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Abstract
In this review, we considerfour maintopics:

1. Theprospectdor a significantimprovementin the precisemeasurement
of theelectraveakparameters.

2. NLO QCD descriptionof the productionW W=, W*Z, ZZ, W*~ or
7~ pairswith leptonic decaysand with anomaloudriple gauge-boson
couplings.

3. Theprospectdor significantimprovementin the directmeasuremeruf
the non-Abeliangauge-couplingwith directlimits on triple andquartic
anomalougouplings.

4. Gauge-bososcatteringatlarge centreof massenenpy.

1. INTRODUCTION?
1.1 Electroweak parameters

At theLHC, substantiaimprovementin the precisedeterminatiorof electraveakparameterssuchasthe
W bosonmassthetop-quarkmassandtheelectraveakmixing angle will becomdeasible aswell asan
accurataneasuremerdf thevectorbosonself couplingsandof the massof theHiggsboson.Thisopens
promisingperspectiestowardsvery comprehense andchallengingestsof the electraveaktheory

Electraveak precisionobsenablesprovide the basisfor importantconsisteng testsof the Stan-
dardModel (SM) or its extensionsjn particularthe Minimal SupersymmetriStandardodel (MSSM).
By comparingprecisiondatawith the predictionsof specificmodels,it is possibleto derive indirectcon-
straintsonthe parametersf themodel.In the caseof thetop-quarkmassyn,, theindirectdetermination
from theprecisionobsenrablesin theframewvork of the SM turnedoutto bein remarkableagreementvith
the direct experimentalmeasurementf m;. Sincethe Higgs bosonmass,My, entersthe predictions
for the precisionobserablesonly logarithmically in leadingorder the indirect determinationof My
requiresvery accurateexperimentaldataaswell as high precisionof the theoreticalpredictions. The
uncertaintief the predictionsarisefrom the following sources:a) the unknavn higherorder correc-
tions- sincethe perturbatie evaluationis truncatedata certainorder andb) the parametriauncertainties
inducedby the experimentalerrorsof theinput parameters.

Themostimportantuniversaltop-quarkcontritution to the electraveakprecisionobsenablesen-
tersvia the p parameterwhich deviatesfrom unity by a loop contritution Ap. At the one-looplevel,
the (¢,b) doubletyields a term proportionalto m? [1], namelyAp = 3G, m?/(87%/2) in the limit
my — 0. Therefore,it is to be expectedthat the precisionmeasurementf the top-quarkmassat the
LHC (seeSection3.1) will significantlyimprove the theoreticalpredictionof the W' mass,My, — at
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presentthe experimentalerroron m, is a limiting factorfor the accurag in the theoreticalpredictions
of theprecisionobserables. My itself will be measuredtthe LHC with a sizablyimprovedaccurag.

Thetheoreticapredictionfor My is obtainedfrom therelationbetweerthevectorbosonmasses
Myy,z andthe Fermiconstant=,,, whichis corventionallywrittenin theform

M2 T 1
M2 [1—- ) = ) 1
W( M%) V2G, 1 — Ar @)

ThequantityAr = Ar(a, Mz, My, my, My ), firstdervedin [2, 3] in one-looporder summariseshe
guantuncorrectiongo thevectorbosonmasscorrelation;it is obtainedrom the calculationof themuon
lifetime in the SM beyondthetree-level approximation At one-looporder Ar canbewritten as

2
Ar = Aa— W Ap+ (Ar)em. 2)
Sw

Aa containsthe large logarithmic contritutions from the light fermions,and Ap the m? dependence;
thenon-leadingermsarecollectedin (Ar).., wherealsothedependencen My enters.In Equationi,
Ar is a quantity that accountsalso for termsof higher orderthanjust one-loop. Moreover, a partial
resummatiorof large contritutions from light fermionsand from the p parameteiis containedin the
expression. For a discussionseefor examplethe sectionon the Electraveak Working Group Report
in [4]. Resultsfor My, thatwerenotyet availableat the time of the report[4] arethe next-to-leading
two-looptermsof O(Gim?M 2) [5, 6] in anexpansiorfor asymptoticallylargem, andtheresultfor the
Higgs massdependencef the fermionic two-loop contributions[7]. Recently the completeresultfor
thefermionictwo-loop contritutionshasbeenobtained8]. Furthermorethe QCD correctiongo Ar of
O(aa?) have beenderived [9].

The mostrecenttheoreticalprediction[8] for My, within the SM is displayedin Figurel asa
functionof Mpy. To illustratethe comparisorbetweentheory and experiment,the experimentalresult
is includedin thefigure for the currentuncertaintyd My, = +0.042 GeV [10] andthe estimated.HC
uncertaintyy My, = +0.015 GeV (seeSection3.1) (assuminghe samecentralvalue). The uncertainty
for the currentstatusand for the casewherethe LHC will have measuredhe top-quarkmasswith
muchhigheraccurag is alsodisplayed,n combinationwith the theoreticaluncertaintyfrom unknavn
higherordercorrectionslt is clearthatbothimprovementsjn My, andin m,, will leadto a substantial
increasdn the significanceof Standardviodel tests,with stringentboundson the Higgs bosonmassto
be confrontedwith thedirectly measuredralueof My.

Besideghe W bosonmassthe improvementin m, will alsohave aneffect onthe predictionsof
the Z poleobsenrables.They arecorvenientlydescribedn termsof effective couplings

g = pr (I —2Qssin?0ly), ol = var 3)

in the neutral-currenvertex at the Z resonancéor a givenfermion speciesf, normalisedaccordingto
INC = (V2G.M2)* (g}, — g)7u7s). Besidesthe overall normalisationfactorpy = 1+ Ap +
---, we mentionin particularthe effective mixing angle,which is usually chosenasthe on-resonance
mixing anglefor the leptonsf = e, u, 7 in Equation3 and denotedas sin? 02‘}‘“. This quantity also
dependssensitvely on the top-quarkmass,mainly throughAp. The theoreticalpredictionof sin? 9}§§t
will definitely be sharpenedby the precisemeasurementf the top-quarkmass;a sizableimprovement
concerningheinternalconsisteng testcanbe anticipated.The on-resonanceixing anglefor thelight
quarks# b is numericallyvery closeto theleptonicone.sin? Og’t canthereforebemeasureétthe LHC
in the Drell-Yan productionof chaged-leptonpairsaroundthe Z resonancevia ¢z — [*1~, wherean

accuray of 1.4 x 10™* onsin? Gg’t may befeasible(seeSection3.2).

Besidegheseinternalconsisteng checksof the SM, the electraveak precisionobserablesmay
be usefulto distinguishbetweendifferentmodelsascandidatesor the electraveaktheory In Figure2,
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Fig. 1: The dependencef Mw, predictedby meansof Equationl, on My is shavn for the SM. The uncertaintyof the
predictionscorrespondso the presentand expectedparametricuncertaintyowing to the top mass,in combinationwith the
theoreticaluncertainty The centrallines (solid) correspondo the presentcentralvaluesof Mw = 80.394 GeV andm; =
174.3 GeV.

the SM predictionof My, asafunctionof m, is comparedvith the predictionwithin the MSSM, where
the MSSM predictionis basedon resultsup to O(aay) [11, 12]. The SM uncertaintyarisesfrom the
only unknavn parameterthe Higgsbosonmass.On the otherhand,within the MSSM, the Higgsboson
masss notafreeparametefl3], andtheuncertaintyoriginatedrom theunknavn SUSY massscalesln
thesmalloverlapregion,the MSSM behaeslike the SM, i.e. all SUSY particlesareheary anddecouple
from the precisionobserables,andthe My valueof the SM staysbelov 130 GeV, the upperboundon
the lightestMSSM Higgs bosonmassfor m; = 175 GeV (see[14] andreferencesherein). Figure 2
shaws the clearimprovementfrom the currentstatusto the LHC era,whereeventually besidesdirect
experimentalevidence adistinctionbetweerSM andMSSM might becomeeasible.

1.2 Vector-boson pair production and scattering

At theLHC, theprecisemeasuremerdf theproductionof W+ W —, W*Z, ZZ, W*~ or Z~ pairsis also
animportantphysicsgoal. In the simpleststudiesthe gauge-bosonwill be detectedvia their leptonic
decaysAlready a coupleeventshave beenobtainedoy CDF andDO for WIW andW Z productionand
DO hasseenabout100 W~ and30 Z+ events. The datasetat Runll will beabout20 timeslargerand
about1000timeslargeratthe LHC. For a summaryof the experimentakituationsee[15, 16].

The productionof gauge-bosorpairs provide us with the besttest of the non-Abeliangauge-
symmetryof the StandardModel (SM). Deviation from the SM predictionsmay comeeitherfrom the
presencef anomalougouplingsor the productionof new heary particlesandtheir decaysnto vector
bosonpairs. If the particlespectrunof the SM hasto be enlagedwith new particles(asin the Minimal
SupersymmetriStandardodel (MSSM)) with massvaluesof > 0.5 — 1 TeV, smallanomalousou-
plingsaregeneratedtlow enegy. If the Higgsbosonis very heavy, it will decaymainly into W+ W=
andZ Z pairs. If the symmetrybreakingmechanisms dynamical(technicolormodels, BESSmodels),
large anomalouscouplingsmight be generatedr new heary particlesmay be produced. In both of
thesecasesyectorbosonpair productionwill shav deviationsfrom the StandardModel predictions At
the sametime, vectorbosonpair productiongivesthe mostimportantbackgroundor a numberof new
physicssignals. For example,one of the mostimportantphysicssignalfor supersymmetnat hadron
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Fig. 2: Thedependencef Mw onm; is shavn for the SM andthe MSSM. It is comparedo thecurrenterrorsandto theerrors
expectedfrom the LHC.

collidersis the productionof threechaged leptonsand missingtransersemomentum. The dominant
backgroundor this processs the productionof W plusa Z (realor virtual) or .

Theleadingorderproductionmechanisnof gauge-bosopair productionis ¢gq annihilation. The
precisecalculationof the crosssectionsin the QCD improved partonmodel have receved recentlya
lot of attention. The crosssectionsof the gauge-bosompair productionandits decayinto lepton pairs
have beencalculatedin next-to-leadingorder (NLO) accurag retainingthe full spin correlationsof
the leptonic decayproducts. A significantachiezementwasthat the theoreticalresultsin NLO QCD
for the productionof W+W =, W*Z, ZZ, W*~ or Z~ pairscould be documentedn shortanalytic
formulae[17] allowing for independennumericalimplementations. Subsequentlyseveral so called
NLO numericalMonte Carlo programshave beendevelopedand the completeone loop corrections
becamevailablefor thefirsttimefor W+W—, W*Z, ZZ in[18, 19], andfor W*~, or Z~ pairsin [20].
Thesenew resultshave supersede@nd confirmedprevious NLO resultson spin averagedproduction
gauge-bosopair production[21, 22, 23, 24, 25, 26, 27, 28], aswell theapproximateesultswherespin
correlationhave beenngglectedin the virtual correctiong29, 30, 31, 32, 33]. The agreemenbetween
the well documentedesultsin [19] andin [22, 24, 26] is within the preciseintegration error andthe
agreemenbetweenthe resultsof [19] and the recentprogramsof [29, 30, 31, 32, 33] is about3%.
Therefore previous experimentalsimulationstudiesbasedon theseprograms(seeSection6.5) should
notberepeated.

SimpleanalyticNLO resultsexist alsofor theanomalougouplingcontritutionsat NLO accurag
in [19, 20]. Again, the agreementvith previous approximateNLO results[29, 30, 31, 32, 33] is also
good(seeSection5.5). Futureanomalousouplingstudiesmay like to usethe moreaccuratepackages.
At the LHC, contraryto LEP, the phenomenologicatudiesof anomalougriple gauge-bosoroupling
constantannotbetreatedasconstantouplingssincethey leadto violation of SU(2) gauge-symmetry
andunitarity Thedifficulty comesfrom truncationof the contritution of aninfinite seriesof higherdi-
mensionahon-renormalisablgauge-inariantoperators.In the caseof ¢q annihilationto gauge-boson
pairs,a suitablephenomenologicapproachs the introductionof form factorsfor the anomalousou-
plings (which in principle are calculablein the true underlyingtheory). As long aswe do not obtain
deviationsfrom the StandardModel, for practicalpurposessimpledipoleform factorswith variouscut-



off parameterganbe used. With betterdata,onecanput limits on the form factorvaluesin small /3
intenals, assumingconstancouplingsfor eachinterval. In the caseof positive signals,suchaform fac-
tor measurememill provide uswith importantinformationontheunderlyingtheory(seeSections3., 4.
andb.).

At higherenegies,the higherorderproductionprocessesf WW and Z Z scattering(the weak
bosonareemittedfrom theincomingquarks)will becomemoreandmoreimportant. Theseinteractions
are the most sensitve to the mechanismof the electraveak symmetrybreaking. In particular if the
breakingof the electraveaksymmetryis dueto new particleswith stronginteractionsatthe TeV scale,
enhancedroductionof longitudinal gauge-bosomairswill be the mosttypical signal[34, 35. The
minimal modelto describethis alternatve is obtainedby assuminghatthe new particlesaretoo heary
to be producedat LHC andthe linear o-model Higgs-sectoiof the Standardviodel is replacedby the
non-renormalisablaon-linears-modelwhich canalsobe considerecsaneffective chiral vectorboson
Lagrangianwith non-linearrealisationof the gauge-symmetry36, 37]. The questionis whetherthis
more phenomenologicahpproachs consistenwith the precisiondata. In a recentanalysis,a positve
answemwasobtained38]. It hasbeenfoundthatdueto the screeningf the symmetrybreakingsector
[39], this alternatve still hasenoughflexibility to bein perfectagreementvith the precisiondataup to
a cut-of scaleof 3 TeV (seeSectionss. and6.). In the chiral approachthe gauge-bosombserables
areobtainedastruncatedseriesin powersof the externalmomentap™ /(47v)™ with M3, ~ gv?/8. The
approximationis valid up to enegy scalesof £ = 4mv =~ 3TeV. At the LHC, the partoniccentreof
massenegy canbe higherandthe phenomenologicamplementatioris confrontedwith the problemof
unitarisation[40, 41, 42]. Although unitarisationis not unique,the useof the K-matrix formalism[40]
or the O(p*) InverseAmplitude Method[42] appeatto give reasonablenodelindependentramenork
to explore the variouspossibilities. When extrapolatingto higherenepiesin particular the masseof
resonancearerathersensitve to theactualvalueof additionalchiral parametersAn alternatve approach
for thephenomenologicdbrmulationof thedynamicalsymmetrybreakingconsistentvith theprecision
datais offeredby theBESSmodel[43] with anextendedstronglyinteractinggauge-sectowith enhanced
globalsymmetriesandwith importantdecouplingpropertiesat low enegies. The phenomenologically
acceptablagechnicolormodels[44] alsorequirean enhancedylobal symmetryin the spectrumof the
theory In the mostpessimistiqpparameterangesit is ratherdifficult to detectthe signalsof the strong
WW andW Z scatteringtherefore pnehasto pushthe LHC analysisto its limits. In the future,further
clever stratgieshave to be pursuedor this case(seeSection6.).

2. ELECTROWEAK CORRECTIONSTO DRELL-YAN PROCESSES?

The basicpartonprocessesor single vectorbosonproductionareqqy’ — W — Iy, andqqg — 7 —
IT1~, with chaged leptonsl in the final state. Investigationsaroundthe W and Z resonancellow a
precisemeasuremendf the W massand of the electraveak mixing anglefrom the forward-backvard
asymmetryAt highinvariantmassesf thel/ "/~ pair, deviationsfrom thestandaratrosssectiorand Arg
couldindicatescalesof new physics,e.g. associatedvith anextraheary Z’ or extra spacedimensions.
For the ernvisagedprecision,a discussionof the electraveak higherorder contritutions is necessaty
on top of the QCD corrections. The electraveak correctionsconsistof the setof electraveak loop
contrikutions,includingvirtual photons andof the emissionof realphotons.

With respectto QCD, the crosssectionsin this sectionare all of lowest order evaluatedwith
partondistribution functionsat factorisationscalesMy, (for W production)and M (for Z produc-
tion). Hence,the numericalvaluesare not yet directly the physicalones. They aregiven hereto point
out the structureandthe size of the higherorder electraveak contritutions. The QCD correctionsare
consideredn the QCD chapterof this report, wherea QCD-relateduncertaintyof ~5% is estimated.
For illustration, we give the values(in nb) for [oc(pp — W) + o(pp — W™)] - BR(W — ev) and
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o(pp — Z) - BR(Z — ete™) in thepurelyelectraveakcalculation(EW) andwith NNLO QCD [50]:

W
Z

17.9 (EW)
1.71 (EW)

and 20.3 +1.0 (NNLO),
and 1.87 +0.09 (NNLO).

2.1 Universal initial-state QED corrections
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Fig. 3: QED correctiondo the partondistribution functionsfor up-typequarksU (z, u?) = den (u + @), downtypequarks,

D(z, p?) = > gen (d + d) andthegluong(z, *) in percentfor thescaley = My (a)andyu = m; (b).

QED correctionsrelatedto the emissionof (real or virtual) photonsfrom quarkscontainmass
singularitieswhich factoriseandthereforecanbe absorbedy aredefinition(renormalisatioh of parton
distribution functions[45]. This redefinitionis well-known in the calculationof QCD radiative correc-
tionswherein completeanalogyto photonradiation,the emissionof gluonsleadsto masssingularities
aswell. By theredefinition,the masssingularitiesdisappeafrom the obserable crosssectionandthe
renormalisedlistribution functionsbecomedependenbn the factorisationscalep which is controlled
by the well-knowvn Gribov-Lipatov-Altarelli-Parisi (GLAP) equationd46, 47]. The factorisationscale

shouldbeidentifiedwith atypical scaleof the processi.e. alarge transersemomentumpr the massof
aproducedarticle.

Sincemasssingularitiesare universal, i.e. independenbf the processunderconsiderationthe
definition of renormalisedpbartondistributionsis alsouniversal. Thereforeit is possibleto discussthe

bulk of initial-stateQED radiatve correctiongn termsof partondistribution functions.Thiswill betrue
if thereis only onelarge scalein the process.

The treatmentof masssingularitiesdue to gluonic or photonicradiationis identical. Photonic
correctioncanthereforebetakeninto accountoy astraightforvard modification[48, 49] of thestandard
GLAP equationsvhich describegluonic correctionsonly. The modificationcorrespondso the addition
of aterm of the orderof the electromagnetidine-structureconstantn. Apart from smallnon-singular
contritutions, the resultingmodified scaledependencef partondistribution functionsis the only ob-
senableeffect of initial-stateQED correctionsn high-enegy scatteringof hadrons.



Themodifiedevolution equatiorfor thechagedpartondistribution functions g ¢ (z, 12) for quarks
with flavour f, canbewritten as:

Ol Ldz
O aslat) = (t)/w O [Puale, Oas(@/20) + Pyylz: Ogla/2,0)

2T z

(4)
o Ldz
n (1) / djpg/q(z,t)qf(x/z,t)

or Jy
In the leadinglogarithmicapproximationthe splitting functions P; ,; areindependentf the scalet =
In 12 /A2, andthe QED splitting functionis givenby

1422 3 Q7

Sincequarksarecoupledthroughthesplitting function P, , (2) = % (22 + (1 — 2)?] togluons,thegluon
distribution g(z, 1?) is affectedby QED correctionsaswell, althoughonly indirectly, by termsof the
orderof O(aay). a(t) is the running electromagnetidine-structureconstantand @ ; arethe fermion
chagesin unitsof thepositronchage.

Thepropertreatmenbf themass-singulainitial-stateQED correctionsvould requirenotonly the
solutionof the evolution equationswith the QED term, but alsoto correctall datathatareusedto fit the
partondistributionsfor thoseQED effects. Apartfrom afew exceptionsgxperimentatdatahave notbeen
correctedfor photonemissionfrom quarks. However, one canillustratethe QED radiatve corrections
by comparingthe modificationof the partondistributionsrelative to the distribution functionsobtained
from the evolution equationswithoutthe QED terms,which areusedasaninput.

Thesolutionof theevolution equationgorrespond#o theresummatiorf termscontainingfactors
a(as In p?)™ with arbitrary power n. In Figures3aand3b, we shav numericalresultsfor the correc-
tions Aggp to thedistribution functionsU (z, u?) (D(z, u?)) for the sumof all up-(dowr)-type quarks,
andthe gluon distribution g(z, 4?). The figuresshav the QED correctionsin per centrelative to the
distribution functionsobtainedrom the GLAP equationsvithoutthe QED term. Theinputdistributions
weretakenfrom [50]. Onefindssmall,negative correctionsat the permille level for all valuesof z and
12 relevantin the LHC experiments.Only atlarge z < 0.5 andlarge p2 2 10 Ge\? do the corrections
reachthemagnitudeof onepercent. Theincreasef correctiondor x — 1 is dueto theln(1 — z) terms
appearingn the evaluationof the“+" distributions.

The largest correctionsare obtainedfor up-type quarksdue to the larger chage factor 4/9 as
comparedo 1/9 for down-typequarks.The gluondistribution, beingof orderO(aa;), is correctedoy
lessthan0.1% upto valuesof = of about0.2.

Thecorrectionszanishfor 2 — 2 sinceit wasassumedhattheinputdistributionsg(z, 3) and
g(x, u3) have beenextractedfrom experimentat the referencescalen3 without subtractingquartonic
QED corrections.

The asymptoticbehaiour for x — 0 canbe checled analytically The singularbehaiour of
distributions o =" for x — 0 remainsunchangedy the GLAP equationsf » > 1. Thusthe O(«a)
correcteddistributions have the samepower behaiour asthe uncorrectenes,the ratio consequently
reachinga constantvaluefor = — 0. The valencepartsof U(x) and D(x), however, which vanishat
x = 0, receve positive correctionsaatsmall z, thusproducingthewell-knonn physicalpicture: radiation
of gluonsaswell asof photondeadsto adepletionatlarge z andanenhancemerdtsmallz, i.e. partons
areshiftedto smallerz.

Otherinput distribution functionsleadto differencesof QED correctionsat the permille level
whichareagainirrelevantwhencomparedvith theexpectedexperimentajprecisionof structure-function
measurements.
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Fig. 4: Lowest-ordediagramfor ud — W+ — vi™ (+7).

2.2 Electroweak correctionsto W production
2.21 Physicalgoalsof singleWW production

The Drell-Yan-like productionof W bosongepresent®neof the cleanesprocessesvith alarge cross
sectionattheLHC. Thisreactionis notonly well suitedfor a precisedeterminatiorof the W bosonmass
My, it alsoyields valuableinformationon the partonstructureof the proton. Specifically the tamget
accurag of theorderof 15 MeV [53] in the My, measuremerexceedshe precisionof roughly30 MeV

achivedatLEP2[51] andTevatronRunll [52], andthuscompetesvith theoneof afuturee™ e collider
[54]. Concerningquarkdistributions,precisemeasurementsf rapidity distributionsprovide information
over awide rangein z [50]; a measuremeraf the d/u ratio would, in particular be complementaryo

HERA results. The more direct determinationof parton-partoduminositiesinsteadof single parton
distributionsis even more precise[55]; extractingthe correspondinduminositiesfrom Drell-Yan-like

processeallows usto predictrelatedqq processeatthe percentlevel.

Owing to the high experimentalprecisionoutlinedabove, the predictionsfor the processegp —
W — ly; shouldattainpercentaccurag. To this end,radiative correctionshave to beincluded. In the
following somebasicfeaturesof this processeandrecentprogresg56, 57, 58, 59, 60] on electraveak
correctionsaresummariseda discussiorof QCD correctionscanbe foundin the QCD chapterof this
report.

2.22 Lowest-oder crosssectionand preliminaries

We considerthe partonprocessud — 1,17 (+7), whereu andd genericallydenotethe light up- and
down-typequarks,u = u,c andd = d,s. Thelepton! representd = e, u, 7. In lowestorder only
the Feynmandiagramshawvn in Figure4 contrilbutesto the scatteringamplitude andthe Born amplitude
reads )
eV* 1
Mgy = ud [~ M _
0= 55, Pow-ul T e R G
with § beingthe squaredcentre-of-mas$CM) enegy of the partonsystem.The notationfor the Dirac
spinorsyy, etc, is obvious,andw_ = %(1 — v5) is theleft-handedchirality projector The electricunit
chageis denotedby e, theweakmixing angleis fixedby theratio 2, = 1 — s = M2,/M% of the W
andZ bosonmasses\{y, andM z, andV,,, is the CKM matrix elementfor theud transition.

[ﬂl/l ’Y,uw—vl] ) (6)

Strictly speakingEquation(6) alreadygoesbeyondlowestorder sincethe W bosonwidth T'yy ()
resultsfrom the Dysonsummatiorof all insertionsof the (imaginarypartsof the) W self-enegy. Defin-
ing themassMy, andthewidth T'y, of the W bosonin theon-shellschemdseee.g. [61, 62]), theDyson
summationdirectly leadsto a running width, i.e. I'yy(3)run = I'w x (§/M3,). Onthe otherhand,a
descriptiorof theresonancéy anexpansioraboutthe comple polein thecomplex § planecorresponds
to aconstanwidth, i.e. 'y ($)|const = I'w. In lowestorderthesetwo parametrisationsf theresonance
regionarefully equivalent,but thecorrespondingaluesof theline-shapgarameterd/y;; andl'yy differ
in higherorders[56, 63, 64]. The numericaldifferenceis givenby My |run — My |const = 26 MeV so



thatit is necessaryo stateexplicitly which parametrisatiolis usedin a precisiondeterminatiorof the
W bosonmassfrom the W line shape.

The differentiallowest-ordercrosssectionis easilyobtainedby squaringthe lowest-ordematrix
elementM, of (6),

(d&()) 11 | ‘2_a2\Vud\2 02
dQ /) 12 64723 192888 (8 — M3, + iMy Ty (3)2

(7)

whered = (p, — p;)? is the squaredmomentumdifferencebetweenthe up-typequarkandthe lepton.
The explicit factor1/12 resultsfrom the averageover the quark spinsand colours,and(2 is the solid
angleof the outgoing!™ in the partonCM frame. The electromagneticouplinga = €2?/(47) canbe
setto differentvaluesaccordingto differentrenormalisatiorschemeslt canbe directly identifiedwith
the fine-structureconstantx(0) or the runningelectromagneticoupling o(Q?) at a high enegy scale
Q. For instanceit is possibleto make useof the value of (M%) thatis obtainedby analysingthe
experimentakatio R = o(ete™ — hadrong/(ete™ — u*u™). Thesechoicesarecalleda(0)-scheme
anda(M3)-scheme respectiely, in thefollowing. Anothervaluefor o canbe deducedrom the Fermi
constan(z,,, yielding ag, = v2G,, M§, s2, /; this choiceis referredto asG ,-scheme

2.23 Electioweakcorrections

TheelectraveakO(«) correctionsconsistof virtual one-loopcorrectionsandreal-photonidremsstrah-
lung. The correctionsto resonanti’’ productionhave alreadybeenstudiedin [56, 57]; detaileddis-
cussionsof the full calculation,including non-resonantorrectionscanbefoundin [59, 60]. Sincein
O(a?) only two-photorbremsstrahlun{p8] hasbeenstudiedsofar, thefollowing discussioris restricted
to O(«) corrections.

Thealgebraicstructureof thevirtual correctionsallows for a factorisatiorof the one-loopampli-
tudeM; into theBorn amplitudeM, andarelative correctionfactors"i't. Thus,in O(«) thecorrection
to the squarecamplitudereads

Mo + Mi|? = (1 +2Re{6" " )| M2 +.... (8)

Sinceonly therealpartof 6Vt appearsthereis nodouble-countingf theO(«a) correctionthatis already
includedin M by the i My T'w term. Moreover, the factorisatiorntrivially avoids potentialproblems
with gauge-imarianceafter the introductionof the W decaywidth in the resonanterms. Besidesthe
Breit-Wigner factorin |M|?, therearelogarithmictermsin(s — M2,) in 6V which aresingularon
resonanceThe consistenteplacementn(s — M3,) — In(8 — M3, + il'w My,) accountgor a Dyson
summationof resonantit’ propagatorsn loop diagrams,without introducing problemswith gauge-
invariance.

The real correctionsareincludedby addingthe lowest-ordercrosssectionfor the processud —
vI* +~. Theonly non-trivial conditioninducedby gauge-inariances the Wardidentity for theexternal
photon,i.e. electromagneticurrentconseration. If the W width is zero,thisidentityis trivially fulfilled.
This remainstrue evenfor a constantwidth, sincethe W bosonmassappearonly in the W propagator
denominatorsj.e. the substitutionM3, — M3, — iMw 'y is a consistenreparametrisationf the
amplitudein this case.However, if arunningW width is introducednabiely, i.e. in the W propagators
only, the Wardidentity is violated. The identity canbe restoredoy takinginto accounthosepartof the
fermion-loopcorrectionto theyW W vertex thatcorrespondso thefermionloopsin the W self-enegy
leadingto the width in the propagatoi{64, 65, 66]. For an external photon,this modificationsimply
amountgo themultiplicationof theIW W vertex by thefactor fyyww |run = 1 + iTw /My .

Adding virtual and real corrections,all IR divergencescancel. Masssingularitiesof the form
a Inm; relatedto afinal-statdeptondropoutfor all obserablesin which photonswithin acollinearcone
aroundtheleptonaretreatedinclusively, in accordancevith the KLN theorem.As alreadydiscussedn



Section2.1 (seealso[57]), masssingularitiesto the initial-statequarksare absorbednto renormalised
quarkdistribution functions.

Aslongasoneis interestedn obserablesthataredominatedy resonant’” bosonproductionthe
radiative correctioncanbeapproximatedy thecorrectiongo the productionanddecaysubprocessds
resonant? bosonsFormally suchanapproximatiorcanbe carriedout by a systematiexpansionof all
amplitudesabouttheresonanc@oleandis, therefore calledpole approximation(PA). In PA, thevirtual
correctionconsistsof two parts. The first contritution is provided by the (constant)correctionfactors
to the W f f’ vertex for stable(on-shell)I¥ bosonsandis calledfactorisable The secondcontritution,
which is called non-factorisable comprisesall remainingresonantcorrections. It is entirely dueto
photoniceffectsandincludes,in particular theln(s — M3, + il'w My ) terms.Thedifferencebetween
PA andthe exact resultcanbe estimatedoy 55t — V't ~ (a/m)In(8/M3,) In(...), whereln(...)
indicatesary logarithmic enhancementsin principle, also the real correctionscan be treatedin PA.
However, sinceareliableerrorestimates not obvious, they areusuallycalculatedexactly. More details
aboutPA canbefoundin [56, 60].

2.24 Numericalresults

The following numericalresultshave beenobtainedwith the input parameter®f [60] anda constant
W width; in particular we have My, = 80.35GeV andT'y = 2.08 GeV. The QED factorisation
is performedin the MS schemewith My beingthe factorisationscale,and the CTEQA4L [67] quark
distributionsareusedin the evaluationof the pp crosssection.For the partoniccrosssection,the CKM
matrix elementl/, ; is setto 1; for the pp crosssectionanon-trivial CKM matrix is includedin theparton
luminosities(see[60]).
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Fig. 5: Total partoncrosssections in G, parametrisatio@ndrelative corrections) for differentparametrisation§esultsbased
on[60]).

Figure5 shows the total partoniccrosssectiong andthe correspondingelative correctiond for
intermediateenegies. Note thatthe total crosssectionandits correctionis the samefor all final-state
leptons! = e, u, 7 in the limit of vanishingleptonmasses.As expected,the (7, parametrisatiorof
the Born crosssectionminimisesthe correctionat low enegies, sincethe universalcorrectionanduced
by the runningof « andby the p parameteareabsorbedn the lowest-ordercrosssection. Moreover,
the naive error estimatefor the PA taken from above turnsout to be realistic. The PA describeghe
correctionin theresonanceegion within afew permille. Tablel containssomeresultson the partonic



Tablel: Total lowest-ordeipartoncrosssectiongo in G, parametrisatiomndcorrespondingelative correctiond, exactandin
PA (resultsbhasecbn[60]).

V3(GeV) 40 80 120 200 500 1000 2000
6o (pb)  2.646 7991.4 8.906 1.388 0.165 0.0396 0.00979
5 (%) 0.7 242 -—129 -33 12 19 23
Spa (%) 00 240 123 07 18 31 43

crosssectionandits correctionup to enegiesin the TeV range. Far abore resonancethe PA cannot
follow the exactcorrectionarymore,sincenon-resonantorrectionsdbecomemoreandmoreimportant.
Theleadingcorrectionsaredueto Sudalkv logarithmsof theform o In?(5/M32,).
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Fig. 6: Trans\erse-momenturdistribution (do /dp ;) andrelative correctionsy (resultsbasedn [60]).

Figure6 shavs thetranserse-momenturdistribution for thelepton!/™ producedn pp — W+ —
vt (+~) for the pp CM enegy /s = 14 TeV of the LHC. The transersemomentapt andthe lep-
ton pseudorapidity); arerestrictedby pr;, pr > 25GeV and|n| < 1.2. Sincewe do notrecombine
collinear photonsand leptons,the correctionsfor differentleptonsdo not coincide,but differ by cor
rectionsof the form In(m; /My ). In the total crosssectionwithout ary cutstheselogarithmscancel,
andthe correctionis againuniversalfor all leptonsin the masslesd¢imit. Sincethe Inm; corrections
arestrongesfor electronsandsincecollinearphotonemissionreduceghe momentunof the produced
lepton,the corrections for electronsis morenegative (positive) for large (small) momentathanin the
caseof the muon. In particular Figure 6 demonstrateghe reliability of the PA for transwerselepton
momentapr,; < My /2, whereresonant?” bosonsdominate.However, high pr; valuesmay alsobe
interestingn searchesor new physics.Table2 shavs the contritutionsto the total crosssectiondivided
by differentrangesn pr ;. Fromtheabove discussiorof the partoncrosssectionit is clearthatthe PA is
notapplicablefor very large pr ;, wherethe W bosonis far off shell.

The above resultsunderlinethe importanceof electraveak radiative correctionsin a precisede-
scriptionfor the W bosoncrosssectionat the LHC. Although the correctionsof O(«) arewell under
control now, therearestill sometopicsto be studied,suchasthe impactof realistic detectorcutsand
photonrecombinatiorprocedure®r theinclusionof higherordereffects.



Table2: Integratedowest-ordempp crosssectionsy, for differentrangesn pr ; andcorrespondingelative corrections’, exact
andin PA (resultshasedn [60]).

pr, (GeV) 25-00 25-45 45—+0 500 800 200+

oo (pb) 1933.3(2) 1909.9(2) 23.52(5) 11.47(2) 1.682(3) 0.1014(1)
Soty, (%) —551(5) —5.45(7) —11.8(5) —9.7(4) —11.7(3) —17.7(2)
Servopa (%) —551(5) —545(7) —109(5) ~82(3) -83(3) 9.0(2)
Opty, 6)  —2.98(5) —294(7T) —6.3(6) —5.7(4) —81(3) —14.2(3)
Sutvupa (%) —297(5) —2.94(7) —57(6) —4.6(4) —4.9(3) —5.6(2)

Theimpactof final statephotonradiationon W obserablesstronglydepend®n the leptoniden-
tification requirementsmposedby the experiment.In additionto theleptonp, g andpseudorapidity
cuts, one usually imposesrequirementn the separatiorof the chaged lepton and the photon. For
muons,the enegy of the photonis requiredto be lessthana critical value, £, in a coneof radius
R aroundthe muon. For electrons the finite resolutionof the electromagneticalorimetermales it
difficult to separateslectronsand photonsfor small openinganglesbetweenthe particles. Their four
momentumvectorsare thereforerecombinedf their separatioris smallerthana critical value R;. Fi-
nally, uncertaintiesn the enegy andmomentummeasurementsf the chagedleptonandthe missing
transerseenegy needto be taken into account. They canbe simulatedby Gaussiarsmearingof the
particle fourmomentumvectorswith standarddeviation o which dependsn the particletype andthe
detector

Toillustratehow finite detectoresolutionaffectsthe sizeof the electraveakcorrectionswe shav
in Figure 7 the ratio of the NLO and lowest-ordercrosssectionsas a function of the pp of the elec-
tronin pp — v.e™(y) obtainedwith the Monte Carlo generatoMGRAD [57]. The solid histogram
shaws the crosssectionratio taking only transerse-momentunand pseudorapiditycutsinto account.
The dashecdhistogramdisplaysthe result obtainedwhen, in addition, the four-momentumvectorsare
smearedaccordingto the ATLAS specificationg53], andelectronand photonmomentaare combined
if AR(e,7) < 0.07 [53]. Recombininghe electronandphotonfour-momentunmvectorseliminatesthe
mass-singulatogarithmictermsof the form « In m., andstronglyreduceghe size of the electraveak
corrections.

2.3 Electroweak correctionsto Z production and continuum neutral-current processes
2.31 QED corrections

Themass-singulauniversalQED correctiondrom initial-stateradiationfrom quarkshave alreadybeen
discussedn Section2.1. They arepartof the quarkdistribution functions. The residualQED initial-
statecorrectionstogethemith final-statecorrectionsandinterferenceof initial-final radiationaretreated
separatelypy anexplicit diagrammaticomputation.

A completecalculationof the QED O(«) radiative correctionsto pp — Z,v — [Tl hasbeen
carriedoutin [68]. The calculationis basedon an explicit diagrammatia@approach.The collinearsin-
gularitiesassociatedavith initial-state photonradiationare factorisedinto the partondistribution func-
tions (seeSection2.1). Absorbingthe initial-statemasssingularitiesinto the pdf’s introducesa QED
factorisation-scalelependenceThe resultspresentechereare obtainedwithin the QED DIS scheme
which is definedanalogousiyto the QCD DIS factorisationscheme.The MRS(A) partondistributions
areused,with a factorisationscale M. Due to mass-singulalogarithmictermsassociatedavith pho-
tonsemittedcollinearwith oneof the final-stateleptons,QED radiative correctionsstrongly affect the
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Fig. 7: Ratioof theO(a®) andlowestorderdifferentialcrosssectionsasa functionof thetrans\ersemomentunof theelectron
with andwithout leptonidentificationrequirementgresultsbasedn [57]). Thecutsimposedaredescribedn thetext.

shapeof the di-leptoninvariantmassdistribution, the lepton transersemomentumspectrum,andthe
forward-backvard asymmetry Apg.

Theeffectof the QED correction®n thedi-muoninvariantmasdistribution in theregion 45 GeV
< m(ptp~) < 105 GeV is shavn in Figure 8a wherewe plot the ratio of the O(a?) and lowest-
order differential crosssectionsas a function of m(u*p ). The lowest-ordercrosssectionhasbeen
evaluatedn theeffective Bornapproximation(EBA) whichalreadytakesinto accounthosehigherorder
correctionswhich canbe absorbednto a redefinitionof the coupling constantsaandthe effective weak
mixing angle.More detailson the EBA canbefoundin Section2.32. In theregion shavn in thefigure,
thecross-sectiomatio is seento vary rapidly. Below the 7 peak,QED correctionssignificantlyenhance
thecrosssection.At the Z pole,thedifferentialcrosssectionis reducediy about20%. Photonradiation
from oneof the leptonslowersthe di-leptoninvariantmass. Therefore eventsfrom the Z peakregion
areshiftedtowardssmallervaluesof m(u™ ), thusreducingthe crosssectionin andabove the peak
region, andincreasinghe ratebelov the Z pole. Final-stateradiative correctionscompletelydominate
over theentiremassrangeconsideredThey areresponsibldor the strongmodificationof the di-lepton
invariantmassdistribution. In contrastinitial-statecorrectionsareuniform andsmall (~ +0.4% in the
QED DIS scheme).

lept

As pointedout earlier atthe LHC a precisemeasuremertf the effective mixing anglesin? O
usingtheforward-backvardasymmetrymaybepossible In Figure8b,theforward-backvwardasymmetry
is shavn in the EBA (dashedine), andincluding QED correctiongsolid line) for pp — u*u = (v) in the
di-muoninvariantmassrangefrom 45 GeVto 105GeV. Here, Apg is definedby [68]

F—-B

Apn = 9
W= o ©)

where L 0 q

o . B o .
Ff/0 dcos@*dcose , Bi/_ldcosé*dcose . (20)
cos 0* is givenby
+ —
. (e 2 V- (4
cos g = P2 ) [p*(u)p™ (") —p~ (u7 )™ (u™)]

P=(RTET) )\ Jm2 (i) + P ()
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in the Collins-Soperframe[69], with

i 1

p —V#Eim% (12)
where E is the enegy andp, is the longitudinal componenif the momentumvector As expected,
the O(«) QED correctionsto Arp arelarge in the region belav the Z peak. Sinceeventsfrom the 7
peak,where Arg is positive and small, are shifted towardssmallervaluesof m(u*p~) by photonra-
diation, theforward-backvard asymmetryis significantlyreducedn magnitudeby radiative corrections
for 55 GeV < m(utu™) < 90 GeV. It shouldbe notedthatthe forward-backward asymmetryis rather
sensitve to the rapidity cutsimposedon theleptons.More detailson Arpp andthe measuremenf the
effective weakmixing anglecanbefoundin Section3.24.

Themasssingulartermsarisingfrom final-statephotonradiationareproportionalto o log(s/m?),
wherem, is theleptonmass.Thus,thecorrectiongo the 7 line shapeand Arg for electrondn thefinal
stateareconsiderablyargerthanthosein the muoncase/69].

To simulatedetectoracceptancesye have imposeda py(p) > 20 GeVanda |n(u)| < 3.2 cutin
Figure8. Exceptfor thethresholdregion, the effectsof the leptonacceptanceutsapproximatelycancel
in the crosssectionratio. In a morerealisticsimulationof how QED correctionsaffect obserablesin
Drell-Yan production,lepton and photonidentificationrequirementsieedto be taken into accountin
additionto the leptonacceptanceuts. Muonsareidentifiedin a hadroncollider detectorby hitsin the
muon chambers.In additionto a hit in the muon chamberspne requiresthat the associatedrack is
consistentvith aminimumionisingparticle. This limits theenegy of aphotonwhichtraversegshesame
calorimetercell asthe muonto be smallerthana critical value E. For electronsthe finite resolution
of theelectromagneticalorimetermalesit difficult to separatelectronsandphotonsfor smallopening
anglesbetweentheir momentumvectors. Therefore,electronand photonfour-momentumvectorsare
recombinedf their separationn the azimuthalangle—pseudoragity planeis smallerthan a critical
value, R.. This eliminatesthe mass-singulatermsassociatedvith final-statephotonradiation(KLN
theorem)andthusmay reducesignificantlythe effect QED correctionshave on physicalobserablesin
pp — ete™ () [68]. Specificresultssensitvely depencnthevalueof R., whichis detectordependent.

2.32 Non-QEDcorrectionsandeffectiveBorn description

Theamplitudefor thepartonprocess; (p)+q(p) — 11 (ky)+1~ (k_) of quark-antiquarkannihilationinto
chaged-leptonpairsis in lowestorderdescribedoy photonand Z bosonexchange.In the kinematical



variablesfor the partonsystem
s=(he +h )2 t=(p—k ) u=(p—ki)? (13)

thedifferentialpartoncrosssectioncanbewritten asfollows (¢ denoteghe scatteringanglein theparton
CMS):
d A 2 t2 2 _ t2
64725 =2 — 2A0u jL +A1u - = Ao (14 cos?6) + A; cosh (14)
dQ 52 52

with

Ao = Q2Q7e(8)* + 20,u1QuQre(3)* Rex(8) + (v + a3) (v} + af) [x(3)[,
A = 4Qquaqal€(’§)2 ReX(g) + 8vqaqvlal |X(‘§)|2 . (15)

This expressiornis aneffective Bornapproximationwhichincorporateseveralentriesfrom higherorder
calculations:the effective (running)electromagnetichage containingthe photonvacuumpolarisation

(realpart)
4o

T 1-Aa(3)’
the Z propagatqgrtogethemwith the overall normalisatiorfactorof the neutral-currentouplingsin terms
of theFermiconstant=,,,

e(5)? (16)

A~

$) = (G, M2v/2)? 5
X(S) ( 12 Z\/_) §_M%+1§FZ/MZ’

(17)

containingthe Z width asmeasuredrom the Z resonanceat LEP; the vectorandaxial-vectorcoupling
constantdor f =1, q
Uf:I3f—2QfSin206ﬂ" aleg, (18)

which containthe effective (leptonic) mixing angleatthe Z peak,which is measurect LEP andSLC.
TakingI'; andsin? 6. from higherorder calculationsthe formulaeabove yield a gooddescriptionin
theregionaroundthe Z resonance.

Fromthe crosssection(14) a forward-backvard asymmetryfor the produced '/~ systemcanbe
derived,which atthe partonlevel is givenby

. op —0p 3A;
AFB_@'F—l-é'B _8./4()' (19)
Aroundthe Z peak,this quantitydependsensitvely onsin? 6.¢. Usinga parametrisationf the Born-
like expressionsn Equation15, a measuremenof App allows a determinationof the mixing angle
(seeSection3d.). Below we give a quantitatve evaluationof the higherorderelectraveakeffectsin the
integratedcrosssectionandin Ay to demonstraté¢he quality of the approximatioraroundthe Z pole
andto pointout deviationsat higherinvariantmasse®f theleptonpairs.

Besidegheuniversalandnon-unversalQED correctionsthe following IR-finite next-orderelec-
troweaktermscontritute, which areschematicallydepictedn Figure9: self-enegy contritutionsto the
photonand Z propagatorsyertex correctiongto the~/Z-1l and~y/Z-qg 3-pointcouplings,andbox di-
agramswith two massve bosonexchanges.Detailsof the treatmentof the resonanceegion at higher
orderis equivalentto thatin e™e~ annihilationin fermionpairsandcanbefounde.g. in [4]. Aroundthe
Z pole,the box graphsarenegligible, but they increasestronglywith the enegy andhencecontritute
sizeablyat high invariantmasse®f the leptonpair. A descriptionin termsof an effective-Born cross
sectionfar away from the Z pole becomesnsufficient for two reasonsithe effective couplings(based
on self-enegiesandvertex correctionsonly) arenot staticbut grov asfunctionsof s, andthe presence
of the box contritutions, which cannotbe absorbedn effective vectorandaxial-vector couplingsin a
Born-like structure.
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In Figuresl0and11we compardheintegratedcrosssections andtheasymmetryArp atthepar
tonlevel in theapproximatiorcorrespondingo Equationsl4 and15with resultsobtainedby acomplete
one-loopcalculationwith propertreatmentof higherordertermsaroundthe Z resonanceFor demon-
strationalpurpose the effect of the box diagramsis displayedseparately As one cansee,the region
wheretheeffective Born descriptionstartsto becomeunsatiséctoryis at ratherhigh valuesof theparton
enegy.

In orderto give anideaof theeffectsremainingn thehadroniccrosssectionafterconvolution with
the quarkdistribution functions, Table3 containgherelatve deviationsof thecrosssectionbasednthe
higherorder partonresultsfrom thosebasedon the Born approximationEquation15. Also listed are
the estimatedexperimentakccuraciesvith which the crosssectionin the variousbins canbe measured.
Thecomparisorshavs thatat high invariantmassesheradiative correctiongemainsizeableandshould
betakeninto accountfor studiesat high s, for examplein the searchfor new physicseffectsoriginating
from aheary extragauge-bosoiy’.

2.33 Thefull electoweakO(«) corrections:MonteCarlo simulationswith ZGRAD2

The QED correctionsdescribedn Section2.31 have beencombinedwith the weak correctionssum-
marisedin the previous sectionin a nev Monte Carlo programcalled ZGRAD2 [71]. In Figure 12a
we shawv the ratio of the full O(a?) electraveak and the O(a?) QED differential crosssectionsfor

pp — ptu () obtainedwith ZGRAD2 asa functionof the ™~ invariantmass.As in Section2.31,
we have imposeda pr(u) > 20 GeVanda |n(u)| < 3.2 cut,andusedthe EBA to evaluatethe lowest-
order contritution to the O(a?) QED crosssection. Thus, the ratio directly displaysthe effect of the
weakbox-diagramsandthe enegy dependencef theweakcouplingform factors.While theadditional
weakcontrilutionsonly changehedifferentialcrosssectionby 0.6%at most,they do modify the shape
of the Z resonanceune.

Figure 12b compareghe effect of the O(a?) QED correctionsandthe full O(a?) electraveak
correctionson the di-muon invariant massdistribution for m(u* ™) valuesbetween200 GeV and
2 TeV. Due to the presenceof logarithmsof the form log(s/M?%), the weak correctionsbecomesig-
nificantly largerthanthe QED correctionsat large valuesof m (u* 1), and,eventually mayhave to be
resummed70]. Form(utp~) = 2 TeV, thefull O(a?) electraveakcorrectionsarefoundto reducethe
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differentialcrosssectionby morethan20%.

Finally, in Figure13we shav how the O(a?) correctionsaffecttheforward-backvard asymmetry
(seeEquations9 to 11). Both QED andweak correctionsreduce Arg, andtheir size increaseswith
growing di-muonmasses.For m(utu~) = 2 TeV, the weak correctionsare abouttwice aslarge as
the QED corrections.Note thatthe electraveak correctionsaffect Apg muchlessthanthe leptonpair
invariantmasdistribution. In the Z poleregion, 75 GeV < m(u™ ™) < 105 GeV, theweakcorrections
changethe forward-backvard asymmetryby at most5 x 10~*. Resultsqualitatively similar to those
shawvn in Figures12 and13 areobtainedfor pp — ete™ (7).

ZGRAD? includesthe completeweakone-loopcorrectionsandthe full non-unversalQED O(«)
corrections.The collinearsingularitiesassociatedavith initial-statephotonradiationare factorisednto
the partondistribution functions. However, QED correctiongo the evolution of the partondistribution
functions(seeSection2.1) arenotincludedin ZGRAD2. Thesecorrectionsshouldbe partof acomplete
globalfit of the pdf's including all QED effect - this is beyond the scopeof the calculationpresented
here.Noneof the currentfits to the pdf's include QED corrections.



Table3: Hadroniccrosssectionfor e"e™ pairswith invariantmassin certainenegy ranges.Columnstwo andthreeshov
the predictedcrosssectionsn the effective Born approximatiorandthefull one-loopcalculation.Columnsfour andfive shav
therelative correctiongo the effective Born approximatiorarisingfrom thefull one-loopcalculationaswell asthe estimated
experimentalerrorsfor the crosssectionmeasuremenis the variousbins.

Enegy range Born Full (non-QED) Relatve correction Relatve experimental
(for et e pairs) crosssection crosssection to Borncrosssection error
(Tev) (fb) (fb) (%) (%)
09-11 6.2299 5.6524 -9.3 3
1.1-15 3.5205 3.1491 -10.5 4
1.5-1.75 0.6076 0.5317 -12.5 9.5
1.75-2.0 0.2681 0.2314 -13.7 14
2.0-25 0.1886 0.1590 -15.7 17
2.5-3.0 0.04895 0.04031 -17.7 30
3.0-4.0 0.01837 0.01464 -20.3 50
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2.4 Z'indication from new APV datain cesium and searchesat LHC

Theweakchage Qy for aheary atomis definedin termsof the numberof u, d quarksN,, = 27 + N,
Ng = 2N+ Z inthenucleus Z, N') andthecoeficientsC1,, 4 in theparity-violatingpartof theelectron-
guarkHamiltonian,

G _
Hpv = ——= evse (Cruiy'u+ Cradyd) (20)
V2
viatherelation
Qw = 2(N,Cry + NgCig) .

In theSM: Cy, = I — 2Q, sin? Oy .

In arecentpaper72] anew determinatiorof theweakchage of atomiccesiumhasbeernreported.
Themostpreciseatomicparity violating (APV) experimentcompareshe mixing amongS and P states
dueto neutralweakinteractiongo aninducedStarkmixing [73]. The 1.2%uncertaintyon the previous
measuremenf the weak chage Qy wasdominatedby the theoreticalcalculationson the amountof
Starkmixing andon the electronicparity violating matrix elements.In [72] the Starkmixing wasmea-
suredand,incorporatingnew experimentaldata,the uncertaintyin the electronicparity violating matrix
elementswas reduced. The new result Qw (233Cs) = —72.06 £ (0.28)expt £ (0.34)tneor represents
a considerablémprovementwith respecto the previous determination73, 74, 75, 76]. The discrep-
ang/ betweenthe standardnodel (SM) and the experimentaldatais now given by Qe"pt Qﬁ}” =
1.18(1.28) + 0.46 (for my 175 GeV and My = 100(300) GeV). This correspondgo 2.6(2.8)
standarddeviations[77], excludingthe SM at 99% CL and, a fortiori, all the modelsleadingto neg-
ative additional contritutions to Qyy, asfor example modelswith a sequentialZz’ [77]. This devi-
ation could be explainedby assumingthe existenceof an extra Z’' from Eg or O(10) or from Z}
of left-right (LR) models[72, 77, 78]. The high-enegy dataat the Z resonancestrongly boundthe
Z — 7' mixing [79]; for this reasonwe will assumezeromixing. In this case,the new physicscon-
tribution to Q is dueto the direct exchangeof the 7’ andis completelyfixed by the 7’ parameters,
SnNQw = 16aL[(2Z + N, + (Z + 2N )W) ) M% /M2, wherea’;, v}, arethe couplingsZ’ to fermions
and,for :33Cs, Z = 55 and N = 78. Therelevantcouplingsof the Z’ to the electronandto the up and
down quarksareglvenm the Tablel of [77].

In the caseof the LR model consideredn [77], the extra contritution to the weak chage is
ONQw = —MZ/]L@,Q . For thismodelonehasa 95% CL lower boundon MZ/L from the Tevatron
[8Q] givenby Mz, > 630 GeV. An LR modelcouldthenexplainthe APV dataallowmg for amassof
the Z} , varyingbetweertheintersectiorfrom the95%CL bounds;40 < Mz (GeV)< 1470 derving

(21)
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Fig. 14: The 95%CL lower andupperboundsfor M. for theextra-U(1) modelsversusfs. Thesolid (dash)line corresponds
to Mz = 100(300) GeV.

from Qs andthelower boundof 630 GeV. In the caseof the extra-U(1) models the CDF experimental
lower boundsfor the massewvary accordingto the valuesof the anglefs which parameterisedifferent
extra-U(1) models,but in generalthey areabout600GeV at 95%CL [80]. For the particularmodelsy,
1, x, correspondingo 0 = arctan (—+/5/3), 7/2, 0, the95%CL lower boundsare Mz, ~ 620 GeV,
MZ:/J ~ 590 GeV, MZ;( ~ 595 GeV. In Figure14,the 95% CL boundson M, from APV areplotted

versustg (the directlower boundsfrom the Tevatronare about600 GeV). We seethatanextra Z’ can
explain the discrepang with the SM predictionfor the Qyy for a wide rangeof 65 angle. In particular
themodelsn andv areexcluded,whereaghe y modelis allowedfor MZ;< lessthanaboutl.2 TeV.

In the nearfuture, the TevatronupgradeandLHC canconfirmor disprove this indicationcoming
from Q. Theexisting boundsfor Fg modelsfrom directsearchest the Tevatronwill be upgradedy
the future run with /s = 2 TeV and1 fo! to Mz ~ 800 — 900 GeV and pushedto ~ 1 TeV for
10fb~!. The boundsarebasedon 10 eventsin theete™ 4+ ptp~ channelsand decaysto SM final-
statesonly areassumed81]. At the LHC with anintegratediuminosity of 100 fo—!, onecanexplorea
massrangeup to 4 — 4.5 TeV dependingon the 6 value. ConcerningLR models,the 95% CL lower
limits from the Tevatronrun with /s = 2 TeV and1(10) fo—! are~ 900(1000) GeV andextendto
~ 4.5 TeV atLHC [81]. Ratiosof Z’ couplingsto fermionscanbe probedat LHC, by consideringhe
forward-backvard asymmetriestatiosof crosssectiondn differentrapidity binsandotherobserables.
For example,for Mz = 1 TeV, the LHC candeterminethe magnitudeof normalisedZ’ quarkand
lepton couplingsto around10 — 20% [81]. Therefore,if the deviation for the weak chage Q- with
respecto the SM predictionis not dueto a statisticalfluctuation,the new physicsdescribedy anextra
gauge-bosomodellike Z; canexplainthediscrepang andthe LHC will beableto verify this possible
evidence.



3. PRECISION MEASUREMENTS?
3.1 Measurement of the W mass

At thetime of the LHC start-up,the W masswill be knovn with a precisionof about30 MeV from
measurementat LEP2[82] and Tevatron[83]. The motivation to improve on sucha precisionis dis-
cussedriefly belov. The W masswhichis oneof the fundamentaparametersf the StandardModel,
is relatedto otherparameter®f the theory i.e. the QED fine structureconstanta, the Fermi constant
G r andthe Weinbeg anglesin 6y, throughtherelation

™ 1
My = . 22
VN Gev? smOwvis A (22)

where Ar accountdor the radiatve correctionswhich amountto about4%. The radiatve corrections
dependnthetop massas~ m? andontheHiggsmassas~ log My . Therefore precisemeasurements
of boththe W massandthe top massconstrainthe massof the Standardviodel Higgs bosonor of the
h bosonof the MSSM. This constraints relatvely weakbecausef thelogarithmicdependencef the
radiative correctionson the Higgs mass.Whenit comesto makinga comparisorof the measurements
of (M, m;) with the SM predictionsijt is notvery usefulif onemeasuremeris muchmorerestrictive
thanthe other To ensurethatthe two massdeterminationsiave equalweightin a x? test,the precision
onthetop massandonthe W massshouldberelatedby theexpression

AMy ~ 0.7 x 10 2Amy (23)

Sincethe top masswill be measuredvith anaccurag of about2 GeV atthe LHC [53], the W mass
shouldbe known with a precisionof aboutl5 MeV, sothatit doesnotbecomehedominanterrorin the
testof the radiative correctionsandin the estimationof the Higgs mass.Sucha precisionis beyond the
sensitvity of TevatronandLEP2.

A studywasperformedtio assessvhetherthe LHC will be ableto measuréhe W massto about
15MeV [84, 85]. The ATLAS experimentwastakenasanexample,but similar conclusionshold alsofor
CMS. Suchaprecisaneasurementyhichwill beperformedalreadyin theinitial phaseatlow luminosity
aswill thetopmassaneasurementyould constrainthemassof theHiggsbosonto betterthan30%. When
andif theHiggsbosonwill befound,suchconstraintsvould provide animportantconsisteng checkof
the theory andin particularof its scalarsector Distinguishingbetweenthe StandardModel andthe
MSSM mightbepossible sincetheradiative correctiongo the W massareexpectedo beafew percent
largerin thelattercase.

The measuremensof the W massat hadroncollidersis sensitve to mary subtleeffects which
aredifficult to predictbeforethe experimentsstart. However, basedon the presentknowvledgeof the
LHC detectomperformancendon the experiencefrom the Tevatron, it is possibleto make areasonable
estimateof the total uncertaintyandof the main contritutionsto be expected.In turn, this will leadto
requirementdor the detectorperformanceandthe theoreticalinputs which are neededo achieve the
desiredprecision.Thisis theaim of thestudywhichis describedn the next sections.

3.11 Themethod

The measurementf the W massat hadroncollidersis performedin the leptonicchannels.Sincethe
longitudinalmomentunof theneutrinocannotbemeasuredhetransersemassn)? is used.Thisis cal-
culatedusingthetransersemomenteaof the neutrinoandof thechagedlepton,ignoringthelongitudinal
momenta:

miY = \/2phph(1 — cos Ag) (24)

3Sectioncoordinator:S. Haywood



wherel = e, u. Theleptontransersemomentuny!. is measuredwhereashe trans\ersemomentum
of the neutrinop’/. is obtainedfrom the trans\ersemomentunof the leptonandthe momentumz of the
systenrecoilingagainsthe IV in the transwerseplane(hereaftercalled“the recoil”):

P = —|pi’ + (25)

Theanglebetweertheleptonandtheneutrinoin thetranswerseplaneis denotedoy A¢. Thedistribution
of mlV, andin particularthe trailing edgeof the spectrumjs sensitve to the W mass. Therefore by
fitting the experimentaldistribution of the transersemasswith Monte Carlo samplesgeneratedvith
differentvaluesof My, it is possibleto obtainthe masswhich bestfits the data. The trailing edgeis
smearedy several effects,suchasthe W intrinsic width andthe detectoresolution.This is illustrated
in Figure 15, which shavs the distribution of the W transersemassas obtainedat particle level (no
detectorresolution)and by including the enegy and momentumresolutionasimplementedn a fast
particle-level simulationandreconstructiorof the ATLAS detectolATLFAST, [85]). Thesmearingdue
to thefinite resolutionreduceshe sharpnessf the end-pointandthereforethe sensitvity to My .
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Fig. 15: Distribution of the W trans\ersemassas obtainedat particle level and by including the expectedATLAS detector
resolution.

Whenrunningathigh luminosity the pile-upwill smearsignificantlythetransersemassdistribu-
tion, thereforethe useof thetranserse-massnethodwill probablybelimited to theinitial phaseatlow
luminosity Alternative methodsarementionedn Section3.14.

3.12 W productionandselection

At the LHC, the cross-sectiorior the processpp — W + X with W — [v andl = e, p is 30 nh.
Therefore,about300 million eventsare expectedto be producedin eachexperimentin one year of
operationatlow luminosity (integratedluminosity10fb—!). Suchacross-sectioiis afactorof tenlarger
thanatthe Tevatron(,/s = 1.8 TeV).

To extractacleanW signal,oneshouldrequire:

An isolatedchagedlepton(e or ) with pr > 25 GeV insidethe pseudorapidityegion devoted
to precisionphysics|n| < 2.4.

Missingtrans\erseenegy Eiss > 25GeV.

No jetsin theeventwith py > 30 GeV.

Therecoil shouldsatisfy|i| < 20GeV.



The lasttwo cutsare appliedto reject W’s producedwith high pr, sincefor large p}V the trans\erse
massresolutiondeteriorateandthe QCD backgroundncreases.The acceptancef the abore cutsis
about25%. By assuminga leptonreconstructiorefficiency of 90% andan identificationefficiengy of
80% [86], atotal selectionefficiengy of about20% shouldbe achiered. Therefore afterall cutsabout
60 million WW’s areexpectedn oneyearof datatakingatlow luminosityin eachexperimentwhichis a
factorof about50 largerthanthe statisticsexpectedirom the TevatronRun 2.

3.13 Expectedincertainties

Dueto the large event sample the statisticaluncertaintyon the W massshouldbe smallerthan2 MeV
for anintegratedluminosityof 10fb 1.

Sincethe W massis obtainedby fitting the experimentaldistribution of the transwersemasswith
Monte Carlo samplesthe systematicuncertaintywill comemainly from the Monte Carlo modelling
of the data,i.e. the physicsandthe detectorperformance.Uncertaintiegelatedto the physicsinclude
the knowledgeof: the W pr spectrumandangulardistribution, the partondistribution functions,the
W width, the radiatve decaysand the background. Uncertaintiesrelatedto the detectorinclude the
knowledgeof: theleptonenegy andmomentunscale theenegy andmomentunresolutionthedetector
responseo therecoilandtheeffect of theleptonidentificationcuts. At the LHC, asnow atthe Tevatron,
mostof theseuncertaintiesvill be constrainedn situ by usingdatasamplesuchasZ — [l decays.The
latterwill beusedto determinetheleptonenegy scaleto measurehe detectoresolution,to modelthe
detectoresponseo the W recoil andthep spectrunof the W, etc.

Theadwantageof the LHC with respecto the Tevatronexperimentsare:
e Thelargenumberof W eventsmentionedabore.

e Thelarge sizeof the ‘control samples’. About six million Z — [l decayswherel = e, u, are
expectedin eachexperimentin oneyearof datatakingatlow luminosity after all selectioncuts.
Thisis afactorof about50 largerthanthe eventsamplefrom the TevatronRun 2.

e ATLAS andCMS arein generaimorepowerful thanCDF andDO are,in termsof enegy resolu-
tion, particleidentificationcapability geometricabcceptancandgranularity Whatmay bemore
importantfor this measuremeris the factthatATLAS andCMS will benefitfrom extensve and
detailedsimulationsand test-beanstudiesof the detectorperformanceundertakn even before
the startof data-taking

Neverthelessthe LHC experimentshave comple detectorswhich will requirea greatdeal of
studybeforetheir behaiour is well understood.

To evaluatethe systematiancertaintyonthe W masgto be expectedn ATLAS, W — [v decays
were generatedvith PYTHI A 5. 7 and processedvith ATLFAST. After applying the selectioncuts
discussedbove, atrans\ersemassspectrumwasproducedor areferencenassvalue(80.300GeV). All
sourcef systematiaincertaintyaffecting the measurementf the W massfrom CDF Run 1 [87, 88]
werethen considerechs an examplé. Their magnitudewas evaluatedin mostcasesby extrapolating
from the Tevatronresults,on the basisof the expectedATLAS detectorperformance. The resulting
erroron the W masswasdeterminediy generatinghew W samplesgachoneincluding onesourceof
uncertainty andby comparingthe resultingtransersemassdistributions with the one obtainedfor the
referencanass.A Kolmogorw test[90] wasusedto evaluatethe compatibility betweerdistributions.

Sincethegoalis atotal errorof ~ 20 MeV perexperimenttheindividual contribtutionsshouldbe
muchsmallerthan10MeV. A largenumberof eventswasneededo achieve suchasensitvity. With three
million eventsafterall cuts,correspondingo twelve million eventsatthe generatiorievel, a sensitvity
atthelevel of 8 MeV wasobtained.

4Similar resultshave beenobtainedby the DO experiment88, 89].



Themainsourcef uncertaintyandtheirimpacton the W massmeasuremerdrediscusseene
by onein the remainderof this section. The total errorand someconcludingremarksare presentedn
Section3.14.

L epton energy and momentum scale Thisis thedominantsourceof uncertaintyon themeasurement
of the W massfrom TevatronRun 1, wherethe absolutdeptonscaleis known with a precisionof about
0.1%[87, 88, 89]. Mostlikely, thiswill bethedominanterroralsoatthe LHC. In orderto measurdghe
W masswith a precisionof betterthan20 MeV, the leptonscalehasto be known to 0.02%. The latter
is the moststringentrequiremenbn the enegy andmomentumscalefrom LHC physics. It shouldbe
notedthata very high precision(0.04%)mustbe achie/ed alsoby the Tevatronexperimentsn Run 2,
in orderto measurghe W massto 40 MeV [83]. If sucha precisionwill indeedbe demonstratedtthe
Tevatron,it would represenagoodbenchmarKor the LHC experiments.

The leptonenegy and momentumscalewill be calibratedin situ at the LHC by using physics
sampleswhich will complementheinformationcomingfrom the hardware calibration,from the mag-
neticfield mappingof solenoidsandtoroids,andfrom test-beammeasurementd.he muonscalewill be
calibratedby usingmainly Z — pu events,andthe electromagneticalorimeterscalewill be calibrated
by usingmainly Z — ee eventsor E/p measurement®r isolatedelectronswhere E andp arethe
electronenegy andmomentumasmeasuredn the electromagneticalorimeterandin theinnerdetector
respectiely. Leptonicdecayf otherresonancegY, .J/v)) shouldprovide additionalconstraintsvhich
minimisethe extrapolationerrorto lower masseshanthe Z bosonmass.

Similar methodsareusedtodayatthe Tevatron,wherethe uncertaintyon theabsolutdeptonscale
is dominatedby the statisticalerror dueto thelimited Z datasample.The main adwantageof the LHC
comparedo the Tevatronis the large sampleof /7 — [I decays.The Z bosonis closein massto the W
boson thereforethe extrapolationerrorfrom the point wherethe scaleis determinedo the pointwhere
themeasuremeris performeds small.

A preliminarystudyof the erroron the absoluteelectronscaleto be expectedn ATLAS wasper
formedby usinga sampleof 5000007 — ee decaysprocessedhrougha full GEANT-basedsimulation
of the ATLAS detectoq86]. Severalpossiblesourcesf uncertaintiesvereconsideredthe knovledge
of theamountof materialin the inner detectorwhich affectsthe electromagneticalorimeterscalebe-
causeof photonbremsstrahlungadiative 7 decayswhich distortthereconstructednassspectrumthe
modelling of the underlyingevent and of the pile-up at low and high luminosity Table4 shavs that
theimpactof theseuncertaintieon the electronscalein the calorimetercanmostlikely be keptbelov
0.02%.Themoststringentrequiremento achieve this goalis the knowledgeof the materialin theinner
detectorto 1%, which will requirescrutiry during constructionplusin situ measurementaith photon
conversionsand E'/p for isolatedelectrons More detailscanbe foundin [86].

Table4: Expecteccontritutionsto the uncertaintyon the electronenepgy scaleof the ATLAS electromagneticalorimeteras
determinedusinga fully-simulatedsampleof Z — ee decaydfrom [86]).

Source Requirement Uncertaintyon scale
Materialin innerdetector Known to 1% < 0.01%
Radiative decays Known to 10% < 0.01%
Underlyingevent Calibrateandsubtract < 0.03%
Pile-upatlow luminosity — Calibrateandsubtract < 0.01%

Pile-upathighluminosity ~Calibrateandsubtract < 0.01%




Several experimentalconstraintswill be neededo achieve a 0.02%uncertaintyon theinner de-
tector muon scale: the solenoidalmagneticfield in the inner cavity mustbe known locally to better
than0.1%, the alignmentmustbe understoodocally to ~ 1 um in the bendingplane,etc. A detailed
discussioron how to meetthesegoalscanbefoundin [86, 91].

Thescalecalibrationof theexternalmuonspectrometedepend®ntheknowledgeof themagnetic
field, on the chamberalignmentand on the knowledgeof the muonenegy lossesn the calorimeters.
Thelattermustbe understoodo a precisionof 0.25%in orderto achieve the goaluncertaintyof 0.02%
on the absolutescale. A preliminary study basedon a full GEANT simulationof the ATLAS detector
demonstratethatwith a sampleof only 100007 — uu decaysa scaleuncertaintyof 0.1%shouldbe
attainedn the muonspectrometemMore detailscanbefoundin [86, 92].

In conclusionto achiee theneedegrecisionontheleptonscale severalexperimentakonstraints
will have to be satisfied. In addition, cross-checksand combinedfits betweendifferent sub-detectors
(inner detectorandelectromagneticalorimeterfor the electronscale,inner detectorand muonsystem
for the muonscale)will be needed.Indeed,only in an over-constrainedsituationwill it be possibleto
disentangleéhevariouscontrikutionsto thedetectoresponseandthereforeo derive areliablesystematic
error.

Lepton energy and momentum resolution To keepthe uncertaintyon the W massfrom the lepton
resolutionto lessthan10 MeV, theenegy resolutionof the electromagneticalorimeterandthe momen-
tum resolutionof the inner detectorandmuonsystemhave to be known with a precisionof betterthan
1.5%.

Theleptonenegy andmomentunresolutionswill bedeterminedttheLHC by usinginformation
from test-beandataandfrom Monte Carlo simulationsof the detectoraswell asin situ measurements
of the Z width in Z — [l final states. The E/p distribution for electronsfrom W decaysprovides
an additionaltool. Thesemethodsare usedpresentlyat the Tevatron. As an example,the statistical
erroron the momentunresolutionobtainedoy CDF in Run 1A is 10%, whereaghe systematicrroris
only 1% andis dominatedby the uncertaintyon the radiatve decaysof the Z [87]. Sincethe ATLAS
performancen termsof momentunresolutionis expectedo besimilarto thatof CDFin themomentum
rangerelevantto W productionanddecaysandsincethe statisticalerroratthe LHC will benegligible,
atotal error of muchlessthan1.5%shouldbe achieved. This uncertaintymight furtherbe decreasedf
improvedtheoreticalkalculationof radiatve Z decayswill becomeavailable.

Recoil modelling Thetransersemomentunof the systenrecoilingagainsthe 17/, togethemwith the
leptontransersemomentumjs usedto determinethe p of the neutrino(seeEquation25). Therecoil
is mainly composedf soft hadronsfrom the underlyingevent, for which neitherthe physicsnor the
detectoresponsareknown with enoughaccurag. Thereforejn orderto getareliablerecoildistribution
in the Monte Carlo, informationfrom datais usedat the Tevatron. By exploiting the similar production
mechanism®f W and Z bosons,in eachMonte Carlo event with a given p!! (determinedfrom the
truth information)therecoil is replacedy the recoil measuredn the datafor 7 eventscharacterisetly
ap% (measuredy the leptons)similar to p!¥’. The resultingerror on the W massfrom CDF Run 1A
is 60 MeV perchannel,andis dominatedby the limited statisticsof Z data. The resultobtainedfrom
Run 1B (about30 MeV) shaws thatthis uncertaintyscaleswith v/ N, whereN is the numberof events.
Extrapolatingo the LHC datasample anerrorof smallerthan10 MeV perchannekhouldbeachiesed.
It shouldbe notedthattherecoilincludesthe contritution of the pile-upexpectedatlow luminosity (two
minimume-biaseventsperbunchcrossingon average).

W pr spectrum  Themodellingof p}¥ in the Monte Carlois affectedby boththeoreticalandexperi-
mentaluncertaintiesTheoreticalincertaintiegrisefrom thedifficulty in predictingthenon-perturbatie



regime of soft-gluonemissionaswell asfrom missinghigherorderQCD corrections Experimentalin-
certaintiesaremainly relatedto thedifficulty of simulatingthe detectoresponséo low-enegy particles.

Therefore the methodusedat the Tevatronto obtaina reliable estimateof p!! consistsof mea-
suringthe py distribution of the Z bosonfrom Z — [l eventsin the data,exploiting the factthat both
gauge-bosonkave similar pp distributions,andusingthe theoreticalpredictionfor theratiOpI_,/‘«//p% (in
this ratio several uncertaintiegancel)to corvertthe measureg? into p?’ . Theresultingerroronthe W
massobtainedoy CDF is 20 MeV, dominatecby thelimited Z statistics.

At the LHC, the averagetranssersemomentumof the W (7) is 12 GeV (14 GeV), asgiven by
PYTHI A 5. 7. Overtherangepy (W,72) < 20GeV, bothgauge-bosonisave pr spectravhich agreeto
within +10%. By assumingnegligible statisticalerrorontheknowledgeof pZ, whichwill bemeasured
with high-statisticslatasamplesandby usingthepZ spectruninsteacf thep!!” distribution,anerroron
theWW mas=f aboutlOMeV perchannelvasobtainedwvithoutary furthertuning. Althoughtheleading-
orderpartonshaver approactof PYTHI Ais only anapproximatiorto reality, this resultis encouraging.
Furthermore improved theoreticalcalculationsfor the ratio of the W and Z p; distributions should
becomeavailable at the time of the LHC, sothatthe final uncertaintywill mostlikely be smallerthan
10 MeV.

Parton distribution functions Parton momentumdistributions inside the protonsdeterminethe W
longitudinalmomentumandthereforeaffect the transwersemassdistribution throughleptonacceptance
effects. At the Tevatron,partondistribution functions(pdf), in particularthew /d ratio, areconstrainedy
measuringhe forward-backvard chage asymmetryof the W rapidity distribution. Suchanasymmetry
whichis typical of pp collisions,is not presenin pp collisionsandthereforecannotbeusedatthe LHC.
However, it hasbeenshavn [55] thatpdf canbe constrainedo afew percentatthe LHC by usingmainly
the pseudorapiditydistributions of leptonsproducedn W and Z decays.Theresultinguncertaintyon
the W massshouldbe smallerthan10 MeV.

W width At hadroncolliders,the W width canbe obtainedfrom the measurementf R, the ratio
betweertherateof leptonicallydecayinglV’s andleptonicallydecaying”’s:

ow BR(W —lv)

R=""Y " "/ 26

o7 BR(Z = 1) (26)
wherethe Z branchingratio (B R) is obtainedfrom LEP measurement@ndthe ratio betweenthe W
andthe Z cross-sectionis obtainedrrom theory By measuringR, theleptonicbranchingratio of the W
canbe extractedfrom the above formula, andthereforel'y, canbe deducedassumingStandardviodel
couplingsfor W — [v. Theprecisionachievablewith thismethods limited by thetheoreticaknovledge
of theratio of the W to the Z cross-sectionsAnothermethodconsistsof fitting the high-masdails of
thetransersemasdistribution, which aresensitve to the W width.

By usingthesemethodsthe W width wasmeasuredavith a precisionof about60 MeV by CDFin
Run1, whichtranslatesnto anerrorof 10 MeV perchannebnthe W massmeasurement.

In Run 2, the W width shouldbe measuredvith a precisionof 30 MeV [83], which contritutes
anerror of 7 MeV perchannelon the W mass. This is however a conserative estimatefor the LHC,
wherethe W width shouldbe measuredvith higherprecisionthanat Tevatronby usingthe high-mass
tails of thetransersemassdistribution. The measuremertf R, ontheotherhand,in additionto being
model-dependentould requirevery precisetheoreticalinputs. It shouldbe notedthatone could also
usethevalueof theW width predictedby the StandardModel.

Radiative decays Radiatve W — [~ decaysproducea shift in the reconstructedransersemass,
which mustbe preciselymodelledin the Monte Carlo. Uncertaintiesarisefrom missinghigherorder



corrections,which translateinto an error of 20 MeV on the W massas measuredy CDF in Run 1.
Improvedtheoreticalcalculationshave becomerecentlyavailable[93]. Furthermorethe excellentgran-
ularity of the ATLAS electromagneticalorimeterandthelarge statisticsof radiatve Z decaysshould
provide usefuladditionalinformation. Thereforea W masserrorof 10 MeV perchannewasassumed
in thisstudy Thisis a conserative estimatesincethe DO errorfrom Run1 is smallerthan10 MeV [88].

Background Backgroundglistortthe W transersemassdistribution, contritbuting mainly to the low-
massregion. Therefore uncertaintie®n the backgrounchormalisatiorandshaperanslaténto anerror
onthe W mass. This erroris at the level of 5 MeV (25 MeV) in the electron(muon) channelfor the
measuremenperformedby CDF in Run 1, wherethe backgrounds known with a precisionof about
10%.

A studywasmadeof themainbackgroundso W — [v final statedo beexpectedn ATLAS. The
contrikution from W — v decaysshouldbe of order1.3%in boththe electronandthe muonchannel.
Thebackgroundrom Z — ee decaydo the W — ev channels expectedio be negligible, whereaghe
contritution of Z — pu decaygo the W — pr channekhouldamountto 4%. Thedifferencebetween
thesetwo channelds dueto the factthatthe calorimetrycoverageextendsup to |n| ~ 5, whereaghe
coverageof the muonspectrometeis limited to || < 2.7. Therefore,muonsfrom Z decayswhich
areproducedwith |n| > 2.7 escapaletectionandthusgive rise to a relatively large missingtrans\erse
momentum. On the otherhand, electronsfrom Z decaysproducedwith || > 2.4 arenot efficiently
identified, becauseof the absenceof tracking devices and of fine-grainedcalorimetry however their
enegy canbe measuredip to || ~ 5. Thereforetheseeventsdo not passthe E7/%** cut describedn
Section3.12. Finally, ¢t productionandQCD processeareexpectedo give negligible contritutions.

In orderto limit the error on the W massto lessthan 10 MeV, the backgroundo the electron
channekhouldbe known with a precisionof 30%,whichis easilyachievable,andthebackgroundo the
muonchannekhouldbe knovn with a precisionof 7%. Thelattercouldbe monitoredby usingZ — ee
decays.

3.14 Results

Theexpectedcontritutionsto theuncertaintyon the W massmeasuremengf which somearediscussed
in the previous sections,are summarisedn Table5. For comparisonthe errorsobtainedby CDF in
Run 1A (integratedluminosity ~ 20 pb~!) and Run 1B (integratedluminosity ~ 90 pb~!) are also
shavn separatelyThe evolution of the uncertaintybetweerRun1A andRun 1B shavs the effect of the
increasedstatisticsandof the improved knowledgeof the detectorperformanceandof the physics,and
providesa solid basisfor the LHC resultspresentedhere.

With anintegrateduminosityof 10fb—!, which shouldbecollectedin oneyearof LHC operation,
andby consideringonly oneleptonspecieqe or i), atotal uncertaintyof smallerthan25 MeV should
be achieved by eachLHC experiment. By combiningboth leptonchannelswhich shouldalsoprovide
useful cross-checksince someof the systematicuncertaintiesare different for the electronand the
muon sample,and taking into accountcommonuncertaintiesthe total error shoulddecreaseo less
than 20 MeV per experiment. Finally, the total LHC uncertaintycould be reducedto about15 MeV
by combiningATLAS and CMS together Sucha precisionwould allow the LHC to competewith the
expectedprecisionata Next LinearCollider [94].

The mostseriousexperimentalchallengein this measuremernis the determinatiorof the lepton
absoluteenegy andmomentunscaleto 0.02%.All otheruncertaintiegareexpectedo be of theorderof
(or smallerthan)10 MeV. However, to achieve suchagoal,improvedtheoreticakalculationf radiatve
decayspf theW andZ pr spectraandof higherorderQCD correctionswill beneeded.

The resultspresentechere have to be consideredas preliminary and far from being complete.
It may be possiblethat, by applying strongerselectioncuts, for instanceon the maximumtrans\erse



Table5: Expectedcontrikutionsto the uncertaintyon the W massmeasuremerih ATLAS for eachleptonfamily andfor an
integratedluminosity of 10 fb~! (fourth column). The correspondingincertaintief the CDF measuremerin the electron
channelasobtainedn Run1A [87] andRun 1B [88], arealsoshavn for comparisor{secondandthird column).

Source AMy (CDFRunl1A) AMy (CDFRunl1B) AMy (ATLAS)
(MeV) (MeV) (MeV)

Statistics 145 65 <2

E — pscale 120 75 15

Enegy resolution 80 25

Recoilmodel 60 33

Leptonidentification 25 —

Y 45 20

Partondistribution functions 50 15 10

W width 20 10 7

Radiatve decays 20 20 < 10

Background 10 5 5

TOTAL 230 113 <25

momentumof the IV, the systematiauncertaintiesnay be reducedfurther Moreover, two alternatve
methodgo measuréhe W masscanbe ervisaged.Thefirst oneusesthe p distribution of the chaged
leptonin the final state. Sucha distribution featuresa Jacobianpeakat p}. ~ My /2 and hasthe
advantageof being affectedvery little by the pile-up, thereforeit could be usedat high luminosity
However, theleptonmomentums very sensitve to the pr of the W bosonwhereaghetransersemass
is not,andhenceavery precisetheoreticaknowledgeof the W p spectrunwould beneededo usethis
method.Anotherpossibilityis to usetheratio of thetransersemasse®f the W andZ bosong95]. The
7 transersemasscanbereconstructedby usingthe pr of oneof the chagedleptons while the second
leptonis treatedik e a neutrinowhosep is measuredby thefirst leptonandtherecoil. By shifting the
m#. distribution until it fits them}¥ distribution, it is possibleto obtaina scalingfactorbetweernthe W
andthe Z masses&ndthereforethe W mass.The adwantageof this methodis that commonsystematic
uncertaintiegancein theratio. Themaindisadwantages thelossof afactorof tenin statistics sincethe
7 — ll sampleis afactorof tensmallerthanthe W — v sample(andonly eventsnearto the Jacobian
peak contritute significantly to the massdetermination). Furthermore differencesin the production
mechanisnbetweerthe W andthe Z (pr, angulardistribution, etc), andpossiblebiasescomingfrom
the Z selectioncuts,will give riseto anon-ngligible systematierror.

Thefinal measurememill requireusingall the methodsliscusse@bove, in orderto cross-check
the systematiaincertaintieandto achiere the highestprecision.

3.15 Conclusions

Preliminarystudiesindicatethatmeasuringhe W massat the LHC with a precisionof about15 MeV
shouldbe possible,althoughvery challenging. The biggestsingle advantageof the LHC is the large
statisticswhichwill resultin smallstatisticalerrorsandgoodcontrolof thesystematicsTo achieve such
unprecedentegdrecision,improvedtheoreticalcalculationgn mary areaswill be needede.g. radiatve
decayspdf's, p'V), andmary stringentexperimentakequirementsvill have to be satisfied.



3.2 Drell-Yan production of lepton pairs
3.21 Introduction

Parton level:  In the StandardVodel (SM), the productionof leptonpairsin hadron-hadromwollisions
(the Drell-Yan process)s describedy s-channelexchangeof photonsor Z bosons.The partoncross
sectionin the centre-of-massystemhastheform:

do a?

= E[Ao(l + cos? 0) + A; cos 0] (27)

wheres = 47;32 AgandArp = %ﬁ—é give thetotal crosssectionandthe forward-backvard asymmetry
respeciiely. ThetermsAy and A; arefully determineddy the electraveakcouplingsof theinitial- and
final-statefermions. At the Z peak,the Z exchangedominatesvhile theinterferencdermis vanishing.
At higherenegies,both photonandZ exchangecontribute andthelarge valueof the forward-backvard

asymmetnyarisesfrom theinterferencebetweerthe neutralcurrents.

Fermion-paimproductionabove the Z poleis arich searclfield for nev phenomenat presentand
future high-enegy colliders[96]. Thedifferentialcrosssectionis givenby

46
£ ~ |vs + Zs + New Physics ?!|? (28)

wheremary proposedypesof new physicscanleadto obserableeffectsby addingnen amplitudesor
throughtheir interferencewith the neutralcurrentsof the SM.

At hadron colliders: Thepartoncrosssectionsarefoldedwith thepartondistribution functions(pdf's):

d’o
dMlldy

(pp — lila) ~ > (fipp(@) fyppl(@2) + (i = j)) & (29)

]

whereé is the crosssectionfor the partonicsubprocessj — [1lo, My = \/7s = /5 andy arethe
invariant massand rapidity of the leptonpair, z; = /7¢¥ andxy = /7e™Y arethe partonmomen-
tum fractions,and f; 5 (x;) is the probability to find a partoni with momentumfraction z; in the
(anti)proton.

1 -0
opep(y M) = | /0 + /_1]0'lld(C089*) (30)
App(y. M) = % (31)

Thetotal crosssectionandtheforward-backvard asymmetnarefunctionsof obserableswhicharewell
measuredxperimentally:the invariantmassandthe rapidity of thefinal statelepton-pair For a pair of
partongz; > z3), therearefour combinationf quarksinitiating Drell-Yanproduction:u, wu, dd, dd.
In pp collisions,theantiquarkscomealwaysfrom theseawhile thequarkscanhave valenceor seaorigin.
The z-rangeprobeddependsn the massandrapidity of the lepton-pairasshavn in Table6. Goingto
higherrapiditiesincreaseshedifferencebetweent; andzy andhencethe probabilitythatthefirst quark
is avalenceone.

3.22 Eventrates

The expectednumbersof eventsfor the TevatronRun2 (TEV2) andthe LHC areshavn in Table7 and
Figure 16. The estimationis basedon simulationswith PYTHI A 5. 7 [97] by applyingthe following
cuts:

1. For LHC: bothleptons|n| < 2.5; for TEV2: onelepton|n| < 1, theother|n| < 2.5.



Table6: z; andz- for differentmassesndrapidities.

M (GeV) 91.2 200 1000

Y 0 2 4 0 2 4 0 2 4
1 0.0065 0.0481 0.3557| 0.0143 0.1056 0.7800| 0.0714 0.5278 -
T2 0.0065 0.0009 0.0001| 0.0143 0.0019 0.0003| 0.0714 0.0097 -

2. For bothleptonspr > 20 GeV.

Thedatasamplecanbedividedinto threeclasses:
Eventsnearthe Z pole:

e Therewill be a hugesampleof Z eventsat the LHC. Thesewill allow study of the interplay
betweersin® 6% (M%) andthe pdf's.
High masspairs(110-400GeV):
e LEP2will studythisregionupto 200GeV.
e TEV2will collectasizeablesampleof eventsin thisregion.
e LHC will beableto do precisionstudies.
Very high masspairs(400-4000GeV):
e TEV2will have afirst glance.

e LHC will collectasizeablesamplefor testsof the SM atthe highestmomentuntransfergQ?) and
for searchesf nev phenomenatthe TeV scale.

Table7: PYTHI A estimate:expectednumberof eventsfor oneexperimentin theete™ and p™ 1~ channelsFor LEP2and
CDFthe obsered numberof eventsis shavn.

Pair Mass LEP2 CDF TEV2 LHC
600pb~* 110pb~! 10fb~! 100fb~?
SM/ Data Data PYTHI A PYTHI A
7 pole - - ~1.5x 105 ~ 134 x 10°
>110GeV 12500 148(> 150GeV) 46000 2.6 x 10°
> 400GeV - 1 250 33000

3.23 Measuementofo and App

The experimentalsignaturefor Drell-Yan eventsis distinctive: a pair of well isolatedleptonswith op-
positechage. This shouldbe straightforward for the ATLAS and CMS detectorsto identify. The
backgroundsrelow: W+W =, 77, cé, bb, tt; fakes,cosmicsetc. If the needarisesthey canbe
furthersuppressetly acoplanarityandisolationcuts. The selectioncutsusedin this studyhave already
beendescribedn the sectionon simulations.

An importantingredientin the crosssectionmeasuremeris the precisedeterminatiorof the lu-
minosity A promisingpossibility is to go directly to the partonluminosity [55] by usingthe W+ (2)
productionof single(pair) leptons:
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Fig. 16: Expectechumberof eventsfor TEV-2000andLHC in onechannel/gperimentasa functionof the dileptonmass.

e Constrainthe pdf's.

e Measurdlirectly the parton-partoiuminosity

In this way, the systematierroron o1i&" ©° relative to o, canbereducedo ~ 1%.

In orderto measurehe forward-backvard asymmetryit is necessaryo tag the directionsof the
incomingquarkandantiquark.At the Tevatron,the pp collisionsprovide a naturallabelfor thevalence
(anti)quark. In contrastat the LHC, the pp initial stateis symmetric. But in the reactiongg— 111~
only g canbea valencequark,carryingon averagea highermomentunmcomparedo the seaantiquarks.
Thereforeatthe LHC, Arp will besignedaccordingto the signof the rapidity of the leptonpair y(il).
ConsequentlyA i g increasessafunctionof y(i1) [98, 99] (seeFigurel8).

A precisemeasuremendf o and Agp atlarge s requiresgoodknowledgeof the differenttypes
of electraveakradiative correctionso the DY processvertex, propagatqrEW boxes. A completeone-
loop partoncrosssectioncalculationhasbeenperformed71]. Thesizeof thesecorrectionsafterfolding
with the pdf's andthe expectedexperimentalprecisionon the crosssectionmeasuremerdrecompared
in Figurel7. The LHC experimentscanprobethesecorrectionsupto ~ 2 TeV.

3.24 Determinationofsin? 6:P (M2)

A very precisedeterminatiorof sin? GL‘E’t(Mg) will constrainthe Higgs massor, if the Higgs boson
is discovered,will checkthe consisteng of the SM [100]. The latestresultof the LEP Electraveak
Working Groupfrom the summerof 1999is:

sin? 9P (M%) = 0.23151 + 0.00017 (32)

Event selection A carefulstudy[101] of the precisionwhich canbe obtainedfrom the 7 — ee decay
by ATLAS andCMS hasbeenmadeusingPYTHI A 5. 7 andJETSET 7. 2. Backgroundprocesses
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Fig. 17: Size of the electraveakradiative correctionsandthe expectedrelative experimentalprecisionon the crosssection
measuremerfor e™e™ and pTp~ from oneexperimentin % asa functionof thedileptonmass.

from pp — 2 jetsandpp — tt — eTe~ have beenincluded. In the regionsof precisionmeasurements
(In] < 2.5), the precisionwhich canbe obtainedfrom Z — pu decaysshouldbe comparabldo that
from the electronchannel.In addition,the detectorshave calorimetryextendingto |n| ~ 5 andhencejf

it is possibleto tagvery forward electronsalbeitwith significantlylower quality, it may be possibleto
improve dramaticallythe measuremerdf sin? 05" (M12).

Thefollowing cutsweremade:

1. pgfectron > 20 GeVie
2. 85.2GeVic? < M(ete™) < 97.2 GeVic?

In all casespneelectronwasrequiredin the precisioncalorimetry|n| < 2.5. Efficienciesaftertypical

electronidentificationcutsweretakenfrom detailedstudiesreportedn [86]. Thesearetypically around
70%,with correspondinget rejectionsof > 10* (therewasno advantagefor this measurementf larger

rejectionfactors).For theseconcdelectron the possibilityfor it to beidentifiedin theforwardcalorimetry
2.5 < |n| < 4.9 wasconsideredIn thisregion, thereis no magnetidracking. An electronidentification

efficiengy of 50% wasassumedvith a correspondinget rejectionof p. Extendingthe pseudorapidity
coveragefor the secondelectronincreaseghe rangeof lepton pair rapidity from |y(ete™)| <~ 2 to

ly(eTe )| <~ 3. Figure18shavs how theasymmetryariesasafunctionof |y(e*e™)|.

Statistical sensitivity Thesensitvity of Az to sin? Hieé’t(M%) canbe parametrise@sfollows:

App = b(a — sin® Qé?t(M%)) (33)
aO(a3) — aBorn +AQQED +AaQCD
bO(oc3) — pBorn —i—AbQED—i—AbQCD

Valuesof a andb werecalculatedn [68] andhave beenre-evaluatedby Baurcorrespondindo theabove
cuts- seeTable8.
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Fig. 18: Forward-backvard asymmetryvs rapidity for e™ e~ pairsfrom Z decayssatisfyingthe selectioncuts describedn
Section3.24. The asymmetryis shavn whereboth electronshave || < 2.5 (triangles)andwhereoneelectronis allowedto
have |n| < 4.9 (squares)Theresultsarethe samefor bothsetsof cutsin thefirst bin.

A summaryof the statisticalerrorswhich canbe obtainedwith 100fb—! areindicatedin Table9.
With the bestrejectionfactorsshavn in the table, the effect of the backgroundis negligible. If no
jet rejectionis possiblein the forward calorimetry the statisticalprecisionswhich canbe obtainedon
sin® 91" (M%) are3.4 x 10~* and4.1 x 10~* for noy cutand|y(ete™)| > 1.0 respeciiely. While
the sensitvity to sin? Gﬁf’t(Mg) is increasedy cuttingon |y(eTe™)| (seeTable8), thegainis reduced
by thelossof acceptancandincreasedignificanceof the backgroundvhenthe forward calorimetryis
used.It is probablethatgreatersensitvity couldbe obtainedby fitting A asafunctionof |y(ete™)|.

From Table9, it canbe seenthat for a single lepton speciesrom one LHC experiment,using
leptonsmeasuredh || < 2.5, astatisticalprecisionof 4.0 x 10~* onsin? 95;“(@) couldbeobtained.
With the combinationof electronsandmuonsin two experiments2.0 x 10~* couldbe obtained.

Thetableshawvs thatfor moderatget rejection(>~ 102) in the forward calorimetry a statistical
precisionof 1.4 x 10~* couldbereachedy a singleexperimentusingjust the electronchannelcannot
includethe muons).Evenapoorrejection~ 10, would provide a usefulmeasuremeniVhile no studies
with full detectorsimulationhave beendone,its seemdikely that boththe ATLAS and CMS forward
calorimetrywill be ableto provide usefulelectronidentificationbecausef moderatdongitudinaland
trans\erseseggmentation Combiningbothexperimentswill permitafurthery/2 reductionin thestatistical
uncertainty

Systematic uncertainties In orderto be ableto exploit the possibility of measuringsin? e)ﬁgt(Mg)
with suchhigh precision,the systematicerrorshave to be comparablysmall. Quick estimatesndicate
thatthefollowing factorsarethe mostimportantones:

1. pdf's: affect boththeleptonacceptancaswell astheresultsof radiative correctioncalculations.
2. Leptonacceptanceand reconstructiorefficiencyas a function of leptonrapidity: while thereis
somecancellationin the determinatiorof the asymmetrythe productwill needto be known to
betterthan0.1%.CDF [102] hasshavn thatit is possibleto achiere a precisionof about1%, with



Table8: Parameters andb in Equation33.

Cuts aBorm NqQFD  NGQCD  gO®)  pBorn  ApQED  ApQCD  j0(e?)
In| < 2.5 bothe* 2481  .0025 -.0026 .2480 0.48 -0.01 -0.16 0.31
In| < 2.5 bothe*

ly(ete™)| > 1.0 2503 -.0009 -.0069 .2425 0.74 0.05 -0.03 0.76

In| < 2.5 onee*

In| < 4.9 theothere* .2483 -.0005 -.0015 .2463 1.18 0.15 -0.10 1.23
In| < 2.5 onee*

In| < 4.9 theothere*

ly(ete )| > 1.0 2486 0011 -0028 .2469 166 001  -0.04 1.63

thelargestcontrikution beingdueto theuncertaintyin the pdf's.

3. Effectsof higherorder QCD (andelectoweak)corrections:canbeestimatedy varyingtheerrors
ontheparameterg andb.

4. MassScale: A5 variesasa functionof theinvariantmassof theleptonpair. Sincethe measured
asymmetrycorrespondso anintegrationover the Z resonanceit is importantto understandhe
massscale.lt is expectedthatthis will be known to ~ 0.02% (see3.13)by directcomparisorof
the Z peakwith themeasured.EP parameters.

The mostimportantsystematicontritution is thatcomingfrom the uncertaintiesn the pdf's. A
studyusingseveral“modern” pdf's (MRST, CTEQ3andCTEQ4)gave agreemenbetweertheresulting
valuesof Arp within the 1% statisticalerrorsof the study (5 x 10° eventswere generatedor each
pdf set). This uncertaintymustbe reducedby a factorof 10 if it is to be smallerthanthe expected
statisticalprecisionon Arp shawvn in Table9. It remainsto be seenwhether(a) the differencesarising
from the variouspdf's will shrinkwith increasedstatisticalsensitvity of the studyand(b) whetherthe
currentpdf’'s actuallydescribehe measurediatasuficiently well (sincethe pfd's arefitted to common
data,variationsare not necessarilyndicative of the actualuncertainties) New measurementsom the
Tevatron (andultimately the LHC itself) will improve the understandin@f the pdf’s, but it is unclear
at this stagewhetherthis will be suficient. It may be possibleto fit simultaneouslyin? 02‘3"3 (M%) and
the pdf's, or alternatvely, it may be necessaryo reversethe stratgy andusethe measuremerif Agp
combinedwith existing measurementsf sin? Gﬁ’t(Mg) to constrainthe pdf's.

3.25 Seach for new phenomena

Contact interactions Contactinteractionsoffer a generalframenork for a new interactionwith cou-
pling ¢ andtypical enegy scaleA > /3. At LEP2, the currentlimits [96, 103 for quark-lepton
compositenesat 95% CL vary betweer3 and8 TeV, dependingonthe model. At the LHC scalesup to
25-30TeV arereachableasillustratedin Figure19.

Search for resonances The otherextremeis the searchfor resonancetke Z’ or v, which produce
peaksin the massdistributions. A neutralheary gauge-bosor¥’ is characterisedy its massm/, by
its couplingsandby its mixing anglef,, with the standard” boson. If ,; = 0 andthe 7’ hasSM
couplings,the currentlimit is mz > 1050 GeV [104]. For othercouplingscenarioghe lower limits



Table9: Statisticalprecisionwhich canbe obtainedonsin® 6:°* (M2 ) from measurementsf Ars in Z — ee from oneLHC

experimentwith 100fb~!. Resultsaregivenfor differentjet rejectionfactorsp for theforwardcalorimetry2.5 < |n| < 4.9.

Cuts p  App (%) AApp (%) Asin® 0P (M32)

In| < 2.5 bothe* - 0.774 0.020 6.6 x 1074

In| < 2.5 bothe*

ly(eTe )| > 1.0 - 1.66 0.030 4.0 x 107%

In| < 2.5 onee* 10* 2.02 0.017 1.4x107%

In| < 4.9 theothere™ 102 1.98 0.018 1.4x10~*
10t 1.68 0.021 1.7x107*

In| < 2.5 onee* 10*  3.04 0.022 1.35x10~*

In| < 4.9 theothere®™ 102 2.94 0.023 1.41x1074

ly(ete™)| > 1.0 10! 2.31 0.030 1.83x1074

aremodeldependenandtypically of the orderof severalhundredGeV. Resonancewith massesp to
~ 4-5TeV canbeprobedat LHC, asshavn in Figure19.

R-parity violation In SUSY theorieswith R-parity violation, it is possibleto couplesleptongo pairs
of SM leptonsor quarksthroughnew independentrukava couplings(9 A couplingsfor the slepton-
leptonsectorand27 A" couplingsfor the slepton-quarksector). This makes the resonancéormation
of singlescalarneutrinov in dd scatteringpossible. It canbe obsered throughthe decayof the v to
leptonpairs,if a suitablecombinationof two couplings(e.g. A5;1A131) is presen{105]. The K-factor
for sleptonproductionis not calculatedyet, leadingto anuncertainty~ 10%in the estimateof the A\’
sensitvity.

Low-scale gravity An exciting possibility is the searchfor low-scalegravity effectsin theorieswith
extra spatialdimensionsl|eadingto virtual graviton exchange.Thebestlimits at LEP2 comefrom com-
binedanalysisof Bhabhascatterind106]:

Ar = 1.412(1.077) TeVfor A = +1(—1) at95%CL

In the Drell-Yan procesghereis an uniquecontritution from s-channelgraviton exchangg107],
which modifiestheform of thedifferentialcrosssectionandgivesadistinctsignature:

gg— 171~ (34)

do 228
dcos  64mM?

(1 —cos* ) (35)

Thelarge partonluminosityfor gluonsatLHC mayalsocompensatéhe M, ® suppressionScalesupto
~ 5 TeV canbe probedwith luminosity 100fb=!.
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Fig. 19: Left: Contactinteractionsensitvity (CMS study). Error barsshav SM spectrumistogramsshaw effect of contact
termwith A = 25 TeV, the sign correspondso the sign of the amplitude. Right: Z’' massreachfor 100 fb~! (ATLAS
study)[53].

3.26 Summary
Themainresultsof this studyare:

e A competitve measuremertf sin? 617 (M2) is harddueto the centralacceptancef the exper
imentsandthe difficulty of controlling the pdf's (partondistribution functions)with the required
precision.However, a detectomwith extendedforward acceptancéor oneof theleptonsoffersthe
possibilityto measurain? 9%°*(1/2) with a statisticalprecisionof 1.4 x 1074,

) ) ) high Q2
e Thetotal cross-sectioganbe measuredavith systematlcerror”DgT < 1%.

e A non-zerdforward-backvard asymmetryArp canbemeasuredip to 2 TeV with statisticalpre-
cision> 3 0.

e The Drell-Yan processcanprobeelectraveak radiatve correctionsup to 1.5 TeV with statistical
precisionatthe2 o level asafunctionof Q2.

e Thehighenegy andluminosityof LHC offersarich searclfield atthe TeV scalein theDrell-Yan
channel:contactinteractionsresonancéormation(’, scalameutrinos)jow-scalegravity, etc.

Furtherstudieswill refinethefollowing points:
e Theeffectof higherorderQED correctionginitial- andfinal-stateradiationandtheirinterference).
e Theeffectof experimentakutson the electraveakcorrections.
e Thecarefulseparatiorof theo,; ando ;7 contritutions.

3.3 Tau physics

The 7 leptonis a memberof the third generatiorwhich decaysnto particlesbelongingto thefirst and
secondnes.Thus,r physicscould provide somecluesto the puzzleof therecurringfamiliesof leptons
and quarks. One naively expectsthe hearier fermionsto be more sensitve to whatever dynamicsis

responsibldor the fermion-masgeneration.The pureleptonic or semileptoniccharacterf r decays



providesacleanlaboratoryto testthestructureof theweakcurrentsandtheuniversalityof theircouplings
to thegauge-bosons.

The last few yearshave witnesseda substantialchangein our knowledge of the = properties
[108, 109. Thelarge (andclean)datasamplescollectedby the mostrecentexperimentshave improved
considerablythe statisticalaccurag and,moreoser, have broughta new level of systematiaunderstand-
ing.

A high-enegy hadroncollider doesnot provide a very goodervironmentto performprecisionr
physics.Neverthelesstherearea few topicswhereLHC could contritute in arelevantanduniqueway.
Moreover, sincethe 7 is the heaviestknown lepton,it canplay avery importantrole in searcheor new
particles(for example,asin Section6.1).

3.31 Chamed-curentunivesality

Table10: Presentonstraintoon chaged-currenteptonuniversality[109].

|91/ Ge| 97/ 9ul |97/ gel

Br_p/Bre 1.0009 = 0.0022 — —

Bro Tu/7r — 0.9993 + 0.0023 —

Br_y Tu/7r — — 1.0002 £ 0.0023
Brse/ By 1.0017 £ 0.0015 — —

| Y — 1.005 + 0.005 —

Urr /T — 0.981 & 0.018 —
Byw_.1/Bw—_v (op) 0.98 £ 0.03 — 0.987 & 0.025

Bw_;/Bw_r (LEP2) 1.002 £+ 0.016 1.008 £ 0.019 1.010 £ 0.019

Table 10 shaws the presenexperimentalkestson the universality of the leptonicchaged-current
couplings.TheleptonicT branchingratiosarealreadyknown with a quiteimpressie precisionof 0.3%;
this translatesnto a testof g, /g. universalityat the 0.22%level. However, in orderto testthe ratios
g-/g, andg./g., oneneedsprecisemeasurementsf the - massandlifetime, in addition. At present,
thesequantitiesare known with a precisionof 0.016%(m, = 1777.05 1522 MeV) and0.34%(r, =
290.77 £ 0.99 fs), respectrely [109], which leadsto a sensitvity of 0.23%for thethreeg; /g, ratios.

Futurehigh-luminositye*e™ collidersrunningnearthe "+~ productionthresholdcouldperform
more precisemeasurementsf the leptonicT branchingfractionsandthe r mass.However, oneneeds
a high-enegy machineto measurehe r lifetime. Clearly, the future testsof leptonuniversalitywill be
limited by the 7. accurag. It is not clearwhetherthe B-factorieswould be ableto improve the present
T, measurement a significantway. Thus, it is importantto knov how well 7. canbe determinedat
LHC.

A lessprecisebut moredirectteston the universality of the leptonic W+ couplingsis provided
by the comparisonof the different W+ — 71, branchingfractions. LEP2 hasalreadyachieed a
bettersensitvity thanthe Tevatroncollider, anda furtherimprovementis expectedwhenthefull LEP2
statisticswill beavailable.lIt is anopenquestionwhethe.HC couldbe competitie atthislevel (~ 1%)
of precision.



3.32 Taulifetime

Thecurrentworld averagefor the 7 lifetime is 290.8 + 1.0 fs (¢7 = 87um) [109]. Improvementdn this
measuremenwould be welcomein orderto give bettertestsof the StandardModel, in particularlepton
universalityandelectraveak calculations.In this section,the resultsof a preliminarystudyto examine
the LHC potentialaregiven.

In LEP experimentsy pairsareproducediack-to-backwvith well definedmomenta this will not
be the caseat the LHC. The first featureallows valuablecorrelationsto be madebetweenthe two
decayswhile the secondprovidesthe boostrequiredto obtainproperlifetime estimates.At the LHC,
Z — 711 eventswill betriggeredby requiringoner to decayto anelectronor muon,while thelifetime
is estimatedrom the otherr whichis requiredto decayto threechagedparticles.

Tau reconstruction A studywasmadeusingfully simulatedeventsin the ATLAS detector(see[86]
for moredetails). Whenthe Z hassometransersemomentumthe momenteof the 7’s canbe deduced
by projectingthe recoil momentumvector measuredy the calorimetryalongthe lines of flight of the
two 7’s (determinedrom the directionof theleptonandthehadroniget, respectiely). Dueto resolution
effects,this procedurevorksbestwhenther’s arenot back-to-backThefollowing cutsweremade:
Theleptonshouldhave py > 24 GeV, || < 2.5.

Theidentifiedhadronicjet shouldcontainthreechagedtracksandsatisfy £ > 30 GeV, |n| <
2.5.

Transersemassof leptonandmissingenegy shouldbe < 50 GeV.

TheangleA¢ betweenthe 7's in thetranswerseplaneshouldsatisfy: 1.8 < A¢ < 2.7 or 3.6 <
A¢p < 4.5.

e Theinvariantmassof the r pair shouldsatisfy:60 < m., < 120 GeV.

Thesecutsresultin an efficiengy of 1.5%. For theseevents,the - momentacould be estimatedwith a
resolutionof 15%.

A vertex wasformedfrom the chagedtracksin the hadronicjet. It wasrequiredthatthe vertex
shouldbewithin 2 cm of theinteractionpoint andtheinvariantmassof the particlesshouldbe between
0.4and1.78GeV. Theefficiency for thiswas70% andresultedin aresolutionon the vertex positionin
thetranserseplaneof 490um, correspondingo aresolutiononthe properdecaylengthof 17um.

Lifetime estimate The statisticalresolutionon the properdecaylengthfrom the combinationof the

vertexing andthe estimateof the tau momentumis of the orderof 21 um (correspondindo 55fs). A

simpleMonte Carlo studywasmadeto estimatethe statisticaluncertaintyon the 7 lifetime (7.;) which

couldbeachieredwith N hadronicr decays Sincetheresolutionof thelifetime for asingleevent(55fs)

is afair bit smallerthanthe 7 lifetime (291fs), the statisticalerrorwhich canbe obtainedis dominated
by thenumberof events:o(,) ~ 7, /v/N.

At the LHC, the crosssectionfor Z — 77 will be 1.5 nb, with a branchingratio of 11% for a
leptonandathree-pronghadronicdecay Thereconstructiorandselectiondescribedabove resultsin an
efficiengy of 0.54%. If 30 fo~! were collectedin a low luminosity run, then 26,000reconstructed’s
could be used,leadingto a statisticalerror on the lifetime of 1.8 fs. To malke this competitve would
requireincreaseckfficiengy for selectingthe = decays- this is probablya low luminosity measurement
andso cannotbenefitfrom the statisticsof a high luminosityrun.

Increasingthe efficiency may not be simple, sincethe cuts were designedo control the back-
ground. W+jet eventswill be removed by the masscuts, and apartfrom a small amountof gluon
splitting to heavy flavour, the jets shouldnot containsignificantlifetime information, hencethis back-
groundshouldnot be a problem. The B lifetime is a factorof five larger thanthat of the 7, andhence
morecarewill berequiredwith bb events.



Concerningsystematicerrorscoming from the determinationof the decaylengthin the silicon
tracking, the averageradial position of the detectordn the vertexing layer will needto be understood
to betterthan10 pm. This will be challengingbut studiessuggesthis may be feasible[91]. It should
be possibleto controlthe systematic®n the measuremenrtdf recoil momentunof the Z by comparison
with Z — ee or 7 — pu events,wheretherecoil canbe measurecccuratelyby the leptons.

Theuseof W — 7v It maybepossibleto usethedecaysiV — rv which have a highercross
sectionthanZ — 77. In ATLAS, sucheventscould be triggeredby a specialr-jet and missing E£1
trigger[86]. Informationaboutthe - momentuncanbe deducedy comparinghe enegy anddirection
of thehadronicjet with thedirectionof the 7 andusingthe - massconstraintwherethe r directioncan
bedeterminedrom thereconstructedecayvertex. In principle, it is possibleto solve completelyfor the
7 momentumalthoughresolutioneffectson the vertex positionandcomplicationsarisingfrom 7%’s in
the hadroniget meanthatsometimesolutionsarenotphysical.Alternatively, anapproximatesstimator
canbe formedwhich doesnot employ the massconstrain110]. This usesthe 7-jet enegy, massand
pr relative to the 7 direction- all threequantitiesbeingdeterminedrom the chagedtracksalone. This
is morerobustbut its behaiour is sensitve to the selectioncuts. It is yetto be provedthata W — v
signalcanbeidentifiedwith sufiicient efficiency above thehugeQCD (andin particular bb) background.

3.33 Raredecays

Owing to thehugebackgroundsit will notbe possibleto make a generakearchor raredecaymodesof
the . However, thelepton-numbevwiolating decayr~ — p*p~ i~ hasacleansignaturewhichis well
suitedfor the LHC detectorsThe presenexperimentabound[111] is

BR(t™ — ptu pm) < 1.9x 107% (90% CL)

This limit reflectsthe size of the existing = datasamples.LHC will producea hugestatistics,several

ordersof magnituddargerthanthe presenbne. Theachiezablelimit will thenbe setby systematicand

backgroundsyhich needto beproperlyestimatedA sensitvity atthelevel of 10~® doesnotseenmout of

reach.This could openavery interestingwindow into new physicsphenomenasincemary extensions
of the StandardModel framavork canleadto signalsin the 10~¢ to 10~® range.

Althoughmoredifficult to detectptherlepton-numbeviolatingdecaysuchasr — uue,uee,eee,
wy areworth studying.

4, VECTOR-BOSON PAIR PRODUCTION ®
41 W*TW~—,W=*Z, ZZ production
4.11 Recennumericalimplementations

As alreadyis notedin theintroduction,for thedescriptionof W+W =, W= Z, Z Z productionwith their
subsequendecaysnto leptonpairstwo new numericalparton-l&el Monte Carloprogramshave recently
becomeavailable [18](MCFM), [19](DKS). Thesepackagegonsiderthe productionof four leptonsin
thedoubleresonancapproximatiorwith completeO(«;) correctionsThey canbeusedto computeary
infra-redsafequantitywith arbitraryexperimentalcutson the leptonicdecayproducts.Thesepackages
have alreadybeenusedfor updatingandcross-checkingreviousresults. The DKS programis available
in fortran90andfortran77versionsandincludesanomaloudriple gauge-bosorouplings. The MCFM
programis more completein the sensethat singleresonancéackgrounddiagramsare alsoaddedand
finite width effectsareincludedin someapproximatiorwhich respectgauge-inariance. However, it
doesnotincludeanomaloudriple gauge-bosonouplings.Theresultsof the MCFM andDKS programs
agreewith eachotherwithin theintegrationerrorof < 0.5%. Similar agreemenis found with the spin

S5Sectioncoordinator:Z. Kunszt



averagedcrosssectionindicatedin [22, 24, 26]. In thepastyearsthemajority of theexperimentabktudies
usedthe programsdescribedn [29, 31, 30] (BHO). A recentcomparisorbetweerthe DKS andBHO

programdindsagreemenat thelevel of 1% for W Z productionand3-4%for W W production(further
detailsseeSection5.5). This confirmsthe assumptionef [29] thatthe spincorrelationseffectscoming
from virtual correctionsare small. Note thatrecentlya nev O(«a,) packagehasbeenwritten alsofor

W+~ andZ~ productionwith anomalougouplingg20] andfor thefirst time thecompleteoneloop QCD

correctionsareavailablealsofor theseprocesseéseeSectiond.2).

4.12 Inputparametes andbend markcrosssections

In usingthesepackagespne shouldbe carefulwith input parametersThe QCD inputis standard:ithe
latest next-to-leadingorder partonnumberdensitieshave to be usedwith the correspondingunning
couplingconstaniat somephysicalscaledefinedin termsof the kinematicsof the outgoingparticles.

The helicity amplitudescodedinto theseprogramsare calculatedin O(«;) but they are lead-
ing orderin the electraveak theory However, the oneloop electraveak radiatve correctionsare not
completelyngyligible. The dominantcorrectionsare given by light fermionloopsandlarge custodial
symmetryviolating contritutionsof thetop quark. Fortunately they areuniversalandcanbetakeninto
accountin the spirit of the “improved Born approximation” [112, 113. Universalitymeansthattheir
contritutions canmodify only the leadingorderrelationbetweeni/,, My, andsin? 6y, which canbe
takeninto accountwith the useof the effective coupling

ma(My)

2 —
sin“ Oy = —————,
VT 2GRN,

(36)

whereGr = 1.16639 x 10~° GeV~2 is the Fermi constantand o (1) is the running QED coupling.
With the valuesof the gauge-bosonsasse®f M, = 91.187 GeV and My, = 80.41 GeV, oneobtains
a = a(Mz) = 1/128 andsin? fy = 0.230. Ignoringthis correlationmay leadto about5-6% discrep-
ang in thecrosssectionvalues.Theremainingelectraveakcorrectionsareestimatedo belessthan2%
aslongthe partonsub-enggy is belov 0.5 — 1 TeV. However, abore the 1 TeV scaledoublelogarithmic
correctionsof O(ayy log? 8/MZ,) becomenon-ngligible. Theorigin of theselarge contritutionsis the
incompletecancellatiorof the soft singularitiesof masslesgauge-bosoemissiontheBloch-Nordsieck
theoremis notvalid for non-Abeliantheorieg115])). Sincethe physicalcrosssectiondecreasestrongly
with theincreasef theinvariantmassof thegauge-bosopairs,thesecorrectionsaarenotimportantatthe
LHC. Thevalidity of theimproved Born approximatiorandthe presencef the doublelogarithmiccor-
rectionshasbeentestedfor W pair productionat LEP2wherethefull next-to-leadingordercorrections
areavailable[112, 113.

Additional electraveakinput parametersrethe matrix elementof the CKM mixing matrix. In
thelight quarksector oneshouldusethe bestexperimentalvalues[116]. In the caseof the heary quark
contritutions, the calculationis approximatesincethe O(«;) helicity amplitudeshave beencalculated
assumingmasslesgjuarks[17]. This assumptioris clearly not valid for the top contritutions. WW
pair productionrecevescontributionsfrom diagramswith the¢-channelexchangeof thetop quark(with
Vil = |Vis| = 0 and|Vj| = 1). However, it is suppressedueto the large top massand small b-
quarkpartondensitiestherefore,it is reasonabléo use|V};,| = 0. The contritution of the subprocess
bb — WTW ~ (treatingthetop asmasslessjs of theorderof 2% for the LHC [17] giving anupperlimit
on thetheoreticalambiguitycomingfrom this source.In the caseof W*Z production,onecanneglect
thesubprocessg — W~ Zt. It is presentat next-to-leadingorderbut againit is stronglysuppressebty
the large top quarkmass,aswell asthe small b-quarkdistribution function. For the numericalresults
presentechere,values|V, 4| = |Vis| = 0.975; [Vius| = |Veq| = 0.222 and |Vy| = |V = |Via| =
|Vis| = |Vip| = 0 areused.We presentross-sectiowalueswithout including the branchingratios. To
geteventsignals,they have to be multiplied with the leptonicbranchingratiosof the vectorbosons We



use
BR(Z —ete” or ptpu™)=33"% BR(Z — Z viv;) = 20.1%
i=e,u,T
BR(W™ — efw, or pv;) =10.8%
Theseratiosimplicitly incorporateQCD correctiongo the hadronicdecaywidthsof the W and Z.

Most of the resultsare obtainedwith some“standardcuts” definedasfollows: a transersemo-
mentumcut of p > 20 GeV and pseudorapiditycut of || < 2.5 is appliedfor all chaged leptons
and p#iss > 20 GeV is requiredfor WZ productionwhile p#iss > 25 GeV for W pair production.
We usetwo differentpartondistributions, MRST [114] with My, = 80.41 GeV andCTEQ(4M)[67]
with My, = 80.33 GeV which we referto simply asMRST andCTEQ. a,(Mz) = 0.1175 is used
for MRST anda,(Myz) = 0.116 is usedfor CTEQ.In all computationsye setthe renormalisatiorand
factorisatiorscalesequalto eachother

In Table11, we presenthetotal crosssectionvaluesfor thevariousprocesseatthe LHC, for the
MRST andCTEQ partondistrikutions. We takulatedthe resultsfor ot°t (the crosssectionswithout ary
cutsapplied)aswell aso" (the crosssectionswith the standarctutsdefinedabore). The crosssection
valuesaregivenfor thescale

p=(My, + MV2)/27 (37)

whereMy, arethemasse®f thetwo producedvectorbosons.

Table11: Crosssectionsdn pb for pp collisionsat /s = 14 TeV. The statisticalerrorsare+1 onthelastdigit.

77 WHW - w2z W+Zz
LO NLO LO NLO LO NLO LO NLO
o'(MRST) 11.6 155 78.7 117 11.2 19.3 17.8 30.6
o(CTEQ) 11.8 158 813 120 11.4 19.6 18.6 31.9
o“(MRST) 4.07 547 25.0 40.18 3.49 6.58 520 9.68
oc(CTEQ) 4.09 551 256 42.0 359 6.72 532 9.83

In previous publications[22, 24, 26, 29, 31, 30, 18, 19] a numberof phenomenologicallynter
estingquestionshave beenconsidered.Here we restrictourselesto recall two interestingandtypical
features:the scaledependencef the radiatve correctionsfor W W productionandradiationzerosfor
W Z production.

4.13 Scaledependence

The one-loopcorrectiongo the total crosssectionsare of the order50% of the leadingordertermand
they canbe much larger for the kinematicalrangeof larger trans\ersemomentaor invariant massof
the vectorbosonpair. For differentialdistributionswherep is notintegratedout completely the scale
choice

1
wt = g = 5 0r (Vi) + 7 (Va) + M, + M) (38)

appeargo be appropriate.For the total crosssection the differencebetweenthe two scalechoicesex-
pressedn Equations37 and38is very smallsinceit is dominatedby low-p; vectorbosons.However,
for more exclusive quantities,the differencescanbe substantial. At the LHC, the hugeone-loopcor
rectionsin thetails of the distributions are dominatedby the bremsstrahlungontritutions; thereforeit
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Fig. 20: Scaledependencef the crosssectionfor W -pair productionatthe LHC with standardtuts. Thescaleis givenin units
of usy asdefinedin Equation38. We shav the LO, NLO andNLO with jet veto curveswithout additionalcuts(left) andwith
anadditionalcut p*(1) > 200 GeV andp™(1) > 100 GeV (right). Theinsetsshav thecurvesnormalisedo 1 at yt = pust.

is naturalto considerthe crosssectionswith and without the jet veto (thatis, with or without the cut
Bt < 40 GeV).

In Figure 20, the scaledependencef o is shavn for standarccuts, with a jet veto and with
strongercutson thetransersemomenteaof thechagedleptons.We canseethatthecorrectionsarelarge
andincreasewith the additionalcutsapplied. The scaledependencat LO is reducedat NLO andit is
reducedfurtherwhena jet vetois applied. In particular the size of the correctionis stronglyreduced
whenapplyingthejet veto- animportantfeaturefor backgroundstudies.

4.14 Approximateradiationzeosin W Z production

In leadingorder the angulardistribution of W Z productionexhibits an approximateadiationzerofor

cos = (g1 + g2)/(91 — g2) [31] whereg;, go denotethe 77 bosoncouplingsto the left handedup and
down quarks,respectiely. Sincethe preciseflight directionof the W bosonis not knowvn (dueto the
uncertaintyin the longitudinalmomentumcarriedby the neutrino)it is convenientto plot a distribution

in the (true) rapidity differencebetweerthe Z bosonandthe chagedleptoncomingfrom the decayof

theW: Ay, = yz — y;. Thisquantityis similarto therapidity differenceAyw z = |yw — yz| studied
in [24], but usesonly the obsenable chaged-leptornvariables.lt is the directanalogueof the variable
Y~ — y;+ consideredn [117] for the caseof 1V~ production.It is possibleto determinecos ¢ in the W~

or W Z restframe,by solvingfor theneutrinolongitudinalmomentunusingthe W massasa constraint,
upto atwo-fold discreteambiguityfor eachevent[118, 119 12(. However, it hasbeenfound[117] that
theambiguitydegradegheradiationzero- atleastif eachsolutionis givenaweightof 50%- sothatthe
rapidity differencey., — y;+ is morediscriminatingthancos 6. As onecanseefrom Figure21, thereis

aresidualdip in the Ay ; distribution, evenat ordera,. This dip canbe enhanceckasilyby requiring
a minimal enegy for the decayleptonfrom the W andby cutting on the rapidity of the Z boson. In

Figure21, we have chosenE(l) > 100 GeV with andwithoutyz < 0. Notethatthe lattertwo curves
are scaledup by a factorof 5. At the LHC, for the first time, we shall have enoughstatisticsto test
experimentallyfor the presencef approximateadiationzeros.

New physicscontrikutions can modify the self-interactionsof vectorbosons,in particularthe
triple gauge-bosorvertices. If new physicsoccursat an enegy scalewell above that being probed
experimentally it canbe integratedout, andthe resultexpressedasa setof anomalougnon-Standard
Model)interactionvertices.(Thephysicsof anomalougouplingwill beconsideredhn detailin Sections.
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Fig. 21: W Z productionfollowedby leptonicdecaysf boththe W andZ bosonsWe plot thedistribution,in picobarnsijn the
rapidity differencebetweerthe Z andthechagedleptoni from thedecayof theW, Ayz; = yz —y;. Leptonicbranchingatios
arenotincludedandthe scalehasbeensetto 1 = (Mw + Mz)/2. Thebasiccutsusedarepr(l) > 20 GeVand|n(l)| < 2
for all threechagedleptons,anda missingtransersemomentumcut of p£s* > 20 GeV. We plot the Ay, distribution with
thesecuts(blue, upperpair), with anadditionalcut on the W decaylepton, E(1) > 100 GeV (green,middle pair) andwith a
furthercut ontherapidity of the Z bosonyz < 0 (red,lower pair); thelatter curveshave beenscaledup by afactorof 5. The
dashedturvesareBorn-level results;the solid curvesincludethe O(a) corrections.

andour standardhotationfor theanomalougriple gauge-bosonouplingsis giventhere.)lt is interesting
to know whatis the effect of the anomalousV * W= Z couplingson the approximateradiationzero of
W Z production[121]. In Figure22,the Ay, distribution is plottedfor two differentsetsof anomalous
couplingsatvanishingg? (Ag; = —0.013, A\ = 0.02, Ax? = —0.028) and (Ag; = 0.065, \ =
0.04, Ax? = 0.071). For the ¢> dependencwe assumedlipole form factorsof the genericform
a(q%) = —— (39)
(1+£)

with A = 2TeV. As onecanseein Figure 22, the contritutions of anomalouscouplingshave the
tendenyg to make thedip lesspronounced.

4.15 Futureimprovements

The presentstateof art of the descriptionof gauge-bosopair productionis not completelysatisactory
yet. Of the variousissuestherearethreewhich requirefurther theoreticalstudies. First, the double
resonantapproximationis expectedto be correctonly up to a few percentaccurayg - it is important
to go beyond this approximation. A first attempthasbeenmadeby Campbelland Ellis [18] where,
as alreadymentionedabove, the singly-resonantliagramshave also beenincluded. Theseadditions
areobviously relevantin the off-resonantegions. The inclusionof finite width effectis not completely
straightforvard becausef possibleconflictwith gauge-inariance.Thisissuerequiredurthertheoretical
study Secondlywe needNLO resultsalsofor the semi-leptonichannelsvhenoneof thegauge-bosons
decayshadronically This requirestheinclusionof the contritutionsof diagramsdescribingthe gluonic
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Fig. 22: W Z productionfollowedby leptonicdecay=f boththe W andZ bosonsWe plot theNLO distribution, in picobarns,
in therapidity differencebetweerthe Z andthechagedleptoni from thedecayof theW: Ayz; = yz —y;. Leptonicbranching
ratiosarenotincludedandthe scalehasbeensetto u = (Mw + Mz)/2. Thestandarccutspr(l) > 20 GeV, [n(l)| < 2.5

for all threechaged leptonsand a missingtransiersemomentumcut of p2iss > 20 GeV are applied. We plot the Ay

distribution without anomalousouplings(red,lower pair) andwith two setsof anomalougouplings(Ag; = —0.013, AZ =

0.02, Ax? = —0.028) (green,middle pair) and (Ag: = 0.065, A\Z = 0.04, Ax? = 0.071) (blue, upperpair). The ¢*

dependencef the couplingsis given by the dipole form of Equation39 with A = 2 TeV. Also we plot the samequantities
supplementinghe standarccutswith the additionalcut on the the W decaylepton, E(I) > 100 GeV andwith the rapidity
cutyz < 0; thelattercurveshave beenscaledup by a factorof 5. The dasheccurvesareBorn-level results;the solid curves
includethe O(«) corrections.



correctiongo thefinal-statequarks.Thirdly, fixed orderperturbatre QCD descriptionis not applicable
for thedescriptionof thelow-p behaiour of the gauge-bosopair. Thetechniqueor theresummation
of the low-pr contritutionsis well knowvn andit canbe appliedalsoto the caseof gauge-bosomair
production.For example,onecalculationfor the ZZ hasbeencarriedout[122)].

4.16 Comparisorwith PYTHI A

LHC 14Tev W'W = 1'viIv  I=ep LHC 14TeV Z°W" S "IV |=ep
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Fig. 23: Trans\ersemomentumof the W/ bosonspairs Fig. 24: Transersemomentumof the jets in the caseof
simulatedwith PYTHI A andDKS Monte Carlo generators the W Z production. The 3 leptonsfall within the detector
andusingthe CTEQ4M structurefunction. acceptance.

In mostof the studiescarriedout sofar for the LHC, wherethe productionof vectorbosonpairs
playedanimportantrole, the usualMonte Carlo simulationtool hasbeenPYTHI A [123] basedon LO
matrix elementg124] with partonshawver. In particular it is expectedthatfor someoptimisationcuts,
wherethe large correctionsprovided by NLO diagramg(for exampleby choosinghigh-»; (V') or high-
My regions)its predictionsare not acceptable.By making comparisorbetweenthe predictionsof
PYTHI A andthe the DKS partonlevel NLO Monte Carlo[19], we investigateherehow accuratedoes
PYTHI A simulatethe di-bosoncrosssectionsat the LHC, especiallyin somekinematicregions. We
relateour analysigto the specialcaseof the CMS detectol{125].

In all resultspresentedn this analysis,we assumehatthe vectorbosonsalways decayleptoni-
cally. We usethe CTEQ(4M) partondistribution [67] in bothMonte Carlosandthe crosssectionvalues
arefor thescaley = (My, + My, )/2, wherelMy, arethemasse®f thetwo producedvectorbosons.If
the DKS Monte Carlois run at Born-level, we obtainvery goodagreementvith the total crosssections
givenby PYTHI A.

Figure23 shavs thetransersemomentunof the W W pairs. The comparisorbetweerPYTHI A
andDKS indicatesthe large differencein crosssectionobserablesat highp¥ W values. Thisis related
to thefactthatat NLO, the sub-processegg — V1 V2q have to be takeninto account26, 30]. Thisis
alsoreportedin Table12. Theleptonsare selectedollowing the CMS criteria, wherea p largerthan
20 GeV anda pseudorapidityn| < 2.5arerequired. Jetsareselectecby: pr > 20 GeVand|n| < 3.
The K-factorincreaseshenfrom 1.5 for the total crosssectionsup to valuesof about60 if the jetsare
requiredto have apy largerthan150GeV. Thesameeffectis shavn in figure24 for the W Z production,
wherethe pr of the jetsis shavn (the jet balanceshe p).). For this processthe K-factorsat large
pr-valuesare even larger thanin the WW case(as shavn in the table). The transersemomentum
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of the di-bosonsystem(or of the jet(s)) are not the only variablesaffectedby large NLO corrections.
Othervariablescanshav significantdifferenceswithin their distributions: for examplethe leptonp,

the invariantmassof the leptonpair M;;, the missingtranserseenegy £ (asshavn in Figure 25),

themaximaltransersemomentunof thetwo chagedleptonsp*e*, theleptonpseudorapiditieg’, their
differenceAn! = "~ — 77”, the anglebetweenleptonscost;;, the transerseangle betweenleptons
cos¢y andsoon.

Thereforejt is extremelyimportantto take into accounthe possibleinfluenceof NLO corrections
for the vectorbosonproductionat the LHC enegy. Every time oneis performingan optimisationof
signalselection,one shouldbe aware of the possibledeviationsdueto the useof a LO generatolike
PYTHI A. This is especiallytrue for complicatedcuts,whereit is difficult to judgewhetherthe effects
arelarge or not. An exampleis shavn for WV eventsin Figure26, wherethe smallestanglebetween
oneof the W’s andthejet is shavn for eventswith a high-py jet. Not only is the crosssectionclearly
smallerin PYTHI A but alsothe shapeof the distribution is quite different, changingthe result of a
possiblecut. Anothergoodexampleis the Higgs searchthroughthedecaychannelH — 77 — 4l (see
Figure27). Theideaof usingpr-cutsto improve the signal-to-backgraud ratio may not be aseffective
asonewould expectfrom usingonly PYTHI A. Thefigure shavsindeedthat,if the NLO correctionsare
included,the pr distribution of the non-resonanbackgroundollows muchmore closelythoseof the
signal,reducingthe gainconsiderably

Table12: Crosssectionsin pb for pp collision at \/s=14 TeV. Theleptonsareselectedby requiringa pr largerthan20 GeV
andapseudorapidityn| <2.5. Thejetsshouldhave apr >20GeVand|n| <3.

Selected Jet 7" selection(in GeV):

(pb) o't x BR leptons veto 20-150 150-400 >400
oW —ltlTr 3,704 1.704 1.125 0.568 2x1073  2.8x10™*
oot 3.79 1.71 - - - -

o NS 5.56 2.58 1.49 0.942 0.135  1.69x1072
K-factor 1.5 1.54 1.32 1.66 67 ~60
oW 2oV 4351071 1451071 9.47x1072 4.91x1072 9.33x10~% 6.5x10~°
oW dTH T 4.34¢1071 1.48¢107! - - - -

oW AT 7421071 277x1070 1.31x1071 1271071 2.8x1072  4.63x107°
K-factor 1.71 1.91 1.39 2.3 30 ~700
cZZSTTTT 513¢1072 1.79x1072 1.15x1072  6.26x107% 1.33x107*  1.5x107°
oBZ5 5T 531x1072 1.84x10°2 - - - -
oBZSIN b 7.07x1072 2.55x10°2  1.58<10°2 8.79x10°7 8.23<10°* 7.78x10°°
K-factor 1.38 1.42 1.38 1.4 6 ~50

4.2 W~ and Z~ production at NLO

In this section,we presentorder o resultsfor W+ and Z+ productionat the LHC, including the full
leptoniccorrelationsandanomalousouplingsin the narrav-width approximatior{126]. Previousanal-
yses[32, 127, 33] includeddecaycorrelationsonly in the bremsstrahlungmplitudesmplementing,as
anapproximationthefinite partof the spin-summedne-loopamplitudes.



To perform the calculation,we usethe helicity amplitudespresentedn [17]. The amplitudes
relevantfor theinclusionof anomalousouplingsaregivenin [126]. In orderto cancelanalyticallythe
soft and collinear singularitiescoming from the bremsstrahlungnd oneloop parts,we have usedthe
versionof the subtractionmethodpresentedn [128]. Therefore the amplitudesareimplementednto
anumericalMonte Carlo style programwhich allows calculationof ary infrared-safephysicalquantity
with arbitrarycuts.

Theresultspresentedn this sectioncorrespondo pp scatteringat /s = 14 TeV usingthe fol-
lowing cuts: a transeersemomentumcut of p. > 25 GeV for the chaged leptonsis imposedandthe
pseudorapiditys limited to |n| < 2.4 for all detectedarticles.The photontransersemomentuncutis
py. > 50(100) GeV for W~ (Z~) production.For the 1~ case we requirea minimum missingtrans-
versemomentuncarriedby theneutrinop#ss > 50 GeV. Additionally, chagedleptonsandthe photons
mustbe separatedh the pseudorapidity-amuthal angleby AR;, = \/(777 —m)?+ (¢ — #1)% > 0.7.
In orderto suppresghe contritution from the off-resonantdiagrams,we requirethe trans\ersemass
M7 > 90 GeV for W~ productionandtheinvariantmassof thelly systemM;;, > 100 GeV for the Z~
case.

Finally, in orderto suppresshe contrilbution from the fragmentationof partonsinto photons,
computedonly to LO accurayg, the photonsare requiredto be isolatedfrom hadrons:the trans\erse
hadronicmomentumin a coneof size Ry = 0.7 aroundthe photonshouldbe smallerthana fraction of
thetransersemomentunof the photon

> pd<0.15p) (40)
AR<Ro

This completeghe definitionof the“standard”cuts.

In the resultspresentechere, the branchingratios of the vectorbosonsinto leptonsare not in-
cluded.For boththe LO andNLO results,we usethe latestsetof partondistributionsof MRST(cor01)
[114] andthe two loop expressionfor the strongcouplingconstant.For the fragmentatiorcomponent,
we usethefragmentatiorfunctionsfrom [129].

The“standard’scalefor boththefactorisatiorandrenormalisatiorscaless

P = pd = Mp + % [(PF)? + (0])?] - (41)
The masse®f the vectorbosonshave beensetto M, = 91.187 GeV and My = 80.41 GeV

andthefollowing valueshave beenusedfor the Cabibbo-Kobayashi-Maskaw(CKM) matrix elements:
[Vid| = [Ves| = 0.975 and |Vys| = |Veq| = 0.222. We do notincludeary QED or electraveakcorrec-
tionsbut chooseahecouplingconstantsy andsin? - in thespirit of the*improved Born approximation”
[112, 113, with sin? 9y = 0.230. Noticethatthe obserableis ordera?; within the samespirit, we use
therunninga = a(Mz) = 1/128 for the coupling betweenthe vectorbosonandthe quarks(to take

into accounteffectively the EW corrections)whereasve keepa = 1/137 for the photoncoupling. It is

worth noticing that this modificationresultsalreadyin morethana 6% changen the normalisationof

the crosssectionwith respecto the standardapproachof usingbothrunningcouplingconstants.

421 ResultsatNLO

For future checksandfor anestimateof the numberof eventsto be obsered atthe LHC, somebench-
mark total crosssectionnumbersare presentedn Table13. Thefirst oneswere obtainedby imposing
only the cut on the trans\ersemomentumof the photonp,. > 50(100) GeV for W+~ (Z~) production.
Theimportanceof the NLO correctionsaswell asthe sizeof the fragmentatiorcontrikution beforeap-
plying theisolationcut prescriptioncanbe seenfrom the table. Furthermorewe alsoincludethe result
for thetotal crosssectionobtainedafterthe implementatiorof the standarccuts.



o (pb) LO* Frag. NLO
Wty (pj >50GeV) 479 3.02 13.89
W~ v (pj >50GeV) 3.08 355 10.15
Zvy (py>100GeV) 129 0412 2.37

W+ (std. cuts) 0.436 0.094 1.71
W~ (std. cuts) 0.310 0.095 1.20
Z~ (std.cuts) 0.524 0.041 0.877

Table13: Crosssectiongfor pp collisionsat /s = 14 TeV. The statisticalerrorsare +1 within the lastdigit. LO*
correspondso thedirectcomponenbnly.

In whatfollows, wewill estimateghetheoreticalincertaintyof theresultsby analysinghechanges
on differentdistributionswhenvaryingthe scaleby afactorof two in bothdirections&t <y < 2444

In Figure28, we shav the scaledependencef the p distribution of the photonin W+~ produc-
tion with the standardcuts (uppercurves)andalsowith the additionalrequiremenbf ajet-veto. As can
be obsered, the scaledependences still large (+ 10%) but is considerablyeducedvhenthe jet-veto
is applied. The situationis similar to whathasbeenobseredin the caseof W W production[19] and
is causedoy the suppressiomf the contritution from the ¢g initial stateappearingor the first time at
NLO. Sincethis initial statedominateghe crosssection,the NLO resultbehaeseffectively like a LO
one,asfarasthe scaledependencis concerned.

In theinsetplot, we presentheratio betweerthe NLO andLO results(with the standardscale),
which remainslarger than 3 andincreasesvith the photontransersemomentum. This clearly shavs
thatthe LO calculationis not even sufiicient for anunderstandin@f the shapeof the distribution, since
the NLO effect goesbeyond a simplenormalisation.As is well known [28], the relevanceof the NLO
correctionsfor this processs mainly dueto the breakingof the radiationamplitudezeroappearingat
LO andto thelarge gg initial statepartonluminosity atthe LHC. It is worth mentioningthatthe scale
dependencef the LO resultturnsout to be very small. This is an artificial effect andillustratesthata
smallscaledependences by no meansaguarantedor smallNLO corrections Furthermorewe present
theratio of the NLO jet-vetoandthe LO result. As expected this ratio is closerto 1, againdueto the
factthatmostof the contributionscomingfrom the newv subprocesseasppearingat NLO aresuppressed
by thejet-veto.

In Figure 29, we studythe lepton correlationin the azimuthalanglefor Z~ productionA¢; =
|~ — ¢+ |. Noticethatthis obserable canbe studiedat NLO sincethe spin correlationsbetweerthe
leptonsarefully takeninto accountin theimplementatiorof the one-loopcorrections.In this casewe
obsere thatthe NLO correctionsare rathersizeableand increasethe crosssectionby 50% for small
A¢y. Theregion Ag¢y > 2 (with the standardcuts) is kinematically forbiddenunlessa jet with a
high transeersemomentumis produced;therefore,the crosssectionvanishesat LO andit is strongly
suppressetbr the NLO calculationwith jet-veto. In this region, thefull NLO calculationis effectively
LO andits scaledependencbecomedarger, asexpected.

Becausedhereis no radiationamplitudezeroappearingat LO for Z~ production,the NLO cor
rectionsareunderbettercontrolin the kinematicalregion wherethe LO crosssectiondoesnot vanish.
Neverthelessfor large transersemomentumthe gg initial stateagaindominateghe NLO contrikution
andthecorrectionancreaseconsiderably
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4.22 Anomalousouplingswithoutform factors

The studyof triple vectorbosoncouplingsis motivatedby the hopethatsomephysicsbeyondthe Stan-
dardModel leadsto a modificationof thesecouplingswhich eventually could be detected.In orderto
guantifythe effectsof thenew physicsaneffective Lagrangiaris introducedwhich containsall Lorentz
invariantterms,in principle. The new termsspoil the gauge-cancellatiom the high enegy limit and,
therefore,will leadto violation of unitarity for increasingpartoniccentreof massenegy s. Usually
in an analysisof anomalouscouplingsfrom experimentaldatain hadroniccollisions, this problemis
circumwentedby supplementinghe anomalousouplingsaac with form factors.A commonchoicefor
theform factoris aAc
_, AL

QAC 1+ o) (42)
wheren hasto be large enoughto ensureunitarity and A is interpretedasthe scalefor new physics.
Obviously, this proceduras ratherad hocandintroducessomearbitrarinessThereforejt would bevery
convenientto avoid it in ananalysisof anomalousouplingsat hadroncolliders. This would bring these
analysesnoreinto line with thoseat e*e~ colliders. In orderto do so, oneshouldanalysethe dataat
fixed valuesof s, asit is doneat LEP. This resultsin limits for the anomalougparametersvhich area
functionof s.

Clearly, it is possibleto do suchanalysisfor the productionof Z~ when both leptonsare de-
tected[130], sincethe partoniccentreof massenegy canbe reconstructedrom the kinematicsof the
final stateparticlesandthereforethe crosssectioncanbe measuredor differentbinsof fixed s.

The ssituationis morecomplicatedfor W~ productionsincethe neutrinois not obsered. Never
thelesshy identifying thetransersemomentunof the neutrinowith the missingtransersemomentum,
andassuminghe W bosonto be on shell, it is possibleto reconstructhe neutrinokinematics(partic-
ularly the longitudinalmomentum)with a two-fold ambiguity In the caseof the Tevatron,sinceit is a
pp collider, it is possibleto choosethe “correct” neutrinokinematics73% of the timesby selectingthe
maximum(minimum)of thetwo reconstructedaluesfor thelongitudinalmomenturnof the neutrinofor
WHy(W 7).

Thisis nottrueatthe LHC where,dueto the symmetryof the colliding beamspothreconstructed
kinematicshave equalchancedo be correct. Fortunately in the caseof anomalousouplings,we are
interestedn a efficient way to reconstructhe s ratherthanthe full kinematics. Again thereare two
possiblevaluesof §. It turnsout that thereis a simple methodto choosethe “correct” one 66% of
the times at the LHC (73% of the times at Tevatron) by selectingthe minimum s, $.,;n, Of the two
reconstructedalues(for both W+~ andW ~~). Furthermorewe checled thatthe selectedvalue 3,y
differsin almost90% of the eventsby lessthan10%from the exactvalues. Thisis likely to be enough
precision,sincethe datawill be collectedin sizeablebins of § andthe anomalougparametersre not
expectedo changevery rapidly with theenegy in ary case.

To quantify the advantageof the method,we shav in Figure 30 the correlationsof /8§, With
V4. Theleft plot correspondso the caseof pureStandardVlodel, whereagheright plot presentsesults
for (alreadyexperimentallyruled out) hugevaluesof anomalousouplingsAx = 0.8 and\ = 0.2 with
anordinaryform factor(n = 2, A = 1 TeV).

Thecrosssectiondropsvery rapidly for increasingy/s — v/smin. This correlationclearlyholdsin
the particularlyinterestingarge /5 region andfor both StandardVlodel andanomalousontritution.

As a resultof this investigation,we concludethat even in the caseof W+~ production,reliable
boundsfor anomalouscouplingsas a function of § (using $mi,) canbe obtained. Sucha procedure
would certainlyallow a comparisorof variousboundsfrom differentexperiments.
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Fig. 30: The crosssectionfor W+~ production(in pb/bin)asasfunctionof v/3 andv/3mi (in GeV)in orderto illustratethe
steepfall of o for increasingv/s — v/3min|. Theleft plot correspondso the Standardviodel, whereagheright plot includes
anomalougouplings(seetext).

5. ANOMALOUSVECTOR-BOSON COUPLINGS®

The principle of gauge-inarianceis usedasthe basisfor the Standardviodel. The non-Abeliangauge-
group structureof the theory of electraveakinteractionspredictsvery specificcouplingsbetweenthe
electraveak gauge-bosonsMeasurementsf thesetriple gauge-bosorouplings(TGCs)of the W, Z
and~ gauge-bosonthereforeprovide powerful testsof the Standardviodel.

In the mostgeneralLorentzinvariantparametrisatiorthe threegauge-bosonertices,W W+~ and
WW Z, canbedescribedvy fourteenindependentouplings[131], sevenfor eachvertex. The possible
four quadruplegauge-bosownerticesyyW W, ZAyWW, ZZWW andW W W W require36,54,81and
81couplingsrespeciiely for ageneraldescription Assumingelectromagnetigauge-inariance C- and
P-conseration, the setof 14 couplingsfor the threegauge-bosonerticesis reducedo 5: g7, Ky KZ,
Ay andz [132], wheretheir StandardModel valuesareequalto gt = Ky =Kz =land\, =Xz =0
attreelevel.

TheTGCsrelatedto the WV v vertex determingoropertiesof the W, suchasits magnetiadipole
momentuy andelectricquadrupolenomentgyy :

e

ww = m(glz + Ky + /\7) (43)
e

qw = M—‘%V(H’Y —Ay) (44)

In thefollowing, theanomalou§ GCsaredenotedoy Agf, Ak, Arz, A, andz, wherethe A
denoteghedeviationsof therespectie quantityfrom its Standardviodel value.

5.1 Introduction

The StandardViodel is well establishedy the experimentsat LEP andthe Tevatron. Any deviationsof
the StandardModel canthereforebe introducedonly with care. Changego the Standardviodel come

6SectioncoordinatorsP.R. Hobson,W. Hollik



with differentforms of severity. In orderto seeat whatlevel anomalousectorbosoncouplingscanbe
reasonablydiscussedpnehasto considerthesecasesseparatelyChangego the gauge-structuref the

theory that do not violate the renormalisabilityof the theory i.e. the introductionof extra fermionsor

possibleextensionf thegauge-grouaretheleastsevere. They will typically generatsmallcorrections
to vectorbosoncouplingsvia loop effects. In this casealso,radiative effectswill be generatedt lower

enegies. For the LHC, the importantthing in this caseis not to measurethe anomalouscouplings
preciselybut to look for theextraparticles.However, thisis beyondthescopeof this chapter In theother
caseamorefundamentaftole is expectedfor theanomalousouplings,mplying stronginteractionsiIn

this casepnehasto askoneselfwhetheroneshouldstudya modelwith or without afundamentaHiggs
boson.

Simplyremoving theHiggsbosonfrom the Standardviodelis arelatively mild change Themodel
becomesion-renormalisabldyut the radiatve effectsgrow only logarithmicallywith the cut-of atthe
one-looplevel. Thequestionis whetherthis scenarids ruled out by the LEP1 precisiondata. The LEP1
dataappeato bein agreementvith the Standardviodel, preferringalow Higgsmass.Oneis sensitve to
the Higgsmassin threeparameterdabelledsS, T', U or €1, €9, €3. Thesereceve correctionsof theform
g*(log(Mp /My ) + constant), wherethe constantsareof orderone. The logarithmicenhancemeris
universalandwould alsoappeain modelswithoutaHiggsaslog(A), whereA is thecut-of atwhichnew
interactionsshouldappear Only whenone candeterminethe threedifferentconstantsndependently
canonesaythatonehasestablishedhe StandardModel. At presentthe datado not provide sufiicient
precisionto do this.

A muchmoreseverechangeo the StandardModel is the introductionof vectorbosoncouplings
not of the gauge-interactiolype. Thesenew couplingsviolate renormalisabilitymuch more severely
than simply removing the Higgs boson. Typically, quadraticallyand quartically divergent corrections
would appearto physicalobserables. Therefore,it is questionableasto whetherone should study
modelswith a fundamentaHiggs boson,but with extra anomalousrectorbosoncouplings. It is hard
to imaginea form of dynamicsthat could do this. If the vectorbosonsbecomestrongly interacting,
the Higgs probablywould exist at mostin an “effective” way. Therefore,the mostnaturalway is to
study anomalousrectorbosoncouplingsin modelswithout a fundamentaHiggs. Actually whenone
removesthe Higgs boson,the Standardviodel becomesa gaugednon-linearsigma-model. It is well
known that the nonlinearsigma-modebescribedow-enegy pion physics. The “pions” correspondo
thelongitudinaldegreesof freedomof the vectorbosonsand f,, correspondso the vacuumexpectation
valueof theHiggsfield. Within thisdescriptionthe Standardvlodelcorrespondso thelowest-ordeterm
guadratian the momentaanomalougouplingsto higherderiative terms.The systematie@xpansionn
termsof momentas known aschiral perturbatiortheoryandis extensvely usedin mesonphysics.

Writing down themostgenerahon-linearchiral Lagrangiarcontainingupto four derivativesgives
riseto alarge numberof terms,which aretoo generato be studiedeffectively. Onethereforehasto look
for dynamicalprinciplesthatcanlimit the numberof terms. Of particularimportanceareapproximate
symmetryprinciples.In thefirst placeone,expectsCP-violationto besmall. We limit oursehestherefore
to CP-preservindgerms. In orderto seewhatthis meansn practice,it is advantageouso describethe
couplingsin a manifestlygauge-imariantway, usingthe Stiickelbeg formalism[133, 37]. Oneneeds
thefollowing definitions:

iTi
F,

= 7(8MW5 — 0,W,. + ge"* W)W} (45)

is the SU(2) field strengthwith the SU(2) gauge-coupling;
DU = 0,U + Wil + ig tan by Uty B, (46)

is the gauge-cuariantderiative of the SU(2)-valuedfield U, which describeghe longitudinaldegrees



of freedomof thevectorfieldsin a gauge-inariantway;
B,, =0,B, —0,B, (47)
is the hyperchage field strength.In addition,

Vi = (D#U)UT/g, (48)
T = UnU'/g (49)
are auxiliary quantitieshaving simple transformationproperties. Excluding CP violation, the non-

standardthree and four vectorbosoncouplingsare describedin this formalism by the following set
of operators:

/-"1 = TI'(F I/[V7VI/]) (50)
Ly — ng” TV, V) (51)
L3 = Te(TFuWw)Te(TV,, Vo)) (52)
Ly = (VL)) (53)
L5 = (Tx[V,Vu])? (54)
Le = Te(V,V,)Te(TV,)Tx(TV,) (55)
Ly = Te(VuV)(TY[TV,])? (56)
Ly = [( r(TV.)(Te[TV,)))? (57)
In theunitarygaugell = 1, onehas(with ¢y = cos Oy, sy = sin byy)
Ly = z’(cWZw,JrsWFW)WjW;+Z,,/cW(le,‘,W;—Wl;,Wj) (58)
-+ gauge-induceébur bosonvertices
Ly = Z'(CWFMV*SWZM,,)WJW;, (59)
L3 = z‘(cWZW—ksWFW)WjW;. (60)

whereZz,, = 0,7, — 0,7, andW 5~ = 9,W,>~ — 9,W,~. The StandardModel without a Higgs
correspond$o
2,2
Lpw = 3Tr(F,, F") — 1B, B" + £-Tr(V, VH). (61)

5.2 Dynamical constraints

Thelist givenin the previous sectioncontainstermsthat give rise to verticeswith minimally threeor

four vectorbosons Alreadywith the presentlataa numberof constraintsand/orconsisteng conditions
canbe put on the vertices. The mostimportantof thesecomefrom the limits on the breakingof the
so-calledcustodialsymmetry If the hyperchage is put to zero, the effective Lagrangianhasa larger
symmetrythanSU(2) x Uy (1), i.e. it hasthesymmetrySU(2) x SUr(2). The SUr(2) invariance
is aglobalinvariance Within the Standardviodel this invarianceis aninvarianceof the Higgs potential,
but not of the full Lagrangian. It is ultimately this invariancethatis responsiblgor the fact that the
p parameterwhich is theratio of chagedto neutralcurrentstrength,is equalto oneat the treelevel.

Sometermsin the Lagrangian,i.e. the onescontainingthe hyperchage field explicitly or the terms
with 7', thatprojectout thethird isospincomponentiolate this symmetryexplicitly. Theseterms,when
insertedin a loop graph,give rise to quartically divergentcontritutionsto the p parameter Giventhe
measurementshis meansthat the coeficients of thesetermsmustbe extremelysmall. It is therefore
reasonableo limit oneselfto a Lagrangianwherehyperchage appearsonly indirectly via a minimal

coupling, so without explicit 7. This assumptiormeansphysically that the ultimate dynamicsthat is



responsibldor the stronginteractionsamongthe vectorbosonsactsin the non-Abeliansector Indeed
onewould not normally expectthe hyperchage aloneto becomestrong. However, we know thatthere
is a strongviolation of the custodialsymmetryin the form of the top-quarkmass. Actually the top-
massalmostsaturateshe existing correctionso the p parameterleaszing no roomfor violationsof the
custodialsymmetryin the anomaloussectorbosoncouplings. Therefore we conclude:|If there really
are strong vectorbosoninteractions,the medanismfor massgeneation is unlikely to be the samefor
bosonsandfermions

Eliminating the custodialsymmetryviolating interactions,we are left with the simplified La-
grangiangcontainingly, L4, L5. Besidegheverticestherearealsopropagatocorrectionsijn principle.
We take thetwo-pointfunctionswithout explicit 7'. Specifically we addto thetheory[134]

Lhepr = *Tj%Tl‘[(DaFw)(DaF "))+ ﬁgTr[(@aBuu)(@aB“”)] (62)

for thetranswersedegreesof freedomof the gauge-fieldsand
21)2 @

Ehc,lg = —iA—éTl“[(D VM)(D(X‘//I,)} (63)
for thelongitudinalones,wherethe A x parametrisehe quadraticdivergencesandareexpectedto rep-
resentthe scaleswherenewn physicscomesin. In phenomenologicahpplicationsthesecontritutions
give riseto form factorsin the propagator$134, 139. Introducingsuchcut-of dependenpropagators
in the analysisof the vectorbosonpair productionis similar to having s-dependentriple vectorboson
couplingswhichis theway thedataareusuallyanalysed.

This effective Lagrangianis very similar to the onein pion-physics. Indeed,if one takesthe
limit vacuumexpectationvalue (vev) fixed and gauge-coupling$o zero, one finds the standardpion
LagrangianAs it standspnecanusethe LEP1datato putalimit onthetermsin thetwo pointvertices.
Usinganaive analysisonefinds[134] 1/A% = 0. For the othertwo cut-ofis onehas:

A. ThecaseA} > 0,A, < 0: Ay > 0.49 TeV, [Ay| > 1.3 TeV.
B. ThecaseA? < 0,A%, > 0: |Av| > 0.74 TeV, Aw > 1.5 TeV.

This informationis importantfor further limits at high-enegy colliders, asit tells us, how one
hasto cut off off-shell propagators.We noticethatthe limits on the form factorsare differentfor the
trans\erse,longitudinaland hyperchage form factors. The preciselimits are someavhat qualitative and
shouldbe takenassuch. The currentdatashav that A = 0.5 TeV, which thushasto be consideredasa
minimal possiblevalueaslongasadipoleform factoris used.Furtherinformationcomesrom thedirect
measurementsf the three-pointcouplingsat LEP2, which tell usthatthey aresmall. Similar limits at
the Tevatronhave to be taken with somecare,asthereis a cut-of dependenceAs thereis no known
modelthat cangive large three-pointinteractionswe assumeor the further analysisof the four-point
vertices,that the three-pointanomalouscouplingsare absent. Two more constraintscan be put on the
remainingtwo four-pointvertices. Thefirst comesrom consisteng of chiral perturbatiortheory[135].
Not every effective chiral Lagrangiarcanbe generatedrom a physicalunderlyingtheory

A secondconditioncomesrom the p parameterEventheexisting violation of the custodialsym-
metry, thoughindirectvia the minimal couplingto hyperchage, givesa contritution to the p parameter
It constrainghe combinationbgs + 2g5. Theremainingcombination2£, — 5L5 is fully unconstrained
by experimentandin principle givesa possibility for very stronginteractionsto be present.However,
this particularcombinationdoesnot seemto have ary naturalinterpretatiorfrom underlyingdynamics.
Therefore,one can concludepresumablythat both couplingsg., g5 aresmall. Thereis a loopholeto
this conclusion,namelywhenthe anomalousouplingsare so large that the one-loopapproximation,
usedto arrive atthelimits, is not consistenandresummatiorhasto be performedeverywhere. Thisis a
somavhatexotic possibility thatcould leadto very low-lying resonanceandwhich oughtto be easyto
discover atthe LHC [41].



5.3 LHC processes

Giventhesituationdescribedabore, onehasto askoneself whatthe LHC cando andin whichway the
datashouldbe analysed.Thereare essentiallythree processeshat can be usedto studyvectorboson
vertices: vectorbosonpair production,vectorbosonscatteringtriple vectorbosonproduction. About
thefirst two we have only a few remarksto make. They arediscussednorefully in othercontritutions
to theworkshop.

5.31 \ectorbosonpair production

Vectorbosonpair productioncanbe studiedin arelatively straightforvard way. Thereasoris thathere
the Higgs bosondoesnot play a role in the StandardModel, as we take the incoming quarksto be
massless.Thereforenawe violations of unitarity can be compensatedby the introductionof smooth
form-factors.

Oneproduceswo vectorbosonsvia normalStandardModel processewith ananomalousertex
added.Theextraanomalousouplingleadsto unitarity-violatingcrosssectionsathighenegy. As atotal
enegy of 14 TeV is availablethis is a seriousproblem,in principle. It is curedby introducinga form
factorfor theincomingoff-shell line connectedo the anomalousrertex. Naively this leadsto a form-
factordependenlimit ontheanomalougouplingin question.The LEP1datagivesalower limit onthe
cut-of to be usedinsidethe propagatar Whenonewantsan overall limit on the anomalousoupling,
oneshouldusethisvalue.Thisis particularlyrelevantfor the Tevatron.Hereonetypically takesa cut-of
of 2 TeV. This might give too strict a limit, asthe LEP1 dataindicatethatthe cut-of canbe aslow as
500GeV. For practicalpurposeghe analysisat the Tevatronshouldgive limits on anomalousouplings
for differentvaluesof the cut-off form factors,including low valuesof the cut-off. For the analysisat
the LHC, onehasmuchlarger statistics. This meansthat one cando betterand measurdimits on the
anomalougouplingsasafunctionof theinvariantmassof the producedsystem.This way onemeasures
theanomalougorm factorcompletely

5.32 \ectorbosonscattering

Herethe situationis morecomplicatedthanin vectorbosonpair production. The reasonis thatwithin

the StandardModel the processcannotbe consideredwithout intermediateHiggs contritution. This
would violate unitarity. However theincomingvectorbosonsare basicallyon-shellandthis allows the
useof unitarisatiormethodsasarecommonlyusedin chiral perturbatiortheoryin pion physics.These
methodstend to give rise to resonance# longitudinal vectorbosonscattering. The precisedetails
dependon the couplingconstantsThe unitarisationmethodsarenot unique,but genericallygive riseto

large I = J = 0 and/orl = J = 1 crosssectionenhancementd heliteratureis quite extensve: agood
introductionis [136]; arecentreview is [137].

5.33 Triple vectorbosonproduction

In this caseit is not clearhow oneshouldconsistentlyapproachananalysisof anomalous/ectorboson
couplings. Within the StandardModel the presenceof the Higgs bosonis essentiain this channel.
Leaving it out, one hasto studythe unitarisation. This unitarisationhasto take placenot only on the
two-to-two scatteringsubgraphsasin vectorbosonscatteringbut alsoon theincomingoff-shell vector
boson,decayinginto threerealones.Theanalysisherebecomedoo arbitraryto derive very meaningful
results.Onecannotcalculateconfidentlyarything herewithouta fully knowvn underlyingmodelof nen
stronginteractions. Also measurablerosssectionstendto be small, so that the triple vectorboson
productionis bestusedas corroborationof resultsin vectorbosonscattering. Deviations of Standard
Model crosssectionscouldbe seen put the vectorbosonscatteringvould be neededor interpretation.

Onethereforeneedsthe StandardViodel results. The total numberof eventswith threevector
bosonsin the final stateis given in Table 14. We usedan integratedluminosity of 100 fo—! andan



enegy of 14 TeV throughout.

Table14: Numberof events:beforecutsandall decaygy/s = 14 TeV, 100fb~1).

Miges (GeV) 200 400 600 800

WHW- W~ 11675 5084 4780 4800
WHTWHW= 20250 9243 8684 8768
WtWw~-Z 20915 11167 10638 10685

W~Z2Z7 2294 1181 1113 1113
Wtzz 4084 2243 2108 2165
2727 4883 1332 1087 1085

Oneseedrom this tablethata large partof the eventscomesfrom associatedHiggs production,
whentheHiggsis light. However for the studyof anomalousectorbosoncouplings the heavier Higgs
resultsarearguablymorerelevant. Not all theeventscanbeusedfor theanalysis.If welimit oursehesto

events,containingonly electronsmuonsandneutrinosassumingustacceptanceutswe find theresults
shavn in Table15.

Table 15: Numberof eventscontainingonly leptonicdecays.Cutson leptons: || < 3, pr > 20 GeV; no cutson missing
enegy (/s = 14 TeV, 100fb ).

Miges (GEV) 200 400 600 800
WHW-W- 68 28 25 25
WHWHW= 112 49 44 44

WtW-Z 32 17 15 15

W-ZZ 1.0 051 0.46 045
WtzZz 1.7 0.88 0.79 0.79
YAV 0.62 0.18 0.13 0.12

We seethat very little is left, in particularin the processesvith at leasttwo Z bosons,where
the eventscanbe fully reconstructedin orderto seehow sensitve we areto anomalousouplings,we
assumed 47 couplingwith aform factorcut-off at2 TeV. We malke hereno correctionfor efficiencies
etc. Usingthe triple Z bosonproduction,assumingno eventsare seenin 100 fb—!, we find a limit
lga+ 95| < 0.09 atthe95%CL, whereg, andgs arethecoeficientsmultiplying theoperatorsC, andLs.
Thisisto becomparedvith —0.15 < 5g4+2g5 < 0.14 [138] or —0.066 < (5g4+29g5)A?(TeV) < 0.026
[134, 139. Sothesensitvity is notbetterthanpresenindirectlimits. Betterlimits exist in vectorboson
scatterind140] or atalinearcollider[141, 142 143.

In thefollowing tableswe presenhumberdor obserablecrosssectionsn differentdecaymodes
of thevectorbosons We usedthe following cuts.

‘n‘lepton < 3, ‘77|jet < 2.5,
‘pT‘lepton > 20 GeV, \pT|jet > 40 GeV, |pT|2V > 50 GeV,
ARjet,lepton > 0.3, ARjet,jet > 0.5.



Stateswvith morethantwo neutrinosarenotvery usefulbecausef thebackgroundrom two vectorboson
production.We did not consideffinal statescontainingr-leptons.

With the given cuts, the total numberof eventsto be expectedis rathersmall. In particular this
is the casebecauseve did not considerthereductionin eventsdueto experimentainefficiencies which
may berelatively large becaus®f the large numberof particlesin thefinal state.For the processeson-
tainingjetsin thefinal state therewill belarge backgroundslueto QCD processesA final conclusion
onthesignificanceof thetriple vectorbosonproductionfor constraininghefour vectorbosoncouplings
will needmorework, involving detectoriMonte Carlocalculations.

However it is probablyfair to sayfrom the above results,that no very strongconstraintswill be
foundfrom this processatthe LHC, but it is usefulasa cross-chechkvith otherprocessedt mayprovide
complementarynformationif non-zercanomalougouplingsarefound.

Table16: Numberof eventsfrom ZZ Z productionin differentdecaymodes(y/s = 14 TeV, 100fb™*).

Miges (GEV) 200 300 400 500 600

61 0.62 0.29 0.18 0.14 0.13
Al, 2v 51 25 15 1.2 11
41,25 66 38 22 17 14
2,24, 2v 3 20 12 90 7.7
21, 4j 24 19 11 76 6.0
2w, 4j 37 34 21 15 11
6j 25 31 19 12 87

Table17: Numberof eventsfrom W W Z productionin differentdecaymodes(y/s = 14 TeV, 100fb~1).

Mriges (GeV) 200 300 400 500 600

AL, 2v 31 20 17 16 15
31,24, 1v 51 40 31 28 26
21, 4 19 22 17 14 13
2, 4j 63 74 60 51 48
21,24, 2v 102 68 54 49 48
11,45, 1v 262 196 140 127 127
6 86 104 78 62 56

5.4 Unitarity limitsand form factors

Unitarity in the StandardViodel dependglirectly on its gauge-structureDeparturefrom this structure
canviolate unitarity at relatvely low enegiesandso protectionis providedin the effective Lagrangian
for triple gauge-bosomwerticesby expressingthe anomalousouplingsas enegy dependenform fac-
tors. For experimentalresultsat a given subprocesgneqgy 3 (i.e. ete~ colliders),the choiceof form



Table 18: Numberof eventsfrom ZZW ~ (upper)and ZZW * (lower) productionin differentdecaymodes(,/s = 14 TeV,
100fb~1).

Mriges (GEV) 200 300 400 500 600

51, 1v 0.45 1.04 063 0.52 0.47
0.80 1.69 1.08 0.91 0.81
31,24, 1y 3.37 6.89 536 4.18 3.73
590 115 93 74 65
1,45, 1v 76 115 124 100 8.4
13.3 20.0 216 18 15
41,25 029 1.0 054 0.38 0.32
049 1.6 0091 0.65 0.54
21,24, 2v 20 65 35 25 22
34 107 61 44 3.7
21, 4j 25 74 54 36 29
47 95 95 69 56
45, 2v 89 27 18 126 104
195. 54 38 28 23
6 53 123 133 88 7.4

9.1 207 23 16 125

factorparametrisatios notimportantsinceonecanunambiguouslyranslatdbetweermparametrisations.
However, whenresultsareintegratedover arangeof s asthey will beatthe LHC, no simpletranslation
is possibleandresultsdependcrucially on the choiceof the form factors. The form factorbehaiour
of anomalouscouplingsshouldnot be neglected, particularly in regionsof § nearto unitarity limits.
Any measuremendf anomalouscouplingsover integratedenegies carrieswith it assumption®n the
parametrisationof theform factor.

This sectionoutlinesthe considerationsvhich influencethe choiceof form factorandsuggesta
methodfor measuringenegy dependenanomalousouplings.

5.41 Formfactor parametrisation

Triple gauge-bosonerticesin di-bosonproductionarisein the J = 1 partial wave amplitudeonly (s-
channekxchangeof agauge-bosonoupledio masslesgermions).S-matrix unitarityimpliesa constant
boundto ary partial wave amplitude. This meansunitarity is violated at asymptoticallyhigh enegies
if constananomalougouplingsareassumedlUnambiguousindmodel-independertonstantunitarity
constraintdor WV productionhave beenderived’ [144].

To consere unitarity at arbitraryenegies,anomalousouplingsmustbe introducedasform fac-
tors. Thus,an arbitrary anomalouscoupling A = Ay x F(q?,q3, P?) vanisheswheng?, ¢3, or P2
becomedarge,whereq? andq3 aretheinvariantmassesquaredf theproductionbosonsand P? = 3 is

"Cancellationsnay occurif morethanoneanomalousouplingis allowed non-zeraat atime, which wealensthe unitarity
limits somevhat.



Table19: Numberof eventsfrom W =W W™ productionin differentdecaymodes(,/s = 14 TeV, 100fb™1).

Migiges (GEV) 200 300 400 500 600
31, 3v 66 44 37 35 33
I*1+,25,2v 57 43 31 26 24
It1-,25,2v 13 7.9 53 44 40

I, 45, 1v 148 129 86 66 58
1=, 44, v 99 61 36 26 23
67 50 74 46 32 25

Table20: Numberof eventsfrom W W ~W ~ productionin differentdecaymodes(y/s = 14 TeV, 100fb~1).

Myiges (GEV) 200 300 400 500 600
31, 3v 40 26 22 21 20
I-1-,25,2v 34 25 17 14 13
It1-,2j,2v 78 45 30 25 23

1=, 4j, v 90 76 49 37 33
I+, 44, 1v 59 35 20 15 13
67 29 43 26 18 14

the virtual exchangebosoninvariantmasssquared We referto A, asthe “bare coupling” and A asthe
form factor(A ¢ AV, AxY, hY ....). For di-bosonproduction the final statebosonsare nearlyon-shell
q3,q3 ~ M2 evenwhenfinite width effectsaretakeninto accountthoughlarge virtual exchangeboson
masses/s will beprobedatthe LHC.

The choiceof parametrisatiorior the form factorsis arbitrary provided unitarity is consered at
all enegiesfor a suficiently small value of anomalouscoupling. A stepfunction operatingat a cutoff
scaleA is sufficienf thoughdiscontinuousand thus unphysical. More commonin the literatureis
a generalisedlipole form factorwhich is motivated by the well known nucleonform factorsandhas
furtherappeabecausét entershe Lagrangiann aform similarto thatof apropagatoof massA.. The
parametrisations B

o M (64)
L+ 5
FF

wheren > 1/2 (n > 1) is suficient for the WIWV vertex anomalouscouplingsAx” (Y, Ag})

whichgrow like §'/2, (3). Forthe ZVy vertex n > 3/2 (n > 5/2) is sufficient for anomalougouplings
hY 5. (hY,) whichgrow like %2, (5°/2). Theusualassumptionaren = 2for g}, AV, sV [31, 32, 3(]

andn = 3 (n = 4) for hY'5, (hy ) [145]. Unitarity limits for generalisediipole form factorshave been
enumeratefl46, Equation22-26].

Theform factorscaleA.: canberegardedasaregularisationscale.lt is relatedto (but not neces-

8j.e. assuminga stepfunction form factor operatingat 2 TeV, the A\” coupling conseres unitarity for A” < 0.99 [144,
Equation23].
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Fig. 31: Reconstructed/Zin,(W Z) andpr(Z) spectrareplottedfor LHC W Z productiorwith leptonicdecaysatO(as) for
the StandardModel andvariouschoicesof the generalisedlipole form factorparametrisatiomith barecouplingo = 0.05.

sarily identicalto) the enegy scaleat which new physicsbecomesmportantin theweakbosonsector

5.42 Impactof formfactor on $ dependendlistributions

The impactof the form factor parametrisatioron s dependentlistributionsis illustratedin Figure 31

wherethe reconstructed M,, (W Z) and p;(Z) spectraare plotted for LHC W Z productionwith

leptonicdecaysat O(«;). The StandardModel expectationis comparedto scenarioswith a modest
¢ = 0.05 couplingfor variousgeneralisediipole form factorparametrisations.

For theregion of low invariantmasswherey/s < A, theform factorsremainessentiallconstant
anddistributionswith the samebarecouplingagreewell. As theform factorscaleA¢ is approachedhe
distributionsbegin to be pushedbackto the SM expectation(visible atabout)M,,, (W Z) = 500 GeV for
the Ar=2 TeV case).For V5 > A thedistribution returnsto the SM expectation.The exponentof the
form factorn dictateshow fastthe “pushing” occursas A is approachedThusdistributions sensitve
to the Z V'~ vertex (for which n =3 or 4 is the usualchoice)exhibit a more pronouncedorm factor
behaiour thandistributionssensitve to the W WV vertex (for whichn = 2 is usual).

Sincedistributionsareconstrainedo the SM expectatioratinvariantmassesbove theform factor
scale greatcareshouldbe taken whenfitting to a form factorparametriseanodelin aregion with data
wherey/'s > A Effectively, sincetheanomalousouplingsareconstrainechearzeroabove A by the
parametrisatiomodel,there are no freeparametes for thefit in this § region. For the caseof obserable
non-zercanomalousouplings,ananalysisassuminga parametrisatiomf the form factorwith fixed A
smallerthanthat provided by naturebut within the § accessibldy the machinewould overestimatehe

°Reconstructingin, (W Z) requiresknowledgeof the neutrinolongitudinalmomentumwhichis obtainedup to a two-fold
ambiguityusingthe W massconstraint.Eachsolutionis givenhalf weightin the M (W Z) spectrum.
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areprovidedin thetext.

anomalougoupling. Thisis becauséarge barecouplingfit valuesarenecessann the v/'s > A region
to counterthe (artificially imposed)orm factorbehaiour.

5.43 Impactof formfactor scaleon sensitivitylimits

If triple gauge-couplingTGC) measuremenreconsistentvith the SM andconfidencdimits areto be
derived, it is impossibleto avoid form factorparametrisatiomssumptions.

The dependencef anomalousouplinglimits on the form factorscaleA is illustratedin Fig-
ure 32 wherethe 95% confidencdimits for W1V vertex anomalous\}, Axg couplingsin W~ produc-
tionwith W — ev,, uv, arepresenteasafunctionof A for adipoleform factorwith n = 2. Thelimits
arefor illustrative purpose®nly andhave beenderivedat NLO generatotevel usinga binnedmaximum
likelihoodfit to the pr(+) distribution. No detectorsimulationhasbeenappliedandthe specificchoice
of cutsareunimportant.

Theunitarity limit curve is superimposedTheregion above this is non-physicalviolatesunitar
ity). Thecurweisindependentf experimentandanalysisut depend®ntheform factorparametrisation.
It goesasymptoticallyto zerofor large Ax indicating TGC couplingsarerestrictedto SM valuesat ex-
tremeenegqies.

Simulatedexperimentalimits for the Tevatron(2 TeV pp collisions,£ = 100 pb~!) andthe LHC
(14 TeV pp collisions, £ = 300 fb~!) are presented.The limits dependon the analysisand machine
parameters.The restricteds accessibldy the machinegesultin an asymptoticbehaiour whereinan
optimallimit for anomalougouplingsis reached.We referto the scaleat which this occursas A, .chine



A measuremenwith this scalereflectsthe maximaldiscovery potentialfor anomalousouplingsfor a
given machine(sincethe full spectrain s contributesto the limit). It occursat about2 TeV for the
Tevatronandabout5-10TeV for the LHC for A7, Ax” andlies below the unitarity limit in both cases.
The experimentalimits arenot sensitve to changesn Age for Aee > A .anine INdeed,in this region the
distributionsbehae exactly asif theform factorswereconstantsA = A,. Thereis no contradictiorwith
unitarity in approximatinghemassuch providedwe considersuficiently smallanomalougouplingsso
asto remainfarfrom theunitarylimit attheenegyregimesaccessibléythemadines Thisis consistent
with the basicassumptior(A > v/5) which allows for the effective Lagrangianparametrisatiomf the
TGC vertex keepingonly the lowestdimensions:it is sufiicient to assumehe form factor behaiour
commencesbove the obserablescalesoasto regulatethe distributionsbeforethe unitarity limit.

Thereis alsoa region on the extremeleft sideof the plotsin Figure 32 (althoughnot indicated)
which is excludedby direct experimentalsearchesThis is the region wherephysicsis believed to be
well describedy the SM.

Experimentallyit is desirableto reportconfidencelimits as a function of Ag. A resultusing
Aee = Aaanine Shouldbe included (so long as Anachine li€s below the unitarity limit) asit is motivated
by machineparametersindprovidesa reasonabl@oint of referencdor comparisondetweerdifferent
experiments Otherscalegparticularlythoseof theoreticainterest)shouldnot be neglected?®.

5.44 Measuringformfactors

For a machineof suficient luminosity suchasthe LHC, it is possibleto measurehe enegy depen-
denceof anomalousouplingd! by groupingthedatainto binsof invariantmassandextractingconstant
anomalougouplingswithin theserestricteddomains.Sucha measuremerdoesnot carry ary assump-
tionsaboutthe form factor(until afit to a givenparametrisationis performed).It is a viable methodfor
measuringorm factors but dueto the restrictecnumberof eventsin eachbin, will notproducecompet-
itive limits. The methodis bestemplo/ed in the casewherenon-zeroanomalousouplingshave been
obsered.

The methodis illustratedin Figure 33 for the caseof the W~ channelwith W — ev,, uv,, as-
sumingnatureprovidesan anomalous\] = 0.025 couplingdescribedby ann = 2 dipole form factor
with A =2 TeV. Threeyearsof high luminosity (300fb~!) LHC eventsgeneratedit NLO arebinned
accordingto thereconstructed/,,,(W+). The correspondingointsderived usingthe generatequnob-
senable) M,,, (W) aresuperimposedébr comparisonBin widths (denotedoy arrovs alongthe x-axis)
arechoserso asto ensuresuficient datain eachM,,, (W~) domain. A measurementf the anomalous
coupling(assumedaonstant)s performedwithin eachdomainusinga binnedmaximumlik elihoodfit to
the pr(y) distribution. No detectorsimulationhasbeenappliedandthe specificchoiceof cutsis unim-
portantfor thisillustration. Theresultsof thelikelihoodfits areplottedasa functionof M,, (W) anda
fit toann = 2 dipoleform factoris performed.With this simpleillustration,the barecouplingandform
factorscalearereconstructe@s )\ = 0.029 andAq = 1.67 TeV. Sensitvity to theanomalousoupling
increasesn the larger invariant massdomains,reflectingthe s growth of the A} coupling (indeedthe
measuremerih thefirst binis consistentvith zero). Systematieffectsrelatedto thefit method(suchas
the non-uniformdistribution of eventswithin the bins) have not beenaccountedor in this illustration.

5.5 Partonic simulation toolsfor di-boson production

Several Monte Carlo programsfor hadronicdi-bosonevent simulationare in commonuse. General
purposeprogramssuchasPYTHI A[123] evaluatethe matrix elementatleadingorder(LO) with no spin
correlationsfor bosondecayproducts. Limited or no anomalouscouplingsareincluded. In the past

101t shouldbe notedthatparticularlyfor smallchoicesof Arr, achangen theanalysisstratgly maybenecessaryo increase
sensitvity to therelevantregionsof 3.
"The suggestiorof makingsucha measuremeris notnew [130] but hasrecevedlittle attentionin theliterature.
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decadeprogramshave beenimplementedo calculatedi-bosonproductionwith leptonicdecaygo next-
to-leadingorder(NLO) in QCD. Thediagram<ontritutingto O(«) are:thesquareddorn (LO) graphs,
theinterferenceof the Born with thevirtual one-loopgraphsandthe squaredealemissiongraphs.

TheNLO generator®y Baur, Han,andOhnemug32, 31, 30, 33] (BHO) have beenavailablefor
several years. They employ the phasespaceslicing method[147] andthe calculationis performedin
the narrav width approximationfor the leptonically decayinggauge-bosonsNon-standard’GC cou-
plingsareincluded.Spincorrelationsn theleptonicdecaysareincludedeverywheresxceptin thevirtual
contritution. The authorsexpecta negligible overall effect from neglectingthe spin correlationsn the
virtual correctionsascomparedo the uncertaintyfrom partondistribution functionsandthe choiceof
factorisationscale.More recentlyDixon, Kunszt,andSigner[19] (DKS) have implementeda program
with full lepton decayspin correlations(helicity amplitudesare presentedn [17]). The subtraction
method[128, 149 is emplo/ed in the narrav width approximationincluding non-standard GC cou-
plings. A third Monte Carlo program MCFM by CampbellandEllis [18] exists. It doesnotassumehe
narrav width approximatiorandincludessingly resonantliagramsbut doesnot allow for non-standard
TGC couplings. The effectsof theseimprovementsin MCFMare largestin off-resonantregions- such
asneardi-bosonproductionthresholds Theregionsareof importanceo studiesof SM backgroundso
new physicsbut contrilute negligibly to thecrosssectionin TGC studiedor typical choicesof kinematic
cuts[30].

A commonfeatureof theNLO generatorss theinability to produceunweightedevents.Both the
phasespaceslicing andsubtractiormethodgproduceeventsfor which theweightmay beeitherpositive
or nggative - thusit is only the integratedcrosssectionover a region of phasespace(i.e. histogram
bin) which is physical. This makestraditionalMonte Carlotechniquedor unweightingevents(suchas
hit-and-missifficult to apply andwe areawareof no universallysatishctorytechniquefor producing
unweightedeventsusingthe NLO generator®. Computationallythis canrenderanalysesvery slow,
sincealargefractionof CPUtime canbe spentprocessingventswith nearvanishingcrosssections.

20nemethodinvolvesreweightingeventsfrom a LO generatousinga “look-up table” constructedit NLO.



5.51 Comparisorof NLO particle level geneators

In this sectionwe presentacomparisorof the predictionsdrom theBHO andDKS generatorsior which
no publishedconsisteng checkexists, restrictingoursehesto W+ 27 andW W productionfor simplicity.
The DKS andMCFMpackage$ase beenfoundto bein goodagreemen(19].

Thecomparisons performedat LHC enegy (14 TeV pp collisions)usingCTEQ4M[67] structure
functions®. Input parametersretakenasapy = 13z, sin® Oy = 0.23, a;(Mz) = 0.116, My =
80.396 GeV, M, = 91.187 GeV, factorisationscaleQ? = M32,, and Cabibboanglecos ¢ = 0.975
with no 3rd generatiormixing. Branchingratiosaretakenas BR(Z — 1117) = 3.36%, BR(W* —
I*v) = 10.8%. The b quarkcontritution to partondistritutions hasbeentaken aszero(bb — W+W—
contritutesO(2%) atLHC [19]). Kinematiccutsmotivatedby TGC analysesrechosenThetranserse
momentunof all leptonsmustexceed25 GeV andtherapidity of all leptonsmustbelessthan3. Missing
trans\ersemomentummustbe greaterthan25 GeV. A jet is definedwhenthe transwersemomentumof
apartonexceeds30 GeV in the pseudorapidityntenal || < 3.

For W Z production the trans\ersemomentundistribution of the Z bosonp,(Z), the distribu-
tion of rapidity separatiorbetweerthe W decayleptonandthe Z bosony(!) — y(Z), andtotal cross
sectionare comparedat LO, inclusve NLO, and NLO with a jet veto. Branchingratiosto e, u-type
leptonsareapplied.For WW production the trans\ersemomentundistribution of the leptonpair from
the W decaydpr(e~) + pr(et)|, thedistribution of rapidity separatiorbetweerthe I decayleptons
y(e™) — y(e), theanglebetweerthe W decayleptonsin the transwerseplanecos ®(e~, e™), andthe
total crosssectionarecomparedat LO, inclusive NLO, andNLO with ajet veto. Branchingratiosto one
leptonflavour areapplied.

The crosssectionresultsare presentedn Table 21 andthe distributions in Figure 34. Consis-
teng/ betweengeneratorss at the 1% level for W Z productionand 3-4% level for W W production.
Qualitatve agreemenis obseredin thedistribution shapes.
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Fig. 34: Distributions for W*Z production (left) and W production (right) from the Baur/Han/Ohnemusand
Dixon/Kunszt/Signergeneratorsare superimposedat Born level, inclusive NLO, and NLO with a jet veto (definedas

pr(jet) >30GeV, |n(jet)| < 3).

13The choiceof partondistribution functionhasan ©(5%) effect on the crosssection.



Table21: W Z andW W crosssectionpredictionsaretatulatedfor the BHO andDKS generatorst LO, inclusive NLO, and
NLO with ajet veto. A jetis definedfor pr(jet) >30GeV, n(jet) < 3. Statisticalprecisionis O(1 fb).

W+ Z Production

Baur/Han/Ohnemus Dixon/Kunszt/Signer % diff.

StandardModel
ONLO inclusive 127.9fb 129.8fb 1.4%
ONLO Ojet 74.7tb 75.1fb 0.5%
Ogom 70.5fb 70.9fb 0.5%
Agh =0,Akz =0.5,Az = 0.1 (A=2TeV)
ONLO inclusive 198.5fb 199.9fb 0.7%
ONLO Ojet 107.5fb 106.8fb 0.7%
Ogom 119.7fb 119.9fb 0.2%

W W Production

Baur/Han/Ohnemus Dixon/Kunszt/Signer % diff.

Standardviodel
ONLO inclusive 500.5fb 483.2fb 3.5%
ONLO Ojet 321.0fb 309.6fb 3.6%
Tsom 294.0fb 295.5fb 0.5%
Agl =0.25,Akz = Aky = 0.1, Az = \, = 0.1 (A=2TeV)
ONLO inclusive 594.2fb 575.0fb 3.3%
ONLO Ojet 363.0fb 349.6fb 3.8%

OBom 351.6fb 353.7fb 0.6%




5.52 Effectsof NLO corrections

NLO correctionsn hadronicdi-bosonproductionarelarge at LHC enegies, particularlyin the region
of hightransersemomentumandsmall rapidity separatior{seeFigure 34) which is the sameregion of
maximumsensitvity to anomalousTGCs. The correctionscanamountto morethanan orderof mag-
nitude. The high quark-gluonluminosity at the LHC anda logarithmicenhancemerdt high trans\erse
momentumin the gg andgg real emissionssubprocessesre primarily responsiblg32, 31, 30]. In the
channelsvhich exhibit radiationzerobehaiour (i.e. W~ andW 7 '), theBorn contrikution is suppressed
andNLO correctionsare even larger [32, 31]. Sincethe O(«;) subprocessesesponsiblégor the en-
hancemenat large transersemomentundo notinvolve TGCs,the overall effect of NLO correctionds
aspoilingof sensitvity to anomalous GCs.

Jet veto Distributionsobtainedy vetoinghardjetsin thecentralrapidity region for onepossiblechoice
of jet definition (pr(jet) > 30 GeV, |n(jet)| < 3) areshawn in Figure34. Thejet vetois effective in
recoseringthe qualitatve shapeof the LO distributionsincludingtheapproximateadiationzeroin W2
production(Figure 34, bottomleft). Thejet vetosenesto recorer anomalousI GC sensitvity whichis
otherwisdostwhenintroducingNLO correctionsA 10-30%improvementin anomalousd GC coupling
sensitvity limits in W Z productioncanbe achieved [31] whena jet vetois appliedascomparedo the
inclusive NLO case.Theselimits areoften closeto thoseobtainedat LO. In generalresultsderived at
LO canbe considerechpproximatezerojet resultsandtheir conclusiongemaininteresting.A jet veto
alsoreduceshescaledependencef NLO results[32, 31, 30, 19].

5.6 Determination of TGCs

At the LHC the measurementf TGCswill benefitfrom both the large statisticsandthe high centre-
of-massenegy. The large available statisticswill allow the useof multi-dimensionaldistributions to
increasehesensitvity to the TGCs.

This sectiondiscusseshe experimentalobserablessensitve to TGCsanddescribeghe analysis
methodsmplg/edto measurehe TGCs.

5.61 Experimentabbservables

The experimentalsensitvity to the TGCscomesfrom the increaseof the productioncrosssectionand
the modificationof differential distributions with non-standardGCs. The sensitvity is enhancedat
high centre-of-masenegiesof the hardscatteringprocessmoresignificantlyfor A-type TGCsthanfor
r-type TGCsin the caseof W+~ and W Z production. As an example,the increasen the numberof
eventswith large di-bosoninvariantmassess a clearsignatureof non-standard GCsasillustratedin
Figure 35, wherethe invariant massof the hard scatteringis shavn for W+~ events,simulatedwith a
parametriadescriptionof the ATLAS detectoyfor the Standardviodel andnon-standard@GCs. A form
factorof 10 TeV wasused.

For the event generatioremplagying non-standardialuesof the TGCs, leadingorder (LO) [150]
aswell asnext to leadingorder (NLO) [32, 33] calculationshave beenused(seeSection5.5). Limits
onthe TGCscanbe obtainedfrom eventcountingin the high invariantmassregion. The disadantage
of suchan approachaloneis thatthe behaiour of the crosssectionasfunction of the TGCsmalesit
difficult to disentangleghe contritutions from different TGCsandeventheir sign (with respecto SM).
It is thereforeadwantageouso combineit with informationfrom angulardistributionsof thebosonsand
possiblytheir decayangles;this improvesthe sensitvity andimprovesthe separatiorof contritbutions
from differentnon-standard GCs.

In generalit is possibleexperimentallyto reconstructup to four (six) angularvariablesin the
di-bosonrest-framedescribingan W+~ or Z~ (W Z) event:
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Fig. 35: Thedistribution of the invariantmassof the W~ systemfrom pp — W+. StandardModel data(shadechistogram)
andanon-standardalueof 0.01for A, (white histogram)areshavn. Both chagesof W weregeneratedisinga parameterised
Monte Carloandsummed The numberof eventscorrespondso anintegratediuminosityof 30fo—*.

e Bosonproductionangles,©® and®, of the di-bosonsystemwith respectio the beam-axign the
di-bosonrest-frame.

e Decayanglesof bosonsﬁf@) andq&’{(z), in therest-frameof thedecayingbosons.

The azimuthalbosonproductionangle,®, hasno sensitvity to the TGCs. In caseof W~ /W Z,
O is themostsensitve kinematicalvariable. Theenhancedensitvity to the TGCsin WV productionis
dueto the vanishingof helicity amplitudesn the StandardModel predictionat cos © ~ 1/3, affecting
the small|n| region [150]. Non-standard GCsmay partially eliminatethe radiationzero,althoughthe
zeroradiationpredictionis lesssignificantwhenincludingNLO correctiong32]. In Z~ production,no
radiationamplitudezerois present.

In contrastthe sensitvity to the TGCsfrom the decayanglesis weak;the decayanglesprimarily
sene asprojectorsof differenthelicity componentsenhancinghe sensitvity of othervariables.
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Fig. 36: Differentialcrosssectionfor Z~ productionversusp.. for Standardvlodel (solid line) andtwo differentnon-standard
couplings(dashedanddottedlines)at LHC.

In the studypresentedhere,several experimentallyderived obsenablesandcombinationghereof
have beenstudiedto assesshe possiblesensitvity to the TGCs. For both (W, W Z) and(Z~, Z %)
eventsthe obserablesarevery similar; for W Z, the Z takestherole of they. The actualbehaiour of



theobsenablesasfunctionof the couplingsandtheenenpy is differentbetweerthe processegjueto the
differentmasse®f theinvolved bosons.

Oneobsenrable thetransersemomentumpr, of the or Z (dependingnthedi-bosonprocess),
which hastraditionally beenusedat hadroncolliders, hassensitvity from a combinationof high mass
eventcountingandthe © angulardistribution. Figure36 shavs theenhancemenif di-bosonproduction
crosssectionfor largevaluesof the photontransersemomentunin presencef non-standardouplings.

The distribution of p.: Z assuminganintegratedluminosity of 30fb~! is shavn in Figure37 for
W~ andW Z events,simulatedwith a parametriacdetectorsimulationprogram for the StandardVodel
andnon-standar@ GCs. The enhancemerfbor non-standard GCsat high p: Zis clearlyvisible and,
furthermorethequalitatve behaiour is the samefor differentTGCs.
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Fig. 37: Distribution of pJ: Z for W~ (left) and W Z (right) eventsfor an integratedluminosity of 30 fo~!. Distributions
areshavn for the StandardModel (shadechistogramsjandfor non-standardalues(white histograms)\, = 0.01 (left) and
Ag#Z = 0.05 (right).

For the statisticsexpectedat the LHC, even after 3 yearsrunning at low luminosity one may
enhancehe experimentalsensitvity further by separatinghe differenttypesof informationin multi-
dimensionadistributions. For W~ andW Z di-bosonproduction two setsof variableshave beenstudied
(andtheequialentsetfor W Z2): (my, |n3]), and(py, 6*), where|n?| is therapidity of  with respect
to thebeamdirectionin the W+~ system(equivalentto ©), andf* is the polardecayangleof thechaged
leptonin the W rest-frame.Both setsconsistof onevariablesensitve to the enegy behaiour andone
sensitve to the angularinformation. For [73| and#*, a completereconstructiorof the W is necessary
The momentunof the W canbereconstructedby usingthe W massasa constraintandassuminghat
the missingtrans\erseenepy is carriedaway by the neutrino. This leadsto a two-fold ambiguityin the
reconstruction Alternatively, |7} |, may be approximatedy the rapidity differencebetweerthe lepton
from the W andthe~. Distributionsof |7} | and@* areshavn in Figure38, for boththe standardnodel
expectationanddifferentnon-standard GCs. The high sensitvity to the TGCsfrom |n§\ is dueto the

characteristi¢zero radiation” gap. In contrastthe sensitvity to the TGCsfrom the decaypolarangle,
0*, is weak.

5.62 Analysistechniquesfor TGCdetermination

Dependingon the available statisticsandthe dimensionalityof the experimentaldistributions, different
extractiontechniqueganbe usedin the determinatiorof the TGCs.

Oneapproactemplo/edin this studydetermineshe couplingsby a binnedmaximum-likelihood
fit to distributionsof the obserables,combinedwith thetotal crosssectioninformation. Thelikelihood
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Fig. 38: Distribution of || (left) and 6™ (right) from W~ and W Z events, respectrely, for an integratedluminosity of
30fb~'. Distributionsareshawn for the StandardModel (shadechistogramsandfor non-standardalues(white histograms)
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functionis constructedy comparinghefitted histogramwith areferencéiistogranusingPoissormprob-
abilities. Thereferencalistributionscanbe obtainedor differentvaluesof the couplingsby reweighting
Monte Carloeventsatgeneratofevel or equivalentlyusingseveralMonte Carloeventsamplegenerated
for differentvaluesof the TGCs.

Although the expectednumberof eventsat the LHC will allow binning in two dimensionsa
generalmultidimensionalbinnedfit using all the TGC sensitve informationwill not be possible. In
the latter case,an unbinnedmaximumlikelihoodfit to the obsered information can be used,where
the probability distribution functions can be constructedoy Monte Carlo techniques. In the caseof
mary dimensionsthis approachcanbe time-consumingbut it may be advantageoushcombinedwith
the reweighting technique. The information from the absolutepredictionof the crosssectioncan be
includedby the so-called‘extendedmaximumlik elihood” method[151].

5.7 Sensitivitiesat LHC

Sensitvity limits have beenderivedfor thetriple gauge-coupling8/ W~ (ATLAS, CMS), WW Z (AT-

LAS) andZ Z~ (CMS). Theanalysisgechniquesisedby ATLAS andCMS aredescribedn Section5.6.
The ATLAS studiesassumenintegratedluminosityof [ £dt = 30fb—!, correspondindo threeyears
of LHC low luminosityoperation.CMS assumes$00 fo—!, which s the expectatiorfor oneyearof LHC

highluminosity running.

CMS hasperformedits studiesfor a rangeof differentform factor scalesA pr, asmotivatedin
Section5.4. Theplotsin Figure39shov theexpectedd5%CL limits ontheanomalousV W+~ andZ Z~
couplingparametertogethemith thecorrespondinginitarity limits. Only thedisplayedcouplingis con-
sideredto deviate from the StandardModel. The pointswherethe experimentalcurvesturn asymptotic
with respecto A pf - or arecrossedy the unitarity limit - give anindicationon therangeof form factor
scalesaccessibldy the experiments.While the currentTevatronmeasurementgrobethe triple gauge-
couplingsup to form factorsof App = 0.75 TeV andaround2TeV for ZZ~ and (WW~, WW Z),
respectrely [16], the LHC experimentswill be ableto studyfar smallerstructureswith scalesup to
10 TeV, assuminganintegratediuminosity of 100 fo—?.

Multi-dimensionalfits where several couplingsare allowed to vary have also beenperformed
[152). Here,thesensitvity limits extractedfrom thelog likelihoodcurvesform anellipsefor aparticular
confidencdevel. Figure40 shaws the typical W ¥V~ sensitvity contoursin the two-dimensionalCP-
conservingk x A) couplingspacefor aform factorscaleof 10 TeV.
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Table22: Sensitvity limits (95%CL), assumingntegratediuminositiesof 30 fo—! and100fb~—', respectiely. Theform factor
scaleis Apr = 10 TeVfor WW~, WW Z and6TeV for Z Z~.

Vertex Coupling  (mw~, [n*])  (pr,0") pr
WWr Ak, 0.035 0.046 0.043
App =10TeV Ay 0.0025 0.0027  0.0020
WWZ Ag? 0.0078 0.0089 —
Ak 0.069 0.100 —
App =10TeV Az 0.0058 0.0071 —
ZZy hZ, — — 64x10*
App =6TeV hZ, — — 1.8 x 1076

Table22 summariseshe sensitvity limits obtainedby ATLAS andCMS asreportedn [53, 152].
In addition,ATLAS hasperformedafit usingthecompletegeneratotevel phasespacanformation[53].
Theresultsfor this ideal caseshaw that, asthe high enegy tails of thepz distributions exhibit a very
strongsensitvity to the A-like anomalouscouplings,the additionalinformation doesnot improve the
limits on this type of couplingsconsiderably However, the x-type couplingsmay profit from a more

sophisticatedlataanalysis.

Fromthe numbersn Table22, we expectanimprovementin sensitvity by up to two (four) or-
dersof magnitudefor anomalousV W~ /WW Z (Z Z+~) couplingswith respecto the currentTevatron
limits. Thestrongincreasan sensitvity is dueto the pronouncediigh § enhancemerdtthe LHC, most
prominentlyfor ZZ~ (seeSection5.42). A smallerchoiceof the form factorscalewould cut off this
enhancemerdanddiminishthe sensitvity considerablyasshawn in the lower plotsin Figure39.



5.8 Backgroundsto W+

The W~ signalhasa very small crosssection,comparedo W +jet productionfor example,andcan
containasignificantamountof backgroundThe dominantbackgroundo the W+ signalis from W +jet
productionwherethe jet is misidentifiedasa photon,resultingin afake signal. Radiatve W decayalso
contrituteswhenthe electronfrom the W decayradiatesa photon,andboth ¢tZy andbby quark-gluon
fusion processegan also producea fake signal contrituting to the background. Z~ productionand
W (rv)y alsomake a smallcontritution to the backgrounds.

Previousstudieqd153, 154, 155 156 have shavn thatthe W~ signalwill beobserableatthe LHC
provided that the backgroundsanbe suppressedAll the backgroundsveregeneratedvith PYTHI A
5. 7 [123] in conjunctionwith the CMBJET [157] fastdetectorsimulationfor the CMS experiment.

5.81 W+ jetandW — [v+y badkgrounds

Thedominantbackgroundo the procesep — W (ev)y arisesfrom W +jet eventswherethejet decays
electromagneticallyandis reconstructedn the calorimeterasa photon. The probability for the jet to
fluctuateinto anisolatedelectromagnetishaver is small, but the large numberof jetsabove 10 GeVin
theW sampleguaranteethatsomejetswill look identicalto photons.Evenif thejetis not misidentified
asaphoton,it is possiblefor a radiatve decayof the W to producethe samesignatureasthe signal. If
theleptonfrom the W decayradiatesa photon,aneventsignatureof «, [, v maybe obsered. Cutsmust
thereforebe appliedto reducethis background.

W+jet  Figure4lshavsthepr(y) spectrunfor misidentifiedohotonfrom the W +jet backgroundand
therealphotonfromthe W+ signal.A photonisolationcuthasbeenappliedto bothdatasets.A rejection
power of nearly7 canbe obtainedwith anefficiency lossof lessthan5%, by usinganisolationareaof

AR =0.25andapr thresholdof 2 GeV[158]. A greaterejectionpowerwith amuchsmallerefficiency

lossis availableatlow luminosity Thereforeaneventis selectedf thephotonmeetgheisolationcriteria
andif it is within n = £2.5. Theisolationcut clearly makesit possibleto obsere the signal,especially
athigh py, howeveracutatpy(y) = 100GeV furtherreduceghe backgroundThis would not harmthe

sensitvity to anomalougouplingsgreatlyastheanomalieonly manifesthemselesathigh pp.

Radiative W Onemethodof reducingthe backgroundf radiative W decayds to make a cut on the
invariant massof the ~lv system. For the W~ signal, M (vlv) is always larger than My if finite W/
width effectsareignored.

However, the M (ylv) cannotbedeterminedinambiguouslysthefour-momentunof theneutrino
isunknavn: evenif thetrans\ersemomentunis correctlydeterminedrom themissingmomentumin the
event,thereis no measuremertf the missinglongitudinalmomentum.Thereforethe clustertrans\erse
massor minimuminvariantmassmaybeusedinstead159]. Thetransersemasss independenof the
longitudinalmomenteof the parentparticleandits decayproducts.

For W — ~lv theclustertrans\ersemasssharplypeaksat My [160] anddropsrapidly aborve the
W mass.Thus~lv eventsoriginatingfrom W+ productionandradiative W decaysanbedistinguished
if Mrp(~lv) iscutslightly abose My, [161]. Henceacutat My (~lv) > 90GeV shouldtake into account
thefinite width of the W whilst not significantlyaffectingthe signal.

The W+ signalproduceghe leptonandphotonalmostback-to-back Ensuringthatthey arewell
separateavill furtherreducethe radiative W background.This canbe doneusingthe quantity AR =
Vv (A¢? + An?). Leadingorderanalysisof the signalandradiatve backgroundenableda study of the
optimumvalueof AR to usefor separationTypically acutat AR > 0.5 is usedto ensureseparation,
but increasinghe separatiorio AR > 0.7 makeslittle differenceto the signalwhilst greatlyreducing
thebackground.
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Fig. 41: pr(v) distribution for the W~ signalandthe W +jet backgroundvherethejet is misidentifiedasa photon.

In orderto suppressheradiative W backgroundevents,cutsof AR(v,1) > 0.7 and My (vylv) >
90 GeV areused.

5.82 Quark-Gluonfusionbadkground

Quark-gluorfusionis importantatthe LHC because¢herateis extremelyhigh. Therearelots of available
gluonsin the protonatrelatively high z, andbecausehe W W~ reactionis suppresseth someregions
of phasespace.

bby At the LHC 10'? bb events[162] areexpectedfor ayearsrunningat high luminosity Although
the bby eventsarenot kinematicallysimilar to the signal,the expectednumberof eventsis solarge that
thebackgroundwill bea problemunlessit is reducedy cuts.

The bby backgroundvasgeneratedisingthe processesyg — gv, andgg — Z~. Eventswere
generatedrom p, = 500 GeV with a crosssectionof 1.055ph. This parton-leel requiremenivasfor
computationalefficiengy asonly the very highestpr eventscontritute to the background. A cut on
missingp; canbemadeat 50 GeV in orderto reducethe bby background.

tty Sincethe M; > My, + M,, tt eventsrepresenanirreduciblebackgroundo W+ pair production.
tty productionis a copioussourceof high p photonsin associatiorwith hardleptonsandwithout cuts
hasa crosssection,c ~ 300pb, of atleast3 ordersof magnitudemorethanthe W~ signal[163]. The
subsequentiecayof top quarksinto a W bosonanda b quarkandalsothe W decayinto a f f pair
provide thesameeventsignatureasthe W+ signal. Therefore dueto thevery largetop quarkproduction
crosssectionat LHC enegies, the procespp — tty — W + X represents potentially significant
background.

Eventsweregeneratedby theprocess;g — g andlookingfor ¢ production.This methodis very
inefficient, 4 million eventswere generatec&and489 tiy eventswere producedwith 10 eventspassing



all of the cuts. Thetty eventsweregeneratedrom pr = 500GeV (for the samereasonsasbb), with a
crosssectionof 1.049ph. Thelarge crosssectionmeanghatalthoughonly a few eventspassthe cuts,
this backgrounds a potentialproblem.

Studiesfor the SSC[164] shaved thatthe backgroundcanbe reducedio a manageabléevel by
requiringthe photonto be isolatedfrom the hadronsin the event, andby imposinga jet veto (i.e. by
consideringheexclusive reactionpp — W+~ + 0 jets).

Sincethetop quarkdecayspredominantlyinto a Wb final state tt eventsarecharacterisethy a
large hadronicactvity which frequentlyresultsin oneor several highpr jets. If the secondiV boson
decayshadronically up to four jetsarepossible.This obseration suggestshatthe ¢ty backgroundnay
be suppressetly vetoinghigh-pr jets. Sucha“zerojets” requiremenhasbeendemonstratetb bevery
usefulin reducingthe sizeof theNLO QCD correctionsn pp — W~ 4+ X atSSCenegies[32]. If the
second/V in thett~y eventsdecayshadronicallythenumberof jetsin pp — tiy — W~ + X is generally
largerthanfor leptonicW decaysandthejet vetois moreefficient.

Unfortunatelythe jet veto alsodrasticallyreduceshe numberof signalevents. Only 10% of the
signalsurvivesthejet vetocutaloneandonly 4% survive all the cutsandthejet veto. This suggestshat
analternatve methodfor reducingthis backgrouncheedgo befoundfor the LHC.

ATLAS [154] studiedthe possibilityof exploiting thenumberof jetsin theti~ eventsby imposing
acutonthesecondetin theevent. TheW+~ signalwill nothave a2ndjet, orif it doesijt isamisidentified
jetandwill beof verylow p;. Thetty eventswill have upto four high p; jetsin eachevent. By cutting
all eventswherethe p; of the secondet is greaterthat 25 GeV, the majority of the tiy eventswill be
eliminatedwithout greatlyaffectingthe signal.

5.83 Zv badground

Thereis a smallbackgroundo evy thatcomesfrom Z(ee)~y eventsin which oneof the electronggives
riseto significantmissingenegy (generallyby enteringa gapin thedetector).As CMS is hermeticand
the crystalsof the ECAL are off-pointing with respecto the interactionpoint, this backgrounds very
small. ATLAS [154] calculatethis backgroundo be ~ 25 timessmallerthanthe signalbeforeary cuts
areimposed.Thusthe 7~ backgrounds assumedo be negligible.

5.84 W (rv)y badkground

Thefinal backgroundo pp — W (ev, uv)~ is pp — W (rv)y wherethe r leptondecaysnto anelectron
or muon. Thebackgrounds very smallbecaus¢he decayof thetauleptonresultsin electronsor muons
with significantlyreducedpr andthe kinematicalthresholdfor an electronis 25 GeV. Previous studies
at Fermilabhave shavn this backgroundo beneagligible [165].

5.85 Summanof badkgrounds

Table23shavsalist of all the cutsproposedo reducethebackgroundso the W+ signal.Having chosen
eachcut to reduceanindividual backgroundit is importantto understandiow eachcut effectsboththe
signalandthe otherbackgrounds.

Table24 shavs theefficiengy of theindividual cutsonthesignalandthebackgroundsThe W +jet
andradiatve W backgroundsretreatedogether SeeFigure42.

5.86 Conclusion

The backgroundgo the W+~ signalhave beenstudiedand cuts have beenmadein orderto reducethe
backgroundgo at leastan orderof magnitudeessthanthe signalfor pr(v) > 200 GeV. The W +jet



Table23: Proposedutsto reducethe backgroundso the W+~ signal.

Quantity |n(v.l,jet)] pr(y) pr() Mr(v.l,v) AR(y,l) pr(v) 2ndjet
(GeV) (GeV) (GeV) (GeV) (GeV)
Cutvalue <25 >100 >25 > 90 > 0.7 >50 <25

Table24: Efficieng of individual cutson the signalandbackgroundserrorsarestatistical.

Cut Signal(%) Background%o)
W+jet/RadlV tty bby
pr () 67+0.49 0.06+0.008  72+5.33 84+0.22
pr(l) 84+0.52 62+0.25 5+1.02 0.2+0.001
My (vy,l,v)  85+0.52 19+0.14 87+4.2  0.3+0.0115
AR(y,1) 95+0.55 94+0.3 95+4.4 94+0.23
pr(v) 86+0.53 60+0.25 43+2.9 28+0.124
2ndjet 89+0.54 42+0.2 0+0.2 34+0.14

All Cuts 55+0.42 0.033t0.018 0+0.2 0.006t0.0019

andradiatve W backgrounds$have beenwell studiedand understoodand the cuts madereducethese
significantly The quark-gluonfusionbackgroundsrenot sowell understoodn this work sincea less
thanoptimal generatorifor ¢ty wasused. However, the cutsstudiedfor this channelwork well for the
low statisticsamplegpresentedhere.Furtherstudyof this backgroundvould beinteresting.

Backgroundso W Z productionhave beenstudiedbriefly andaresimilar, within statisticalerrors,
to thosein the W~ channepresentedhere.

6. VECTOR-BOSON FUSION AND SCATTERING 14
6.1 Searchingfor VV — H — 77
6.11 Introduction

ThesearcHor theHiggsbosonand,hencefor theorigin of electraveaksymmetrybreakingandfermion
massgenerationremainsoneof thepremiertasksof presenandfuture highenegy physicsexperiments.
Fits to precisionelectraveak (EW) datahave for sometime suggestea relatvely small Higgs boson
mass,of order100 GeV [166, 167], hencewe have studiedan intermediate-masBliggs, with massin
the 110 — 150 GeV range,beyond the reachof LEP at CERN and perhapsof the FermilabTevatron.
Obsenation of the H — 77 decaychannelin weakbosonfusion eventsat the Large HadronCollider
(LHC) is quite promising, both in the StandardModel (SM) and Minimal SupersymmetriStandard
Model (MSSM). This channehaslower QCD backgroundsomparedo the dominantd — bb mode,
thusoffering the bestprospectgor a directmeasuremerudf a H f f coupling.

At the LHC, despitethe factthatthe crosssectionfor Higgs productionby weak-bosoriusionis
significantlylower thanthatfrom gluonfusion (by almostoneorderof magnitude)jt hastheadwantage

l4sectioncoordinatorsZ. Kunszt,R. Mazini, D. Rainwater
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Fig. 42: pr(~) distributionfor the W signalandthe backgrounds.

of additionalinformationin the eventotherthanthe decayproducts’trans\ersemomentumandtheirin-
variantmassesonancenamely theobserablequarkjets. Thusonecanexploit techniquedik e forward
jettagging[168, 169,170 171,172 173 174, 175 17§ to reducethe backgroundsAnotheradwantage
is the differentcolour structureof the signalvs the background Additional soft jet actvity (minijets)in
the centralregion, which occursmuchmore frequentlyfor the colourexchangeprocessesf the QCD
background$177, 178, aresuppressedia a centraljet veto.

We have performedfirst analyse®f intermediate-masSM H — 77 andof themainphysicsand
reduciblebackgroundsat the LHC, consideringseparatelythe decaymodesrr — hE 1T pr, e* uTpr.
Thesemodesdemonstrat¢he feasibility of Higgs bosondetectionin this channelwith modesiuminos-
ity [179, 180. We demonstratedhat forward jet tagging,r identificationand reconstructiorcriteria
aloneyield a signal-to-backgrouwh (S/B) ratio of approximatelyl/1 or better Additional large back-
groundsuppressiofiactorscanbe obtainedwith the minijet veto,achieving final S/ B ratiosasgoodas
6/1, dependingnthe Higgsmass.

In the MSSM, stratgjiesto identify the structureof the Higgs sectoraremuchlessclear For large
tan 3, thelight neutralHiggsbosonsnay couplemuchmorestronglyto the 75 = —1/2 membersf the
weakisospindoubletsthanits SM analogue As aresult,thetotal width canincreasesignificantlycom-
paredto a SM Higgs of the samemass.This comesat the expenseof the branchingratio BR(h — ~7),
the cleanestHiggs discarery mode, possiblyrenderingit unobserable over muchof MSSM parame-
ter spaceand forcing consideratiorof other obserational channels. Instead,since BR(h — 77) IS
enhancedlightly, we have examinedthe  modeasanalternatve [180, 181].

6.12 Simulationof signalandbadgrounds

The analysesusedfull tree-level matrix elementdor the weakbosonfusion Higgs signalandthe var
ious backgrounds Extra minijet actiity wassimulatedby addingthe emissionof one extra partonto
the basicsignaland backgroundorocesseswith the soft singularitiesregulatedvia a truncatedshaver
approximation(TSA) [182, 183.



We simulatedpp collisions at the LHC, /s = 14 TeV. For all QCD effects, the running of
the strong-couplingconstantwas evaluatedat one-looporder with as(Mz) = 0.118. We emplo/ed
CTEQAL partondistribution functions[67] throughout. The factorisationscalewas chosenas piy =
min(pr) of the definedjets, and the renormalisatiorscaley, wasfixed by (o)™ = [ as(pry).
Detectoreffectswere consideredy including Gaussiarsmearingfor partonsandleptonsaccordingto
ATLAS expectationg153, 125|.

At lowestorder thesignalis describedy two single-Fgnman-diagranprocessesyg — gq(W W,
Z7Z) — qqH,i.e. WW and ZZ fusionwherethe weakbosonsare emittedfrom the incomingquarks
[184). Fromapreviousstudyof H — ~~ decaysn weakbosonfusion[185], we know severalfeatureof
thesignalwhichwe couldexploit directly here:thecentrallyproducecHiggsbosontendsto yield central
decayproducts(in this caser ™), andthe two quarksenterthe detectorat large rapidity comparedo
the 7’s andwith transersemomentain the 20-80 GeV range,thusleadingto two obserable forward
taggingjets.

We consideredseparatelythe casesof one r decayingleptonically (e,.) andthe otherdecaying
hadronically(with acombinedbranchingfraction of 45%), andboth decayingeptonicallybut with dif-
ferentflavour (ex or e, with acombinedoranchingractionof 6.3%). Ouranalysesritically employed
transersemomentumcutson the chaged r-decayproductsand,hence somecarewastakento ensure
realisticmomentundistributions. Becausef its smallmasswe simulatedr decaysn thecollinearand
narrav-width approximationsandwith decaydistributionsto =,p,a; [186], addingthe varioushadronic
decaymodesaccordingto their branchingratios. We took into accountthe anti-correlationof the 7+
polarisationsn the decayof the Higgs.

L epton-hadron mode Positive identificationof the hadronict® — h* X decayrequiressevere cuts
onthechagedhadronisolation. We basedur simulationson the possiblestratgiesanalysedy Cavalli
etal. [187]. Consideringhadronicjetsof £ > 40 GeV in the ATLAS detectoy they found non-tau
rejectionfactorsof 400or morewhile truehadronicr decaysareretainedvith anidentificationefficiency
of 26%.

Giventhe H decaysignature the main physicsbackgroundo the 77735 eventsof the signal
arisesfrom real emissionQCD correctiongto the Drell-Yanprocess;g — (Z,v) — 77—, dominated
by ¢-channelgluon exchange. All interferenceeffects betweenvirtual photonand Z-exchangewere
included, as was the correlationof 7+ polarisations. The Z componentdominatesso we call these
processesollectively the“QCD Zj;" background.

An additionalphysics"EW Zj;j” backgroundarisesfrom Z and~ bremsstrahlungn (anti)quark
scatteringvia t-channeklectraveakbosonexchangewith subsequerdecayZ, v — 7+ 7. Naively, this
EW backgroundmay be thoughtof assuppressedomparedo the analogouQCD process.However,
the EW backgroundncludeselectraveak bosonfusion, VV — 77—, which hasa momentumand
colourstructureidenticalto the signalandthuscannoteasilybe suppressetlia cuts.

Finally, we considerededuciblebackgroundsi.e. ary eventthatcanmimic the Hj; signatureof
ahard,isolatedleptonandmissingpy, ahard,narrav -like jet, andtwo forwardtaggingjets. Thuswe
examinedW + jets, wherethe W decaydeptonically(e,.) andonejet fakesa hadronicr, andbb + jets,
whereoneb decaydeptonicallyandeitheralight quarkor b jet fakesa hadronicr. We negglectedother
sourcesike tt eventswhich hadpreviously beenshavn to give substantiallysmallerbackground$187).

Fluctuationsof a partoninto a narrav 7-like jet areconsideredvith probability0.25% for gluons
andlight-quarkjetsand0.15% for b jets (which maybe consideredanupperbound)[187].

In thecaseof bb + j j, we simulatedthe semileptonicecayb — Ivc by multiplying thebbjj cross
sectionby a branchingfactorof 0.395andimplementinga three-bodyphasespacedistribution for the
decaymomentao estimataheeffectsof leptonisolationcuts.We normalisedur resultingcrosssection
to reproducehe samefactor100reductionfoundin [187].



Dual lepton mode Forthedileptonmode we considerdecayonly to e, p pairsto completelyeliminate
the backgrounddrom real Z productiondecayingdirectly to ee or pu. Taudecayswvereperformedin
the samemannerasin the lepton-hadrorchannel. We againconsideredQCD andEW 7jj; 7 — 77
productionasthe physicsbackgrounds.

We calculatedheprimarycontritutionsfrom reduciblebackground$y consideringall significant
sourcesof two W'’s, which decayleptonically to form the signaturee, 1, andtwo forward jets. This
consistof tt + jets, aswell asbothQCD andEW W W 5 production.As with theEW Zjj case EW
WW jj processesontainan electraveak bosonfusion componenkinematicallysimilar to the signal,
andsocannotbeignored.

We alsoconsideredb;; production,with eachb decayingsemileptonicallysimulatedby imple-
mentingtheV — A decaydistributionsof theb-quarksin the collinearlimit, andmultiplying theresultant
crosssectionby a branchingraction0.0218(for thee, i or p, e final states).

Finally, we consideredhe overlappingcontritution from thesignalitselfin thedecaymodeH —
WW — eupr, which canbesignificantabove My >~ 130 GeV.

6.13 Standad Modelanalysis

The basicacceptanceequirementsnust ensurethat the two jets andtwo 7’s are obsenred inside the
detector(within the hadronicand electromagneticalorimetersrespectiely), and are well-separated
from eachother:

pr; > 20 GeV, Ini| <5.0, AR;; > 0.7,
| <25, AR >0.7. (65)

Tau-tauseparatiorandtau decayproductpy requirementsareslightly differentfor the two signatures
andarediscussedeparatepelow.

The H jj signalis characterisedly two forwardjetswith largeinvariantmassandcentralr decay
products.The QCD background$ave alarge gluon-initiatedcomponenandthuspreferlower invariant
taggingjet masses.Also, their 7 and W decayproductstendto be lesscentral. Thus,to reducethe
backgroundso the level of the signal, we requiredtaggingjets with a combinationof large invariant
mass far forward rapidity, andhigh pr, aswell ast decayproductscentralwith respecto thetagging
jets[189]:

Njgmin + 0.7 <17y 5 <Njmaz — 0.7, 15y - 15, <0,
Aags = |mjy — mja| > 44, myj > myj. (66)

wherem;, . is choserslightly differentlyfor thetwo scenariosasdiscussedbelow.

Lepton-hadron mode Herewe requirediwo additionalcutsto form thetaggingjet signature:

pr, >40,20GeV, AR, >0.7. (67)

Thatis, the pr requiremenbn the taggingjetsis staggeredandasonetau decayis hadronic,it
musthave alarge separatiorirom the leptonictau.

Triggeringthe eventvia theisolatedr-decayleptonandidentifying the hadronicr decayasdis-
cussedin [187] requiressizabletransersemomentafor the obserable  decayproducts: py, ., >

20 GeV andpr, ,,, > 40 GeV. It is possibleto reconstructhe 7-pair invariantmassfrom the observ-
abler decayproductsandthe missingtrans\ersemomentunmvectorof theevent[188]. The T massvas



neglectedandcollineardecaysassumeda conditioneasilysatisfiedbecausef thehigh 7 transersemo-

mentarequired. The - momentawerereconstructedrom the chageddecayproducts'p andmissing
pr vectors.We imposeda cut on the anglebetweernthe + decayproductsto satisfythe collineardecay
assumptiongcos 6y, > —0.9, anddemanded physicality conditionfor the reconstructed- momenta
(unphysicalkolutionsarisefrom smearingeffects);thatis, thefractionalmomentumz ., a chageddecay
obserablestakesfrom its parentr cannotbe negative. Additionally, the z,, distribution of the leptoni-

cally decayingr-candidates softerfor real7’s thanfor thereduciblebackgroundshecause¢hechaged

leptonshareshe parentr enegy with two neutrinos.Cutsz,, < 0.75 andz,, < 1 provedvery effective

in suppressinghereduciblebackgrounds.

Our Monte Carlo predicteda T-pair massresolutionof 10 GeV or better sowe chose+10 GeV
masshins for analysingthe crosssections.To further reducethe QCD backgroundswhich preferlow
invariantmassedgor thetaggingjets, we requiredm;; > 1 TeV. Additionally, the W j + jj background
exhibitsa Jacobiarpeakin its m distribution [187]; henceacutmy (I, pr) < 30 GeVlargely eliminates
this background.

Finally, to compensatéor overall ratelossbasedon ATLAS andCMS expecteddetectorD effi-
ciencieswe applyafactor0.86to thecrosssectionfor eachtaggingjet, andafactor0.95for thechaged
lepton.

Usingall thesecutstogetheralthoughnotin a highly optimisedcombinationwe expectalreadya
signalto backgroundatio of 2/1 with a signalcrosssectionof 0.4fb for My = 120 GeV.

A probability for vetoing additional centralhadronicradiationwas obtainedby measuringthe
fraction of eventsthathave additionalradiationin the centralregion, betweerthe taggingjets, with pp
above 20 GeV, usingthe matrix elementdor additionalpartonemission. This minijet vetoreduceghe
signalby about15%, but eliminatestypically 70% of the QCD backgroundsthe EW Zj; background
is reducedby about20%, indicatingthe presencef both bosonbremsstrahlungndweakbosonfusion
effects. Becausethe veto probability for QCD backgroundss found to be processindependentwe
appliedthe samevalueto thebb + jj background.

Table25 summarisethe signalandvariousbackgroundtrosssectionsat progressie levelsof the
cuts,ID efficienciesandminijet veto asdescribedabove, for the caseMy = 120 GeV. Table26 gives
the expectedhumbersof eventsfor 60 fo~! integratedluminosity (low luminosityrunning)atthe LHC.

Table25: Signalandbackgroundcrosssectionss - BR (fb) for My = 120 GeV Hjj eventsin the lepton-hadrorchannel.
Resultsaregivenfor successie cuts,asdiscussedn thetext. Thelastcolumngivestheratio of the signalto the background
crosssectiondistedin the previouscolumns.

Cuts Hjj QCDZjj EWZjj Wj+3jj bb+3jj S/B
forwardtagging 68.4 1680 91

T identification 1.99 20.0 1.45 26.4 7.6 1/28
110 < myr < 130GeV 1.31 0.95 0.07 1.77 059 1/2.6
mj; > 1TeV,mp(l,pr) <30GeV  0.69 0.16 0.04 0.11 0.15 151
xq, <0.75, 2, < 1.0 0.54 0.15 0.03 0.03 0.05 211
ID efficiengy (e = 0.70) 0.38 0.10 0.03 0.03 0.05 211
Pourv,20 x 0.87  x0.28 x 0.80 x0.28  x0.28 -

minijet veto 0.33 0.03 0.02 0.004 0.011 5.2/1




Table26: Numberof expectedeventsin thelepton-hadromchannefor thesignalandbackgroundsfor 60fb =" atlow luminosity
running;cuts,ID efficiengy (e = 0.70) andminijet vetoasin thelastline of Table25; for arangeof HiggsbosonmassesMass
bins of £10 GeV arounda given centralvalue are assumed.As a measureof the Poissonprobability of the backgroundo
fluctuateup to the signallevel, thelastrow givesocauss, the numberof Gaussiarequivalentstandardieviations.

My (GeV) 110 120 130 140 150
¢- oy () 0.38 0.33 0.25 0.16 0.08

Ng 229 196 152 95 46
Ng 102 38 24 18 15
S/B 22 52 64 52 31
O Gauss 56 66 63 47 26

eda/dM,+,- (fb/GeV)

Fig. 43: Reconstructed pair invariantmassdistribution for the signal(lepton-hadrorchannel)andbackgroundsfterall cuts

andmultiplication by the expectedsurvival probabilities. The solid line representshe sumof the signalandall backgrounds.
Individual componentsire shavn ashistograms:the Hj; signal(solid), theirreducibleQCD Zj; backgrounddashed)the

irreducibleEW Zj;j backgrounddotted),andthe combinediVj + j; andbbj;j reduciblebackgroundgdash-dotted).

It is possibleto isolatea virtually background-fre@q — qqH — jjr7 signalatthe LHC, leading
to a50 obseration of a SM Higgsbosonwith amere60fb~! of data. The expectedpurity of the signal
is demonstrateth Figure43 shaving thereconstructedr invariantmassfor a SM Higgs of 120 GeV
afterall cuts, particleID efficiengy factorsanda minijet veto have beenapplied. While the reducible
W4 + jj andbb + jj backgroundsrethe mostcomplicatecanddo requirefurtherstudy they appearto
beeasilymanageable.

Dual lepton mode For this signature we simulatedtau decaysas before,but with both decayingto
final-stateleptons.As this would form a differentfinal statein experiment.to form the basictaggingjet
signaturewe requirethe cutsof Equations65 and66 asbefore,but additionallya minimum separation
of the chagedleptonssomevhatlessthanfor the lepton-hadrorscenario AR, > 0.4. To beableto
trigger on the leptons,we requirethemto have minimum transersemomentumpz, > 10 GeV. In the
LHC experimentsthis maybe slightly higherfor electronsandslightly lower for muons,but we do not
malke thedistinctionhere.

Boththett+ jets andbbjj backgroundareaboutthreeordersof magnituddargerthanthesignal,



but the contritution from bb;j maybereduceddy acuton missingtrans\erseenegy, pr > 30 GeV, and

thatfrom ¢t + jets may be severely restrictedby vetoingadditionaljetsin the centralregion between
the taggingjets, which even before consideringadditionalgluon radiation (minijets) may comefrom

the decaysof centralfinal-stateb-quarks. We veto all eventswith a centralb with pp > 20 GeV. This

providesapproximatelyafactorl7in reductionof thetop quarkbackgroundywhich maybesubstantially
improvedto evenlower py thresholdvia a b-tag, which we cannotsimulate.

As the dual leptonfinal statehasa lower overall branchingratio thanthe lepton-hadrorcase we
retainedmore overall rate by makinga loosercut on the taggingjet invariantmass,m;; > 800 GeV.
This cutwasstill necessaryo reducethe QCD backgrounds.

Our Monte Carlo againpredictedan excellent r-pair massresolution,so we retainthe massbin-
ning of 10 GeV. We alsorejectednon-taus asin the lepton-hadrorcase althoughour exact cut was
somevhatdifferentlydefined:

2 2
Tryy Try >0, x7, +axr, <1.

Finally, we foundthata cutonthe maximalseparatiorof thetwo chagedleptonsis very usefulin
reducingthe heary quarkbackgroundsAR,,, < 2.6.

Efficiengy factorsfor detectionarethe sameasin the previous case althoughwith two final-state
leptonsanextrafactor0.95wastakeninto account A minijet vetowasappliedasbefore,althoughother
analysesve have performedsuggesthe survival probabilitieschangeslightly dueto thelower hardness
of theevent,whichis stronglycorrelatedvith m;; (seeTable27).

Table 27 outlinesthe crosssectionsof signal and backgroundfor progressie levels of cutsas
describedabove, for the caseMy = 120 GeV. Table 28 gives the expectednumbersof eventsfor
60fb—! integratedluminosity (low luminosity running)atthe LHC.

Table27: Signalrateso - BR(H — 77 — eipﬁzﬁT) for a SM Higgsof M = 120 GeV andprogressie levels of cutsas
discussedn thetext. All ratesaregivenin fb. Note: thefifth line, non-taurejection,alsoincludesa cut90 GeV < m,, <
160 GeV.

H—71r H-—-WW QCD EW QCD EW
Cuts signal bkgd 7)) T7jj  tt+jets  bbj;  WWjj WWjj S/B
forwardtags 2.2 57 2.3 1230 1050 4.9 3.3 1/1100
b veto 72 1/550
pr > 30 GeV 1.73 29 1.57 62 29 4.1 2.9 1/74
M;; > 800 GeV 1.34 10.3 1.35 16.3 10.4 1.60 2.6 1/32
non-r reject. 1.15 5.2 0.63 0.31 0.42 0.032 0.042 1/5.8
+10 GeV masshins 0.87 0.58 0.10 0.09 0.10 0.009 0.012 1/1
ARe, < 2.6 0.84 0.023 0.52 0.086 0.087 0.028 0.009 0.011 111
ID effic. (x0.67) 0.56 0.015 0.34 0.058 0.058 0.019 0.006 0.008 111
Pourv,20 x0.89 x0.89 x0.29 x0.75 x0.29 x0.29 x0.29 x0.75 -
minijet veto 0.50 0.014 0.100 0.043 0.017 0.006 0.002 0.006 2.7/1

Althoughthedualleptonchanneldoesnotappeato beableto achieve quiteashighan S/ B ratio
asthe lepton-hadrorchannel,it is still betterthan1/1 over muchof the massrangeof interest,which
is alsoclearly evidentin the tau pair invariant massplot of Figure 44. Furthermorethe independent
statisticalsignificanceof this channeis asgoodasthatfoundfor thelepton-hadrortase.



Table28: Numberof expectedeventsfor a SM Hjj signalin the H — 77 — e® uF 7 channelfor arangeof Higgsboson
masses.Resultsare given for 60 tb~! of dataat low luminosity running, and applicationof all efficiengy factorsand cuts,
includinga minijet veto. As a measuref the Poissorprobability of the backgroundo fluctuateup to the signallevel, the last
line givesocquss, thenumberof Gaussiarequivalentstandardieviations.

Mpy 100 105 110 115 120 125 130 135 140 145 150

¢ 04, (fo) 0.62 0.61 058 0.55 0.50 0.44 0.37 0.30 0.23 0.16 0.11

Ns 374 365 350 32.8 30.0 26.3 223 180 13.7 99 6.5

Ng 67.7 454 274 168 112 84 71 64 6.1 59 57

S/B 06 08 13 20 27 32 31 28 22 17 11

O Gauss 41 48 56 64 68 67 61 53 43 32 22
6.10

Fig. 44: Reconstructed- pair invariantmassdistributionforaSM H — 77 — ei;ﬁ;ﬁT (Mg = 120 GeV) signaland
backgroundsfter all cuts, particleID efficienciesand minijet veto. The double-pea&d solid line representshe sum of the

signalandall backgroundslndividual componentsire:the Hj; signal(solid), theirreducibleQCD Z;; backgrounddashed),
theirreducibleEW Zj; backgrounddotted),andthe combinedreduciblebackgroundsrom QCD + EW + Higgs WW jj

eventsandtf + jets andbbjj production(dash-dotted).

6.14 MSSManalysis

The productionof CP evenHiggs bosonsn weakbosonfusionis governedby the hW W, HW W cou-
plings, which are suppressetby factorssin(5 — «), cos(8 — «), respectiely [189], comparedo the
SM case.Their branchingratiosare modifiedwith slightly more complicatedfactors. Onecansimply
multiply SM crosssectionresultsfrom our analysisby thesefactorsto determinethe obserability of
H — 77 in MSSM parametespace.We useda renormalisatiorgroupimproved next-to-leadingorder
calculation,which allows a light Higgsmassup to ~ 125 GeV, andexaminedtwo trilinear termmixing
casesno mixing andmaximalmixing [180, 181].

Varyingthe pseudoscaladiggsbosonmassi 4, onefindsthat M}, M eachapproacha plateau
for thecaseM 4 — oo, 0, respecitely. Below M4 ~ 120 GeV, thelight Higgsmasswill fall off linearly
with M 4, while the heary Higgswill approachMy ~ 125 GeV, whereasabore M4 ~ 120 GeV, the
light Higgswill approachM;, ~ 125 GeV andthe heary Higgs masswill rise linearly with A 4. The
transitionregionbehaiour is very abruptfor largetan (3, suchthattheplateawstatewill goto ~ 125 GeV
almostimmediately while for smalltan 3 thetransitionis muchsofterandthe plateaustatereacheghe
limiting valuevia a moregradualasymptoticapproach.
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Fig. 45: 50 discovery contoursfor h — 77 andH — 77 in weakbosonfusionatthe LHC, with 40fb~!. Also shawn arethe
projectedLEP2exclusionlimits. Resultsareshawvn for maximalmixing (left) andno mixing (right). From[180, 181].

With reasonablentegrateduminosityandcombinatiorof thelepton-hadrormnddual-leptorchan-
nels,40fb~! in theworstcase,it will be possibleto obsere atthe 50 level eitherh or H decaysto 7
pairswhenthey arein their respecire plateauregion, with the possibility of someoverlapin a small
region of M 4, asshown in Figure45. Very low valuesof tan 5 would be unobserable, but already
excludedby LEP2; thereshouldbe considerableverlap betweerthis modeat the LHC andthe LEP2
excludedregion. Furthermorea partonshaver Monte Carlowith full detectorsimulationshouldbeable
to optimisethe analysissothatmuchlessdatais requiredto obsere or excludetheMSSM Higgs.

6.15 Conclusions

The productionof a neutral, CP even Higgs via weakbosonfusionanddecayH — 7t attheLHC has
beenstudiedfor the StandardModel and MSSM, utilising partonlevel Monte Carlo analyses Eachof

thedecaychannelsr — h* T pr, e* T independentlallows a50 obserationof a Standardviodel
Higgswith anintegratedluminosity of about60 fb~! or less,andprovidesa direct measuremertf the
Hrr coupling.For the MSSM case a highly significantsignalfor atleastoneof the Higgsbosonswith

reasonabléuminosityis possibleover the entirephysicalparametespacevhichwill beleft unexplored
by LEP2.Only 40fb~! of datais requiredaftercombiningthetwo channelsWe concludethatthis mode
providesa no-lose strategy for seeingat leastoneof the CP evenneutralMSSM Higgs bosons.

6.2 Searchingfor VV — H - WW

In theprevioussectionyvectorbosonfusionforming a Higgswhich thendecaygo two 7’swasidentified
asavaluableprocessdy whichto find a Higgsbosonin the massrangel10to 150 GeV. Rainwaterand
Zeppenfelchave shavn thata heavier Higgsin therangel30to 200GeV couldbefoundby looking for

theprocess/'V — H — WW — e*uT ¥, [190]. As for thelighter Higgs,theforwardjet taggingis a

powerful tool for remaving backgroundW pairs,it andZ — 77 accompaniedby jets). Thisapproach
appearsnore promisingthanthe a searchfor aninclusve H — WW — ey p, signal,yielding a

significantresultwith ~ 5 fb!.

Work hasstartedin the context of the Workshopto investigatethis with fastdetectorsimulation,
but hasnotyetbeencompleted.



6.3 Thestrongly interacting symmetry breaking sector

One possiblescenariofor the spontaneousreakingof the electraveak (EW) symmetryis a strongly
interactingsymmetrybreakingsector(SBS),which genericallyis formedby new particleswith strong
interactionsat the TeV scale. This sectorshould provide a global SU(2);, x SU(2)r spontaneous
symmetrybreakingdown to the custodial SU(2)+r subgroup,thus triggering the StandardModel
spontaneoubreakingfrom the SU(2), x U(1)y gauge-symmetrgown to U(1)eny. Thisis theminimal
symmetrypatternensuringthatp ~ 1 + O(g?).

By assuminghatthe nev statesappearat the TeV scale,we areonly left, at low enegies,with
the threemassles$oldstoneBosons(GB) associatedo the global symmetrybreaking. We will refer
to this scenaricasthe minimal strongly interactingsymmetrybreakingsector(MSISBS).In this case,
the low-enegy EW interactionscanbewell describedvith the Electraveak Chiral Lagrangian(EChL)
[36, 37], whichis an SU(2) x U(1) gauge-inariant effective field theorythat couplesthe GB to the
gauge-bosonand fermions, without ary further assumptionghan thosejust described. The EChL,
inspiredin Chiral PerturbationTheory[191], is organisedasa derivative (momentum)expansionwith a
setof effective operatorof increasingdimension.Althoughthe lowest-ordelagrangians commonto
all modelssatisfyingthe minimal assumptionsat higherorderseacheffective operatohasa coeficient,
whosedifferentvalueswill accounfor differentunderlyingsymmetrybreakingmechanismswithin this
approachit is possible notonly to calculateat treelevel, but to includeloopswhosedivergencewill be
absorbedn the coeficientsof operatorof higherdimensionthusyielding finite resultsorderby order
in the calculations Thevaluesof theserenormalisegparameterareexpectedn the 10~ to 10~2 range.

As far asphysicsat the LHC is concernedthe mostcharacteristideatureof a strongSBSis the
enhancegbroductionof longitudinalgauge-bosopairs. We will review the EChL amplitudedor these
processesHowever, the EChL perturbatie predictionscanonly describeEW physicsat low enegies,
well belowv the massof the heary states.Indeed,ary amplitudecalculatedwith the EChL is obtained
asatruncatedseriesin powersof the externalmomenta.Hence,it will alwaysviolate unitarity bounds
at high enoughenegies. In addition, it cannotreproduceary pole associatedo newv resonantstates.
Consequentlyin orderto applythis formalismto studystrongSBSphenomenologgtthe LHC, we have
severalwaysto proceed:

1. Performstudiesstrictly within the EChL, but restrictecto subprocessnegiesbelov 1.5TeV and
to very smallchiral parameters.

2. Enlage the EChL introducingexplicitly the heary resonancesf eachparticularmodel, but this
addsnewn unknavn parametersjamelythe massandthe width of eachresonance.

3. Follow a moremodel-independerdpproachpy unitarisingthe EChL amplitudesandgenerating
heary resonanceffom theinformationcontainedn the chiral coeficients.

In the lastapproachit is possibleto describethe differentresonanscenariosvith justtwo chiral
parametersFinally we presenta studyof the LHC sensitvity reachwithin this parametespaceusing
thesignalof the cleanesteptonicdecayof 77 andW Z pairs.

6.31 EffectiveChiral Lagrangiandescriptionof electoweakinteractions

The EChL [36, 37] provides a phenomenologicatiescriptionof EW interactionswhen the SBS is
strongly-interactig. Theonly degreeof freedomatlow enegiesarethe GBsassociatetb the SU (2) , x
SU(2)g — SU(2)r+r global symmetrybreaking,which are coupledto the EW gaugeand fermion
fieldsin anSU(2);, x U(1), invariantway. Customarilythe GBs,w® with a = 1, 2, 3, aregatheredn
anSU(2) matrixU = exp (iw’T*/v), wherer® arethe Pauli matricesandv = 246 GeV. TheC andP
invarianteffective bosonicoperatorsup to dimensionfour are(seethe appendixfor othernotations)

,UQ g/2v2
Lronn = Z”ﬁ-(D#U(D“U)T)+ao

-
[T (TV,)]% + al%BWTr(TW“'")



ag%g/BWTr(T[V“, V) 4+ azgTr(W,n [VH, VY]) + aq[Te(V,V,)]?
as[Tr(V, V)2 + agTe(V,V,) Te(TVH)Te(TVY) + a7 Te(V, V) [Tre(TV"))?

+ 4+ +

2
aggz [Tr(TWW)]2 + ag%Tr(TWm,)TI‘(T[V“, VY] + alo[Tr(TVM)Tr(TVV)]Q
+ e.o.m.terms + standardYM terms (68)

wherewe have defined!’ = Ur3UT andV,, = (D, U)UT, aswell as

D,U = 9,U—gW,U+4UB,, W, = _72 WM -7, B, = _71 B, 73,
W/,w = 8,uWV - aVW,u o g[W,uv WI/L B,uu = a,uBV - 81/Bu- (69)

The“e.o.m’ termsreferto operatorghatcanberemoredusingtheequation®f motionandthe“standard
YM terms” are the usual Yang Mills Lagrangiantogetherwith the gauge-fixingand Faddeg-Popw
terms.

Thefirst operatoiin Equation68,which providesthe W and”Z masseshasdimensiorntwo andhas
theform of agaugedon-linearsigmamodel(NLoM). Notethatit is universal,sinceit only depend®n
v - thatis why its predictiongfor longitudinalgauge-bososcatteringamplitudesarecalled“Low Enegy
Theorems”.In contrastthea; couplingswill have differentvaluesdependingonthe underlyingtheory

The gauge-bosombsenablesare obtainedfrom Lycy, asa double expansionin p™/(4wv)”,
p beingan externalmomentumandin the gauge-couplingg andg’. Thelowest-orderpredictionsare
givenby thetreelevel NLoM, whereaghenext ordercorrectionsareobtainedvith aone-loopcalculation
usingthe NLoM verticesplusthe treelevel contritutionsof the otheroperators.Thea; coeficientsnot
only provide amodelindependenparametrisatioof the unknavn dynamics but alsosomeof themare
usedto absorball the one-loopNLoM divergences.This procedurecould be carriedout to ary desired
order addinghigherdimensionabperatorsthusyielding finite resultsorderby orderin theexpansion.

In principle, the a; valuesfor a particularscenariocanbe obtainedby integrating out the heary
degreesof freedom.In fact, they have beendeterminedor the particularcasef the SM with a heary
Higgs[192, 193 andfor technicolortheoriesn thelarge Ny¢ limit [194]. In bothcasesthesecouplings
lie in therange10~2 to 103, with eithersign. They all have a constantontritution, but thoseneeded
in therenormalisatioralsohave alogarithmicterm.

6.32 Presentoundsonthechiral parametes

Let us now look at the presentexperimentalconstraintson the EChL parameters; from low enegy
EW data. The bestconstraintsomefrom the obliqueradiative correctionsgiving boundsonthe ag, a;
andag parametershat contritute to the gauge-bosonsvo-point functionsup to orderg?. The EChL
calculationof the S, T"andU [195] self-enegy combinationgjive [196]

S =167 [—a1(u) + EChLloopqp)|], T = STW [ao(1) + EChLloopqp)],
W
U = 167 [ag(p) + EChLloops )]

Notethatthea,; have beernrenormalisedo absorttheone-loopdivergencesrom theNLoM chiralloops,
sothat S, T andU arescaleindependentUsingthe a; valuesfor a heary Higgsboson[192, 193, the
deviationsof EW obserablesfrom the SM predictionsat areferencevalueof the HiggsmassiM are

1 5/6 —log M%/u?
12 1672 ’

8T 35/6 — log M7 /u?
lo(u)__ / H/,u

AS=S— SSM(MH) = 167 lal(,u) +

AT =T — Tsu(My) = —-
Su(Mi) = - |a 8 1672

) AU =U — USM(MH) = 167ra8.




A globalfit with My = 300 GeVandm; = 175 GeVto thelow enegy EW datagives[197]
AS=-026+0.14 , AT =-0.114+016 , AU= 0.264+0.24

whichimply thefollowing boundsfor thethreechiral couplings

a1(1TeV) = (6.8 +2.8) x 1072, a9(1TeV) = (4.3 £ 4.9) x 1073, ag(1TeV) = (4.9 + 4.7) x 1073,

Otherstudiesagreewith thesevalues[198]. Thesedataalreadydisfavour the SM with aheary Higgsbo-
sonandsetstrongconstraintsn modelswith adominanceof vectorresonancefl95] (like technicolor).
With furtherassumptionsn the underlyingSBSdynamicsthe latter give a negative contrikution to a; .

However, the precisionEW measurementgave roomfor anstrongSBS[198].

Furtherconstraintscomefrom the three-pointfunctions,whoseanomalouslectraveak effective
couplingswere traditionally parametrisedn terms of gI’,ng,m,, kz,Ay andAz. A one-loopEChL
calculationof thesevertices[199] gives

2

g —1 = 0+ EChLloops 97 —1= —-a3 + EChLIloopg 1)
Cw

ky—1 = 92(a2 — a3 —aj +ag —ag) + EChLloops Ay =0

kz—1 = g°(as —az— ag) + g*(a1 — az) + EChLloopgu), Az =0

Thereare several analyseg200, 41] that constrainthesechiral couplingsfrom LEP and Tevatrondata.
Ignoring the loopsfrom the NLoM, we getthe following valuesfrom presentLEP data(the Tevatron

icinni _ +0.035
precisionis comparable), = —0.037 9955,

Ky —1 = 00387007, —  ay—a3z— a1 +as —ag = 0.088T015],
g7 =1 = —0010+0.033 — a3 =0.018 % 0.059.

Finally, someindirectboundsonquarticcouplingshave alsobeenfound[201, 202). Thesandirect
estimatessomefrom loopscontaininga; vertices,but do notinclude2-loop diagramsrom the NLaM.
They find boundsona; for i = 4, 5,6, 7, 10 rangingfrom 10~! to 10~2.

In summary the presentdataon the oblique EW correctionsalreadysetssignificantboundson
theag, a; andag chiral parametershut thereis not muchsensitvity yet to thosechiral parametersghat
contritute to the threeor four-point functions. We will seenext how, at the LHC, the situationwill
improve significantly

6.33 TheEffectiveChiral descriptionat the LHC

At the next generatiorof colliders,we will be probingthe W and 7 interactionsat TeV enepies. As
long aswe areonly consideringhe GBsandno otherfundamentafieldsup to the TeV scale we expect
the self-interaction®f longitudinalgauge-bosond/z,, to becomestrongat LHC enegies. This canbe
easilyunderstoodsince,intuitively, longitudinalgauge-bosonare nothingbut the GBs, which interact
strongly Thisintuitive statemenis rigorouslygivenin termsof on-shellamplitudesandis known asthe
EquivalenceTheorem(ET),

A(VE, VP VE.. .Otherfields) ~ A(wwbwe...Otherfields) + O (M&V /\/5) , (70)

which holdsfor ary spontaneouslyproken non-Abeliantheory Indeed,it wasfirst derved for the SM
[203, 204, 205. Its usefulnesss twofold: it relatesthe pure SBSfields with the obserables,but also
the calculationscannow be performedin termsof scalardansteadof gauge-bosonst leastin the high
enegy limit s >> M7,. At first sightit may seenthatthe ET is incompatiblewith the useof the EChL,



sincean effective theoryis alow enegy limit. Neverthelessthe ET canstill be appliedwith the EChL,
onlyatleadingorderin g andg’, if we only considerenegiesbelov 1.5TeV andsmallchiral parameters
[206, 207, 208,.

Hence,in afirst approximationwe will simplify the high enegy descriptionof the strongSBS
by neglecting EW corrections. Thus, dueto our assumptiorthat SU (2) 1+ i is presered in the SBS,
only the operatorghatrespectustodialsymmetryoncethe gauge-symmetrieare switchedoff will be
relevantin this regime. Thesearethe universaltermandthe operatorswith a; couplingsfor i = 3,4, 5.

At the LHC, thetwo mostrelevant processesf V7 V;, productionarethe scatteringof two longi-
tudinal vectorbosonsn fusionreactionsandthe V7, pair productionfrom ¢g annihilation. Throughthe
ET, they areidentifiedwith GB elasticscatteringandqg — ww, respectrely. Customarily GB elastic
scatterings describedn termsof partialwave amplitudesof definiteangulatmomentum,/, andisospin,
I, associatedo the custodialSU (2) 1.+ r group.With the EChL, thesepartialwaves,t;; areobtainedas

trs(s) = t¥)(s) + 4 (s) + ... (71)

wherethe superscriptefersto the correspondingpower of momenta.They aregivenby [191, 209, 210

0 _ s @ _ s [16(1las + Tas) N 101/9 — 50log(s/u?)/9 + 4i
0 16702’ 00 ™ 64 ot I 3 16 72 ’
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11 96 702’ = gt M= 205) + o5 (5T 5 )|
o s @ _ s> [32(as + 2a4) N 273/54 — 20log(s/u?)/9 +im 72)
2007 392’ 207 64t I 3 16 72 :

Notethat,within our approximationstheabose amplitudesonly dependn a4 andas. Theprojectionin
angulacTmomenturhasbeendefined from the definite I amplitudelr, as

"1
try = L / d(cos 0) Py(cos0) Tr(s,t) . (73)
64m )1

The V; Vi, productionfrom ¢g annihilation,is very importantsincevector resonancesanalso
coupleto this channel By meanf the ET, we arethusinterestedn qqg — ww. As farasGBscoupleto
quarksproportionallyto theirmasstheonly relevantcontritution comesrom the s-channebnnihilation
througha vectorboson. In practice,for the W Z final state,the W — wz interactionis describedas
g Fv (s), by meanof avectorform factor Fy (s), whichis obtainedfrom the EChL as

4 T

s 9 1 s .
64mas(pu) — EIOgE +§ +ZE (74)

Let usthenreview the studiesof the LHC sensitvity to the chiral parametersia thesetwo processes.

6.34 Non-resonanstudiesfor LHC

TheEChL formalismhasbeenappliedto studytheLHC sensitvity to differentnon-resonanBSsectors
in[211, 212 125 213 214, 215. We summarisen Table29 theresultsfrom [125, 213 214 wherethe

expectednumberof gold-platedZ Z and W Z from V'V -fusion and gg-annihilationwas calculatedfor

valuesof the custodialpreservingus, a4 andas parameterin the 10~2 to 103 range.Sincefor values
of ay oras > 5 x 10~ unitarity violationscannotbeignored at enegiesbeyond1.5 TeV, thesestudies
only include eventsin the region of low invariantmassV;V;, pair, i.e. Myy < 1.5 TeV. Therestof

kinematicalcuts are similar to thosegiven in Equation81. To illustrate the agreemenbetweenthese
kindsof studieswe give in Table29 otherestimate$215] of thea; boundsattainableatthe LHC.



Table 29: Expectednumberof signalandtotal (signal+backgroundyold-platedWW Z and ZZ events[125, 213 214]. The
statisticalsignificances definedasr = (N(a;) — N(0))/4/N(0) whereN (a;) is the expectednumberof eventsfor agiven
a;. Onthebottomright, expectedimits onthe chiral parameterattainableatthe LHC [215] areshavn.

a4 as
L =100 fb~! 1072 —1072 5x10™3 —5x1073 1072 —107%2 5x10™3 —5x 1073
W*tZ - W*Z | 36 80 27 47 22 58 23 41
total W+2Z 118 162 109 129 104 139 105 122
w7 0.7 48 0.2 1.7 0.7 2.6 0.6 1.0
W Z tagging 1.0 75 0.3 2.7 1.0 4.2 0.9 1.7
WiW—- - 27| 12 7 9 7 21 7 13 6
77— 77 6 6 1 1 6 6 1 1
total ZZ 37 32 30 27 46 32 33 26
rzz 1.9 09 0.5 ~0 38 09 1.2 0.1
T27 tagging 35 1.8 0.9 0.1 6.6 1.8 2.3 0.2
LHC Limits (90%CL) Process
as —0.0035 < ay <0.015 W*EW* Wz, 27
L£=100fb"1 | 1072 —10"2 —0.0072 < a5 < 0.013 W*W* WZ, 727
¢ - W*Z | 96 139 —0.013 < ag < 0.013 WZz,27
TW Z tagging 1.4 27 —0.013 < a7 < 0.011 WZ,27

—0.029 < ap9 < 0.029 Z7




It will beverydifficult to detectthesenon-resonansignalsover the continuumbackgroundsince
they just give smallenhancements the high enegy region of the My andp distributions. Thereis
a generalagreementhat, althoughthe presentboundscould be significantlyimproved, with thesenon-
resonanstudiesthe LHC would be hardly sensitve to valuesof the chiral parametersiovn to the 103
level. Like-signW W+ productionmaybe betterin thesechannel§171, 216].

Obviously, thesestudiesdo not describeone of the mostcharacteristideaturesof stronginter-
actions: resonancesMoreover, they arelimited to moderateenegies due to the unitarity violations
mentionedalready Thesecaveatscan be overcomeby meansof unitarisationproceduresvhich we
explain next.

6.35 Unitarisationandresonances theSBS

In termsof the partial waves definedin Equation72, the elasticV;,V;, scatteringunitarity condition,
(basically the Optical Theorem)for physicalvaluesof s, is
1 1

— S 2 = — S) = —————.
Imitrs(s) =|trs(s) | = Im 1,(5) L, = trs(s) Ret, 1(s) — (75)

Hencewe only have to usethe EChL to approximate
Ret7} = ()11 — Ret! /t¥) + ... (76)
But sincethe EChL amplitudessatisfyelasticunitarity perturbativelyi.e.

(4)

|
mt ) =12 2 > T @
‘ 3% (5) |2
wefind
42)
try(s) = —~LL (78)

1) /1)
This is the O(p*) Inverse Amplitude Method (IAM), which has given remarkableresultsdescribing
mesoninteractionswhich have a symmetrybreakingpatternalmostidenticalto our presenicase[217,
218 219 220. Notethatit respectsstrict elasticunitarity, while keepingthe correctEChL low enegy
expansion.Furthermorethe extensionof Equation78 to the comple planecanbe justified usingdis-
persiontheory[217, 218 219 22Q. In particular it hasthe properanalyticalstructureand,eventually
polesin the secondRiemannsheetfor certaina, andas values,that canbe interpretedasresonances.
Thus,EChL+IAM formalismcandescribeesonancewithout increasinghe numberof parametersand
respectinghiral symmetryandunitarity.

The EChL+IAM hasalreadybeenappliedto the SBS[221, 227 to studysomespecificchoices
of a4 andas that mimic modelswith vectoror scalarresonancesThe LHC sensitvity to resonances
parametriseavith a4, andas wasfirst studiedin [222] and[223], andmorerecentlyin [42]. A mapof
theseresonancem the (a4, a5) spacewasfirst obtainedin [224]. We shaw in Figure46 the vectorand
scalameutralresonancesxpectedn the (a4, a5) parametespace As far aswe expecta, andas to lie
betweenl0~2 and10~3, we scanonly thatrange.Furthermorethepolesof the|AM amplitudeswill give
usthe positionsandwidths of the resonancesNote that, from Equation72 within our approximations,
thel = J = 1andl = J = 0 channelonly dependon the a4 — 2a5 and7a4 + 11as combinations,
respectiely. Thusthe straightlinesthatkeepthesecombinationsonstanthave the samephysicsin the
correspondinghannel We give severalexamplesn thetableswithin thefigure. ThefactthateachlAM
amplitudedependonly on onecombinationof a; implies thattheir massandwidth arerelatedby the
KSFRrelation[225, 22§. In addition,we locatefive pointsthatwe will uselaterasillustrative examples.
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Fig. 46: Resonancem the (a4, as) space[224]. In the tableswe give the resonancgarameterdor several lines. a) Left:
VectorresonancesThe pointswith the sameas — 2a5 have the samephysicsin theI = J = 1 channel.b) Middle: Scalar
neutralneutralresonancesThosepointswith constantas + 11as have the samephysicsin this channel.c) Right: General
Resonancé&pectrumof the strongSBS. V' standsfor vectorresonancesS for neutralscalarresonanceand Wa, for wide
structureghat saturatehe doubly chaged (I = 2) channel.For illustration, we have alsolocatedseveral simpleandfamiliar
modelsexplainedin thetext.

Thewhite areameanghatno resonancesr saturatiorof unitarity is reachedelov 47 v ~ 3 TeV, which
we expectto betheregion of applicabilityfor our approach.

We do not give resultsfor the I = 2, J = 0 channekincewe do not expectary heary resonance
with our minimal assumptionslIntuitively this occursbecause¢he I = 2, J = 0 channeis repulsve.

The generalresonancepectrumof the MSISBSis gatheredn the lastplot of Figure 46 [224).
Dependingon a4 andas, we find onescalarresonancgs), onevectorresonancg!l’), two resonances
(S, V), aresonancandadoublychagedwide saturatioreffect (17,) or evennoresonancebelon 3 TeV
(white area).For illustration, we have includedpointsfor somesimpleandfamiliar scenariosminimal
technicolomodelswith 3 and5 technicolorgT'C3 andT'C5), andtheheary HiggsSM casewith atree
level massof 1000and1200GeV (H 1000 and H 1200). Theblackregionis excludedby the constraints
onthel = 2, J = 0 wave[224]. In thedark“Light Resonancedireaglighterthan700GeV),ourresults
shouldbe interpretedcautiously Outsidetheseareaswe estimatethatthe predictionsof Figure46 are
reliablewithin ~ 20%[42].

Oncewe have the generalspectrum,our aim is to studyto what extentthe LHC is sensitve to
differentresonanscenariowvia v,V production.For thatpurposewe cannotforgetthe unitarisationof
qq — V1V, sincewe expectthefinal stateto re-scattestrongly in particularwhenthereis aresonance
inthel = J = 1 elasticchannel.This effect canbe parametrisedh termsof a vectorform factor Fy .
Again, the Fy, obtainedfrom the EChL doesnot satisfyexactly its unitarity condition

Im Fy (s) = Fy (s)t11(s), (79)

whichimpliesthatthe phase®f Iy, andt1; shouldbethe same(Watsons Final StateTheorem).More-
over, thepolesof Fy shouldbethoseof t. Hence we canrelatethe combinatiorof a; thatappearsn the
perturbatre expansionof £y, (Equation74)with as — 2 a5. All in all, it is possibleto unitariseFy, using
only thet;; EChL result,asfollows [42]:

1

FV ~ ﬁ.
Lt/

(80)

In summary Iy is determinedustby a4 — 2 a5, andwe canstill usethe mapof resonanceim Figure46.



6.36 Studyof the LHC sensitivityto theresonancepectrunof the strong SBS

We will restrictthestudyto 77 andW Z productionassuminghattheir gold-plateddecays/Z 7 — 41
andWZ — v Il (with [ = e, 1) canbeidentifiedandreconstructedvith a 100%efficiency. We do not
considerike-signiV*W* production since,aswe have seenwe do notexpect/ = 2 resonances.

To evaluateV'V fusion processesye usethe leading-ordeiEffective-IV Approximation(EWA)
[227]. Non-fusiondiagramsarenotincludedsincethey areexpectedo besmallin our kinematicregion.
We alsousethe CTEQ4[229] partondistribution functionsat Q? = M2, for V'V fusionandatQ? = s
for ¢ annihilationandgg fusion,with /s beingthecentreof massenegy of the partonpair. More detail
canbefoundin [42].

Sincewe do not considerfinal W and Z decays,the cuts are setdirectly on the gauge-boson
variables. A first criterion to enhancehe strong V7V, signal over the backgrounds to requirehigh
invariantmassMy - andsmallrapidities.We have appliedthefollowing setof minimal cuts:

500 GeV < My;y, <10TeV, |yan(V1), [yan(V2)| < 2.5, pr(Vi), pr(V2) > 200 GeV,
(81)
which are also requiredby our approximationsmainly by the ET. An additionalinvariant masscut
aroundeachresonancevill beimposedater

The Z 7 productionsignal occursthroughthe WL+WE — Z1Z; andZrZ;, — Z5Z5 fusion
processedn addition,we have includedthe following backgrounds

qq — ZZ, (61%), WTW~ — ZZ, (18%), g9 — ZZ, (21%)

wherewe alsogive their relative contrilution to the total backgroundwith the minimal cuts. The con-
tinuum from ¢g annihilationhasonly tree level SM formulae,which is probablytoo optimistic since
the NLO QCD correctiong25, 23, 24, 26] canenhancesignificantlythe treelevel crosssections.The
secondbackgrounds calculatedn the SM attreelevel, with atleastonetrans\erseweakboson.Finally,
theone-loopgg — 77 amplitudehasbeentakenfrom [228].

For W*Z final states,two processesontritute to the signal: Wi 7, — Wi Z; andqq —
WLiZL, whereaghebackgroundsgalculatedattreelevel within the SM, are

W*Z — W*Z,(18%), ~Z — W*Z,(15%), qf — W*Z,(67%).

TheW*Z — W¥*Z amplitudeshave atleastonetrans\ersebosonandexcludethe Higgs contritution.
In theqq’ — W*Z backgroundywe have excludedthe amplitudewith a Vz V7, pair, whichis partof the
signal. The QCD correctionsto ¢’ annihilationwould give an enhancemerin boththe signalandthe
backgroundsowe expectthatthey will not modify considerablyour estimatesf the statisticalsignif-
icanceof vectorresonancesearchesWe have not studiedthe ¢¢ backgroundsinceit canbe efficiently
suppressedfterimposingkinematicconstraintsandisolationcutsto high-p; leptong[153, 125 53].

For illustrative purposesjet us first concentrateon the five representate points given in Fig-
ure46. Pointsl, 3 and4 represenmodelscontaininga J = I = 1 resonancevith massesn therange
900-2000GeV. Point5 represents modelwith a scalarresonancavith mass730 GeV anda width of
140 GeV. Finally, point 2 representboth a scalaranda vectorresonanceThe My distributions for
thesefive modelsareshavn in Figure47, wherewe have plottedthe signalon top of the backgroundor
gold-platedZ Z andW Z events,assuminganintegratedluminosity of 100fb—!. Thevectorresonances
in pointsl to 4 canbeseeraspeaksn thedistribution of final W Z pairs. Thescalaresonancem points
2 and5 give smallenhancementsf ZZ pairs.Notethatasbothay andas tendto 0, theresonancebe-
comeheavier andbroaderyielding alesssignificantsignal. It seemsvidentthatit will be muchharder
to detectscalarthanvectorresonancesl hereasonsrethatscalarsarewider, they arenot producedvith
a significantratefrom ¢q annihilation,andthereis a smallerrate of ZZ productionfrom V'V fusion.
Furthermorethe Z Z branchingratio to leptonsis smallerthatthatof W Z.
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Fig. 47: a) Left: Distribution of gold-platedeventsfrom W Z and ZZ production[42]. The shadechistogramcorresponds
to the backgroundasdescribedn thetext. Ontop of it we have plottedthe signalasa white histogram. The pointslabelled
P1 to P5 correspondo thosein Figure 46 and arerepresentatie of caseswhich, from top to bottom, present:one narrav
vectorresonancea vectoranda scalarresonanceanintermediatevectorresonancea very wide vectorresonancand,finally,
a“narrow” scalaresonanceb) Right: Sensitvity of the LHC to theresonancspectrunof the strongSBSwith W27 andZ~Z
gold platedevents[42]. In the (a4, a5) parametespacewe shav the 3¢ and50 reachwith anintegratedluminosity of 100
fo~' (solid lineslimiting the shadecdareas)pnd400fb~' (dashedines),bothfor scalarandvectorresonances.



The contritutionsto signalandbackgroundor W2 and ZZ productionat theserepresentate
pointsaregivenin Table30. In orderto enhancehe signalto backgroundatio, we have optimisedthe
My cut, keepingeventswithin approximatelyone resonancevidth aroundthe resonancenass(see
the secondcolumn of thesetables). From the W Z results,it is clearthat the LHC will have a very
goodsensitvity to light vectorresonancesjueto the ¢¢’-annihilation,which dominatesy farthe V'V -
fusion process.As the vectorresonancenassincreasesthe ¢g contritution is dampedfasterthanthat
of V'V fusion,andbothsignalsbhecomecomparabldor vectormassesround2 TeV. Let usremarkthat,
in ZZ production,thereis only stronginteractionsignalin V'V fusion, and thereforeto tag forward
jetsis alwayscorvenientin this final statein orderto rejectnon-fusionprocessesThis is not the case,
however, for vectorresonancesearchesinceit is mostlydueto ¢g annihilation.In thesetableswe have
alsoestimatedhe statisticalsignificance Signal/\/Bkgd, assumingntegratedluminositiesof 100 and
400fb~1. In Z Z final statesye alsogive the significanceassumingoerfectforwardjet-tagging.

Table 30: Expectednumberof signalandbackgroundgold-platedV' V' eventsat the LHC with £ = 100fb~*. a) Top: For
W *Z final stateandfour different(a4, as) valuesrepresentingectorresonances) Bottom: For Z Z andtwo representate
(a4, as) valueswith scalaresonancesThe statisticalsignificances alsogivenfor ideal forwardjet-tagging.

My, Ty (GeV) Cuts: Signal Signal Signal Bkgd Bkgd Bkgd S/VB S/v/B
(a4,a5) x 10> (MPT&, MPE®)  Fusion  qq Total Fusion ¢  Total 100fb~' 400fb—!
P1:894,39

(700,1000) 123 1630 1743 74 150 224 116 232
(-6.25,6.25)
P2: 1150,85

(900,1300) 65 369 434 50 84 134 37 75
(-1.25,8.75)
P3: 1535, 200

(1250,1700) 24 56 80 21 27 48 11 23
(-1.25,3.75)
P4: 1963, 416

(1500,2350) 10 12 22 14 16 30 4 8
(-1.25,1.25)
Mg, T's (GeV) Cuts: Signal Bkgd Bkgd Bkgd Bkgd S/vB  S/VB  S/VB

(a4,as) x 10> (MIM®, M?&®)  Fusion Fusion gg qg Total 100fb~! jet-tagging 400fb~*
P2: 850,225

(600,1050) 15 10 1 34 55 2 5 4
(-1.25,8.75)
P5: 750, 140
(550,900) 21 10 14 39 63 3 6 5
(3.25,3.75)

Finally, we alsoshawv in Figure47 theregionsof the (a4, a5) spaceaccessiblatthe LHC, giving
3 and 50 contoursand assumingntegratedluminositiesof 100 and400fb~!. In termsof resonance
massreachlimits, we find thatwith 100fb~—!, scalarresonancesouldbediscovered(50) in gold-plated
7 7 eventsup to a massof 800 GeV with forward jet-tagging. Vectorresonancesould be discovered
usinggold-platediV Z eventsup to a massof 1800 GeV. Thesenumbersarein goodagreementvith
morerealisticstudieq153, 125, 53] of particularcasesWe canalsoseethatthereis a centralregionin
the (a4, as) spacethatdoesnot give significantsignalsin gold-platedZ Z andW Z events. This region
correspondso modelsin which eitherthe resonancegaretoo heary or thereareno resonances the
SBSandthe scatteringamplitudesare unitarisedsmoothly It is a key issueasto whetherthis type of
non-resonani’;,Vy, signalcould be probedat the LHC. It hasbeenamguedthat doubly-chaged WW
productioncouldbe relevantto testthis non-resonantegion. But non-resonant’ V' distributionswould
only have slight enhancementat high enegies,anda very accurateknowledgeof the backgroundsnd
thedetectomperformancevould benecessaryn orderto establishtheir existence.



6.37 Appendlx Table31: Relationbetweendifferentnotationsin theliterature.

Ours[192, 193 ao ai a2 as a4 as as ar as a9 aio
App.& Longh.[36, 37] 5%[)’1 Zor Fox —az o Qs Q6 a7 —ag  —ag oo
S.Alam[200, 41] =B a1 a2 —az o a5 as a7 —as  —ag oo
Heetal 211212 ¥os w wo e WY wT w7 T7 T8 oF o
Vertex 2 2,3 3 3,4 4 4 4 4 234 34 4
SU(2)L+r no no no yes yes yes no no no no no

6.4 Vector-boson scattering

The searchfor a fundamentalscalarparticle which would be responsiblefor electraveak symmetry
breakinghasso far proven unsuccessful. While the existenceof a light Standardviodel (SM) Higgs
alonewould be consistentvith all precisionelectraveakmeasurementshewell knowvn hierarchyprob-
lems[230] make the theoryunsatishctory The modelmakesad hoc assumptiongboutthe shapeof

the potential,responsibldor electraveak symmetrybreaking,andprovidesno explanationfor the val-

uesof the parameters.Although supersymmetrys an appealingalternatve, no indication exists, yet,

of its validity. Therefore,in the absencef alow massHiggs particle,a strongly coupledtheory must
be considered.The studyof electraveak symmetrybreakingwill requiremeasurementsf the produc-
tion rate of pairsof longitudinal gauge-bosonssincethey arethe Goldstonebosonsof the symmetry
breakingprocess.t will alsobe essentiato searchfor the presencef resonancewhich regularisethe
vectorbosonscatteringcross-sectionScalarresonancesccurin modelswith aheary SM Higgsboson,
andvectorresonancesn chagedor neutralchannelsarealsopredictedin dynamicaltheories suchas
technicolor

In this section, different channelsfor scatteringof high enegy gauge-bosonat the LHC are
consideredrheseinclude heary Higgs productionandresonanti?’ Z aswell asnon-resonant¥ 7 and
W+W productionin the Chiral Lagrangiarmodel. High massgauge-bosopair productionin amulti-
scaletechnicolormodelis alsoexamined. The possibility of makingsuchmeasurementat the LHC is
evaluated.

6.41 HeavyHiggssignal

It is now generallybelieved thata SM Higgs shouldbelight, its massbeingboundby requirement®of
vacuumstability and by the validity of the SM to high scalesin perturbatie calculationg[231]. The
parametersf the Higgsusedin this studywerecalculatedat treelevel. Oneshouldnotethatin NNLO,
theresonancesaturate$232). Neverthelessthe searchfor sucharesonancetthe LHC cansene asa
testinggroundfor the measurementf the productionof high masslongitudinal gauge-bosompairs or
for the searchof a genericresonance.The H — WW — l[vjj channelis presentedn this section
as an exampleof a typical analysisof a heary Higgs signal. In fact, V;,V;, fusionis alsodetectable
in the caseof a heary Higgs resonancethroughthe processedi — ZZ, upto My ~ 800 GeV.
Simultaneousletectionof a heary Higgsin othersignalswould not only confirmthe discovery but also
provide additionalinformationon the Higgs couplings which areessentiafor determiningthe natureof
theresonance.

H — WW — lvjj Inthevectorbosonfusionprocessof Higgs production,gg — qqH, therate
for this channels suflicient to be obseredatlow luminositywith avery distinctive signaturg235, 237,
238:

e A highpy centrallepton(|n;| <2).

e A large Ess.



e Two highpr jetsfromthe W — jj decayin thecentralregion andclose-byin spacg AR ~ 0.4)
arisingfrom thelarge boostof the W boson.

e Twotagjetsin theforwardregions(|n;| > 2).

¢ No extrajetin thecentralregion (centraljet veto).
Themainbackgroundsire:

o W +jetwhich givesthelargestcontritution but alsosuffersfrom significanttheoreticaluncertain-

tiesdueto higherordercorrectiong236.

e t{ — [uvb jjb, with the presenceof areal W — jj decay but alsoadditionalhadronicactivity

from the b-jetsin the centralregion.

e WW — lvjj continuumproductionwhich hasamuchlower ratebut is irreduciblein the central

region.
In additionto centraljet veto and forward tag jets cuts, other cuts (high-pr cuts) have beenusedto
optimisethe statisticalsignificanceof thesignal. They are:

e Leptoncuts:p}., EF5% > 100GeV, p}Y ~ > 350GeV.

e Jetcuts:two jetsreconstructedvithin AR = 0.2 with p; > 50GeVandp, 77 > 350GeV.

o W masswindow: m;; = my + 20, whereo is theresolutiononm;.
Table32shavsthenumberof eventsresultingfrom this selectionfor anintegrateduminosityof 30fb—!,
for My = 1TeVandMpy = 800GeV asevaluatedwith the ATLAS fastsimulationprogram(ATLFAST,
[85]). A significantsignalremainsabove background Variationof the E,, cut providesthe possibility
to comparethe shapeand crosssectionof the resonancgroductionto the expectedparameter®f the
Higgssignal(seeFigure48).

Table32: H — WW — lvjj with My =1 TeVand My = 800GeV and£ =30fb~'. Acceptedsignalandbackground
eventsafterhigh-pr cuts,centraljet vetoandadoubleforwardtagwith E;.4, > 300GeV.

Higgs tt W+jets Ww S/vVB
signal (pr > 300GeV) (pr > 250GeV) (pr > 50GeV)
My =1TeV 37.9 3.3 9.2 1.0 10.3
My =800GeV 435 3.3 9.2 1.0 11.8

The H — ZZ — llvv andH — ZZ — lljj channelsin ATLAS have also beenstudied
[233, 234, 237] over mostof the massrangefrom 300 Gev to 1 TeV. It hasbeenshavn that forward
jet tagging(2 < |n;| < 5), is a powerful methodfor rejectingbackgroundandselectinggg — gqH
productionj.e. thevectorbosonfusionprocess.

6.42 Stiongvectorbosonscattering

Chiral Lagrangian model In the Chiral Lagrangiammodel[249], the form of the Lagrangianis only
constrainedy symmetryconsiderationsvhich arecommonto ary strongelectraveaksymmetrybreak-
ing sector Differencesamongunderlyingtheoriesappearthroughthe valuesof the parameter®f the
Chiral Lagrangian.Within the chiral approachthe low-enegy Lagrangianis built asan expansionin
derwatives of the Goldstonebosonfields. Thereis only onepossibleterm with two derivativeswhich
respectsSU (2) 4+ g Symmetry:

02

£? = zTr(D,,,UD#UT)

whereD,U =8,U - W,U + UBy,, W, = —igo®W/2, B, = igo® B, /2.
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Fig. 48: my, ;; distributionfor thesummedsignal+backgroundbtainedwith M = 800GeVandL = 30fb~" afterrequiring
two tagjetswith E:oy > 200GeV (top) andE;., > 400GeV (bottom)[238].

The dependencen the different modelsappearsat next order throughtwo phenomenological
parameterd.; andLs:

LW = Ly(Te(D,UD'U))? + Ly(Te(D,UDU))?

The SU(2) 1+ r symmetryallows usto defineaweakisospinl. The W W, scatteringcanthen
be written in termsof isospinamplitudes exactly asin low enegy hadronphysics. We assignisospin
indicesasfollows:

WEW?E — Wiwy
whereW, denoteitherW;" or Z,, whereW ;= = (1/v/2) (W} +iW?) andZ, = W}. Thescattering
amplitudeis givenby:
MWEW?E — WEWE) = A(s, t,u)6%5 + A(t, s,u)69°6" + A(u, t, s)5946%

whereaq, b, ¢, d =1,2,3ands, ¢, u arethe usualMandelstankinematicalvariables.
In this approactit is possibleto computethefunction A(s, ¢, u) in O(p*) [250, 251]:

S 1
A(Satvu) = U_2 + W(QLLS‘Q + LQ(tQ + u2))
_1 t l U u 52 s
AT <_6(5 + 2t) 1og(—F) - E(S + 2u) log(—?) -5 10g(_?)>

Thevaluesof L; and L, dependonthe model,but areexpectedo bein therange10—2 to 103,

The usualChiral Lagrangianapproachdoesnot respectunitarity at high enegies. The Inverse
Amplitude Method (IAM) [217, 218 249, which is basedon the assumptiorthat the inverseof the
amplitudehasthe sameanalyticpropertiesastheamplitudeitself, hasbeenvery successfuat describing
low enegy hadronscattering.Themostinterestingeatureof thisapproachs thatit allows usto describe
differentreactionsby usingonly thetwo parameterd.; andLs.

In analogyto w7 scatteringtherearethreepossibleisospinchannelsl = 0,1,2. At low enegies,
the statesof lowestmomentum.J are the mostimportant,andthusonly the agg, a;; andayy partial
wavesareconsideredlt is possibleto reproducewith thelAM model,the broadHiggs-like resonance
in (I, J) = (0,0)channelswell asresonanandnon-resonangcatteringn thechannel1,1) by selecting
appropriatevaluesfor L; and Ly. It hasbeenshavn [224] thatin the (I = 1,J = 1) channelthere
may exist narrav resonancesip to 2500 GeV andthis scatteringonly dependson the combinationof
(Lo — 2L,).



Resonant Wi Z;, — Wi Zp channel  As areferencefor the IAM model, the processWZ;, —
WrZp,with Z — 1l (I = e, u) andW — jj is used[241]. A modifiedversionof PYTH A 5. 7 was
usedto generatd/; V7, scatteringprocesse$or eachvalueof I,; and L,. The simulationwasdonefor
two valuesof (Ly — 2L1) = 0.006and0.01,whichyield ¢ x BR of 1.5fb and2.8fh, with masspeaks
at1.5TeVandl1.2TeV respeciiely.

Irreduciblebackgroundarisesfrom continuumi¥ Z productionandthe main QCD backgrounds
from Z+jetsproductionwith two final statejets faking the W decayif their invariantmassis closeto
myy . tt productionis potentiallydangerousut is efficiently suppressedly a cut on theinvariantmass
of leptonsfrom the W decay[241]. Thefollowing cutswereusedfor backgroundejection:

e Two isolatedleptonswith the sameflavour and oppositechagesin the region || < 2.5 and
pr > 100 GeV. Theirinvariantmasswasrequiredto lie in theregion |m; — mz| < 6 GeV.

e Jetswerereconstructedn a coneof width AR = 0.2. Only two jetswith py > 50 GeV were
allowedin the centralregion (|| < 2) and|m;; — mw| < 15 GeV wasrequired.Only W andZ
with pr > 200 GeV werekept.

e In the forwardregion (2 < |n| < 5), jetswerereconstructedn a coneof width AR = 0.5 and
eventswereacceptednly if jetswith p > 30 GeV and Ej.; > 500 GeV werepresenin each
hemisphere.

The expectednumberof signalandbackgroundeventsafterall cutsandfor £ = 100 fo—! arepresented
in Table 33. The massspectraobtainedafter all cuts (Figure 49) shavs a clear peakwith a width
of 75 GeV (100 GeV) for the 1.2 TeV (1.5 TeV) resonanceand 14 (8) signal eventsin the window
|mwz — my| < 20. The contritution from irreduciblebackgroundss negligible andis belav 0.05
eventsinsidethe masswindow. It is clearthatsucha narrav resonanceould be detectedeasilyaftera
few yearsof high luminosity

Table 33: Numberof signal and backgroundeventsafter all cutsfor £ = 100 fbo~! with (L2 — 2L;) = 0.01 and 0.006,
correspondingo my = 1.2 TeVandmy = 1.5 TeV respectiely.

My=12TeV  My=15TeV

Cuts WrZy Z+jets WipZ; Z+jets
Centraljetscut 284 2187 145 1781
mj; =my £15GeV 101 154 46 82
Leptoniccuts 70 84 36 47
Forwardjet tagging 14 3 8 13

Non-resonant channels If naturedoesnot provide resonancem ViV, scatteringthe measurement
of crosssectionsat high massfor non-resonanthanneldecomeghe only probefor the mechanisnof
regularisationof the crosssection.It would thenbe essentiato understandrery well the magnitudeand
enegy dependencef backgroundsThosechannelsanbeparticularlyimportantsinceit hasbeenshavn
thata complementaryelationshipexits betweernresonantandnon-resonanprocessef216, 171, 2472.
Both W, Z; andW W, scatterinchave beenstudiedwithin the ATLAS framework.

WrZ;, — WrZy; Thenon-resonantyZ; — WrZy, processwith 7 — [l andW — [v
(I = e, n), wasincorporatedn PYTHI A andusedwith two valuesof L;: 0.003and0.01, leadingto
o x BR = 0.19fb and0.11fb respectiely. The mainfeaturesof thesignalare:
e The presenceof two highpr leptonsof sameflavour and oppositechage in the barrel region,
having aninvariantmassconsistenwith the massof the Z boson.
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Fig. 49: Reconstructedistribution of the W Z systemfor 1.2 TeV and1.5 TeV resonanceand £ = 300fb 1.

e Oneadditionalhigh-p leptonin thebarrelregion.

¢ Significantmissingmomentumin the eventdueto the presencef a neutrino.

e Thepresenc®f enepgeticjetsin theforwardregion.
Themainirreduciblebackgroundcomingfrom continuumi¥ Z productionwasgeneratedyy PYTHI A
with o x BR = 13.5fb. Themainreduciblebackgrounds the QCD process”tt whereoneof the W
bosondrom a ¢-quarkdecaysinto aleptonandan anti-neutrino. Thevalueof ¢ x BR of this process
is 26.3fb. A lessimportantcontribution comesfrom 77 productionwith o x BR = 1.52fb. These
differentbackgroundsvererejectedwith a high efficiency by usingthefollowing cuts:

e Two isolatedleptonsof sameflavour andoppositechage wererequiredin the centralregion with
pr > 30 GeV andinvariantmasssatisfying|m;; — my| < 6 GeV. Oneadditionalleptonwas
required.

e A missingmomentunof atleast75 GeV.

¢ At leastonejet with pr > 40 GeVandE;.; > 500 GeV shouldbepresenin theforwardregion.
In orderto analyselV/ Z scatteringn the high-massegion, thetrans\ersemassM

2
ME = AP+ A0+ 1y 1|~ Br@n+ g

wasused. M (lll) and pp(lll) arethe invariantmassand transersemomentumof the threechaged
leptonsand p is the missingmomentumin the event. The transersemassM distribution for the
W7, scatteringandfor Ztt background after the applicationof cuts, is shavn in Figure 50. The
numberof signaland backgroundeventswith the invariantmassof W2 systemlarger then600 GeV
for anintegratedluminosity of £ = 500 fb—! andapplyingdifferentcuts,areshavn in Table34. The
7 7 backgrounds not shovn sinceit is effectively removed by the requiremenof missingtrans\erse
momentum.

Like-sign W pair production WLJFWL+ productionhasbeenextensvely studied[243]. As
possiblescenariogor this processby W; W, scatteringthe following areconsidered:
e A t-channekxchangeof aHiggswith My =1 TeV, (W W, only), simulatedwith PYTHI A with
o x BR =1.33fb (thesameparametersf theresonancasin Section6.41wereused).
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Table34: Numberof expectedeventsfor the W Z signalandbackgroundsvith anintegratedluminosity of 500fb 1.

Cuts [,=0.003 [,=0.01 Ztt WZ S/vV/B
L,=0.003 L;=0.01

Leptoniccuts 33.3 18.3  223. 762

Missingmomentum  25.9 143 85.1 405

pr(Z) > Mrl4 22.2 12.2 67. 300

Forwardjet tagging 14 7.3 15 10.8 2.7 1.43




e TheK-matrix unitarisedamplitude[216, 240 aﬁ = %, wherea; s is thelow-enegy the-
oremamplitude proportionalto s. This modelis constructedo satisfyexplicitly elasticunitarity

andwouldyield the maximumexpectedsignal. Theo x BR =1.12fh.

e A Chiral Lagrangianmodel,asin the W Z resonanthannelwith the sameparametersZ; = 0,
and L, = 0.0060r 0.01,leadingto o x BR = 0.484and0.379fb, respectiely.

Backgroundg$rom continuumW W bremsstrahlungroducemostlytranserseiV’s. Otherbackgrounds
include processe@volving non-Higgsexchangeaswell asQCD processesf orderaa, in amplitude,
with gluon exchangeand W bremsstrahlundrom interactingquarks. The effects of Wit and W Z
backgroundsrealsoconsidered The signalwasgeneratedvith PYTHI A 6. 2 andbackgroundsvere
incorporatednto PYTHI A from a Monte Carlo generatoibasedon Bamger's work [244], which takes
into accountall diagrams.The contritution from electraveak processesot involving the Higgs were
estimatedy assumingalow-massHiggs (My = 100GeV).

An analysiswasperformedusingthe fastATLAS detectorsimulation(ATLFAST), with parame-
terssetfor high luminosity Thefollowing leptoniccutswerefirst applied:

L1. Two positvely chagedisolatedieptonsin the centralregion (py > 40 GeVand|n| < 1.75) must
beidentified. They will satisfythetriggerrequirement.

L2. Theopeninganglebetweerthetwo leptons,in thetranserseplane mustsatisfy:cos A¢ < —0.5.
This cut selectspreferentiallyeventswith longitudinal W’s which have high p;. The invariant
massof the two leptonswasfurtherrequiredto satisfym;; > 100 GeV. This latter cut eliminates
few eventsin thelow my;,,, region.

At thejet level, backgroundganbereducedy requiringthat:

J1. No jet having pr > 50 GeV be presenin thecentralregion (|| < 2). This reducessignificantly
the backgroundrom the Wt process.

J2. Two jetsmustbe presenin theforward andbackwardregions:n > 2 andn < —2, with enegies
> 300GeV.

J3. A lower p; wasrequiredfor the forward jets: pr < 150GeV for thefirst andp, < 90 GeV for
thesecond.
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Fig. 51: Distribution of invarianttrans\ersemassof thetwo leptonswith E72*** in the W W, — 171" vv processafterthree
yearsof highluminosityrunning.Full line: K-matrix unitarisationdashedine: Higgswith My = 1 TeV, attreelevel; hatched
area:backgroundrom transerseWV’s.

Figure51 shavs expectedmassdistribution of the llvr systemfor anintegratedcrosssectionof
300fb—!, afterall cutswereapplied,accountingpnly for transersemomentumNo correctiorwasmade
for pile-up effectsin jet taggingor centraljet veto. If onecountsonly eventswith my;,,, > 400 GeV,



a significantsignalto backgroundatio is obtained(seeTable35). As expectedthe K-matrix scenario
givesthehighestsignal[216] - this couldbeobsenrableafterafew yearsof highluminosityrunning.By
contrastjt wasshowvn in Section6.42thatif the p resonancés itself clearly obserablein the resonant
channelthenthe signalwill be very low. The major remainingbackgroundgspeciallyat low values
of my,,, is from continuumtranserseW pairs. Note thatonly a W, W signalwassearchedor in
this analysis.Combiningtheresultswith W W, would addapproximatelyone-halfto one-thirdof the
signalandbackgroundsThe Chiral Lagrangiarmodel,with its parametergeadingto aresonancén the
W Z systemwould yield a very weaksignalin the W W channel,confirmingthe complementarity
relationshipbetweerthosetwo channelg216, 171, 242,.

Table35: Numberof eventsexpectedor anintegrateduminosityof 300fb ', aftersuccessie applicationsof cuts. Theresults
arefor my;,, > 400GeV.

Leptoncuts Jetcuts

L1 L2 J1 J2 J3
My=1TeV 50 56 43 24 19.0
K-matrix 90 86 69 41 32

Chiral LagrangianL,=0.006 22 21 158 93 7.1
ChiralLagrangian/,=0.01 15.1 14.1 104 6.0 4.6

WpWeyp 350 243 68 54 14.0
gluonexchange 76 51 32 O 0
Wit 93 71 20 O 0
WZ 36 35 191 05 0.3

6.43 Tednicolor

Technicolor(TC) providesa framework for dynamicalelectraveak symmetrybreaking[34, 35]. It as-
sumeghe existenceof techni-fermiongpossessing technicolorchage andinteractingstronglyat high
scale. Chiral symmetryis broken by techni-quarkcondensategiving rise to Goldstonebosons,the
techni-pions,which are the longitudinal degreesof freedomof the W and Z gauge-bosonsTC has
beenextended(extendedTC, or ETC) to allow the generatiorof fermion masseg§245, 24¢. In order
to accountfor the absenceof FCNCs,the coupling constantis requiredto “walk”, ratherthan“run”.
To achieve a walking ar¢, multi-scaleTC modelscontainseveral representationsf the fundamental
family, andleadto the existenceof techni-hadrorresonanceaccessibleat LHC enegies. Suchmod-
els[247, 24§ are constrainedy precisionelectraveak data[250, 251], but not necessarilyexcluded
[252, 253. However, the constraintdrom thosedatamale it unnaturalto have a large top quarkmass.
In top-colourassistedl C (TC2) models[254, 255, thetop quarkarisesin large partfrom anew strong
top-colourinteraction,whichis a separatdroken gauge-sector

The possibleobseration of TC resonancessingthe ATLAS detectoris describedn [256]. In
particular the searchfor a (/=1, J=1) techni-rhoresonanceatechni-pionandatechni-omgahasbeen
performed.Although certainmodels,with a given setof parametersareusedasreferencethe signals
studiedcanbe consideredjenericin ary modelwhich predictsresonancesThe modeladoptedchereis
that of multi-scaleTC [257, 258, with the TC group SU (Np¢) where Ny = 4 andtwo isotripletsof
techni-pions.Thelongitudinalgauge-bosoandthetechni-pionamix

[Tl >= sin x|Wp, > + cos x|mp >



with a mixing anglewhich hasa valuesin y = 1/3. The decayconstantof the mixed stateis /' =
F.siny = 82 GeV andthe chage of the up-type(down-type)techni-fermionis Qy = 1 (Qp = 0).
Thismodelis incorporatedn PYTHI A 6. 1. Thedecaychannelf pr dependontheassumednasses
of thetechni-particlesSomemassscenariohave beenconsideredo berepresentate of whatonemay
expectto probeatthe LHC andit is alsoassumedhatthe 7 couplingto thetop quarkis very small,as
may be expectedin TC2 models.The following sectiongpresentan exampleshaving a typical analysis
for extractingTC signals.More channelsaandanextensve descriptioncanbe foundin [256].

p$ — W*Z — I$ultl— Thisdecaycouldbethecleanesthannefor thetechni-rhadetectiorand

complementshe studyshavn in Section6.42. The goodefficiengy of the ATLAS and CMS detectors
for leptondetectionand missingtrans\erseenegy measuremenwill provide goodidentificationof the

W and Z bosons.Table 36 shavs the parametergor the varioussetsof eventswhich weregenerated.
For eachset,10* eventsweregeneratec@ndthe signalwasnormalisedo threeyearsof low luminosity

runningatthe LHC (30fb—!). Thebranchingatiosquotedincludea preselectioron thetrans\ersemass
(m > 150,300,600 GeV for m.= 220,500and800GeV respeciiely).

Table36: Signalparametersor thepjTE — W*Z — 1Tviti~. Thelastcolumngivesthesignificance(S/+/B) for threeyears
of low luminosityrunning.

Mpp  Mgp Tpp BR  oxBR S/VB
(GeV) (GeV) (GeV) (pb)
220 110(a) 0.93 0.13 0.16 31.6
110(b) 67.1 0.014 1.0x10~> 0.7
500 300(c) 4.47 0.21 13x1072 147
500(d) 1.07 0.87 54x1072 64.2
110(e) 130.2 0.013 1.5x10* 0.3
800 300(f) 524 0.032 36x107% 1.2
500(g) 7.6 022 25x107% 109

The only backgroundvhich needsto be considereds the continuumproductionof W Z gauge-
bosonswith o = 21 pb. The cutswhich wereappliedare:

e At leastthreechagedleptonswererequired(with £ > 20 GeV for electronsand £ > 6 GeV
for muons)two of which musthave the sameflavour andoppositechage.

e Theinvariantmassof the leptonpair with the sameflavour and oppositesign shouldbe closeto
thatof the Z: |mj+;- — mz| < 5 GeV.

e Thelongitudinalmomentunof the neutrinois calculatedwith a 2-fold ambiguity)from the miss-
ing transerseenegy and the momentumof the unpairedlepton assumingan invariant mass
my, = my . Oncethe W and Z werereconstructedtheir transersemomentunwas required
to belargerthan40 GeV.

e Only eventsfor which the decayanglewith respecto thedirectionof the W Z system(pr) in its
restframewas| cos 6| < 0.8 wereaccepted.

The significance(S/+/B) of the signal(S) above the background B) is shavn in Table36. The
numberof signalandbackgroundeventswas countedin massregionsaroundthe p; peak: 210to 240,
460to 560 and 740to 870 for m,, =220,500and800 GeV respectrely. No evident signalcanbe
obseredfor casegb), (e) and(f) (seeFigure52), principally becausehe p; resonancés too wide.
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6.5 Thedegenerate BESS Model at the LHC

It iswell known thatnave DynamicalSymmetryBreaking(DSB) modeldik e standarddCD-scaledech-
nicolor generallytendto provide large correctionsto electraveak precisionobsenables. New physics
effectsarenaturallysmallif decouplingholds.In factin this casethe correctiongo electraveakobserv-
ablesarepower suppresseth thelimit in whichthemasse®f thenew particlesaremadelarge. It is thus
a naturalquestionasto whetherexamplesof DSB modelswith decouplingdo exist.

Herewe will focusonaschemef DSB, calleddegeneratd8ESS(D-BESS)[43] in which decou-
pling is naturallysatisfiedn thelow enegy limit. Themodelpredictsthe existenceof two tripletsof nen
resonancesorrespondingo the gauge-bosonsf an additionalgauge-symmetnpU(2);, ® SU(2)g.
The global symmetrygroup of the theoryis (SU(2), ® SU(2)r)? breakingdown spontaneouslyo
SU((2)p ® (SU(2)1, ® SU(2)r) andgiving rise to nine Goldstonebosons.Six of thesegive massto
the new gauge-bosonsyhich turn out to be degenerate. As soonas we perform the gaugingof the
subgroupSU (2), ® U(1)y, thethreeremainingGoldstonebosongdisappeagiving massego the SM
gauge-bosons.

Whatmalesthe model[43] soattractve is the factthat,dueto the degenerag of the massesand
couplingsof the extra gauge-boson$L*, L3, R*, R3), it decouplesso all the deviationsin the low-



enegy parametergrom their SM valuesare strongly suppressedAlso, the degeneray is protectedby
theadditional‘custodial’symmetry(SU (2) L ® SU(2) r). Thedeviationsfrom the SM predictionscome
from themixing of (L, R,,) with thestandardyauge-bosonsn orderto comparewith theexperimental
data,radiatve correctionshave to betakeninto account.Sincethe modelis aneffective parametrisation
of a strongly interactingsymmetrybreakingsectoy one hasto introducea UV cut-of A. We neglect
the new physicsloop correctionsandassumeor D-BESSthe sameradiative correctionsasfor the SM
with My = A = 1 TeV [43]. The95% CL boundson the parametespaceof the modelcomingfrom
the precisionelectraveak datacan be expressedy the following approximatedelation: M (TeV)>
2.4 g/¢", whereM is thecommonmassof the new resonances; andg” arethe standardSU (2),, and
the new stronggauge-couplingsespecirely. Thereforeonehasa large allowed region availablefor the
modeleven for the choice My = A = 1 TeV - avalue highly disfavouredby the fit within the SM
[259]. Also, the boundson the D-BESSmodelfrom the direct searchfor new gaugebosonsperformed
at Tevatronarevery loose[43]. This allows the existenceof a strongelectraveak sectorat relatively
low enegiessuchthatit may be accessiblevith acceleratorsiesignedor the nearfuture. A peculiar
featureof this strongelectraveaksymmetrybreakingmodelis theabsencef WV enhancemerdueto
the absencef direct couplingsof the new resonance® the longitudinalweakgauge-bosonsror this
reasonthegold platedchanneldo considerfor discovering (L, R, ) arethefermionicones.

100 40

events per year
events per year

750~

500- o 20

2501 § 0 i

L T L P S e i,
800 900 1000 1100 1200 PBOO 1900 2000 2100 2200
transverse mass (GeV) transverse mass (GeV)

Fig. 53: Transersemassdifferentialdistributionsfor pp — LT W* — ev. eventsat the LHC within the D-BESSmodel
(dashline) for g/¢"” = 0.1 andM = 1 TeV (left), M = 2 TeV (right). Thesolidline is the SM prediction.

Herewe have consideredheproductionof thesenew resonanceatthe LHC for thefollowing con-
figuration,/s = 14 TeVand£ = 103* cm~2sec ! andfor theelectronchannetecay(themuonchannel
wasstudiedin [260]). The eventswere generatedising PYTHI A Monte Carlo (version6.136)[123].
Only the Drell-Yanmechanisnfor productionwasconsideredginceit turnsout to be thedominantone.
We have analysedheproductionof thechagedresonances pp — LT, W+ — ey, (R* arecompletely
decoupledpndneutralonesin pp — L3, R3, Z,v — e*e™. Thesignaleventswerecomparedvith the
backgroundrom SM production.We have performeda roughsimulationof the detectoyin particular
assuminga 2% smearingin the momentaof chaged leptonsanda resolutionA B¢ = 0.6/ Ejiss
in the missingtrans\erseenegy. In the neutralchannelwe have assumean error of 2% in the recon-
structionof thee™ e~ invariantmasswhich includesbremsstrahlungffects[261]. We have considered
several choicesof the modelparametersn theregion allowed by the presenboundsandfor eachcase
we have selectedcutsto maximisethe statisticalsignificanceof the signal. In Figure 53 we show the
trans\ersemassdistributionsfor the signalandfor the SM backgroundor the caseM = 1 TeV (left)



andM = 2 TeV (right) andg/¢” = 0.1. Thefollowing cutshave beenappliedfor M = 1 TeV: |p5.| and
|piss| > 0.3 TeV and My > 0.8 TeV. Thenumberof signaleventsperyearis 3200,the corresponding
backgrounds of 1900 events. The correspondingstatisticalsignificanceS/v/S + B for one year of
runningis 44. For M = 2 TeV, the appliedcutsare: |p%.| and [p**| > 0.7 TeV and My > 1.8 TeV,
resultingin S = 108, B = 46 andS/v/S + B = 8.7.
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Fig. 54: Invariantmassdifferentialdistributionsfor pp — L3,R3,Z,y — e"e™ eventsatthe LHC within the D-BESSmodel
(dashline) for g/¢"” = 0.1 andM = 1 TeV (left), M = 2 TeV (right). Thesolidline is the SM prediction.

In Figure 54, we shav the resultsof our simulationfor the samechoiceof the parameterssin
Figure 53 for the neutralchannel. The following cuts have beenappliedfor M = 1 TeV: |p§m and
Ip$ | > 0.3 TeVandM,+.- > 0.8 TeV. Thenumberof signaleventsperyearis 620, the backgrounds
of 1200eventswith a correspondingstatisticalsignificanceof 15. For M = 2 TeV, the cutsare: |p§j_|
and|p5. | > 0.7 TeVandM,+.- > 1.8 TeV, resultingin S = 24, B = 30 andS/v/S+ B = 3.3. It
turnsoutthatthecleanessignaturds in the neutralchannelput the productionrateis lower thanfor the
chagedone. Also we obsere that, dueto the fact thatthe D-BESSresonanceare almostdegenerate
(AM/M ~ (g/g")?), it will beimpossibleto disentanglel; and R3 which both contritute to the peak
of thesignalin Figure54.

Our conclusionis thatthe LHC will be ableto discover a strongelectraveakresonansectoras
describedby the degeneratdBESSmodelfor massesipto 2 TeV - in somecaseswith very significant
numbersof events.Furthermoreif no deviationsfrom the SM predictionsareseenwithin the statistical
andsystematicerrors,the LHC with L = 100 fb~! will puta95% CL boundg/g¢” < 0.04 — 0.06 for
0.5 < M(TeV) < 2[260Q].
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