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1. INTRODUCTION

The top quark, when it was finally discovered at Fermilab in 1995 [1, 2, 3], completedthe three-
generationstructureof the StandardModel (SM) and openedup the new field of top quark physics.
Viewedasjust anotherSM quark,the top quarkappearsto bea ratheruninterestingspecies.Produced
predominantly, in hadron-hadroncollisions,throughstronginteractions,it decaysrapidly without form-
ing hadrons,andalmostexclusively throughthesinglemode

�������
. TherelevantCKM coupling �	��
 is

alreadydeterminedby the(three-generation)unitarityof theCKM matrix. RaredecaysandCPviolation
areunmeasurablysmall in theSM.

Yet the top quark is distinguishedby its large mass,about35 timeslarger thanthe massof the
next heavy quark,and intriguingly closeto the scaleof electroweak (EW) symmetrybreaking. This
uniquepropertyraisesa numberof interestingquestions.Is thetop quarkmassgeneratedby theHiggs
mechanismastheSM predictsandis its massrelatedto thetop-Higgs-Yukawa coupling?Or doesit play
an even morefundamentalrole in the EW symmetrybreakingmechanism?If therearenew particles
lighter thanthe top quark,doesthe top quarkdecayinto them? Could non-SMphysicsfirst manifest
itself in non-standardcouplingsof the top quarkwhich show up asanomaliesin top quarkproduction
anddecays?Topquarkphysicstriesto answerthesequestions.

Several propertiesof the top quarkhave alreadybeenexaminedat the Tevatron. Theseinclude
studiesof thekinematicalpropertiesof topproduction[4], themeasurementsof thetopmass[5, 6], of the
topproductioncross-section[7, 8], thereconstructionof

����
pairsin thefully hadronicfinal states[9, 10],

thestudyof  decaysof thetop quark[11], thereconstructionof hadronicdecaysof the
�

bosonfrom
top decays[12], the searchfor flavour changingneutralcurrentdecays[13], the measurementof the�

helicity in top decays[14], andboundson
� ��

spincorrelations[15]. Most of thesemeasurementsare
limited by thesmallsampleof topquarkscollectedattheTevatronupto now. TheLHC is, in comparison,
atopfactory, producingabout8million

����
pairsperexperimentperyearatlow luminosity(10fb ����� year),

andanotherfew million (anti-)topsin EW single(anti-)topquarkproduction.We thereforeexpectthat
topquarkpropertiescanbeexaminedwith significantprecisionat theLHC. Entirelynew measurements
canbecontemplatedon thebasisof thelargeavailablestatistics.

In this chapterwe summarizethe top physicspotentialof the LHC experiments.An important
aspectof this chapteris to documentSM modelpropertiesof the top quarkagainstwhich anomalous
behaviour hasto be compared.In eachsection(with the exceptionof the onedevoted to anomalous
couplings)we begin by summarizingSM expectationsand review the currenttheoreticalstatuson a
particulartopic. This is followed by a detaileddescriptionof experimentalanalysisstrategies in the
context of theATLAS andCMS experiments.Particularemphasisis given to new simulationscarried
out in thecourseof thisworkshop.In detail,theoutlineof this chapteris asfollows:



In Section2. we summarizeSMprecisioncalculationsof the top quarkmassrelationsandof the
total top quarkwidth. We thenrecall the importanceof the top quarkmassin EW precisionmeasure-
ments.Wediscuss,in particular, theroleof EW precisionmeasurementsundertheassumptionthataSM
Higgsbosonhasbeendiscovered.

Section3. dealswith the
� ��

productionprocess: expectationsfor andmeasurementsof the total
crosssection,the transversemomentumand

����
invariant massdistribution arediscussed.A separate

subsectionis devoted to EW radiative correctionsto
����

production,andto radiative correctionsin the
Minimal SupersymmetricSM (MSSM).

The prospectsfor an accuratetop quark massmeasurement aredetailedin Section4. Next to
“standard”measurementsin the lepton+jetsanddi-leptonchannels,two massmeasurementsaredis-
cussedthatmakeuseof thelargenumberof topquarksavailableat theLHC: theselectionof topquarks
with large transversemomentumin the lepton+jetschannelandthemeasurementof ������� correlations
in
��� ��������� decays.This decaymodeappearsto beparticularlypromisingandthesystematicuncer-

taintiesareanalyzedin considerabledetail.

Singletop quark productionthroughEW interactionsprovides the only known way to directly
measurethe CKM matrix element �	��
 at hadroncolliders. It alsoprobesthe natureof the top quark
chargedcurrent.In Section5. theSM expectationsfor thethreebasicsingletopproductionmechanisms
andtheir detectionaredocumented,includingthepossibility to measurethehigh degreeof polarisation
in theSM.

The issueof top quark spin is pursuedin Section6. Here we summarizeexpectationson spin
correlationsin

����
production, theconstructionof observablessensitive to suchcorrelationsandtheresults

of a simulationstudyof di-leptonangularcorrelationssensitive to spin correlations.Possiblenon-SM
CPviolatingcouplingsof thetopquarkcanberevealedthroughanomalousspin-momentumcorrelations
andarealsodiscussedhere.

As mentionedabove, thesearchfor anomalous(i.e. non-SM)interactionsis oneof themainmoti-
vationsfor topquarkphysics.In Section7. thesensitivity of theLHC experimentsto thefollowing cou-
plingsis investigated:� � �� couplingsandanomalous

�����
couplingsin top production,flavour-changing

neutralcurrents(FCNCs)in topproductionanddecay.

Section8. is devotedto rare topdecays. TheSM expectationsfor radiative topdecaysandFCNC
decaysare documented.Decayrateslarge enoughto be of interestrequirephysicsbeyond the SM.
Thetwo HiggsDoubletModels,theMSSM andgenericanomalouscouplingsareconsideredexplicitly
followedby ATLAS andCMS studieson theexpectedsensitivity in particulardecaychannels.

Finally, themeasurementof thetopquarkYukawacouplingin
������

productionis considered(Sec-
tion 9.). TheSM crosssectionsaretabulatedin thevariousproductionchannelsat theLHC. For thecase
of a low massHiggsboson,theresultsof a realisticstudyusinga simulationof theATLAS detectorare
discussed.

The following topicsarecollectedin the appendices:
�
-quarktaggingandthe calibrationof the

jet energy scalein top events;thedirectmeasurementof the top quarkspin(asopposedto thatof a top
squark)andandof top quarkelectriccharge; the total crosssectionfor productionof a fourth genera-
tion heavy quark;a compendiumof Monte Carlo event generatorsavailablefor top productionandits
backgrounds.

TheinternalATLAS andCMS notesquotedin thebibliographycanbeobtainedfrom thecollab-
orations’webpages[16, 17]. Updatedversionsof thisdocument,aswell asa list of addendaanderrata,
will beavailableon thewebpageof theLHC Workshoptopworkinggroup[18].



2. TOP QUARK PROPERTIES AND ELECTROWEAK PRECISION MEASUREMENTS1

Thetop quarkis, accordingto theStandardModel (SM), a spin-1/2andcharge- ���! fermion,transform-
ing asa colour triplet underthegroup "�#%$&!�' of thestronginteractionsandastheweak-isospinpartner
of the bottomquark. Noneof thesequantumnumbershasbeendirectly measuredso far, althougha
large amountof indirect evidencesupportstheseassignments.The analysisof EW observablesin (*)
decays[19] requiresthe existenceof a +�,.-0/��� , charge-2/3 fermion, with a massin the rangeof
170GeV, consistentwith thedirectTevatronmeasurements.Themeasurementof thetotal crosssection
at theTevatron,andits comparisonwith thetheoreticalestimates,areconsistentwith theproductionof
aspin-1/2andcolour-triplet particle.TheLHC shouldprovide adirectmeasurementof thetopquantum
numbers.Wepresenttheresultsof somestudiesin thisdirectionin AppendixB.

2.1 Top quark mass and width

In additionto its quantumnumbers,thetwo mostfundamentalpropertiesof thetopquarkareits mass1 �
andwidth 2 � , definedthroughthepositionof thesingleparticlepole 143� -51 ��687 2 � �� in theperturbative
topquarkpropagator. In theSM 1 � is relatedto thetopYukawacoupling:

9 � $;:�'<-= ,?>A@CB � >ADE 1 � $?/GF�H � $;:�'&'JI (1)

where H � $;:�' accountsfor radiative corrections.Besidesthetopquarkpolemass,thetopquark KML mass
1 � $;:�' is oftenused.Thedefinitionof 1 � $;:�' includingEW correctionsis subtle(seethediscussionin
[20]). As usuallydonein theliterature,wedefinethe KML massby includingonly pureQCDcorrections:

1 � $;:�'<-51 � $?/GF�H�N�O�PQ$;:�'&' ����R (2)

Theconversionfactor H�N�O�PQ$;:�' is verywell known [21]. Defining 1 � - 1 � $ 1 � ' and SUTV-XW Y%ZT $ 1 � '&��[ ,
we have

H�N�O�PG$ 1 � '0-
\
! S]T�F�^ R  �!�_�_`S

DT F�a�! R _�!�^`S ,T F R�R�R
- $ \ R _�!bF�c R�d�d F�c R !�/VF�c R /�/Ce )Uf �&�� )Uf �&� '&gh-X$&_ R c�iCe )Uf �&�� )Uf �&� '&g R (3)

This assumesfive masslessflavoursbesidesthetop quarkandwe use SUT8-�c R c�! \ a�i which corresponds
to W Y%ZT $;14j�'k-lc R /�/ d and 1 � -l/�_�i GeV. The error estimatetranslatesinto an absoluteuncertainty
of mn/�^�c MeV in 1 �o6 1 � andusesanestimateof the four-loop contribution. Note that thedifference
betweenthe two massdefinitions, 1 ��6 1 � , is about /�c GeV. This meansthat any observable that is
supposedto measurea topquarkmasswith anaccuracy of / – GeV andwhich is known only at leading
order(LO) mustcomewith anexplanationfor why higherordercorrectionsaresmallwhentheobserv-
ableis expressedin termsof that top quarkmassdefinition that it is supposedto determineaccurately.
Wewill returnto thispoint in Section4.

Theon-shelldecaywidth 2 � is lesswell known, but thetheoreticalaccuracy ( p=/�g ) is morethan
sufficient comparedto theaccuracy of foreseeablemeasurements.Thedecaythrough

�������
is by far

dominantandwe restrictthediscussionto this decaymode. It is usefulto quantify thedecaywidth in
unitsof thelowestorderdecaywidth with qsr and14
 setto zeroand t �u��
vt setto 1:

2 ) -
B E 1 , �
^�[�w  -X/ R a�_ GeVR (4)

Incorporatingqsr theleadingorderresultreads

2yxJzo$ ������� '&�yt �	��
ut D -X2 ) / 6 ! q
@r

1 @ � F� q�{r1 { � -Xc R ^�^�i`2 ) -=/ R i�_ GeVR (5)

1Sectioncoordinators:M. Beneke,G. Weiglein.



Table1: Correctionsto thetopquarkwidth |~} (������� , lowestorder)in unitsof |�} . Thebestestimateof |����A�8���M�������]�������
is obtainedby addingall correctionstogether. Parameters:�	������� ��������� , � � �4���C� � GeV and  ¡�¢��£���� GeV.

q r¥¤-Xc correctionat lowestorder, see(5) 6 /�/ R i�g
W¦T correction,q r -Xc 6 d�R i�g

W T correction,qMr ¤-Xc correction Fn/ R ^�g
W D T correction,q r -Xc [22, 23] 6  R c�g

W D T correction,q r§¤-Xc correction[23] Fnc R /�g
EW correction[24] Fn/ R a�g

Thecorrectionfor non-vanishingbottomquarkmassis about6 c R  �g in unitsof 2 ) . Likewisecorrections
to treatingthe

�
bosonasa stableparticlearenegligible. Radiative correctionsareknown to second

order in QCD andto first order in the EW theory. Table1 summarisesthe known correctionsto the
limiting case(4). Puttingall effectstogetherwe obtain:

2¨$ ������� '&�yt �	��
vt Dn© c R ^�c�a`2 ) -X/ R
\  GeVR (6)

Thetop quarklifetime is smallcomparedto thetime scalefor hadronisation[25]. For this reason,top-
hadronspectroscopy is notexpectedto bethesubjectof LHC measurements.

2.2 Role of ª¬« in EW precision physics

TheEW precisionobservablesserveasanimportanttool for testingthetheory, asthey provideanimpor-
tantconsistency testfor every modelunderconsideration.By comparingtheEW precisiondatawith the
predictions(incorporatingquantumcorrections)within theSM or its extensions,mostnotablythemini-
mal supersymmetricextensionof theStandardModel (MSSM) [26], it is in principlepossibleto derive
indirectconstraintsonall parametersof themodel.Theinformationobtainedin thisway, for instance,on
themassof theHiggsbosonin theSM or on themassesof supersymmetricparticlesis complementary
to theinformationgainedfrom thedirectproductionof theseparticles.

In order to derive precisetheoreticalpredictions,two kinds of theoreticaluncertaintieshave to
be kept undercontrol: theuncertaintiesfrom unknown higher-ordercorrections,asthepredictionsare
derived only up to a finite orderin perturbationtheory, andthe parametricuncertaintiescausedby the
experimentalerrorsof theinput parameters.ThetopquarkmassenterstheEW precisionobservablesas
aninputparametervia quantumeffects,i.e. loopcorrections.As adistinctive feature,thelargenumerical
value of 1 � gives rise to sizablecorrectionsthat behave as powers of 1 � . This is in contrastto the
correctionsassociatedwith all otherparticlesof theSM. In particular, thedependenceonthemassof the
Higgsbosonis only logarithmicin leadingorderandthereforemuchweaker thanthedependenceon 1 � .
In theMSSM large correctionsfrom SUSYparticlesareonly possiblefor largesplittingsin theSUSY
spectrum,while theSUSYparticlesin generaldecouplefor largemasses.

The most important 1 � -dependentcontribution to the EW precisionobservablesin the SM and
theMSSMentersvia theuniversalparameter¯® which is proportionalto 1 D � [27],

¯®°-
± j $&c�'
q Dj 6

± r $&c�'
q Dr ��² 
 -=³V´

W
/�_�[�µ Dr·¶ Dr

1 D �
q Dj I (7)

wherethe limit 14
 � c hasbeentaken, µ r ( ¶ r ) is thesin (cos)of theweakmixing angle,and
± j $&c�'

and
± r $&c�' indicatethetransversepartsof thegauge-bosonself-energiesat zeromomentumtransfer.

Thetheoreticalpredictionfor q r is obtainedfrom therelationbetweenthevector-bosonmasses



andtheFermiconstant,

q Dr / 6 q Dr
q Dj - [�W

w  B E $?/GF�8¸¢'¢I (8)

wherethequantity 8¸ [28] is derivedfrom muondecayandcontainstheradiative corrections.At one-

looporder, ¯¸ canbewrittenas ¯¸¹-XkW 6�º ��T �� ¯®bF»$&¯¸J'½¼�¾ , wherekW containsthelargelogarithmic

contributionsfrom thelight fermions,andthenon-leadingtermsarecollectedin $&¯¸J'½¼�¾ .
The leptoniceffective weakmixing angleis determinedfrom theeffective couplingsof theneu-

tral currentat the Z-bosonresonanceto charged leptons, �¦¿ OÀ - w  B E q Dj � >ADVÁ ��ÂÄÃ À 6 ��Å�Ã À Ã	Æ�Ç ,
accordingto

È]É Ê D`Ë ¾ÍÌ�Î�ÏÌ�Ð - /\ / 6 Re $;��ÂÑ'
Re $;��Å*' R (9)

In ÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð theleading1 � -dependentcontributionsentervia H ÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð - 6 $ ¶ D r µ D r '&��$ ¶ D r 6 µ D r '&¯® .

Theprecisionobservablesq r andÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð arecurrentlyknown with experimentalaccuraciesof
c R c�i�g and c R c�a�g , respectively [19]. Theaccuracy in q r will befurtherimprovedat theLHC by about
afactorof three(seetheEW chapterof thisYellow Report).Besidestheuniversalcorrection8® , thereis
alsoanon-universalcorrectionproportionalto 1 D � in the ( � � � coupling,whichhowever is lessaccurately
measuredexperimentallycomparedto qMr and ÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð . Thestrongdependenceof theSM radiative
correctionsto theprecisionobservableson theinput valueof 1 � madeit possibleto predictthevalueof
1 � from theprecisionmeasurementsprior to its actualexperimentaldiscovery, andthepredictedvalue
turnedout to bein remarkableagreementwith theexperimentalresult[5, 6].

Within the MSSM, the massof the lightestCP-even Higgs boson,14Ò , is a further observable
whosetheoreticalpredictionstronglydependson 1 � . While in theSM theHiggs-bosonmassis a free
parameter, 14Ò is calculablefrom theotherSUSYparametersin theMSSM andis boundedto belighter
than q j at thetreelevel. Thedominantone-loopcorrectionsarisefrom thetopandscalar-top sectorvia
termsof theform

B E 1 @ �ÄÓ Ê $;1ÕÔ�×Ö 1ÕÔ� � ��1
D � ' [29]. As a ruleof thumb,avariationof 1 � by 1 GeV, keeping

all otherparametersfixed, roughly translatesinto a shift of thepredictedvalueof 14Ò by 1 GeV. If the
lightestCP-even Higgs bosonof the MSSM will be detectedat the LHC, its masswill be measurable
with anaccuracy of about¯14Ò�-Xc R  GeV[30].

Due to thesensitive dependenceof theEW precisionobservableson thenumericalvalueof 1 � ,
a high accuracy in the input valueof 1 � is very importantfor stringentconsistency testsof a model,
for constraintson the model’s parameters(e.g. the Higgs bosonmasswithin the SM), and for a high
sensitivity to possibleeffects of new physics. It shouldbe notedthat this calls not only for a high
precisionin the experimentalmeasurementof the top quarkmass,but alsofor a detailedinvestigation
of how the quantity that is actuallydeterminedexperimentallyis relatedto the parameter1 � usedas
input in higher-ordercalculations.While thesequantitiesarethe samein the simplestapproximation,
their relation is non-trivial in generaldue to higher-order contributions and hadronisationeffects. A
furtherdiscussionof thisproblem,whichcanberegardedasasystematicuncertaintyin theexperimental
determinationof 1 � , is givenin Section4.

2.3 Physics gain from improving Ø»ª¬« from ØÙªM«b-ÛÚ GeV to Ø»ª¬«¯-ÛÜ GeV

During this workshopthequestionwasinvestigatedof how muchinformationonecouldgain from the
EW precisionobservablesby improving theexperimentalprecisionin 1 � from ¯1 � -X GeV, reachable
within thefirst yearof LHC running(seeSection4.2),to ¯1 � -X/ GeV, possiblyattainableon a longer
timescale(seeSection4.6).

In order to analysethis questionquantitatively, we have consideredthe caseof the SM andthe
MSSMandassumedthattheHiggsbosonhasbeenfoundat theLHC. For theuncertaintyin ¹W¦Ý�Þ&ß (the



Table 2: Comparisonof the current theoreticaluncertaintyfrom unknown higher-order corrections( àâá�ãåäçæ ) in � � andèêé�ë ��ì�í äïîåáä�ð with theparametricuncertaintiesfrom theerrorin àòñ ãåó½ô and  � .
8ÏçÝ�Ì�õ HU$&¹W¦Ý�Þ&ßJ'<-Xc R c�c�c�/�_ ¯1 � -X GeV ¯1 � -X/ GeV

¹q r ��Kkö�÷ 6 3.0 12 6.1

 ÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð ø /�c Æ 4 5.6 6.1 3.1

hadroniccontribution to theelectromagneticcouplingat thescale qMj ) we have adoptedH]$&¹W¦Ý�Þ&ßJ'n-
c R c�c�c�/�_ , whichcorrespondsto the“theorydriven” analysesof [31].

Concerningthecurrenttheoreticalpredictionfor qsr andÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð in theSM, thetheoreticalun-
certaintyfrom unknown higher-ordercorrectionshasbeenestimatedto beabout kq r -ù_ MeV and
 ÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð - \ ø /�c � Æ [32]. In Table2 the theoreticaluncertaintiesfor q r and ÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð from un-
known higher-ordercorrectionsarecomparedwith theparametricuncertaintyfrom theinputparameters
¹W¦Ý�Þ&ß and1 � for ¯1 � -X GeVaswell as ¯1 � -X/ GeV. Theparametricuncertaintiesfrom theother
parameters,supposingthat the SM Higgs bosonhasbeenfound at the LHC in the currentlypreferred
range,arenegligible comparedto theuncertaintiesfrom ¹W¦Ý�Þ&ß and 1 � . Theresultinguncertaintiesin
qMr andÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð havebeenobtainedusingtheparameterisationof theresultsfor thesequantitiesgiven
in [33]. As canbeseenin thetable,for ¯1 � -X GeV theparametricuncertaintyin 1 � givesriseto the
largesttheoreticaluncertaintyin bothprecisionobservables.While for ÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð theuncertaintyinduced
from the error in 1 � is comparableto the onefrom the error in ¹W¦Ý�Þ&ß , for q r the uncertaintyfrom
theerror in 1 � is twice asbig astheonefrom unknown higher-ordercorrectionsandfour timesasbig
asthe onefrom the error in ¹W¦Ý�Þ&ß . A reductionof the error from ¯1 � -ú GeV to ¯1 � -ú/ GeV
will thusmainly improve theprecisionin the predictionfor q r . Theuncertaintyinducedin q r by
¯1 � -û/ GeV is aboutthe sameas the currentuncertaintyfrom unknown higher-order corrections.
The latter uncertaintycanof coursebe improved by goingbeyond thepresentlevel in theperturbative
evaluationof ¯¸ .

In Fig. 1 the theoreticalpredictionsfor q r and ÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð (see[34] andreferencestherein)are
comparedwith theexpectedaccuraciesfor theseobservablesat LEP2/Tevatronandat theLHC (for the
centralvalues,thecurrentexperimentalvaluesaretaken).Theparametricuncertaintiescorrespondingto
H]$&¹WyÝ�Þ&ßJ'Q-üc R c�c�c�/�_ and ¯1 � -ü GeV, ¯1 � -Û/ GeV areshown for two valuesof theHiggsboson
mass,14ýþ-ÿ/� �c GeV and 14ýþ-ÿ �c�c GeV, andthe presenttheoreticaluncertaintyis alsoindicated
(here14ý is variedwithin 100GeV� 14ý�� \ c�c GeV and ¯1 � - i R / GeV). Thefigureshows that,
assumingthat theHiggsbosonwill bediscoveredat theLHC, theimprovedaccuracy in 1 � and q r at
theLHC will allow astringentconsistency testof thetheory. A reductionof theexperimentalerrorin 1 �
from ¯1 � -  GeV to 81 � - / GeV leadsto asizableimprovementin theaccuracy of thetheoretical
prediction. In view of the precisiontestsof the theorya further reductionof theexperimentalerror in
q r andÈUÉ Ê D Ë ¾ÍÌ�Î�ÏÌ�Ð wouldclearlybevery desirable.

While within the MSSM the improved accuracy in 1 � and q r at the LHC will have a similar
impacton theanalysisof theprecisionobservablesasin theSM, thedetectionof themassof thelightest
CP-even Higgs bosonwill provide a further stringenttestof the model. The predictionfor 14Ò within
theMSSM is particularlysensitive to theparametersin the

�
–�� sector, while in the region of large q Å

andlarge ��� Ê�� (giving riseto Higgsmassesbeyondthereachof LEP2)thedependenceonthelattertwo
parametersis relatively mild. A precisemeasurementof 14Ò canthusbeusedto constraintheparameters
in the

�
–�� sectorof theMSSM.

In Fig. 2 it is assumedthat the massof the lightestscalartop quark, 1 Ô�×Ö , is known with high
precision,while themassof theheavier scalartopquark,1ÕÔ� � , andthemixing angle

Ë Ô� aretreatedasfree
parameters.TheHiggsbosonmassis assumedto beknown with anexperimentalprecisionof mnc R i GeV
andtheimpactof ¯1 � -= GeV and ¯1 � - / GeVis shown (thetheoreticaluncertaintyin theHiggs-
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masspredictionfrom unknown higher-ordercontributionsandthe parametricuncertaintiesbesidesthe
onesinducedby 1ÕÔ� � ,

Ë Ô� and1 � havebeenneglectedhere).Thetwo bandsrepresentthevaluesof 1ÕÔ� � ,
Ë Ô�

whicharecompatiblewith aHiggs-masspredictionof 14Ò�-X/� �c R i�m�c R i GeV, wherethetwo-loopresult
of [35] hasbeenused(thebandscorrespondingto smallerandlargervaluesof 1ÕÔ� � arerelatedto smaller
andlargervaluesof theoff-diagonalentryin thescalartopmixing matrix, respectively). Combiningthe
constraintson theparametersin thescalartop sectorobtainedin this way with the resultsof thedirect
searchfor thescalartop quarkswill allow a sensitive testof theMSSM. As canbeseenin thefigure,a
reductionof ¯1 � from ¯1 � -  GeV to ¯1 � - / GeV will leadto a considerablereductionof the
allowedparameterspacein the 1ÕÔ� � –

Ë Ô� plane.

3. $�%$ PRODUCTION AT THE LHC2

Thedeterminationof thetopproductioncharacteristicswill beoneof thefirst measurementsto becarried
out with the largestatisticsavailableat theLHC. The large top quarkmassensuresthat top production
is a short-distanceprocess,andthattheperturbative expansion,givenby a seriesin powersof thesmall
parameterW'&�$;1 � ')(=c R / , convergesrapidly. Becauseof thelargestatistics(of theorderof /�c+* topquark
pairsproducedper year), the measurementsandtheir interpretationwill be dominatedby experimen-
tal andtheoreticalsystematicerrors. Statisticaluncertaintieswill be below the percentlevel for most
observables. It will thereforebe a severechallengeto reduceexperimentalandtheoreticalsystematic
uncertaintiesto acomparablelevel. In additionto providing interestingtestsof QCD,accuratestudiesof
thetop productionanddecaymechanismswill bethebasisfor theevaluationof the intrinsic properties
of the top quarkandof its EW interactions.An accuratedeterminationof theproductioncrosssection,
for example,providesanindependentindirectdeterminationof 1 � . Asymmetriesin therapidity distri-
butionsof topandantitopquarks[36] aresensitive to thelight-quarkpartondistribution functionsof the
proton.Anomaliesin thetotal

����
ratewouldindicatethepresenceof non-QCDproductionchannels,to be

confirmedby precisestudiesof thetopquarkdistributions(e.g. ,.- and
� ��

invariantmassspectra).These
would bedistortedby thepresenceof anomalouscouplingsor µ -channelresonancesexpectedin several
beyond-the-SM(BSM) scenarios.Parity-violatingasymmetries(for examplein therapiditydistributions
of right andleft handedtop quarks)aresensitive to the top EW couplings,andcanbe affectedby the
presenceof BSM processes,suchastheexchangeof supersymmetricparticles.As alreadyobserved at
theTevatron[5, 6], the structureof the

� ��
final stateaffectsthedirect determinationof 1 � . Initial and

final-stategluonradiationdo in fact contribute to theamountof energy carriedby the jetsproducedin
thedecayof top quarks,andthereforeneedto be taken into properaccountwhenjetsarecombinedto
extract 1 � . Thedetailsof thestructureof thesejets(e.g. their fragmentationfunctionandtheir shapes),
will alsoinfluencetheexperimentaldeterminationof the jet energy scales(importantfor theextraction
of 1 � ), aswell asthedeterminationof theefficiency with which

�
-jetswill betagged(importantfor the

measurementof theproductioncrosssection).

It is thereforeclearthatanaccurateunderstandingof theQCD dynamicsis requiredto make full
useof the rich statisticsof

����
final statesin thestudyof theSM propertiesof top quarks,aswell asto

explorethepresenceof possibledeviationsfrom theSM. In thissectionwereview thecurrentstateof the
art in predictingtheproductionpropertiesfor topquarkpairs(for amoredetailedreview of thetheoryof
heavy quarkproduction,see[37]). Thestudyof singletopproductionwill bepresentedin Section5.

3.1 Tools for QCD calculations

Full next-to-leading-order (NLO, /�$&W , & ' ) calculationsareavailablefor thefollowing quantities:

1. Total crosssections[38]

2. Single-inclusive ,10 and9 spectra[39]

3. Double-differentialspectra(1 �32� , azimuthalcorrelations54 , etc.)[40]
2Sectioncoordinators:M.L. Mangano,D. Wackeroth,M. Cobal(ATLAS), J.Parsons(ATLAS).



All of theabove calculationsareavailablein theform of Fortranprograms[40, 41], sothatkinematical
distributionscanbeevaluatedatNLO [42] evenin thepresenceof analysiscuts.

Theoreticalprogressover the last few yearshasled to the resummationof Sudakov-type loga-
rithms[43] which appearat all ordersin theperturbative expansionfor thetotal crosssections[44, 45].
More recently, theaccuracy of theseresummationshasbeenextendedto thenext-to-leadinglogarithmic
(NLL) level [46, 47]. For a review of the theoreticalaspectsof Sudakov resummation,seethe QCD
chapterof this report. As will beshown later, while the inclusionof thesehigher-ordertermsdoesnot
affect significantlythetotal productionrate,it stabilisesthetheoreticalpredictionsunderchangesin the
renormalisationandfactorisationscales,henceimproving thepredictive power.

Unfortunately, the resultsof theseresummedcalculationsarenot availablein a form suitableto
implementselectioncuts,asthey only provide resultsfor total cross-sections,fully integratedover all
of phasespace.The formalismhasbeengeneralisedto the caseof one-particleinclusive distributions
in [48], althoughno completenumericalanalyseshave beenperformedyet.

The correctionsof /�$&W , & ' to the full productionand decayshouldinclude the effect of gluon
radiationoff thequarksproducedin thetopdecay. Interferenceeffectsareexpectedto takeplacebetween
soft gluonsemittedbeforeandafter thedecay, at leastfor gluonenergiesnot muchlarger thanthe top
decaywidth. While thesecorrelationsarenotexpectedtoaffectthemeasurementof genericdistributions,
even small soft-gluoncorrectionscan have an impact on the determinationof the top mass. Matrix
elementsfor hard-gluonemissionin

����
productionanddecay(, �, ��� e ��� � � � � , with

�
and

��
intermediate

states)are implementedin a parton-level generator[49]. The one-gluonemissionoff the light quarks
from the

�
decayswasimplemented,in the soft-gluonapproximation,in the parton-level calculation

of [50].

The above resultsrefer to the productionof top quarkstreatedas free, stablepartons. Parton-
shower MonteCarloprogramsareavailable(HERWIG [51], PYTHIA [52], ISAJET [53]) for a complete
descriptionof thefinal state,includingthefull developmentof theperturbative gluonshower from both
initial andfinal states,thedecayof thetopquarks,andthehadronisationof thefinal-statepartons.These
will be reviewed in AppendixD. Recently, /�$&W6&�' matrix elementcorrectionsto the decayof the top
quark(

������� � ) have beenincludedin theHERWIG MonteCarlo[54]. Theimpactof thesecorrections
will bereviewedin Sections3.3and4.62.

3.2 Total $ %$ production rates

In this sectionwe collect the currenttheoreticalpredictionsfor crosssectionsand distributions, pro-
viding ourbestestimatesof thesystematicuncertainties.Thetheoreticaluncertaintieswe shallconsider
includerenormalisation(:87 ) andfactorisation(:89 ) scalevariations,andthechoiceof partondistribution
functions(PDF’s);

We shall explore the first two by varying the scalesover the range : ) �� p :úp§ �: ) , where
:»-5: 7 -5: 9 and

: : ) -�1 � for thetotal crosssections
: : ) - 1 D � F;, D 0 for singleinclusive distributions

: : ) - 1 D � F�$<, D 0 ² � F=, D 0 ² 2� '&�� for doubleinclusive distributions

In thecaseof PDF’s,weshallconsiderthelatestfits of theCTEQ[55] andof theMRST[56, 57] groups:

: MRST ( W'&]$&qMjâ'`-Xc R /�/�a�i , ><? 0A@ - c R \ GeV) (default): MRST$;�CB�' ( W6&¯-Xc R /�/�a�i , ><? 0D@ -Xc R _ \ GeV): MRST$;�CE�' ( W6&¯-Xc R /�/�a�i , ><? 0D@ -Xc ): MRST$&W6&FBGB�' ( W6&¯-Xc R /�/� �i , ><? 0)@ -=c R \ GeV)



Fig. 3: �IH� productionrates. Left: scaledependenceat fixed order(NLO, dashedlines in the lower inset),andat NLO+NLL

(solid lines).Right: PDFdependence.Seethetext for details.

: MRST$&W6&FEGE�' ( W6&¯-Xc R /� � �i , ><? 0)@ -=c R \ GeV): CTEQ5M( W'&¯-=c R /�/�^ ): CTEQ5HJ( W'&¯-=c R /�/�^ , enhancedweightfor Tevatronhigh-J 0 jets): CTEQ5HQ( W'&¯-=c R /�/�^ , usingtheACOT heavy flavour scheme[58].)
All ournumericalresultsrelative to theMRST setsreferto theupdatedfits providedin [57]. Thesegive
total rateswhich areon average5% larger thanthefits in [56]. The total

����
productioncrosssectionis

given in Fig. 3, asa functionof thetop mass.As a referencesetof parameters,we adopt: ) -.1 � and
MRST. Full NLO+NLL correctionsareincluded. The upperinsetshows the dependenceof the cross
sectionon thetop mass.A fit to thedistribution shows that 5K��GKL( i�¯1 � ��1 � . As a result,a 5%mea-
surementof the total crosssectionis equivalent to a 1% determinationof 1 � (approximately2 GeV).
As will beshown lateron,2 GeV is a rathersafeestimateof theexpectedexperimentalaccuracy in the
determinationof 1 � (1 GeVbeingtheoptimisticultimatelimit). It follows that5%shouldbeaminimal
goal in theoverall precisionfor themeasurementof K�$ ���� ' . Thescaleuncertaintyof thetheoreticalpre-
dictionsis shown in thelower insetof Fig.3. Thedashedlinesreferto theNLO scaledependence,which
is of theorderof mn/� �g . Thedottedlinesreferto theinclusionof theNLL corrections,accordingto the
resultsof [47]. Thesolid linesincludetheresummationof NLL effects,but assumea differentstructure
of yet higherorder(NNLL) corrections,relative to thosecontainedin thereferenceNLL results(this is
indicatedby thevalueof the M parameterequalto 2, see[47] for thedetails).Thescaleuncertainty, after
inclusionof NLL corrections,is significantlyreduced.In themostconservative caseof M -X , wehavea
mn_�g variation.A detailedbreakdown of theNLO /�$&W D & F�W , & ' andhigher-order /�$&WDN �& ' contributions,
asa functionof thescaleandof thevalueof theparameterM , is given in Table3. A recentstudy[59]
of resummationeffectson thetotal crosssectionfor photo-andhadro-productionof quarkonium states
indicatesthat allowing :87 ¤-h:89 increasesthe scaledependenceof the NLL resummedcross-sections
to almostmatchthe scaledependenceof the NLO results[60]. Preliminaryresultsof this studyalso
suggestasimilar increaseof scaledependencein thecaseof

����
production,if :87 and:89 arevariedinde-

pendently. This dependencecanhowever bereducedby replacing: 7 with : 9 astheargumentof W & in
thesub-leadingcoefficientsof theresummedexponent[61].

The PDF dependenceis shown on the right handsideof Fig. 3, andgiven in detail for 1 � -
/�a�i GeV in Table4. Thecurrentuncertaintyis at the level of mn/�c %. Noticethat thelargestdeviations
from thedefault setoccurfor setsusingdifferentinput valuesof W6&U$&qMj*' . Thedifferencebetweenthe
referencesetsof thetwo groups(MRST andCTEQ5M)is at thelevel of 3%. It is interestingto explore
potentialcorrelationsbetweenthePDFdependenceof topproduction,andthePDFdependenceof other



Table3: Resummationcontributionsto thetotal �OH� cross-sections(  �¢��£�� � GeV) in pb. PDFsetMRST.

NLL resummed,A=2 NLL resummed,A=0

:87�-5:89 NLO /�$&WDN �& ' NLO+NLL /�$&WDN �& ' NLO+NLL

1 � /2 890 6 a 883 6 /� 878

1 � 796 29 825 63 859

21 � 705 77 782 148 853

Table4: Total �OH� cross-sections(  � ��£���� GeV) in pb. NLO+NLL (P ��� ).
PDF :»-51 � �� :»-51 � :»-X �1 �
MRST 877 859 853

MRST �QE 881 862 857

MRST �QB 876 858 852

MRST W6&RB 796 781 777

MRST W6&RE 964 942 934

CTEQ5M 904 886 881

CTEQ5HJ 905 886 881

processesinducedby initial stateswith similar partoncompositionandrangein S . Onesuchexampleis
givenby inclusive jet production.Fig. 4 shows theinitial-statefractionof inclusive jet final states(with
t T�t�p  R i ) asa functionof the jet-J - threshold.For valuesof J - (ú �c�c GeV, 90% of the jets come
from processeswith at leastonegluon in the initial state. This fraction is similar to that presentin

� ��
production,where90%of therateis dueto �C� collisions.On theright sideof Fig. 4 weshow thedouble
ratios: K�$ � �� '&�GK�$ jet IUJ -"V J�W6X ¼0 ' Y P[Z

K�$ ���� '&�GK�$ jetIUJ -5V J W6X ¼0 ' Y\ÄZ^]
(10)

As theplot shows, thereis astrongcorrelationbetweenthePDFdependencesof thetwo processes.The
correlationis maximalfor J W6X ¼0 (X �c�c GeV, asexpected,sincefor this valuetheflavour compositionof
theinitial statesandtherangeof partonicmomentumfractionsprobedin thetwoproductionprocessesare
similar. In therange/�^�c`_aLJ�W'X ¼0 _a� �_�c GeV thePDFdependenceof theratio K�$ � �� '&�GK�$ jetIUJ -CV JbW6X ¼0 '
is reducedto alevel of mn/ %,evenfor thosesetsfor whichtheabsolutetopcross-sectionvariesby mn/�c %.
Thejet cross-sectionswerecalculated[62] usinga scale:dc^e � -fJ -Cg : che �) . If we vary thescalesfor

����
andjet productionin a correlatedway (i.e. selecting: c^e � ��: che �) -X: �ji� ��: �ji�) ), no significantscaledepen-
denceis observed. Thereis however no a-priori guaranteethat thescalesshouldbecorrelated.Unless
thiscorrelationcanbeprovedto exist, useof theinclusive-jetcrosssectionto normalisethe

����
crosssec-

tion will thereforeleave a residualsystematicuncertaintywhich is nosmallerthanthescaledependence
of the jet crosssection.We do not expectthis to becomeany smallerthanthePDF dependencein the
nearfuture.

Combiningin quadraturethescaleandPDFdependenceof the total
� ��

crosssection,we areleft
with an overall 12% theoreticalsystematicuncertainty, correspondingto a 4 GeV uncertaintyon the
determinationof thetopmassfrom thetotal crosssection.

3.3 Kinematical properties of $ %$ production

Westartfrom themostinclusivequantity, thetop , - spectrum.TheNLO predictionsareshown in Fig.5.
Herewealsoexplorethedependenceonscalevariationsandon thechoiceof PDF. Theuncertaintiesare



Fig. 4: Left: initial statecompositionin inclusive jet events,asa functionof thejet k8l ( � m	��no���Í� ). Right: PDFdependenceof

thetop-to-jetcross-sectionratio,asa functionof theminimumjet k l .

Fig. 5: Inclusive top p - spectrum.Left: scaleandPDFdependenceatNLO. Right: eventratesabove a given p - threshold.

mn/�i % and mn/�c %, respectively. The reconstructionof top quarksand their momenta,aswell as the
determinationof the reconstructionefficienciesandof thepossiblebiasesinducedby theexperimental
selectioncuts,dependon thedetailedstructureof thefinal state.It is importantto verify that inclusive
distributionsaspredictedby themostaccurateNLO calculationsarefaithfully reproducedby theshower
Monte Carlo calculations,usedfor all experimentalstudies. This is donein Fig. 6, wherethe NLO
calculationis comparedto theresultof theHERWIG MonteCarlo,aftera properrescalingby anoverall
constantq -factor. Thebin-by-binagreementbetweenthetwo calculationsis at thelevel of 10%,which
shouldbeadequatefor adeterminationof acceptancesandefficienciesat thepercentlevel.

Similar resultsareobtainedfor the invariantmassdistribution of top quarkpairs,shown in the
plot of Fig. 6. ThescaleandPDFdependenceof theNLO calculationaresimilar to thosefoundfor the
inclusive ,10 spectrum,andarenot reportedin thefigure.

Contraryto the caseof inclusive , - and q � i� spectra,otherkinematicaldistributionsshow large
differenceswhencomparingNLO andMonteCarloresults[42]. This is thecaseof distributionswhich
aretrivial atLO, andwhicharesensitive to Sudakov-likeeffects,suchastheazimuthalcorrelationsor the
spectrumof the

����
pair transversemomentum, �ji�- . Thesetwo distributionsareshown in thetwo plotsof

Fig.7. NoticethatthescaleuncertaintyatNLO is largerfor thesedistributionsthanfor previousinclusive



Fig.6: Comparisonof NLO and(rescaled)HERWIG spectra.Left: inclusivetop p - spectrum.Right: inclusive �orts r spectrum.

Fig. 7: Left: azimuthalcorrelationbetweenthe � and H� . Right: integratedtransversemomentumspectrumof thetopquarkpair.

Continuouslinescorrespondto theparton-level NLO calculation,for differentscalechoices;theplotscorrespondto theresult

of theHERWIG MonteCarlo.

quantities.Thesekinematicalquantitiesare in fact trivial at /�$&W D & ' (proportionalto H -functions),and
their evaluationat /�$&W , & ' is thereforenot a true NLO prediction. The regions , � i�- � c and 5u � [ are
sensitive to multiple soft-gluonemission,andthedifferencesbetweentheNLO calculation(which only
accountsfor theemissionof onegluon)andtheMonteCarloprediction(which includesthemulti-gluon
emission)is large.Theregion , � i�-Cv 1 � is vice-versasensitive to theemissionof individualhardgluons,
a processwhich is moreaccuratelyaccountedfor by the full /�$&W , & ' matrix elementsincludedin the
NLO calculationthanby theMonteCarloapproach.Notice that theaveragevalueof , � i�- is quite large,
above 50 GeV. This is reasonable,asit is of theorderof W'& timestheaveragevalueof thehardnessof
theprocess( >;q � i� @ (üi \ c GeV). It is foundthat this largetransversemomentumis compensatedby the
emissionof a jet recoiling againstthe top pair, with a smallerfraction of eventswherethe , � i�- comes
from emissionof hard gluonsfrom the final statetop quarks. The large-, �ji�- discrepancy observed in
Fig. 7 shouldbeeliminatedoncethematrix elementcorrectionsto top productionwill be incorporated
in HERWIG , alongthelinesof thework donefor Drell-Yanproductionin [63].

Emissionof extra jetsis alsoexpectedfrom theevolution of thedecayproductsof thetop quarks
(
�
’s,aswell asthejetsfrom thehadronic

�
decays).Gluonradiationoff thedecayproductsis included



Fig. 8: Left: Distributionsof the minimum invariantopeningangle à'w amongthe threehardestjets, with (HERWIG 6.1,

solid line) andwithout (6.0,dotted)matrix elementcorrectionsin the �&�¯��� decay. Right: jet multiplicity distributions.

in the shower Monte Carlo calculations.In the caseof the latestversionof HERWIG (v6.1) [51], the
emissionof thehardestgluonfrom the

�
quarksis evaluatedusingtheexactmatrix elements[54]. This

improvement,in addition to a few bug fixes, resolve the discrepanciesuncoveredin [49] betweenan
exactpartonlevel calculationandpreviousversionsof HERWIG. Thematrix-elementcorrectionsdo not
altersignificantlymostof theinclusive jet observables.As examples,we show in Fig. 8 the 5x andthe
jet multiplicity distributions for eventswhereboth

�
’s decayleptonically. More detailscanbe found

in [64]. Jetsaredefinedusingthe ? 0 algorithm[65], with radiusparameterx -ÿ/ . As canbe seen,
the impactof the exact matrix elementcorrectionsis limited, mostly becausethe extra-jet emissionis
dominatedby initial-stateradiation.

The impacton quantitieswhich moredirectly affect the determinationof the top massremains
to be fully evaluated.Given the large rateof high-J - jet emissions,their properdescriptionwill be a
fundamentalingredientin theaccuratereconstructionof thetopquarksfrom thefinal statejets,andin the
determinationof thetopquarkmass.A completeanalysiswill only bepossibleoncethematrix element
correctionsto the

� ��
productionwill be incorporatedin the Monte Carlos. Work in this directionis in

progress(G. CorcellaandM.H. Seymour).

3.4 Non-QCD radiative corrections to $ %$ production

Theproductionanddecayof topquarksathadroncollidersis apromisingenvironmentfor thedetection
andstudyof loop inducedSUSY effects: at the partonlevel thereis a large centerof massenergy yµ
availableandowing to its large mass,the top quarkstronglycouplesto the (virtual) Higgs bosons,a
couplingwhich is additionallyenhancedin SUSYmodels.Moreover, it might turn out thatSUSYloop
effectsin connectionwith topandHiggsbosoninteractionslessrapidlydecouplethantheonesto gauge
bosonobservables.

To fully explorethepotentialof precisiontopphysicsattheLHC andattheTevatron[66] to detect,
discriminateandconstrainnew physics,thetheoreticalpredictionsfor top quarkobservablesneedto be
calculatedbeyondleadingorder(LO) in perturbationtheory. Herewe will concentrateon theeffectsof
non-QCDradiativecorrectionsto theproductionprocesses�v� � � �� and z �z �¬� �� , includingsupersymmetric
corrections.Whensearchingfor quantumsignaturesof new physicsalsotheSM loop effectshave to be
undercontrol. ThepresentSM predictionfor

� ��
observablesincludestheQCD correctionsasdiscussed

above andthe EW one-loopcontributionsto theQCD
����

productionprocesses[67, 68, 69]. The latter
modify the � � �� $Oz �z �¦' vertex by thevirtual presenceof theEW gaugebosonsandtheSM Higgs boson.
At the partonlevel, the EW radiative correctionscanenhancethe LO crosssectionsby up to

© !�c�g
closeto the thresholdw yµ|{(  �1 � whentheSM Higgsbosonis light andreducetheLO crosssections
with increasingyµ by up to thesameorderof magnitude.After convoluting with thepartondistribution



functions(PDF’s), however, they only reducetheLO productioncrosssectionK�$<,+, �¬� �� �5' at theLHC
by a few percent[67]: up to  R i�$&/ R ^�'&g for the following cutson the transversemomentum, 0 andthe
pseudorapidity T of thetopquark:,�0 V /�c�c�$& �c�' GeVand t T<t�pX R i .

So far, the studiesof loop inducedeffectsof BSM physicsin
����

productionat hadroncolliders
includethefollowing calculations:

The /�$&Wò' corrections within ageneraltwo Higgsdoubletmodel(G2HDM) (=SMwith twoHiggs
doubletsbut without imposingSUSYconstraints)to z �z � ���� [70, 71] and�C� �·���� [71]. In additionto the
contribution of the

�
and ( , the � � �� $Oz �z �¦' vertex is modifiedby the virtual presenceof five physical

Higgs bosonswhich appearin any G2HDM after spontaneoussymmetrybreaking:
� ) IU} ) IUM ) I �=~ .

Thus,theG2HDM predictionsfor
����

observablesdependon their massesandon two mixing angles,�
and W . TheG2HDM radiative correctionsareespeciallylargefor light Higgsbosonsandfor very small
( pl/ ) andvery large valuesof ��� Ê�� dueto the enhancedYukawa-like couplingsof the top quark to
the(virtual) Higgsbosons.Moreover, thereis a possiblesourcefor largecorrectionsdueto a threshold
effect in the renormalisedtop quarkself-energy, i.e. when 1 � © q ý�� F�14
 . In [71] the µ -channel
Higgs exchangediagramsin the gluon fusion subprocess,�C� � } ) I � ) �M� �� , had beenincluded. For
this workshopwe alsoconsideredthe �C� � M�) �¬���� contribution [72]. A studyof the µ -channelHiggs
exchangediagramsalone,canbefound in [73] (

� ) ) and[74, 75] (
� ) and M ) ). They areof particular

interest,sincethey cancausea peak-dipstructurein the invariant
����

massdistribution for heavy Higgs
bosons,q ý } ² Å } V  �1 � , wheninterferedwith theLO QCD

� ��
productionprocesses.

The SUSY EW /�$&Wo' corrections within theMSSM to z �z �¬� �� [71, 76, 77, 78] and �C� �·� �� [71,
79]. In [71] alsothe squarkloop contribution to the �C� � } ) I � ) productionprocessin the µ channel
Higgs exchangediagramshasbeentaken into account.The SUSY EW correctionscomprisethe con-
tributionsof the supersymmetricHiggs sector, andthe genuineSUSY contributionsdueto the virtual
presenceof two charginos �� ~ , four neutralinos�� ) , two top squarks��O� ² � andtwo bottomsquarks� �I� ² � .
TheMSSM input parameterscanbefixed in sucha way that the

����
observablesincludingMSSM loop

correctionsdependonarelatively smallsetof parameters[71]: ��� Êb� I�q Å } Iå1ÕÔ�×Ö Iå1¬Ô
�� IU4VÔ� Iå:�I�q4D , where
LR mixing is consideredonly in the top squarksector, parametrizedby themixing angle 4 Ô� . 1 Ô� Ö and
1¬Ô
�� -X1¬Ô
 7 denotethemassof the lighter top squarkandthebottomsquark,respectively. Theeffects
of thesupersymmetricHiggssectortendto belesspronouncedthantheonesof theG2HDM: sincesu-
persymmetrytightly correlatestheparametersof theHiggspotential,the freedomto choosethatsetof
parameterswhich yield themaximumeffect is ratherlimited. On theotherhand,they canbeenhanced
by thegenuineSUSYcontribution dependingon thechoiceof theMSSM input parameters.TheSUSY
EW correctionscanbecomelarge closeto the thresholdfor the top quarkdecay

��� �� F �� ) . They are
enhancedfor very small ( p / ) andvery large valuesof ��� Ê�� andwhenthereexistsa light top squark
(1ÕÔ�×Ö © /�c�c GeV).

The SUSY QCD /�$&Wd� ' corrections to z �z �¬� �� [78, 80, 81, 82, 83] and �C� �»� �� [84]. So far,
thereareonly resultsavailableseparatelyfor the z �z �¬���� (Tevatron)andthe �v� �·���� (LHC) production
processes.Thecombinationof bothis work in progressandwill bepresentedin [85]. TheSUSYQCD
contribution describesthemodificationof the � � �� $Oz �z��~' vertex andthegluonvacuumpolarisationdueto
thevirtual presenceof gluinosandsquarks.Thus,additionallyto thedependenceonsquarksmasses(and
on mixing anglesif LR mixing is considered)theSUSY QCD correctionsintroducea sensitivity of

����
observableson thegluino mass1 Ô� . As expected,theeffectsarethelargestthelighter thegluino and/or
thesquarks.Again, therearepossibleenhancementsdueto thresholdeffects,for instancecloseto the
anomalousthreshold1 D � -�1 D Ô� F¬1 D Ô�×Ö .

The
����

observablesunderinvestigationso far comprisethe total
����

productioncrosssection K � 2� ,
the invariant

� ��
massdistribution ��K��G�vq �32� and parity violating asymmetries� � � in the production

of left andright handedtop quarkpairs. At present,the numericaldiscussionis concentratedon the
impactof BSM quantumeffectson

� ��
observablesin ,A,

� �O� �¬� �� � . A partonlevel MonteCarlo program
for ,),

� ��� �M� ������ e � � � � ��� $O�U� ����� '&$O���c
�� c '
� � �

is presentlyunderconstruction[72]. This will allow a more



Table5: The relative correctionsto p�pC�¯�OH��� at the LHC whenonly including SUSY QCD one-loopcorrections[84] (with

p -�� 20 GeV, � mu�Gn����Í� ) or only theEW one-loopcorrectionswithin theG2HDM andtheMSSM [71] (p -�� £���� GeV).For

comparisontheSM predictionis alsolisted.

SM ( qsýÛ-X/�c�c GeV) G2HDM SUSYEW SUSYQCD

t K��
�1�

�32� 6 K
���
�32� t �GK

�1�
�32�  R i�g � \ g � /�c�g � \ g

realisticstudyof thesensitivity of a varietyof kinematicaldistributionsto SUSYquantumsignaturesin
the

� ��
productionprocesses,for instanceby takinginto accountdetectoreffects.

In thefollowing we give anoverview of thepresentstatusof BSM quantumeffectsin
����

observ-
ablesat theLHC:

K «h�«F� In Table5 we provide therelative correctionsfor K �32� at theLHC for differentBSM physics
scenarios.They reflectthe typical maximumsizeof the radiative correctionswithin the modelsunder
consideration.As alreadymentionedtherearepossibleenhancementsdueto thresholdeffects,which
canyield much larger relative corrections. However, they only arisefor very specificchoicesof the
MSSM input parameters.TheSUSYEW one-loopcorrectionsalwaysreducetheLO productioncross
sectionsandrangefrom SM values,to up to

© 6 i�g for heavy squarksandup to
© 6  �c�g closeto

1 � -�1 Ô�×Ö FÕ1 Ô� } . The SUSYQCD one-loopcorrections,however, caneitherreduceor enhanceK � 2� .
The relative correctionsarenegative for small 1 Ô� andincreasewith decreasinggluino and/orsquark
masses.They changesign when approachingthe thresholdfor real sparticleproductionand reacha
maximumat 1�Ô� ©  �c�c GeV of about Fn �g [84]. Again,very largecorrectionsarisein thevicinity of a
thresholdfor realsparticleproduction,1 � -51 Ô� F 15Ô�×Ö . TheSUSYEW andQCDone-loopcorrections,
so far, have only beencombinedfor the z �z �¬���� productionprocessandnumericalresultsareprovided
for the Tevatron , �, collider in [78, 83]. To summarise,apartfrom exceptionalregions in the MSSM
parameterspace,it will be difficult to detectSUSY through loop contributions to the

� ��
production

rate. If light sparticlesexist, they aremost likely directly observed first. Then,the comparisonof the
preciselymeasuredtopproductionratewith theMSSMpredictionswill testtheconsistency of themodel
underconsiderationatquantumlevel andmight yield additionalinformationon theparameterspace,for
instanceconstraintson ��� Êb� and 4VÔ� .� K�� ��� «I�« � More promisingarethe distributionsof kinematicvariables.Herewe will concen-
trateon the impactof SUSY quantumsignatureson the invariant

����
massdistribution. Resultsfor the

effects of EW one-loopcorrectionswithin the G2HDM and the MSSM on ��K��G�	q � 2� at the LHC are
provided in [71]. So far, the impact of the SUSY QCD one-loopcontribution on ��K���q �32� hasonly
beendiscussedfor theTevatron , �, collider [81], whereit turnedout that they cansignificantlychange
thenormalisationanddistort theshapeof ��K��G�	q �32� . As alreadymentioned,thereis thepossibility for
an interestingpeak-dipstructuredue to a heavy neutralHiggs resonancein �C� �·���� within two Higgs
doubletmodels. The potentialof the LHC for the observation of suchresonanceshasbeenstudied
in [74, 86]. In Section3.5 the resultsof anATLAS analysisof theobservability of the

� �UM � ���� chan-
nel for different luminositiesarepresented.In Fig. 9 we show preliminaryresultsfor the invariant

����
massdistribution to ,�, �¬� ������ e � � � � ��� $O� e�  e '&$O� �¡ '

� � �
at the LHC whenincluding MSSM EW one-

loop corrections[72]. When q Å } V  �1 � the �v� ��� )CIUM�) � ���� contributionscancauseanexcessof
����

eventsat q � 2� slightly below q Å } , whentheHiggsbosonsarenot tooheavy, andadip in thedistribution
slightly above q �^2� -úq Å } . For thechoiceof MSSM parametersusedin Fig. 9 the peakvanishesfor
q Å } V \ c�c GeV andonly a deficiency of eventssurviveswhich decreasesrapidly for increasingq Å } .
TheseeffectscanbeenhancedwhentheSUSYQCDcontributionsaretakeninto account.

�Q¢�£ � Parity violating asymmetriesin the distribution of left andright-handedtop quarkpairs
at hadroncollidersdirectly probetheparity non-conservingpartsof thenon-QCDone-loopcorrections
to the

����
productionprocesseswithin themodelunderconsiderationandhave beenstudiedat theTeva-

tron [77, 82, 87, 68, 81, 83] andat theLHC [88]. In Fig. 10 we show theleft-right asymmetries� � � in
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the invariantmassdistribution of (longitudinally)polarisedtop quarkpairsin ,+, �¬�I� ² � ��O� ² � � , induced
by SM andMSSM EW one-loopcorrections[88]. The parity violating asymmetrywithin the MSSM
resultsfrom the interplayof thesupersymmetricHiggssector( q ý�� ) andthegenuineSUSYcontribu-
tions ( �� ~ I �� ) ). The contribution from the chargedHiggs bosoncaneitherbe enhancedor diminished
dependingon the valuesof 1ÕÔ�×Ö and 4VÔ� . Within the G2HDM the loop-inducedasymmetriesaremost
pronouncedfor a light chargedHiggsbosonandvery smallandvery largevaluesof ��� Êb� . At theLHC,
theG2HDM andMSSMEW one-loopcorrectionsinduceasymmetriesin thetotalproductionrateof left
andright-handedtop quarkpairsof up to about  R i�g and ! R  �g , respectively, andthuscanbeconsider-
ably largerthantheSM expectation(SM: / R  �g ). Whenthesquarksarenon-degeneratein massalsothe
SUSY QCD one-loopcorrectionsinduceparity violating asymmetriesin strong

����
production. So far,

thereexist only studiesfor theTevatron[82, 81, 83].

3.5 Measurement of $�%$ production properties

Accordingto the SM, the top quarkdecaysalmostexclusively via
� � ���

. The final statetopology
of
����

eventsthendependson thedecaymodesof the
�

bosons.In approximately65.5%of
����

events,



both
�

bosonsdecayhadronicallyvia
� �ÉÈ¯È

, or at leastone
�

decaysvia
� � d� . Theseevents

are difficult to extract cleanly above the large QCD multi-jet background,and are for the most part
not consideredfurther. Instead,theanalysespresentedhereconcentrateon leptonic

� ��
events,whereat

leastoneof the
�

bosonsdecaysvia
� � �G� (�»-   Iå: ). The leptonplus large JËÊ[Ì �;�- , due to the

escapingneutrino(s),provide a large suppressionagainstmulti-jet backgrounds.The leptonicevents,
which accountfor approximately34.5%of all

����
events,canbe subdivided into a “single leptonplus

jets” sampleanda “di-lepton” sample,dependingon whetheroneor bothW bosonsdecayleptonically.
As discussedbelow, theselectioncutsandbackgroundissuesarequitedifferentfor thevariousfinal state
topologies.

An importantexperimentaltool for selectingcleantop quarksamplesis theability to identify
�
-

jets.Techniquesfor
�
-tagging,usingsecondaryvertices,semi-leptonic

�
-decays,andothercharacteristics

of
�
-jets, have beenextensively studied. Both ATLAS and CMS expect to achieve, for a

�
-tagging

efficiency of 60%, a rejectionof at least100 againstprompt jets (i.e. jets containingno long-lived
particles)at low luminosity. At high luminosity, a rejectionfactorof around100canbeobtainedwith a
somewhatreduced

�
-taggingefficiency of typically 50%.

All theresultspresentedin thissectionareobtainedusingfor thesignalthePYTHIA MonteCarlo
program.Mostbackgroundprocesseshavealsobeengeneratedwith PYTHIA , with theexceptionof

��� � �
,

which hasbeenproducedusingtheHERWIG implementation[89] of theexactmassive matrix-element
calculation.

3.51 Singleleptonplusjetssample

Thesingleleptonplus jets topology,
� ��8� ����� � �¯� $;���J'&$ È¯È ' � � � arisesin  ø  �� d ø _�� d ©  d�R _ % of

all
����

events. Oneexpects,therefore,productionof almost2.5 million singleleptonplus jet eventsfor
anintegratedluminosityof 10 fb ��� , correspondingto oneyearof LHC runningat /�c ,&, cm� D s��� . The
presenceof ahigh , 0 isolatedleptonprovidesanefficient trigger. Theleptonandthehighvalueof JËÊ[Ì �½�-
give a largesuppressionof backgroundsfrom QCDmulti-jetsand

� � �
production.

For thesingleleptonplus jetssample,it is possibleto fully reconstructthefinal state.The four-
momentumof themissingneutrinocanbereconstructedby setting qÎÍ = 0, assigningJ`Í0 = J Ê[Ì �½�- , and
calculating,1ÍÏ , with aquadraticambiguity, by applyingtheconstraintthat qÎÐÑÍ = qsr .

An analysisby ATLAS [30] examineda typical setof selectioncuts. First, the presenceof an
isolatedelectronor muonwith ,�0 V 20GeVand t T<t�pX R i wasrequired,alongwith avalueof J Ê[Ì �½�- V
20 GeV. At leastfour jetswith , 0ÒV 20 GeV wererequired,wherethe jetswerereconstructedusinga
fixed conealgorithmwith conesizeof 5x = 0.7. After cuts,the major sourcesof backgroundswere�

+jet productionwith
� � �G� decay, and ( +jet eventswith ( � � e � � . Potentialbackgrounds

from
���

,
� ( , and (¯( gaugebosonpair productionhave alsobeenconsidered,but arereducedto a

negligible level aftercuts.

A cleansampleof
����

eventswasobtainedusing
�
-tagging.Requiringthatat leastoneof thejetsbe

taggedasa
�
-jet yieldedaselectionefficiency (notcountingbranchingratios)of 33.3%.For anintegrated

luminosity of 10 fb ��� , this would correspondto a signalof 820,000
����

events. The total background,
dominatedby

�
+jet production,leadsto asignal-to-background ratio (S/B)of 18.6.Tightercutscanbe

usedto selectaparticularlycleansample.Examplesof thiswill begivenin Section4.

3.52 Di-leptonsample

Di-lepton events,whereeachW decaysleptonically, provide a particularlycleansampleof
����

events,
althoughthe productof branchingratiosis small,  �� d ø  �� d © 4.9%. With this branchingratio, one
expectstheproductionof over400,000di-leptoneventsfor anintegratedluminosityof 10 fb ��� .

Thepresenceof two high , 0 isolatedleptonsallows theseeventsto betriggeredefficiently. Back-
groundsarisefrom Drell-Yanprocessesassociatedwith jets, ( �  e  � associatedwith jets,

���
+jets,



and
� � �

production.Typicalselectioncriteria[30, 90] requiretwo opposite-signleptonswithin t T�t�pX R i ,
with , 0ÓV 35 and25 GeV respectively, andwith J Ê[Ì �½�- V 40 GeV. For thecaseof like-flavour leptons
(   e   � and: e : � ), anadditionalcut t qÎÐÑÐ 6 q j t V /�c GeVwasmadeon thedi-leptonmassto remove
( candidates.Requiring,in addition,at leasttwo jetswith , 0ÎV 25 GeV produceda signalof 80,000
eventsfor 10 fb ��� , with S/B around10. Introducingtherequirementthatat leastonejet betaggedasa�
-jet reducedthesignalto about58,000eventswhile improving thepurity to S/B

©
50.

3.53 Multi-jet sample

The largestsampleof
����

eventsconsistsof the topology
����k� �Û��� � ��� $ È¯È '&$ È¯È ' � � � . The productof

branchingratiosof _�� d ø _�� d © 44.4%impliesproductionof 3.7million multi-jet eventsfor anintegrated
luminosityof 10 fb ��� . However, theseeventssuffer from a very largebackgroundfrom QCD multi-jet
events.In addition,theall-jet final stateposesdifficultiesfor triggering.For example,thetriggermenus
examinedsofar by ATLAS [30] considermulti-jet triggerthresholdsonly up to four jets,for whicha jet
J 0 thresholdof 55GeV is appliedat low luminosity. Furtherstudyis requiredto determineappropriate
thresholdsfor asix-jet topology.

At theFermilabTevatronCollider, boththeCDFandD0 collaborationshave shown thatit is pos-
sibleto isolatea

� ��
signalin thischannel.TheCDF collaborationhasobtainedasignalsignificanceover

backgroundof betterthanthreestandarddeviations[9] by applyingsimpleselectioncutsandrelying on
the high

�
-taggingefficiency ( Ô 46%). To compensatefor the lessefficient

�
-tagging,the D0 collab-

orationhasdevelopeda moresophisticatedevent selectiontechnique[10]. Ten kinematicvariablesto
separatesignalandbackgroundwereusedin aneuralnetwork, andtheoutputwascombinedin asecond
network togetherwith threeadditionalvariablesdesignedto bestcharacterisethe

� ��
events.

ATLAS hasmadeaverypreliminaryinvestigation[30, 91] of asimpleselectionandreconstruction
algorithmfor attemptingto extractthemulti-jet

� ��
signalfrom thebackground.Eventswereselectedby

requiringsix or morejetswith , 0�V 15 GeV, andwith at leasttwo of themtaggedas
�
-jets. Jetswere

requiredto satisfy t T�t pü! ( t T�t ph R i for
�
-jet candidates).In addition,thescalarsumof thetransverse

momentaof thejetswasrequiredto begreaterthan200GeV. The
����

signalefficiency for thesecutswas
19.3%,while only 0.29%of the QCD multi-jet eventssurvived. With this selection,andassuminga
QCD multi-jet cross-sectionof 1.4 ø /�c � , mb for ,�0 (hardprocess)V 100GeV, oneobtainsasignal-to-
backgroundratioS/B

©
1/57.

Reconstructionof the
����

final stateproceededby first selectingdi-jet pairs,from amongthosejets
not taggedas

�
-jets,to form

� �ÕÈ�È
candidates.A � D r wascalculatedfrom thedeviationsof thetwo

q c^c valuesfrom the known valueof q r . The combinationwhich minimisedthe valueof � D r was
selected,andeventswith � D r V 3.5wererejected.For acceptedevents,thetwo

�
candidateswerethen

combinedwith
�
-taggedjets to form top andanti-topquarkcandidates,anda � D � wascalculatedasthe

deviation from theconditionthatthetopandanti-topmassesareequal.Again, thecombinationwith the
lowest � D � wasselected,andeventswith � D � V 7 wererejected.After this reconstructionprocedureand
cuts,thevalueof S/Bimprovedto 1/8within themasswindow 130-200GeV. Increasingthe , 0 threshold
for jetsled to somefurtherimprovement;for example,requiring, c0 V 25 GeVyieldedS/B = 1/6.

Theisolationof a top signalcanbefurther improvedin a numberof ways,suchasusinga multi-
variatediscriminantbasedonkinematicvariableslikeaplanarity, sphericityor 5x (jet-jet),or restricting
theanalysisto a sampleof high , �×ÖIØ0 events.Thesetechniquesareundergoing further investigation,but
it will bevery difficult to reliably extract thesignalfrom thebackgroundin this channel.In particular,
themulti-jet ratesandtopologiessuffer from very largeuncertainties.

3.54 Measurementof the
����

invariant massspectrum

As discussedpreviously, propertiesof
� ��

eventsprovide importantprobesof bothSM andBSM physics.
For example,a heavy resonancedecayingto

����
might enhancethe cross-section,andmight producea



peakin the q �32� invariantmassspectrum.Deviationsfrom theSM top quarkbranchingratios,duefor
exampleto a large rateof

�¡� � e � , could leadto anapparentdeficit in the
����

cross-sectionmeasured
with theassumptionthatBR(

�G� ���
) © 1.

Dueto thevery largesamplesof topquarkswhichwill beproducedat theLHC, measurementsof
thetotalcross-sectionK�$ � �� ' will belimited by theuncertaintyof theintegratedluminositydetermination,
which is currentlyestimatedto be5%-10%.Thecross-sectionrelative to someotherhardprocess,such
as ( production,shouldbemeasuredmoreprecisely.

Concerningdifferentialcross-sections,particularattentionhasthusfar beenpaidby ATLAS [30]
tomeasurementof the q � 2� invariantmassspectrum.A numberof theoreticalmodelspredicttheexistence
of heavy resonanceswhichdecayto

����
. An examplewithin theSM is theHiggsboson,whichwill decay

to
����

providedthedecayis kinematicallyallowed. However, thestrongcouplingof theSM Higgsboson
to the

�
and ( implies that thebranchingratio to

� ��
is never very large. For example,for qMý = 500

GeV, theSM Higgsnaturalwidth would be63 GeV, andBR(
� �¥����

)
© /�a %. The resultingvalueof

K ø BR for
�§�¥����

in theSM is not sufficiently large to seea Higgspeakabove the large background
from continuum

� ��
production.In thecaseof MSSM, however, if q ý ² Å V  �1 � , thenBR(

� �UM �¥� ��
)©

100%for ��� Ê�� © / . For thecaseof scalaror pseudo-scalarHiggs resonances,it hasbeenpointed
out [73, 74] that interferencecanoccurbetweentheamplitudefor theproductionof the resonancevia
�C� �¥� �UM � ����

andtheusualgluonfusionprocess�C� � ����
. Theinterferenceeffectsbecomestronger

astheHiggs’ massandwidth increase,severelycomplicatingattemptsto extracta resonancesignal.

Thepossibleexistenceof heavy resonancesdecayingto
� ��

arisesin technicolormodels[92] aswell
asothermodelsof strongEW symmetrybreaking[93]. Recentvariantsof technicolortheories,suchas
Topcolor[94], positnew interactionswhicharespecificallyassociatedwith thetopquark,andcouldgive
riseto heavy particlesdecayingto

����
. Since

����
productionat theLHC is dominatedby �C� fusion,colour

octetresonances(“colourons”)couldalsobeproduced[95].

Becauseof the large varietyof modelsandtheir parameters,ATLAS performeda study[30, 96]
of the sensitivity to a “generic” narrow resonancedecayingto

����
. Eventsof the singleleptonplus jets

topology
� �� � ����� � �k� $;�G�J'&$ È�È ' � � � wereselectedby requiring J Ê[Ì �½�- V  �c GeV, andthe presence

of an isolatedelectronor muonwith , 0ÙV  �c GeV and t T�t<pû R i . In addition, it wasrequiredthat
therewerebetweenfour andten jets,eachwith ,�0 V  �c GeV and t T�t�p ! R  . At leastoneof the jets
wasrequiredto be taggedasa

�
-jet. After thesecuts, the backgroundto the

� ��
resonancesearchwas

dominatedby continuum
� ��

production.

The momentumof the neutrinowasreconstructed,asdescribedpreviously, by setting q Í = 0,
assigningJ`Í0 = J Ê[Ì �½�- , andcalculating,1ÍÏ (with a quadraticambiguity)by applyingtheconstraintthat
q Ð<Í = qMr . The hadronic

� � È�È
decaywasreconstructedby selectingpairsof jets from among

thosenot taggedas
�
-jets. In caseswheretherewereat leasttwo

�
-taggedjets,candidatesfor

�n� ���
wereformedby combiningthe

�
candidateswith each

�
-jet. In eventswith only a single

�
-taggedjet,

this wasassignedasoneof the
�
-quarksandeachof thestill unassignedjetswasthenconsideredasa

candidatefor theother
�
-quark.

Amongthemany differentpossiblejet-partonassignments,thecombinationwaschosenthatmin-
imisedthefollowing � D :

� D -X$&q c^c 
 6 1 � '
D �GK D $&q chc 
 ' F�$&q ÐÑÍ 
 6 1 � '

D �GK D $&q ÐÑÍ 
�'�F�$&q c^c 6 q r '
D �GK D $&q chc '

Eventswererejectedif either q ÐÑÍ 
 or q c^c 
 disagreedwith theknown valueof 1 � by morethan30GeV.

For eventspassingthereconstructionprocedure,themeasuredenergieswererescaled,according
to their resolution,to give the correctvaluesof q r and 1 � for the appropriatecombinations.This
procedureimprovedtheresolutionof themassreconstructionof the

� ��
pair to K�$&q �32� '&��q �32� © _ R _ %. As

anexample,Fig. 11shows thereconstructedq � 2� distribution for anarrow resonanceof mass1600GeV.
Thewidth of theGaussiancoreis well describedby the resolutionfunctiondescribedabove. Thesize
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of thetails,whicharedominatedby incorrectjet-partonassignments,is suchthatapproximately65%of
theeventsarecontainedwithin ëËìGí of thepeak.

Thereconstructionefficiency, not includingbranchingratios,for îðïî � ���òñ ïñQ�ôó<õ�ö.÷Oó<ø�ø1÷Oñ ï ñ was
about20%for a resonanceof mass400GeV, decreasinggraduallyto about15%for ù�ú3ûú = 2 TeV.

For a narrow resonanceü decayingto î ïî , Fig. 12 shows the required íAý BR(ü � î ïî ) for dis-
covery of the resonance.The criterion usedto definethediscovery potentialwasobservation within a
ëËìGí masswindow of asignalabove the î ïî continuumbackground,wheretherequiredsignalmusthave
astatisticalsignificanceof at least5í andmustcontainat leasttenevents.Resultsareshown versusù�þ
for integratedluminositiesof 30 fb ÿ�� and300fb ÿ�� . For example,with 30 fb ÿ�� , a 500GeV resonance
could be discoveredprovided its íAý BR is at least2560fb. This valuedecreasesto 830 fb for ù=þ =
1 TeV, andto 160fb for ù=þ = 2 TeV. Thecorrespondingvaluesfor anintegratedluminosityof 300fb ÿ��
are835fb, 265fb, and50 fb for resonancesmassesù=þ = 500GeV, 1 TeV, and2 TeV, respectively.

Oncepredictionsfrom modelsexist for themass,naturalwidth, and íAý BR for a specificreso-
nance,the resultsin Fig. 12 canbe usedto determinethe sensitivity anddiscovery potentialfor those
models.As discussedabove,for thecaseof scalaror pseudo-scalarHiggsresonances,extracaremustbe
takendueto possibleinterferenceeffects.While sucheffectsaresmallfor thecaseof anarrow resonance,



Fig.13: Forvariousintegratedluminosities,5ä discoverycontoursin theMSSM(æ � , �����	� ) planefor thechannel
������ßOàß .

they canbesignificantoncethefinite widthsof heavy resonancesaretaken into account.For example,
ATLAS hasperformedananalysis[30, 97] of thedecays����� � î ïî in MSSM with ��������� �"!$# and
ù&%(' )+* ì�, ú . Assumingthe î ïî continuumbackgroundis well known, acombined�.-/� signalwould
bevisible for Higgsmassesin therangeof about370- 450GeV. However, theinterferenceeffectspro-
duceaneffective suppressionof thecombined� -0� productionratesof about30%for ù&%�' )1�32"4"5
GeV, increasingto 70%for massesof 450GeV, essentiallyeliminatingthepossibility to extract a sig-
nal for higherHiggs masses,andtherebyseverely limiting the MSSM parameterspacefor which this
channelhasdiscovery potential(seeFig. 13).

4. TOP QUARK MASS3

As discussedin Section2.2 one of the main motivations for top physicsat the LHC is an accurate
measurementof thetop mass.CurrentlythebestTevatronsingle-experimentresultson , ú areobtained
with the leptonplus jets final states. Theseyield: , ú = 175.9 ë 4.8 (stat.) ë 5.3 (syst.) (CDF) [6]
and173.3 ë 5.6 (stat.) ë 5.5 (syst.) (DØ) [5]. Thesystematicerrorsin bothmeasurementsarelargely
dominatedby the uncertaintyon the jet energy scalewhich amountsto 4.4 GeV and4 GeV for CDF
andDØ, respectively. On theotherhand,thesystematicerrorsin thedi-leptonchannelsaresomewhat
less,but the statisticalerrorsare significantly larger, by a factor of 67 2, as comparedto the lepton
plus jetsfinal states.Futurerunsof theTevatronwith anabout20-fold increasein statisticspromisea
measurementof the top masswith an accuracy of up to 8 3 GeV [98]; in the leptonplus jets channel
theerror is dominatedby thesystematicswhile in thedi-leptonchannelsthe limiting factoris still the
statistics.

Severalstudiesof theaccuracy which canbeexpectedwith theLHC experimentshave beenper-
formedin thepast[99]. It is interestingto seewhetheronecanusethe large statisticsavailableaftera
few yearsof high-luminosityrunningto pushtheprecisionfurther. In particular, it is interestingto study
theultimateaccuracy achievableatahadroniccollider, andthefactorsthatlimit thisaccuracy.

In the following subsections,we begin with generalremarkson the top quarkmassanda very
brief review of thepresentstatusof thetheoreticalunderstandingof topquarkmassmeasurementin the
thresholdscanat a future 9;:<9 ÿ collider. We thenpresentthe resultsof a recentstudiesof top mass
reconstructionat the LHC. The techniquesusedinclude the study of the lepton plus jets final states
(inclusive, aswell aslimited to high-=?> top quarks),di-leptonfinal states(usingthedi-leptonsfrom the
leptonicdecayof both @ ’s,aswell assampleswheretheisolated@ leptonis pairedwith anon-isolated

3Sectioncoordinators:M. Beneke, M.L. Mangano,I. Efthymiopoulos(ATLAS), P. Grenier (ATLAS), A. Kharchilava
(CMS).



leptonfrom thedecayof thecompanion
ñ

hadron).A very promisinganalysisusingthe AB��C from theñ
hadrondecaypairedwith the leptonfrom the leptonicdecayof the @ is discussedat the end. The

conclusionsof thesestudiesindicatethatanaccuracy of 2 GeV shouldbeachievablewith thestatistics
available after only 1 year of running at low luminosity. An accuracy of 1 GeV accuracy could be
achievedafterthehigh luminosityphase.

4.1 General remarks and the top mass measurement in DE:BD ÿ annihilation

Althoughonespeaksof “the” top quarkmass,oneshouldkeepin mind that theconceptof quarkmass
is convention-dependent. Thetop quarkpolemassdefinition is oftenimplicit, but in a confiningtheory
it canbeusefulto chooseanotherconvention.This is trueevenfor top quarkswhenonediscussesmass
measurementswith an accuracy of orderof or below thestronginteractionscale.Sincedifferentmass
conventionscandiffer by 10GeV(seeSection2.1),thequestionariseswhichmassis actuallydetermined
to anaccuracy of � - ì GeV by aparticularmeasurement.

Thesimpleansweris thata particularmeasurementdeterminesthosemassparametersaccurately
in termsof which uncalculatedhigherordercorrectionsto thematrix elementsof theprocessaresmall.
This in turn may dependon the accuracy oneaimsat andthe order to which the processhasalready
beencalculated.To clarify thesestatementswebriefly discussthetopquarkmassmeasurementatahigh
energy 9 : 9¯ÿ collider.

“The” topquarkmasscanbemeasuredin 9;:F9 ÿ collisionsby recontructingtopquarkdecayprod-
uctsin muchthesameway asat theLHC. In addition,thereexiststheuniquepossibilityof determining
themassin pairproductionnearthreshold.This is consideredto bethemostaccuratemethod[100] and
it appearsthatanuncertaintyof G , úIH 5"!$�"# GeV canbeachieved for thetop quark ùKJ masswith the
presentlyavailabletheoreticalinput [101]. This is a factortwo improvementcomparedto theaccuracy
that could be achieved with the sametheoreticalinput if the crosssectionwereparametrisedin terms
of the top quarkpole mass.The fundamentalreasonfor this differenceis the fact that the conceptof
a quarkpole massis intriniscally ambiguousby an amountof order LNM�OQP [102] and this conclusion
remainsvalid even if thequarkdecayson averagebeforehadronisation[103]. In thecontext of pertur-
bationtheorythis ambiguitytranslatesinto sizeablehigherordercorrectionsto thematrix elementsof a
given processrenormalizedin thepolemassscheme.This makesit preferableto chooseanothermass
conventionif largecorrectionsdisappearin thiswayasis thecasefor thetotalcrosssectionin 9 : 9¯ÿ an-
nihilation, becausethetotal crosssectionis lessaffectedby non-perturbative effectsthanthepolemass
itself. Note,however, thatdespitethispreferencethepositionof thethresholdis closerto twice thepole
massthantwicethe RTS mass,hencealeadingordercalculationdeterminesthepolemassmorenaturally.
It is possibleto introduceintermediatemassrenormalizationsthatarebetterdefinedthanthepolemass
andyet adequateto physicalprocessesin which top quarksarecloseto massshell [101, 104]. Thecon-
clusionthat thetop quarkpolemassis disfavouredis basedon theexistenceof suchmassredefinitions
andtheexistenceof accuratetheoreticalcalculations.

The situationwith massdeterminationsat the LHC appearsmuchmorecomplicated,sincethe
massreconstructionis to a large extent an experimentalprocedurebasedon leadingorder theoretical
calculations,which arenot sensitive to massrenormalizationat all. Furthermoretheconceptof invari-
antmassof a top quarkdecaysystemis proneto “large” non-perturbative correctionsof relative order
LUM�OQPV��, ú , becausethe lossor gainof a soft particlechangesthe invariantmasssquaredby anamount
of order , ú L M�O"P . The parametricmagnitudeof non-perturbative correctionsis of the sameorderof
magnitudeasfor thetopquarkpolemassitself andcannotbedecreasedby choosinganothermassrenor-
malizationprescription.For this reason,top massmeasurementsbasedon reconstructing, ú from the
invariantmassof thedecayproductsof a singletop quarkshouldbeconsideredasmeasurementsof the
top quarkpolemass.Fromtheremarksabove it follows that thereis a limitation of principleon theac-
curacy of suchmeasurements.However, underLHC conditionstheexperimentalsystematicuncertainty
discussedlater in this sectionis the limiting factor in practice. A potentialexceptionis the measure-



Table6: Efficiencies(in percent)for theinclusive ßOàß singleleptonplusjetssignalandfor backgroundprocesses,asa function

of theselectioncutsapplied.No branchingratiosareincludedin thenumbers.Thelastcolumngivestheequivalentnumberof

eventsfor anintegratedluminosityof 10 fb é�ê , andthesignal-to-backgroundratio.

=XW> * ì"5 GeV asbefore, asbefore, events,
Process Y[ZE\^]_]> * ì"5 GeV plus `badc úFegf plus `bh ÿ adc ú e ì per10 fb ÿ��
î ïî signal 64.7 21.2 5.0 126000
@i- ø 9Oî�j 47.9 0.1 0.002 1658k - ø 9Oî�j 15.0 0.05 0.002 232
@l@ 53.6 0.5 0.006 10
@ k 53.8 0.5 0.02 8kmk

2.8 0.04 0.008 14
Totalbackground 1922
Jn�"o 65

mentof , ú in the decaymode
õ AB��C8ü discussedat the endof this section,sincethe systematicerror

is estimatedto be below � GeV andsincethesystematicerror is to a large extent theoretical.It would
beinterestingto investigatenon-perturbative powercorrectionsandprincipleobstructionsto anaccurate
massmeasurementfor this process.This analysishashowever not yet beencarriedout in any detail,
comparableto thethresholdscanin 9 : 9¯ÿ annihilation.

4.2 p&q in the lepton plus jets channel. Inclusive sample

The inclusive leptonplus jetschannelprovidesa large andcleansampleof top quarksfor massrecon-
struction.Consideringonly electronsandmuons,thebranchingratioof thischannelis 29.6%.Therefore,
onecanexpectmorethan2 millions eventsfor oneyearof runningat low luminosity. ATLAS performed
ananalysisin thatchannelusingeventsgeneratedusingPYTHIA [52] andtheATLAS detectorfastsimu-
lation packageATLFAST [105]. Thetopmassis determinedusingthehadronicpartof thedecay, asthe
invariantmassof thethreejetscomingfrom thesametop: , ú = , ara h . Theleptonictop decayis usedto
tagtheeventwith thepresenceof a high =s> leptonandlarge Y ZB\t]_]> . For thebackgroundprocesses,the
HERWIG [51, 89] generatorwasusedfor thebackgroundprocess@ ñ ï ñ .

Thefollowing backgroundprocesseshavebeenconsidered:
ñ ï ñ , @u- ø 9�îvj with @xw õGö

,
k - ø 9�îvj

with
k w õ : õ ÿ , @l@ with one @xw õGö

and the other @xwzy ïy , @ k with @xw õGö
and
k wzy ïy ,kmk

with one
k w õ : õ ÿ and

k w{y ïy , and @ ñ ï ñ with @|w õ�ö
. Eventsareselectedby requiringan

isolatedleptonwith =?>}* ì"5 GeV and ~ �I~ � ì"!$# , Y ZE\^]_]> * ì"5 GeV, andfour jetswith =?>}* f 5 GeV and
~ �I~ � ì"!$# , of which two of themwererequiredto be taggedas

ñ
-jets. Jetswerereconstructedusinga

fixed conealgorithmwith ��� = 0.4. Although at productionlevel the signalover backgroundis very
unfavourable,after theselectioncutsandfor anintegratedluminosityof 10 fb ÿ�� , 126000signalevents
and1922backgroundeventswerekept,yielding avalueof J	�"o����"# (seeTable6).

The reconstructionof the decay @|w ø¯ø
is first performed. The invariantmass,�ara of all the

combinationsof jets (with =?>�* f 5 GeV and ~ ��~ ��ì"!$# ) that werenot taggedas
ñ
-jets is computedand

thejet pair with aninvariantmassclosestto ,�� is selectedasthe @ candidate.Fig. 14 representsthe
invariantmassdistribution of the selectedjet pairs. The reconstructed@ massis consistentwith the
generatedvalue,themassresolutionbeing7.8GeV. Within awindow of ëËì"5 GeV aroundthe @ mass,
thepurity (P)andtheoverallefficiency (E) of the @ reconstructionarerespectively P=67%andE=1.7%.
Additional pair associationcriteria,suchasrequiringthe leadingjet to bepartof thecombination,did
not improve significantlythepurity andhave not beenconsideredfurtherin theanalysis.@ candidates,
retainedif ~ ,�ara�� ùT��~?� ì"5 GeV, have thento beassociatedwith one

ñ
-taggedjet to reconstructthe

decayî(w{@ ñ . To reconstructtheright combination,someassociationcriteriahave beentried,suchas
choosingthe

ñ
-jet furthestfrom theisolatedlepton,the

ñ
-jet closestto thereconstructed@ , andchoosing
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the
ø¯ø1ñ

combinationhaving thehighest=?> for thereconstructedtop. Thesevariousmethodsgavesimilar
results. Fig. 14 presentsthe invariantmassdistribution of the reconstructedtop whenthe

ø�ø�ñ
combi-

nationhaving thehighest=s> hasbeenusedasassociationcriteria. No ù&� constraintis appliedfor the
light quarkjets. For anintegratedluminosityof 10fbÿ�� , thetotal numberof reconstructedtop is 32000
events,of which30000arewithin a window of ëU2"# GeV aroundthegeneratedtop mass, ú = 175GeV.
The total numberof combinatorialeventsis 34000,of which 14000arewithin themasswindow. The
numberof backgroundeventscomingfrom otherprocessesis negligible. The , ara h distribution fitted
by a Gaussianplus a third orderpolynomialyields a top massconsistentwith the generatedvalueof
175 GeV anda top massresolutionof 11.9GeV. The resultingstatisticaluncertaintyfor an integrated
luminosityof 10fbÿ�� is G�, ú = 0.070GeV.

The dependenceof the top reconstructionalgorithm on the top masshasbeenchecked using
several samplesof î ïî eventsgeneratedwith differentvaluesof , ú rangingfrom 160 to 190 GeV. The
results,shown in Fig.15,demonstratealineardependenceof thereconstructedtopmassonthegenerated
value:thedatapointsarefitted to a linearfunctionwith �<�Q���<�X�s���"!$4"�"� . Thestabilityof themassvalue
asafunctionof thetransversemomentumof thereconstructedtop(=?> (top))wasalsochecked.As shown
in Fig. 15, no significant = > (top) dependenceis observed: the datapointsarefitted to a constantwith
���"�����?�s���"!×ì"#"�"# . For moredetailsof thisanalysis,see[106].
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Fig. 16: Invariant ����� massdistributions.Left: from fastsimulation.Right: from full simulation.

The resultspresentedabove, obtainedwith a fastsimulationpackage,have beencross-checked
with 30000eventspassedthroughthe ATLAS GEANT-basedfull simulationpackage[107]. In full
simulation,in orderto save computingtime, eventshave beengeneratedunderrestrictive conditionsat
thegeneratorlevel. Thecomparisonis doneby usingthesamegeneratedeventswhichhavebeenpassed
throughboth the fastandfull simulationpackages.Theresults,in termsof purity, efficiency andmass
resolutionsshow a reasonableagreementbetweenfastandfull simulation.In addition,asit is shown in
Fig. 16, the shapeandamountof the combinatorialbackgroundfor the , ada h distributionsarein good
agreementbetweenthetwo typesof simulations.

It hasto be notedthat for this analysisaswell as for the other top massreconstructionstudies
performedwithin ATLAS, thejetswerecalibratedusingtheratio =?> (parton)/=?> (jet) obtainedfromMonte
Carlosamplesof di-jet eventsor ��w ñ ï ñ with ,�%3�3�"5"5 GeV. In thataspectthis calibrationdoesnot
includeall possibledetectoreffectsandcorrections.Moredetailscanbefoundin Chapter20of [30] and
in AppendixA.

4.3 p q in the lepton plus jets channel. High �I� sample

An interestingpossibility at theLHC, thanksto the large î ïî productionrate,is theuseof specialsub-
samples,suchaseventswherethetop andanti-topquarkshave high = > . In this case,they areproduced
back-to-backin thelab-frame,andthedaughtersfrom thetwo top decayswill appearin distinct“hemi-
spheres”of thedetector. Thistopologywouldgreatlyreducethecombinatorialbackgroundaswell asthe
backgroundsfrom otherprocesses.Furthermore,thehigheraverageenergy of thejetsto bereconstructed
shouldreducethesensitivity to systematiceffectsdueto thejet energy calibrationandto effectsof gluon
radiation.However, in thiscaseacompetingeffectappearswhichcanlimit theresultingprecision:asthe
top =s> increases,thejet overlappingprobabilityincreasesaswell, whichagainaffectsthejet calibration.
ATLAS performedapreliminarystudyof thispossibilityusingtwo differentreconstructionmethods:
  in thefirst oneananalysissimilar to theinclusive caseis done,with , ú beingreconstructedfrom

thethreejetsin theonehemisphere(, ú =, ada h );  in thesecondone,, ú is reconstructedsumminguptheenergiesin thecalorimetertowersin alarge
conearoundthetopdirection.

In thefollowing paragraphs,highlightsof theseanalysesarediscussed.

4.31 JetAnalysis

High =s> î ïî eventsweregeneratedusingPYTHIA 5.7 [52] with a =?> cut on the hardscatteringprocess
above 200 GeV. The expectedcross-sectionin this caseis about120 pb, or about14.5%of the total
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massdistributionof theacceptedcombinationsfor thehigh p"� (top) sample.Bothdistributionsarenormalisedto anintegrated

luminosityof 10fbé1ê .
îðïî productioncross-section.The selectioncuts requiredthe presenceof an isolatedleptonwith =?>}*
2"5 GeV and ~ �I~ �òì"!$# , and Y ZB\t]_]> *l2"5 GeV. Thetotal transverseenergy of theeventwasrequiredto be
greaterthan450GeV. Jetswerereconstructedusinga conealgorithmwith radius �¢� =0.4. Theplane
perpendicularto thedirectionof theisolatedleptonwasusedto dividethedetectorinto two hemispheres.
Consideringonly jets with =?>}* f 5 GeV and ~ �I~ � ì"!$# , the cutsrequiredone

ñ
-taggedjet in the same

hemisphereasthelepton,andthreejets,oneof which was
ñ
-tagged,in theoppositehemisphere.Di-jet

candidatesfor the @xw ø�ø
decaywereselectedamongthenon-

ñ
-taggedjetsin thehemisphereopposite

to thelepton.Theresultant,�ada invariantmassdistribution is shown in Fig. 17(left). Fitting thesix bins
aroundthepeakof themassdistributionwith aGaussian,yieldeda @ massconsistentwith thegenerated
value,anda ,�ara resolutionof 7 GeV, in goodagreementwith that obtainedfor the inclusive sample.
Di-jets with 40 GeV��, ara � 120 GeV were thencombinedwith the

ñ
-taggedjet from the hemisphere

oppositeto theleptonto form î(w ø¯ø1ñ
candidates.Finally, thehigh =?> (top)requirementwasimposedby

requiring=s> (ø¯ø1ñ ) * ì"#"5 GeV. With thesecuts,theoverallsignalefficiency was1.7%,andthebackground
from sourcesother than î ïî was reducedto a negligible level. The invariant massdistribution of the
accepted

ø�ø�ñ
combinationsis shown in Fig. 17 (right). Fitting thesix binsaroundthepeakof themass

distribution with a Gaussian,yieldeda top massconsistentwith thegeneratedvalueof 175GeV, anda
, ara h massresolutionof 11.8GeV. For an integratedluminosity of 10 fb ÿ�� , a sampleof 6300events
would becollectedin ATLAS, leadingto a statisticalerrorof G�, ú (stat.) = ë 0.25GeV, which remains
well below thesystematicuncertainty. As in thecaseof theinclusive sample,no strong=?> dependence
wasobservedandthereconstructedmassdependslinearly on theMonteCarloinput value.

4.32 Usinga large calorimetercluster

For sufficiently high =?> (top) values,the jets from the top decayare closeto eachother with a large
possibilityof overlap.In suchacaseit mightbepossibleto reconstructthetopmassby collectingall the
energy depositedin thecalorimeterin a largeconearoundthetopquarkdirection.Sucha techniquehas
thepotentialto reducethesystematicerrors,sinceit is lesssensitive to thecalibrationof jetsandto the
intrinsic complexities of effectsdueto leakageoutsidethesmallercones,energy sharingbetweenjets,
etc. Someresultsfrom a preliminaryinvestigationof thepotentialof this techniquearediscussedhere.
More detailsof theanalysiscanbefoundin [30, 108].

Similar event selectioncriteria as in the previous casewereused: an isolatedleptonwith = > *
ì"5 GeV and ~ �I~ � ì"!$# , Y ZB\t]_]> * ì"5 GeV, one

ñ
-taggedjet (with �¢� =0.4and=?>£* ì"5 GeV) in thelepton

hemisphere,andat least3 jets in the hemisphereoppositeto the lepton( �¢� =0.2, = > *�ì"5 GeV) with
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oneof them
ñ
-tagged. For the acceptedevents,the two highest=s> non-

ñ
-taggedjets werecombined

with thehighest=?> ñ -jet candidatein thehemisphereoppositeto the leptonto form candidatesfor theø�ø�ñ
hadronictopdecay. Theselected

ø�ø1ñ
combinationwasrequiredto have =?>£*��"#"5 GeVand ~ �I~ � ì"!$# .

With theseselectioncriteria, about13000eventswould be expectedin the masswindow from 145 to
200GeV, with apurity of 90%,for anintegratedluminosityof 10fbÿ�� . Thereconstructedinvariantmass
of the

ø�ø�ñ
combinationis shown in Fig. 18 (left). The directionof the top quarkwasthendetermined

from thejet momenta.Figure18(right) showsthedistance��� in
ó ��¨�© ÷ spacebetweenthereconstructed

andthetruetopdirectionat thepartonlevel, demonstratinggoodagreement.

A largeconeof radius ��� wasthendrawn aroundthetop quarkdirection,andthetop masswas
determinedby addingthe energies of all calorimeter“towers” within the cone. A calorimetertower
hasa sizeof Gª��ý«G¬© = 0.1ý 0.1,combiningthe informationof boththeEM andhadroniccalorimeters.
The invariantmassspectrumis shown in Fig. 19 (left) for a conesize �¢� = 1.3, andexhibits a clean
peakat the top quarkmass.Thefitted valueof the reconstructedtop massis shown in Fig. 19 (right),
whereit displaysa strongdependenceon theconesize.If initial (ISR) andfinal (FSR)stateradiationin
PYTHIA areturnedoff, thefitted massremainsconstant(to within 2%), independentlyof conesize.

The large dependenceof the reconstructedtop masson the conesize can be attributed to the
underlyingevent (UE) contribution. A methodwasdevelopedto evaluateandsubtractthe underlying
eventcontribution usingthecalorimetertowersnot associatedwith theproductsof thetop quarkdecay.
The UE contribution wascalculatedastheaverageY> depositedper calorimetertower, averagedover
thosetowerswhich werefar away from the reconstructedjets of the event. As expected,the average
Y > per calorimetertower increasesasmoreactivity is added,especiallyin the caseof ISR. However,
only a rathersmalldependenceis observedon theradius ��� usedto isolatethetowersassociatedwith
the hardscatteringprocess.The resultingvalueof the reconstructedmass(,�®°¯²± c ), with andwithout
UE subtraction,is alsoshown in Fig. 19 (right) asa functionof theconeradius. As canbeseen,after
theUE subtraction,thereconstructedtop massis independentof theconesizeused.As a cross-check,
the mean Y> per cell subtractedwasvariedby ë 10% andthe top massrecalculatedin eachcase.As
shown superimposedon Fig. 19 (right), these“miscalibrations”leadto a re-emergenceof a dependence
of , ú on theconesize. While theprescriptionfor theUE subtractiondoesleadto a top masswhich is
independentof theconesize,it shouldbenotedthat thereconstructedmassis about15 GeV (or 8.6%)
below thenominalvalue,, ú = 175GeV, implying thata ratherlargecorrectionis needed.
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To investigateif this correctioncanbe extractedfrom the datawithout relying on Monte Carlo
simulations,the sameprocedurewasappliedto a sampleof @l- jet eventsgeneratedwith a rangeof
=?> comparableto that of the top sample.The @ wasforcedto decayhadronicallyinto jets. The UE
contribution wasestimatedwith thesamealgorithmasdescribedabove. The resultsagreedwithin 1%
with thevaluesdeterminedfor thehigh =?> (top)sample.As in thecaseof thetopevents,thereconstructed
@ massafter UE subtractionis independentof the conesize. The averagevalueof ,�ara after the UE
subtractionis about8.5GeV (or 10.6%)below thenominalvalueof , � . Thefractionalerroron , ada ,
asmeasuredwith the @ +jet sample,wasusedasacorrectionfactorto , ®°¯²± c in thehigh =?> (top)sample.
For aconeof radius��� = 1.3,thetopmassafterUE subtractionincreasesfrom 159.9GeVto 176.0GeV
after rescaling.The rescaledvaluesof , ®°¯²± c areabout1% higherthanthe generatedtop mass.This
over-correctionof , ú usingthe valueof ,�� measuredwith the samemethod,is mainly due to ISR
contributions.If ISR is switchedoff, therescalingprocedureworksto betterthan1%.

4.4 Systematic uncertainties on the measurement of p«q in the single lepton plus jets channel

For the analysespresentedabove within ATLAS, a numberof sourcesof systematicerror have been
studiedusing samplesof eventsgeneratedwith PYTHIA and simulatedmainly with the fast detector
packageATLFAST, but alsousinga relatively largenumberof fully simulatedeventsin orderto cross-
checksomeof theresults.Theresultsof thesestudiesaresummarisedin Fig. 20 anddiscussedbelow.

Jet energy scale:Themeasurementof , ú via reconstructionof î�w ø�ø1ñ
reliesonapreciseknowl-

edgeof the energy calibrationfor both light quark jets and
ñ
-jets. The jet energy scaledependson a

varietyof detectorandphysicseffects,includingnon-linearitiesin thecalorimeterresponse,energy lost
outsidethejet cone(due,for example,to energy sweptaway by themagneticfield or to gluonradiation
at large angleswith respectto the original parton),energy lossesdueto detectoreffects(cracks,leak-
age,etc.),and“noise” dueto the underlyingevent. Preliminarystudiesdonein ATLAS indicatethat
a jet energy scalecalibrationat the level of 1% for both light quarkand

ñ
-jetswould be feasibleat the

LHC (seediscussionin theAppendixA). In thecaseof the , ú reconstructedfrom the invariantmass
of thethreejets(, ara h ) the

ñ
-jet energy scaleentersdirectly in themeasurementandthereforeit mustbe

calibratedfrom othersources,while the energy of the two light quarkjets canbe calibratedevent-by-
eventusingthe @ massconstraint.This would work quitewell at leastfor theinclusive sample,where
the jets arewell separated.In thehigh =?> case,energy sharingalgorithmsandcorrectionsfor the two
jets areneeded,andthereforein order to be conservative we assumein the following that no suchan
event-by-eventcorrectioncanbemade.To estimatetheeffectof anabsolutejet energy scaleuncertainty,
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different“miscalibration” coefficientswereappliedto the measuredjet energies. A linear dependence
wasobserved.ñ

-quarkfragmentation:Thefractionof theoriginal
ñ
-quarkmomentumwhich will appearasvis-

ible energy in thereconstructionconeof thecorresponding
ñ
-jet dependson thefragmentationfunction

of the
ñ
-quark. This function is usuallyparametrisedin PYTHIA in termsof onevariable, Àdh , usingthe

Petersonfragmentationfunction [109]. To estimatethe systematicerror in , ú , the “default” valuefor
À�h (=-0.006)wasvariedwithin its experimentaluncertainty(0.0025)[110, 19] andthedifferencein the
reconstructed, ú wastakenasthesystematicerror G�, ú .

Initial andfinal stateradiation: Thepresenceof ISR or FSRcanimpactthemeasurementof , ú .
To estimatethe systematicerror due to these,datasamplesweregeneratedwhereISR or FSR in the
PYTHIA generatorwereswitchedoff. In thecaseof FSR,a largemassshift wasobservedfor ajet coneof
��� =0.4. This is reducedasexpectedwhena largerconeis used.Clearlythis caseis ratherpessimistic
sincetheknowledgein both ISR andFSRis typically at the level of 10%. Thereforeasa conservative
estimateof theresultantsystematicerrorsin , ú , 20%of themassshiftswereused.

An alternative approachusesthemeasuredjet multiplicity to search,event-by-event,for thepres-
enceof hardgluonradiation.Following theconventionfor this approachadoptedat theTevatron[5, 6],
the massshift would be definednot by comparingeventswith radiationswitchedon andeventswith
radiationswitchedoff, but by the difference,�m, ú , betweenthe valueof , ú determinedfrom events
with exactly four jets andthat determinedfrom eventswith morethanfour jets. The systematicerror
dueto effectsof initial andfinal radiationwould thenbeconsideredas G�, ú = �N, ú / Á �Gì . Sucha calcu-
lation would yield systematicerrorsof approximately0.4-1.1GeV, smallerthanthemoreconservative
approachadoptedhere.

Background:Uncertaintiesin thesizeandshapeof thebackground,whichis dominatedby “wrong
combinations”in îðïî events,canaffect thetop massreconstruction.Theresultantsystematicuncertainty



on , ú wasestimatedby varyingtheassumptionsonthebackgroundshapein thefitting procedure.Fitsof
the , ara h distribution wereperformedassuminga Gaussianshapefor thesignalandeithera polynomial
or a thresholdfunction for the background.Varying the backgroundfunction resultedin a systematic
error on , ú of 0.2 GeV. The structureof the UE canaffect the top massreconstruction.However, as
discussedabove, it is possibleto estimateandcorrectfor thiseffectusingdata.Giventhelargestatistics
availableat theLHC, it is assumedthattheresidualuncertaintyfrom theunderlyingeventwill besmall
comparedto theothererrors(notethat theUE denotesherea minimumbiasevent,sincethe impactof
ISRhasalreadybeenaccountedfor).

For theparticularcaseof the , ú reconstructedusingalargecalorimetercluster, similarprocedures
wereadoptedto estimatethethesystematicerrors.It is importantto noticethat,asexpected,theuseof a
largeconesubstantiallyreducestheeffectsof FSRand

ñ
-quarkfragmentation,eachof which givesrise

to a systematicerrorof 0.1 GeV. Theuncertaintyarisingfrom ISR, which canaffect thedetermination
of theUE subtraction,is about0.1GeV aswell. However, themainuncertaintyin this techniquecomes
from thecalibrationprocedure.Thecalibrationwith the @l- jet sampleproducesa valueof , ú which
is about1%above thegeneratedvalue.Furthermore,the @|w ø�ø

eventswouldsuffer from background
from QCD multi-jet events. On-goingstudiessuggestthat onecould calibrateusing @xw ø¯ø

decays
from the high =?> (top) eventsthemselves, selectingthoseeventsin which the

ñ
-taggedjet is far away

from theothertwo jetsof the @ decayandthenreconstructingthe @xw ø¯ø
decayusinga singlecone

of size ��� = 0.8.Furtherstudyis requiredto reliablyestimatethepotentialof thiscalibrationprocedure,
andthereforeaconservative systematicuncertaintyof 1% is assignedto it.

4.5 p q in the di-lepton channel

Di-Lepton eventscan provide a measurementof the top quark masscomplementaryto that obtained
from thesingleleptonplus jetsmode. The signatureof a di-leptonevent consistsof two isolatedhigh
=?> leptons,high Y ZB\^]Â]> dueto theneutrinos,andtwo jetsfrom the

ñ
-quarks.Themeasurementof , ú using

di-leptoneventsis not a directmeasurementasin thepreviouscasebut it relieson therelationbetween
the kinematicaldistributions of the top decayproductsand , ú , and on how they can be reproduced
by the Monte Carlo simulation. About 400000di-lepton î ïî eventsare expectedto be producedin a
datasamplecorrespondingto an integratedluminosity of 10 fb ÿ�� . Backgroundsarisefrom Drell-Yan
processesassociatedwith jets,

k wÄÃ}Ã associatedwith jets, @l@�- jetsand
ñ ï ñ production.

Of themany possiblekinematicvariableswhichcouldbestudied,ATLAS performedapreliminary
studyusing: the mass,�Å_h of the lepton+

ñ
-jet system,the energy of the two highest Y�> jets, andthe

mass,�ÅÂÅ of the di-leptonsystemformedwith both leptonsoriginating from the sametop decay(i.e.
î(w õ�ö.ñ

followed by
ñ w õGöXÆ

). The event selectioncriteria requiredtwo opposite-signleptonswithin
~ �I~ � ì"!$# , with =?>£*�2"# and25 GeVrespectively, andwith YUZB\t]_]> * f 5 GeV. Two jetswith =s>U* ì"# GeV
wererequiredin addition.After theselectioncuts,80000signaleventssurvived,with Jn�"o around10.

4.51 Topmassmeasurementusing,�Å_h
In this analysis,thevalueof , ú wasestimatedusingtheexpression:

, ú � � ù �� -Óì}ÇÈt,+ÉÅÂhvÊ �?Ë �Ì�KÈÂÍrÎ"Ï<Ð�Å_h ÊÂÑ (11)

Here, ÈÒ, ÉÅ_h Ê is the squaredmeaninvariantmassof the leptonand
ñ
-jet from the sametop decay. The

meanvalueof ÈÂÍrÎ"Ï<Ð�ÅÂh Ê , theanglebetweentheleptonandthe
ñ
-jet in the @ restframe,canberegarded

asan input parameterto be taken from Monte Carlo. To obtaina very cleansample,the two highest
= > jets wererequiredto be taggedas

ñ
-jets, leaving a total of about15200signaleventsper 10 fb ÿ�� .

Onecannotdetermine,in general,which leptonshouldbe pairedwith which
ñ
-jet. Thepairing which

gave thesmallervalueof ÈÒ, ÉÅÂh Ê waschosen,andcheckingtheparton-level informationshowedthatthis
criterionselectedthecorrectpairingin 85%of thecases,for ageneratedtopmassof 175GeV. Themean
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Fig. 21: Templatedistributionsof thetotalenergy of thetwo leadingjetsin ßOàß eventsfor topquarkmassesof 165and175GeV.

Thetwo distributionsarenormalisedto thesamearea.

value ÈÒ, ÉÅ_h Ê wasmeasuredfor samplesgeneratedwith differentinput top masses, , andthen , ú was
calculatedfrom theexpressionabove. For an integratedluminosityof 10 fb ÿ�� , theexpectedstatistical
uncertaintyon , ú usingthis methodis ëU5"!$Ó GeV. Major sourcesof systematicsincludeuncertaintyon
the

ñ
-quarkfragmentationfunction,which producesa systematicerroron , ú of 0.7 GeV if definedas

describedin Section4.4. Systematicerrorsdueto theeffectsof FSRandISR togetherareabout1 GeV,
while thosedueto varyingthejet energy scaleby 1%are0.6GeV. Furtherstudiesarerequiredto estimate
theuncertaintiesdueto therelianceupontheMonteCarlomodellingof the î ïî kinematics.

4.52 Topmassmeasurementusingtheenergy of thetwo leadingjets

Increasedsensitivity could beobtainedwith a techniquewhich utilisesnot only themean,but alsothe
shapeof thekinematicdistribution. As anexample,a studyhasbeenmadeof thesensitivity to , ú ob-
tainedby comparingto “template” distributions the energy of the two highest-Y�> jets. The template
distributionsweremadeby generatingPYTHIA samplesof îðïî eventswith differentvaluesof , ú in the
range160-190GeV, in stepsof 5 GeV. Figure 21 shows, as an example, the templatesobtainedfor
, ú �Ô�"�"# GeV and175GeV. For eachpossibletop massvalue , , a � � ó , ÷ wasobtainedby compar-
ing thekinematicaldistribution of thesimulateddatawith thetemplatesof mass, . Thebestvaluefor
themasswasthevaluewhich, for the “data” set,generatedwith , ú = 175GeV, gave theminimum � � .
For an integratedluminosityof 10 fb ÿ�� , theexpectedstatisticalsensitivity on , ú correspondsto about
ë 0.4GeV. Varyingthecalorimeterjet energy scaleby 1%producedasystematicerroron , ú of 1.5GeV.
Othersourcesof systematicerror resultfrom the dependenceof themethodon the MonteCarlo mod-
elling of the î ïî kinematics,andrequirefurtherstudy. As anexample,changingthechoiceof thestructure
functionsusedin theMonteCarlosimulation(for example,from CTEQ2Lto CTEQ2Mor EHQL1) led
to differencesin thetopmassof ë 0.7GeV.

4.53 Topmassmeasurementusing,�ÕÒÕ in tri-leptonevents

Theinvariantmassdistribution of thetwo leptonsfrom thesametopquarkdecay(i.e. î�w õ�ö.ñ
followed

by
ñ w õGöXÆ

) is quitesensitive to , ú . It hasbeenshown thatthemassdistribution of leptonpairsfrom the
sametopquarkdecayis muchlesssensitive to thetopquarktransversemomentumdistribution thanthat
of leptonpairsfrom different top quarks[99]. Signaleventsareexpectedto containtwo leptonsfrom
thedecayof the @ bosonsproduceddirectly in thetop andanti-topquarkdecays,andoneleptonfrom
the

ñ
-quarkdecay. In additionto the cutsdescribedabove, onenon-isolatedmuonwith =?>£*u�"# GeV

wasrequired.For anintegratedluminosityof 10 fb ÿ�� , theexpectedsignalwould beabout7250events,
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Fig. 22: Schematicsof thetopdecayto leptonicfinal stateswith Ö"×�Ø .

yielding a statisticaluncertaintyon the measurementof , ú of approximatelyë 1 GeV. This technique
is insensitive to thejet energy scale.Thedominantuncertaintiesarisefrom effectsof ISR andFSRand
from the

ñ
-quarkfragmentation,whichsumup to about1.5GeV.

4.6 p&q from Ù"wÛÚE-ÛÜ<��Cg-+Ý decays

An interestingproposal[111] by CMS,exploredin detailduringtheworkshop[112], is to takeadvantage
of thelargetopproductionratesandexploit thecorrelationbetweenthetopmassandtheinvariantmass
distribution of thesystemcomposedof a AB��C (from thedecayof a

ñ
hadron)andof thelepton(

õ ��9;¨rÞ )
from theassociated@ decay(seeFig. 22).

Theadvantageof usinga AB��C comparedto theotherstudiesinvolving leptonsaspresentedabove
is twofold: first, the largemassof the AE��C inducesa strongercorrelationwith the top mass(aswill be
shown later).Second,theidentificationof the AE��C providesa muchcleanersignal.In orderto uniquely
determinethe top decaytopology one can tag the charge of the

ñ
decayingto AB��C by requiring the

other
ñ
-jet to containa muonaswell. Theoverall branchingratio is #"!$2�ýß�"5+ÿ�à , takinginto accountthe

chargeconjugatereactionand @|w{9 ö decays.In spiteof this strongsuppression,we stressthat these
final statesareexperimentallyvery cleanandcanbe exploited even at the highestLHC luminosities.
Furthermore,one can also explore other ways to associatethe AE��C with the correspondingisolated
lepton– for exampleby measuringthejet chargeof identified

ñ
’s. Oneshouldsaythatall thesemethods

of top massdeterminationessentiallyrely on theMonte-Carlodescriptionof its productionanddecay.
Nonethelessthemodel,to a largeextent,canbeverifiedandtunedto thedata.

4.61 Analysis

In thefollowing we assumea î ïî productioncross-sectionof 800pb for , ú = 175GeV. Eventsaresim-
ulatedwith the PYTHIA 5.7 [52] or HERWIG 5.9 [51] event generators.Particle momentaaresmeared
accordingto parameterisationsobtainedfrom detailedsimulationof the CMS detectorperformance.
Four-leptoneventsareselectedby requiringanisolatedleptonwith =?>£* 15 GeV and ~ �I~ � 2.4,andthree
non-isolated,centrallyproducedmuonsof = > * 4 GeV and ~ ��~á� 2.4, with the invariantmassof the two
of thembeingconsistentwith the AB��C mass.Thesecutssignificantlyreducetheexternal(non-î ïî ) back-
ground,mainly @ ñ ï ñ production,4 which canbefurther reducedby employing, in addition,two central
jets from another@ . The resultingkinematicalacceptanceof theselectioncriteria is 30%; this rather
smallvalueis largely dueto soft muonsfrom AB��C and

ñ
. In oneyearhigh luminosityrunningof LHC,

correspondingto an integratedluminosity of 100 fb ÿ�� , andassumingtrigger plus reconstructioneffi-
ciency of 0.8,we expectabout �"5và�ý«�"5"5 ý«#"!$2Ìâ"�"5+ÿ�à ý«5"!$2�ý�5"!$�U���"5"5"5 events.

An exampleof the
õ AB��C massdistribution with theexpectedbackgroundis shown in Fig. 23. The

backgroundis internal(from the î ïî production)andis dueto the wrong assignmentof the AB��C to the
correspondingisolatedlepton. Thesetaggingmuonsof wrongsignarepredominantlyoriginatingfrom

4PYTHIA resultsindicatethatwith theabove cutsthis sourceof thebackgroundcanbekeptat a percentlevel.



obã"� o ã oscillations,
ñ w Æ w�Þ transitions,@ ó w Æ ¨�Ã ÷ w«Þ decays,äI� K decaysin flight andamountto

8 30% of the signalcombinations.The shapeof the signal
õ AB��C events(thosewith the correctsign

of the taggingmuon) is consistentwith a Gaussiandistribution over the entiremassinterval up to its
kinematicallimit of 8 175 GeV. The backgroundshapeis approximatedby a cubic polynomial. The
parametersof thispolynomialaredeterminedwith “data” madeof thewrongcombinationsof

õ AB��C with
anadmixtureof signal. In sucha way theshapeof thebackgroundis determinedmorepreciselyandin
situ. Thus,whenthesignaldistribution is fitted,only thebackgroundnormalisationfactoris left asafree
parameteralongwith the threeparametersof a Gaussian.The resultof thefit is shown in Fig. 23. We
point out that this procedureallows to absorbalsothe remainingexternalbackground(if any) into the
backgroundfit function.
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Fig. 24: Correlationbetweenæ Znìrí andthetop quarkmass

in isolatedleptonplus Ö"×�Ø (solid line) and isolatedlepton

plus î -in-jet (dashedline) final states.

As a measureof the top quark masswe usethe meanvalue (position of the maximumof the
distribution) of the Gaussian,ù1ïñð�òÅªó²ô�õ . In four yearsrunningat LHC with high luminosity the typical
errorson this variable,including theuncertaintyon thebackground,areabout0.5 GeV. It is composed
of ö7 0.5 GeV statisticalerrorand ö7 0.15GeV systematicscontribution dueto theuncertaintyon the
measurementof thebackgroundshape.5

Themeasurementof the ù ïñð�òÅªó²ô�õ canthenberelatedto thegeneratedtop quarkmass.An example
of thecorrelationbetweenthe ù0ïIð÷ò and , ú is shown in Fig. 24 alongwith theparametersof a linear
fit. For comparison,we alsoshow the correspondingdependencein a moretraditionalisolatedlepton
plus Þ -in-jet channel.Not surprisingly, thestrongercorrelation,andthusa bettersensitivity to the top
mass,is expectedin the

õ AB��C final statesascomparedto theisolatedleptonplus Þ -in-jet channel.This
is because,in theformercase,we pickupa heavy object(the AB��C ) which carriesa larger fractionof theñ
-jet momentum.The ù ïñð�òÅªó²ô�õ measurementerror, statisticalandsystematic,scalesasthe inverseslope

valueof the fit, which is a factorof 2 in our case. Hencethe statisticalerror on the top massin this
particularexampleis 8�� GeV.

It is appropriateto commenton the waysto obtaina larger event sample. Encouragingresults
have beenobtainedin [113] to reconstructthe

ñ w/AB��Cmw�9 : 9�ÿ decaysfor low luminosity runs. The
extensionof thesestudiesfor ahighluminosityenvironmentis verydesirable.Anotherpossibilitywould
be to relax the kinematicalrequirements.The choiceof =ùø cut on soft muonsis not dictatedby the

5Thestatisticalpower of thesamplecanbefurtherimprovedby exploiting full spectrum,ratherthanits Gaussianpart.



backgroundconsiderationsbut by the trigger rates,and is set here to 4 GeV ratherarbitrarily. For
example,thedi-muontriggerwith � -dependentthresholdswhich is availablein CMSfor low luminosity
runs[114] allows to significantlyincreasethekinematicalacceptance,practicallyto thelimit determined
by muonpenetrationup to the muonchambers.Therefore,the assessmentof the trigger ratesat high
luminositywith lower = ø thresholdsandin multi-leptoneventsclearlydeservesadedicatedstudy.

An evenlargereventsamplecanbeobtainedin threeleptonfinal states,usinginsteadthejet-charge
techniqueto determinethe î ïî decaytopologyinsteadof thetaggingmuon. The jet charge is definedas
a =ùø -weightedcharge of particlescollectedin a conearoundthe AB��C direction. Obviously, this kind
of analysisrequiresdetailedsimulationswith full patternrecognitionwhich areunderway. However,
particle level simulationsperformedwith PYTHIA andwith realisticassumptionson track reconstruc-
tion efficiency give event samplescomparableto the muon-tagperformance,with about10 timesless
integratedluminosity. In any case,throughtheLHC lifetime, onecancollectenougheventsso that the
overall top massmeasurementaccuracy would not behamperedby thelack of statistics;it would rather
belimited by thesystematicuncertaintieswhich aretightly linkedwith theMonte-Carlotools in use,as
will bearguedin thefollowing section.

4.62 Systematics

An essentialaspectof thecurrentanalysisis to understandlimitationswhichwouldarisefrom theMonte-
Carlodescriptionof the top productionanddecay. It is importantto realizethat theobservableusedin
thisstudyenjoys two properties:it is Lorentzinvariantanit doesnotdependon thedetailedstructureof
thejets,but only on themomentumspectrumof the

ñ
-hadronandof the AB��C from its decay.

As aresult,wereit not for distortionsof the
õ AE��C massdistribution inducedby acceptanceeffects

andby thepresenceof an underlyingbackground,themeasurementwould be entirely insensitive with
respectto changesin the top productiondynamics,andin the structureof the underlyingevent. As a
result,typical systematicssuchasthoseinducedby higher-ordercorrectionsto theproductionprocess,
or by the ISR andby the structureof the minimum biasevent, arestrongly reducedrelative to other
measurementsof , ú . Thisexpectationwill beshown to betruein thefollowing of this section.

Themain limitations to anaccurateextractionof the top massusingthis techniqueareexpected
to comefrom: i) the knowledgeof the fragmentationfunction of the

ñ
hadronscontainedin the

ñ
-jet

and,ii) thesizeof thenon-perturbative correctionsto the relationbetweenthe top quarkmassandtheõ AE��C massdistribution. The AE��C spectrumin the decayof the
ñ
-hadronswill be measuredwith high

accuracy in the next generationof o -factoryexperiments.It shouldbe pointedout, however, that the
compositionof

ñ
-hadronsmeasuredat the ú ó f J ÷ andin the top decayswill not be the same. In this

secondcase,oneexpectsanon-negligible contribution from baryonsandfrom oVû states.Thesizeof the
relevantcorrectionsto theinclusive AB��C spectrumin topdecaysis notknown, and,althoughexpectedto
besmall,it needsto bestudied.Additionaleffects,suchasQEDcorrectionsto the @ leptonicdecay, @
polarisationandspincorrelationeffectscanall becontrolledandincludedin thetheoreticalsimulations.

The restof this sectionpresentsthe resultsof a detailedstudy [112] of the systematics,mostly
basedonPYTHIA .

Detectorresolution:Herewehaveconsideredonly Gaussiansmearingof particlemomentaandtheeffect
on the ù0ïIð�òÅ�ó�ô�õ measurementuncertaintyis negligible. A possiblenonlinearityof the detectorresponse
canbewell controlledwith thehugesampleof AB��C , ú and

k
leptonicdecaysthatwill beavailable.

Background: The uncertaintywould be mainly due to an inaccuratemeasurementof the background
shapeandthesystematicscontribution of ö7ü5"!$�"# GeVquotedin previoussectionwouldscaledown with
increasingstatistics.For example,alreadywith 8��"5vý eventstheinduceduncertaintyis ö7ü5"!$� GeV.

PDF: Dependingon the relative fraction of gluon/quarksversusþ in variousPDF’s the top produc-
tion kinematicsmight bedifferent. No straightforward procedureis availablefor themomentto evalu-
ateuncertaintiesdueto a particularchoiceof PDF. We comparedresultsobtainedwith the default set



CTEQ2L[115] andamorerecentCTEQ4L[116] parameterisationsof PDF’s. Theobservedchangein the
ù ïIð�òÅ�ó�ô�õ valueis well within 0.1GeV.

Top = > spectrum:As shown in Section3.3,onedoesnotexpectsignificantuncertaintiesin theprediction
of the top =?> spectrum.However, to seean effect we have artificially alteredthe top =?> spectrumby
applyingacut at thegeneratorlevel. Wefoundthatevenrequiringall topquarksto have =?>ÿ*��"5"5 GeV
givesriseto only a1í change( ëU5"!$4 GeV) in thefitted valueof , ú .
Initial stateradiation: The ù ïñð�òÅªó²ô�õ valueis unchangedevenswitchingoff completelytheISR.

Topand @ widths: Kinematicalcuts that are usually appliedaffect the observed Breit-Wigner shape
(tails) of decayingparticles. Conversely, poor knowledgeof the widths may alter the generated�_AE��C
massspectrumdependingon the cuts. In our case,only a small changein the ù ïIð÷òÅªó²ô�õ value is seen
relative to thezero-widthapproximation.

@ polarisation: A significantshift is found for the isotropicdecaysof W whencomparedto the SM
expectationof its 8 4"5 % longitudinalpolarisation. In future runsof the Tevatronthe @ polarisation
will bemeasuredwith a 8òì % accuracy [98], andat theLHC this would befurther improved,sothat it
shouldnot introduceadditionaluncertaintiesin simulations.

î ïî spincorrelations:A “cross-talk”betweenî and ïî decayproductsis possibledueto experimentalcuts.
To examinethis effect in detail the ì"w�� matrix elementshave beenimplementedin PYTHIA preserving
thespincorrelations[117]. No sizeabledifferencein the ù0ïIð�òÅ�ó�ô�õ valueis seencomparedto thedefault
ì"wÓì matrixelements.

QED bremsstrahlung:Only asmalleffect is observedwhenit is switchedoff. Furthermore,QED radia-
tion is well understoodandcanbeproperlysimulated.

Final StateRadiation:A largeshift of 8 4 GeV is observedwhentheFSRis switchedoff. This is due
to the absenceof evolution for the

ñ
quark,whosefragmentationfunction will be unphysicallyhard.

To evaluatetheuncertaintywe variedthepartonvirtuality scale, ï�� ± , theinvariantmasscut-off below
which theshowering is terminated.A ëU#"5 % variationof it aroundthedefault (tunedto data)valueof
1 GeV inducesanuncertaintyof : ã�� �ÿ�ã�� �Âà GeV.ñ

fragmentation,exceptFSR:As a default, in PYTHIA we have usedthe Petersonform for the
ñ
-quark

fragmentationfunctionwith �¬hm� 5"!$5"5"# . Variationof this valueby ë 10%[118] leadsto anuncertainty
of ÿ�ã�� �: ã�� ��à GeV. (The ë 10%uncertaintyon �¬h is inferredfrom LEP/SLDprecisionof 8�� % ontheaverage
scaledenergy of o -hadrons.)It shouldbepointedout thatrecentaccuratemeasurementsof the

ñ
-quark

fragmentationfunction[119] arenotwell fitted by thePetersonform.

The last two itemsof this list deserve someadditionalcomments.While theseparationbetween
theFSRandthenon-perturbative fragmentationphasesseemsunnecessary, andliable to leadto anover-
estimateof theuncertainty, it is importantto remarkthatourknowledgeof thenon-perturbative hadroni-
sationcomesentirelyfrom theproductionof

ñ
-hadronsin

k ã decaysat LEP andSLC. It is importantto
ensurethattheaccuracy of bothperturbativeandnon-perturbative effectsis known,sincetheperturbative
evolutionof

ñ
quarksfrom

k ã andtopdecaysarenot thesameowing to thedifferentscalesinvolved.An
agreementbetweendataandMonteCarlocalculationsfor the

ñ
-hadronfragmentationfunctionat the

k ã
doesnotguaranteeacorrectestimateof the

ñ
-hadronfragmentationfunctionin topdecays.

To be specific,we shall considerherethe effects inducedby the higher-order matrix element
correctionsto the radiative top decaysî�w ñ @�� [54]. Theseeffectscannotbe simulatedby a change
in the virtuality scale, ï	� ± asexploredabove in the studybasedon PYTHIA , asthey have a different
physicalorigin. The extendedphase-spaceavailable for gluon emissionafter inclusionof the matrix-
elementcorrectionsleadsto a softeningof the

ñ
-quark, and, as a result, of the

õ AE��C spectrum. For
simplicity, westudyheretheinvariantmassof thesystemo õ . Theresultinginvariantmassdistributions,
for , ú ���"4"# GeV, with (HERWIG 6.1)andwithout (HERWIG 6.0)matrixelementcorrectionsareshown
in Fig. 25. The averagesof the two distributions,asa functionof the top mass,aregiven on the right
of thefigure,andthedifferenceof theaveragesaregivenin Table7. Giventheslopesof thecorrelation



Fig. 25: Left: invariantmassof the 
 -leptonsystemfor ¿ ç������� GeV, accordingto HERWIG 6.0 (dotted)and6.1 (with

matrix elementcorrections,solid). Right: linearfits to theaverageinvariantmass�t¿�� W � asa functionof ¿ ç .
Table7: Negative shift in theaverageinvariantmass�t¿�� W � after inclusionof matrix elementcorrectionsfor thetop decayin

HERWIG. Left: averageover all valuesof ¿�� W . Right: averageover thesamplewith ¿�� W�� ��� GeV.

, ú ÈÒ,�� � ã� Å Ê ��ÈÒ,�� � �� Å Ê (all , � Å ) ÈÒ,�� � ã� Å Ê �KÈÒ,�� � �� Å Ê (, � ÅV*�#"5 GeV)

171GeV
ó 5"!$�"Ó"�Fë/5"!$5"2"� ÷ GeV

ó 5"! f 4"Ó`ë/5"!$5"2"� ÷ GeV
173GeV

ó 5"!$� f"f ë/5"!$5"2"� ÷ GeV
ó 5"! f 4"Ó`ë/5"!$5"2 f ÷ GeV

175GeV
ó 5"!$� f 2Fë/5"!$5"2"Ó ÷ GeV

ó 5"!$#"�"5`ë/5"!$5"2"# ÷ GeV
177GeV

ó 5"!$�"#"#Fë/5"!$5"2"Ó ÷ GeV
ó 5"! f �"�`ë/5"!$5"2"# ÷ GeV

179GeV
ó 5"!$4"ÓGìFë/5"!$5 f 5 ÷ GeV

ó 5"! f ì"4`ë/5"!$5"2"� ÷ GeV

betweenÈÒ, � Å Ê and , ú , we seethat the correctionsdueto inclusionof the exact matrix elementsare
between1 GeV(for , � ÅV*�#"5 GeV) and1.5GeV (for thefull sample).

More detailsof the analysiswill be found in [64]. It is alsofound therethat the dependenceof
ÈÒ, � Å Ê on thehadroniccenterof massenergy, or on thepartonicinitial stateproducingthe î ïî pair, is no
larger than100MeV. We take this asan indicationthat theeffectsof non-factorisablenon-perturbative
corrections(suchasthoseinducedby theneutralisationof thecolourof the top quarkdecayproducts)
aremuchsmallerthanthe1 GeVaccuracy goalon themass.

A summaryof thesestudiesis given in Fig. 26. One seesan impressive stability of the re-
sults for reasonablechoicesof parameters.The expectedsystematicerror in the ù1ïñð�òÅªó²ô�õ determination

is ö7 : ã�� �ÿ�ã�� ý GeV which translatesinto asystematicerroron thetopmassof G�, ú ö7 : ã�� �ÿ�ã�� � GeV.

In addition to the above studies,we also compareddirectly the resultsof HERWIG (v5.9) and
PYTHIA . With HERWIG we have tried various tunings from LEP experimentsas well as its default
settings[51]. They all yield comparableresultsto eachother and to PYTHIA results,and arewithin
ö7ü5"!$# GeV. Thiscorrespondsto asystematicuncertaintyG�, ú ö7ü� GeV.

4.7 Conclusions for the top mass measurement at the LHC

The very large samplesof top quarkeventswhich will be accumulatedat the LHC leadto a precision
measurementof thetop quarkmass.Differentstatisticallyindependentchannelshave beeninvestigated
andfrom thestudiessofar a precisionof betterthan2 GeV in eachcasecanbeobtained.In particular
for the leptonplus jetschannelwherethe , ú is measureddirectly reconstructingthe invariantmassof
the , ada h candidates,sucha precisioncanbeachieved within a yearor runningat low luminosity. For
the channelsinvolving two or moreleptons,datafrom several yearshave to be combinedto limit the
statisticalerrorin themeasurementbeyondtheexpectedsystematicerrors.



Fig. 26: Observed ¿ ç shiftsfor thevarioussystematiceffectsstudiedfor the ê! �Ö"×°Ø channel.

With thestatisticalerrornot beinga problem,theemphasisof thework wasdevotedto estimate
the systematicerror involved in eachmethod. For eachsample,the contributing systematicerrorsare
different,a fact which will allow importantcross-checksto be made. The resultsindicatethat a total
errorbelow 2 GeV shouldbefeasible.In thecaseof the leptonplus jet channelthemajorcontribution
to theuncertaintyis identifiedin the jet energy scale(in particularfor the

ñ
-jets)andin theknowledge

of FSR.Whena specialsub-sampleof high =?> top eventsis usedandthe , ú is reconstructedusinga
large calorimeterclustertheFSRsensitivity is reduced,but furtherwork is requiredto validateit. For
thechannelsusingtwo or moreleptonsfor thetop decay, themajorcontribution in thesystematicerror
comesfrom theMonteCarloandfrom how well thekinematicobservableusedfor themassmeasurement
is relatedto themassof thetopquark.

In
õ AE��C final statesthe top masscanbe determinedwith a systematicuncertaintyof ö7 1 GeV.

Thesefinal statesareexperimentallyvery cleanandcanbeexploitedevenat highestLHC luminosities.
The precisionwould be limited by the theoreticaluncertaintieswhich is basicallyreducedto the one
associatedwith the îvw o mesontransition.Thismethodof topmassdeterminationlooksverypromising,
andafinal definitionof its ultimatereachwill rely onabetterunderstandingof theoreticalissues,andon
thepossibilityto minimisethemodeldependenceusingtheLHC datathemselves.

5. SINGLE TOP PRODUCTION6

At the LHC, top quarksaremostly producedin pairs,via the strongprocess�"�sw îUïî (and, to a lesser
extent, y ïy;w¿î ïî ). However, therearea significantnumberof top quarksthatareproducedsingly, via the
weakinteraction.Therearethreeseparatesingle-topquarkproductionprocessesof interestat theLHC,
whichmaybecharacterisedby thevirtuality of the @ boson(of four-momentumy ) in theprocess:
  î -channel:Thedominantprocessinvolvesa space-like @ boson( y �$# 5 ), asshown in Fig. 27(a)

[120]. Thevirtual @ bosonstrikesa
ñ

quarkin theprotonsea,promotingit to a top quark. This
6Sectioncoordinators:S.Willenbrock,D. O’Neil (ATLAS), J.Womersley (CMS).
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Fig. 27: Feynmandiagramsfor single-topquarkproductionin hadroncollisions: (a) ß -channelprocess;(b) ) -channelprocess;

(c) associatedproduction(only oneof thetwo diagramsfor this processis shown).

Table 8: Total crosssections(pb) for single-topquark productionand top quark pair productionat the LHC, for ¿ ç =175*,+
GeV. TheNLO ß -channelcrosssectionis from [125]. TheNLO ) -channelcrosssectionis from [126]. Thecrosssection

for the - ß processis from [124]; it is leadingorder, with a subsetof theNLO correctionsincluded.Theuncertaintiesaredue

to variationof the factorisationandrenormalisationscales;uncertaintyin thepartondistribution functions;anduncertaintyin

thetopquarkmass(
+

GeV).

process: î -channel j -channel @Òî î ïî
í (pb): ì f #bë�ì"4 �"5"!×ì`ë/5"!$4 #"�bë�Ó 8��"5"5

processis alsoreferredto as @ -gluonfusion,becausethe
ñ

quarkultimatelyarisesfrom a gluon
splitting to

ñ ï ñ .  j -channel:If onerotatesthe î -channeldiagramsuchthat thevirtual @ bosonbecomestime-like,
asshown in Fig. 27(b),onehasanotherprocessthatproducesa singletop quark[121, 122]. The
virtuality of the @ bosonis y�� e ó , ú -«,�h ÷ � .  Associatedproduction: A single top quark may also be producedvia the weak interactionin
associationwith a real @ boson( y � � ù �� ), asshown in Fig. 27(c)[123, 124]. Oneof theinitial
partonsis a

ñ
quarkin theprotonsea,asin the î -channelprocess.

Thetotal crosssectionsfor thesethreesingle-topquarkproductionprocessesarelistedin Table8,
alongwith the crosssectionfor the strongproductionof top quarkpairs. The î -channelprocesshas
the largestcrosssection;it is nearlyonethird aslarge asthecrosssectionfor top quarkpairs. The j -
channelprocesshasthesmallestcrosssection,morethananorderof magnitudelessthanthe î -channel
process.The @Òî processhasacrosssectionintermediatebetweenthesetwo. Wewill arguethatall three
processesareobservableat theLHC. The î -channeland j -channelprocesseswill first beobservedat the
FermilabTevatron[127]; the @Òî processwill first beseenat theLHC.

Thereareseveralreasonsfor studyingtheproductionof singletopquarksat theLHC:
  Thecrosssectionsfor single-topquarkprocessesareproportionalto ~ . ú h ~ � . Theseprocessespro-

vide theonly known way to directly measure. ú h athadroncolliders.  Single-topquarkeventsarebackgroundsto othersignals. For example,single-topquarkevents
arebackgroundsto somesignalsfor theHiggsboson[128].  Singletop quarksareproducedwith nearly �"5"50/ polarisation,dueto theweakinteraction[123,
129, 130, 131]. This polarisationservesasa testof the .1�1� structureof thetopquarkcharged-
currentweakinteraction.  New physicsmaybediscerniblein single-topquarkevents.New physicscaninfluencesingle-top
quarkproductionby inducingnon-SMweakinteractions[129, 132, 133, 134, 135], via loopeffects
[136, 137, 138, 139, 140], or by providing new sourcesof single-topquarkevents[133, 137, 141,
142].

In the next threesubsectionswe separatelyconsiderthe threesingle-topquarkproductionpro-
cesses.The subsectionafter thesediscussesthe polarisationof single top quarks. In the concluding
section,we discusstheaccuracy with which . ú h canbemeasuredin single-topquarkeventsat theLHC.



5.1 t-channel single-top production

5.11 Theory

The largestsourceof single top quarksat the LHC is via the î -channelprocess,shown in Fig. 27(a)
[120, 123, 125, 129, 143, 144, 145]. A space-like ( y �$# 5 ) @ bosonstrikesa

ñ
quarkin theprotonsea,

promotingit to atopquark.As shown in Table8, thecrosssectionfor thisprocessis aboutonethird that
of thestrongproductionof topquarkpairs.Thustherewill beanenormousnumberof singletopquarks
producedvia the î -channelprocessat theLHC.

It is perhapssurprisingthat the crosssectionfor the weakproductionof a single top quark,of
order 1 � � , is comparableto that of the strongproductionof top quarkpairs, of order 1 � û . Thereare
severalenhancementsto the î -channelproductionof asingletopquarkthatareresponsiblefor this:
  Thedifferentialcrosssectionfor theî -channelprocessisproportionalto 2�í��02 y � 8��"� ó y � ��ù �� ÷ � ,

due to the @ -bosonpropagator. The total crosssectionis thereforedominatedby the region
~ y � ~ # ù �� , and is proportionalto �"�Uù �� . In contrast,the total crosssectionfor the strong
productionof top quarkpairsis proportionalto �"�"j , where j e0f ,ü� ú is thepartoncenter-of-mass
energy.  Sinceonly a singletop quarkis produced,thetypical valueof thepartonmomentumfraction þ is
half thatof top quarkpair production.Sincepartondistribution functionsscaleroughly like �"��þ
at smallvaluesof þ , andtherearetwo partondistribution functions,this leadsto anenhancement
factorof roughlyfour.

Thefactthat thetotal crosssectionis dominatedby theregion ~ y � ~ # ù �� alsohastheimplicationthat
the final-statelight quark tendsto be emittedat small angles,i.e., high rapidities. This characteristic
featureof thesignalprovesto beusefulwhenisolatingit from backgrounds.

The
ñ

distribution functionin theprotonseaarisesfrom thesplittingof virtual gluonsinto nearly-
collinear

ñ ï ñ pairs.Thusit is implicit thatthereis a ï ñ in thefinal state,which accompaniesthetop quark
andthelight quark.Thefinal-stateï ñ tendsto resideat small = ø , soit is usuallyunobservable.

The total crosssectionfor the î -channelproductionof singletop quarkshasbeencalculatedat
NLO [125, 143]; theresultis givenin Table8. A subsetof theNLO correctionsis shown in Fig. 28(a).
This correctionarisesfrom aninitial gluonwhich splits into a

ñ ï ñ pair. If the
ñ ï ñ pair is nearlycollinear,

thenthis processcontributesto thegenerationof the
ñ

distribution function,which is alreadypresentat
leadingorder;hence,onedoesnot includethiskinematicregionasacontribution to theNLO correction.
This is indicatedschematicallyin Fig.28(b).Only thecontribution wherethe

ñ ï ñ pair is non-collinearis a
properNLO correctionto thetotalcrosssection.7 Theothercorrectionsto thisprocess,dueto final-state
andvirtual gluons,aswell ascorrectionsassociatedwith the light quark,arealsoincludedin thecross
sectiongivenin Table8.

Thecentralvaluefor thecrosssectionis obtainedby settingthefactorisationscale8 of the
ñ

distri-
bution functionequalto Þn�[���[y÷�(-ß,ü� ú . Theuncertaintyin theNLO crosssectiondueto thevariation
of thefactorisationscalebetweenonehalf andtwice its centralvalueis f / . Dueto thesimilarity with
deep-inelasticscattering,thefactorisationscaleof thelight quarkis Þn�N���Uy�� , andis not varied[125].

Sincethe ï ñ tendsto resideat low = ø , thedominantfinal stateis @ ñ^ø , wherethe @ ñ arethedecay
productsof thetopquark,andthejet isathighrapidity. However, the ï ñ is at = ø * ì"5 GeVin roughlyf 50/
of theevents,in which casethefinal stateis @ ñ ï ñ©ø . Froma theoreticalperspective, theoptimalstrategy
is to isolateboth final statesandtherebymeasurethe total crosssection,which hasan uncertaintyof
only f / from varyingthefactorisationscale,asmentionedabove. However, the @ ñ ï ñ3ø final statehasa
largebackgroundfrom îðïî , andit hasnot yet beenestablishedby ATLAS or CMS thatthis signalcanbe
isolated,althoughtheanalysisof [145] givescausefor optimism.Thuswe focuson the @ ñ^ø final state,

7Theformalismfor separatingthenearly-collinearandnon-collinearregions,andfor generatingthe � distribution function,
wasdevelopedin Refs.[146, 58].

8Thefactorisationandrenormalisationscalesaresetequal.
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Fig. 28: (a) Initial-gluon correctionto single-topquarkproductionvia the ß -channelprocess(the diagramwith the - and

gluon linescrossedis not shown); (b) thekinematicregion in which thegluonsplits to a nearly-collinear� à� pair (thedouble

line throughthe � propagatorindicatesthat it is nearlyon shell) is subtractedfrom thecorrection,asit is alreadyincludedat

leadingorder.

demandingthat the ï ñ have = ø ��= øX®�5 ú . For = øX®�5 ú � ì"5 GeV,9 thecrosssectionfor this semi-inclusive
processis 164 pb, with an uncertaintyof �"50/ from varying the factorisationscale[144], abouttwice
theuncertaintyof the total crosssection.Work is in progressto calculatethedifferentialcrosssection2�í��02 = ø ûh atNLO with thegoalof reducingthisuncertainty[147]. It wouldalsobedesirableto calculate
thetotal crosssectionatnext-to-next-to-leading order(NNLO).

Additional theoreticaluncertaintiesstemfrom thetopquarkmassandthepartondistribution func-
tions.An uncertaintyin thetopquarkmassof ì GeVyieldsanuncertaintyof only ì0/ in thecrosssection,
which is negligible. This is dueto thefactthat thecrosssectionscaleslike �"�Uù��� ratherthan �"�"j . The
uncertaintyin thecrosssectiondueto thepartondistribution functionsis estimatedin [148] to be �"50/ .
Thatanalysissuggeststhattheuncertaintycanbereducedbelow thisvalue.Combiningall uncertainties
in quadrature,we concludethat thetotal theoreticaluncertaintyis presently�"#0/ in the @ ñ^ø crosssec-
tion ( �"�0/ in thetotalcrosssection).Thediscussionabovesuggeststhatthiscanbesignificantlyreduced
with furthereffort.

5.12 Phenomenology

Studiesof the î -channelprocesshave beencarriedout by bothATLAS andCMS.We will first describe
theCMS study, andthenthatof ATLAS.

In order to reject the large î î backgroundin this channel,it is necessaryto imposea cut on jet
multiplicity. Accuratemodellingof jet responseandresolutionis thereforedesirable,andsoCMS [149]
useda full GEANT calorimetersimulationof thedetector. TheGEANT simulationalsoallows a more
realisticmodellingof themissing-=ùø responseof thedetector, which is importantin understandingthe
massresolutionwhichcanbeobtainedonthereconstructedî quark.Thedetailedcalorimetersimulation
wascombinedwith aparameterised

ñ
-taggingefficiency.

Signaleventsweregeneratedusing PYTHIA 5.72 [52], with , ú ���"4"# GeV and the CTEQ2L
partondistribution functions. Eventswerepreselectedat the generatorlevel to have oneandonly one
chargedlepton(with = ø *Ùì"# GeV and ~ ��~}�Ùì"!$# ) andoneor two jets (generator-level jetswerefound
usingtheLUCELL clusteringalgorithm,which is partof PYTHIA ). Generatedeventswerethenpassed
throughthe parameterised

ñ
-taggingandthe GEANT detectorsimulation. The CMS

ñ
-taggingperfor-

manceis takenfrom astudywhichusedadetaileddetectorsimulationcombinedwith existingCDFdata
on impact-parameterresolutions.The taggingefficiency for = ø * #"5 GeV is typically 50%for

ñ
-jets,

10% for
Æ
-jets, and1–2%for light quarksandgluons. Theseefficienciesfall quite rapidly for lower

transversemomenta,andit wasassumedno taggingcouldbeperformedfor = ø � ì"5 GeV or ~ �I~ * ì"! f .
Thegeneratedluminositycorrespondedto about100pbÿ�� – only 30 hoursof runningat �"5 �6� Í87 ÿ�� Ï ÿ�� .

The î î and @ k backgroundswerealsogeneratedusingPYTHIA 5.72. Thesamepre-selections
were appliedat the generatorlevel. The @l- jets backgroundswere generatedusing the VECBOS

9TheCMS analysispresentedbelow uses9 >0:<; ç=� + � GeV; theATLAS analysisuses9 >0:<; ç=���� GeV.



Fig. 29: Reconstructedtop massfor signalplus backgrounds(openhistogram)andbackgroundsonly (shaded).The back-

groundsconsideredareß ß , -> + jetsand -? �@ jets.Theverticalscaleis eventsper6 GeVmassbin perpbé�ê of luminosity.

generator[150], combinedwith HERWIG 5.6 [51] to fragmenttheoutgoingpartons.10 @ -Òì jetsand
@Ä-«2 jetsprocessesweregeneratedseparately. Again,eventswerepreselectedto haveachargedlepton
with = ø * ì"# GeVand ~ ��~ � ì"!$# , andto have a (parton-level) = ø *��"# GeV for thefinal-statejets.

Eventswerethenselectedwhichpassedthefollowing requirements:
  Oneandonly oneisolatedlepton(

õ � 9 or Þ ) with =ùøg*fì"5 GeV and ~ �I~��fì"!$# . This allows the
eventsto passa reasonableleptontrigger.  Missing = ø * ì"5 GeV, andtransversemass(of theleptonandmissing= ø ) #"5�� , ø ���"5"5 GeV.
Thesetwo requirementsselect@lw õGö candidates.  Exactlytwo jetswith =ùø * ì"5 GeV and ~ ��~ù� f . Requiringat leasttwo jetsreducesthe @l- jets
background,while requiringnomorethantwo jetsrejectsthe î î backgroundwhichnaively would
producefour jetsin thefinal state.  Onejet with =ùø *Ùì"5 GeV and ~ �I~£�Ùì"!$# , theotherjet with =ùø/* #"5 GeV and ì"!$# � ~ �I~£� f !$5 .
The requirementthat thesecondjet beat forward rapiditiestendsto selectthedesiredî -channel
process.  Leadingjet = ø ���"5"5 GeV. Thishelpsto reducethe î î background.  Exactly one

ñ
-taggedjet (given the

ñ
-taggingacceptance,this is always the central jet). This

requirementagainreducesî î , andof courserejects@l- jetsprocesseswith light-quarkor gluon
jets.  Invariantmassof thetwo jetsin the �"5��/�"5"5 GeVrange.This rejects@ k eventswith

k w ñ ñ .
The single-topsignal is thensearchedfor in the invariantmassof the @ andthe

ñ
-taggedjet (which

shouldpeakat the top quark mass). The masswas reconstructedassumingthe solution for the @
kinematicswhich yields the lower ~ =BACB~ . (It is possibleto useotherchoices,for examplethe solution
which givesthe @ ñ massclosestto , ú . This would resultin an apparentlybettertop massresolution
but wouldalsoseverelybiasthebackgroundshape;thestatisticalsignificanceof thesignalwouldnotbe
improved.)

Figure29 shows the reconstructedmassdistribution for signalandbackgroundcombined.The
signalis apparentasanexcessover thebackground(theshadedhistogram)around160GeV. (Sincejet

10Theversionof VECBOSusedhere,andits interfaceto HERWIG, weredevelopedfor usein CDF[151], andwereadapted
for CMSby R. Vidal.



energy scalecorrectionshave not beenappliedto thesimulatedevents,thetop massreconstructsto less
thanits truevalue.)Thesignal-to-background ratio in awindow of �"�"5»ë#ì"5 GeVis 3.5with aclearpeak
visible in the @ ñ invariant-massdistribution. Thenumberof signaleventsis 66 in 100pbÿ�� , giving a
signalefficiency of 1.2%(afterthe @�w õ ïö branchingratio). Wethenfind that10 fb ÿ�� wouldyield 6600
signalevents( J ) and1900background( o ), sufficient for a statisticalaccuracy on thenumberof signal
eventsof Á Jü-�o��"J+���"! f %.

The largestbackgroundcomesfrom @ Æ^ø with the charmjet mistaggedasa
ñ
-jet. It would be

worthwhile to developa
ñ
-taggingalgorithmhaving greaterrejectionagainstsuchmistags,even at the

costof somesignalefficiency. The @ ñ ï ñ backgroundwasfoundto bea smallcontribution to the @ -Óì
jetsbackgroundat thepartonlevel for theselectioncutsemployedhere,andwasthereforenotexplicitly
includedin theanalysis.

The useof the forward jet tagsubstantiallyimprovesthesignal-to-background ratio, andallows
a clearreconstructedtop-masspeakto beseen.However, it doesnot significantlyimprove Á JT-/o �"J
[144]. Onecould thereforeimagineomitting the forward jet requirementif the systematicuncertainty
couldtherebybereduced.

Comparedwith earlierstudies(for example[144]), this analysisusesmorerealisticjet andmis-
sing-= ø resolutions,andincludesinitial- andfinal-stategluon radiation. As a result,the top-massres-
olution is worsened;but the resolutionfoundherecompareswell with theresultof a full simulationof
single-topproductionin CDF.

A studyof thecross-sectionmeasurementfor theî -channelprocesswasalsocarriedoutby ATLAS
[152]. SignaleventsweregeneratedusingtheONETOPparton-level MonteCarlo [153] with fragmen-
tation, radiation,andunderlyingevent simulatedby PYTHIA 5.72. Backgroundscontainingtop quarks
(î ïî andothersingle-topproduction)werealsogeneratedusingONETOP, while @l- jetsand @ ñ ï ñ back-
groundsweregeneratedby HERWIG 5.6.11 Theseeventswereprocessedby theATLAS parameterised
detectorsimulationassuminga 60%

ñ
-taggingefficiency for

ñ
-jets, 10% for

Æ
-jets, and 1% for light

quarksandgluons.Theeventswerethenanalysedwith a view towardsseparatingî -channelsingletop
from backgroundandmeasuringits crosssection.

Event selectioncriteria weredivided into two types: pre-selectionandselectioncuts. The pre-
selectioncriteriawereasfollows:
  at leastoneisolatedleptonwith = ø * ì"5 GeV;  at leastone

ñ
-taggedjet with = ø *�#"5 GeV;  at leastoneotherjet with = ø *�2"5 GeV.

Thesewerefollowedby theselectioncuts:
  two andonly two jetsin theevent(a jet has= ø *��"# GeV);  onejet is acentral

ñ
-taggedjet;  theotherjet is a forward( ~ �I~"* ì"!$# ) untaggedjet with = ø *�#"5 GeV.

Theapplicationof thesecuts,andalsotherequirementof a reconstructedtop massbetween150
and200GeV, yields thenumberof eventsshown in Table9. Thefinal signalefficiency is 3% andthe
signal-to-background ratiois 2.4.This impliesastatisticalprecisiononthecross-sectionmeasurementof
Á Jü-�o��"J+��5"!$Ó % with 10fb ÿ�� of data.Introducingothereventselectionvariables(see[30, 154, 155])
it is possibleto improve thesignal-to-background ratio to nearly5, but this doesnot improve thecross-
sectionmeasurementdueto thesmallremainingsignalefficiency.

Both theCMSandATLAS studiesindicatethatit will bepossibleto observe î -channelsingle-top
productionwith a goodsignal-to-background ratio anda statisticaluncertaintyin the crosssectionof
lessthan2% with 10 fb ÿ�� . Thusthe uncertaintyin the extractedvalueof . ú h will almostcertainlybe
dominatedby systematicuncertainties,asdiscussedin theconclusions.

11The - � à� backgroundwasgeneratedusingthematrix elementfrom [89] interfacedto HERWIG 5.6.



Table9: Cumulative effect of cutson ß -channelsignalandbackgrounds.Thefirst four rows of this tablerefer to cumulative

efficienciesof variouscuts.Thelasttwo rows referto thenumberof eventsfor 10 fb é�ê . Only eventsin which - � eD or îED
areconsideredin this table.Uncertaintiesquotedin this tablearedueentirelyto MonteCarlostatistics.

cut î -channel î ïî @ ñ ï ñ @�- jets
eff(%) eff(%) eff(%) eff(%)

pre-selection 18.5 44.4 2.53 0.66
njets=2 12.1 0.996 1.55 0.291
fwd jet
~ �I~Q* ì"!$#
= ø * 50 GeV

4.15 0.035 0.064 0.043

M Å A h
150-200GeV

3.00 0.017 0.023 0.016

events/10fb ÿ��
(beforecuts)

#"! f 2 ý«�"5 à ì"! f 5�ý��"5F� �"!$�"4�ý«�"5 à f !$5"5�ý&�"5"G
events/10fb ÿ��

(aftercuts)
16515ë 49 455ë 74 155ë 17 6339ë 265

5.2 s-channel single-top production

5.21 Theory

The j -channelproductionof singletopquarksis shown in Fig. 27(b)[121, 122, 123, 126, 144, 145]. The
crosssectionis muchlessthanthatof the î -channelprocessbecauseit scaleslike �"�"j ratherthan �"�Uù1�� .
However, the j -channelprocesshastheadvantagethatthequarkandantiquarkdistribution functionsare
relatively well known, so theuncertaintyfrom thepartondistribution functionsis small. Furthermore,
thepartonluminositycanbeconstrainedby measuringtheDrell-Yanprocessy ïy¬w�@IH�w õ ïö , which has
theidenticalinitial state[122, 156].12

The total crosssectionfor the j -channelprocesshasbeencalculatedat NLO [126]; the result is
given in Table8. The factorisationandrenormalisationscalesaresetequalto Þ � � y � ; varyingeach,
independently, betweenone-halfandtwiceits centralvalueyieldsuncertaintiesin thecrosssectionof ì0/
from eachsource.Theuncertaintyin thecrosssectionfrom thepartondistribution functionsis estimated
to be f / . Thelargestsinglesourceof uncertaintyis thetop quarkmass;anuncertaintyof ì GeV yields
anuncertaintyin thecrosssectionof #0/ . Therelatively largesensitivity of thecrosssectionto thetop
quarkmassis a manifestationof the �"�"j scaling.Combiningall theoreticaluncertaintiesin quadrature
yields a total uncertaintyin the crosssectionof 40/ . This is much lessthan the presenttheoretical
uncertaintyin the î -channelcrosssection.

The Yukawa correctionto this process,of order 1E� ,ü� ú �Uù��� , is lessthan one percent[126].
However, this correctioncould be significantin a two-Higgs-doubletmodel for low valuesof ������ ,
in which theYukawacouplingis enhanced[138].

5.22 Phenomenology

In order to evaluatethe potentialto separatethe j -channelsignal from its backgrounds,Monte Carlo
eventshave beenprocessedby a fast(parameterised)simulationof anLHC detector. At partonlevel the
signalandthe î ïî backgroundweregeneratedby theONETOPMonteCarlo[153]. Radiation,showering,
andtheunderlyingeventwereaddedby PYTHIA 5.72[52]. The @�- jetsand @ ñ ï ñ backgroundswere
generatedusing HERWIG 5.6 [51].13 Table8 presentsthe crosssectionsassumedfor the processes

12Thepartonluminositycanonly beconstrained,not directly measured,with this process.Sincetheneutrinolongitudinal
momentumis unknown, the J É of thevirtual - cannotbereconstructed.

13The - � à� backgroundwasgeneratedusingthematrix elementfrom [89] interfacedto HERWIG 5.6.



Table10: Cumulative effect of cutson ) -channelsignalandbackgrounds.Thefirst five rows of this tablerefer to cumulative

efficienciesof variouscuts.Thelast two rows referto thenumberof eventsfor 30 fb é1ê . Only eventsin which W � eD or îED
areconsideredin this table.Uncertaintiesquotedin this tablearedueentirelyto MonteCarlostatistics.

cut j -channel î -channel @Òî î ïî @ ñ ï ñ @l- jets
eff(%) eff(%) eff(%) eff(%) eff(%) eff (%)

pre-selection 27.0 18.5 25.5 44.4 2.53 0.667
njets=2 18.4 12.1 4.03 0.996 1.55 0.291
nbjet=2

= ø *�4"# GeV
2.10 0.035 0.018 0.023 0.034 0.0005

jets =ùø
* 175GeV

1.92 0.031 0.016 0.021 0.028 0.0005

M Å A h
150-200GeV

1.36 0.023 0.006 0.012 0.0097 0.00014

events/30fb ÿ��
(beforecuts)

�"!$�"��ý&�"5vý �"!$�"2�ý��"5F� f !$# ý«�"5 à �"!$Ó�ý«�"5F� ì"!$5 ý«�"5F� �"!×ì ý��"5 �
events/30fb ÿ��

(aftercuts)
Ó"5"��ë�2"# 2"4"#bë/�"2 ì"4�ë �"# �"#"2�ë��"4"# �"Ó f ë/2 f �"�"Óbë�4"�

containingtop quarks. The crosssectionfor the @l- jets backgroundis normalisedto that predicted
by the VECBOSMonte Carlo [150] and is taken to be 18000pb.14 The @ ñ ï ñ crosssectionis taken
from [144] to be300pb.

From a phenomenologicalstandpointthe most importantdistinctionbetweenthe j -channeland
î -channelsourcesof singletop is the presenceof a secondhigh-= ø ñ -jet in the j -channelprocess.As
mentionedpreviously, in î -channeleventsthesecond

ñ
-jet tendsto be at low = ø andis oftennot seen.

Therefore,requiringtwo
ñ
-jetsabove 75 GeV = ø will eliminatemostof the î -channelbackground.Re-

quiring two high-= ø ñ -jetsin theeventalsosuppressesthe @l- jetsbackgroundrelative to thesignal.

In addition to suppressingthe î -channelbackgroundit is alsonecessary, as in other single-top
signals,to designcutsto reducethe @l- jetsand î ïî backgrounds.In orderto reducecontaminationby
@l- jetsevents,thereconstructedtopmassin eacheventmustfall within awindow abouttheknown top
mass(150-200GeV),andtheeventsmusthave a total transversejet momentum15 above 175GeV. Only
eventscontainingexactly two jets(bothtaggedas

ñ
’s) arekeptin orderto reducethe î ïî background.

Table10presentsthecumulativeeffectof all cutsonthe j -channelsignalandonthebackgrounds.
Eventsfrom î -channelsingle-topproductionareincludedin this tableasa backgroundto the j -channel
process.Fromthis tablethepredictedsignal-to-background ratio for the j -channelsignalis calculated
to be 0.56. The resultsalso imply a signal statisticalsignificance( Jn� Á o ) of 23 with an integrated
luminosity of 30 fb ÿ�� . The statisticalprecisionon the crosssection,calculatedfrom Á Jü-/o �"J , is
5.5%with 30 fb ÿ�� .

This studyindicatesthat, despitethe large anticipatedbackgroundrate,it shouldbe possibleto
performa goodstatisticalmeasurementof the j -channelsingle-topcrosssection. The accuracy with
which . ú h canbemeasuredis discussedin theconclusions.

5.3 Associated production

5.31 Theory

Singletopquarksmayalsobeproducedin associationwith a @ boson,asshown in Fig.27(c)[123, 124,
145]. Like the î -channelprocess,oneof the initial partonsis a

ñ
quark. However, unlike the î -channel

14This crosssectionis definedfor eventscontainingat leasttwo jets,eachwith 9 > � �� GeV and K LBKNM � .
15Scalarsumof thetransversemomentumof all jetsin theevent.



process,thisprocessscaleslike �"�"j . This,combinedwith thehighervaluesof þ neededto produceboth
a top quarkanda @ boson,leadsto a crosssectionfor associatedproductionwhich is abouta factorof
five lessthanthatof thethe î -channelprocess,despitethefactthatit is of order 1 û 1 � ratherthan 1 � � .

Thetotalcrosssectionfor associatedproductionhasbeencalculatedatleadingorder, with asubset
of theNLO correctionsincluded[124, 145]; theresultis givenin Table8. Thissubsetis analogousto the
initial-gluon correctionto the î -channelprocess,discussedpreviously. The othercorrectionshave not
yet beenevaluated.16 Theinitial-gluon correctioncontainsaninterestingfeaturewhichhasno analogue
in the î -channelprocess.Oneof the contributing diagramsto the initial-gluon correction(�"�sw1@Òî ïñ )
correspondsto �"�sw|î ïî , followedby ïî�w/@ ï ñ . This shouldnot beconsideredasa correctionto associated
production,but ratherasabackground(it is in factthedominantbackground,asdiscussedbelow). Thus,
whenevaluatingtheinitial-gluon correction,it is necessaryto subtractthecontribution in which the ïî is
on shell.This is doneproperlyin [124].

Thecrosssectionis evaluatedwith thecommonfactorisationandrenormalisationscalessetequal
to Þ � �.j . Theuncertaintyin thecrosssectiondueto varying thesescalesbetweenonehalf andtwice
their centralvalueis �"#0/ . This uncertaintywould presumablybereducedwith a full NLO calculation.
Theuncertaintyin thecrosssectionfrom thepartondistribution functionsis estimatedto be �"50/ [148],17

althoughthis could be improved with further study. The uncertaintyin the crosssectiondue to an
uncertaintyin the top quarkmassof ì GeV is f / , relatively large dueto the �"�"j scalingof the cross
section.Combiningall theoreticaluncertaintiesin quadratureyieldsatotaluncertaintyatpresentof �"�0/ ,
thelargestof thethreesingle-topprocesses.

5.32 Phenomenology

Thestrategy for measuringthecrosssectionfor associatedproduction( @�î mode)is similar to that for
the î -channelprocess,asthey sharethesamebackgrounds.However, thenatureof associatedproduction
makesit relatively easyto separatefrom @l- jetsanddifficult to separatefrom î ïî events.Thisdifficulty
in removing the îðïî backgrounddoesnot precludeobtaininga precisecross-sectionmeasurementin this
channel,assumingtheratefor î ïî canbewell measuredat theLHC.

Two studiesdesignedto separatesignalfrom backgroundhavebeenperformedusingtwo different
final states.Thefirst is a studyby ATLAS [30] whichattemptsto isolate @Òî signaleventsin whichone
@ decaysto jetsandtheotherdecaysto leptons.Thesecondstudy, whichis presentedin [124], attempts
to isolatesignaleventsin whichboth @ ’sdecayleptonically.

The first study presentedherewasdoneby ATLAS using the sameevent sampledescribedin
Section5.1. Sincethe presenceof a single isolatedhigh-= ø leptonis oneof the preconditionsof this
study, thesecond@ mustdecayto two jetsto beacceptedby theeventpre-selection.Thereforerequiring
a two-jet invariantmasswithin a window aroundthe @ masswill serve to eliminatemosteventsthat
do not containa second@ . The two-jet invariant-massdistribution is shown in Fig. 30 and clearly
demonstratesthe presenceof a sharppeakin the associated-production signalandthe î ïî background.
Thiseffectively leaves îðïî astheonly backgroundto @Òî events.

In addition to thesespecialdistinguishingfeaturesof the @Òî signal, thereare several simple
kinematicrequirementswhich canbeemployed to reducethe î ïî background.By choosingeventswith
exactly threejetsandwith exactly oneof themtaggedasa

ñ
-jet, somerejectionof the î ïî backgroundis

possible.Somefurther rejectionis obtainedby limiting theselectionto eventswith invariantmassless
than300GeV, wheretheinvariantmassof anevent is definedastheinvariantmassobtainedby adding
the four-vectorsof all reconstructedjetsandchargedleptons( 9 and Þ ). However, evenwith thesecuts
the îðïî backgroundis significantlylargerthanthe @Òî signal.

Table11 presentsthe cumulative effect of all cutson the @Òî signalandon the î ïî and @l- jets
16Theanalogouscalculationfor -PO productionhasbeenperformedin [157].
17This is theuncertaintyin thegluon-gluonluminosityat Q R ��S ¿ ç  æ�TVU°× Q WYX �0Z � + , where Q W ��\[ TeV.



Fig. 30: Thenormalisedtwo-jet invariant-massdistribution. For eachevent the two-jet combinationwith massclosestto the- massis plotted.Thisclearlyshows apeakin thedistribution for -Cß andßOàß which is notpresentfor theotherbackgrounds.

backgrounds.The @ ñ ï ñ and î -channelsingle-topbackgroundsarevirtually eliminatedby thecutsand
so arenot includedin the table. From this table the predictedsignal-to-background ratio for the @�î
signalis calculatedto be0.24. After threeyearsof runningat low luminosity (30 fb ÿ�� ), this impliesa
signalstatisticalsignificance( Jn� Á o ) of 25 anda statisticalerroron the @Òî crosssection( Á J�-/o �"J )
of 4.4%.

Thesecondstudy[124] wasdoneat partonlevel andinvolvedtheseparationof signalfrom back-
groundin themodein which both @ ’s decayto leptons.This signalcontainstwo high = ø leptonsand
only onejet (the

ñ
-jet producedfrom thetopdecay).In thisdecaychannelit wasfoundthat,afterapply-

ing detectoracceptancecuts,requiringpreciselyone
ñ
-taggedjet with = ø * �"# GeV is enoughto yield

asignal-to-background ratioof nearlyunity. Also, thesignalefficiency is significantlyhigherthanin the
ATLAS analysis,allowing moretotal signaleventsto passthecutsdespitethelower branchingratio for
this decaymode. The statisticalprecisionon the crosssectionmeasuredin this analysisis 1.3%with
an integratedluminosityof 30 fb ÿ�� . Theaccuracy with which . ú h canbeextractedis discussedin the
conclusions.

5.4 Polarisation in single-top production

5.41 Theory

Becausesingle top quarksareproducedthroughthe weak interaction,they arehighly polarised[123,
129, 130, 131, 144]. In the ultra-relativistic limit, the top quarksareproducedin helicity eigenstates
with helicity �U�"�Gì (the top antiquarkshave helicity -U�"�Gì ), becausethe .K��� structureof the weak
interactionselectsquarksof a definite chirality. However, if the top quarksare not ultra-relativistic,
chirality is not the sameashelicity. Nevertheless,it wasshown in [130] that thereis a basisin which
thetop quarkis �"5"50/ polarised,regardlessof its energy. Thetop quarkspinpointsalongthedirection
of the 2 -type or ï2 -type quark in the event, in the top quarkrest frame(the ïî spin pointsoppositethis
direction). In î -channelproduction,this is the directionof the final-statelight quark (] ñ w^2Uî ) or the
beamdirection( ï2 ñ w ï] î ). In j -channelproduction,this is the beamdirection(] ï2ùw;î ï ñ ). In associated
production(� ñ w�@�î ), this is thedirectionof the 2 quark(or chargedlepton)from the @ decay.

We focusour attentionon the î -channelsingle-topprocessfor theremainderof this section.The
top quarkpolarisationin the î -channelprocesshasbeencalculatedat NLO [131]; theresultsbelow are
taken from this study. In thecaseof î production,�"50/ of theeventshave the 2 -typequarkin thefinal
state.This suggestsusingthedirectionof thelight-quarkjet, asobserved in thetop quarkrestframe,to



Table11: Cumulative effect of cutson -Cß signalandbackgrounds.Pre-selectioncutsaredefinedin thesameway asfor the

ATLAS ß -channelanalysisdescribedearlierin this report. The first five rows of this tablerefer to cumulative efficienciesof

variouscuts.Thelast two rows referto thenumberof eventsfor 30 fb é1ê . Only eventsin which W � eD or îED areconsidered

in this table.Uncertaintiesquotedin this tablearedueentirelyto MonteCarlostatistics.

cut @Òî îðïî @l- jets
eff(%) eff(%) eff(%)

pre-selection 25.5 44.4 0.66
njets=3

= ø *�#"5 GeV
3.41 4.4 0.030

nbjet=1
=ùø�*�#"5 GeV

3.32 3.24 0.028

InvariantMass
� 2"5"5 GeV

0.55 0.36 0.00051

�"#[� ùTara��Ó"# 0.49 0.14 0.000085

events/30fb ÿ��
(beforecuts)

5.3ý��"5 à 7.2ý��"5F� 1.2ý��"5 �
events/30fb ÿ��

(aftercuts)
ì"�"5"�`ë/�"�"� �"5"�"�"��ë��Gì"# �"5Gìbë�#"Ó

measurethespin. This hasbeendubbedthe“spectatorbasis”[130]. Thepolarisationof the top quark
in this basis(definedas _l� ó `�` �1`Ya ÷ � ó `�`�-�`�a ÷ ) is 5"!$�"Ó . However, thepolarisationis increasedto
nearly �"5"50/ whenthecutsusedin the î -channelanalysisareimposed.This is becausethepolarisationis
dilutedby eventsin whichthe ï ñ is producedathigh = ø ; but sucheventsareeliminatedby therequirement
of only two jets.

In the caseof ïî production, �"Ó0/ of the eventshave the 2 -type quark in the initial state. This
suggestsusingthebeamdirectionto measurethe ïî spin. However, it turnsout that thespectatorbasis
againyieldsthelargestpolarisation,_����U5"!$�"4 . Thispolarisationis increasedto _����[5"!$Ó"� whencuts
areapplied.18

Sincethetopquarkdecaysvia theweakinteraction,its spinis analysedby theangulardistribution
of its decayproducts.Themostsensitive spinanalyserin top decayis thechargedlepton,which hasa
(leadingorder)angulardistribution with respectto thetopquarkspinof

�b 2 b
2ñÍrÎ"ÏFÐ�Å �

�
ì
ó ��-/ÍrÎ"ÏFÐ÷Å ÷ (12)

in the top quarkrest frame[158]. Hencethe charged leptontendsto point alongthe directionof the
spectatorjet.

5.42 Phenomenology

The goal of this analysisis to estimatethe sensitivity of ATLAS andCMS to the measurementof the
polarisationof thetop quarksproducedby the î -channelsingle-topprocess.The î -channelprocesswas
chosendueto thelargestatisticsavailablein thischannelandtherelative easewith which it is separated
from its backgrounds.The î -channeleventsproducedby the ONETOP generatorandpassedthrough
PYTHIA anda parameteriseddetectorsimulationareanalysedto attemptto recover the predictedSM
top polarisationin the presenceof backgroundanddetectoreffects. Detailsof thestudyarepresented
in [152, 154].

18With cutsapplied,thepolarisationin theso-called“ L -beamlinebasis”is slightly higher, c �edE�0Zgf�� .



Theexperimentalmeasurementof thepolarisationof the top quarkis essentiallya measurement
of the angulardistribution of its decayproductsin the top quarkrest frame. As explainedabove, the
mostsensitive angleis betweenthechargedleptonfrom top decayandthedirectionof thespectatorjet,
in thetop quarkrestframe. In theabsenceof backgroundor detectoreffectstheangulardistribution of
thechargedleptonis givenby h ó ÍrÎ"Ï�Ð�Å ÷ � �ì ó ��-i_ßÍrÎ"ÏFÐ÷Å ÷ (13)

where _ is thepolarisationof thesampleandcanrangefrom �[� to � .
Experimentally, in orderto measuretheangulardistribution of thechargedleptonin thetopquark

restframe,it is necessaryto first reconstructthefour-momentumof thetop quark.However, therecon-
structionof thetop four-momentumsuffersfrom anambiguitydueto theunknown longitudinalmomen-
tum of the neutrinoproducedin the top decay. Using the @ andtop massesasconstraints,19 onecan
reconstructthetop four-momentum,but thequality of thereconstructionis degradedby this ambiguity.
Oncethe top four-momentumhasbeenreconstructed,onecandeterminethedirectionof thespectator
jet andthechargedleptonin thetopquarkrestframe.Theanglebetweenthesetwo directionsis Ð�Å .

In orderto extract thevalueof thetop polarisationfrom theangulardistribution, referenceevent
sampleswere createdwith 100% alignmentwith the polarisationaxis (spin up, _ � -U� ) and with
100%anti-alignmentwith the polarisationaxis (spin down, _����[� ). Thesereferencedistributions
werecomparedto astatistically-independentdatasetwith thepredictedSM topquarkpolarisation.This
comparisonwasdoneby minimising

� � � jgk�l6monqp
\

ó h rts ó ÍrÎ"ÏFÐ�Å ÷ � �
h u ó ÍrÎ"Ï<Ð�Å ÷ � ÷ �í �rts \ -Óí �u \

(14)

wherethesubscriptd representsquantitiescalculatedfor thedatadistribution andthesubscriptth refers
to thegeneratedreferencedistribution. Thetheoreticalvalue

h rts ó ÍrÎ"ÏFÐ÷Å ÷ is calculatedviah rts ó ÍrÎ"Ï<Ð�Å ÷ � � ì óOó ���i_ ÷
h v ó ÍrÎ"ÏFÐ÷Å ÷ - ó ��-i_ ÷

h w ó ÍrÎ"ÏFÐ÷Å ÷O÷ (15)

where

h v and

h w referto thevalueof thegeneratedtheoreticaldistribution for the100%spin-down and
the100%spin-uptops,respectively, and _ is thepolarisationof thetop sample.Theprocedurereturns
anestimateof thetoppolarisationandanerroron thatestimate.In thisway thesensitivity to changesin
toppolarisationcanbequantified.

Moving from the parton-level simulationto a simulationwhich includesboth hadronisationand
detectoreffects is certainto complicatethe measurementof the polarisationof the top quark. In ad-
dition, the signalcould be biasedby an event selectiondesignedto eliminatebackgroundandwill be
contaminatedby residualbackgroundevents.

Thefirst histogramin Fig. 31 shows theangulardistribution for signalonly, at parton-level. The
secondhistogramin Fig. 31 shows theangulardistribution of the chargedleptonafter detectoreffects
have beensimulated. In addition to effectsassociatedwith detectorenergy smearing,jet andcluster
definitions,etc., thisdistribution includestheeffectsof ambiguitiesin reconstructingthetopquarkdueto
theabsenceof informationabouttheneutrinolongitudinalmomentum.It doesnot,however, containthe
effectsof any eventselectionin orderto separatesignalfrom background.This histogramdemonstrates
that theeffect of hadronisationanddetectorresolutionchangestheshapeof theangulardistribution but
still producesahighly asymmetricdistribution.

In additionto the effects introducedby the detectorresolution,the effect of applyingthe event-
selectioncriteriacanbeevaluatedby applyingthemoneat a time andobservingthechangein shapeof
thisdistribution. For thepurposesof thepolarisationanalysistheevent-selectioncriteriaare:

19The - masscanbeusedto calculatetheneutrinolongitudinalmomentumto within a two-fold ambiguity. Of thesetwo
solutionstheonewhichproducesthebesttopmassis chosen.



Fig. 31: Angulardistribution of chargedleptonin top restframefor variousdatasamples.Thehistogramsprogressfrom left-

to-right, top-to-bottom.Thefirst histogramshows theparton-level distribution. Thesecondhistogramis afterthesimulationof

detectorandreconstructioneffects. Thefinal four histogramsillustratetheinfluenceof eventselectioncriteriaon theangular

distribution. Theeffectsof thecutsarecumulativeandaretheresultof addingpre-selectioncuts,a jet-multiplicity requirement,

a forwardjet tag,anda topmasswindow, respectively.

  Pre-selection(trigger)cutsasin ATLAS î -channelanalysisdescribedpreviously;  numberof jets= 2;  forwardjet ( ~ �I~"* ì"!$# ) with = ø *�#"5 GeV;  reconstructedtopmassin therange150–200GeV.

This set of criteria leadsto a signal efficiency of 3.0%, correspondingto more than 16000eventsin
10 fb ÿ�� of integratedluminosity. Fig. 31 demonstratestheeffect of applyingthesecutsin a cumulative
manner. Again theasymmetryof the î -channelangulardistribution is preserved, thoughmoredegrada-
tion is clearlyevident, in particularnear ÍrÎ"Ï<Ð�ÅN�3� . Thedegradationis worseat thesevaluesof ÍrÎ"ÏFÐ÷Å
becausetheleptonsfrom theseeventsareemittedin thedirectionoppositeto thetopboost.This reduces
themomentumof theleptonscausingmoreof themto fail = ø -basedselectioncriteria.

Since @l- jet eventsdominatethe backgroundremainingafter cuts, they are taken asthe only
backgroundin this analysis.Fig. 32 shows thecumulative effect of cutson theangulardistribution of
the charged leptonfrom @l- jets events. A peculiarfeatureof theseeventsis evident in all of these
distributions. This is thetendency for eventsto begroupednear ÍrÎ"Ï<Ð�Å��l� . Theeventswhich populate
this regiontendto bethehighest= ø events.Thisshowsthatevenbasicjet andisolated-leptondefinitions
andpre-selectioncutsbiastheangulardistribution of @l- jetsevents.

When the event-selectioncriteria describedin the previous sectionsare applied, the signal-to-
backgroundratio (treating @l- jets as the only background)is found to be 2.6. Using the methods
describedearlier it is possibleto estimatethe polarisationof a mixed sampleof î -channelsignaland
@l- jets background.The referencedistributions for 100%spin-down and100%spin-uptop quarks
mixed with backgroundin a ratio of 2.6 areshown in Fig. 33. Also shown is the angulardistribution
correspondingto a statistically-independent datasamplewith SM polarisationmixed with background



Fig. 32: Theeffect of eventselectioncutson theangulardistribution of thechargedleptonin - ��� events.Theeffectsof the

cutsarecumulative. Thefirst distribution is theresultof applyingthepre-selection(trigger)cutsonly. Furthercutsareapplied

cumulatively from left-to-right, top-to-bottom.

in theratio2.6. The � � functionpresentedin (14) is minimisedto obtainanestimateof thepolarisation
of thetop. To estimatetheprecisionfor oneyearof data-taking,thefit wasdonewith 3456signalevents
and1345backgroundevents,correspondingto 2 fb ÿ�� of integratedluminosity ( 8 1/5 of a year). For
this integratedluminositytheerroron thepolarisationmeasurementis 4.0%.Then,assumingthestatis-
tics on the referencedistributions,

h v ó ÍrÎ"ÏFÐ�Å ÷ and

h w ó ÍrÎ"Ï<Ð�Å ÷ , will leadto a negligible sourceof error,
this precisionimproves to 3.5%. Projectingtheseresultsto oneyearof data-takingat low luminosity
(10 fb ÿ�� ), assumingthat theerrorsscaleasthesquareroot of thenumberof events,yieldsa predicted
statisticalprecisionof 1.6%on themeasurementof thetoppolarisation.

5.5 Conclusions on single top production

As mentionedin theintroduction,single-topquarkproductionis theonly known wayto directlymeasure. ú h at a hadroncollider. In this sectionwe estimatetheaccuracy with which . ú h canbeextractedat the
LHC, anddiscusswhatwill berequiredto achieve thataccuracy.

Therearefour sourcesof uncertaintyin theextractionof ~ . ú h ~ � from thesingle-topcrosssection:
theoretical,experimental,statistical,andmachineluminosity. As wehaveseen,thestatisticaluncertainty
with 30 fb ÿ�� of integratedluminosity is lessthan ì0/ for both the î -channelprocess20 andassociated
production,andis #"!$#0/ for the j -channelprocess( 20/ with 100fb ÿ�� ). It will bea challengeto reduce
theothersourcesof uncertaintyto #0/ , soweregardthestatisticalaccuracy asbeingsufficient in all three
processes.

The traditionaluncertaintyin the machineluminosity is about #0/ [159]. It may be possibleto
reducethe uncertaintybelow this valueusingDrell-Yan data,but this relieson accurateknowledgeof
thequarkdistribution functions.However, theprocessy ïyQw/@xH�w õ ïö involvestheidenticalcombination

20Only 10 fb é�ê arerequiredto achieve thisaccuracy in the ß -channelprocess.



Fig. 33: The first histogramshows the referencedistribution for 100%spin-uptop quarksafter detectoreffectsandevent-

selectioncriteriahave beenappliedandtheappropriatelevel of backgroundhasbeenmixed in. Thesecondhistogramshows

the referencedistribution for 100%spin-down top quarks.The third histogramrepresentstheexpectedSM distribution for a

statistically-independentsampleof signalandbackground.

of partondistribution functionsasthe j -channelprocess,soit canbeusedto almostdirectlymeasurethe
relevantpartonluminosity, therebyavoiding theneedto measurethemachineluminosity[156].

The theoreticaluncertaintyis underthe bestcontrol in the j -channelprocess. The theoretical
uncertaintyis dominatedby the uncertaintyin the top quarkmass;an uncertaintyof ì GeV yields an
uncertaintyof #0/ . This is cut in half if theuncertaintyin the top massis reducedto � GeV. Thesmall
uncertaintydueto variationof thefactorisationandrenormalisationscalescanbereducedto anegligible
amountby calculatingthe crosssectionat NNLO order, which shouldbe possiblein the nearfuture.
Thesmalluncertaintyfrom thepartondistribution functionscanbe further reducedasdescribedin the
previousparagraph;thisalsoobviatestheneedfor ameasurementof themachineluminosity.

The theoreticaluncertaintyin the î -channelprocessis presentlydominatedby the factorisation-
scaledependenceandthe partonluminosity. Although the scaledependenceof the total crosssection
is small (f / ), the uncertaintyin the semi-inclusive crosssection( í ó = ø ûh ÷ �Éì"5 GeV) is about �"50/ .
This can be reducedby calculatingthe = ø spectrumof the ï ñ at NLO. It may also prove possibleto
measurethe total crosssection,althoughthis hasyet to be demonstrated.It is thereforeplausiblethat
thefactorisation-scaledependencewill beabout #0/ oncetheLHC is operating.It is alsolikely thatthe
uncertaintyfrom thepartondistribution functionswill bereducedbelow its presentvalueof �"50/ . The
partonluminosity could be directly measuredusing @ ø production,which is dominatedby �syQw/@ly ,
andthereforeinvolvestheidenticalcombinationof partondistribution functionsasthe î -channelprocess.
Again, thishasthedesirablefeatureof eliminatingtheneedto measurethemachineluminosity.

The theoreticaluncertaintyin the associated-production crosssectioncanbe reducedfar below
its presentvalueof �"�0/ . A full NLO calculationshouldreducethe factorisation-scaledependenceto
roughly #0/ . It is likely that theuncertaintyfrom thepartondistribution functionswill alsobereduced.
Unlessit is possibleto measurethe �"� luminositydirectly, theuncertaintyfrom thepartondistribution
functionswill beaugmentedby theuncertaintyin themachineluminosity.

As far as experimentalsystematicuncertaintiesare concerned,the extraction of a signal cross
sectionrequiresknowledgeof thebackgroundsandof theefficiency andacceptancefor thesignal.These



analysesrequirehardcutsonbothsignalandbackground,andsotheprocessesneedto bemodelledand
understoodvery well.

For all of theseprocesses,the major backgroundsare î î and @l- jets. The largestbackground
for the j -channelprocess(wherea double

ñ
-tag is employed) andassociatedproductionis î î . The î ïî

processcanbe isolatedin otherdecaymodesandin principlewell measured.In the î -channelprocess
thebiggestbackgroundcomesfrom @ Æ^ø with thecharmjet mistaggedasa

ñ
-jet. Obviously it wouldbe

worthwhile to developa
ñ
-taggingalgorithmhaving greaterrejectionagainstsuchmistags,even at the

costof somesignalefficiency, given that the signalrateis large. It may be possibleto understandthe
@l- jetsbackgroundsby comparingwith asampleof

k - jetseventsafterapplyingsimilar selectionsto
thoseusedto selectthesingle-topsamplein @l- jets.The

k - charmratewill besuppressedcompared
to the @l- charmratesincethelatter is mostlyproducedfrom thestrangesea,which is biggerthanthe
charmsea;nonetheless,thecrosssection,kinematics,jet multiplicitiesandsoon canall becomparedto
oursimulationsusingthe

k - jetssample.

Theforward jet tagis very effective in enhancingthesignal-to-background ratio in the î -channel
process.Thismeansthatjetsneedto befoundwith goodefficiency upto largerapidities,at least ~ ��~"8 f
in the calorimeter. Unfortunatelytheseobservationsalso imply that the backgroundestimateis very
sensitive to theMonteCarlopredictingthecorrectmix of jet flavoursandjet rapiditiesin the @�- jets
events. (We note that VECBOSgeneratesvery few jets in the taggingregion, andso far thereis no
collider dataon forward jets in vector-bosoneventswhich could verify whetherthis is correct.) Of
course,effort appliedto understanding@l- heavy-flavour jetsbackgroundswill payoff in many other
searchesbesidesthis one,andwill bea very worthwhileinvestment.Wealsolook forwardto theresults
of ongoingefforts to improve the Monte Carlo simulationof vector-bosonplus jet production[160].
Requiringexactly two jets(aswasdonehereto rejectthe î î background)alsomeansthatwewill bevery
sensitive to our knowledgeof jet efficiencies,QCD radiation,etc. Thecross-sectionmeasurementalso
requiresknowledgeof the

ñ
-taggingefficiency. Thisshouldbemeasurableat thefew-percentlevel using

controlsamplesof î î eventsselectedwith kinematiccutsalone.

As mentionedabove, the purely statisticaluncertaintyin the cross-sectionmeasurementwill be
lessthan5%, aswill mostof the theoreticaluncertainties.It will bea considerablechallengeto reduce
theexperimentalsystematicuncertaintyto this level. At thepresenttime, theexperimentalsystematic
uncertaintyin the î î crosssectionat the Tevatron(which is a similar challengein many respects,in-
volving jets,

ñ
-tagging,andbackgroundsubtraction)is about �"Ó0/ [10]. This total is madeup of many

componentswhich areeachat the5% level, sowhile it will bea lot of work to reducethem,thereis no
obvious“brick wall” thatwouldpreventthis.

Many of thesesystematicissuescanalsobeaddressedby comparingthe î -channeland j -channel
single-topprocesses.It will be a powerful tool to be ableto measure. ú h in two channelswhich have
differentdominantbackgrounds,differentselectioncuts,andadifferentbalancebetweentheoreticaland
experimentalsystematicuncertainties.

Weareonly justnow enteringtheeraof precisiontopphysicswith RunII at theTevatron.Single-
top productionhasnot yet evenbeenobserved. We will learna greatdealover thenext few yearsabout
how to modeltopeventsandtheirbackgrounds,andhow to understandthesystematicuncertainties.The
LHC will undoubtedlybenefitfrom all thisexperience.

If all sourcesof uncertaintyarekept to the #0/ level or less,it shouldbe possibleto measure
~ . ú h ~ � to �"50/ or less.We thereforeregardthemeasurementof . ú h with anaccuracy of #0/ or lessasan
ambitiousbut attainablegoalat theLHC. We have alsoseenthata measurementof thepolarisationof
singletopquarksproducedvia the î -channelprocesswill bepossiblewith astatisticalaccuracy of �"!$�0/
with 10 fb ÿ�� . Wehave notattemptedto estimatethesystematicuncertaintyin thismeasurement.



6. ÙoyÙ SPIN CORRELATIONS AND CP VIOLATION21

For î ïî productionat the LHC quantitiesassociatedwith the spinsof the top and antitop quark will
be “good” observablesas well. The reasonfor this is well known. Becauseof its extremely short
lifetime Ã ú (seeSection2.1) the top quarkdecaysbeforeit canform hadronicboundstates.Thusthe
information on the spin of the top quark doesnot get diluted. As the spin-flip time is much larger
than Ã ú it is, moreover, very unlikely that the top quarkchangesits spin-stateby emittinggluon(s)via a
chromomagneticdipole transitionbeforeit decays.In any casethis amplitudeis calculablewith QCD
perturbationtheory. Henceby measuringtheangulardistributionsandcorrelationsof thedecayproducts
of î and ïî thespin-polarisationsandthespin-spincorrelationsthatwereimprinteduponthe îðïî sampleby
theproductionmechanismcanbedeterminedandcomparedwith predictionsmadewithin theSM or its
extensions.Thereforethesespinphenomenaareanadditionalimportantmeansto studythefundamental
interactionsinvolving thetopquark.

In this sectionwe areconcernedwith theproductionanddecayof top-antitoppairs. At theLHC
themain î ïî productionprocessis gluon-gluonfusion, y ïy annihilationbeingsub-dominant.As themain
SM decaymodeis î�w/@ : ñ we shallconsiderherethepartonreactions

�z�s¨�y ïyNw î ïî -;ü w ñ ï ñ - f
h
-;ü&¨ (16)

where

h
denoteseithera quark,a chargedleptonor a neutrino. If the final statein (16) containstwo,

one,or no high =ùø chargedlepton(s)thenwe call thesereactions,asusual,thedi-lepton,singlelepton,
andnon-leptonicî ïî decaychannels,respectively. To lowestorderQCD the matrix elementsfor (16),
includingthecompleteîðïî spincorrelationsandtheeffectsof thefinite top and @ widths,weregivenin
[161, 162]. Spincorrelationeffectsin î ïî productionin hadroncollisionswerestudiedwithin theSM in
[162, 163, 164, 165, 166, 167, 168].

In order to discussthe top spin-polarisationandcorrelationphenomenathat are to be expected
at the LHC it is useful to employ the narrow-width approximationfor the î and ïî quarks. Becauseb ú ��, ú|{ � onecanwrite, to goodapproximation,thesquaresof theexactBornmatrixelements}

j�~zp
,� ���"�s¨�y ïy , in theform

~�}
jg~zp
~ ������� Ë �E�

jg~Bp
ï� Ñ�� ���"�����

jg~zp
�0�"� ' �N� � ï� � � � ! (17)

The completespin information is containedin the (unnormalised)spin densitymatrices �
j�~zp

for the
productionof on-shellî ïî pairsandin thedensitymatrices�B¨ ï� for thedecayof polarisedî and ïî quarks
into theabove final states.Thetracein (17) is to betaken in the î and ïî spinspaces.Thedecaydensity
matriceswill bediscussedbelow. Thematrix structureof �

jg~zp
is

�
j�~zp
�0� �_' ����� ���

jg~zp
G6�0�"��G �N� �X-/o

jg~Bp
� ó í � ÷ �0�"��G �N� �?- ïo

jg~zp
� G6�0�"� ó í � ÷ �N� �?-��

j�~zp
� a ó í � ÷ �0�"� ó í a ÷ ��� � ¨ (18)

where í=� arethe Pauli matrices. Using rotationalinvariancethe “structurefunctions” o
jg~zp
� ¨ ïo

j�~zp
� and

�
j�~zp
� a canbefurtherdecomposed.A generaldiscussionof thesymmetrypropertiesof thesefunctionsis

givenin [169]. Thefunction �
jg~Bp

, whichdeterminesthe îðïî crosssection,is known in QCDatNLO [38].
Becauseof parity (P) invariancethevectors�

jg~zp
¨ y�
j�~zp

canhave,within QCD,only acomponentnormal
to thescatteringplane.This component,which amountsto a normalpolarisationof the î quark,� ú� , is
inducedby the absorptive part of the respective scatteringamplitudeandwascomputedfor the above
LHC processesto order 1 � û [170]. (� ú� ��� ûú� if CPinvarianceholds.)Thesizeof thenormalpolarisation
dependson thetopquarkscatteringangleandon thec.m. energy. In thegluon-gluonfusionprocess� ú�
reachespeakvaluesof about1.5/ . In î ïî productionat theLHC thepolarisationof thetop quarkwithin
thepartonicscatteringplane,which is P-violating,is smallaswell within theSM. Thereforethe î and ïî
polarisationsin thescatteringplanearegoodobservablesto searchfor P-violatingnon-SMinteractions
in thereactions(16)– seeSection3.4.

21Sectioncoordinators:W. Bernreuther, A. Brandenburg, V. Simak(ATLAS), L. Sonnenschein(CMS).



The î ïî productionby thestronginteractionsleads,on theotherhand,to a significantcorrelation
betweenthe î and ïî spins. This correlationis encodedin the functions �

jg~Bp
� a . Using P- and charge-

conjugation(C) invariancethey have, in thecaseof a î ïî final state,thestructure

�
jg~zp
� a � Æ

jg~zp
� G � a - Æ

j�~zp
�
�= � �= a - Æ

j�~zp
�
�� ú �
�� ú a - Æ

jg~zp
ý
ó �� ú � �= a - �= �

�� ú a ÷ ¨ (19)

where
�� and

�� ú arethedirectionsof flight of theinitial quarkor gluonandof the î quark,respectively, in
thepartonc.m. frame.Sofar thefunctions

Æ
j�~zp
� areknown to lowest-orderQCD only (see,e.g.,[164]).

For a î ïî3ü final stateadecompositionsimilar to (19)canbemade.

From(19)onemayreadoff thefollowing setof spin-correlationobservables[164]:

ó �� ú âo� ú ÷Oó"�� ûú	âq� ûú ÷ ¨ (20)

ó ��Tâo� ú ÷Oó ��&âq� ûú ÷ ¨ (21)

� ú âq� ûú�¨ (22)
ó ��&âq� ú ÷Oó �� ûúnâq��ûú ÷ - ó ���âo��ûú ÷Oó �� ú âo� ú ÷ ¨ (23)

where� ú ¨�� ûú arethe î and ïî spinoperators,respectively. Theobservables(20), (21), and(23) determine
the correlationsof different î�¨ ïî spin projections. Eq. (20) correspondsto a correlationof the î and ïî
spinsin thehelicity basis,while (21)correlatesthespinsprojectedalongthebeamline. Wenotethatthe
“beam-linebasis”definedin [166] refersto spinaxesbeingparallelto theleft- andright-moving beams
in the î and ïî rest frames,respectively. The î ïî spin correlationin this basisis a linear combinationof
(20), (21),and(23).

A naturalquestionis: what is – assumingonly SM interactions– thebestspinbasisor, equiva-
lently, the bestobservable for investigatingthe î ïî spin correlations?For quark-antiquarkannihilation,
which is the dominantproductionprocessat the Tevatron, it turns out that the spin correlation(21)
[164, 168] andthecorrelationin thebeam-linebasis[166] is strongerthanthecorrelationin thehelicity
basis.In fact,for ïyQy annihilationaspin-quantisationaxiswasconstructedin [167] with respectto which
the î and ïî spinsare100/ correlated.At the LHC the situationis different. For �"�sw|î ïî at threshold
conservationof totalangularmomentumdictatesthatthe îðïî is in a � J ã state.Choosingspinaxesparallel
to theright- andleft-moving beamsthis meansthatwe have î6� ïî6� and î6� ïî6� statesat threshold.On the
otherhandatveryhighenergieshelicity conservationleadsto thedominantproductionof unlikehelicity
pairsî � ïî � andî � ïî � . Onecanshow thatnospinquantisationaxisexistsfor �"�sw¿îðïî with respectto which
the î and ïî spinsare100/ correlated.Thehelicity basisis a goodchoice,but onecando better. This
is reflectedin theabove observables.Computingtheir expectationvaluesandstatisticalfluctuationsone
finds[164] that(22)hasahigherstatisticalsignificancethanthehelicity correlation(20)which in turn is
moresensitive than(21)or thecorrelationin thebeam-linebasis.

The spinsof the î and ïî quarksareto be inferredfrom their P-violatingweakdecays,i.e., from
î�w ñ @l:�w ñ^õ : ö Å or

ñ y ïy�� andlikewise for ïî if only SM interactionsarerelevant. As alreadymentioned
andusedin previoussections,in thiscasethechargedleptonfrom @ decayis thebestanalyserof thetop
spin. This is seenby consideringthedecaydistribution of anensembleof polarisedî quarksdecaying
into a particle

h
(plus anything) with respectto theanglebetweenthepolarisationvector � ú of the top

quarkandthedirectionof flight � ¢¡ of theparticle

h
in the î restframe.Thisdistribution hasthegeneric

form �b 2 b
2IÍrÎ"Ï Ð ¡ �

�
ì
ó �-i£ ¡ � ú â � ¢¡ ÷ ¨ (24)

wherethe magnitudeof the coefficient £ ¡ signifiesthe spin-analyserquality of

h
. The SM valuesfor

some

h
, collectedfrom [171, 172, 173, 174], aregiven in Table12. Thecorrespondingî decaydensity

matrix in the î restframeis readoff from (24) to be ���"���Û� ó �¥¤£-¦£ ¡|§ â � ¢¡ ÷ �"��� . Thedistributionsfor



Table12: Correlationcoefficient ¨�© for ª d  chargedcurrent.In thelastcolumnl.e.j. standsfor leastenergetic jet in the ß
restframe. h õ :<¨ ï2ù¨ ïj ö Å÷¨«]F¨ Æ ñ @ : l.e.j. from y ïy��£ ¡ 1 � 0.31 � 0.41 0.41 0.51

thedecayof polarisedantitopquarksareobtainedby replacing£ ¡ w ��£ ¡ in (24). Theorder 1Eû QCD
correctionsto the decaysîvw ñ3õGö and î�w/@ ñ of polarisedî quarkswerecomputedin [171] and[175],
respectively. For îv¨ ïî polarisationobservablesthesecorrectionsaresmall.

From the above table it is clear that the bestway to analysethe î ïî spin correlationsis through
angularcorrelationsamongthetwo chargedleptons

õ : õ � ÿ in thedi-leptonfinal state.Usingtheproduc-
tion anddecaydensitymatricesin (17), neglecting the 1-loop inducedQCD normalpolarisation,and
integratingover theazimuthalanglesof thechargedleptonsoneobtainsthefollowing normaliseddouble
distribution,e.g.in thehelicity basis

�
í

2 � í
2IÍrÎ"Ï Ð : 2IÍrÎ"Ï Ð ÿ �

�(-^�¬£ Å® £ Å é ÍrÎ"Ï<Ð : ÍrÎ"ÏFÐ ÿf ¨ (25)

where £ Å  £ Å é � �U� and Ð :
ó Ð ÿ

÷
is the anglebetweenthe î ó ïî ÷ directionin the îðïî c.m. frameandtheõ : ó<õ ÿ ÷ direction of flight in the î ó ïî ÷ rest frame. The coefficient � , which is the degreeof the spin

correlationin thehelicity basis,resultsfrom the
Æ
jg~zp
� in (19)andit is relatedto [165]:

��� ` ó î6� ïî6�¢-;î6� ïî6� ÷ �/` ó î6� ïî6�&-;î®� ïî®� ÷` ó î6�'ïî6�¢-;î6� ïî6� ÷ -/` ó î6�'ïî6�&-;î®� ïî®� ÷ ! (26)

For partonicfinal statesand to lowest order in 1Eû one gets � � 5"!$2"2Gì for the LHC. (The number
dependssomewhaton thepartondistributionsused.Hereandbelow thesetCTEQ4L[116] wasused.)
Theoptimumwouldbeto find aspinaxiswith respectto which ~ ��~¬��� . But, asstatedabove,this is not
possiblefor �"� fusion. In additionto (25),analogouscorrelationsamong

õ : from î andjetsfrom ïî decay
(andvice-versa)in thesingleleptonchannels,andjet-jet correlationsin thenon-leptonicdecaychannels
should,of course,alsobestudied.While thespin-analysingpower is lower in thesecases,onegainsin
statistics.

Fromtheaboveexampleis quiteobviousthat,for agiven î ïî decaychannel,the î ïî spincorrelation
will be mostvisible whenthe angularcorrelationsamongthe î and ïî decayproductsareexhibited in
termsof variablesdefinedin the î and ïî rest frames. An importantquestionis thereforehow well the
4-momentaof the î and ïî quarkscanbereconstructedexperimentally?We briefly discusstheresultsof
asimulationof thesingleleptonanddi-leptonchannels[176] which includeshadronisationanddetector
effectsusingPYTHIA [52] andthe ATLFAST [105] softwarepackages.The transversemomentumof
everyreconstructedobjectlikea jet, achargedlepton,or themissingtransverseenergy of aneventhasto
exceedacertainminimumvalue=�ï	� ±ø . Thedetectoracceptancesimposefurtherrestrictionsonthephase
spaceof thedetectedobjectsin pseudo-rapidity.

In thecaseof thesingleleptonî ïî decaychannelsoneisolatedlepton( 9�¯ or Þ�¯ ) is required.From
the missingtransverseenergy of the event andthe @ massconstraintthe longitudinalmomentum= C
of theneutrinocanbe determinedup to a twofold ambiguity. It turnsout that in mostcasesthe lower
solutionof = C is thecorrectone. To completetheevent topology, four jetsaredemanded.Two of them
have to beidentifiedas

ñ
-jetscomingfrom topdecay.

The two non-taggedjets are often misidentifieddue to additionalactivity in the detectorfrom
initial andfinal stateradiation.To suppresstheQCDbackgroundtheinvariantmassof thetwo jetshasto
lie in a narrow masswindow aroundtheknown massof the @ boson.After this cut thetwo-jet system
is rescaledto the @ mass.Finally thereis a twofold ambiguitywhenthe

ñ
-jetsarecombinedwith the
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reconstructedÀ bosons.Thecombinationwhichyieldsthelower reconstructedtopmassturnsout to be
thecorrectonemostof thetime.

In thecaseof thedi-leptondecaychannelstwo isolatedoppositelychargedleptonsarerequested.
Moreover two jetshave to bedetectedandtaggedas Á -jets.With theknown topand À massesandwith
themissingtransverseenergy of theeventtheunknown 3-momentaof theneutrinoandanti-neutrinocan
be computedusingthe kinematicconstraintsof the event. Theseresult in a systemof two linear and
four quadraticequations.Theequationscanbesolved numericallyandusuallyseveral solutionsarise.
Sincetheexperimentallydeterminedmomentado not coincidewith thecorrespondingvariablesat the
partonlevel thekinematicconstraintshaveto berelaxedsomewhatin orderto improvethereconstruction
efficiency. The algorithmsetup in [176] wasusedto solve theseequations.The bestsolutioncanbe
obtainedby computingweightsfrom known distributions. Following [176] the highestefficiency was
obtainedusingthe weight given by the productof the energy distributionsof Â8Ã and ÄÂ8Ã andthe Å«Æ0ÇÉÈzÊË
distribution in the Ì ÄÌ c.m. frame.

For the LHC runningat low luminosity (ÍÏÎÑÐ0ÒFÓ6Ó cmÔ�Õ sÔ�Ö ), about ×ÙØ�Ð0ÒFÚVÌ ÄÌ eventsper year
areexpectedin the di-leptondecaychannels(ÛÜÎÞÝoß«à	á . A further simulationof thesechannelswas
performedin orderto studythejoint distribution(25). PYTHIA 5.7[52] wasusedfor theeventgeneration,
CMSJET[177] for the detectorresponseand the algorithmof [176] for the reconstructionof the ÌFß ÄÌ
momenta.The transversemomentaof the two isolated,oppositelychargedleptonsandof the two jets
wererequiredto exceedâ0Ò GeV. Theminimal missingtransverseenergy of theeventwaschosento be×ãÒ GeV. A furtherselectioncriterion wasthateachjet providesat leasttwo trackswith a significance
of the transverseimpactparameterabove ä0åæÒ to be taggedas Á -jet. The processesweresimulatedin
two differentways. First the SM matrix elementsof [75] for the reactions(16), which containthe Ì ÄÌ
spin correlations,wereimplementedinto PYTHIA . For comparisonthesechannelswerealsosimulated
with thePYTHIA default matrix elementsfor ç"çEß8èãÄè0éÙÌ ÄÌ which do not containspincorrelations.In both
simulationsinitial andfinal stateradiation,multiple interactions,andthedetectorresponsewasincluded.
In Figs.34,35wehaveplottedtheresultingdoubledistributions êoÕ"ë�ì0ê	Å«Æ0ÇíÈNîÉê	Å«Æ0Ç,È Ô . They havebeen
correctedfor thedistortionsof thephasespacedueto thecuts.A fit to thedistribution Fig. 35according
to (25) yields the correlationcoefficient ïÑÎÏÒ0åæä0ä0Ð¬ð�Ò0åæÒ0â0ä , in agreementwith the value ïñÎ�Ò0åæä0ä0â
obtainedat thepartonlevel without cuts.A fit to Fig. 34 leadsto ïxÎxò�Ò0åæÒ0â0ÐVð^Ò0åæÒ0â0â consistentwith



ïóÎôÒ . Systematicerrors,for instancedueto backgroundprocesses,e.g., õ Ê éÙÛ î Û Ô accompaniedby
two Á -jets,remainto beinvestigated.

Fromthesedoubledistributionsonemayform one-or zero-dimensionalprojections,for instance
asymmetriesasconsideredin [166, 165, 168]. Anotherapproachis to studydistributionsandexpectation
valuesof angularcorrelationobservableswhichwouldbezeroin theabsenceof the Ì ÄÌ spincorrelations.
A suitablesetof observablesis obtainedby transcribing,for instance,thespinobservablesgivenabove
into correlationsinvolving the directionsof flight of thosefinal stateparticlesthat areusedto analyse
the Ì and ÄÌ spins. As an examplewe discussthe caseof the singleleptonchannelsÌ8éiÁFè�Äè�ö÷ß ÄÌFé Ä Á\Û"ÔøÄÂ8Ã .
Onemaychooseto analysethe Ì spinby thedirectionof flight ùú Êû of the Á -jet in therestframeof the Ì
quarkandthe ÄÌ spinby themomentumdirection ùú Ô of the Û"Ô in thelaboratoryframe.Thelatteris rather
conservative in thatnoreconstructionof the ÄÌ momentumis necessary. Then(20)-(22)aretranslatedinto
theobservables

ü Ö Î ý0ùú Êûÿþ����� á6ý0ùú Ô þ����� á6ß (27)ü Õ Î ý0ùú Êû þ �� Ë á6ý0ùú Ô þ �� Ë á6ß (28)ü Ó Î ùú Êû þ ùú Ô ß (29)

where ���� refersto the beamdirection. The patternof statisticalsensitivities of the spin observables
(20)-(22)statedabove is presentalsoin theseangularcorrelations.Computingthe expectationvalues� ü	��


and the statisticalfluctuations � ü	� and thoseof the observablesfor the correspondingcharge
conjugatedchannels,onegetsfor the statisticalsignificancesof theseobservablesat the partonlevel
[164]:  Ö�� Ò0åæÒ0Ò���� ë û Ã ¼ ,  Õ�� Ò0åæÒ0â���� ë û Ã ¼ , and  Ó�� Ò0åæÒ������ ë û Ã ¼ , where ë û Ã ¼ is the numberof
reconstructedeventsin thespecificsingleleptonchannel.Thelinearcombination

ü	� Î ü Ó ò ü Ö (30)

hasa still highersensitivity than
ü Ö , namely Ó�� Ò0åæÒ��0ä � ë û Ã ¼ . Evenwith Ð0Ò � reconstructedÁ Û"Ô andÄ Á Û î eventseachonewould geta 7.3� spin-correlationsignalwith this observable. Thesignificanceof

theseobservablesaftertheinclusionof hadronisationanddetectoreffectsremainsto bestudied.

Theresultsof theabovesimulationsareveryencouragingfor theprospectof ÌFß ÄÌ spinphysics.On
thetheoreticalsidetheNLO QCDcorrectionsto thehelicity amplitudes,andto thespindensitymatrices
shouldbecomputedin orderto improve theprecisionof thepredictionsandsimulationtools.

If Ì ÄÌ productionand/ordecayis affectedby non-SMinteractionsthenthecorrelationsabove will
bechanged.Oneinterestingpossibilitywould betheexistenceof a heavy spin-zeroresonance��� (for
instancea heavy (pseudo)scalarHiggs bosonaspredicted,e.g.,by SUSY modelsor somecomposite
object) that couplesstronglyto top quarks. For a certainrangeof massesandcouplingsto Ì ÄÌ suchan
objectwould be visible in the Ì ÄÌ invariantmassspectrum[74, 75]. Supposeonewill be fortunateand
discoversucharesonanceat theLHC. Thentheparityof thisstatemaybeinferredfrom aninvestigation
of Ì ÄÌ spincorrelations.This is illustratedby thefollowing example.As alreadymentionedabove, close
to thresholdgluon-gluonfusionproducesa Ì ÄÌ pair in a Ö�� � state.Ontheotherhandif thepair is produced
by the ��� resonance,ç"ç!é����0éÙÌ ÄÌ , then for a scalar(pseudo-scalar)��� the Ì ÄÌ pair is in a Ó�� � ( Ö � � )
stateand hasthereforecharacteristicspin correlations. Let us evaluate,for instance,the observable
(22). Its expectationvalueat thresholdis

�"! Ë þ !$#Ë 
 Î�Ð0ì�×eý6ò�ä0ì�×ãá if Ì ÄÌ is producedby a (pseudo)scalar
spin-zeroboson,ignoringthe çzçEé Ì ÄÌ background.An analysiswhich includestheinterferencewith the
QCD Ì ÄÌ amplitudeshows characteristicdifferencesalsoaway from threshold.By investigatingseveral
correlationobservables(i.e., employing differentspinbases)onecanpin down thescalar/pseudo-scalar
natureof sucha resonancefor a rangeof ��� massesandcouplingsto topquarks[75].

Anothereffect of new physicsmight be thegenerationof ananomalouslylargechromomagnetic
form factor % (seeSection7.1) in the Ì ÄÌ productionamplitudewhich wouldchangethespincorrelations
with respectto theSM predictions[178, 179] (seealso[180, 181]). For theLHC with 100fb Ô�Ö integrated



luminosityoneobtainsfrom a studyof asymmetries(thatwerealsousedin [179]) at thepartonlevel a
statisticalsensitivity of &'%)(�Ò0åæÒ0â .

The top quarkdecaymodesÌFé Á Û î Â8Ã�ß8ÁFè�Äè�ö might alsobe affectedby non-SM interactions,for
instanceby right-handedcurrentsor by chargedHiggs-bosonexchange,andthiswouldaltertheangular
correlationsdiscussedabove aswell. A Michel-parametertypeanalysisof thesensitivity to sucheffects
at theLHC remainsto bedone.

The large Ì ÄÌ samplesto be collectedat the LHC offer, in particular, an excellentopportunityto
searchfor CP-violatinginteractionsbeyondtheSM in high energy reactions.(TheKobayashi-Maskawa
phaseinducesonly tiny effectsin Ì ÄÌ productionanddecay.) Wementionin passingthatsuchinteractions
areof greatinterestfor attemptsto understandthebaryonasymmetryof theuniverse.Many proposals
andphenomenologicalstudiesof CPsymmetrytestsin Ì ÄÌ productionanddecayathadroncollidershave
beenmade.The following generalstatementsapply [169]: A P- andCP-violatinginteractionaffectingÌ ÄÌ productioninducesadditionaltermsin theproductiondensitymatrices*,+.-0/ whichgeneratetwo types
of CP-oddspin-momentumcorrelations,namely

�� Ë þ ý ! Ë ò !0#Ë áÿß (31)

and �� Ë þ ý ! Ë Ø ! #Ë áÿß (32)

andtwo analogouscorrelationswhere �� Ë is replacedby �� . Thelongitudinalpolarisationasymmetry(31)
requiresanon-zeroCP-violatingabsorptive partin therespective scatteringamplitude.In analogyto the
SM spincorrelationsabove, (31) and(32) canalsobetranscribedinto angularcorrelationsamongthe Ì
and ÄÌ decayproducts,whichmayserve asbasicCPobservables(seebelow).

As to themodellingof non-SMCPviolationtwodifferentapproacheshavebeenpursued.Oneis to
parameterisetheunknown dynamicswith form factorsor, neglectingpossibledependencesonkinematic
variables,with couplingsrepresentingthestrengthof effective interactions[180, 182, 173, 183, 178, 179,
184, 185], andcomputetheeffectson suitableobservables.This yieldsestimatesof thesensitivities to
therespective couplings.For instanceif Ì ÄÌ productionis affectedby anew CP-violatinginteractionwith
a characteristicenergy scale1325476 � �8 thenthis interactionmayeffectively generatea chromoelectric
dipolemoment(CEDM) ê Ë of thetopquark(seeSection7.1).AssumingÐ0Ò:9 non-leptonic,;ãØÿÐ0Ò=< single
lepton,and Ð0Ò < Ì ÄÌ di-leptonevents,the analysisof [185], usingoptimal CP observables,comesto the
conclusionthata Ð�� sensitivity of &�ý>*¶Ý ê Ë á?(@�ãØÿÐ0Ò"Ô�Õ � ç�A cm maybereachedat theLHC. A detector-
level studyof CPviolation in Ì ÄÌ decayswith di-leptonfinal stateswasperformedin [186].

Alternatively onemay considerspecificextensionsof the SM wherenew CP-violatinginterac-
tions involving the top quark appearand computethe inducedeffects in Ì ÄÌ productionand decay, in
particularfor the reactions(16). We mentiontwo examples.In supersymmetricextensionsof theSM,
in particularin theminimal one(MSSM), the fermion-sfermion-neutralino interactionscontainin gen-
eralCP-violatingphaseswhich originatefrom SUSY-breakingterms.Thesephasesareunrelatedto the
Kobayashi-Maskawa phase.The interactionLagrangianfor the top quarkcouplingto a scalartop BÌ ÖDC Õ
andagluino BE readsin themassbasis

ÍGFH Ë FË ÎJI � â�ç A KML
ÖDC Õ
ý6Ý Ô �"N:O ÄÌ>P�Q K BESRUT?R BÌ KWV Ý î �"N:O ÄÌ�XYQ ö K BE	RUT?R BÌ K á V[Z åæÅ8å ß (33)

whereç�A is the QCD coupling. A priori thephase\ Ë is unrelatedto the analogousphasesin the light
quarksectorwhich areconstrainedby theexperimentalupperboundon theelectricdipole momentof
theneutron.TheCP-violatingone-loopcontributionsof (33) to çzçEß Äè"è�é Ì ÄÌ werecomputedin [187, 185].
A non-zeroCP effect requires,apartfrom a non-zerophase\ Ë , alsonon-degeneracy of the massesofBÌ ÖDC Õ . For fixedphaseand BÌ Ö ò]BÌ Õ massdifferencetheeffect decreaseswith increasinggluino andscalar
top masses.Assumingthe samedatasamplesas in the CEDM analysisabove, [185] concludesfrom
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Fig. 36: Left: differentialexpectationvalueof egf asa functionof the ¾®¿¾ invariantmassat h ikj[lnm TeV for reducedYukawa

couplingso O jGl , po O jGqkl , anda Higgsbosonmassr�stjumwvwv GeV. Thedashedline representstheresonantandthesolid

line thesumof theresonantandnon-resonantx contributions.Right: sameasfigureto theleft, but for theobservable e ³ [86].

a computationof optimal CP observablesthata sensitivity y \ Ë yUz{�Ò0åæÐ canbe reachedat the LHC if the
gluinoandsquarkmassesdo notexceed400GeV.

Anotherstriking possibilitywouldbeCPviolationby anextendedscalarsectormanifestingitself
throughtheexistenceof non-degenerateneutralHiggsbosonswith undefinedCPparity. HiggssectorCP
violationcanoccuralreadyin extensionsof theSM by anextraHiggsdoublet(see,for instance[188]). It
mayalsobesizablein theMSSMwithin acertainparameterrange[189]. Thecouplingof suchaneutral
Higgsboson| with undefinedCPparity to topquarksreads

Í~}iÎ?ò�ý � â ES� á Ö��®Õ=� Ë ý>� Ë ÄÌ Ì V B� Ë ÄÌ�I�� Ú ÌFá�| ß (34)

where � Ë and B� Ë denotethe reducedscalarand pseudo-scalarYukawa couplings,respectively (in the
SM � Ë ÎÞÐ and B� Ë Î Ò ). The CP-violatingeffects of (34) on ç"çEß�Äè0è�éÙÌ ÄÌ were investigatedfor light| in [190] andfor | bosonsof arbitrarymassin [191, 169] (seealso[185, 86]). The exchangeof |
bosonsinduces,at the level of the Ì ÄÌ states,both typesof correlations(32), (31) (the CP asymmetry� ë�P$X�Î�� ë ý Ì�P ÄÌ�P á0ò�ë ý Ì�X ÄÌ�XøáM�\ì0ý>�����6Ì ÄÌ8á consideredin [190] correspondsto thelongitudinalpolarisation
asymmetry

� �� Ë þ ý ! #Ë ò ! Ë á 
 ). If themassof | lies in thevicinity or above â � Ë the 8 -channel| -exchange
diagramç"ç!é7|,éÙÌ ÄÌ becomesresonantandis by far themostimportant | contribution.

Simpleandhighly sensitive observablesandasymmetrieswere investigatedfor the different Ì ÄÌ
decaychannelsin [86]. For thedi-leptonchannelsthefollowing transcriptionsof (31) and(32) maybe
used: �

Ö Î �� Ë þ ùú î ò ù� #Ë þ ùú Ô ß (35)�
Õ Î�ý �� Ë ò ù� #Ë á þ ý0ùú Ô Ø ùú î á6ì0â ß (36)

where �� Ë ß ù� #Ë areherethe Ì8ß ÄÌ momentumdirectionsin the Ì ÄÌ c.m. frameand ùú î , ùú Ô are the Û î , Û0Ô
momentumdirectionsin the Ì and ÄÌ quarkrest frames,respectively. Note that

�
Ö ÎñÅ«Æ0Ç,È î ò�Å«Æ0Ç,È Ô

where È�� are definedafter (25). When taking expectationvaluesof theseobservablesthe channelsÛ î ß�ÛFö Ô with Û0ß«Û�öYÎ Ýoß«à aresummedover. The sensitivity to the CP-violatingproductof couplings��254J��ò�� Ë B� Ë of heavy Higgsbosonsis significantlyincreasedwhenexpectationvaluesof (35),(36)are
takenwith respectto binsof the Ì ÄÌ invariantmass� Ë #Ë . Two examplesof these“dif ferentialexpectation
values”areshown in Fig. 36. In orderto estimatethemeasurementerrorswe have useda sampleof di-
leptonevents,obtainedfrom a simulationat thedetectorlevel usingthesameselectioncriteriaasin the



simulationdescribedabove,anddeterminedtheresultingerroron theexpectationvalueof
�
Ö , choosing� Ë #Ë binswith a width of 10 GeV. With â ØÜÐ0ÒFÚ reconstructeddi-leptoneventsin thewhole � Ë #Ë range

we find thattheerroron
� � Ö 
�� O��O is slightly below Ð�� for abin at,say, � Ë #Ë Îi×ãÒ0Ò GeV. In additionone

mayemploy thefollowing asymmetrieswhichareexperimentallymorerobustthan
� � ��


:

� ý � � á|Î ë Ã÷Ã�ý � � 6?Ò0á òië Ã Ã�ý � �k� Ò0á
ë Ã÷Ã ß (37)

whereI�ÎñÐ0ß8â and ë Ã÷Ã is the numberof di-leptonevents. From an analysisof theseobservablesand
asymmetriesandanalogousonesfor the singleleptonchannelsat the level of partonicfinal statesthe
conclusioncanbedrawn [86] thatonewill besensitive to y ��254,y z{�Ò0åæÐ at theLHC. This will constitute
ratheruniqueCPtests.

7. TOP QUARK ANOMALOUS INTERACTIONS22

In theSM thegaugecouplingsof thetop quarkareuniquelyfixedby thegaugeprinciple,thestructure
of generationsandtherequirementof a lowestdimensioninteractionLagrangian.Due to the large top
mass,topquarkphysicslookssimplein this renormalisableandunitaryquantumfield theory. Indeed,� thetopquarkproductioncrosssectionis known with a rathergoodaccuracy ( ��ý6Ð0Ò òiÐ��0á %),� thereareno tophadrons(mesonsor baryons),� thetopquarkdecayis describedby pure ý>�¦ò � á weakinteractions,� only onesignificantdecaychannelis present:Ì8éiÁFÀ î (otherdecaychannelsarevery suppressed

by smallmixing angles).
This simplicity makesthetopquarkauniqueplaceto searchfor new physicsbeyondtheSM. If anoma-
lous top quarkcouplingsexist, they will affect top productionanddecayat high energies, aswell as
preciselymeasuredquantitieswith virtual topquarkcontributions.

Wedonotknow whichtypeof new physicswill beresponsiblefor a futuredeviation from theSM
predictions.However, topquarkcouplingscanbeparametrizedin amodelindependentwayby aneffec-
tiveLagrangian.Thetopquarkinteractionsof dimension4 canbewritten (in standardnotation[192]):

Í � Î ò ç A ÄÌ�� � T?R Ì ESR� ò ç
� â ¡ L£¢ C A C û

ÄÌ¤� �EýM¥�¦Ë ¡ ò§�¨¦Ë ¡ � Ú á6èNÀ î�
ò âä Ý ÄÌ¤� � Ì

� � ò ç
âíÅ«Æ0ÇÉÈ ¦ ¡ L£© C ª«C Ë

ÄÌ�� � ýM¥£¬Ë ¡ ò�¨¬Ë ¡ � Ú á6è�õ � (38)

plus thehermitianconjugateoperatorsfor theflavour changingterms.
T R

aretheGell-Mannmatrices
satisfying® ¯ ý T R T û áíÎ°& R û ì0â . Gaugeinvariancefixesthestrongandelectromagneticinteractionsin (38)
andhemiticity implies realdiagonalcouplings¥ ¬ËæË ßU� ¬ËæË , whereasthenon-diagonalones¥ ¦ C ¬Ë ¡ ßU� ¦ C ¬Ë ¡ can

be complex in general.Within the SM ¥ ¦Ë ¡ Î±� ¦Ë ¡ Î³²
O"´
Õ , with � Ë ¡ the Cabbibo-Kobayashi-Maskawa

(CKM) matrix elements,¥ ¬ËæË Î ÖÕ ò
�
Ó Ç'µ ¶ Õ È ¦ ß·� ¬ËæË Î ÖÕ , andthe non-diagonalõ couplingsareequal

to zero. Typically modificationsof the SM couplingscanbe tracedbackto dimension6 operatorsin
theeffective Lagrangiandescriptionvalid above theEW symmetrybreakingscale[193, 194, 195] (see
also [196, 132, 197]). Hence,they are in principle of the sameorder as the other dimension5 and
6 couplingsbelow the EW scale. However, in specificmodelsthe new couplingsin Eq. (38) canbe
large[198]. Moreover, thepresentexperimentallimits arerelatively weakandthesecouplingscanshow
up in simpleprocessesandcanbemeasuredwith muchbetterprecisionat theLHC.

Thedimension5 couplingsto oneon-shellgaugeboson,aftergaugesymmetrybreaking,have the
genericform: [199] :

Í Ú Î ò ç A ¡ L£© C ªwC Ë
%$¸Ë ¡
1 ÄÌ=���'¹ T�R ý>º�¸Ë ¡ V I«»0¸Ë ¡ � Ú á6è ESR�'¹ ò ç

� â ¡ L£¢ C A C û
% ¦Ë ¡
1 ÄÌU���¼¹ ý>º�¦Ë ¡ V I«»$¦Ë ¡ � Ú á6è�À î�'¹

22Sectioncoordinators:F. delAguila, S.Slabospitsky, M. Cobal(ATLAS), E. Boos(CMS).



ò�Ý ¡ L£© C ª«C Ë
%$½Ë ¡
1 ÄÌU� �¼¹ ý>º�½Ë ¡ V I«»$½Ë ¡ � Ú á6è � �'¹ ò ç

âíÅ«Æ0ÇÉÈ ¦ ¡ L£© C ª«C Ë
% ¬Ë ¡
1 ÄÌw� �'¹ ý>º�¬Ë ¡ V I«»$¬Ë ¡ � Ú á6è�õ �¼¹ (39)

plusthehermitianconjugateoperatorsfor theflavour changingterms.
E R
�'¹ is ¾ � E R¹ ò¿¾ ¹ E R� (see,how-

ever, below) andsimilarly for theothergaugebosons.Wenormalisethecouplingsby taking 1 Î�Ð TeV.% is real andpositive and º=ßU» arecomplex numberssatisfyingfor eachterm y ºÀy Õ V y »�y Õ Î Ð . As in
thedimension4 casethesedimension5 termstypically resultfrom dimension6 operatorsaftertheEW
breaking. They could be large, althoughthey areabsentat tree level andreceive small correctionsin
renormalizabletheories.At any ratetheLHC will improve appreciablytheir presentlimits.

Therearealsodimension5 termswith two gaugebosons.However, the only onesrequiredby
theunbrokengaugesymmetry�ÀÁ ý6ä0á�2 Ø Á ý6Ð0á�Â , andtaken into accounthere,arethestrongcouplings
with two gluonsand the EW couplingswith a photonand a À boson. They areobtainedincluding
alsothebilinear term ç�A¼º R û ª E û�

E ª¹ , with º R û ª the �ÃÁ ý6ä0á 2 structureconstants,in thefield strength
E R�¼¹

in (39)andthebilinearterm ò3I�Ýoý � � À î¹ ò � ¹ À î� á in À î�'¹ , respectively. Wedonotconsiderany other
dimension5 termwith two gaugebosonsfor their sizeis not constrainedby �ÃÁ ý6ä0á 2 Ø Á ý6Ð0á Â and/or
they only affect to topquarkprocesseswith morecomplicatedfinal statesthanthosediscussedhere.We
will not elaborateon operatorsof dimension6, althoughthe first è�Õ correctionsto dimension4 terms
couldbeeventuallyobservedat largehadroncolliders[134]. In this sectionwe arenot concernedwith
theeffective topcouplingsto Higgsbosonseither.

In what follows we study the LHC potentialfor measuringor putting boundson the top quark
anomalousinteractionsin (38), (39) throughproductionprocesses.Resultsfrom top quarkdecaysare
presentedis Section8. The Ì ÄÌ couplingsto gluonsareconsideredfirst, sincethey areresponsibleforÌ ÄÌ production.Secondlywe discussthe top quarkcouplings ÄÌ�ÁFÀ . In theSM this couplingis not only
responsiblefor almost Ð0Ò0Ò�� of the top decaysbut it alsoleadsto an EW singletop productionmode,
asreviewedin Section5.. Finally we dealwith the Ì flavour changingneutralcurrents(FCNC).The �EÌ ÄÌ
and õ�Ì ÄÌ verticeshave not beenconsideredherebecauseÝ î Ý�Ô and à î à�Ô colliderscangive a cleaner
environmentfor their study.

With the exceptionof the summaryTable 23, we will quotelimits from the literaturewithout
attemptingto comparethem.In Table13 we illustratestatisticsfrequentlyusedandwhich we will refer
to in thetext whenpresentingthebounds.As canbeobserved,thenumberof signalevents,andthelimit
estimates,vary appreciablywith thechoiceof statistics.We do correctfor thedifferentnormalizations
of thecouplingsusedin theliterature.

Table13: Limits on thenumberof signalevents Ä obtainedwith differentstatistics.Å is thenumberof backgroundevents.In

theothercolumnswe gatherÄ for (1): ÆwÆ«Ç CL (3 È ) measurement, ÉÊ É »�ËÍÌÏÎ ; (3): Æ«ÆwÇ CL (3 È ) limit, ÉÊ Ë Ì[Î ; and(5):ÆwÆ«Ç CL for theFeldman-Cousins(FC)statistics[200]; andsimilarly for (2), (4), and(6), for the ÆwÐ«Ç CL (1.96È ), respectively.

Ñ
(1) (2) (3) (4) (5) (6)

0 9 3.84 0 0 4.74 3.09
5 12.57 6.71 6.71 4.38 8.75 6.26
10 15 8.41 9.49 6.20 10.83 7.82
15 16.96 9.75 11.62 7.59 12.81 9.31

7.1 Probes of anomalous Ò Ó¼ÔÓ couplings

Thecombination
�DÕ OÖ % ¸ËæË º ¸ËæË (see(39)) canbeidentifiedwith theanomalouschromomagneticdipolemo-

mentof thetopquark,which,asis thecaseof QED,receivesone-loopcontributionsin QCD.Therefore,



Table14: Attainable1È limits on ×kØ¼Ù ² OMÚ and ÛUrÜÙ ² OÝÚ , through ÞWß�ß , à3á and eâß�ß for oneyearof the LHC runningat low

luminosity(10 fb ¼$f Ú [204].

Observable Attainable1� limitsT Ó6Ó y *¶Ý�ý6ê Ë á¼y�Î�Ò0å�ã�ä�ä�Ø Ð0Ò"Ô�Ö 9 ç A ÅUå�gæ y ç � ý6ê Ë á¼y�Î�Ò0å�ã���ãYØ Ð0Ò Ô�ÖMè ç A ÅUå�
Ó6Ó y ç � ý6ê Ë á¼y�Î�Ò0åæâ0Ò��YØ Ð0Ò"Ô�Ö 9 ç A ÅUå

its naturalsizeis of theorderof é A ìwê . As we observed above, whenthis couplingis non-zeroa directç"ç ÄÌ®Ì four-point vertex is inducedasa resultof gaugeinvariance.

On theotherhandthecombination
�DÕ OÖ % ¸ËæË » ¸ËæË canbe identifiedastheanomalouschromoelectric

dipole momentof the top quark. Within the SM this canariseonly beyond two loops [201]. On the
otherhandit canbemuchlargerin many modelsof CPviolationsuchasmulti-Higgs-doubletmodelsand
SUSY[202]. Therefore,suchanon-vanishingcouplingwouldbeastrongindicationof BSM physics.

Consideringthegluonic termsin (38), (39) for theprocessof light quarkannihilationinto ÄÌ«Ì one
obtains[181, 203]

ê$� ¡ #¡
êqÌ Î âwêÀé A

ä �8 Õ â òÏë Õ ý6Ð òì Õ á�ò ã � Ë
1 %0¸ËæË ý>º�¸ËæË V º�¸ ÊËæË á V ä0â � Õ Ë

1 Õ ý>%0¸ËæË á Õ y º�¸ËæË y Õ V × �8
1 Õ ý>%0¸ËæË á Õ ë Õ ý6Ð òì Õ á ß

(40)�8 beingtheincomingpartontotalenergy squared,ì beingthecosineof thescatteringangleÈzÊ in thecms

of theincomingpartons,andë Î Ð ò × � Õ Ë ì �8 .
Thesquaredmatrixelementfor ç"ç annihilationis amorecomplicatedexpression;wereferto [181,

204] for exact formulas. If the(anomalous)couplingsareassumedto befunctions(form-factors)of è�Õ
andthencorrectedby operatorsof dimensionhigherthan5, the ç"ç annihilationamplitudewouldbeeval-
uatedat differentscales(for the �ÌFý �í á and �8 channels),andanadditionalviolation of the �ÃÁ ý6ä0á�2 gauge
invariancecouldbemadeapparent.For adetaileddiscussionof thisproblemsee,for example,[181] and
referencestherein.

Theeffectsassociatedwith %$¸ËæË º�¸ËæË wereexaminedin [181, 205, 206]. As shown in [134] they will
be easilydistinguishablefrom the effectsof è Õ correctionsto the strongcouplingdue to operatorsof
dimension6, which arerelatively straightforward to analyse[195] in Ì ÄÌ productionsincethe effective
couplingwould bea simplerescalingof thestrengthof theordinaryQCD couplingby anadditional è�Õ -
dependentamount.It wasshown in [206] thatthehigh-endtail of thetopquarkî$ï and � O��O

distributions
aretheobservablesmostsensitive to non-zerovaluesof %0¸ËæË º�¸ËæË , with a reachfor %eÎ �DÕSOÖ %0¸ËæË º�¸ËæË assmall
as (ÞÒ0åæÒ0ä . For thesevaluesof % , only a minor changein the total Ì ÄÌ rate is expected(seeFig. 37).
The effect of a non-zero%$¸ËæË »0¸ËæË wasanalysed,in particular, in [204, 207, 172]. It wasshown in [204]
that informationon % ¸ËæË » ¸ËæË couldbeobtainedby studyingthefollowing correlationobservablesbetweenÛ î Û Ô leptonpairsproducedin Ì ÄÌ in di-leptondecays:T Ó6Ó Î â0ý�ð #Ã ò�ð Ã á Ó ý�ð #Ã Øuð Ã á Ó ß�Yæ Î ñ #Ã ò7ñ	Ã�ß � ÃÓ6Ó Î?â0ý�ð #Ã V ð Ã á Ó ý�ð #Ã ò�ð Ã á Ó ò â

ä ý�ð Õ
#Ã òGð Õ Ã á6å

Table14shows the1 � sensitivitiesof thesecorrelationsto *¶Ý�ý6ê Ë á and ç � ý6ê Ë á (where,ê Ë � ç�A ÕÖ %$¸ËæË »0¸ËæË ).
Quantitatively,

T Ó6Ó and
�
Ó6Ó enableus to probe *¶Ý�ý6ê Ë á and ç � ý6ê Ë á of theorderof Ð0Ò Ô�Ö 9«ç A ÅUå , respec-

tively, and
�Yæ

allows usto probe ç � ý6ê Ë á down to theorderof Ð0Ò"Ô�ÖMèqç A ÅUå (see[204] for details).

7.2 Search for anomalous ò±Óôó couplings

The À�ÌFÁ vertex structurecanbe probedandmeasuredusingeither top pair or single top production
processes.The total Ì ÄÌ ratedependsvery weakly on the À�ÌFÁ vertex structure,astop quarksaredom-



Fig. 37: Crosssectionfor ¾ ¿¾ production(solid) at theLHC asa functionof õ . Thepartof thecrosssectionarisingfrom theöUö Ù"÷ ¿÷ Ú annihilationis shown by thedash-dotted(dotted)curve (see[206] for details).

inantly producedon-shell[208]. However, moresensitive observables,like ï and � asymmetries,top
polarisationandspincorrelationsprovide interestinginformation,asdiscussedin Section6. Thesingle
top productionrateis directly proportionalto thesquareof the À�ÌFÁ coupling,andthereforeit is poten-
tially very sensitive to the À�ÌFÁ structure.In singletopeventsthestudyof thetoppolarisationproperties
potentiallyprovidesawayto probea À�ÌFÁ couplingstructure[209]. Thepotentialto measureanomalousÀ�ÌFÁ couplingsat LHC via singletop from the productionrateandfrom kinematicaldistributionshas
beenstudiedin severalpapers[195, 210, 135, 30].

In themodelindependenteffective Lagrangianapproach[193, 194, 195] therearefour indepen-
dent form factorsdescribingthe À�Ì8Á vertex (see[195] for details). The effective Lagrangianin the
unitarygauge[211, 208, 135] is givenin (38), (39). As alreadymentionedthe ý>�¦ò � á couplingin the
SM carriestheCKM matrix element� Ë û which is very closeto unity. Thevalueof a ý>� V � á coupling
is alreadyboundedby theCLEO Á�é 8 � data[212, 213] at a level [195, 213] suchthat it will be out
of reachevenat thehigh energy �ÉÝ colliders. Sincewe arelooking for smalldeviationsfrom theSM,
in thefollowing ¥ ¦Ë û and � ¦Ë û will besetto ¥ ¦Ë û Îø� ¦Ë û Î ÖÕ andananalysisis presentedonly for thetwo
’magnetic’anomalouscouplings ùúP Õ Î Õ

��ûÖ % ¦Ë û ý6ò,º ¦ ÊË û òüIw» ¦ ÊË û á , ùúX Õ Î Õ
��ûÖ % ¦Ë û ý6ò,º ¦ ÊË û V Iw» ¦ ÊË û á .

Naturalvaluesfor thecouplings y ù P + X / Õ y arein theregion of ý
Õ�þÿÕ O
� �>Ò0åæÐ [196] anddo not exceedthe

unitarity violationboundsfor y ù P + X / Õ y���Ò0å�; [194].

Calculationsof the completesetof diagramsfor the two main processesî:î�é Á Ä ÁFÀ and î0î éÁ Ä ÁFÀ V������
havebeenperformed[135] for theeffectiveLagrangianin (38),(39),usingthepackageCom-

pHEP[214]. Thecalculationincludesthesingle-topsignalandtheirreduciblebackgrounds.Appropriate
observablesandoptimalcutsto enhancethesingle-topsignalhavebeenidentifiedthroughananalysisof
singularitiesof Feynmandiagramsandexplicit calculations.Theknown NLO correctionsto thesingle
toprate[126, 125] havebeenincluded,aswell asasimplejet energy smearing.Theupperpartof Fig. 38
presentstheresulting2 � exclusioncontourfor anintegratedluminosityof Ð0Ò0Ò fb Ô�Ö , assumingÝoß«à and� éÙÛ decaysof the À -boson. The combinedselectionefficiency in the kinematicalregion of interest,
includingthedouble Á -tagging,is assumedto be �0Ò�� . Figure38demonstratesthatit will beessentialto
measurebothprocessesî:îPé Á Ä ÁFÀ andî:î é Á Ä ÁFÀ V������

at theLHC. Theallowedregionfor eachsingle
processis a ratherlargeannuli,but theoverlappingregion is muchsmallerandallows animprovement
of thesensitivity on anomalouscouplingsof anorderof magnitudewith respectto theTevatron. Since
the productionrateis large, even after strongcuts,expectedstatisticalerrorsarerathersmall, andthe
systematicuncertainties(from luminositymeasurements,partondistribution functions,QCDscales,� Ë ,
. . . ) will play animportantrole. As it is not possibleto predictthemaccuratelybeforetheLHC startup,



Fig. 38: Limits on anomalouscouplingsafter optimisedcutsfrom two processes�	��
� ¿��� and �	��
�� ¿�	��������� (upper

plot). Dependenceof thecombinedlimits on thevaluesof systematicuncertainties(lower plot).

weshow herehow theresultsdependontheassumedcombinedsystematicuncertainty. Figure38(lower
part)shows how theexclusioncontoursdeterioratewhensystematicerrorsof Ð�� and ��� areincluded.
Notethatasystematicerrorof 10%at theLHC will diminishthesensitivity significantlyandtheallowed
regionswill becomparableto thoseexpectedat theupgradedTevatron.

Therateof singletop productionat LHC is differentfrom therateof singleanti-topproduction.
ThisasymmetryprovidesanadditionalobservableatLHC thatis notavailableat theTevatronandwhich
allows to reducesystematicuncertainties.

Thepotentialof thehadroncolliderscanbecomparedto thepotentialof a next generationÝ î Ý Ô
linearcollider (LC) wherethebestsensitivity couldbeobtainedin highenergy �ÉÝ -collisions[208, 215].
Theresultsof this comparisonareshown in Table15. Fromthetablewe seethattheupgradedTevatron
will be ableto performthe first direct measurementsof the structureof the À�ÌFÁ coupling. The LHC
with ��� systematicuncertaintieswill improve theTevatronlimits considerably, rivalling with thereach
of ahigh-luminosity(500fb Ô�Ö ) 500GeVLC option.Theveryhighenergy LC with 500fb Ô�Ö luminosity
will eventuallyimprove theLHC limits by a factorof threeto eight, dependingon thecouplingunder
consideration.



Table15: Uncorrelatedlimits onanomalouscouplingsfrom measurementsat differentmachines.

ù P Õ ùúX Õ
Tevatron( ��������� � Ð0Ò�� ) ò�Ò0åæÐ�ã å8å8å V Ò0å���� ò�Ò0åæâ�× å8å8å V Ò0åæâ��
LHC ( � ������� � ��� ) ò�Ò0åæÒ��0â å8å8å V Ò0åæÒ�ä�� ò�Ò0åæÐ0â å8å8å V Ò0åæÐ0ä�ÉÝ ( � 8! »  ¼ Î�Ò0å��â® ��" ) ò�Ò0åæÐ å8å8å V Ò0åæÐ ò�Ò0åæÐ å8å8å V Ò0åæÐ�ÉÝ ( � 8! »  ¼ Î�â0åæÒâ® ��" ) ò�Ò0åæÒ0Ò�ã å8å8å V Ò0åæÒ0ä�� ò�Ò0åæÒ0Ð�; å8å8å V Ò0åæÒ0Ð�;

7.3 FCNC in top quark physics

In the previous subsections,we analysedtop quarkanomalouscouplingsassmall deviationsfrom the
ordinarySM interactions(ç"Ì ÄÌ and Ì8ÀIÁ vertices).Herewe considernew processeswhich areabsentat
tree-level andhighly suppressedin theSM, namelytheFCNCcouplingsÌU�$# and Ì=� í ( � Î çEß��Éß8õ ).
TheSM predictsvery smallratesfor suchprocesses[216] (seeTable16). Thetopquarkplaystherefore
a uniquerôle comparedto theotherquarks,for which theexpectedFCNCtransitionsaremuchlarger:
the observation of a top quark FCNC interactionwould signal the existenceof new physics. As an
illustration,Table16 shows predictionsfor the top quarkdecaybranchingratiosevaluatedin the two-
Higgs doubletmodel [217], the SUSY models[218], and the SM extensionwith exotic (vector-like)
quarks[198].

Table16: Branchingratiosfor FCNCtopquarkdecaysaspredictedwithin theSM andin threeSM extensions.

SM two-Higgs[217] SUSY[218] Exoticquarks[198]

B ý Ì8é è�çEá �¬ØÙÐ0Ò"Ô�Ö6Ö ��Ð0Ò"Ô�Ú ��Ð0Ò"Ô�Ó �°�$ØÙÐ0Ò"Ô �
B ý ÌFéiè«�,á �¬ØÙÐ0Ò"Ô�Ö Ó ��Ð0Ò"Ô 9 ��Ð0Ò"Ô�Ú �?Ð0Ò"Ô�Ú
B ý Ì8é èNõVá ��Ð0Ò Ô�Ö Ó ��Ð0Ò Ô < ��Ð0Ò Ô � �?Ð0Ò Ô�Õ

In theeffectiveLagrangiandescriptionof (38),(39) it is straightforwardto calculatethetopquark
decayratesasa functionof thetopquarkFCNCcouplings:

Q�ý Ì8éiè�çEá Î % ¸Ë ¡
1

Õ ã
ä éúA � Ó Ë ß Q ý ÌFé^è �,áiÎ % ½Ë ¡

1
Õ â�é � Ó Ë ß (41)

Q ý ÌFé è�õVá ½ Î y ¥ ¬Ë ¡ y Õ V y � ¬Ë ¡ y Õ é � Ó Ë Ð
× � Õ¬ Ç'µ ¶ Õ â0È ¦

Ð ò ��Õ¬� Õ Ë
Õ Ð V â �^Õ¬� Õ Ë ß (42)

Q�ý Ì8éiè�õ á&% Î % ¬Ë ¡
1

Õ é � Ó Ë Ð
Ç'µ ¶EÕ,â0È ¦ Ð ò �^Õ¬� Õ Ë

Õ â V ��Õ¬� Õ Ë å (43)

For comparison,Table17 collectstheraretop decayratesnormalisedto %$¸Ë ¡ Î %0½Ë ¡ Î y ¥ ¬Ë ¡ y Õ V y � ¬Ë ¡ y Õ Î% ¬Ë ¡ ÎñÐ , andfor the SM. We assume� Ë ÎñÐ���� GeV, 1ÏÎñÐ TeV, é�Î ÖÖ Õ>è , é A ÎÏÒ0åæÐ andsumthe
decaysinto èVÎ í ß�# . In this ’extreme’casewith theanomalouscouplingsequalto onethetopcandecay
into agluonor a õ bosonplusa light quark èVÎ í ß�# andinto theSM mode ÁFÀ atsimilar rates.

7.31 CurrentConstraintson FCNCin topquarkphysics

Presentconstraintson topanomalouscouplingsarederivedfrom low-energy data,directsearchesof top
raredecays,deviationsfrom theSM predictionfor Ì ÄÌ productionandsearchesfor singletop production
atLEP2.

Indirectconstraints: The top anomalouscouplingsareconstrainedby the experimentalupper
boundson the inducedFCNCcouplingsbetweenlight fermions. For example,the � � term in the õ�ÌFè



Table17: Top quarkdecaywidths andcorrespondingbranchingratiosfor the anomalouscouplingsequalto oneandfor the

SM. In thefourth line wegatherthevaluesof thecorrespondinganomalouscouplingsgiving thesamedecayratesasin theSM.

TopdecaymodeÀ î Á ý'# V í á ç ý'# V í áM� ý'# V í á6õ ½ ý'# V í á6õ(%
FCNCcoupling Ð Ð Ð ÐQ�ý') ��" á 1.56 2.86 0.17 2.91 Ò0åæÐ�×
B Ò0åæâ0Ò Ò0åæä�� Ò0åæÒ0â0â Ò0åæä�ã Ò0åæÒ0Ð�ã
FCNCcoupling ã¬Ø Ð0Ò"Ô < ä$ØÙÐ0Ò"Ô < × ØÙÐ0Ò"Ô 9Q+*-,�ý') ��" á 1.56 ã$ØÙÐ0Ò"Ô�Ö6Ö ã¬ØÙÐ0Ò"Ô�Ö Õ â0åæâ�ØÙÐ0Ò"Ô�Ö Ó. *-, 1 �$ØÙÐ0Ò Ô�Ö6Ö �¬ØÙÐ0Ò Ô�Ö Ó Ð0å���ØÙÐ0Ò Ô�Ö Ó

vertex generatesaneffective interactionof theform [219]

Í  -/0/ Î ç
Å«Æ0ÇÉÈ ¦ � �21 Äº � � � Ð òÏ� Úâ º 1 õ �

V Z åæÅ8åæß (44)

where º � C 1 aretwo differentlight down-typequarks.Theone-loopestimateof thevertex gives:

� �21 Î Ð
Ð�;wê Õ

� Õ Ë
¥ Õ � ÊË � ýM¥ ¬Ë ¡ V � ¬Ë ¡ á>� ¡ 1 V � Ê¡ � ýM¥ ¬ ÊË ¡ V � ¬ ÊË ¡ á>� Ë 1 � ¶ 1 Õ� Õ Ë ß (45)

where� �31 aretheCKM matrixelements.Then,usingtheresultsof [219] andtheexperimentalconstraints

from [192] on 4�P éÙà î à Ô , the 4�P - 465 massdifference,
Ñ � ò Ñ �

mixing,
Ñ é Û î Û Ô � and ÁFé 8 � , one

obtains:

� A ¢ � â$ØÙÐ0Ò Ô�Ú ß� û ¢ � × Ø Ð0Ò Ô � ß� û A � Ð0å × ØÙÐ0Ò Ô�Ó ß (46)

and,taking ¥ Î�â��0Ò GeV, � Ë Î�Ð���� GeV and1¦Î�Ð TeV:

y ¥�¬Ë © V �¨¬Ë © y � Ò0åæÒ�×ãß y ¥£¬Ë ª
V �'¬Ë ª y � Ò0åæÐ0Ð0å (47)

¥ ¬Ë ¡ ò � ¬Ë ¡ do not contribute to � �31 for masslessexternalfermions. However, bothchiralitiesof the õ�ÌFè
vertex contribute, for instance,to thevacuumpolarizationtensor7 �¼¹ ý6è�Õ0á . Thus,usingtherecentvalue
for the 8 parameter, 8 Î�Ò0å�ä�ä�ä�ã ðiÒ0åæÒ0Ò0Ò�ã�ý V Ò0åæÒ0Ò0Ð�×ãá [192], thefollowing â�� limit is obtained:

y ¥ ¬Ë ¡ y Õ V y � ¬Ë ¡ y Õ � Ò0åæÐ��0å (48)

CDF results: TheCDF collaborationhassearchedfor thedecaysÌFéÏ�9#Fý í á andÌ8éiõ:#�ý í á in the
reaction Äî�î é ÄÌ Ì�� at � 8 Î�Ð0å�ã TeV, obtainingthefollowing 95%CL limits [13]:.<; ý Ì8é=#¤�Éá V .<; ý ÌFé í �Éá � ä0åæâ�� ß .<; ý ÌFé=#FõVá V .<; ý Ì8é í õVá � ä0ä�� å (49)

Thesetranslateinto theboundson thetopanomalouscouplings

% ½Ë ¡ � Ò0å���ã0ß y ¥ ¬Ë ¡ y Õ V y � ¬Ë ¡ y Õ � Ò0å��0ä0å (50)

Ì ÄÌ productionvia FCNC: Constraintson the vertex ç"Ì8è canbe derived form the studyof the Ì ÄÌ -
pair productioncross-section.Imposingthat the Ì ÄÌ -pair productioncross-section,includingthepossible
effect of anomalouscouplings,shouldnot differ from the observed one (assumedin this study to be�?>A@!BË #Ë Î ;0å�� ðiÐ0åæä pb [6]) by morethan2 pb, leadsto theconstraint[220]:

%$¸Ë ¡
1 C Ò0å × ��® ��" Ô�Ö å (51)



Table18: Shortsummaryof theLEP2 resultsfor Ø » Ø ¼ 
i¾ ¿÷ .

Collab. � 8 (GeV) Í (pbÔ�ÖFá BR(ÌFé õVè )
ALEPH 189-202GeV[221] 411

� â0â��
DELPHI 192-202GeV[223] 233

� Ð�ã��
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Fig. 39: Upperlimit on thebranchingfractionof ¾�
FE�÷ obtainedfrom LEP 2 data,evaluatedat õHGO�´ j�v .

FCNCat LEP2: Since1997,LEP2 hasrun at cmsenergies in excessof 180 GeV, makingthe
productionof singletopquarkkinematicallypossiblethroughthereaction:

Ý î Ý Ô é � Ê ý6õ Ê áíéÙÌ¬Äè�å (52)

Two LEPexperiments[221, 222, 223] havepresentedtheresultsof their searchfor thisprocess.A short
summaryof thesedatais given in Table18. Theproductioncrosssectionis very sensitive to the top

quarkmass,� Ë ¡ �Ïý6Ð¶ò
Õ ³OA á÷Õ (see[224] for details). Therefore,the upperlimit on thecorresponding

branchingratio dependsfrom theexactvalueof � Ë aswell, asshown in Fig.39.Thecurrentconstraints
on the top quarkFCNC processesare summarisedin Table19. Note that the LEP2 limit is slightly
betterthenthat given by CDF (49). Theseconstraintsshouldfurther improve oncethe datafrom the
highest-energy runsareanalysed.

7.4 Search for FCNC in top quark production processes

FCNC interactionsof top quarkswill be probedthroughanomaloustop decays(asdiscussedin Sec-
tion 8.), and throughanomalousproductionratesor channels,as discussedin the remainderof this
section.



Table19: Currentconstraintson topquarkFCNCinteractions.

ÌFé ç è BR
� Ð���� %0¸Ë ¡ � Ò0å × � (otherFCNCcouplingszero)ÌFé �Yè BR
� ä0åæâ�� %0½Ë ¡ � Ò0å���ã (otherFCNCcouplingszero)

ÌFé^õ è BR
� Ð�ã�� y ¥ ¬Ë ¡ y Õ V y � ¬Ë ¡ y Õ � Ò0å��0Ò (otherFCNCcouplingszero)

Table20: UpperboundsontheanomalouscouplingsõHIO3J and õHIOLK from singletopproductionprocesses.ThesymbolsM	
 l andM	
�M correspondto thereactionsquark-gluonfusion,andsingletopproduction,respectively [225, 142].

Tevatron LHC
Run1 Run2 Run3� 8 (TeV) 1.8 2.0 2.0 14.0Í¶ý'NPO Ô�Ö á 0.1 2 30 10

% ¸Ë © ý6â0éiÐ0á 0.058 0.019 0.0092 0.0033% ¸Ë © ý6â0éiâ0á 0.082 0.026 0.013 0.0061% ¸Ë ª ý6â0é^Ð0á 0.22 0.062 0.030 0.0084%$¸Ë ª ý6â0é^â0á 0.31 0.092 0.046 0.013

7.41 DeviationsfromSMexpectationsfor Ì ÄÌ production

As shown in the previous subsection,the FCNC Ì ç!è -vertex contributesto ç"çEé Ì ÄÌ transitions,andto a
possibleenhancementof thetop quarkproductionat large ñ Ë and � Ë #Ë . A recentstudy[220] shows that
at the LHC the sensitivity to thesecouplingsis equivalent to that found with the dataof Run 1 at the
Tevatron: % ¸Ë ¡

1 QSRUT (
% ¸Ë ¡
1 VXWZYZQ (�Ò0å�� ® ��" Ô�Ö å (53)

7.42 ‘Dir ect’ topquarkproduction( â0éiÐ )
The‘quark–gluon’fusionprocess[225] ç V í ý'#�á6é Ì is characterisedby thelargestcross-sectionfor top
quarkproductionthroughFCNC-interactionsassumingequalanomalouscouplings.At theLHC, using

theCTEQ2Lstructurefunctions[115], thesecrosssectionsfor [ IO�´Ö Î?Ð TeVÔ�Ö areequalto:

��ý í çEé Ì8áÃ(�× Ø Ð0Ò �]\ O ß ��ýoÄí çEéÙÌ8áÃ(�Ð¬Ø Ð0Ò �]\ O ß ��ý'# çEé ÌFáÀ(°;$Ø Ð0Ò Ó \ O�å (54)

Notethat ��ý í çEé ÌFá isabout50timeslargerthantheSM Ì ÄÌ crosssection.Themajorsourceof background
to this is the À V

jet production. The additionalbackgrounddueto single top production,whenthe
associatedjets are not observed, shouldnot exceed20% of the total backgroundand was therefore
ignored.To reproducetheexperimentalconditions,aGaussiansmearingof theenergy of thefinal leptons
and quarkswas applied(see[225] for details). Cuts on the transversemomentum(î�ï 6 â�� GeV),
pseudo-rapidity( y ^ 1 y � â0åæÒ , y ^zÃ�y � ä0åæÒ ), and lepton-jetseparation( ��*`_ Ò0å × ) wereapplied. A Á -
taggingefficiency of 60%andamistaggingprobabilityof 1%wereassumed.

Thecriterion � ì � � V Ñ _�ä wasusedto determinetheminimumvaluesof anomalouscouplings.
ThecouplingsÌ ç í andÌ«ça# havebeenconsideredseparately. Theresultingconstraintson % ¸Ë © and % ¸Ë ª are
givenin Table20,whichalsocontainstheresultsof ananalysisdonefor theTevatron.

7.43 Singletopquarkproduction( â0é�â )
Singletop quarkproductionin â0éiâ processeshasbeenstudiedaswell [142]. Therearefour different
subprocesses,which leadto onetop quarkin thefinal statetogetherwith oneassociatedjet (seeFig. 40
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and[142] for detailedconsiderations):

è�Äè�éÙÌzÄè�ß ç"çEé ÌzÄè�ß è�è�éÙÌ8è�ß è�çEéÙÌ«ç (55)

The major backgroundcomesfrom À V â jets and À V Á Ä Á production,as well as from single top
production.In additionto thecutsandtaggingratesusedin theaboveanalysisof ’direct’ topproduction,
additionalcutson the reconstructedtop mass(145 GeV

� � û ¦ � â0Ò�� GeV), on î ï û 6 ä�� GeV,
and on jet-jet and lepton-jetseparation( �* 1-1 6 Ð0å�� , �* K 1 6 Ð0åæÒ ) were appliedhereto improve
the signal/backgroundseparation.The correspondinglimits on anomalouscouplingsin the top-gluon
interactionwith # or í quarksaregivenin Table20.

7.44 Ì8õ and Ì¤� production

All theanomalouscouplingsmaycontributeto theprocessesèEç é Ì¢õVýM�Éá , andwereconsideredin [226,
227]. Theleft diagramin Fig. 41correspondsto the õVýM�Éá Ì8è coupling,while theright oneshows thetop-
gluonanomalouscoupling(thecorrespondingÌ -channeldiagramsarenotshown). Forall thecalculations
presentedhere,theMRSA PDFset[228] with

� Õ Î �8 wasused.Theresultingtotal crosssectionsfor

%0½Ë ¡ Î y ¥ ¬Ë ¡ y Õ V y � ¬Ë ¡ y Õ Î�Ð are[227]:

��ý í ç!é�� ÌFá Î �0ä \ O ß ��ý'#BçEé�� ÌFá Î Ð0Ò \ OÉß��ý í ç!é�õPÌFá Î ��× ; \ OÉß ��ý'#BçEé�õPÌ8á Î Ð0Ð�× \ O,å
Differentbackgroundsources( À V

jets, õ V jets, õVÀ V
jets, ÀIÁ Ä Á V jets, Ì ÄÌ , and À^Ì production)were

considered.Theexperimentalconditionsweresimulatedby a Gaussiansmearingof the lepton,photon
andjet energies(see[227] for details).Cutsonthetransversemomenta,î ï ý Û�ß?|�ß£�ÉáÀ6�ý6Ð��0ß�â0Ò0ß ×ãÒ0á GeV,
on pseudo-rapidities, y ^ 1 C Ã C ½ y � â0å�� , andon lepton-jet-photonseparation( ��*}_?Ò0å × ) wereapplied.A Á -
taggingefficiency of 60%andamistaggingprobabilityof 1%wereassumed.It wasfoundthat Á -tagging
playsanessentialrole in tracingthetopquarkandreducingbackgrounds.

It hasbeenshown thatthebestlimits on thetop quarkFCNCcouplingscanbeobtainedfrom the
decaychannelsõ�ÌFé Û î Û0Ô Û0Â�Á and �EÌFé � Û0Â�Á (see[226] and[227] for details). Upperboundsat 95%
CL arederived using the FC statistics[200]. Table21 collectsthe correspondinglimits on eight top
anomalouscouplings.Like in previouscasestheboundson í and # couplingswereobtainedunderthe
assumptionthat only oneanomalouscouplingat a time is non-zero. The analysiswasdonefor both
TevatronandLHC but with differentoptimizedcuts.

7.45 Like-signÌ Ì ( ÄÌ ÄÌ ) pair production

Additionalevidencefor aFCNC çzÌFè couplingcanbesoughtthroughtheproductionof like-signtoppairs
(seeFig. 42).

îÀî éIÌ�Ì$�Ùß îÃî é ÄÌ ÄÌ�� (56)



Table21: Upperboundson top anomalouscouplings(see(38,39))from E=¾ and {N¾ production. We have correctedfor the

differentnormalizationsusedin [226, 227].

Tevatron LHC
Run1 Run2� 8 (TeV) 1.8 2.0 14.0 14.0Í^ý'N~O Ô�Ö á 0.1 2 10 100

%$¸Ë © 0.31 0.057 0.0097 0.0052% ¸Ë ª – – 0.020 0.011%$½Ë © 0.86 0.18 0.013 0.0060% ½Ë ª – – 0.037 0.018

y ¥ ¬Ë © y Õ V y � ¬Ë © y Õ 0.49 0.13 0.016 0.0078

y ¥ ¬Ë ª y Õ
V y � ¬Ë ª y Õ – – 0.032 0.016

% ¬Ë © 1.71 0.43 0.040 0.018% ¬Ë ª – – 0.097 0.046

�

� �

�
�}����� �

Fig. 42: Diagramdescribinglike-signtopquarkpair production

TheATLAS collaborationperformeda detailedinvestigationof this reactionfor thecaseof high lumi-
nosity, Í<�t����Î�Ð0Ò0Ò fb Ô�Ö (see[30] and[220] for details).All thethreeanomalouscouplingscontribute to
thisprocessandthekinematicsof theÌ«Ì -pairisalmostthesameasfor theconventionalÌ ÄÌ -pairproduction.

An experimentallycleansignatureof Ì«Ì$ý ÄÌ ÄÌ�á productionis the productionof like-signhigh î$ï
leptonsplustwo hard Á -jets. Themainsourcesof backgroundare è�Äè�ö é Ì ÄÌ8À and è�è�éiÀ � è�ö÷À � è�ö . The
expectedcrosssectionsfor thesignal(with %0¸Ë ¡ Î %$½Ë ¡ Î y ¥ ¬Ë ª y Õ

V y � ¬Ë ª y Õ Î Ð0á andbackgroundprocesses
areequalto:

��ý Ì«Ì8á Î Ð�ä0â0Ò \ O�ß ��ý ÄÌ ÄÌ8á Î ;�× \ O�ß��ý6À î Ì ÄÌFá Î Ò0å�� \ O�ß ��ý6ÀIÔãÌ ÄÌFá Î Ò0åæâ�× \ O�ß��ý6À î À î èNèNá Î Ò0å�� \ O�ß ��ý6ÀIÔÉÀxÔ èNè�á Î Ò0åæâ0ä \ O�å
CTEQ2L structurefunctions[115] were usedwith the evolution parameter

� Õ Î � Õ Ë for the signal
and

� Õ�Î � Õ ¦ for the backgroundcalculations.PYTHIA 5.7 [52] wasusedfor the fragmentationand
all eventswere passedthroughthe ATLFAST detectorsimulation. An additionalreduciblelike-sign
di-leptonbackgroundis due to Ì ÄÌ eventswith a Á semi-leptonicdecay. The initial selectionrequired
thereforetwo like-signisolatedleptonswith î$ï 6�Ð�� GeVand y ^Ày � â0å�� aswell asat leasttwo jetswithî$ï 6�â0Ò GeVand y ^Ày � â0å�� . In orderto getabettersignal/backgroundseparationjetswith î$ï 6 ×ãÒ GeV
(with at leastonetaggedasa Á -jet) wererequired(see[30, 220] for othercuts). Thepotentialreachof
this study, usingthe � ì � � V Ñ _?ä criterion,is givenin Table22.

7.5 Conclusion on Ó ú�� anomalous couplings

Table23presentsashortsummaryof LHC sensitivities to anomalousFCNCcouplingsof thetopquark.
For comparison,we presentalsotheestimatesof thecorrespondingsensitivities at Tevatron. For com-



Table22: Thelimits on anomalouscouplingsfrom animprovedATLAS analysis[30, 220] of like-signtop-pairproductionat

theLHC for thecaseof high luminosity, �9� �A�Wj�l�vwv fb ¼�f . Thecontribution from the ÈZ�!� termin the E=¾M÷ vertex is ignored.

% ¸Ë © % ¸Ë ª % ½Ë © % ½Ë ª y ¥ ¬Ë © y Õ V y � ¬Ë © y Õ y ¥ ¬Ë ª y Õ
V y � ¬Ë ª y Õ

0.078 0.25 0.14 0.32 0.27 0.85

Table23: Summaryof theLHC sensitivity to thetopquarkanomalouscouplingsõHIO�´ z>õHGO"´ and � �v�O2J � ³ �m� o��O2J � ³ . Theresulting

constraintsarepresentedin termsof ‘branchingratio’, �5Ù ¾�
t÷hx Ú µA� É0� Ù�j�l	� Ðl�]�Z��� Ú . Theresultsfor theTevatronoptionare

alsogiven (seetext for explanation). M	
 l , M	
�M , ¾�x , and ¾o¾ standfor quark-gluonfusion,singletop production,¾���{£ÙAE Ú
production,andlike-signtop-pairfinal states,respectively. The‘decay’,‘ATLAS’, and‘CMS’ labelsdenotetheresultsobtained

from thestudyof top decaychannels,documentedin Section8.

Tevatron LHC� �
(TeV) 1.8 2 2 14 14�

(fb  a¡�¢ 0.1 2 30 10 100£&¤�¥ ¦v§2¨]©m¨'ª  ¬« ¦v§ ¦$©m¨'ª  ¬ ® § ¯6©m¨'ª  X° ¨�§ ª6©F¨�ª  X° ¦w§ ±$©F¨�ª  X² ±v³´¨
[225]µ § ±6©m¨'ª  ¬« µ § ±$©m¨'ª  ¬ ¨0§ ¶6©m¨'ª  X ¦w§ ·6©F¨�ª  X° ¨�§L¨¸©F¨�ª  X° ±v³F±
[142]¨0§ ¯6©m¨'ª  ¹¡ µ § ª$©m¨'ª  ¬« –

¨�§ ® ©F¨�ª  X ¶w§ ª$©F¨�ª  X° £�º
[226, 227]

–
¨0§ »$©m¨'ª  ¬¼ ±v§ ® ©m¨'ª  X« – – decay [229]

– – –
¨�§ ¶6©F¨�ª  X¼ ¶w§ µ ©F¨�ª  X« £S£

[220, 30]£�½&¥ ·v§ ·6©m¨'ª  ¬¼ ¦v§ ¶$©m¨'ª  ¬« ¯v§ ¦6©m¨'ª  X µ § ¶6©F¨�ª  X° ±w§L¨¸©F¨�ª  X° ±v³´¨
[225]¯v§ ¯6©m¨'ª  ¬¼ ® § ¯$©m¨'ª  ¬« ±v§ ª6©m¨'ª  X« ¨�§ µ ©F¨�ª  X ·w§ »$©F¨�ª  X° ±v³F±
[142]

– – – ® § ¦6©F¨�ª  X ±w§ ±$©F¨�ª  X £�º
[226, 227]

–
¨0§ »$©m¨'ª  ¬¼ ±v§ ® ©m¨'ª  X« – – decay [229]

– – –
¨�§ µ ©F¨�ª  a¡ ¶w§ ® ©F¨�ª  X¼ £S£

[220, 30]£&¤�¾ ® § »6©m¨'ª  ¬¼ ¦v§ ¶$©m¨'ª  ¬« –
¨�§ ¯6©F¨�ª  X° ¦w§ »$©F¨�ª  X² £�º

[226, 227]
– – –

¦w§ ª6©F¨�ª  X« ¨�§L¨¸©F¨�ª  X« £S£
[220, 30]

– – –
¨�§ »6©F¨�ª  X ·w§ ¯$©F¨�ª  X° ATLAS [30]

– – –
¯w§ µ ©F¨�ª  X° ·w§ ª$©F¨�ª  X° CMS [230]£�½&¾

– – –
¨�§ ¶6©F¨�ª  X ¦w§ ¶$©F¨�ª  X° £�º

[226, 227]
– – –

¨�§ ® ©F¨�ª  X¼ ¶w§ ¶$©F¨�ª  X« £S£
[220, 30]

– – –
¨�§ »6©F¨�ª  X ·w§ ¯$©F¨�ª  X° ATLAS [30]

– – –
¯w§ µ ©F¨�ª  X° ·w§ ª$©F¨�ª  X° CMS [230]£&¤�¿ ·v§ ¶6©m¨'ª  ¹¡ ¦v§ ±$©m¨'ª  ¬¼ –
·w§ ¯6©F¨�ª  X ¨�§L¨¸©F¨�ª  X £�º

[226, 227]
–

¨0§2¨¸©m¨'ª  ¬¼ ¶v§ ±6©m¨'ª  X« ¶w§ ¯6©F¨�ª  X ¨�§ »$©F¨�ª  X decay [219]
– – –

¨�§ »6©F¨�ª  a¡ µ § ¯$©F¨�ª  X¼ £S£
[220, 30]

– – –
µ § ¶6©F¨�ª  X ¨�§ ª$©F¨�ª  X ATLAS [30]

– – –
¨�§ ·6©F¨�ª  X« ¨�§ ·$©F¨�ª  X CMS [230]£�½�¿

– – –
¨�§ »6©F¨�ª  X« ·w§ ¯$©F¨�ª  X £�º

[226, 227]
–

¨0§2¨¸©m¨'ª  ¬¼ ¶v§ ±6©m¨'ª  X« ¶w§ ¯6©F¨�ª  X ¨�§ »$©F¨�ª  X decay [219]
– – –

¨�§ » µ § ® ©F¨�ª  a¡ £S£
[220, 30]

– – –
µ § ¶6©F¨�ª  X ¨�§ ª$©F¨�ª  X ATLAS [30]

– – –
¨�§ ·6©F¨�ª  X« ¨�§ ·$©F¨�ª  X CMS [230]



pletenesswe anticipateandincludeherethe resultsfrom raredecaysdiscussedin thenext section(see
also[219, 229]). To unify thedescriptionof theLHC potentialto detecttop anomalouscouplingsfrom
productionanddecayprocesses,all resultsin Table23 areexpressedin termsof limits on top decay
branchingratios: Q ý ÌFéiè��Yá6ì�Q+*-,iý6Î Ð0å���;�) ��" á . The resultswere obtainedusing � Ë Î Ð���� GeV,é A Î�Ò0åæÐ , and é Î�Ð0ì0Ð0â�ã . Whenneededthelimits quotedin thetablehavebeenrescaledto thedifferent
luminositiesandto the � ì � � V Ñ _xä criterionby usinga simplelinearextrapolationof theavailable
bounds(see[30, 230] andSection8.). The limits on the top anomalouscouplingsfrom Ì=� production
in Table21 wereobtainedusingtheFC prescription[200] andhave beenmultiplied by a factorof � â ,
which roughlyrelatesthis prescriptionwith thestatisticalcriterionadoptedin Table23 [226, 227].

At present,only few cases(like-signtop-pairproduction,Ì8éiè�õ andÌFéiè«� decays,see[30, 230])
wereinvestigatedwith a moreor lessrealisticdetectorsimulation(ATLFAST andCMSJET).Otherin-
vestigationsweredoneat thepartonlevel (thefinal quarkswereconsideredasjetsandasimplesmearing
of lepton, jet andphotonenergies wasapplied). Of course,moredetailedinvestigationswith a more
realisticsimulationof thedetectorresponsemaychangetheseresults.

The mostpromisingway to measurethe anomalousFCNC top-gluoncouplingseemsto be the
investigationof singletop productionprocesses,asthesearchfor ÌFé ç!è decayswould beoverwhelmed
by backgroundfrom QCDmulti-jet events.At thesametime,bothtopquarkproductionanddecaywould
provide comparablelimits on top quarkanomalousFCNCinteractionswith a photonor a õ -boson.In
general,thestudiesshown aboveindicatethattheLHC will improveby afactorof at least10theTevatron
sensitivity to top quarkFCNCcouplings.Of course,the resultspresentedherearenot complete,since
othernew kindsof interactionsmay leadto theappearanceof unusualpropertiesof the top quark. For
example,recentlyproposedtheorieswith largeextra-dimensionspredicta significantmodificationof Ì ÄÌ
pairproduction(see,for example,[231] andreferencestherein).It wasfoundthattheexchangeof spin-2
Kaluza-Kleingravitons leadsto a modificationof the total Ì ÄÌ productionrateaswell asto a noticeable
deviation in the î$ï and � Ë #Ë distributionswith respectto theSM predictions.Naturally, we mayexpect
alsothemodificationsof spin-spincorrelationsdueto graviton exchange.

It hasto bestressedthatdifferenttypesof new interactionsmayaffect thesameobservablequan-
tity. Only acarefulinvestigationof differentaspectsof topquarkphysicsmayprovideapartialseparation
of theseinteractions.

8. RARE DECAYS OF THE TOP QUARK23

Theproductionof Ð0Ò 9 ò Ð0Ò=è top quarkpairsperyearat LHC will allow to probethe top couplingsto
bothknown andnew particlesinvolved in possibletop decaychannelsdifferentfrom themain Ì8é ÁFÀ .
Thanksto thelargetopmass,thereareseveraldecaysthatcanbeconsidered,eveninvolving thepresence
of on-shellheavy vectorbosonsor heavy new particlesin thefinal states.On a purelystatisticalbasis,
oneshouldbeableto detecta particulardecaychannelwhenever its branchingratio (BR) is larger than
about Ð0Ò"Ô < ò¦Ð0Ò"Ô 9 . In practice,we will seethatbackgroundproblemsandsystematicswill lower this
potentialby afew ordersof magnitude,theprecisereductionbeingdependentof courseontheparticular
signatureconsidered.We will see,that thefinal detectionthresholdfor eachchannelwill not allow the
studyof many possiblefinal statespredictedin theSM, unlessnew strongercouplingscomeinto play.

8.1 Standard Model top decays

In this section,we give anoverview of thedecaychannelsof thetop quarkin theframework of theSM.
In theSM thedecayÌ8éiÁFÀ is by far thedominantone.Thecorrespondingwidth hasbeendiscussedin
Section2.1.Theratesfor otherdecaychannelsarepredictedto besmallerby severalordersof magnitude
in the SM. The secondmost likely decaysarethe Cabibbo-Kobajashi-Maskawa (CKM) non-diagonal

23Sectioncoordinators:B. Mele,J.Dodd(ATLAS), N. Stepanov (CMS).



decaysÌ8é 8 À andÌFé^êzÀ . Assuming y � Ë A y�(?Ò0åæÒ�× and y � Ë ¢ y�(�Ò0åæÒ0Ð , respectively [192], onegets

.À; ý Ì8é 8 ÀIáâ��Ð0å�;YØÙÐ0Ò Ô�Ó �w¶+Á .<; ý ÌFéiêBÀIáâ��Ð$ØÙÐ0Ò Ô � (57)

in theSM with threefamilies.Fromnow on,for agenericdecaychannel� , we define

.<; ý Ì8é ��á	Î Q�ý Ì8éÏ��á
Q�ý Ì8éiÁFÀ á�*-, å (58)

Thetwo-bodytree-level decaychannelsaretheonly onesthattheLHC coulddetectin theframework of
theSM. With theexceptionof higher-orderQED andQCDradiative decays,thenext lessrareprocesses
have ratesno largerthan Ð0Ò Ô < .
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Fig. 43: Feynmangraphsfor thedecay¾�
Ê�	�ËE (¾�
:���mÌ ).

At treelevel, the decayÌFé^Á�ÀIõ (Fig. 43) hassomepeculiarfeatures,sincethe processoccurs
nearthekinematicalthreshold(� Ë ��� ¦

V � ¬
V � û ) [232, 233, 234, 235]. This factmakesthe À

and õ finite-widtheffectscrucialin thetheoreticalpredictionof thecorrespondingwidth [233]. Because
the À and õ areunstableandnotobserveddirectly, morethanonedefinitionof the ÌFé ÁFÀIõ branching
ratio is possible.If definedaccordingto

BQ�ý ÌFéiÁFÀIõVáâ� Q ý ÌFéiÁ à	Â � Â  ÄÂ  á.<; ý6ÀIéÙà	Â � á .<; ý6õVéiÂ  ÄÂ  á ß (59)

includingaconsistenttreatmentof À and õ width effects,thebranchingratio is to averygoodapprox-
imation given by the doubleresonantsetof diagrams(shown in Fig. 43), sincethe backgroundto the
neutrinodecayof the õ is negligible. Oneobtains[235], for � Ë Î�Ð���� GeV,

.<; ý Ì8éiÁFÀIõVáíÎ Ñ *ÀÍ  A ý ÌFé�ÁFÀ õVá,Î�â0åæÐ�Ø Ð0Ò Ô < å (60)

However, the signatureÁ à	Â � Â  ÄÂ  is not practicalfrom an experimentalpoint of view. In [233], a first
estimateof

.<; ý Ì8é^ÁFÀIõ á wasgivenon thebasisof thedefinition

Q ý ÌFé^Á�ÀIõVáâ� Q ý ÌFé^Á\à	Â � Ý î Ý�Ô,á.<; ý6ÀIéÙà	Â � á .À; ý6õVéiÝ î Ý Ô á ß (61)



which involvesexperimentallywell-observabledecays,but includescontributionsto thenumeratorfromÌ8éiÁFÀ7� decays(with �,éiÝ î ÝNÔ ) andother“background”diagrams.Theestimatefor thecorresponding
branchingratio is Ñ * ª

© Ë ý Ì8éiÁFÀIõVáâ(°;$Ø Ð0Ò Ô 9 ß (62)

for � Ë ÎxÐ���� GeV, assuminga minimumcut of Ò0å�ã�� ¬ on the Ý î Ý�Ô -pair invariantmass.This cut tries
to copewith thecontribution of backgroundgraphswherethe Ý î Ý�Ô pair comesnot from a õ bosonbut
from a photon.

If theHiggsbosonis light enough,onecouldalsohave thedecayÌ8éiÁFÀÏÎ (Fig. 43),althoughthe
presentlimits on �yÐ stronglysuppressits rate.For �yÐ �6 Ð0Ò0Ò GeV, onegets[233]:.À; ý ÌFé^Á�À�Î á �� �$ØÙÐ0Ò Ô�è å (63)

Finally, thedecayÌFéÑ#�ÀIÀ is very muchsuppressedby a GIM factor

Õ ³þ� ³û in theamplitude.Onethen

gets[234]: .<; ý Ì8é=#FÀIÀIáâ��Ð0Ò Ô�Ö Ó å (64)

Onecanalsoconsiderthe radiative three-bodydecaysÌ8éiÁFÀ^ç and Ì8éiÁFÀ7� . Thesechannelssuffer
from infrareddivergencesandtheevaluationof their raterequiresa full detectorsimulation,including
for instancetheeffectsof thedetectorresolutionandthejet isolationalgorithm.In anidealisedsituation
wherethe rateis computedin the Ì restframewith a minimum cut of 10 GeV on thegluonor photon
energies,onefinds[236]:.À; ý ÌFé^Á�À�çEáÀ(�Ò0åæä ß .<; ý ÌFé^Á�À¿�,áâ(�ä0å��$ØÙÐ0Ò Ô�Ó å (65)

TheFCNCdecaysÌ8é=# ç , ÌFéÑ#n� and ÌFé�#Fõ occurat oneloop,andarealsoGIM suppressedby a

factor

Õ ³þ� ³û in theamplitude.Hence,thecorrespondingratesarevery small[249]:

.À; ý ÌFéÑ#\ç!áÀ(°�¬ØÙÐ0Ò Ô�Ö6Ö ß .<; ý Ì8é=#¤�ÉáÃ( �$ØÙÐ0Ò Ô�Ö Ó ß .À; ý ÌFéÑ#�õVáÃ(?Ð0åæä$ØÙÐ0Ò Ô�Ö Ó (66)

For a light Higgs boson,onecanconsideralsothe FCNCdecayÌFéÑ#lÎ . A previous evaluationof its
rates[249] hasnow beencorrected.For �yÐ (�Ð0Ò0Ò¬ý6Ð�;0Ò0á GeV, onegets[237]:.<; ý Ì8é=#	Î áÀ(�Ò0å�ä$ØÙÐ0Ò Ô�Ö Ó ý × ØÙÐ0Ò Ô�Ö Ú á6å (67)

To concludethediscussionof rareSM decaysof the top quark,we point out herethe existence
of somestudieson semi-exclusiveÌ -quarkdecayswherethe interactionof quarksamongthe Ì decay
productsmay leadto final stateswith onehadron(meson)recoilingagainsta jet. In [238] decayswith
an Ò mesonin thefinal stateanddecaysof thetop throughanoff-shell À with virtual mass� ¦ÔÓ near
to someresonance� , like ê î ß?8 î ß�4 î ßÖÕ îA , wereconsidered.An estimatefor thelattercaseis

Q�ý Ì8éiÁ �>á �
E Õ � � Ó Ë
Ð�×0×�ê º Õ� y � ¡�¡'× y Õ å (68)

Thetypical valuesof thecorrespondingbranchingratiosaretoosmallto bemeasured:.<; ý Ì8é^Á¤ê	áâ��× þ Ð0Ò Ô�è ß .<; ý Ì8éiÁ	Õ A áÃ�?â þ Ð0Ò Ô 9 å (69)

In Table24 wesummarizetheexpecteddecayratesfor themaintopdecaychannelsin theSM.

8.2 Beyond the Standard Model decays

Thefact thata measurementof the top width is not availableandthat thebranchingratio
.<; ý ÌFéiÁFÀIá

is a modeldependentquantitymakesthepresentexperimentalconstraintson thetop decaysbeyondthe
SM quite weak. Hence,the possibility of Ì decaysinto new massive stateswith branchingfraction of
order

.<; ý Ì8éiÁFÀ á is not excluded.Apart from theproductionof new final stateswith large branching
fractions,wewill seethatnew physicscouldalsogiveriseto aconsiderableincreasein theratesof many
decaychannelsthatin theSM framework arebelow thethresholdof observability at theLHC.



Table24: Branchingratiosfor themainSM topdecaychannels.

channel
Ñ *�*Ø, channel

Ñ *�*-,
Á�À Ð 8 À Ð0å�; þ Ð0Ò"Ô�ÓêzÀ ��Ð0Ò"Ô � Á�À�ç Ò0åæä ( Ù+Ú<Û ¨'ª GeV)Á�À¿� ä0å�� þ Ð0Ò Ô�Ó�Ü Ù+Ý:Û ¨'ª GeV) Á�ÀIõ â þ Ð0Ò Ô <#�À î À Ô �?Ð0Ò Ô�Ö Ó Á�À î Î � Ð0Ò Ô 9è ç � þ Ð0Ò"Ô�Ö6Ö è � � þ Ð0Ò"Ô�Ö ÓèNõ Ð0åæä þ Ð0Ò"Ô�Ö Ó #lÎ � Ð0Ò"Ô�Ö Ó

8.21 × ËLÞ fermionfamily

Extendingthe SM with a × ËLÞ fermion family canalter considerablya few Ì decaychannels.First of
all, whenaddinga × ËLÞ family to theCKM matrix thepresentconstraintson the y � Ë ¡ y elementsarecon-
siderablyrelaxed. In particular, y � Ë A�y and y � Ë ¢ y cangrow up to about0.5 and0.1, respectively [192].
Correspondingly, assumingy � Ë û y¨��Ð for thesake of normalisation,onecanhave up to :.<; � ý ÌFé 8 ÀIák��Ò0åæâ�� �w¶gÁ .<; � ý ÌFé^êzÀIáÃ��Ò0åæÒ0Ð0ß (70)

to beconfrontedwith theSM expectationsin (57).

The presenceof a × ËLÞ fermion family could alsoshow up in the Ì direct decayinto a heavy Á ö
quark with a relatively small mass(� û × � Ð0Ò0Ò GeV) [239]. This channelwould contribute to theÌ8é=#FÀ À decay, with a rate:.À; ý ÌFé^À î Á ö ý6éiÀ Ô #Fá6áÃ�?Ð0Ò Ô�Ó ý6Ð0Ò Ô 9 á � � � û × Î�Ð0Ò0Ò¬ý6ä0Ò0Ò0áß) ��" ß (71)

to beconfrontedwith theSM predictionin (64).

8.22 Two HiggsDoubletmodels(2HDM’s)

ThepossibilitythattheEW symmetrybreakinginvolvesmorethanoneHiggsdoubletis well motivated
theoretically. In particular, threeclassesof two Higgsdoubletmodelshavebeenexaminedin connection
with rare top decays,calledmodel I, II andIII. The first two arecharacterisedby an ad hoc discrete
symmetrywhichforbidstree-level FCNC[240], thatarestronglyconstrainedin thelightestquarksector.
In model I andmodel II, the up-typequarksanddown-typequarkscoupleto the samescalardoublet
andto two differentdoublets,respectively (theHiggssectorof theMSSM is an exampleof modelII).
In modelIII [241, 242], the above discretesymmetryis droppedandtree-level FCNC areallowed. In
particular, a tree-level coupling Ì	#	Î is predictedwith acouplingconstant �� � � Ë � ª ìw¥ (where¥ is the
Higgsvacuumexpectationvalue).

Sinceenlarging theHiggssectorautomaticallyimplies thepresenceof chargedHiggsbosonsin
thespectrum,onemajorpredictionof thesenew frameworks is thedecayÌFéiÁ	Î î , possiblywith rates
competitive with

.<; ý Ì8éiÁFÀIá for � Ð » �� Ð��0Ò GeV. In theMSSM,oneexpects
.<; ý Ì8éiÁ	Î î áâ�?Ð , both

atsmallandlargevaluesof
� �w¶	ë . TheinteractionLagrangiandescribingthe Î î Ì Ä Á -vertex in theMSSM

is [243]:

Í Ð Ë û Î ç
� â0� ¦

Î î � ÄÌ¢ý � Ë Å«Æ � ë)� P V � û � �w¶Së)� X á=Á V ÄÂ ý � Ã � �w¶	ë � X áNÛ«� V Z åæÅ8åqß (72)

where � P C X�Î�Ð0ì0â0ý6Ðáà � Ú á arethechiral projectoroperators.

At treelevel thecorrespondingdecaywidthsof Ì8éiÁ	Î î , Î î é � Â , and Î î é Ì Ä Á (or, analogously,
of Î î é=#NÄ8 ) areequalto [243]

Q�ý Ì8éiÁ	Î î á Î çzÕ
;�×�êÀ� Õ¦ � Ë y � Ë û y ÕXâ!Ö��®Õ Ð0ß � Õ û� Õ Ë ß

� Õ Ð� Õ Ë Ø



ý ��ÕË V ��Õû ò ��Õ Ð á6ý ��ÕË Å«Æ � Õ ë V ��Õû � �w¶ Õ ë�á V × ��ÕË ��Õû ß (73)

Q�ý'Î î é � î Â�á Î çzÕ �yÐ
ä0âwêÀ� Õ¦

��Õ ã � �w¶ Õ ë�ß (74)

Q�ý'Î î é Ì Ä ÁFá Î ä�çBÕ
ä0âwêÀ� Õ¦ �yÐ y � Ë û y ÕXâ¢Ö��®Õ Ð0ß � Õ û� Õ Ð ß

� Õ Ë
� Õ Ð Ø

ý ��Õ Ð ò ��ÕË ò ��Õû á6ý ��ÕË Å«Æ � Õ ë V ��Õû � �w¶ Õ ë�á òÙ× ��ÕË ��Õû ß (75)

where â ý>�Bß8ÁFß�#Fá	Î°� Õ V Á Õ V # Õ òiâ0ý>��Á V �v# V Ál#Fá , and�yÐ � � Ð » .

Consequently, if �yÐ � � Ë ò � û , one expects Î î é � î Â (favoured for large
� �w¶?ë ) and/orÎ î éÑ#�Ä8 (favouredfor small

� �w¶	ë ) to be the dominantdecays.Hence,for
� �w¶?ëø6ÑÐ and Î î é � î Â

dominant,onecanlook for thechannelÌFéiÁ	Î î by studyinga possibleexcessin the � leptonsignature
from the Ì pair production[244]. On theotherhand,if

� �w¶	ë � â and � Ð 6 Ð0ä0Ò GeV, the largemass
(or coupling)of the Ì -quarkcauses

.<; ý'Î î éÙÌ Ê Ä ÁFéiÀ î Á Ä ÁFá to exceed
.À; ý'Î î éÑ#�Ä8 á (Fig. 44, see[245]

for details).
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Fig. 44: Branchingfractionsfor threeÌ » decaymodesfor two valuesof rÇê�ë vs. ��ìAí+î .

As aconsequence,new interestingsignaturesatLHC suchasleptonsplusmulti-jet channelswith
four Á -tags,comingfrom the gluon-gluonfusion processç"çEé Ì Ä Á	ÎÙÔ , followed by the ÎÙÔ é ÄÌFÁ decay,
have beenstudied[246]. Theseprocessescouldprovide a viablesignatureover a limited but interesting
rangeof theparameterspace.

Oneshouldrecall however that both
.<; ý Ì8éiÁ	Î î á and

.<; ý'Î î éiÀ î Á Ä Á�á arevery sensitive to
higher-ordercorrections,whicharehighly modeldependent[247].

In modelIII, thetree-level FCNCdecayÌFé=#=» canoccurwith branchingratiosup to 10Ô�Õ [242].
In [248], the ratefor thechannelÌ8é=#=»ãéÑ#FÀIÀIý'#Fõ õVá hasbeenstudied.Accordingly,

.<; ý ÌFéÑ#�ÀIÀIá
canbeenhancedby several ordersof magnitudewith respectto its SM value. In particular, for anon-
shelldecaywith â�� ¦ �� � Þ �� � Ë , onecanhave up to

.<; ý Ì8é=#FÀIÀIág�xÐ0Ò Ô � from this source.The
sameprocesswasconsideredin a wider rangeof models,wherethedecayÌFéÑ#�ÀIÀ canoccurnotonly
througha scalarexchangebut alsothrougha fermionor vectorexchange[239]. In this framework, the
fermionexchangetoocouldleadto detectableratesfor Ì8é=#FÀIÀ , asin (71).



In 2HDM’s, the predictionfor the FCNC decaysÌFé=# ç , Ì8é=#¤� and Ì8é=#Fõ canalsobe altered.
While in modelsI andII thecorrespondingbranchingfractionscannotapproachthedetectabilitythresh-
old [249], in modelIII predictsvaluesupto

.<; ý ÌFé=# çEáÀ(�Ð0Ò"Ô�Ú , .À; ý Ì8é=#¤�ÉáÃ(�Ð0Ò"Ô 9 and
.<; ý Ì8é=#FõVáÃ(Ð0Ò Ô < [217].

By furtherextendingthe2HDM’sHiggssectorandincludingHiggstriplets,onecangive riseto a
vertex Î ÀIõ at treelevel in a consistentway [250]. Accordingly, the ÌFéiÁFÀIõ decaycanbemediated
by a charged Higgs (coupledwith � Ë ) that can enhancethe correspondingbranchingfraction up to.<; ý Ì8éiÁFÀIõ á �ñÐ0Ò"Ô�Õ . Large enhancementscanalsobe expectedin similar modelsfor the channelsÌ8é 8 ÀIõ andÌFé êBÀ õ .

8.23 Minimal SupersymmetricStandard Model(MSSM)

Supersymmetrycould affect the Ì decaysin different ways. (Here, we assumethe MSSM frame-
work [26], with (or without,whenspecified)* parity conservation.)

First of all, two-bodydecaysinto squarksandgauginos,suchasÌ8é BÌ Ö Bç , Ì8é B Á Ö Bï îÖ , ÌFé BÌ Ö Bï � Ö , could
havebranchingratiosof order

.<; ý Ì8éiÁFÀIá , if allowedby thephasespace(see,i.e. [251] for references).
QCDcorrectionsto thechannelÌ8é7BÌ Ö Bç havebeencomputedin [252] andwerefoundto increaseits width
upto valuesevenlargerthan Q ý ÌFéiÁFÀIá . Three-bodyÌ decaysin supersymmetricparticlesweresurveyed
in [251].

Thepresenceof light top andbottomsquarks,charginosandneutralinosin theMSSM spectrum
couldalsogive rise to a CPasymmetryof theorder Ð0Ò Ô�Ó in thepartialwidthsfor thedecaysÌFé^Á�À î
and ÄÌFé Ä Á�ÀxÔ [140, 253].

Explicit * -parity violating interactions[254] couldprovide new flavour-changingÌ decays,both
at tree-level (asin the channelsÌ8é B� Á and Ì8é � Á Bï � Ö [255]) andat oneloop (asin ÌFé=# BÂ [256]), with
observablerates.For instance,

.À; ý ÌFéÑ# BÂãáÃ��Ð0Ò"Ô � òiÐ0Ò"Ô�Ó in particularlyfavourablecases.

Anothersectorwheresupersymmetricparticlescouldproducecrucialchangesconcernstheone-
loop FCNCdecaysÌFé�# ç , ÌFé=#¤� , ÌFéÑ#�õ and ÌFé=#	Î , which in theSM areunobservably small. In the
MSSMwith universalsoftbreakingthesituationis notmuchaffected,while, by relaxingtheuniversality
with alargeflavourmixing betweenthe2ð

¢
and3Í

¢
family only, onecanreachvaluessuchas[257, 258]:

BR,6*	*-,�ý ÌFéÑ#\ç!áÃ��Ð0Ò Ô < ß BR,6*	*Ø,�ý Ì8é=#¤�ÉáÃ�?Ð0Ò Ô�è ß BR,6*	*-,�ý ÌFéñ#�õVáâ��Ð0Ò Ô�è ß (76)

which, however, are still not observable. The introductionof baryonnumberviolating couplingsin
broken * -paritymodelscouldontheotherhandgive largeenhancements[218], andmakesomeof these
channelsobservable:

BRX � ý Ì8é=# çEág��Ð0Ò Ô�Ó ß BRX � ý ÌFéÑ#n�,áÃ��Ð0Ò Ô�Ú ß BRX � ý Ì8é=#Fõ áÀ��Ð0Ò Ô � å (77)

A particularlypromisingchannelis the FCNC decayÌFé�#=» in the framework of MSSM, where» Î » � ß�Î � ß � � is any of the supersymmetricneutralHiggs bosons[259]. By including the leading
MSSM contributionsto thesedecays(includinggluino-mediatedFCNCcouplings),onecouldapproach
thedetectabilitythreshold,especiallyin thecaseof the light CP-even Higgsboson,for which onecan
getup to:

BR,6*	*-,�ý ÌFé=#=» � áÃ� Ð0Ò Ô � å (78)

8.24 Anomalouscouplings

In theframework of thetopanomalouscouplingsdescribedin Section7.,onecanpredictlargeenhance-
mentsin differentFCNCtopdecaychannels.While the Ì8é=# ç , Ì8é=#¤� , andÌFé�#Fõ processesareanalysed
in section7., herewe concentrateon thepossibleFCNCcontributionsto thetop decaysinto two gauge



bosons,ÌFéiè��Ü� , where � is eithera À or a õ and è¶Î}#�ß í :

Ì8éiè�À î õ ß ÌFéiè�À î À Ô ß ÌFé è�õVõ�å (79)

In theSM, thefirst two decaysoccurat treelevel, while Ì8éiè�õVõ proceedsonly throughloop contribu-
tions. We will seethatwithin thepresentexperimentallimits on thetop anomalouscouplings,therates
for theseprocessescanbe large with respectto theSM prediction,but arestill below thedetectability
thresholdat theLHC.

TheFCNCcontribution to thefirst channelin (79), for theanomalouscoupling %wò � Ò0åæä , hasa
rateof thethesameorderof magnitudeastheSM

.<; ý Ì8éiÁFÀIõVá [260]:

BRVóTSW9T ý Ì8é=#FÀIõVáâ��Ð0Ò Ô < � BR*-,�ý Ì8éiÁFÀ õVá6å (80)

Top anomalousFCNC interactionswith both a photonanda õ -bosoncontribute to the second
processin eq.(79). Contraryto the SM casethis amplitudehasno GIM suppression.As a result, the
correspondingbranchingratiocanhave almostthesamevalueasthatof the ÌFé^èNÀIõ decay[260]:

BRVóTSWUT ý ÌFé=#FÀ î À Ô áÃ�?Ð0Ò Ô 9<ô BR*-,�ý ÌFéÑ#�ÀIÀIá6å (81)

For the ÌFé è�õVõ decaymode,a coupling % ò � Ò0åæä givesa branchingratio muchgreaterthanthe
correspondingSM one( �� Ð0Ò Ô�Ö Ó [260]):

BRVóTSW9T ý Ì8éiè�õVõVáâ��Ð0Ò Ô�è ô BR*-,�ý Ì8éiè�õ õVá6ß (82)

but still toosmallto bedetectedatLHC.

In summary, theobservationof any of thesedecaysat LHC would indicatenew physicsnot con-
nectedwith thetopFCNCinteractions(see,for example,[248]).

8.3 ATLAS studies of (rare) top quark decays and couplings

In ATLAS variousanalyseshave beenperformedon top decays,usingthe PYTHIA Monte-Carlointer-
facedto a fastdetectorsimulation(ATLFAST). In thefollowing, themostrelevantresultsarereported.

8.31
.<; ý Ì8é Án��á andmeasurementof y � Ë û y

TheSM prediction
.<; ý ÌFé À î ÁFá � 1 canbechecked by comparingthenumberof observed (1 or 2)Á -tagsin a Ì ÄÌ sample.Thefirst Á -tag is usedto identify theeventasa Ì ÄÌ event,andthesecondÁ -tag (if

seen)is usedto determinethe fractionof top decaysproducinga Á quark. Within the three-generation
SM, andassumingunitarity of theCKM matrix, theratio of double Á -tagto single Á -tageventsis given
by: ; Õ û �qÖ û Î .<; ý ÌFéÞÀIÁ�á6ì .<; ý ÌFé ÀIè�áíÎ�y � Ë û y Õ ì0ý¼y � Ë û y Õ V y � Ë A�y Õ V y � Ë ¢ y Õ á	Î�y � Ë û y Õ (83)

The CDF collaborationhasusedthe taggingmethodin leptonic Ì ÄÌ events to obtain the result; Õ û �qÖ û ÎxÒ0å�ä�ä ð^Ò0åæâ�ä [261], which translatesto a limit of y � Ë û y�6 0.76at the95%CL assumingthree-
generationunitarity. If this constraintis relaxed, a lower boundof y � Ë û y 6 0.048at the 95% CL is
obtained,implying only that y � Ë û y is muchlargerthaneither y � Ë A y or y � Ë ¢ y .

TheLHC will yield a muchmoreprecisemeasurementof
; Õ û �qÖ û . For example,Ì ÄÌ eventsin the

single leptonplus jets modecanbe selectedby requiringan isolatedelectronor muonwith î$ï6 20
GeV, ñ6õZö2÷ø÷ù 6 20 GeV, and at leastfour jets with î$ï]6 20 GeV. Requiringthat at leastone of the
jets be taggedasa Á -jet producesa cleansampleof Ì ÄÌ events,with � ì Ñ = 18.6, with the remaining
backgroundcomingmostlyfrom À +jet events[30]. Assuminga Á -taggingefficiency of 60%,a sample
of 820000single Á -taggedeventswould beselectedfor an integratedluminosityof 10 fb Ô�Ö . Of these,



276000would beexpectedto have a secondÁ -tag,assumingtheSM top quarkbranchingratios. This
ATLAS studyindicatesthat the statisticalprecisionachievablewould correspondto a relative error of& ; Õ û �qÖ û ì ; Õ û �qÖ û (stat.) = 0.2% for an integratedluminosity of 10 fb Ô�Ö . The final uncertaintywill be
dominatedby systematicerrorsdueto theuncertaintyin the Á -taggingefficiency andfake Á -tagrates,as
well ascorrelationsaffecting the efficiency for Á -taggingtwo different jets in the sameevent. Further
studyis neededto estimatethesizeof thesesystematicuncertainties.

8.32
.<; ý Ì8é À7��á

Themeasurementof theratioof di-leptonto singleleptoneventsin a Ì ÄÌ samplecanbeusedto determine.<; ý Ì8é À7��á . In this case,thefirst leptontagsthe Ì ÄÌ event,andthepresenceof asecondleptonis used
to determinethefractionof topquarkdecaysproducinganisolatedlepton,whichcanbethenberelated
to thepresenceof a À (or otherleptonicallydecayingstates)in thedecay. TheSM predictsthat

; Õ
K
�qÖ
K
=.<; ý6À é Û0Â=á � 2/9whereÛVÎ?ý6Ýoß«à	á . Deviationsfrom thispredictioncouldbecausedby new physics,

for example,the existenceof a chargedHiggs boson. The dominant Î î decaysin suchinstancesare
usuallyconsideredto be Î î é � Â or Î î éú#�Ä8 . In eithercase,the numberof isolatedelectronsand
muonsproducedin topdecaywouldbereduced,and

; Õ
K
�qÖ
K

would belessthantheSM prediction.

A studyperformedby ATLAS [30] shows thatwith an integratedluminosityof 10 fb Ô�Ö , a clean
sampleof about443000 Ì ÄÌ eventsin thesingleleptonplus jetsmodecouldbeselectedby requiringan
isolatedelectronor muonwith î$ïG6 20 GeV, ñ õ�ö2÷�÷ù 6 20 GeV, andat leasttwo Á -taggedjetswith î$ï6 20 GeV. To determine

; Õ
K
�qÖ
K
, onethenmeasureshow many of theseeventshave a secondisolated

electronor muon,againwith î�ï 6 20 GeV, andof theoppositesign to thefirst lepton. Assumingthe
SM, onewould expecta selectedsampleof about46 000di-leptoneventswith thesecuts. Giventhese
numbers,thestatisticalprecisionachievablewouldcorrespondto arelativeerrorof & ; Õ

K
�qÖ
K ì ; Õ

K
�qÖ
K
(stat.)

= 0.5% for an integratedluminosity of 10 fb Ô�Ö . Furtherstudy is requiredto estimatethe systematic
uncertaintyon

; Õ
K
�qÖ
K

dueto theleptonidentificationandfake rates.

8.33 RadiativeDecays:Ì8é ÀIÁ�õøß«Ì8éÞÀIÁ	Î
The‘radiative’ topdecayÌFé ÀIÁFõ hasbeensuggested[233] asasensitive probeof thetopquarkmass,
sincethemeasuredvalueof � Ë is closeto thethresholdfor this decay. For thetop massof (173 ð 5.2)
GeV [192], theSM prediction,basedon the õ é Ý�Ý signatureandacut �  - 6�Ò0å�ã�� ¬ (seeSection8.1),
is BRª

© Ë ý ÌFé ÀIÁ�õVá = ý>�0å × î � � 9Ô�Õ � � áÿØ Ð0Ò"Ô 9 [233]. Thus,within thecurrentuncertainty& � Ë � 5 GeV, the
predictedbranchingratio variesby approximatelya factorof three.A measurementof

.<; ý Ì8é À ÁFõVá
could thereforeprovide a strongconstrainton thevalueof � Ë . Similar argumentshave beenmadefor
thedecayÌFéÞÀIÁ	Î , assuminga relatively light SM Higgsboson.

ATLAS hasstudiedthe experimentalsensitivity to the decay ÌFé À ÁFõ [30, 262], with the õ
being reconstructedvia the leptonicdecay õVé=ûøû|ý Û�Î Ý�ß«à	á , and the À throughthe hadronicdecayÀIéü|H| . Theefficiency for exclusively reconstructingÌFé À ÁFõ is very low, dueto thesoft î$ï spectrum
of the Á -jet in the Ì8é ÀIÁ�õ decay. Instead,a semi-inclusive techniquewasused,wherea À õ pair
closeto thresholdwassearchedfor asevidenceof the Ì8é À ÁFõ decay. Sincethe Ì8é ÀIÁFõ decayis
socloseto threshold,theresolutionon � ¦ ¬ is not significantlydegradedwith respectto theexclusive
measurement.The selectionof õVéýûøû candidatesrequiredan opposite-sign,same-flavor leptonpair,
eachleptonhaving î$ï�6 30 GeV and y ^Ãy � 2.5. Theclean õVéþûøû signalallows a wide di-leptonmass
window to be taken(60 GeV

� � Ã÷Ã � 100GeV) in orderto have very high efficiency. CandidatesforÀIéÿ| | decaywereformedby requiringat leasttwo jets,eachhaving î$ïÏ6 30 GeV and y ^Ãy � 2.5,and
satisfying70 GeV

� � |H| � 90 GeV. The ûøû�| | invariantmassresolutionwas �À� � ¦ ¬ � = 7.2 ð 0.4GeV,
andthesignalefficiency was4.3%.

The dominantbackgroundscomefrom processeswith a õ bosonin the final state,primarilyõ +jet production,and to a much lesserextent from À Z and Ì ÄÌ production. In order to reducethe



õ +jet background,an additionalcut requiring a third lepton with î$ï 6 30 GeV wasmade. For the
signal processÌ ÄÌ$é ý6ÀIÁFõ á6ý6ÀIÁFá , this cut selectseventsin which the À from the other top decays
leptonically. After this selection,andwith a cut on � ¦ ¬ of ð 10 GeV aroundthe top mass,the total
expectedbackgroundwasreducedto � 1.5events(mostlyfrom À õ production)per10fb Ô�Ö . Requiring
at leastfive eventsfor signalobservation leadsto a branchingratio sensitivity of order10Ô�Ó . Sincethe
backgroundhasbeenreducedessentiallyto zero,thesensitivity shouldimprove approximatelylinearly
with integratedluminosity. However, evenwith a factorof tenimprovementfor anintegratedluminosity
of 100fb Ô�Ö , thesensitivity wouldstill lie far above theSM expectationof order10Ô 9 òiÐ0Ò"Ô < .

Given this result,observation of the decayÌ8é ÀIÁ	Î doesnot look possible.The currentLEP
limit on � Ð implies that the Higgs is sufficiently heavy that, in the mostoptimistic scenariothat the
Higgsmassis justabove thecurrentlimit,

.À; ý ÌFéÞÀIÁ	Î á �� .<; ý Ì8é À ÁFõVá . As �yÐ increasesfurther,.<; ý Ì8é ÀIÁ	Î á dropsquickly. Assuming�yÐ � � ¬ , onewould have to searchfor ÌFé ÀIÁ	Î using
the dominantdecay Î é Á Ä Á . The final statesuffers muchmore from backgroundthan in the caseofÌ8é À ÁFõ , wheretheclean õ¦é Û î Û"Ô signatureis a key elementin suppressingbackground.Although.<; ý'Î é Á Ä ÁFá in this � Ð rangeis muchlarger thanBR(õ é Û î Û"Ô ), the large increasein background
will more than compensatefor the increasedsignalacceptance,andso one expectsthe sensitivity to.<; ý Ì8é ÀIÁ	Î á to beworsethanfor

.<; ý Ì8é ÀIÁFõVá . ThedecayÌ8é ÀIÁ	Î hasthereforenotbeenstudied
in furtherdetail.

8.34 Ì8é Î î Á
Limits on themassof thechargedHiggshave beenobtainedfrom anumberof experiments.An indirect
limit obtainedfrom world averagesof the � branchingratiosexcludesat90%CL any chargedHiggswith� Ð » � Ð0å�� � �w¶?ë GeV[263], where

� �w¶Së is theratioof thevacuumexpectationvaluesof thetwo Higgs
doublets.CLEOindirectlyexcludes� Ð » � â�×0× GeVfor

� �w¶Së 6 50at95%CL, assumingatwo-Higgs-
doubletextensionto theSM [212], while theLEP experimentsdirectly exclude � Ð » � ��ä0å�� GeV/# Õ at
95%CL [264]. Searchesat theTevatronhave extendedtheregion of excluded � � Ð � ß � �w¶?ë � parameter
space,particularlyat small and large

� �w¶Së , and set a limit on the branchingratio
.<; ý Ì8é�Î î ÁFá �

0.45at 95%CL [265]. Run2 at theTevatronwill besensitive to branchingfractions
.<; ý Ì8é Î î Á�á?6

11%[266].

ATLAS hasperformedananalysisof theexperimentalsensitivity to the ÌFé`Î î Á decay, followed
by Î î é � Â , in the context of the MSSM [30, 267]. Sincethe relevant Ì8é Î î Á branchingratio is
proportionalto ý � Õ Ë Å«Æ � Õ ë V � Õ û � �w¶ Õ ëøá (see(73)), for a given valueof � Ð � the branchingratio for
suchdecaysis largeatsmallandat large

� �w¶Së , but hasapronouncedminimumat
� �w¶Sëü� � Ë ì � û �

7.5. The exact positionof this minimum andits depthis sensitive to QCD correctionsto the runningÁ -quarkmass.

In theATLAS analysis,an isolatedhigh-î ï leptonwith y�^ y � 2.5 is requiredto trigger theex-
periment,which in signaleventsoriginatesfrom thesemi-leptonicdecayof thesecondtop quark. One
identifiedhadronictauis thenrequired,andat leastthreejetswith î ï 6 20GeVand y!^ y � 2.5,of which
two arerequiredto betaggedas Á -jets. This reducesthepotentiallylargebackgroundsfrom À +jet andÁ Ä Á productionto a level well below the Ì ÄÌ signalitself. Thesecutsenhancethe � -leptonsignalfrom Î �
decayswith respectto that from À decay, andselectmostlysingle-prong� -decays.After theselection
cutsandthe � identificationcriteriaareapplied,ÌFé Î î Á decaysappearasfinal stateswith anexcessof
eventswith oneisolated� -leptoncomparedto thosewith anadditionalisolatedelectronor muon.

A signalfrom chargedHiggs-bosonproductionin Ì ÄÌ decayswould be observed for all valuesof� Ð � below � Ë ò â0Ò GeV over mostof the
� �w¶	ë range.For moderatevaluesof

� �w¶Së , for which the
expectedsignalratesarelowest,theaccessiblevaluesof � Ð � arelower thanthis valueby 20 GeV. The
limit on thesensitivity to

.<; ý Ì8é Î î Á�á is dominatedby systematicuncertainties,arisingmainly from
imperfectknowledgeof the � -leptonefficiency andof thenumberof fake � -leptonspresentin thefinal
sample.Theseuncertaintiesareestimatedto limit theachievablesensitivity to

.<; ý ÌFé Î î ÁFá = 3%.



For chargedHiggsmassesbelow 150GeVandfor low valuesof
� �w¶Së , the Î � é # 8 and Î � é #FÁ

decaymodesarenot negligible. In thesamemassrange,the three-bodyoff-shell decaysÎ � é »EÀxÊ ,Î � é � ÀxÊ and Î � é Á ÌqÊ�é ÁFÁFÀ alsohavesizeablebranchingratios.Whenthephase-spaceincreases,
for 150 GeV

� � Ð � �
180 GeV, both the ÁFÁFÀ andthe »EÀ Ê modecould be enhancedwith respect

to the � Â mode.Decaysinto the lightestchargino Bï �Ö andneutralino Bï � Ö or decaysinto sleptonswould
dominatewhenever kinematicallyallowed. For large valuesof

� �w¶	ë the importanceof theseSUSY
decaymodeswould bereduced.However, for valuesaslargeas

� �w¶Së = 50, thedecayÎ � é B� BÂ would
beenhanced,providedit is kinematicallyallowedandwouldleadto � ’s in thefinal state.Theirtransverse
momentumspectrumis, however, expectedto besofterthanthatof � ’s from thedirect Î � é � Â decays.

The Î � é`# 8 decaymodehasbeenconsideredasa complementaryoneto the Î � é � Â channel
by ATLAS for low valuesof

� �w¶	ë . In the ATLAS analysis,one isolatedhigh î$ï leptonwith y!^Gy �
2.5 is requiredto triggertheexperiment,which in signaleventsoriginatesfrom thesemi-leptonicdecay
of the secondtop quark. Two Á -taggedjets with î$ïü6 15 GeV and yl^Gy � 2.5 arealsorequired,with
no additional Á -jet. Finally, at leasttwo non-Á centraljetswith yl^�y � 2.0arerequiredfor the Î � éþ# 8
reconstruction,andno additionaljetsabove 15 GeV in this centralregion. Evidencefor Î � is searched
for in the two-jet massdistribution. The masspeakfrom an Î � decaycan be reconstructedwith a
resolutionof � Î ý>� ò ã0á GeV if themassof the Î � is in therangebetween110and130GeV. In this
massrange,thepeaksitson thetail of thereconstructedÀIé | | distribution from Ì ÄÌ backgroundevents
which decayvia a À Á insteadof a Î � Á . In themassrange110

� Î � �
130GeV, the Î � peakcan

beseparatedfrom thedominantÀIé | | background,with � ì Ñ � 4-5%and � ì � Ñ � 5. This channel
is complementaryto the Î � é � Â channelfor low

� �w¶Së values.Whereasthe Î � é � Â channelallows
only the observation of an excessof events,it is possibleto reconstructa masspeakin the Î � éú# 8
decaymode.

The Î � é »EÀIÊ , Î � é � ÀxÊ and Î � é Á ÌqÊ�éÑÁFÁFÀ havenotbeenstudiedsofarbyATLAS. With
the expectedÁ -taggingefficiency, thesemulti-jet decaymodesarevery interestingfor a moredetailed
investigation.

8.35 Ìÿé õVè decay

Thesensitivity to theFCNCdecayÌVé õ è (with è�Î í ß�# ) hasbeenanalyzed[268] by searchingfor a
signalin thechannelÌ ÄÌ é ý6À ÁFá6ý6õVè�á , with thebosonbeingreconstructedvia theleptonicdecayõ¦é ûøû .
The selectioncutsrequireda pair of isolated,oppositesign, sameflavor leptons(electronsor muons),
eachwith î$ï[6 20 GeV and y ^Ày � 2.5andwith y � K K ò � ¬ y � 6 GeV. Thedominantbackgroundscome
from õ V |�Ý�Ì and À õ production.Not only cutswereappliedon the õVè final state,but alsoon the ÀIÁ
decayof theothertopquarkin theevent,to furtherreducethebackground.Two differentpossibledecay
chainshave beenconsidered:the first (“leptonic mode”) wherethe À decaysleptonically À é Û�Â ,
andthesecond(“hadronicmode”)with À é |H| . ThehadronicÀ decaysignaturehasa muchlarger
branchingfraction,but suffers from larger backgrounds.The searchin the leptonicmoderequired,in
additionto theleptonsfrom theZ bosondecay, a furtherleptonwith î$ï[6 20GeVand y ^Ãy � 2.5, ñ ÕÀ� A¤Aï6 30 GeV, andat leasttwo jetswith î$ïG6 50 GeV and y ^Ãy � 2.5. Exactlyoneof thehigh î$ï jetswas
requiredto betaggedasa Á -jet. The invariantmassspectrumof eachõ è combinationwasthenformed
from the õ?é ûøû candidatestakenwith eachof thenon Á -taggedjets. The õVè invariantmassresolution
was10.1GeV. Combinationswereacceptedif � ¬ ¡ agreedwith theknown top masswithin ð 24 GeV.
Assumingan integratedluminosity of 100 fb Ô�Ö , 6.1 signaleventssurvive the cutswith 7 background
events.A valueof

.<; ý Ì8éiõVè ) aslow as â þ Ð0Ò Ô � couldbediscoveredat the5� level.

Thesearchin thehadronicmoderequired,in additionto the õ éúûøû candidate,at leastfour jets
with î$ïÏ6 50 GeV and y ^Ãy � 2.5. Oneof thejetswasrequiredto betaggedasa Á -jet. To furtherreduce
thebackground,thedecayÌVé | |�Á wasfirst reconstructed.A pair of jets,amongthosenot taggedasaÁ -jet, wasconsidereda W candidateif y � 1 1 ò� ¦ y � 16 GeV. À candidateswerethencombinedwith
the Á -jet, andconsideredasa top candidateif y � 1 1 û ò � Ë y � 8 GeV. For thoseeventswith anaccepted



Ìÿé | | Á candidate,theinvariantmassof the õ candidatewith theremainingunassignedhigh î�ï jetswas
calculatedto look for a signalfrom Ì$é õVè decays.Combinationswereacceptedin case y � ¬ ¡ ò � Ë y�

24 GeV. Assumingan integratedluminosity of 100 fb Ô�Ö , onewould get 0.4 signalevents,with 2
backgroundevents.

8.36 Ì é �,è decay

The FCNC decayÌ é �Éè (with è Î í ß�# ) canbe searchedfor asa peakin the � ½
1

spectrumin the
region of � Ë . The requirementof a high î$ï isolatedphotoncandidatein Ì ÄÌ é ý6ÀIÁFá6ýM�Éè�á eventsis
not sufficient to reducetheQCD multi-jet backgroundto a manageablelevel. Therefore,the Ì�é ÀIÁ
decayof the other top (anti-) quarkin the event wasreconstructedusingthe leptonic À é Û�Â decay
mode,andlooking for the Ì ÄÌ é ý6ÀIÁ�á6ýM�,è�á�é ý Û�ÂãÁ�á6ýM�,è�á final state.For theeventselection,theATLAS
collaboration[30, 262] requiredthepresenceof anisolatedphotonwith î ï 6 40 GeVand y ^Ãy � 2.5,an
isolatedelectronor muonwith î$ï 6 20GeVand y ^Ãy � 2.5,andE

ÕÀ� A�Aï 6 20GeV. Exactly2 jetswith î$ï6 20 GeV wererequired,in orderto reducethe Ì ÄÌ background.At leastoneof thejetswasrequiredto
be taggedasa Á -jet with î$ï 6 30 GeV and y ^Ày � 2.5. The Ì$é Û0Â�Á candidatewasfirst reconstructed.
The combinationwasacceptedasa top quarkcandidateif � Ã ¹ û agreedwith � Ë within ð 20 GeV. For
theseeventsthe Ì é �,è decaywassoughtby combiningtheisolatedphotonwith anadditionalhardjet
with î$ïG6 40 GeV and y ^Ày � 2.5. The invariantmassof the �a| systemwasrequiredto agreewith the
known valueof � Ë within ð 20GeV. The � ½

1
resolutionwith thecutsdescribedabovewas7.7GeV, and

thesignalefficiency (not countingbranchingratios)was3.3%,includinga Á -taggingefficiency of 60%.
Thebackground(155eventsfor anintegratedluminosityof 100fb Ô�Ö ) is dominatedby eventswith arealÀ é Û�Â decayandeithera real or a fake photon. Theseprocessesinclude Ì ÄÌ , singletop production,À V |�Ý�Ì 8 and ÀIÁFÁ production.Thecorresponding5� discovery limit is

.<; ý Ì é �Éè�á|Î?Ð0åæÒ$ØÙÐ0Ò Ô � å (84)

8.37 Ìÿé çEè decay

Thesearchfor a FCNC Ì«çEè coupling(with èPÎ í ß�# ) throughthedecayÌ$é çEè wasanalyzedin [229]
for theTevatron.However, ascanbeseenfrom Table23 in Section7., thesensitivity for suchacoupling
turnsour to bemuchlargerin the Ì productionprocessesthanin thedecayÌ é çEè , whosesignalwill be
overwhelmedby theQCDbackground.Wereferthereaderto Section7. for adetaileddiscussionof this
point.

8.4 CMS studies of FCNC top quark decays and Ó"é � î ó
The CMS sensitivity to Ì é �Éý6õVá6ý í ß�#Fá decayswas studiedrecently (see[230] for details). The
PYTHIA 5.7 [52] generatorwas usedfor the signal and backgroundsimulationsand the detectorre-
sponsewassimulatedat thefastMC level (CMSJET[177]). For the Ìÿé �Éý í ß�#�á signaltheexact â¬é �
matrix elementsç"çEý6èãÄè0á¶é Ì ÄÌYé � í ý'#�á V À Ê ÁFý6é Û�Â�ÁFá werecalculatedandincludedin PYTHIA . TheÌÿé �Éý6õVá6ý í ß�#Fá decayswouldbeseenaspeaksin the � ½ + ¬ / C

1  Ë spectrumin theregionof � Ë . To separate
thesignalfrom thebackgroundonehasto exploit thepresenceof theadditionaltop decayingto the Û0Â�Á
in thesameevent.Thesignaturewith thehadronicdecayof theadditionaltopwasfoundto behopeless.

8.41 Ìÿé �Éý í ß�#�á
In orderto separatethe ýM�Éè�á6ý Û0Â�ÁFá final statefrom thebackgroundsseveralselectioncriteriawere

foundto beeffective. First, thepresenceof oneisolatedphotonwith ñ Ë _���� GeV and y ^Ày _ â0å�� , one
isolatedlepton(à	ß8Ý ) with ñ Ë _ÑÐ�� GeV and y ^ÀyÖ_Ñâ0å�� , andat leasttwo jets with ñ Ë _ñä0Ò GeV andy ^ÀyS_�â0å × is required.Onetopquarkhasto bereconstructedfrom thephotonandjet ( � ½ C

1  Ë�� � Ë ðiÐ��
GeV), the correspondingjet is not allowed to be Á -tagged.On the contrary, the jet with maximal ñ Ë ,



which is not involvedin the ýM�,ß jetá systemhasto be Á -tagged,shouldhave ñ Ë _°�0Ò GeVandcontribute
to anotherreconstructedtopquark( � Ã ¹ 1 � � Ë ðPâ�� GeV).Theremustbenoadditionaljetswith ñ Ë _°�0Ò
GeV. The Á -taggingefficiency wasassumedto be ;0Ò�� for thepurity Ð�� ý6Ð0Ò��Pá with respectto thegluon
andlight quarkjets( # -quarkjets).After thisselection,approximately270backgroundeventsdominated
by the Ì ÄÌ and À + jets,including ÀIÁ Ä Á , survive for theintegratedluminosityof 100fb Ô�Ö , while thesignal
efficiency is ä0åæÐ�� . The � ì Ñ ratio is about1 for

.À; ý Ì é �Éý í ß�#�á6á�Î�Ð0Ò Ô � andthe5 � discovery limit is
aslow as ä0å × ØÙÐ0Ò"Ô�Ú for 100fb Ô�Ö .
8.42 Ìÿé õVè

The Ì é õVè signalwassearchedfor in the Ì ÄÌ é ý Û ÄÛ"è�á Û�ÂãÁ final state.Threeisolatedleptonswithñ Ë _ Ð�� GeV and y ^Ày C â0å�� , andexactly two jetswith ñ Ë _ ä0Ò GeV and y ^Ãy C â0å�� arerequired.The
pairof theopposite-signsame-flavour leptonshasto beconstrainedto the õ mass( � Ã #Ã � � ¬ ð ; GeV)
andonejet, combinedwith the reconstructedZ, hasto form the top system( � Ã #Ã 1 � � Ë ð�Ð�� GeV).
This jet is not allowed to be the Á -jet, but the last ”free” jet in the event hasto be Á -tagged. For the
integratedluminosityof 100fb Ô�Ö just �øä backgroundeventscomingfrom the ÀIõ , Ì ÄÌFõ and õ V |�Ý�Ì 8
processessurvive. Thesignalefficiency is about ;0å�ã�� whichcorresponds,however, only to �?Ð0â events
for

.<; ý Ì¬é õVý í ß�#�á6á Î Ð0Ò"Ô � . The indicationis thatonecanreducethebackgroundrateto thenearly
zerolevel tighteningtheselectioncriteria. In particular, requiringin addition ñ Õg� A�AË _Ïä0Ò GeV anda
harderjet involved in the top ý Û ÄÛl|�á system( ñ Ë _��0Ò GeV) onecanreducethebackgroundto the level
of �óÒ0å�; eventsstill keeping ��ä0å���� of thesignal( ;0å�; eventsfor

.<; ý Ì�é õVý í ß�#Fá6á�ÎóÐ0Ò Ô � and100
fb Ô�Ö ). Onecanconcludethatthe Ì é õVý í ß�#�á signalshouldbeverycleanbut, dueto thelow signalevent
rate,only ��ä¶Ø Ð0Ò0Ò fb Ô�Ö of integratedluminositywouldallow oneto probe

.<; ý Ìÿé õVý í ß�#Fá6á aslow asÐ0Ò"Ô � , provided the presentbackgroundunderstandingis correctandthedetectorperformancewill not
bedeterioratedduringthelong run. The ��� reachfor 100fb Ô�Ö is �?Ð0å�ä$ØÙÐ0Ò"Ô � .
8.43 Ì8é Î î Á
CMShasinvestigatedtheproductionof thelight chargedHiggs,� Ð � � � Ë , in Ì Ì eventsusingthedecay
chain Ì Ì8é�Î � ÁFÀIÁ�é^ý � � Â ã ÁFá V ý Û�ÂãÁ�á [269]. The Î � é � Â branchingratio is large � 98%in this mass
rangefor

� �w¶	ë]6 2 andonly slightly dependenton
� �w¶	ë . The ÌFé�Î � Á branchingratio is largebothat

high andat low
� �w¶?ë valuesandhasa minimum of � 0.8%around

� �w¶	ë@� 6. Sincethe Higgs mass
cannotbe reconstructedin this processthesignalcanbeonly inferredfrom theexcessof � production
over whatis expectedfrom theSM Ì8éiÀIÁ , À � é � � Â decay.

An isolatedlepton with î Ë 6 20 GeV is requiredto identify the top decayand to trigger the
event. The � ’s aresearchedstartingfrom calorimeterjetswith ñ Ë 6 40 GeV within y ^Ãy � 2.4. For the� identificationthetracker informationis used,requiringonehardisolatedchargedhadronwith î Ë 6 30
GeV within theconeof ��* �

0.1 insidethecalorimeterjet. Thealgorithmthusselectstheoneprong�
decays.

The main backgroundsare due to the Ì Ì eventswith Ì Ì8éiÀIÁ�ÀIÁFé�ý � � Â ã ÁFá V ý Û�ÂãÁ�á and À +
jet eventswith ÀIé � Â . The Ì Ì backgroundis irreducible,but can be suppressedby exploiting the� polarisationeffects [270]. Due to the � polarisationthe charged pion from � éÏê � Â decayhasa
harderî Ë spectrumwhencomingfrom Î � é � Â thanfrom À � é � Â . Thedecaymatrix elementswith
polarisation[271] wereimplementedin PYTHIA [52]. Dueto thepolarisation,theefficiency of theabove� selectionis significantlybetterfor Î � é � Â ( � 19%)thanfor À � é � Â ( � 6%).

The eventswere requiredto have at leastone Á -jet with ñ Ë 6 30 GeV taggedwith an impact
parametermethod[272]. This Á -taggingsuppressesefficiently, by a factorof � 70, thebackgroundfromÀ V

jet events. The efficiency for Ì Ì eventsis � 35%. The expected5� discovery rangefor 10 fb Ô�Ö
in theMSSM (��� ß � �w¶	ë ) parameterspacewasfound to be: ��� �

110GeV for all
� �w¶Së valuesand

somewhatextended(��� �� 140)for
� �w¶Së �� 2.



8.5 Conclusions on rare top decays

In theframework of theSM, thetopraredecays(thatis any channeldifferentfrom ÌFé è�À ) aredefinitely
below the thresholdfor anexperimentalanalysisat LHC. On theotherhand,LHC experimentswill be
ableto probequitea few predictionsof possibleextensionsof theSM.

An extendedHiggssectorwill be looked for throughthetree-level decayÌFéiÁ	Î î . ATLAS esti-
matesits sensitivity to thischannelin theMSSM,throughanexcessin thetauleptonsignal,to bearound.<; ý Ì8é=Î î ÁFá = 3% (that is almost4 timesbetterthanwhatexpectedfrom Run2 at theTevatron).This
would allow to probeall valuesof � Ð � below � Ë ò?â0Ò GeV over mostof the

� �w¶Së range. For low� �w¶Së , thecomplementarydecaymode Î � é=# 8 hasbeenconsidered.In themassrange110
� Î � �

130GeV, the Î � peakcanbereconstructedandseparatedfrom thedominantÀIé´|H| background.

For CMS,usingthe � excesssignature,theexpected5� discovery rangefor 10 fb Ô�Ö in theMSSM
(� � ß � �w¶?ë ) parameterspaceis � � �

110GeV, for all
� �w¶?ë values,andsomewhatextended(� � ��

140),for
� �w¶Së �� 2.

Otherinterestingsignatureslike Î � é»EÀIÊ , Î � é � ÀxÊ and Î � éiÁ ÌqÊ�éiÁFÁ�À areverypromising
in particularparameterranges,but have not yetbeenthoroughlyinvestigated.

ATLAS hasstudiedits sensitivity to the radiative decayÌFéiÀIÁFõ . This hasbeenfound to be at
mostof theorder10Ô � , thatis insufficient for thestudyof aSM signal( ��Ð0Ò Ô < ), but possiblyusefulfor
exploring thepredictionsof someextendedHiggs-sectormodel,for which

.<; ý Ì8éiÀIè�õVá �� Ð0Ò"Ô�Õ . On
theotherhand,theradiativeHiggsdecayÌFé^À Á	Î seemsoutof thereachof LHC in any realisticmodel.

The LHC reachfor the FCNC decaysÌFé è�õ , Ì8éiè«� and Ì8éiè�ç hasalsobeenthoroughlyin-
vestigated.Apart from the ÌFéiè�ç , which is completelyoverwhelmedby thehadronicbackground,both
ATLAS andCMS have a sensitivity of about â�Ø Ð0Ò Ô � to the Ì8éiè�õ channel,while theCMS reachfor
the Ì8éiè«� channelis about ä0å ×�Ø Ð0Ò"Ô�Ú , that is slightly betterthantheATLAS sensitivity ( Ð0åæÒ�Ø Ð0Ò"Ô � ),
assumingan integratedluminosity of 100 fb Ô�Ö . Thesethresholdscould be largely sufficient to detect
somemanifestationof possibleFCNCanomalouscouplingsin thetopsector.

ATLAS hasalso investigatedits sensitivity to a measurementof y � Ë û y througha determination
of the rate

.<; ý Ì8éiÁ¤��á , by comparingthe numberof observed (1 or 2) Á -tagsin a Ì ÄÌ sample. Within
the three-generationSM, the ratio of double Á -tag to single Á -tag eventsis

; Õ û �qÖ û Î y � Ë û y Õ . LHC will
allow a muchmoreprecisedeterminationof

; Õ û �qÖ û with respectto theTevatron(where,presently, one
gets y � Ë û y 6 0.76at the95%CL). On a purelystatisticalbasis,theexpectedrelative erroron

; Õ û �qÖ û is& ; Õ û �qÖ û ì ; Õ û �qÖ û (stat.)= 0.2%for anintegratedluminosityof 10 fb Ô�Ö , thatwould imply a relative error
on y � Ë û y of about1� ì"�>� . On theotherhand,thefinal uncertaintywill bedominatedby systematicerrors
relatedto the Á -tagging.Furtherstudyis neededto estimatethesizeof thesesystematicuncertainties.

9. ASSOCIATED TOP PRODUCTION24

Theassociatedproductionof aHiggsboson(bothSM-likeandMSSM)with a top-antitoppair, is oneof
themostpromisingreactionsto studybothtopquarkandHiggsbosonphysicsat theLHC.

The î:î é Ì ÄÌlÎ channelcanbeusedin thedifficult searchfor anintermediatemassHiggs(�yÐ (Ð0Ò0ÒÉò Ð0ä0Ò GeV), as first proposedin [273]. In this massregion, the associatedtop productioncross
sectionis quite high but still smallerthanthe leading ç"çié Î and è�è é Î è�è crosssectionsby two
ordersandoneorderof magnitude,respectively. However, sincethefinal stateÌ ÄÌlÎ signatureis extremely
distinctive, even sucha small signalproductionratecanbecomerelevant, especiallyif identifying the
Higgsthroughits dominantÎÑé Á Ä Á decaybecomesrealistic,aswill bediscussedin thefollowing.

AssociatedÌ ÄÌ	Î productionwill furthermoreprovide thefirst directdeterminationof thetopquark
Yukawa coupling,allowing to discriminate,for instance,a SM-like Higgsfrom a moregeneralMSSM
Higgs. Processeslike ç"ç é Î or Î é � � arealsosensitive to the top Yukawa coupling,but only

24Sectioncoordinators:A. Belyaev, L. Reina,M. Sapinski(ATLAS), V. Drollinger (CMS).
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throughlarge top loop corrections.Thereforeloop contributionsfrom othersourcesof new physicscan
pollutetheinterpretationof thesignalasameasurementof thetopYukawacoupling.

In the following we will concentrateon the caseof a SM-like Higgs boson,whosetop Yukawa
coupling() *,+.-0/ 1�2 354 1�6798 * ) is enhancedwith respectto thecorrespondingMSSM (scalarHiggs)cou-
pling for :<;$=%>@?A- , the region allowed by LEP data. Predictionsfor the MSSM casecanbe easily
obtainedby rescalingboth the BDCB$E couplingandany othercoupling that appearsin the decayof the
Higgsboson.

The crosssectionfor F FHGIBDCB$E at LO in QCD hasbeenknown for a long time [274] andhas
beenconfirmedindependentlyby many authors.We have recalculatedit andfoundagreementwith the
literature. Of the two partonlevel processes( J CJKG BDCB�E and LMLNG BDCB�E ), LMLNG BDCB0E dominatesat
the LHC dueto the enhancedgluon structurefunction. The completegaugeinvariantsetof Feynman
diagramsfor LMLOGPB CB0E is presentedin Fig. 46. Thecorrespondinganalyticalresultsaretoo involvedto
bepresentedhere.Thenumericalresultsfor Q RS+UT$V TeV andafew valuesof theQCDscaleW aregiven
in Table25,andillustratedin Fig.45asfunctionsof 8�X , for W5+ 8�X . For consistency, wehaveusedthe
leadingorderCTEQ4LPDFs[115] aswell astheleadingorderstrongcouplingconstant(for reference,YSZ\[]_^ W`+badc�ef+hgjikTjljTjm for nporq<stvuxw +ygjikTjzjT ). The crosssection,asexpectedfrom a LO calculation,
shows astrongscaledependence,ascanbeseein Table25 , whereresultsfor W{+ 8 X}| 8 * , 8 Xh~ - 8 *
and Q �R arepresented.In comparisonwith W�+�- 8 * ~ 8�X , for W�+ 8�X we have 80-50%highercross
sections,when100GeV � 8 X � 200GeV. Sincethechoiceof theQCDscaleatLO is prettyarbitrary,
andsinceweexpectNLO QCDcorrectionsto enhancetheLO crosssection,wedecideto useW5+ 8 X in
Fig. 45 andin thefollowing presentation.Thesecalculationshave beenperformedindependentlyusing
theCompHEPsoftwarepackage[275] andMADGRAPH [276]+HELAS [277].

TheNLO QCDcorrectionsareexpectedto enhancethecrosssection,but theircompleteevaluation
is still missingat themoment.Associatedtop productionis in fact theonly Higgsproductionmodefor
which theexactNLO QCD correctionshave not beencalculatedyet. Thetaskis very demanding,since
it requiresthe evaluationof several one loop five-point functionsfor the virtual correctionsand the
integrationover a four-particlefinal state(threeof whichmassive) for therealcorrections.

For large 8 X , the crosssectionfor BDCB0E hasbeencalculatedincluding a completeresummation
of potentiallylarge logarithms,of order � = ^ 8 X{� 8 *"e , to all ordersin thestrongcoupling[278]. These
effectscanalmostdoublethecrosssectionfor 8 X +UT TeV.



Table25: Leadingordercrosssectionsfor �����' productionat theLHC. The individual partonlevel channels(� ��p�N�"��(' and

���%�&�����' ) aswell astheir sumaregivenfor a few valuesof therenormalizationscale� .

8 X [GeV] J CJ [fb] LML [fb] J CJ +L L [fb] J CJ +LML [fb] J CJ +LML [fb] J CJ +LML [fb]
W�+ 8 X W�+ 8 X W�+ 8 X W�+ 8 * WK+y- 8 * ~ 8 X W�+ Q �R

100 348. 990. 1340. 1070. 765. 685.
110 279. 740. 1020. 840. 596. 534.
120 227. 558. 785. 674. 473. 422.
130 186. 428. 613. 542. 379. 338.
140 153. 334. 487. 445. 308. 273.
150 128. 263. 391. 367. 251. 224.
160 107. 210. 317. 306. 207. 184.
170 90.5 169. 260. 257. 173. 152.
180 76.8 139. 216. 218. 145. 128.
190 65.7 115. 181. 187. 124. 108.
200 56.4 97.1 153. 162. 106. 92.4
300 15.0 29.5 44.5 55.7 33.2 28.4
400 5.11 15.6 20.7 29.6 16.2 13.8
500 2.04 9.51 11.5 18.4 9.32 7.98
600 0.909 6.00 6.91 12.1 5.73 4.93
700 0.439 3.86 4.29 8.20 3.63 3.14
800 0.226 2.50 2.72 5.62 2.34 2.04
900 0.122 1.65 1.76 3.90 1.54 1.35
1000 0.0684 1.10 1.16 2.73 1.02 0.900

For an intermediatemassHiggs, the � factor( � � Z�[ � � Z�[ ) hasbeenestimatedin the Effective
Higgs Approximation(EHA) [279]. The EHA neglectstermsof � ^ 8 X�� Q R�e and higher and works
extremelywell for �������`G_B CB$E alreadyat Q Rx+�T TeV. However, it is a muchpoorerapproximationin
the FMF`G�BDCB�E case,sinceit doesnot includethe B -channelemissionof a Higgsbosonfor LML�G�B�CB�E .
Indicatively, at Q R�+�T$V TeV, for a SM-like Higgs bosonwith 8 XN� Tjgjgv��Tjljg GeV, the EHA gives
� � Tjik-��&Tjik� , with someuncertaintydueto scaleandPDFdependence.Only thecompleteknowledge
of theNLO level of QCD correctionswill allow to reducethestrongscaleandPDFdependenceof the
LO andEHA crosssections. For the following analysiswe chooseto usethe pureLO crosssection
with no K-factor, both dueto the uncertaintyof the resultandfor consistency with the corresponding
backgroundcrosssections.However, oneshouldpoint out that,dueto thechoiceof a quite low QCD
scale(W5+ 8 X ), asortof effectiveK-factorhasbeenautomaticallyincludedin ouranalysis.

In thefollowing subsectionwe presenttheanalysisandresultsfrom theATLAS collaborationas
well as a discussionof the main backgrounds.The analysismainly focuseson the searchand study
of an intermediatemassHiggs boson. To introducethe study, it is useful to discussandqualitatively
understandthesizeof thepossibleirreduciblebackgroundsin the Tjgjgx� 8 X �UT$V,g GeVmassregion.

Given the relatively smallnumberof eventsthatwill be available,oneshouldtry to considerall
possibledecaychannelsof theHiggsbosonin the intermediatemassregion: E�GI� C� | � C�5|¢¡,¡{|¤£¥£
and ¦§¦ . Thecorrespondingirreduciblebackgroundsare:1) B CB$� C � , 2) B CB � C� , 3) B CB ¡¨¡ , 4) B CB £©£ , and 5)
BDCB0¦§¦ . Thenumberof eventsexpectedfrom signalandbackgroundsignaturesfor 1)-5) arepresentedin
Fig. 47. Thisfigureshows thenumberof signalandbackgroundeventsin eachbin of thecorresponding
invariantmass: a�ª«ª , a�¬0¬ , a�� , ad®¯® or a�cSc . They areobtainedmultiplying the B CB$E crosssection
by the respective Higgs bosonbranchingratios. In order to take into accountfinite massresolution
effects,we have chosen10 GeV binsfor the ad� distribution and50 GeV for theothers.Thepresented



Table26: Leading-ordercrosssectionsfor various�"���°§° backgrounds.

BDCB$� C � B�CB � C� BDCB ¡,¡ BDCB £©£ BDCB$¦§¦
cuts ± ² ª ±���l ± ² ¬x±��³l ± ² v±´��-jik�µ ª¶ ?yTj� GeV

µ ¬¶ ?�Tj� GeV
µ ¶ ?³Tj� GeV

8 ª«ª·?�¸jg GeV a��¹?�¸jg GeV
� [fb] J CJ 41.2 2.9 2.73 0.50 1.11

LML 846. 15.7 1.82 1.52 0.567
J CJ +LML 887. 18.6 4.55 2.53 1.68

numberscorrespondto 30fb � 4 of integratedluminosity. Thecorrespondingtotalcrosssectionsaregiven
in Table26.

Crosssectionsfor backgrounds1)-3) werecalculatedwith thekinematiccutsshown in Table26,
while for processes4) and5) nocutswereapplied.WehaveusedCTEQ4LPDFandW 6 +�adº»º , where¼�¼

is � C � , � � � � , ¡,¡ , £ � £ � or ¦§¦ dependingon the channel.Onecanseethat the B CB�� C � signature
hasthe highestsignal(andbackground)event rate. It hasbeenthe objectof the studyof the ATLAS
collaborationand will be discussedin the next section. The B CB ¡,¡ channelhasalso beenthe subject
of [280] wheresignalaswell asreducibleandirreduciblebackgroundshavebeenstudiedin detailsat the
partonlevel. However, onecanseethatothersignaturescouldalsobeinterestingandhelpful in searching
for theHiggsbosonandmeasuringthe B CB0E Yukawacoupling,andshouldbetakeninto accountin future
studies.

9.1 :½C:<¾ : Analyses and Results

TheATLAS collaborationhasstudiedseveralchannelsin whichthediscovery of aSM-likeHiggsboson
wouldbepossibleandobtainedaquitecompleteHiggsdiscovery potential[30]. Oneof themostimpor-
tant channelsfor discovery of a low massHiggsboson( TjgjgS�OTjljg GeV) is the B CB�E | E�G � C � channel,
in which it is possibleto obtainquite large signalsignificance[281] andalsoto measurethetop-Higgs
Yukawacoupling.

Thefinal stateof this channelconsistsof two £ bosonsandfour �0� jets: two from thedecayof
the top quarks,andtwo from the decayof the Higgs boson. In order to trigger signalevents,one £
bosonis requiredto decayleptonically. Thesecond£ bosonis reconstructedfrom thedecayto a J$¿ CJ
pair. This channelcouldbealsoinvestigatedwith both £ bosonsdecayingleptonically. However, for
this signaturethetotalbranchingratio is muchsmallerand,in addition,it is moredifficult to reconstruct
two neutrinomomentafrom themeasuredmissingenergy.

In theanalysisbothtopquarksarefully reconstructed,andthis reducesmostof the £ +jetsback-
ground. The reconstructionis doneusing strategies similar to thosediscussedin Section3.5 for the
kinematicstudiesof BDCB production.Themainbackgroundsfor thisprocessare:

À theirreduciblecontinuumB CB�� C � background;À the irreducibleresonantBDCB0¦ background,which is not very importantfor this channelasit hasa
very smallcrosssection;À the reduciblebackgroundswhich contain jets misidentifiedas � -jets, suchas B CBÂÁ<Á , £ Á�Á<Á<Á�Á<Á ,
£©£ � C �ÃÁ�Á , etc.

After the reconstructionof the two top quarks,it hasbeenfound that the mostdangerousback-
groundis BDCB0� C � (56% of all BDCB +jetsbackground).In Table27 we give �ÅÄ BR, whereBR representsthe
productof the branchingratios for B`G £ � |�£ 4 G ÆjÇ |�£ 6 G J 4 CJ 6 , and E G � C � . We also give
the numberof eventsexpectedafter the reconstructionprocedurefor 3 yearsof low luminosity oper-
ation ( � -taggingefficiency ÈÉªK+ËÊjgjÌ ; probability to mistag Í -jet as � -jet ÈÉÎÏ+ËTjgjÌ ; probability to
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Fig. 47: Numberof eventsfor �"���' signal(solid line) andbackground�"��(Ý �Ý , �"��(Þ´Þ , �"��Âßàß , �"���á¤á signatures(histogram),asa

functionof thecorrespondinginvariantmassesâOãSã , assuming30 fb ä�å of integratedluminosityat æ ç��§èÃé TeV. Thebin size

is 10GeV for the â�ê"ê distributionand50 GeVfor theothers.

mistagany other jet as � -jet Èìë�+ËTjÌ ; F ëÂí *¶ ?ËTj� GeV; lepton identificationefficiency Èìî`+ï¸jgjÌ ;
F í�ð ñ¶ ?N-jg GeV),andafteroneyearof high luminosityoperation(for high luminositythe � -taggingeffi-
ciency is degradedto ÈÉª§+ò�jgjÌ ( È Î , Èìë and Èìî remainunchanged),thethresholdon jet reconstructionis
raisedto F ¶ ?òljg GeV andtheelectronF ¶ thresholdis raisedto F í¶ ?òljg GeV).Combinedresultsare
alsoshown.

Figure48shows thesignalandbackgroundshapesfor 8 X +UTj-jg GeVand100fb � 4 of integrated
luminosityobtainedwith combineddetectorperformance(30fb � 4 with low luminosityand70fb � 4 with
high luminosity). On theotherhand,Fig.49illustratesthesignalshapefor 8�X +}Tjgjg GeV, asobtained
by usingthefull (GEANT) simulationof thedetector. In this figure,theshadedarearepresentsthetrue
signalwhereboth � -jets comefrom the Higgs boson,andthe solid line standsfor the signalobtained
throughthemethodthatwe describedabove. Thecombinatorialbackground, which comesfrom taking
at leastone � -jet from a top insteadtheonefrom theHiggs,is quite largeandthesignalpurity is at the
level of 60%for low luminosity.

For the fast simulation the 8 ªÂóª peakmassresolutionis �\ô�õ÷öõp+øTj¸jikg GeV, while for the full
simulation, including the influenceof electronicnoiseand the thresholdon cell energy, a resolution
� ô!õ÷öõj+�-jgjikg GeV hasbeenobtained.



Table27: Crosssectionsmultipliedby branchingratiosandnumbersof eventsafterall cuts,includingthe ùfúÉûü� õ ö õ masswin-

dow cut, for 30 fb ä�å (low luminositydetectorperformance),100fb ä�å (high luminositydetectorperformance)andcombined

100fb ä\å (30 fb ä�å with low luminosityand70 fb ä�å with high luminositydetectorperformance)of integratedluminosity.

��Ä BR nr. of
process (pb) reconstructedevents

low lumi high lumi combined

B CB�E | 8�X +�Tj-jg GeV 0.16 40 62 83
B CB ~ Á��"B�R 87 120 242 289
£ Á�Á<Á�Á<Á<Á 65200 5 10 12

B�CB�¦ 0.02 2 5 6
total background - 127 257 307ý �jþ - 0.32 0.24 0.27ý � ^ þ e - 3.6 3.9 4.8ý X!ÿ ª óª � ý *��Â*���� - 59% 50% -� ) * � ) * (stat.) - 16.2% 14.4% 11.9%

Similaranalyseshavebeenperformedfor the B CB$E | E9G ¡,¡ channel.Sincethesignalratefor this
channelis verysmall,it will notbeusefulduringthelow luminosityperiod.However, thanksto thehigh
purity of thesignal,it will bepossibleto obtainbetween4 or 5 signaleventsabove 1 event from BDCB ¡,¡
backgroundperoneyearof high luminosityoperation[282]. To increasethesignalrate, £ E and ¦!E
with E G ¡,¡ channelshave beenincludedinto theanalysisand14 signaleventsabove 5 background
events( £ ¡,¡ , ¦ ¡,¡ , B CB ¡,¡ and � C � ¡,¡ ) areexpectedfor oneyearof high luminosityoperation[30].

The statisticaluncertaintyin the determinationof the top-HiggsYukawa coupling ) * is given in
the last row of Table27. Theseresultsassumethat thetheoreticaluncertaintyis small,aswe expectto
be the caseby the time theLHC turnson. Many statisticaluncertaintiesof thedirect measurementof
) * , suchasthoseassociatedwith uncertaintiesin the integratedluminosity andin the BDCB reconstruction
efficiency, couldbecontrolledby comparingthe B CB�E ratewith the B CB rate.

To conclude,the BDCB$E | E Gï� C � and E G ¡,¡ channelsarevery usefulfor Higgsbosondiscovery
aswell asfor themeasurementtheof top-HiggsYukawacoupling.

9.11 A closerlookat the BDCB$� C � background: CompHEPversusPYTHIA

It is necessaryto stressthat thecorrectunderstandingof the BDCB�� C � backgroundis oneof themainpoints
of this study. Onecansimulatethis backgroundusingPYTHIA , by generatingeventsof top pair produc-
tion andemitting � C � pairsfrom thegluonsplitting after the initial andfinal stateradiation. In orderto
understandhow goodor badthisapproximationis, oneneedsto calculateandsimulatethecompleteBDCB$� C �
process.Wehave donethisusingtheCompHEPpackage[275].

In orderto compareCompHEPandPYTHIA on the samefooting, oneshouldtake into account
theeffectsof theinitial andfinal stateradiationin CompHEP. This hasbeendonethroughaCompHEP-
PYTHIA interface[283]. Weusepartonlevel eventsgeneratedby CompHEPandlink themto PYTHIA in
orderto includeinitial andfinal stateradiationeffectsaswell ashadronizationeffects.

Table28 presentspartonlevel CompHEPandPYTHIA crosssectionsincludingbranchingratios
of the £ -bosondecay, for thesamechoiceof structurefunction(CTEQ4L[115]) andQCDscale(W 6 +
8 6 * ~ F 6 ¶ (average)).Wecanseeagoodagreementfor thetotalcrosssectionsbetweentheexactcalculation
andthegluonsplittingapproximation.

In Fig. 50 we presentthe distribution of � -jet separationin B CB0� C � events. One can seea quite
goodagreementbetweenCompHEPandPYTHIA . Figures51and 52comparethetransversemomentum
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Fig. 49: Invariantmassdistribution of taggedÝ -jet pairsin
fully reconstructed� 
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(GEANT) simulation of the ATLAS detector, for ��y�
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denotesthoseeventsfor whichthejetassignmentin theHiggs
bosonreconstructionis correct.

Table28: Resultsfor the � 
��Ý 
Ý background,assumingan integratedluminosity ��� ���·�yúÉû fb ä\å : CompHEP(ISR andFSR

included)versusPYTHIA (default).

Selection CompHEP PYTHIA CompHEP/ PYTHIA

4 � -quarkswith 92000events 87600events 1.05
F ¶ ? 15 GeV� Í ; ± ²Å±´� 2.5 �O+ 3.1pb �O+ 2.9pb�

R(� , � ) ? 0.5 54000events 48900events 1.10
� -quarksnot from topdecay 59%of prev. Step 56%of prev. Step

distributionsof themostenergetic � -jet andof theleastenergetic � -jet in B�CB�� C � production,asreproduced
usingPYTHIA andCompHEPrespectively. ThesedistributionsalsoconfirmthatPYTHIA describeswell
the BDCB0� C � background.

9.2 Summary and conclusions for ������ production

Theassociatedproductionof a Higgsbosonwith a top-antitoppair is importantfor thediscovery of an
intermediatemassHiggsboson(8�X � TjgjgS��Tjljg GeV) andprovidesa directdeterminationof thetop-
HiggsYukawa coupling.Fromstudiesof thecouplingsandof theCP-parityof theHiggsboson[284] it
will bepossibleto discriminate,for instance,aSM-like Higgsbosonfrom agenericMSSM one.

TheATLAS analysishasfocusedon the B CB�E | E G�� C � channelfor thelow luminosityrun of the
LHC (30fb � 4 of integratedluminosity). Theresultspresentedin Section9.1 arevery encouragingand
indicatethatasignalsignificanceof 3.6aswell asaprecisionof 16%in thedeterminationof theYukawa
couplingcanbereached(for 8 X +�Tj-jg GeV). Betterresultscanbeobtainedfrom thehigh luminosity
run of theLHC (100fb � 4 of integratedluminosity),whenalsothehigh purity B CB$E | EPG ¡,¡ channelis
available.
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A APPENDIX: b-TAGGING AND JET E-SCALE CALIBRATION IN TOP EVENTS25

For thereconstructionof thetop eventsandin particularfor theprecisionmeasurementof thetop mass
two importantaspectsin thedetectorperformancehave to beconsidered:

À the � -quarkjet taggingcapabilitiesandefficiency in topevents,andÀ thejet energy scalecalibrationfor thelight quarkjetsbut in particularfor the � -jets.

In bothexperimentsATLAS andCMS severalstudieshavebeenmadeonthese,highlightsof whichare
presentedhere.Fromthepreliminaryresultsavailableso far, thereis confidencethat thenumbersused
or implied in theanalysespresentedin this reportarerealistic.Needlessto saythatthesearepreliminary
resultsandseveraldetailedstudiesneedto beperformedwith thefinal detectorsimulationsandthefirst
LHC data.

25Sectioncoordinator:I. Efthymiopoulos
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A1 b-jet tagging in the top events

ATLAS hasdoneextensive studiesfor the � -taggingperformanceusingjets from thedecayof 100and
400GeV Higgsbosons([30], Chapter10). In Fig. 53 therejectionfactorsfor thelight quarkjetsversus
the � taggingefficiency andthejet F=< areshown.

Typically in theATLAS analysesdiscussedhere,andin particularfor thefastsimulationstudies,
an overall � -jet taggingefficiency of 60% (50%) for low (high) luminosity of LHC is used. The mis-
tagginginefficienciesfor the Í -jets(or otherlight quarkjets)were10%(1%) for the F=< rangeinteresting
for the top physics. Although mostof the studiesweredonewith eventsfrom the Higgs decays,the
resultswereverifiedwith thetopeventsthemselvesandno significantdifferenceswerefound.

A2 Absolute jet energy scale calibration

Determiningthe absolutejet energy scaleat LHC will be a rathercomplex issuebecauseit is subject
to both physics(initial-final stateradiation,fragmentation,underlyingevent, jet algorithm etc.) and
detector(calorimeterresponseoverawiderangeof energiesandover thefull acceptanceof thedetector,
non-linearitiesat high energies, � �8> ratio etc.) effects. All thesehave to beunderstoodat the level of a
fractionof a percentin termsof systematicuncertaintiesasrequiredfor theprecisionmeasurementsof
thetopmass.

ATLAS hasdonean extensive studyof the possiblein situ jet scalecalibrationmethodsusing
specificdatasamplesavailableat LHC ([30], Chapter12). In general,goodcandidateevent classesat
LHC will be:À reconstructionof £ GbÁ�Á decayswithin thetop eventsthemselves[12] to obtainthelight quark

jet calibrationand,À eventscontaininga ¦ bosondecayinginto leptonsbalancedwith onehigh-F=< jet to cross-check
thelight quarkjet calibrationbut in additionto calibratethe � -jetsandextendtheenergy reachto
theTeV range.

In Fig. 54 the resultsobtainedareshown. As canbe seen(left plot) for the caseof £ G Á<Á events,
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oncethe jet 4-vectorsarerescaledusingthe a ® constraintthe required1% uncertaintyis reachedfor
jetswith FL< ?³mjg GeVup to severalhundredGeV. Thelowerandupperendof this rangewill dependon
how well residualsystematiceffectscanbecontrolledin thedataandtheMonteCarlosimulation[285].

The useof the ¦ + jets samplein LHC is a bit lessstraightforward thanat the Tevatron [286]
dueto the ISR radiationwhich producesan additionalhigh-F=< jet which degradesthe quality of the
F < -balancebetweenthe ¦ bosonand the leadingjet. In Fig. 54 (right) the variation of the average
fractionalimbalancebetweenthe F ¶ of theleadingjet andthe ¦ bosonasa functionof the F ¶ of thejet.
Rescalingthejet F ¶ to satisfyF ¶ balancewith the ¦ bosonandapplyingtight selectioncriteria(jet veto
anddifferencein azimuth

�NM
betweenthereconstructed¦ andtheleadingjet) thedesiredgoalof OpTjÌ

systematicuncertaintyon theabsolutejet energy scalecanbeachieved for jetswith F ¶ ? �jg GeV and
up to theTeV range[287].

However, asshown in Fig.54(right), it is possible,takingadvantageof thelargerateandrequiring
tight eventselectioncriteria,to obtaintherequiredprecisionfor jetswith F < ?�V,g GeVandupto theTeV
range.

Clearlymorestudiesareneeded,andwill bedonein theyearsto come,to understandthelimita-
tionsof theproposedmethodsandto devisepossibleimprovements.

B APPENDIX: DIRECT MEASUREMENT OF TOP QUANTUM NUMBERS26

B1 Top spin and experimental tests

Evidenceto dateis circumstantialthat the top eventsanalysedin Tevatronexperimentsareattributable
to a spin-1/2parent.Theevidencecomesprimarily from consistency of thedistribution in momentum
of thedecayproductswith thepatternexpectedfor theweakdecayB¹G � ~y£ , with £ G Æ ~ Ç or
£ GQPSR�:GT , wherethetop B is assumedto have spin-1/2.

26Sectioncoordinators:E.L. Berger, U. Baur.



0
U0.05

U 0.1
U0.15
U 0.2
U0.25
U 0.3
U0.35
U 0.4
U

0
U

200 400 600
V

800
W

1000 1200 1400 1600 1800 2000

t tbar
X
stop anti-stop

(a)
Y

M (GeV)
Z

σ(
M

)

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10 2
10 3
10 4
[

0
U

200 400 600
V

800
W

1000 1200 1400 1600 1800 2000

t tbar
Xstop anti-stop (b)

Y

M (GeV)

dσ
/d

M

Fig.55: (a)Partoniccrosssections\]L^ â`_ asfunctionsof partonicsub-energy â for the ��� channel.(b) Hadroniccrosssectionsa ]cb a â in proton-protoncollisionsat14TeV asfunctionsof pairmass.Thetopquarkmass�ed ��è�J�: GeV, andthetopsquark

(stop)mass�gfd �Uè�h�: GeV.

It is valuableto askwhethermore definitive evidencefor spin-1/2might be obtainedin future
experimentsat the TevatronandLHC. We take one look at this questionby studyingthe differential
crosssectioni � � i\a * ó* in theregion nearproductionthreshold[288]. Here a * ó* is theinvariantmassof
the B CB pair. We contrastthe behaviour of B CB productionwith that expectedfor productionof a pair of
spin-0objects.We aremotivatedby the fact that in electron-positronannihilation, � � ~ � � G J ~ CJ ,
thereis a dramaticdifferencein energy dependenceof thecrosssectionin thenear-thresholdregion for
quarkspinassignmentsof 0 and1/2.

For definiteness,we comparetop quark B and top squark jB productionsincea consistentphe-
nomenologyexists for top squarkpair production,obviating theneedto inventa modelof scalarquark
production.Moreover, top squarkdecaymaywell mimic top quarkdecay. Indeed,if thechargino jk �
is lighter thanthelight top squark,asis truein many modelsof supersymmetrybreaking,thedominant
decayof thetop squarkis jB!G�� ~ jk � . If thereareno sfermionslighter thanthechargino, thechargino
decaysto a £ andthe lightestneutralino jk � . In anotherinterestingpossibledecaymode,thechargino
decaysinto a leptonandslepton, jk �HG�Æj� jÇ . Theupshotis thatdecaysof the top squarkmaybevery
similar to thoseof the top quark,but have larger valuesof missingenergy andsoftermomentaof the
visible decayproducts.A recentstudyfor RunII of theTevatron[289] concludedthatevenwith 4 fb � 4
of dataat the Tevatron,and including the LEP limits on chargino masses,thesedecaymodesremain
open(thoughconstrained)for topsquarkswith masscloseto thetopquarkmass.

At theenergy of theCERNLHC, productionof BDCB pairsandof jB C jB pairsis dominatedby LML subpro-
cess,andthethresholdbehaviours in thetwo casesdo not differ asmuchasthey do for the J CJ incident
channel. In Fig. 55(a),we show the partoniccrosssections �� ^ Q �R�e as functionsof the partonicsub-
energy Q �R for the LML channel.In Fig. 55(b),we displaythehadroniccrosssectionsfor FMFdG BDCB ¼ and
FMFKG jB j CB ¼ at proton-protoncenter-of-massenergy 14 TeV asa functionof pair mass.We includethe
relatively smallcontributionsfrom the J CJ initial state.After convolution with partondensities,theshape
of the jB C jB pairmassdistribution is remarkablysimilar to thatof the BDCB case.

Basedonshapesandthenormalisationof crosssections,it isdifficult to excludethepossibilitythat
somefraction(on theorderof 10%)of topsquarkswith masscloseto 165GeV is presentin thecurrent
TevatronB CB sample.Theinvariantmassdistribution of theproducedobjects,a * ó* , is quitedifferentat the
partoniclevel for the J CJ initial state(dominantat theTevatron),but muchlesssofor the L L initial state
(dominantat theLHC). However, afteronefoldswith thepartondistribution functions,thedifferencein
the J CJ channelat theTevatronis reducedto suchanextent that the a * ó* distribution is not aneffective
meansto isolatetopsquarksfrom topquarks.

Ironically, the good agreementof the absoluterate for B CB productionwith theoreticalexpecta-
tions[45, 47] wouldseemto bethebestevidencenow for thespin-1/2assignmentin thecurrentTevatron
sample.
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A promisingtechniqueto isolatea top squarkwith masscloseto 8 * would be a detailedstudy
of themomentumdistribution of thetopquarkdecayproducts(presumablyin thetopquarkrestframe).
Onecouldlook for evidenceof acharginoresonancein themissingtransverseenergy andchargedlepton
momentum,or for unusualenergy or angulardistributionsof thedecayproductsowing to thedifferent
decaychains.Onecouldalsolook for deviationsfrom theexpectedcorrelationbetweenangulardistri-
butionsof decayproductsandthetopspin[167].

As a concreteexampleof an analysisof this type, in Fig. 56 we presentthe distribution in the
invariantmass

¼
of thebottomquarkandchargedlepton,with

¼ 6 + ^ F\ª ~ F î�q e 6 , wherethe bottom
quarkand leptonaredecayproductsof eithera top quarkwith 8 * + Tjmj� GeV or a top squark jBUG
jk ���·G £ � jksr �·GbÆM��Ç�î jktr � , with 8vu* +�TjÊj� GeV, 8 uw q +�Tjljg GeV, 8 uwyx + V,g GeV, and8 ª·+³� GeV.
The

¼
distribution is a measureof thedegreeof polarisationof the £ bosonin top quarkdecay[290],

andthefigureshowsthatthedifferentdynamicsresponsiblefor topsquarkdecayresultin averydifferent
distribution, peakedat muchlower

¼
. Theareasunderthecurvesarenormalisedto theinclusive B CB and

jB C jB ratesat theLHC.

In thissimpledemonstrationpotentiallyimportanteffectsareignoredsuchascutsto extractthe BDCB
signalfrom its backgrounds,detectorresolutionandefficiency, andambiguitiesin identifyingthecorrect
� with the correspondingchargedleptonfrom a singledecay. Detailedsimulationswould be required
to determineexplicitly how effective this variablewould be in extractinga top squarksamplefrom top
quarkevents.Nevertheless,suchtechniques,combinedwith thelarge B�CB samplesat theTevatronRunII
andLHC, shouldprove fruitful in ruling out thepossibility of a top squarkwith masscloseto the top
quarkmass,or alternatively, in discoveringa topsquarkhiddenin thetopsample.

B2 Direct Measurement of the Top Quark Electric Charge

In orderto confirmthattheelectricchargeof thetopquarkis indeedz *���{ +�- � l , onecaneithermeasure
the charge of the � -jet and £ boson,or attemptto directly measurethe top quark electro-magnetic
couplingthroughphotonradiationin

FMF¨G�B CB ¡f| FMFSG�B CB | B�G £ � ¡ i (85)

SincetheprocessFMFSGàB CB ¡ is dominatedby LML fusionattheLHC, oneexpectsthatthe B CB ¡ crosssectionis
approximatelyproportionalto z

6
*���{ . For radiative top decaysthesituationis morecomplicatedbecause



thephotoncanalsoberadiatedoff the � -quarkor the £ line.

The charge of the � -jet canmosteasilybe measuredby selectingeventswherethe � -quarksare
identifiedthroughtheir semi-leptonicdecays,�0GàÆjÇ Í with Æ5+N� | W . Thesmallsemi-leptonicbranching
ratioof the � -quark(Br ^ �0G}ÆjÇ Í0e}|�TjgjÌ ) andwrongsignleptonsoriginatingfrom þ � Cþ mixing arethe
mainproblemsassociatedwith this method.For a quantitative estimaterealisticsimulationsareneeded.
Nevertheless,we believe that the enormousnumberof top quarkeventsproducedat the LHC should
make it possibleto usesemi-leptonic� -taggingto determinetheelectricchargeof thetopquark.

In ouranalysis,wefocusontopchargemeasurementthroughthephotonradiationprocesseslisted
in (85),concentratingon thelepton~ jetsmode,

FMF¨G ¡ Æ´Ç´Á�Á�� C ��i (86)

We assumethatboth � -quarksaretaggedwith a combinedefficiency of 40%. Top quarkand £ decays
are treatedin the narrow width approximation.Decaycorrelationsare ignored. To simulatedetector
response,thefollowing transversemomentum,rapidityandseparationcutsareimposed:

F ¶ ^ �0e�?³Tj��~�R�� | ± ) ^ �0e<±´�³- | (87)

F ¶ ^ Æ´e�?³-jg�~�R�� | ± ² ^ Æje<±´��-jik� | (88)

F ¶ ^ Á�eÅ?³-jg�~�R�� | ± ² ^ Á e<±j��-jik� | (89)

F ¶ ^ ¡ e�?³ljg�~�R�� | ± ² ^ ¡ e<±j��-jik� | (90)

F /¶ ?³-jg�~�R�� | ;j�k� ��� ¿ T�?�gji V,i (91)

In addition,to suppresscontributionsfrom radiative £ decays,werequirethat

8 ^ Á<Á ¡ eÅ?�¸jg�~�R�� ;$=s� 8 ¶ ^ Æ ¡�� F /¶ e�?�¸jg�~�R�� | (92)

where8 ¶ is theclustertransversemassof the Æ ¡ system.

Theeventspassingthecutslistedin (88)– (92)canthenbesplit into threedifferentsubsamples:

1. By selectingeventswhichsatisfy

8 ^ �ìÁ�Á ¡ e�?�Tj¸jg�~�R�� ;$=s� 8 ¶ ^ �ìÆ ¡t� F /¶ e�?�Tj¸jg�~�R�� | (93)

radiative top quarkdecayscanbesuppressedandanalmostpuresampleof B�CB ¡ eventsis obtained
(“ BDCB ¡ cuts”).

2. For

8 ¶ ^ � 4 ð 6 Æ ¡t� F /¶ eÅ��Tj¸jg�~�R�� ;$=t� 8 ^ � 6 ð 4 Á<Á ¡ e�?�Tj¸jg�~�R�� | (94)

theprocessFMFSGàB CB , B�G £ � ¡ , £ G�Æ´Ç dominates(“ B�G £ � ¡ , £ GàÆjÇ cuts”).

3. Requiring

8 ¶ ^ � 4 ð 6 Æ ¡t� F /¶ e�?³Tj¸jg�~�R�� ;$=s� Tj�jg�~�R�� � 8 ^ � 6 ð 4 Á�Á ¡ e���Tj¸jg�~�R�� | (95)

one obtainsan event samplewhere the main contribution originatesfrom the processFMF¨G�BDCB ,
B�G £ � ¡ , £ G�Á<Á (“ B0G £ � ¡ , £ G�Á�Á cuts”).

For 8 *f+�Tjmj� GeV, z�*���{p+y- � l , and ��i�B·+�Tjgjg���� � 4 , oneexpectsabout2400,11000and9400events
in theregionsof phasespacecorrespondingto thethreesetsof cuts. We have not studiedany potential
backgroundprocesses.Themainbackgroundshouldoriginatefrom £ ¡f~ jetsproductionandshouldbe
manageablein away similar to the £©~ jetsbackgroundfor regular BDCB production.

Thedifferentialcrosssectionfor thephotontransversemomentumat theLHC is shown in Fig.57.
Resultsareshown for 8 *�+ Tjmj� GeV andthree“top” quarkcharges: z�*���{ +.- � l , z%*���{¯+ � V � l , and



Fig. 57: Thedifferentialcrosssectionfor thephotontransversemomentumin thereaction#0#M�!Þ�����EGE"Ý 
Ý at theLHC for three

different“top” quarkcharges.

z%*���{�+ T � l . For z�*���{�+ � V � l , the “top” quarkdecaysinto a £ � anda � -quarkinsteadof B�G £ � � .
If z *���{ +.T � l , the “ � ”-quark originatingfrom the“top” decayis a (exotic) charge �5- � l quark. In the
B CB ¡ region (Eq. (93) andFig. 57a),the F F¨G ¡ ÆjÇ´Á<Á � C � crosssectionfor a charge � V � l ( T � l ) “top” quark
is uniformly a factor |øljikl larger ( |ø-jikl smaller)thanthat for z%*���{U+ø- � l , reflectingthe dominance
of the L L¨G}BDCB ¡ processfor which thecrosssectionscaleswith z

6 *���{ . On theotherhand,for the FMF¨G�BDCB ,
B�G £ � ¡ , £ G�Æ´Ç selectioncuts(Eq. (94) andFig. 57b),thecrosssectionfor z%*���{5+¥� V � l is a factor3
to 5 smallerthanthat for a charge - � l top quark,dueto destructive interferenceeffectsin the B�G £ � ¡
matrixelement.If z�*���{ +�T � l , theinterferenceis positive,andthecrosssectionis abouta factor2 to 2.5
largerthanfor z%*���{p+³- � l . Theresultsfor the B0G £ � ¡ , £ G�Á<Á selectioncuts((95))aresimilar to those
shown in Fig. 57b,andarethereforenot shown here.Note that thephotonF ¶ distribution for radiative
topdecaysis muchsofterthanthatfor BDCB ¡ production.

From our (simplified) calculationwe concludethat the large numberof double-tagged¡ Æ´Ç´Á�Á�� C �
events,togetherwith thesignificantchangesin the B CB ¡ andthe B CB , B0G £ � ¡ crosssectionsshouldmake it
possibleto accuratelydeterminez *���{ at theLHC.

C APPENDIX: 4*�� GENERATION QUARKS27

For completeness,we presenthereresultsfor thetotal crosssectionof possibleheavy quarksabove the
topquarkmass.ThescaleandPDFdependencesareshown in Fig. 58. Theuncertaintydueto thechoice
of scaleis comparableto thatof the BDCB crosssection,althoughtheeffectsof thehigherordercorrections
aremoreandmoreimportantat large masses(seeFig. 59). The uncertaintyinducedby PDF changes
becomesvery large at large masses,in particularif oneconsiderssetssuchasCTEQ5HJwhich have
hardergluons.Noticehowever that therelative effect dueto theresummationcorrectionsdependsonly
very weaklyuponthechoiceof PDF’s (cf. Section3.2).

27Sectioncoordinator:M.L. Mangano



Fig. 58: Heavy quarktotal productionrates.Left figure: scaledependenceat fixedNLO (dashedlinesin thelower inset),and

at NLO+NLL (solid lines).Right figure:PDFdependence.SeetheSection3.2for details.

Fig. 59: Heavy quarktotalproductionrates.Left figure: fractionalcontribution inducedby resummationcontributionsof order� ^������� _ . Rightfigure: initial statecomposition.

D APPENDIX: MONTE CARLO TOOLS28

D1 Parton shower Monte Carlos

GeneralpurposeMonte Carlo event generatorslike HERWIG, PYTHIA and ISAJET areessentialtools
for measuringthe top quarkcrosssection,massandotherproductionanddecayproperties.They are
complementaryto the QCD tools describedin Section3.1 since,althoughthey are less reliable for
inclusive quantitieslike the total crosssection,they provide a fully exclusive descriptionof individual
eventsatthehadronlevel. Thesecanbeanalysedin exactlythesamewayasexperimentaldataandcanbe
put throughfull or fastdetectorsimulationsto estimateexperimentalsystematics.In certainkinematic
regions,particularly the quasi-elasticlimit in which accompanying radiationis suppressed,they give
morereliableQCD predictionsthantheavailablecalculations.They includeapproximatetreatmentsof
higherorderperturbative effects,hadronisation,secondarydecaysandunderlyingevents.

The threeprogramswe discusshave the samebasicstructure,althoughthe precisedetailsvary
enormously. Eventsaregeneratedby startingwith the hardest(highestmomentumscale)interaction,
describedby exactQCD(or EW) matrixelements.Thisis usuallyonly doneto leadingordersodescribes

28Sectioncoordinators:M.L. Mangano,M. Seymour.



a -jG - scatteringprocess.The productionof multi-partonfinal statesis describedas the emissionof
additionalpartonsfrom the incomingandoutgoingpartonsof thehardprocess.This is simulatedby a
partonshower algorithmin which thepartonsevolve downwardsin someenergy-like scaleaccordingto
perturbatively-calculable probabilisticdistributions.Whentheevolutionscalebecomessmalltherunning
couplinggrows,phasespacefills with (mostlysoft)partonsandperturbationtheorybreaksdown. At this
point a modelof the non-perturbative physicsis needed:theperturbative emissionis cutoff by a fixed
infraredcutoff andthesystemof partonsis confinedinto hadrons.Having treatedall outgoingpartons
weareleft with theremnantsof theincomingprotons,strippedof thepartonsthatparticipatedin thehard
process.Theseremnantscaninteractwith eachother, to produceadditionalsoft hadronsin the event,
known astheunderlyingevent.

Partonshower algorithmsaredevelopedby studyingthe amplitudeto emit an additionalparton
into a givenprocess.This is enhancedin two kinematicregions: collinear, wheretwo masslesspartons
aremuchcloserto eachotherthanany othersor whereamasslesspartonis closeto theincomingproton
direction;andsoft,whereagluonis muchsofterthanany otherparton.In bothcasestheenhancedterms
areuniversal,allowing a factorisationof emissionby asystemof partonsfrom theprocessthatproduced
them. In thecollinearcase,this factorisationworksat the level of crosssections,so it is not surprising
thata probabilisticapproachcanbesetup. In thesoft casehowever, the factorisationtheoremis valid
at amplitudelevel andit turnsout that in any givenconfiguration,many differentamplitudescontribute
equally. It thereforeseemsimpossibleto avoid quantummechanicalinterferenceandso to setup the
evolution in a probabilisticway. Theremarkableresultthoughis that,dueto coherencebetweenall the
colouredpartonsin anevent, the interferenceis entirelydestructive outsideangular-orderedregionsof
phasespace.This meansthat the soft emissioncanbe incorporatedinto a collinearalgorithm,simply
by choosingthe emissionangleas its evolution variable,as is donein HERWIG. The most important
effects of coherencecan be approximatelyincorporatedby using someother evolution variable, like
virtuality, andvetoingnon-angular-ordered emission,asis donein PYTHIA . If the colour-coherenceis
not treatedat all, oneobtainsthewrongenergy-dependence of jet properties.Suchmodels,like ISAJET,
are completelyruled out by ������� annihilationdata. Colour coherenceeffects are also important in
determiningthe initial conditionsfor the partonevolution, resultingin physically-measurableinter-jet
effects[292], whicharealsoin disagreementwith ISAJET.

Sincethetopquarkdecaysfasterthanthetypical hadronisationtime, its width cutsoff theparton
shower beforethe infraredcutoff. Its decaythenactsasan additionalhardprocessand the resulting
bottomquark(andtwo morepartonsif theW decayshadronically)continueto evolve. Additionalcoher-
enceeffectsmeanthatradiationfrom thetopquarkis suppressedin theforwarddirection(thedeadcone
effect), asis radiationin theW directionin thetop decay. Theseeffectsareagainincludedin HERWIG,
partially includedin PYTHIA andnot includedin ISAJET. Sincethetopquarkis coloured,the � quarkin
its decayis colour-connectedto therestof theevent,meaningthat its propertiesarenot necessarilythe
sameasin a ‘standard’ � productionevent. As mentionedin Section4.6andasdiscussedin moredetail
in [64], suchnon-universaleffectsaresmall.

Althoughpartonshowersarereliablefor thebulk of emission,which is soft and/orcollinear, it is
sometimestherarehardemissionsthataremostimportantin determiningexperimentalsystematicsand
biases.Suchnon-softnon-collinearemissionshouldbewell describedby NLO perturbationtheory, since
it is far from all divergences.However, it is not straightforward to combinetheadvantagesof theparton
showerandNLO calculation,soit hasonly beendonefor a few specificcases.Mostnotablefor hadron-
hadroncollisionsaretheDrell-Yan process,for which matrix elementcorrectionsareincludedin both
HERWIG andPYTHIA , andtopdecay, which is includedin HERWIG anddiscussedearlierin Section4.62
in this report.Thecorrectionsto Drell-Yaneventsareparticularlyimportantathightransversemomenta,
wheretheuncorrectedalgorithmspredictfar too few events.It is likely thatimplementingcorrectionsto
B CB pairproductionwouldcuretheanalogousdeficit athigh F d öd< seenin Fig. 7.

Hadronisationmodelsdescribethe confinementof partonsinto hadrons.Although this process



is not well understoodfrom first principles,it is severely constrainedby the excellentdatafrom LEP,
SLD and HERA. The string model, usedby PYTHIA , and the clustermodel, usedby HERWIG, both
take accountof thecolourstructureof theperturbative phaseof evolution, with colour-connectedpairs
producingnon-perturbativesingletstructuresthatdecayto hadrons.Thebiggestdifferencebetweenthese
modelsis in how local thesecolour-singletstructuresare. In thestringmodelthey stretchfrom a quark
(or anti-di-quark)via a seriesof colour-connectedgluonsto an antiquark(or di-quark). In the cluster
modeleachgluondecaysnon-perturbatively to aquark-antiquarkpairandeachresultingquark-antiquark
singlet (comingonefrom eachof two colour-connectedgluons)decaysto hadrons.The independent
fragmentationmodel,usedby ISAJET, on theotherhand,treatseachpartonasanindependentsourceof
hadronsandis stronglyruledout by ���f��� data,for exampleon inter-jet effectsin three-jetevents,the
so-calledstringeffect. Of theothertwo models,PYTHIA givesthebetterdescriptionof � � � � data,but
HERWIG alsogivesanadequatedescription,despitehaving a lot feweradjustableparameters.

Modelsof theunderlyingeventarenotstronglyconstrainedby eithertheoreticalunderstandingor
experimentaldata.Two extrememodelsareavailableandthetruth is likely to lie betweenthem. In the
soft model,usedin HERWIG, thecollision of thetwo protonremnantsis assumedto belike a minimum
biashadron-hadroncollision at thesameenergy. A simpleparametrisationof minimumbiasdata(from
UA5 [293]) is usedwith little additionalphysicsinput. In the mini-jet model, usedin PYTHIA and
availableasanadditionalpackagefor HERWIG, on theotherhand,theremnant-remnantcollisionsactas
a new sourceof perturbative scattering,which ultimatelyproducethehadronsof theunderlyingevent.
To avoid regionsof unstableperturbative predictionsandproblemswith unitarity, acutoff mustbeused,
F\* ð ô����`�øT GeV. Presumablyfor a completedescription,somesoft modelshoulddescribethephysics
below F * ð ô���� suchthat the resultsdo not dependcritically on its value. Unfortunatelyno suchmodel
existsat present.Althoughthe two modelsgive rathersimilar predictionsfor averagepropertiesof the
underlyingevent,they giveverydifferentprobabilitiesfor therarefluctuationsthatcanbemostimportant
in determiningjet uncertainties.This is anareathatneedsto beimprovedbeforeLHC runningbegins.

D2 Parton-level Monte Carlos

With few exceptions(e.g.3 or 4-jetfinal statesin ������� collisions)multi-jet final statesarenotaccurately
describedby theshowerMC’sdescribedabove. This is becauseemissionof severalhardandwidely sep-
aratedpartonsis poorly approximatedby theshower evolution algorithms,andexact(althoughperhaps
limited to the tree level) matrix elementsneedto be usedto properlyevaluatequantumcorrelations.
Parton-level MonteCarlosareeventgeneratorsfor multi-partonfinal states,which incorporatetheexact
tree-level matrix elements.They canbeusedfor parton-level simulationsof multi-jet processes,under
the assumptionthat eachhardpartonwill be identifiedwith a final-statephysicaljet with momentum
equalto themomentumof theparentparton.Selectionandanalysiscutscanbeapplieddirectly to the
partons.In somecases,thepartonicfinal statescanbeusedasa startingpoint for theshower evolution
performedusinga shower MC suchasHERWIG, PYTHIA , or ISAJET. For a discussionof theproblems
involved in ensuringthecolour-coherenceof theshower evolution whendealingwith multi-partonfinal
states,see[294].

In thefollowing, wecollectsomeinformationon themostfrequentlyusedparton-level MCsused
in connectionwith topquarkstudies.

D21 VECBOS29

VECBOS [150] is a MonteCarlo for inclusive productionof a £ -bosonplusup to 4 jetsor a ¦ -boson
plus up to 3 jets. VECBOS is thereforea standardtool usedin the simulationof backgroundsto BDCB
production.Thematrixelementsarecalculatedexactlyat thetreelevel, andincludethespincorrelations
of the vector bosondecayfermionswith the rest of the event. Variouspartondensityfunctionsare

29VECBOSauthors:F.A. Berends,H. Kuijf, B. TauskandW.T. Giele.Contacts:giele@fnal.gov



availableanddistributions canbe obtainedby using the kinematicsof the final state,availableon an
event-by-eventbasistogetherwith thecorrespondingeventweight.Thecodeandits documentationcan
beobtainedfrom:

http://www-theor y. fn al .go v/ people /gi el e/ ve cb os. ht ml
Documentationon theuseof VECBOSwithin ATLAS canbefoundin [295].

D22 CompHEP30

CompHEPis a packagefor thecalculationof elementaryparticledecayandcollision propertiesin the
lowestorderof perturbationtheory(thetreeapproximation).Themainpurposeof CompHEPis to gener-
ateautomaticallytransitionprobabilitiesfrom agivenLagrangian,followedby theautomaticevaluation
of the phase-spaceintegralsandof arbitrarydistributions. The presentversionhas4 built-in physical
models. Two of themarethe versionsof the StandardModel (SU(3)xSU(2)xU(1))in the unitary and
t’Hooft-Feynmangauges.Theusercanchangethemodelsor evencreatenew ones.

Thesymbolicpartof CompHEPallows theuserto performthefollowing operations:

1. to selectaprocessby specifyingincomingandoutgoingparticlesfor thedecaysof T G - | i�i�i | TpG
� typesandthecollisionsof - G - | i�i�i | -5GbV types,

2. to generateFeynmandiagrams,calculatingtheanalyticalexpressionsfor thesquaredmatrix ele-
ments,

3. to save thealgebraicsymbolicresultsandto generatetheoptimizedFortran andC codesfor the
squaredmatrixelementsfor furthernumericalcalculations.

Thenumericalpartof CompHEPallowsto convolutethesquaredmatrixelementwith structurefunctions
andbeamspectra,to introducevariouskinematiccuts,to introducea phasespacemappingin orderto
smoothsharppeaksof a squaredmatrix element,to performa MonteCarlophasespaceintegrationby
VEGAS, to generateeventsand to displaydistributions for variouskinematicvariables. Recently, an
interfacewith PYTHIA hasbeencreated[283]. Thisallows to performrealisticsimulationsof theprocess
includinghadronisationeffectsaswell astheeffectsof theinitial andfinal stateradiation.

TheCompHEPcodesandmanualareavailablefrom thefollowing Websites:
http://theory.np i. msu. su/ ˜c omphep
http://www.ifh.d e/ ˜p uk hov

D23 ALPHA31

ALPHA is an algorithmintroducedin [296] for the evaluationof arbitrarymulti-partonEW matrix el-
ements.This algorithmdeterminesthe matrix elementsfrom a (numerical)Legendretransformof the
effectiveaction,usingarecursiveprocedurewhichdoesnotmakeexplicit useof Feynmandiagrams.The
algorithmhasa complexity growing like a power in thenumberof particles,comparedto thefactorial-
like growth that oneexpectsfrom naive diagramcounting. This is a necessaryfeatureof any attempt
to evaluatematrix elementsfor processeswith largenumbersof externalparticles,sincethenumberof
Feynmandiagramsgrows very quickly beyondany reasonablevalue.

An implementationof ALPHA for hadroniccollisionswasintroducedin [294], wherethealgorithm
wasextendedto thecaseof QCD amplitudes(seealso[297]). Themainaim of thehadronicversionof
ALPHA is to allow theQCD parton-shower evolution of themulti-partonfinal state,in a way consistent
with thecolour-coherencepropertiesof thesoftgluonemissiondynamics.This is achievedby evaluating
theQCD amplitudesin anappropriatecolourbasis[294], suchthattheassignementof a specificcolour
flow configurationon an event-by-event basis. The patternof colour flow definesthe colour currents

30CompHEPauthors: A. Pukhov, E. Boos, M. Dubinin, V. Edneral,V. Ilyin, D. Kovalenko, A. Kryukov, V. Savrin,
S.Shichanin,A. Semenov. Contacts:pukhov@theory.npi.msu.su,ilyin@theory.npi.msu.su

31ALPHA authors:F. Caravaglios,M. Moretti. Theversionfor hadroniccollisionsreceived additionalcontributionsfrom
M.L. ManganoandR. Pittau.Contact:moretti@fe.infn.it



requiredto implementtheangularorderingprescriptionwhichembodies,attheleadingorderin the T ��  Î
expansion,thequantumcoherencepropertiesof soft-gluonradiation,asdiscussedin AppendixD1. A
versionof thecodeis beingcompleted[298], which incorporatestheevaluationof £ � C � ~¢¡ jets(¡¤£ V ),
with all � -masseffects included. This programwill allow a completeevaluationof the £©~ multijet
backgroundsto singletop and B CB production.Thecodecontains3 modules:thefirst for thegeneration
of parton-level events,with theassignementof partonicflavours,helicitiesandcolourflows. Thesecond
for the unweigthingof the events,andthe third for the parton-shower evolution of the initial andfinal
states,doneusingtheHERWIG MC. Thecodewill soonbeavailablefrom theURL:

http://home.cern .c h/ ˜mlm/ al pha
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[174] M. JezabekandJ.H. Kühn,Phys.Lett. B329, 317(1994)hep-ph/9403366.
[175] C.R.Schmidt,Phys.Rev. D54, 3250(1996)hep-ph/9504434;M. Fischer, S.Groote,J.G.Körner,

M. C. MauserandB. Lampe,Phys.Lett. B451, 406(1999)hep-ph/9811482.
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