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Abstract. TheSU 2| U 1 gaugetheoryof the electraveakinteractionshasenjoyed tremen-
doussucces®verthe pastfour decadesaccuratelypredicting,or atleastaccommodatinggll high-
enegy collider data.The gaugegroupmustbe brokensomehavtoU 1 ,,, becaus¢he unbrolen
theorypredictsmasslesgaugebosonsandmasslesgermions.The StandardModel incorporates
minimal Higgs sectorwith a single complex doublet eld, to breakthe symmetryspontaneously
but it is nottheonly possibility SUSY Higgsesgeneratwo-Higgs-doublemodels,andotherideas
may prove to modelnaturebetterthanthe minimal model.Many of thesemodels andeventhe SM,
prefera light Higgs boson,with a massbetweenthe LEP limit of 114.4GeV and200 GeV. The
ConstrainedMSSM favorsmassesinder120GeV. A suney of theexperimentalwork sofaratLEP
andthe Tevatron,with estimationof the sensitvity of theupcomingLHC experimentss provided.
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INTRODUCTION

TheSJ 2| U 1 gaugetheoryof electraveakinteractiong1] successfullymodels
all collider datatakento date.It is the minimal modelthatdescribeshe parity-violating
weak interactions,and uni es the descriptionof the electromagnetiénteractionwith
theweakinteractionsThe structures broadlysimilar to thatof anothewery successful
model, QCD, which hasSU 3 asits gaugegroup.Justas QED predictsa massless
photonsince a massterm for the photonviolatesthe U 1 ,, gaugesymmetry the
electraveakgroup,if left unbrolen,predictsmasslessV andz® bosonsFurthermore,
fermionstoo mustremainmasslessas Dirac masstermsfor themin the Lagrangian
would mix the left-handedstateswith right-handednes,andtheseareknown to have
differentinteractionswith the weak currents,and hencemusthave differentquantum
numbers.

If theelectraveakgaugesymmetryis spontaneousligroken,thenthepredictive power
of the theoryis retained,while massve gaugebosonsand fermionsare allowed. The
minimalmodelbreaking®J 2, U 1, downtoU 1 ,, isknown astheHiggsmech-
anism[2], andis incorporatedn the StandardVodel (SM). It is not the only possibil-
ity, however, andgiven the inability of the SM to explain the natureof dark matter it
is not eventhe mostcompellingdescription.The Higgs bosonreceveslarge radiatve
correctiondrom loopscontainingknown particles,andthesecanbecounterbalanceby
loopscontainingparticlesof oppositestatisticsandhenceoppositesignamplitudesThis
argumentis oneof the motivationsfor supersymmetrandthe predictionof adarkmat-
ter candidates another The minimal SUSY model,the MSSM, requirestwo comple
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Higgsdoublet elds, andhas ve physicalstatesaftersymmetrybreaking-the CP-even,
neutralh® andH?, the CP-odd neutralA°, andthe chagedHiggsbosonsH andH .
Onecanimaginemodelswith two Higgsdoubletsevenin theabsencef supersymmetry
aswell asmodelswith Higgstriplets. Theselatter arisenaturallyin left-right symmet-
ric scenariosand predictthe presenceof doubly-chaged Higgs bosonsH [3].
Little Higgs modelsinvolve introducingnew bosonsto cancelfermion loops without
introducinglow-enegy supersymmetrybut still requirea more exact cancellationfor
thefull radiatve correctionsatvery highenepies.

If the StandardViodel is the full descriptionof nature(settingasidedark matterfor
the moment),vacuumstability andtriviality boundsplacelimits on what Higgs boson
massesreallowed[4], betweerapproximatelyl30 GeV and180GeV. If new interac-
tionsappeaonly at high enegies,theseargumentsstill hold, but becomeprogressiely
wealerasthescaleof new physicsgetslower. Theamgumentcanbeinverted-if aHiggs
bosonis found with a massoutsideof this range,eithervery light or very heary, then
thereis a strongindicationfor new physicsat low massscalesIn fact, somemodels,
suchasthe MSSM, for mary choicesof parametergsonsistentvith availabledata,pre-
dict the existenceof a Higgs bosonwhich interactsalmostexactly like the SM Higgs
boson(with only smalldeviationsof decaybranchingfractions),exceptthatits masss
toolight to beaccommodatedomfortablyin the SM with no new interactions.

Therearethreecompellingreasongo studylight Higgs bosons(with massesunder
200 GeV). The rst is the theoreticalmotivation mentionedabove — Higgs bosons
are almostguaranteedo exist, andtheir propertiestell us volumesaboutwhat other
interactionsare presentin nature.The secondreasonis that precision electraveak
dataprefera light Higgs boson,of massunderabout200 GeV at the 95% con dence
level [5]. As of January2007,thebestt SMm, 80 3¢ GeV, with m;  153GeV
at the 95% CL. Including the information from the non-obseration of Higgs bosons
with masseselov 114.4GeV in directsearche$6], the upperboundon m, risesto
189 GeV. Thethird reasorfor seekinglow-massHiggsbosonss becausét is possible
to do so at currentand plannedcolliders. LEP could searchfor Higgs bosonsup to a
kinematiclimit of roughly 115 GeV, determinedby the centerof-massenepy of the
collider and the necessityof producingHiggs bosonsin associatiorwith Z° bosons.
TheTevatron's sensitvity is channel-dependerthe strongessensitvity correspond$o
1144GeV my, 130GeV, with anotherstrongregion of sensitvity nearm,; 160
GeV, wheretheH® W W channeis themostpowerful. TheLHC is expectedto be
ableto covertherangem, 1 TeV, althoughHiggsbosonswith somemassewwill be
easierto discover thanothers.In particular Higgs bosonswith massesinder130 GeV
will bemoredif cult for the LHC experiments.

SEARCHESFOR HIGGS BOSONSAT LEP

The searchedor a SM-like Higgs bosonat LEP, which closeddown at the end of
2000,did notyield evidencefor a Higgs boson,althougha tantalizingexcessof events
wasreportedby the ALEPH experiment[7], correspondindo a bit morethanwhatis
expectedfrom a SM Higgsbosonwith amassm,;  115GeV. Suchexcessesverenot
seenby the otherthree LEP experiments,and the combinedp-value, the probability
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FIGURE 1. Upperlimit on the squareof the ZZH couplingfrom the combinedsearchegor a Higgs
bosorwith SM branchingractionsandpossiblysuppressedouplingto theZ° bosor[6]. Theupperimits
areexpressedsfractionsof the SM prediction.Thesolid blackline shavstheobsenedlimit asafunction
of m,, andthe dashedlack line shavs the medianexpectedimit. The shadecbandsshav the 1 2s
distributionsaroundthe expectedimits. Discontinuitiesn thesensitvity arisefrom thelimited my, search
rangeschoserfor someanalyse®n someexperimentsvhich did notincludethe entiresensitve area.

of anupward uctuation of the backgroundo the dataor more,is 9% [6], far higher
thanthe criterion neededo claim evidence.The exclusion of SM-like Higgs bosons
with massedelov 114 GeV is quite strong,asthe large expectedsignalrate and low

backgroundsallow for powerful searchesThe coupling limit as a function of my, is

showvn in Figure 1. Modelswith extendedHiggs sectorsoften predicta SM-like Higgs

bosonbut with suppressedouplingsto the Z% boson.In theMSSM, the ZZH coupling
is suppressethy a factorof sin b a , wheretanb is theratio of VEV's of the two

Higgsdoubletsanda is the Higgs mixing angle.

For very light Higgs bosonsthe decaybranchingratiosvary rapidly with mass,as
kinematicthresholdsarecrossedFor exotic models Higgsbosonamaydecayinvisibly,
or via cascade$®  APA?, with A° decaysto charm,or gluons,or taus.The LEP
experimentshada strongadwantageof beingableto identify boostedz® bosonsfully
reconstructedrom their leptonicdecaysandto infer the propertiesof recoilingobjects,
regardlessof the decaymodes[8]. Stronglimits on the Higgsstrahlungprocessare
obtainedall the way down to zeromass,but stopat massesbove 85 GeV dueto the
reducedsensitvity of the decay-modendependensearchand the falling production
crosssection A greatmary speci ¢ modelshave beentestedoy directLEP Higgsboson
searchesNeutral MSSM Higgs bosonsearchresultsare summarizedn [9], for CP-
conservingandCP-violatingscenariosaswell aslimits on crosssectionsmultiplied by
decaybranchingractionswhich canbe appliedto any model.

Recently Roszlowski, Ruizand Trotta[10] performeda Bayesiaranalysisscanning
over CMSSM parametespacewith a likelihoodfunctionwhich includeddirect LEP2
HiggssearchegprecisionEW measurements},;, 2, WMAP cosmicmicrowave back-
groundradiationmeasurementgherecently-measureds mixingrate,Br B sg , and
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thelimit onBr Bs m m in orderto predictthe mostcrediblevaluesof the Higgs
bosonmassn this scenariolnterestingly almostall of the posteriorprobabilitylies be-
low m, 120 GeV, with SM-like Higgs behaior. The H?, the A% andthe H could
have massesaip to 4 TeV, however, althoughmassesinder2 TeV are preferred.LEP
may have just barelymisseddiscoveringa Higgs boson,if the CMSSMis areasonable
approximatiorto nature.Onthe otherhand,if a SM-like Higgsbosonis not foundwith
amassbelon approximatelyl 35GeV, theMSSMis all but ruledout, althoughthereare
escapeaoutesandclever parametechoices.

SEARCHESFOR HIGGS BOSONSAT THE TEVATRON

With thisin mind, the Tevatronbecamehefocusof Higgsbosonsearchesasthe higher

enepy of the colliding p A beamsallows for heavier Higgs bosongo be producedThe
dif culty is the large backgroundto most searchesThe processgg  H© bh has
the largest productionrate and decaybranchingratio for light Higgs bosonsneeded
to testthe MSSM hypothesishut it is swampedby the muchlarger gg bﬂ\process.
Instead,associategroductionof a Higgs bosonwith a leptonically-decayingrector

bosonis used,W HO n b Z0HO bl and Z0HO bbr are the most

sensitve to Higgs bosonsof masslessthanabout135 GeV. Anotherpowerful search
isthegg HY W W channelwhich alsobene ts from vectorbosonfusion and

associategroductionprocessesTypically the leptonicW bosondecaysare sought,
andlittle is requiredof therestof the event.

The expectedsensitvity to a Higgs bosonproducedwith the SM productioncross
sectionsvasestimatedn 2000[11], andtherequiredluminosityto excludeat the 95%
CL, obtainevidenceat the 3s level, or discover atthe 5s level, is shavn in Figure2.
The exercisewasrepeatedn 2003 [12] with more realistic Monte Carlo simulations
and somedatataken with the Run Il detectorcon gurations. The projectedluminos-
ity requirementsare shovn in Figure 2 and generallycon rm the earlier sensitvity
estimationscomingin with slightly more optimistic sensitvity. Systematiauncertain-
tieswerenot includedin the latter studythey hadnot yet beenevaluated,nor wasthe
gg H® W W channelestimatedat thattime. For the earlier study systematic
uncertaintiesvere expectedto scaleas1 dt. Onevery importantchangeto the
expectedsensitvities for Higgs bosonmassesbove 135 GeV is the recentcalculation
ofthegg HY productioncrosssectionat NNLO [13], which addsapproximately50%
moresignalraterelative to the NLO crosssectiongjuotedin [11].

The sensitvity projectionshad a delicatesetof requirementgo balance- realistic
projectionsrequire the bestestimationsof the acceptancend backgroundsyet it is
fully expectedthatthe analysisteamsinvolvedin the searchesvill apply increasingly
sophisticatedechniquego analyzethe data.Furthermorethe detectorscontinueto be
upgradedeven during running. Trigger and dataacquisitionupgradesare necessary
in order to follow the increasingluminosity projections,and D@ nished installing
its upgradedinner silicon tracking layer which is expectedto improve signi cantly
the b-taggingperformance Low-massHiggs bosonsearchegpresentedn 2006 still
lack in mary casessomeof the sophisticatedechniquesexpectedto be put to use,
suchasimprovedtriggers,improved dijet massresolutiontechniquesneuralnetsand
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FIGURE 2. Sensitvity projectionsof the SUSY/HiggsWorking Group[11] (left gure) andthe Teva-
tronHiggs Sensitvity Working Group[12] (right gure). Shavn aretheamountof integrateduminosity
perexperimentrequiredin orderto achieve an expectedsensitvity to a StandardModel Higgs bosonat
the95%CL, 3s evidence and5s discoverylevel.

matrix elementdiscriminatorsforward b-tagsand forward leptons,and sophisticated
b-tag discriminants.Each of theseimprovementshas an ongoing effort within both
collaborations.One example of an improvementwhich hasa signi cant impact on
the sensitvity is splitting the H° bh\channelsnto single-taggednddouble-tagged
subsetsThis operationmprovesthe sensitvity in two ways:the double-taggedample
has a smaller fraction of mistaggedlight- avor and charm jets, and the dijet mass
resolutionin thedouble-taggedampleis better

Thestatusof the Tevatronsearcheasof ICHEP 2006is shovnin Figure3. Thelimits
areshovn asa multiple of the SM productionrate becausesomechannelssuchasthe
bB+missingenegy channel aresensitie to both Z0H® andW H? production,andthe
SM ratio is assumedFor ICHEP 2006,D@ analyzedafull 1fb 1initsH® W W
channelsbut abouta third of that amountof datain jts H° bG\channels.CDF, on
the otherhand,analyzeda full 1fb *forits HO  bB\channelsbut only 360pb * for
HO W W .ltis a“snapshot’in time — asof April 2007,both CDF and D@ have
nished all analysesvith 1fb 1.

The Tevatron collider is performing at record levels, having delivered more than
2 fb 1 to the experimentswith storesstartingwith luminositiesfrequentlyexceeding
200 10°° cné/s. The trigger ratesrise fasterthanthe luminosity dueto seymentsof
nearbylow-enegy tracksbeingfalselyreconstructe@shigh-enegy tracks,anddueto
overlappingenegy depositsn the calorimetergassingriggerthresholdamore easily
More sophisticatedriggering algorithmsare studiedby CDF and DJ, suchas stereo
reconstructiorof tracksat thetriggerlevel, andbettercalorimeterclusteringalgorithms
in orderto maintainhigh trigger ef ciencies for Higgs bosonsat the high projected
luminosities.

LOW-MASS HIGGS BOSON SEARCHESAT THE LHC

The ATLAS andCMS experimentsoffer strongsensitvity to a SM (or SM-like) Higgs
bosonover the rangeof massesrom 115 GeV up to 1 TeV, andthe sensitvities are
describedn detailin [14] and[15]. Figure4 shovstheexpectedsigni cancelevelsin s
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FIGURE 3. Summarystatusof the CDF and D@ Higgs searchlimits asof ICHEP 2006. Limits are
shawn for eachof the SM channelseparatelyandcombinedasa multiple of the SM productionrate.

for both ATLAS and CMS after 30 fb 1 have beenaccumulatedy eachexperiment.
The searchstratgy dependscritically on the value of m,, being tested,due to the
changingbranchingfractionsof the Higgs boson.For m,,  135Ge\ the sensitvities
of thetdd®  tdhsearchtheH® ggsearchandtheH® t ¢ aresimilar. Their
combinationis neededn orderto achiee discovery-level sensitvity at 30 fb 1. The
associated-productianodesV HO andZ®HO with H®  b\areexpectedo have poor
signal-to-backgroungerformanceand are not expectedto contribute as muchto the
sensitvity. The possibility of a SM-like Higgs bosonwith a massunder135 GeV, a
massrangefavoredby the precisionelectraveak ts andthe CMSSM, andtherelative
dif culty of discoveringsucha particleatthe LHC, encourageghefull developmenif
the Tevatronresourceso devoteto this search.

At highermasseshowever, the sensitvity of ATLAS andCMS rises,asthe distinct
decaymodesH® W W n A andH® 7970 becomethe
mostimportant. Vectorbosonfusion enhanceghe productioncrosssectionand also
suppliesforward “taggingjets” which canbe usedto helpdistinguisheventscontaining
HiggsbosondromtheSMW W backgroundsATLAS estimatest mayneedaslittle
as1fb 1 of datain orderto discover a SM Higgs bosonwith a massof 160 Ge\V. For
higherHiggs bosonmassestill, the full massreconstructiorin the Z°Z° modeallows
botha cleanseparatiorof signalfrom thebackgroundaswell asa precisemeasurement
of theHiggsbosonmass.

EXTENDED AND EXOTIC HIGGS SEARCHES

Eventhoughthe currentsensitvity of CDF andD@ combinedis not yet enoughto test
for the presenceof a SM-like Higgs boson,extendedmodelsprovide signatureswith
large enoughproductionratesthatthey canbe detectedwith 1 fb 1. In particular the
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FIGURE 4. Discoverypotentialfor aSM Higgsbosonin ATLAS [14] andCMS[15], for thedifferent
searchchannelsseparatelyandcombined estimatedor anintegratediuminosityof 30fb 1.

productioncrosssectionfor Higgsbosongproducedn associationwith b quarks andvia
abloopingg H scalesoughlyastar? b. Furthermoreathightanb, eithertheh® or
the HO is expectedto have a massvery similar to thatof the CP-oddA® boson,andthus
the expectedsignal crosssectionis approximatelytwice that of just oneHiggs boson.
TheseHiggsbosonsareexpectedo decayroughly10%of thetime to taupairs,and90%
of thetime to bﬁ\pairs,althoughmodel parameterchoicescanbe madewhich modify
both the couplingsandthe branchingratios[16]. CDF and D@ have recentlyreleased
searche$or theH® t t mode[17][18], usingapproximatelyl fb ! of data.Both
analyseausedetailedtau identi cation algorithmsdesignedo detectleptonically and
hadronicallydecayingtau leptons,and use the reconstructedvisible massof the tau
decayproductgo helpseparata Higgsbosonsignalfrom thebackgroundg¢dominantly
Z% 't t ). Both searchesare sensitve to tanb 40 at the 95% CL level. CDF
obseres an excessof candidatesnearm, 160 GeV at a level of 2s, while D@
obseresdatawhich arein agreementwith SM backgroundoredictions.The excessin
CDFis interestingbut is notyet very strong.

The LHC hasa tremendougotentialto discover Higgs bosonsin the MSSM. The
sensitvity to the lightest CP-ezen Higgs boson,the h® follows that of the SM Higgs
sensitvity. If the A° is very heary, however (a few hundredGeV or more),it could
be possiblethat only oneHiggs bosonis obsenable,andit would look very SM-like,
exceptperhapdor its low mass.At very high or low valuesof tanb, a chagedHiggs
bosoncouldbeobsenableatthe LHC, andathightanb, ATLAS andCMS canusethe
HO t t channetocoverH® andA® massesipto 700GeV [14].

SUMMARY
The searchedor the Higgs bosonsof the SM andthe MSSM are gaining sensitvity
asdataare collectedby the CDF and D@ collaborations.The LHC, whenit collects
30fb ! of data,will have discovery sensitvity overthe entiremassrangefrom the LEP
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exclusionup to aboutl TeV, andnearm,, 160 GeV, the sensitvity is muchgreater
and a discovery can be madewith much lessluminosity (aslittle as1 fb 1). In the
ConstrainedISSM, the mostprobablevaluefor the lightestHiggs bosonmassis less
than120GeV [10], wherethe LHC sensitvity is wealest.A light Higgs bosonis also
favoredby the precisionelectraveak ts. For thesereasonsthe Tevatronexperiments
areoptimizingtheir sensitvity to alow-massHiggsbosonasatop priority. Sensitvity to
thehearier Higgsbosonof the MSSMis enhancedt hightanb, andTevatronsearches
arealreadyprobingtanb  40.In the next threeor four yearswe will know quitealot
aboutelectraveaksymmetrybreaking.
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