will havediscoverysensitivity over theentiremassrangefrom theLEP
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exclusionup to about1 TeV, andnearmH �

160 GeV, the sensitivity is muchgreater
and a discovery can be madewith much less luminosity (as little as 1 fb �

1). In the
ConstrainedMSSM, themostprobablevaluefor the lightestHiggs bosonmassis less
than120GeV [10], wheretheLHC sensitivity is weakest.A light Higgsbosonis also
favoredby the precisionelectroweak�ts. For thesereasons,the Tevatronexperiments
areoptimizingtheirsensitivity to alow-massHiggsbosonasatoppriority. Sensitivity to
theheavier Higgsbosonsof theMSSMis enhancedathightanb, andTevatronsearches
arealreadyprobingtanb

	

40. In thenext threeor four years,we will know quitea lot
aboutelectroweaksymmetrybreaking.
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