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D. Wackeroth,G. Weiglein,D. Zeppenfeld,D. Zürcher

Abstract
In this review, we considerfour maintopics:

1. Theprospectsfor a significantimprovementin theprecisemeasurement
of theelectroweakparameters.

2. NLO QCD descriptionof theproduction
���������������	���
��������

or���
pairswith leptonicdecaysandwith anomaloustriple gauge-boson

couplings.

3. Theprospectsfor significantimprovementin thedirectmeasurementof
thenon-Abeliangauge-coupling,with direct limits on triple andquartic
anomalouscouplings.

4. Gauge-bosonscatteringat largecentreof massenergy.

1. INTRODUCTION 1

1.1 Electroweak parameters

At theLHC, substantialimprovementin theprecisedeterminationof electroweakparameters,suchasthe�
bosonmass,thetop-quarkmassandtheelectroweakmixing angle,will becomefeasible,aswell asan

accuratemeasurementof thevector-bosonselfcouplingsandof themassof theHiggsboson.Thisopens
promisingperspectivestowardsvery comprehensive andchallengingtestsof theelectroweaktheory.

Electroweakprecisionobservablesprovide thebasisfor importantconsistency testsof the Stan-
dardModel (SM) or its extensions,in particulartheMinimal SupersymmetricStandardModel (MSSM).
By comparingprecisiondatawith thepredictionsof specificmodels,it is possibleto derive indirectcon-
straintsontheparametersof themodel.In thecaseof thetop-quarkmass,��� , theindirectdetermination
from theprecisionobservablesin theframework of theSM turnedoutto bein remarkableagreementwith
the direct experimentalmeasurementof ��� . Sincethe Higgs bosonmass,��� , entersthe predictions
for the precisionobservablesonly logarithmically in leadingorder, the indirect determinationof ���
requiresvery accurateexperimentaldataaswell ashigh precisionof the theoreticalpredictions. The
uncertaintiesof the predictionsarisefrom the following sources:a) the unknown higher-ordercorrec-
tions- sincetheperturbative evaluationis truncatedatacertainorder, andb) theparametricuncertainties
inducedby theexperimentalerrorsof theinput parameters.

Themostimportantuniversaltop-quarkcontribution to theelectroweakprecisionobservablesen-
tersvia the � parameter, which deviatesfrom unity by a loop contribution �
� . At the one-looplevel,
the ��� ����� doubletyields a term proportionalto ���� [1], namely �
���! #"%$&����(' �*),+-�/. 0 � in the limit
��132 4 . Therefore,it is to be expectedthat the precisionmeasurementof the top-quarkmassat the
LHC (seeSection3.1) will significantly improve the theoreticalpredictionof the

�
mass,�65 – at

1Sectioncoordinators:W. Hollik, Z. Kunszt.



present,theexperimentalerroron ��� is a limiting factorfor theaccuracy in thetheoreticalpredictions
of theprecisionobservables. � 5 itself will bemeasuredat theLHC with asizablyimprovedaccuracy.

Thetheoreticalpredictionfor �65 is obtainedfrom therelationbetweenthevector-bosonmasses
� 587 9 andtheFermiconstant" $ , which is conventionallywritten in theform

� �5 :<; � �5� �9 � +>=
. 0#" $

:
:?; �
@BA (1)

Thequantity �C@3�D�
@E�*= � � 9 � � 5 � ��� � ��� � , first derivedin [2, 3] in one-looporder, summarisesthe
quantumcorrectionsto thevector-bosonmasscorrelation;it is obtainedfrom thecalculationof themuon
lifetime in theSM beyondthetree-level approximation.At one-looporder, �
@ canbewrittenas

�
@B�F�G= ;IH �5J � 5 �
�LKM�*�
@
�ONQPSR

A (2)

�G= containsthe large logarithmiccontributions from the light fermions,and �
� the ���� dependence;
thenon-leadingtermsarecollectedin �*�
@ �ONQPTR wherealsothedependenceon �6� enters.In Equation1,
�
@ is a quantity that accountsalso for termsof higherorder than just one-loop. Moreover, a partial
resummationof large contributions from light fermionsand from the � parameteris containedin the
expression. For a discussionseefor examplethe sectionon the Electroweak Working GroupReport
in [4]. Resultsfor � 5 that werenot yet availableat the time of the report[4] arethenext-to-leading
two-looptermsof UB�*"<�$ ���� �V�9 � [5, 6] in anexpansionfor asymptoticallylarge ��� andtheresultfor the
Higgsmassdependenceof the fermionic two-loopcontributions [7]. Recently, the completeresult for
thefermionictwo-loopcontributionshasbeenobtained[8]. Furthermore,theQCDcorrectionsto �C@ of
UB�*=W=X�Y � have beenderived[9].

The mostrecenttheoreticalprediction[8] for � 5 within the SM is displayedin Figure1 asa
function of �6� . To illustratethe comparisonbetweentheoryandexperiment,the experimentalresult
is includedin thefigure for thecurrentuncertaintyZ[�65\�^]_4 A 4,`X0 GeV [10] andtheestimatedLHC
uncertaintyZ[� 5 �a]_4 A 4 :#b GeV (seeSection3.1) (assumingthesamecentralvalue).Theuncertainty
for the currentstatusand for the casewherethe LHC will have measuredthe top-quarkmasswith
muchhigheraccuracy is alsodisplayed,in combinationwith thetheoreticaluncertaintyfrom unknown
higher-ordercorrections.It is clearthatbothimprovements,in � 5 andin ��� , will leadto a substantial
increasein thesignificanceof StandardModel tests,with stringentboundson theHiggsbosonmassto
beconfrontedwith thedirectly measuredvalueof �6� .

Besidesthe
�

bosonmass,the improvementin � � will alsohave aneffect on thepredictionsof
the
�

poleobservables.They areconvenientlydescribedin termsof effective couplings

cedf � . � d �*g dh ; 0#i dkj[l m �on dPSp �*� cedq � . � d g dh (3)

in theneutral-currentvertex at the
�

resonancefor a givenfermionspeciesr , normalisedaccordingtosutkv$ �w�*. 0#" $ � �9 �yxOz � � c df � $ ; c dq � $ �|{(� . Besidesthe overall normalisationfactor � d � : K}�
�~K����� , we mentionin particularthe effective mixing angle,which is usuallychosenasthe on-resonance
mixing anglefor the leptons r���� ���>��� in Equation3 anddenotedas j�l m � n��

PS���PSp . This quantityalso

dependssensitively on the top-quarkmass,mainly through �
� . The theoreticalpredictionof j[l m � n��
PS���PSp

will definitelybesharpenedby theprecisemeasurementof the top-quarkmass;a sizableimprovement
concerningtheinternalconsistency testcanbeanticipated.Theon-resonancemixing anglefor thelight
quarks �� � is numericallyverycloseto theleptonicone. j[l m � n �

PS���PTp canthereforebemeasuredat theLHC
in theDrell-Yanproductionof charged-leptonpairsaroundthe

�
resonance,via �X��G2�� � � � , wherean

accuracy of : A `�� : 4
�|�

on j�l m � n �
PS���PSp maybefeasible(seeSection3.2).

Besidestheseinternalconsistency checksof theSM, theelectroweakprecisionobservablesmay
beusefulto distinguishbetweendifferentmodelsascandidatesfor theelectroweaktheory. In Figure2,
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Fig. 1: The dependenceof ´�µ , predictedby meansof Equation1, on ´~¶ is shown for the SM. The uncertaintyof the

predictionscorrespondsto the presentandexpectedparametricuncertaintyowing to the top mass,in combinationwith the

theoreticaluncertainty. The centrallines (solid) correspondto the presentcentralvaluesof ´ µ�·¹¸Tº#»½¼,¾T¿ GeV and ÀÂÁ ·Ã,Ä ¿&»½¼ GeV.

theSM predictionof � 5 asa functionof ��� is comparedwith thepredictionwithin theMSSM,where
the MSSM predictionis basedon resultsup to UB�*=�= Y � [11, 12]. The SM uncertaintyarisesfrom the
only unknown parameter, theHiggsbosonmass.On theotherhand,within theMSSM,theHiggsboson
massis notafreeparameter[13], andtheuncertaintyoriginatesfrom theunknown SUSYmassscales.In
thesmalloverlapregion,theMSSMbehaveslike theSM, i.e. all SUSYparticlesareheavy anddecouple
from theprecisionobservables,andthe �6� valueof theSM staysbelow 130GeV, theupperboundon
the lightestMSSM Higgs bosonmassfor ���8� :#Å#b GeV (see[14] andreferencestherein). Figure2
shows the clear improvementfrom the currentstatusto the LHC era,whereeventually, besidesdirect
experimentalevidence,adistinctionbetweenSM andMSSMmight becomefeasible.

1.2 Vector-boson pair production and scattering

At theLHC, theprecisemeasurementof theproductionof
� � � �

,
� � �

,
�
�

,
� � �

or
���

pairsis also
an importantphysicsgoal. In thesimpleststudies,thegauge-bosonswill bedetectedvia their leptonic
decays.Alreadya coupleeventshave beenobtainedby CDF andD0 for

�}�
and

�a�
productionand

D0 hasseenabout100
�V�

and30
���

events.Thedatasetat RunII will beabout20 timeslargerand
about1000timeslargerat theLHC. For asummaryof theexperimentalsituationsee[15, 16].

The productionof gauge-bosonpairs provide us with the best test of the non-Abeliangauge-
symmetryof the StandardModel (SM). Deviation from theSM predictionsmay comeeitherfrom the
presenceof anomalouscouplingsor theproductionof new heavy particlesandtheir decaysinto vector-
bosonpairs. If theparticlespectrumof theSM hasto beenlargedwith new particles(asin theMinimal
SupersymmetricStandardModel (MSSM)) with massvaluesof ÆÇ4 A b
;È:ÊÉEË�Ì , smallanomalouscou-
plingsaregeneratedat low energy. If theHiggsbosonis very heavy, it will decaymainly into

�������
and

�
�
pairs. If thesymmetrybreakingmechanismis dynamical(technicolormodels,BESSmodels),

large anomalouscouplingsmight be generatedor new heavy particlesmay be produced. In both of
thesecases,vector-bosonpair productionwill show deviationsfrom theStandardModelpredictions.At
thesametime, vector-bosonpair productiongivesthemostimportantbackgroundfor a numberof new
physicssignals. For example,oneof the most importantphysicssignal for supersymmetryat hadron
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Fig. 2: Thedependenceof ´�µ on À Á is shown for theSM andtheMSSM.It is comparedto thecurrenterrorsandto theerrors

expectedfrom theLHC.

collidersis the productionof threechargedleptonsandmissingtransversemomentum.The dominant
backgroundfor thisprocessis theproductionof

�
plusa

�
(realor virtual) or

�
.

The leadingorderproductionmechanismof gauge-bosonpair productionis �E�� annihilation.The
precisecalculationof the crosssectionsin the QCD improved partonmodelhave received recentlya
lot of attention. The crosssectionsof the gauge-bosonpair productionandits decayinto leptonpairs
have beencalculatedin next-to-leadingorder (NLO) accuracy retaining the full spin correlationsof
the leptonicdecayproducts. A significantachievementwas that the theoreticalresultsin NLO QCD
for the productionof

� � � �
,
� � �

,
�
�

,
� � �

or
���

pairscould be documentedin shortanalytic
formulae[17] allowing for independentnumericalimplementations.Subsequently, several so called
NLO numericalMonte Carlo programshave beendevelopedand the completeone loop corrections
becameavailablefor thefirst timefor

� � � �
,
� � �

,
�
�

in [18, 19], andfor
� � �W�

or
���

pairsin [20].
Thesenew resultshave supersededandconfirmedprevious NLO resultson spin averagedproduction
gauge-bosonpair production[21, 22, 23, 24, 25,26, 27, 28], aswell theapproximateresultswherespin
correlationhave beenneglectedin thevirtual corrections[29, 30, 31, 32, 33]. Theagreementbetween
the well documentedresultsin [19] andin [22, 24, 26] is within the preciseintegrationerror andthe
agreementbetweenthe resultsof [19] and the recentprogramsof [29, 30, 31, 32, 33] is about3%.
Therefore,previous experimentalsimulationstudiesbasedon theseprograms(seeSection6.5) should
notberepeated.

SimpleanalyticNLO resultsexist alsofor theanomalouscouplingcontributionsatNLO accuracy
in [19, 20]. Again, the agreementwith previous approximateNLO results[29, 30, 31, 32, 33] is also
good(seeSection5.5). Futureanomalouscouplingstudiesmaylike to usethemoreaccuratepackages.
At theLHC, contraryto LEP, thephenomenologicalstudiesof anomaloustriple gauge-bosoncoupling
constantscannotbetreatedasconstantcouplingssincethey leadto violationof ÔoÕ8�*0 � gauge-symmetry
andunitarity. Thedifficulty comesfrom truncationof thecontribution of aninfinite seriesof higherdi-
mensionalnon-renormalisablegauge-invariantoperators.In thecaseof �E�� annihilationto gauge-boson
pairs,a suitablephenomenologicalapproachis the introductionof form factorsfor theanomalouscou-
plings (which in principle arecalculablein the true underlyingtheory). As long aswe do not obtain
deviationsfrom theStandardModel, for practicalpurposes,simpledipoleform factorswith variouscut-



off parameterscanbeused.With betterdata,onecanput limits on the form factorvaluesin small . ÖJ
intervals,assumingconstantcouplingsfor eachinterval. In thecaseof positive signals,sucha form fac-
tor measurementwill provideuswith importantinformationontheunderlyingtheory(seeSections3.,4.
and5.).

At higherenergies,thehigherorderproductionprocessesof
�}�

and
�
�

scattering(theweak
bosonareemittedfrom theincomingquarks)will becomemoreandmoreimportant.Theseinteractions
are the most sensitive to the mechanismof the electroweak symmetrybreaking. In particular, if the
breakingof theelectroweaksymmetryis dueto new particleswith stronginteractionsat theTeV scale,
enhancedproductionof longitudinalgauge-bosonpairswill be the most typical signal [34, 35]. The
minimal modelto describethis alternative is obtainedby assumingthat thenew particlesaretoo heavy
to be producedat LHC andthe linear × -modelHiggs-sectorof the StandardModel is replacedby the
non-renormalisablenon-linear× -modelwhichcanalsobeconsideredasaneffectivechiral vector-boson
Lagrangianwith non-linearrealisationof the gauge-symmetry[36, 37]. The questionis whetherthis
morephenomenologicalapproachis consistentwith theprecisiondata. In a recentanalysis,a positive
answerwasobtained[38]. It hasbeenfoundthatdueto thescreeningof thesymmetrybreakingsector
[39], this alternative still hasenoughflexibility to bein perfectagreementwith theprecisiondataup to
a cut-off scaleof  ÉEË�Ì (seeSections5. and6.). In the chiral approach,the gauge-bosonobservables
areobtainedastruncatedseriesin powersof theexternalmomentaØeÙ ' ��`#+ÛÚ � Ù with � �5ÝÜ c Ú � ' ) . The
approximationis valid up to energy scalesof Þß�a`#+ÛÚ Ü  ÉXË�Ì . At theLHC, thepartoniccentreof
massenergy canbehigherandthephenomenologicalimplementationis confrontedwith theproblemof
unitarisation[40, 41, 42]. Althoughunitarisationis not unique,theuseof theK-matrix formalism[40]
or the UB��Ø �&� InverseAmplitudeMethod[42] appearto give reasonablemodelindependentframework
to explore thevariouspossibilities. Whenextrapolatingto higherenergies in particular, the massesof
resonancesarerathersensitiveto theactualvalueof additionalchiralparameters.An alternativeapproach
for thephenomenologicalformulationof thedynamicalsymmetrybreakingconsistentwith theprecision
datais offeredby theBESSmodel[43] with anextendedstronglyinteractinggauge-sectorwith enhanced
globalsymmetriesandwith importantdecouplingpropertiesat low energies. Thephenomenologically
acceptabletechnicolormodels[44] also requirean enhancedglobal symmetryin the spectrumof the
theory. In themostpessimisticparameterranges,it is ratherdifficult to detectthesignalsof thestrong�a�

and
�a�

scattering;therefore,onehasto pushtheLHC analysisto its limits. In thefuture,further
clever strategieshave to bepursuedfor this case(seeSection6.).

2. ELECTROWEAK CORRECTIONS TO DRELL-YAN PROCESSES 2

The basicpartonprocessesfor singlevector-bosonproductionare � ��,àá2 � 2 �Oâ�ã and �E��62 � 2
� � � � , with charged leptons � in the final state. Investigationsaroundthe

�
and

�
resonanceallow a

precisemeasurementof the
�

massandof the electroweakmixing anglefrom the forward-backward
asymmetry. At highinvariantmassesof the � � � � pair, deviationsfrom thestandardcrosssectionand ä�å&æ
could indicatescalesof new physics,e.g. associatedwith anextra heavy

� à or extra spacedimensions.
For the envisagedprecision,a discussionof the electroweak higher-order contributions is necessary,
on top of the QCD corrections. The electroweak correctionsconsistof the set of electroweak loop
contributions,includingvirtual photons,andof theemissionof realphotons.

With respectto QCD, the crosssectionsin this sectionare all of lowest order, evaluatedwith
partondistribution functionsat factorisationscales� 5 (for

�
production)and � 9 (for

�
produc-

tion). Hence,thenumericalvaluesarenot yet directly thephysicalones.They aregiven hereto point
out the structureandthe sizeof the higher-orderelectroweakcontributions. The QCD correctionsare
consideredin the QCD chapterof this report,wherea QCD-relateduncertaintyof ç 5% is estimated.
For illustration,we give thevalues(in nb) for è ×Û��Ø&Ø¹2 ���é� K�×Û��Ø&Øê2 �a�W��ë �íìïî � � 2 �[â � and

2Sectioncoordinator:W. Hollik.



×Û��Ø&Øð2 �ñ� �#ìLî � � 2ò� � � � � in thepurelyelectroweakcalculation(EW) andwith NNLO QCD [50]:

�ôó :#Å A
õ �*ö-÷ � and 0#4 A  á] : A 4
�*øáøñùéú

�*�
�ûó : A Å#: �*öÛ÷

�
and : A ) Å ]M4 A 4

õ �*øñøñùéú � .
2.1 Universal initial-state QED corrections
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Fig. 3: QEDcorrectionsto thepartondistributionfunctionsfor up-typequarks,FHGJILKNMPORQ · SUTNV GJWYX[ZW\Q , down-typequarks,] GJILKNM O Q · SUTNV ^ X Z^ andthegluon _`GJILKaM O Q in percentfor thescaleM · ´ µ (a) and M · ÀLÁ (b).

QED correctionsrelatedto the emissionof (real or virtual) photonsfrom quarkscontainmass
singularitieswhich factoriseandthereforecanbeabsorbedby a redefinition(renormalisation) of parton
distribution functions[45]. This redefinitionis well-known in thecalculationof QCD radiative correc-
tionswherein completeanalogyto photonradiation,theemissionof gluonsleadsto masssingularities
aswell. By the redefinition,themasssingularitiesdisappearfrom theobservablecrosssectionandthe
renormaliseddistribution functionsbecomedependenton the factorisationscale

�
which is controlled

by thewell-known Gribov-Lipatov-Altarelli-Parisi (GLAP) equations[46, 47]. The factorisationscale
shouldbeidentifiedwith a typical scaleof theprocess,i.e. a largetransversemomentum,or themassof
aproducedparticle.

Sincemasssingularitiesare universal, i.e. independentof the processunderconsideration,the
definition of renormalisedpartondistributions is alsouniversal. Thereforeit is possibleto discussthe
bulk of initial-stateQEDradiative correctionsin termsof partondistribution functions.Thiswill betrue
if thereis only onelargescalein theprocess.

The treatmentof masssingularitiesdue to gluonic or photonicradiationis identical. Photonic
correctionscanthereforebetakeninto accountby astraightforwardmodification[48, 49] of thestandard
GLAP equationswhich describegluoniccorrectionsonly. Themodificationcorrespondsto theaddition
of a termof theorderof theelectromagneticfine-structureconstant,= . Apart from smallnon-singular
contributions, the resultingmodifiedscaledependenceof partondistribution functionsis the only ob-
servableeffect of initial-stateQED correctionsin high-energy scatteringof hadrons.



Themodifiedevolutionequationfor thechargedpartondistribution functions,� d �cb ��� � � for quarks
with flavour r , canbewrittenas:dd � � d �cb � � � � = Y ��� �

0,+
x
e

dgff hPi z i � f � � � � d �cb ' f � � � K hPi zkj � f � � � c �cb ' f � � �

K =W���
�

0,+
x
e

dlffmhoni z i � f � � � � d �cb ' f � � �
(4)

In the leadinglogarithmicapproximation,thesplitting functions hqp zkr areindependentof thescale�B�s m � � 'ut � , andtheQED splitting functionis givenby

hYni z i � f � �Fi �d : K f �
� :?; f � � K  0 Z�� :?; f � � i?�dv�w hqi z i A (5)

Sincequarksarecoupledthroughthesplittingfunction hqi zkj � f � � x
�

f �%K � :%; f � � to gluons,thegluon
distribution c �cb ��� � � is affectedby QED correctionsaswell, althoughonly indirectly, by termsof the
orderof UB�*=�= Y � . =W��� � is the runningelectromagneticfine-structureconstantand i d arethe fermion
chargesin unitsof thepositroncharge.

Thepropertreatmentof themass-singularinitial-stateQEDcorrectionswouldrequirenotonly the
solutionof theevolution equationswith theQED term,but alsoto correctall datathatareusedto fit the
partondistributionsfor thoseQEDeffects.Apart from afew exceptions,experimentaldatahavenotbeen
correctedfor photonemissionfrom quarks.However, onecanillustratetheQED radiative corrections
by comparingthemodificationof thepartondistributionsrelative to thedistribution functionsobtained
from theevolution equationswithout theQEDterms,whichareusedasaninput.

Thesolutionof theevolutionequationscorrespondsto theresummationof termscontainingfactors
=W�*= Y s m � � � Ù with arbitrarypower x . In Figures3a and3b, we show numericalresultsfor the correc-
tions �zy�{}| to thedistribution functions Õ8�cb ��� � � ( ~ �cb ��� � � ) for thesumof all up-(down)-typequarks,
andthe gluon distribution c �cb ��� � � . The figuresshow the QED correctionsin per cent relative to the
distribution functionsobtainedfrom theGLAP equationswithout theQEDterm.Theinputdistributions
weretakenfrom [50]. Onefindssmall,negative correctionsat theper-mille level for all valuesof b and� � relevant in theLHC experiments.Only at large b��� 4 A b andlarge

� �z�� : 4 h GeV� do thecorrections
reachthemagnitudeof onepercent.Theincreaseof correctionsfor b62 : is dueto the

s m � :	; b � terms
appearingin theevaluationof the“ K ” distributions.

The largestcorrectionsare obtainedfor up-typequarksdue to the larger charge factor ` ' õ as
comparedto : ' õ for down-typequarks.Thegluondistribution, beingof order UB�*=W= Y � , is correctedby
lessthan 4 A :�� up to valuesof b of about0.2.

Thecorrectionsvanishfor
� �C2 � �� sinceit wasassumedthattheinputdistributions � d �cb ��� �� � andc �cb ��� �� � have beenextractedfrom experimentat the referencescale

� �� without subtractingquarkonic
QED corrections.

The asymptoticbehaviour for b 2 4 can be checked analytically. The singularbehaviour of
distributions ��b ��� for bF2 4 remainsunchangedby the GLAP equationsif ��� : . Thusthe UB�*= �
correcteddistributionshave the samepower behaviour asthe uncorrectedones,the ratio consequently
reachinga constantvaluefor bÈ2 4 . The valencepartsof Õ8�cb � and ~ �cb � , however, which vanishatb6��4 , receive positivecorrectionsatsmall b , thusproducingthewell-known physicalpicture:radiation
of gluonsaswell asof photonsleadsto adepletionat large b andanenhancementatsmall b , i.e. partons
areshiftedto smallerb .

Other input distribution functionslead to differencesof QED correctionsat the per-mille level
whichareagainirrelevantwhencomparedwith theexpectedexperimentalprecisionof structure-function
measurements.
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2.2 Electroweak corrections to � production

2.21 Physicalgoalsof single
�

production

TheDrell-Yan-like productionof
�

bosonsrepresentsoneof thecleanestprocesseswith a large cross
sectionattheLHC. Thisreactionis notonly well suitedfor aprecisedeterminationof the

�
bosonmass

�65 , it alsoyields valuableinformationon the partonstructureof the proton. Specifically, the target
accuracy of theorderof :#b��GË�Ì [53] in the � 5 measurementexceedstheprecisionof roughly  #4 �3Ë�Ì
achievedatLEP2[51] andTevatronRunII [52], andthuscompeteswith theoneof afuture � � � � collider
[54]. Concerningquarkdistributions,precisemeasurementsof rapiditydistributionsprovide information
over a wide rangein b [50]; a measurementof the

d 'u� ratio would, in particular, becomplementaryto
HERA results. The more direct determinationof parton-partonluminositiesinsteadof single parton
distributions is even moreprecise[55]; extractingthe correspondingluminositiesfrom Drell-Yan-like
processesallows usto predictrelated�E�� processesat theper-centlevel.

Owing to thehigh experimentalprecisionoutlinedabove, thepredictionsfor theprocessesØ&Ø�2� 2 �Oâ�ã shouldattainper-centaccuracy. To this end,radiative correctionshave to be included.In the
following somebasicfeaturesof this processesandrecentprogress[56, 57, 58, 59, 60] on electroweak
correctionsaresummarised;a discussionof QCD correctionscanbe found in theQCD chapterof this
report.

2.22 Lowest-order crosssectionandpreliminaries

We considerthe partonprocess� �d 2 â�ãS� � �*K �k� , where � and
d

genericallydenotethe light up- and
down-typequarks,� � � � H and

d � d � J . The lepton � represents�ñ� � ���>��� . In lowestorder, only
theFeynmandiagramshown in Figure4 contributesto thescatteringamplitude,andtheBornamplitude
reads �

� � �y�`� �¡"¢
0 J � £ è �Ú ¢ � $`¤ � � ¡ ë :

ÖJ ; � �5 K¦¥ � 5¨§X5 � ÖJ � è ���© �
� $ ¤ � Ú&ã ëe� (6)

with ÖJ beingthesquaredcentre-of-mass(CM) energy of thepartonsystem.Thenotationfor theDirac
spinors �Ú ¢ , etc., is obvious,and

¤ � � x
� � :ñ;

�|{&�
is theleft-handedchirality projector. Theelectricunit

chargeis denotedby � , theweakmixing angleis fixedby theratio H � £ � :?; J � £ �}� �5 ' � �9 of the
�

and
�

bosonmasses� 5 and � 9 , and � ¡"¢ is theCKM matrixelementfor the � d transition.

Strictly speaking,Equation(6) alreadygoesbeyondlowestorder, sincethe
�

bosonwidth § 5 � ÖJ �
resultsfrom theDysonsummationof all insertionsof the(imaginarypartsof the)

�
self-energy. Defin-

ing themass� 5 andthewidth §X5 of the
�

bosonin theon-shellscheme(seee.g. [61, 62]), theDyson
summationdirectly leadsto a running width, i.e. §5 � ÖJ �«ª Nc¬® � §X5 �¹� ÖJ ' � �5 � A On the otherhand,a
descriptionof theresonanceby anexpansionaboutthecomplex polein thecomplex ÖJ planecorresponds
to aconstantwidth, i.e. § 5 � ÖJ �«ª ¯&° ®±�� � § 5 A In lowestorderthesetwo parametrisationsof theresonance
regionarefully equivalent,but thecorrespondingvaluesof theline-shapeparameters� 5 and §X5 differ
in higherorders[56, 63, 64]. Thenumericaldifferenceis givenby � 5 ª NN¬® ; � 5 ª ¯&° ®±Q� Ü 0�² �GË�Ì so



that it is necessaryto stateexplicitly which parametrisationis usedin a precisiondeterminationof the�
bosonmassfrom the

�
line shape.

Thedifferentiallowest-ordercrosssectionis easilyobtainedby squaringthe lowest-ordermatrix
element

�
� of (6),³ Ö× �³ Ö´ � :

: 0
:²,`#+ � ÖJ

ª � � ª � � = � ª � ¡«¢ ª �
: õ 0 J � £ ÖJ

Ö� �ª ÖJ ; � �5 K¦¥,� 5¨§5 � ÖJ �«ª �
�

(7)

where Ö� �^��Ø ¡ ; Ø|ã � � is thesquaredmomentumdifferencebetweentheup-typequarkandthe lepton.
The explicit factor : ' : 0 resultsfrom the averageover the quarkspinsandcolours,and Ö´ is the solid
angleof the outgoing � � in the partonCM frame. The electromagneticcoupling =û� � � ' ��`#+ � canbe
setto differentvaluesaccordingto differentrenormalisationschemes.It canbedirectly identifiedwith
the fine-structureconstant=W�*4 � or the runningelectromagneticcoupling =W�*i%� � at a high energy scale
i . For instance,it is possibleto make useof the value of =��*�V�9 � that is obtainedby analysingthe
experimentalratio î �a×Û�*� � � � 2 hadrons

� ' �*� � � � 2 ���E���W�
. Thesechoicesarecalled =��*4 � -scheme

and =W�*�M�9 � -scheme, respectively, in thefollowing. Anothervaluefor = canbededucedfrom theFermi
constant" $ , yielding =qµ�¶_�F. 0#" $ � �5 J � £?' + ; this choiceis referredto as " $ -scheme.

2.23 Electroweakcorrections

Theelectroweak UB�*= � correctionsconsistof virtual one-loopcorrectionsandreal-photonicbremsstrah-
lung. The correctionsto resonant

�
productionhave alreadybeenstudiedin [56, 57]; detaileddis-

cussionsof thefull calculation,includingnon-resonantcorrections,canbefound in [59, 60]. Sincein
UB�*= � � only two-photonbremsstrahlung[58] hasbeenstudiedsofar, thefollowing discussionis restricted
to UB�*= � corrections.

Thealgebraicstructureof thevirtual correctionsallows for a factorisationof theone-loopampli-
tude

�
x into theBornamplitude

�
� andarelativecorrectionfactor Z�·¹¸ N�� . Thus,in UB�*= � thecorrection

to thesquaredamplitudereads

ª � � K
�
x ª � � � : K¹0�º Ë¼» Z ·�¸ NQ�®½ �«ª

�
� ª � K A�A�A A (8)

Sinceonly therealpartof Z ·¹¸ N�� appears,thereis nodouble-countingof the UB�*= � correctionthatis already
includedin

�
� by the ¥,��5 §L¾ term. Moreover, the factorisationtrivially avoids potentialproblems

with gauge-invarianceafter the introductionof the
�

decaywidth in the resonantterms. Besidesthe
Breit-Wigner factor in

ª � � ª � , therearelogarithmicterms
s m � ÖJ ; �V�5 � in Z ·¹¸ N�� which aresingularon

resonance.Theconsistentreplacement
s m � ÖJ ; � �5 � 2 s m � ÖJ ; � �5 K�¥ § ¾ � 5 � accountsfor a Dyson

summationof resonant
�

propagatorsin loop diagrams,without introducingproblemswith gauge-
invariance.

Therealcorrectionsareincludedby addingthe lowest-ordercrosssectionfor theprocess� �d 2â�ãS� � K � . Theonly non-trivial conditioninducedby gauge-invarianceis theWardidentityfor theexternal
photon,i.e. electromagneticcurrentconservation. If the

�
width is zero,thisidentity is trivially fulfilled.

This remainstrueevenfor a constantwidth, sincethe
�

bosonmassappearsonly in the
�

propagator
denominators,i.e. the substitution � �5 2 � �5 ; ¥ � 5¨§X5 is a consistentreparametrisationof the
amplitudein this case.However, if a running

�
width is introducednaively, i.e. in the

�
propagators

only, theWardidentity is violated.Theidentity canberestoredby takinginto accountthosepartof the
fermion-loopcorrectionto the

�k�a�
vertex thatcorrespondsto thefermionloopsin the

�
self-energy

leadingto the width in the propagator[64, 65, 66]. For an externalphoton,this modificationsimply
amountsto themultiplicationof the

�W�a�
vertex by thefactor r n 535 ª Nc¬u � : K�¥ §X5 ' � 5 .

Adding virtual and real corrections,all IR divergencescancel. Masssingularitiesof the form
= s m ��ã relatedto afinal-stateleptondropoutfor all observablesin whichphotonswithin acollinearcone
aroundtheleptonaretreatedinclusively, in accordancewith theKLN theorem.As alreadydiscussedin



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

As longasoneis interestedin observablesthataredominatedby resonant
�

bosonproduction,the
radiativecorrectionscanbeapproximatedby thecorrectionsto theproductionanddecaysubprocessesto
resonant

�
bosons.Formallysuchanapproximationcanbecarriedoutby asystematicexpansionof all

amplitudesabouttheresonancepoleandis, therefore,calledpoleapproximation(PA). In PA, thevirtual
correctionconsistsof two parts. The first contribution is provided by the (constant)correctionfactors
to the

� r �r à vertex for stable(on-shell)
�

bosonsandis calledfactorisable. Thesecondcontribution,
which is called non-factorisable, comprisesall remainingresonantcorrections. It is entirely due to
photoniceffectsandincludes,in particular, the

s m � ÖJ ; �M�5 K�¥ §¿¾ �65 � terms.Thedifferencebetween
PA and the exact result canbe estimatedby Z�·¹¸ N��À«Á ; Z�·¹¸ N�� ç �*= ' + � s m � ÖJ ' � �5 � s m � A�A�A � , where

s m � A�A�A �indicatesany logarithmicenhancements.In principle, also the real correctionscanbe treatedin PA.
However, sincea reliableerrorestimateis not obvious,they areusuallycalculatedexactly. More details
aboutPA canbefoundin [56, 60].

2.24 Numericalresults

The following numericalresultshave beenobtainedwith the input parametersof [60] anda constant�
width; in particular, we have � 5 �\)#4 A  b�Â<Ë�Ì and §5 � 0 A 4#) GeV. The QED factorisation

is performedin the MS schemewith � 5 being the factorisationscale,and the CTEQ4L [67] quark
distributionsareusedin theevaluationof the Ø&Ø crosssection.For thepartoniccrosssection,theCKM
matrixelement� ¡"¢ is setto 1; for the Ø&Ø crosssectionanon-trivial CKM matrix is includedin theparton
luminosities(see[60]).
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Fig. 5: Totalpartoncrosssection�� in � ¶ parametrisationandrelativecorrections� for differentparametrisations(resultsbased

on [60]).

Figure5 shows the total partoniccrosssection Ö× andthecorrespondingrelative correctionZ for
intermediateenergies. Note that the total crosssectionandits correctionis thesamefor all final-state
leptons �ï� � ���>��� in the limit of vanishingleptonmasses.As expected,the " $ parametrisationof
theBorn crosssectionminimisesthecorrectionat low energies,sincetheuniversalcorrectionsinduced
by the runningof = andby the � parameterareabsorbedin the lowest-ordercrosssection.Moreover,
the naive error estimatefor the PA taken from above turns out to be realistic. The PA describesthe
correctionin theresonanceregion within a few permille. Table1 containssomeresultson thepartonic



Table1: Total lowest-orderpartoncrosssection ���� in � ¶ parametrisationandcorrespondingrelativecorrection� , exactandin

PA (resultsbasedon [60]).

. ÖJ (GeV) 40 80 120 200 500 1000 2000

Ö× � (pb) 2.646 7991.4 8.906 1.388 0.165 0.0396 0.00979

Z (%) 0.7 2.42 ;_: 0 A
õ ;  A  12 19 23

Z À«Á (%) 0.0 2.40 ;_: 0 A  ; 4 A Å 18 31 43

crosssectionandits correctionup to energies in the TeV range. Far above resonance,the PA cannot
follow theexactcorrectionanymore,sincenon-resonantcorrectionsbecomemoreandmoreimportant.
Theleadingcorrectionsaredueto Sudakov logarithmsof theform = s m � � ÖJ ' �V�5 � .
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Fig. 6: Transverse-momentumdistribution G ^ ��¢ ^f£2¤�¥ � Q andrelativecorrections� (resultsbasedon [60]).

Figure6 shows thetransverse-momentumdistribution for thelepton � � producedin Ø&Øð2 ��� 2
â�ãS� � �*K �W� for the Ø&Ø CM energy . J � : ` ÉEË�Ì of the LHC. The transversemomentaØ§¦ andthe lep-
ton pseudorapidity�/ã arerestrictedby Ø ¦ 7 ã � 'Ø¨¦ �^0 b�Â Ë�Ì and

ª �/ã ª�© : A 0 . Sincewe do not recombine
collinearphotonsandleptons,the correctionsfor different leptonsdo not coincide,but differ by cor-
rectionsof the form

s m ����ã ' � 5 � . In the total crosssectionwithout any cuts theselogarithmscancel,
andthe correctionis againuniversalfor all leptonsin the masslesslimit. Sincethe

s m ��ã corrections
arestrongestfor electrons,andsincecollinearphotonemissionreducesthemomentumof theproduced
lepton,thecorrection Z for electronsis morenegative (positive) for large (small) momentathanin the
caseof the muon. In particular, Figure6 demonstratesthe reliability of the PA for transverselepton
momentaØ ¦ 7 ã ©ç � 5 ' 0 , whereresonant

�
bosonsdominate.However, high Ø ¦ 7 ã valuesmayalsobe

interestingin searchesfor new physics.Table2 shows thecontributionsto thetotalcrosssectiondivided
by differentrangesin Ø ¦ 7 ã . Fromtheabovediscussionof thepartoncrosssectionit is clearthatthePA is
notapplicablefor very large Ø ¦ 7 ã , wherethe

�
bosonis faroff shell.

The above resultsunderlinethe importanceof electroweakradiative correctionsin a precisede-
scriptionfor the

�
bosoncrosssectionat the LHC. Although the correctionsof UB�*= � arewell under

control now, therearestill sometopicsto be studied,suchasthe impactof realisticdetectorcutsand
photonrecombinationproceduresor theinclusionof higher-ordereffects.



Table2: Integratedlowest-order£ª£ crosssections�«� for differentrangesin £\¤¨¥ � andcorrespondingrelativecorrections� , exact

andin PA (resultsbasedon [60]).

Ø ¦ 7 ã (GeV) 25–¬ 25–45 45–¬ 50–¬ 80–¬ 200–¬
× � (pb) 1933.3(2) 1909.9(2) 23.52(5) 11.47(2) 1.682(3) 0.1014(1)

ZC � © T (%) ;_b A b#: � b
� ;_b A ` b � Å

� ;_:#: A )#� b
� ; õ A Å ��`

� ;_:#: A Å �* 
� ;_:#Å A Å �*0

�
Z  � © T 7 ÀåÁ (%) ;_b A b#: � b

� ;_b A ` b � Å
� ;_: 4 A

õ � b � ; ) A 0#�* 
� ; ) A  #�* 

� ; õ A 4#�*0
�

Z $ � © ¶ (%) ; 0 A
õ )#� b � ; 0 A

õ `X� Å � ; ² A  #�k² � ;_b A Å ��`
� ; ) A : �* 

� ;_: ` A 0#�* 
�

Z $ � © ¶ 7 À«Á (%) ; 0 A
õ Å � b � ; 0 A

õ `X� Å � ;_b A Å �k²
� ; ` A ²#��` � ; ` A

õ �* � ;_b A ²#�*0 �

Theimpactof final statephotonradiationon
�

observablesstronglydependson theleptoniden-
tification requirementsimposedby theexperiment.In additionto thelepton Ø§® , Ø /® andpseudorapidity
cuts, oneusually imposesrequirementson the separationof the charged leptonand the photon. For
muons,the energy of the photonis requiredto be lessthan a critical value, Þ n¯ , in a coneof radiusî $¯ aroundthe muon. For electrons,the finite resolutionof the electromagneticcalorimetermakes it
difficult to separateelectronsandphotonsfor small openinganglesbetweenthe particles. Their four
momentumvectorsarethereforerecombinedif their separationis smallerthana critical value î ¯ . Fi-
nally, uncertaintiesin the energy andmomentummeasurementsof the chargedleptonandthe missing
transverseenergy needto be taken into account.They canbe simulatedby Gaussiansmearingof the
particlefour-momentumvectorswith standarddeviation × which dependson the particletype andthe
detector.

To illustratehow finite detectorresolutionaffectsthesizeof theelectroweakcorrections,weshow
in Figure7 the ratio of the NLO and lowest-ordercrosssectionsasa function of the Ø ® of the elec-
tron in Ø/Øa2 â  � � � �k� obtainedwith the Monte Carlo generatorWGRAD [57]. The solid histogram
shows the crosssectionratio taking only transverse-momentumandpseudorapiditycuts into account.
The dashedhistogramdisplaysthe resultobtainedwhen, in addition, the four-momentumvectorsare
smearedaccordingto theATLAS specifications[53], andelectronandphotonmomentaarecombined
if � î �*� ���W�
© 4 A 4 Å [53]. Recombiningtheelectronandphotonfour-momentumvectorseliminatesthe
mass-singularlogarithmictermsof the form = s m �  , andstronglyreducesthesizeof the electroweak
corrections.

2.3 Electroweak corrections to ° production and continuum neutral-current processes

2.31 QED corrections

Themass-singularuniversalQED correctionsfrom initial-stateradiationfrom quarkshave alreadybeen
discussedin Section2.1. They arepart of the quarkdistribution functions. The residualQED initial-
statecorrections,togetherwith final-statecorrectionsandinterferenceof initial-final radiationaretreated
separatelyby anexplicit diagrammaticcomputation.

A completecalculationof theQED UB�*= � radiative correctionsto Ø&Ø 2 �	��� 2 � � � � hasbeen
carriedout in [68]. The calculationis basedon an explicit diagrammaticapproach.The collinearsin-
gularitiesassociatedwith initial-statephotonradiationarefactorisedinto the partondistribution func-
tions (seeSection2.1). Absorbingthe initial-statemasssingularitiesinto the pdf’s introducesa QED
factorisation-scaledependence.The resultspresentedhereareobtainedwithin the QED DIS scheme
which is definedanalogouslyto theQCD DIS factorisationscheme.TheMRS(A) partondistributions
areused,with a factorisationscale � 9 . Due to mass-singularlogarithmictermsassociatedwith pho-
tonsemittedcollinearwith oneof thefinal-stateleptons,QED radiative correctionsstronglyaffect the



Fig. 7: Ratioof the ± G³²A´kQ andlowestorderdifferentialcrosssectionsasafunctionof thetransversemomentumof theelectron

with andwithout leptonidentificationrequirements(resultsbasedon [57]). Thecutsimposedaredescribedin thetext.

shapeof the di-lepton invariantmassdistribution, the leptontransversemomentumspectrum,andthe
forward-backwardasymmetry, ä�å&æ .

Theeffectof theQEDcorrectionsonthedi-muoninvariantmassdistribution in theregion ` b GeV© � � � � � � �µ© : 4 b GeV is shown in Figure 8a wherewe plot the ratio of the UB�*= h � and lowest-
orderdifferential crosssectionsasa function of � � ���X���W� . The lowest-ordercrosssectionhasbeen
evaluatedin theeffectiveBornapproximation(EBA) whichalreadytakesinto accountthosehigher-order
correctionswhich canbe absorbedinto a redefinitionof thecouplingconstantsandtheeffective weak
mixing angle.More detailson theEBA canbefoundin Section2.32. In theregion shown in thefigure,
thecross-sectionratio is seento vary rapidly. Below the

�
peak,QED correctionssignificantlyenhance

thecrosssection.At the
�

pole,thedifferentialcrosssectionis reducedby about20%.Photonradiation
from oneof the leptonslowersthedi-leptoninvariantmass.Therefore,eventsfrom the

�
peakregion

areshiftedtowardssmallervaluesof � � ���X���W� , thusreducingthecrosssectionin andabove thepeak
region, andincreasingtheratebelow the

�
pole. Final-stateradiative correctionscompletelydominate

over theentiremassrangeconsidered.They areresponsiblefor thestrongmodificationof thedi-lepton
invariantmassdistribution. In contrast,initial-statecorrectionsareuniform andsmall ( Ü K_4 A ` � in the
QED DIS scheme).

As pointedout earlier, at theLHC a precisemeasurementof theeffective mixing anglej[l m � n �
PS���PSp

usingtheforward-backwardasymmetrymaybepossible.In Figure8b,theforward-backwardasymmetry
is shown in theEBA (dashedline), andincludingQEDcorrections(solid line) for Ø/Øð2 ���E��� � �k� in the
di-muoninvariantmassrangefrom 45 GeVto 105GeV. Here, ä�å&æ is definedby [68]

ä�å&æ �
¶ ; ì¶ K ì (9)

where ¶ �
x
�

³ ×³
·L¸ j n �
³
·L¸ j nl� � ì �

�
� x

³ ×³
·L¸ j n �
³
·L¸ j nl� A (10)

·L¸ j n � is givenby

·L¸ j nl� �
ª Ø�¹#� � � � � �«ª
Ø�¹#� � � � � �

0
� � � � � � � � � � � � � � � K Ø � ® � � � � � � Ø

� � � � � Ø � � � � � ; Ø � � � � � Ø � � � � �
(11)



Fig. 8: Ratio of the ± G³²A´kQ and lowest-orderdifferential crosssections,and the forward-backward asymmetry, º�»�¼ , as a

functionof the M � M4½ invariantmass.Thecutsimposedaredescribedin thetext.

in theCollins-Soperframe[69], with

Ø � � :
. 0 �*ÞÈ] Ø§¹

�E�
(12)

where Þ is the energy and Ø§¹ is the longitudinal componentof the momentumvector. As expected,
the UB�*= � QED correctionsto ä å&æ arelarge in the region below the

�
peak. Sinceeventsfrom the

�
peak,where ä�å&æ is positive andsmall, areshiftedtowardssmallervaluesof � � � � � � � by photonra-
diation,theforward-backwardasymmetryis significantlyreducedin magnitudeby radiative corrections
for b#bzÂ Ë�Ì © � � � � � � ��© õ 4 GeV. It shouldbenotedthat theforward-backwardasymmetryis rather
sensitive to therapidity cutsimposedon theleptons.More detailson ä>å&æ andthemeasurementof the
effective weakmixing anglecanbefoundin Section3.24.

Themasssingulartermsarisingfrom final-statephotonradiationareproportionalto = s ¸¿¾ � ÖJ ' � � ã � ,
where��ã is theleptonmass.Thus,thecorrectionsto the

�
line shapeand ä�å&æ for electronsin thefinal

stateareconsiderablylargerthanthosein themuoncase[68].

To simulatedetectoracceptances,we have imposeda Ø�®Ê� �>� �}0#4 GeV anda
ª � � �>�«ª§©  A 0 cut in

Figure8. Exceptfor thethresholdregion, theeffectsof theleptonacceptancecutsapproximatelycancel
in thecrosssectionratio. In a morerealisticsimulationof how QED correctionsaffect observablesin
Drell-Yan production,leptonandphotonidentificationrequirementsneedto be taken into accountin
additionto the leptonacceptancecuts. Muonsareidentifiedin a hadroncollider detectorby hits in the
muonchambers.In addition to a hit in the muonchambers,one requiresthat the associatedtrack is
consistentwith aminimumionisingparticle.This limits theenergy of aphotonwhichtraversesthesame
calorimetercell asthemuonto be smallerthana critical value Þ n¯ . For electrons,thefinite resolution
of theelectromagneticcalorimetermakesit difficult to separateelectronsandphotonsfor smallopening
anglesbetweentheir momentumvectors. Therefore,electronandphotonfour-momentumvectorsare
recombinedif their separationin the azimuthalangle–pseudorapidity planeis smaller than a critical
value, î ¯ . This eliminatesthe mass-singulartermsassociatedwith final-statephotonradiation(KLN
theorem)andthusmayreducesignificantlytheeffect QED correctionshave on physicalobservablesin
Ø&Øð2ò� � � � � �k� [68]. Specificresultssensitively dependonthevalueof î ¯ , which is detectordependent.

2.32 Non-QEDcorrectionsandeffectiveBorndescription

Theamplitudefor thepartonprocess�(��Ø � K~��(�[�Ø � 2 � � �CÀ � � KÂ� � �CÀ � � of quark-antiquarkannihilationinto
charged-leptonpairsis in lowestorderdescribedby photonand

�
bosonexchange.In thekinematical



variablesfor thepartonsystem

ÖJ �F�CÀ � KÁÀ � � � � �<�F��Ø ; À � � � � � �F��Ø ; À � � � (13)

thedifferentialpartoncrosssectioncanbewrittenasfollows( n denotesthescatteringanglein theparton
CMS):

²,`#+ � ÖJ ³ Ö×³ ´ � 0�Â � � � K � �ÖJ � KÃÂ x � � ; � �ÖJ � ��Â � � : K ·L¸ j � n � KÄÂ x ·L¸ j n (14)

with

Â � � i � i i � ã � � ÖJ � � K 0,Ú i Ú&ã i i iáã&� � ÖJ � � º ËAÅ � ÖJ � K ��Ú �i KÇÆ � i � ��Ú �ã KÁÆ � ã �}ª Å � ÖJ �«ª � �
Â x � `Xi i iáãÈÆ i Æ�ã&� � ÖJ � � º Ë�Å � ÖJ � K ),Ú i Æ i Ú&ãÈÆ�ã ª Å � ÖJ �«ª � A (15)

Thisexpressionis aneffectiveBornapproximation,whichincorporatesseveralentriesfrom higher-order
calculations:theeffective (running)electromagneticcharge containingthephotonvacuumpolarisation
(realpart)

� � ÖJ � � � `#+>=
:<; �3=�� ÖJ ��É (16)

the
�

propagator, togetherwith theoverallnormalisationfactorof theneutral-currentcouplingsin terms
of theFermiconstant" $ ,

Å � ÖJ � �F�*" $ � �9 . 0 � � ÖJ
ÖJ ; � �9 K l ÖJ §X9 ' � 9

�
(17)

containingthe
�

width asmeasuredfrom the
�

resonanceat LEP; thevectorandaxial-vectorcoupling
constantsfor r��F� � �

Ú d �Fg dh ; 0#i dkj[l m � n PSp � Æ d �Fg dh � (18)

which containtheeffective (leptonic)mixing angleat the
�

peak,which is measuredat LEP andSLC.
Taking §9 and j[l m � n PSp from higher-ordercalculations,the formulaeabove yield a gooddescriptionin
theregionaroundthe

�
resonance.

Fromthecrosssection(14) a forward-backwardasymmetryfor theproduced� � � � systemcanbe
derived,whichat thepartonlevel is givenby

Öä�å&æ � Ö×&å ; Ö×&æ
Ö×&åðK Ö×&æ �

 
)
Â x
Â � A (19)

Aroundthe
�

peak,this quantitydependssensitively on j�l m � n PTp . Usinga parametrisationof theBorn-
like expressionsin Equation15, a measurementof Öä>å/æ allows a determinationof the mixing angle
(seeSection3.). Below we give a quantitative evaluationof thehigher-orderelectroweakeffectsin the
integratedcrosssectionandin Öä>å/æ to demonstratethequality of theapproximationaroundthe

�
pole

andto point outdeviationsat higherinvariantmassesof theleptonpairs.

Besidestheuniversalandnon-universalQED corrections,thefollowing IR-finite next-orderelec-
troweaktermscontribute,which areschematicallydepictedin Figure9: self-energy contributionsto the
photonand

�
propagators,vertex correctionsto the

� ' � - �O� and
� ' � - �E�� 3-pointcouplings,andbox di-

agramswith two massive bosonexchanges.Detailsof the treatmentof the resonanceregion at higher
orderis equivalentto thatin � � � � annihilationin fermionpairsandcanbefounde.g. in [4]. Aroundthe�

pole, the box graphsarenegligible, but they increasestronglywith theenergy andhencecontribute
sizeablyat high invariantmassesof the leptonpair. A descriptionin termsof an effective-Borncross
sectionfar away from the

�
pole becomesinsufficient for two reasons:theeffective couplings(based

on self-energiesandvertex correctionsonly) arenot staticbut grow asfunctionsof ÖJ , andthepresence
of the box contributions,which cannotbe absorbedin effective vectorandaxial-vectorcouplingsin a
Born-like structure.
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Fig. 9: Born andhigher-orderelectroweakcontributionsto ÍgZÍ �ÇÎ«�¿Î ½ in symbolicnotation.

In Figures10and11wecomparetheintegratedcrosssection Ö× andtheasymmetryä å&æ atthepar-
ton level in theapproximationcorrespondingto Equations14and15with resultsobtainedby acomplete
one-loopcalculationwith propertreatmentof higher-ordertermsaroundthe

�
resonance.For demon-

strationalpurpose,the effect of the box diagramsis displayedseparately. As onecansee,the region
wheretheeffective Borndescriptionstartsto becomeunsatisfactoryis at ratherhighvaluesof theparton
energy.

In orderto giveanideaof theeffectsremainingin thehadroniccrosssectionafterconvolutionwith
thequarkdistribution functions,Table3 containstherelativedeviationsof thecrosssectionbasedonthe
higher-orderpartonresultsfrom thosebasedon the Born approximationEquation15. Also listed are
theestimatedexperimentalaccuracieswith which thecrosssectionin thevariousbinscanbemeasured.
Thecomparisonshows thatathigh invariantmassestheradiative correctionsremainsizeableandshould
betakeninto accountfor studiesat high ÖJ , for examplein thesearchfor new physicseffectsoriginating
from a heavy extragauge-boson

� à .
2.33 Thefull electroweakUB�*= � corrections:MonteCarlo simulationswith ZGRAD2

The QED correctionsdescribedin Section2.31 have beencombinedwith the weakcorrectionssum-
marisedin the previous sectionin a new Monte Carlo programcalledZGRAD2 [71]. In Figure 12a
we show the ratio of the full UB�*= h � electroweak and the UB�*= h � QED differential crosssectionsfor
Ø&Ø 2 ���X��� � �k� obtainedwith ZGRAD2 asa functionof the

���X���
invariantmass.As in Section2.31,

we have imposeda Ø ® � �>� ��0#4 GeV anda
ª �Û� �>�«ª«©  A 0 cut, andusedtheEBA to evaluatethelowest-

ordercontribution to the UB�*= h � QED crosssection. Thus,the ratio directly displaysthe effect of the
weakbox-diagramsandtheenergy dependenceof theweakcouplingform factors.While theadditional
weakcontributionsonly changethedifferentialcrosssectionby 0.6%atmost,they do modify theshape
of the

�
resonancecurve.

Figure12b comparesthe effect of the UB�*= h � QED correctionsandthe full UB�*= h � electroweak
correctionson the di-muon invariant massdistribution for � � ���X���W� valuesbetween200 GeV and
2 TeV. Due to the presenceof logarithmsof the form

s ¸¿¾ � ÖJ ' �V�9 � , the weakcorrectionsbecomesig-
nificantly larger thantheQED correctionsat largevaluesof � � � � � � � , and,eventually, mayhave to be
resummed[70]. For � � ���X���W� �F0 TeV, thefull UB�*= h � electroweakcorrectionsarefoundto reducethe
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differentialcrosssectionby morethan20%.

Finally, in Figure13weshow how the ®°¯�±�²´³ correctionsaffect theforward-backwardasymmetry
(seeEquations9 to 11). Both QED andweak correctionsreduce µ·¶´¸ , and their size increaseswith
growing di-muonmasses.For ¹º¯.»�¼�»�½¾³À¿ÂÁ TeV, the weakcorrectionsareabouttwice as large as
theQED corrections.Note that the electroweakcorrectionsaffect µ�¶´¸ muchlessthanthe leptonpair
invariantmassdistribution. In the Ã poleregion, Ä�Å Â«ÆÈÇ © ¹º¯.»�¼2»�½¾³ ©ÊÉ�Ë Å GeV, theweakcorrections
changethe forward-backward asymmetryby at most ÅÍÌ É�Ë ½�Î . Resultsqualitatively similar to those
shown in Figures12and13 areobtainedfor Ï´ÏÑÐÓÒ'¼ÔÒÕ½Ö¯.×Ô³ .

ZGRAD2 includesthecompleteweakone-loopcorrectionsandthefull non-universalQED ®°¯�±¾³
corrections.Thecollinearsingularitiesassociatedwith initial-statephotonradiationarefactorisedinto
thepartondistribution functions. However, QED correctionsto theevolution of thepartondistribution
functions(seeSection2.1)arenot includedin ZGRAD2. Thesecorrectionsshouldbepartof acomplete
global fit of the pdf’s including all QED effect - this is beyond the scopeof the calculationpresented
here.Noneof thecurrentfits to thepdf’s includeQEDcorrections.



Table3: Hadroniccrosssectionfor Î«�¿Î ½ pairswith invariantmassin certainenergy ranges.Columnstwo andthreeshow

thepredictedcrosssectionsin theeffective Bornapproximationandthefull one-loopcalculation.Columnsfour andfive show

therelative correctionsto theeffective Born approximationarisingfrom thefull one-loopcalculationaswell astheestimated

experimentalerrorsfor thecrosssectionmeasurementsin thevariousbins.

Energy range Born Full (non-QED) Relative correction Relative experimental

(for Ò'¼ÔÒ'½ pairs) crosssection crosssection to Borncrosssection error

(TeV) (fb) (fb) (%) (%)

0.9- 1.1 6.2299 5.6524 - 9.3 3

1.1- 1.5 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- 2.5 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

Fig. 12: a) Ratioof the full ±�Ø³² ´�Ù electroweakandthe ±�Ø³² ´ÚÙ QED differentialcrosssectionsin thevicinity of the Û pole.

b) Differentialcrosssectionratios,displayingthesizeof thefull ±·Ø³²A´ Ù electroweakandthe ±·Ø³²A´ Ù QEDcorrectionsfor large

valuesof ÜÝØ�Þ+ß Þ4½ Ù . Thecutsimposedaredescribedin thetext.



Fig. 13: ZGRAD2 predictionsof a) theforward-backwardasymmetry, andb) thechangeà º »�¼ dueto the ±·Ø³² ´�Ù electroweak

andQEDcorrections.Thecutsimposedaredescribedin thetext.

2.4 °âá indication from new APV data in cesium and searches at LHC

Theweakcharge ãåä for a heavy atomis definedin termsof thenumberof æ¾çÈè quarkséëêì¿ÊÁ�Ãîíïé ,éñðâ¿òÁ�éîíÑÃ in thenucleus̄�Ã§çÈéó³ andthecoefficients ôöõ ê÷ ð in theparity-violatingpartof theelectron-
quarkHamiltonian, ø ùûú ¿Êü

ýöþÿ Á
�ÒP× � ×��´Ò ô õ ê �æ�× � æÑíïôöõ�ð �èÈ× � è ç (20)

via therelation ãåä ¿òÁ�¯�éëê�ô õ ê íïéëð ôöõ�ð�³�� (21)

In theSM: ô õ�� ¿ � �² üïÁ�ã �
	�� ���� ä .

In arecentpaper[72] anew determinationof theweakchargeof atomiccesiumhasbeenreported.
Themostpreciseatomicparity violating (APV) experimentcomparesthemixing among� and � states
dueto neutralweakinteractionsto aninducedStarkmixing [73]. The1.2%uncertaintyon theprevious
measurementof theweakcharge ãëä wasdominatedby the theoreticalcalculationson the amountof
Starkmixing andon theelectronicparity violating matrix elements.In [72] theStarkmixing wasmea-
suredand,incorporatingnew experimentaldata,theuncertaintyin theelectronicparity violating matrix
elementswas reduced. The new result ãåä ¯ õ ²�²����� 	 ³Í¿ üâÄ�Á�� Ë���� ¯ Ë �/Á���³���� �"! � ¯ Ë �$#&%�³ !('&�*)�+ represents
a considerableimprovementwith respectto the previous determination[73, 74, 75, 76]. The discrep-
ancy betweenthe standardmodel (SM) and the experimentaldatais now given by ã ��� �"!ä ü ã-,�.ä ¿É � É ��¯ É �/Á���³ � Ë � % � (for ¹0/º¿ É Ä�Å GeV and 132i¿ É�Ë�Ë ¯�# Ë�Ë ³ GeV). This correspondsto 2.6(2.8)
standarddeviations [77], excluding the SM at 99% CL and,a fortiori, all the modelsleadingto neg-
ative additionalcontributions to ãëä , as for examplemodelswith a sequentialÃ54 [77]. This devi-
ation could be explainedby assumingthe existenceof an extra Ã 4 from 687 or 9 ¯ É�Ë ³ or from Ã 4:�;
of left-right (LR) models[72, 77, 78]. The high-energy dataat the Ã resonancestrongly boundtheÃ üÊÃ54 mixing [79]; for this reasonwe will assumezeromixing. In this case,the new physicscon-
tribution to ãåä is dueto the direct exchangeof the Ã 4 andis completelyfixed by the Ã 4 parameters,<�= ãåä ¿ É���> 4?A@ ¯�Á�Ã í éó³CB�4ê í ¯�Ã í Á�éó³CB�4ð"D 1E�FHG 1E�FJI , where

> 4 K2çLB�4K arethecouplingsÃ54 to fermions
and,for õ ²�²����� 	 , ÃÊ¿ Å�Å and é ¿ Ä�� . Therelevantcouplingsof the Ã 4 to theelectronandto theup and
down quarksaregivenin theTable1 of [77].

In the caseof the LR model consideredin [77], the extra contribution to the weak charge is<�= ãåä ¿òüM1 �FHG 1 �FNI ã ,�.ä . For thismodelonehasa95%CL lowerboundon 1 F IOQP from theTevatron
[80] givenby 1 F IO�PSR � # Ë GeV. An LR modelcouldthenexplain theAPV dataallowing for a massof
the Ã 4:T; varyingbetweentheintersectionfrom the95%CL boundsÅ&% ËVU 1 F IOQP (GeV)

UòÉ %�Ä Ë deriving
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from ãåä andthelower boundof
� # Ë GeV. In thecaseof theextra-U(1)models,theCDF experimental

lower boundsfor themassesvary accordingto thevaluesof theangle � 7 which parameterisesdifferent
extra-U(1)models,but in generalthey areabout600GeV at 95%CL [80]. For theparticularmodels} ,~

, � , correspondingto � 7â¿��&���L�Q�  ¯�ü Å G #´³�ç�� G Á�ç Ë , the95%CL lowerboundsare 1 FNI��� � Á Ë GeV,
1 F I��� Å�� Ë GeV, 1 FNI� � Å���Å GeV. In Figure14, the95%CL boundson 1 FNI from APV areplotted

versus� 7 (thedirect lower boundsfrom theTevatronareabout
��Ë�Ë

GeV). We seethatanextra Ã54 can
explain thediscrepancy with theSM predictionfor the ãåä for a wide rangeof � 7 angle. In particular,
themodels} and

~
areexcluded,whereasthe � modelis allowedfor 1 F I� lessthanabout1.2TeV.

In thenearfuture,theTevatronupgradeandLHC canconfirmor disprove this indicationcoming
from ãëä . Theexisting boundsfor 6H7 modelsfrom directsearchesat theTevatronwill beupgradedby
the future run with

ÿ � ¿ Á TeV and1 fb ½ õ to 1 FNI�� � Ë�Ë ü�� Ë�Ë GeV andpushedto � É
TeV for

10 fb ½ õ . The boundsarebasedon 10 eventsin the Ò'¼ÔÒ'½ íï»�¼c»�½ channelsanddecaysto SM final-
statesonly areassumed[81]. At theLHC with anintegratedluminosityof

É�Ë�Ë
fb ½ õ , onecanexplorea

massrangeup to % ü�%��/Å TeV dependingon the � 7 value. ConcerningLR models,the95% CL lower
limits from the Tevatronrun with

ÿ � ¿ Á TeV and1(10) fb ½ õ are � � Ë�Ë ¯ É�Ë�Ë�Ë ³ GeV andextendto� %��/Å TeV at LHC [81]. Ratiosof Ã54 couplingsto fermionscanbeprobedat LHC, by consideringthe
forward-backwardasymmetries,ratiosof crosssectionsin differentrapidity binsandotherobservables.
For example,for 1 F I ¿ É

TeV, the LHC candeterminethe magnitudeof normalisedÃ54 quarkand
leptoncouplingsto around

É�Ë ü Á Ë�� [81]. Therefore,if the deviation for the weakcharge ãåä with
respectto theSM predictionis not dueto a statisticalfluctuation,thenew physicsdescribedby anextra
gauge-bosonmodellike Ã54� canexplain thediscrepancy andtheLHC will beableto verify this possible
evidence.



3. PRECISION MEASUREMENTS 3

3.1 Measurement of the � mass

At the time of the LHC start-up,the � masswill be known with a precisionof about30 MeV from
measurementsat LEP2 [82] andTevatron[83]. The motivation to improve on sucha precisionis dis-
cussedbriefly below. The � mass,which is oneof thefundamentalparametersof theStandardModel,
is relatedto otherparametersof the theory, i.e. the QED fine structureconstant± , theFermi constantýöþ

andtheWeinberg angle	�� V� ä , throughtherelation

1 ä ¿ �·±ýåþ ÿ Á��
É

	�� �� ä ÿ É ü���� (22)

where ��� accountsfor the radiative correctionswhich amountto about4%. The radiative corrections
dependon thetopmassas � ¹ � / andontheHiggsmassas ��� ��  1 2 . Therefore,precisemeasurements
of both the � massandthe top massconstrainthemassof theStandardModel Higgsbosonor of the¡

bosonof theMSSM. This constraintis relatively weakbecauseof the logarithmicdependenceof the
radiative correctionson theHiggsmass.Whenit comesto makinga comparisonof themeasurements
of ¯�1 äºç#¹ / ³ with theSM predictions,it is not very usefulif onemeasurementis muchmorerestrictive
thantheother. To ensurethat thetwo massdeterminationshave equalweight in a � � test,theprecision
on thetopmassandon the � massshouldberelatedby theexpression

�¢1 ä¤£ Ë �/Ä Ì É�Ë ½ � � ¹ / (23)

Sincethe top masswill be measuredwith an accuracy of about2 GeV at the LHC [53], the � mass
shouldbeknown with aprecisionof about15MeV, sothatit doesnotbecomethedominanterrorin the
testof theradiative correctionsandin theestimationof theHiggsmass.Sucha precisionis beyondthe
sensitivity of TevatronandLEP2.

A studywasperformedto assesswhethertheLHC will beableto measurethe � massto about
15MeV [84, 85]. TheATLAS experimentwastakenasanexample,but similarconclusionsholdalsofor
CMS.Suchaprecisemeasurement,whichwill beperformedalreadyin theinitial phaseatlow luminosity
aswill thetopmassmeasurement,wouldconstrainthemassof theHiggsbosontobetterthan30%.When
andif theHiggsbosonwill befound,suchconstraintswould provide animportantconsistency checkof
the theory, and in particularof its scalarsector. Distinguishingbetweenthe StandardModel and the
MSSMmightbepossible,sincetheradiative correctionsto the � massareexpectedto bea few percent
largerin thelattercase.

The measurementof the � massat hadroncolliders is sensitive to many subtleeffects which
aredifficult to predictbeforethe experimentsstart. However, basedon the presentknowledgeof the
LHC detectorperformanceandon theexperiencefrom theTevatron,it is possibleto make a reasonable
estimateof the total uncertaintyandof themaincontributionsto beexpected.In turn, this will leadto
requirementsfor the detectorperformanceandthe theoreticalinputswhich areneededto achieve the
desiredprecision.This is theaimof thestudywhich is describedin thenext sections.

3.11 Themethod

The measurementof the � massat hadroncollidersis performedin the leptonicchannels.Sincethe
longitudinalmomentumof theneutrinocannotbemeasured,thetransversemass¹ ä¥ is used.Thisis cal-
culatedusingthetransversemomentaof theneutrinoandof thechargedlepton,ignoringthelongitudinal
momenta: ¹ ä¥ ¿ Á ÏT¦¥ Ï�§¥ ¯ É ü¨� � 	 �ª© ³ (24)

3Sectioncoordinator:S.Haywood



where ««¿ Ò\ç#» . The leptontransversemomentumÏ ¦¥ is measured,whereasthe transversemomentum
of theneutrinoÏ §¥ is obtainedfrom thetransversemomentumof theleptonandthemomentum¬æ of the
systemrecoilingagainstthe � in thetransverseplane(hereaftercalled“the recoil”):

Ï §¥ ¿òü®
¬Ï ¥ ¦ í¯¬æ° (25)

Theanglebetweentheleptonandtheneutrinoin thetransverseplaneis denotedby �¢© . Thedistribution
of ¹ ä¥ , andin particularthe trailing edgeof the spectrum,is sensitive to the � mass.Therefore,by
fitting the experimentaldistribution of the transversemasswith Monte Carlo samplesgeneratedwith
differentvaluesof 1 ä , it is possibleto obtainthe masswhich bestfits the data. The trailing edgeis
smearedby severaleffects,suchasthe � intrinsic width andthedetectorresolution.This is illustrated
in Figure15, which shows the distribution of the � transversemassasobtainedat particle level (no
detectorresolution)and by including the energy and momentumresolutionas implementedin a fast
particle-level simulationandreconstructionof theATLAS detector(ATLFAST, [85]). Thesmearingdue
to thefinite resolutionreducesthesharpnessof theend-pointandthereforethesensitivity to 1 ä .

Fig. 15: Distribution of the ± transversemassasobtainedat particle level andby including the expectedATLAS detector

resolution.

Whenrunningathigh luminosity, thepile-upwill smearsignificantlythetransversemassdistribu-
tion, thereforetheuseof thetransverse-massmethodwill probablybelimited to theinitial phaseat low
luminosity. Alternative methodsarementionedin Section3.14.

3.12 � productionandselection

At the LHC, the cross-sectionfor the processÏ Ï Ð � í³² with � Ð «�´ and « ¿ Ò\ç#» is 30 nb.
Therefore,about300 million eventsare expectedto be producedin eachexperimentin one year of
operationat low luminosity(integratedluminosity10 fb ½ õ ). Suchacross-sectionis a factorof tenlarger
thanat theTevatron(

ÿ � ¿ 1.8TeV).

To extractaclean � signal,oneshouldrequire:µ An isolatedchargedlepton( Ò or » ) with Ï ¥³¶
25 GeV insidethepseudorapidityregion devoted

to precisionphysics  }H¸·òÁ�� % .µ Missingtransverseenergy 6-¹»º½¼C¼¥ ¶
25GeV.µ No jetsin theeventwith Ï ¥�¶

30 GeV.µ Therecoil shouldsatisfy �¬æ-�· 20GeV.



The last two cutsareappliedto reject � ’s producedwith high Ï ¥ , sincefor large Ï ä¥ the transverse
massresolutiondeterioratesandthe QCD backgroundincreases.The acceptanceof the above cuts is
about25%. By assuminga leptonreconstructionefficiency of 90% andan identificationefficiency of
80%[86], a total selectionefficiency of about20%shouldbeachieved. Therefore,afterall cutsabout
60 million � ’s areexpectedin oneyearof datatakingat low luminosityin eachexperiment,which is a
factorof about50 largerthanthestatisticsexpectedfrom theTevatronRun2.

3.13 Expecteduncertainties

Dueto the largeeventsample,thestatisticaluncertaintyon the � massshouldbesmallerthan2 MeV
for anintegratedluminosityof 10 fb ½ õ .

Sincethe � massis obtainedby fitting theexperimentaldistribution of thetransversemasswith
Monte Carlo samples,the systematicuncertaintywill comemainly from the Monte Carlo modelling
of thedata,i.e. the physicsandthedetectorperformance.Uncertaintiesrelatedto the physicsinclude
the knowledgeof: the � Ï ¥ spectrumandangulardistribution, the partondistribution functions,the
� width, the radiative decaysand the background.Uncertaintiesrelatedto the detectorinclude the
knowledgeof: theleptonenergy andmomentumscale,theenergy andmomentumresolution,thedetector
responseto therecoilandtheeffectof theleptonidentificationcuts.At theLHC, asnow at theTevatron,
mostof theseuncertaintieswill beconstrainedin situby usingdatasamplessuchas Ã Ð¾«�« decays.The
latterwill beusedto determinetheleptonenergy scale,to measurethedetectorresolution,to modelthe
detectorresponseto the � recoil andthe Ï ¥ spectrumof the � , etc..

Theadvantagesof theLHC with respectto theTevatronexperimentsare:µ Thelargenumberof � eventsmentionedabove.µ The large sizeof the ‘control samples’.About six million Ã Ð «�« decays,where «ë¿ Ò'ç#» , are
expectedin eachexperimentin oneyearof datatakingat low luminosityafterall selectioncuts.
This is a factorof about50 largerthantheeventsamplefrom theTevatronRun2.µ ATLAS andCMS arein generalmorepowerful thanCDF andD0 are,in termsof energy resolu-
tion, particleidentificationcapability, geometricalacceptanceandgranularity. Whatmaybemore
importantfor this measurementis thefact thatATLAS andCMS will benefitfrom extensive and
detailedsimulationsand test-beamstudiesof the detectorperformance,undertaken even before
thestartof data-taking

Nevertheless,the LHC experimentshave complex detectors,which will requirea greatdealof
studybeforetheirbehaviour is well understood.

To evaluatethesystematicuncertaintyon the � massto beexpectedin ATLAS, � Ð¿«�´ decays
were generatedwith PYTHIA 5.7 andprocessedwith ATLFAST. After applying the selectioncuts
discussedabove,a transversemassspectrumwasproducedfor areferencemassvalue(80.300GeV).All
sourcesof systematicuncertaintyaffecting themeasurementof the � massfrom CDF Run1 [87, 88]
werethenconsideredasan example4. Their magnitudewasevaluatedin mostcasesby extrapolating
from the Tevatron results,on the basisof the expectedATLAS detectorperformance.The resulting
erroron the � masswasdeterminedby generatingnew � samples,eachoneincludingonesourceof
uncertainty, andby comparingthe resultingtransversemassdistributionswith theoneobtainedfor the
referencemass.A Kolmogorov test[90] wasusedto evaluatethecompatibilitybetweendistributions.

Sincethegoalis a totalerrorof � Á Ë MeV perexperiment,theindividual contributionsshouldbe
muchsmallerthan10MeV. A largenumberof eventswasneededto achievesuchasensitivity. With three
million eventsafterall cuts,correspondingto twelve million eventsat thegenerationlevel, a sensitivity
at thelevel of 8 MeV wasobtained.

4Similar resultshave beenobtainedby theD0 experiment[88, 89].



Themainsourcesof uncertaintyandtheir impacton the � massmeasurementarediscussedone
by onein the remainderof this section.The total errorandsomeconcludingremarksarepresentedin
Section3.14.

Lepton energy and momentum scale This is thedominantsourceof uncertaintyon themeasurement
of the � massfrom TevatronRun1, wheretheabsoluteleptonscaleis known with aprecisionof about
0.1%[87, 88, 89]. Most likely, this will bethedominanterroralsoat theLHC. In orderto measurethe
� masswith a precisionof betterthan20 MeV, the leptonscalehasto beknown to 0.02%. The latter
is themoststringentrequirementon theenergy andmomentumscalefrom LHC physics. It shouldbe
notedthata very high precision(0.04%)mustbeachieved alsoby theTevatronexperimentsin Run2,
in orderto measurethe � massto 40 MeV [83]. If sucha precisionwill indeedbedemonstratedat the
Tevatron,it would representagoodbenchmarkfor theLHC experiments.

The leptonenergy andmomentumscalewill be calibratedin situ at the LHC by usingphysics
samples,which will complementthe informationcomingfrom thehardwarecalibration,from themag-
neticfield mappingof solenoidsandtoroids,andfrom test-beammeasurements.Themuonscalewill be
calibratedby usingmainly Ã Ð »û» events,andtheelectromagneticcalorimeterscalewill becalibrated
by usingmainly Ã Ð Ò'Ò eventsor 6 G Ï measurementsfor isolatedelectrons,where 6 and Ï arethe
electronenergy andmomentumasmeasuredin theelectromagneticcalorimeterandin theinnerdetector
respectively. Leptonicdecaysof otherresonances( À , Á G ~ ) shouldprovide additionalconstraintswhich
minimisetheextrapolationerrorto lowermassesthanthe Ã bosonmass.

Similarmethodsareusedtodayat theTevatron,wheretheuncertaintyontheabsoluteleptonscale
is dominatedby thestatisticalerrordueto the limited Ã datasample.Themainadvantageof theLHC
comparedto theTevatronis thelargesampleof ÃòÐÂ«C« decays.The Ã bosonis closein massto the �
boson,thereforetheextrapolationerrorfrom thepoint wherethescaleis determinedto thepoint where
themeasurementis performedis small.

A preliminarystudyof theerroron theabsoluteelectronscaleto beexpectedin ATLAS wasper-
formedby usinga sampleof 500000ÃòÐ Ò\Ò decaysprocessedthrougha full GEANT-basedsimulation
of theATLAS detector[86]. Severalpossiblesourcesof uncertaintieswereconsidered:theknowledge
of theamountof materialin the innerdetector, which affectstheelectromagneticcalorimeterscalebe-
causeof photonbremsstrahlung;radiative Ã decays,whichdistort thereconstructedmassspectrum;the
modellingof the underlyingevent andof the pile-up at low andhigh luminosity. Table4 shows that
the impactof theseuncertaintieson theelectronscalein thecalorimetercanmostlikely bekeptbelow
0.02%.Themoststringentrequirementto achieve thisgoalis theknowledgeof thematerialin theinner
detectorto 1%, which will requirescrutiny duringconstructionplus in situ measurementswith photon
conversionsand 6 G Ï for isolatedelectrons.Moredetailscanbefoundin [86].

Table4: Expectedcontributionsto theuncertaintyon theelectronenergy scaleof theATLAS electromagneticcalorimeter, as

determinedusinga fully-simulatedsampleof ÛÄÃ�ÅÆÅ decays(from [86]).

Source Requirement Uncertaintyon scale

Material in innerdetector Known to 1% · 0.01%

Radiative decays Known to 10% · 0.01%

Underlyingevent Calibrateandsubtract Ç 0.03%

Pile-upat low luminosity Calibrateandsubtract Ç 0.01%

Pile-upat high luminosity Calibrateandsubtract Ç 0.01%



Severalexperimentalconstraintswill beneededto achieve a 0.02%uncertaintyon the innerde-
tector muon scale: the solenoidalmagneticfield in the inner cavity must be known locally to better
than0.1%,thealignmentmustbe understoodlocally to � 1 » m in thebendingplane,etc.. A detailed
discussiononhow to meetthesegoalscanbefoundin [86, 91].

Thescalecalibrationof theexternalmuonspectrometerdependsontheknowledgeof themagnetic
field, on the chamberalignmentandon the knowledgeof the muonenergy lossesin the calorimeters.
Thelattermustbeunderstoodto a precisionof 0.25%in orderto achieve thegoaluncertaintyof 0.02%
on the absolutescale. A preliminarystudybasedon a full GEANT simulationof the ATLAS detector
demonstratedthatwith a sampleof only 10000 Ã ÐÓ»û» decaysa scaleuncertaintyof 0.1%shouldbe
attainedin themuonspectrometer. More detailscanbefoundin [86, 92].

In conclusion,to achievetheneededprecisionontheleptonscale,severalexperimentalconstraints
will have to be satisfied. In addition,cross-checksandcombinedfits betweendifferentsub-detectors
(innerdetectorandelectromagneticcalorimeterfor theelectronscale,innerdetectorandmuonsystem
for themuonscale)will beneeded.Indeed,only in anover-constrainedsituationwill it bepossibleto
disentanglethevariouscontributionsto thedetectorresponse,andthereforetoderiveareliablesystematic
error.

Lepton energy and momentum resolution To keeptheuncertaintyon the � massfrom the lepton
resolutionto lessthan10MeV, theenergy resolutionof theelectromagneticcalorimeterandthemomen-
tum resolutionof the innerdetectorandmuonsystemhave to beknown with a precisionof betterthan
1.5%.

Theleptonenergy andmomentumresolutionswill bedeterminedat theLHC by usinginformation
from test-beamdataandfrom MonteCarlosimulationsof thedetector, aswell asin situ measurements
of the Ã width in Ã Ð «�« final states. The 6 G Ï distribution for electronsfrom � decaysprovides
an additionaltool. Thesemethodsareusedpresentlyat the Tevatron. As an example,the statistical
erroron themomentumresolutionobtainedby CDF in Run1A is 10%,whereasthesystematicerror is
only 1% andis dominatedby theuncertaintyon the radiative decaysof the Ã [87]. SincetheATLAS
performancein termsof momentumresolutionis expectedto besimilar to thatof CDFin themomentum
rangerelevant to � productionanddecays,andsincethestatisticalerrorat theLHC will benegligible,
a total errorof muchlessthan1.5%shouldbeachieved. This uncertaintymight furtherbedecreasedif
improvedtheoreticalcalculationsof radiative Ã decayswill becomeavailable.

Recoil modelling Thetransversemomentumof thesystemrecoilingagainstthe � , togetherwith the
leptontransversemomentum,is usedto determinethe Ï ¥ of theneutrino(seeEquation25). Therecoil
is mainly composedof soft hadronsfrom the underlyingevent, for which neitherthe physicsnor the
detectorresponseareknown with enoughaccuracy. Therefore,in orderto getareliablerecoildistribution
in theMonteCarlo,informationfrom datais usedat theTevatron.By exploiting thesimilar production
mechanismsof � and Ã bosons,in eachMonte Carlo event with a given Ï ä¥ (determinedfrom the
truth information)therecoil is replacedby therecoil measuredin thedatafor Ã eventscharacterisedby
a Ï F¥ (measuredby the leptons)similar to Ï ä¥ . The resultingerror on the � massfrom CDF Run 1A
is 60 MeV perchannel,andis dominatedby the limited statisticsof Ã data. The resultobtainedfrom
Run1B (about30 MeV) shows that this uncertaintyscaleswith

ÿ é , where é is thenumberof events.
Extrapolatingto theLHC datasample,anerrorof smallerthan10 MeV perchannelshouldbeachieved.
It shouldbenotedthattherecoil includesthecontribution of thepile-upexpectedat low luminosity(two
minimum-biaseventsperbunchcrossingon average).

� È�É spectrum Themodellingof Ï ä¥ in theMonteCarlois affectedby boththeoreticalandexperi-
mentaluncertainties.Theoreticaluncertaintiesarisefrom thedifficulty in predictingthenon-perturbative



regimeof soft-gluonemission,aswell asfrom missinghigher-orderQCDcorrections.Experimentalun-
certaintiesaremainlyrelatedto thedifficulty of simulatingthedetectorresponseto low-energy particles.

Therefore,the methodusedat the Tevatronto obtaina reliableestimateof Ï ä¥ consistsof mea-
suringthe Ï ¥ distribution of the Ã bosonfrom Ã ÐÊ«C« eventsin thedata,exploiting the fact thatboth
gauge-bosonshave similar Ï ¥ distributions,andusingthetheoreticalpredictionfor theratio Ï ä¥ G Ï F¥ (in
this ratioseveraluncertaintiescancel)to convert themeasuredÏ F¥ into Ï ä¥ . Theresultingerroron the �
massobtainedby CDF is 20 MeV, dominatedby thelimited Ã statistics.

At the LHC, the averagetransversemomentumof the � ( Ã ) is 12 GeV (14 GeV), asgiven by
PYTHIA 5.7. Over therangeÏ ¥ ( � , Ã ) · 20GeV, bothgauge-bosonshave Ï ¥ spectrawhichagreeto
within

�
10%.By assuminganegligible statisticalerrorontheknowledgeof Ï F¥ , whichwill bemeasured

with high-statisticsdatasamples,andby usingthe Ï F¥ spectruminsteadof the Ï ä¥ distribution,anerroron
the � massof about10MeV perchannelwasobtainedwithoutany furthertuning.Althoughtheleading-
orderpartonshowerapproachof PYTHIA is only anapproximationto reality, this resultis encouraging.
Furthermore,improved theoreticalcalculationsfor the ratio of the � and Ã Ï ¥ distributions should
becomeavailableat the time of theLHC, so that thefinal uncertaintywill mostlikely be smallerthan
10 MeV.

Parton distribution functions Partonmomentumdistributions inside the protonsdeterminethe �
longitudinalmomentum,andthereforeaffect thetransversemassdistribution throughleptonacceptance
effects.At theTevatron,partondistribution functions(pdf), in particulartheæ G è ratio,areconstrainedby
measuringtheforward-backwardchargeasymmetryof the � rapidity distribution. Suchanasymmetry,
which is typicalof Ï �Ï collisions,is notpresentin Ï´Ï collisionsandthereforecannotbeusedat theLHC.
However, it hasbeenshown [55] thatpdf canbeconstrainedto afew percentat theLHC by usingmainly
thepseudorapiditydistributionsof leptonsproducedin � and Ã decays.Theresultinguncertaintyon
the � massshouldbesmallerthan10 MeV.

� width At hadroncolliders, the � width canbe obtainedfrom the measurementof Ë , the ratio
betweentherateof leptonicallydecaying� ’s andleptonicallydecayingÃ ’s:

Ë ¿ÍÌ ä
Ì F

Ì Î Ë ¯�� Ð¾«�´2³Î Ë ¯�Ã Ð¾«�«�³ (26)

wherethe Ã branchingratio (
Î Ë ) is obtainedfrom LEP measurements,andthe ratio betweenthe �

andthe Ã cross-sectionsis obtainedfrom theory. By measuringË , theleptonicbranchingratioof the �
canbeextractedfrom theabove formula,andthereforeÏ+ä canbededucedassumingStandardModel
couplingsfor � Ð¾«�´ . Theprecisionachievablewith thismethodis limitedby thetheoreticalknowledge
of the ratio of the � to the Ã cross-sections.Anothermethodconsistsof fitting thehigh-masstails of
thetransversemassdistribution,whicharesensitive to the � width.

By usingthesemethods,the � width wasmeasuredwith aprecisionof about60MeV by CDF in
Run1, which translatesinto anerrorof 10MeV perchannelon the � massmeasurement.

In Run2, the � width shouldbe measuredwith a precisionof 30 MeV [83], which contributes
an error of 7 MeV perchannelon the � mass.This is however a conservative estimatefor the LHC,
wherethe � width shouldbemeasuredwith higherprecisionthanat Tevatronby usingthehigh-mass
tails of thetransversemassdistribution. Themeasurementof Ë , on theotherhand,in additionto being
model-dependentwould requirevery precisetheoreticalinputs. It shouldbe notedthat onecould also
usethevalueof the � width predictedby theStandardModel.

Radiative decays Radiative � Ð «�´ × decaysproducea shift in the reconstructedtransversemass,
which mustbe preciselymodelledin the Monte Carlo. Uncertaintiesarisefrom missinghigher-order



corrections,which translateinto an error of 20 MeV on the � massasmeasuredby CDF in Run 1.
Improvedtheoreticalcalculationshave becomerecentlyavailable[93]. Furthermore,theexcellentgran-
ularity of theATLAS electromagneticcalorimeter, andthelargestatisticsof radiative Ã decays,should
provide usefuladditionalinformation.Therefore,a � masserrorof 10 MeV perchannelwasassumed
in thisstudy. This is aconservative estimate,sincetheD0 errorfrom Run1 is smallerthan10MeV [88].

Background Backgroundsdistort the � transversemassdistribution, contributing mainly to thelow-
massregion. Therefore,uncertaintieson thebackgroundnormalisationandshapetranslateinto anerror
on the � mass.This error is at the level of 5 MeV (25 MeV) in the electron(muon)channelfor the
measurementperformedby CDF in Run 1, wherethe backgroundis known with a precisionof about
10%.

A studywasmadeof themainbackgroundsto � Ð¾«�´ final statesto beexpectedin ATLAS. The
contribution from � ÐÑÐ�´ decaysshouldbeof order1.3%in boththeelectronandthemuonchannel.
Thebackgroundfrom Ã Ð Ò'Ò decaysto the �iÐ Ò�´ channelis expectedto benegligible, whereasthe
contribution of Ã Ð »û» decaysto the �iÐ »H´ channelshouldamountto 4%. Thedifferencebetween
thesetwo channelsis dueto the fact that the calorimetrycoverageextendsup to  }8 � Å , whereasthe
coverageof the muonspectrometeris limited to  }HH· Á��/Ä . Therefore,muonsfrom Ã decayswhich
areproducedwith  }H ¶ Á��/Ä escapedetectionandthusgive rise to a relatively largemissingtransverse
momentum.On the otherhand,electronsfrom Ã decaysproducedwith  }8 ¶ Á�� % arenot efficiently
identified, becauseof the absenceof tracking devices and of fine-grainedcalorimetry, however their
energy canbe measuredup to  }H � Å . Thereforetheseeventsdo not passthe 6ÓÒHÔÖÕ×Õ¥ cut describedin
Section3.12.Finally, Ø �Ø productionandQCDprocessesareexpectedto give negligible contributions.

In order to limit the error on the � massto lessthan10 MeV, the backgroundto the electron
channelshouldbeknown with aprecisionof 30%,which is easilyachievable,andthebackgroundto the
muonchannelshouldbeknown with aprecisionof 7%. Thelattercouldbemonitoredby using Ã ÐÓÒ\Ò
decays.

3.14 Results

Theexpectedcontributionsto theuncertaintyonthe � massmeasurement,of whichsomearediscussed
in the previous sections,aresummarisedin Table5. For comparison,the errorsobtainedby CDF in
Run 1A (integratedluminosity � 20 pb½ õ ) and Run 1B (integratedluminosity � 90 pb½ õ ) are also
shown separately. Theevolution of theuncertaintybetweenRun1A andRun1B shows theeffect of the
increasedstatisticsandof the improvedknowledgeof thedetectorperformanceandof thephysics,and
providesa solidbasisfor theLHC resultspresentedhere.

With anintegratedluminosityof 10fb ½ õ , whichshouldbecollectedin oneyearof LHC operation,
andby consideringonly oneleptonspecies( Ò or » ), a total uncertaintyof smallerthan25 MeV should
beachieved by eachLHC experiment.By combiningboth leptonchannels,which shouldalsoprovide
useful cross-checkssincesomeof the systematicuncertaintiesare different for the electronand the
muon sample,and taking into accountcommonuncertainties,the total error shoulddecreaseto less
than20 MeV per experiment. Finally, the total LHC uncertaintycould be reducedto about15 MeV
by combiningATLAS andCMS together. Sucha precisionwould allow theLHC to competewith the
expectedprecisionat aNext LinearCollider [94].

The mostseriousexperimentalchallengein this measurementis thedeterminationof the lepton
absoluteenergy andmomentumscaleto 0.02%.All otheruncertaintiesareexpectedto beof theorderof
(or smallerthan)10MeV. However, to achievesuchagoal,improvedtheoreticalcalculationsof radiative
decays,of the � and Ã Ï ¥ spectra,andof higher-orderQCDcorrectionswill beneeded.

The resultspresentedherehave to be consideredas preliminary and far from being complete.
It may be possiblethat, by applyingstrongerselectioncuts, for instanceon the maximumtransverse



Table5: Expectedcontributionsto theuncertaintyon the ± massmeasurementin ATLAS for eachleptonfamily andfor an

integratedluminosity of 10 fb ÙTÚ (fourth column). The correspondinguncertaintiesof the CDF measurementin the electron

channel,asobtainedin Run1A [87] andRun1B [88], arealsoshown for comparison(secondandthird column).

Source �¢1 ä (CDF Run1A) �¢1óä (CDFRun1B) �¢1 ä (ATLAS)

(MeV) (MeV) (MeV)

Statistics 145 65 · 2

6 ü Ï scale 120 75 15

Energy resolution 80 25 5

Recoilmodel 60 33 5

Leptonidentification 25 ü 5

Ï ä¥ 45 20 5

Partondistribution functions 50 15 10

� width 20 10 7

Radiative decays 20 20 · 10

Background 10 5 5

TOTAL 230 113 · 25

momentumof the � , the systematicuncertaintiesmay be reducedfurther. Moreover, two alternative
methodsto measurethe � masscanbeenvisaged.Thefirst oneusesthe Ï ¥ distribution of thecharged
lepton in the final state. Sucha distribution featuresa Jacobianpeakat Ï ¦¥ � 1 ä G Á and hasthe
advantageof being affectedvery little by the pile-up, thereforeit could be usedat high luminosity.
However, theleptonmomentumis very sensitive to the Ï ¥ of the � boson,whereasthetransversemass
is not,andhenceaveryprecisetheoreticalknowledgeof the � Ï ¥ spectrumwouldbeneededto usethis
method.Anotherpossibilityis to usetheratioof thetransversemassesof the � and Ã bosons[95]. TheÃ transversemasscanbereconstructedby usingthe Ï ¥ of oneof thechargedleptons,while thesecond
leptonis treatedlike a neutrinowhoseÏ ¥ is measuredby thefirst leptonandtherecoil. By shifting the¹ F¥ distribution until it fits the ¹ ä¥ distribution, it is possibleto obtaina scalingfactorbetweenthe �
andthe Ã massesandthereforethe � mass.Theadvantageof this methodis thatcommonsystematic
uncertaintiescancelin theratio. Themaindisadvantageis thelossof a factorof tenin statistics,sincetheÃòÐÛ«�« sampleis a factorof tensmallerthanthe �iÐÛ«�´ sample(andonly eventsnearto theJacobian
peakcontribute significantly to the massdetermination). Furthermore,differencesin the production
mechanismbetweenthe � andthe Ã (Ï ¥ , angulardistribution, etc.), andpossiblebiasescomingfrom
the Ã selectioncuts,will give riseto anon-negligible systematicerror.

Thefinal measurementwill requireusingall themethodsdiscussedabove, in orderto cross-check
thesystematicuncertaintiesandto achieve thehighestprecision.

3.15 Conclusions

Preliminarystudiesindicatethatmeasuringthe � massat theLHC with a precisionof about15 MeV
shouldbe possible,althoughvery challenging. The biggestsingleadvantageof the LHC is the large
statistics,whichwill resultin smallstatisticalerrorsandgoodcontrolof thesystematics.To achievesuch
unprecedentedprecision,improvedtheoreticalcalculationsin many areaswill beneeded(e.g. radiative
decays,pdf’s, Ï ä¥ ), andmany stringentexperimentalrequirementswill have to besatisfied.



3.2 Drell-Yan production of lepton pairs

3.21 Introduction

Parton level: In theStandardModel (SM), theproductionof leptonpairsin hadron-hadroncollisions
(theDrell-Yan process)is describedby

�
-channelexchangeof photonsor Ã bosons.The partoncross

sectionin thecentre-of-masssystemhastheform:

è»ÜÌè�Ý ¿ ±
�
% � @ µHÞ´¯ É í�� � 	 � � ³ûíïµ õ � � 	»� D (27)

where ÜÌ ¿ ÎÆß�àâá²ÆÕ µ Þ and µ þäã ¿ ²åçæ Úæéè give thetotal crosssectionandtheforward-backwardasymmetry,
respectively. Theterms µêÞ and µ õ arefully determinedby theelectroweakcouplingsof theinitial- and
final-statefermions.At the Ã peak,the Ã exchangedominateswhile theinterferencetermis vanishing.
At higherenergies,bothphotonand Ã exchangecontributeandthelargevalueof theforward-backward
asymmetryarisesfrom theinterferencebetweentheneutralcurrents.

Fermion-pairproductionabove the Ã poleis a rich searchfield for new phenomenaatpresentand
futurehigh-energy colliders[96]. Thedifferentialcrosssectionis givenby

èëÜÌè�Ý �  × Õ íïÃ Õ í�ì Æîíðïçñ�ò 	�� � 	Óó�ô  � (28)

wheremany proposedtypesof new physicscanleadto observableeffectsby addingnew amplitudesor
throughtheir interferencewith theneutralcurrentsof theSM.

At hadron colliders: Thepartoncrosssectionsarefoldedwith thepartondistributionfunctions(pdf’s):

d� Ì
d1 ¦õ¦ dö ¯.Ï ÏÀÐ¾« õ « � ³ �

ÔÖ÷
ø
ÔÖù�ú ¯Cû õ ³ ø ÷Lù�ú ¯Cû � ³ íï¯Cüþý ÿ�³ ÜÌ (29)

where ÜÌ is the crosssectionfor the partonicsubprocessü�ÿ Ð « õ « � , 1 ¦õ¦ ¿ ÿ Ð � ¿ ÿ Ü� and ö arethe
invariantmassandrapidity of the leptonpair, û õ ¿ ÿ Ð Ò � and û � ¿ ÿ Ð Ò ½ � are the partonmomen-
tum fractions,and

ø
ÔÖù�ú ���ú�� ¯Cû Ô ³ is the probability to find a parton ü with momentumfraction û Ô in the

(anti)proton.
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Thetotalcrosssectionandtheforward-backwardasymmetryarefunctionsof observableswhicharewell
measuredexperimentally:theinvariantmassandtherapidity of thefinal statelepton-pair. For a pair of
partons(û õ R û � ), therearefour combinationsof quarksinitiating Drell-Yanproduction:æ �æ¾ç �æ æ¾çÈè �èç �èè .
In Ï´Ï collisions,theantiquarkscomealwaysfrom theseawhile thequarkscanhavevalenceor seaorigin.
The û -rangeprobeddependson themassandrapidity of the lepton-pairasshown in Table6. Goingto
higherrapiditiesincreasesthedifferencebetweenû õ andû � andhencetheprobabilitythatthefirst quark
is avalenceone.

3.22 Eventrates

Theexpectednumbersof eventsfor theTevatronRun2 (TEV2) andtheLHC areshown in Table7 and
Figure16. Theestimationis basedon simulationswith PYTHIA 5.7 [97] by applyingthe following
cuts:

1. For LHC: bothleptons  }8 ·òÁ��/Å ; for TEV2: onelepton  }H¸· É
, theother  }H�·òÁ��/Å .



Table6: � Ú and� á for differentmassesandrapidities.

1 (GeV) 91.2 200 1000

ö 0 2 4 0 2 4 0 2 4

û õ 0.0065 0.0481 0.3557 0.0143 0.1056 0.7800 0.0714 0.5278 -

û � 0.0065 0.0009 0.0001 0.0143 0.0019 0.0003 0.0714 0.0097 -

2. For bothleptons,Ï ¥�¶ Á Ë GeV.

Thedatasamplecanbedividedinto threeclasses:
Eventsnearthe Ã pole:µ Therewill be a hugesampleof Ã eventsat the LHC. Thesewill allow study of the interplay

between	��  � � � ���"!�� ¯�1E�F ³ andthepdf’s.

High masspairs(110-400GeV):µ LEP2will studythis region up to 200GeV.µ TEV2 will collecta sizeablesampleof eventsin this region.µ LHC will beableto do precisionstudies.

Veryhigh masspairs(400-4000GeV):µ TEV2 will have afirst glance.µ LHC will collectasizeablesamplefor testsof theSM atthehighestmomentumtransfers( ã � ) and
for searchesof new phenomenaat theTeV scale.

Table7: PYTHIA estimate:expectednumberof eventsfor oneexperimentin the Å ß Å Ù and Þ ß Þ Ù channels.For LEP2and

CDF theobservednumberof eventsis shown.

Pair Mass LEP2 CDF TEV2 LHC

600pb½ õ 110pb½ õ 10 fb ½ õ 100fb ½ õ
SM / Data Data PYTHIA PYTHIA

Ã pole - - � É �/Å Ì É�Ë 7 � É #&%ÍÌ É�Ë 7
¶

110GeV 12500 148(
¶

150GeV) 46000 Á�� � Ì É�Ë 7
¶

400GeV - 1 250 33000

3.23 Measurementsof Ì and µ þäã
The experimentalsignaturefor Drell-Yan eventsis distinctive: a pair of well isolatedleptonswith op-
positecharge. This shouldbe straight forward for the ATLAS and CMS detectorsto identify. The
backgroundsarelow: � ¼é� ½ , ÐÖ¼�ÐÖ½ , � �� , � � � , Ø �Ø ; fakes,cosmicsetc.. If theneedarises,they canbe
furthersuppressedby acoplanarityandisolationcuts.Theselectioncutsusedin this studyhave already
beendescribedin thesectionon simulations.

An importantingredientin thecrosssectionmeasurementis theprecisedeterminationof the lu-
minosity. A promisingpossibility is to go directly to thepartonluminosity [55] by usingthe �

�
( Ã )

productionof single(pair) leptons:
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Fig. 16: Expectednumberof eventsfor TEV-2000andLHC in onechannel/experimentasa functionof thedileptonmass.

µ Constrainthepdf’s.µ Measuredirectly theparton-partonluminosity.

In this way, thesystematicerroron Ì
' º�� '�� á��� relative to Ì F canbereducedto � 1%.

In orderto measurethe forward-backward asymmetry, it is necessaryto tag thedirectionsof the
incomingquarkandantiquark.At theTevatron,the Ï �Ï collisionsprovide a naturallabel for thevalence
(anti)quark. In contrastat the LHC, the Ï´Ï initial stateis symmetric. But in the reaction � ��Õü Ð «%¼é«%½
only � canbea valencequark,carryingon averagea highermomentumcomparedto theseaantiquarks.
Thereforeat theLHC, µ þäã

will besignedaccordingto thesignof therapidity of theleptonpair öû¯�«C«�³ .
Consequently, µ þäã

increasesasa functionof öû¯�«�«�³ [98, 99] (seeFigure18).

A precisemeasurementof Ì and µ þäã
at large Ü� requiresgoodknowledgeof thedifferenttypes

of electroweakradiative correctionsto theDY process:vertex, propagator, EW boxes.A completeone-
looppartoncrosssectioncalculationhasbeenperformed[71]. Thesizeof thesecorrectionsafterfolding
with thepdf’s andtheexpectedexperimentalprecisionon thecrosssectionmeasurementarecompared
in Figure17. TheLHC experimentscanprobethesecorrectionsup to � 2 TeV.

3.24 Determinationof 	��  � � � ���"!�� ¯�1 �F ³
A very precisedeterminationof 	��  � � � �*�&!�� ¯�1 �F ³ will constrainthe Higgs massor, if the Higgs boson
is discovered,will checkthe consistency of the SM [100]. The latestresultof the LEP Electroweak
WorkingGroupfrom thesummerof 1999is:

	��  � � � ���"!�� ¯�� � � ³ ¿ Ë �/Á�# É Å ÉÓ� Ë � Ë�Ë�Ë�É Ä (32)

Event selection A carefulstudy[101] of theprecisionwhich canbeobtainedfrom the Ã Ð Ò\Ò decay
by ATLAS andCMS hasbeenmadeusingPYTHIA 5.7 andJETSET 7.2. Backgroundprocesses
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Fig. 17: Sizeof the electroweakradiative correctionsand the expectedrelative experimentalprecisionon the crosssection
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from -
-/.10 jetsand -2-/.43�536.1798:7<; have beenincluded.In theregionsof precisionmeasurements
( = >?=A@B0+CED ), the precisionwhich canbe obtainedfrom FG.IHJH decaysshouldbe comparableto that
from theelectronchannel.In addition,thedetectorshave calorimetryextendingto = >?=+KLD andhence,if
it is possibleto tagvery forwardelectrons,albeitwith significantlylower quality, it maybepossibleto
improve dramaticallythemeasurementof M<N O�PRQTS�U�VXWU�Y

Z�[ P\�] .
Thefollowing cutsweremade:

1. - U�S�U�^�W`_`a�bc d 0+e GeV/f
2. g+D+CE0 GeV/f Pih [LZ 798j7<; ] hlk+m CE0 GeV/f P

In all cases,oneelectronwasrequiredin theprecisioncalorimetry = >�=�@n0+CED . Efficienciesafter typical
electronidentificationcutsweretakenfrom detailedstudiesreportedin [86]. Thesearetypically around
70%,with correspondingjet rejectionsof dlo eqp (therewasnoadvantagefor thismeasurementof larger
rejectionfactors).For thesecondelectron,thepossibilityfor it to beidentifiedin theforwardcalorimetry
0+CED h = >�=2@sr�C k wasconsidered.In this region, thereis no magnetictracking.An electronidentification
efficiency of 50% wasassumedwith a correspondingjet rejectionof t . Extendingthe pseudorapidity
coveragefor the secondelectronincreasesthe rangeof leptonpair rapidity from = u Z 7 8 7 ; ] =:@iKv0 to
= u Z 7<8:7<; ] =(@wKlx . Figure18 shows how theasymmetryvariesasa functionof = u Z 7<8:79; ] = .

Statistical sensitivity Thesensitivity of y{zJ| to M9N O~}�Q S�U�VqWU�Y
Z�[ }\ ] canbeparametrisedasfollows:

y{zJ| � � Z���� M<N O } Q S�U�VqWU�Y
Z�[ }\ ]�] (33)�9�?������� � � |���������� �9����� �s� �9���J�

� �?��� � � � � |������ ��� � �A��� ��� � �A�J�
Valuesof

�
and � werecalculatedin [68] andhavebeenre-evaluatedby Baurcorrespondingto theabove

cuts- seeTable8.
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Fig. 18: Forward-backward asymmetryvs rapidity for Å<��Å Ù pairs from � decayssatisfyingthe selectioncutsdescribedin

Section3.24. Theasymmetryis shown wherebothelectronshave � ��� �¢¡q£�¤ (triangles)andwhereoneelectronis allowedto

have � ���<�¦¥+£�§ (squares).Theresultsarethesamefor bothsetsof cutsin thefirst bin.

A summaryof thestatisticalerrorswhich canbeobtainedwith 100fb ¨J© areindicatedin Table9.
With the best rejectionfactorsshown in the table, the effect of the backgroundis negligible. If no
jet rejectionis possiblein the forward calorimetry, the statisticalprecisionswhich canbe obtainedon
	��  � � � �*�&!��«ª 1 �F�¬ are #�� %®°¯+± ¨³² and %��E¯´°¯+± ¨³² for no ö cut and  ö ª�µ<¶:µ ¨ ¬  ¶ ¯��E± respectively. While

thesensitivity to 	�� â�8� � �*�&!�� ª 1³�F ¬ is increasedby cuttingon  ö ª�µ ¶ µ ¨ ¬  (seeTable8), thegain is reduced
by thelossof acceptanceandincreasedsignificanceof thebackgroundwhentheforwardcalorimetryis
used.It is probablethatgreatersensitivity couldbeobtainedby fitting · þäã

asa functionof  ö ª�µ ¶ µ ¨ ¬  .
From Table9, it canbe seenthat for a single leptonspeciesfrom oneLHC experiment,using

leptonsmeasuredin  ¸H¸·l¹+ºE» , astatisticalprecisionof ¼�ºE±½¾¯+± ¨³² on ¿<À Á~Â�Ã ��Ä�ÅqÆÄ  ª�Ç ÂÈ ¬ couldbeobtained.
With thecombinationof electronsandmuonsin two experiments,¹+ºE±ÉÊ¯+±2¨³² couldbeobtained.

Thetableshows that for moderatejet rejection( Ë � ¯+± Â ) in theforwardcalorimetry, a statistical
precisionof ¯+º ¼Ì®¯+±2¨³² couldbereachedby a singleexperimentusingjust theelectronchannel(cannot
includethemuons).Evenapoorrejection � ¯+± , wouldprovideausefulmeasurement.While nostudies
with full detectorsimulationhave beendone,its seemslikely that both the ATLAS andCMS forward
calorimetrywill be ableto provide usefulelectronidentificationbecauseof moderatelongitudinaland
transversesegmentation.Combiningbothexperimentswill permitafurther Í ¹ reductionin thestatistical
uncertainty.

Systematic uncertainties In order to be ableto exploit the possibility of measuring¿<À Á~Â�Ã�Î Ä�ÅqÆÄ�Ï ª�Ç ÂÈ ¬
with suchhigh precision,thesystematicerrorshave to becomparablysmall. Quick estimatesindicate
thatthefollowing factorsarethemostimportantones:

1. pdf’s: affect boththeleptonacceptanceaswell astheresultsof radiative correctioncalculations.

2. Leptonacceptanceand reconstructionefficiencyas a functionof leptonrapidity: while thereis
somecancellationin the determinationof the asymmetry, the productwill needto be known to
betterthan0.1%.CDF[102] hasshown thatit is possibleto achieve aprecisionof about1%,with



Table8: ParametersÐ andÑ in Equation33.

Cuts Ò<Ó�Ô�Õ�Ö ×´Ò<Ø�ÙAÚ ×ÛÒ9Ø�ÜJÚ Ò<Ý�Þ�ß�à�á â�Ó�Ô�Õ�Ö ×Ûâ�Ø�ÙAÚ ×Ûâ�Ø�ÜJÚ â�Ý?Þ�ß�à�áã ¸ ã(ä ¹+ºEå both µ<æ .2481 .0025 -.0026 .2480 0.48 -0.01 -0.16 0.31ã ¸ ã(ä ¹+ºEå both µ æã ç ª�µ ¶ µ ¨ ¬ ã(è ¯+ºE± .2503 -.0009 -.0069 .2425 0.74 0.05 -0.03 0.76ã ¸ ã(ä ¹+ºEå one µ æã ¸ ã(ä ¼�ºEé theother µ9æ .2483 -.0005 -.0015 .2463 1.18 0.15 -0.10 1.23ã ¸ ã(ä ¹+ºEå one µ<æã ¸ ã(ä ¼�ºEé theother µ9æã ç ª�µ<¶:µ ¨jê ã(èìë ºE± .2486 .0011 -.0028 .2469 1.66 0.01 -0.04 1.63

thelargestcontribution beingdueto theuncertaintyin thepdf’s.

3. Effectsof higherorderQCD(andelectroweak)corrections:canbeestimatedby varyingtheerrors
on theparametersÒ and â .

4. MassScale: ·{í Ó variesasa functionof theinvariantmassof theleptonpair. Sincethemeasured
asymmetrycorrespondsto an integrationover the î resonance,it is importantto understandthe
massscale.It is expectedthat this will beknown to ïð±+ºE±+¹ % (see3.13)by directcomparisonof
the î peakwith themeasuredLEPparameters.

Themostimportantsystematiccontribution is thatcomingfrom theuncertaintiesin thepdf’s. A
studyusingseveral“modern”pdf’s (MRST, CTEQ3andCTEQ4)gaveagreementbetweentheresulting
valuesof ·{í Ó within the 1% statisticalerrorsof the study ( åÌ ë ±qñ eventsweregeneratedfor each
pdf set). This uncertaintymust be reducedby a factor of 10 if it is to be smallerthan the expected
statisticalprecisionon · í Ó shown in Table9. It remainsto beseenwhether(a) thedifferencesarising
from thevariouspdf’s will shrinkwith increasedstatisticalsensitivity of thestudyand(b) whetherthe
currentpdf’s actuallydescribethemeasureddatasufficiently well (sincethepfd’s arefitted to common
data,variationsarenot necessarilyindicative of theactualuncertainties).New measurementsfrom the
Tevatron(andultimately the LHC itself) will improve the understandingof the pdf’s, but it is unclear
at this stagewhetherthis will besufficient. It maybepossibleto fit simultaneously¿<À Á Â Ã Î Ä�ÅXÆÄ�Ï ª�Ç ÂÈ ê and
thepdf’s, or alternatively, it maybenecessaryto reversethestrategy andusethemeasurementof ·{í Ó
combinedwith existingmeasurementsof ¿<À Á Â Ã Î Ä�ÅqÆÄ�Ï ª�Ç ÂÈ ê to constrainthepdf’s.

3.25 Search for new phenomena

Contact interactions Contactinteractionsoffer a generalframework for a new interactionwith cou-
pling ò and typical energy scale óõô Í ö÷ . At LEP2, the current limits [96, 103] for quark-lepton
compositenessat 95%CL vary between3 and8 TeV, dependingon themodel.At theLHC scalesup to
25-30TeV arereachable,asillustratedin Figure19.

Search for resonances The otherextremeis the searchfor resonanceslike î{ø or ù ú , which produce
peaksin themassdistributions. A neutralheavy gauge-bosonî{ø is characterisedby its massû È,ü , by
its couplingsandby its mixing angle ÃXý with the standardî boson. If Ãþý ÿ ± andthe î{ø hasSM
couplings,the currentlimit is û È,ü è ë ±+å+± GeV [104]. For othercouplingscenariosthe lower limits



Table9: Statisticalprecisionwhichcanbeobtainedon �������	��
 ������� ��� ���� from measurementsof ����� in ��� �!� from oneLHC

experimentwith 100fb "�# . Resultsaregivenfor differentjet rejectionfactors$ for theforwardcalorimetry %'&)(+*-, .�,�*0/1&32 .
Cuts 4 5{í Ó (%) ×65{í Ó (%) ×®¿9À Á Â Ã Î Ä�ÅqÆÄ�Ï87 Ç ÂÈ êã 9�ã2ä ¹+ºEå both : æ - 0.774 0.020 ;+º<;>= ë@?1ACBã 9�ã2ä ¹+ºEå both : æã ç 7 :�DE: A ê ã(è ë º ? - 1.66 0.030 ¼�º ? = ë@? ACBã 9�ã2ä ¹+ºEå one : æ ë@? B

2.02 0.017 1.4= ë@? ACBã 9�ã2ä ¼�ºEé theother : æ ë@? Â 1.98 0.018 1.4= ë@? ACBë@?1F
1.68 0.021 1.7= ë@? ACBã 9�ã2ä ¹+ºEå one : æ ë@? B
3.04 0.022 1.35= ë@? ACBã 9�ã2ä ¼�ºEé theother : æ ë@? Â 2.94 0.023 1.41= ë@? ACBã ç 7 :�DE: A ê ã(è ë º ? ë@? F
2.31 0.030 1.83= ë@? ACB

aremodeldependentandtypically of theorderof severalhundredGeV. Resonanceswith massesup to
ï 4-5TeV canbeprobedatLHC, asshown in Figure19.

R-parity violation In SUSYtheorieswith R-parityviolation, it is possibleto couplesleptonsto pairs
of SM leptonsor quarksthroughnew independentYukawa couplings(9 G couplingsfor the slepton-
leptonsectorand27 G ü couplingsfor the slepton-quarksector). This makes the resonanceformation
of singlescalarneutrino ù ú in H�IH scatteringpossible.It canbe observed throughthe decayof the ù ú to
leptonpairs,if a suitablecombinationof two couplings(e.g. G øJ FKF G F J F ) is present[105]. TheK-factor
for sleptonproductionis not calculatedyet, leadingto anuncertaintyï 10%in theestimateof the GLG
ø
sensitivity.

Low-scale gravity An exciting possibility is the searchfor low-scalegravity effectsin theorieswith
extra spatialdimensions,leadingto virtual graviton exchange.Thebestlimits at LEP2comefrom com-
binedanalysisof Bhabhascattering[106]:

óNMÊÿ ë º ¼ ë ¹ 7 ë º ?@O@O ê TeV for G ÿQP ë 7KR ë ê at95%CL

In theDrell-Yanprocessthereis anuniquecontribution from ÷ -channelgraviton exchange[107],
whichmodifiestheform of thedifferentialcrosssectionandgivesadistinctsignature:

ò2ò RTSVU D U A (34)

H>W
H>X�Y@ZE[ ÿ G]\ ö÷ J

;'^@_+`bac 7
ë R X�Y@Z B [ ê (35)

Thelargepartonluminosityfor gluonsatLHC mayalsocompensatethe ` A ac suppression.Scalesup to
ï 5 TeV canbeprobedwith luminosity100fb

A F
.
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3.26 Summary

Themainresultsof this studyare:u A competitive measurementof vxw yrz|{	}3~����~��
�K� z��� is harddueto thecentralacceptanceof theexper-

imentsandthedifficulty of controlling thepdf’s (partondistribution functions)with the required
precision.However, adetectorwith extendedforwardacceptancefor oneof theleptonsoffersthe
possibilityto measurevxw yrz�{ }3~����~��

�K� z� � with astatisticalprecisionof �@� �����@�1�C� .
u Thetotal cross-sectioncanbemeasuredwith systematicerror �

��� ��������x�
�]�

� 1%.u A non-zeroforward-backwardasymmetry� z¡  canbemeasuredup to 2 TeV with statisticalpre-
cision ¢¤£¦¥ .u TheDrell-Yan processcanprobeelectroweakradiative correctionsup to 1.5 TeV with statistical
precisionat the §¨¥ level asa functionof © z .u Thehighenergy andluminosityof LHC offersa rich searchfield at theTeV scalein theDrell-Yan
channel:contactinteractions,resonanceformation( ª�« , scalarneutrinos),low-scalegravity, etc..

Furtherstudieswill refinethefollowing points:u Theeffectof higherorderQEDcorrections(initial- andfinal-stateradiationandtheir interference).u Theeffect of experimentalcutson theelectroweakcorrections.u Thecarefulseparationof the ¥]¬®¬ and ¥]¯ ¯ contributions.

3.3 Tau physics

The ° leptonis a memberof the third generationwhich decaysinto particlesbelongingto thefirst and
secondones.Thus,° physicscouldprovide somecluesto thepuzzleof therecurringfamiliesof leptons
and quarks. One näıvely expectsthe heavier fermionsto be more sensitive to whatever dynamicsis
responsiblefor the fermion-massgeneration.The pureleptonicor semileptoniccharacterof ° decays



providesacleanlaboratoryto testthestructureof theweakcurrentsandtheuniversalityof theircouplings
to thegauge-bosons.

The last few yearshave witnesseda substantialchangein our knowledgeof the ± properties
[108, 109]. Thelarge(andclean)datasamplescollectedby themostrecentexperimentshave improved
considerablythestatisticalaccuracy and,moreover, have broughta new level of systematicunderstand-
ing.

A high-energy hadroncollider doesnot provide a very goodenvironmentto performprecision±
physics.Nevertheless,therearea few topicswhereLHC couldcontribute in a relevantanduniqueway.
Moreover, sincethe ± is theheaviestknown lepton,it canplayavery importantrole in searchesfor new
particles(for example,asin Section6.1).

3.31 Charged-currentuniversality

Table10: Presentconstraintsoncharged-currentleptonuniversality[109].

ã ò@²r³Xò@´ ã ã ò¶µ·³Xò@² ã ã ò@µC³Xò@´ ã¸ µ@¹N² ³ ¸ µ@¹N´ ë@º<?@?@? é¦» ?@º<?@?@¼@¼ — —¸ µ@¹N´ ± ² ³'± µ —
?@º é+é+é@½¾» ?@º<?@?@¼ ½ —¸ µ@¹N² ± ² ³'± µ — —

ë@º<?@?@?@¼ » ?@º<?@?@¼ ½¸�¿ ¹N´ ³ ¸�¿ ¹N² ë@º<?@?+ë@O » ?@º<?@?+ë å — —À µ@¹ ¿ ³ À ¿ ¹N² —
ë@º<?@? åÁ» ?@º<?@? å —À µ@¹NÂ ³ À ÂÃ¹N² —
?@º é@Ä ë » ?@º<?+ë Ä —¸�Å ¹NÆ ³ ¸�Å ¹NÆ ü (Ç IÇ ) ?@º é@ÄÈ» ?@º<? ½ —

?@º é@Ä O » ?@º<?@¼ å¸�Å ¹NÆ ³ ¸�Å ¹NÆ ü (LEP2)
ë@º<?@?@¼ » ?@º<?+ë ; ë@º<?@? ÄÁ» ?@º<?+ë é ë@º<?+ë@? » ?@º<?+ë é

Table10 shows thepresentexperimentaltestson theuniversalityof the leptoniccharged-current
couplings.Theleptonic± branchingratiosarealreadyknown with aquiteimpressive precisionof

?@º ½@É ;
this translatesinto a testof ò ² ³Xò ´ universalityat the 0.22%level. However, in order to test the ratios
ò µ ³Xò ² and ò µ ³Xò ´ , oneneedsprecisemeasurementsof the ± massandlifetime, in addition. At present,
thesequantitiesareknown with a precisionof 0.016%(ûÊµ ÿ ë@O@O@O@º<? å DCËxÌ \KÍA ËxÌ \KÎ MeV) and0.34%(±Ïµ ÿ¼ é ?@º<O@O » ?@º é+é fs), respectively [109], which leadsto asensitivity of 0.23%for thethreeò Æ ³Xò Æ ü ratios.

Futurehigh-luminosity: D : A collidersrunningnearthe ± D ± A productionthresholdcouldperform
moreprecisemeasurementsof the leptonic ± branchingfractionsandthe ± mass.However, oneneeds
a high-energy machineto measurethe ± lifetime. Clearly, the future testsof leptonuniversalitywill be
limited by the ±Ïµ accuracy. It is not clearwhetherthe

¸
-factorieswould beableto improve thepresent± µ measurementin a significantway. Thus,it is importantto know how well ± µ canbe determinedat

LHC.

A lessprecisebut moredirect teston theuniversalityof the leptonic Ð æ couplingsis provided
by the comparisonof the different Ð D S U D ú Æ branchingfractions. LEP2 hasalreadyachieved a
bettersensitivity thantheTevatroncollider, anda further improvementis expectedwhenthefull LEP2
statisticswill beavailable.It is anopenquestionwhetherLHC couldbecompetitive at this level ( ï ë É )
of precision.



3.32 Tau lifetime

Thecurrentworld averagefor the ± lifetime is
¼ é ?@º ÄÁ» ë@º<? fs ( ÑÒ± ÿQÄ O'Ó m) [109]. Improvementsin this

measurementwould bewelcomein orderto give bettertestsof theStandardModel, in particularlepton
universalityandelectroweakcalculations.In this section,theresultsof a preliminarystudyto examine
theLHC potentialaregiven.

In LEP experiments,± pairsareproducedback-to-backwith well definedmomenta- this will not
be the caseat the LHC. The first featureallows valuablecorrelationsto be madebetweenthe two ±
decays,while thesecondprovidestheboostrequiredto obtainproperlifetime estimates.At theLHC,
î S ±�± eventswill betriggeredby requiringone± to decayto anelectronor muon,while thelifetime
is estimatedfrom theother± which is requiredto decayto threechargedparticles.

Tau reconstruction A studywasmadeusingfully simulatedeventsin theATLAS detector(see[86]
for moredetails).Whenthe î hassometransversemomentum,themomentaof the ± ’s canbededuced
by projectingthe recoil momentumvectormeasuredby the calorimetryalongthe lines of flight of the
two ± ’s (determinedfrom thedirectionof theleptonandthehadronicjet, respectively). Dueto resolution
effects,this procedureworksbestwhenthe ± ’s arenotback-to-back.Thefollowing cutsweremade:Ô Theleptonshouldhave Ç�M èQ¼ ^ GeV,

ã 9�ã+äQ¼@º å .Ô The identifiedhadronicjet shouldcontainthreechargedtracksandsatisfy ÕÖM è ½ ? GeV,
ã 9?ã ä¼@º å .Ô Transversemassof leptonandmissingenergy shouldbe

ä å ? GeV.Ô Theangle ×6× betweenthe ± ’s in thetransverseplaneshouldsatisfy:
ë@º Ä ä ×6× äØ¼@º<O or ½ º ; ä

×Ù× ä ^ º å .Ô Theinvariantmassof the ± pair shouldsatisfy: ; ?iä û µ'µ älë@¼@? GeV.

Thesecutsresultin anefficiency of 1.5%. For theseevents,the ± momentacouldbe estimatedwith a
resolutionof 15%.

A vertex wasformedfrom thechargedtracksin thehadronicjet. It wasrequiredthat thevertex
shouldbewithin 2 cm of theinteractionpoint andtheinvariantmassof theparticlesshouldbebetween
0.4and1.78GeV. Theefficiency for this was70%andresultedin a resolutionon thevertex positionin
thetransverseplaneof ^�é ?'Ó m, correspondingto a resolutionon theproperdecaylengthof

ë@O'Ó
m.

Lifetime estimate The statisticalresolutionon the properdecaylengthfrom the combinationof the
vertexing andthe estimateof the tau momentumis of the orderof

¼+ë¦Ó
m (correspondingto 55 fs). A

simpleMonteCarlostudywasmadeto estimatethestatisticaluncertaintyon the ± lifetime (±Ïµ ) which
couldbeachievedwith Ú hadronic± decays.Sincetheresolutionof thelifetime for asingleevent(55fs)
is a fair bit smallerthanthe ± lifetime (291fs), thestatisticalerrorwhich canbeobtainedis dominated
by thenumberof events: W 7 ± µ³ê�Û ± µ ³@Ü Ú .

At the LHC, the crosssectionfor î S ±�± will be 1.5 nb, with a branchingratio of 11% for a
leptonanda three-pronghadronicdecay. Thereconstructionandselectiondescribedabove resultsin an
efficiency of 0.54%. If 30 fb

A F
werecollectedin a low luminosity run, then26,000reconstructed± ’s

could be used,leadingto a statisticalerror on the lifetime of 1.8 fs. To make this competitive would
requireincreasedefficiency for selectingthe ± decays- this is probablya low luminositymeasurement
andsocannotbenefitfrom thestatisticsof a high luminosityrun.

Increasingthe efficiency may not be simple, sincethe cutsweredesignedto control the back-
ground. ÐmP jet eventswill be removed by the masscuts, and apart from a small amountof gluon
splitting to heavy flavour, the jets shouldnot containsignificantlifetime information,hencethis back-
groundshouldnot bea problem. The

¸
lifetime is a factorof five larger thanthatof the ± , andhence

morecarewill berequiredwith â!I â events.



Concerningsystematicerrorscomingfrom the determinationof the decaylength in the silicon
tracking,the averageradial positionof the detectorsin the vertexing layer will needto be understood
to betterthan

ë@?ÁÓ
m. This will bechallengingbut studiessuggestthis maybe feasible[91]. It should

bepossibleto control thesystematicson themeasurementof recoil momentumof the î by comparison
with î S :Ï: or î S Ó¡Ó events,wheretherecoil canbemeasuredaccuratelyby theleptons.

The use of Ý Þ ßEà It maybepossibleto usethedecaysÐ S ± ú whichhave a highercross
sectionthan î S ±�± . In ATLAS, sucheventscould be triggeredby a special± -jet andmissing Õ M
trigger[86]. Informationaboutthe ± momentumcanbededucedby comparingtheenergy anddirection
of thehadronicjet with thedirectionof the ± andusingthe ± massconstraint,wherethe ± directioncan
bedeterminedfrom thereconstructeddecayvertex. In principle,it is possibleto solvecompletelyfor the± momentum,althoughresolutioneffectson thevertex positionandcomplicationsarisingfrom _ Ë ’s in
thehadronicjet meanthatsometimessolutionsarenotphysical.Alternatively, anapproximateestimator
canbe formedwhich doesnot employ themassconstraint[110]. This usesthe ± -jet energy, massandÇ M relative to the ± direction- all threequantitiesbeingdeterminedfrom thechargedtracksalone.This
is morerobust but its behaviour is sensitive to theselectioncuts. It is yet to beproved thata Ð S ± ú
signalcanbeidentifiedwith sufficientefficiency abovethehugeQCD(andin particular, â!I â ) background.

3.33 Raredecays

Owing to thehugebackgrounds,it will notbepossibleto makeageneralsearchfor raredecaymodesof
the ± . However, thelepton-numberviolatingdecay± A S Ó D Ó A Ó A hasa cleansignature,which is well
suitedfor theLHC detectors.Thepresentexperimentalbound[111] is

¸âá 7 ± A S Ó D Ó A Ó A ê älë@º éâ= ë@? A Î 7 é ? É CL ê
This limit reflectsthe sizeof the existing ± datasamples.LHC will producea hugestatistics,several
ordersof magnitudelargerthanthepresentone.Theachievablelimit will thenbesetby systematicsand
backgrounds,whichneedto beproperlyestimated.A sensitivity at thelevel of

ë@? A a doesnotseemoutof
reach.This couldopena very interestingwindow into new physicsphenomena,sincemany extensions
of theStandardModel framework canleadto signalsin the

ë@? A Î to
ë@? A a range.

Althoughmoredifficult to detect,otherlepton-numberviolatingdecayssuchas± S Ó¡Ó : ,Ó :Ï: , :Ï:x: ,Ó¡ã
areworthstudying.

4. VECTOR-BOSON PAIR PRODUCTION 5

4.1 Ýåä¨ÝçæNè�ÝêéìëÃè1ëÙë production

4.11 Recentnumericalimplementations

As alreadyis notedin theintroduction,for thedescriptionof Ð D Ð Aîí Ð æ î í î�î productionwith their
subsequentdecaysinto leptonpairstwo new numericalparton-level MonteCarloprogramshaverecently
becomeavailable[18](MCFM), [19](DKS). Thesepackagesconsidertheproductionof four leptonsin
thedoubleresonanceapproximationwith completeï 7Kð c ê corrections.They canbeusedto computeany
infra-redsafequantitywith arbitraryexperimentalcutson theleptonicdecayproducts.Thesepackages
have alreadybeenusedfor updatingandcross-checkingpreviousresults.TheDKS programis available
in fortran90andfortran77versionsandincludesanomaloustriple gauge-bosoncouplings.TheMCFM
programis morecompletein thesensethat singleresonancebackgrounddiagramsarealsoaddedand
finite width effectsareincludedin someapproximationwhich respectsgauge-invariance.However, it
doesnot includeanomaloustriple gauge-bosoncouplings.Theresultsof theMCFM andDKS programs
agreewith eachotherwithin the integrationerrorof ñ ?@º å@É . Similar agreementis foundwith thespin

5Sectioncoordinator:Z. Kunszt



averagedcrosssectionindicatedin [22, 24, 26]. In thepastyearsthemajorityof theexperimentalstudies
usedthe programsdescribedin [29, 31, 30] (BHO). A recentcomparisonbetweenthe DKS andBHO
programsfindsagreementat thelevel of 1%for Ð«î productionand3-4%for ÐmÐ production(further
detailsseeSection5.5). This confirmstheassumptionsof [29] that thespincorrelationseffectscoming
from virtual correctionsaresmall. Note that recentlya new ï 7Kð c ) packagehasbeenwritten alsoforÐ ã and î ã productionwith anomalouscouplings[20] andfor thefirst timethecompleteoneloopQCD
correctionsareavailablealsofor theseprocesses(seeSection4.2).

4.12 Input parameters andbench markcrosssections

In usingthesepackages,oneshouldbecarefulwith input parameters.TheQCD input is standard:the
latestnext-to-leadingorder partonnumberdensitieshave to be usedwith the correspondingrunning
couplingconstantat somephysicalscaledefinedin termsof thekinematicsof theoutgoingparticles.

The helicity amplitudescodedinto theseprogramsare calculatedin ï 7Kð c ê but they are lead-
ing order in the electroweak theory. However, the one loop electroweak radiative correctionsarenot
completelynegligible. The dominantcorrectionsaregiven by light fermion loopsandlarge custodial
symmetryviolating contributionsof thetop quark.Fortunately, they areuniversalandcanbetakeninto
accountin the spirit of the “improved Born approximation” [112, 113]. Universalitymeansthat their
contributionscanmodify only the leadingorderrelationbetweeǹóò , ` Å and Zxô õ \ [ Å which canbe
takeninto accountwith theuseof theeffective coupling

Zxô õ \ [ Å÷ö _ ð�7 `óò ê
Ü ¼@ø í�` \Å

í
(36)

where
ø í ÿ ë@ºEë ;@;@½+éÊ= ë@? A ñ GeV

A \ is the Fermi constantand ð�7 Ó ê is the runningQED coupling.
With thevaluesof thegauge-bosonsmassesof `ùò ÿ é ë@ºEë Ä O GeV and ` Å ÿúÄ ?@º ^ ë GeV, oneobtainsð ÿ ð�7 `óò ê ÿ ë ³ ë@¼ Ä and Zxô õr\�[ Å ÿ ?@º<¼ ½ ? . Ignoringthis correlationmayleadto about5-6%discrep-
ancy in thecrosssectionvalues.Theremainingelectroweakcorrectionsareestimatedto belessthan2%
aslongthepartonsub-energy is below

?@º å R ë�ûrüþý . However, above the
ë�ûrüþý

scaledoublelogarithmic
correctionsof ï 7Kð Å ÿ Y � \ ö÷ ³þ` \Å ê becomenon-negligible. Theorigin of theselargecontributionsis the
incompletecancellationof thesoftsingularitiesof masslessgauge-bosonemission(theBloch-Nordsieck
theoremis notvalid for non-Abeliantheories[115]). Sincethephysicalcrosssectiondecreasesstrongly
with theincreaseof theinvariantmassof thegauge-bosonpairs,thesecorrectionsarenot importantatthe
LHC. Thevalidity of theimprovedBorn approximationandthepresenceof thedoublelogarithmiccor-
rectionshasbeentestedfor Ð pair productionat LEP2wherethefull next-to-leadingordercorrections
areavailable[112, 113].

Additional electroweakinput parametersarethematrix elementsof theCKM mixing matrix. In
thelight quarksector, oneshouldusethebestexperimentalvalues[116]. In thecaseof theheavy quark
contributions, thecalculationis approximatesincethe ï 7Kð c ê helicity amplitudeshave beencalculated
assumingmasslessquarks[17]. This assumptionis clearly not valid for the top contributions. ÐúÐ
pairproductionreceivescontributionsfrom diagramswith the � -channelexchangeof thetopquark(withã ����� ã ÿ ã � � c ã ÿ ? and

ã ����	
ã ÿ ë
). However, it is suppresseddueto the large top massandsmall â -

quarkpartondensities;therefore,it is reasonableto use
ã ����	�ã ÿ ? . Thecontribution of thesubprocess

â I â S ÐkDîÐ A (treatingthetopasmassless)is of theorderof 2%for theLHC [17] giving anupperlimit
on thetheoreticalambiguitycomingfrom this source.In thecaseof Ð æ î production,onecanneglect
thesubprocessâ ò S Ð A î
� . It is presentat next-to-leadingorderbut againit is stronglysuppressedby
the large top quarkmass,aswell asthe small â -quarkdistribution function. For the numericalresults
presentedhere,values

ã ����� ã ÿ ã �� c ã ÿ ?@º é O å���� � � c �jÿ�� �  � �jÿ ?@º<¼@¼@¼ and � ����	 �Rÿ�� �  	 �Rÿ�� ����� �:ÿ� � � c � ÿ�� ����	 �~ÿ ? areused.We presentcross-sectionvalueswithout includingthebranchingratios. To
geteventsignals,they have to bemultiplied with theleptonicbranchingratiosof thevector-bosons.We



use ¸âá 7 î S : D : A Y�� Ó D Ó A ê ÿQ½ º ½ O É ¸âá 7 î S ��� ´�� ²�� µ ú
�
Iú
� ê ÿ ¼@?@ºEë É

¸âá 7 Ð D S : D ú ´ Y�� Ó D ú A² ê ÿ ë@?@º Ä@É
Theseratiosimplicitly incorporateQCDcorrectionsto thehadronicdecaywidthsof the Ð and î .

Most of the resultsareobtainedwith some“standardcuts” definedasfollows: a transversemo-
mentumcut of Ç�M�� ¼@? GeV andpseudorapiditycut of � 9 �|ñ ¼@º�� is appliedfor all charged leptons
and Ç��! #"$"M % ¼@?'&Nüþý is requiredfor Ð«î productionwhile Ç��! #"("M % ¼��'&�üþý for Ð pair production.
We usetwo differentpartondistributions,MRST [114] with ` Å ÿ Ä ?@º ^ ë)&�üþý andCTEQ(4M) [67]
with ` Å ÿ Ä ?@º ½@½ &Nüþý which we refer to simply asMRST andCTEQ. ð c 7 `óò ê ÿ ?@ºEë+ë@O�� is used
for MRST and ð c 7 `ùò ê ÿ ?@ºEë+ë ; is usedfor CTEQ.In all computations,we settherenormalisationand
factorisationscalesequalto eachother.

In Table11,wepresentthetotal crosssectionvaluesfor thevariousprocessesat theLHC, for the
MRST andCTEQpartondistributions. We tabulatedtheresultsfor W+*-,.* (thecrosssectionswithout any
cutsapplied)aswell as W+/10 * (thecrosssectionswith thestandardcutsdefinedabove). Thecrosssection
valuesaregivenfor thescale Ó ÿ 7 `32 # P `32 � ê ³ ¼ í (37)

where `32�4 arethemassesof thetwo producedvectorbosons.

Table11: Crosssectionsin 576 for 8�8 collisionsat 9 :<;>=@? TeV. Thestatisticalerrorsare AB= on thelastdigit.

î�î ÐkD�Ð A Ð A î ÐkD î
LO NLO LO NLO LO NLO LO NLO

W *-,.* (MRST) 11.6 15.5 78.7 117 11.2 19.3 17.8 30.6

W+*-,.* (CTEQ) 11.8 15.8 81.3 120 11.4 19.6 18.6 31.9

W+/10 * (MRST) 4.07 5.47 25.0 40.18 3.49 6.58 5.20 9.68

W+/10 * (CTEQ) 4.09 5.51 25.6 42.0 3.59 6.72 5.32 9.83

In previous publications[22, 24, 26, 29, 31, 30, 18, 19] a numberof phenomenologicallyinter-
estingquestionshave beenconsidered.Herewe restrictourselves to recall two interestingandtypical
features:thescaledependenceof the radiative correctionsfor ÐmÐ productionandradiationzerosforÐ«î production.

4.13 Scaledependence

Theone-loopcorrectionsto the total crosssectionsareof theorder50%of the leadingordertermand
they canbe much larger for the kinematicalrangeof larger transversemomentaor invariant massof
thevector-bosonpair. For differentialdistributionswhereÇCM is not integratedout completely, thescale
choice Ó \ ÿ Ó \" * ö

ë
¼ 7 Ç \ M 7 � F ê P�Ç \M 7 � \ ê P ` \2 # P ` \2 � ê (38)

appearsto beappropriate.For the total crosssection,thedifferencebetweenthe two scalechoicesex-
pressedin Equations37 and38 is very smallsinceit is dominatedby low-Ç�M vector-bosons.However,
for moreexclusive quantities,the differencescanbe substantial.At the LHC, the hugeone-loopcor-
rectionsin the tails of thedistributionsaredominatedby thebremsstrahlungcontributions; thereforeit



Fig. 20: Scaledependenceof thecrosssectionfor C -pairproductionat theLHC with standardcuts.Thescaleis givenin units

of DFE � asdefinedin Equation38. We show theLO, NLO andNLO with jet vetocurveswithout additionalcuts(left) andwith

anadditionalcut GIHKJ(LM �ON �FP %1QRQ GeV andGSHKT UM �ON �FP�V QRQ GeV (right). Theinsetsshow thecurvesnormalisedto 1 at DXWYD E � .

is naturalto considerthe crosssectionswith andwithout the jet veto (that is, with or without the cutÕBZ\[ *M^] ^ ? GeV).

In Figure20, the scaledependenceof W+/_0 * is shown for standardcuts,with a jet veto andwith
strongercutsonthetransversemomentaof thechargedleptons.Wecanseethatthecorrectionsarelarge
andincreasewith theadditionalcutsapplied.Thescaledependenceat LO is reducedat NLO andit is
reducedfurther whena jet veto is applied. In particular, the sizeof the correctionis stronglyreduced
whenapplyingthejet veto- animportantfeaturefor backgroundstudies.

4.14 Approximateradiationzerosin Ða` production

In leadingorder, theangulardistribution of Ða` productionexhibits anapproximateradiationzeroforX�Y@Z�[cb 7(d F P d \ e ³ 7(d F Rfd \ e [31] whered F í d \ denotethe ` bosoncouplingsto the left handedup and
down quarks,respectively. Sincethepreciseflight directionof the Ð bosonis not known (dueto the
uncertaintyin thelongitudinalmomentumcarriedby theneutrino)it is convenientto plot a distribution
in the(true) rapidity differencebetweenthe ` bosonandthechargedleptoncomingfrom thedecayof
the Ð : gih ò Æ ö h ò R h Æ . Thisquantityis similar to therapidity differencegjh Å ò ö � h Å R h ò � studied
in [24], but usesonly the observablecharged-leptonvariables.It is the direct analogueof thevariableh�k R h Æ-l consideredin [117] for thecaseof Ð ã production.It is possibleto determineX�Y@ZE[ in the Ð ã
or Ða` restframe,by solvingfor theneutrinolongitudinalmomentumusingthe Ð massasaconstraint,
upto atwo-fold discreteambiguityfor eachevent[118, 119, 120]. However, it hasbeenfound[117] that
theambiguitydegradestheradiationzero- at leastif eachsolutionis givenaweightof 50%- sothatthe
rapidity differenceh�k R h Æ-l is morediscriminatingthan X�Y@Z�[ . As onecanseefrom Figure21, thereis
a residualdip in the gjh ò Æ distribution, evenat order ð c . This dip canbeenhancedeasilyby requiring
a minimal energy for the decayleptonfrom the Ð andby cutting on the rapidity of the ` boson. In
Figure21, we have chosenÕ 7KU e �nm ?@? GeV with andwithout h]ò ] ? . Note that the latter two curves
arescaledup by a factorof 5. At the LHC, for the first time, we shall have enoughstatisticsto test
experimentallyfor thepresenceof approximateradiationzeros.

New physicscontributions can modify the self-interactionsof vector-bosons,in particular the
triple gauge-bosonvertices. If new physicsoccursat an energy scalewell above that being probed
experimentally, it canbe integratedout, andthe resultexpressedasa setof anomalous(non-Standard
Model) interactionvertices.(Thephysicsof anomalouscouplingwill beconsideredin detailin Section5.



Fig. 21: Cpo productionfollowedby leptonicdecaysof boththe C and o bosons.Weplot thedistribution,in picobarns,in the

rapiditydifferencebetweenthe o andthechargedlepton
N
from thedecayof the C , qsr7tSu�vwr tFx rIu . Leptonicbranchingratios

arenot includedandthescalehasbeensetto DyW3zO{�|>}~{ t��1� % . Thebasiccutsusedare G M z N � P %1Q GeV and , .�z N � ,1*ù%
for all threechargedleptons,anda missingtransversemomentumcut of G HKT EOEM P %1Q GeV. We plot the qsr7tSu distribution with

thesecuts(blue,upperpair), with anadditionalcut on the C decaylepton, ��z N � PpV Q�Q GeV (green,middlepair) andwith a

furthercut on therapidity of the o bosonr t *�Q (red,lower pair); thelattercurveshave beenscaledup by a factorof 5. The

dashedcurvesareBorn-level results;thesolidcurvesincludethe ��zO��� � corrections.

andourstandardnotationfor theanomaloustriple gauge-bosoncouplingsis giventhere.)It is interesting
to know what is theeffect of theanomalousÐ D Ð A ` couplingson theapproximateradiationzeroofÐa` production[121]. In Figure22, the gjh ò Æ distribution is plottedfor two differentsetsof anomalous
couplingsat vanishing�'\ 7 g d F b R ?@º<? m@½ í G ò b ?@º<?@¼ í g�� ò b R ?@º<?@¼ Ä e and 7 g d F b ?@º<? ; � í G ò b?@º<? ^ í g�� ò b ?@º<?@O m e . For the � \ dependencewe assumeddipoleform factorsof thegenericform

�� 7 � \ e b �
mNP����� � \

(39)

with ��b ¼�û üþý . As one can seein Figure 22, the contributions of anomalouscouplingshave the
tendency to make thedip lesspronounced.

4.15 Future improvements

Thepresentstateof art of thedescriptionof gauge-bosonpair productionis not completelysatisfactory
yet. Of the variousissues,thereare threewhich requirefurther theoreticalstudies. First, the double
resonantapproximationis expectedto be correctonly up to a few percentaccuracy - it is important
to go beyond this approximation. A first attempthasbeenmadeby Campbelland Ellis [18] where,
as alreadymentionedabove, the singly-resonantdiagramshave also beenincluded. Theseadditions
areobviously relevant in theoff-resonantregions.Theinclusionof finite width effect is not completely
straightforwardbecauseof possibleconflictwith gauge-invariance.This issuerequiresfurthertheoretical
study. Secondly, weneedNLO resultsalsofor thesemi-leptonicchannelswhenoneof thegauge-bosons
decayshadronically. This requirestheinclusionof thecontributionsof diagramsdescribingthegluonic



Fig. 22: C3o productionfollowedby leptonicdecaysof boththe C and o bosons.Weplot theNLO distribution,in picobarns,

in therapiditydifferencebetweenthe o andthechargedlepton
N

from thedecayof the C : qsr7tSu7vwr t x rSu . Leptonicbranching

ratiosarenot includedandthescalehasbeensetto D�W>zO{ | }X{ t �1� % . Thestandardcuts G M z N � P %_Q GeV, , .�z N � ,·* %�&3(
for all threecharged leptonsanda missingtransversemomentumcut of G HKT EOEM P %_Q GeV areapplied. We plot the q�r7tSu
distributionwithout anomalouscouplings(red,lower pair) andwith two setsof anomalouscouplingsz�qs� # W x Q1& Q VR����� t WQ1& Q¶% � q�� t W x Q1& Q@%�� � (green,middle pair) and z�qs� # W Q@& QI¡'( �'� t W¢Q1& Qo/ � q�� t W¢Q1& Q�£ V � (blue, upperpair). The ¤ �
dependenceof thecouplingsis given by thedipole form of Equation39 with ¥)W %I¦+§©¨ . Also we plot the samequantities

supplementingthe standardcutswith the additionalcut on the the C decaylepton, ��z N � PªV Q�Q GeV andwith the rapidity

cut r t *�Q ; the lattercurveshave beenscaledup by a factorof 5. ThedashedcurvesareBorn-level results;thesolid curves

includethe ��zO� � � corrections.



correctionsto thefinal-statequarks.Thirdly, fixedorderperturbative QCD descriptionis not applicable
for thedescriptionof thelow-Ç�M behaviour of thegauge-bosonpair. Thetechniquefor theresummation
of the low-Ç M contributions is well known andit canbe appliedalso to the caseof gauge-bosonpair
production.For example,onecalculationfor the `«` hasbeencarriedout [122].

4.16 Comparisonwith PYTHIA
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Fig. 23: Transversemomentumof the CpC bosonspairs

simulatedwith PYTHIA andDKS MonteCarlogenerators

andusingtheCTEQ4M structurefunction.
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Fig. 24: Transversemomentumof the jets in the caseof

the Cpo production.The3 leptonsfall within thedetector

acceptance.

In mostof thestudiescarriedout sofar for theLHC, wheretheproductionof vectorbosonpairs
playedan importantrole, theusualMonteCarlosimulationtool hasbeenPYTHIA [123] basedon LO
matrix elements[124] with partonshower. In particular, it is expectedthat for someoptimisationcuts,
wherethe largecorrectionsprovidedby NLO diagrams(for exampleby choosinghigh-Á�Â�Ã.Ä e or high-Å 2Æ2 regions) its predictionsarenot acceptable.By making comparisonbetweenthe predictionsof
PYTHIA andthe theDKS partonlevel NLO MonteCarlo [19], we investigateherehow accuratedoes
PYTHIA simulatethe di-bosoncrosssectionsat the LHC, especiallyin somekinematicregions. We
relateouranalysisto thespecialcaseof theCMS detector[125].

In all resultspresentedin this analysis,we assumethat the vector-bosonsalwaysdecayleptoni-
cally. We usetheCTEQ(4M)partondistribution [67] in bothMonteCarlosandthecrosssectionvalues
arefor thescaleÇ>bÈÃ Å 2�É�Ê ÅÌË �

e.Í�Î
, where

ÅÌË�Ï
arethemassesof thetwo producedvector-bosons.If

theDKS MonteCarlo is run at Born-level, we obtainvery goodagreementwith thetotal crosssections
givenby PYTHIA.

Figure23 shows thetransversemomentumof the ÐaÐ pairs.ThecomparisonbetweenPYTHIA
andDKS indicatesthelargedifferencein crosssectionobservablesat high-Á�ÑyÑÂ values.This is related
to the fact thatat NLO, thesub-processes� dfÒ ÄÔÓ�Ä�Õ7� have to be taken into account[26, 30]. This is
alsoreportedin Table12. The leptonsareselectedfollowing theCMS criteria,wherea Á�Â larger than
20 GeV anda pseudorapidityÖ ×ØÖÚÙ 2.5 arerequired.Jetsareselectedby: Á�ÂÜÛ 20 GeV and Ö ×�ÖÚÙ 3.
TheK-factorincreasesthenfrom 1.5 for the total crosssectionsup to valuesof about60 if the jetsare
requiredto havea Á�Â largerthan150GeV. Thesameeffect is shown in figure24for the Ða` production,
wherethe Á�Â of the jets is shown (the jet balancesthe Á Ë�ËÂ ). For this processthe K-factorsat largeÁ�Â -valuesare even larger than in the ÐÝÐ case(as shown in the table). The transversemomentum
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Fig. 25: Missingtransverseenergy in the ß3ß production.

Theeventsareobtainedby runningtheDKS generatorwith

andwithout includingtheNLO corrections.
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of the di-bosonsystem(or of the jet(s)) arenot the only variablesaffectedby large NLO corrections.
Othervariablescanshow significantdifferenceswithin their distributions: for examplethe lepton Á�Â ,
the invariantmassof the leptonpair

Å����
, the missingtransverseenergy

� � Â (asshown in Figure25),
themaximaltransversemomentumof thetwo chargedleptonsÁ����
	Â , theleptonpseudorapidities× � , their
difference �j× �� × ����� × ��� , the anglebetweenleptons ������� ��� , the transverseanglebetweenleptons������� ��� andsoon.

Therefore,it is extremelyimportantto take into accountthepossibleinfluenceof NLO corrections
for the vector-bosonproductionat the LHC energy. Every time oneis performingan optimisationof
signalselection,oneshouldbe awareof the possibledeviationsdueto the useof a LO generatorlike
PYTHIA. This is especiallytrue for complicatedcuts,whereit is difficult to judgewhethertheeffects
arelargeor not. An exampleis shown for ÐaÐ eventsin Figure26, wherethesmallestanglebetween
oneof the Ð ’s andthe jet is shown for eventswith a high-Á�Â jet. Not only is thecrosssectionclearly
smaller in PYTHIA but also the shapeof the distribution is quite different, changingthe result of a
possiblecut. Anothergoodexampleis theHiggssearchthroughthedecaychannel� Ò! " Ò$#&% (see
Figure27). Theideaof using Á�Â -cutsto improve thesignal-to-background ratio maynot beaseffective
asonewouldexpectfrom usingonly PYTHIA. Thefigureshows indeedthat,if theNLO correctionsare
included,the Á Â distribution of the non-resonantbackgroundfollows muchmoreclosely thoseof the
signal,reducingthegainconsiderably.

Table12: Crosssectionsin pb for ä�ä collision at ' ( =14 TeV. Theleptonsareselectedby requiringa äIå larger than20 GeV

andapseudorapidity) *+)�, 2.5.Thejetsshouldhave a äIå.- 20GeV and ) *�)�, 3.

Selected Jet Á�/1012Â selection(in GeV):

(pb) 3 254127698: leptons veto 20-150 150-400 Û 400

3 Ñ � Ñ �<;=�>�@?��A�CB?DFEHGFI�JLK 3.704 1.704 1.125 0.568 2 6NM@OQP+R 2.86NM@OQP+S
3 Ñ � Ñ � ;=� � ?�� � B?TVU=W<XZY+[ 3.79 1.71 - - - -

3 Ñ � Ñ �<;=�>�@?��A�CB?TVU=W<XZ\]Y�[ 5.56 2.58 1.49 0.942 0.135 1.696NM@O P Õ
K-factor 1.5 1.54 1.32 1.66 67 ^ 60

3 Ñ`_&a ;b� � ?�� � � �DFEHGFI�JLK 4.356NM@O P Ó 1.456=M@O P Ó 9.476=M@O P Õ 4.916=M@O P Õ 9.336NM@O P+S 6.56NM@O P+c
3 Ñ`_&a ;b� � ?�� � � �TVU=W<XZY+[ 4.346NM@OQP Ó 1.486=M@OQP Ó - - - -

3 Ñ`_&a ;b� � ?�� � � �TVU=W<XZ\]Y�[ 7.426NM@O P Ó 2.776=M@O P Ó 1.316=M@O P Ó 1.276=M@O P Ó 2.86NM@O P Õ 4.636NM@O P+R
K-factor 1.71 1.91 1.39 2.3 30 ^ 700

3 ada ;=�>���A���>�Q�A�DFEHGFI�JLK 5.136NM@O P Õ 1.796=M@O P Õ 1.156=M@O P Õ 6.266=M@O P+R 1.336NM@O P+S 1.56NM@O P+c
3<ada ;=�>���A���>�Q�A�TVU=W<XZY+[ 5.316NM@OQP Õ 1.846=M@OQP Õ - - - -

3 ada ;=�>���A���>�Q�A�TVU=W<XZ\]Y�[ 7.076NM@O P Õ 2.556=M@O P Õ 1.586=M@O P Õ 8.796=M@O P+R 8.236NM@O P+S 7.786NM@O P+e
K-factor 1.38 1.42 1.38 1.4 6 ^ 50

4.2 fhg and i"g production at NLO

In this section,we presentorder jlk resultsfor Ðnm and  m productionat the LHC, including the full
leptoniccorrelationsandanomalouscouplingsin thenarrow-width approximation[126]. Previousanal-
yses[32, 127, 33] includeddecaycorrelationsonly in thebremsstrahlungamplitudesimplementing,as
anapproximation,thefinite partof thespin-summedone-loopamplitudes.



To perform the calculation,we usethe helicity amplitudespresentedin [17]. The amplitudes
relevant for theinclusionof anomalouscouplingsaregivenin [126]. In orderto cancelanalyticallythe
soft andcollinearsingularitiescomingfrom the bremsstrahlungandoneloop parts,we have usedthe
versionof the subtractionmethodpresentedin [128]. Therefore,the amplitudesareimplementedinto
a numericalMonteCarlostyleprogramwhich allows calculationof any infrared-safephysicalquantity
with arbitrarycuts.

The resultspresentedin this sectioncorrespondto Á7Á scatteringat o � � M # TeV usingthe fol-
lowing cuts: a transversemomentumcut of Á �Â Û Î@p

GeV for thechargedleptonsis imposedandthe
pseudorapidityis limited to Ö ×ØÖ7Ù Î@q # for all detectedparticles.Thephotontransversemomentumcut isÁ�rÂ Û p O@stM@O@O@u GeV for Ðnm (  m ) production.For the Ðvm case,we requirea minimummissingtrans-
versemomentumcarriedby theneutrinosÁxwzy|{}{Â Û p O GeV. Additionally, chargedleptonsandthephotons

mustbeseparatedin thepseudorapidity-azimuthal angleby � : � r
� s × r

� × � u Õ Ê s � r
� � � u Õ Û O q5~ .

In order to suppressthe contribution from the off-resonantdiagrams,we requirethe transversemassÅ Â¢Û�� O GeVfor Ðvm productionandtheinvariantmassof the %A% m system
Å���� r Û M@O@O GeVfor the  m

case.

Finally, in order to suppressthe contribution from the fragmentationof partonsinto photons,
computedonly to LO accuracy, the photonsare requiredto be isolatedfrom hadrons:the transverse
hadronicmomentumin a coneof size :]� � O q5~ aroundthephotonshouldbesmallerthana fractionof
thetransversemomentumof thephoton

�V�z�+��� Áx���t�Â Ù O q M p Á�rÂ (40)

Thiscompletesthedefinitionof the“standard”cuts.

In the resultspresentedhere,the branchingratios of the vector-bosonsinto leptonsarenot in-
cluded.For boththeLO andNLO results,we usethelatestsetof partondistributionsof MRST(cor01)
[114] andthe two loop expressionfor thestrongcouplingconstant.For the fragmentationcomponent,
we usethefragmentationfunctionsfrom [129].

The“standard”scalefor boththefactorisationandrenormalisationscalesis

Ç Õ � Ç Õ{}�7� Å ÕË Ê M Î s Á ËÂ u Õ Ê s Á�rÂVu Õ q
(41)

The massesof the vector-bosonshave beenset to
Å a

� � M q M@� ~ GeV and
Å Ñ

� �@O q # M GeV
andthefollowing valueshave beenusedfor theCabibbo-Kobayashi-Maskawa (CKM) matrixelements:Ö Ä+��� Ö � Ö Ä+��k�Ö � O q � ~@p and Ö Ä � k�Ö � Ö Ä � �FÖ � O q�Î�Î�Î . We do not includeany QED or electroweakcorrec-
tionsbut choosethecouplingconstantsj and��� � Õ � Ñ in thespirit of the“improvedBornapproximation”
[112, 113], with ��� � Õ � Ñ

� O q�Î@� O . Noticethattheobservableis order j Õ ; within thesamespirit, we use
the running j � j s Å a u

� M Í M Î � for the couplingbetweenthe vector-bosonandthe quarks(to take
into accounteffectively theEW corrections)whereaswe keep j � M Í M �@~ for thephotoncoupling. It is
worth noticing that this modificationresultsalreadyin morethana 6% changein thenormalisationof
thecrosssectionwith respectto thestandardapproachof usingbothrunningcouplingconstants.

4.21 Resultsat NLO

For futurechecks,andfor anestimateof thenumberof eventsto beobservedat theLHC, somebench-
mark total crosssectionnumbersarepresentedin Table13. Thefirst oneswereobtainedby imposing
only thecut on the transversemomentumof thephotonÁ�rÂ Û p O@stM@O@O@u GeV for Ðnm (  m ) production.
Theimportanceof theNLO corrections,aswell asthesizeof thefragmentationcontribution beforeap-
plying theisolationcut prescription,canbeseenfrom thetable.Furthermore,we alsoincludetheresult
for thetotal crosssectionobtainedaftertheimplementationof thestandardcuts.



3 (pb) LO � Frag. NLO

Ð��<m s Á rÂ Û p O GeV) 4.79 3.02 13.89

Ð P m s Á rÂ Û p O GeV) 3.08 3.55 10.15

 m s Á rÂ Û M@O@O GeV) 1.29 0.412 2.37

Ð��<m (std.cuts) 0.436 0.094 1.71

Ð P m (std.cuts) 0.310 0.095 1.20

 m (std.cuts) 0.524 0.041 0.877

Table13: Crosssectionsfor ��� collisionsat � ���n t¡ TeV. Thestatisticalerrorsare ¢ 1 within the lastdigit. LO £
correspondsto thedirectcomponentonly.

In whatfollows,wewill estimatethetheoreticaluncertaintyof theresultsby analysingthechanges
on differentdistributionswhenvaryingthescaleby a factorof two in bothdirections ¤Q¥Z¦Õ Ù)ÇfÙ Î Ç {}� .

In Figure28,we show thescaledependenceof the Á�Â distribution of thephotonin Ð � m produc-
tion with thestandardcuts(uppercurves)andalsowith theadditionalrequirementof a jet-veto. As can
beobserved, thescaledependenceis still large ( § 10%)but is considerablyreducedwhenthe jet-veto
is applied. Thesituationis similar to whathasbeenobserved in thecaseof ÐaÐ production[19] and
is causedby thesuppressionof thecontribution from the ¨ª© initial stateappearingfor thefirst time at
NLO. Sincethis initial statedominatesthecrosssection,theNLO resultbehaveseffectively like a LO
one,asfar asthescaledependenceis concerned.

In theinsetplot, we presenttheratio betweentheNLO andLO results(with thestandardscale),
which remainslarger than3 andincreaseswith the photontransversemomentum.This clearly shows
that theLO calculationis not evensufficient for anunderstandingof theshapeof thedistribution, since
theNLO effect goesbeyonda simplenormalisation.As is well known [28], the relevanceof theNLO
correctionsfor this processis mainly dueto the breakingof the radiationamplitudezeroappearingat
LO andto the large ¨ª© initial statepartonluminosity at theLHC. It is worth mentioningthat thescale
dependenceof theLO resultturnsout to bevery small. This is anartificial effect andillustratesthata
smallscaledependenceis by nomeansaguaranteefor smallNLO corrections.Furthermore,wepresent
the ratio of theNLO jet-vetoandtheLO result. As expected,this ratio is closerto 1, againdueto the
factthatmostof thecontributionscomingfrom thenew subprocessesappearingat NLO aresuppressed
by thejet-veto.

In Figure29, we studythe leptoncorrelationin the azimuthalanglefor  m production �«� ��� �Ö � � � � � � � Ö . Notice that this observablecanbestudiedat NLO sincethespincorrelationsbetweenthe
leptonsarefully taken into accountin the implementationof theone-loopcorrections.In this case,we
observe that the NLO correctionsare rathersizeableandincreasethe crosssectionby

p O@¬ for small�«� ��� . The region �«� ��� Û Î
(with the standardcuts) is kinematically forbiddenunlessa jet with a

high transversemomentumis produced;therefore,the crosssectionvanishesat LO andit is strongly
suppressedfor theNLO calculationwith jet-veto. In this region, thefull NLO calculationis effectively
LO andits scaledependencebecomeslarger, asexpected.

Becausethereis no radiationamplitudezeroappearingat LO for  m production,theNLO cor-
rectionsareunderbettercontrol in thekinematicalregion wheretheLO crosssectiondoesnot vanish.
Nevertheless,for largetransversemomentum,the ¨
© initial stateagaindominatestheNLO contribution
andthecorrectionsincreaseconsiderably.



Fig. 28: Scaledependenceof C®l¯�° without (uppercurves) and with (lower curves) jet-veto. The scalehasbeenvaried

accordingto ±1²�³´¶µZ·¹¸Lº�»�¼Fº
½ ,¿¾À, üÁ¾ ¥Z¦ µZ·�Â�Ã�º
½ . Theinsetplot shows theratio  ®l¯�°lÄ  ¯�° , againwithout(solid)andwith (dots)

jet-veto.

Fig. 29: Scaledependenceof  ®l¯�° without jet-veto(uppersolid curves),  ®l¯�° with jet-veto (lower solid curves)and  ¯�°
(dottedcurves).Thescalehasbeenvariedaccordingto ± ²�³´ ,À¾,�üL¾ ¥Z¦ .



4.22 Anomalouscouplingswithoutform factors

Thestudyof triple vector-bosoncouplingsis motivatedby thehopethatsomephysicsbeyondtheStan-
dardModel leadsto a modificationof thesecouplingswhich eventuallycould bedetected.In orderto
quantifytheeffectsof thenew physics,aneffective Lagrangianis introducedwhichcontainsall Lorentz
invariantterms,in principle. Thenew termsspoil the gauge-cancellationin thehigh energy limit and,
therefore,will lead to violation of unitarity for increasingpartoniccentreof massenergy Å� . Usually,
in an analysisof anomalouscouplingsfrom experimentaldatain hadroniccollisions, this problemis
circumventedby supplementingtheanomalouscouplingsjlÆ�Ç with form factors.A commonchoicefor
theform factoris j&Æ�Ç Ò jlÆ�Ç

stM Ê ÈkÉ ´ u�Ê (42)

where Ë hasto be large enoughto ensureunitarity and Ì is interpretedas the scalefor new physics.
Obviously, thisprocedureis ratheradhocandintroducessomearbitrariness.Therefore,it wouldbevery
convenientto avoid it in ananalysisof anomalouscouplingsat hadroncolliders.This wouldbring these
analysesmoreinto line with thoseat Í��zÍ P colliders. In orderto do so,oneshouldanalysethedataat
fixed valuesof Å� , asit is doneat LEP. This resultsin limits for the anomalousparameterswhich area
functionof Å� .

Clearly, it is possibleto do suchanalysisfor the productionof  m when both leptonsarede-
tected[130], sincethepartoniccentreof massenergy canbe reconstructedfrom the kinematicsof the
final stateparticlesandthereforethecrosssectioncanbemeasuredfor differentbinsof fixed Å� .

Thesituationis morecomplicatedfor Ðvm productionsincetheneutrinois not observed. Never-
theless,by identifying thetransversemomentumof theneutrinowith themissingtransversemomentum,
andassumingthe Ð bosonto be on shell, it is possibleto reconstructtheneutrinokinematics(partic-
ularly the longitudinalmomentum)with a two-fold ambiguity. In thecaseof theTevatron,sinceit is aÁÏÎÁ collider, it is possibleto choosethe“correct” neutrinokinematics73%of thetimesby selectingthe
maximum(minimum)of thetwo reconstructedvaluesfor thelongitudinalmomentumof theneutrinoforÐ��&m ( Ð P m ).

This is not trueat theLHC where,dueto thesymmetryof thecolliding beams,bothreconstructed
kinematicshave equalchancesto be correct. Fortunately, in the caseof anomalouscouplings,we are
interestedin a efficient way to reconstructthe Å� ratherthan the full kinematics. Again thereare two
possiblevaluesof Å� . It turns out that thereis a simple methodto choosethe “correct” one 66% of
the times at the LHC (73% of the times at Tevatron) by selectingthe minimum Å� , Å�
Ð y|Ñ , of the two
reconstructedvalues(for both Ð � m and Ð P m ). Furthermore,we checked that theselectedvalue Å�ªÐ y|Ñ
differs in almost90%of theeventsby lessthan10%from theexactvalue Å� . This is likely to beenough
precision,sincethe datawill be collectedin sizeablebins of Å� andthe anomalousparametersarenot
expectedto changevery rapidlywith theenergy in any case.

To quantify the advantageof the method,we show in Figure30 the correlationsof o Å� Ð y|Ñ witho Å� . Theleft plot correspondsto thecaseof pureStandardModel,whereastheright plot presentsresults
for (alreadyexperimentallyruledout) hugevaluesof anomalouscouplings�«Ò � O q � and Ó � O q�Î with
anordinaryform factor(Ë � Î

, Ì � M TeV).

Thecrosssectiondropsvery rapidly for increasingo Å� � o Å�
Ð y|Ñ . Thiscorrelationclearlyholdsin
theparticularlyinterestinglarge o Å� region andfor bothStandardModelandanomalouscontribution.

As a resultof this investigation,we concludethat even in the caseof Ðnm production,reliable
boundsfor anomalouscouplingsas a function of Å� (using Å� Ð y|Ñ ) can be obtained. Sucha procedure
wouldcertainlyallow acomparisonof variousboundsfrom differentexperiments.
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Fig. 30: Thecrosssectionfor ß ��Ú production(in pb/bin)asasfunctionof ' Û( and ' Û( Õ×Ö Ø (in GeV) in orderto illustratethe

steepfall of  for increasing) ' Û(ÝÜ ' Û( Õ×Ö Ø ) . Theleft plot correspondsto theStandardModel,whereastheright plot includes

anomalouscouplings(seetext).

5. ANOMALOUS VECTOR-BOSON COUPLINGS 6

Theprincipleof gauge-invarianceis usedasthebasisfor theStandardModel. Thenon-Abeliangauge-
groupstructureof the theoryof electroweak interactionspredictsvery specificcouplingsbetweenthe
electroweakgauge-bosons.Measurementsof thesetriple gauge-bosoncouplings(TGCs)of the Ð ,  
andm gauge-bosonsthereforeprovide powerful testsof theStandardModel.

In themostgeneralLorentzinvariantparametrisation,thethreegauge-bosonvertices,ÐaÐnm andÐaÐ  , canbedescribedby fourteenindependentcouplings[131], sevenfor eachvertex. Thepossible
four quadruplegauge-bosonvertices:mlmsÐaÐ ,  msÐaÐ ,  " ÐÝÐ and ÐaÐaÐÝÐ require36,54,81and
81couplings,respectively for ageneraldescription.Assumingelectromagneticgauge-invariance,C- and
P-conservation, thesetof 14 couplingsfor the threegauge-bosonverticesis reducedto 5: ©�a Ó , Ò r , Ò a ,Ó r and Ó a [132], wheretheirStandardModel valuesareequalto © a Ó � Ò r

� Ò a
� M and Ó r

� Ó a
� O

at treelevel.

TheTGCsrelatedto the ÐaÐnm vertex determinepropertiesof the Ð , suchasits magneticdipole
momentÞ Ñ andelectricquadrupolemomenẗ Ñ :

Þ Ñ
� ÍÎ@ß Ñ s © a Ó ÊàÒ r ÊvÓ r u (43)

¨ Ñ
� Íß ÕÑ s Ò r

� Ó r u (44)

In thefollowing, theanomalousTGCsaredenotedby �"© a Ó , �«Ò r , �áÒ a , Ó r and Ó a , wherethe �
denotesthedeviationsof therespective quantityfrom its StandardModel value.

5.1 Introduction

TheStandardModel is well establishedby theexperimentsat LEP andtheTevatron.Any deviationsof
theStandardModel canthereforebe introducedonly with care. Changesto theStandardModel come

6Sectioncoordinators:P.R.Hobson,W. Hollik



with differentformsof severity. In orderto seeat what level anomalousvector-bosoncouplingscanbe
reasonablydiscussed,onehasto considerthesecasesseparately. Changesto thegauge-structureof the
theory, thatdo not violate the renormalisabilityof the theory, i.e. the introductionof extra fermionsor
possibleextensionsof thegauge-grouparetheleastsevere.They will typically generatesmallcorrections
to vector-bosoncouplingsvia loop effects. In this casealso,radiative effectswill begeneratedat lower
energies. For the LHC, the important thing in this caseis not to measurethe anomalouscouplings
precisely, but to look for theextraparticles.However, thisis beyondthescopeof thischapter. In theother
case,a morefundamentalrole is expectedfor theanomalouscouplings,implying stronginteractions.In
thiscase,onehasto askoneselfwhetheroneshouldstudyamodelwith or without a fundamentalHiggs
boson.

Simplyremoving theHiggsbosonfrom theStandardModelis arelatively mild change.Themodel
becomesnon-renormalisable,but the radiative effectsgrow only logarithmicallywith thecut-off at the
one-looplevel. Thequestionis whetherthisscenariois ruledoutby theLEP1precisiondata.TheLEP1
dataappearto bein agreementwith theStandardModel,preferringalow Higgsmass.Oneis sensitive to
theHiggsmassin threeparameters,labelled â , ã , ä or å Ó�æ å ÕQæ å R . Thesereceive correctionsof theform© Õ stç è@éÝs ß�êXÍëß Ñ u Ên���ªË7�
ì�í�ËÝì u , wheretheconstantsareof orderone.Thelogarithmicenhancementis
universalandwouldalsoappearin modelswithoutaHiggsas ç è@éÝs Ì u , whereÌ is thecut-off atwhichnew
interactionsshouldappear. Only whenonecandeterminethe threedifferentconstantsindependently,
canonesaythatonehasestablishedtheStandardModel. At present,thedatado not provide sufficient
precisionto do this.

A muchmoreseverechangeto theStandardModel is theintroductionof vector-bosoncouplings
not of the gauge-interactiontype. Thesenew couplingsviolate renormalisabilitymuchmoreseverely
thansimply removing the Higgs boson. Typically, quadraticallyandquarticallydivergentcorrections
would appearto physicalobservables. Therefore,it is questionableas to whetherone shouldstudy
modelswith a fundamentalHiggs boson,but with extra anomalousvector-bosoncouplings. It is hard
to imaginea form of dynamicsthat could do this. If the vector-bosonsbecomestrongly interacting,
the Higgs probablywould exist at most in an “effective” way. Therefore,the mostnaturalway is to
studyanomalousvector-bosoncouplingsin modelswithout a fundamentalHiggs. Actually whenone
removes the Higgs boson,the StandardModel becomesa gaugednon-linearsigma-model.It is well
known that the nonlinearsigma-modeldescribeslow-energy pion physics. The “pions” correspondto
thelongitudinaldegreesof freedomof thevector-bosonsand îëï correspondsto thevacuumexpectation
valueof theHiggsfield. Within thisdescription,theStandardModelcorrespondsto thelowest-orderterm
quadraticin themomenta,anomalouscouplingsto higherderivative terms.Thesystematicexpansionin
termsof momentais known aschiral perturbationtheoryandis extensively usedin mesonphysics.

Writing down themostgeneralnon-linearchiralLagrangiancontainingupto fourderivativesgives
riseto a largenumberof terms,whicharetoogeneralto bestudiedeffectively. Onethereforehasto look
for dynamicalprinciplesthatcanlimit thenumberof terms. Of particularimportanceareapproximate
symmetryprinciples.In thefirst placeone,expectsCP-violationto besmall.Welimit ourselvestherefore
to CP-preservingterms. In orderto seewhat this meansin practice,it is advantageousto describethe
couplingsin a manifestlygauge-invariantway, usingthe Stückelberg formalism[133, 37]. Oneneeds
thefollowing definitions:

ð ¤ ?
��ñ�ò�óÎ stô ¤ Ð

ó? � ô ? Ð ó
¤ Ê9©lå ó /1õ Ð /¤ Ð õ? u (45)

is the â7ä s Î u field strengthwith the â7ä s Î u gauge-coupling© ;

ö ¤ ä
� ô ¤ ä Ê

ñ ©Î ò ó Ð ó
¤ äûÊ ñ ©�÷�ø��ù� Ñ ä ò R 8 ¤ (46)

is thegauge-covariantderivative of the âÏä s Î u -valuedfield ä , which describesthelongitudinaldegrees



of freedomof thevectorfieldsin agauge-invariantway;

8 ¤ ?
� ô ¤ 8 ?

� ô ? 8 ¤ (47)

is thehyperchargefield strength.In addition,

ú ¤
� s ö ¤ ä u äû Í © æ (48)

ã � ä ò R äùû Í © (49)

are auxiliary quantitieshaving simple transformationproperties. Excluding CP violation, the non-
standardthreeand four vector-bosoncouplingsare describedin this formalism by the following set
of operators:

ü.ý � þ&ÿ s ð ¤ ?�� ú ¤ æ ú ?�� u (50)ü�� � ñ 8 ¤ ?� þ&ÿ s ã � ú ¤ æ ú ?�� u (51)ü R
� þ&ÿ s ã ð ¤ ? u

þ&ÿ s ã � ú ¤ æ ú ? � u (52)ü S
� s þ&ÿ � ú ¤ ú ?�� u

�
(53)ü e

� s þ&ÿ � ú ¤ ú ¤ � u
�

(54)ü c
� þ&ÿ s ú ¤ ú ? u

þ&ÿ s ã ú ¤ u
þ&ÿ s ã ú ? u (55)ü
	 � þ&ÿ s ú ¤ ú ¤ uts

þ×ÿ � ã ú ?�� u � (56)ü�� � M� � s þ&ÿ � ã ú ¤ � uts
þ&ÿ � ã ú ?�� u � � (57)

In theunitarygaugeä � M , onehas(with �� ��� è ����� , ��� � ��� � ��� )

ü ý � ñ s � �  ¤ ?�� � � ð ¤ ? u�� �¤ � P? �  ?�� � � s�� �¤ ? � P¤
� � P¤ ? � �¤ u (58)�

gauge-inducedfour bosonverticesæü � � ñ s � � ð ¤ ?
� � �  ¤ ? u�� �¤ � P? æ (59)ü R

� ñ s ���  ¤ ? � ��� ð ¤ ? u�� �¤ � P? q
(60)

where  ¤ ?
� ô ¤  ?

� ô ?  ¤ and � � X P¤ ?
� ô ¤ � � X P? � ô ? � � X P¤ . TheStandardModel without a Higgs

correspondsto ü�� � � ý� þ&ÿ s ð ¤ ? ð ¤
? u � ý

S 8 ¤
? 8 ¤ ? ��� ´���´S

þ×ÿ s ú ¤ ú ¤ u q (61)

5.2 Dynamical constraints

The list given in the previous sectioncontainstermsthat give rise to verticeswith minimally threeor
four vector-bosons.Alreadywith thepresentdataanumberof constraintsand/orconsistency conditions
canbe put on the vertices. The most importantof thesecomefrom the limits on the breakingof the
so-calledcustodialsymmetry. If the hypercharge is put to zero, the effective Lagrangianhasa larger
symmetrythan âÏä Y s � u=6 ä�� stM@u , i.e. it hasthesymmetryâ7ä Y s � u=6 âÏä � s � u . The âÏä � s � u invariance
is aglobalinvariance.Within theStandardModel this invarianceis aninvarianceof theHiggspotential,
but not of the full Lagrangian. It is ultimately this invariancethat is responsiblefor the fact that the parameter, which is the ratio of chargedto neutralcurrentstrength,is equalto oneat the treelevel.
Sometermsin the Lagrangian,i.e. the onescontainingthe hypercharge field explicitly or the terms
with ã , thatprojectout thethird isospincomponentviolatethissymmetryexplicitly. Theseterms,when
insertedin a loop graph,give rise to quarticallydivergentcontributions to the  parameter. Given the
measurements,this meansthat the coefficientsof thesetermsmustbe extremelysmall. It is therefore
reasonableto limit oneselfto a Lagrangian,wherehypercharge appearsonly indirectly via a minimal
coupling,so without explicit ã . This assumptionmeansphysically that the ultimatedynamicsthat is



responsiblefor thestronginteractionsamongthevector-bosonsactsin thenon-Abeliansector. Indeed
onewould not normallyexpectthehypercharge aloneto becomestrong.However, we know that there
is a strongviolation of the custodialsymmetryin the form of the top-quarkmass. Actually the top-
massalmostsaturatestheexisting correctionsto the  parameter, leaving no roomfor violationsof the
custodialsymmetryin the anomalousvector-bosoncouplings. Therefore,we conclude:If there really
are strongvector-bosoninteractions,themechanismfor massgeneration is unlikely to be thesamefor
bosonsandfermions.

Eliminating the custodialsymmetryviolating interactions,we are left with the simplified La-
grangian,containing

ü ý
,
ü S , ü e . Besidesthevertices,therearealsopropagatorcorrections,in principle.

We take thetwo-pointfunctionswithout explicit ã . Specifically, we addto thetheory[134]ü�! � X 2#"
��� ý� É ´$ þ×ÿ � s ö&%Ýð ¤ ? uts ö

% ð ¤ ? u � � ý� É ´' þ×ÿ � stô % 8 ¤ ? utstô
% 8 ¤ ? u � (62)

for thetransversedegreesof freedomof thegauge-fields,andü�! � X � � � � � ´ � ´
S É ´(

þ&ÿ � s ö % ú ¤ uts ö&% ú ¤ u � (63)

for the longitudinalones,wherethe Ì�) parametrisethequadraticdivergencesandareexpectedto rep-
resentthe scaleswherenew physicscomesin. In phenomenologicalapplications,thesecontributions
give rise to form factorsin thepropagators[134, 139]. Introducingsuchcut-off dependentpropagators
in theanalysisof thevector-bosonpair productionis similar to having � -dependenttriple vector-boson
couplings,which is theway thedataareusuallyanalysed.

This effective Lagrangianis very similar to the one in pion-physics. Indeed,if one takes the
limit vacuumexpectationvalue (vev) fixed and gauge-couplingsto zero, one finds the standardpion
Lagrangian.As it stands,onecanusetheLEP1datato puta limit on thetermsin thetwo pointvertices.
Usinganaive analysisonefinds[134] M � Ì � *n� O . For theothertwo cut-offs onehas:

A. ThecaseÌ � +-, O æ Ì � �/.�O : Ì + , O q #10 TeV, 2 Ì��32 , M q5� TeV.

B. ThecaseÌ � + .�O æ Ì � � , O : 2 Ì + 2 , O q5~ # TeV, Ì�� , M q5p TeV.

This information is importantfor further limits at high-energy colliders,as it tells us, how one
hasto cut off off-shell propagators.We noticethat the limits on the form factorsaredifferent for the
transverse,longitudinalandhypercharge form factors.Thepreciselimits aresomewhatqualitative and
shouldbetakenassuch.Thecurrentdatashow that Ì � O q5p TeV, which thushasto beconsideredasa
minimalpossiblevalueaslongasadipoleform factoris used.Furtherinformationcomesfrom thedirect
measurementsof the three-pointcouplingsat LEP2,which tell us that they aresmall. Similar limits at
the Tevatronhave to be taken with somecare,asthereis a cut-off dependence.As thereis no known
modelthat cangive large three-pointinteractions,we assumefor the further analysisof the four-point
vertices,that the three-pointanomalouscouplingsareabsent.Two moreconstraintscanbe put on the
remainingtwo four-point vertices. Thefirst comesfrom consistency of chiralperturbationtheory[135].
Not every effective chiral Lagrangiancanbegeneratedfrom aphysicalunderlyingtheory.

A secondconditioncomesfrom the  parameter. Eventheexistingviolationof thecustodialsym-
metry, thoughindirectvia theminimal couplingto hypercharge,givesa contribution to the  parameter.
It constrainsthecombination

p © S � � © e . Theremainingcombination
� ü S

� p ü e is fully unconstrained
by experimentandin principle givesa possibility for very stronginteractionsto be present.However,
this particularcombinationdoesnot seemto have any naturalinterpretationfrom underlyingdynamics.
Therefore,onecanconcludepresumablythat both couplings© S æ © e aresmall. Thereis a loopholeto
this conclusion,namelywhenthe anomalouscouplingsareso large that the one-loopapproximation,
usedto arrive at thelimits, is not consistentandresummationhasto beperformedeverywhere.This is a
somewhatexotic possibility thatcouldleadto very low-lying resonancesandwhich oughtto beeasyto
discover at theLHC [41].



5.3 LHC processes

Giventhesituationdescribedabove,onehasto askoneself,whattheLHC cando andin which way the
datashouldbe analysed.Thereareessentiallythreeprocessesthat canbe usedto studyvector-boson
vertices:vector-bosonpair production,vector-bosonscattering,triple vector-bosonproduction.About
thefirst two we have only a few remarksto make. They arediscussedmorefully in othercontributions
to theworkshop.

5.31 Vector-bosonpair production

Vector-bosonpair productioncanbestudiedin a relatively straightforwardway. Thereasonis thathere
the Higgs bosondoesnot play a role in the StandardModel, as we take the incoming quarksto be
massless.Thereforenaive violations of unitarity can be compensatedby the introductionof smooth
form-factors.

Oneproducestwo vector-bosonsvia normalStandardModel processeswith ananomalousvertex
added.Theextraanomalouscouplingleadsto unitarity-violatingcrosssectionsathighenergy. As atotal
energy of 14 TeV is availablethis is a seriousproblem,in principle. It is curedby introducinga form
factorfor the incomingoff-shell line connectedto theanomalousvertex. Naively this leadsto a form-
factordependentlimit on theanomalouscouplingin question.TheLEP1datagivesa lower limit on the
cut-off to be usedinsidethepropagator. Whenonewantsan overall limit on theanomalouscoupling,
oneshouldusethisvalue.This is particularlyrelevantfor theTevatron.Hereonetypically takesacut-off
of 2 TeV. This might give too strict a limit, astheLEP1dataindicatethat thecut-off canbe aslow as
500GeV. For practicalpurposestheanalysisat theTevatronshouldgive limits on anomalouscouplings
for differentvaluesof the cut-off form factors,including low valuesof the cut-off. For the analysisat
the LHC, onehasmuchlarger statistics.This meansthat onecando betterandmeasurelimits on the
anomalouscouplingsasafunctionof theinvariantmassof theproducedsystem.Thiswayonemeasures
theanomalousform factorcompletely.

5.32 Vector-bosonscattering

Herethesituationis morecomplicatedthanin vector-bosonpair production.Thereasonis thatwithin
the StandardModel the processcannotbe consideredwithout intermediateHiggs contribution. This
would violateunitarity. However the incomingvector-bosonsarebasicallyon-shellandthis allows the
useof unitarisationmethods,asarecommonlyusedin chiral perturbationtheoryin pion physics.These
methodstend to give rise to resonancesin longitudinal vector-bosonscattering. The precisedetails
dependon thecouplingconstants.Theunitarisationmethodsarenot unique,but genericallygive riseto
large 4 ��5 � O and/or 4 ��59� M crosssectionenhancements.Theliteratureis quiteextensive: agood
introductionis [136]; a recentreview is [137].

5.33 Triple vector-bosonproduction

In this caseit is not clearhow oneshouldconsistentlyapproachananalysisof anomalousvector-boson
couplings. Within the StandardModel the presenceof the Higgs bosonis essentialin this channel.
Leaving it out, onehasto studythe unitarisation.This unitarisationhasto take placenot only on the
two-to-two scatteringsubgraphs,asin vector-bosonscattering,but alsoontheincomingoff-shellvector-
boson,decayinginto threerealones.Theanalysisherebecomestoo arbitraryto derive very meaningful
results.Onecannotcalculateconfidentlyanything herewithout a fully known underlyingmodelof new
stronginteractions. Also measurablecrosssectionstend to be small, so that the triple vector-boson
productionis bestusedascorroborationof resultsin vector-bosonscattering.Deviationsof Standard
Model crosssectionscouldbeseen,but thevector-bosonscatteringwouldbeneededfor interpretation.

Onethereforeneedsthe StandardModel results. The total numberof eventswith threevector-
bosonsin the final stateis given in Table14. We usedan integratedluminosity of 100 fb P ý and an



energy of 14 TeV throughout.

Table14: Numberof events:beforecutsandall decays( ' (�ú7698 TeV, 100fb
�;:

).ß7< y>=�=t{ (GeV) 200 400 600 800

� � ��P���P 11675 5084 4780 4800

� � � � � P 20250 9243 8684 8768

� � � P  20915 11167 10638 10685

��P  " 2294 1181 1113 1113

� �  " 4084 2243 2108 2165

 " " 4883 1332 1087 1085

Oneseesfrom this tablethata large partof theeventscomesfrom associatedHiggsproduction,
whentheHiggsis light. However for thestudyof anomalousvector-bosoncouplings,theheavier Higgs
resultsarearguablymorerelevant.Not all theeventscanbeusedfor theanalysis.If welimit ourselvesto
events,containingonly electrons,muonsandneutrinos,assumingjustacceptancecutswefind theresults
shown in Table15.

Table15: Numberof eventscontainingonly leptonicdecays.Cutson leptons: ) *+)&,@? , ACB�-)ü_þ GeV; no cutson missing

energy ( ' (�úD698 TeV, 100fb
�;:

). ß < y>=�=t{ (GeV) 200 400 600 800

� � � P � P 68 28 25 25

� � � � � P 112 49 44 44

� � � P  32 17 15 15

� P  " 1.0 0.51 0.46 0.45

� �  " 1.7 0.88 0.79 0.79

 ¶ " 0.62 0.18 0.13 0.12

We seethat very little is left, in particularin the processeswith at leasttwo  bosons,where
theeventscanbefully reconstructed.In orderto seehow sensitive we areto anomalouscouplings,we
assumeda 4 couplingwith a form factorcut-off at 2 TeV. We make hereno correctionfor efficiencies
etc.. Using the triple  bosonproduction,assumingno eventsareseenin 100 fb P ý , we find a limit2 © S � © e 2 .�O q O 0 atthe95%CL, where© S and© e arethecoefficientsmultiplying theoperators

ü S and
ü e .

Thisis to becomparedwith
� O q M p . p © S � � © e .�O q M # [138] or

� O q OFEFEG.�s p © S � � © e u Ì
� s þIHKJ uL.�O q O � E

[134, 139]. Sothesensitivity is notbetterthanpresentindirectlimits. Betterlimits exist in vector-boson
scattering[140] or at a linearcollider [141, 142, 143].

In thefollowing tableswepresentnumbersfor observablecrosssectionsin differentdecaymodes
of thevector-bosons.Weusedthefollowing cuts.

2 MN2 � 0�OH254 Ê . � æ 2 MN2 /Á012 . � q5p æ
2 P�QR2 � 0SO
254 Ê

, � OLT HKJ æ 2 P�QR2 U�VSW ,YX1Z T HKJ æ 2 P�QR2 �\[ ,�]FZ T HKJ æ^`_ U�VSWba cdV O W#e Ê
,�ZFf � æ ^`_ USV�Wba USV�W ,gZFf#]Lf



Stateswith morethantwoneutrinosarenotveryusefulbecauseof thebackgroundfrom twovector-boson
production.Wedid not considerfinal statescontainingò -leptons.

With thegiven cuts,the total numberof eventsto beexpectedis rathersmall. In particular, this
is thecasebecausewe did not considerthereductionin eventsdueto experimentalinefficiencies,which
mayberelatively largebecauseof thelargenumberof particlesin thefinal state.For theprocessescon-
tainingjets in thefinal state,therewill be largebackgroundsdueto QCD processes.A final conclusion
onthesignificanceof thetriple vector-bosonproductionfor constrainingthefour vector-bosoncouplings
will needmorework, involving detectorMonteCarlocalculations.

However it is probablyfair to sayfrom theabove results,thatno very strongconstraintswill be
foundfrom thisprocessat theLHC, but it is usefulasacross-checkwith otherprocesses.It mayprovide
complementaryinformationif non-zeroanomalouscouplingsarefound.

Table16: Numberof eventsfrom hih�h productionin differentdecaymodes( j k�lm6b8 TeV, 100fb n : ).ßD<po =�=�q (GeV) 200 300 400 500 600

EFr 0.62 0.29 0.18 0.14 0.13X r æ �Fs 5.1 2.5 1.5 1.2 1.1X r æ ��t 6.6 3.8 2.2 1.7 1.4� r æ ��t æ �Fs 34 20 12 9.0 7.7� r æ X t 24 19 11 7.6 6.0�Fs æ X t 37 34 21 15 11

E t 25 31 19 12 8.7

Table17: Numberof eventsfrom uvuvh productionin differentdecaymodes( j k�lm6b8 TeV, 100fb n : ).ß <wo =�=�q (GeV) 200 300 400 500 600X r æ �Fs 31 20 17 16 15� r æ ��t æKx s 51 40 31 28 26� r æ X t 19 22 17 14 13�Fs æ X t 63 74 60 51 48� r æ ��t æ �Fs 102 68 54 49 48

x r æ X t æKx s 262 196 140 127 127

E t 86 104 78 62 56

5.4 Unitarity limits and form factors

Unitarity in theStandardModel dependsdirectly on its gauge-structure.Departurefrom this structure
canviolateunitarity at relatively low energiesandsoprotectionis provided in theeffective Lagrangian
for triple gauge-bosonverticesby expressingthe anomalouscouplingsasenergy dependentform fac-
tors. For experimentalresultsat a given subprocessenergy yz (i.e. {�|}{�~ colliders),the choiceof form



Table18: Numberof eventsfrom hihiu�n (upper)and hih�u7� (lower) productionin differentdecaymodes( j k�l�6b8 TeV,

100fb n : ). ß <po =�=�q (GeV) 200 300 400 500 600] r æKx s 0.45 1.04 0.63 0.52 0.47

0.80 1.69 1.08 0.91 0.81� r æ ��t æKx s 3.37 6.89 5.36 4.18 3.73

5.9 11.5 9.3 7.4 6.5

x r æ X t æKx s 7.6 11.5 12.4 10.0 8.4

13.3 20.0 21.6 18 15X r æ ��t 0.29 1.0 0.54 0.38 0.32

0.49 1.6 0.91 0.65 0.54� r æ ��t æ �Fs 2.0 6.5 3.5 2.5 2.2

3.4 10.7 6.1 4.4 3.7� r æ X t 2.5 7.4 5.4 3.6 2.9

4.7 9.5 9.5 6.9 5.6X t æ �Fs 8.9 27 18 12.6 10.4

195. 54 38 28 23

E t 5.3 12.3 13.3 8.8 7.4

9.1 20.7 23 16 12.5

factorparametrisationis not importantsinceonecanunambiguouslytranslatebetweenparametrisations.
However, whenresultsareintegratedover a rangeof yz asthey will beat theLHC, no simpletranslation
is possibleandresultsdependcrucially on the choiceof the form factors. The form factorbehaviour
of anomalouscouplingsshouldnot be neglected,particularly in regions of yz nearto unitarity limits.
Any measurementof anomalouscouplingsover integratedenergiescarrieswith it assumptionson the
parametrisationof theformfactor.

This sectionoutlinestheconsiderationswhich influencethechoiceof form factorandsuggestsa
methodfor measuringenergy dependentanomalouscouplings.

5.41 Formfactor parametrisation

Triple gauge-bosonverticesin di-bosonproductionarisein the
5�� x partialwave amplitudeonly ( z -

channelexchangeof agauge-bosoncoupledto masslessfermions). â -matrixunitarity impliesaconstant
boundto any partial wave amplitude. This meansunitarity is violatedat asymptoticallyhigh energies
if constantanomalouscouplingsareassumed.Unambiguousandmodel-independentconstantunitarity
constraintsfor � ú

productionhave beenderived7 [144].

To conserve unitarity at arbitraryenergies,anomalouscouplingsmustbeintroducedasform fac-
tors. Thus,an arbitraryanomalouscoupling �� � ��N��������� � ý æ � �� æK� ��� vanisheswhen

� � ý æ � �� æ or � �
becomeslarge,where

� � ý
and

� ��
aretheinvariantmassessquaredof theproductionbosonsand � �&� yz is

7Cancellationsmayoccurif morethanoneanomalouscouplingis allowednon-zeroat a time,which weakenstheunitarity
limits somewhat.



Table19: Numberof eventsfrom u�n�u��Iu7� productionin differentdecaymodes( j k�l7698 TeV, 100fb n : ).ß7<wo =�=�q (GeV) 200 300 400 500 600� r æ �Fs 66 44 37 35 33

r | r |�æ ��t æ �Fs 57 43 31 26 24

r | r ~�æ ��t æ �Fs 13 7.9 5.3 4.4 4.0

r | æ X t æKx s 148 129 86 66 58

r ~ æ X t æKx s 99 61 36 26 23

E t 50 74 46 32 25

Table20: Numberof eventsfrom u � u n u n productionin differentdecaymodes( j k�lD698 TeV, 100fb n : ).ß7<wo =�=�q (GeV) 200 300 400 500 600� r æ �Fs 40 26 22 21 20

r ~ r ~ æ ��t æ �Fs 34 25 17 14 13

r | r ~�æ ��t æ �Fs 78 45 30 25 23

r ~ æ X t æKx s 90 76 49 37 33

r | æ X t æKx s 59 35 20 15 13

E t 29 43 26 18 14

thevirtual exchangebosoninvariantmasssquared.We refer to ��N� asthe“barecoupling” and �� asthe
form factor( �� å��

+
æ ^`�

+
æK�
+
ó æ . . . ). For di-bosonproduction,thefinal statebosonsarenearlyon-shell� � ý æ � ���� ß �+

evenwhenfinite width effectsaretakeninto account,thoughlargevirtual exchangeboson
masses� yz will beprobedat theLHC.

Thechoiceof parametrisationfor the form factorsis arbitraryprovided unitarity is conserved at
all energiesfor a sufficiently small valueof anomalouscoupling. A stepfunctionoperatingat a cutoff
scale� FF is sufficient8 thoughdiscontinuousand thus unphysical. More commonin the literatureis
a generaliseddipole form factorwhich is motivatedby the well known nucleonform factorsandhas
furtherappealbecauseit enterstheLagrangianin a form similar to thatof apropagatorof mass� FF. The
parametrisationis

�� � ��N�� x � ��� �
FF

�¢¡ (64)

where £ , x � � � £ , x � is sufficient for the �¤�¦¥ vertex anomalouscouplings
^§� + � �

+
¨ ^�©

+ ý �
whichgrow like yz ý�ª� ¨ � yz � . For the « ¥�¬ vertex £ , � � � � £ ,�] � � �

is sufficient for anomalouscouplings�
+ ý a  ¨ � �

+� a ® � whichgrow like yz  ª� ¨ � yz°¯ ª��� . Theusualassumptionsare£ � �
for
© + ý ¨ �

+
¨ �
+

[31, 32, 30]
and£ � � � £ ��X � for �

+ ý a  ¨ � �
+� a ® � [145]. Unitarity limits for generaliseddipoleform factorshave been

enumerated[146, Equations22-26].

Theform factorscale� FF canberegardedasa regularisationscale.It is relatedto (but not neces-
8i.e. assuminga stepfunction form factoroperatingat 2 TeV, the ±C² couplingconservesunitarity for ±C²´³¶µ�·>¸�¸ [144,

Equation23].
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Fig. 31: Reconstructed¾ inv ¿ uvh�À andA B ¿ h�À spectraareplottedfor LHC u � h productionwith leptonicdecaysat Á ¿ÃÂ Ä À for

theStandardModel andvariouschoicesof thegeneraliseddipoleform factorparametrisationwith barecoupling ±CÅilÆµ�· µÈÇ .

sarily identicalto) theenergy scaleatwhichnew physicsbecomesimportantin theweakbosonsector.

5.42 Impactof form factor on yz dependentdistributions

The impactof the form factorparametrisationon yz dependentdistributions is illustratedin Figure31
wherethe reconstructed9 É inv

��Ê « � and P�Q � « � spectraareplotted for LHC
Ê | « productionwith

leptonic decaysat Ë ��Ì � � . The StandardModel expectationis comparedto scenarioswith a modest�;Í� ��ZFf#ZF]
couplingfor variousgeneraliseddipoleform factorparametrisations.

For theregionof low invariantmasswhere� yzÏÎ � FF, theform factorsremainessentiallyconstant
anddistributionswith thesamebarecouplingagreewell. As theform factorscale� FF is approached,the
distributionsbegin to bepushedbackto theSM expectation(visible atabout É inv

��Ê « � ��]FZFZ
GeV for

the � FF=2 TeV case).For � yz&Ð � FF thedistribution returnsto theSM expectation.Theexponentof the
form factor £ dictateshow fastthe“pushing” occursas � FF is approached.Thusdistributionssensitive
to the « ¥�¬ vertex (for which £ �

3 or 4 is the usualchoice)exhibit a morepronouncedform factor
behaviour thandistributionssensitive to the

Ê¦Ê ¥ vertex (for which £ ��Ñ
is usual).

Sincedistributionsareconstrainedto theSM expectationat invariantmassesabovetheform factor
scale,greatcareshouldbetakenwhenfitting to a form factorparametrisedmodelin a region with data
where � yzÏÒ � FF. Effectively, sincetheanomalouscouplingsareconstrainednearzeroabove � FF by the
parametrisationmodel,therearenofreeparameters for thefit in this yz region. For thecaseof observable
non-zeroanomalouscouplings,ananalysisassumingaparametrisationof theform factorwith fixed � FF

smallerthanthatprovidedby naturebut within the yz accessibleby themachinewould overestimatethe
9Reconstructing¾ inv ¿ uvh�À requiresknowledgeof theneutrinolongitudinalmomentumwhich is obtainedup to a two-fold

ambiguityusingthe u massconstraint.Eachsolutionis givenhalf weight in the ¾ inv ¿ uvh�À spectrum.



 (TeV)  FFΛ
5
Ó

10
Ô

15
Ô

20
Õ

25
Õ

30
Ö

35
Ö

40
×

45
×

50
Ó

  γØ oλ
95

%
 C

o
n

fi
d

en
ce

 L
im

it
 f

o
r 

10
-3

10
Ô -2

10
-1

1
Ô

Unitary Limit
Ù

 )
- 1

Tevatron Limit (100 pb
 )

- 1
LHC Limit         (300 fb

 (TeV)  FFΛ
5
Ó

10 15 20 25 30
Ö

35
Ö

40 45 50
Ó

  γØ oκ
95

%
 C

o
n

fi
d

en
ce

 L
im

it
 f

o
r 

10
Ô -3

10
-2

10
Ô -1

1

 

Unitary Limit
Ù

 )
- 1

Tevatron Limit (100 pb
Ú

 )
- 1

LHC Limit         (300 fb

Fig. 32: Limits for u�uÜÛ vertex anomalouscouplingsat the95% confidencelevel asa functionof Ý FF for a Þ7lYß dipole

form factorparametrisationarepresented.Thelimits arederivedat NLO generatorlevel for the uÜÛ`à�á�â�ãäÛæåèçwâ°é\Û channel

usinga binnedmaximumlikelihoodfit to the êÈë ¿ Û�À distribution. Thelimits arefor illustrative purposesonly. Furtherdetails

areprovidedin thetext.

anomalouscoupling.This is becauselargebarecouplingfit valuesarenecessaryin the � yzÏÒ � FF region
to counterthe(artificially imposed)form factorbehaviour.

5.43 Impactof form factor scaleonsensitivitylimits

If triple gauge-coupling(TGC)measurementsareconsistentwith theSM andconfidencelimits areto be
derived,it is impossibleto avoid form factorparametrisationassumptions.

The dependenceof anomalouscouplinglimits on the form factorscale� FF is illustratedin Fig-
ure32wherethe95%confidencelimits for

Ê¦Ê ¬ vertex anomalous��ì� ¨ ^`� ì� couplingsin
Ê ¬ produc-

tionwith
Êîí { s V ¨�ï sKð arepresentedasafunctionof � FF for adipoleform factorwith £ �gÑ

. Thelimits
arefor illustrative purposesonly andhavebeenderivedatNLO generatorlevel usingabinnedmaximum
likelihoodfit to the ñ�ò � ¬ � distribution. No detectorsimulationhasbeenappliedandthespecificchoice
of cutsareunimportant.

Theunitarity limit curve is superimposed.Theregion above this is non-physical(violatesunitar-
ity). Thecurveis independentof experimentandanalysisbut dependsontheform factorparametrisation.
It goesasymptoticallyto zerofor large � FF indicatingTGC couplingsarerestrictedto SM valuesat ex-
tremeenergies.

Simulatedexperimentallimits for theTevatron(2 TeV ñôóñ collisions,õ � x ZFZ pb~ ö ) andtheLHC
(14 TeV ñ�ñ collisions, õ � � ZFZ

fb ~ ö ) arepresented.The limits dependon the analysisandmachine
parameters.The restricted yz accessibleby the machinesresult in an asymptoticbehaviour whereinan
optimal limit for anomalouscouplingsis reached.We refer to thescaleat which this occursas � machine.



A measurementwith this scalereflectsthe maximaldiscovery potentialfor anomalouscouplingsfor a
given machine(sincethe full spectrain yz contributesto the limit). It occursat about2 TeV for the
Tevatronandabout5-10TeV for theLHC for � ì ¨ ^`� ì andlies below theunitarity limit in bothcases.
Theexperimentallimits arenot sensitive to changesin � FF for � FF

Ò � machine. Indeed,in this region the
distributionsbehaveexactlyasif theform factorswereconstants��3÷ ��ø� . Thereis nocontradictionwith
unitarity in approximatingthemassuch,providedweconsidersufficiently smallanomalouscouplingsso
asto remainfarfrom theunitarylimit at theenergyregimesaccessiblebythemachines. Thisis consistent
with thebasicassumption(�úù � yz ) which allows for theeffective Lagrangianparametrisationof the
TGC vertex keepingonly the lowestdimensions:it is sufficient to assumethe form factorbehaviour
commencesabove theobservablescalesoasto regulatethedistributionsbeforetheunitarity limit.

Thereis alsoa region on theextremeleft sideof theplots in Figure32 (althoughnot indicated)
which is excludedby direct experimentalsearches.This is the region wherephysicsis believed to be
well describedby theSM.

Experimentallyit is desirableto report confidencelimits as a function of � FF. A result using� FF

� � machine shouldbe included(so long as � machine lies below the unitarity limit) as it is motivated
by machineparametersandprovidesa reasonablepoint of referencefor comparisonsbetweendifferent
experiments.Otherscales(particularlythoseof theoreticalinterest)shouldnotbeneglected10.

5.44 Measuringformfactors

For a machineof sufficient luminosity suchas the LHC, it is possibleto measurethe energy depen-
denceof anomalouscouplings11 by groupingthedatainto binsof invariantmassandextractingconstant
anomalouscouplingswithin theserestricteddomains.Sucha measurementdoesnot carryany assump-
tionsabouttheform factor(until a fit to a givenparametrisationis performed).It is a viablemethodfor
measuringform factors,but dueto therestrictednumberof eventsin eachbin, will notproducecompet-
itive limits. The methodis bestemployed in thecasewherenon-zeroanomalouscouplingshave been
observed.

The methodis illustratedin Figure33 for the caseof the
Ê ¬ channelwith

Ê í { s V ¨�ï sKð as-
sumingnatureprovidesananomalous� ì� �úZFf#ZFÑF]

couplingdescribedby an £ �ûÑ
dipole form factor

with � FF

�
2 TeV. Threeyearsof high luminosity (300fb ~ ö ) LHC eventsgeneratedat NLO arebinned

accordingto thereconstructedÉ inv

��Ê ¬ � . Thecorrespondingpointsderivedusingthegenerated(unob-
servable) É inv

��Ê ¬ � aresuperimposedfor comparison.Bin widths(denotedby arrows alongthex-axis)
arechosensoasto ensuresufficient datain eachÉ inv

��Ê ¬ � domain.A measurementof theanomalous
coupling(assumedconstant)is performedwithin eachdomainusingabinnedmaximumlikelihoodfit to
the ñ�ò � ¬ � distribution. No detectorsimulationhasbeenappliedandthespecificchoiceof cutsis unim-
portantfor this illustration.Theresultsof thelikelihoodfits areplottedasa functionof É inv

��Ê ¬ � anda
fit to an £ ��Ñ

dipoleform factoris performed.With thissimpleillustration,thebarecouplingandform
factorscalearereconstructedas ��ì� �üZFf#ZFÑFý

and� FF

� x f#þFÿ TeV. Sensitivity to theanomalouscoupling
increasesin the larger invariantmassdomains,reflectingthe yz growth of the ��ì� coupling(indeedthe
measurementin thefirst bin is consistentwith zero).Systematiceffectsrelatedto thefit method(suchas
thenon-uniformdistribution of eventswithin thebins)have notbeenaccountedfor in this illustration.

5.5 Partonic simulation tools for di-boson production

Several Monte Carlo programsfor hadronicdi-bosonevent simulationare in commonuse. General
purposeprogramssuchasPYTHIA [123] evaluatethematrixelementat leadingorder(LO) with nospin
correlationsfor bosondecayproducts. Limited or no anomalouscouplingsare included. In the past

10It shouldbenotedthatparticularlyfor smallchoicesof Ý FF, achangein theanalysisstrategy maybenecessaryto increase
sensitivity to therelevantregionsof �k .

11Thesuggestionof makingsucha measurementis notnew [130] but hasreceivedlittle attentionin theliterature.
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decade,programshavebeenimplementedto calculatedi-bosonproductionwith leptonicdecaysto next-
to-leadingorder(NLO) in QCD.Thediagramscontributing to Ë ��Ì � � are:thesquaredBorn(LO) graphs,
theinterferenceof theBornwith thevirtual one-loopgraphs,andthesquaredrealemissiongraphs.

TheNLO generatorsby Baur, Han,andOhnemus[32, 31, 30, 33] (BHO) have beenavailablefor
several years. They employ the phasespaceslicing method[147] andthe calculationis performedin
the narrow width approximationfor the leptonicallydecayinggauge-bosons.Non-standardTGC cou-
plingsareincluded.Spincorrelationsin theleptonicdecaysareincludedeverywhereexceptin thevirtual
contribution. Theauthorsexpecta negligible overall effect from neglectingthespincorrelationsin the
virtual correctionsascomparedto theuncertaintyfrom partondistribution functionsandthechoiceof
factorisationscale.More recentlyDixon, Kunszt,andSigner[19] (DKS) have implementeda program
with full lepton decayspin correlations(helicity amplitudesare presentedin [17]). The subtraction
method[128, 149] is employed in the narrow width approximationincluding non-standardTGC cou-
plings. A third MonteCarloprogram,MCFM, by CampbellandEllis [18] exists. It doesnot assumethe
narrow width approximationandincludessingly resonantdiagramsbut doesnot allow for non-standard
TGC couplings. The effectsof theseimprovementsin MCFM arelargestin off-resonantregions- such
asneardi-bosonproductionthresholds.Theregionsareof importanceto studiesof SM backgroundsto
new physicsbut contributenegligibly to thecrosssectionin TGCstudiesfor typicalchoicesof kinematic
cuts[30].

A commonfeatureof theNLO generatorsis theinability to produceunweightedevents.Both the
phasespaceslicingandsubtractionmethodsproduceeventsfor which theweightmaybeeitherpositive
or negative - thus it is only the integratedcrosssectionover a region of phasespace(i.e. histogram
bin) which is physical.This makestraditionalMonteCarlotechniquesfor unweightingevents(suchas
hit-and-miss)difficult to apply, andwe areawareof no universallysatisfactorytechniquefor producing
unweightedeventsusing the NLO generators12. Computationallythis canrenderanalysesvery slow,
sincea largefractionof CPUtimecanbespentprocessingeventswith near-vanishingcrosssections.

12Onemethodinvolvesreweightingeventsfrom a LO generatorusinga“look-up table” constructedat NLO.



5.51 Comparisonof NLOparticle level generators

In thissection,wepresentacomparisonof thepredictionsfrom theBHO andDKS generators,for which
nopublishedconsistency checkexists,restrictingourselvesto

Ê |�« and
Ê¤Ê

productionfor simplicity.
TheDKS andMCFM packageshave beenfoundto bein goodagreement[19].

Thecomparisonis performedatLHC energy ( x X TeV ñ�ñ collisions)usingCTEQ4M[67] structure
functions13. Input parametersaretaken as

Ì��
	 � öö �� , ��� �
����� � ZFf#Ñ �

,
Ì � � É Í

� � ZFf xFx þ , É � �
� ZFf � ýFþ

GeV, É Í
� ý x f x � ÿ GeV, factorisationscale � � � É �� , andCabibboangle ����� ��� � ZFf#ýFÿF]

with no 3rd generationmixing. Branchingratiosaretaken as � _&� « í r | r ~ � = 3.36%, � _&��Ê � ír � s � = 10.8%. The ! quarkcontribution to partondistributionshasbeentakenaszero( ! ó ! í Ê | Ê ~
contributes " � Ñ�# � atLHC [19]). Kinematiccutsmotivatedby TGCanalysesarechosen.Thetransverse
momentumof all leptonsmustexceed25GeVandtherapidityof all leptonsmustbelessthan3. Missing
transversemomentummustbegreaterthan25 GeV. A jet is definedwhenthetransversemomentumof
apartonexceeds30 GeV in thepseudorapidityinterval $ %�$�& � .

For
Ê | « production,thetransversemomentumdistribution of the « bosonñ�ò � « � , thedistribu-

tion of rapidity separationbetweenthe
Ê | decayleptonandthe « boson' � r �)( ' � « � , andtotal cross

sectionarecomparedat LO, inclusive NLO, andNLO with a jet veto. Branchingratios to { ¨�ï -type
leptonsareapplied.For

Ê¦Ê
production,thetransversemomentumdistribution of theleptonpair from

the
Ê*�

decays$,+ñ�ò � {�~ �.- +ñ�ò � {�| � $ , thedistribution of rapidityseparationbetweenthe
Ê

decayleptons' � { ~ �)( ' � { | � , theanglebetweenthe
Ê

decayleptonsin the transverseplane �����)/ � { ~ ¨ { | � , andthe
totalcrosssectionarecomparedatLO, inclusive NLO, andNLO with a jet veto.Branchingratiosto one
leptonflavour areapplied.

The crosssectionresultsarepresentedin Table21 and the distributions in Figure34. Consis-
tency betweengeneratorsis at the 1% level for

Ê « productionand3-4% level for
Ê¦Ê

production.
Qualitative agreementis observedin thedistribution shapes.
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Fig. 34: Distributions for C �ED production (left) and CFC production (right) from the Baur/Han/Ohnemusand

Dixon/Kunszt/Signergeneratorsare superimposedat Born level, inclusive NLO, and NLO with a jet veto (defined asê ë ¿ jetÀ,G 30GeV, H I ¿ jetÀJH�³LK ).
13Thechoiceof partondistribution functionhasan M ¿ Ç�N�À effecton thecrosssection.



Table21: C �ED and COC crosssectionpredictionsaretabulatedfor theBHO andDKS generatorsat LO, inclusive NLO, and

NLO with a jet veto.A jet is definedfor ê ë ¿ jetÀPG 30GeV, I ¿ jetÀ1³LK . Statisticalprecisionis M ¿ 1 fb À .QSRUT
Production

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

StandardModelV
NLO inclusive 127.9fb 129.8fb 1.4%V
NLO 0jet 74.7fb 75.1fb 0.5%V
Born 70.5fb 70.9fb 0.5%W�© öÍ

�YX ¨ W`� Í
�YX�Z\[ ¨ � Í

�]X�Z\^ � � ��Ñ`_ { ¥ �V
NLO inclusive 198.5fb 199.9fb 0.7%V
NLO 0jet 107.5fb 106.8fb 0.7%V
Born 119.7fb 119.9fb 0.2%

QaQ
Production

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

StandardModelV
NLO inclusive 500.5fb 483.2fb 3.5%V
NLO 0jet 321.0fb 309.6fb 3.6%V
Born 294.0fb 295.5fb 0.5%W�© öÍ

�YX�Z#Ñ�[ ¨ W`� Í
� W`� ì

�bX�Z\^ ¨ � Í
� � ì

�YX�Z\^ � � ��Ñ`_ { ¥ �V
NLO inclusive 594.2fb 575.0fb 3.3%V
NLO 0jet 363.0fb 349.6fb 3.8%V
Born 351.6fb 353.7fb 0.6%



5.52 Effectsof NLO corrections

NLO correctionsin hadronicdi-bosonproductionarelarge at LHC energies,particularlyin the region
of high transversemomentumandsmallrapidity separation(seeFigure34) which is thesameregion of
maximumsensitivity to anomalousTGCs. Thecorrectionscanamountto morethanan orderof mag-
nitude. Thehigh quark-gluonluminosityat theLHC anda logarithmicenhancementat high transverse
momentumin the

� ©
and ó�°© realemissionssubprocessesareprimarily responsible[32, 31, 30]. In the

channelswhichexhibit radiationzerobehaviour (i.e.
Ê ¬ and

Ê « ), theBorncontribution is suppressed
andNLO correctionsareeven larger [32, 31]. Sincethe Ë ��Ì � � subprocessesresponsiblefor the en-
hancementat largetransversemomentumdo not involve TGCs,theoverall effect of NLO correctionsis
aspoilingof sensitivity to anomalousTGCs.

Jet veto Distributionsobtainedbyvetoinghardjetsin thecentralrapidityregionfor onepossiblechoice
of jet definition (ñ�ò � jet

� Ð � X
GeV, $ % � jet

� $c& �
) areshown in Figure34. The jet veto is effective in

recoveringthequalitative shapeof theLO distributionsincludingtheapproximateradiationzeroin
Ê «

production(Figure34,bottomleft). Thejet vetoservesto recover anomalousTGC sensitivity which is
otherwiselostwhenintroducingNLO corrections.A 10-30%improvementin anomalousTGCcoupling
sensitivity limits in

Ê « productioncanbeachieved [31] whena jet veto is appliedascomparedto the
inclusive NLO case.Theselimits areoftencloseto thoseobtainedat LO. In generalresultsderived at
LO canbeconsideredapproximatezerojet resultsandtheir conclusionsremaininteresting.A jet veto
alsoreducesthescaledependenceof NLO results[32, 31, 30, 19].

5.6 Determination of TGCs

At the LHC the measurementof TGCswill benefitfrom both the large statisticsandthe high centre-
of-massenergy. The large availablestatisticswill allow the useof multi-dimensionaldistributions to
increasethesensitivity to theTGCs.

This sectiondiscussestheexperimentalobservablessensitive to TGCsanddescribestheanalysis
methodsemployedto measuretheTGCs.

5.61 Experimentalobservables

Theexperimentalsensitivity to theTGCscomesfrom the increaseof theproductioncrosssectionand
the modificationof differential distributions with non-standardTGCs. The sensitivity is enhancedat
highcentre-of-massenergiesof thehardscatteringprocess,moresignificantlyfor � -typeTGCsthanfor�

-type TGCsin the caseof
Ê ¬ and

Ê « production. As an example,the increasein the numberof
eventswith large di-bosoninvariantmassesis a clearsignatureof non-standardTGCsasillustratedin
Figure35, wherethe invariantmassof the hardscatteringis shown for

Ê ¬ events,simulatedwith a
parametricdescriptionof theATLAS detector, for theStandardModel andnon-standardTGCs.A form
factorof 10 TeV wasused.

For theevent generationemploying non-standardvaluesof the TGCs,leadingorder(LO) [150]
aswell asnext to leadingorder(NLO) [32, 33] calculationshave beenused(seeSection5.5). Limits
on theTGCscanbeobtainedfrom eventcountingin thehigh invariantmassregion. Thedisadvantage
of suchan approachaloneis that the behaviour of the crosssectionasfunction of the TGCsmakesit
difficult to disentanglethecontributionsfrom differentTGCsandeventheir sign(with respectto SM).
It is thereforeadvantageousto combineit with informationfrom angulardistributionsof thebosonsand
possiblytheir decayangles;this improvesthe sensitivity andimprovesthe separationof contributions
from differentnon-standardTGCs.

In generalit is possibleexperimentallyto reconstructup to four (six) angularvariablesin the
di-bosonrest-framedescribingan

Ê ¬ or « ¬ (
Ê « ) event:
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Fig. 35: Thedistribution of the invariantmassof the CÜÛ systemfrom ê�ê�àhCÜÛ . StandardModel data(shadedhistogram)

andanon-standardvalueof 0.01for ± ² (whitehistogram)areshown. Bothchargesof C weregeneratedusingaparameterised

MonteCarloandsummed.Thenumberof eventscorrespondsto anintegratedluminosityof 30 fb i � .
j Bosonproductionangles,k and / , of the di-bosonsystemwith respectto the beam-axisin the

di-bosonrest-frame.j Decayanglesof bosons,
�ml
ön �po and q lön �po , in therest-frameof thedecayingbosons.

Theazimuthalbosonproductionangle, / , hasno sensitivity to theTGCs. In caseof
Ê ¬)r Ê « ,k is themostsensitive kinematicalvariable.Theenhancedsensitivity to theTGCsin

Ê ¥ productionis
dueto thevanishingof helicity amplitudesin theStandardModel predictionat �����)khs ^ r�t , affecting
thesmall $ %�$ region [150]. Non-standardTGCsmaypartially eliminatetheradiationzero,althoughthe
zeroradiationpredictionis lesssignificantwhenincludingNLO corrections[32]. In « ¬ production,no
radiationamplitudezerois present.

In contrast,thesensitivity to theTGCsfrom thedecayanglesis weak;thedecayanglesprimarily
serve asprojectorsof differenthelicity components,enhancingthesensitivity of othervariables.
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Fig. 36: Differentialcrosssectionfor D Û productionversusê ²ë for StandardModel (solid line) andtwo differentnon-standard

couplings(dashedanddottedlines)at LHC.

In thestudypresentedhere,severalexperimentallyderivedobservablesandcombinationsthereof
have beenstudiedto assessthe possiblesensitivity to the TGCs. For both (

Ê ¬ ,
Ê « ) and( « ¬ , «�« )

eventstheobservablesarevery similar; for
Ê « , the « takestherole of the ¬ . Theactualbehaviour of



theobservablesasfunctionof thecouplingsandtheenergy is differentbetweentheprocesses,dueto the
differentmassesof theinvolvedbosons.

Oneobservable,thetransversemomentum,ñ ò , of the ¬ or « (dependingonthedi-bosonprocess),
which hastraditionallybeenusedat hadroncolliders,hassensitivity from a combinationof high mass
eventcountingandthe k angulardistribution. Figure36shows theenhancementof di-bosonproduction
crosssectionfor largevaluesof thephotontransversemomentumin presenceof non-standardcouplings.

Thedistribution of ñ ìm{ Íò assumingan integratedluminosityof 30fb | ö is shown in Figure37 forÊ ¬ and
Ê « events,simulatedwith a parametricdetectorsimulationprogram,for theStandardModel

andnon-standardTGCs. Theenhancementfor non-standardTGCsat high ñ�ìm{ Íò is clearlyvisible and,
furthermore,thequalitative behaviour is thesamefor differentTGCs.
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For the statisticsexpectedat the LHC, even after 3 yearsrunning at low luminosity, one may
enhancethe experimentalsensitivity further by separatingthe different typesof information in multi-
dimensionaldistributions.For

Ê ¬ and
Ê « di-bosonproduction,two setsof variableshavebeenstudied

(andtheequivalentsetfor
Ê « ): ��� � ì ¨ $ %

l
ì $ � , and � ñ;ìò ¨ � l � , where $ % lì $ is therapidityof ¬ with respect

to thebeamdirectionin the
Ê ¬ system(equivalentto k ), and

�ml
is thepolardecayangleof thecharged

leptonin the
Ê

rest-frame.Both setsconsistof onevariablesensitive to theenergy behaviour andone
sensitive to theangularinformation. For $ % lì $ and

� l
, a completereconstructionof the

Ê
is necessary.

Themomentumof the
Ê

canbereconstructedby usingthe
Ê

massasa constraintandassumingthat
themissingtransverseenergy is carriedaway by theneutrino.This leadsto a two-fold ambiguityin the
reconstruction.Alternatively, $ % lì $ , maybeapproximatedby the rapidity differencebetweenthe lepton
from the

Ê
andthe ¬ . Distributionsof $ % lì $ and

� l
areshown in Figure38, for boththestandardmodel

expectationanddifferentnon-standardTGCs. Thehigh sensitivity to theTGCsfrom $ % lì $ is dueto the
characteristic“zero radiation”gap. In contrast,thesensitivity to theTGCsfrom thedecaypolarangle,� l

, is weak.

5.62 Analysistechniquesfor TGCdetermination

Dependingon theavailablestatisticsandthedimensionalityof theexperimentaldistributions,different
extractiontechniquescanbeusedin thedeterminationof theTGCs.

Oneapproachemployed in this studydeterminesthecouplingsby a binnedmaximum-likelihood
fit to distributionsof theobservables,combinedwith thetotal crosssectioninformation.Thelikelihood
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functionis constructedby comparingthefittedhistogramwith areferencehistogramusingPoissonprob-
abilities.Thereferencedistributionscanbeobtainedfor differentvaluesof thecouplingsby reweighting
MonteCarloeventsatgeneratorlevel or equivalentlyusingseveralMonteCarloeventsamplesgenerated
for differentvaluesof theTGCs.

Although the expectednumberof eventsat the LHC will allow binning in two dimensions,a
generalmultidimensionalbinnedfit using all the TGC sensitive information will not be possible. In
the latter case,an unbinnedmaximumlikelihood fit to the observed information canbe used,where
the probability distribution functionscan be constructedby Monte Carlo techniques. In the caseof
many dimensions,this approachcanbe time-consuming,but it maybe advantageouslycombinedwith
the reweighting technique. The information from the absolutepredictionof the crosssectioncanbe
includedby theso-called“extendedmaximumlikelihood”method[151].

5.7 Sensitivities at LHC

Sensitivity limits have beenderivedfor thetriple gauge-couplings
Ê¦Ê¡ 

(ATLAS, CMS),
Ê¦Ê*¢

(AT-
LAS) and

¢£¢¤ 
(CMS).Theanalysistechniquesusedby ATLAS andCMSaredescribedin Section5.6.

TheATLAS studiesassumeanintegratedluminosityof õO¥§¦£¨ t X fb | ö , correspondingto threeyears
of LHC low luminosityoperation.CMSassumeŝ

�X�X
fb | ö , which is theexpectationfor oneyearof LHC

high luminosityrunning.

CMS hasperformedits studiesfor a rangeof different form factorscales©�ªcª , asmotivatedin
Section5.4.Theplotsin Figure39show theexpected95%CL limits ontheanomalous

Ê¦Ê« 
and
¢�¢¤ 

couplingparameterstogetherwith thecorrespondingunitarity limits. Only thedisplayedcouplingis con-
sideredto deviatefrom theStandardModel. Thepointswheretheexperimentalcurvesturn asymptotic
with respectto © ªcª - or arecrossedby theunitarity limit - giveanindicationontherangeof form factor
scalesaccessibleby theexperiments.While thecurrentTevatronmeasurementsprobethetriple gauge-
couplingsup to form factorsof © ªcª ¨ X�Z#ÿ�[ TeV andaround2TeV for

¢�¢` 
and (

Ê¦Ê¡ )¬KÊ¦Ê*¢
),

respectively [16], the LHC experimentswill be able to study far smallerstructureswith scalesup to
10 TeV, assuminganintegratedluminosityof

^�X�X
fb | ö .

Multi-dimensionalfits whereseveral couplingsare allowed to vary have also beenperformed
[152]. Here,thesensitivity limits extractedfrom thelog likelihoodcurvesform anellipsefor aparticular
confidencelevel. Figure40 shows the typical

Ê¦Ê¡ 
sensitivity contoursin the two-dimensionalCP-

conserving�L®F¯�� couplingspacefor a form factorscaleof
^�X

TeV.
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Table22: Sensitivity limits (95%CL), assumingintegratedluminositiesof K � fb iËÊ and Ì ��� fb iÍÊ , respectively. Theform factor

scaleis Ä ÅmÅ � Ì � TeV for COCÂÁEÎÏCOC D and6TeV for DÐD Á .
Vertex Coupling ���ÒÑÔÓ ¬mÕ Ö
×mÕ � ��Ø ÓÙ ¬ÛÚm× � Ø ÓÙÜ*Ü   Ý  Ó Þ�ß\Þ t�à Þ�ß\Þ�áPâ Þ�ß\Þ�á t
© ªcª ¨Yã Þ TeV ¯ËÓ Þ�ß\Þ�Þ�ä à Þ�ß\Þ�Þ�ä�å Þ�ß\Þ�Þ�ä�ÞÜ*Ü ¢ ÝUæËç è Þ�ß\Þ�Þ�å�é Þ�ß\Þ�Þ�é�ê —Ý  ç Þ�ß\Þ�â�ê Þ�ß ã Þ�Þ —

©ëªcªì¨Yã Þ TeV ¯ ç Þ�ß\Þ�Þ à é Þ�ß\Þ�Þ�å ã —¢�¢¤  í çîï — — â�ß á ®ðã Þ |Íñ
©ëªcªì¨ â TeV

í çñ ï — — ã ß\é ®ðã Þ |Íò

Table22summarisesthesensitivity limits obtainedby ATLAS andCMS asreportedin [53, 152].
In addition,ATLAS hasperformedafit usingthecompletegeneratorlevel phasespaceinformation[53].
The resultsfor this ideal caseshow that,asthehigh energy tails of the Ø ÙÓ distributionsexhibit a very
strongsensitivity to the ¯ -like anomalouscouplings,the additionalinformationdoesnot improve the
limits on this type of couplingsconsiderably. However, the  -type couplingsmay profit from a more
sophisticateddataanalysis.

From the numbersin Table22, we expectan improvementin sensitivity by up to two (four) or-
dersof magnitudefor anomalous

Ü*Ü   r Ü*Ü ¢ (
¢£¢¤ 

) couplings,with respectto thecurrentTevatron
limits. Thestrongincreasein sensitivity is dueto thepronouncedhigh óô enhancementat theLHC, most
prominentlyfor

¢£¢¤ 
(seeSection5.42). A smallerchoiceof the form factorscalewould cut off this

enhancementanddiminishthesensitivity considerably, asshown in thelower plotsin Figure39.



5.8 Backgrounds to õ÷ö
The
Ü  

signalhasa very small crosssection,comparedto
Üùø

jet productionfor example,andcan
containasignificantamountof background.Thedominantbackgroundto the

Ü  
signalis from

Ü
+jet

productionwherethejet is misidentifiedasa photon,resultingin a fake signal.Radiative
Ü

decayalso
contributeswhenthe electronfrom the

Ü
decayradiatesa photon,andboth ¦§ú¦   and û ú û   quark-gluon

fusion processescan also producea fake signal contributing to the background.
¢¤ 

productionandÜ
(üÃý )  alsomake asmallcontribution to thebackgrounds.

Previousstudies[153, 154, 155, 156] haveshown thatthe
Ü  

signalwill beobservableattheLHC
provided that the backgroundscanbe suppressed.All the backgroundsweregeneratedwith PYTHIA
5.7 [123] in conjunctionwith theCMSJET [157] fastdetectorsimulationfor theCMS experiment.

5.81
Ü*ø

jet and
Üÿþ�� ý   backgrounds

Thedominantbackgroundto theprocessØ�Ø þ Ü���� ý��   arisesfrom
Ü*ø

jet eventswherethejet decays
electromagneticallyandis reconstructedin the calorimeterasa photon. The probability for the jet to
fluctuateinto anisolatedelectromagneticshower is small,but thelargenumberof jetsabove 10 GeV in
the
Ü

sampleguaranteesthatsomejetswill look identicalto photons.Evenif thejet is notmisidentified
asa photon,it is possiblefor a radiative decayof the

Ü
to producethesamesignatureasthesignal. If

theleptonfrom the
Ü

decayradiatesaphoton,aneventsignatureof
 )¬ � ¬ ý maybeobserved.Cutsmust

thereforebeappliedto reducethisbackground.

õ	� jet Figure41showstheØ Ù (
 

) spectrumfor misidentifiedphotonfrom the
Ü*ø

jet backgroundand
therealphotonfrom the

Ü  
signal.A photonisolationcuthasbeenappliedto bothdatasets.A rejection

power of nearly7 canbeobtainedwith anefficiency lossof lessthan5
 , by usinganisolationareaofÝ��
= 0.25anda Ø Ù thresholdof 2 GeV[158]. A greaterrejectionpowerwith amuchsmallerefficiency

lossis availableat low luminosity. Thereforeaneventis selectedif thephotonmeetstheisolationcriteria
andif it is within

Ö
=  2.5. Theisolationcut clearlymakesit possibleto observe thesignal,especially

at high Ø Ù , however acut at Ø Ù (� ) = 100GeV furtherreducesthebackground.Thiswould notharmthe
sensitivity to anomalouscouplingsgreatlyastheanomaliesonly manifestthemselvesathigh Ø Ù .
Radiative õ Onemethodof reducingthebackgroundof radiative

Ü
decaysis to make a cut on the

invariantmassof the � � ý system. For the
Ü � signal, � � � � ý�� is always larger than � Ñ if finite

Ü
width effectsareignored.

However, the � � � � ý�� cannotbedeterminedunambiguouslyasthefour-momentumof theneutrino
is unknown: evenif thetransversemomentumis correctlydeterminedfrom themissingmomentumin the
event,thereis no measurementof themissinglongitudinalmomentum.Thereforetheclustertransverse
mass,or minimuminvariantmass,maybeusedinstead[159]. Thetransversemassis independentof the
longitudinalmomentaof theparentparticleandits decayproducts.

For
Ü þ � � ý theclustertransversemasssharplypeaksat � Ñ [160] anddropsrapidlyabove theÜ

mass.Thus� � ý eventsoriginatingfrom
Ü � productionandradiative

Ü
decayscanbedistinguished

if � Ù � � � ý�� is cutslightly above � Ñ [161]. Henceacutat � Ù � � � ý���� 90GeVshouldtake into account
thefinite width of the

Ü
whilst not significantlyaffectingthesignal.

The
Ü � signalproducestheleptonandphotonalmostback-to-back.Ensuringthat they arewell

separatedwill further reducethe radiative
Ü

background.This canbedoneusingthequantity
Ý����� Ý���� ø Ý�Ö�� � . Leadingorderanalysisof thesignalandradiative backgroundenableda studyof the

optimumvalueof
Ý��

to usefor separation.Typically a cut at
Ý�� � Þ�ß à is usedto ensureseparation,

but increasingtheseparationto
Ý�� � Þ�ß\å makeslittle differenceto thesignalwhilst greatlyreducing

thebackground.
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Fig. 41: p (Á ) distribution for the !ÂÁ signalandthe !#" jet backgroundwherethejet is misidentifiedasa photon.

In orderto suppresstheradiative
Ü

backgroundevents,cutsof
Ý�� � �%$ � �&� Þ�ß\å and � Ù � � � ý��'�ê�Þ GeVareused.

5.82 Quark-Gluonfusionbackground

Quark-gluonfusionis importantattheLHC becausetherateis extremelyhigh. Therearelotsof available
gluonsin theprotonat relatively high ( , andbecausethe

ÜùÜ � reactionis suppressedin someregions
of phasespace.

)+*) ö At theLHC 10
è � û ú û events[162] areexpectedfor a yearsrunningat high luminosity. Although

the û ú û,� eventsarenot kinematicallysimilar to thesignal,theexpectednumberof eventsis so largethat
thebackgroundwill bea problemunlessit is reducedby cuts.

The û ú û,� backgroundwasgeneratedusingtheprocesses:- ú- þ æ � , and - ú- þ/. � . Eventswere
generatedfrom óØ Ù = 500GeV with a crosssectionof 1.055pb. This parton-level requirementwasfor
computationalefficiency as only the very highestØ Ù eventscontribute to the background. A cut on
missingØ Ù canbemadeat 50GeV in orderto reducethe û ú û,� background.

0 *0 ö Sincethe �21��3�FÑ ø �#4 , 5 ú5 eventsrepresentanirreduciblebackgroundto
Ü � pairproduction.5 ú5,� productionis a copioussourceof high Ø Ù photonsin associationwith hardleptonsandwithout cuts

hasa crosssection,687 300pb,of at least3 ordersof magnitudemorethanthe
Ü � signal[163]. The

subsequentdecayof top quarksinto a
Ü

bosonanda û quarkandalso the
Ü

decayinto a 9 ú9 pair
providethesameeventsignatureasthe

Ü � signal.Therefore,dueto thevery largetopquarkproduction
crosssectionat LHC energies, the processØ�Ø þ 5 ú5,� þ Ü � ø;: representsa potentiallysignificant
background.

Eventsweregeneratedby theprocess- ú- þ æ � andlookingfor 5 ú5 production.Thismethodis very
inefficient, 4 million eventsweregeneratedand489 5 ú5,� eventswereproduced,with 10 eventspassing



all of thecuts. The 5 ú5,� eventsweregeneratedfrom óØ Ù = 500GeV (for thesamereasonsas û ú û ), with a
crosssectionof 1.049pb. The large crosssectionmeansthatalthoughonly a few eventspassthecuts,
thisbackgroundis apotentialproblem.

Studiesfor theSSC[164] showed that thebackgroundcanbereducedto a manageablelevel by
requiringthe photonto be isolatedfrom the hadronsin the event, andby imposinga jet veto (i.e. by
consideringtheexclusive reactionØmØ þ Ü � ø Þ jets).

Sincethetop quarkdecayspredominantlyinto a
Ü û final state,5 ú5<� eventsarecharacterisedby a

large hadronicactivity which frequentlyresultsin oneor several high-Ø Ù jets. If thesecond
Ü

boson
decayshadronically, up to four jetsarepossible.Thisobservationsuggeststhatthe 5 ú5,� backgroundmay
besuppressedby vetoinghigh-Ø Ù jets.Sucha “zero jets” requirementhasbeendemonstratedto bevery
usefulin reducingthesizeof theNLO QCD correctionsin Ø�Ø þ Ü � ø=: at SSCenergies[32]. If the
second

Ü
in the 5§ú5,� eventsdecayshadronically, thenumberof jetsin Ø�Ø þ 5§ú5,� þ Ü � ø�: is generally

largerthanfor leptonic
Ü

decays,andthejet vetois moreefficient.

Unfortunatelythe jet vetoalsodrasticallyreducesthenumberof signalevents.Only 10%of the
signalsurvivesthejet vetocutaloneandonly 4%survive all thecutsandthejet veto.Thissuggeststhat
analternative methodfor reducingthisbackgroundneedsto befoundfor theLHC.

ATLAS [154] studiedthepossibilityof exploiting thenumberof jetsin the 5 ú5<� eventsby imposing
acutonthesecondjet in theevent.The

Ü � signalwill nothavea2ndjet,or if it does,it isamisidentified
jet andwill beof very low Ø Ù . The 5 ú5,� eventswill have up to four high Ø Ù jetsin eachevent.By cutting
all eventswherethe Ø Ù of thesecondjet is greaterthat 25 GeV, themajority of the 5 ú5,� eventswill be
eliminatedwithoutgreatlyaffectingthesignal.

5.83
. � background

Thereis a smallbackgroundto
� ý>� thatcomesfrom

.?���@� �A� eventsin which oneof theelectronsgives
riseto significantmissingenergy (generallyby enteringa gapin thedetector).As CMS is hermeticand
thecrystalsof theECAL areoff-pointing with respectto the interactionpoint, this backgroundis very
small. ATLAS [154] calculatethis backgroundto be 7 25 timessmallerthanthesignalbeforeany cuts
areimposed.Thusthe

. � backgroundis assumedto benegligible.

5.84
Ü�� üÃý��A� background

Thefinal backgroundto ØmØ þ Ü���� ý+$<B`ýC�A� is Ø�Ø þ Ü�� üÃý��A� wherethe ü leptondecaysinto anelectron
or muon.Thebackgroundis verysmallbecausethedecayof thetauleptonresultsin electronsor muons
with significantlyreducedØ Ù andthekinematicalthresholdfor anelectronis 25 GeV. Previousstudies
atFermilabhave shown thisbackgroundto benegligible [165].

5.85 Summaryof backgrounds

Table23showsalist of all thecutsproposedto reducethebackgroundsto the
Ü � signal.Having chosen

eachcut to reduceanindividual background,it is importantto understandhow eachcut effectsboththe
signalandtheotherbackgrounds.

Table24showstheefficiency of theindividualcutsonthesignalandthebackgrounds.The
Ü*ø

jet
andradiative

Ü
backgroundsaretreatedtogether. SeeFigure42.

5.86 Conclusion

The backgroundsto the
Ü � signalhave beenstudiedandcutshave beenmadein orderto reducethe

backgroundsto at leastan orderof magnitudelessthanthe signalfor Ø Ù � �D�E� ä�Þ�Þ GeV. The
Ü*ø

jet



Table23: Proposedcutsto reducethebackgroundsto the !ÔÁ signal.

Quantity
Õ Ö � �%$ � $<F � 5G� Õ Ø Ù � �%� Ø Ù ��� � � Ù � �D$ � $ÛýC� Ý�� � �%$ � � Ø Ù � ýC� 2ndjet

(GeV) (GeV) (GeV) (GeV) (GeV)

Cutvalue H 2.5 � 100 � 25 � 90 � 0.7 � 50 H 25

Table24: Efficiency of individual cutson thesignalandbackgrounds,errorsarestatistical.

Cut Signal(%) Background(%)Ü*ø
jet/Rad.

Ü 5 ú5<� û ú ûI�
Ø Ù � �%� 67 0.49 0.06 0.008 72 5.33 84 0.22

Ø Ù ��� � 84 0.52 62 0.25 5 1.02 0.2 0.001

� Ù � �%$ � $Ûý�� 85 0.52 19 0.14 87 4.2 0.3 0.0115Ý�� � �%$ � � 95 0.55 94 0.3 95 4.4 94 0.23

Ø Ù � ý�� 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 0.033 0.018 0+0.2 0.006 0.0019

andradiative
Ü

backgroundshave beenwell studiedandunderstoodandthe cutsmadereducethese
significantly. Thequark-gluonfusionbackgroundsarenot sowell understoodin this work sincea less
thanoptimal generatorfor 5 ú5<� wasused.However, thecutsstudiedfor this channelwork well for the
low statisticsamplespresentedhere.Furtherstudyof thisbackgroundwouldbeinteresting.

Backgroundsto
ÜJ.

productionhavebeenstudiedbriefly andaresimilar, within statisticalerrors,
to thosein the

Ü � channelpresentedhere.

6. VECTOR-BOSON FUSION AND SCATTERING 14

6.1 Searching for K=KML N L O%O
6.11 Introduction

Thesearchfor theHiggsbosonand,hence,for theorigin of electroweaksymmetrybreakingandfermion
massgeneration,remainsoneof thepremiertasksof presentandfuturehighenergy physicsexperiments.
Fits to precisionelectroweak(EW) datahave for sometime suggesteda relatively small Higgs boson
mass,of order100 GeV [166, 167], hencewe have studiedan intermediate-massHiggs,with massin
the ã�ã ÞQP ã à Þ GeV range,beyond the reachof LEP at CERN andperhapsof the FermilabTevatron.
Observation of the R þ ü ü decaychannelin weakbosonfusion eventsat theLarge HadronCollider
(LHC) is quite promising,both in the StandardModel (SM) and Minimal SupersymmetricStandard
Model (MSSM). This channelhaslower QCD backgroundscomparedto thedominantR þ û ú û mode,
thusoffering thebestprospectsfor adirectmeasurementof a R#9 ú9 coupling.

At theLHC, despitethefact that thecrosssectionfor Higgsproductionby weak-bosonfusion is
significantlylower thanthatfrom gluonfusion(by almostoneorderof magnitude),it hastheadvantage

14Sectioncoordinators:Z. Kunszt,R. Mazini, D. Rainwater
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Fig. 42: S> �T ÁVU distribution for the !ÂÁ signalandthebackgrounds.

of additionalinformationin theeventotherthanthedecayproducts’transversemomentumandtheir in-
variantmassresonance:namely, theobservablequarkjets.Thusonecanexploit techniqueslike forward
jet tagging[168, 169, 170, 171, 172, 173, 174, 175, 176] to reducethebackgrounds.Anotheradvantage
is thedifferentcolourstructureof thesignalvs thebackground.Additional soft jet activity (minijets) in
thecentralregion, which occursmuchmorefrequentlyfor thecolour-exchangeprocessesof the QCD
backgrounds[177, 178], aresuppressedvia acentraljet veto.

Wehave performedfirst analysesof intermediate-massSM R þ ü ü andof themainphysicsand
reduciblebackgroundsat the LHC, consideringseparatelythe decaymodesü ü þ íXW �ZY%[Ø Ù $ � W B Y%[Ø Ù .
Thesemodesdemonstratethefeasibility of Higgsbosondetectionin thischannelwith modestluminos-
ity [179, 180]. We demonstratedthat forward jet tagging, ü identificationand reconstructioncriteria
aloneyield a signal-to-background ( \ [^] ) ratio of approximately1/1 or better. Additional large back-
groundsuppressionfactorscanbeobtainedwith theminijet veto,achieving final \ [^] ratiosasgoodas
6/1,dependingon theHiggsmass.

In theMSSM,strategiesto identify thestructureof theHiggssectoraremuchlessclear. For large_@`badc
, thelight neutralHiggsbosonsmaycouplemuchmorestronglyto the e î � P ã [ ä membersof the

weakisospindoubletsthanits SM analogue.As a result,thetotal width canincreasesignificantlycom-
paredto a SM Higgsof thesamemass.This comesat theexpenseof thebranchingratio

] � � í þ �X�%� ,
the cleanestHiggs discovery mode,possiblyrenderingit unobservable over muchof MSSM parame-
ter spaceand forcing considerationof other observational channels. Instead,since

] � � í þ ü üf� is
enhancedslightly, we have examinedthe ü modeasanalternative [180, 181].

6.12 Simulationsof signalandbackgrounds

The analysesusedfull tree-level matrix elementsfor the weakbosonfusion Higgs signalandthe var-
ious backgrounds.Extra minijet activity wassimulatedby addingthe emissionof oneextra partonto
thebasicsignalandbackgroundprocesses,with thesoft singularitiesregulatedvia a truncatedshower
approximation(TSA) [182, 183].



We simulatedØ�Ø collisions at the LHC, g ô � ã á TeV. For all QCD effects, the running of
the strong-couplingconstantwasevaluatedat one-looporder, with hji � � ç � � Þ�ß ã�ã é . We employed
CTEQ4L partondistribution functions[67] throughout. The factorisationscalewaschosenas Bfk �
min(Ø Ù ) of the definedjets, and the renormalisationscale Bfl was fixed by

� hXim�Zn � noZp è hXi � Ø Ù^q � .
Detectoreffectswereconsideredby includingGaussiansmearingfor partonsandleptonsaccordingto
ATLAS expectations[153, 125].

At lowestorder, thesignalis describedby two single-Feynman-diagramprocesses,->- þ ->- �Ü*Ü $.?. � þ ->-mR , i.e.
ÜùÜ

and
.?.

fusionwheretheweakbosonsareemittedfrom the incomingquarks
[184]. Fromapreviousstudyof R þ �X� decaysin weakbosonfusion[185], weknow severalfeaturesof
thesignalwhichwecouldexploit directlyhere:thecentrallyproducedHiggsbosontendsto yield central
decayproducts(in this caseüsr,üst ), andthetwo quarksenterthedetectorat largerapidity comparedto
the ü ’s andwith transversemomentain the 20-80GeV range,thusleadingto two observable forward
taggingjets.

We consideredseparatelythe casesof one ü decayingleptonically(
�
,B ) andthe otherdecaying

hadronically(with a combinedbranchingfractionof á à 
 ), andbothdecayingleptonicallybut with dif-
ferentflavour (

� B or B � , with acombinedbranchingfractionof â�ßvu 
 ). Ouranalysescritically employed
transversemomentumcutson thecharged ü -decayproductsand,hence,somecarewastakento ensure
realisticmomentumdistributions.Becauseof its smallmass,we simulatedü decaysin thecollinearand
narrow-width approximationsandwith decaydistributionsto w ,x , y è [186], addingthevarioushadronic
decaymodesaccordingto their branchingratios. We took into accountthe anti-correlationof the ü W
polarisationsin thedecayof theHiggs.

Lepton-hadron mode Positive identificationof thehadronicü W þ í W : decayrequiresseverecuts
onthechargedhadronisolation.Webasedoursimulationsonthepossiblestrategiesanalysedby Cavalli
et al. [187]. Consideringhadronicjets of z Ù � áPÞ GeV in the ATLAS detector, they found non-tau
rejectionfactorsof 400or morewhile truehadronicü decaysareretainedwith anidentificationefficiency
of ä�â 
 .

Given the R decaysignature,the main physicsbackgroundto the üsrPüst�F{F eventsof the signal
arisesfrom realemissionQCD correctionsto theDrell-Yanprocess- ú- þ|��. $<�D� þ ü r ü t , dominated
by 5 -channelgluon exchange. All interferenceeffects betweenvirtual photonand

.
-exchangewere

included,as was the correlationof ü W polarisations.The
.

componentdominates,so we call these
processescollectively the“QCD

. F{F ” background.

An additionalphysics“EW
. F@F ” backgroundarisesfrom

.
and � bremsstrahlungin (anti)quark

scatteringvia 5 -channelelectroweakbosonexchange,with subsequentdecay
. $<� þ ü r ü t . Naively, this

EW backgroundmaybe thoughtof assuppressedcomparedto theanalogousQCD process.However,
the EW backgroundincludeselectroweak bosonfusion, }~} þ ü r ü t , which hasa momentumand
colourstructureidenticalto thesignalandthuscannoteasilybesuppressedvia cuts.

Finally, we consideredreduciblebackgrounds,i.e. any eventthatcanmimic the R�F@F signatureof
a hard,isolatedleptonandmissingØ Ù , a hard,narrow ü -like jet, andtwo forwardtaggingjets. Thuswe
examined

Ü÷ø F � 5 ô , wherethe
Ü

decaysleptonically(
�
,B ) andonejet fakesahadronicü , and û ú û ø F � 5 ô ,

whereone û decaysleptonicallyandeithera light quarkor û jet fakesa hadronicü . We neglectedother
sourceslike 5 ú5 eventswhichhadpreviouslybeenshown to givesubstantiallysmallerbackgrounds[187].

Fluctuationsof a partoninto a narrow ü -like jet areconsideredwith probability Þ�ß\ä à 
 for gluons
andlight-quarkjetsand Þ�ß ã à 
 for û jets(whichmaybeconsideredanupperbound)[187].

In thecaseof û ú û ø F{F , wesimulatedthesemileptonicdecayû þ�� ý�� by multiplying the û ú û,F{F cross
sectionby a branchingfactorof 0.395andimplementinga three-bodyphasespacedistribution for the
decaymomentato estimatetheeffectsof leptonisolationcuts.Wenormalisedourresultingcrosssection
to reproducethesamefactor100reductionfoundin [187].



Dual lepton mode For thedileptonmode,weconsiderdecayonly to
� $<B pairsto completelyeliminate

thebackgroundsfrom real
.

productiondecayingdirectly to
�@�

or B�B . Taudecayswereperformedin
the samemannerasin the lepton-hadronchannel.We againconsideredQCD andEW

. F@F�� .÷þ ü ü
productionasthephysicsbackgrounds.

Wecalculatedtheprimarycontributionsfrom reduciblebackgroundsby consideringall significant
sourcesof two

Ü
’s, which decayleptonically to form the signature

� $<B , and two forward jets. This
consistsof 5 ú5 ø F � 5 ô , aswell asbothQCD andEW

Ü*Ü F@F production.As with theEW
. F{F case,EWÜ*Ü F@F processescontainan electroweakbosonfusioncomponentkinematicallysimilar to the signal,

andsocannotbeignored.

We alsoconsideredû ú û,F@F production,with eachû decayingsemileptonicallysimulatedby imple-
mentingthe } P�� decaydistributionsof the û -quarksin thecollinearlimit, andmultiplying theresultant
crosssectionby a branchingfraction0.0218(for the

� $<B or B�$ � final states).

Finally, weconsideredtheoverlappingcontribution from thesignalitself in thedecaymodeR þÜ*Ü þ�� B [Ø Ù , whichcanbesignificantabove �2����7Yã u�Þ GeV.

6.13 Standard Modelanalysis

The basicacceptancerequirementsmustensurethat the two jets and two ü ’s areobserved inside the
detector(within the hadronicand electromagneticcalorimeters,respectively), and are well-separated
from eachother:

Ø Ùm� � ä�Þ������ $ Õ Ö��ÍÕm� à ß\Þ $ Ý����<� � Þ�ß\å $Õ Ö��.Õ^� ä�ß à $ Ý�� � � � Þ�ß\å ß (65)

Tau-tauseparationandtau decayproduct Ø Ù requirementsareslightly different for the two signatures
andarediscussedseparatelybelow.

The R�F{F signalis characterisedby two forwardjetswith largeinvariantmass,andcentralü decay
products.TheQCDbackgroundshavea largegluon-initiatedcomponentandthuspreferlower invariant
taggingjet masses.Also, their ü and

Ü
decayproductstend to be lesscentral. Thus, to reducethe

backgroundsto the level of the signal,we requiredtaggingjets with a combinationof large invariant
mass,far forward rapidity, andhigh Ø Ù , aswell as ü decayproductscentralwith respectto thetagging
jets[185]:

Ö ��� � o n ø Þ�ß\å H Ö�� ÊZ� � H Ö ��� ����� P«Þ�ß\å $ Ö � Ê�� Ö � � H Þ $Ý�Ö 1 ��� i � Õ Ö � Ê P Ö � � Õ � áPß á $   �<� �¡  �<�,¢ q¤£ $ (66)

where  �<�<¢ q¤£ is chosenslightly differentlyfor thetwo scenarios,asdiscussedbelow.

Lepton-hadron mode Herewe requiredtwo additionalcutsto form thetaggingjet signature:

Ø Ùm� � áPÞ $ ä�Þ��¥��� $ Ý����b� � Þ�ß\å ß (67)

That is, the Ø Ù requirementon the taggingjets is staggered,andasonetaudecayis hadronic,it
musthave a largeseparationfrom theleptonictau.

Triggeringtheeventvia the isolatedü -decayleptonandidentifying thehadronicü decayasdis-
cussedin [187] requiressizabletransversemomentafor the observable ü decayproducts: Ø Ù^¦ � §©¨vª �ä�Þ«�¥��� and Ø Ù^¦ � ¬�¯® � áPÞ«����� . It is possibleto reconstructthe ü -pair invariantmassfrom theobserv-
ableü decayproductsandthemissingtransversemomentumvectorof theevent[188]. The ü masswas



neglectedandcollineardecaysassumed,aconditioneasilysatisfiedbecauseof thehigh ü transversemo-
mentarequired.The ü momentawerereconstructedfrom thechargeddecayproducts’Ø Ù andmissingØ Ù vectors.We imposeda cut on theanglebetweenthe ü decayproductsto satisfythecollineardecay
assumption,°<±^² Úb³µ´ � P Þ�ß\ê , anddemandeda physicalitycondition for the reconstructedü momenta
(unphysicalsolutionsarisefrom smearingeffects);thatis, thefractionalmomentum( � achargeddecay
observablestakesfrom its parentü cannotbenegative. Additionally, the ( � § distribution of theleptoni-
cally decayingü -candidateis softerfor real ü ’s thanfor thereduciblebackgrounds,becausethecharged
leptonsharestheparentü energy with two neutrinos.Cuts( � § H Þ�ß\å à and( � ¬ HYã provedveryeffective
in suppressingthereduciblebackgrounds.

Our MonteCarlopredicteda ü -pair massresolutionof 10 GeV or better, sowe chose ã Þ GeV
massbins for analysingthecrosssections.To further reducetheQCD backgrounds,which preferlow
invariantmassesfor thetaggingjets,we required  �<� �*ã TeV. Additionally, the

Ü F ø F{F background
exhibitsaJacobianpeakin its   Ù distribution [187]; henceacut   Ù ��� $ [Ø Ù �¶H u�Þ GeVlargelyeliminates
thisbackground.

Finally, to compensatefor overall ratelossbasedon ATLAS andCMS expecteddetectorID effi-
ciencies,weapplyafactor0.86to thecrosssectionfor eachtaggingjet, andafactor0.95for thecharged
lepton.

Usingall thesecutstogether, althoughnot in ahighly optimisedcombination,weexpectalreadya
signalto backgroundratio of 2/1with asignalcrosssectionof 0.4fb for �#� � ã ä�Þ GeV.

A probability for vetoing additionalcentralhadronicradiationwas obtainedby measuringthe
fractionof eventsthathave additionalradiationin thecentralregion, betweenthetaggingjets,with Ø Ù
above 20 GeV, usingthematrix elementsfor additionalpartonemission.This minijet veto reducesthe
signalby about ã à 
 , but eliminatestypically å�Þ 
 of theQCD backgrounds;theEW

. F@F background
is reducedby about ä�Þ 
 , indicatingthepresenceof bothbosonbremsstrahlungandweakbosonfusion
effects. Becausethe veto probability for QCD backgroundsis found to be processindependent,we
appliedthesamevalueto the û�û ø F{F background.

Table25 summarisesthesignalandvariousbackgroundcrosssectionsatprogressive levelsof the
cuts,ID efficienciesandminijet vetoasdescribedabove, for thecase�#� � ã ä�Þ GeV. Table26 gives
theexpectednumbersof eventsfor 60 fb t

è
integratedluminosity(low luminosityrunning)at theLHC.

Table25: Signalandbackgroundcrosssections·~¸¯¹�º (fb) for »½¼8¾ìÌb¿IÀ GeV ÁÃÂ�Â eventsin the lepton-hadronchannel.

Resultsaregivenfor successive cuts,asdiscussedin the text. The lastcolumngivestheratio of thesignalto thebackground

crosssectionslistedin thepreviouscolumns.

Cuts R�F@F QCD
. F{F EW

. F@F Ü F ø F{F û ú û ø F{F \ [^]
forwardtagging 68.4 1680 91

ü identification 1.99 20.0 1.45 26.4 7.6 1/28

ã�ã Þ H¡  �G� HYã u�Þ^����� 1.31 0.95 0.07 1.77 0.59 1/2.6

  �<� �Yã TeV,   Ù ��� $ [Ø Ù ��H u�Þ GeV 0.69 0.16 0.04 0.11 0.15 1.5/1

( � § H Þ�ß\å à , ( � ¬ HYã ß\Þ 0.54 0.15 0.03 0.03 0.05 2.1/1

ID efficiency ( Ä � Þ�ß\å�Þ ) 0.38 0.10 0.03 0.03 0.05 2.1/1Å i,ÆÇl¯È � � ï É8Ê ßÌËXÍ ÉdÊ ßÌÎ�Ë ÉdÊ ßÌË Ê ÉdÊ ßÌÎ�Ë ÉdÊ ßÌÎ+Ë -

minijet veto 0.33 0.03 0.02 0.004 0.011 5.2/1



Table26: Numberof expectedeventsin thelepton-hadronchannelfor thesignalandbackgrounds,for 60fb Ï Ê atlow luminosity

running;cuts,ID efficiency (Ðs¾~À+ÑÓÒIÀ ) andminijet vetoasin thelastline of Table25; for a rangeof Higgsbosonmasses.Mass

bins of Ô ÌIÀ GeV arounda given centralvalueareassumed.As a measureof the Poissonprobability of the backgroundto

fluctuateup to thesignallevel, thelastrow gives ·�Õ IÖG×Ø× , thenumberof Gaussianequivalentstandarddeviations.

�2� (GeV) 110 120 130 140 150

Ä � 6�i o
�

(fb) 0.38 0.33 0.25 0.16 0.08ÙÛÚ
22.9 19.6 15.2 9.5 4.6ÙÛÜ
10.2 3.8 2.4 1.8 1.5

\ [^] 2.2 5.2 6.4 5.2 3.1

6�Ý � Æ@i,i 5.6 6.6 6.3 4.7 2.6

Fig. 43: ReconstructedÞ pair invariantmassdistribution for thesignal(lepton-hadronchannel)andbackgroundsafterall cuts

andmultiplicationby theexpectedsurvival probabilities.Thesolid line representsthesumof thesignalandall backgrounds.

Individual componentsareshown ashistograms:the ÁÃÂ�Â signal(solid), the irreducibleQCD ß Â�Â background(dashed),the

irreducibleEW ß Â�Â background(dotted),andthecombined!àÂs"«Â�Â andá�âá Â�Â reduciblebackgrounds(dash-dotted).

It is possibleto isolateavirtually background-free->- þ ->-mR þ F{Fpü ü signalat theLHC, leading
to a à 6 observationof aSM Higgsbosonwith a mere60 fb t

è
of data.Theexpectedpurity of thesignal

is demonstratedin Figure43 showing thereconstructedü ü invariantmassfor a SM Higgsof 120GeV
after all cuts,particleID efficiency factorsanda minijet veto have beenapplied. While the reducibleÜ F ø F{F and û ú û ø F{F backgroundsarethemostcomplicatedanddorequirefurtherstudy, they appearto
beeasilymanageable.

Dual lepton mode For this signature,we simulatedtau decaysasbefore,but with both decayingto
final-stateleptons.As this would form a differentfinal statein experiment,to form thebasictaggingjet
signaturewe requirethecutsof Equations65 and66 asbefore,but additionallya minimumseparation
of thechargedleptonssomewhat lessthanfor the lepton-hadronscenario,

Ý����G� � Þ�ß á . To beableto
triggeron the leptons,we requirethemto have minimumtransversemomentumØ Ù § � ã Þ GeV. In the
LHC experiments,this maybeslightly higherfor electronsandslightly lower for muons,but we do not
make thedistinctionhere.

Boththe5 ú5 ø F � 5 ô and û ú û,F@F backgroundsareaboutthreeordersof magnitudelargerthanthesignal,



but thecontribution from û ú û<F@F maybereducedby acutonmissingtransverseenergy,
[Ø Ù � u�Þ GeV, and

that from 5 ú5 ø F � 5 ô may be severely restrictedby vetoingadditionaljets in the centralregion between
the taggingjets, which even beforeconsideringadditionalgluon radiation(minijets) may comefrom
thedecaysof centralfinal-stateû -quarks.We vetoall eventswith a central û with Ø Ù � ä�Þ GeV. This
providesapproximatelyafactor17in reductionof thetopquarkbackground,whichmaybesubstantially
improvedto evenlower Ø Ù thresholdvia a û -tag,whichwe cannotsimulate.

As thedual leptonfinal statehasa lower overall branchingratio thanthelepton-hadroncase,we
retainedmoreoverall rateby makinga loosercut on the taggingjet invariantmass,  �<� � é�Þ�Þ GeV.
Thiscut wasstill necessaryto reducetheQCD backgrounds.

Our MonteCarloagainpredictedanexcellent ü -pair massresolution,sowe retainthemassbin-
ning of  ã Þ GeV. We alsorejectednon-tau’s asin the lepton-hadroncase,althoughour exact cut was
somewhatdifferentlydefined:

( �bã $%( � � � Þ $ ( � �bã ø ( � � � HYã ß
Finally, we foundthatacuton themaximalseparationof thetwo chargedleptonsis veryusefulin

reducingtheheavy quarkbackgrounds:
Ý���ä<å H ä�ß\â .

Efficiency factorsfor detectionarethesameasin thepreviouscase,althoughwith two final-state
leptonsanextra factor0.95wastakeninto account.A minijet vetowasappliedasbefore,althoughother
analyseswe have performedsuggestthesurvival probabilitieschangeslightly dueto thelower hardness
of theevent,which is stronglycorrelatedwith   �<� (seeTable27).

Table27 outlinesthe crosssectionsof signalandbackgroundfor progressive levels of cuts as
describedabove, for the case � � � ã ä�Þ GeV. Table 28 gives the expectednumbersof events for
60 fb t

è
integratedluminosity(low luminosityrunning)at theLHC.

Table27: Signalrates·E¸<¹&º¥TæÁèç Þ{Þ çêé�ëVìîí%ïS> �U for a SM Higgsof »ð¼#¾òñb¿óÀ GeV andprogressive levelsof cutsas

discussedin the text. All ratesaregiven in fb. Note: thefifth line, non-taurejection,alsoincludesa cut 90 GeV ô2õ ¦�¦ ôñböóÀ GeV.

ÁJç ÞmÞ Á�çJ!÷! QCD EW QCD EW

Cuts signal bkgd ÞmÞ Â�Â ÞmÞ Â�Â ø âø�"�Â�éùø¯ú á�âá Â�Â !÷!�Â�Â !÷!àÂ�Â û�ïI¹
forwardtags 2.2 57 2.3 1230 1050 4.9 3.3 1/1100

á veto 72 1/550

ïS  �ü½ý À GeV 1.73 29 1.57 62 29 4.1 2.9 1/74

» �þ� ü½ÿ ÀbÀ GeV 1.34 10.3 1.35 16.3 10.4 1.60 2.6 1/32

non-Þ reject. 1.15 5.2 0.63 0.31 0.42 0.032 0.042 1/5.8

ÔDñIÀ GeV massbins 0.87 0.58 0.10 0.09 0.10 0.009 0.012 1/1� º ¨�� ô½¿GÑÓö 0.84 0.023 0.52 0.086 0.087 0.028 0.009 0.011 1.1/1

ID effic. ( ���VÑ��	� ) 0.56 0.015 0.34 0.058 0.058 0.019 0.006 0.008 1.1/1
 ×�����ù� ��� ���VÑ���� ���VÑ���� ���VÑ���� ���VÑ���� ���VÑ���� ���VÑ���� ���VÑ���� ���VÑ���� -

minijet veto 0.50 0.014 0.100 0.043 0.017 0.006 0.002 0.006 2.7/1

Althoughthedualleptonchanneldoesnotappearto beableto achieve quiteashighan \ [^] ratio
asthe lepton-hadronchannel,it is still betterthan1/1 over muchof the massrangeof interest,which
is alsoclearly evident in the tau pair invariantmassplot of Figure44. Furthermore,the independent
statisticalsignificanceof this channelis asgoodasthatfoundfor thelepton-hadroncase.



Table28: Numberof expectedeventsfor a SM ÁÃÂ�Â signalin the Á ç ÞmÞ ç3é�ëVìîísïS> channel,for a rangeof Higgsboson

masses.Resultsaregiven for 60 ��� Ï
ã

of dataat low luminosity running,andapplicationof all efficiency factorsandcuts,

includinga minijet veto. As a measureof thePoissonprobabilityof thebackgroundto fluctuateup to thesignallevel, the last

line gives·�Õ ��b×Ø× , thenumberof Gaussianequivalentstandarddeviations.

�#� 100 105 110 115 120 125 130 135 140 145 150

Ä � 6 i o
�

(fb) 0.62 0.61 0.58 0.55 0.50 0.44 0.37 0.30 0.23 0.16 0.11Ù�Ú
37.4 36.5 35.0 32.8 30.0 26.3 22.3 18.0 13.7 9.9 6.5Ù�Ü
67.7 45.4 27.4 16.8 11.2 8.4 7.1 6.4 6.1 5.9 5.7

\ [^] 0.6 0.8 1.3 2.0 2.7 3.2 3.1 2.8 2.2 1.7 1.1

6îÝ � ÆÇi<i 4.1 4.8 5.6 6.4 6.8 6.7 6.1 5.3 4.3 3.2 2.2

Fig. 44: ReconstructedÞ pair invariantmassdistribution for a SM Á ç ÞmÞ ç é ë ì í ïS  (» ¼ ¾3ñb¿IÀ GeV) signal and

backgroundsafter all cuts,particle ID efficienciesandminijet veto. The double-peaked solid line representsthe sumof the

signalandall backgrounds.Individualcomponentsare:the ÁÃÂ�Â signal(solid), theirreducibleQCD ß Â�Â background(dashed),

the irreducibleEW ß Â�Â background(dotted),andthe combinedreduciblebackgroundsfrom QCD + EW + Higgs !÷!àÂ�Â
eventsandø âø�"ÃÂ�éùø¯ú and á�âá Â�Â production(dash-dotted).

6.14 MSSManalysis

Theproductionof CPevenHiggsbosonsin weakbosonfusionis governedby the
í Ü*Ü $�R Ü*Ü cou-

plings, which aresuppressedby factors²�� a � c P hs��$�°<±^² � c P h%� , respectively [189], comparedto the
SM case.Their branchingratiosaremodifiedwith slightly morecomplicatedfactors.Onecansimply
multiply SM crosssectionresultsfrom our analysisby thesefactorsto determinethe observability ofR þ ü ü in MSSM parameterspace.We useda renormalisationgroupimprovednext-to-leadingorder
calculation,which allows a light Higgsmassup to 7 ã ä à GeV, andexaminedtwo trilinear termmixing
cases,no mixing andmaximalmixing [180, 181].

VaryingthepseudoscalarHiggsbosonmass��� , onefindsthat � ´ , � � eachapproachaplateau
for thecase� � þ! $ Þ , respectively. Below � � 7bã ä�Þ GeV, thelight Higgsmasswill fall off linearly
with ��� , while theheavy Higgswill approach� � 7 ã ä à GeV, whereasabove ����7 ã ä�Þ GeV, the
light Higgswill approach� ´ 7 ã ä à GeV andtheheavy Higgsmasswill rise linearly with � � . The
transitionregionbehaviour is veryabruptfor large

_@`badc
, suchthattheplateaustatewill goto 7bã ä à GeV

almostimmediately, while for small
_@`baÛc

thetransitionis muchsofterandtheplateaustatereachesthe
limiting valuevia amoregradualasymptoticapproach.
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Fig. 45: 5,· discovery contoursfor 6Ûç ÞmÞ and ÁJç Þ{Þ in weakbosonfusionat theLHC, with 40 fb Ï
ã
. Also shown arethe

projectedLEP2exclusionlimits. Resultsareshown for maximalmixing (left) andno mixing (right). From[180, 181].

With reasonableintegratedluminosityandcombinationof thelepton-hadronanddual-leptonchan-
nels,40 fb t87 in theworstcase,it will bepossibleto observe at the 9^6 level either : or R decaysto ü
pairswhenthey are in their respective plateauregion, with the possibility of someoverlap in a small
region of � � , asshown in Figure45. Very low valuesof

_@`badc
would be unobservable, but already

excludedby LEP2; thereshouldbe considerableoverlapbetweenthis modeat theLHC andtheLEP2
excludedregion. Furthermore,apartonshowerMonteCarlowith full detectorsimulationshouldbeable
to optimisetheanalysissothatmuchlessdatais requiredto observe or excludetheMSSM Higgs.

6.15 Conclusions

Theproductionof a neutral,CPevenHiggsvia weakbosonfusionanddecayR þ ü ü at theLHC has
beenstudiedfor theStandardModel andMSSM, utilising partonlevel MonteCarloanalyses.Eachof
thedecaychannelsü ü þ : W �ZY%[;=< $ � W B Y%[;=< independentlyallowsa 9^6 observationof aStandardModel
Higgswith anintegratedluminosityof about60 fb t87 or less,andprovidesa directmeasurementof theRÔü ü coupling.For theMSSM case,a highly significantsignalfor at leastoneof theHiggsbosonswith
reasonableluminosityis possibleover theentirephysicalparameterspacewhichwill beleft unexplored
by LEP2.Only 40fb t87 of datais requiredaftercombiningthetwo channels.Weconcludethatthismode
providesa no-lose strategy for seeingat leastoneof theCPevenneutralMSSM Higgsbosons.

6.2 Searching for K=KML N L õaõ
In theprevioussection,vector-bosonfusionformingaHiggswhichthendecaysto two ü ’swasidentified
asa valuableprocessby which to find a Higgsbosonin themassrange110to 150GeV. Rainwaterand
Zeppenfeldhave shown thataheavier Higgsin therange130to 200GeVcouldbefoundby looking for
theprocess}E} þ R þ!>?> þ�� W B YA@; < [190]. As for thelighterHiggs,theforwardjet taggingis a
powerful tool for removing background(

>
pairs,5 ú5 and

.bþ ü ü accompaniedby jets). This approach
appearsmorepromisingthanthea searchfor an inclusive R þB>?> þ � W B YC@; < signal,yielding a
significantresultwith 7D9 fb t87 .

Work hasstartedin thecontext of theWorkshopto investigatethis with fastdetectorsimulation,
but hasnot yet beencompleted.



6.3 The strongly interacting symmetry breaking sector

Onepossiblescenariofor the spontaneousbreakingof the electroweak (EW) symmetryis a strongly
interactingsymmetrybreakingsector(SBS),which genericallyis formedby new particleswith strong
interactionsat the TeV scale. This sectorshouldprovide a global \FE �HG �JI É \KE �HG �JL spontaneous
symmetrybreakingdown to the custodial \FE �HG � I r L subgroup,thus triggering the StandardModel
spontaneousbreakingfrom the \FE �HG �JI É E �HM �JN gauge-symmetrydown to E �HM �PO�Q . This is theminimal
symmetrypatternensuringthat xSR M�øUTE��V � � .

By assumingthat thenew statesappearat theTeV scale,we areonly left, at low energies,with
the threemasslessGoldstoneBosons(GB) associatedto the global symmetrybreaking. We will refer
to this scenarioasthe minimal stronglyinteractingsymmetrybreakingsector(MSISBS).In this case,
the low-energy EW interactionscanbewell describedwith theElectroweakChiral Lagrangian(EChL)
[36, 37], which is an \FE �HG � É E �HM � gauge-invariant effective field theory that couplesthe GB to the
gauge-bosonsand fermions,without any further assumptionsthan thosejust described. The EChL,
inspiredin ChiralPerturbationTheory[191], is organisedasaderivative (momentum)expansion,with a
setof effective operatorsof increasingdimension.Althoughthelowest-orderLagrangianis commonto
all modelssatisfyingtheminimalassumptions,athigherorderseacheffective operatorhasacoefficient,
whosedifferentvalueswill accountfor differentunderlyingsymmetrybreakingmechanisms.Within this
approachit is possible,notonly to calculateat treelevel, but to includeloopswhosedivergenceswill be
absorbedin thecoefficientsof operatorsof higherdimension,thusyielding finite resultsorderby order
in thecalculations.Thevaluesof theserenormalisedparametersareexpectedin the

MXW tZY to
MXW t � range.

As far asphysicsat theLHC is concerned,themostcharacteristicfeatureof a strongSBSis the
enhancedproductionof longitudinalgauge-bosonpairs. We will review theEChL amplitudesfor these
processes.However, theEChL perturbative predictionscanonly describeEW physicsat low energies,
well below the massof the heavy states.Indeed,any amplitudecalculatedwith the EChL is obtained
asa truncatedseriesin powersof theexternalmomenta.Hence,it will alwaysviolateunitarity bounds
at high enoughenergies. In addition, it cannotreproduceany pole associatedto new resonantstates.
Consequently, in orderto applythis formalismto studystrongSBSphenomenologyat theLHC, wehave
severalwaysto proceed:

1. Performstudiesstrictly within theEChL,but restrictedto subprocessenergiesbelow 1.5TeV and
to very smallchiral parameters.

2. Enlarge theEChL introducingexplicitly theheavy resonancesof eachparticularmodel,but this
addsnew unknown parameters,namelythemassandthewidth of eachresonance.

3. Follow a moremodel-independentapproach,by unitarisingtheEChL amplitudesandgenerating
heavy resonancesfrom theinformationcontainedin thechiral coefficients.

In thelastapproach,it is possibleto describethedifferentresonantscenarioswith just two chiral
parameters.Finally we presenta studyof theLHC sensitivity reachwithin this parameterspace,using
thesignalof thecleanestleptonicdecaysof

.?.
and

>�.
pairs.

6.31 EffectiveChiral Lagrangiandescriptionof electroweakinteractions

The EChL [36, 37] provides a phenomenologicaldescriptionof EW interactionswhen the SBS is
strongly-interacting. Theonlydegreesof freedomatlow energiesaretheGBsassociatedto the \KE �HG �JI É\FE �HG �JL þ \FE �HG �JI r L global symmetrybreaking,which arecoupledto the EW gaugeandfermion
fieldsin an \KE �HG � I É E �HM � I invariantway. Customarily, theGBs, [

�
with y � M $ G $ u , aregatheredin

an \FE �HG � matrix E � �]\Z^ �P_ [ � ü � [a` � , whereü � arethePauli matricesand̀
� Gabdc

GeV. TheC andP
invarianteffective bosonicoperatorsup to dimensionfour are(seetheappendixfor othernotations)

egf8hji�k � ` �
b�ldm �Hn å E �Hn å E«�po¯� ø yrq Vts � ` �b u ldm � eE}Zv���w � ø y 7

_xV	Vts
Gzy å vZldm � e|{ å v �



ø y �
_xV s
G y å vZl}m � eSu } å $�} v wI� ø y Y V ldm � { å v~u }

å $�} v wI� ø yr�du ldm � } å }Zvî��w �ø yr��u ldm � } å } å ��w � ø y��Xl}m � } å } v �Hl}m � eE} å �Hl}m � eE} v � ø y��al}m � } å } å �ru l}m � eQ} v ��w �ø yr�
V �
b u l}m � e�{ å v���w � ø yr� V G l}m � e�{ å v��Hl}m � e�u } å $�} v wI� ø y 7 q�u ldm � eE} å �Hldm � eE}Zvî��w �ø

e.o.m.terms
ø

standardYM terms (68)

wherewe have definedeC�DE��}YXE o and } å � �Hn å EE�HE o , aswell as

n å E � � å E P V { å E�� V s E�y å $ { å � P _G �> å � ��f$By å � P _G ] å � Y $
{ å v � � å {�v P ��v�{ å P V u { å $]{�v�wI$ y å v��D� å yKv P ��v�y å}� (69)

The“e.o.m.” termsreferto operatorsthatcanberemovedusingtheequationsof motionandthe“standard
YM terms” are the usualYang Mills Lagrangiantogetherwith the gauge-fixingand Faddeev-Popov
terms.

Thefirst operatorin Equation68,whichprovidesthe
>

and
.

masses,hasdimensiontwo andhas
theform of agaugednon-linearsigmamodel(NL 6 M). Notethatit is universal,sinceit only dependson`

- thatis why its predictionsfor longitudinalgauge-bosonscatteringamplitudesarecalled“Low Energy
Theorems”.In contrast,the y o couplingswill have differentvaluesdependingon theunderlyingtheory.

The gauge-bosonobservablesare obtainedfrom
e�f�hXiak

as a doubleexpansionin ; n [X��b w `�� n ,; beinganexternalmomentum,andin thegauge-couplings
V

and
V s

. The lowest-orderpredictionsare
givenby thetreelevel NL 6 M, whereasthenext ordercorrectionsareobtainedwith aone-loopcalculation
usingtheNL 6 M verticesplusthetreelevel contributionsof theotheroperators.The y o coefficientsnot
only provide a modelindependentparametrisationof theunknown dynamics,but alsosomeof themare
usedto absorball theone-loopNL 6 M divergences.This procedurecouldbecarriedout to any desired
order, addinghigherdimensionaloperators,thusyielding finite resultsorderby orderin theexpansion.

In principle, the y o valuesfor a particularscenariocanbe obtainedby integratingout theheavy
degreesof freedom.In fact, they have beendeterminedfor theparticularcasesof theSM with a heavy
Higgs[192, 193] andfor technicolortheoriesin thelarge

Ù <}� limit [194]. In bothcases,thesecouplings
lie in therange

MXW t � to
MXW tZY , with eithersign. They all have a constantcontribution, but thoseneeded

in therenormalisationalsohave a logarithmicterm.

6.32 Presentboundson thechiral parameters

Let us now look at the presentexperimentalconstraintson the EChL parametersy o from low energy
EW data.Thebestconstraintscomefrom theobliqueradiative corrections,giving boundson the y q , y 7
and y�� parametersthat contribute to the gauge-bosonstwo-point functionsup to order - � . The EChL
calculationof the \ , e and E [195] self-energy combinationsgive [196]

\ � MXc w�u P y 7 � B � � EChL loops
� B � wî$/e �!� w

� � � u y q � B � � EChL loops
� B � wî$

E � MXc w�u y�� � B � � EChL loops
� B � w

Notethatthe y o havebeenrenormalisedto absorbtheone-loopdivergencesfrom theNL 6 M chiral loops,
so that \ , e and E arescaleindependent.Usingthe y o valuesfor a heavy Higgsboson[192, 193], the
deviationsof EW observablesfrom theSM predictionsat a referencevalueof theHiggsmass�#� are

� \��ê\ P \���� � �2� � � MXc w P y 7 � B � �
M
MXG 9

[Xc PU  ±X¡�� �� [ B �MXc w � $
� e¢�¡e P eF��� � �#� � � � w

� � � y�q � B � P u
�
9 [Xc PU  ±X¡?� �� [ B �MXc w � $ � E£�DE P E¤��� � �2� � � MXc w�y�� �



A globalfit with �#� � u WXW GeVand �1 � MX¥ 9 GeVto thelow energy EW datagives[197]

� \ � P W � GXc  W � Mab $ � e � P W � MXM  W � MXc $ � E � W � GXc  W � Gab
which imply thefollowing boundsfor thethreechiral couplings

y 7 �HM TeV
� � �Hc � �  G � � � É MXW tZY $�y�q �HM TeV

� � ��b � u  b �§¦ � É MXW tZY $�y�� �HM TeV
� � ��b �§¦  b � ¥X� É MXW tZY �

Otherstudiesagreewith thesevalues[198]. Thesedataalreadydisfavour theSM with aheavy Higgsbo-
sonandsetstrongconstraintsin modelswith adominanceof vectorresonances[195] (like technicolor).
With furtherassumptionson theunderlyingSBSdynamics,thelattergive a negative contribution to y 7 .
However, theprecisionEW measurementsleave roomfor anstrongSBS[198].

Furtherconstraintscomefrom thethree-pointfunctions,whoseanomalouselectroweakeffective
couplingswere traditionally parametrisedin termsof

VZ¨
7 $
V=©
7 $]ª ¨ $]ª © $]« ¨ and « © . A one-loopEChL

calculationof thesevertices[199] gives

V ¨
7 P

M � W � EChL loops$ V ©
7 P M � P V �

� � � y Y � EChL loops
� B �

ª ¨ P M � V � � y � P y Y P y 7 � y�� P y�� � � EChL loops$ « ¨ � W
ª © P M � V � � y�� P y Y P yr� � � V s

� � y 7 P y � � � EChL loops
� B � $ « © � W

Thereareseveralanalyses[200, 41] thatconstrainthesechiral couplingsfrom LEP andTevatrondata.
Ignoring the loopsfrom the NL 6 M, we get the following valuesfrom presentLEP data(the Tevatron
precisionis comparable)« ¨ � P W � W u ¥~¬ �® ��¯J°Ï �® ��¯J± ,

ª ¨ P M � W � W u � r q�² q � �t q�² q ��� $ P8³ y � P y Y P y 7 � yr� P yr� � W � W �X� r q�² 7 �H�t q�² 7 � � $V ©
7 P M � P W � WXMXW  W � W u^u P8³ y Y � W � WXM �  W � W 9 ¦X�

Finally, someindirectboundsonquarticcouplingshavealsobeenfound[201, 202]. Theseindirect
estimatescomefrom loopscontainingy o vertices,but do not include2-loopdiagramsfrom theNL 6 M.
They find boundson y o for

_ � b $]9^$ c $ ¥ $ MXW rangingfrom
MXW t87 to

MXW t � .
In summary, the presentdataon the obliqueEW correctionsalreadysetssignificantboundson

the y�q+$�y 7 and y�� chiral parameters,but thereis not muchsensitivity yet to thosechiral parametersthat
contribute to the threeor four-point functions. We will seenext how, at the LHC, the situationwill
improve significantly.

6.33 TheEffectiveChiral descriptionat theLHC

At the next generationof colliders,we will be probingthe
>

and
.

interactionsat TeV energies. As
longaswe areonly consideringtheGBsandnootherfundamentalfieldsup to theTeV scale,we expect
theself-interactionsof longitudinalgauge-bosons,} I , to becomestrongat LHC energies. This canbe
easilyunderstoodsince,intuitively, longitudinalgauge-bosonsarenothingbut theGBs,which interact
strongly. This intuitive statementis rigorouslygivenin termsof on-shellamplitudesandis known asthe
EquivalenceTheorem(ET),

� � } �I $�} 4I $�}µ´I �§�§� Otherfields
� R � � [ � [ 4 [K´ �§�§� Otherfields

� � T � �� [ g ¶ $ (70)

which holdsfor any spontaneouslybroken non-Abeliantheory. Indeed,it wasfirst derived for theSM
[203, 204, 205]. Its usefulnessis twofold: it relatesthepureSBSfieldswith theobservables,but also
thecalculationscannow beperformedin termsof scalarsinsteadof gauge-bosons,at leastin thehigh
energy limit ¶ ��� � �� . At first sightit mayseemthattheET is incompatiblewith theuseof theEChL,



sinceaneffective theoryis a low energy limit. Nevertheless,theET canstill beappliedwith theEChL,
onlyat leadingorder in

V
and

V=s
, if weonly considerenergiesbelow 1.5TeV andsmallchiralparameters

[206, 207, 208].

Hence,in a first approximation,we will simplify the high energy descriptionof the strongSBS
by neglectingEW corrections.Thus,dueto our assumptionthat \FE �HGX� I r L is preserved in the SBS,
only theoperatorsthat respectcustodialsymmetryoncethegauge-symmetriesareswitchedoff will be
relevant in this regime.Thesearetheuniversaltermandtheoperatorswith y o couplingsfor

_ � u $ b $]9 .
At theLHC, thetwo mostrelevantprocessesof }=I%}ZI productionarethescatteringof two longi-

tudinalvector-bosonsin fusionreactionsandthe }ZI pair productionfrom -}·- annihilation.Throughthe
ET, they areidentifiedwith GB elasticscatteringand -d·- ³ [¸[ , respectively. Customarily, GB elastic
scatteringis describedin termsof partialwaveamplitudesof definiteangularmomentum,¹ , andisospin,º
, associatedto thecustodial\KE �HGX� I r L group.With theEChL, thesepartialwaves,5¼»�½ areobtainedas

5H»�½ � ¶ � � 5]¾ �r¿»�½ � ¶ � �÷5�¾ � ¿»�½ � ¶ � � �§�§� $ (71)

wherethesuperscriptrefersto thecorrespondingpower of momenta.They aregivenby [191, 209, 210]
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MXcX�HMXM yr�À� ¥ y � �

u �
MXWXM^[ ¦ P 9 W   ±X¡ � ¶ [ B � ��[ ¦ � b¸_ wMXc w � $

5 ¾ �r¿7H7
� ¶¦ c w ` � $ 5 ¾ � ¿7H7

� ¶ �¦ c w ` �
bd� yr� P G y � � �

M
MXc w �

M
¦ �

_ wc $
5]¾ �r¿� q � P ¶

u G w ` � $ 5]¾ � ¿� q � ¶ �cab w ` �
u GX� yr�À� G y � �

u �
GX¥ u [ 9 b P GXW   ±X¡ � ¶ [ B � ��[ ¦ � _ wMXc w �

�
(72)

Notethat,within ourapproximations,theaboveamplitudesonly dependon y � and yr� . Theprojectionin
angularmomentumhasbeendefined,from thedefinite

º
amplitudee�» , as

5H»�½ �
M
cab w

7
t87

Á � °<±^²ÃÂ �VÅ ½ � °<±^²ÄÂ � e�» � ¶ $<5 � � (73)

The }ZIf}ZI productionfrom -}·- annihilation,is very importantsincevector resonancescanalso
coupleto thischannel.By meansof theET, we arethusinterestedin -}·- ³ [¸[ . As far asGBscoupleto
quarksproportionallyto theirmass,theonly relevantcontributioncomesfrom the ¶ -channelannihilation
througha vector-boson. In practice,for the

>�.
final state,the

> ³ [ÀÅ interactionis describedasVµÆÈÇ�� ¶ � , by meansof avectorform factor,
ÆÈÇ�� ¶ � , which is obtainedfrom theEChLas

ÆÈÇÀ� ¶ � � M � Æ ¾ �r¿Ç � ¶ � � �§�§� with
Æ ¾ �r¿Ç � ¶ � � ¶��b w `�� �

cab w � y Y � B � P
M
c   ±X¡ ¶

B � �
b
¦ � _ w c (74)

Let usthenreview thestudiesof theLHC sensitivity to thechiralparametersvia thesetwo processes.

6.34 Non-resonantstudiesfor LHC

TheEChLformalismhasbeenappliedto studytheLHC sensitivity to differentnon-resonantSBSsectors
in [211, 212, 125, 213, 214, 215]. Wesummarisein Table29 theresultsfrom [125, 213, 214] wherethe
expectednumberof gold-plated

.?.
and

>�.
from }E} -fusion and -}·- -annihilationwascalculatedfor

valuesof thecustodialpreservingy Y $�y�� and y � parametersin the10t � to 10tZY range.Sincefor values
of yr� or y � �£9 É MXW tZY unitarity violationscannotbeignoredat energiesbeyond1.5TeV, thesestudies
only includeeventsin the region of low invariantmass}ZIf}ZI pair, i.e. � ÇÉÇ � M � 9 TeV. The restof
kinematicalcutsaresimilar to thosegiven in Equation81. To illustrate the agreementbetweenthese
kindsof studies,we give in Table29 otherestimates[215] of the y o boundsattainableat theLHC.



Table29: Expectednumberof signalandtotal (signal+background)gold-plated ! ß and ßfß events[125, 213, 214]. The

statisticalsignificanceis definedas Êd¾�TÌË TÌÍ q U�ÎÏË T À^UZUóï Ë T À^U whereË TÌÍ q U is theexpectednumberof eventsfor a given

Í q . On thebottomright, expectedlimits on thechiral parametersattainableat theLHC [215] areshown.

y�� y �e � MXWXW
fb t87 MXW t � P MXW t � 9 É MXW tZY P 9 É MXW tZY MXW t � P MXW t � 9 É MXW tZY P 9 É MXW tZY> W . ³ > W .

36 80 27 47 22 58 23 41

total
> W .

118 162 109 129 104 139 105 122
Ð � © 0.7 4.8 0.2 1.7 0.7 2.6 0.6 1.0
Ð � © 1 ����� o n � 1.0 7.5 0.3 2.7 1.0 4.2 0.9 1.7> r > tÑ³ .?.

12 7 9 7 21 7 13 6.?. ³ .�.
6 6 1 1 6 6 1 1

total
.?.

37 32 30 27 46 32 33 26
Ð ©È© 1.9 0.9 0.5 R 0 3.8 0.9 1.2 0.1
Ð ©È© 1 �ù�ù� o n � 3.5 1.8 0.9 0.1 6.6 1.8 2.3 0.2

y Ye � MXWXW
fb t87 MXW t � P MXW t �

-m- s ³ > W .
96 139

Ð � © 1 �ù��� o n � 1.4 2.7

LHC Limits (90%CL) Process

P W � WXW u 9 � y�� � W � WXM 9 > W > W $ >J. $ .?.
P W � WXWX¥XG � y � � W � WXM u > W > W $ >J. $ .?.
P W � WXM u � y�� � W � WXM u >�. $ .?.
P W � WXM u � y � � W � WXMXM >�. $ .?.
P W � WXG ¦«� y 7 q � W � WXG ¦ .?.



It will beverydifficult to detectthesenon-resonantsignalsover thecontinuumbackground,since
they just give smallenhancementsin thehigh energy region of the � ÇÉÇ and ;=< distributions. Thereis
a generalagreementthat,althoughthepresentboundscouldbesignificantlyimproved,with thesenon-
resonantstudies,theLHC wouldbehardlysensitive to valuesof thechiral parametersdown to the

MXW tZY
level. Like-sign

> W > W
productionmaybebetterin thesechannels[171, 216].

Obviously, thesestudiesdo not describeoneof the mostcharacteristicfeaturesof stronginter-
actions: resonances.Moreover, they are limited to moderateenergies due to the unitarity violations
mentionedalready. Thesecaveatscan be overcomeby meansof unitarisationprocedureswhich we
explainnext.

6.35 Unitarisationandresonancesin theSBS

In termsof the partial waves definedin Equation72, the elastic } I } I scatteringunitarity condition,
(basically, theOpticalTheorem)for physicalvaluesof ¶ , is

Im 5H»�½ � ¶ � �ÓÒ 5¼»�½ � ¶ � Ò � Ô
Im

M
5 »�½ � ¶ �

� P M $ Ô 5¼»�½ � ¶ � �
M

Re5 t87»�½ � ¶ � P _
�

(75)

Hencewe only have to usetheEChL to approximate

Re5 t87»�½ � � 5 ¾ �r¿»�½ � t87 u M P Re5 ¾ � ¿»�½ [ 5 ¾ �r¿»�½ � �§�§� w � (76)

But sincetheEChLamplitudessatisfyelasticunitarity perturbatively, i.e.

Im 5]¾ � ¿»�½ � ¶ � �ÓÒ 5�¾ �r¿»�½ � ¶ � Ò � Ô Im 5�¾ � ¿»�½ � ¶ �Ò 5 ¾ �r¿»�½ � ¶ � Ò �
� P M $ (77)

we find

5H»�½ � ¶ � � 5 ¾ �r¿»�½M P 5 ¾ � ¿»�½ [ 5 ¾ �r¿»�½ (78)

This is the
TÕ� ; � � InverseAmplitude Method (IAM), which hasgiven remarkableresultsdescribing

mesoninteractions,which have a symmetrybreakingpatternalmostidenticalto our presentcase[217,
218, 219, 220]. Note that it respectsstrict elasticunitarity, while keepingthecorrectEChL low energy
expansion.Furthermore,theextensionof Equation78 to thecomplex planecanbe justified usingdis-
persiontheory[217, 218, 219, 220]. In particular, it hastheproperanalyticalstructureand,eventually,
polesin thesecondRiemannsheetfor certain yr� and y � values,that canbe interpretedasresonances.
Thus,EChL+IAM formalismcandescriberesonanceswithout increasingthenumberof parametersand
respectingchiral symmetryandunitarity.

The EChL+IAM hasalreadybeenappliedto theSBS[221, 222] to studysomespecificchoices
of y�� and y � that mimic modelswith vectoror scalarresonances.The LHC sensitivity to resonances
parametrisedwith y�� and y � wasfirst studiedin [222] and[223], andmorerecentlyin [42]. A mapof
theseresonancesin the

� y � $�y�� � spacewasfirst obtainedin [224]. We show in Figure46 thevectorand
scalarneutralresonancesexpectedin the

� yr�+$�y � � parameterspace.As far aswe expect yr� and y � to lie
between

MXW t � and
MXW tZY , wescanonly thatrange.Furthermore,thepolesof theIAM amplitudeswill give

us thepositionsandwidthsof theresonances.Note that, from Equation72 within our approximations,
the

º � ¹ � M
and

º � ¹ � W
channelsonly dependon the y�� P G y � and

¥ y��µ� MXM y � combinations,
respectively. Thusthestraightlinesthatkeepthesecombinationsconstanthave thesamephysicsin the
correspondingchannel.Wegiveseveralexamplesin thetableswithin thefigure.ThefactthateachIAM
amplitudedependsonly on onecombinationof y o implies that their massandwidth arerelatedby the
KSFRrelation[225, 226]. In addition,welocatefivepointsthatwewill uselaterasillustrativeexamples.
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Fig. 46: Resonancesin the TÌÍXÛ�Ü�Í ° U space[224]. In the tableswe give the resonanceparametersfor several lines. a) Left:

Vectorresonances.Thepointswith thesameÍ	Û~Î ¿�Í ° have thesamephysicsin the ÝE¾ßÞ�¾ ñ channel.b) Middle: Scalar

neutralneutralresonances.Thosepointswith constantÒ�Í Û�à ñbñxÍ ° have thesamephysicsin this channel.c) Right: General

ResonanceSpectrumof the strongSBS. á standsfor vector resonances,û for neutralscalarresonancesand â � , for wide

structuresthatsaturatethedoublycharged(ÝÃ¾8¿ ) channel.For illustration,we have alsolocatedseveralsimpleandfamiliar

modelsexplainedin thetext.

Thewhiteareameansthatnoresonancesor saturationof unitarity is reachedbelow
b w ` R u TeV,which

we expectto betheregion of applicabilityfor ourapproach.

We do not give resultsfor the
ºäã?GXå ¹ ã¢W

channelsincewe do not expectany heavy resonance
with ourminimal assumptions.Intuitively this occursbecausethe

º|ãDGXå ¹ ãDW
channelis repulsive.

The generalresonancespectrumof the MSISBSis gatheredin the last plot of Figure46 [224].
Dependingon æ�� and æ � , we find onescalarresonance( ç ), onevectorresonance( è ), two resonances
( ç å è ), aresonanceandadoublychargedwidesaturationeffect(

>Sé
) or evennoresonancesbelow 3 TeV

(white area).For illustration,we have includedpointsfor somesimpleandfamiliar scenarios:minimal
technicolormodelswith 3 and5 technicolors(ê|ë|ì andê�ëÕ9 ), andtheheavy HiggsSM case,with atree
level massof 1000and1200GeV( í MXWXWXW and í MXGXWXW ). Theblackregion is excludedby theconstraints
onthe

ºÕãDGXå ¹ ãDW
wave[224]. In thedark“Light Resonances”areas(lighterthan700GeV),ourresults

shouldbe interpretedcautiously. Outsidetheseareas,we estimatethat thepredictionsof Figure46 are
reliablewithin î 20%[42].

Oncewe have the generalspectrum,our aim is to study to what extent the LHC is sensitive to
differentresonantscenariosvia è=IÉè=I production.For thatpurpose,wecannotforgettheunitarisationofï ·ï ³ è=IÉè=I , sincewe expectthefinal stateto re-scatterstrongly, in particularwhenthereis a resonance
in the

ºÓã ¹ ãzM
elasticchannel.This effect canbeparametrisedin termsof a vectorform factor,

ÆÈÇ
.

Again, the
ÆÈÇ

obtainedfrom theEChLdoesnot satisfyexactly its unitarity condition

Im
ÆÈÇÀ� ¶ �¸ãDÆÈÇÀ� ¶ ��ð]ñ7H7

� ¶ �Hå (79)

which impliesthatthephasesof
Æ Ç

and
ð 7H7 shouldbethesame(Watson’s Final StateTheorem).More-

over, thepolesof
ÆÈÇ

shouldbethoseof
ð
. Hence,wecanrelatethecombinationof æ�ò thatappearsin the

perturbative expansionof
Æ�Ç

(Equation74)with ær�Fó G æ � . All in all, it is possibleto unitarise
ÆÈÇ

using
only the

ð 7H7 EChLresult,asfollows [42]:

Æ�Ç R
M

M ó ð ¾ � ¿7H7
ô ð ¾
é ¿
7H7
�

(80)

In summary,
Æ�Ç

is determinedjustby ær�Äó G æ � , andwecanstill usethemapof resonancesin Figure46.



6.36 Studyof theLHC sensitivityto theresonancespectrumof thestrongSBS

Wewill restrictthestudyto õöõ and
> õ production,assumingthattheirgold-plateddecays,õöõ ³ bd÷

and
> õ ³ ÷Pøù÷�÷

(with
÷~ã?ú�å®û

) canbeidentifiedandreconstructedwith a 100%efficiency. We do not
considerlike-sign

>züÉ>?ü
production,since,aswehave seen,we do notexpect

º�ãDG
resonances.

To evaluate èýè fusionprocesses,we usethe leading-orderEffective-
>

Approximation(EWA)
[227]. Non-fusiondiagramsarenot includedsincethey areexpectedto besmallin ourkinematicregion.
We alsousetheCTEQ4[229] partondistribution functionsat þ é ã¢ÿ é�

for èýè fusionandat þ é ã ¶
for ï ·ï annihilationand

V	V
fusion,with � ¶ beingthecentreof massenergy of thepartonpair. Moredetail

canbefoundin [42].

Sincewe do not considerfinal
>

and õ decays,the cuts are set directly on the gauge-boson
variables. A first criterion to enhancethe strong è=IÉè=I signalover the backgroundis to requirehigh
invariantmass

ÿ Ç�Ç
andsmallrapidities.Wehave appliedthefollowing setof minimal cuts:

9 WXW�������� ÿÑÇ
	�Ç���£MXW l ��� å Ò ������� � è 7 � Ò å Ò ������� � è é � Ò � G � 9 å ;=< � è 7 �Hå ;=< � è é ��� GXWXW������Óå
(81)

which are also requiredby our approximations,mainly by the ET. An additional invariant masscut
aroundeachresonancewill beimposedlater.

The õöõ productionsignaloccursthroughthe
>��I >��I ³ õÉI�õÉI and õ�IÉõ�I ³ õÉIÉõÉI fusion

processes.In addition,we have includedthefollowing backgrounds

ï ·ï ³ õöõ å �HcXM��ä�Hå > � > � ³ õöõ å �HM � � �Hå V	V ³ õöõ å �HGXM��ä�
wherewe alsogive their relative contribution to the total backgroundwith theminimal cuts. Thecon-
tinuum from ï ·ï annihilationhasonly tree level SM formulae,which is probablytoo optimistic since
theNLO QCD corrections[25, 23, 24, 26] canenhancesignificantlythe treelevel crosssections.The
secondbackgroundis calculatedin theSM at treelevel, with at leastonetransverseweakboson.Finally,
theone-loop

V	V ³ õöõ amplitudehasbeentakenfrom [228].

For
>zü õ final states,two processescontribute to the signal:

> üI õ�I ³ > üI õ�I and ï ·ï s ³> üI õ�I , whereasthebackgrounds,calculatedat treelevel within theSM, are

> ü õ ³ > ü õ å]�HM � � �Hå � õ ³ > ü õ å]�HM 9 �ä�Hå ï ·ï s ³ > ü õ å]�HcX¥��ä� �
The

> ü õ ³ > ü õ amplitudeshave at leastonetransversebosonandexcludetheHiggscontribution.
In the ï ·ï s ³ >zü õ background,we have excludedtheamplitudewith a èZI�èZI pair, which is partof the
signal. TheQCD correctionsto ï ·ï s annihilationwould give anenhancementin both thesignalandthe
background,sowe expectthat they will not modify considerablyour estimatesof thestatisticalsignif-
icanceof vectorresonancesearches.We have not studiedthe

ð ·ð backgroundsinceit canbe efficiently
suppressedafterimposingkinematicconstraintsandisolationcutsto high-;=< leptons[153, 125, 53].

For illustrative purposes,let us first concentrateon the five representative points given in Fig-
ure46. Points1, 3 and4 representmodelscontaininga ¹ ãzºÓãzM

resonancewith massesin therange
900-2000GeV. Point5 representsa modelwith a scalarresonancewith mass730GeV anda width of
140 GeV. Finally, point 2 representsboth a scalaranda vectorresonance.The

ÿÑÇ�Ç
distributions for

thesefivemodelsareshown in Figure47,wherewehave plottedthesignalon topof thebackgroundfor
gold-platedõöõ and

> õ events,assuminganintegratedluminosityof 100fb
� 7 . Thevectorresonances

in points1 to 4 canbeseenaspeaksin thedistributionof final
> õ pairs.Thescalarresonancesin points

2 and5 give smallenhancementsof õµõ pairs.Notethatasboth ær� and æ � tendto 0, theresonancesbe-
comeheavier andbroader, yielding a lesssignificantsignal.It seemsevidentthat it will bemuchharder
to detectscalarthanvectorresonances.Thereasonsarethatscalarsarewider, they arenotproducedwith
a significantratefrom ï ·ï annihilation,andthereis a smallerrateof õöõ productionfrom è�è fusion.
Furthermore,the õöõ branchingratio to leptonsis smallerthatthatof

> õ .
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The contributions to signalandbackgroundfor 4?õ and õöõ productionat theserepresentative
pointsaregivenin Table30. In orderto enhancethesignalto backgroundratio, we have optimisedtheÿ Ç�Ç

cut, keepingeventswithin approximatelyoneresonancewidth aroundthe resonancemass(see
the secondcolumn of thesetables). From the 4?õ results,it is clear that the LHC will have a very
goodsensitivity to light vectorresonances,dueto the ï ·ï65 -annihilation,whichdominatesby far the è|è -
fusionprocess.As thevectorresonancemassincreases,the ï ·ï contribution is dampedfasterthanthat
of è|è fusion,andbothsignalsbecomecomparablefor vectormassesaround2 TeV. Let usremarkthat,
in õµõ production,thereis only stronginteractionsignal in è�è fusion, and thereforeto tag forward
jets is alwaysconvenientin this final statein orderto rejectnon-fusionprocesses.This is not thecase,
however, for vectorresonancesearchessinceit is mostlydueto ï ·ï annihilation.In thesetables,wehave
alsoestimatedthestatisticalsignificance,Signal

ô � Bkgd, assumingintegratedluminositiesof 100and
400fb

�87
. In õöõ final states,we alsogive thesignificanceassumingperfectforwardjet-tagging.

Table30: Expectednumberof signalandbackgroundgold-platedáKá eventsat the LHC with 9;: *2<=<�>=? 3 	 . a) Top: For

âA@B& final stateandfour different .ÌÍ Û Ü�Í ° / valuesrepresentingvectorresonances.b) Bottom: For &(& andtwo representative.ÌÍXÛ�Ü�Í °�/ valueswith scalarresonances.Thestatisticalsignificanceis alsogivenfor idealforwardjet-tagging.

CED
, F D (GeV) Cuts: Signal Signal Signal Bkgd Bkgd Bkgd G�H=I J G�H=I J.LK Û ÜMKON /8P *2<RQ . CTSVUXWDYD Ü CZSB[]\DYD / Fusion ^O_^ Total Fusion ^O_^ Total 100fb 3 	 400fb 3 	)+*
: 894,39

(-6.25,6.25)
(700,1000) 123 1630 1743 74 150 224 116 232

)+`
: 1150,85

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

) 0 : 1535, 200

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

)ba
: 1963, 416

(-1.25,1.25)
(1500,2350) 10 12 22 14 16 30 4 8

CEc
, F c (GeV) Cuts: Signal Bkgd Bkgd Bkgd Bkgd GOH I J GOH I J G�H I J.LK	ÛpÜdK N /8P *2< Q . C SVUXWDYD Ü C SB[]\D
D / Fusion Fusion e�e ^
_^ Total 100fb 3 	 jet-tagging 400fb 3 	)+`
: 850,225

(-1.25,8.75)
(600,1050) 15 10 11 34 55 2 5 4

)+,
: 750, 140

(3.25,3.75)
(550,900) 21 10 14 39 63 3 6 5

Finally, we alsoshow in Figure47 theregionsof the fHæhg å æhi�j spaceaccessibleat theLHC, giving
3 and5k contoursandassumingintegratedluminositiesof 100 and400 fb

�87
. In termsof resonance

massreachlimits, we find thatwith 100fb
�87

, scalarresonancescouldbediscovered(5k ) in gold-plated
õöõ eventsup to a massof 800 GeV with forward jet-tagging.Vectorresonancescould bediscovered
usinggold-plated4?õ eventsup to a massof 1800GeV. Thesenumbersarein goodagreementwith
morerealisticstudies[153, 125, 53] of particularcases.We canalsoseethat thereis a centralregion in
the fHæ g å æ i j spacethatdoesnot give significantsignalsin gold-platedõöõ and 4¢õ events.This region
correspondsto modelsin which either the resonancesaretoo heavy or thereareno resonancesin the
SBSandthescatteringamplitudesareunitarisedsmoothly. It is a key issueasto whetherthis type of
non-resonantè
l�è
l signalcould be probedat the LHC. It hasbeenarguedthat doubly-charged 4m4
productioncouldberelevant to testthis non-resonantregion. But non-resonantè�è distributionswould
only have slight enhancementsat high energies,anda very accurateknowledgeof thebackgroundsand
thedetectorperformancewould benecessaryin orderto establishtheirexistence.



6.37 Appendix Table31: Relationbetweendifferentnotationsin theliterature.

Ours[192, 193] K�n K 	 K � K Q K Û KON KOo KOp K�q K�r K 	 n
App.& Longh. [36, 37] sutswv t x

	 ss vzy
	 ss vwy

� {
y Q y Û y N y o y p

{
y q

{
y r

	� y
	 n

S.Alam[200, 41]

	
s v t x
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y
� {

y Q y Û y N y o y p {
y q {

y r
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	 n

He etal. [211, 212] | }	 oz~ t swv t |��	 oz~ t | t	 oz~ t | �	 oz~ t | �	 oz~ t | �	 oz~ t | �	 oz~ t | �	 oz~ t 3�| �	 oz~ t 3�| �	 oz~ t 3�|���}Q � ~ t
Vertex 2 2,3 3 3,4 4 4 4 4 2,3,4 3,4 4G��b. ` /����
� no no no yes yes yes no no no no no

6.4 Vector-boson scattering

The searchfor a fundamentalscalarparticle which would be responsiblefor electroweak symmetry
breakinghasso far proven unsuccessful.While the existenceof a light StandardModel (SM) Higgs
alonewouldbeconsistentwith all precisionelectroweakmeasurements,thewell known hierarchyprob-
lems[230] make the theoryunsatisfactory. The modelmakesad hoc assumptionsaboutthe shapeof
thepotential,responsiblefor electroweaksymmetrybreaking,andprovidesno explanationfor theval-
uesof the parameters.Although supersymmetryis an appealingalternative, no indicationexists, yet,
of its validity. Therefore,in theabsenceof a low massHiggsparticle,a stronglycoupledtheorymust
beconsidered.Thestudyof electroweaksymmetrybreakingwill requiremeasurementsof theproduc-
tion rateof pairsof longitudinalgauge-bosons,sincethey are the Goldstonebosonsof the symmetry
breakingprocess.It will alsobeessentialto searchfor thepresenceof resonanceswhich regularisethe
vector-bosonscatteringcross-section.Scalarresonancesoccurin modelswith aheavy SM Higgsboson,
andvectorresonances,in chargedor neutralchannels,arealsopredictedin dynamicaltheories,suchas
technicolor.

In this section,different channelsfor scatteringof high energy gauge-bosonsat the LHC are
consideredTheseincludeheavy Higgsproductionandresonant4?õ aswell asnon-resonant4?õ and4 � 4 �

productionin theChiralLagrangianmodel.High massgauge-bosonpairproductionin amulti-
scaletechnicolormodelis alsoexamined.Thepossibilityof makingsuchmeasurementsat theLHC is
evaluated.

6.41 HeavyHiggssignal

It is now generallybelieved thata SM Higgsshouldbe light, its massbeingboundby requirementsof
vacuumstability andby the validity of the SM to high scalesin perturbative calculations[231]. The
parametersof theHiggsusedin this studywerecalculatedat treelevel. Oneshouldnotethatin NNLO,
the resonancesaturates[232]. Nevertheless,thesearchfor sucha resonanceat theLHC canserve asa
testinggroundfor the measurementof the productionof high masslongitudinalgauge-bosonpairsor
for the searchof a genericresonance.The í � 4�4 � ÷PøR�h�

channelis presentedin this section
as an exampleof a typical analysisof a heavy Higgs signal. In fact, è
l�è
l fusion is alsodetectable
in the caseof a heavy Higgs resonance,throughthe processesí � õöõ , up to

ÿ�� î������ GeV.
Simultaneousdetectionof a heavy Higgsin othersignalswould not only confirmthediscovery but also
provideadditionalinformationon theHiggscouplings,whichareessentialfor determiningthenatureof
theresonance.

� � ��� � �]���
�
In thevector-bosonfusionprocessof Higgsproduction,ïjï � ïjï í , therate

for thischannelis sufficient to beobservedat low luminositywith averydistinctive signature[235, 237,
238]:�

A high- O¡ centrallepton( ¢ £�¤¥¢§¦ 2).�
A large ¨ª© òL«]«¡ .



�
Two high- O¡ jetsfrom the 4¬� ��

decayin thecentralregionandclose-byin space( ®°¯ î±��² ³ )
arisingfrom thelargeboostof the 4 boson.�
Two tagjetsin theforwardregions( ¢ £�´Y¢Rµ·¶ ).�
No extra jet in thecentralregion (centraljet veto).

Themainbackgroundsare:�
4 +jet which givesthelargestcontribution but alsosuffersfrom significanttheoreticaluncertain-
tiesdueto higher-ordercorrections[236].� ð�¸ð � ÷Pø�¹º�� ¸ ¹

, with the presenceof a real 4 � ��
decay, but alsoadditionalhadronicactivity

from the
¹
-jetsin thecentralregion.�

4�4¬� ÷PøR�h�
continuumproduction,whichhasamuchlower ratebut is irreduciblein thecentral

region.

In addition to central jet veto and forward tag jets cuts, other cuts (high- O¡ cuts) have beenusedto
optimisethestatisticalsignificanceof thesignal.They are:�

Leptoncuts:   ¤¡ , ¨ª© ò»«]«¡ µ 100GeV,  O¼'½ ¤X¾¡ µ 350GeV.�
Jetcuts:two jetsreconstructedwithin ®°¯ ã ��²¿¶ with  O¡Àµ 50 GeVand  ¼�½ ´]´¡ µ 350GeV.�
4 masswindow: ÁÂ´]´ ã Á ¼ÄÃ ¶�k , wherek is theresolutionon ÁÂ´]´ .

Table32showsthenumberof eventsresultingfromthisselection,for anintegratedluminosityof 30fb
�87

,
for

ÿ'�£ã
1 TeV and

ÿ��Cã
800GeVasevaluatedwith theATLAS fastsimulationprogram(ATLFAST,

[85]). A significantsignalremainsabove background.Variationof the ¨ºÅ¿Æ6Ç cut providesthepossibility
to comparethe shapeandcrosssectionof the resonanceproductionto the expectedparametersof the
Higgssignal(seeFigure48).

Table32: ÈÊÉÌË�ËÍÉ·Î�ÏÑÐ�Ð with
CÓÒ : 1 TeV and

CEÒ : 800GeV and 9: 30 fb 3 	 . Acceptedsignalandbackground

eventsafterhigh-ÔRÕ cuts,centraljet vetoanda doubleforwardtagwith EÖ [ s(× 300GeV.

Higgs
ð ¸ð 4 +jets 4�4 ç ô � Ø

signal ( 
¡µ 300GeV) ( O¡Àµ 250GeV) ( O¡Àµ 50GeV)ÿ � ã
1 TeV 37.9 3.3 9.2 1.0 10.3ÿ'�Cã
800GeV 43.5 3.3 9.2 1.0 11.8

The í � õöõÙ� ÷P÷Pø}ø
and í � õöõÚ� ÷�÷��h�

channelsin ATLAS have also beenstudied
[233, 234, 237] over mostof the massrangefrom 300 Gev to 1 TeV. It hasbeenshown that forward
jet tagging( ¶¦Ú¢ £�´Y¢�¦ÜÛ ), is a powerful methodfor rejectingbackgroundandselectingïjï � ïjï í
production,i.e. thevector-bosonfusionprocess.

6.42 Strongvector-bosonscattering

Chiral Lagrangian model In theChiral Lagrangianmodel[249], the form of theLagrangianis only
constrainedby symmetryconsiderationswhicharecommonto any strongelectroweaksymmetrybreak-
ing sector. Differencesamongunderlyingtheoriesappearthroughthe valuesof the parametersof the
Chiral Lagrangian.Within the chiral approach,the low-energy Lagrangianis built asan expansionin
derivativesof the Goldstonebosonfields. Thereis only onepossibleterm with two derivativeswhich
respectsçÞÝßf�¶�jwl �Yà symmetry: áãâ éä ãmå é³ æèç f�éëêìÝíé ê Ýßî�j
where éëêèÝ = ï§êèÝ - 4Óê�ÝñðòÝ Ø ê , 4Âê ã ó�ó�ôõk Æ 4 Æê ô ¶ , Ø ê ã ó�ôìkYö Ø ê ô ¶ .
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Fig. 48: ÿ |�� ��� distributionfor thesummedsignal+backgroundobtainedwith
C Ò : 800GeVand9Ó: 30fb 3 	 afterrequiring

two tagjetswith EÖ [ s × 200GeV(top)andEÖ [ s × 400GeV(bottom)[238].

The dependenceon the different modelsappearsat next order throughtwo phenomenological
parameters

� 7 and
� é

: áãâ g ä ã�� 7 f æèç f�éëêèÝßé ê Ý î�j�j é ð � é f æèç f�éëêõÝíé ¾ Ý î j�j é
The çÞÝíf�¶�jwl �Yà symmetryallows us to definea weakisospin � . The 4Ól-4Âl scatteringcanthen

be written in termsof isospinamplitudes,exactly asin low energy hadronphysics.We assignisospin
indicesasfollows: 4 Æl 4 �l � 4	�l 4 
l
where4Ól denoteseither 4 ül or õ-l , where4 ül ã f�� ô � ¶�jBf�4 7l� ó=4 él j and õ-l ã 4ñöl . Thescattering
amplitudeis givenby:

� f�4 Æl 4 �l � 4	�l 4 
l j�����f�� å®ð]å�� j�� Æ � ��� 
 ð���f ð�å � å�� j�� Æ ��� ��
 ð�� f �Ãå®ð�å �§j�� Æ 
 � � �
where æ å�¹aå���å�� =1,2,3and � å®ð]å�� aretheusualMandelstamkinematicalvariables.

In thisapproachit is possibleto computethefunction ��f�� å®ð]å�� j in � fu  g j [250, 251]:

��f�� å®ð�å�� j ã �å é ð �³! 8å g f�¶ � 7 �
é ð � é f ð é ð � é j�j

ð �
�!"# é å g ó

ð
" f�� ðò¶ ð j%$ &!'VfHó

ð
û é j8ó � " f�� ðò¶ � j%$ &!'BfHó

�
û é j8ó �

é
¶ $ &!'VfHó �û é j

Thevaluesof
� 7 and

� é
dependon themodel,but areexpectedto bein therange��� � é to ��� � ö .

The usualChiral Lagrangianapproachdoesnot respectunitarity at high energies. The Inverse
Amplitude Method (IAM) [217, 218, 249], which is basedon the assumptionthat the inverseof the
amplitudehasthesameanalyticpropertiesastheamplitudeitself, hasbeenverysuccessfulatdescribing
low energy hadronscattering.Themostinterestingfeatureof thisapproachis thatit allowsusto describe
differentreactionsby usingonly thetwo parameters

� 7 and
� é

.

In analogyto  ( scattering,therearethreepossibleisospinchannels� = 0,1,2. At low energies,
the statesof lowest momentum) are the most important,and thusonly the æ�*�* , æ 7�7 and æ é * partial
wavesareconsidered.It is possibleto reproduce,with theIAM model,thebroadHiggs-like resonance
in ( � å ) ) = (0,0)channelaswell asresonantandnon-resonantscatteringin thechannel(1,1)by selecting
appropriatevaluesfor

� 7 and
� é

. It hasbeenshown [224] that in the ( � ã � å ) ã � ) channelthere
may exist narrow resonancesup to 2500GeV andthis scatteringonly dependson the combinationof
(
� é ó ¶ � 7 ).



Resonant
�	+-,.+ � �	+-,.+

channel As a referencefor the IAM model, the process4Âl�õ-l �4ÓlÉõ-l , with õ�� ÷P÷
(
÷¸ã úrå®û

) and 4 � �h�
is used[241]. A modifiedversionof PYTHIA 5.7 was

usedto generateè l è l scatteringprocessesfor eachvalueof
� 7 and

�~é
. Thesimulationwasdonefor

two valuesof (
� é ó ¶ � 7 ) = 0.006and0.01,which yield k0/ Ø ¯ of 1.5 fb and2.8 fb, with masspeaks

at1.5TeV and1.2TeV respectively.

Irreduciblebackgroundarisesfrom continuum4?õ productionandthemainQCD backgroundis
from õ +jetsproductionwith two final statejets faking the 4 decayif their invariantmassis closetoÁ ¼ .

ð ¸ð
productionis potentiallydangerousbut is efficiently suppressedby a cut on the invariantmass

of leptonsfrom the 4 decay[241]. Thefollowing cutswereusedfor backgroundrejection:�
Two isolatedleptonswith the sameflavour and oppositecharges in the region ¢ £º¢ ¦�¶�²¿Û and  ¡ µ������ GeV. Their invariantmasswasrequiredto lie in theregion ¢ ÁÂ¤X¤dó�Á21 ¢R¦�" GeV.�
Jetswerereconstructedin a coneof width ® ¯ ã ��²¿¶ . Only two jets with  O¡mµ Û�� GeV were
allowedin thecentralregion ( ¢ £º¢�¦ ¶ ) and ¢ ÁÂ´]´KóÀÁ ¼ ¢�¦3��Û GeV wasrequired.Only 4 and õ
with   ¡ µ·¶���� GeVwerekept.�
In the forward region ( ¶Ó¦�¢ £Þ¢V¦ Û ), jetswerereconstructedin a coneof width ®°¯ ã ��²¿Û and
eventswereacceptedonly if jetswith  O¡ñµ ì�� GeV and ¨º´�4]ÅªµÌÛ���� GeV werepresentin each
hemisphere.

Theexpectednumberof signalandbackgroundeventsafterall cutsandfor

á ã ����� fb
�87

arepresented
in Table 33. The massspectraobtainedafter all cuts (Figure 49) shows 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¢ Á ¼ 1 óòÁ25í¢ ¦ ¶�k . The contribution from irreduciblebackgroundsis negligible and is below 0.05
eventsinsidethemasswindow. It is clearthatsucha narrow resonancecouldbedetectedeasilyaftera
few yearsof high luminosity.

Table 33: Numberof signal and backgroundeventsafter all cuts for 9 : *�<=<
fb 3 	 with (6 �b{ ` 6 	 ) = 0.01 and 0.006,

correspondingto ÿ D : *87�` TeV andÿ D : *#7�, TeV respectively.

ÿ 5 =1.2TeV
ÿ 5 =1.5TeV

Cuts 4 l õ l õ +jets 4 l õ l õ +jets

Centraljetscut 284 2187 145 1781

ÁÂ´ ´ ã Á ¼ÄÃ ��Û GeV 101 154 46 82

Leptoniccuts 70 84 36 47

Forwardjet tagging 14 3 8 1.3

Non-resonant channels If naturedoesnot provide resonancesin è
l�è
l scattering,themeasurement
of crosssectionsat high massfor non-resonantchannelsbecomestheonly probefor themechanismof
regularisationof thecrosssection.It would thenbeessentialto understandvery well themagnitudeand
energy dependenceof backgrounds.Thosechannelscanbeparticularlyimportantsinceit hasbeenshown
thata complementaryrelationshipexits betweenresonantandnon-resonantprocesses[216, 171, 242].
Both 4ÓlÉõ-l and 4Ól-4Ól scatteringhave beenstudiedwithin theATLAS framework.

�	+9,.+�� �	+9,.+
Thenon-resonant4Ól�õ(lò�¬4Ól�õ(l process,with õ�� ÷P÷

and 4 � ÷Pø
(
÷µã úrå®û

), wasincorporatedin PYTHIA andusedwith two valuesof
� 7 : 0.003and0.01, leadingtok2/ Ø ¯ ã

0.19fb and0.11fb respectively. Themainfeaturesof thesignalare:�
The presenceof two high- O¡ leptonsof sameflavour andoppositecharge in the barrel region,
having aninvariantmassconsistentwith themassof the õ boson.
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Fig. 49: Reconstructeddistributionof the Ë�& systemfor 1.2TeV and1.5TeV resonancesand 9 = 300fb 3 	 .
�

Oneadditionalhigh-  ¡ leptonin thebarrelregion.�
Significantmissingmomentumin theeventdueto thepresenceof aneutrino.�
Thepresenceof energetic jetsin theforwardregion.

Themainirreduciblebackground,comingfrom continuum4?õ production,wasgeneratedby PYTHIA
with k;/ Ø ¯=< 13.5fb. Themainreduciblebackgroundis theQCD processõ?> > whereoneof the 4
bosonsfrom a > -quarkdecaysinto a leptonandananti-neutrino.Thevalueof k@/ Ø ¯ of this process
is 26.3 fb. A lessimportantcontribution comesfrom õöõ productionwith kA/ Ø ¯B< 1.52 fb. These
differentbackgroundswererejectedwith ahighefficiency by usingthefollowing cuts:�

Two isolatedleptonsof sameflavour andoppositechargewererequiredin thecentralregion with 
¡�µDC�� GeV and invariantmasssatisfying ¢ ÁÂ¤X¤FE;Á 1 ¢ ¦G" GeV. Oneadditionalleptonwas
required.�
A missingmomentumof at least75 GeV.�
At leastonejet with  
¡Àµ ³è� GeVand ¨ ´H4]Åbµ·Û���� GeV shouldbepresentin theforwardregion.

In orderto analyse4?õ scatteringin thehigh-massregion, thetransversemass
ÿ ¡

ÿJI¡ < ÿ I f ÷P÷P÷ j8ðÀ  I ¡ f ÷P÷�÷ j ð ¢LK  ¡ ¢ I E3MHN  ¡ f ÷P÷P÷ j�ðOK N  ¡QP I
wasused.

ÿ f ÷P÷�÷ j and  O¡ f ÷P÷�÷ j are the invariant massand transversemomentumof the threecharged
leptonsand K   ¡ is the missingmomentumin the event. The transversemass

ÿ ¡ distribution for the4ÓlÉõ-l scatteringand for õ-> > background,after the applicationof cuts, is shown in Figure 50. The
numberof signalandbackgroundeventswith the invariantmassof 4?õ systemlarger then600 GeV
for an integratedluminosityof

á
<ÌÛ���� fb

�87
andapplyingdifferentcuts,areshown in Table34. The

õöõ backgroundis not shown sinceit is effectively removed by the requirementof missingtransverse
momentum.

Like-sign
�

pair production 4 �l 4 �l productionhasbeenextensively studied[243]. As
possiblescenariosfor this processby 4 �l 4 �l scattering,thefollowing areconsidered:�

A > -channelexchangeof aHiggswith
ÿ��

= 1 TeV, ( 4Âl-4Ól only), simulatedwith PYTHIA withk0/ Ø ¯ = 1.33fb (thesameparametersof theresonanceasin Section6.41wereused).
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Table34: Numberof expectedeventsfor the Ë'& signalandbackgroundswith anintegratedluminosityof 500fb 3 	 .
Cuts

� 7 =0.003
� 7 =0.01 õ-> > 4?õ XZY � Ø� 7 =0.003

� 7 =0.01

Leptoniccuts 33.3 18.3 223. 762

Missingmomentum 25.9 14.3 85.1 405

  ¡ fHõ�j µ ÿ ¡ /4 22.2 12.2 67. 300

Forwardjet tagging 14 7.3 15 10.8 2.7 1.43



�
TheK-matrix unitarisedamplitude[216, 240] [�\]_^�< à 4 â Æ�`Ha ä7��cb»à 4 â Æ `�a ä , where [ ]�^ is thelow-energy the-
oremamplitude,proportionalto � . This modelis constructedto satisfyexplicitly elasticunitarity
andwouldyield themaximumexpectedsignal.The k2/ Ø ¯ = 1.12fb.�
A Chiral Lagrangianmodel,asin the 4?õ resonantchannel,with thesameparameters:

� 7 = 0,
and

� I = 0.006or 0.01,leadingto k?/ BR = 0.484and0.379fb, respectively.

Backgroundsfrom continuum4m4 bremsstrahlungproducemostlytransverse4 ’s. Otherbackgrounds
includeprocessesinvolving non-Higgsexchange,aswell asQCD processesof order dFd « in amplitude,
with gluon exchangeand 4 bremsstrahlungfrom interactingquarks. The effects of 4J> ¸> and 4?õ
backgroundsarealsoconsidered.Thesignalwasgeneratedwith PYTHIA 6.2 andbackgroundswere
incorporatedinto PYTHIA from a Monte Carlo generatorbasedon Barger’s work [244], which takes
into accountall diagrams.The contribution from electroweakprocessesnot involving the Higgs were
estimatedby assuminga low-massHiggs(

ÿ�� < 100GeV).

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

L1. Two positively chargedisolatedleptonsin thecentralregion ( O¡Zµ ³è� GeV and ¢ £Þ¢�¦���²Le�Û ) must
beidentified.They will satisfythetriggerrequirement.

L2. Theopeninganglebetweenthetwo leptons,in thetransverseplane,mustsatisfy: f�&!gb®ihA¦�Eã��²¿Û .
This cut selectspreferentiallyeventswith longitudinal 4 ’s which have high  O¡ . The invariant
massof thetwo leptonswasfurther requiredto satisfy ÁÂ¤X¤ µj����� GeV. This lattercut eliminates
few eventsin thelow ÁÂ¤X¤�¾=¾ region.

At thejet level, backgroundscanbereducedby requiringthat:

J1. No jet having  O¡ µ�Û�� GeV bepresentin thecentralregion ( ¢ £º¢
¦�¶ ). This reducessignificantly
thebackgroundfrom the 4J> ¸> process.

J2. Two jetsmustbepresentin theforwardandbackwardregions: £�µ�¶ and £�¦kEã¶ , with energiesµ 300GeV.

J3. A lower  O¡ wasrequiredfor theforward jets:  O¡ ¦ 150GeV for thefirst and  O¡ò¦ 90 GeV for
thesecond.
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area:backgroundfrom transverseË ’s.

Figure51 shows expectedmassdistribution of the
÷P÷Pø}ø

system,for anintegratedcrosssectionof
300fb

�87
, afterall cutswereapplied,accountingonly for transversemomentum.No correctionwasmade

for pile-up effects in jet taggingor centraljet veto. If onecountsonly eventswith ÁÂ¤X¤�¾¥¾'µ 400 GeV,



a significantsignalto backgroundratio is obtained(seeTable35). As expected,theK-matrix scenario
givesthehighestsignal[216] - thiscouldbeobservableaftera few yearsof high luminosityrunning.By
contrast,it wasshown in Section6.42that if the p resonanceis itself clearlyobservablein theresonant
channel,thenthe signalwill be very low. The major remainingbackground,especiallyat low values
of ÁÂ¤X¤�¾=¾ , is from continuumtransverse 4 pairs. Note that only a 4 �l 4 �l signalwassearchedfor in
thisanalysis.Combiningtheresultswith 4 �l 4 �l wouldaddapproximatelyone-halfto one-thirdof the
signalandbackgrounds.TheChiral Lagrangianmodel,with its parametersleadingto a resonancein the4?õ system,would yield a very weaksignalin the 4 � 4 �

channel,confirmingthecomplementarity
relationshipbetweenthosetwo channels[216, 171, 242].

Table35: Numberof eventsexpectedfor anintegratedluminosityof 300fb 3 	 , aftersuccessiveapplicationsof cuts.Theresults

arefor ÿ |�|��q� × 400GeV.

Leptoncuts Jetcuts

L1 L2 J1 J2 J3ÿ �
=1 TeV 59 56 43 24 19.0

K-matrix 90 86 69 41 32

Chiral Lagrangian
� I =0.006 22 21 15.8 9.3 7.1

Chiral Lagrangian
� I =0.01 15.1 14.1 10.4 6.0 4.6

4Ó¡ 4Ó¡ 350 243 68 54 14.0

gluonexchange 76 51 3.2 0 0

4r> ¸> 93 71 2.0 0 0

4¢õ 36 35 19.1 0.5 0.3

6.43 Technicolor

Technicolor(TC) providesa framework for dynamicalelectroweaksymmetrybreaking[34, 35]. It as-
sumestheexistenceof techni-fermionspossessinga technicolorchargeandinteractingstronglyat high
scale. Chiral symmetryis broken by techni-quarkcondensatesgiving rise to Goldstonebosons,the
techni-pions,which are the longitudinal degreesof freedomof the 4 and õ gauge-bosons.TC has
beenextended(extendedTC, or ETC) to allow the generationof fermion masses[245, 246]. In order
to accountfor the absenceof FCNCs,the couplingconstantis requiredto “walk”, ratherthan“run”.
To achieve a walking d ¡Ws , multi-scaleTC modelscontainseveral representationsof the fundamental
family, andleadto the existenceof techni-hadronresonancesaccessibleat LHC energies. Suchmod-
els [247, 248] areconstrainedby precisionelectroweak data[250, 251], but not necessarilyexcluded
[252, 253]. However, theconstraintsfrom thosedatamake it unnaturalto have a large top quarkmass.
In top-colour-assistedTC (TC2) models[254, 255], thetop quarkarisesin largepartfrom a new strong
top-colourinteraction,which is aseparatebrokengauge-sector.

The possibleobservation of TC resonancesusingthe ATLAS detectoris describedin [256]. In
particular, thesearchfor a ( � =1, ) =1) techni-rhoresonance,a techni-pionanda techni-omegahasbeen
performed.Althoughcertainmodels,with a given setof parameters,areusedasreference,thesignals
studiedcanbeconsideredgenericin any modelwhich predictsresonances.Themodeladoptedhereis
thatof multi-scaleTC [257, 258], with theTC group XÞÝíf�t�¡Ws�j where t�¡Ws = 4 andtwo isotripletsof
techni-pions.Thelongitudinalgauge-bosonandthetechni-pionsmix

¢ u ¡Àµv<wg_x y{zë¢ 4Ól�µ·ð@f�&!g|zë¢  õ¡Àµ



with a mixing anglewhich hasa value g�x y}z~<��!Y!C . The decayconstantof the mixed stateis �õ¡=<
�Q��g�x y.zj< ��¶ GeV andthe charge of the up-type(down-type)techni-fermionis þ���<�� ( þ��B<Ä� ).
Thismodelis incorporatedin PYTHIA 6.1. Thedecaychannelsof p ¡ dependon theassumedmasses
of thetechni-particles.Somemassscenarioshave beenconsideredto berepresentative of whatonemay
expectto probeat theLHC andit is alsoassumedthatthe  õ¡ couplingto thetopquarkis very small,as
maybeexpectedin TC2 models.Thefollowing sectionspresentanexampleshowing a typical analysis
for extractingTC signals.More channelsandanextensive descriptioncanbefoundin [256].

���� � � � , � � � ��������� Thisdecaycouldbethecleanestchannelfor thetechni-rhodetectionand
complementsthestudyshown in Section6.42. Thegoodefficiency of theATLAS andCMS detectors
for leptondetectionandmissingtransverseenergy measurementwill provide goodidentificationof the4 and õ bosons.Table36 shows theparametersfor thevarioussetsof eventswhich weregenerated.
For eachset, ��� g eventsweregeneratedandthesignalwasnormalisedto threeyearsof low luminosity
runningat theLHC (30fb

�87
). Thebranchingratiosquotedincludeapreselectiononthetransversemass

( �Á µ 150,300,600GeVfor Á2� @ Õ = 220,500and800GeVrespectively).

Table36: Signalparametersfor the � @ Õ ÉmË @ &AÉòÎ @ Ï Îw��Î 3 . Thelastcolumngivesthesignificance( G�H I J ) for threeyears

of low luminosityrunning.

Á � Õ Á2� Õ � � Õ Ø ¯ k2/ Ø ¯ X�Y � Ø
(GeV) (GeV) (GeV) (pb)

220 110(a) 0.93 0.13 0.16 31.6

110(b) 67.1 0.014 ��²¿��/���� � ö 0.7

500 300(c) 4.47 0.21 ��²LC�/���� � I 14.7

500(d) 1.07 0.87 Û�² ³�/���� � I 64.2

110(e) 130.2 0.013 ��²¿Û�/���� � g 0.3

800 300(f) 52.4 0.032 C�²L"�/���� � g 1.2

500(g) 7.6 0.22 ¶�²¿Û�/���� � ö 10.9

Theonly backgroundwhich needsto be consideredis thecontinuumproductionof 4¢õ gauge-
bosons,with k2<·¶!� pb. Thecutswhichwereappliedare:�

At leastthreechargedleptonswererequired(with ¨º¡ µ�¶�� GeV for electronsand ¨ ¡ µ=" GeV
for muons),two of whichmusthave thesameflavourandoppositecharge.�
The invariantmassof the leptonpair with thesameflavour andoppositesignshouldbe closeto
thatof the õ : ¢ Á ¤ � ¤ 3 EÀÁ 1 ¢R¦ Û GeV.�
Thelongitudinalmomentumof theneutrinois calculated(with a2-fold ambiguity)from themiss-
ing transverseenergy and the momentumof the unpairedlepton assumingan invariant massÁÂ¤�¾�< Á ¼ . Oncethe 4 and õ werereconstructed,their transversemomentumwasrequired
to belargerthan40GeV.�
Only eventsfor which thedecayanglewith respectto thedirectionof the 4?õ system(pY¡ ) in its
restframewas ¢�f�&!g �� ¢§¦±��²¿� wereaccepted.
Thesignificance( XZY � Ø ) of thesignal( X ) above thebackground( Ø ) is shown in Table36. The

numberof signalandbackgroundeventswascountedin massregionsaroundthe p
¡ peak:210to 240,
460 to 560 and740 to 870 for Á � Õ < 220, 500 and800 GeV respectively. No evident signalcanbe
observedfor cases(b), (e) and(f) (seeFigure52),principally becausethe pY¡ resonanceis toowide.



Fig. 52: ReconstructedË @ & invariantmass.Thesolid line is for the ��Õ signalandthefilled areafor the Ë�& background.

Thethreeplots,eachcharacterisedby thevalueof ÿ ~�� , correspondto thecases(a,b,e),(c,f) and(d,g)definedin Table36.
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6.5 The degenerate BESS Model at the LHC

It iswell known thatnäıveDynamicalSymmetryBreaking(DSB)modelslikestandardQCD-scaledtech-
nicolor generallytendto provide large correctionsto electroweakprecisionobservables. New physics
effectsarenaturallysmall if decouplingholds.In factin thiscasethecorrectionsto electroweakobserv-
ablesarepowersuppressedin thelimit in whichthemassesof thenew particlesaremadelarge. It is thus
anaturalquestionasto whetherexamplesof DSBmodelswith decouplingdoexist.

Herewewill focusonaschemeof DSB,calleddegenerateBESS(D-BESS)[43] in whichdecou-
pling is naturallysatisfiedin thelow energy limit. Themodelpredictstheexistenceof two tripletsof new
resonancescorrespondingto the gauge-bosonsof an additionalgauge-symmetryXÞÝíf�¶�jwl;��XÞÝßf�¶�j à .
The global symmetrygroupof the theory is f�XºÝíf�¶�jwl@�kXÞÝßf�¶�j à jzö breakingdown spontaneouslyto
XÞÝßf�¶�j � � f�XÞÝíf�¶�j l ��XÞÝßf�¶�j à j andgiving rise to nine Goldstonebosons.Six of thesegive massto
the new gauge-bosons,which turn out to be degenerate.As soonas we perform the gaugingof the
subgroupXÞÝßf�¶�jwl�� Ýßf���j�� , the threeremainingGoldstonebosonsdisappeargiving massesto theSM
gauge-bosons.

Whatmakesthemodel[43] soattractive is thefact that,dueto thedegeneracy of themassesand
couplingsof the extra gauge-bosonsf �-�F �� ö   ¯ �F  ¯ ö j , it decouples,so all the deviations in the low-



energy parametersfrom their SM valuesarestronglysuppressed.Also, thedegeneracy is protectedby
theadditional“custodial”symmetryf�XÞÝíf�¶�jwl¡�¢XºÝíf�¶�j à j . Thedeviationsfrom theSM predictionscome
from themixing of f¤£ ê  ¦¥ ê j with thestandardgauge-bosons.In orderto comparewith theexperimental
data,radiative correctionshave to betakeninto account.Sincethemodelis aneffective parametrisation
of a strongly interactingsymmetrybreakingsector, onehasto introducea UV cut-off § . We neglect
thenew physicsloop correctionsandassumefor D-BESSthesameradiative correctionsasfor theSM
with ¨ � <�§©<~� TeV [43]. The95%CL boundson theparameterspaceof themodelcomingfrom
the precisionelectroweak datacan be expressedby the following approximatedrelation: ¨ (TeV)ª¶�² ³ãô|Y=ô 5 5 , where ¨ is thecommonmassof thenew resonances,ô and ô 5 5 arethestandardXºÝíf�¶�jwl and
thenew stronggauge-couplingsrespectively. Thereforeonehasa largeallowedregion availablefor the
modeleven for the choice ¨ � <B§«<«� TeV - a valuehighly disfavouredby the fit within the SM
[259]. Also, theboundson theD-BESSmodelfrom thedirectsearchfor new gaugebosonsperformed
at Tevatronarevery loose[43]. This allows the existenceof a strongelectroweak sectorat relatively
low energiessuchthat it may be accessiblewith acceleratorsdesignedfor the nearfuture. A peculiar
featureof thisstrongelectroweaksymmetrybreakingmodelis theabsenceof 4�4 enhancementdueto
theabsenceof directcouplingsof thenew resonancesto the longitudinalweakgauge-bosons.For this
reason,thegoldplatedchannelsto considerfor discovering f¤£ºê  ¦¥ êìj arethefermionicones.
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Fig. 53: Transversemassdifferentialdistributionsfor Ô¥Ô Éj6 @ , Ë @ É~²hÏ#³ eventsat the LHC within the D-BESSmodel

(dashline) for e�H2e�´ ´�: <µ7�* and
C : * TeV (left),

C : ` TeV (right). Thesolid line is theSM prediction.

Herewehaveconsideredtheproductionof thesenew resonancesattheLHC for thefollowing con-
figuration ¶ ��<��=³ TeV and

á
<���� ö g cm· I sec· 7 andfor theelectronchanneldecay(themuonchannel

wasstudiedin [260]). The eventsweregeneratedusingPYTHIA Monte Carlo (version6.136)[123].
Only theDrell-Yanmechanismfor productionwasconsideredsinceit turnsout to bethedominantone.
Wehaveanalysedtheproductionof thechargedresonancesin  �  � �9�F  4 � �¹¸�º�4 ( ¯ � arecompletely
decoupled)andneutralonesin  � E� � ö   ¯ ö  �»9 �¼ �½¸�¾F¸ · . Thesignaleventswerecomparedwith the
backgroundfrom SM production.We have performeda roughsimulationof thedetector, in particular,

assuminga ¶!¿ smearingin the momentaof charged leptonsanda resolution ® ¨ª© b «]«¡ < ��²L" ¨ © b « «¡
in themissingtransverseenergy. In theneutralchannel,we have assumedanerrorof ¶!¿ in therecon-
structionof the ¸ ¾ ¸�· invariantmass,which includesbremsstrahlungeffects[261]. We have considered
severalchoicesof themodelparameters,in theregion allowedby thepresentbounds,andfor eachcase
we have selectedcutsto maximisethe statisticalsignificanceof the signal. In Figure53 we show the
transversemassdistributionsfor thesignalandfor theSM backgroundfor thecasë <À� TeV (left)



and ¨Á<·¶ TeV (right) andôQY=ô 5 5 <·��²L� . Thefollowing cutshavebeenappliedfor ¨Á<�� TeV: ¢   4¡ ¢ and¢  O© b «]«¡ ¢�µ·��²LC TeV and ¨'¡µ·��²¿� TeV. Thenumberof signaleventsperyearis 3200,thecorresponding
backgroundis of 1900 events. The correspondingstatisticalsignificanceX�Y ¶ XÓð Ø for oneyearof
runningis 44. For ¨ <Ì¶ TeV, theappliedcutsare: ¢   4¡ ¢ and ¢   © b «]«¡ ¢èµ ��²Le TeV and ¨'¡ñµO��²¿� TeV,
resultingin XA<������ , Ø <;³Â" and XZY ¶ XÓð Ø <·��²Le .
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(dashline) for e�H2e�´ ´�: <µ7�* and
C : * TeV (left),

C : ` TeV (right). Thesolid line is theSM prediction.

In Figure54, we show the resultsof our simulationfor the samechoiceof the parametersasin
Figure53 for the neutralchannel. The following cutshave beenappliedfor ¨ <È� TeV: ¢   4 �¡ ¢ and¢   4 3¡ ¢Rµ ��²LC TeV and ¨ 4 � 4 3 µ ��²¿� TeV. Thenumberof signaleventsperyearis 620,thebackgroundis
of 1200eventswith a correspondingstatisticalsignificanceof 15. For ¨ <Ì¶ TeV, thecutsare: ¢   4 �¡ ¢
and ¢   4 3¡ ¢ìµ ��²Le TeV and ¨ 4 � 4 3 µÀ��²¿� TeV, resultingin XÄ< ¶=³ , Ø <ÀC�� and XZY ¶ XÓð Ø <ÀC�²LC . It
turnsout thatthecleanestsignatureis in theneutralchannel,but theproductionrateis lower thanfor the
chargedone. Also we observe that,dueto the fact that theD-BESSresonancesarealmostdegenerate
( ®i¨�Y�¨ É�fuô|Y=ô 5 5 j I ), it will beimpossibleto disentangle

� ö and ¯ ö which bothcontribute to thepeak
of thesignalin Figure54.

Our conclusionis that the LHC will be ableto discover a strongelectroweakresonantsectoras
describedby thedegenerateBESSmodelfor massesup to 2 TeV - in somecaseswith very significant
numbersof events.Furthermore,if no deviationsfrom theSM predictionsareseenwithin thestatistical
andsystematicerrors,theLHC with

� <Ê����� fb · 7 will put a 95%CL boundô|Y=ô 5 5 ¦Ê��²¿�=³iE ��²¿�!" for��²¿Ûã¦�¨mf TeVjÞ¦±¶ [260].
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[70] J.H.Kühn,A.A. PeninandV.A. Smirnov, hep-ph/9912503.
[71] U. Baur, O. Brein,W. Hollik, C. SchappacherandD. Wackeroth,in preparation.
[72] S.C.BennettandC.E.Wieman,Phys.Rev. Lett. 82, 2848(1999).
[73] C.S.Woodet al., Science275,1759(1997).
[74] M.C. Noecker, B.P. MastersonandC.E.Wieman,Phys.Rev. Lett. 61, 310(1988).
[75] S.A. Blundell,W.R. JohnsonandJ.Sapirstein,Phys.Rev. Lett. 65, 1411(1990).
[76] V. Dzuba,V. Flambaum,P. Silvestrov andO. Sushkov, Phys.Lett. A141, 147(1989).
[77] R. Casalbuoni,S.De Curtis,D. Dominici andR. Gatto,Phys.Lett. B460, 135(1999).
[78] J.L.Rosner, hep-ph/9907524;J.ErlerandP. Langacker, hep-ph/9910315.
[79] E.Gross,Contribution to theInternationalEurophysicsConf.,Tampere,Finland,15-21July1999.
[80] F. Abeet al., Phys.Rev. Lett. 79, 2191(1997).
[81] T.G. Rizzo, in ‘New DirectionsFor High-Energy Physics’,Eds.D.G. Cassel,L. Trindle Gen-

nari, R.H. Siemann,Stanford,CA, (1997)andreferencestherein.M. Cvetic andS. Godfrey, in
‘ElectroweakSymmetryBreakingandBeyondtheStandardModel’, Eds.T. Barklow, S.Dawson,
H. HaberandJ.Seigrist,(World Scientific1995)andreferencestherein.
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