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Chapter 1

Intr oduction

1 Tasksof WG1

The origin of flavour structuresand CP violation remainsasoneof the big questionin particle physics.
Within the StandardModel (SM) the relatedphenomenare sucessfullyparametrizedvith the help of
the CKM matrix in the quarksectorandthe PMNS matrix in the leptonsector In bothsectorgntensve
studiesof flavour aspectshave beencarriedout and are still going on as discussedn the reportshy
WG2andWG3. Following the unificationideaorginally proposedy Einsteinit is stronglybelievedthat
eventuallyboth sectorscanbe explainedby a commonunderlyingtheory of flavour. Although current
SM extensionrarelyincludeatheoryof flavour, mary of themtacklethe flavour questionwith the help
of a specialansatdeadingto interestingpredictionsfor future collider experimentsasthe LHC.

This chapterof the "Flavour in the eraof LHC” reportgivesa comprehense overvien of the
theoreticaland experimentalstatuson: (i) How flavour physicscanbe exploredin the productionof
heary particleslike the top quarkor new statespredictedin extensionsof the SM. (ii) How flavour
aspectsmpactthediscovery andthe studyof the propertiesof thesenew statesWe discusdn detailthe
physicsof the top quark,supersymmetrienodels,Little Higgs models,extra dimensionsgrandunified
modelsandmodelsexplaining neutrinodata.

Section2 discusseflavour aspectselatedto thetop quarkwhichis expectedo play animportant
dueto its heary mass.The LHC will be atop quarkfactoryallowing to studyseveral of its properties
in greatdetail. The Wb couplingis animportantquantitywhich in the SM is directly relatedto the
CKM elementV;,. In SM extensionsew couplingscanbe presenteavhich canbe studiedwith the help
of the angulardistribution of the top decayproductsand/orin singletop production. In extensionsof
the SM alsosizableflavour changingneutralcurrentsdecayscanbeinduced,suchast — ¢Z,t — ¢y
ort — gg. The SM expectionsfor the correspondindranchingratios are of the order10~'* for the
electraveak decaysandorder10~'2 for the strongone. In extensiondik e two-Higgsdoubletmodels,
supersymmetryr additionalexotic quarksthey canbe up to order10~*. The anticipatedsensitvity of
ATLAS andCMS for thesebranchingratio is of order10=>. New physicscontritution will alsoaffect
single and pair productionof top quarksat LHC eithervia loop effectsor dueto resonancesvhich is
discussedhn thethird partof this section.

In section3 we considerflavour aspectof supersymmetricnodels. This classof modelspredict
partnersfor the SM particleswhich differ in spinby 1/2. In a supersymmetriavorld flavour would
be describedby the usual Yukava couplings. However, we know that supersymmetrf{SUSY) must
be broken which is mostcommonlyparametrizedn termsof soft SUSY breakingterms. After a brief
overview of the additionalflavour structuresn the soft SUSY breakingsectorwe first discusghe effect
of leptonflavour violation in modelswith consered R-parity They cansignificantlymodify di-lepton
spectrawhich play animportantrole in the determinatiorof the SUSY parametergjespitethe stringent
constraintdrom low enepgy datasuchasyu — evy. We alsodiscussthe possibilitiesto discover super
symmetryusingthee®, 4T + missingenegy signature Leptonflavour violation playsalsoanimportant
role in long lived stauscenariosvith the gravitino aslightestsupersymmetriparticle (LSP).In models
with broken R-parity neutrinophysicspredictscertainratiosof branchingratiosof the LSP in termsof
neutrinomixing angle(in caseof a gravitino LSP the predictionwill be for the next to lighestSUSY
particle). Here LHC will be importantto establishseveral consisteng checksof the model. Flavour
aspectaffect the squarksectorin severalways. Firstly oneexpectsthatthe lightestsquarkwill bethe
lighteststopdueto effectsof thelargetop Yukava coupling.Variousaspect®f its propertiesarestudied



herein differentscenariosSecondlyit leadsto flavour violating squarkproductionandflavour violating
decayof squarksandgluinosdespitethe stringentconstraintdrom low enegy datasuchasb — sv.

Also otherextensionsof the SM, suchaslittle Higgs modelsor extra dimensions predictnev
flavour phenomenavhicharepresentedh sectiord. We startwith the phenomologyf additionalquarks
andleptonswhich are predictede.g.in grandunified modelslittle Higgs modelsor modelswith extra
dimensions.We studyin detail their productionand decaysat LHC. It turnsout that particlesup to a
massof 2 TeV canbe discoreredandstudied. Besidediscorery aspectsve discussthe possibilitiesto
measureaheir mixing with SM fermionsor their potentialto usethemasextra sourcefor Higgs bosons
which areamongtheir decayproducts.Thesenew fermionscancomealongwith additionalheary gauge
bosonsanddependingnthe masshierachyareeitherdecayproductsor sourcesWe alsodiscusdlavour
aspectdor the discovery of the new gaugebosonsjn particularfor the casesof anextra 7’ or anextra
W'. Several SM extensionspredictalsonew scalarparticles,e.g.in two Higgs doublettmodels,Little
Higgs modelsor modelsexplaining neutrinodatasuchasthe Balu-Zeemodel. Thelastclassalsogives
predictionsfor the decay=f thedoublechagedHiggsbosonin termsof neutrinomixing angles.

Last but not leastcomputationakools play an importantrole in the study of flavour aspectsat
LHC. In section5 we give an overviewn of the public availabletoolsrangingfrom spectrumcalculaters
over decaypackageso Monte Carloprogramsln additionwe briefly discusghelatestversionof SUSY
LesHouchesA\ccord which senesasan interface betweenvariousprogramsand now includesflavour
aspects.

2 The ATLAS and CMS experiments

The CERN Large HadronCollider (LHC) is currentlybeinginstalledin the 27-kmring previously used
for the LEP e*e™ collider. This machinewill pushbackthehigh enegy frontier by oneorderof magni-
tude,providing pp collisionsat a centerof-massenegy of /s = 14 TeV.

Four mainexperimentswill benefitfrom this acceleratortwo general-purposdetectorsATLAS
(Fig. 1.1)andCMS (Fig. 1.2),designedo explorethe physicsatthe TeV scale;oneexperiment,LHCDb,
dedicatedo the study of B-hadronsand CP violation; and one experiment,ALICE, which will study
heary ion collisions. Hereonly the ATLAS and CMS experimentsandtheir physicsprogramsaredis-
cussedn somedetail.

Themaingoalof theseexperimentds theverificationof theHiggsmechanisnior theelectraveak
symmetrybreakingandthe studyof the“new” (i.e. non-Standard/odel) physicswhich is expectedto
manifestitself at the TeV scaleto solve the hierarchyproblem. The designluminosity of 1034 cm—2s7!
of thenew acceleratowill alsoallow to collectvery large sampleof B hadronsW andZ gaugebosons
andtop quarks,allowing stringenttestsof the StandardModel predictions.

Sincethis programmampliesthesensitvity to avery broadrangeof signaturesandsinceit is not
known how newv physicsmay manifestitself, the detectorshave beendesignedo be ableto detectas
mary particlesandsignaturegspossiblewith the bestpossibleprecision.

In both experimentsthe instrumentatioris placedaroundthe interactionpoint over the whole
solid angle,exceptfor the LHC beampipe. As the particlesleave theinteractionpoint, they traversethe
InnerTracker, whichreconstructshetrajectorief chagedparticles the ElectromagnetiandHadronic
calorimetersvhich absorbeandmeasurghetotal enegy of all particlesexceptneutrinosandmuonsand
the Muon Spectrometewhich is usedto identify andmeasurdhe momentumof muons. The presence
of neutrinos(andotherhypotheticweakly interactingparticles)is revealedasa non-zerovectorsumof
the particlemomentan the planetranswerseto the beamaxis.

Both the Inner Tracker andthe Muon spectrometeneedto be placedinside a magneticfield in
orderto measureéhe momenteof chagedparticlesusingtheradiusof curnvatureof theirtrajectoriesThe
two experimentsare very differentin the layoutthey have chosenfor the magnetsystem. In ATLAS,
a solenoidprovide the magneticfield for the Inner Tracker, while a systemof air-core toroids outside
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Fig. 1.1: An explodedview of the ATLAS detector

the calorimetersprovide the field for the Muon Spectrometerin CMS, the magneticfield is provided
by a singlevery large solenoidwhich containsboth the Inner Tracker andthe calorimetersithe muon
chambersreembeddedn theiron of the solenoidreturnyoke. The magnetayoutdetermineghe size,
theweight(ATLAS is largerbut lighter) andeventhe nameof thetwo experiments.

The CMS Inner Detectorconsistsof Silicon Pixel and Strip detectorsplacedin a4 T magnetic
field. The ATLAS Inner Tracker is composedy a smallernumberof Silicon Pixel and Strip detectors
anda TransitionRadiationdetector(TRT) at larger radii, insidea 2 T magneticfield. Thanksmainly
to the larger magneticfield, the CMS traclker hasa bettermomentumresolution,but the ATLAS TRT
contributesto the electron/piondentificationcapabilitiesof the detector

The CMS electromagneticalorimeteris composedby PbWO, with excellentintrinsic enegy
resolution(o(E)/E ~ 2 — 5%/+/ E(GeV)). The ATLAS electromagneticalorimeteris alead/liquid
argonsamplingcalorimeter While theenegy resolutionisworse(o (E)/E ~ 10%/+/ E(GeV')), thanks
to averyfine lateralandlongitudinalsegmentatiorthe ATLAS calorimeterprovidesmorerobustparticle
identificationcapabilitiegshanthe CMS calorimeter

In both detectorsthe hadroniccalorimetryis provided by samplingdetectorswith scintillator

or liquid argon asthe actve medium. The ATLAS calorimeterhasa betterenegy resolutionfor jets

(c(E)/E ~ 50%/\/E(GeV) & 0.03) thanCMS (o (E)/E ~ 100%/+/ E(GeV') & 0.05) becauset is
thicker andhasafiner samplingfrequeng.

The chambeistationsof the CMS muonspectrometeareembeddednto theiron of the solenoid
returnyoke, while thoseof ATLAS arein air. Becauseof multiple scatteringin the spectrometerand
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Fig. 1.2: An explodedview of the CMS detector

the larger field in the Inner Tracker the CMS muon reconstructiorrelies on the combinationof the
informationsfrom thetwo systemsthe ATLAS muonspectrometecaninsteadreconstructhemuonsin
standalonenode thoughcombinationwith the Innerdetectoimprovesthemomentunresolutionat low
momenta.The momentunresolutionfor 1 TeV muonsis about7% for ATLAS and5% for CMS.

Muonscanbe unambiguouslydentifiedasthey arethe only particleswhich arecapableo reach
the detectorsoutsidethe calorimeters Both detectorshave alsoan excellentcapabilityto identify elec-
tronsthatareisolated(thatis, they areoutsidehadronicjets). For example, ATLAS expectsanelectron
identificationefficiency of about70% with a probability to misidentify a jet asan electronof the order
of 107° [1]. Thetauidentificationrelieson the hadronicdecaymodes sinceleptonicallydecayingtaus
cannotbe separatedtom electronsaandmuons.Thejets producedby hadronicallydecayingausaresep-
aratedrom thoseproduceddy quarkandgluonssincethey producenarraver jetswith asmallernumber
of tracks.The capabilityof the ATLAS detectorto separate-jetsfrom QCD jetsis shavn in Fig. 1.3.

Theidentificationof the flavour of a jet producedby a quarkis moredifficult andit is practically
limited to the identificationof b jets, which aretaggedby the vertex detectorausingthe relatively long
lifetime of B mesonsihe presencef soft electronand muoninsidea jet is alsousedto improve the
b-taggingperformances.in Fig. 1.4 the probability of mis-tagginga light jet asa b jet is plottedasa
functionof theb-taggingefficiengy for the CMS detectof1]; comparabl@erformanceareexpectedor
ATLAS.
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Fig. 1.4: Thenon- jet mistaggingefficiency for a fixed b-taggingefficiency of 0.5asa function of jet trans\erse
momentumfor c-jets (triangles),uds jets (circles)andgluon jets (stars)obtainedfor the CMS detectorwith an
eventsampleof QCD jetsandthe secondaryertex taggingalgorithm|[3].



Chapter 2

Flavour phenomenain top quark physics
G. BurdmanandN. Castro

1 Intr oduction

Thetop quarkis theheaviestandleaststudiedquarkof the Standardviodel (SM). Althoughits properties
have alreadybeeninvestigatedat colliders, the available centreof massenegy andthe collectedlumi-

nosity have not yet allowedfor precisemeasurementsyith exceptionof its mass.The determinatiorof

otherfundamentapropertiesuchasits couplingsrequiredargertop sampleswhichwill beavailableat

the LHC. Additionally, dueto its large mass closeto the electraveak scale thetop quarkis believedto

offer auniquewindow to flavour phenomend&eyondthe SM.

Within the SM, the Wtb vertex is purely left-handed,and its size is given by the Cabibbo-
Kobayashi-Maskaa (CKM) matrix elementV},;, relatedto the top-bottomchaged current. In a more
generalvay, additionalanomalougouplingssuchasright-handedrectorialcouplingsandleft andright-
handedensorialcouplingscanalsobe consideredThe studyof theangulardistribution of thetop decay
productsatthe LHC will allow precisionmeasurementsf the structureof the Wtb vertex, providing an
importantprobefor flavour physicsbeyondthe SM.

In the SM thereareno flavour changingneutralcurrent(FCNC) processeat thetreelevel andat
one-loopthey canbe inducedby chaged-curreninteractionshut they aresuppressedy the Glashav-
lliopoulos-Maiani(GIM) mechanisni4]. Thesecontritutionslimit the FCNCdecaybranchingratiosto
extremelysmallvaluesin the SM. However, thereare extensionsof the SM which predictthe presence
of FCNCcontritutionsalreadyat thetreelevel andsignificantlyenhancéhetop FCNCdecaybranching
ratios[5-16]. Also loop-induced=CNCscouldbe greatlyenhancedn somescenario$eyondthe SM.
In all thesecasessuchprocessemightbeobseredatthe LHC.

In its first low luminosityphasg10fb—! peryearandperexperiment) the LHC will produceser-
eralmillion top quarks,mainly in pairsthroughgluonfusiongg — tt andquark-antiquarkannihilation
qq — tt, with atotal crosssectionof ~ 833 pb[17]. Singletop production[18-22] will alsooccur dom-
inatedby the t-channelprocesspq — tq’, with atotal expectedcrosssectionof ~ 320 pb[21,22]. SM
extensionssuchasSUSY, may contritute with additionaltop quarkproductionprocessesThetheoret-
ical andexperimentaknowledgeof singletop and¢t productionprocessewvill resultin importanttests
for physicsbeyondthe SM. Moreover, besideshedirectdetectionof new stateqsuchasSUSY particles
andHiggs bosons)new physicscanalsobe probedvia the virtual effectsof the additionalparticlesin
precisionobserables.Finally, in additionto the potentialdeviationsof the top couplings,it is possible
thatthetop quarkcouplesstronglyto somesectorof thenew physicsatthe TeV scalejn suchaway that
the productionof suchstatesmight resultin new top quarksignals. This possibility typically involves
modificationsof the top productioncrosssections eitherfor ¢t or singletop, throughthe appearance
of resonancesr just excessesn the numberof obsered events. In someof thesecasesthe signalis
directly associatedvith atheoryof flavour, or atleastof the origin of thetop mass.

In this chaptedifferentflavour phenomenassociatedo top quarkphysicsarepresentedstarting
with anomaloushagedandneutraltop couplings.In section2 the Wtb vertex structureandthe mea-
suremenof V;, arediscussedStudiesrelatedto top quarkFCNC processearepresentedn section3.
Finally, possiblecontritutionsof new physicsto top productionarediscussedh section4, includingthe
effects of anomalouscouplingsin ¢¢ andsingletop production,aswell asthe possibleobseration of
resonancewnhich stronglycoupleto thetop quark.



2 Wb vertex

In extensionof the SM, departuresrom the SM expectationl;;, ~ 0.999 arepossiblg23,24], aswell as
new radiative contrilutionsto the Wb vertex [25,26]. Thesedeviationsmight be obseredin top decay
processesatthe LHC andcanbe parametrizedvith the effective operatorformalismby consideringhe
mostgenerallV'tb vertex (which containsermsup to dimensiorfive) accordingo

9 3i""ay
V2 Mw
with ¢ = p; — pp (the corventionsof Ref. [27] arefollowed with slight simplificationsin the notation).
If C'P is conseredin thedecaythecouplingscanbetakento bereal?!

L = —%E’W (VLPL + VRPr)t W, — (9.PL +grPr)t W, +h.c., (2.1)

2.1 Wtbanomalouscouplings

Within the SM, Vi, = V, ~ 1 and Vg, g1, gr vanishat the treelevel, while nonzerovaluesare gen-
eratedat oneloop level [28]. Additional contritutionsto Vg, gr., gr are possiblein SM extensions,
without spoilingthe agreementvith low-enegy measurement§.hemeasuremerdaf BR(b — sv) isan
importantconstrainto the allowed valuesof the Wtb anomalougouplings.

At the LHC, thetop productionanddecayprocessewvill allow to probein detailthe Wtb vertex.
Top pair productiontakesplacethroughthe QCD interactionswithout involving a Wtb coupling. Addi-
tionally, it is likely thatthetop quarkalmostexclusively decaysn thechannet — W*b. Thereforejts
crosssectionfor productionanddecaygg, g — tt — W1bW ~b is largely insensitve to the sizeand
structureof the Wb vertex. However, the angulardistributions of (anti)top decayproductsgive infor-
mationaboultits structure,andcanthenbe usedto tracenon-standard@ouplings. Angular distributions
relatingtop andantitopdecayproductsgprobenotonly the Wtb interactionsout alsothe spincorrelations
amongthe two quarksproducedandthusmay beinfluencedby new productionmechanismsaswell.

2.1.1 Constraintsfrom B physics

Raredecaysof the B-mesonsaswell asthe BB mixing provide importantconstraintson the anoma-
lous Wtb couplingsbecausdhey receve large contritutions from loops involving the top quarkand
the W boson. In fact, it is the large massof the top quarkthat protectsthe corresponding-CNC am-
plitudesagainstGIM cancellation. Thus, orderunity valuesof Vi, — Vi, Vg, g1, and gr generically
causeD(100%) effectsin the FCNCobserables.For Vr andgr,, anadditionalenhancemeri29,30] by
my/my, occursin thecaseof B — X, becausehe SM chiral suppressiofiactorm;, /My, getsreplaced
by theorderunity factorm, /My .

Deriving specificboundson the anomaloudd tb couplingsfrom loop processesequirestreating
themaspartsof certaingauge-inariantinteractions Here , we shallconsidetthefollowing dimension-six
operatorg31]

OVR = tiR’YHbR <$T1D#¢) + h.C.,

Ot = quryar (¢'7"iDue) — qrrar (61iDug) + huc.

0% = qro™rtreWy, +h.c.,
0% = glo" bW, + hec., 2.2)
where ¢ = (tL, Visbr, + Vissr + V;gddL), ql,/ = (V;gtL + VZZCL + ijuL, bL), and ¢ denoteghe

Higgsdoublet.Workingin termsof gauge-inariantoperatorsendergsheloop resultsmeaningful atthe
expenseof takinginto accountall theinteractionghatoriginatefrom Eq. (2.2),notonly the Wb ones.

A generaliV' tb vertex alsocontaingermsproportionalo (p; +ps)*, ¢* ande*” (p: +ps ). Sinceb quarksareonshell the
W bosongecayto light particles(whosemasseganbe neglected)andthetop quarkscanbe approximatelyassumean-shell,
theseextra operatorsanberewrittenin termsof theonesin Eq. (2.1) usingGordonidentities.



As anexample,let us considertheb — s+ transition. Sinceit involveslow momentaonly, one
usuallytreatsit in theframewvork of aneffective theorythatarisesfrom thefull electraveakmodel(SM
or its extension)after decouplingthe top quarkandthe heary bosons.The leadingcontrikution to the
consideredlecayoriginatesfrom the operator

O mbELU‘“’bRFW. (2.3)

= 1672

The SM valueof its Wilson coeficient C; getsmodifiedwhentheanomaloudV'tb couplingsareintro-
duced.Moreover, the presencef O, alsoabore the decouplingscaley, becomes necessitybecause
countertermsinvolving O7 renormalizehe UV-divergentb — s diagramsawith O92 andO9% vertices.
Thus,we areled to considerthe B — X, branchingratio asafunctionof notonly Vz, Vg, g andggr

but aIsoCép), i.e. the“primordial” valueof C; beforedecoupling.Following the approactof Ref.[32],
onefinds

BR(B — X)) x 100 = (3.15£0.23) — 818 (Vi — Vi) + 427 Vg
— 71297 + 1.91gr — 8.03C%) (1)

o (Vi V. Vi @) 2.4
+ L ths VRyJL,9R, Uy ) ( . )

for £, > 1.6 GeVandyuy = 160 GeVin theMS schemé. As anticipatedthe coeficientsat V', andgr
areof thesameorderasthefirst (SM) term,while thecoeficientsat V' andg;, getadditionallyenhanced.
The coeficientsat g;, andgr dependon n alreadyatthe leadingorder andarewell-approximatedy
—379 — 4851n po/My and—0.87 + 4.04 In po /My, respectiely. This pp-dependencandthe oneof

C’ép) (uo) compensateachotherin Eq. (2.4).
Takinginto accounthe currentworld average34]:

BR(B — Xyv) = (3.55£0.24 1095 £0.03) x 1074, (2.5)
athin layerin thefive-dimensionaspaceVy, — Vi, Vi, 91, 9r, C§p)) is foundto beallowedby b — s+.
Whenoneparametent atime is variedaroundthe origin (with the otheronesturnedoff), quite narrov

95% C.L. boundsareobtained.They arelistedin Table2.1.

Table 2.1: Thecurrent95% C.L. boundsfrom Eq. (2.4) alongthe parameterxes.

Vi — Vi Vr gL JR Cép) (o)
upperbound 0.03 0.0025 0.0004 0.57 0.04
lowerbound| —0.13 —0.0007 | —0.0015 | —0.15 —-0.14

If several parametergre simultaneoushiturnedonin a correlatedmanney their magnitudesare,
in principle, not boundedby b — s+ alone. However, the larger they are, the tighter the necessary
correlationis, becomingquestionablat somepoint.

The boundsin Table 2.1 have beenobtainedunderthe assumptiorthat the non-lineartermsin
Eq. (2.4) arengligible with respecto thelinearones.If thisassumptions relaxed, additionalsolutions
to that equationarise. Suchsolutionsare usually consideredo be fine-tuned. In ary case,they are
expectedto get excludedby a direct measuremenof the Wtb anomalouscouplingsat the LHC (see
section2.1.2).

2Thenegative coeficientat V7, differsfrom theonein Fig. 1 of Ref.[33] whereananomalous¥ cb couplingwaseffectively
included,too.



Consideringptherprocessemcreaseshenumberof constraintdut alsobringsnewn operatorsvith
their Wilson coeficientsinto the game,so long asthe amplitudesundego ultraviolet renormalization.
Consequentlythe analysisbecomesmore and more involved. Effectsof V7 andVz onb — siti~
have beendiscussede.g.,in Refs.[33,35]. Theseanalyseseedto be updatedin view of the recent
measurementsndextendedo the caseof g;, andgr. Thesamerefersto the BB mixing, for which (to
ourknowledge)no dedicatectalculationhasbeenperformedtio date.Exclusve raredecaymodesn the
presenc®f non-vanishingVi have beendiscussedn Refs.[36,37].

2.1.2 ATLAS sensitivity to Wtb anomal ous couplings

The polarisationof the W bosongroducedn thetop decayis sensitve to non-standardouplings[38].

W bosonscanbe producedwith positve, negative or zero helicity, with correspondingpartial widths
I'r, I'p, 'y which dependon Vi, Vg, g1, and gr. Generalexpressiondor I'g, 'z, I'g in termsof

thesecouplingscanbe found in Ref. [39] andwereincludedin the programTopFit. Their absolute
measuremeris ratherdifficult, soit is corvenientto considerinsteadthe helicity fractionsF; = I'; /T,

with T' = I'r 4+ I'r, + Iy the total width for t — Wh. Within the SM, Fy = 0.703, Fr = 0.297,

Fr = 3.6 x 10~ * atthetreelevel, for m; = 175 GeV. My = 80.39 GeV, m; = 4.8 GeV. We note
that F'r vanishesn the m;, = 0 limit becausehe b quarksproducedin top decayshave left-handed
chirality, andfor vanishingm, the helicity andthe chirality statescoincide. Thesehelicity fractionscan
be measuredn leptonicdecaysiV — /v. Let usdenoteby 6; the anglebetweenthe chagedlepton
three-momentunn the W restframeandthe W momentumin thet restframe. Thenormalisedangular
distribution of thechagedleptoncanbe written as

dar 3

1 3 3
Tdoosg — gL+ oos 0;)* Fr + g (1~ cos 0;) Fr, + 1 sin” 0} Fy , (2.6)
’ l

with the threetermscorrespondingo the threehelicity statesandvanishinginterferencg40]. A fit to
the cos 0 distribution allows to extract, from experiment,the valuesof F;, which arenot independent
but satisfy Fr + F1, + Fp = 1. Fromthesemeasurementsnecanconstraintheanomalougouplingsin
Eqg.(2.1). Alternatively, from this distribution onecanmeasurdhe helicity ratios[39]

I'rr  Frr
= - == 2.7
PRL= T ek (2.7)

which areindependentiuantitiesandtake thevaluespr = 5.1 x 1074, pr, = 0.423 in the SM. As for the
helicity fractions,the measuremertf helicity ratiossetsboundson Vg, g1, andgg. A third andsimpler
methodto extractinformationaboutthe Wtb verte is throughangularasymmetriesnvolving theangle
g;. Forary fixedz in theintenal [—1, 1], onecandefineanasymmetry

N(cosO; > z) — N(cosb; < z)
N(cos@; > z) + N(cosb; < z)°

A, = (2.8)

Themostobviouschoiceis z = 0, giving theforward-backvard (FB) asymmetryArg [27,41]2 TheFB
asymmetnyis relatedto the W helicity fractionsby

Afp = %[FR — Fr]. (2.9)

Othercorvenientchoicesarez = (2% — 1). Defining 8 = 2'/% — 1, we have

z=—(22P 1) — A, =A, =308[F+ (1+ B)Fg],

3Notice the differencein signwith respecto the definitionsin Refs.[27,41], wheretheangled,, = = — 0; betweerthe
chagedleptonandb quarkis used.



=223 1) — A, =A_ = -38[F+ (1+B)FL]. (2.10)

Thus, A, (A_) only dependon Fy and Fr (F1). The SM valuesof theseasymmetriesare Appg =
—0.2225, Ay = 0.5482, A_ = —0.8397. They arevery sensitve to anomaloud¥'tb interactionsand
their measuremerdllows usto probethis vertex without the needof a fit to the cos ¢; distribution. It
shouldalsobe pointedout that with a measurementf two of theseasymmetrieshe helicity fractions
andratioscanbereconstructed.

In this section,the ATLAS sensitvity to Wtb anomalouscouplingsis reviewed. The ¢t —
W*bW b eventsin which oneof the W bosonsdecayshadronicallyandthe otheronein the leptonic
channelW — (v, (with ¢ = e*, uT), areconsideredassignalevents? Any otherdecaychannelof the
tt pair constitutesa backgroundo this signal. Signaleventshave afinal statetopologycharacterisetly
oneenegetic lepton, at leastfour jets (including two b-jets) andlarge transersemissingenegy from
the undetectedheutrino. Top pair production,aswell asthe backgroundrom singletop production,is
generateavith TopReX [42]. Furtherbackgroundsvithout top quarksin thefinal state,i.e. bb, W +jets,
Z /v +jets, WW, ZZ and ZW productionprocessesare generatedisingPYTHIA [43]. In all cases
CTEQSL partondistribution functions(PDFs)[44] were used. Eventsare hadronisedusing PYTHIA,
taking alsointo accountbothinitial andfinal stateradiation. Signalandbackgroundeventsarepassed
throughthe ATLAS fastsimulation[45] for particlereconstructiorandmomentumsmearing.The b-jet
taggingefficiengy is setto 60%, thatcorrespondso arejectionfactorof 10 (100)for ¢ jets (light quark
andgluonjets).

A two-level probabilisticanalysis,basedon the constructionof a discriminantvariable which
usesthe full information of somekinematicalpropertiesof the event was developedandis described
elsavhere[46,47]. After this analysis,220024signalevents(correspondingo an efficiengy of 9%) and
36271backgrouncevents(mainly from ¢t — 7vbbqq’) wereselectedfor aluminosityof 10 fo~!. The
hadroniclV reconstructions donefrom thetwo non+ jetswith highesttrans\ersemomentum.Themass
of the hadronictop, is reconstructedsthe invariantmassof the hadroniclW andthe b-jet (amongthe
two with highestpr) closerto the W. TheleptoniclW momentunmcannotbedirectly reconstructedue
to the presencef an undetectedheutrinoin the final state. Neverthelessthe neutrinofour-momentum
canbeestimatedy assuminghetransersemissingenepgy to bethetranserseneutrinomomentumlts
longitudinalcomponentanthenbe determinedwith aquadraticambiguity by constrainingheleptonic
W mass(calculatedasthe invariantmassof the neutrinoandthe chagedlepton)to its knovn on-shell
value My = 80.4 GeV. In orderto solve thetwofold quadraticambiguityin thelongitudinalcomponent
it is requiredthatthe hadronicandtheleptonictop quarkshave the minimummassdifference.

The experimentallyobsered cos ¢; distribution, which includesthe t¢ signalaswell asthe SM
backgroundsis affectedby detectorresolution,tt reconstructiorand selectioncriteria. In orderto re-
coverthetheoreticalistribution, it is necessaryo: (i) subtracthebackground(ii) correctfor theeffects
of thedetectorreconstructiongtc. Theasymmetriearemeasuredvith a simplecountingof thenumber
of eventsbelav andabove a specificvalueof cos §;. This hasthe advantagethat the asymmetrymea-
surementsrenot biasedby the extremevaluesof the angulardistributions, wherecorrectionfunctions
largely deviate from unity andspecialcareis required.

Dueto the excellentstatisticsachievable at the LHC, systematicerrorsplay a crucialrole in the
measuremendf angulardistributions and asymmetriesalreadyfor a luminosity of 10 fb~!. A thor
oughdiscussiorof thedifferentsystematiancertaintiesn the determinatiorof the correctionfunctions
is thereforecompulsory The systematicerrorsin the obserablesstudied(asymmetrieshelicity frac-
tions andratios) are estimatedby simulatingvariousreferencesamplesand observingthe differences
obtained. Uncertaintiesoriginating from Monte Carlo generatorsPDFs,top massdependencadnitial
andfinal stateradiation,b-jet tag efficiengy, jet enegy scale,backgroundcrosssections pile-up andb

“From now on, the W bosondecayinghadronicallyandits parenttop quarkwill be namedas “hadronic”, andthe W
decayindeptonicallyandits parenttop quarkwill be called“leptonic”.
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Table 2.2: Summaryof the resultsobtainedfrom the simulationfor the obsenablesstudied,including statistical
andsystematiaincertainties.

Obsenable Result
Iz} 0.700 +0.003 (stat)  +0.019 (sys)
Fr, 0.299 +0.003 (stat)  +0.018 (sys)
Fr 0.0006 +0.0012 (stat) =0.0018 (sys)
oL 0.4274 £0.0080 (stat) £0.0356 (sys)
PR 0.0004 £0.0021 (stat) +0.0016 (sys)
App | —0.2231  +0.0035 (stat) +0.0130 (sys)
A, 0.5472  £0.0032 (stat) -£0.0099 (sys)
A_ —0.8387 +£0.0018 (stat) +0.0028 (sys)

Table 2.3: The 1o limits on anomalouscouplingsobtainedfrom the combinedmeasuremendf A, pr 1 are
shawvn. In eachcasethe couplingswhich arefixedto be zeroaredenotedoy a cross.

Vr gL 9R
Az, prr | [-0.0195,0.0906] X X
At pRI x [0.0409,0.00926] «
As, prr X X [~0.0112,0.0174]
As, PRI x [-0.0412,0.00944]  [0.0108,0.0175]
Ag, PR,L [—0.0199, 0.0903] X [—0.0126, 0.0164]

guarkfragmentatiorwereconsideredTheresultsof the simulation,including statisticalandsystematic
uncertaintiesaresummarizedn Table2.2.

With this results,and consideringthe parametricdependencef the obserableson Vg, ¢gr. and
gr (seeRef.[39]), constrainton the anomalousouplingsweresetusingTopFit. Assumingonly one
nonzerocouplingatatime, 1o limits from the measuremendf eachobserablecanbe derived[46,47].
Theselimits can be further improved by combiningthe measurementsf the four obserablespr .
and A, usingthe correlationmatrix [47], obtainedfrom simulation> Moreover, the assumptiorthat
only onecouplingis nonzerocanberelaxed. However, if Vi andg;, aresimultaneoushallowedto be
arbitrary essentiallyno limits canbe seton them, sincefor fine-tunedvaluesof thesecouplingstheir
effectson helicity fractionscancelto a large extent. In this way, valuesO(1) of Vi andg;, arepossible
yielding minimal deviations on the obserablesstudied. Therefore,in the combinedlimits, which are
presentedn Table2.3,it is requiredthateitherVy or g7, vanishes.

Finally, with the sameprocedure the 68.3% confidencelevel (CL) regions on the anomalous
couplingsareobtained(Fig. 2.1). Theboundaryof the regionshasbeenchoserasa contourof constant
x2. In casethatthe probability densityfunctions(p.d.f.) of Vz andg;, wereGaussianthe boundaries
would be ellipsescorrespondingo x? = 2.30 (seefor instanceRef. [48]). In our non-Gaussiamcase
the 2 for which the confidenceregions have 68.3% probability is determinedhumerically and it is
approximatelyl.83for the (g1, gr) plotand1.85for (Vg, gr).

2.2 Measurementof Vg, in singletop production

Thevalueof theCKM matrixelement/;;, is oftenconsideredo beknown to avery satistctoryprecision
(0.9990 < |Vjp| < 0.9992 at90%CL [49]). However, thisrangeis determinedy assuminghe unitarity

*We point out that the correlationsamong A+, pr,z do depend(asthey must) on the methodfollowed to extract these
obsenrablesfrom experiment.In our casethecorrelationshave beenderivedwith thesameproceduraisedto extract A+, pr, 1.
from simulatedexperimentaldata.
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Fig. 2.1: 68.3%CL confidenceregionson anomalousouplings: gr. andgg, for Vg = 0 (left); Vr andgg, for
gr. = 0 (right). Thelo combinedimits in Table2.3arealsodisplayed.

of the3 x 3 CKM matrix which canbeviolatedby newn physicseffects. The Tevatronmeasurementsf

2 . — . .
R = |m\2+‘|\‘22||2+|%bl2 arebasedon therelative numberof t¢-like eventswith zero,oneandtwo tagged

b-jets. Theresultingvaluesfor R are1.1210-27 (stat. + syst.) [50] and1.037912 (stat. + syst.) [51]
for CDF and D@ respectiely. Note that V};, determinatiorfrom R, giving |V;;| > 0.78 at 95% CL,
is obtainedassuming V;4|? + |Vis|? + |Vi|? = 1. In fact, R ~ 1 only implies|V;| >> |Visl, |Vial-
Thereforethesingletop productionwhosecrosssectionis directly proportionalto | V| is crucialin order
to revealthe completepictureof the CKM matrix.

Recently the D@ collaborationannouncedhefirst obseration of the singletop production.The
correspondingesultsfor thet ands-channelsare[52]:

O_s—channel + O_t—channel = 49+14 pb
o_s—channel = 1.04+0.9 pb
ot—channel 42iii pb (2.11)

This resultcanbe comparedo the SM predictionwith [Vi| = 1 [21]: o5, = 0.88 + 0.11 ph,
agifhannel = 1.98 + 0.25 pb. Takingtheseresultsinto accountandconsideringhelimit R > 0.61 at
95% C.L., excludedregionsfor |V;;| wereobtainedandare shavn in Fig. 2.2 (a)-(c) (see[53] for the
detailedcomputation).Fromthis figure, the allowed valuesfor |V;;| arefoundto be0 < V4] < 0.62,
0 < |Vis| £ 0.62and0.47 < |Vy| < 1. Thenew dataon thesingletop productionprovides, for thefirst
time, thelower boundof V;;,. However, we have to keepin mind thatthe latest95% CL upperlimits on
thesingletop productionby the CDF collaboration[54] arelower thanthoseby D@:

Us—channel +Ut—channe1 < 2.7 pb

O_sfchannel < 925 pb
gt—channel 93 pb (2.12)

Usingthis bound,differentconstrainton |V;;| canbefound,asshawvn in Fig. 2.2 (d)-(f).

Goingfrom Tevatronto LHC, thehigherenegy andluminositywill provide betterpossibilitiesfor
aprecisadeterminatiorof V;;,. Amongall threepossibleproductior‘mechanismsthet—channe(q%v < 0)
is the mostpromisingprocessueto its large crosssection,o ~ 245 pb [22,55,56] and V};, could be
determinedat the 5% precisionlevel alreadywith 10 fo—! of integratedluminosity assuminga total
error of 10% for the t-channelcrosssectionmeasuremenb7]. The precisionof this resultis limited
by the systematicuncertaintyand might be well improved with betterunderstandingf the detector
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Fig. 2.2: Excludedregionsfor |V;q4], |Vis|, and|V;,|, obtainedirom the measuremerdf R andfrom the singletop
production,o1, + 025, at 95 % C.L. Thefigures(a)-(c) and(d)-(f) areobtainedby using,respectiely, the latest
Dd (seeEq. (2.11))andCDF (seeEq. (2.12))dataon the singletop production.The combinationof bothbounds
providesanadditionalexcludedregion. The physicalbound|V;4|? + |Vis|? + |Vis|? < 1 is alsoconsidered.

and background. The other channels, W —associatedg, =M3,) and s-channel(¢Z, > 0), are more
challengingdueto a muchlarger systematiauncertainty However, a measurementf theseproduction
mechanismswill also be importantto further understandhe natureof the top quark couplingto the
weakcurrent,especiallybecausaen physicscould affect differently the differentsingletop production
channelgseee.g.[20]).

SinceVy, is notknown, the V;;, # 1 alternatve shouldbe still acceptablelf V4, is considerably
smallerthanone,thatwould meanthat¢(b) couplesnotonly to b(¢) but alsoto theextraquarks.Thus,a
measuremerdf V;;, # 1 would beanevidencefor new heary quarks.Their existenceis in factpredicted
by mary extensionf the SM [24,58-60] andfurthermorethecurrentelectraveakprecisiondataallows
suchpossibility[61,62]. In this classof models thefamiliar 3 x 3 CKM matrixis a sub-matrixof a3 x 4,
4 x 3, 4 x 4 or evenlargermatrix. Thosematricescouldalsobeconstrainede.g. by the4 x 4 unitarity
condition. Althoughthe 3 x 4/4 x 3 matrix, which is ofteninducedby the vectorlike quarkmodels,
breakghe GIM mechanismthe currenttreelevel FCNC measuremerdo not leadto strongconstraints.
However, thevectorlike modelswith dovn-typequark(modelswith 3 x 4 matrix) modifiesthetree-level
Zbb couplingby a factorof cos? 034, wherethe 3rd-4thgeneratiormixing 3, parameterizethe 3 x 4
matrix togetherwith the usualCKM parametergf;s, 623, 013). SinceVy, is writtenasVy, ~ cos 34 Iin
the sameparameterizatiorthe measuremerdf R, ratio, R, = I'(Z — bb) /I'(Z — hadror, forbids V;,
significantlydifferentfrom onein thistype of models.

1



Table 2.4: Branchingratiosfor FCNCtop quarkdecay9redictedby differentmodels.

Decay SM two-Higgs SUSYwith Exotic Quarks
R-parityviolation

t—qZ || ~107" ] ~1077 ~107° ~ 1074
t—qy || ~107% | ~ 1076 ~ 1076 ~ 1077
t—qg || ~10712 | ~107* ~ 1074 ~ 1077

In the modelswith a singletup-typequark(4 x 3 matrix case)or onecompletegeneratior(4 x 4
matrix case),the constraintfrom R, measuremenbn V;;, canbe milder. In the SM, R, comesfrom
the tree diagrammentionedaborve andthe ¢ quarkloop contribution which is proportionalto |V}, is
sub-dominant.If thereis an extra fermion ', V,, canbe reduced. On the other hand, we obtain an
extra loop contritution from ¢’, which is proportionalto |V;;|. In general,V;,; increasesvhen V,
decreases.Thus, the constrainton V;;, dependson the ¢’ mass. Using the current CDF upper limit,
my > 258 GeV [63], it canbe shavn that |V;;,| > 0.95 (seechapter4.2.1). This resultrelieson the
assumptiorthatthecorrectiondo R, andto .S, 7', U parameter§s4,65] inducedby loop effectsareonly
comingfrom thet andt’. Thereforemoresophisticatednodelswith anextendedparticlecontentmaybe
lessconstrained For a more preciseargumentin any given model,all the well measuredaxperimental
datafrom loop processessuchasthe B — X~ branchingratio andthe electraveak precisiondata
mustbecomprehensely analysedNeverthelesst shouldbe emphasizethatthe usualclaimthatthe S
parameteexcludesthe fourth generatioris basedon the assumptiorthat T ~ 0. Thefourth generation
modelincreasesS and1’ simultaneouslyandthusleavesa larger parametespacefor this modelthan
the R, measuremerdlone[53,66-68]. Furtherdiscussioronthe searcHor extraquarksatthe LHC can
befoundin chapte andin Refs.[53,69].

3 FCNC interactions of the top quark

If thetop quarkhasFCNCanomalougouplingsto thegaugebosonsits productionanddecayproperties
will be affected. FCNC processesssociatedavith the production[70—-72] anddecay|[73] of top quarks
have beenstudiedat collidersandthe presentdirectlimits on the branchingratiosare: BR(t — qZ) <
7.8% [70], BR(t — qv) < 0.8% [71] and BR(t — qg) < 13% [74]. Neverthelessthe amountof data
collectedupto now is notcomparablevith the statisticsexpectedatthe LHC andthuseitheradiscorery
or animportantimprovementin the currentlimits is expected75-78].

In the top quark sectorof the SM, the small FCNC contritutions limit the correspondinglecay
branchingratiosto thegaugebosong Z, v andg) to belov 1012 [15,79-82]. Therearehowever exten-
sionsof the SM, like supersymmetrienodelsincluding R-parity violation [5-11], multi-Higgs doublet
models[12-14] andextensionswith exotic (vectorlike) quarks[15, 16], which predictthe presencef
FCNCcontritutionsalreadyatthetreelevel andsignificantlyenhanceéhe FCNC decaybranchingratios.
Thetheoreticalpredictionsfor the branchingratiosof top FCNC decayswithin the SM andsomeof its
extensionsaresummarizedn Table2.4.

In addition,theorieswith additionalsourcesof FCNCsmay resultin flavour violation in the in-
teractionsof the scalarsectorwith the top quark. For example,this is the casein Topcolorassisted
Technicolor[83,84], wheretree-lerel FCNCsare present.In the theoriesthe scalarsectorresponsible
for thetop quarkmasscanbe discoveredthroughits FCNCdecay[85] h; — tj, wherej is ajet mainly
of a charmquark. Also, andaswe will seein detailin Section3.2, modelswith multi-Higgs doublets
containadditionalsourcesf flavour violation at oneloop thatmayleadto FCNC decay=f the Higgs.
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Table 2.5: Contrikbutionsof order A —* to the crosssectionof top production.

directproduction pp—(gq) —t+X

top + jet production pp—(gg9) —qt+X

pp—(9q9) —gt+X

pp— (g —qt+X
(including4-fermioninteractions)

top + anti-topproduction pp—(gg) —tt+X
pp— (Gq) —tt+X

top + gaugebosonproduction| pp — (gq) = vt + X
pp— (99 - Zt+X
pp—(gq) Wi+ X

top + Higgsproduction pp—(gq) = ht+X

3.1 Topquark production in the effective lagrangian approach

If strongFCNC existsassociatedo thetop quarksector it is expectedthatit influenceshe production
of singletop eventsthroughthe processgp — ¢ + ¢, g. This singletop productionchannelis thusan

excellent probefor flavour phenomendeyond the SM. In this section,the phenomenologyf strong
flavour changingsingletop productionin the effective lagrangiarapproachs consideredTheapproach
is modelindependenand makes useof a subsetof all dimensionfive and six operatorghat presere

the gaugesymmetriesof the SM aswritten in ref. [31]. The subsetchosencontainsall operatorghat

contrikute to strongFCNC includingthefour fermioninteractions.This methodologyhasbeenusedby

mary authorso studysingletop quarkproductionusingthe SM asits low enegy limit but alsoin other
modelslike Supersymmetrytwo-Higgsdoubletmodelsandothers[20,86-97].

Theeffective lagrangians aseriesn powersof 1/A, A beingthescaleof new physics.Therefore,
the termsthat originatefrom mixing with SM chaged currents,thatis, with diagramswith a chaged
boson,eitherasvirtual particleor in the final statewill befirst considered.Theseare processesf the
typepp — (Gq) — gt+ X andp p — (g q) — W ¢t + X andthechage conjugateprocessesDueto
CKM suppressioandsmallpartondensityfunctionscontritutionsfrom theincomingquarks theseA —2
termsaremuchsmallerthanthe A—* terms. Thereare several contritutions of order A= to the cross
sectionof singletop production. Thesearesummarizedn Table2.5. A moredetaileddiscussiorcanbe
foundin [98]. Crosssectiondor theseprocessewerecalculatedn [99,100].

The main goal of this work wasto produceall crosssectionsanddecaywidths relatedto strong
FCNCwith a singletop quarkin a form appropriatgfor implementatiorin the TopReX generatof42].
This implies that all crosssectionshadto be given in differential form with the top spin taken into
account.Most of the processesverealreadyinsertedin the generato seereleaset.200of TopReX) and
theremainingoneswill beinsertedn thenearfuture.

In this section,a joint analysisof the resultsobtainedin [98—100] is performed. To investigate
the dependencef the crosssectionson the valuesof the anomalousouplings,which are denotedby
constantsy;; and 3;;, randomvaluesfor o;; and 3;; were generatecand the resultingcrosssections
wereplottedagainsthe branchingatio of thetop quarkfor thedecayt — g u. Themotivationfor doing
this is simple: the top quarkbranchingratiosfor thesedecaysmay vary by asmuchaseight ordersof
magnitudefrom ~ 107! in the SM to ~ 10~* for somesupersymmetriecnodels. This quantity is
thereforea goodmeasuref whetherary physicsbeyondthatof the standardnodelexists.

In Fig. 2.3 the crosssectionsfor the processegpp — t + jet andpp — t + W viaawu quark
versusthe branchingratio BR(t — gu) areshavn. This plot wasobtainedby varyingthe constantsy
andg in arandomway, asdescribedefore.Eachcombinationof o and originatesa givenbranching
ratioanda particularvaluefor eachcrosssection.Obviously, anothersetof pointsmaygeneratéghesame
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Fig. 2.3: Crosssectiondor the processepp — ¢ + jet (crossespndpp — ¢t + W (stars)via anu quark,asa
functionof thebranchingatio BR(t — gu).

valuefor the branchingratio but a differentvalue for the crosssection,which justifiesthe distrilbution
of valuesof o(pp — t + jet) ando(pp — t + W). Valuesof o and 3 for which the branchingratio
variesbetweernthe SM value andthe maximumvalue predictedoy supersymmetryerechoserf The
crosssectiondor top plusjet andtop plusa W bosonproductionvia a c quarkaresimilar to theseones
althoughsmallerin value.Noticethatthe Wt crosssectionis proportionalto only oneof the couplings,
whichmalkesit avery attractve obserable- it mayallow usto imposeconstraint®nasingleanomalous
coupling(seeRef.[98] for detalils).

It shouldbenotedthatsingletop productiondependslsoonthe contritutionsof thefour fermion
operatorsHence gvenif thebranchingatiosBR(t — g u(c)) areverysmall,thereis still the possibility
of having alarge singletop crosssectionwith origin in thefour fermioncouplings.In Fig. 2.3we did not
considetthis possibility settingthe four-fermion couplingsto zero. For adiscussioron the four-fermion
couplingsdo seeRef.[99].

In Fig. 2.4thecrosssectiondor pp — t + Z andpp — ¢ + « viaawu quark,versughebranching
ratio BR(t — gu) areplotted. Theequvalentplot with aninternalc quarkis similar, but the valuesfor
the crosssectionaremuchsmaller In this plot we canseethatboth crosssectionsarevery smallin the
rangeof {« 5} considered.Theseresultsimply thattheir contritution will hardly be seenat the LHC,
unlessthevaluesfor the branchingratio arepeculiarlylarge.

Thesame|jn fact,couldbesaidfor pp — ¢t + h. Evenfor the smallestallowed SM Higgsmass,
the valuesof the crosssectionfor associatedop andHiggs productionarevery small. The sameholds
truefor the processesvolving theanomalougouplingsof the ¢ quark.

Thesmallnes®f the effectsof theseoperatorsn the several crosssectionsholdstrue,aswell, for
thetop—anti-topchannel In thiscasegvenfor abranchingatio BR(t — gu) ~ 107, thecontritutions
to the crosssectiono (p p — t ¢) donotexceed,in absolutevalue,onepicobarn.

In conclusion,the strong FCNC effective operatorsare constrainedn their impact on several
channelof top quarkproduction.Namely Fig. (2.3) and(2.4) illustratethat, if thereareindeedstrong

®Both a/A? and3/AZ werevariedbetweenl 0% and1 TeV~—2.
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Fig. 2.4: Crosssectiondor theprocessesp — t + Z (upperline) andpp — ¢t + ~ (lowerline) via au quark,
asafunctionof thebranchingatio BR(t — gu) .

FCNC effectsonthedecay=f thetop quark,theirimpactwill be moresignificantin the singletop plus
jet productionchannel.lt is possible,accordingto theseresults,to have an excessin the crosssection
o(pp — t + jet) arisingfrom new physicsdescribecdy the operatorave have considerechere,at the
sametime obtainingresultsfor the productionof atop quarkalongsidea gaugeandHiggs bosonor for

tt production,which areentirelyin agreemenwith the SM predictions.This reinforcesthe conclusion
that the crosssectionfor singletop plus jet productionis animportantprobefor the existenceof new

physicsbeyondthatof the SM. It is a channelextremely sensitve to the presencef thatnew physics,
andboastsa significantexcessn its crosssection whereasnary otherchannelsnvolving thetop quark
remainunchanged.Neverthelessjt may still be possibleto use someof theseunchangedhannels,

suchastop plus W production to constrainthe 3 parameterghroughthe studyof asymmetriesuchas
olpp = tW~) — a(pp = TWH).

3.2 HiggsbosonFCNC decaysinto top quark in a generaltwo-Higgsdoublet model

Thebranchingatiosfor FCNC Higgsbosondecaysareat thelevel of 10~1°, for Higgsbosonmasse®f
afew hundredGeV. In this sectionthe FCNC decayf Higgsbosondnto atop quarkin ageneratwo-
Higgs-doubletmodel (2HDM) areconsideredln this model,the Higgs FCNC decayshranchingratios
canbesubstantiallyenhance@ndperhapsanbepushedipto thevisible level, particularlyfor h° which
is thelightestC P-evenspinlessstatein thesemodelg[101]. We computethe maximumbranchingatios
andthenumberof FCNCHiggsbosondecayeventsatthe LHC. Themostfavorablemodefor production
andsubsequentCNC decayis the lightestC P-even statein thetype ll 2HDM, followed by the other
C P-evenstate,if it is not very heary, whereaghe C'P-odd modecan never be suficiently enhanced.
The presentalculationshavs thatthe branchingratiosof the C' P-even statesnayreach10~°, andthat
severalhundredeventscouldbe collectedin the highestluminosity runsof the LHC. Somestratgiesto
usetheseFCNC decaysasa handleto discriminatebetween2HDM andsupersymmetri¢liggs bosons
arealsopointedout.

Somework in relationwith the2HDM Higgsbosond=CNCshasalreadybeenperformed12,13],
andin the context of the MSSM [102-105]. In this work the productionof ary 2HDM Higgs boson
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(h = hY, H°, A%) atthe LHC is computedandanalyzedfollowed by the one-loopFCNCdecayh — tc.
Themaximumproductionratesof the combinedcrosssection,

olpp = h—tc) = o(pp— hX)BR(h — tc),
['(h — te+ te)
BR(h —tc) = === 2.13

takes into accountthe restrictionsfrom the experimentaldeterminationof b — s+ branchingratio
(mg+ 2= 350 GeV [106]), from perturbatvity aguments(0.1 < tan 3 < 60, wheretan (3 is the ra-
tio of the vacuumexpectationvaluesof eachdoublet) from the custodialsymmetry(|§ p*1PM| < 0.1%)
andfrom unitarity of the Higgs couplings. In this sectiona summarizedexplanationof the numerical
analysiss given. For furtherdetailsseeRefs.[13,107].

Thefull one-loopcalculationof BR(h — tc) in thetypell 2HDM, aswell asof theLHC produc-
tion ratesof theseFCNC eventswereincluded.lt is consideredhat BR(h — tc) in thetypel 2HDM is
essentiallysmall (for all »), andthatthesedecaysemainalwaysinvisible. The basicdefinitionsin the
generalHDM framavork canbefoundin Ref.[101].

The calculationsvereperformedwith thehelpof thenumericandalgebraigprogramseynArts,
FormCalc andLoopTools [108-110]. A parametescanof theproductionratesoverthe2HDM param-
eterspacen the (m g+, myo)-planewasdone keepingtan 3 fixed.

In Fig. 2.5a-b,the BR(h" — tc) for the lightestC P-even state(type Il 2HDM) is shavn. The
BRissizeableupto 107, for therangeallowedfrom b — s~. In Fig 2.5cthe productioncrosssections
explicitly separatedthe gluon-gluonfusion at one-loopandthe 1h%¢g associateghroductionat the tree
level [111,112]) arepresentedThe controlover 6 p?"PM is displayedn Fig. 2.5d.

In practice to betterassesthe possibility of detectioratthe LHC, onehasto studythe production
ratesof the FCNC events. A systematicsearchof the regions of parametesspacewith the maximum
numberof FCNCeventsfor thelight C' P-evenHiggsis presentedh theform of contourinesin Fig. 2.5e.
Thedominant=CNCregionfor h°(H°) decayis wheretan « (« is therotationanglewhich diagonalises
thematrix of thesquarednasse®sf the C' P-evenscalarsjs large (small),tan 3 is largeandm;, < m 4o,
with a maximumvalue up to few hundredevents. As for the C' P-odd state A°, it playsanimportant
indirect dynamicalrole on the otherdecaysthroughthe trilinear couplings,but its own FCNC decay
ratesnever getasufiicient degreeof enhancemerdueto the absencef therelevanttrilinear couplings.

One shouldnotice thatin mary casesone can easily distinguishwhetherthe enhanced~-CNC
eventsstemfrom the dynamicsof ageneralunrestricted2HDM model,or ratherfrom somesupersym-
metric mechanismsvithin the MSSM. In the 2HDM casethe C' P-odd modesA® — tc arecompletely
hopelessvhereasn the MSSM they canbeenhance102,103,113,114]. Neverthelessdifferentways
to discriminatetheserareeventsarediscussedn Ref.[13].

The FCNC decaysof the Higgs bosonsinto top quarkfinal statesare a potentially interesting
signal,exceedingl fb for m+ upto 400 GeV (Fig. 2.5e). This however, is a small crosssectiononce
potentiallyimportantbackgroundsreconsideredsuchasW j; andSM singletop production.A careful
study of the backgrounddor this processshouldbe carriedout. If it werepossibleto fully reconstruct
thetop, thentheremight be hopeto obsere a distinctive Higgsbumpin thetc channe[85].

3.3 Singletop production by direct SUSY FCNC interactions

FCNC interactionsof top quarkscanprovide animportantindirectprobefor new SUSY processesk-or
instancethe MSSM Higgs bosonFCNC decayratesinto top-quarkfinal statese.g. H%, A — té + tc,
canbeof order10—* (seesection3.2andRefs.[103,113-116]),whilein theSM BR(H — t¢) ~ 10713-
10~ (dependingon the Higgs mass)[107]. Therealsoexists the possibility to producetz andzc final
stateswithout Higgs bosonsor ary otherinterveningparticle[96,117]. In this sectionit will beshavn
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Fig. 2.6: oy (in pb) andnumberof eventsper 100 fb* of integratedluminosity at the LHC, asa function of

tan 3 (left) and A, (right) for the given parametersThe shadedegion is excludedby the experimentalimits on
BR(b — sv).

thattheFCNCgluinointeractionsn theMSSM canactuallybeoneefficientmechanisnior directFCNC
productionof top quarks[96].

In generaljin theMSSMwe expecttermsof theform gluino—quark—squ# or neutralino—fermion—
sfermion,with the quarkandsquarkhaving the samechage but belongingto differentflavours. In the
presenstudyonly thefirst type of terms,which areexpectedio bedominant.areconsideredA detailed
lagrangiardescribinghesegeneralize BUSY-QCDinteractionamediatedy gluinoscanbefound,e.g.
in Ref. [102]. The relevant parametersrethe flavourmixing coeficientsd;;. In contrastto previous
studieqd118], in thepresentvork, theseparameterareonly allowedin theLL partof the6 x 6 sfermion
masamnatricesn flavour-chirality space.Thisassumptions alsosuggestethy RG agumentq119,120].
Thus,if My, istheLL block of a sfermionmassmaitrix, ¢;; (i # j) is definedasfollows: (Mxy,)i; =
0;; m; mj, wherem,; is the soft SUSY-breakingmassparametecorrespondindo the LH squarkof ith
flavour [102]. The parametei,s is the onerelatingthe 2nd and 3rd generationgthereforeinvolving
the top quarkphysics)andit is the lessrestrictedonefrom the phenomenologicgboint of view, being

essentiallya free parametef0 < do3 < 1). Concretelywe have two suchparameterség;)LL andég?LL,
for the up-typeanddown-type LL squarkmassmatricesrespeciiely. The former entersthe process
understudywhereaghelatterentersBR(b — sv), obserablethatwe useto restrictour predictionson
te + tc production. Notice thatéé?LL is relatedto the parameteﬁggLL becausdhetwo LL blocksof
the squarkmassmatricesare preciselyrelatedby the CKM rotationmatrix K asfollows: (M2),;, =

K (M3)rr KT[121,122].
The calculationof the full one-loopSUSY-QCD crosssectiono;. = o(pp — t¢) usingstandard
algebraicand numericalpackagedor this kind of computationd110,123] hasbeenperformed. The
typical diagramscontrituting aregluon-gluontriangleloops(seeRef. [96]for moredetails).In orderto
simplify thediscussiornt will besuficientto quotethe generaform of the crosssection:
2 m2(A; — p/tan B)? 1
— <5ég)LL) i(Ar—p/ B)

—. (2.14)
M, §USY m?;

Here A; is theftrilinear top-quarkcoupling, ;. the higgsinomassparametgrm; is the gluino massand
Mgusy standdor the overall scaleof the squarkmasse$96]. The computatiorof o, togethemwith the
branchingratio BR(b — sv) in the MSSM wasperformedijn orderto respecthe experimentabounds
on BR(b — sv). Specifically BR(b — sv) = (2.1-4.5) x 10~* atthe 3o level is considered49].
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In Figs.2.6,2.7and2.8themainresultsof thisanalysisarepresentedit canbeseerthato;. isvery
sensitve to A; andthatit decreasewith Msysy andm;. As expected,t increasesvith 653 = 6( JLL
At the maximumof oy, it preferssis = 0.68. Thereasorstemsfrom the correlationof thls maX|mum
with the BR(b — s7) obsenable. At themaximum 20, ~ 0.5 pb, if weallow for relatively light gluino
massesn; = 250 GeV (seeFig. 2.8). For higherm; the crosssectionfalls down fast;at mg; = 500
GeVit is already10 timessmaller The total numberof eventsper 100 fb~! lies between10*-10° for
this rangeof gluino masses.The fixed valuesof the parameterén theseplots lie nearthe valuesthat
provide the maximumof the FCNC crosssection. The dependencen p is not shavn, but it shouldbe
noticedthatit decreaseby ~ 40% in theallowedrangeu = 200-800 GeV. Valuesof i > 800 GeV are
forbiddenby BR(b — sv). Largenegative 1 is alsoexcludedby the experimentaboundconsideredor
thelightestsquarkmass;mg;, < 150 GeV; toosmall|x| < 200 GeVis ruled out by the chagino mass
boundm + < 90 GeV. Theapproximatenaximumof o;. in parametespacehasbeencomputedusing
ananalytmalprocedureasdescrlbedn Ref.[96].

Finally, it shouldbe noticedthattc final statescanalsobe producedat one-loopby the chaged-
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currentinteractionswithin the SM. This one-loopcrosssectionatthe LHC wascomputedwith theresult
oM (pp — té+1c) = 7.2 x 10~ fb . It amountdo lessthanoneeventin theentirelifetime of the LHC.
Consequentlyan evidencefor suchsignalabove the backgroundwvould have to be interpretedas new
physics.

Thefull one-loopSUSY-QCD crosssectionfor the productionof singletop-quarkstatestc + tc
atthe LHC werecomputed.This direct productionmechanisnis substantiallynoreefficient (typically
afactorof 100) thanthe productionandsubsequeffCNCdecay[105,124] (h — tc + tc) of the MSSM
Higgs bosonsh = K%, H?, A°. It is importantto emphasizehat the detectionof a significantnumber
of t¢ + tc statescould beinterpretedasadistinctve SUSY signature It shouldbe noticedhowever that
a carefulbackgroundstudy mustbe donefor this chanelsince, unlike the Higgs decaystudiedin the
previous section,the kinematicdistributions of the signalarenot likely to have a very distinctve shape
comparedo W jj or standardnodelsingle-topproduction.

3.4 ATLAS and CMS sensitvity to FCNC top decays

Due to the high productionrate for ¢¢ pairsandsingletop, the LHC will allow eitherto obsere top
FCNCdecaysor to establishvery stringentlimits on the branchingratiosof suchdecays.n this section
thestudyof ATLAS andCMS sensitvity to top FCNCdecayss presentedA detaileddescriptiorof the
analysiscanbefoundin [125,126].

Both CMS andATLAS collaborationshave investigatedhet — ¢y andt — ¢Z decaychannels.
Analyseshave beenoptimizedfor searchingFCNC decaysin ¢t signal,whereone of the top quarksis
assumedo decaythroughthedominantSM decaymode(t — bW) andtheotheris assumedo decawia
oneof theFCNCmodes.Thett final statexorrespondingo thedifferentFCNCtop decaymodedeadto
differenttopologies accordingo the numberof jets,leptonsandphotons.Only leptonicdecaychannels
of Z andW bosonsare consideredn the analysisdevelopedby the CMS collaboration. The ATLAS
collaborationhasalso studiedthe channelcorrespondingo the hadronicZ decay which is discussed
elsavhere[125].

The signalis generatedvith TopReX [42], while PYTHIA [43] is usedfor backgroundyeneration
andmodellingof quarkandgluon hadronization.The generatedventsarepassedhroughthe fast(for
ATLAS) andfull (for CMS) detectorsimulation. Several SM processesontrituting asbackgroundare
studied: tf production,singletop quarkproduction,ZW/Z Z/WW + jets, Z/W/~v* + jets, Zbb and
QCD multi-jet production.

Although ATLAS and CMS analysediffer in somedetailsof selectionprocedurethey obtain
the sameorder of magnitudefor the FCNC sensitvity. In both analysesthe signalis preselectedy
requiringthe presencef, atleast,onehigh pr lepton(thatcanbe usedto triggerthe event)andmissing
enegy above 20 GeV for the ATLAS analysisandabove 25 GeV for the CMS analysis.Additionally,
two enepetic centraljets from ¢ andt¢ decaysarerequired. The slight differencesn CMS andATLAS
thresholdgseflectthe differencesn their sub-detectorssimulationcodeandreconstructioralgorithms.

The CMS analysisstronglyrelieson b-taggingcapabilityto distinguishthe b-jet from SM decay
andthelight-jet from theanomalousne. A seriesof cascadeselectionsareappliedto reducethe back-
ground.For thet — ¢+ channelthe W bosonis reconstructedequiringthetransersemassof the neu-
trino andhardleptonto belessthan120GeV andtheb-jet is usedto form awindow massl10< myy <
220GeV. Theinvariantmassof thelight-jet anda singleisolatedphotonwith p; > 50 GeV is bounded
in the range[150,200]GeV. A final selectionof top back-to-backproduction(cos ¢(tt) < —0.95) re-
ducesthedi-bosonbackground.Thet — ¢Z channels extractedwith the searchof one Z (usingsame
flavour-oppositechage leptons,which sene astriggerandareboundto a 10 GeV window aroundthe
Z mass)anda My in thetop massregion, with the samecutsof the previous case.Onehardlight jet
is extractedandcombinedwith the Z, to revealthe FCNC decayof atop recoiling againstthe onewith
SM decay(cos ¢(tt) < 0). Thereconstructed®CNC top invariantmassdistributionsfor both channels
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Fig. 2.9: Invariantmassplot of the FCNCtop ¢t — ¢Z (left) andt — ¢y (right), asobtainedin CMS after
sequentiatuts. Dataarefitted with a Breit-Wigner shapeand centralvalueis in agreementith top mass.The
signaldistributionsobtainedfrom reconstructedeptonsandjets matchedo the correspondingyeneratedbjects
arealsoshovn (MatchedMC True).
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Fig. 2.10: Signalandbackgroundik elihoodratios,Lr = In(Lgs/Lg), obtainedn ATLAS analysidor thet — ¢Z
(left) andt — ¢~ (right) channels.The SM backgroundshadaev region) is normalizedto L = 10 fb—! andthe
signal(line) is shavn with arbitrarynormalization.

areshovn in Fig.2.9.

The ATLAS collaborationhasdevelopeda probabilisticanalysisfor eachof the consideredop
FCNCdecaychannelsin thet — ¢Z channelpreselecte@ventswith areconstructed, large missing
transerseenegy andthe two highestpr jets (oneb-tagged)are usedto build a discriminantvariable
(likelihoodratio) Lz = In(II"_, PS /T, PB), where P,”'®) arethe signalandbackground.d. ., eval-
uatedfrom the following physicaldistributions: the minimum invariantmassof the threepossiblecom-
binationsof two leptons(only the threehighestp;- leptonswereconsidered)the transwersemomentum
of thethird lepton(with theleptonsorderedby decreasing ) andthetransersemomentunof themost
enegetic nond jet. The discriminantvariablesobtainedfor FCNC signalandthe SM backgroundare
shavn in Fig.2.10(left). For thet — ¢ channel,preselectedventsare requiredto have one b-tag
(amongsthetwo highestpr jets)andatleastonephotonwith transversemomenturmmabove 75 GeV. For
thischannelthelikelihoodratiois built usingthep.d.f. basednthefollowing variables:invariantmass
of theleadingphotonandthe non+ jet; trans\ersemomentumof the leadingphotonandthe numberof
jets. The signalandbackgrounddiscriminantvariablesare shavn in Fig. 2.10(right). For comparison
with the CMS sequentiahnalysis a cut on the discriminantvariable(correspondingo the bestS/v/B)
is applied.

Oncethe signal efficiengy (e5) andthe numberof selectedbackgroundevents (B) have been
obtained,B R sensitvities for a signaldiscosery correspondingo a givensignificancecanbe evaluated.
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Table 2.6: ATLAS and CMS resultsfor describedanalysis:efficiency, SM backgroundandexpectedbranching
ratiosfor top FCNCdecaysassuminga 5o significancediscovery (L = 10 fb—1).

t—q/ t— qy
€s B BR (50) €s B BR (50)
ATLAS || 1.30%| 0.37| 13.0 x 10~* || 1.75% ]| 3.13| 1.6 x 10~*
CMS 4.12%| 1.0 | 11.4 x 1074 || 2.12% | 54.6 | 5.7 x 10~

Table 2.7: LHC 95%CL expectedimits ont — ¢Z andt — ¢+ branchingratios(ATLAS andCMS preliminary
combinationunderthe hypothesif signalabsence).

luminosity || BR(t — qZ) || BR(t — q7)
10fb— 1 20x 101 3.6 x 1070
100fb~1 4.2 x 107° 1.0 x 1077

Table 2.6 reportsthe resultsof the two experiments assumingan integratedluminosity of 10fb !, 50
discovery level andthe statisticalsignificanceS = 2(v/B + S — v/B) (a differentdefinitionfor S can
befoundin Ref.[125]).

Having thesetwo independenainalysesa preliminary combinationof ATLAS and CMS results
wasperformedjn orderto estimatehe possibleLHC sensitvity to top FCNCdecays As afirst attempt,
theModified Frequentistik elihoodMethod(seefor exampleRef.[127]) is usedio combinetheexpected
sensitvity to top FCNC decaysfrom both experimentsunderthe hypothesisof signalabsencéandan
extrapolationto thehigh luminosityphasg100fb—!) is performed Theseresultsareshavedin Table2.7
andindicatethata sensitvity atthelevel of the predictionsof somenew physicsmodels(suchasSUSY)
canbe achiaved. The comparisorwith the currentexperimentallimits is alsoshavn in Fig. 2.11. As
shawved, a significantimprovementon the presentimits for top FCNC decayss expectedat the LHC.
Both collaborationshave plansto assesin detailtheimpactof systematiaincertaintieandimprove the
understandingf the detectorsghroughupdatedsimulationtools. Preliminaryresultsindicatethatthe
effect of theoreticalsystematic§astop massg(¢t) andpartondistribution functions)andexperimental
ones(suchasjet/leptonenegy scaleandb-tagging)have animpactonthelimits smallerthan30%. Thus,
the orderof magnitudeof theresultsis not expectedo change.

A studyof the ATLAS sensitvity to FCNCt¢ — qg decaywasalsopresentedn Ref.[125]. In this
analysisthett productionis consideredwith oneof thetop quarksdecayingnto qg andtheotherdecays
throughthe SM decayt — bIW. Only theleptonicdecaysof the W weretakeninto accountotherwise
the final statewould be fully hadronicandthe signalwould be overwhelmedby the QCD background.
Thisfinal stateis characterisetly the presencef a high pr gluonandalight jet from the FCNCdecay
a b-taggedquark,oneleptonandmissingtransersemomentunfrom the SM decay As in thistopology
the FCNC top decaycorresponddo a fully hadronicfinal state,a more restrictve event selectionis
necessaryAs for the ¢Z andq~y channelsa probabilistictype of analysids adoptedusingthefollowing
variablesto build the p.d.f.: theinvariantmassof the two non- jetswith highestpr; the blv invariant
massthetransersemomenteof the b-jet andof the seconchighestpr nond jet andthe anglebetween
theleptonandthe leadingnon+ jet. Thediscriminantvariablesobtainedfor signalandbackgroundhre
shavn in Fig. 2.12. The expectedd5%CL limit on BR(t — qg) for L = 10 fb=! for L = 10 fo—! was
foundto be 1.3 x 1073, A significantimprovementon this limit shouldbe achiezed by combiningthe
resultsfrom ¢t production(with ¢ — gg FCNCdecay)andsingletop production(seesection3.1).

"For the CMS analysisa countingexperimentis used,while for the ATLAS analysisthe full shapeof the discriminant
variableswvasalsotakeninto account.
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Fig. 2.12: Signaland backgroundikelihoodratios obtainedin ATLAS analysisfor thet — ¢g channel. The
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4 New physicscorrectionsto top quark production

It is generallybelieved that the top quark,dueto its large mass,canbe more sensitve to new physics
beyond the SM thanotherfermions. In particular nev processesontrituting to ¢¢ andsingletop pro-
ductionmay berelevant. Singletop processeareexpectedio be sensitve to someSM extensionssuch
asSUSY. Anothercharacteristimew processcould be the productionin pp collisionsof an s-channel
resonancelecayingto tt. Examplesof this resonancare: (i) a spin-1leptophobicZ’ boson,which
would beundetectablén leptonicdecaychannels(ii) Kaluza-Klein(KK) excitationsof gluonsor gravi-
tons; (iii) neutralscalars.If theseresonancearenarraw they could be visible asa masspeakover the
SM tt backgroundIn suchcasetheanalysisof ¢, ¢ polarisationgin a suitablewindow aroundthe peak)
could provide essentialnformationaboutthe spin of the resonancelf theresonancés broad,perhaps
the only way to detectit could be a deviation in ¢¢ spin correlationswith respecto the SM prediction.
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Fig. 2.13: Integratedcrosssectiondor the overall t-channelproductionof a singletop or antitopquark.

More generally new contritutionsto ¢¢ productionwhich do not involve the exchangeof a new particle
in the s channel(including, but not limited to, thosemediatedoy anomalougouplingsto the gluon) do

notshav up asaninvariantmasspeak.In this casethe analysisof the measuremenrtf spincorrelations
might provide the only way to detectnew physicsin ¢¢ production.

4.1 Potential complementaryMSSM testin singletop production

At LHC, it will be possibleto perform measurementsf the ratesof the threedifferentsingletop pro-
ductionprocessesjsuallydefinedast-channelassociatediV ands-channeproductionwith anexper
imentalaccurag thatvarieswith the process Fromthe mostrecentanalyse®neexpects,qualitatively,
a precisionof the orderof 10% for the t-channel[131], and worseaccuraciedor the two remaining
processes Numerically the crosssectionof the ¢-channelis the largestone, reachinga value of ap-
proximately250 pb [132]; for the associateghroductionandthe s-channelone expectsa value of ap-
proximately60 pb and 10 pb [133] respecirely. For all the processesthe SM NLO QCD effect has
beencomputed22,134], andquite recentlyalsothe SUSY QCD contritution hasbeenevaluated133].
Roughly onefinds for the t-channela relatve ~ 6 % SM QCD effect and a negligible SUSY QCD
componentfor the associated!V productiona relative ~ 10 % SM QCD andarelative ~ 6 % SUSY
QCD effect; for the s-channel,arelatve ~ 50 % SM QCD anda negligible SUSY QCD component.
As a resultof the mentionedcalculations,one knows the relatve NLO effects of both SM and SUSY
QCD. Themissingpartis theNLO electraveakeffect. Thishasbeencomputedor thetwo mostrelevant
processes,e. the t-channelandthe associateghroduction. The NLO calculationfor the s-channelis,
probably redundangiventhesmallsizeof therelatedcrosssection.lt is, in ary casejn progressin this
sectionsomeof theresultsof the completeone-loopcalculationof the electraveakeffectsin the MSSM
areshawn for thetwo processesMore precisely eightdifferentt-channebrocessegfour for singletop
andfour for singleantitopproduction)wereconsideredTheseprocessearedefinedin Ref.[135]. For
theassociategroductiontheprocess$g — tW— (therateof thesecondrocessg — tW isthesame)
wasconsidered136]. Thesecalculationshave beenperformedusingthe programLEONE, which passed
threesevereconsisteng testsdescribedn Refs.[135,136]. For the aim of this preliminarydiscussion,
in this sectiononly the obtainedvaluesof the integratedcrosssectionsareshavn, ignoringthe (known)
QCD effects. Theintegrationhasbeenperformedfrom thresholdto the effective centreof massenegy
(V/3), allowed to vary up to a reasonableipperlimit of approximatelyl TeV. Otherinformationsare
containedn Refs.[135,136].

Figs.2.13and2.14 shav the obtainednumericalresults. In Fig. 2.14 (right) the discussedNLO
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Fig. 2.14: Integratedcrosssectiondor theassociateghroductionof a a singletop quark.

electraveak effect wasaddedthe NLO SUSY QCD effect taken from Ref. [133]. Fromthefiguresthe
following mainconclusionsanbedrawvn:

1. ThegenuineSUSY effectin thet-channeis modest.In the mostfavourablecase corresponding
to the ATLAS DC2 point SU6[137], it reaches valueof approximatelytwo percent.

2. Theone-loopelectraveak SM effectin thet-channekateis large (~ 13 %). It is definitelylarger
thanthe NLO SM QCD effect. Its inclusionin any meaningfulcomputationaprogramappearso
bemandatory

3. ThegenuineSUSY effectin the associategbroduction,if onelimits the crosssectionobsenration
to relatively low (andexperimentallysafefrom ¢t backgroundkenegies (400-500GeV), canbe
sizable.In theSU6point,thecombined samesign) SUSY QCD andelectraveakeffectscanreach
arelatve tenpercenteffect.

4. ThepureelectraveakSM effectin the associateghroductionis negligible.

From the previous remarks,one canreachthe final statementhat, for what concernghe virtual NLO

effects of the MSSM, the two processes-channeland associateghroductionappearto be, essentially
complementaryln this spirit, a separatexperimentaldeterminatiorof the two ratesmight leadto non
trivial testsof themodel.

4.2 Anomaloussingle-topproduction in warped extra dimensions

RandallandSundrumhave proposedhe useof a non-factorizablegeometryin five dimensiong138] as
asolutionof thehierarchyproblem.The extradimensionis compactifiedbnanorbifold S} /Z, of radius
r sothatthebulk is aslice of Anti- de Sitterspacebetweertwo four-dimensionaboundariesThemetric
depend®nthefive dimensionaktoordinatey andis givenby

ds* = efQU(y)nwd:U“dx” —dy?, (2.15)

wherex* arethefour dimensionakoordinatesg (y) = k|y|, with & ~ Mp characterizinghe cunature
scale. This metric generateswo effective scales: Mp and Mpe ™. In this way, valuesof r not
much larger thanthe Plancklength (kr ~ (11 — 12)) canbe usedin orderto generatea scaleA, ~
Mpe~* ~ O(TeV) ononeof theboundaries.

In theoriginal Randall-SundruniRS) scenariopnly gravity wasallowedto propagaten thebulk,
with the SM fieldsconfinedto oneof theboundariesTheinclusionof matterandgaugedieldsin thebulk
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hasbeenextensvely treatedin the literature[139-146]. The Higgsfield mustbelocalizedon or around
the TeV branein orderto generateghe weak scale. As it wasrecognizedn Ref. [143], it is possible
to generatethe fermion masshierarchyfrom O(1) flavour breakingin the bulk masseof fermions.
Sincebulk fermion massesesultin the localizationof fermion zero-modeslighter fermionsshouldbe
localizedtowardthe Planckbrane wheretheir wave-functionshave anexponentiallysuppressedverlap
with the TeV-localizedHiggs, whereadermionswith orderone Yukawva couplingsshouldbe localized
toward the TeV brane. This constitutesa theory of fermion massesandit hasa distinct experimental
signalatthe LHC, asdiscussedbelow.

Sincethe lightestKK excitationsof gaugebosonsarelocalizedtoward the TeV brane,they tend
to be stronglycoupledto zero-moddermionslocalizedthere. Thus,the flavourbreakingfermionlocal-
izationleadsto flavourviolating interactionsof the KK gaugebosonsparticularlywith third generation
guarks. For instancethefirst KK excitation of the gluon, will have flavourviolating neutralcouplings
suchasGZ(l) (ty*1°q), whereq = u, c.

In thissectionresultsof astudyof theflavourviolating signalsof thetopatthe LHC arepresented
following the work describedn Ref. [147]. The localizationof fermionsin the extra dimension,and
thereforetheir 4D massesand their couplingsto the KK gaugebosons,is determinedby their bulk
masses. We choosea rangeof parameterghat is consistentwith the obsered fermion massesand
quark mixing, aswell aslow enegy flavour and electraveak constraints. The implicationsfor low
eneqgy flavour physicswere consideredn Refs.[148-150]. The bulk massesf the third generation
quarkdoubletis fixed, aswell asthat of the right-handedop. The following rangeswere considered:

= [0.3,0.4] andcl, = [-0.4,0.1], wherethe fermion bulk masse&fR are expressedn units of
the inverseAdS radiusk. Sincethe latteris of the orderof the Planckscale,the fermion bulk mass
parametersnustbe naturallyof orderone.

The only couplingsthatare non-unversalin practicearethoseof thetg, t;, andby, with the KK
gaugebosonsAll otherfermions,includingtheright-handed quarkmusthave localizationstowardthe
Planckbranein orderto gettheir smallmassesThe non-unversality of the KK gaugebosoncouplings
leadsto tree-lavel flavour violation. The diagonalizatiorof the quarkmassmatrix requiresa changeof
basisfor the quarksfields. In the SM, this rotationleadsto the CKM matrix in the chagedcurrent,but
theuniversalityof thegaugenteractiongesultsin the GIM mechanisnin theneutralcurrents However,
sincethe KK excitationsof the gaugebosonsarenon-unversal,tree-level GIM-violating couplingswill
appeain the physicalquarkbasis.

Thedominanton-unversaleffectis consideredscomingfrom the couplingsof ¢, t;, andby, to
thefirst KK excitationof thegluon: ¢;,,, g;, andg,, respectrely. The SU(2), bulk symmetryimplies
gi, = v, - For theconsideredangeof ¢} andct,, thefollowing resultswereobtained:

gt, = gp, = [1.0,2.8] gs (2.16)

and
= [1.5,5] gs , (2.17)

whereg;, is theusualdD SU (3). coupling. Thelight quarksaswell astheright-handed quarkhave

gt =gk =gr~—-02g,, (2.18)

sothey are,in practice universallycoupled,asmentionedabove.

Computingthe width of the intermediateKK gluonwith the rangeof couplingsobtainedabove,
resultsin arangeof I' iy, ~ 0.04 Mg andl'.x. =~ 0.35 Mg. Then,it canbe seenthat the rangeof
valuesfor the couplingsallow for rathernarrav or ratherbroadresonancegyo very differentscenarios
from the point of view of the phenomenologyT his strongcouplingof the KK gluonto thetop, will also
producea tt resonanceHerewe concentraten the flavourviolating signal, sincethe presencef a tt
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resonancevill not constituteproof of theflavour theorydueto thedifficulty in identifying resonancem
thelight quarkchannels.

In the quark masseigen-basighe left-handedup-type quarkscoupleto the KK gluon through
the following currents: U (£, T%y,t), UK ((LT%y,cr) and U (£, T%y,uy,). Similarly, the right-
handedup-typequarkscouplethroughU¥% (¢g1%v,tr), Uk (tgTy,cr) andUL (tgTy,ur). Here,
U, and Uy arethe left-handedand right-handedup-type quark rotation matricesresponsiblefor the
diagonalizatiorof the Yukawva couplingsof the up-typequarks.In whatfollows

Ut ~ Vi ~0.004 , (2.19)

will beconseratively assumedandU% andU%* will betakenasfree parametersSinceno separation
of charmfrom light jetsis assumedwe define

UR = \/(Uf{)2 + (UR)?, (2.20)

andthe sensitvity of the LHC to this parametefor agiven KK gluonmasss studied.

Theseflavour-violating interactionscould be directly obsered by the s-channeproductionof the
first KK excitationof thegluonwith its subsequerdecayto atop anda charmor up quark. For instance,
atthe LHC we could have thereaction

pp — GZ(l) — 1q, (2.21)

with ¢ = wu,c. Thus,the Randall-Sundrunscenariowith bulk matterpredictsanomaloussingle top
productionat a very highinvariantmasswhichis determinedy the massof the KK gluon.

In orderto reducethe backgroundsonly the semi-leptoniadecaysof the top quarkswereconsid-
ered:pp — tq (tq) — blTvyq (b0~ 7yq), wherel = e or u, andg = u, c. Thereforethis signalexhibits
oneb-jet, onelight jet, achagedleptonandmissingtranserseenegy. Therearemary SM backgrounds
for this process.The dominantoneis pp — W*jj — ¢*vjj whereoneof thelight jetsis taggedas
ab-jet. Thereis alsoW*bb — ¢*vbb whereone of the b-jets is mistaggedsingletop productionvia
W —gluonfusionands-channelW*, and¢t productionat high invariantmass mostly dominatedy the
flavour-conservingKK gluondecays.

Initially, the following jet andIeptonacceptanceutswereimposed:pjf > 20 GeV, |y;| < 2.5,
péT > 20 GeV, |y < 2.5, AR;; > 0.63, ARy > 0.63, wherej canbeeitheralight or ab-jet. In order
to furtherreducethe backgroundhefollowing additionalcutswerealsoimposed:

1. The invariant massof the systemformed by the lepton, the b taggedijet and the light jet was
requiredto bewithin awindow

Mgy — A < Myjp < Mgo) +A (2.22)

aroundthe first KK excitation of the gluon mass. This cut ensureghat the selectedeventshave
largeinvariantmassesasrequiredby thelarge massof the s-channebbjectbeingexchangedThe
valuesof A usedin this studyarepresentedn Table2.8.

2. Thetransersemomentunof thelight jet wasrequiredto belargerthanp ., i.e.,

Pj light = Peut (2.23)

Sincethe light jet in the signalrecoils againstthe top forming with it a large invariantmass,it
tendsto beharderthanthejetsoccurringin the backgroundWe presenin Table2.8thevaluesfor
Peut USEdin our analysis.
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Table 2.8: Cutsusedin theanalysis(seetext for details).

MG(l) (TeV) A (GeV) Pcut (GeV)
1 120 350
2 250 650

3. Theinvariantmassof the chagedleptonandthe b-taggedet wasalsorequiredto be smallerthan
250GeV
My < 250 GeV. (2.24)

This requirementis always passedoy the signal, but eliminatesa sizablefraction of the W
backgroundlt substitutegor thefull top reconstructiorwhentheneutrinomomentumis inferred,
whichis notusedhere.

In Table 2.9 the crosssectionsfor signal and backgroundgor Mg = 1 TeV and2 TeV are
presented.The main sourcesof backgroundsare W;; andtt production. The signalis obtainedfor
Ui = 1 and neglecting the contritutions from left-handedfinal states,correspondingo Uj? = 0.
Regardingthe choiceof bulk massesthesearefixedto obtainthe minimumwidth which, asmentioned
above, canbeassmallasT'¢ ~ 0.04 M. 8

Table 2.9: Signalandbackgroundcrosssectiondor aKK gluonof Mg = 1 TeV and2 TeV, afterthe successie
applicationof the cutsdefinedin (2.22), (2.23) and (2.24). Efficienciesandb taggingprobabilitiesare already
included.U}{ = 1 wasused.

Process Mqao=1TeV Mg =2TeV
0—(222)| 0 —(2.23)| 0 —(2.24) || 0 — (2.22) | 0 — (2.23) | 0 — (2.24)
pp — tj 148fb 103fb 103fb 5.10fb 2.18fb 2.18fb

pp — Wij 243fb 42.0fb 21.0fb 25.4fb 3.79fb 0.95fb
pp — Whb 11.1fb 4.07fb 3.19fb 0.97fb 0.45fb 0.06fb
pp — tb 1.53fb 0.70fb 0.61fb 0.04fb 0.02fb 0.02fb
pp — tt 44.4fb 15.1fb 14.2fb 1.60fb 0.29fb 0.24fb
W g fusion 32.0fb 5.23fb 5.23fb 1.20fb 0.10fb 0.10fb

Table 2.10: Reachin U}{ for variousintegratedluminosities.

M¢ [TeV] | 30fbT | 100f6~T | 300fb~ 1
1 0.24 0.18 0.14
2 0.65 0.50 0.36

In orderto evaluatethereachof the LHC, a significanceof 5 o for thesignalover thebackground
is required.For agiven KK gluonmassandaccumulateduminosity this canbetranslatednto areach
in the flavour-violating parameteUItg definedaborve. Thisis shavn in Table2.10. It canbe seenthat
the LHC will be sensitve to tree-lavel flavour violation for KK gluon masse®f up to at least2 TeV,
probingaveryinterestingregion of valuesfor Ufg. Thereachcanbe somevhatbetterif we allow for the
reconstructiorof the momentunof the neutrinocomingfrom the W decaywhich typically reduceghe
W jj backgroundnoredrastically

8Thestudyof broaderresonanceis left for futurework.
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Finally, we shouldpointoutthatavery similar signalexistsin Topcolorassistedlechnicolof83],
wheretheKK gluonis replaceddy the Topgluon,which hasFCNCinteractionswith thethird generation
quarks[84]. The main differencebetweenthesetwo, is that the latter is typically a broadresonance,
whereagheKK gluoncouldbearathernarrav one,asit wasshavn above.

4.3 Non-standard contributions to t¢ production

In t¢ eventsthe top quarksare producedunpolarisedat the treelevel. However, the t andt spinsare
stronglycorrelatedwhich allows to constructasymmetriesisingthe angulaistributionsof their decay
products Thesespinasymmetriesiredependentnthetop spin. Forthedecayt — W+b — ¢*vb, qq'b,

theangulardistributionsof X = ¢+, v, q, ¢, W™, b, in thetop quarkrestframearegivenby

%dcggt%( = %(1—4—0@(0089)() (2.25)
with 8x beingthe anglebetweenthe three-momentunof X in the ¢ restframe andthe top spin di-
rection. In the SM the spin analysingpower (ax) of the top decayproductsare ay+ = oy = 1,
a, = o = —0.32, ayy+ = —oy = 0.41 atthetreelevel [151] (¢ andq’ arethe up- anddown-type
quarks,respectiely, resultingfrom the W decay). For the decayof a top antiquarkthe distributions
arethesamewith ay = —ax aslongasCP is conseredin the decay One-loopcorrectionsmodify
thesevaluesto a,+ = 0.998, agy = 0.93, a, = —0.33, ay = —0.31, o+ = —ay, = 0.39 [152-154].
We point out thatin the presencef non-\vanishingVy, gr, or gg couplingsthe numericalvaluesof the
constantsyx aremodified,but the functionalform of Eq. (2.25)is maintained.We have explicitly cal-
culatedthemfor a generalC P-conservingV tb vertex within the narrav width approximation Explicit
expressionganbe foundin Ref.[39]. Working in the helicity basisthe doubleangulardistribution of
thedecayproductsX (fromt) andX’ (from t) canbewritten asafunctionof therelative numberof like
helicity minusoppositehelicity of the ¢t pairs(C) [155] thatmeasureshe spin correlationbetweerthe
top quarkandantiquark. Its actualvalue dependso someextenton the PDFsusedandthe Q? scaleat
which they areevaluated.Usingthe CTEQ5L PDFs[44] andQ? = 3, (wheres is the partoniccentreof
massenegy), wefind C' = 0.310. At theonelooplevel, C' = 0.326 + 0.012 [154].

UsingthespinanalysersX, X’ for therespecte decaysof ¢, £, onecandefinetheasymmetries

~ N(cosOx cosfg > 0) — N(cosOx cosfg < 0)

Axx = 2.26
XX N(cos Ox cos O > 0) + N(cosfx cos Oz < 0)’ (2.26)

whosetheoreticalvalueis )

The anglesfy, 0%, are measuredising as spin axis the parenttop (anti)guarkmomentumin the ¢t
CM system.If C'P is consered in the decay for chage conjugatedecaychannelsve have ax ax =
axax, SotheasymmetriesA v, ¢ = Ay areequvalent. Therefore we cansumboth channelsand
dropthe superscripténdicatingthe chage, denotingtheasymmetrie®y Ay, A, ¢, €tc.In semileptonic
top decayswe canselectasspinanalysethe chagedlepton,which hasthelargestspinanalysingpower,
or the neutrino,asproposedn Ref. [156]. In hadronicdecayshe jets correspondindo up- anddown-
type quarksarevery difficult to distinguish,andonepossibilityis to usethe leastenepgeticjet in thetop
restframe,which correspondso the down-typequark61% of thetime, andhasa spinanalysingpower
a; = 0.49 atthetreelevel. An equivalentpossibilityis to choosethe d-jet by its angulardistribution in
the W~ restframe[157]. In both hadronicandleptonicdecaysheb (b) quarkscanbeusedaswell.

In thelepton+ jetsdecaymodeof thett pair, t¢ — (vbjjb we choosethe two asymmetriesd;,
A, ;, for which we obtainthe SM tree-level valuesA,; = —0.0376, A,; = 0.0120. With the precision
expectedat LHC [46,158], the measurementd,; ~ —0.0376 + 0.0058, A,; ~ 0.0120 £ 0.0056 are
feasible(L = 10 fb~1). Thedependencef theseasymmetrie®n anomaloud¥ tb couplingsis depicted
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Fig. 2.15: Dependencef several spin correlationasymmetrien the couplingsgr, g1, and Vg, for the C P-

conservingcase.

in Fig. 2.15from Ref.[39]. In thedi-leptonchannektt — ¢vbl'vb theasymmetriesiyy, A, », whoseSM
valuesare Ay = —0.0775, A, = 0.0247, areselected.The uncertaintyin their measuremertanbe
estimatedrom Refs.[46,158], yielding Ay = —0.0775 4+ 0.0060 and A,,» = 0.0247 + 0.0087. Their

variationwhenanomalousouplingsare presentis shavn in Fig. 2.15. We also plot the asymmetries
Ay, Apy, Which canbe measureckitherin the semileptonicor di-leptonchannel. Their SM valuesare
Ay, = 0.0314, Ay, = —0.0128, but the experimentalsensitvity hasnot beenestimated.It is expected
thatit maybeof theorderof 10%for A;,, andworsefor Ay,. Thedeterminatiorof the correlationfactor
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C from theseasymmetriesvould eventuallygive
. . -5 -6
A — € =0.310£0.024 (exp) T 0043 (OVR) Tax10-6 (09L) 05004 (O9R) .
Ay = C'=0.310 £ 0.045 (exp) To0es (6Vir) Toooos (99z) Toooos (Bgr) - (2.28)

Thefirst error quotedcorrespondso the experimentalsystematicandstatisticaluncertainty The other
onesaretheoreticaluncertaintieobtainedvarying the anomalousouplings,oneat a time. The confi-
dencelevel correspondingo the intenals quotedis 68.3%. The numericalcomparisorof the different
termsin Eq. (2.28)alsoshawvs that A,; and A, aremuchlesssensitve to non-standardop couplings
thanobsenrablesindependentdf thetop spin(seesection2.1).

It is alsointerestingto studythe relative distribution of one spinanalyserfrom the ¢ quarkand
otherfrom thet. Let ¢ 5 betheanglebetweerthe three-momenturof X (in thet restframe)andof
X' (in thet restframe). Theangulardistribution canbe written as[154]:

1 do 1
ocdcospyxr s+ Daxag cospxx), (2.29)
with D a constantdefinedby this equality From simulations,the tree-level value D = —0.217 is

obtainedwhile atoneloop D = —0.238 [154], with atheoreticaluncertaintyof ~ 4%. Corresponding
to thesedistributions,the following asymmetrieganbe built:

oo = N(cosx g >0) — N(cospx g <0) _ lDaon-, (2.30)
XX N(cospxgr > 0) + N(cospx g <0) 2 X '

For chage conjugatedecaychannelghedistributionscanbesummedsinceax: o = axa s, provided
CP is consered in the decay The dependencef theseasymmetriesixf(, on anomalousouplings
is (within the productionx decayfactorisatiorapproximation)exactly the sameasfor the asymmetries
Ay x: definedabove. Simulationsareavailablefor A,; and A, whosetheoreticalSM valuesare A,; =
0.0527, Ay = 0.1085. Theexperimentaprecisionexpected46,158]is Ay; ~ 0.0554 £0.0061, Ayp ~
0.1088 £ 0.0056. This precisionis betterthanfor A,; and A,;, respectiely, but still not competitve in
the determinatiorof the 1W¢b vertex structure’ Insteadwe canusethemto testtop spin correlations.
Fromtheseasymmetrie®necanextractthevalueof D, obtaining

A — D= —0.217+0.011 (exp) T5:°% (6VR) +2x107% (50, ) 0003 (§gR),

—8x10—6
Ay — D =—0.217£0.024 (exp) "% (5V) 5096 (5g.) T20904 (5gr). (2.31)

The errorsquotedcorrespondo the experimentalsystematicand statisticaluncertaintiesandthe vari-
ation when one of the anomalouscouplingsis allowed to be nonzero. From Egs. (2.28) and (2.31)
it is clearthat the measuremendf spin correlationsis a cleanprobefor new ¢t productionprocesses,
independentlyf possibleanomaloudt’tb couplings.Thisis possiblebecause¢hesensitvity of spincor-
relationasymmetrieso top anomalousouplingsis muchwealer thanfor helicity fractionsandrelated
obserables,discussedn section2.1.

®Exceptfor the caseof fine-tunedcancellationsseeRef. [47].
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Chapter 3

Flavour violation in supersymmetricmodels
M. Klasen,N. Krasnikov, T. Lari, W. Porod,andA. Tricomi

1 Intr oduction

TheSM explainssuccessfullfheobseredflavourviolating phenomenaxceptthatfor theobserationin

theneutrinosectoronehasto extendit by introducingeitherright-handedheutrinosor additionalscalars.
Thisimpliesthatextensionsof the SM with additionalflavour structuresareseverely constrainedy the

wealth of existing datain the flavour sector Supersymmetryontains,aswe will seebelow, various
sourcesf additionalflavour structures.Therefore the questionarisesif therecanstill be large flavour

violating effectsin the productionanddecaysof supersymmetriparticlesdespitethe stringentexisting

constraints.

Every supersymmetrimmodelis characterizethy a Kahlerpotential the superpotentialV andthe
correspondingoft SUSY breakingLagrangianseee.g.[159] andrefs. therein). Thefirst describeshe
gaugeinteractionandthe othertwo Yukawa interactionsandflavour violation. As the Kahlerpotential
in generaldoesnot containflavour violating termswe will not discussit further The mostgeneral
superpotentiatontainingonly the SM fields and being compatiblewith its gaugesymmetryGgsy =
SU(3). x SU(2)r x U(1)y isgivenas[160,161]:

W = Wussmu +Wg, , (3.1)
Wissu = hELiHaES + hQiH DS + hl H,Q;US — nHaH, (3.2)
1 PPN A A A 1 PN Ao

Wr, = SAinlili By + N LiQ; Dy, + QAQIJ'kaDJC'Dﬁ +e&LiH,, (3.3)

wherei, j, k = 1,2, 3 aregeneratiorindices.L; (Q;) arethelepton(quark)SU (2) ;, doubletsuperfields.
E¢ (D5, U¢) arethe electron(down- and up-quark)SU(2),, singletsuperfields. hZ, hD, b, Xz,
Aijr» and 7, aredimensionless’ukava couplings,whereashe; aredimensionfulmassparameters.
Gaugeinvarianceimpliesthatthefirst termin Wy is anti-symmetrian {i,j} andthethird oneis anti-
symmetricin {j., k}. Equation(3.3)thuscontains9 + 27 + 9 + 3 = 48 new termsbeyondthoseof the
Minimal SupersymmetriStandardModel (MSSM). At the level of the superpotentiabne canactually
rotatethe (H,, L;) by an SU (4) transformationsothatthee; canbesetto zero. However, asdiscussed
below, this cannotbe donesimultaneoushfor the correspondingoft SUSY breakingtermsand, thus,

we keepthemfor the momentasfree parametersThe soft SUSY breakingpotentialis givenby

Viort = VMmssM,soft T Vi,soft s (3.4)
Vissu = M3 Lil + Mg ;BB + Mp ;QiQ% + Mg, UsUF + Mp, ;D D}
+M3H H; + M2H, H — (uBH4H, + h.c.)
HTELHyE; + TS Q:HyD;j + T HuQ:Uj + h.c.) (3.5)

1 ~ o~ o~ !l o~ o~ 1 "o~~~ ~
Vig, soft = §Tiﬁ>kLiLjEZ + T2 LiQ; Dy + §T{,>kUiDjDk +¢;B;L;H, + h.c. (3.6)

The massmatricesM% (F=L,FE,Q,U, D) are3 x 3 hermitianmatriceswhereaghe T'"" aregeneral
3 x 3 and3 x 3 x 3 comple tensors.Obviously, the 77, (T,g’,;) have to be antisymmetridn the first
(last) two indicesdueto gaugeinvariance.In models,wherethe flavour violating termsare neglected,
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theTg termsareusuallydecomposethto thefollowing productsTZ-‘; = Aghf; andanalogouslhyor the
trilinearterms.

The simultaneousppearancef leptonand baryonnumberbreakingtermsleadsin generalto a
phenomenologicatatastrophé all involved particleshave masse®f the orderof the electraveakscale:
rapid protondecay{160,161]. To avoid this problemadiscretemultiplicative symmetry calledR-parity
(Rp), hadbeeninvented[162] which canbewritten as

R, = (—1)3B+L+25 (3.7)

whereS isthespinof thecorrespondingarticle. For all superfieldof MSSM,theSMfield hasR, = +1
andits superpartnehasR, = —1, e.g.theelectronhaskz, = +1 andtheselectrorhasR, = —1. In
this way all termsin Eq. (3.3) areforbiddenandoneis left with the superpotentiagivenin Eq. (3.2).
To prohibit proton decayit is not necessaryo forbid both type of termsbut it is suficient to forbid
eithertheleptonor thebaryonnumberviolatingterms(seee.g.[163,164]), e.g.thebaryonnumberterms
canbe forbiddenby baryontriality [165]. Another possibility would be to breaklepton numberand
thusR-parity spontaneouslasdiscussedelon. This requires however, anenlagementof the particle
content.

1.1 The MSSM with R-parity consewation

The existenceof the soft SUSY breakingtermsimplies that fermionsand sfermionscannotbe rotated
by the samerotationmatricesfrom the electraveakbasisto the masseigenbasislt is very corvenientto

work in the superCKM basisfor the squarksandto assumehati” is diagonalandreal which canbe
donewithoutlossof generality In thisway theadditionalflavour violationin the sfermionsectoris most
apparent.n this way, the additionalflavour violation is encodedn the massmatricesof the sfermions
which readas(seealsosectionl6 of [166]):

M2, M >
M2 = ( L Mpro (3.8)
f Mz, Mg

wheretheentriesare3 x 3 matrices.They aregivenby

ME, = K'M3K +m2+Durr, (3.9)
M2, = wvgTY — p*my, cot B (3.10)
Mpir = Mj+m}+ Dyrr (3.11)

for u-typesquarksn thebasis(iz, ¢z, 11, iR, ¢r. tr). K is the C K M matrix andwe have defined
2yt
Mg =V MEVy (3.12)

whereV, is the mixing matrix for the left d-quarks. 7"V andM?] aregiven by a similar transformation
involving the mixing matrix for left- andright-handedi-quarks.The sametype of notationwill be kept
below for d squarksandsleptons Finally, the D-termsaregivenby

Dy 1,rr = cos2B8 Mz (T} — Qgsin® ) 1. (3.13)

Theentriesfor d-typesquarkseadin thebasis(dy, 5, bz, dr, 55, br). as

Mi, = M3+mi+Darr, (3.14)
M3, = v TP — *my tan 8 (3.15)
Mk, = M?%+m2+ Digpg. (3.16)
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For thechagedsleptonsonefindsin thebasis(ér, ir, 71, €r, iR, TR)

M?, = M?4+m?+Dp, (3.17)
Mz, = v TF — wmytan 3, (3.18)
M2, = MZ%+m?+ Digg. (3.19)

Assumingthatthereareonly left-type sneutrino®nefindsfor themin thebasis(v.r., 7,1, 7 1,) themass
matrix

Mi;, = M;+DyLL. (3.20)

For sleptongherelevantinteractionLagrangiang.g.not consideringhe sleptonHiggsor slepton
gaugebosoninteractionsfor the studiesbelow is givenin termsof masseigenstateby:

L = Ei(cz-ljngL + CﬁmeR)y(ggm + EL(dZIZ]PL + dflszR)f(l_ﬂ] + ﬂieﬁjPRf(gﬂj
+ V_Z'fi]lszRxl—Fgm + h.c.. (321)

The specificforms of the couplingscf;,,,. cit,.. dfj;» dij;. eif; and f;i}, canbefoundin [167]. Thefirst
two termsin Eq. (3.21) give rise to the LFV signalsstudiedhere,whereaghe last onewill give rise
to the SUSY backgroundbecauseahe neutrinoflavour cannotbe discriminatedin high enegy collider

experimentsln particularthe following decaysareof primaryinterest:

i — Lixy (3.22)
o= Ll (3.23)
o= Llix, (3.24)

Several studiesfor thesedecayshave beenperformedassumingeither specific high-scalemodelsor
specifyingthe LFV parameterstthelow scale(seefor instancerefs.[114,121,168-189]).

PerformingMonteCarlostudiesonthepartonlevel it hasbeenshavn thatLHC canobsere SUSY
LFV by studyingthe LFV decaysof the secondneutralinox$ arisingfrom cascadelecaysof gluinos
andsquarksj.e. Y3 — £¢' — ¢'¢"x9: signalsof SUSY LFV canbe extracteddespiteconsiderabléack-
groundsandstringentexperimentaboundson flavour violating leptondecaysn caseof two generation
mixing in eithertheright or left sleptonsectorin the mSUGRAmModel[190-192]. Theér — jir mixing
casewasstudiedin [190,192] andtheji;, — 7z, mixing casein [191].

In the (s)quarksectorone hasto analoguedecaysas the onesgivenin Egs.(3.22)—(3.24). In
additiontherearedecaysinto chaginos andgluinosif kinematicallyallowed. Flavour effectsin these
decaydasfirst beendiscussedh [193]. Thereit hasbeenshavn thatonecanhave large effectsin squark
andgluino decaygdespitestringentconstraintfrom B-mesonphysicsasdiscussedn the WG2 part. In
addition, flavour mixing in the squarksectorcaninduceflavour violating decaysof Higgs bosonsas
e.g.H° — bs [115].

In the discussiorwe have consideredso far modelswherethe parameterarefreely given at the
electraveak scale. The fact that no flavour violation in the quark sectorhasbeenfound beyond SM
expectationshasled to the developmentof the conceptof minimal flavour violation (MFV). The basic
ideais thatat a given scalethe completeflavour informationis encodedn the Yukawva couplings[194],
e.g.thatin a GUT theorythe parametersit the GUT scalearegivenby M2 = MZ1 andTr = Aohy
with M, and A beingarealanda complex numbeyrespectiely. In suchmodelsit hasbeenshavn that
thebranchingratiosfor flavour violating squarkdecaysarevery smallandmostlikely not obserableat
LHC [195]. A similar concepthasbeendevelopedfor (s)leptong196,197]. In contrastto the squark
sectorone haslarge mixing effectsin the neutrinosectorwhich canleadto obserable effectsin the
sleptonsectorat future collider experimentq4198] (seefor examplethe contribution by Deppischand
Ruckl in WG3).
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1.2 The MSSM with broken R-parity

Recentneutrinoexperimentshave shavn that neutrinosare massve particleswhich mix amongthem-
seles (for a review seee.g.[199]). In contrastto leptonsand quarks, neutrinosneednot be Dirac
particlesbut canbe Majoranapatrticles. In the latter casethe Lagrangiancontainsa massterm which
violatesexplicitly leptonnumberby two units. This motivatesoneto allow theleptonnumberbreaking
termsin the superpotentiain particularasthey automaticallyimply the existenceof massie neutrinos
withoutthe needof introducingright-handecheutrinosandexplainingtheir masshierarchieg200]. The
M\’ termscanstill beforbiddenby a discretesymmetrysuchasbaryontriality [201].

Let us briefly commenton the numberof free parameterdeforediscussinghe phenomenology
in moredetail. Thelasttermin Eq. (3.3), L; H,, mixesthe leptonandthe Higgs superfields.In super
symmetryL,; and H, have the samegaugeandLorentzquanturmumbersandwe canredefinethemby a
rotationin (H,, L;). Thetermse; L; H, canthenberotatedto zeroin thesuperpotentig200]. However,
therearestill the correspondingermsin the soft supersymmetripreakinglLagrangian

VRp ,so0ft — BZGZI/ZHU (3.25)

which canonly berotatedaway if B; = B andMg, = M} ; [200]. Suchanalignmentof the superpo-
tentialtermswith the soft breakingtermsis notstableundeﬁherenormalizatiorgroupequations{ZOZ].
Assumingan alignmentat the unificationscale the resultingeffectsare small[202] exceptfor neutrino
masse$202-206]. Modelscontainingonly bilineartermsdo notintroducetrilinear termsascaneasily
be seenfrom the factthatbilinear termshave dimensionmasswhereaghe trilinear aredimensionless.
For this reasonwe will keepin the following explicitly the bilineartermsin the superpotential. These
couplingsinducedecaysof the LSP violating leptonnumber e.g.

v — qq, I, ww

I — v, qf

Xy — WEHF, Zy (3.26)
X(l) - liqq,v qqv; , l+l_y’i

How large canthe branchingratio for thosedecaymodesbe? To answerthis questionone hasto
take into accounxisting constraint®n R-parityviolating parameterfrom low enegy physics.As most
of themaregivenin termsof trilinear couplings,we will work for this particularconsiderationgn the
“e-less”basis,e.g.rotateaway the bilineartermsin the superpotentialEq. (3.3). Therefore thetrilinear
couplingsget additionalcontritutions. Assuming,without lossof generality thatthe leptonanddown
type Yukawa couplingsarediagonalthey aregivento leadingorderin ¢; /u as[201,207,208]:

Nijk = Nijk + 5jkhdk% (3.27)
and

Aijk = Nijk + ik, (3.28)
dA21 = hee—2, OA122 = h,te—l, 23 =0

I "
Mt = he=>,  Shizz =0, Shigs = he—

K 7
6>‘231 = 0; 6)\232 == hue—?), (5}\233 = hTE—Q

H "

wherewe have usedthefactthatneutrinophysicsrequirese; /u| < 1[206]. An essentiapointto notice
is thatthe additionalcontributionsin Egs.(3.27)and (3.28) follow the hierarchydictatedby the down
guarkandchagedleptonmasse®f the standardnodel.
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A comprehense list of boundson variousR-parity violating parameterganbe foundin [209].
However, therethe recentdatafrom neutrinoexperimentslike SuperKamiokande[210], SNO [211]
andKamLAND [212] are not taken into account. Theseexperimentsyield strongboundson trilinear
couplingsinvolving the third generatiorf213,214]. In additionalsothe sneutrinovevs areconstrained
by neutrinodata[206,213]. Most of thetrilinear couplingshave a boundof the order (10=2 — 107 1) -
m];/(100 GeV) wherem ; is the massof the sfermionin the processunderconsiderationsThe cases
with strongeiimits are:|\};;| < O(10~*) dueto neutrino-lessloublebetadecayand|\;33| ~ 5|\ 33\ ~
O(10~%) dueto neutrinooscillation data. Moreover, neutrinooscillation dataimply |u?(v? + v3 +
v3)/ det(M,0)| < 10712 wherev; arethesneutrinovevsanddet (M, o) is thedeterminanof theMSSM
neutralinomassmatrix.

Thereexists a vastliteratureon the effectsof R-parity violation at LHC [215-221]. However, in
mostof thesestudies,in particularthoseconsideringtrilinear couplingsonly, very often the existence
of a single coupling hasbeenassumed.However, suchan assumptionis only valid at a given scale
asrenormalizatioreffectsimply that additionalcouplingsare presentwhengoing to a differentscale
via RGE evolution. Moreover, very oftenthe boundsstemmingfrom neutrinophysicsarenottakeninto
accounbrareout-datede.g.assumin@nMeV tauneutrino).Lastbut notleastoneshouldnote thatalso
in this classof modelstherearepotentialdark mattercandidatesg.g.avery light gravitino [222-225].

Recentlyanotherclassof modelswith explicitly broken R-parity hasbeenproposedwvherethe
basicideais that the existenceof right handedneutrinosuperfieldds the sourceof the u-term of the
MSSM aswell asthe sourceor neutrinomasseg226]. In this casethe superpotentiatontainsonly
trilinear terms.Besidethe usualYukawva couplingsof the MSSM thefollowing couplingsarepresent:

N 1
Wyo = B H,Lio§ — NivfHaH, + 3/41’““”9,: (3.29)
Note,that(i) the secondandthird term breakR-parity andthatthe sneutrindfields play the role of the
gaugesingletfield of the Next to Minimal SupersymmetriStandardModel (NMSSM) [227-230].

1.3 SpontaneousR-parity violation

Up to now we have only considereaxplicit R-parityviolationkeepingtheparticlecontentof theMSSM.
In the casethatoneenlagesthe spectrunby gaugesingletsonecanobtainmodelswhereleptonnumber
and,thus,R-parityis brokenspontaneousliogethemwith SU(2) @ U (1) [231-235]. A secondossibility
to breakR-parity spontaneouslis to enlage the gaugesymmetry[236].

The mostgeneralsuperpotentiatermsinvolving the MSSM superfieldsin the presenceof the
SU(2) ® U(1) singletsuperfieldgz¢, S;, ®) carryinga conseredleptonnumberassigneds(—1, 1, 0),
respectiely, is givenas[237]

W = cap (] QLU L + WZQID; H + W LYE; H + W Levs Y — g - hoflgf[fj(f))

+  RIODES; + MIDES; + 2M¢<I>2 + ;cb3 (3.30)
Thefirst threetermstogetherwith the /i term definethe R-parity conservingMSSM, the termsin the
secondine only involve the SU(2) ® U(1) singletsuperfields(v{ ,S;,®), while the remainingterms
couplethe singletsto the MSSM fields. For completenesse notethat leptonnumberis fixed via the
Dirac-Yukawa h, connectingheright-handecdheutrinosuperfieldgo theleptondoubletsuperfieldsFor
simplicity we assumen the discussiorbelov thatonly onegeneratiorof (¢, §Z») is present.

The presencef singletsin the modelis essentiain orderto drive the spontaneousiolation of
R-parityandelectraveaksymmetriesn aphenomenologicallgonsistentvay. As in the caseof explicit
R-parity violation all sneutrinosobtaina vev besidethe Higgs bosonsaswell asthe S field andthe
singletfield . For completeness/e wantto notethatin thelimit whereall sneutrinovevs vanishand
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all singletscarryingleptonnumberarevery heary oneobtainsthe NMSSM asan effective theory The
spontaneoubreakingof R-parity also entailsthe spontaneousiolation of total leptonnumber This
implies that one of the neutral CP—oddscalarswhich we call Majoron J andwhich is approximately
givenby theimaginarypartof

vy vi . Vs VR ~
S (waHy —0gHY) + Y o+ 528 — e (3.31)

remainsmasslessasit is the Namhui-Goldstonébosonassociatedo the breakingof leptonnumber vg

andvg arethe vevs of ¢ and S, respectiely andV = \/v% + vZ. Clearly the presenceof these
additional singletsenhancedurther the numberof neutralscalarand pseudo-scalabosons. Explicit
formulasfor the massmatricesof scalarandpseudo-scaldsosonscanbefounde.g.in [238].

Thecaseof anenlagedgaugesymmetrycanbe obtainedor examplein left-right symmetricmod-
els,e.g.with thegaugegroupSU(2), x SU(2)r x U(1)p—r, [236]. Thecorrespondinguperpotential
is givenby:

W = heoQrindQ% + hyoQ1inxQ%
—I—h¢LE€ZT2;f)\E% + hXLE?TQ)/(\E% + hAE%TiTQAE%
+ua Te(ira T imR) + pa Tr(A3), (3.32)

wherethe Higgs sectorconsistsof two triplet andtwo bi-doubletHiggs superfieldswith the following
SU(2)r, x SU(2)r x U(1) p—r, quanturmumbers:

3 . 3_/\/5 30
“\ A A2
~ g+/\/§ 5+t N

_ < ;ﬁ ‘(%g ) ~(2,20), x= < % Xy ) ~ (2,2,0). (3.33)
2 2

) (13, 2)
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Looking at the decay=of the Higgs bosonspne hasto distinguishtwo scenariosy(i) Leptonnumberis
gaugedandthusthe Majoron becomeghe longitudinal part of an additionalneutralgaugeboson. (ii)

The Majoronremainsa physicalparticlein the spectrum.In the caseof the enlagedgaugegroupthere
are additionaldoubly chaged Higgs bosonsH, — which have leptonnumberviolating couplings. In

e~ e~ collisionsthey canbeproducedaccordingio

e e — H ~ (3.34)
andhave decay=f thetype

H7™ — Hj Hp (3.35)

H7— — (3.36)

H7™ — Il (3.37)

In additionthereexist doubly chagedchaginoswhich canhave leptonflavour violating decays:

oo L (3.38)
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1.4 Study of supersymmetryat the LHC

If Supersymmetrgxists at the electraveakscale,it could hardly escapaletectionatthe LHC. In most
R-parity conservingmodels,the productioncrosssectionis expectedto be dominatedby the pair pro-

ductionof colouredstategsquarksandgluinos). Thesedecayto lighter SUSY particlesandultimately
to the LSP (LightestSupersymmetridarticle). If this is stableandweakly interacting,asimplied by

R-parityconserationandcosmologicahrgumentsijt leavestheexperimentabpparatusindetectedThe
supersymmetrieventsarethusexpectedto shav up at the LHC asanexcessover SM expectationsof

eventswith seseral hardhadronicjetsandmissingenegy. The LHC centerof massof 14 TeV extends
thesearchfor SUSY particlesup to squarkandgluino masse®f 2.5to 3 TeV [1,239].

If squarksandgluinosarelighterthanl TeV, asimplied by naturalnesargumentsthis signature
would be obsered with high statisticalsignificancealreadyduringthefirst yearof runningat theinitial
LHC luminosity of 2 1033 cm~2s~! [240]. In practice discosery would be achiezed assoonasa good
understandingf the systematice®n StandardVodelratesatthe LHC is obtained.

A significantpart of the efforts in preparatiorfor the LHC startupis beingspentin the simula-
tions of the new physicspotential. We give below a brief overvien of thesestudies,dividing themin
threecatayories:inclusive searchesf the non-SMphysics,measuremeraf SUSY particlemassesand
measurementsf otherpropertiesof SUSY patrticles,suchastheir spin or the flavour structureof their
decays.

1.5 Inclusive seaiches

In thesestudiesthetypical discovery stratgy consistan searchingor anexcessof eventswith a given
topology A variety of final statesignatureshasbeenconsidered.Inclusive searchedave mainly be
carriedout in the framavork of mMSUGRA, which hasfive independenparameterspecifiedat high
enegy scale: the commongauginomassm, j,, the commonscalarmassm,, the commontrilinear
coupling Ay, theratio of the vacuumexpectationsvaluesof the two Higgs doubletstan 5 andthe sign
of the Higgsinomixing parametey:. The massesnddecaybranchingratiosof the SUSY particlesare
thencomputedat the electraveak scaleusingthe renormalizatiorgroupequationsandusedasinput to
the LHC simulationcodes.

For eachpoint of a grid covering the mSUGRA parameterspace,signal events are generated
at partonlevel and handedover to the parametrizeddetectorsimulation. The main Standardvodel
backgroundsourcesare simulated,wherethe mostrelevant are processesvith an hardneutrinoin the
final state(tt, W +jets, Z +jets). Multi-jet QCD s alsorelevantbecauséts crosssectionis severalorders
of magnituddargerthanSUSY. Howeverit is stronglysuppressety therequiremenof largetrans\erse
missingenegy andit gives a significantcontrikution only to the final statesearchchannelswithout
isolatedleptons. The detaileddetectorsimulation,muchmore demandingn termsof computingCPU
power, validatestheresultswith parametrizedietectorsimulationsfor the Standardviodel backgrounds
andselectedpointsin themSUGRAparametespace.

Cutsonmissingtrans\erseeneqgy, thetransersemomentunof jets,andotherdiscriminatingvari-
ablesareoptimizedto give the beststatisticalsignificancefor the (simulated)obsered excessof events.
For eachintegratedluminosity the regions of the parametespacefor which the statisticalsignificance
exceedghe corventionaldiscovery valueof 50 arethendisplayed.An exampleis shavn in Fig. 3.1 for
the CMS experiment[241] with similar resultsfor ATLAS [240]. A slice of the mSUGRA parameter
spaceis shawn, for fixedtan 3 = 10, A = 0 andu > 0. The areaof parameteispacefavouredby
naturalnessrgumentscanbe exploredwith anintegratedluminosity of only 1fb 1.

Althoughtheseesultswereobtainedn thecontext of MSUGRA theoverall SUSYreachin terms
of squarkandgluino massess very similar for mostR-parity conservingnodels providedthatthe LSP
massis muchlower thanthe squarkandgluino massesThis hasbeenshavn to bethe casefor GMSB
andAMSB models[242] andeventhe MSSM [243].
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Fig. 3.1: CMS 50 discovery potentialusingmulti-jetsandmissingtrans\erseeneny final state[241].

1.6 Massmeasurement

A firstindicationof the massscaleof the SUSY particlesproducedn the pp interactionwill probablybe
obtainedmeasuringhe”effective mass” whichis thescalarsumof transersemissingenegy andthepp
of jetsandleptonsin the event. Suchadistribution is expectedo have a peakcorrelatedwvith the SUSY
massscale.Thecorrelationis strongin mSUGRA, andstill usablein themoregeneraMSSM [240].

The reconstructiorof the massspectrumof Supersymmetriparticleswill be morechallenging.
SinceSUSY particleswould be producedin pairs,therearetwo undetected_SP particlesin the final
state which impliesthatmasspeakscannot bereconstructedrom invariantmasscombinationsunless
themassof the LSPitself is alreadyknown.

The typical procedureconsistsin choosinga particulardecaychain, measuringnvariant mass
combinationsaindlooking for kinematicalminimaandmaxima.Eachkinematicalendpointis a function
of the massesf the SUSY particlesin the decaychain. If enoughendpointscan be measuredthe
masse®f all the SUSY particlesinvolvedin thedecaychaincanbeobtained.Oncethe massof the LSP
is known, masspeakscanbereconstructed.

After reducingthe SM backgroundrery effectively throughhardmissingtranserseenegy cuts,
themainbackgroundor thiskind of measurementssuallycomesfrom supersymmetrieventsin which
the desireddecaychainis not presentor was not identified correctly by the analysis. For this reason,
thesestudiesaremadeusingdatasimulatedfor a specificpointin SUSY parametespacefor which all
Supersymmetriproductionprocessearesimulated.

Thetwo body decaychainy) — I*I* — 1*1*y! is particularlypromising,asit leadsto a very
sharpedgein thedistribution of the invariantmassof thetwo leptons which measures:

L S S (3.39)

2
mgdge (EE) - X

The basicsignatureof this decaychainaretwo opposite-signsame-flaour (OSSF)leptons;but
two suchleptonscanalsobe producedby otherprocesseslf the two leptonsareindependentf each
other one would expectequalamountsof OSSFleptonsand OSOF leptons(i.e combinationse™ .,
e~ u™). Theirdistributionsshouldalsobeidentical,andthis allows to remove the backgrounctontritu-
tion for OSSFby subtractinghe OSOFevents.

Figure 3.2 shaws the invariant massof the two leptonsobtainedfor SPS1Apoint [244] with
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In the right plot, the flavour subtractionOSSF-OSOFhave beenplotted: the triangularshapeof the theoretical
expectations reproduced.

L | L
* | f b
ok it L
O g uo
> " | i > | | }
& 400 t t 8 H
w i H } w T + |
2 | i £ 100~ | +
o t t @ F ## ﬂ
5 2001 fh f o |
I i ﬁﬁ r J m
= +ﬂ +++H+H + 7¢+ [
oL R R B e s oL 1. tﬁ ol
0 200 400 600 0 200 400 600
Mg (GeV) mg"l'" (GeV)

Fig. 3.3: Invariantmassdistributionswith kinematicalendpointsfor anintegratediuminosity of 100fb . In the
left plot for ¢/i combinationjn theright plot for the maximumof ¢/ combination.

100fb~! of simulatedATLAS data[245]. The Standardvlodel backgrounds clearly negligible. The
realbackgroundonsistof otherSUSY processeghatareeffectively remoredby the OSOFsubtraction.

Several otherkinematicaledgescan be obtainedusing variousinvariant masscombinationsn-
volving jets and leptons. Two of suchdistributions are reportedin Fig. 3.3 for the point SPS1laand
100fb~! of ATLAS simulateddata[245]. Five endpointsgachproviding a constraintson the massof
four particles,canbe measuredThe masse®f the supersymmetriparticlespresenin the decaychain
(theleft-handedsquark theright-handedleptonsandthetwo lightestneutralinoscanthusbemeasured
with anerrorbetweerB% (for thesquark)and12% (for thelightestneutralino)or 100fb~'of integrated
luminosity

For leptonpairswith aninvariantmassnearthe kinematicalendpoint therelation

) My
pu(XQ) =(1- pu(ll) (3.40)
canbe usedto getthe four-momentumof the xJ, provided that the massof the lightestneutralinohas
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Fig. 3.4: Invariantmasspeaksfor squark(left), sbottom(middle) andgluino (right) at point B. The picture has
beenobtainedusingthe parametrizegimulationof the CMS detector Theintegratedluminosityis 1 fo ! for the
squarksand10fb ! for the othermasspeaks.

alreadybeenmeasuredThis four-vectorcanthenbe combinedwith thatof hadronicjetsto measurehe
gluinoandsquarkmassesln Fig. 3.4thegluinoandsquarkmasspeaksobtainedvith CMS parametrized
simulationarereportedfor anothermSUGRA benchmarlpoint, calledpoint B [246], which is defined
by mg = 100 GeV, my /o = 250 GeV, A=0, iz > 0, tan 8 = 10.

Severalothertechniquego reconstructhe massesf Supersymmetriparticleshave beeninvesti-
gatedby the ATLAS andCMS collaborationsHerewe will only mentionafew otherpossibilities:

— At large tan 3 the decaysinto third generatiorieptonsaredominant. The 7+ 7~ kinematicend-
pointis still measurabl@singtheinvariantmassf thetauvisible decayproductsput theexpected
precisionis worsethanthatachiezablewith electronsandmuons.

— The right handedsquarkoften decaysdirectly in the LSP. Grir — gxqx! eventscanbe used
to reconstructhe massof this squark. A similar techniquecanbe usedto measureghe massof
left-handedsleptonswvhich decaydirectly into the LSP.

For thepoint SPS1andanintegrateduminosityof 300fb~! ATLAS expectsto beableto measure
atleast13 massrelations[245]. The constraintsvhich canbe putonthe SUSY parametespaceandon
therelic densityof neutralinosusingthesemeasurementarediscussedn Ref.[247].

1.7 Flavour studies

Moststudiesby theLHC collaboration$iave focusedonthediscorery stratgiesandthe measuremerdf
themasse®f SUSY particles.However, the possibilityto measuretherpropertiesof the new particles,
suchastheir spinor the branchingatiosof flavour violating decayshasalsobeeninvestigated.

Themeasuremerdf thespinis interestingoecausét allows to confirmthesupersymmetrioature
of the new particles.This measuremenvasinvestigatedn Ref.[248,249] andit is alsodiscussedater
in this chapter

In the hadronicsector the experimentsare not ableto discriminatethe flavour of quarksof the
first two generationsHencetheonly possibilityfor flavour studiesrelieson b-taggingtechniquesin this
report,the possibilityto measure&inematicalendpointanvolving the scalartop is discussedThe scalar
bottommassesnayalsobemeasuredtthe LHC.
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Table 3.1: Relevanton-shellparametergor the SPS1a255] scenario.

tan 3
M,y
Mo

10
100.1GeV
197.4GeV
400GeV

184GeV
182.5GeV
117.793GeV
117.797GeV

ME,33 111GeV
A -0.013GeV
Ago -2.8GeV
Ass -46 GeV

Theleptonicsectoris morefavourablefrom the experimentalpoint of view, asthe flavour of the
threechage leptonscanbeidentifiedaccuratelyby the detectorswith relatively low backgroundsThis
allows the possibility to testthe presencef decaysviolating leptonflavour. This possibilitywasalready
discussedh earlystudieg191,250,251] andit is investigatedn afew contritutionsto this report.

2 Effectsof lepton flavour violation on di-lepton invariant massspectra

In this sectionwe discusghe effect of leptonflavour violation (LFV) on di-leptoninvariantmassspectra
in thedecaychains

In theseeventsone studiesthe invariantdi-lepton massspectrumd N /dm (¢¢) with m(¢€)? =
Its kinematicalendpointis usedin combinationwith otherobserablesto determinemassesor

pe*)Q-

X5 — 00 — GHe R

masddifferenceof sparticled252-254].

Details on the parameterdependencef flavour violating decayscan be found for examplein
ref.[256]. As anexamplethestudypointSPS1a[255]is consideredvhichhasarelatively light spectrum
of chaginos/neutralins andsleptonswith the threelighter chaged sleptonsbeingmainly ¢ : my =
97.8 GeV, mgo = 184 GeV, mg, = 125.3 GeV, my;, = 125.2 GeV, mz = 107.4 GeV. Theunderlying
parametersregivenin Table3.1,whereM; and M, aretheU (1) andSU(2) gauginomassparameters
respectrely. In this examplethe flavour off-diagonal elementsof Mgw (o # B) in Eq. (3.19) are
expectedo give themostimportantcontrikution to the LFV decaysof thelighter chaginos,neutralinos
andsleptons.We thereforediscusd_FV only in theright sleptonsector To illustratethe effect of LFV
on thesespectrajn Fig. 3.5 we presentnvariantmassdistributions for variouslepton pairstaking the
following LFV parameters:Mz ,, = 30 GeV?, Mz 5 = 850 GeV? and M7 ,, = 600 GeV?, for
(106.4,125.1, 126. 2) GeV. Theseparametersire chosensuchthat
large LFV Y9 decaybranchingratiosarepossibleconsistentlywith the experimentaboundson therare
leptondecaysfor which we obtain: BR(u~ — e™v) = 9.5 x 10712, BR(7~ — e™7) = 1.0 x 1077

which we have (m; ,m; . m;,) =

and BR(r

T uy) =

(3.41)

(pe+ +

5.2 x 1078, We find for the ) decaybranchingratios: BR(eu) = 1.7%,

BR(er) = 3.4%, BR(u1) = 1.8%, BR(eTe™) = 1%, BR(u* ™) = 1.2%, BR(7"77) = 51% with

BR((:(;)

= BR(x3 — £4:¢;XY). Note,thatwe have summechereover all contrituting sleptons.
In Fig. 3.5a)we shav the flavour violating spectra(100/T ;. )dl' (X — E;tff

X9)/dm(E L)

versu&n(éfﬁf) for thefinal statesu7, er andey. In caseswherethefinal statecontainsa 7-lepton,one
findstwo sharpedgesThefirst oneatm ~ 59.4 GeVis dueto anintermediate/; (~ 7z) andthesecond

oneatm ~ 84.6 GeV is dueto intermediatestatesof thetwo heavier sleptongy (~

fir) andls (~ ég)

with mg, ~ mg.. Thepositionof theedgescanbe expressedn termsof the neutralinoandintermediate
sleptonmasse$252] seeEq. (3. 39) In the caseof the e spectrunthefirst edgeis practicallyinvisible

becausehe branchingratiosof ¢J into (1 e and/; p aretiny for this example[256]. Notethattherate

for theer final stateis largestin this casebecaus¢]V[]?3713| is largerthantheotherLFV parameters.

In Fig. 3.5(b)we shav the “flavour conserving”spectraor thefinal stateswith ete™ andu™ .

The dashedine correspondso the flavour conservingcasewhere M7

AA

= 0for¢ # j. LFV causes
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Fig. 3.5: Invariantmassspectral 00T, dT'(X9 — £:4;X3)/dm(¢:¢;) versusm(¢;£;). In (a) we shaw the“flavour
violating” spectrasummedover chagesin theLFV casefor the SPS1ascenarioe® 1T (full line), e* 7T (dashed
dottedline) andp 7T (dashedine) andin (b) we shav the “flavour conserving’spectrae e~ (dashedine) and
uwu~ (dashedine) arefor the LFC casein the SPS1a'scenarioandete™ (dasheddottedline) andu™u— (full
line) arefor theLFV casein the SPS1a'scenario.

firstly areductionof theheightof theendpointpeak.Secondlyit inducesadifferencenetweerthe ™
andete~ spectrabecausehe mixingsamongthethreesleptongenerationsrein generadifferentfrom
eachother The peaksat m ~ 59.4 GeV in the u™u~ ande™e™ spectraareinvisible asin the e
spectrumas the branchingratios of the correspondindlavour violating decaysare small. As for the
tr~ spectrumwe remarkthatthe heightof the peak(dueto theintermediate/; (~ 7)) in ther 7~
spectrungetsreducedby about5% andthatthe contrikutionsdueto the intermediategg,g areinvisible.
Moreover, the peakposition getsshiftedto a smallervalue by about2.7 GeV sincethe massof the
intermediate/; getsreducedby 1 GeV comparedo theflavour conservingcase.

It is interestingto notethatin the LFV casetherateof the channekr canbe largerthanthoseof
the channelswith the sameflavour, ete™ andu™ . Moreover, by measuringall di-leptonspectrafor
the flavour violating aswell asflavour conservingchannelspnecanmake animportantcrosscheckof
thisLFV scenariothefirst peakpositionof theleptonflavour violating spectrgexcepttheey spectrum)
mustcoincidewith theendpointof the 7+ 7~ spectrumandthe secondpeakmustcoincidewith thoseof
theete™ andu ™~ spectra.

Up to now thedi-leptonmassspectrataking SPS1a'asa specificexamplehasbeeninvestigated
in detail. Which requirementsnustotherscenariogulfill to obtainobserabledouble-edgestructures?
Obviously the kinematicconditionmo > mg g > Mgo must be fulfilled and sufiiciently mary y°
mustbe produced.In additionthereshouldbe two sleptonscontriluting in a sizableway to the decay
X2 — 2'¢"%0 and,of course the correspondingpranchingratio hasto be large enoughto be obsered.
For this the correspondind.FV entriesin the sleptonmassmatrix have to be large enough.Moreover,
alsothe massdifferencebetweenthe two contrituting sleptonshasto be suficiently large so that the
differenceof the positionsof thetwo peakss largerthanthe experimentaresolution.iIn mSUGRA-like
scenarioswhich arecharacterizedby a commonmassm for the scalarsanda commongauginomass
my /, atthe GUT scale the kinematicrequirementgincluding the positionsof the peaks)arefulfilled in
the regions of parametesspacewherem3 < 0.4 mf/z andtan 8 > 8. Thefirst conditionprovidesfor

right sleptonglighter thanthe 9 andthe secondconditionensureghatthe massdifferencebetweens;

andthe othertwo right sleptonss suficiently large. In the region wherem? < 0.05 m%/2 alsothe left
sleptonsarelighter thanx9, giving the possibility of additionalstructuresn the di-leptonmassspectra.

Detailson backgroundprocessesvill be presentedn the subsequensectionswherestudiesby
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the two experimentsATLAS and CMS are presented.Here we give a brief summaryof the expected
dominantbackground.The largestSM backgrounds dueto ¢t production. Thereis alsoSUSY back-
grounddueto uncorrelatedeptonsstemmingfrom differentsquarkandgluino decaychains.Theresult-
ing di-lepton massdistributions will, however, be smoothand decreasenonotonicallywith increasing
di-leptoninvariantmassas was explicitly shavn in a Monte Carlo analysisin [191,192]. It wasalso
shawvn that the single edgestructurecan be obsered over the smoothbackgroundn the ex and pr

invariant massdistributions. Thereforethe novel distributions as shavn in Fig. 3.5, in particularthe
characteristiadouble-edgestructuresin the er and 7 invariant massdistributions, shouldbe clearly
visible ontop of the backgroundNotethatthe usualmethodfor backgroundsuppressiorhy takingthe
sumN(ete ) + N(utpu~) — N(e*uT), is not applicablein the caseof LFV searches.Insteadone
hasto studytheindividual pair massspectraNeverthelesspnecanexpectthatthesepeakswill bewell

obsenrable[257].

3 Lepton flavour violation in the long-lived stau NLSP scenario

Supersymmetriscenarioganberoughlyclassifiednto two mainclassesgependingnthenatureof the
lightestsupersymmetriparticle(LSP). The mostpopularchoicefor the LSPis the neutralino,although
scenariosvith superweaklyinteractingLSP, suchasthe gravitino or the axino,arealsocompatiblewith

all the collider experimentsand cosmology Here, we would like to concentrateon the latter classof

scenariosfocusingfor definitenes®n the casewith gravitino LSP.

Undertheassumptiorf universalityof thesoft-breakingscalay gauginoandtrilinear softtermsat
a high-enegy scale the so-calledconstrainedSSM, the next-to-LSP (NLSP) canbeeitherthelightest
neutralinoor thestau.If R-parityis consered,the NLSP canonly decayinto thegravitino andStandard
Modelparticleswith adecayratevery suppresselly thegravitationalinteractions As aresult,theNLSP
canbevery long lived, with lifetimesthatcould be aslong assecondsminutesor evenlonger mainly
dependingn the gravitino mass.Whenthe NLSPis the lightestneutralino the signaturedor LFV are
identicalto the casewith neutralinoLSP, which have beenextensvely discussedn the literature[177—
181,184,188,190]. Ontheotherhand,whenthe NLSP s a stau,the signaturesould be very different.
In this notewe discusspossiblesignaturesandproposestratgiesto look for LFV in future collidersin
scenariosvherethegravitino (or theaxino)is the LSP andthe stauis the NLSP[185,258].

Motivatedby the spectrumof the constrainedVISSM we will assumedhatthe NLSP is mainly a
right-handedstau,althoughit could have someadmixtureof left-handedstauor otherleptonicflavours,
andwill bedenotedoy 71. We will alsoassuméhatnext in massn thesupersymmetrispectrunmarethe
right-handedselectrorandsmuon,denoteddy er andp i respectiely, alsowith avery smalladmixture
of left-handedstatesand someadmixtureof stau. Finally, we will assumethat next in massare the
lightestneutralinoandtherestof SUSY particles.Schematicallythe spectrunreads:

mg/o <mz < Mgy, g < M0, MG fip » M7y - (3.42)

In this classof scenariosstauscouldbelong lived enoughto traverseseveral layersof the vertex
detectomeforedecayingthusbeingdetectedasa heavily ionizing chagedtrack. This signaturds very
distinctive andis notproducedy ary StandardModel particle,henceheobsenrationof heavily ionizing
chagedtrackswould give strongsupportto this scenaricandwould allow thesearcHor LFV essentially
without StandardVlodel backgrounds.

Long lived stauscould even be stoppedin the detectorand decayat late times, producingvery
enegeticparticlesthatwould springfrom insidethe detector Recently prospect®f collectingstausand
detectingtheir decayproductsin future collidershave beendiscussed259,260]. At the LHC, cascade
decaysof squarksandgluinoscould produceof the orderof 10° stausperyearif the sparticlemasses
arecloseto the presentexperimentalimits [261]. Amongthem, O(103-10*) stauscould be collected
by placing1-10kton massie materialaroundthe LHC detectors.On the otherhand,atthe ILC upto
O(103-10°) stauscould be collectedandstudied.
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If thereis no LFV, the stauscould only decayinto tausand gravitinos, 7 — 713/5. If onthe
contraryLFV existsin nature,someof the stauscould decayinto electronsand muons. Thereforethe
detectiorof very enegeticelectronandmuonscomingfrom insidethedetectomould constituteasignal
of leptonflavour violation.

Thereare potentiallytwo sourcesof backgroundn this analysis.First, in certainregionsof the
SUSY parameterspaceselectronsor smuonscould also be long lived, and the electronsand muons
from their flavour conservingdecayscouldbe mistalenfor electronsaandmuonscomingfrom thelepton
flavour violating decayof the stau.However, if flavour violation is large enoughto be obseredin these
experimentstheselectrordecaychannek — 7 e e isveryefficient. Therefore selectrongandsimilarly,
smuonsarenever long lived enoughto representinimportantsourceof background.It is remarkable
theinterestingdoublerole thatflavour violation playsin this experiment,bothasobjectof investigation
andascrucialingredientfor thesucces®f the experimentitself.

A secondsourceof backgroundor this analysisarethe muonsandelectronsrom tau decaythat
couldbemistalenfor muonsandelectronsomingfrom theleptonflavour violating decaysr — 1 ¢35,
T — e 135 Neverthelessthis backgrounaanbedistinguishedrom thesignalby lookingattheenegy
spectrum:the leptonsfrom the flavour conservingtau decaypresenta continuousenegy spectrum,n
starkcontraswith theleptonscomingfrom thetwo bodygravitationaldecaywhoseenegiesaresharply
pealedat £y = (m% stms . — m§/2)/(2m;7 %). It is easyto checkthatonly avery smallfractionof the
electronsandmuonsfrom the tau decayhave enegiescloseto this cut-off enegy. For instancefor the
typical enegy resolutionof anelectromagneticalorimetero ~ 10%/+/F(GeV), only 2 x 10~° of the
tauswith enegy Fy ~ 100GeV will produceelectronswith enegy ~ FEj, within theenegy resolution
of the detectorwhich could be mistalen for electronscomingfrom the LFV staudecay Therefore for
the numberof NLSPsthat canbe typically trappedat the LHC or the ILC, the numberof electronsor
muonsfrom this sourceof backgroundurnsoutto be negligible in mostinstances.

Usingthis techniquewe have estimatedhatat the LHC or at the future Linear Collider it would
be possibleto probemixing anglesin the sleptonsectordown to thelevel of ~ 3 x 1072 (9 x 107?) at
90%confidencdevel if 3 x 10% (3 x 10*) stausarecollected[185]. A differenttechniquethatdoesnot
requireto stopthe stauswasproposedn [258] for the caseof ane™e™ ore~e™ linearcollider.

4 Neutralino decaysin modelswith broken R-parity

In supersymmetrienodelsneutrinomassesan be explainedintrinsically supersymmetricnamelythe
breakingof R-parity The simplestway to realizethis ideais to addthe bilinear termsof W to the
MSSM superpotentiaWyssv (seeEgs.(3.2)and(3.3)):

W = Wyssum + e LiH, (3.43)

For consisteng onehasalsoto addthecorrespondingilineartermsto soft SUSY breaking(seeEgs.(3.5)
and(3.6)) whichinducesmallvevs for the sneutrinosThesevevs in turninducea mixing betweemeu-
trinos and neutralinos giving massto one neutrinoat treelevel. The secondneutrinomassis induced
by loop effects (see[206,262,263] andreferencesherein). The sameparametershatinduceneutrino
massesndmixingsarealsoresponsibldor thedecayof thelightestsupersymmetriparticle(LSP).This
impliesthattherearecorrelationdbetweemeutrinophysicsandLSP decayq4208,264-267].

In particular the neutrinomixing angles

tan? Oy ~ <—2> , U623 ~ ﬂ tan? 0, ~ <E—l> (3.44)

A3 VAZ+AZ’
canberelatedto ratiosof couplingsandbranchingratios,for example
> BR() = p*WT)  BR(XY — ptad)

~ ~ 3.45
BR( = 75 WF) ~ BROYY = 75dq) (349)
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Fig. 3.6: Variousneutralinoproperties:a) Neutralinodecaylength and b) invisible neutralinobranchingratio
summingover all neutrinosasa function of m.; c) BR(YY — 1q'q)/BR(XY — 7¢'¢) scanningover the SUSY
parameteandd) BR(x! — uq'q)/ BR(XY) — 74'q) for 10% variationsarounda fixed SUSY point asa function
of tan?(Oatm ).

in the caseof aneutralinoLSP. HereA; = €;v4 + pv;, v; arethesneutrinovevs andvy is thevev of HY;
€; = Vije; whereV;; is the neutrinomixing matrix at treelevel which is givenasa function of the A;.
Detailsonthe neutrinomassesndmixingscanbe foundin [206,263].

The smallnes®f the R-parity violating couplingswhich is requiredby the neutrinodataimplies
thatthe productionanddecaysof the SUSY particlesproceedasin the MSSM with consered R-parity
exceptthattheLSPdecays.Therearesereralpredictiondor theLSPpropertiesliscussedh theliterature
above. Herewe discussvariousimportantexamplespointing out genericfeatures.Thefirst obseration
is, thatthe smallnesof the couplingscanleadto finite decaylengthsof the LSP which aremeasurable
at LHC. As anexamplewe shaw in Fig. 3.6athe decaylengthof a neutralinoLSP asa function of its
mass. The SUSY parameterdiave beenvaried suchthat collider constraintsaswell asneutrinodata
arefulfilled. Thisis importantfor LHC asa secondaryertex for the neutralinodecaysmpliesthatthe
neutralinodecayproductscanbe distinguishedrom the remainingleptonsandjetswithin a cascadef
decays.A first attemptto usethis to establishthe predictedcorrelationbetweemeutralinodecaysand
neutrinomixing angleshasbeenpresentedn [268]. Thefinite decaylengthcanalsobe usedto enlage
the reachof collidersfor SUSY searchesshasbeenshawvn in ref. [269] for the Tevatron. The fact,
that the decayproductsof the neutralinocanbe identified via a secondaryertex is importantfor the
checkif the predictedcorrelationsindeedexist. As an examplewe shav in Fig. 3.6candd the ratio
BR(X{ — 1q'q)/ BR(X{ — 7¢'q) asafunctionof the atmospherimeutrinomixing angletan?(0,,,).
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Fig. 3.7: Varioussleptonproperties:a) decaylengthsasafunctionof m; andb) BR(71 — ev)/ BR(71 — uv) as

afunctionof tan?(0,;).

In Figure 3.6ca generalscanis performedover the SUSY parametespaceyielding a goodcorrelation
whereasn Fig. 3.6d the situationis shavn if one assumeghat the underlyingSUSY parametersre
known with anaccurag of 10%. Thebranchingratiosthemselesareusuallyof order10%.

It is usuallyamguedthat broken R-parity implies thatthe missingenegy signatureof the MSSM
is lost. This is not entirely correctif R-parity is broken via lepton numberbreakingasin the model
discussedthere. Thereasons thatneutrinosarenotdetectecit LHC or ILC. Thisimpliesthatthemissing
enegy signaturestill is therealthoughsomevhatreduced However, therearestill casesvherethe LSP
candecaycompletelyinvisible: ¥ — 3v or o; — vjvi. In Figure3.6bwe seethatthe decaybranching
ratio for x! — 3v cango up to several percent. In the sneutrinocaseis at mostpermille [208]. If
oneaddstrilinear R-parity breakingcouplingsto themodel,thenthesebranchingratioswill bereduced.
In modelswith spontaneoubreakingof R-parity the situationcanbe quite different, e.g.theinvisible
modescanhave in total nearly100%branchingatio [270].

As a secondexample,we presentin Fig. 3.7athe decaylengthssleptonLSPsasthey motivated
in GMSB models.Also in this casewe have performeda generouscanof the SUSY parametespace.
Oneseeghatthe sleptonshave differentdecaylengthswhich is againusefulto distinguishthe various
'flavours’. However, at LHC it mightbedifficult to separatsmuondrom stausn this scenarioprovided
this is possibleone could measurdor examplethe correlationbetweerstaudecaymodesandthe solar
neutrinomixing angleasshavn in Fig. 3.7h

5 Reconstructing neutrino properties from collider experimentsin a Higgs triplet neu-
trino massmodel

In the previous sectionthe neutrinomassesre solely dueto R-parity violation andthe questionarises
how the situationchangesf thereare additionalsourcesfor neutrinomasses. Thereforea modelis

consideredvhereHiggs triplets give additionalcontritutionsto the neutrinomasses.It caneitherbe

obtainedasa limit of spontaneoug-parity breakingmodelsdiscussedn Sect.1.3 or asthe supersym-
metric extensionof the original triplet modelof neutrinomass[271] with additionalbilinear R-parity

breakingterms[200,232,272]. The particlecontentis thatof the MSSM augmentedby a pair of Higgs
tripletsuperfieldsﬁu andﬁd, with hyperchagesY = +2 andY = —2, andleptonnumberL = —2

andL = +2, respectiely. Thesuperpotentiabf this modelis thengivenby a sumof threeterms,

W = Wussm + &L, +Wa (3.46)
Wa = MABuAd + hwilfjﬁu (3.47)
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Additional detailsof themodelcanbefoundin ref. [273]. Fromtheanalyticalstudyof the Higgssector
it is possibleto shav thatthe Higgstriplet vevs aresuppressebly two powversof the BRPV parameters,
asalreadyemphasizetih Ref.[274].

The nonzerovevs of this model(v, = (HY), vg = (HY), v = (1), (A) and(AY)) producea
mixing betweemeutrinos,gauginosandHiggsinos. For reasonableangesof parametersatmospheric
neutrinophysicsis determinedy the BRPV parametersyhereaghe solarneutrinomassscaledepends
mostly on the triplet Yukava couplingsandthetriplet mass. This situationis differentfrom the onein
the modelwith only BRPV, wherethe solarmassscaleis generatedy radiative correctiongo neutrino
massesghusrequiringe?/A ~ O(0.1—1). Now, asthesolarmassscaleis generatedy theHiggstriplet,
¢; canbesmaller Usingtheexperimentallymeasuredaluesof tan? Oy ~ 1 andsin? 20cuo0z < 1 0N€
canfind a simpleformulafor the solaranglein termsof the Yukawva couplingsh;; of thetriplet Higgs
bosonto thedoubletleptonswhich is approximatelygiven by

—2v/2(h12 — hi3)

o . _ 3.48
an( SOL) —2h11 + hog + haz — 2ho3 ! ( )

Oneof the characteristideaturesof the triplet modelof neutrinomassis the presencef doubly
chaged Higgs bosonsA,, . At LHC, the doubly chaged Higgs bosoncan be producedin different
processessuchas: (a) It canbe singly producedvia vectorbosonfusion or via the fusion of a singly
chagedHiggs bosonwith eithera vectorbosonor anothersingly chaged Higgs boson;its production
crosssectionsoc(WW,WH, HH — A) = (10— 1.5) fb for atriplet massof Ma = (300 — 800) GeV,
assuminghetriplet vev to be9 GeV [275,276]. However, thetriplet VEV is of ordereV in this model,
thussuppressinghis productionmechanism(b) It canbedoublyproducedria a Drell-Yanprocesswith
v/Z exchangen the s-channel;its productioncrosssectionis o(¢gqg — v/Z — AA) = (5 — 0.05) fb
for atriplet massof Ma = (300 — 800) GeV [277]. (c) It canbesingly producedwith asingly chaged
Higgs boson,with the exchangeof I in the s-channel;its productioncrosssectionis o(qgq¢ — W —
AH) = (35 — 0.3) fb for atriplet massof Ma = (300 — 800) GeV, wheresomesplitting amongthe
masse®f thedoublyandsingly chagedHiggsbosonss allowed[277,278]. Assuminga luminosity of
£ = 100 (fb - year) ! for the LHC, the numberof eventsfor the abore mentionedproductionprocesses
is O(10% — 10') peryear dependingon the Higgstriplet mass.

The mostremarkabldeatureof the presentmodelis thatthe decaysof the doubly chagedHiggs
bosonscanbe a perfecttracerof the solarneutrinomixing angle.Consideringeg. (3.48)andtakinginto
accounthattheleptonicdecay=f thedoublychagedHiggsbosonareproportionalto h?j, we construct
thefollowing ratio

—2v/2(v/BRi2 — vBRi3)
—2v/2BR11 + v2BRa2 + v/2BRs3 — 2¢/BRa3

with BR;; denotingthe measuredranchingratio for the procesgA; = — l;l;). Figure 3.8 shaws
theratio y.,, Of theleptonicdecaybranchingratiosof the doubly chagedHiggsbosonversusthe solar
neutrinomixing angle. Theratio of doubly chagedHiggs bosondecaybranchingratiosis specifiedby

thevariable
Yexp = tan? <7alcta1;(mexp )> (3.50)

where, for the determinationof z..,, @ 10% uncertaintyin the measuredranchingratios hasbeen
assumedindthetriplet masshasbeenfixedat Ma, = 500 GeV. As canbe seenfrom thefigure,there
is a very strongcorrelationbetweenthe patternof Higgs triplet decaysand the solar neutrinomixing
angle.The 3¢ rangepermittedby currentsolarandreactomeutrinodata(indicatedby the verticalband
in Fig. 3.8)fixesaminimumvaluefor y..,, thusrequiringminimumvaluesfor the off-diagonalleptonic
decaychannelof thedoublychagedHiggstriplet. If BRog = 0, atleasteitherBR;s or BR13 mustbe
largerthan0.5. On the otherhand,if BRo3 # 0, thenat leastone of the off-diagonalbranchingratios
mustbelargerthan0.2.

(3.49)

Texp =
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Fig. 3.8: Ratio of doubly chaged Higgs bosonleptonic decaybranchingratios (assuminga 10% uncertainty)
indicatedby the variabley..,, of Egs.(3.50)and(3.49)versusthe solarneutrinomixing angle. The verticalband
indicatescurrent3o allowedrange.

As in Sect.4, the decaypatternof a neutralinoLSP is predictedin termsof the atmospheric
neutrinomixing angle The main differenceis, that the ¢; can be smallerin this model comparedto
the previous one. This implies that the main decaymodeBR(y) — vbb) getsreduced265] andthe
branchingratiosinto thefinal statedqq’ (I = e, u7) increase.

6 SUSY (s)leptonflavour studieswith ATLAS

In this sectionmain featuresof Monte Carlo studiesfor sleptonmassesand spin measurementare
presentediswell asa studyof sleptonnon-unversality As areferencanodelthe SPS1gointis taken
[245], which is deried from the following high scaleparametersmy= 100 GeV, m,,, = 250 GeV,
Ay =- 100GeV, tan § = 10 andsignn) = +, wheremy is acommonscalarmass,m;/, acommon
gauginomass,Ay acommontrilinear coupling,tan 8 theratio of the Higgs vacuumexpectationvalues.

SIeptonsareproducecbltherdlrectly|n pairsi*i~ or indirectly from decay=f heaier chaginos
andneutralinog(typical mode N — Izl ). They candecayaccordingto: I — Xy, I, — Xy,
lL — IxY, I, — Vxl . At theendof every SUSY decaychainis undetectabldightestneutralino
1 and klnematlcendpomtsn theinvariantmassdistributionsaremeasuredatherthanthe masspeaks.
Kinematic endpointsare the function of SUSY masseswvhich can be extractedfrom the set of end-
point measurements-astsimulationstudiesof left squarkcascadalecay ¢, — Y3q — (51T q —
i q XY (I =e, u) wereperformedn refs.[245,279]. Eventswith two sameflavour andopposite
sign (SFOS)leptons,at least4 jetswith pr > 150,100, 50,50 GeV , andeffective mass M ;s =
¥ pr(jet) + Hr > 600 GeV and missingtrans\erseenegy Hr > max(100 GeV, 0.2M. )
wereselected. Flavour subtractionete™ + utu~ — e*u™ wasapplied. After the event selection,
SM backgroundbecomesgyligible andsignificantpart of SUSY backgrounds removed. Few kine-
matic endpointswere reconstructeagndfitted [279]: the maximumof the distribution of the dilepton
invariantmass ;" , themaximumandthe minimumof thedistribution of the M (llg) invariantmass
M[[}Z“m and M[[;i” , the maximumof the distribution of the lower of thetwo [T¢, [~ ¢ invariantmasses

(Mllqm“)m‘”‘ and the maximumof the distribution of the higherof the two [™¢q, [~ ¢ invariant masses
(Ml’;igh)maf’f . Fromthis setof endpointmeasurementandby takinginto accountstatisticalfit errorand

systematierroron theenegy scale(1% for jetsand0.1% for leptons),SUSY massesn;, = 540 GeV,
mgg = 177 GeV, mp, = 143 GeV and mgo = 96 GeV were extractedwith a 6 GeV resolutionfor

squarksand4 GeV for non-squarkgZ = 300 fb~1).

Few experimentallychallengingpointsin the mSUGRAparametespaceconstrainedy the latest
experimentaldata(seeRef. [280]) wererecentlyselectedand studiedby usingfull Geantdsimulation.
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Preliminaryfull simulationstudiesof left squarkcascadalecayfor the bulk point, the coannihilation
point andthe focuspoint arereported(seeRef. [281]). Eventswith two SFOSleptonsareselectecand
flavour subtractionete™ + ptp~ — etuT wasapplied. The bulk point (mg = 100 GeV, myjp =
300 GeV, Ap = —300 GeV, tanf3 = 6, sign(x) = + ) is a typical mMSUGRA point where easy
SUSY discovery is expected. The endpointsM;y** , Mie® , Mjj™ (Ml’ffgh)m” and (Mjov)me
werereconstructedor integratedluminosity L = 5 fb~!. The coannihilationpoint ( my = 70 GeV,
myy = 350 GeV, Ay = 0 GeV, tan 8 = 10, sign(u) = + ) is challengingdue to the soft leptons
presentin the final state. The decayof the secondightestneutralinoto both left andright sleptonsis
open: X3 — Ir,gl. TheendpointsM* , My, (Ml};lgh)m” and (M/ov)me werereconstructed
for integratedluminosity = 20 fb~'. The focus point (mo = 3550 GeV, my,, = 300 GeV,
Ay = 0 GeV, tan § = 10, sign(u) = + ) predictsmulti-TeV squarkandsleptonmassesNeutralinos
decaydirectly to leptons: x§ — [T17x?, X3 — [T x?¥ anddileptonendpointsi;** were
reconstructedor L = 7 fb—!. All reconstructe@ndpointsareatthe expectedpositions.

In the caseof directsleptonproductionwhereboth sleptonsdecayto leptonandthefirst lightest
neutralinolziz /irlp — 1171~ X9 X! , therearenoendpointsn theinvariantmassdistritutionsbecause
of two missingfinal stateparticles. It is possibleto estimatesleptonmassby usingvariabletrans\erse
massMry = mingpiss—pmiss 4 piss {maz {mf (P, BF*), my(0f, Ef5°°) } } (seeRef.[282]). The
endpointof thestransersemasddistritution is afunctionof masdifferencebetweersleptonandthefirst
lightestneutralinoy?. In thecaseof MSUGRApoint SPS1afastsimulationstudiesseeRef.[245]) shav
thatby usingstransersemasdeft sleptonmassmiL = 202 GeV canbeestimatedvith theresolutionof
4GeV (L = 100 fo~1).

Left squarkcascadedecays G, — X9q — l%, R F) g — (far@E) rear(®) ¢ 39 are
very corvenientfor the supersymmetriparticles’ spin measuremenfseeRef. [248]). Due to slepton
andsquarkspin-Oandneutralinoy spin-1/2,invariantmassof quarkandfirst emitted(‘near’) lepton
M (gl"ee"(+)) is chage asymmetric. The asymmetryis definedas A = (st —s7)/(st +s7), s* =
(do)(dM (ql"e"(*))) . Asymmetrymeasurementarediluted by the factthatit is usuallynot possible
to distinguishthe first emitted(‘near’) from the secondemitted(‘far’) lepton. Also, squarkandanti-
squarkhave oppositeasymmetriesand are experimentallyindistinguishablebut LHC is proton-proton
colliderandmoresquarkghananti-squarksvill beproduced Fastsimulationstudiesof few pointsin the
MSUGRASspacg248,283] shav asymmetrydistributions not consistenwith zero,which is the direct
proofof theneutralinospin-1/2andsleptonspin-0.In thecaseof point SPS1anon-zercasymmetrymay
beobseredwith 30 fb~L.

For someof thepointsin mMSUGRAspace mixing betweerleft andright smuonss notnegligible.
Left-right mixing affects decaybranchingratios Y5 — Izl andchage asymmetryof invariantmass
distributions from left squarkcascadedecay For the point SPSlawith modified tan(3) = 20, fast
simulationstudies[283] shawv that differentdecaybranchingratios for selectronsand smuonscanbe
detectecat LHC for 300 fb~.

Fastsimulationstudiesshav that SUSY massesan be extractedby using kinematicendpoints
andstransersemass.Preliminaryfull simulationanalysisshav thatlarge numberof massrelationscan
be measuredor leptonicsignaturesvith few fb~! in differentmSUGRAregions. Whatis still needed
to be studiedmore carefully are: acceptanceand efficienciesfor electronsand muons, calibration,
trigger, optimizationof cutsagainstSM backgroundandfit to distributions. Theasymmetnydistributions
areconsistenwith neutralinospin-1/2andsleptonspin-0. Differentbranchingratiosfor selectrorand
smuon causedy smuonleft-right mixing, canbedetectecat ATLAS.

7 Usingthel™l~ 4+ K + jet vetosignature for sleptondetection

The aim of this section,which is basedon Ref. [284], is to studythe possibility of detectingsleptons
at CMS. Note the previous relatedpaperswvherethe sleptonsdetectionwasstudiedat the level of atoy
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detectof250,285-288] whereasve performafull detectorsimulation.

ISASUSY 7.69[289] wasusedfor the calculationof couplingconstantsaandcrosssectionsin the
leadingorderapproximatiorfor SUSY processed-or the calculationof thenext-to-leadingordercorrec-
tionsto the SUSY crosssectionghe PROSPINO code[290] wasused.Crosssectionsof the background
eventswerecalculatedvith PYTHIA 6.227[43] andCoMPHEP 4.2pl[291]. For consideredbackgrounds
theNLO correctionsareknowvn andthey wereused.Official datasetsproductionwereusedfor the study
of CMStestpointLM1 andbackgroundst, ZZ, WW, Wt, Zbb, DY2e, DY2r, whereDY denoteDrell-
Yan processeskor WZ, DY2, andW+jet backgroundshe eventsweregeneratedvith PYTHIA 6.227.
The detectorsimulationand hits productionwere madewith full CMS simulation[292], digitized and
reconstructe93]. The DY2u andW+jet backgroundsveresimulatedwith fastsimulation[294].

Jetswerereconstructedisinganiterative conealgorithmwith conesize 0.5 andtheir enegy was
correctedwith the GammaJetalibration. The eventsare requiredto passthe Global Level 1 Trigger
(L1), the High Level Trigger (HLT) andat leastone of the following triggers: single electron,double
electron,single muon, doublemuon. The CMS fastsimulationwas usedfor the determinatiorof the
sleptondiscovery plot.

As discussedh theprevioussection sleptonsanbeeitherproducedat LHC directly via theDrell-
Yan mechanisnor in cascadedecaysof squarksandgluinos. The sleptonproductionand decaysde-
scribedpreviously leadto thesignaturewith thesimplesteventtopology: two leptons+ Hr+ jet veto.
This signaturearisesfor both directandindirect sleptonpair production. In the caseof indirectly pro-
ducedsleptonsnot only the eventtopologywith two leptonsbut with single, threeandfour leptonsis
possible. Besides,indirect sleptonproductionfrom decaysof squarksand gluino throughchaginos,
neutralinoscanleadto the eventtopologytwo leptons + K1 + (n > 1) jets.

Closeto the optimalcutsare:

a. for leptons:

— pr - cuton Ieptons(pffpt > 20 GeaVl, |n| < 2.4) andleptonisolationwithin AR < 0.3 cone

containingcalorimetercellsandtracler;

— effective masof two opposite-sigrandthesame-flaourleptonss outsidethe (M — 15 GeV,
My + 10 GeV)intenal,

— ®(I*17) < 140° cuton anglebetweertwo leptons;

b. for B :

— Hp > 135 GeVcutonmissingEr;
— ®(Hp,ll) > 170° cutonrelatve azimuthalanglebetweerdileptonand #;

c. forjets:

— jetvetocut: N, = 0 for aE%Et > 30 GeV (correctedets)thresholdin the pseudorapidity
intenal |n| < 4.5.

The Standardviodel (SM) backgroundsre: tt, WW, WZ, ZZ, Wt, Zbb, DY, W+jet. The main
contritutions comefrom WW andtt backgrounds.Therearealsointernal SUSY backgroundsvhich
arisefrom ¢q, gg andgg productionsand subsequentascadelecayswith jets outsidethe acceptance
or below thethreshold.Note thatwhenwe areinterestedn new physicsdiscorery we have to compare
the calculatechumberof SM backgroundevents N, With new physicssignalevents N, c., physics =
Nyiept + Nsusyng, SOSUSY backgroundeventsincreasehe discovery potentialof new physics.

For thepointLM1 with thesetof cutsfor anintegral luminosity £ = 10 fb~! thenumberof signal
events(directsleptonsplus sleptonsrom chagino/neutraino decaysj)s Ng = 60, whereaghe number
of SUSYbackgroundventsis Nsirsyiy = 4 andthenumberof SM backgroundeventsis Ngap,, = 41.
Thetotal signalefficiengy is 1.16 - 10~* andthe backgroundcompositionis 1.32 - 10~6 of thetotal tthar,
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Fig. 3.9: Discovery plot (tan 3 = 10, sign(u) = +, A = 0) for final stateswith {*~, missingtrans\erseenegy
andajet veto.

1.37 - 10~° of thetotal WW, 4 - 106 of thetotal WZ, 4.4 - 10~ of thetotal ZZ, 8.1 - 10~ of thetotal
Wi, 0 of thetotal Zbb, DY, W+ijet.

The SUSY backgroundis rather small comparedto the signal, so we canassumeNg =
Nairect steptons + Nenargino/neutratino T Nsusysg = 64. This correspondso significancesSc1o = 7.7
andS.;, = 8.3 wherethe quantity S.;» is definedin ref. [295] and S, in refs.[296,297]. Takinginto
accounthe systematiaincertaintyof 23%relatedto inexactknowledgeof backgroundseadsto the de-
creaseof significanceS.;» from 7.7 to 4.3. Theratio of the numbersof backgroundeventsfrom two
differentchannelsN (ete™ + utp~™)/ N(e*u¥) = 1.37will be usedto keepthe backgroundsinder
control. The CMS discovery plot for two leptons + Hp + jet veto signaturds presentedh Fig. 3.9.

8 Usingthe e*puT 4+ Er signaturein the search for supersymmetryand lepton flavour
violation in neutralino decays

Theaim of this sectionbasedn Ref.[298] is the studyof the possibilityto detectSUSY andLFV using
thee*uT + L7 signatureat CMS. The detailsconcerninghe simulationsarethe sameasdescribedn
Sect.7.

The SUSY productionpp — G4 . §g,Gg with subsequentlecaysleadsto the event topology
ety + Hr. In the MSSM with leptonflavour conservingneutralinodecaysinto Ieptonsxg,&4 —
11~ XY donotcontritute to this signatureandcontritute only to 11~ + H signaturgherel = e or y).
Themainbackgroundsontrituting to thee* ¥ eventsare:tt, ZZ, WW, WZ, Wt, Zbb, DY27, Z+jet. It
hasbeenfoundthattt backgrounds thebiggestoneandit givesmorethan50% contritution to thetotal
background.

Our setof cutsis thefollowing:

— pr - cutonleptons(p ' > 20 GeVc,

n| < 2.4) andleptonisolationwithin AR < 0.3 cone.
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Table 3.2: Numberof signaleventsandsignificancesS., [295] andS.., [296,297]for £ = 10fb~ 1.

Point | N events  S.io Ser
LM1 329 218 249
LM2 94 8.1 8.6
LM3 402 252 29.2
LM4 301 204 23.1
LM5 91 7.8 8.3
LM6 222 16.2 18.0
LM7 14 1.4 1.4
LM8 234 169 1838
LM9 137 11.0 11.9
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Fig. 3.10: Discovery plot (tan 3 = 10, sign(u) = +, A = 0) for theluminositiesC = 1, 10, 30fb~* for the
etu® + Hr signature.

— B¢ > 300 GeVcutonmissingEr.

Forintegrateduminosity £ = 10 fb—* thenumberof backgroundaventswith this setof cutsis Nz = 93.
Theresultsfor variousCMS studypointsat this luminosity arepresentedn Table3.2.

At point LM1 the signal over backgroundratio is 3 andthe signal efficiengy is 6 - 107%. The
backgrounccompositionis 9.5 - 1076 of thetotal ttbar, 3.4 - 1076 of thetotal WW, 4 - 10~6 of thetotal
W2Z, 3.2 1079 of thetotal Wt, 2.2 - 10~ of thetotal Z+jet, 0 of thetotal ZZ, Zbb, DY 27.

TheCMS discovery plot for thee* T + K1 signatures presentedn Fig. 3.10.

It hasbeenshawn in refs.[188,299,300] thatit is possibleto look for leptonflavour violation at
supercolliderghroughthe productionanddecaysof the sleptons.For LFV atthe LHC oneof the most
promisingprocessess the LFV decayof the seconcheutralino[190,192] ¥3 — il — X! II’, wherethe
nonzerooff-diagonalcomponenobf thesleptonmasamatrix leadsto thedifferentflavoursfor theleptons
in thefinal state.By usingtheabore mode LFV in € — i mixing hasbeeninvestigatedn refs.[190,192]
at a partonmodellevel andatoy detectorsimulation. Herewe studythe perspectiesof LFV detection
in CMS on the basisof full simulationof both signaland background. To be specific,we studythe
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point LM1. We assumehatthe LFV is dueto nonzeromixing of right-handedsmuonand selectron.
The signalof the LFV Y9 decayis two opposite-sigrieptons(e* 1~ or e~ ™) in thefinal statewith a
characteristiedgestructure.In thelimit of leptonflavour conseration, the processy) — I — XY has
an edgestructurefor the distribution of the lepton-pairinvariantmassm;; andthe edgemassm;;'** is
expressedy the sleptonmassm; andthe neutralinomassesn)z%2 asfollows:

mar\2 __ 2 1 mlg 1 m?((l) 3.51
(mll ) *mgg( o m?(o)( - mlg ) ( . )
2

The SUSY backgroundor the LFV comesfrom uncorrelatedeptonsfrom different squarkor
gluino decaychains.The SM backgroundcomesmainly from

tf — bWOW — blbl v/ (3.52)

Drell-Yan backgroundrom pp — 77 — ep ... is negligible. It shouldbe stressedhat for the
signaturewith e* 4, in theabsencef the LFV we do not have the edgestructurefor the distribution on
theinvariantmaSSmmv(ei;ﬁ). As theresultof the LFV the edgestructurefor e* 1T eventsarisestoo.
Thereforethe signatureof the LFV is the existenceof an edgestructurein the e* ;T distribution. The
ratefor aflavour violating decayis

Br(x3 — e*puFx)) = sBr(x5 — ete 4. pTpu 1Y), (3.53)
where:
Br(x3 —ete X% utuxY) = Br(x3 — ete x1) + Br(xd — p ™ x), (3.54)
k= 2zsin?0 cos? 0, (3.55)
_Bmey 3.56
iE_Amzﬁ—l—ljz’ (3.56)
Br(x3 — e*pF) = Br(x§ — etu™) + Br(x3 — e u'). (3.57)

Hered is the mixing anglebetweerér andiir andl is the sleptonsdecaywidth. The parameter
x is themeasuref the quantuminterferenceeffect. Therearesomelimits on é — i masssplitting from
leptonflavour violating processebut they arenot very strong.

For k = 0.25, k = 0.1 the distributions of the numberof ei;ﬁ eventson the invariant mass
Miny (e* 1) (seeFig. 3.11) clearly demonstrateshe existenceof the edgestructure[301], i.e. the
existenceof the leptonflavour violation in neutralinodecays.It appearghatfor the point LM1 theuse

of anadditionalcut
Miny(eEpT) < 85 GeV (3.58)

reduceshoththe SM and SUSY backgroundsindincreaseshe discovery potentialin the LFV search.
For thepointLM1 we foundthatin theassumptiorof exactknowvledgeof thebackgroundboththe SM
andSUSY backgroundsjor the integratediuminosity £ = 10fb~! it would be possibleto detectLFV
at5o level in Y decaysor x > 0.04.

9 Neutralino spin measuementwith ATLAS

Chage asymmetriesn invariant massdistributions containingleptonscan be usedto prove that the
neutralinospinis 1/2. This is basedon a method[248] which allows to choosebetweendifferenthy-
pothesedor spin assignmentandto discriminateSUSY from an UniversalExtra Dimensions(UED)
modelapparentlymimicking low enegy SUSY [302,303]. For thisthedecaychain

qr., — ng — iiRl;q — It [ q )2(1) (3.59)
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Fig. 3.11: Thedistribution of dileptoninvariantmassafter selectionof two isolatede® 1 * leptonswith p‘Tem >

20 GeVandHEr > 300 GeVfor flavourviolation parametek = 0.25 (left) andk = 0.1 (right). Thesuperimposed
curvesarefits to theinvariantmassdistribution for the caseof 100%LFV.

will beused.In thefollowing, thefirst lepton(from %Y decay)is callednear, andthe onefrom slepton
decayis calledfar.

In the MSSM, squarksandsleptonsarespin-0particlesandtheir decaysaresphericallysymmet-
ric, differently from the Y3 which hasspin1/2. A chage asymmetryis expectedin theinvariantmasses
m(ql™e* &) formedby the quarkandthe nearlepton. Also m(qi/*") shavs somesmallchage asym-
metry [302,303], but it is not always possibleto distinguishexperimentallynearfrom far lepton, thus
leadingto dilution effectswhenmeasuringhe m (¢l (¥)) chage asymmetry

In the cascadedecay(3.59), the asymmetryin the correspondingn(gl) chage distributionsis
the sameasthe asymmetryin m(ql) from ¢, decay but with the oppositesign[304]. Thoughit is not
possibleto distinguishg from g at a pp collider like the LHC, more squarksthananti-squarkswill be
producedHereonly electronsandmuonsareconsideredor analysis.

Two mMSUGRA pointswere selectedfor analysis: SU1, in the stau-coannihilatiomegion (mg=
70 GeV, my ;o= 350GeV, Ap=0 GeV, tan3=10, sgnu=+) and SU3, in the bulk region (my= 100 GeV,
my /5= 300GeV, Ag=-300GeV, tan3=6, sgnpu=+). In SUL(SU3)LO crosssectionfor all SUSYis 7.8
pb (19.3 pb), andthe obserability of chage asymmetryis enhancedy ~5 (~2.5) in ¢/q production
yield.

In the SU1 point, owing to a small massdifferencebetweeny) andl;, (264 GeV and255 GeV,
respectiely), theneareptonhaslow pr in thex) — 11, 1 decaywhile thesmallmasddifferencebetween
Ir andx! (155 GeV and 137 GeV, respectiely), implies low valuesfor far leptons p in Y9 — gl
decay As a consequenca)earandfar leptonsaredistinguishable Decay(3.59) represents- 1.6% of
all SUSY production.Fromthethreedetectablearticlesi™, [, ¢ (wherethequarkhadronizeso ajet)
in thefinal stateof the ;, decay(3.59)four invariantmassesreformed: m(ll), m(qll), m(ql™*") and
m(qlf®). Their kinematicmaximaaregiven by: m(11)™** = 56 GeV (I1), 98 GeV (I), m(qll)"** =
614GeV (I, [g), m(ql™e* )™ = 181 GeV (i), 583GeV (Iz) andm(qlf*" )= = 329 GeV (i), 606
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Table 3.3: EfficienciesandS/B ratiosfor SUSY signalandbackgroundSU1,SU3)andfor SM background.

Efficiengy (SUL1) | S/B(SUL) | Efficiengy (SU3) | S/B(SU3)
Signal (17.0+£0.3)% / (20.0+ 0.3)% /
SUSYBackground| (0.94+ 0.01)% 0.33 (0.75+ 0.01)% 1
tt (2.69+ 0.02)10°* 0.18 (3.14+0.02)10°* 0.9
W (1.4+£0.9)10° ~16 (0.4+0.4)10°° ~300
Z (1.1+£0.3)10™° ~12 (0.94+0.2)10°° ~100

GeV (ir). In the SU3point, only thedecayx3 — i3 [T is allowed (3.8%of all SUSY production).The
endpointgor m(11), m(qll), m(ql™*) andm(ql/%") are100,503,420and389 GeV, respeciiely.

Eventswere generatedvith HERWIG 6.505[305]. SUSY samplescorrespondingo integrated
luminositiesof 100 fb—! for SU1 and 30 fb~! for SU3 were analysed. Also the mostrelevant SM
processehave beenalso studied,i.e. ¢t + jets, W + jetsand Z + jets backgroundsvere produced
with Alpgen 2.0.5[306]. Eventswere passedhrougha parametrizedgsimulationof ATLAS detector
ATLFAST [307].

In orderto separat&SUSY signalfrom SM backgroundhesepreselectiorcutswereapplied:

e missingtrans\erseenegy E%”SS > 100 GeV,
e 4 or morejetswith transersemomentunpy(j1) > 100 GeV andpr(j2, js, j4) > 50 GeV.
e exactlytwo SFOSleptons(p'*" > 6 GeV for SU1,andp'*" > 10 GeV for SU3).

At this selectionstage few invariantmassesreformed: the dileptoninvariantmassm(il), the lepton-
lepton-jetinvariantmassm (;jil), andthe lepton-jetinvariantmassesn (jI*) andm(jl~), wherel* are
theleptonsand; is oneof thetwo mostenegeticjetsin theevent. Subsequently

e m(ll) < 100 GeV,m(jll) < 615 GeV (for SUL) or m(jll) < 500 GeV (for SU3)

is required. In SU1, the decays(3.59) with [;, or I, aredistinguishedaskingfor m(ll) < 57 GeV or
57 GeV < m(ll) < 100 GeV, respectiely. For SU1,in thedecay(3.59)with 11, thenear(far) leptonis

identifiedasthe onewith lower (higher)pr, andvice versafor thedecay(3.59)with i . Theefficiencies
andsignal/backgroundatiosafterall the cutsdescribedsofar, whenappliedon SUSY andSM events,
areshawvn in Table3.3. Furtherbackgroundeductionis appliedby subtractingstatisticallyin invariant
masdistributionseventswith two oppositeflavour oppositesign(OFOS)leptons:e e+t~ — et T

(SFOS-OFOSubtraction).ThisreducessUSY backgroundy abouta factorof 2 andmakesSM events
with uncorrelatedeptonscompatiblewith zero.

Chage asymmetrie®f m(jl) distributionshave beencomputecdafter SFOS-OFOSubtractiorin
theranged0, 220] GeV for SU1 (only for thedecay(3.59)with [;, andnearlepton)and|0, 420] GeV for
SU3. Two methodshave beenappliedto detectthe presencef a non-zerochage asymmetry:

e anonparametricy? testwith respecto a constan0 function, giving confidencdevel CL,2,

e a RunTestmethod[308] providing a confidencdevel CL gy for the hypothesisof a zerochage
asymmetry

Thetwo methodsareindependenandarenotinfluencedoy theactualshapeof chageasymmetry Their
probabilitiescan be combined[308] providing a final confidencelevel CL.,5. In Fig. 3.12 chage
asymmetriegirereportedfor m(51"¢") 1, in SUlandfor m(;l) in SU3. With 100fb~!, in SULCL oy
is well belov 1%, while for SU330 fo~! are enoughto geta CL,,,,, ~10~?. Differentsourcesof
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Fig. 3.12: Chageasymmetriegor lepton-jetinvariantmassegfter SFOS-OFOSubtractionLeft: usingthenear
leptonfrom the chaininvolving I, for the SU1 point. Right: usingbothnearandfar leptonsfor the SU3point.

Table 3.4: Confidenceevels for the two methodsdescribedn the text, separatelyand combined,obtainedon
m(jl) distributionsfor thefinal selectedsamplesandfor varioussourceof background/systematics.

Analysed SU1selection SU3selection

Sample CLX2 CLgr CLcoms CLX2 CLgr CLcomp
a. SUSYSFOS-OFOS 19.1% | 0.234%/| 0.390% | 4.2210~Y | 0.621%| 6.6410~1°
b. SUSYOFOS 57.1%| 92.1% | 86.4% 19.3% 93.3% 48.9%
c. SUSY SFOSbkg 30.7% | 24.0% | 26.6% 53.5% 30.9% 46.2%
d. SM SFOSbkg 21.4%| 24.0% | 20.3% 61.3% 84.1% 85.7%
e. SM OFOSbkg 73.8% | 50.0% | 73.7% 95.5% 30.9% 65.5%
f. SUSYwrongjet 62.8% | 50.0% | 67.8% 19.7% 15.9% 14.0%

backgroundand possiblesystematiceffects have beeninvestigatedor SU1 and SU3 samplesandthe
obtainedconfidencdevelsarereportedn Table3.4(lettersb. tof.), comparedo thefinal SUSY selected
sample(lettera.). They referto: selectedOFOSleptonpairs(b.), SFOSbackgroundsUSY events(c.),
SFOSandOFOSselectedSM backgroundvents(d. ande,, respectiely) andeventswith m(jl) formed
with awrongjet (f.). Anyway, confidencdevelsaremuchhigherthanthefinal selectedsUSY sample.

It is obseredthatthe evidencewith a 99%confidencdevel for achage asymmetryneedsatleast
100fb—! in the caseof SU1,while evenlessthan10fb~! would be neededor SU3.

10 SUSY Higgs-bosonproduction and decay

Flavour-changingneutralcurrent(FCNC)interactionsof neutralHiggsbosonsareextremelysuppressed
in theStandardodel (SM). In the SM, onefinds B( Hsy — bs) ~ 4x 1078 for Mg, = 114 GeV?!. For
the neutralMSSM Higgs bosonsthe ratioscould be of O(10~#~10—?). Constraintfrom b — sy data
reducetheserates though[103,105,115,124]. TheFCNCdecaysBR(t — Hgy ¢) or BR(Hgy — tc)
areof the order 10~ or less[13,81,103,107], hencel0 ordersof magnitudebelon othermore con-
ventional(andrelatively well measuredFCNC processe$ike b — sy [49]. The detectionof Higgs
FCNC interactionswould be instantevidenceof new physics. The Minimal SupersymmetriStandard
Model (MSSM) introducesnew source®f FCNCinteractionamediatedby the strongly-interactingec-

In thefollowing, B(H — bs) denoteghe sumof the Higgsbranchingratiosinto b5 andbs. TheHiggsbosonH standdor
thatof the SM, Hsw, or oneof thoseof theMSSM, H® or A°.
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tor’. They are producedoy the misalignmentof the quark massmatrix with the squarkmassmatrix,

andthe main parametecharacterizingheseinteractionss the non-flavour-diagonaltermin the squark-
mass-matrixyhich we parametrizen the standardashion[121,122] as(M?2);; = &;;mm; (i # j),

m; beingthe flavour-diagonalmass-ternof the i-flavour squark. Sincethereare squarksof different
chiralities,therearedifferents;; parametersor the differentchirality mixings.

10.1 SUSYHiggs-bosonflavour-changingneutral currentsat the LHC

Somework in relationwith the MSSM Higgs-bosor-FCNCshasalreadybeenperformed[11,102-105,
113-116,123,124,309,31(. Here,we computeandanalyzethe productionof any MSSM Higgsboson
(h = h°, HO, A®) atthe LHC, followed by the one-loopFCNC decayh — bs or h — t ¢, andwe find
the maximumproductionratesof the combinedcross-section

I'(h—qqd +qq)

7(pp — b~ ad) = o(pp — hX)BR(h — ad) . BR(: —ad) = <5,

(3.60)

qq’ beingapairof heary quarks(qq’ = bs or tc), takinginto accountherestrictiongrom the experimen-
tal determinatiorof B(b — s) [49]. For othersignalsof SUSYFCNCattheLHC, withoutHiggs-boson
couplings,seechapter2.3.3andRef. [96]. For comparisorof the samesignalin non-SUSYmodelssee
chapter2.3.2andrefs.[13,107]. Herewe assumdlavour-mixing only amongtheleft squarkssincethese
mixing termsareexpectedo bethelargestonesby RenormalizatiorGroupanalysig119].

In thefollowing we give asummarizeaxplanationof thecomputationfor furtherdetailsseeRefs.
[103,105]. We includethe full one-loopSUSY-QCD contritutionsto the FCNC partial decaywidths
I'(h — q4’) in theobserableof Eq. (3.60). The Higgs sectorparametergmassesnd CP-even mixing
anglea) have beentreatedusingtheleadingm; andm,, tan 8 approximatiorto theone-loopresult[311—
314]. The Higgs-bosortotal decaywidthsI'(h — X') arecomputedat leadingorder including all the
relevant channels. The MSSM Higgs-bosorproductioncross-sectionsave beencomputedusing the
programsiIGLU 2.101 andPPHTT 1.1 [112,315316]. We have usedtheleadingorderapproximation
for all channels.The QCD renormalizatiorscaleis setto the default valuefor eachprogram.We have
usedthe setof CTEQ4L PDF[317]. For the constraintson the FCNC parameterswe use BR(b —
s7) = (2.1 —4.5) x 10~* asthe experimentallyallowedrangewithin threestandardaieviations[49]. We
alsorequirethatthesignof theb — sy amplitudeis thesameasin the SM [318F. Runningquarkmasses
mq(Q) andstrongcouplingconstantsy (@) areusedthroughoutwith the renormalizatiorscalesetto
the decayingHiggs-bosormmassin the decayprocessesThesecomputationshave beenimplementedn
thecomputercodeFCHDECAY [319] (seealsochaptel5.5). Giventhis setup we have performeda Monte-
Carlo maximization[320] of the cross-sectionn Eq. (3.60) over the MSSM parametespace keeping
the parametetan S fixed and underthe simplificationthat the squarkand gluino soft-SUSYbreaking
parametemassesreatthesamescale,;mg; , = myz = Mgusy-

It is enlighteningo look attheapproximatdeadingexpressionso understandhequalitative trend
of theresults.The SUSY-QCD contrikution to theb — sy amplitudecanbeapproximatedo

ASQED (b — sy) ~ Gagmy (11 — Ay tan B)/ Mysy (3.61)
whereaghe MSSM Higgs-bosor-CNC effective couplingsbehae as

sin(f8 — aeg)  (H?)
5 cos(fB — aer) (RY) . (3.62)
Mgysy 1 (AO)

ghqq7 ~ 623

2For descriptionof theseinteractionsseee.g.Refs.[102,121,122] andreferencesherein.
3This constrainmutomaticallyexcludesthefine-tunedregionsof Ref.[103].
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Fig. 3.13: Left: The maximumvalueof BR(h — bs) asa functionof m 4o for tan 8 = 50. Centre:Maximum
SUSY-QCD contributionsto o(pp — h — bs) asafunctionof m 4o for tan 8 = 50. Right: Maximum SUSY
QCD contrikutionsto o(pp — h — t ¢) asafunctionof m 4o for tan 8 = 5.

Table 3.5: Top: Maximum valuesof BR(h — bs) andcorrespondingSUSY parametergor m 40 = 200 GeV
andtan 3 = 50. Centre:Maximumvalueof o(pp — h — bs) andcorrespondingUSY parametergor m 40 =
200 GeVandtan 8 = 50. Bottom: Maximumvalueof o(pp — h — t ¢) andcorrespondingUSY parametersor
m 0 = 300 GeVandtan 5 = 5.

| I 7] I | A

BR(h —bs) || 9.1 x107* 3.1x 1073 9.1 x 107%
I'(h— X) 112GeV | 1.4x103GeV| 11.3GeV
523 10—0.43 10—0.8 10—0.43
Msusy 1000 GeV 975 GeV 1000 GeV
Ay —1500 GeV | 1500 GeV | —1500 GeV
M —460 GeV —1000 GeV —460 GeV
BR(b— sv) || 449 x 107% | 448 x 107* | 4.49 x 10~*
| h 7 [ n [ A ]
o(pp — h — bs) 0.45 pb 0.34 pb 0.37 pb
events100 fb~! 4.5 x 10* 3.4 x 10% 3.7 x 10
BR(h — bs) 93x107% [ 21 x107* | 89x 10~*
I'(h— X) 109GeV | 1.00GeV | 11.3GeV
593 10062 10~ 132 10042
mg 990 GeV 670 GeV 990 GeV
Ay —2750 GeV | —1960 GeV | —2860 GeV
m —720 GeV | —990 GeV | —460 GeV
BR(b — s7) 4.50 x 107% | 4.47 x 107% | 4.39 x 1072
| h [ H [ A ]
olpp—h —tc) || 24 x 1073 pb| 5.8 x 10~ pb
events100 fo~! 240 58
BR(h — tc) 1.9 x 1073 5.7 x 1074
IL'(h— X) 0.41 GeV 0.39 GeV
623 1070.10 1070.13
mg 880 GeV 850 GeV
Ay —2590 GeV 2410 GeV
U —700 GeV —930 GeV
BR(b — sv) 413 x 107% | 4.47 x 107%
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The different structureof the amplitudesin Egs.(3.61) and(3.62) allows us to obtainan appreciable
FCNC Higgs-bosordecayrate, while the predictionfor BR(b — sv) staysinsidethe experimentally
allowedrange.

For theanalysisof the bottom-strang@roductionchannelwe studyfirst the Higgs-bosorbranch-
ing ratioin Eq. (3.60). Fig. 3.13(left) shavs the maximumvalueof BR(h — bs) asa functionof the
pseudoscaladiggs-bosommassm 40. We obsere thatfairly large valuesof BR(R" — bs) ~ 0.3% are
obtained.Tah 3.5(top) shavstheactualvaluesof themaximumbranchingatiosandthe parameterghat
provide themfor eachHiggs boson.Let usdiscusdirst the generaltrend,which is valid for all studied
processesThe maximumis attainedatlarge Msysy andmoderateyos. The SUSY-QCD contrikution to
b — svin Eq.(3.61)decreasewith Mgysy, thereforeto keepBR(b — sv) in theallowedrangewhen
Msusy is small, it hasto be compensateavith a low value of d»3, providing a small FCNC effective
couplingin Eq. (3.62). Onthe otherhand,at large Msysy thesecondactorin Eq. (3.61)decreasesl-
lowing alargervalueof d-3. Thus,thefirst factorin Eq. (3.62)grows, but the secondactorin Eq. (3.62)
staysfixed (providedthat|u| ~ Mgsusy), overall providing a larger valueof the effective coupling. On
the otherhand,a too large value of d23 hasto be compensatetly a small valueof |u|/Msusy in EQ.
(3.61),provoking areductionin Eq. (3.62). In the end,the balanceof the variousinteractionsnvolved
producegheresultsof Tah 3.5 (top).

The maximumvalue of the branchingratio for the lightest Higgs-bosonchannelis obtainedin
the small a.¢ scenario[321,322]. In this scenariothe coupling of bottom quarksto 1° is extremely
suppressedThe large valueof BR(h? — bs) is obtainedbecausehe total decaywidth T'(h? — X)
in thedenominatoof Eq. (3.60)tendsto zero(Fig. 3.13,top), andnot becausef alarge FCNC partial
decaywidth in its numeratof103].

Theleadingproductionchannelof h° atthe LHC at high tan 3 is the associategiroductionwith
bottomquarks andthereforethe h° productionwill besuppressedhenBR(h° — bs) is enhancedWe
have to performa combinedanalysisof the full processn Eg. (3.60)to obtainthe maximumproduc-
tion rateof FCNC Higgs-bosormeditatedeventsat the LHC. Fig. 3.13(centre)shows theresultof the
maximizationof the productioncross-sectior3.60). The centralcolumnof Tah 3.5 (center)shavs that
when performingthe combinedmaximizationI'(h° — X) hasa muchlarger value,andthereforethe
maximumof the combinedcross-sectioms not obtainedin the small a.g scenario The numberof ex-
pectedeventsatthe LHC is around50,000events/100b 1. While it is alarge numbey the hugeb-quark
backgroundatthe LHC will mostlikely preventits detection.Note, however, thatthe maximumFCNC
branchingatiosarearoundl0~*~10~?, whichis atthesamdevel asthealreadymeasured3 R(b — sv).

The numericalresultsfor the tc channelaresimilar to the bs channelsowe focusmainly on the
differencesFigure3.13(right) shavs the maximumvalueof the productioncross-sectioa (pp — h —
t ¢) asafunctionof m 40. Only the heary neutralHiggs bosonscontritute to this channeandwe obtain
a maximumof o™ (pp — h — tc) ~ 1073 — 10~2 pb, which meansseveral hundredseventsper
100fb~! atthe LHC. Dueto the singletop quarksignaturethey shouldbe easierto detectthanthe bs
channel,providing the key to a new doorto study physicsbeyond the Standardvodel. It is now an
experimentakhallengeo prove thattheseeventscanbe effectively be separatedrom the background.

The single top-quarkFCNC signaturecan also be producedin other processeslike the direct
production(seechapter2.3.3and Ref. [96]), or othermodels,like the two-Higgs-doubletmodel (see
chapter2.3.2 and Refs.[13,107]). In Table 3.6 we make a schematiccomparisonof thesedifferent
modes.Thetwo modesavailablein SUSY modelsprobedifferentpartsof the parametespace While the
maximumof the directproductionis larger, it decreaseguickly with themassjn theend,at Msysy =
mg ~ 800 GeV bothchannelshave a similar productioncross-sectionAs for the comparisorwith the
two-Higgs-doublemodel,the maximumfor this latermodelis obtainedn atotally differentparameter
set-upthanthe SUSY model: large tan (3, large m 40, large splitting amongthe Higgs-bosormasses,
andextremalvaluesof the CP-even Higgs mixing anglea (large/smalltan o for h°/H®). Thefirst two
conditionswould produceasmallvaluefor theproductionin SUSY modelswhile thelasttwo conditions
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Table 3.6: Comparisonof several FCNC top-charmproductioncross-sectionat the LHC, for o°VSY (pp —
h — tc) [this work, andRefs.[103,105]], directproductionos*V>Y (pp — tc) (chapter2.3.3andRef. [96]), and
two-Higgs-doublemodelo?#PM (pp — h — tc) (chapter2.3.2andRefs.[13,107]).

Parameter SUSYh — tc | DirectProduction| 2HDM h — tc
Maximum cross-sectior]] 10~2 — 10~ pb 1pb 5x 1073 pb
tan Decreasefast insensitve Increasegast
™M 40 Decreasefast insensitve Preferdarge

Mgsusy Preferdarge Decreasefast -

Ay insensitve very sensitve -

093 Moderate Moderate -

PreferredChannel HO - HO /B0

Higgs masssplitting Given(small) - Preferdarge

arenot possiblein the SUSY parametespace.Then,the detectionof a FCNC tc channelat the LHC,
togetherwith someother hint on the parameteispace(large/smalltan 3, m 40) would give a strong
indication(or confirmation)of the underlyingphysicsmodel(SUSY/non-SUSYhoserby nature.

10.2 H — bs and B-physicsin the MSSM with NMFV

Herewe summarizeéheresultsfrom a phenomenologicanalysisof the generalconstrainton flavour
changingneutralHiggs decaysH — b3, sb, setby boundsfrom b — sy on the flavourmixing pa-
rameterdan the squarkmassmatricesof the MSSM with non-minimalflavour violation (NMFV) and
compatiblewith thedatafrom B — X,u™ ., assumindirst oneandthenseveral typesof flavour mix-
ing contrikuting at atime [123]. Detailsof the part of the soft-SUSYbreakingLagrangianresponsible
for the non-minimalsquarkfamily mixing andof the parametrizatiof the flavournon-diagonbsquark
massmatricesaregivenin [110,123] (seealsochapterb.6 for a brief description).Previous analyseof
boundson SUSY flavourmixing parameterérom b — s [323-325] have shavn theimportanceof the
interferenceeffectsbetweerthe differenttypesof flavour violation [121,122].

We definethe dimensionlesdlavour-changingparametergs?, )23 (ab = LL, LR, RL, RR) from
theflavour-off-diagonalelementf the squarkmassmatricesin the following way (se€[110,123]),

tL = (0r)2s My .My, Lr = (OLr)23 Mp  Mp,,
rL = (ORp)23 Mp Mg, Akr = (Okr)2s Mg Mg,

andanalogouslyfor thedown sector({u, ¢, t} — {d, s, b}). For simplicity, we take the samevaluesfor
the flavour-mixing parametersn the up- anddown-squarksectors:(6,5)23 = (9%)23 = (5313)23- The
expressiorfor thebranchingatio BR(B — X7) to NLO is takenfrom [326,327]. Besideswe assume
acommonvaluefor thesoft SUSY-breakingsquarkmassparameters)/sysy, andall thevarioustrilinear
parameterto beuniversal,A = A; = A, = A. = A, [123]. Theseparameterandthed’swill bevaried
over awide range,subjectonly to therequirementshatall the squarkmasse$e heavier than100GeV,
|u| > 90 GeVand M, > 46 GeV [49]. We have choserasareferencehefollowing setof parameters:

(3.63)

5 2
Msusy = 800 GeV, M, =300 GeV, M; = gSTWM2 ’
C
w
A =500GeV, my=400GeV, tanf =35, p=—-700GeV.

We have modified the MSSM model file of FeynArts to include generalflavour mixing, and added
6 x 6 squarkmassandmixing matricesto the FormCalcevaluation.Both extensionsarepublicly avail-
able[109,110,328,329]. The massesndtotal decaywidths of the Higgs bosonswere computedwith
FeynHiggs[330-333].

(3.64)
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Fig. 3.14: BR(H® — bs) asafunctionof (411, rr )23. Theallowedintervalsof theseparametersieterminedrom
b — sv areindicatedby colouredareas Thered (dark-shadedireasaredisfavouredoy B — X, ™.

Next we derive the maximumvaluesof BR(H® — bs) compatiblewith BR(B — X Y)eqp =
(3.3+£0.4) x 10~* [334,335] within threestandardieviationsby varyingtheflavour-changingparameters
of the squarkmassmatrices. The resultsfor the A° bosonare very similar andwe do not shav them
separately

As a first step,we selectone possibletype of flavour violation in the squarksector assuming
thatall theothersvanish.Theinterferencébetweerdifferenttypesof flavour mixing is thusignored.We
foundthattheflavour-off-diagonalelementareindependentlgonstrainedo beatmost(d,p )23 ~ 1073
1071, As expected121,122,323-325], theboundson (§1.r )23 arethestrongest(Syr )23 ~ 10 3-10"2.
Thedatafrom B — X u™p~ furtherconstrairtheparameter$dyr 1, )23 and(dpr )23, theothersremaining
untouched. The allowed intervals for the correspondindglavourmixing parametersghus obtainedare
givenin [123]. For our referencepoint (3.64)we find thatthe largestallowed valueof BR(H® — bs),
of O(1073) or O(10~?), is inducedby (rr )23 OF (d11,)23, respectiely (seeFig.3.14). Thesearethe
flavour-changingparameterdeaststringently constrainedoy the b — sy data. BR(H? — bs) can
reachO(1079) if inducedby (J1.r )23 O by (Jrr. )23, the moststringentlyconstrainedlavour-changing
parameterBecausef therestrictiondmposedoy b — sy, BR(H? — bs) dependserylittle on (S.r )23
aﬂd(éRL)gg.

Then, we investigatethe casewhentwo off-diagonalelementsof the squarkmassmatrix con-
tribute simultaneously Indeed,we performedthe analysisfor all possiblecombinationsof two of the
four dimensionlesparameter$3.63). Thefull resultsaregivenin [123]. Fig. 3.15displayspartof the
resultsfor our parameteset(3.64). Contoursof constant’(H? — bs) = I'(H" — bs) + ['(H" — sb)
aredrawn for variouscombinationgd,;)23—(d.q)23 Of flavourmixing parametersyhich we shallrefer
to as“ab—cd planes’for shortin thefollowing. The colouredbandsrepresentegionsexperimentallyal-
lowedby B — X,v. Theredbandsareregionsdisfavouredby B — X,u . Theboundson (d1r )23,
the bestconstrainedor only onenon-zerdflavouroff-diagond elementaredramaticallyrelaxed when
otherflavour-changingparametergontritute simultaneously Valuesof (61r)23 ~ 10! areallowed.
As shawn in Fig. 3.15, large althoughfine-tunedvaluesof (11 )23 and (drr )23 combinedare not ex-
cludedby b — s, yieldinge.g. I'(H® — bs)max = 0.25 GeVfor (6pr )23 = —0.22, (51 )23 = —0.8.
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Fig. 3.15: Contoursof constan’(H° — bs) in variousplanesof (4,)23. The colouredbandsindicateregions
experimentallyallowedby B — X,~. Theredbandsshow regionsdisfavouredby B — X utp.

This translatego branchingratios compatiblewith experimentaldataof BR(H® — bs)max ~ 1072. 4
It also occursfor the RL-RR case. The combinedeffects of RR-LL leadto I'(H? — bs)max =
0.12 GeVfor (Srgr )23 = 0.65, (1 )23 = +0.14, leadingto BR(H® — bs)max ~ 1072,

11 Squark/gauginoproduction and decay

Non-minimalflavour violation (NMFV) arisesin the MSSM from a possiblemisalignmenbetweernhe
rotationsdiagonalizingthe quarkandsquarksectors.t is corvenientlyparametrizedn the superCKM
basisby non-diagonakntriesin the squared;quarkmassmatricesM%, M%, andMIQj andthetrilinear
couplingsA,, and A;. Squarkmixing is expectedto bethe largestfor the secondandthird generations
dueto thelarge Yukava couplingsinvolved. In addition,stringentexperimentalconstraintgor the first
generatiorareimposedby precisemeasuremenisf K — K° andD° — D° mixing. Furthermoregirect
searchesf flavourviolation dependnthepossibilityof flavourtagging establishe@xperimentallyonly
for heavy flavours.We thereforeconsidethereonly mixings of second-andthird-generatiorsquarksand
follow the corventionsof Ref.[116].

11.1 Flavour-violating squark- and gaugino-production at the LHC

WeimposemSUGRA[mg, m, 5, Ao, tan 8, andsgn(u)] parameterat alarge (grandunification)scale
andusetwo-looprenormalizatiorgroupequationsandone-loopfinite correctionsasimplementedn the
computemprogramSPhen®.2.2[336] to evolve themdown to the electraveak scale. At this point, we
generalizethe squarkmassmatricesby including non-diagonatermsA;;. The scalingof theseterms
with the SUSY-breakingscaleMsysy impliesahierarchyAr;, > Argr rr > Arr [337]. Wetherefore
take Arr,rr = Agr = 0, while Af; = MN'M; M; andA}; = \’M; M; , andassuméor simplicity
A = M\t = \b. The squarkmassmatricesarethendiagonalizedand constraintsfrom low-enegy and
electraveak precisionmeasurementareimposedon the correspondingheoreticalobserables,calcu-
latedwith the computemprogramFeynHiggs2.5.1[331].

Flavour-changingneutral-currenfFCNC) B-decaysand B® — BY mixing arisein the SM only at
the one-looplevel. Theseprocessesrethereforeparticularly sensitve to non-SMcontrikutions enter
ing at the sameorderin perturbationtheoryandhave beenintenselystudiedat B-factories. The most
stringentconstraintson SUSY-loop contrikutions in minimal and non-minimalflavour violation come
todayfrom theinclusve b — sy decayrateasmeasuredy BaBar Belle,andCLEO, BR (b — s7v) =
(3.55 4 0.26) x 10~* [338], which affectsdirectly the allowed squarkmixing betweerthe secondand
third generatiorj123].

“Herewe have usedthetotal width of T'(H — X)) ~ 26 GeV, H = H°, A°, for thepoint (3.64)in the MSSMwith MFV.
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Another importantconsequencef NMFV in the MSSM is the generationof large splittings
betweensquark-massigevalues. The splitting within isospin doubletsinfluencesthe Z- and -
bosonself-enegies at zero-momentunt z i (0) in the electraveak p-parameterAp = Y7 (0)/M2 —
ZW(O)/MEV and consequentithe W-bosonmassMy andthe squaredsine of the weak mixing an-
gle sin? fy,. The latestcombinedfits of the Z-bosonmass,width, pole asymmetry 1¥-bosonand
top-quarkmassconstrainnen physicscontributionsto Apto 7 = —0.13 £ 0.11 or Ap = —aT =
0.00102 + 0.00086 [338].

A third obserablesensitve to SUSY loop-contrilutionsis theanomalousnagnetianomenta,, =
(9, — 2)/2 of themuon,for which recentBNL dataandthe SM predictiondisagreeby Aa,, = (22 +
10) x 10~1°[338]. In our calculationwe take into accountthe SM andMSSM contrikutionsup to two
loops[339,340].

For cosmologicakeasonswe requirethe lightestSUSY particle (LSP) to be electricallyneutral.
We alsocalculate albeitfor minimal flavour violation (A = 0) only, the cold dark matterrelic density
usingthe computemprogrambDarkSUSY[341] andimposealimit of 0.094 < Q.h? < 0.136 at95%(20)
confidencdevel. Thislimit hasrecentlybeenobtainedfrom thethree-yeadataof the WMAP satellite,
combinedwith the SDSSandSNLSsuney andBaryonAcousticOscillationdataandinterpretedwithin
a moregeneral(11l-parameterinflationarymodel[342]. This rangeis well compatiblewith the older,
independentlypbtainedrangeof 0.094 < Q.h? < 0.129 [280].

Typical scansof the mMSUGRA parametespacewith tan 3 = 10, Ao = 0 andp > 0 andall
experimentallimits imposedat the 20 level areshavn in Fig. 3.16. Notethat 1 < 0 is disfavored by
g, — 2 data,while Ap only constrainghe parameteispaceoutsidethe massregions shavn here. In
minimal flavourviolation, light SUSY scenariosuchasthe SPS1abenchmarkpoint (mgy = 100 GeV,
my o = 250 GeV)[244] arefavoredg,, — 2 data. The dependencen the trilinear coupling A (—100
GeVfor SPS1a,0 GeVin our scenario)s extremelyweak.

In Fig. 3.17 we shav for our (slightly modified) SPS1a benchmarkpoint the dependencef
the electraveak precisionvariablesand the lightest SUSY particle masseson the NMFV parameter
A, indicating by dashedines the rangesallowed experimentallywithin two standarddeviations. It is
interestingto seethat for this benchmarlpoint, not only the region closeto minimal flavour violation
(A < 0.1) is allowed, but thatthereis a secondallowedregionat 0.4 < A < 0.5.

Next, we studyin Fig. 3.18the chirality andflavour decompositiorof the light (1,2) andheary
(4,6)squarkswhichchangesnostlyin asmoothway, but sometimesiramaticallyin very smallintervals
of A. In particularthesecondallowedregionatlarger A hasa quitedifferentflavourandchirality mixture
thantheoneatsmall \.

Themainresultof our work is the calculationof all electraveak (andstrong)squarkandgaugino
productionchannelsn NMFV SUSY [343]. We shav in Fig. 3.19a small, but representate sample
of theseproductioncrosssections: chaged squark-antisquarlair production,non-diagonalsquark-
squarkpair production,aswell as chagino-squarkand neutralino-squarlassociategroduction. The
two b — sv allowedregions (A < 0.1 and0.4 < A < 0.5) areindicatedby vertical lines. Note
that NMFV allows for a top-flavour contentto be producedfrom non-topinitial quark densitiesand
for right-handedchirality contentto be producedfrom stronggluon or gluino exchanges. The cross
sectionsshavn hereareall in the fb rangeandlead mostly to experimentallyidentifiableheary-quark
(plus missingtrans\erse-engyy) final states.

In conclusion,we have performeda searchin the NMFV-extendedmSUGRA parameterspace
for regionsallowed by electraveak precisiondataaswell ascosmologicakonstraints.In a benchmark
scenaricsimilarto SPS1a,we find two allowedregionsfor second-andthird-generatiorsquarkmixing,
A < 0.1and0.4 < X\ < 0.5, with distinctflavour andchirality contentof the lightestandheariest up-
anddown-type squarks.Our calculationsof NMFV productioncrosssectionsat the LHC demonstrate
that the correspondingquark(anti-)squarkpair productionchannelsandthe associateghroductionof
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Fig. 3.16: a, (grey) andWMAP (black) favoredaswell asb — sv (blue) andchagedLSP (orange)excluded
regionsof MSUGRAparametespacen minimal (A = 0) andnon-minimal(\ > 0) flavour violation.

squarksandgauginosarevery sensitve to the NMFV parametep. For furtherdetailsseeRef. [344].

11.2 Flavour-violating squark and gluino decays

In the study of squarkdecaystwo generalscenarioxan be distinguisheddependingon the hierarchy
within the SUSY spectrum:

- mg > mg, (¢ =d,u;7=1,...,6): Inthiscasethegluinowill mainly decayaccordingto

g—djd;, g— uju;

(3.65)

with d; = (d, s,b) andu; = (u, ¢, t) followed by squarkdecaysnto neutralinoandchaginos

~ -0 -+ 3 ~0 o
Ui = WiXg s diX; » di = djXp, uiX; -

(3.66)

In additiontherecanbedecaysnto gauge-andHiggsbosonsf kinematicallyallowed:

U;

—  Ziuy, Hlay,, Whd;, Hd;
d; — Z(ik, H?Jk, W~u;, H u;

(3.67)
(3.68)

whereH? = (R, H°, A%), k < 4,j = 1,...,6. Dueto thefact, thatthereis left-right mixing in
the sfermionmixing, onehasflavour changingneutraldecaysnto Z-bosonsattree-level.
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ontheNMFV parameten.

- mg <mg, (¢ =d,u;i=1,...,6): Inthiscasethesquarksdiecaymainly into agluino:

U —u;ig, di —d;g (3.69)
andthe gluino decaysvia three-bodydecaysand loop-inducedtwo-body decaysinto chaginos
andneutralinos

G—djdi Xy, ujui X0, G —uidiXi, §— gXe (3.70)

withi,7 =1,2,3,1 = 1,2andk = 1, 2, 3, 4. Thefirsttwo decaymodescontainstateswith quarks
of differentgenerations.

Obviously, the flavour mixing final statesof the decaydisted above are constrainedy the factthatall
obseredphenomena raremesondecaysareconsistentvith the SM predictions.Neverthelesspnehas
to checkhow large the branchingratiosfor the flavour mixing final statesstill canbe. Onealsohasto
studytheimpactof suchfinal stateson discorery of SUSY aswell asthedeterminatiorof theunderlying
modelparameters.

For simplicity werestrictoursehesto themixing betweersecondandthird generatiorof (s)quarks.
We will take the so—calledSPA point SPS1a’[255] as a specific examplewhich is specifiedby the
mSUGRAparametersy, = 70 GeV, m, o = 250 GeV, 4 = —300 GeV, tan § = 10 andsign(u) = 1.
We have checled that main featuresdiscussedelav are also presentin other study points, e.g. I”
and~ of [345]. At the electraveakscale(1 TeV) onegetsthe following datawith the SFAla’ point:
My = 193 GeV, p = 403 GeV, my+ = 439 GeV andm; = 608 GeV. We have usedthe program
SPhend336] for the calculation.
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Table 3.7: Flavour violating parameterin Ge\? which areaddedto the SPS1a’point. The correspondingalues
for thelow enegy obsenablesareBR(h — s7) = 3.8 - 1074, |[A(Mp,)| = 19.6 ps * andBR(b — sutp~) =
1.59 - 1076,

Mc%,23 M%,zs Ml%,23 vy Ay vy Ay UdACQi3 UdAgQ
-18429 -37154 -32906| 28104 16846 981 -853

It hasbeenshawvn, thatin Minimal Flavour Violating scenarioshe flavour changingdecaymodes
arequitesmall[195]. To getsizableflavour changingdecaybranchingratios,we have addecthe flavour
mixing parametergaisgivenin Table3.7;theresultingup-squarkmassesn GeV arein ascendingrder:
315,488,505,506,523 and587 [GeV] whereaghe resultingdovn-squarkmassesare 457,478, 505,
518, 529, 537 [GeV]. This point is a random,but also typical one out of 20000 points fulfilling the
constraintderived from the experimentalmeasurementsf the following threekey obserablesof the
b — s sector:b — sy, AMp, andb — sl™i~. For the calculationwe have usedthe formula given
in [346,347], for b — s, theformulafor AMp, givenin [348] andthe formulafor b — si*1~ given
in [346,349]. Note, thatwe have includedall contritutionsmediatedoy chagino, neutralinoandgluino
loopsaswe departhereconsiderablyfrom Minimal Flavour Violation. The mostimportantbranching
ratiosfor gluino andsquarkdecaysaregivenin Table3.8. In additionthefollowing branchingratiosare
largerthan1%, namelyBR (i — d1W)=8.9%andBR (i — d>WW)=1.8%. We have notdisplayedthe
branchingratiosof thefirst generatiomor the onesof the gluino into first generation.

It is clearfrom Table 3.8 thatall listed particleshave large flavour changingdecaymodes. This
clearlyhasanimpacton the discorery strat@y of squarksaandgluinosaswell ason the measuremeruf
the underlyingparametersFor example,in mSUGRA pointswithout flavour mixing onefinds usually
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Fig. 3.19: Representate sampleof squarkandgauginoproductioncrosssectionsatthe LHC in NMFV.

thatthe left-squarksof the first two generationgswell asthe right squarkshave similar massesLarge

flavour mixing impliesthatthereis a considerablenasssplitting ascanbe seenby the numbersaborve.

Therefore,the assumptiorof nearly equalmasseshouldbe reconsideredf sizableflavour changing
decaysarediscoveredin squarkandgluino decays.

An importantpart of the decaychainsconsideredor SPSla’andnearbypointsareg — bEj —
b13>22 which areusedto determinethe gluino massaswell asthe shottommasse®r atleasttheir average
valueif thesemassesre close. In the analysisthe existenceof two b-jets hasbeenassumedwhich
neednot to be the caseasshavn in the exampleabove. Therefore this classof analysisshouldbe re-
donerequiringonly oneb-jet + one additionalnon b-jet to studythe impactof flavour mixing on the
determinatiorof thesemasses.

Similar conclusionshold for the variable M} definedin [350]. For this variableone considers
final statescontainingby; . In our example threeu-typesquarkscontritute with branchingratioslarger
than10%in contrastto assumptiorthat only the two stopscontrikute. The influenceof the additional
staterequiresfor a surea detailedMonte Carlostudywhich shouldbe carriedoutin thefuture.
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Table 3.8: Branchingratios(in %) for squarkandgluinodecaydor thepointspecifiedn Table3.7. Only branching
ratioslargerthan1% areshown.

e %l B St lxts ol xgb @z’ ah
i; | 1.4 16.8 81.1
iy | 9.1 21.0 3.6 | 429 143 53 13
iz | 20.9 21.9 475 1.1 19 55

ig| 15 27|16 37|40 141|142 392 52
Xis  Xib | Xos  Xob | X5b Xub | Xy Xpt  wWT

d| 1.4 57| 27 28 6.5 281 273
d| 42 29| 63 17.8 13.4 188 348
dy | 1.8 23 3.7 415 5.8 20.0

d¢ | 77.3 159| 46 3.7 | 24 24| 7.7 51 40.

d18 dlb ng d2b d3d d48 d5d d68 d@b
g| 34 128 55 75| 82 58| 51 21 2.2
ﬂlc ﬂlt {LQC ’17,36 ﬂ4u ﬂ5u

12 14| 88 79| 82 55

12 Top squark production and decay

Supersymmetriscenariowith a particularlylight stophave beenrecentlyconsideredaspotentialcan-
didatesto provide a solid explanationof the obsered baryonasymmetryof the Universe[351]. Inde-
pendentlyof this proposal measurementsf the procesof stop-chagino associategiroductionat LHC
have beenconsideredisa ratheroriginal way of testingthe usualassumptionsboutthe Supersymmet-
ric CKM matrix [352]. In a very recentpaper[353], the latter associategbroductionprocesshasbeen
studiedin somedetailfor differentchoicesof the SUSY benchmarkpoints,trying to evidentiateandto
understandin apparentlystrongtan 5 dependencef the productionrates. As a generaffeatureof that
study the valuesof the variousratesappearedtypically, belonv theonepb size,to be comparedvith the
(much)biggerratesof the stop-antistoprocesgseee.g.[354]).

12.1 Associatedstop-chargino production at LHC: A light stop scenariotest

Giventhepossiblerelevanceof anexperimentaldeterminationit might be opportuneo performamore
detailedstudy of the productionrate sizein the speciallight stopscenariowhereone expectsthatthe
numericalalueis aslargeaspossible Herewe presentheresultsof this study performedatthesimplest
Bornlevel giventhe preliminarynatureof theinvestigation.

Thestartingpointis the expressiorof the differentialcrosssection,estimatedat Born level in the
c.m. frameof theincomingpair of the partonicprocessg — x; %VJ Its detailedexpressionhasbeen
derved anddiscussedn [353]. The associated.m. enegy distribution (at this Born level identicalto
thefinal invariantmassdistribution) is

d tax; +X 1 [oosbmae Ahg fix
olpp = tax; +X) _ dCOS@ng(T,COSQ)ibg faX;

= — S 3.71
ds S Jeost,n dcos 0 (), 3.71)

wherey/5 andy/S arethe partonandtotal pp c.m.enepgies,respectiely, 7 = 5/, andLly, is theparton
procesduminosity thatwe have evaluatedusingthe partondistribution functionsfrom the Heary quark

CTEQ6set[355]. The rapidity andangularintegrationsare performedafterimposinga cut pr > 10
GeV.

For a preliminaryanalysiswe have consideredhe total crosssection(for producingthe lightest
stop-chagino pair), definedastheintegrationof thedistribution from thresholdto afinal enegy /s left
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asfreevariable,generallyfixed by experimentalconsiderationsTo have afirst feeling of the sizeof this
guantity we have first estimatedt for two pairsof sensibleMSSM benchmarlpoints. Thefirst pair are
the ATLAS DataChallenge-2oointsSU1, SU6 whosedetaileddescriptioncanbe foundin [137]. The
secondpair arethe pointsLS1, LS2 introducedin [136]. Thesepointsaretypical light SUSYscenarios
andin particularsharea rathersmallthresholdenegy m; + m,, which appearso bea critical parameter
for the obsenrability of the consideregrocess.The maindifferencebetweenSUlandSU6or LS1 and
LS2is thevalueof tan 5 (largerin SU6andLS2). Theresultsareshavn in Fig. 3.20. As oneseesthe
variousratesareessentiallybelov the onepbd size,well below the expectedstop-antistoyalues.

In the previous points, no specialassumptionsiboutthe value of the stopmasswereperformed,
hencekeepinga conserative attitude. Oneseesasexpected thatthe biggerratevaluescorrespondo
thelighter stopsituations(LS1 andLS2). In this spirit, we have thereforeconsidered differentMSSM
pointwherethefinal stopis particularlylight. More precisely we have concentratedur analysison the
point LST2, introducedanddiscussedn Sectionl12.2andcharacterizedby the MSSM parametergwe
list therelevantonesat Born level)

M, = g tan® Oy My = 110GeV, p=300GeV, tan 8 =7, t; ~ tg, my = 150GeV, (3.72)
andconsistentvith thecosmologicakxperimentaboundsontherelic density Now thethresholdenegy
is evensmallerthanin the previous examples.Theintegratedcrosssection,shavn in Fig. 3.21reaches

maximumof about2 pb, thatmight be detectedy a dedicatedxperimentakearch.
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Table 3.9: Numberof eventsat LST2 left after cumulative cutsfor 30 fo~* of integratedluminosity. “2lep, 2b”
meanstwo leptonswith pl;p > 20 GeV plustwo b-jetswith ps* > 50 GeV. “2¢” is the requiremenbf two tops

(i.e.mp < 160 GeV),and"SS” thatof two same-sigrieptons.

Cut 2lep,2b Ky 2t SS
Signal: g 1091 949 831 413
Background: SM 34224 8558 8164 53

SUSY 255 209 174 85

12.2 Exploiting gluino-to-stop decaysin the light stop scenario

To achieve a strongfirst-orderelectraveak phasetransitionin the MSSM, the lighter of the two stops,
t1, hasto be lighter than the top quark [356-360]. Assuminga stabley! LSP, there henceexists a
very interestingparameteregion with a small y{—; massdifference for which (i) coannihilationwith
t1 [361,362] leadsto a viable neutralinorelic densityand (ii) the light stop decaysdominantlyinto
cx) [363].

In this case stop-paimproductionleadsto 2 c-jets+ K, asignalwhichis of verylimited useatthe
LHC. Onecan,however, exploit [364] gluino-pairproductionfollowed by gluino decaysnto stopsand
tops: sincegluinosare Majoranaparticles,they candecayeitherinto ¢} or tt,; pairproducedgluinos
thereforegive same-sigriop quarksin half of the gluino-to-stopdecays.Herenotethatin thelight stop
scenariog — tt; (or tt;) haspractically100%branchingratio. With ¢; — cx?, ¢t — bW, andthe W’s
decayingleptonically this leadsto a signatureof two b-jets plus two same-sigrieptonsplus jets plus
missingtrans\erseenepy:

pp — §g — bbITIT (orbb1717) +jets + P . (3.73)

In [364] we performeda casestudy for the ‘LST1’ parameteipoint with myo = 105 GeV, m;, =
150 GeV, m; = 660 GeV andshaved thatthe signatureEq. (3.73)is easily extractedfrom the back-
ground.In this contrikution, wefocusmoreonthestopcoannihilatiorregionanddiscusssomeadditional
issues.

We definea benchmarkpoint ‘LST2’ in the stop coannihilationregion by taking the parameters
of LST1 andlowering the stopmassto m; = 125 GeV. We generatesignal and backgroundevents

equivalentto 30 fb~! of integratediuminosity and performa fastsimulationof a genericLHC detector
asdescribedn [364]. Thefollowing cutsarethenappliedto extractthesignatureof Eq. (3.73):

requiretwo same-sigrieptons(e or i) with plj‘fp > 20 GeV,
requiretwo b-taggedetswith p’ﬁt > 50 GeV,
missingtranserseenegy £, > 100 GeV.

demandwo combinationf thetwo hardesteptonsandb-jets
thatgive invariantmassesn;; < 160 GeV, consistentvith atop quark.

This setof cuts emphasizeshe role of the same-sigrtop quarksin our method,andignoresthe de-
tectability of the jetsinitiated by the ¢; decay Table3.9 shaws the effect of the cutson both the signal
andthe backgroundsDetectingin additionthe (soft) c-jetsfrom thet; — cx{ decaytogethemwith the
exessin eventswith 2 c-jets+ F from stop-pairproduction,canbe usedto strengtherthe light stop
hypothesisA reasonable-taggingefficienoy would bevery helpfulin this case.

To demonstratéhe robustnessof the signal,we shawv in Fig. 3.22 (left) contoursof 3¢, 50 and
100 significance in the (mg, mz ) plane. For comparisonwe alsoshav asa dottedline the resultof

We definesignificanceasS/+/ B, whereS and B arethe numbersof signalandbackgroundevents.
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Fig. 3.22: Reachfor thesignatureof Eq. (3.73)in the gluino—stopmassplane(left) andsignificanceasafunction
of stop—neutralinanassdifferencewith mg = 900 GeV (right).

a CMS study|[3], which found a reachdown to 1 pb in termsof the total crosssectionfor same-sign
top production. In Fig. 3.22 (right), we shawv the decreasingsignificancefor m; = 900 GeV, asthe
stop—neutralinanassdifferencegoesto zero. To be conserative, both panelsin Fig. 3.22assumehat
all squarksotherthanthe ¢; are beyond the reachof the LHC; ¢ and G productionwould increase
the signalthroughg — gq decays(provided m; > mj) while addingonly little to the background;
see[364,365] for moredetail.

The usualway to determineSUSY masses$n cascadalecayss throughkinematicendpointsof
theinvariant-masslistributionsof the SM decayproductsseee.g.[253,254,366,367]. In ourcasethere
arefour possibleendpointsmm;®*, my >, mj.** andmy;*, of which thefirst simply givesarelationship
betweerthemasse®f the W andthetop, andthesecondandthird arelinearly dependentsothatwe are
left with threeunknavn massesndonly two equationsMoreover, becausef theinformationlost with
the escapingneutrinothe distributionsof interestall fall very graduallyto zero.

In orderto neverthelesgyet someinformationon the ¢, £; and§ massesyve fit the whole m;,.
andm,,. distributions [364,368] and not just the endpoints. This requires,of course,the detectionof
the jets stemmingfrom the ¢; decay For small mi — Mo theseare soft, so we demandtwo jets

with pj;ft < 50 GeV in additionto the cutslisted abore. The resultsof the fits for LST2, assuming
20% c-tagging efficiengy, ® are shavn in Fig. 3.23. The combinedresultof the two distributions is
mp* = 305.7 + 4.3, ascomparedo the nominalvalueof m;** ~ 299 GeV.

As mentionedabore, the gluino-pairproductionleadsto 50% same-sigr(SS)and50% opposite-
sign (OS) top-quarkpairs,andhenceR = N(SS)/N(SS + OS) ~ 0.5 with N denotingthe number
of events. In contrast,in the SM onehasR < 0.01. This offers a potentialtestof the Majorananature
of the gluino. Thedifficulty is thatthe numberof OS leptonsis completelydominatedby the ¢ back-
ground. This can easily be seenfrom the last two rows of Table3.9: R ~ 0.5 (0.02) for the signal
(backgroundsasexpected;signalandbackgroundsombined however, give R ~ 0.06. A subtraction
of thett backgroundasdescribedn Section12.3mayhelpto extract R(gg).

®Whenoneor noneof theremainingjetsarec-taggedwe pick the c-jets asthe hardesjetswith pjjft < 50 GeV.
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andthe SUSY backgroundblue).

12.3 A study on the detectionof a light stop squark with the ATLAS detectorat the LHC

We presenthere an exploratory study of a benchmarkmodelin which the stop quark hasa massof
137 GeV, andthetwo-bodydecayof the stopsquarkinto a chagino anda b quarkis open. We address
in detail the ability of the ATLAS experimentto separatéhe stop signalfrom the dominantStandard
Model backgrounds.

For themodelunderstudy[166] all the masse®f thefirst two generatiorsquarksandsleptonsare

setat10 TeV, andthegauginomassesrerelatedby theusualgauginomasgelationM; : My = ay : ao.
Theremainingparametersrethusdefined:

M; =60.5GeV p=400GeV tanf =7 Ms3=950GeV

m(Qs) = 1500 GeV  m(ig) = 0GeV m(bg) = 1000 GeV A, = —642.8 GeV

The resultingrelevant massesare m(f;) = 137 GeV, m(x{) = 111 GeV, m(x)) =58 GeV. The t;
decayswith 100%BR into xb, and 3 decayswith 100%BR into an off-shell W andx!. Thefinal
statesignaturds thereforesimilarto theonefor ¢¢ production:2 b-jets, E7**¢ andeither2 leptons(e, 1)
(4.8%BR) or 1 leptonand? light jets (29%BR).
Thesignalcross-sectiorgalculatedat NLO with the PROSPINO[354] programis 412 ph.

We analyzeherethe semi-leptonicchannelwhereonly oneof the two ¢; legs hasa leptonin thefinal
state. We apply the standardccutsfor the searchof the semileptonictop channelasappliedin [1], but
with softerrequirement®n the kinematics:

— Oneandonly oneisolatedlepton(e, u), pif > 20 GeV.
— Ess > 20 GeV.
— At leastfour jets Pr(J, J2) > 35 GeV, Pr(Js, J4) > 25 GeV.

— Exactly two jetsin the eventsmustbe taggedas b-jets, andacongratulacirthey both musthave
pr > 20 GeV. ThestandardATLAS b-taggingefficiengy of 60%for a rejectionfactorof 1000n
light jetsis assumed.

A total of 600k SUSY eventsweregeneratedisingHERWIG 6.5[305,369],1.2M ¢t eventsusing
PYTHIA 6.2[370]. Theonly additionalbackgrounctonsideredor this exploratorystudywasthe asso-
ciatedproductionof aW bosonwith two b jetsandtwo non+ jets,with theW decayingnto e or u. This
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is thedominantbackgroundor top searcheatthe LHC. For this processwe generate@0k eventsusing
ALPGEN [306]. The numberof eventsgeneratedorrespondso ~ 1.8 fo—!. Thegeneratedventsare
thenpassedhroughATLFAST, a parametrizegimulationof the ATLAS detecto371].

Atfter theselectiorcutstheefficiency for thett backgrounds 3.3%/, for Wbbj;j 3.1%,andfor thesignal
0.47%,yielding a backgroundvhichis ~15timeshigherthanthesignal.

An improvementof thesignal/backgroundatio canbeobtainedusingtheminimuminvariantmass
of all thenon-bjetswith py > 25 GeV. This distribution peaksnearthe valueof the W massfor thetop
backgroundwhereagheinvariantmassfor the signalshouldbe smallerthan54 GeV, whichis themass
differencebetweerthe y* andthex!. Requiringm(jj) < 60 GeVimprovesthesignal/backgrowhratio
to 1/10,with alossof a bit morethanhalf the signal. We shaw in theleft plot of Figure 3.24 afterthis
cut the distributionsfor the variablem(bjj)min, i-€. theinvariantmassfor the combinationa b-tagged
jet andthetwo non-bjetsyielding the minimuminvariantmass If theselectedetsarefrom the decayof
the stop,thisinvariantmassshouldhave anendpointat ~79 GeV, whereaghe correspondingnd-point
shouldbe at 175 GeV for the top background.The presencef the stopsignalis thereforevisible asa
shoulderin the distribution ascomparedo the puretop contritution. A significantcontrilution from
Wbbjj is presentwithout a particularstructure. Likewise, the variablem (bl),,.;, hasan endpoint at
~66 GeV for the signalandat 175 GeV for thetop backgroundasshowvn in Figure3.24,andthe same
shoulderstructureis obserable. We needthereforeto predict preciselythe shapeof the distributions
for the top backgroundn orderto subtractit from the experimentaldistributionsandextractthe signal
distributions.

Thetop backgroundlistributionscanbe estimatedrom the datathemselesby exploiting thefact
that we selecteventswhereone of the I from the top decaysinto two jets andthe otherdecaysinto
leptonneutrino.Onecanthereforeselecttwo puretop sampleswith minimal contritution from non-top
eventsby applyingseparatehhardcutson eachof thetwo legs.

— Top samplel: the bestreconstructedir invariant massis within 15 GeV of 175 GeV, and
(mep)min, > 60 GeV in orderto minimize the contrikution from the stop signal. The neutrino
longitudinalmomentunis calculatedoy applyingthe W massconstraint.

"The emissionof additionalhardjets at higherordersin the QCD interactioncanincreasehe probability thatthe t# events
satisfytherequiremenbf 4 jets. Thecutefficiency is obsenedto increaseby about20%if MC@NLO is usedto generatehe
tt backgroundWe do not expectsuchaneffectto changehe conclusionf the presentanalysis put future studiesshouldtake
it into account.
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— Topsample2: thebestreconstructed;; masss within 10 GeV of 175GeV.

We assumeherethatwe will be ableto predictthe Wbb backgroundhrougha combinationof Monte
Carloandthe studyof Zbb productionin the data,andwe subtractthis backgroundboth from the ob-
sened distributionsandfrom the Top samples.More work is requiredto assesshe uncertaintyon this
subtraction.Giventhe factthatthis backgrounds smallerthanthe signal,andit hasa significantlydif-
ferentkinematicdistribution, we expectthata 10-20%uncertaintyon it will not affect the conclusions
of thepresen@analysis.

For Top samplel, thetop selectionis performedby applyingseverecutson theleptonleg, it can
thereforebeexpectedhattheminimumabjj invariantmassdistribution, whichis built from jetsfrom the
decayof the hadronicsidebe essentiallyunafectedby thetop selectioncuts. This hasindeedbe verified
to be the case[166]. The m(bjj) distribution from Top samplel is thennormalizedto the obsered
distribution in the high massregion, whereno signalis expected,and subtractedrom it. A similar
procedurds followed for the m(bl) distribution: the top backgrounds estimatedising Top sample2,
normalizedto the obsered distribution in the high-masgegion, andsubtractedrom it. Theresultsare
shawvn in Figure 3.25, with superimposedhe correspondinglistributions for the signal. As discussed
above, we have subtractedhe W bb backgroundrom the obsereddistributions.

For both variablesthe true andmeasurediistributionsfor the signalare compatible shawing the
goodnes®f the backgroundsubtractiontechnique andthe expectedkinematicstructureis obserable,
evenwith thevery smallstatisticggeneratedor thisanalysiscorrespondingp little morethanonemonth
of datatakingattheinitial luminosityof 103 cm—1s™!.

Furtherwork, outsidethescopeof thisinitial exploration,is neededntheevaluationof themasses
of theinvolved sparticleghroughkinematicstudiesof the selectedsample

A preliminary detailedanalysisof a SUSY modelwith a stopsquarklighter thanthe top quark
decayinginto a chagino and a b-jet was performed. It was shavn that for this specificmodel after
simplekinematiccutsa signal/backgrouhratio of ~1/10canbeachiezed. A new method,basednthe
selectiorof puretop samplego subtracthetop backgroundvasdemonstratedThroughthis methodit is
possibleto obsere thekinematicstructureof thestopdecaysandthenceto extracta measuremeruf the
modelparametersThis analysiscanyield a clearsignalfor physicsbeyondthe SM for just1 — 2 fb~1,
andis thereforeanexcellentcandidatdor earlydiscorery atthe LHC.
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12.4 Stopdecayinto right-handed sneutrino LSP

Right-handedheutrinosoffer thepossibilityto accommodataeutrinomassesln supersymmetrimodels
thisimpliestheexistenceof right-handedneutrinosRight-handedneutrinosareexpectedo beaslight
asothersupersymmetriparticles[372,373] if the neutrinosareeitherDirac fermionsor if the lepton-
numberbreakingscaleis at (or belav) the SUSY breakingscale, assumedo bearoundthe electraveak
scale.Dependingon the mechanisnof SUSY breaking the lightestright-handedsneutrinoN may be
thelightestsupersymmetriparticle(LSP).We considelin thefollowing sucha scenaridocusingonthe
casewherethe right-handedstopis the next to lightestSUSY particleassumingR-parity conseration.
Detailsonthemodelandotherscenarioanbefoundin [372,373].

As theright-handedheutrinohasamassaround100GeV, theneutrinoYukawva couplingsY, must
bevery smallto accommodateeutrinodata: Yy ~ 1076 (Yy ~ 10~'2) in the caseof Majorananeutri-
nos(Dirac neutrinos).This hasasimmediateconsequencthatif the SUSY breakingsneutrinatrilinear
“A-term” is alsoproportionatto Yy, theleft-handedandright-handedneutrinosardly mix independent
of neutrinophysicsbecausehe left-right mixing termis proportionalto Y. Decaysinto N will give
tiny decaywidthsasYy is theonly couplingof Nx. For thisreasonall decayf supersymmetriparti-
clesareasin theusualMSSM, but for the NLSPwhoséelife-time canbelong sinceit canonly decayinto
the Ny. In the caseof a stopNLSPthe dominantdecaymodeis ¢, — b ¢t Np, followedby CKM sup-
presseanesinto s andd quarks.In thelimit wheremixing effectsfor stopsandchaginosareneglected
the correspondingnatrix elementsquaredn therestframeof the stopreadsas:

4‘Y;f|2‘YN|2M,§2REbEl (1 + cos Oyp)

((pgR — k)% — M?I)Q ’

(Tpif? ~ (3.74)

wherewe have assumedhattheright-handedstopi  is thelighteststopand H is the Higgsino, E;, (E)
is theenegy of the b-quark(lepton),d,, is the anglebetweenthe fermions. The completeformulacan
befoundin [373]. Thelastfactorin Eq. (3.74)impliesthatthe b-quarkandthe leptonhave atendeng
to goin thesamedirection.

In the following we summarizehe resultsof a Monte Carlo studyat the partonlevel [373] using
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PYTHIA 6.327[374]. We have taken M; = 225GeV, My = 100GeV, My = 250 GeV and
Yn = 4 -107° resultingin a meandecaylengthof 10 mm. Note, thatthe stopwill hadronizebefore
decaying.However, we have neglectedthe relatedeffectsin this study We have only consideredlirect
stop pair production,and neglectedstopsfrom cascadelecaysge.g.j — ttz. Thesignalis pp(p) —
trts, — bt~ + EXsS. The dominantphysicsbackgrounds top quark pair production: pp(p) —
tt — bW bW~ — bltbl~ 4+ Eiss, wherethe missingenegy is dueto neutrinosin thefinal state.We
have imposedthe following "Level 1" cuts: (i) fermion rapidities: || < 2.5, |m| < 2.5 (ii) pr cuts
pre > 20 GeV, pry, > 10 GeVand(iii) isolationcut Ry, = (¢, — ¢¢)? + (5 — 1¢)? > 0.4

Figure3.26shavs variousdistributionsfor stopandtop decaysFigure3.26a)depictstheresulting
transwersedisplacemenafter including the boostof the stop. If it decaysbeforeexiting the tracking
subsystemadisplacedrertex maybereconstructethroughthestopdecayproducts’3-momentaneeting
away from the primaryinteractionpoint. On eachside,theb-quarkitself leadsto anadditionaldisplaced
verte, andits 3-momentumvectorcanbe reconstructedrom its decayproducts.In combinationwith
the 3-momentumof the lepton, the stop displacedvertex canbe determined. In order to reveal the
displacedvertex, onemustrequireeitherthe b-quarkor the chagedlepton3-momentunmvectorto miss
the primary vertex. Sincea pair of stopsis producedwe would expectto discerntwo displacedvertices
in the event(not countingthe displacedverticesdueto the b-quarks).Suchaneventwith two displaced
vertices from eachof whichoriginatesahighp ¢ andb-quarkmightprove to bethemaindistinguishing
characteristic®f sucha scenario.A cut on the displacedvertex will be very effective to separatestop
eventsfrom thetop backgroundgrovided onecanefficiently explore suchcuts. We anticipatethatNLSP
stopsearchesnayturn outto be physics-backgrouhfreein suchacase.

If the stopdisplacedvertex cannotbe efficiently resolhed, onewill have to resortto more con-
ventionalanalysismethods.In the remaindemve explore variouskinematicaldistributionsfor boththe
signal(tgr pair production)andthe physicsbackgroundt pair production),obtainedafterimposingthe
level 1 cutsgivenabove. Figures3.26b)andc) depictthe p; spectreof the producedermions. The pp
of the b-quarkfrom the 225 GeV stop peaksat a lower value comparedo the top quarkbackground,
andthereforeacceptinghemat high efficiency for py < 40 GeVwill bevery helpfulin maximizingthe
signalacceptanceThe signalandbackgroundgshapesrequite similar andno simplesetof py cutscan
bemadein orderto significantlyseparatesignalfrom background.

Fig. 3.26d)depictsthe distribution of cos 8;,, the anglebetweenthe 3-momentak, andk,, for
both the signalandbackground.It is importantto appreciatahat, by default, PYTHIA generatestop
decaysdnto the 3-bodyfinal stateaccordingonly to phase-spacégnoringtheangulardependencef the
decaymatrix element.We have reweightedPYTHIA eventsto includethe correctangulardependence
in thedecaymatrix element.Consistentvith the expectationfrom Eq. (3.74),we seefor the signalthat
the distribution peaksfor the b-quarkandchagedlepton3-momentaaligned,unlike the background It
is unfortunatethattheisolationlevel 1 cut on the leptonsremores more signaleventsthanbackground
events. Relaxingthis constraintas muchas practicalwould helpin this regard. Additional work will
be necessaryo include also the effect of spin correlationsin top productionand top decaysso that
informationfrom the quantitiesk,, - k; andk,+ - k,~ canbeexploited.

Assumingefficienciesof ¢, = 0.5 and¢; = 0.9 for b-quarkandleptonidentification,respectiely,
it hasbeenshawvn in [373] that stopswith massesip to 500 GeV canbe detectedht the 50 level for an
integrateduminosityof 10fb~! if £ = e, 1. evenif thedisplaced/ertex signaturds notused.Clearly, the
situationwill beworsein thecaseof ¢ = 7. Provided onecanexploit the displacedvertex information,
we expectaconsiderablémprovementaswe couldnotidentify ary physicsbackgroundFurtherstudies
areplannedo investigatethe questionsve have toucheduponhere.
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13 SUSY Searchesat 4/s = 14 TeV with CMS

Thissectionsummarizesherecentresultson SUSY searcheseportedat[57]. In thecontext of thiswork
we referto the generalizedtlassificatiorof modelsof new physicsaccordingto how they affect flavour
physics:

— CMFV: ConstrainedMinimal Flavour Violation [375] models:in thesemodelsthe only sourceof
quarkflavour violation is the CKM matrix. Examplesnclude minimal supegravity modelswith
low or moderatdan3, andmodelswith a universallarge extra dimension.

— MFV: Minimal Flavour Violation [194] models:a setof CMFV modelswith somenew relevant
operatorghatcontritute to flavour transitions ExamplesncludeSUSY modelswith largetan(.

— NMFV: Next-to-Minimal Flavour Violation [376] models: they involve third generatioquarks
andhelpto solve theflavour problemsthatappeaiin framewvorks suchasLittle Higgs,topcolour
andRSmodels.

— GFV: GeneraFlavour Violation[377] modelsithey provide with new sourcef flavour violation.
Theseinclude most of the MSSM parameterspace,and almostary BSM modelbeforeflavour
constraintareconsidered.

A usefuldiscussionon thesemodelscanbe foundin [378]. The SUSY searcheshatare sum-
marizedherefall in the catgyory of MFV (mMSUGRASspecifically)andall resultsare obtainedwith the
detailedGeant-4dbasedCMS simulation. In the context of this workshopandin collaborationwith the
theorycommunitywe try to alsomove towardsinterpretationwithin NMVF models(seee.g contriku-
tionshy R. CavanaughandO. Buchmuelleiin this volume).Notethatsincethe squarksandsleptonsan
have significantflavour changingverticesandbe comple, theconnectiorto collider physicscanbe sub-
tle indeed the mainimplication beingthatthe superpartnersannotbetoo heary andthatlargertang is
favored— with nodirectsignaturan general For interpretation®f recentTevatronandB-factoryresults
theinterestedeadercanreferfor exampleto [379], [380], [381], [382] andto relevant contritutions at
thisworkshop.

TheSUSY searchpathhasbeendescribedn the pastyearsasa successie approximatiorof serial
stepsthatmove from inclusive to moreexclusive measurementssfollows:

— Discovery: usingcanonicainclusive searches

— Characterizationputting togethera picturegiventhe channelghatshav excessandratiosof the
obseredobjects(e.g. multi-leptons photong GMSB), ratio of samesignleptonsto oppositeones,
ratiosof positive pairsto negative, departurérom leptonuniversality third generatiorexcesses).

— Reconstructionin canonicadarkmatterLSP SUSY thefinal statecontaingwo neutralinoshence
thereis no directmasspeakdueto the missingtrans\erseenegy in the event. The kinematicsof
the intermediatedecaysprovide however a multitude of endpointsand edgesthat might provide
massdifferencesandhelporienttowardstheright masshierarchy

— Measuremenof the underlyingtheory: the classicalSUSY solving strategy involves more mass
combinationsmoredecaychains,masspeaksandoncethe LSP massis known the determination
of the masshierarchiesparticles’ spins,and eventually the model parameters.An outstanding
guestionremainsasto how mary simplemeasurementdo we needto “nail” thetheory?Remem-
berthatwe did not needto measurall the StandardVlodel particlesandtheir propertiesn order
to measurehe Standardvodel.

In the pastthreeyearsthe “inclusive” and “exclusive” modusquaestioquestiohave beenap-
proachedn coincidenceandin mary worksthatrangein exploitation stratgyy from statisticalmethods
to fully on-shelldescriptionof unknavn modelsandinclusionof cosmologicalconsiderationsuchas
in [383],[384],[385],[247] and[386], to mentionbut a few.
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It is rathersafeto claim thatthe programof discovery andcharacterizationvill be (much)more
convolutedthanthe onedescribedn the serialstepsabore. Realisticstudiesof kinematicedgesacross
eventhe“simple” mSUGRAparametespaceshav thatthisis adifficult job andit will take alot of work
andwisdomto doit right. Endpointanalysedy definitioninvolve particleswhich arevery softin some
referencdrameandnontrivial issuesof acceptanceeedto beconsidered.

Someof mostrecentSUSY searcheat CMS [57], proceedn thefollowing channels:

— canonicainclusive

— multijets+E7ss
ptjets+Eqss
same-sigrdimuon+ E7ss
opposite-sigrsameflavour dielectronanddimuon+ Ej’?iss
opposite-sigrsameflavour hadronicditau + E7ss
trileptonsat highm

— higherreconstructeabjectinclusive
_ ZO + Eg}iss
— hadronictop + EZ¥s8
— h(— bb)+ Efss
— flavour violating
— opposite-sigrdifferentflavour ey FV neutralinodecayq contrikuting to this workshopalso)

The attemptis to have an as model-independergignature-basedearchstratgy with educated
input from theory The interpretationof the searchresultsaregivenin the context andparametespace
of mMSUGRAbut re-interpretinghemin differentmodelsis possible.All of the searchesreincluding
detectosystematiaincertaintiesnda scanthatprovidesthe 50 reachin themSUGRAparametespace
is derivedfor 16~ and10fb—! asshawn in figure 3.27 Thedetailsof theanalysesindindividual search
resultscanbefoundat [57].
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Chapter 4

Non-supersymmetricStandard Model extensions
J.A. Aguilar SaaedraandG. Unel

1 Intr oduction

Althoughthe Standardviodel (SM) hasseeminglysurvived mary stringenttestsofferedby both preci-
sion measurementanddirect searchesit hasa numberof shortcomings.The mostunpleasanbneis

the “instability” of the Higgs bosonmasswith respecto radiative correctionsknown asthe hierarchy
problem. If the SM is assumedsalid up to a high scaleA of the order of the Planckmass,radiatve

correctionsto M, from top quarkloopsare of orderéM,f ~ A2, i.e. muchlargerthanM;, whichis

expectedto be of theorderof the electraveakscale.Therequirementhat M;, anddé M;, areof thesame
orderwould imply a cutoff (andhencenew physicsat) A ~ 1 — 2 TeV. Someotheraspectof the SM

thatmalke it unappealingsthe ultimatetheoryof fundamentalnteractiongexcluding gravity) are:

— thelack of simplicity of thegaugestructure,

— thelarge hierarchyof fermionmassesndquarkmixings,andthelarge numberof apparentlyfree
parametersiecessaryo describethem,

— the sourceof baryogenesisyhich cannot be explainedby the amountof CP violation presentin
the SM,

— the unknavn mechanisnbehindthe neutrinomassgenerationneutrinoscanhave Dirac masses
simply with theintroductionof right-handedields, but presentimits m, ~ 1 eV requireunnatu-
rally small Yukawva couplings).

Thereforethe SM is believed to be the low-enegy limit of a morefundamentatheory Sereral
argumentssuggesthatthis theorymay manifestitself at enegiesnot muchhigherthanthe electraveak
scale andgive supportto the hopethatLHC will provide signalsof new physicsbeyondthe SM.

This chapterdealswith non-supersymmetricandidateheoriesasextensionso the SM. Among
the mostfrequentlystudiedones the following onescanbe mentioned.

1. Grandunifiedtheories(GUTS). In thesemodelsthe SM gaugegroupSU(3). x SU(2)r x U(1)y
is embeddednto alarger symmetrygroup,which is recoreredat a higherscale.They predictthe
existenceof new fermions(e.g. @ = —1/3 singlets)andnewr gaugebosongespeciallyZ’), which
may beatthereachof LHC.

2. Little Higgs models. They addresghe hierarchyproblemwith the introductionof extra gauge
symmetriesand extra matterwhich stabilisethe Higgs massup to a higherscaleA ~ 10 TeV.
In particular the top quarkloop contritution to the Higgs massis partially cancelledwith the
introductionof a @ = 2/3 quarksinglet?.

3. Theorieswith extra dimensions.The variousextra-dimensionamodelsavoid the hierarchyprob-
lem by loweringthe Planckscalein the higherdimensionatheory andsomeof themcanexplain
the large hierarchiesbetweerfermion massesThe obserable effect of the additionaldimension
is the appearancef “towers” of Kaluza-Klein(KK) excitationsof fermionsandbosonswith in-
creasingmasses.Dependingon the model, the lightestmodescan have a massaroundthe TeV
scaleandthusbe producecat LHC.

It shouldbe stressedhattheseSM extensions sometimedabelledas“alternative theories”do not ex-
cludesupersymmetrySUSY).In fact, SUSY in its minimal versionsdoesnot addressomeof theopen
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guestion®f the SM. Oneexampleis themotivationbehindtheapparengaugecouplingunification. The
renormalisation-grquevolution of the couplingconstantstronglysuggestshatthey unify ataveryhigh
scaleMgut ~ 10'° GeV, andthatthe SM gaugegroupis a subgroupof alargerone,e.g. SO(10), Eg or
otherpossibilities.Thus,SUSY cannaturallycoexist with GUTs. Anotherexampleof complementarity
is SUSY + Little Higgs models. If SUSY is broken at the TeV scaleor below, it may give dangerous
contrilutionsto flavourchangingneutral(FCN) processeandelectricdipole momentdEDMS). These
contributionsmustbe suppressedith some(well justified or not) assumptionlike minimal supegrav-
ity (MSUGRA) with real parametersTheseproblemsarealleviatedif SUSY is brokenat ahigherscale
and,upto thatscale theHiggsmasss stabilisedby anothemechanismasit happensn theLittle Higgs
theories.

With the forthcomingLHC, theoriesbeyondthe SM will be testeddirectly throughthe searches
of the new particles,andindirectly, with measurementsf the deviationsfrom SM precisionvariables.
Insteadof studyingthe different SM extensionsandtheir additionalspectrumseparatelywe follow a
phenomenologicalkperimentl approachThus,this chapteris organisedaccordingio thenew particles
which areexpectedo be produced.Section2 reviews the searchesor the new quarksandsection3 for
new heary neutrinos. Studiesfor new gaugebosonsare collectedin sections4 and5, andin section6
somenew scalarsignalsare presented Detailedinformationaboutthe SM extensionspredictingthese
new particlesis notincludedin thisreportfor brevity (althoughthetext is asself-containegspossible).
Insteadtheinterestedeaderis encouragedo referto the original papersanddedicatedeviews (seefor
instanceg387-391]). The obseration of thesenew particleswould prove, or at leastprovide hints, for
the proposedheories. In this case the identificationof the underlyingtheory might be possiblewith
themeasurementf the couplings productionanddecaymodesof the new particle(s).Alternatively, the
non-obseration of the predictedsignalswould disprose the modelsor imposelower boundsfor their
massscales.

2 Newquarks

At presentadditionalquarksare not requiredneitherby experimentaldatanor by the consisteng of
the SM. But on the other handthey often appearin Grand Unified Theories[59, 392], Little Higgs
modelg389,393,394], Flavour Democray [395] andmodelswith extradimensiong§24,391,396]. Their
existences notexperimentallyexcludedbut their mixing, mainly with thelightestSM fermions,is rather
constrained.They canleadto variousindirecteffectsat low enegies,andtheir presencesould explain
experimentaldeviationseventuallyfound, for instancein C'P asymmetriesn B decays.They canalso
enhancdlavour-changingprocessesespeciallythoseinvolving the top quark. Theseissueshave been
dealtwith in otherchapterof thisreport. Herewe aremainly concernedvith their directproductionand
detectiomat LHC.

New quarkssharethe sameelectromagnetiandstronginteractionsof standardquarks,andthus
they canbeproducedat LHC by ¢g annihilationandgluonfusionin the sameway asthetop quark,with
a crosssectionwhich only dependson their mass plottedin Fig. 4.1. Dependingon their electraveak
mixing with the SM fermions, they canbe producedsingly aswell [397-399]. Their decayalways
takesplacethroughelectraveakinteractionsor interactionswith scalarsandthe specificdecaymodes
available dependon the particularSM extensionconsidered.Let us considera SM extensionwith N
“standard”chiral generationgleft-handeddoubletsand right-handedsingletsunderSU(2) 1), plusn,,
up-typeandn, down-type singletsunderthis group? While (left-handed)SU(2); doubletscoupleto
the W+ andW? bosonssingletfieldsdo not. The Lagrangiarin theweakeigenstatéasisreads

9 1. ! 1
Lyw = ———=|upy*d,| W/ +h.c.,
\/5 [ LY L] Iz

!Anomalycancellatiorrequireshatthenumberof leptongenerationgs alsoN. For N > 3 thisimpliesadditionalneutrinos
heavierthanM z /2 to agreewith the Z invisiblewidth measuremergtLEP. Ontheotherhand,quarksingletscanbeintroduced
alone,sincethey do notcontrikuteto anomalie§392].

[o i}



Ly = fQL [y, — dyydy, — 2% Jen) Z (4.1)
cw
where(u/, d');, arethe N doubletsunderSU(2);, and.Jgy is theelectromagneticurrentwhichincludes
all (chaged)quarkfields. Thenumberof masseigenstatewith chages2/3 and—1/3is N,, = N +n,,

Ny = N + ny, respecirely. TheresultingweakinteractionLagrangiann the masseigenstatéasisis

g ,
L; = _2L [ﬂw“X“uL — di' Xy, — 253y Jen | 2y (4.2)
cw

whereur, g, dr,r arecolumnvectorsof dimensionsV,,, Ny, and Jgy is the electromagneticurrent
(includingall masseigenstates)The NV,, x Ny matrix V' (notnecessarilgquarejs the generalisatiorof

the3 x 3 CKM matrix. ThematricesX* = VV, X4 = V1V have dimensionsV,, x N, andN,; x Ny,

respectrely. In casethatn, > 0 the up-typemasseigenstatesre mixture of weak eigenstatesvith

differentisospin,andthusthe matrix X* is not necessarilydiagonal. In otherwords, V' is not unitary
(but its 3 x 3 submatrixinvolving SM quarksis almostunitary), what preventsthe GIM mechanism
from fully operating. Analogousstatementsiold for the down sector Therefore,modelswith quark
singletscanhave tree-level flavour-changingneutral(FCN) couplingsto the Z boson.Thesecouplings
aresuppressedly the massof the new masseigenstatese.g. X;. ~ mym./m? (with T anew chage

2/3 quark),whatforbidsdangerou$CN currentsin thedown sectorbut allows for obserableeffectsin

top physics.
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Fig. 4.1: Tree-level crosssectionfor pair productionof heary quarks@ in pp collisionsat/s = 14 TeV, gg, q7 —
QQ. CTEQ5LPDFsareused.

As within the SM, its extensionswith extra quarkstypically have oneHiggsdoubletwhich breaks
theelectraveaksymmetryandoriginatesghefermionmassesThesurviving scalarfield h couplego the
chiralfields(throughYukawvacouplings)out notto theweakeigenstatésosingletsln themassigenstate
basis thescalarquarkinteractiongead

Ly, wpMU Xy + dpMeX %y | h+h.c., (4.3)

9

2 My
with M*, M9 the diagonalmassmatrices of dimensionsV,, x N, andN,; x N;. SM extensionswith
extra quarksusuallyintroducefurther scalarfields, e.g. in Eg additionalscalarsingletsare presentput
with VEVstypically muchhigherthanthemassscaleof thenew quarksandsmallmixing with A. Also,in
supersymmetrigersionsof Eg therearetwo Higgsdoubletsjn which caseéhegeneralisationf Eq. (4.3)
involves two scalarfields and the ratio of their VEVs tan 5. However, the main phenomenological
featuresof thesemodelscanbe describedwith the minimal scalarsectorandLagrangiann Eq. (4.3).
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(Of coursethisdoesnot precludehatwith appropriatdout in principlelessnaturalchoicesof parameters
onecanbuild modelswith a completelydifferentbehaiour.) In particular from Eq. (4.3) it follows that

FCN interactionswith scalarshave the samestrengthasthe onesmediatedoy the Z boson,up to mass
factors.NotealsothatEq. (4.3) doesnot contradictthe factthatnew heary masseigenstatesyhich are

mainly SU(2), singletshave small Yukava couplings.For example,with anextra @ = 2/3 singletthe

Yukawa couplingof the new masseigenstaté’ is proportionatto my X ~ myp|Vpy|? ~ m/m?2. (see

alsosection2.1 belaw).

More generalextensionsof the SM quark sectorinclude right-handedields transformingnon-
trivially underSU(2);,. The simplestof such possibilitiesis the presenceof additionalisodoublets
(T, B)r, r. Theirinteractionsaredescribedvith the right-handedanalogousof the termsin Egs.(4.2)
anda generalisatiorof Eq. (4.3). Fromthe point of view of collider phenomenologytheir production
anddecaytakes placethroughthe samechannelsasfourth generatioror singletquarks(with additional
gaugebosongherewould beadditionalmodes).However, theconstraintgrom low enegy processeare
muchmorestringent,sincemixing with a heary isodoublet(T, B) 1, r caninduceright-handedchaged
currentsamongthe knowvn quarks,which are absentin the SM. An exampleof this kind is a Wirbr
interactionwhichwould give alarge contrikution to theradiatve decayb — sv (seechapter2.2.1.1).

A heary quark @ of eitherchage candecayto a lighter quark¢’ via chaged currents,or to a
lighter quarkq of the samechage via FCN couplingsif they arenonzero.The partialwidths for these
decaysare[400]

+.n_ @ 2 MqQ 1/2
NQ—W*) = 1GS%VWQ,Z,\ —MgvA(mQ,mq,,MW) /
i 2 2.2
o |1y MMy My mi | My
m2 m2 mA mi mA ’
i Q Q Q Q Q
a 2MQ 2
M3 omd o ML omf Mim?
x |1+ m2. 2— —2—¢ + mE + 1 )
i Q Q Q Q Q
_ ¢ 2 MQ 1/2
I'(Q — hq) = %U(Qq\ M—avx(mQ,mq,Mh) /
i 2 2 4 2 2
m2  ME  my  miM}
XL 6 g =5t —— 1 | (4.4)
Q Q Q Q
with
Amg,m, M) = (mé+m*+ M* —2mgm? — 2mgM? — 2m>M?) (4.5)

a kinematicalfunction. (The superscripts:, d in the FCN couplings X, may be droppedwhenthey
are clear from the contet.) Since QCD and electraveak productionprocessesre the samefor 4"
generatiorandexotic quarks,their decaysprovide the way to distinguishthem. For quarksingletsthe
neutralcurrentdecays) — Zq are possible,and kinematicallyallowed (seebelon). Moreover, for
a doubletof SM quarks(q,¢’) of the samegeneratioronehasI'(Q — Zq) ~ 1/2 I'(Q — W¢'),
for mg > mgy, my, Mz, My . Dependingon the Higgs mass,decays) — hq may be kinematically
allowed aswell, with a partialwidth T'(Q — hq) ~ 1/2 T'(Q — W¢') for mg muchlargerthanthe
othermassesnvolved. Both FCN decaysabsentor 4" generatiorheary quarks? provide cleanfinal
statedn which new quarksingletscouldbediscorered,in additionto the chagedcurrentdecaygresent
in all cases.If the new quarksmix with the SM sectorthroughright-handednteractionswith the SM

2For 4*® generatiomquarksneutraldecayscantake placeradiatively, and can have sizeablebranchingratiosif tree-level
chagedcurrentdecaysarevery suppressedseesection2.4.1.
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gaugeandHiggs bosonsthe decaysarethe sameasin Eq. (4.4) but replacingVy,,, and X, by their
right-handedanalogues.If the new quarksare not too heavy, the chirality of their interactionscanbe
determinedy measuringangularor enegy distributionsof the decayproducts.For instancejn adecay
T — Wb — (vb thechagedleptonangulardistribution in W restframe(or its enegy distribution in

T restframe)anbeusedto probethe WT'b interaction(seethediscussiorafterEq. (4.7) belon, andalso
chapter2.2.1.2).

Searchest Tevatronhave placedthe 95% CL limits mp > 128 GeV [338] (in chaged current
decaysassumingl00%branchingratio), m; > 199 GeV [401] (assumingBR(p' — Zb)=1), wheret’
is achage —1/3 quark. If a priori assumption®n b’ decaysarenot made limits canbe foundon the
branchingratiosof thesetwo channeld402] (seealso[403,404]). In particular it is found that for &/
quarkswith masses- 100 GeV nearthe LEP kinematicallimit thereare somewindows in parameter
spacewhereb’ could have escapedliscovery. For achage 2/3 quarkT, the presenfTevatronboundis
mr > 258 GeV[405]in chagedcurrentdecaysl’ — Wb, very closeto thekinematicalimit m;+ M
wheredecaysl’ — Zt arekinematicallypossible.Theprospect$or LHC arereviewedin thefollowing.

2.1 Singlets:charge2/3

A new up-typesinglet? is expectedo couplepreferrablyto thethird generationdueto thelarge massof
thetop quark. The CKM matrix elementV;, is expectedto be of orderm;/m, althoughfor 7" masses
atthe TeV scaleor belov the exactrelation Vi, = m;/mq entersinto conflict with latestprecision
electraveak data. In particular the moststringentconstraintcomesfrom the T' paramete23]. The
mostrecentvalues[338] T' = —0.13 + 0.11 (for U arbitrary), T = —0.03 + 0.09 (settingU = 0)
imply the 95% CL boundsT < 0.05, T < 0.117, respectiely. Theresultinglimits on |V | areplotted
in Fig. 4.2, including for completenesshe limit from R; (plus other correlatedobserableslike R,
the FB asymmetriesnd couplingparametersandthe boundon m from direct searchesThe mixing
valuesobtainedfrom the relation Vi, = Am;/mr arealsodisplayed,for A = 1 (continuoudine) and
A = 0.5 — 2 (gray band). In this classof modelsthe new contrikutionsto U arevery small, soit is
sensibleto usethe lessrestrictve boundT < 0.117. Evenin this casemixing anglesVy, = my/myp
seemtoo large for 7' lighter than 1.7 TeV. Of course,the importanceof the boundT < 0.117, and
indirectboundsin generalmustnot be neitheroveremphasisedor neglected.Additional new particles
presenin thesemodelsalsocontrituteto T andcancancelthe contrikution from the new quark.But this
requiresfine-tuningfor lower T" massesnd/orlarger V, mixings.

0.4 —
A Z
E.Il Vi, = [0.5-2] m /m,
r ' — Vyp=m/m;
03 ) -~ 95% bound (T)
' ‘\\ — 95% bound (R..)
-2 \\ — 95% bound (direct search)
Z 0.2 \\\ Rbi
F Tl T T=0.117 (U = 0)
| B
ool v sy
0 500 1000 1500 2000 250C
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Fig. 4.2: 95% CL boundson |Vp,| from the T parameterand from Ry, and valuesderived from the relation
Ve = my/mer.

Themaindecaywf thenew quarkareT — W*b, T — Zt, T — ht, with partialwidthsgivenby

Q7



Eqgs.(4.4). Theircharacteristideaturesare:

(i) T'— WTb: ThedecaysW — (v, ¢ = e, u originatevery enegetic chaged leptons,not only
dueto thelargeT" masshut alsoto spineffects[406]: for large m thechagedleptonsareemitted
moretowardsthe W flight direction.

(i) T — Zt: TheleptonicdecaysZ — (¢~ producea very cleanfinal state althoughwith a small
branchingratio.

(i) T — ht: For alight Higgs,its decayh — bb andthe decayof thetop quarkgive a final statewith
threeb quarks,which canbe taggedto reducebackgrounds.They have an additionalinterestas
they canproduceHiggsbosonswith alarge crosssection[400,407].

2.1.1 Discovery potential

In T pair productionthe largestm reachis provided by the mode7T" — W bW ~b andsubsequent
semileptoniadecayof the W+ W — pair, plusadditionalcontritutionsfrom otherdecaymodesgiving the
samesignatureplusadditionaljets or missingenegy [69,406]

TT - WToW™b— £Tubgq'h,
TT — W*Tbht/ht Wb — Wb W ~bh — £tubgq'b bb/ce,
TT - WHbZt/Zt Wb — WTbW ™ bZ — (Tvbgq'b "7 Jvi, (4.6)

Thesesignalsarecharacterisetly oneenegeticchagedlepton,two b jetsandatleasttwo additionaljets.
Their main backgroundsaretop pair andsingletop productionand W/Zbb plus jets. Chagedleptons
originatingfrom T’ — Wb — fvb decaysaremuchmoreenegeticthanthosefromt¢ — Wb — fuvb, as
it hasbeenstressedbore. Thechagedleptonenengy distributionin 7" (¢t) restframereads

1 dI’ 1

fd—E[ - (E?wax_ E?‘i”)S [3
+6(E™ — Fy)(Ey — Ef'™) Fy) 4.7)

(E; — EM™? Fr + 3(EM™ — E,)? Fp,

with F; the W helicity fractions(seechapter2.2.1.2),which satisfy 7, + Fr + Fy = 1. For thetop
quarkthey arefy = 0.703, Fr, = 0.297, Fr ~ 0, while for T"with amassof 1 TeV they are F; = 0.997,

Fr, = 0.013, Fr ~ 0. It mustbe pointedout thatfor large m, Fy ~ 1 evenwhenright-handedV T

interactionsareincluded;thus,the chirality of this vertex cannotbe determinedrom theseobsenrables.
Themaximumandminimumenegiesdependnthe massof thedecayingermion,andareE?“” =18.5

GeV, E'® = 87.4 GeV for t, andE?‘in = 3.2 GeV, £;"® = 500 GeV for T' (with m;=1 TeV). The
resultingenegy distributions are presentedn Fig. 4.3 (left) for the sameT” massof 1 TeV. Thelarger
meanenegy in the restframe of the parentquarkis reflectedin a Iargertransmersemomenturryv!f:p in

laboratoryframe, asit canbe obsered in Fig. 4.3 (right). For the secondandthird decaychannelsn

Eqg. (4.6),denotedby (k) and(Z) respectrely, thetail of thedistribution is lesspronouncedThis is so
because¢he chagedleptonoriginatesfrom " — Wb — fuvb only half of thetimes,andtherestcomes
fromt — Wb — (vb andis lessenegetic.

Backgroundis suppressedy requiringlarge transversemomentaof the chaged leptonandthe
jets, andwith the heary quarkmassreconstruction.The reconstructednasse®f the heary quarksde-
caying hadronically(m[_}ad) and semileptonically(m'Tep) areshawvn in Fig. 4.4. For the leadingdecay
modeTT — W bW —b thesedistributions have a peakaroundthetrue m value,taken hereas1 TeV,
but for theadditionalsignalcontrilbutionsthe eventsspreadover awide range.Thus,kinematicalcutson
PP, mhad 1m'°P considerablyeducethe extra signalcontritutions.

Theestimatedso discovery limits for 300fb~! canbe summarisedn Fig. 4.5. They alsoinclude
the resultsfrom 7'j (plusT’5) production,wherethe decay?” — W*b (or ' — W —b) alsogivesthe
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restframe,takingmr = 1 TeV. Right: theresultingtransversemomentundistribution in laboratoryframefor the
processem Eqs.(4.6) (right)

500 — — 400
— T ] I — 1T
a00F —TTH)| Lo — TT(H) ]
b i _ 1 300 i _ .
> L @ > r P T2 ]
Oongl | ot 1o t
o 3001 P ] o
SO i SO
o 5200 4
200/ ]
> S >
M} L i
[ 100\~ .
1001 -
0 L= i Pl e S VO T h ] 0 -1
0 500 1000 150¢ 0 150¢
had lep
my my

Fig. 4.4: Reconstructedhasse®f the heary quarksdecayinghadronically(left) and semileptonically(right), for
the processem Eqgs.(4.6)with mr = 1 TeV, andtheir mainbackgroundt.

highestsensitvity for large " masse$408]. Them reachin 77" productionis independentf Vi, but

the Tj crosssectionscaleswith |V, |2, andthusthe sensitvity of the latter processlependson Vi, T

masse®ntheleft of theverticalline canbeseerwith 50 in 7T production.Valuesof m andVy, over
thesolid curve canbeseenin T'j production.Thelatterdiscorery limits have beenobtainedoy rescaling
theresultsfor mp = 1 TeV in Refs.[408,409]. The 95% CL boundsfrom the T paramete(for U = 0

and U arbitrary) aresrepresentedby the dashedand dottedlines, respectiely. Then,the yellow area
(light grey in print) representshe parameteregion wherethe new quarkcannotbediscoreredwith 5o

andtheorangeriangle(darkgray)the parameterfor whichit canbediscoveredin singlebut notin pair
production.

Severalremarksarein orderregardingtheseresults. Thelimits shavn for 77" andT'j only include
the channell’ — Wb (with additionalsignal contritutions giving the samefinal statein the former
case).In both analyseghe evaluationof backgroundse.g. ¢z, doesnot include higherorderprocesses
with extra hardjet radiation: t¢j, tt2j, etc. Thesehigherordertinj contritutions may be importantin
thelarge transwersemomentaregion wherethe new quarksignalsaresearchedSystematiaincertainties
in the backgroundare not includedeither andthey lower the significancewith respectto the values
presentedhere.Onthe otherhand,additionall” decaychannelsanbeincludedandthe eventselection
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Fig. 4.5: Estimatedso discovery limits for anew chage2/3 quarkT in TT andT'j production.

couldberefined,e.qg. by aprobabilisticmethod,sothatthelimits displayedn Fig. 4.5arenot expected
to bessignificantlydegradedwhenall of theseimprovementsaremadein theanalysis.

2.1.2 Higgsdiscovery from T' decays

Apartfrom thedirectobsenration of the new quark,anotherexciting possibilityis to discover the Higgs
bosonfrom T" decayg400,407]. Very recentresultsfrom CMS have significantlyloweredthe expecta-
tionsfor thediscavery of alight Higgsbosonin tth productionwith » — bb. This decreasés dueto a
morecarefulcalculationof thettnj backgroundandto theinclusionof systematiaincertaintie$s7]. As
aresult,alight Higgsis impossibleto seein this processwith a statisticalsignificanceof only ~ 0.47¢
for 30fb~! of luminosityandM;, = 115 GeV. Butif anew quark? existswith amoderatemassijts pair
productionanddecays

TT — Wb hi/ht Wb — Wb W bh — (*vbgqb bb/ce,
TT — htht — Wb W~bhh — £Tvbgq'b bb/cc bb/ce,
TT — Ztht/ht Zt — WTbW bhZ — (TV'bgq'bbb/ce ¢'q" Jvv (4.8)

provide anadditionalsourceof Higgsbosonswith alargecrosssection(seefig. 4.1)andatotalbranching
ratio closeto 1/2. Thefinal stateis the sameasin ¢tk productionwith semileptonicdecay:onechaged
lepton,four or moreb-taggedjets andtwo non-taggedets. The mainbackgroundsrettnj production
with two b mistagsandtzbb production.Theinclusionof higherorder(n > 2) contritutionsis relevant
becausef theirincreasingefficiency for largern (the probabilityto have two b mistagsgrows with the
jet multiplicity). The largertranseersemomentanvolvedfor largern alsomalke higherorderprocesses
moredifficult to suppressvith respecto theT'T" signal.Lowerordercontriutions(n < 2) areimportant
aswell, dueto pile-up. Themethodfollowedto evaluatetop pair productionplusjetsis to calculatetin;j
forn = 0,...,5 with Alpgen [306] andusePythia 6.4 [410] to includesoft jet radiation,usingthe
MLM matchingprescription411] to avoid doublecounting.

Backgroundsuppressions challengingbecausehe higherorder ttnj backgroundsare lessaf-
fectedby large transersemomentumrequirements.Moreover, the signalchaged leptonsare not so
enegetic,andcannotbeusedto discriminatesignalandbackgroundasefficiently asin the previousfinal
state.Backgrounds suppressewith alikelihoodmethod.Signalandbackgroundik elihoodfunctions
Lg, Lp canbehuilt. usingasvariablesseveraltransersemomentaandinvariantmasseasthoseshavn
in Fig. 4.6, aswell asanglesandrapiditiesof final stateparticles. (Additional detailscanbe foundin
Ref.[400].) Performingcutsontheseandothervariableggreatlyimprovesthesignalobserability. Fora
luminosityof 30fb~1, the statisticalsignificance®btainedor the Higgssignalsin final stateswith four,
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Fig. 4.6: Severalusefulvariablesto discriminatebetweerheavy quarksignalsandbackgroundor T'T" production
in 45 final states:heary quarkreconstructednassegm29, m';p), missingenegy (pr), andmaximump; of the
b-taggedets (pfj’max). Themainsignalprocesseffirst two onesin Egs.(4.8)aredenotedby W h, hh, respectiely.

fiveandsix b jetsare[400]

4 bjets: 6.430,
5bjets: 6.020,
6 bjets: 5.630, (4.9)

includinga 20% uncertaintyin the background.Additional backgroundsik e electraveakttbb produc-
tion, tfcec (QCD andelectraveak) and W/Zbb plus jets are smallerbut have also beenincluded. The
combinedsignificanceis 10.450, afactorof 25 largerthanin ¢th productionalone. Then, this process
offers a good opportunityto quicky discover a light Higgs boson(approximatelywith 8 fo—!) in final
statescontaininga chagedleptonandfour or moreb quarks. Thesefiguresare conserative, sincead-
ditional signalprocesse§T'nj have not beenincludedin the signalevaluation. The decaychannelsn
Egs.(4.8) alsoprovide the bestdiscorery potentialfor m relatively closeto the electraveakscale.For
my = 500 GeV, asassumedhere,5o discosery of the new quarkcouldbe possiblewith 7 fb—1.

2.2 Singlets:charge—1/3

Down-typeiso-singletquarkarisein the Fg GUT models[59]. Thesemodelspostulatethatthe group
structureof the SM, SU¢(3) x SUw (2) x Uy (1), originatesfrom the breakingof the Eg GUT scale
down to the electraveak scale,andthusextendeachSM family by the additionof oneisosingletdown
typequark.

Following theliterature the new quarksaredenotedy lettersD, S, and B. Themixingsbetween
theseand SM down type quarksis responsiblgfor the decaysof the new quarks. In this study the
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intrafamily mixings of the new quarksare assumedo be dominantwith respectto their interfamily
mixings. In addition,asfor the SM hierarchy the D quarkis taken to be the lightestone. The usual
CKM mixings,representely superscript, aretakento bein the up sectorfor simplicity of calculation
(whichdoesnotaffecttheresults). Thereforethe Lagrangiamrelevantfor thedown typeisosingletquark,
D, becomes simplificationof equationset4.2. It canexplicitely bewritten as:

4 em — _ .
Lp = Y %em [u% (1 ~5)dcosd + @ya (1 — 45) Dsin gb} e (4.10)

24/2 sin Oy

V4 S -
B '7T046m sin ¢ cos q/)d%[ (1) D| 2°
4 sin Oy cos Oy

VAT Qe _ L »
- D~, (4s Ow — 3 1— D] 7«
12 cos Oy sin Oy [Dya (4sin” 0w — 3sin® ¢(1 — 7)) D]
VaATaem . . )
B dya (4sin” w — 3 1—))d] 2% +hec.
12 cos By sin Oy [dya (4sin” 0w — 3cos® (1 — 75)) d] +h.c

Themeasuredialuesof V,,4,Vus, Vs constrainthe d and D mixing angle¢ to | sin ¢| < 0.07 as-
sumingthe squaredsum of row elementsof the new 3 x 4 CKM matrix equalunity (see[49] and
referenceghereinfor CKM matrix relatedmeasurements)The total decaywidth andthe contrikution
by neutralandchagedcurrentswerealreadyestimatedn [412]. As reportedin thiswork, the D quark
decayshrougha W bosonwith a branchingratio of 67%andthrougha 7 bosonwith a branchingratio
of 33%. If the Higgs bosonexists, in additionto thesetwo modes,D quarkmight alsodecayvia the
D — hd channelhichis availabledueto D — d mixing. The branchingratio of this channelffor the
caseof m;, = 120 GeV andsin ¢ = 0.05 is calculatedo be about25%,reducingthe branchingratiosof
the neutralandchagedchanneldo 50% and25%,respectiely [413,414].

2.2.1 Thediscovery potential

The discovery potentialof the lightestisosingletquark hasbeeninvestigatedusingthe pair production
channelhich is quasi-independertdf the mixing angle¢. The maintreelevel Feynmandiagramsfor
the pair productionof D quarksat LHC aregluonfusion,andq — g annihilation. The gD D andyDD
verticesarethe sameastheir SM down quark counterparts The modificationto the Zdd vertex dueto
d — D mixing canbe neglecteddueto the smallvalueof sin ¢.

ThelLagrangiann Eq. (4.10)wasimplementednto treelevel eventgeneratorsGompHep 4.3[415]
andMadGraph 2.3 [416]. The impactof uncertaintiesn partondistribution functions (PDFs)[131],
is calculatedby using different PDF sets,to be lessthan 10% for D quark massvaluesfrom 400 to
1400 GeV. For exampleat mp = 800 GeV and Q?> = m?%, the crosssectionvaluesare 450 fb
(CompHep, CTEQ6L1) and 468 fb (CompHep, CTEQ5L) versus449 fb (MadGraph, CTEQ6L1) and
459fb (MadGraph, CTEQS5L) with an error of aboutone percentin eachcalculation. The largestcon-
tribution to the total crosssectioncomesfrom the gluon fusion diagramsfor D quark massedelov
1100GeV, while for higher D quarkmassesgontritutionsfrom s-channelq annihilationsubprocesses
becomeslominant.For thesecomputationsgq areassumedo beonly from thefirst quarkfamily since,
the contrikution to the total crosssectionfrom ss is about10 times smallerandthe contribution from
c¢ andbb areabout100timessmaller The ¢t-channeldiagramsmediatedby Z and W bosonswhich
aresuppressetly the smallvalueof sin ¢ (for example0.4fb atmp = 800 GeV) werealsoincluded
in thesignalgenerationTheisosingletquarksbeingvery heary areexpectedto immediatelydecayinto
SM particles. The cleanessignal canbe obtainedfrom both Ds decayingvia a Z boson. Althoughiit
hasthe smallestoranchingratio, the 4 leptonand? jet final stateoffersthe possibility of reconstructing
theinvariantmassof Z bosonsandthusof both D quarks. The high transersemomentumof the jets
comingfrom the D quarkdecayscanbe usedto distinguishthe signaleventsfrom the background.
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Fig. 4.7: Combinedesultsfor possiblesignalobsenationat M = 600,800,1000,1200GeV . Thereconstructed
D quarkmassandthe relevantSM backgroundareplottedfor aluminosity of 100fb—! which correspondso one
yearof nominalLHC operation.Thedarkline shovsthesignalandbackgroundaddedthedashedine is for signal
only andthelight line shovsthe SM background.

The D quarksin signaleventsweremadeto decayin CompHep into SM particles. Thefinal state
particlesfor both signalandbackgroundeventswerefed into Pythia version6.218[43] for initial and
final stateradiation,aswell ashadronisatiorusingthe CompHep to Pythia andMadGraph to Pythia
interfacesprovidedby ATHENA 9.0.3(the ATLAS offline softwareframavork). To incorporateghedetec-
tor effects, all eventsampleswvere processedhroughthe ATLAS fastsimulationtool, ATLFAST [417],
andthe final analysishasbeendoneusing physicsobjectsthatit produced. The casesof 4 muons,4
electronsand2 electronsplus 2 muonswere separatelyreatedto getthe bestreconstructiorefficiengy.
As anexample table4.1 givesthe selectiorefficienciesfor the mixedleptoncaseatmp = 800 GeV.

Usingthe corventionof definingarunningacceleratoyearas1 x 107secondspnelLHC yearat
the designluminosity correspondso 100fb—!. For onesuchyearworth of data,all the signalevents
aresummedandcomparedo all SM backgroundeventsasshawn in Fig. 4.7. It is evidentthatfor the
lowestof the considerednassesthe studiedchannelgivesaneasydetectionpossibility whereador the
highestmasscase(M p=1200GeV) the signalto backgroundatio is of the orderof unity. For eachD
guarkmassvaluethatwasconsidereda Gaussians fitted to the invariantmassdistribution aroundthe
D signalpeakanda polynomialto the backgroundnvariantmassdistribution. The numberof accepted
signal(S) andbackground B) eventsareintegratedusingthefitted functionsin a masswindow whose
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Table 4.1: Theindividual selectioncut efficienciese for oneZ — ee andoneZ — uu sub-caseThe subscript!
representbothelectronandmuoncases.

channel | N, Mz Pr, Nijet Pr et €combined
cut =4 =90+20GeV pu(e) >40(15) Gev >2 >100GeV
€ Signal 0.44 0.94 0.71 1 0.93 0.28
e Background| 0.35 0.97 0.34 0.95 0.10 0.011

width is equalto 20 aroundthe centralvalueof thefitted GaussianThesignificancds thencalculatedat
eachmassvalueas S/+/B, usingthe numberof integratedeventsin the respectie masswindows. The
expectedsignalsignificancefor threeyearsof nominalLHC luminosity runningis shovn in Fig. 4.8left
handside. The shadedbandin the sameplot representshe systematicerrorsoriginatingfrom the fact
thatfor eachsignalmassvalue,a finite numberof Monte Carlo eventswasgeneratedt the startof the
analysisandthe surviving eventswereselectedrom thiseventpool. For Mp = 600 GeV, ATLAS could
obsere the D quarkwith asignificancemorethan3 o beforethe endof thefirst yearof low luminosity
running (10 fb~!/year)whereaso claim discovery with 5 & significancejt would needabout20 fb=!
integratedluminosity For Mp = 1000 GeV, about200fb~! integratedluminosityis necessarfor a3 o
signalobseration claim.
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Fig. 4.8: Ontheleft: the expectedstatisticalsignificanceafter 3 yearsof running at nominal LHC luminosity
assumingsaussiarstatistics.The verticalline shovs thelimit atwhich the eventyield dropsbelowv 10 events.On
theright: the integratedluminositiesfor 3 o obsenationand5 sigmadiscovery casesasa function of D quark
mass.Thebandsrepresentincertaintieoriginatingfrom finite MC samplesize.

2.2.2 Themixing angleto SM quarks

This sectionaddressethe discovery of theisosingletquarksvia their jet associatedingle productionat
the LHC andthe measurementsf the mixing anglebetweenthe nev andthe SM quarks. The current
upperlimit on ¢ is | sin ¢| < 0.07, allowedby the known errorson the CKM matrix elementsassuming
unitarity of its extendedversion[418]. However, in this work, a smallerthusa moreconserative value,

oA



sin¢ = 0.045, was consideredor the calculationof the crosssectionsand decaywidths. For other
valuesof sin ¢, both of thesetwo quantitiescanbe scaledwith asin? ¢ dependenceror boththe signal
andthe backgroundstudies,the contritutions from seaquarkswere also considered.The usedparton
distribution functionwasCTEQ6L1andthe QCD scalewassetto bethe massof the D quarkfor both
signalandbackgroundprocessesThe crosssectionfor single productionof the D quarkfor its mass
up to 2 TeV andfor variousmixing anglesis givenin Fig. 4.9. The main treelevel signal processes
areoriginating from the valancequarksexchangingl’ or Z bosonsvia the ¢t channel. The remaining
processesriginatingfrom the seaquarkscontritute about20 percento thetotal signalcrosssection.
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Fig. 4.9: Crosssectionin singleD productionasa functionof D quarkmassfor differentsin ¢ values.

Although the work in this sectionis at the generatorlevel, various parameterof the ATLAS
detectorf419] suchasthe barrelcalorimetergeometricalcceptanceninimum angulardistancefor jet
separatiormndminimumtransersemomentunfor jets[420] weretakeninto account.Five massvalues
(400,800,1200,1500and2000GeV) werestudiedto investigatethe massdependencef the discorery
potentialfor this channel.The cutscommonto all considerednassvaluesare:

15 GeV

3.2

3.2

0.4

Mp + 20GeV

$
V. AN ANV

§
I

wherep standdor ary parton; R is the coneseparatioranglebetweerntwo partons;;, andr; arepseu-
dorapiditiesof a partonand Z bosonrespectiely; and Pr,, is the partontransersemomentum. For
eachmasscasethe optimalcut valueis found by maximizingthe significanceg(S/+/B) andit is usedfor
calculatingthe effective crosssectiongpresentedn Table4.2. To obtainthe actualnumberof eventsfor
eachmassvalue,thee* e~ andu™* u~ decaysof the Z bosonwere consideredor simplicity of recon-
struction.Thelast3 rows of the sametablecontainthe expectechumberof reconstructedventsfor both
signalandbackgroundor 100fb~! of datataking. Althoughtheleptonidentificationandreconstruction
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Table 4.2: The signal and backgroundeffective crosssectionsbeforethe Z decayand after the optimal cuts,
obtainedby maximixing the S/v/B, togetherwith the D quarkwidth in GeV for eachconsiderednass. The
numberof signalandbackgroundventsalsothe signalsiginificancewerecalculatedor anintegratediuminosity
of 100fb 1.

Mp(GeV) 400 800 1200 1500 2000
I'(GeV) 0.064 051 1.73 3.40 8.03
Signal(fb) 100.3 29.86 10.08 5.09 1.92
Backgroundfb) 2020 144 18.88 6.68 1.36
optimal py cut 100 250 450 550 750
SignalEvents 702 209 71 36 135
BackgroundeEvents | 14000 1008 132 47 9.5
Signalsignificancgo) 5.9 6.6 6.1 5.2 4.37

efficienciesarenot consideredpnecannotethatthe statisticalsignificanceatmp =1500GeV, is above
50 afteroneyearof nominalluminosityrun.

o.lj\‘\\\g‘\\\ \:v\‘\ \\\_."\\\ \:v\‘\ \\\:v‘\\\

sing

0.09 TV AR,
Exciuded by CKM-unitarity

0.08
0.07

0.06
0.05
0.04
0.03

K

0.02

K

|
1
L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ I | ‘ L1l ‘ L1

\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\{._\4\\‘\\\\‘\\
1

7\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\7
0.01 400 600 8001000L20014001600180@2000

m, (GeV)

Fig. 4.10: 30 exclusioncurvesfor 10,100,300,1000fb —! integrateduminositiesareshavn from top to down.

The single productiondiscovery resultsgivenin Table4.2 canbe usedto investigatethe mixing
angle. In the event of a discovery in the single productioncase,the mixing angle can be obtained
directly. If nodiscoreriesaremade thenthelimit onthecrosssectioncanbe cornvertedto alimit curve
in the D quarkmassvs mixing angleplane. Thereforethe angularreachfor a 30 signalis calculated
by extrapolatingto othersin ¢ values. Figure4.10 givesthe mixing angleversusD-quarkmassplane
andthe 30 reachcurvesfor differentintegratedluminositiesrangingfrom 10fb—! to 1000fb—!, which
correspondo oneyearof low luminosity LHC operationand oneyearof high luminosity supesLHC
operationrespectrely. The hashedegion in the sameplot is excludedusingthe currentvaluesof the
CKM matrix elements. One shouldnote that, this channelallows reducingthe currentlimit on sin ¢
by half in about100fb—! runtime. The procesf singleproductionof the E¢ isosingletquarkscould
essentiallyenhancehe discovery potentialif sin ¢ exceeds).02. For example,with 300fb~! integrated
luminosity the 3o discovery limit is mp = 2000 GeV, if sin ¢ = 0.03. It shouldalsobe notedthatfor
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pair productionthe 3o discovery limit wasfoundto be about900 GeV, independendf sin ¢. If ATLAS
discorersan800GeV D quarkvia pair production singleproductiorwill givetheopportunityto confirm
the discovery andmeasurahe mixing angleif sin ¢ > 0.03. The FCNCdecaychannelanalysedn this
paperis specificfor isosingletdown type quarksandgivesthe opportunityto distinguishit from other
modelsalsoinvolving additionaldown type quarks for examplethe fourth SM family.

2.2.3 Theimpact on the Higgs searches

Theorigin of themasse®f SM particlesis explainedby usingthe Higgs Mechanism.The Higgsmech-
anismcanalsobepreseredin Eg groupstructureasaneffective theory althoughotheralternatvessuch
asdynamicalsymmetrybreakingarealsoproposed421,422]. Ontheotherhand,theorigin of themass
of thenew quarks(D, S, B) shouldbedueto anothemechanisnsincetheseareisosinglets However,

the mixing betweend and D quarkswill leadto decay=f thelatterinvolving h afterspontaneousym-
metry breaking(SSB). To find thesedecaychannelsthe interactionbetweenthe Higgs field and both
down typequarksof thefirst family shouldbeconsideredeforeSSB.After SSB,the Lagrangiarfor the
interactionbetweend, D quarksandtheHHiggsbosonbecomes

Ly = P24, DDh (4.11)
14

sin cos _ . .

- ML D (1 Py + (1449 ma] dh
sin ¢, cos ¢y, - - .

- SOLOBOL G (1 4% mp + (L 47 ma] D

+ % cos? prddh

wherev = n/v/2 andn = 246 GeV is the vacuumexpectationvalue of the Higgs field. It is seen
thatthe D quarkhasa narrav width andbecomeseven narraver with decreasing/aluesof ¢ sinceit

scaleshroughasin? ¢ dependenceThe relative branchingratiosfor the decayof the D quarkdepend
on boththe D quarkandthe Higgs massvalues. For example,at the valuesof D quark massaround
200 GeV andthe Higgs massaround120 GeV: BR(D — Wu)~60%,BR(D — hd)~12%,BR(D —

7 d)~28%,whereasasthe D quarkmassincreaseshe sameratiosasymptoticallyreach50%, 25%and
25%respectiely. As the Higgs massincreasesrom 120 GeV, theselimit valuesarereachedat higher
D quarkmasses.

Dependingon the masse®f the D quarkandthe Higgs bosonitself, the Eg model could boost
the overall Higgs productionat the LHC. This boostis particularlyinterestingfor the Higgs hunt, one
of the maingoalsof the LHC experiments.For example,if the D quarkmassis aslow as250GeV, the
pair productioncrosssectionat the LHC becomesashighas10® fb~!, which is enoughto compensate
for therelatively smallHiggsbranchingratio of 17%,ascanbeseenin Fig. 4.11.1n thelow massrange
consideredn this section(from 115 up to 135 GeV), the branchingratio » — bb is about70%[419].
Table4.3lists the decaysnvolving at leastone Higgs bosonandthe expectedfinal stateparticlesasso-
ciatedwith eachcase.Althoughthe caseinvolving the Z is moresuitablefrom the eventreconstruction
point of view, thefocuswill beonthelastrow, which hasthe highestnumberof expectedHiggs events
peryear

The full Lagrangianalso involving the Higgs interactionhasbeenimplementedn a tree level
eventgeneratqrCompHep 4.4.3[415], to investigatethe possibility of detectingthe Higgs particleand
reconstructingt from b-jets. Assuminga light Higgs bosonof mass120 GeV, four massvaluesfor
the D quarkhave beentaken asexamples:250 GeV, 500 GeV, 750 GeV, and1000GeV. 10000 signal
eventswere producedfor eachmassvalue underconsideratiorwith the W h j j final statesusingthe
CTEQG6L1PDF set[131]. The generatodevel cutson the partons,guidedby the performanceof the
ATLAS detectorarelistedas:
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Fig. 4.11: Pair productionof D quarksat LHC computedat treelevel with CTEQ6L1andQCD scalesetat the
massof the D quark.

Table 4.3: For pair productionof D quarks thedecaychanneldnvolving the Higgs particle. The branchingratios
andthe numberof expectedHiggs particlesarecalculatedassumingn;,=120GeV andm p=250(500) Ge V.

Dy Do BR #expectedHiggs/100f!  expectedfinal state
D—hj D—hj |0.029(0.053) 0.58x10°% (2.65x10*) 27 475,
D—hj D— Zj |0.092(0.120) 0.92<10° (3.01x10%) 25 25 20
D—hj D—Wj|0.190(0.235)  1.9x10° (6.04x10%) 25 25p £ Bpmiss

Iy < 3.2
Prp > 15GeV y
R, > 04

wheren, is thepseudo-rapidityor thepartonsgiving riseto jets; pr , isthetrans\ersemomentum
of thepartonsiand R, is theangularseparatiorbetweerthe partons. Theimposedmaximumvalueof n
requiresthe jetsto bein the centralregion of the calorimetemwherethejet enegy resolutionis optimal.
Theimposedower valueof pyr ensureghatno jetsthatwould eventuallygo undetectedlongthe beam
pipearegeneratedt all. Theimposedower valueof R providesgoodseparatiorbetweerthe two jets
in thefinal state.Usingtheinterfaceprovidedby CPYTH 2.3[423], the generategbarticlesareprocessed
with ATHENA 11.0.41,which usesPythia [43] for hadronizatiorand ATLFAST [417] for fastdetector
responsesimulation. However, one shouldnotethatthe reconstructed-jet enegy andmomentawere
re-calibratedikein [419] to have agoodmatchbetweerthe meanvalueof thereconstructedliggsmass
andits partonlevel value.

As for the backgroundestimationsall the SM interactionsgiving the W*bb j j final statehave
beencomputedin anothertree level generatgrMadGraph 2.1. [416], usingthe samepartonlevel cuts
andpartondistribution functions. The SM backgroundrosssectionis calculatedo be520+11 ph. The
reasondor usingtwo separateventgeneratorstheir compatibility andtheir relative meritshave been
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Table 4.4: Optimisedeventselectioncutsandtheir efficienciesfor mp = 500 GeV.

cut e signal ¢ background
N-leptons =1 0.83 0.79
N-jets >4 0.99 0.99
N-bjets >2 0.33 0.36
Pr — bjet > 1GeV 1.00 1.00
Pr—lepton > 15 GeV 0.95 0.94
Pr — jet > 100GeV | 0.83 0.69
cos Oy >-0.8 0.97 0.89
M; ; > 90GeV 0.99 0.65
Hrp > 800GeV | 0.90 0.55
|mD1 — mDQ‘ < 100GeV 0.59 0.37

discussecalsavhere[418]. The generatedt0000 backgroundeventswere alsoprocessedn the same
way usingATLFAST for hadronizatiorandcalculationof detectoreffects.

Theselectiorcutsfor examplevaluesfor D quarkmassof 500GeV, andh bosonmassf 120GeV,
aregivenin Table4.4. The invariantmassdistributions after the selectioncutsfor the sameexample
valuesare presentedn Fig. 4.12for 30 fb~! integratedluminosity The signalwindow for D canbe
definedas Mp + 50 GeV andfor h as M}, + 30 GeV. The numberof eventsfor the signal(S) andthe
backgroundB) canbesummedn theirsignalwindows for bothsignalandbackgroundatasedo calculate
the statisticalsignificances = S/+/S + B. For this setof parametersi is foundthatthe D quarkcan
be obsered with a significanceof 13.2r andat the sametime the Higgs bosonwith a significanceof
about9.5. Oneshouldnotethat,in the SM Higgssearchessucha high statisticalsignificancecanonly
bereachedvith morethan3 timesmoredata:with about100fb~—! integratedluminosity
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Fig. 4.12: Reconstructedhvariantmassef the D quark (left, red crosseshnd of the Higgs boson(right, red
crossesjogethemith the SM backgrounddottediines)andthetotal signal(blackcrosseshfter10fb—! integrated
luminosity. Themassof the D quarkis setto 500GeV andHiggshbosonto 120GeV.

An analysissimilar to the abore onewasperformedfor the otherthree D quarkmasses250, 750
and1000GeV. For eachmassthe cut valueswerere-optimisedo getthe beststatisticalsignificancen
theHiggsbosonsearch Figure4.13containghe 30 andthe 50 signalsignificanceeache®f the Higgs
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bosonandthe D quarkasa function of their masseslt canbe seenthat, a light Higgs bosoncould be
discoveredwith a 50 statisticalsignificanceusingthe DD — hWW 55 channelwithin thefirst yearof low
luminosity datataking (integratedluminosityof 10fb~!) if mp < 500 GeV. Underthe sameconditions
but with oneyearof designluminosity (integratediuminosity of 100fb—!), the 50 Higgsdiscavery can
bereachedf mp < 700 GeV. Thisis to becomparedvith thestudiefrom the ATLAS TechnicaDesign
Report,wherethe mostefficientchannelo discoser suchalight Higgsis theh — ~+ decay Thissearch
yieldsabout8s signalsignificancewith 100fb~! integratediuminosity The presentlydiscusseanodel
could give the samesignificance(or more) with the sameintegratedluminosity if mp < 630 GeV.
Therefore|if the isosingletquarksexist andtheir massesre suitable,they will provide a considerable
improvementfor the Higgsdiscavery potential.
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Fig. 4.13: Thereachof ATLAS in the Higgs searchfor increasingD quarkmassvalues.The dashedinesshav
the3 sigma andthesolid linesshav the 5 o reache®f Higgsboson(triangles)and D quark(circles)searches.

2.3 Quarks from extra dimensions:charges—1/3 and 5/3

Heavy quarksof chages(-1/3, 2/3, 5/3) (denotedj) arewell-motivatedin Randall-SundrunfRS) mod-
elswith custodialsymmetry[424-428]. They arepartnersof the SM right-handedop quarkandhave a
masdetweerb00and1500GeV. Theirpresenceanbeattributedto the heavinessof thetop quark. This
sectionstudiesthe pair-productionof heary Q = —1/3 and@ = 5/3 quarkswhich takesplacethrough
standard)CD interactionswith acrosssection~ O(10) pbfor masse®f severalhundredf GeV. The
focusis onthe4-IW events,which arecharacteristiof the decayof new chage —1/3 singletscoupling
to the (¢, b), doublet,in contrastwith the precedingsectionin which the singlet D is assumedo cou-
ple to the d quark. The processconsidereds gg,qg — GG — Wt Wt — W W b WTW b, A
straightforvardtrigger criterionfor theseaventsis thatof a single,isolatedieptonwith missing £ orig-
inating from the leptonicdecayof oneof the W bosons.TheremainingiV bosonscanbereconstructed
usingdijet pairs. The goalin this analysiss to investigatethe feasibility of multi-I¥" reconstructiorand
thereforadentify ¢ atthe LHC. A simulationof this signalandits mainbackgroundasbeenperformed,
andananalysisstrategy outlinedwhich distinguisheshesignalfrom the sizableSM background$429].

Therecanbe several g-type KK quarksin the classof compositeHiggs modelsunderconsider
ation, leadingto the samesignature. Typically, in the minimal models,thereis oneheary quarkwith

100



electricchage 5/3 aswell asa@Q = —1/3 quark,decayinginto tW* andtW ~ respectiely, bothwith

branchingratio essentiallyequalto 1. In addition,thereis anotherbottom-typequarkwith ¢~ branch-
ing ratio~ 1/2. All theseg quarksarealmostdegeneratén mass.For the presentmodelanalysisthe
massof ¢ is takenasm; = 500 GeV. The Lagrangianof the model[429] hasbeenimplementednto
CalcHEP 2.4.3[430] for the simulationof ¢ pair productionand decaythroughthe t7/ channel. The
actualnumberof 4W eventscomingfrom the pair productionand decayof the other@Q = —5/3 KK

guarks,in atypical model,is takeninto accountby a multiplying factor

ttWW eventsfrom ¢ pair productionaregenerateavith CalcHEP, andarefurtherprocesseavith
Pythia 6.401[410]. The following “trigger”, appliedto the generatedvents,is basedon the lepton
criteria for selectingi — /¢v events: at leastone electronor muonwith p; > 25 GeV mustbe
found within the pseudorapidityange|n| < 2.4; then,the “missing E;”, calculatedby addingall the
neutrinomomentdn theeventandtakingthe componentrans\erseto thecollision axis,mustexceed20
GeV. Hadronicjetsarereconstructeadsthey mightbe obseredin adetector:stablechagedandneutral
particleswithin || < 4.9 (therangeof the ATLAS hadroniccalorimeter)excluding neutrinos arefirst
rankedin pr order Jetsareseededstartingwith the highestpy tracks,with pr > 1 GeV; softertracks
are addedto the nearesexisting jet, aslong asthey arewithin AR < 0.4 of the jet centroid,where
AR = /A¢? + An?. The numberof jetswith p; > 20 GeV is shavn in Figure4.14a.The signalis
pealedarounds jets.

The two main backgroundsonsidereccomefrom ¢ andtth production. ¢t leadsto 2 W's +
2 b's, with four extra jets misinterpretedas coming from hadronicWW decays. tth however, canlead
exactlyto 4W’'s and2b’s whenthe Higgs massis large enough.In thiswork, the Higgs massis takenas
my, = 115 GeV . Thebackgroundsampleis dominatedby ¢t eventsgeneratedising TopReX(version
4.11)[42] andPythia 6.403,with CTEQ6L partondistribution functions. The small ¢tk contritution
to the backgrounchasbeenmodeledwith Pythia. As expectedthe backgrounchasfewer highp jets
thanthe signal,peakingaround5 jets.

The numberof W/Z — jj candidateg/N) is counted,ensuringthat jets are usedonly oncein
eachevent. In theheary Higgs casewith a¢ massof 500GeV, the following sourcesilominate:

N = 1: SMW/Z processes N = 2: SMssingleh, WW /W Z, tt
N =3 GG — tWbZ - WWZbb N =4: Gg — tWtW/tWbh/bhbh

In orderto suppresshe mostcommon(¢t) SM backgroundthe singlehadronicl¥ is eliminated
by searchingor acombinatiorof two high pr jetswhosemasdalls betweer70and90 GeV. Thejetsare
combinedin orderof decreasing . If apairis found,it andthe precedingpairsareremoved;the dijet
masscombinationof thesubsequerpairsareshavn in Figure4.14d. This procedureéhasbeentestedon
WH+jet simulationto ensurethatit doesnot sculptthe combinatorialbackgroundlistribution. Detailed
resultsof the W reconstructiongndconsequencdser ¢ identificationarepresentedn [429]. The peak
obtainedn thedijet masdistribution suggestshatit is possibleo reachasignalsignificancebeyondthe
50 level. Furtherinvestigationwith moredetailedsimulationis requiredto mapthe discovery potential
for this signalatan LHC experimentsuchasATLAS, or attheILC, andto connectheobserablesignal
to the productioncrosssection.

2.4 Fourth sequentialgeneration

Themeasuremerndf the Z invisible width implieswell knovn constraintoonthenumberof SM families
with light neutrinos Howeverthediscoveriesof neutrinomassesndmixingsshav thattheleptonsector
is richerthanthe traditional SM. Moreover, somerecenthintsfor new physics,mainly in C'P violation
effectsin b — s transitions,might be accommodatedavith a fourth standardmodel family [34]. A
phenomenologicainotivation for the existenceof a fourth SM family might be attributed to the non-
naturalnesof the SM Yukawa couplingswhich vary by ordersof magnitudeeven amongthe same
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Fig. 4.14: Top left (a): Numberof jetswith pr > 20 GeV. Top Right (b): Scalarsumof Er; Bottom left (c):
numberof W’'s decayinghadronicallyin the event. All distributionsarenormalizedo unit area.Bottomright (d):
Dijet massdistribution aftereliminatingthefirst hadroniclV candidate.

type fermions. This consideratiorhints in the direction of acceptingthe SM asan effective theory of
fundamentalnteractiongatherthanof fundamentaparticles.However, the electraveaktheory(or SM
beforespontaneousymmetrybreaking)itself is a theoryof masslesgermionswherefermionswith the
samequantumnumbersareindistinguishable . Thereforethereis no particularreasorwhy the Yukava
couplingsof a giventype (t=u,d,lp) shouldbedifferentacrosdamilies.If onestartswith suchaunique
couplingcoeficient pertypet, for a caseof n familiestheresultingspectrumbecomes: — 1 massless
families and a single family whereall particlesare massie with m = naln wheren is the vacuum
expectationvalue of the Higgsfield. In the mostsimple model, whereall fermionsacquiremassdue
to a Higgs doublet,it is naturalto also assumehat the Yukava couplings(thereforethe massesjfor
differenttypesshouldbe comparabldgo eachotherandlie someavherebetweenthe othercouplingsof
EW unification:

a® ~a* ~ad ~ a” ~ a

Q

e=gwsinby <a/V2< gz =gw/cosby

The measuredermion spectrumgives us a consisteng check,quickly proving thatthe 3rd SM
family cannot be the singledout heary family sincem; > my, > m, > m,_ ~ 0. Thereforeif the
above presentedhaturalnesassumptionaretrue,notonly thereasorbehindthetotal numberof families
andthelightnessof the SM neutrinoss obtainedout alsoa setof predictionsfor themassesndmixings
of the heary fourth family are madethroughthe parameterisationandfits to the extended(4x4) CKM
matrix elements.
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2.4.1 Search Scenarios

A recentdetailedstudy[431] of &’ andt’ decayhasupdatedbld resultsdonealmost20 yearsago[432—
435]. It wasfoundthat,thefourthgeneratiorwhile greatlyenhancing-CNCtopdecaygseesection2.1.1
for heary top searcheskespeciallyt — ¢Z andch, canonly bring theseinto theborderline(10~6-10~7)
of obsenability atthe LHC. But the direct searchfor 4’ andt’ looks far moreinteresting. Sincet’ —
bW alwaysdominates’ decay(unlesst’—’ massdifferenceis large), henceit canbe straightforvardly
discaveredby a “heavy top” searchthe focuswill beon?’. The searchscenariosreroughly separated
by kinematicsj.e. whethert/ — ¢tW is allowed,andby patternof quarkmixing, i.e. whethert/ — c¢W
is suppressewith respecto the neutraldecaymode.

2.4.1.1 Casemy < m; + My

With v/ — tW kinematicallyforbidden,it was pointedout long agothatthe phenomenologys rather
rich [432,433], with the possibilityof FCNCY» — bZ decaydominanceaswell asthebonusthatalight
Higgs could be discoveredvia b/ — bh [434,435]. This canhappenfor light enought’ whenV,;, is
smallenoughandhasbeensearchedor atthe Tevatron.However, if theb — s CPviolationindications
aretakenseriouslythenV,, ~ 0.12 [436] is notsmall. Thereforetheb’ — ¢ channekhouldbe kept
open.In this case pnehas3 scenarios:

1. ¥ — W dominance— signatureof ccW W~
For V., sizable thelack of “charm-tagging’methodghatalsorejectb makesthis ratherdifficult.

2. b — cW, bZ (andbh) comparable— signatureof ¢V b2 (andeW *bh, bbZh)
This canoccurfor |V / Vi Vi | < 0.005. The measurementsnthed’ — bg andd’— > by
neutraldecayg402] canmotivate this choicefor the CKM matrix elementgatio. The signature
of éWbZ hasnever beenproperly studied,but shouldnt be difficult at the LHC so long that
b — bZ branchingratiois not overly suppressedrlhe possiblebonusof finding the Higgs makes
this scenariaquite attractve.

3.V — tW*andcW, bZ (andbh) comparable
b — tW* cannotbe ignoredabove 230 GeV or so. This scenarias the mostcomplicated put
thesignatureof tW*+b7 is still quitetantalising.Again, onecouldalsoexpectanenhancemertb
Higgs searchesOneshouldnotforgetthattci + W~ shouldalsobe considered.

Scenariod and2 form a continuum,dependingn BR(b' — 7).

2.4.1.2 Casemy > m; + My

Thed' — tW shoulddominateover all othermodes,exceptwhenoneis still somevhat restrictedby
kinematicswhile V. /Vyy is very sizable.Thereforethetwo availablescenariosre:
4.1 — tW — with asignatureof t{W W —, or bW+t W -W+W—
With four W bosongplustwo b-jets, the signaturecould be striking.
5V —Wu or bV — We — with signatureof WTW—j j
Theundistinguishabilit of thefirst andsecondramily quarksin thelight jets makesthis signature
benefitfrom thefull ¥’ branchingratio. Sucha caseis investigatedn thefollowing subsection.

It shouldbe stressedhatthe standardsequentiafjeneratioris consideredhencel’ andt’ masses
shouldbe belov 800 GeV from partial wave unitarity constraintsandthe massdifferencebetweerthe
two shouldbe smalleror comparablgo My,. Scenariod and5 , togetherwith the top-like t' — bW
decay could certainly be studiedbeyond 500 GeV. With suchhigh massespne startsto probestrong
couplings. Whetherthereis an all-new level of strongdynamics[68] relatedto the Higgs sectorand
whatthe Yukawva couplingswould beis alsoaratherinterestinganddifferentsubject.
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Table 4.5: Theconsideredjuarkmassvaluesandthe associateavidth andpair productioncrosssectionsat LHC.

Mgy | 250 500 750
I['(GeV) | 1.00x10~° 8.25x10° 2.79x10*
o(pb) 99.8 2.59 0.25

2.4.2 A Case Study

If the fourth family is primarily mixing with the first two families, the dominantdecaychannelswill
bet’ — Wts(d) andd’ — W c(u). In this casesincethelight quarkjets areindistinguishablethe
signaturewill be W+W 3 j for both #'t' and 't/ pair production. Accordingto flavour democray,
the masseof the new quarkshave to be within few GeV of eachother This is also experimentally
hintedby the valueof the p parametes valuewhich is closeto unity [49]. For sucha mixing, bothup
anddown type new quarksshouldbe consideredogethersincedistinguishingbetween’ andd’ quarks
with quasi-dgeneratanassesn a hadroncollider seemdo be a difficult task. Moreover, the treelevel
pair productionanddecaydiagramsof the new o’ quarksarealsovalid for thet’ quark,providedec, u is
replaceduy s, d. Asthemodelis notableto predictthemassesf thenew quarksthreemassvalues(250,
500and750GeV) areconsiderecasa massscan.The widths of thed’ andt’ quarksare proportionalto
[Virul? + [Vire|? and|Vig|? + |Vivs|? respectiely. Currentupperlimits for correspondingcKM matrix
elementare|Vy,| < 0.004, |Viy.| < 0.044, |Vy4| < 0.08 and|Vy,| < 0.11. For thepresentasestudy
thecommonvalue0.001is usedfor all four elementsAs thewidthsof the new quarksaremuchsmaller
thanl GeV, thisselectiorof thenew CKM elementdiasnoimpactonthecalculatedcrosssections.Table
4.5givesthe crosssectionfor theb’t’ or ¢/t productionprocessewhich arewithin 1s%of eachotheras
expected.For this reasonfrom this point on, o’ will be consideredandtheresultswill be multiplied by
two to cover botht’ andb’ casesThereforen thefinal plots,the notationg, is usedto cover botht’ and
b,

To estimatahediscovery possibility of thefourth family quarks the modelwasimplementednto
awell known tree-level generatqrCompHep 4.3.3[415]. Thistool wasusedto simulatethe pair produc-
tion of thed’ quarksatthe LHC andtheir subsequerdecayinto SM particles.The QCD scalewassetto
themassof thed’ quarkunderstudyandthe partondistribution functionwaschoserasCTEQ6L1[131].
Thegenerate@dventswerefedinto the ATLAS detectorsimulationandeventreconstructioriramework,
ATHENA 11.0.41 usingtheinterfaceprogramCPYTH 2.0.1[423]. Thepartonsverehadronisedby Pythia
6.23[43] andthe detectoresponsavassimulatedby the fastsimulationsoftware, ATLFAST [417]. The
decayof the pair producedy’ quarksresultin two light jets (originating from the quarksand/oranti-
quarksof thefirst two SM families)andtwo W bosons.For thefinal stateparticles,the hadronicdecay
of onelW bosonandtheleptonic(e, 1) decayf theotheroneareconsideredo easehereconstruction.

Thedirectbackgroundo thesignalis from SM eventsyieldingthesamefinal stateparticles.These
canoriginatefrom all the SM processewrhich give two W sandtwo nonb-taggedets. Thecontritutions
from samesign W bosonswerecalculatedo be substantiallysmall. Someof the indirectbackgrounds
are alsotaken into account. Thesemainly includedthe ¢ ¢ pair productionwherethe b jets from the
decayof the top quark could be mistaggedas a light jet. Similarly the jet associatedop quark pair
production(t£j — W~ W bb; ) substantiallycontritutesto the backgroundeventsasthe production
crosssectionis comparablédo the pair productionandonly onemistaggedet would be suficientto fake
the signalevents. The crosssectionof the next orderprocessnamelypp — ¢t 27, wasalsocalculated
andhasbeenfoundto befour timessmallerthant ¢ j case:thereforeit wasnot furtherinvestigated.

The first stepof the event selectionwasthe requiremenif a singleisolatedlepton (e or u) of
transersemomentumabore 15 GeV, andat leastfour jetswith transwersemomentaabove 20 GeV. The
leptonicallydecayingiV’ bosonwasreconstructedby attributing the total missingtrans\ersemomentum
in the eventto the lost neutrino,and using the nominal massof the W asa constraint. The two-fold
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Table 4.6: Efficienciesof the selectiorcriteria, asappliedin the orderlisted,for the,=500GeV signalandthe
SM background.

Criterion \ e-Signal(%) e-Background%)
Singlee/u, pf > 15GeV 32 29.1
At least4 jets,p), > 20GeV 88.3 94.2
Possibleneutrinosolution 71.3 73.7
mJV‘]’ <200GeV 63.5 76.0

ambiguityin the longitudinaldirection of the neutrinowasresohed by choosingthe solutionwith the
lower neutrinoenegy. The four-momentaof the third andfourth mostenegetic jetsin the eventwere
combinedto reconstructhe hadronicallydecayingiV boson. The invariant massof the combination
of thesegjets wasrequiredto be lessthan 200 GeV. The summaryof the event selectioncutsandtheir
efficienciesfor both signalandbackgroundeventsarelistedin Table4.6 for a quarkmassof 500 GeV.

The surviving eventswereusedto obtaintheinvariantmassof the new quark. The W -jet associ-
ationambiguitywasresohed by selectingthe combinationgiving the smallestmassdifferencebetween
the two reconstructedjuarksin the sameevent. Theresultsof the reconstructiorfor quarkmasse®f
500 GeV and 750 GeV areshawn in Fig. 4.15togetherwith variousbackgroundgor integratedlumi-
nositiesof 5 and10 fb—! respectiely. Thebulk of the backgroundn both casess dueto gg — tt g
eventsasdiscussedbefore.

In orderto extractthe signalsignificanceananalyticalfunction consistingof anexponentialterm
to representhe backgroundanda Breit-Wignertermto representhe signalresonancevasfitted to the
total numberof eventsin theinvariantplotsof Fig. 4.15.In bothcasesthefitted functionis shavn with
thesolidline, whereaghe backgroundandsignalcomponentareplottedwith dashedlueandredlines,
respectrely. For the caseof m4,=500GeV, it canbe noticedthatthe signalfunction extractedfrom the
fit slightly underestimatethe true distribution. However, usingthe samefit functionsandwith 5 fb—!
of data,the signalsignificanceis foundto be 4.70. The significanceis calculatedafterthe subtraction
of the estimatedbackgroundtheintegral areaaroundthe Breit-Wigner peakandits errorarea measure
of the expectednumberof signalevents,thusthe signal significance.A similar studywith the higher
massvalueof 750GeV, andwith 10fb—! of datagivesresultswith asignificanceof 9.4¢. This analysis
hasshawvn thatthe fourth family quarkswith the studiedmassvaluescanbe obsered at the LHC with
anintegratedluminosity of 10 fb—!. Although theseresultswere obtainedwith a fastsimulation,the
simplisticapproachn the analysisshouldenhanceheir validity.

2.4.2.1 OtherpossibleStudies

The studyof cW b7 is arelatively easyone. Dueto the cleannes®f the 7 — ¢/~ signatureone
doesnot needto facec-jet taggingissuesandonecaneitherhave W — jj or W — (v. For thelatter,
the offshootis to searctfor ¢V *bh by a M,; scanwith Z asstandardcandle.A secondeffort would be
tW*tbZ, with similarapproaclasabove. Onceexperiencds gainedn facingec aswell asiW* (relatively
softleptonsor jets,or missingFr), onecouldalsoconsidertciWWW*, beforemoving ontothe challenge
of ceW W ™. If c-jet taggingtoolscouldbe developed,it couldbecomeof generaluse. ThettW W~
searchfor heary v/ couldalsobe pursued.

3 NewLeptons: heavy neutrinos

Models with extendedmatter multiplets predict additionalleptons, both chaged and neutral. While
heary neutralleptons(neutrinos)anbeintroducedo explainthe smallnes®f thelight neutrinomasses
in a naturalway andthe obsered baryonasymmetryin the universe the chagedonesarenot required
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Fig. 4.15: Reconstructedignalandthestadardnodelbackgroundor a quarkof mass00GeV (left) and750GeV
(right) . Thecoloredsolid linesshov SM background$rom variousprocesseghe solid blacklik e representshe
fit to the sumof backgroundandsignalevents.

by experiment.Herewe concentrat®n the neutralones.

Heary neutrinoswith massesny > M, appeaiin theorieswith extra dimensionmearthe TeV
scaleand little Higgs models,in much the sameway as vectorlike quarks,andin left-right models.
For example,in the simplestLittle Higgs models[437], the mattercontentbelongsto SU(3) multiplets,
andthe SM lepton doubletsmust be enlaged with one extra neutrino Ny, per family. Theseextra
neutrinoscangeta large Dirac massof the orderof thenew scalef ~ 1 TeV if themodelalsoincludes
right-handecdheutrinostransformingas SU(3) singlets[438]. This mechanisnprovidesa naturalway
of giving massedo the SM neutrinos,andin this framewvork the mixing betweerthe light leptonsand
the heary neutrinosis of orderv/v/2f, with v = 246 GeV the electraveak VEV. But besidestheir
appearanc@n several specificmodels,heary Majorananeutrinosare often introducedto explain light
neutrinomassesia theseesa mechanisnj439-442]2 They give contrilutionsto light neutrinomasses
m,, of theorderY2v2/2mN, whereY is a Yukavacoupling.In theminimal seesw realizationthisis the
only sourcefor light neutrinomassesandthe Yukawva couplingsareassumeaf orderunity without ary
particularsymmetry Therefore having m,, ~ Y?v?/2my requiresheary massesny ~ 1013 GeVto
reproducehe obsered light neutrinospectrum.Additionally, the light-heary mixing is predictedto be
Vin ~ /my,/my. Theseultra-heay particlesareunobserable,andthusthe seesar mechanisnis not
directlytestable Neverthelessnon-minimalseese modelscanbebuilt, with my ~ 1 TeV or smaller if
someapproximatelavour symmetrysuppressethie~ Y202 /2my contritution from seese [443-445].
Thesemodelscan also provide a successfuleptogenesigsee,for instanceRefs. [446-449]). Heary
neutrinoswith massesiearthe electraveak scalecan be producedat the next generationof colliders
(seeRef. [450] for a review) if their couplingto the SM fermionsand gaugebosonsis not too small,
or throughnew non-standardhteractions.The mostconserative point of view is to assumehatheary
neutrinosare singletsunderthe SM gaugegroup and no new interactionsexist, which constitutesa
“minimal” scenarioin this sense.On the otherhand,with an extendedgaugestructure,for example
SU(2)r, x SU(2)g x U(1) p—r, in modelswith left-right symmetry additionalproductionprocesseare
possible mediatedoy thenew W’ and/orZ’ gaugebosons We will discusshesepossibilitiesin turn.

3This mechanismwith heary neutrinosingletsunderthe SM gaugegroup, is often referredto as seeser type I. Other
possibilitiesto generatdight neutrinomassesreto introducea scalartriplet (typell seesa, seesection6) or aleptontriplet
(typelll). In this section heary neutrinosarealwaysassumedo be SM singlets.
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3.1 Production of heavy neutrino singlets

Heavry neutrinosingletscoupleto the SM fields throughtheir mixing with the SM neutrinoweakeigen-
states. The Lagrangianterms describingthe interactionsof the lightestheary neutrino(in the mass
eigenstatdasis)are

g ) \ 7 *

tw = -5 (E’y“VgNPLN W, + NV Pl Wg) ,

Ly = —% ey Ven PLN + NPV Prve) Z,,

Ly = —I2N (5, VinPrN + N ViyPo) b, (4.12)
My

with NV theheary neutrinomasseigenstat@ndl” the extendedMNS matrix. For MajoranalN, thelast
termsin the Z andh interactionscanbe rewritten in termsof the conjugatefields. Theseinteractions
determinethe IV productionprocessesas well asits decays. The latter can happenin the channels
N — W{¢, N — Zv, N — hv. The partialwidths canbe straightforvardly obtainedfrom Eqgs.(4.4)
neglectingchagedleptonandlight neutrinomasses,

(N - W) = (N — W)

m3 M M
IW v [1 — +2—mgV] :
N N
2 3 4 6
g 2 My My My
Tp(N — Zyg) = —2——|Vin|? =X [1 —3—Z 422
1287T012/V M% jl\, ?\,

Cy(N — Zyy) = ZFD(N — Zuy),

3
oV — hoe) = Vit [1- 22+ 2]

FM(N — hUg) = 2FD(N — hl/g) . (413)

ThesubscriptsM, D referto MajoranaandDirac heary neutrinosyespectrely, andtheleptonnumber
violating (LNV) decayN — W ¢t is only possiblefor aMajoranaN.

In the minimal seesw the mixing anglesV, areof order \/m,, /my (andthenof order10~=°
or smallerfor my > M), but in modelswith additionalsymmetrieshe light-heary mixing canbe
decoupledrom massratios[451]. Nevertheless), are experimentallyconstrainedo be small (this
facthasalreadybeenusedin orderto simplify the Lagrangiarabove). Definingthe quantities

3 3
Qe =00 — > Ve, Vir, = > _Vin, Vi, (4.14)
i =1
(assuminghreeheary neutrinos)Jimits from universalityandtheinvisible Z width imply [452,453]
Qee <0.0054,  Q,, <0.0096, Q. <0.016, (4.15)

with a 90% confidencdevel (CL). In the limit of heary neutrinomassesn the TeV range,limits from
leptonflavour violating (LFV) processesequire[451]

Q] <0.0001, Q] <0.01, |Q,]<0.01. (4.16)

Additionally, for heary Majorananeutrinoghereareconstraint®on (V. , m ) from thenon-obseration
of neutrinolessloublebetadecay These however, may be evadede.g. if two nearly-dgeneratéMajo-
rananeutrinoswith oppositeCP paritiesform a quasi-Diracneutrino.
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Heavy Dirac or Majorananeutrinoswith asignificantcouplingto theelectroncanbebestproduced
andseemate™e™ collidersin ete™ — Nv, which hasalarge crosssectionandwhosebackground$fiave
moderatesize[454-457]. Onthe otherhand,a MajoranaN mainly coupledto the muonor tauleptons
is easierto discover at ahadronicmachindike LHC, in theprocess;g — W* — (T N (plusthechage
conjugate)with subsequentlecayN — (W — {(qq. (Otherfinal states,for instancewith decays
N — Zv, N — hv, orin the productionprocesgpp — Z* — Nv have backgroundsnuchlarger)
Concentratingpurseheson ¢N productionwith N — (W, it is usefulto classifythe possiblesignals
accordingo themixing andcharactenof thelightestheary neutrino:

1. ForaDirac N mixing with only oneleptonflavour, thedecayN — /=W ™ yieldsa/¢* ¢~ W final
state with ahugeSM background.

2. For a Dirac N coupledto more thanone chaged leptonwe canalsohare N — ¢~ W with
¢ + ¢, giving theLFV signal¢t ¢~ W, which hasmuchsmallerbackgrounds.

3. For a MajoranalV, in additionto LNC signalswe have LNV onesarisingfrom the decayN —
¢+ W, which have smallbackgroundsoo.

In the following we concentrat@n the caseof a MajoranalN couplingto the muon,whichis the
situationin which LHC hasbetterdiscovery prospectshanlLC. Themostinterestingsignalis [458-461]

pp — PN — pFpFjj (4.17)

with two same-sigmrmuonsin thefinal state,andat leasttwo jets. SM backgroundsgo this LNV signal
involve the productionof additionalleptons,eitherneutrinosor chagedleptons(which may be missed
by the detector thusgiving the final statein Eq. (4.17)). The mainonesare W*W*nj andW*Znj,

wherenj standsfor n = 0, ... additionaljets (processewvith n < 2 arealsobackgroundsiueto the
appearancef extra jets from pile-up). The largestreduciblebackgroundsretinj, with semileptonic
decayof thetf pair, andWbbnj, with leptonicT¥ decay In thesecasesthe additionalsame-signmuon
resultsfrom the decayof a b or b quark. Only a tiny fraction of suchdecaysproduceisolatedmuons
with sufficiently high trans\ersemomentumbut, sincethe tinj andWWbbn;j crosssectionsareso large,
thesebackgroundsare muchlarger thanthe two previous ones. An importantremarkhereis thatthe
correspondindackgroundsing, Wbbnj — ete™ X areoneorderof magnitudelarger thanthe ones
involving muons. Thereasonis thatb decaysproduce“apparentlyisolated” electronsmore oftenthan
muons,dueto detectoreffects. A reliable evaluationof the e*e* X backgroundesultingfrom these
processeseemdo requirea full simulationof the detector Otherbackgrounddike Wh and Zh are
negligible, with crosssectionsmuchsmallerthanthe onesconsideredW/ZbE, W Z, ZZ, which give

the samefinal states Note alsothatfor this heary neutrinomassbbnj, whichis huge,hasvery different
kinematicsand can be eliminated. However, for my < My, the heary neutrinosignal and bbn;j are
muchalike, andthusthis backgrounds the largestand mostdifficult to reduce.Furtherdetailscanbe
foundin Ref.[461].

Signalsandbackground$iave beengeneratedising Alpgen (the implementationn Alpgen of
heary neutrinoproductionis discussedn the Tools chapter). Eventsare passedhroughPythia 6.4
(usingthe MLM prescriptionfor jet-partonmatching[411] to avoid double countingof jet radiation)
and a fast simulationof the ATLAS detector The pre-selectiorcriteria usedare: (i) two same-sign
isolatedmuonswith pseudorapidityn| < 2.5 andtransersemomenturnp; largerthan10 GeV, (ii) no
additionalisolatedchaged leptonsnor non-isolatednuons;(iii) two jetswith || < 2.5 andpy > 20
GeV It shouldbenotedthatrequiringtheabsenc®f non-isolatednuonsreducesackgroundsvolving
Z bosonsalmostby afactorof two.

It mustbe emphasisedhat SM backgroundsare abouttwo ordersof magnitudelarger thanin
previousestimationsn theliterature[460]. Backgroundsannotbesignificantlysuppressedith respect
to the heavry neutrinosignal using simple cuts on missingenegy and muon-jetseparation.lnstead,a

109



likelihoodanalysishasbeenperformed[461]. Several variablesare crucialin orderto distinguishthe
signalfrom the backgrounds:

— Themissingmomenturypr (the signaldoesnot have neutrinosin thefinal state).

— Theseparatiorbetweerthesecondnuonandtheclosesfet, AR,,, ;. For backgroundsnvolving b
quarksthis separations rathersmall.

— Thetrans\ersemomentunof thetwo muonsp/', p4’, orderedrom higher(1) to lower (i2) pr-.
Backgroundsnvolving b quarkshave onemuonwith smallp;.

— Theb tagmultiplicity (background$nvolving b quarksoftenhave b-taggedets).
— Theinvariantmassof ;.o andthetwo jetswhich bestreconstruca W boson,myy,,.

Thedistribution of thesevariablesis presentedn Fig. 4.16,distinguishingthreelikelihoodclassesthe
signal,backgroundsvith onemuonfrom b decaysandbackgroundsvith bothmuonsfrom W/Z decays.
Thebb backgrounctanbe suppressetbr m > 100 GeV, andit is notshavn. Additional variabledike

jet transversemomentathe pu invariantmass etc. areuseful,andincludedin theanalysis. Assuminga
20%systematiaincertaintyin thebackgroundgwhich still hasto be preciselyevaluated) andtakingthe
maximumallowed mixing by low enegy data,thefollowing 5o discovery limits arefound: (i) A heary

neutrinocouplingonly to the muonwith |V, x|*> = 0.0096 canbe discoveredup to massesny = 200

GeV (ii) A heary neutrinocouplingonly to the muonwith |V, x|? = 0.0054 canbe discoreredup to

massesny = 145 GeV. Limits for othermassesandmixing scenarioxanbefoundin Ref.[461].

3.2 Heavy neutrino production from Wg decays

Modelswith left-right symmetryhave anextendedgaugestructureSU(2), x SU(2)r x U(1)p_r and,
in additionto threenew gaugebosons?’, Wg (seesectionsA and5) they introducethreeright-handed
neutrinosas partnersof the chaged leptonsin SU(2)r doublets(Ny, ¢)r. The minimal scalarsector
consistof a bi-doubletandtwo triplets. The measurementif the T parameteandpresentower bounds
onthemasse®f thenew bosonsandtheir mixing with the W andZ imply the hierarchyvy, < (|k;]? +
|k2|?)'/? < vr amongthe VEVs of thebi-doubletk; » andthetripletsvy, r. In thissituationtheneutrino
massmatrix exhibits a seesa structure heary neutrinoeigenstatesv are mostly right-handedandthe
following hierarchyis foundamongthe couplingsof thelight andheary neutrinosto the gaugebosons:

(i) vW and¢NWr, areof orderunity; (NW and/vWg aresuppressed.
(i) vvZ andNN Z' areof orderunity; vNZ,vN 7', NNZ andvv 7' aresuppressed.

At hadroncolliderstheprocess;g — Wxr — ¢N [462] involvesmixing anglesof orderunity and
only oneheavy particlein thefinal state. The bestsituationhappensvhereN is lighterthanW, sothat
Wgr canbe on its massshellandthe crosssectionis not suppressetly an s-channelpropagatoeither
Thisis in sharpcontrastwith theanalysisin the previous subsectionin whichtheprocess;g — W* —
(N is suppressetly mixingsandthe off-shell W propagatar

Heavy neutrinoproductionfrom on-shelliWi decayshasbeenpreviously describedn Ref. [463],
and studiedin detail for the ATLAS detectorin Ref. [464]. Herewe summarisehe expectationsfor
the CMS detector[465,466]. Productioncrosssectionsand decaybranchingratiosdependon several
parameter®f the model. The new couplingconstantyr of SU(2)x is chosento be equalto gz, asit
happens.g. in modelswith spontaneouparity breaking.Mixing betweengaugebosonscanbe safely
neglected.An additionalhypothesiss thattheright-handedCKM matrixequalgheleft-handedne.The
heary neutrinoV is assumedo be lighter than Wy (the othertwo areassumedearier) andcoupling
only to theelectronwith a mixing angleof orderunity.

For the signal event generationand calculationof crosssections,Pythia 6.227is usedwith
CTEQSL partondistribution functions,and the model assumptionsnentionedabove. The analysisis
focusedonthe Wi massegion above 1 TeV. Thesignalcrosssectiondefinedasthe productof thetotal
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Fig. 4.16: Several useful variablesto discriminatebetweenthe heavy neutrinosignal and the backgroundsas
explainedin thetext.

Wg productioncrosssectiontimesthe branchingratio of W decayinto eV, is shawn in Fig. 4.17 as
afunctionof my, for several Wi massesFor thevalue My, = 2 TeV, the dashedine illustratesthe
decreasef the total crosssection(dueto the smallerbranchingratio for Wr — elN) for the caseof
threedegeneratedheary neutrinosN;_z, mixing with e, 11, 7 respectrely. ThevaluesMy,,, = 2 TeV,
my = 500 GeV areselectedhsareferencepointfor thedetailedanalysis.

Thedetectiorof signaleventsis studiedusingthefull CMS detectoisimulationandreconstruction
chain.For detailsseeRef.[466]. Theanalysisproceedshroughthefollowing steps:

— Eventswith 2 isolatedelectronsareselectedstandardsolationin thetracker is required).

— Eventswith at least2 jets are selected.Fromthesegjets, the two oneswith the maximump are
chosen.



o)
5 o My,
= £ 2TeV
o [
T L
2 10°
102
1 E 3TeV
o [
o
= L
103
£ 4TeV
10
£ 5TeV
P RN RRTEN STRRTETIN B Y
0 2 3 4 5
My, TeV

Fig. 4.17: Dependencef o(pp — Wg) x Br(Wgr — e*N) onthe heary neutrinomassfor differentvaluesof
Mw,,.

70

60,

50 OSCAR3.6.5 - ORCA8.7.3

eff=18.6%

40

30,

20|

10

o2

500 1000 1500 2000 2500 3000
M GeV

v cand’

Fig. 4.18: Distribution of theinvariantmasan‘j\‘,’end for signaleventswith a heary neutrinowith my = 500 GeV.
Thetwo possibleelectronassignmentareshavn. The normalizationis arbitrary

— Usingthe 4-momentaof the signaljet pair andthe 4-momentunof a lepton,the invariantmass
M.j; = m5™ is calculated. Sincetherearetwo electronsthe two e;jj combinationsare con-
sidered.This distribution is plottedin Fig. 4.18. Thetail above 500 GeV correspond$o awrong
choiceof theelectron.

— From the 4-momentaof the jet pair and the electrons,the invariant massi/,.;; = Mgggd is
calculated.

Backgrounds constitutedoy SM processegiving aleptonpair plusjets. The productionof a 7
bosonplus jets hasa large crosssection,about5 ordersof magnitudelarger thanthe signal. In a first
approximationthis processanbe simulatedwith Pythia. This backgrounds suppressetly a cuton
theleptonpair invariantmassM,.. > 200 GeV. In orderto reducethe numberof simulatedevents,it is
requiredthatthe Z transersemomentumis largerthan20 GeV during the simulation,andeventswith
sufficiently high M., arepre-selectedt the generatotevel. Anotherbackgrounds ¢¢ productionwith
dileptonicWW+W ~ decay It hasbeenchecled that otherdecaymodesdo not contritute significantly
Its crosssectionis abouttwo ordersof magnituddargerthanthe signal. It mustbe pointedout thatthe
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Majorananatureof theheavry neutrinoallowsto singleoutthe LNV final statewith two like-signleptons.
This doesnotimprove the sensitvity becausealthoughbackgroundsresmallerin this case the signal
is reducedto one half. However, in caseof discorery comparingeventswith leptonshaving the same
andoppositechageswill beanexcellentcrosscheck.

For thevaluesMyy,, = 2 TeV, my = 500 GeV selectedhereconstructedV masspeakis well
visible, thoughthe backgrounds significant(comparabldo the peakheight). However, if aninvariant
massM..;; > 1 TeV is required,the backgroundunderthe heary neutrinopeakdropsdramatically
resultingin themasddistribution shavn in Fig. 4.19(left). Thereconstructed’r masspeakis shavn in
Fig. 4.19(right).
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Fig. 4.19: Left: reconstructedheavry neutrinomasspeakincluding the SM background histogram)and back-
groundonly (shadechistogram). Right: the samefor the W masspeak. In both casesan eejj invariantmass
above 1 TeV is required.Theintegratediuminosityis 30 fb—!

Thediscovery potentialis calculatedusingthe criterion[295]

S =2(v/Ns + Ng —/Ng) > 5, (4.18)

whereNg and N arethenumbersof signalandbackgroundeventsrespectrely. Thediscovery limits in
the (Myy,,, my) planeareshavn in Figure4.20,for luminositiesof 1, 10and30fb—. After threeyears
of runningat low luminosity (30 fo—!) this processwould allow to discorer W5 and N with masses
upto 3.5TeV and2.3TeV, respectrely. For My, = 2 TeV andmy = 500 GeV discovery could be
possiblealreadyafteronemonthof runningat low luminosity

The influenceof backgrounduncertaintiesn theseresultsis small sincethe backgroundtself
is rathersmall andthe discovery region is usually limited by the fastdrop of the signal crosssection
at high ratios my /My, or by the fastdrop of efficiengy at small my /Myy,,. Signal crosssection
uncertaintiesrom PDFshave beenestimatedy takingdifferentPDF sets finding change®f about6%
in the discorery region. No changeof acceptancénasbeenobsered. Assuminga ratherpessimistic
valueof 6% asthe PDFuncertaintyit is easyto estimategrom Fig. 4.17thattheuncertaintyfor theupper
boundaryof thediscovery regionis of 1 — 2%, andfor thelower boundaryof 2 — 3%.

3.3 Heavy neutrino pair production

New heary neutrinoscanbe producedin pairshby the exchangeof an s-channelneutralgaugeboson.
SinceZ N N couplingsarequadraticallysuppressedy¥ N productionis only relevantwhenmediatecby
anextra Z' boson.For example,in Eg grandunificationbothnen Z’ bosonsandheary neutrinosappear
If Mz > 2my, like-signdileptonsignalsfrom Z’ productionandsubsequendecay”Z’ — NN —
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Fig. 4.20: CMS discovery potentialfor heary Majorananeutrinosfrom Wy decaydor integratedluminositiesof
30fb—! (red,outercontour),10fb* (blue,middle)and1 fb—! (green,nnercontour).

(EWFEWT canbesizeable As it hasbeenremarledbefore lik e-signdileptonsignalshave moderate
(althoughnot nggligible) backgroundsThesearefurtherreducedor heavier neutrinomasseswhenthe
chagedleptonsfrom the signalaremoreenegeticandbackgroundcanbesuppressedemanding high
trans\ersemomentuntor bothleptons.

A striking possibility happensvhenthe new Z’ bosonis leptophobic(seealsothe next section).
If thenew Z’ doesnot coupleto light chagedleptonsthe directlimits from pp — Z’ — ¢+ ¢~ searches
at Tevatrondo not apply andthe Z’ could be relatively light, Mz > 350 GeV. A new leptophobicZ’
bosonin this massrangecould leadto like-signdilepton signalsobsenrable alreadyat Tevatron. For
LHC, the 50 sensitvity reaches\l, = 2.5 TeV, my = 800 GeV for aluminosityof 30fb~! [467].

To concludethis sectiona final commentis in order In the threeheary neutrino production
processegxaminedwe have considerecheary Majorananeutrinoswhich are singletsunderthe SM
group (seesw typel), producedthroughstandardor new interactions.Majorananeutrinosleadto the
relatively cleanLNV signatureof two like-signdileptons,but it shouldbe pointedout that like-sign
dileptonsignalsarisealsoin the otherseesa scenariosfrom the single productionof doubly chaged
scalartriplets(seeswa typell) [276], andin pair productionof leptontriplets(seeswa typelll) [468]. For
this reason/ike-signdileptonsconstitutean interestingfinal statein which to testseesa at LHC. Of
course additionalmulti-leptonsignaturesarecharacteristiof typell (seesection6 for a discussioron
scalartriplets)andtypelll seese, andthey might helprevealthe natureof seese atLHC.

4 Newneutral gaugebosons

Many modelsbeyond the SM introducenewn neutralgaugebosonsgenericallydenotedoy Z’. GUTs
with groupslarger than SU(5) always predictthe existenceof at leastone 7’ boson. Their massis
not necessarilyof the orderof the unificationscale Mgyt ~ 10 GeV, but on the contrary one (or
some)of theseextrabosonscanbe“light”, thatis, atthe TeV scaleor belov. Well-knowvn examplesare
Es grandunification[59] andleft-right models[469] (for reviews seealso[338,470]). Theorieswith
extra dimensionswith gaugebosonspropagatingn the bulk predictaninfinite tower of KK excitations
z0) = 7MW 7@ 40 =40 4@ ThelightestonesZ(), (1), canhave a massat the TeV
scale,and a phenomenologimilar to Z’' gaugebosons[471,472]. Little Higgs modelsenlage the
SU(2);, x U(1)y symmetryandintroducenen gaugebosonsaswell, e.g. in thelittlest Higgs models
basedon [SU(2) x U(1)]? two new bosonsZ;, Ay appearwith massesxpectedn the TeV range.

The productionmechanismsand decaymodesof 7’ bosonsdependon their couplingto SM
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fermions? Thesecouplingsare not fixed even within a classof models. For example,dependingon
the breakingpatternof E5 down to the SM, thelightestZ’ hasdifferentcouplingsto quarksandleptons
or, in otherwords,quarksandleptonshave differentU(1)" hyperchages. Threecommonbreakingpat-
ternsarelabeledasi), x andn, andthecorrespondindlight” 7’ asZ;,, Z\, Z,. Thus,theconstrainton
7' bosonsaswell asthediscovery potentialfor futurecollidersreferto particularZ’ models.

Presentimits on Z’ bosongesultfrom precisemeasurementstthe Z poleandabove at LEP, and
from thenon-obseration at Tevatron. Z pole measurementsonstrainthe Z — Z’ mixing, which would
inducedeviationsin the fermion couplingsto the Z. For mostpopularmodelsthe mixing is required
to be of orderof few 1072 [338] (asemphasisedbove, limits dependon the valuesassumedor the Z’
couplings).Measurementabove the Z polein fermionpairand W+ W ~ productionsetconstraintson
the massandmixing of the Z’. The non-obseration at Tevatronin wu,dd — Z' — (+{~ setslower
boundson M z,. For mostcommonmodelsthey areof theorderof 700 — 800 GeV [473], with anobvious
dependencenthevaluesassumedor thecouplingto u, d quarksandchagedleptons.LHC will explore
the multi-TeV massregion andmight discover a 7’ with very smallluminosity for masse®f the order
of 1 TeV. Below we summarisehe prospectgor “generic” Z’ bosongfor examplethosearisingin Eg
and left-right models),which coupleto quarksandleptonswithout ary particularsuppressionln this
caseut,dd — Z' — eTe™, ut ™ givesvery cleansignalsandhasanexcellentsensitvity to searctfor
7' bosong474-477]. Thenwe examinethe situationwhenleptoncouplingsare suppressedn which
caseotherZ’ decaychannelsnustbe explored.

4.1 Z’bosonsin the dilepton channel
4.1.1 Discovery potential

Thedileptondecaychannebrovidesa cleansignatureof a Z’ boson.The presenc®f thisheary particle
would be detectedby the obsenation of a resonanceeakin the dileptonmassspectrumover the SM
backgroundthe largestone comingfrom the Drell-Yan process;g — /7 — ¢*¢~. Reducibleback-
grounddike QCD jetsand~-jets canbe suppressethainly by applyingisolationcutsandrequirements
on the enegy depositedn the hadroniccalorimeter This is illustratedin Fig. 4.21for KK excitations
of the Z/~ anda “reference” Z{,, (sometimesienotedas Ziq,,; aswell) with the samecouplingsas
the Z, in thee™ e~ decaychannel. Thesedistributions have beenobtainedwith a full simulationof the
CMS detector More detailsof the analysescanbe found in Ref. [478] for the ete™ channelandin
Refs.[479,480] for the 1~ channel.

Thediscovery potentialis obtainedusinglikelihood estimatord297] suitedfor small eventsam-
ples.Theete™ andy™ .~ channelgrovide similar results with someadvantagefor ete™ atlower Z’
masses.A comparisorbetweenbothis givenin Fig. 4.22for the Eg Z{p andthereferencez,,. For
masse®f 1 TeV, aluminosity of 0.1 fo—! would sufiice to discorer the Z’ bosonsin mostcommonly
usedscenariossuchas Z,,, 7, Z, mentionedabore, left-right modelsandKK Z) /v, For a lumi-
nosityof 30fb—!, 50 significancen thee™ e~ channetanbeachiaedfor massesangingupto 3.3 TeV
(7)) and5.5TeV (£ /4(1)). ATLAS studiesobtaina similar sensitiity [481]. Theoreticaluncertain-
ties resultfrom the poor knowledgeof PDFsin the high z andhigh Q? domain,andfrom higherorder
QCDandEW correctiongK factors)andthey amounto 10 — 20%. Neverthelessmeasurementsf real
dataoutsidethe masspeakregionswill reducethis uncertaintyto alarge extent.

4.1.2 Z’ andimplicationson new physics

Onceanew resonanceecayingo /¢~ (¢ = e, p) is found,informationabouttheunderlyingtheorycan
be extractedwith the studyof angulardistributionsandasymmetriesThefirst stepis the determination

“Decaysto new fermionsandbosonsijf ary, arealsopossiblebut usuallyignoredin mostanalyses Whenincludedthey
decreasdhe branchingratio to SM fermions, and thenthey lower the signal crosssectionsand discovery potentialin the
standardnodes.
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of the particlespin, whatcanbe donewith the help of the ¢~ distribution in the ¢+ ¢~ restframe[482].
Let us denoteby 6* the anglebetweenthe final £~ andthe initial quark® The cos 6* distribution is
obviously flat for a scalarmparticle. For aspin-1patrticle(ry, Z or Z') it is givenby

d 3
dcoZQ* = §[1 + cos? 0*] + Apg cos 0* (v, 2,7, (4.19)

wherethe coeficient of the cos 0* term Agg dependson the Z’ couplingsto quarksandleptons. (The
cos 6™ forward-backvard asymmetryis equalto this coeficient, henceour choiceof notation.) For a
spin-2graviton G the correspondinglistributionis

do 5
ool g[l — 3eq 082 0% + (¢4 — 4eg) cos™ 7] (G). (4.20)
®In pp collisionsthe quarkdirectionis experimentallyambiguousecausehe quarkcanoriginatefrom either protonwith
equalprobability The signambiguityin cos 8* canberesohed assuminghatthe overall motionof the ¢ ¢~ systemis in the
directionof theinitial quark(whatgivesa goodestimationbecaus¢hefractionof protonmomentuncarriedby quarksis larger
in average)andtakinginto accountheprobabilityfor a“wrong” choice.Additionally, thetrans\ersemomenteof theincoming
partonsis notknown, andit is generallybelieved thatoptimalresultsareachiezed by usingthe Collins-Sopeiangled¢g [483]
astheestimationfor 6.




The constants;, ande¢, arethe relatve contritutions of the two processesn which gravitons canbe
producedgq — G andgg — G, which arefixed for a given massi; anddependon the PDFs. The
methodin Ref. [482] usesonly the eventermsin the cos 6* distribution (thusavoiding the dependence
on the 7’ modelandthe cos 6* sign ambiguity). It hasbeenappliedto the dimuondecaychannelin
Ref.[484]. Figure4.23shavs thecos #* distributionsfor a3 TeV graviton andZ’. Bothdistributionsare
ratherdifferent,andthetwo spinhypothesesanbedistinguishedlreadywith arelatve smallnumberof
events.Table4.7containsfor differentmasseandcouplingparameters (crosssectionsareproportional
to |c[?), theintegratediuminosity requiredto discriminateat the 20 level betweerthe spin-1andspin-2
hypothesesThe crosssectiondor Z’ bosonsareassumedo be equalto the onesfor gravitonswith the
givenmassesndc values.In thefive casegherequiredsignalis in therangel 50 — 200 events,andlarger
for alarger numberNpg of backgroundeventsasonemay expect. Sincethe productioncrosssections
fall steeplywith the massthe integratedluminosity requiredfor spindiscriminationincreasesvith M
(anddecreasefor larger c). Distinguishingfrom the spin-Ohypothesigaflat distribution) is hardeyand
requiressignificantlymoreeventsthandiscriminatingspin 2 from spin 1, asdiscussedn Ref. [482].

[ 3000 GeVv Graviton (PYTHIA) ] [ 3000 Gevz (PYyTHIA) |
a ®2 / ndf 52.41 /38 e #2/ ndf 65.13/ 39
10 aq 47.66 = 1.28

Spin 1 3217 = 0.45

60.58 = 1.31
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Fig. 4.23: Angulardistributionsfor a3 TeV graviton (left) andZ’ boson(right) in thedimuondecaychannel Open
histogramscorrespondo generated-leel data, while colouredhistogramsshav eventsafter full CMS detector
simulationandreconstructionTheoreticafits to Monte Carlodataareoverlayed.

Table 4.7: Numberof signalevents Ng requiredto discriminateat the 2o level betweenthe spin-1and spin-2
hypothesedn the presencef Np backgroundvents(seethetext). Fromfull CMS detectorsimulation.

M(TeV) ¢ L(b-') Ng Ng
10 001 50 200 87
1.0 002 10 146 16
1.5 002 90 174 41
3.0 005 1200 154 22
30 010 290 154 22

It shouldbe remarled that, apartfrom the direct spin determinationa Z’ anda graviton canbe
distinguishedy their decaymodes.Indeed thelattercandecayto v+, andthediscovery significancdn
thisfinal stateis equalor betterthanin the electronandmuonchannelsOnthecontrary 7/ — ~~ does
not happeratthetreelevel.

ThevariousZ’ modelsarecharacterisetyy differentparity-violating Z’ couplingsto quarksand
leptons reflectedin differentcoeficientsof thelinearcos 8* termin Eq. (4.19). This coeficient canbe
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measuredvith atechniquedescribedn Ref.[480] for thedimuondecaychannel Ay is extractedusing
an unbinnedmaximumlikelihoodfit to eventsin a suitablewindow aroundthe p*p~ invariantmass
peak.Thefit is basecon a probability densityfunctionbuilt from severalobserables includingcos 0¢q
(asanestimationof thetrue cos 6*). Thevaluesobtainedor Agg areshavn in Fig. 4.24for six different
Z'" models: the Z;,, 7} and Z, from Eg unification, a left-right model (LRM) [469], an “alternative
left-right model” (ALRM) [485] andthe “benchmark”Z5,,. With anintegratediuminosity of 400fb—!
at CMS, one candistinguishbetweeneithera Z;, or Z, ry andoneof the four other modelswith a
significancdevel above 30 upto a Z’ masshetweer2 and2.7 TeV. Onecandistinguishamongthe four
othermodelsupto Mz = 1 — 1.5 TeV, whereasZ,, r\ andZ, areindistinguishabldor Mz > 1 TeV.
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Fig. 4.24: TheoreticalvaluesA$yy™ (dottedlines andasterisksjpndreconstructedalues A} (triangles)of the
Agp coeficientin Eq. (4.19),obtainedfor differentmodels(seethe text), with My, = 1 TeV (left) and Mz =3
TeV (right). Thesolid verticallinesarehalfway betweerthe adjacenvaluesof A¢y™t. Theerrorbarsonthe AL
trianglesshawv the 1o errorscaledo 10fb—! (for Mz = 1 TeV) and400fb—! (for Mz = 3 TeV). Obtainedrom
CMSfull detectorsimulation.

Additional obsenrables, like rapidity distributions [486] or the off-peak asymmetrie§487] can
be usedto further discriminatebetween”’ models. We finally point out thatin specificmodelsthe 7’
bosonmay have othercharacteristidecaychannelsyhich would thenidentify the underlyingtheoryor
provide hintstowardsit. Onesuchexampleis thedecayZy, Agx — Zh in little Higgs models[488],
which could be obserable[408]. Contrarily in Z’ modelsfrom GUTsthis decaywould be generically
suppressebdy thesmall Z — Z’ mixing, andis unlikely to happen.

413 Z’ and fermion masses

In modelswhich addresgermion massgenerationpne cango a stepfurther andtry to relatefermion
massewvith othermodelparametersThis is the case for instance of extensionsof the RS [138] sce-
nario, wherethe SM fields (exceptthe Higgs boson)are promotedto bulk fields. If the SM fermions
acquirevariouslocalisationsalongthe extradimensionthey provide aninterpretatiorfor thelarge mass
hierarchiesamongthe differentflavours. Within the framewvork of the RS modelwith bulk matter col-
lider phenomenologwyndflavour physicsareinterestinglyconnectedihe effective 4-dimensionatou-
plings betweenKK gaugebosonmodesand SM fermionsdependon fermion localisationsalong the
extra dimensionwhich arefixed (non-uniquely)by fermion masse$. Herewe testthe obserability of
KK excitationsof the photonand Z bosonat LHC in the electronchannelpp — v /Z(W) — ete—.

SFermionmassesiredeterminedip to a globalfactorby thefermionlocalisationgwhich generatahelarge hierarchiesps
well asby 3 x 3 matricesin flavour spacewith entriesof orderunity. Then,therelationbetweermassesndcouplingsis not
unique,but involvesadditionalparametergfour 3 x 3 matrices).



Previous estimationgor RS modelsare given in Ref. [145], underthe simplificatingassumptiorof a
universalfermionlocation.

Thefit of EW precisiondatatypically imposeshebound My i = 10 TeV [145,148]. However,
if the EW gaugesymmetryis enlagedto SU(2);, x SU(2)g x U(1)x [424], agreemenbf the S, T
parameterss possiblefor My > 3 TeV. The localisationof the (¢, bz) doublettowardsthe TeV
brane(necessaryo generatehe large top quarkmass)in principle generatesleviationsin the Zbrbr,
coupling (seealsothe next subsection)what can be avoided with a O(3) custodialsymmetry[427].
In the examplepresentedhere,the SM quarkdoubletsare embeddedn bidoublets(2,2),/3 underthe
abore EW symmetry asproposedn [427] andin contrastwith Ref. [424]. Motivatedby having gauge
representationsymmetricbetweenthe quarkandleptonsectoy the leptondoubletsareembeddednto

bidoublets(2, 2),. This guaranteethatthereareno modificationsof the Z¢,,¢;, couplings.

The simulationof Z(™ /~(") production[489] is obtainedafterimplementingthe nev processes
in Pythia. Onlyn = 0, 1, 2 areconsideredsincethecontritutionsof KK excitationswith n > 3 arenot
significant. The crosssectiondepend®n the fermionlocalisationswhich are clearly model-dependent.
In Fig. 4.25we shav thee™ e invariantmasddistrikution for two differentfermionlocalisationscenarios
labelledasA andB (seeRef.[490]), bothwith M, = 3 TeV. Thesescenariosarein agreementvith
all presentdataon quark and lepton massesand mixings [490], in the minimal SM extensionwhere
neutrinoshave Dirac massesFurthermorefor bothsetsFCN processearebelown the experimentalimit
if Mg = 1 TeV.In Fig. 4.25we obsere thatthe signalcanbe easilyextractedfrom the physicalSM
backgroundasanexcessof Drell-Yaneventscomparedo the SM expectation.
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Fig. 4.25: Distribution of the e* e~ invariantmassfor Z(*) /~(™) productionin two scenarioA andB) for the
fermionlocalisationsandthe SM background.The numberof eventscorrespondso anintegratedluminosity of
96.6fb 1.

4.2 Z'’in hadronic channels

7' bosonswith suppressedouplingto leptons(“leptophobic”or “hadrophilic”) have theoreticainterest
ontheirown. They werefirst introducedsometime ago[491-493] on a purelyphenomenologicdasis,
in anattemptto explain reported3.5¢ and2.5¢0 deviationsin R, and R,., respectiely, obsered by the

LEP experimentsat the Z pole. In orderto accommodaté¢hesedeviations without spoiling the good
agreementfor the leptonicsectoy the 7’ couplingsto b, c wererequiredto be muchlargerthanthoseto

chagedleptons sothatthedeviationsin the Zbb, Zcc couplingsinducedby asmall Z — Z’ mixing were
significantfor quarksbut notfor chagedleptons.As abonus theintroductionof leptophobicZ’ bosons
seemedo explain anapparenexcessof jet eventsat largetransersemomentameasuredy CDF

With morestatisticsavailablethe deviationsin R;, R. have disappearedandSM predictionsare



now in good agreementvith experiment. Neverthelessa 2.7¢ discrepang in AﬁB hasremaineduntil

now. This deviation mightwell bedueto someuncontrolledsystemati@rror But, if oneacceptshe A2,

measuremengxplainingit with new physicscontributionswhile keepingthe goodagreementor R, is

quite hard. One possibility hasrecentlyarisedin the contet of RS models,wherethe introductionof

a custodialsymmetry[427] protectsthe Zb; b, couplingfrom correctionsdueto mixing with the Z(1).

Zbrbr, is allowedto receve anew contritution from mixing, which couldexplaintheanomalyin A%B.

Alternatively, onemayallow deviationsin Zb;b;, andZbgrbgr, chosersoasto fit theexperimentalvalues
of Ry andAféB [494]. Thenew Z() statehasamassof 2 — 3 TeV andsuppressedouplingsto chaged
leptons.Hence,it canbe producedat LHC but mainly decayso quark-antiquarkpairs. LeptophobicZ’

bosonscanalsoappeaiin grandunifiedtheoriesasEg [475,495].

Studiesof the CMS sensitvity to narrav resonances the dijet final stateshave beenperformed
[496]. Experimentakearche thedijet channelarechallengingoecaus®f thelarge QCD background
andthe limited dijet massresolution. All new particleswith a naturalwidth significantly smallerthan
the measuredlijet massresolutionshouldall appearasa dijet massresonancef the sameline shape
in thedetector Thus,a genericanalysissearchhasbeendevelopedto extractcrosssectionsensitvities,
which are comparedo the expectedcrosssectionsfrom differentmodels(excited quarks,axigluons,
colorons,Eg diguarks,color octettechnirhos, W/, Z’, andRS gravitons), to determinethe massrange
for which we expectto be ableto discover or excludethesemodelsof dijet resonancesThe sizeof the
crosssectionis a determiningfactorin whetherthe modelcanbe discovered,asillustratedin Fig. 4.26
for a sequentialzZg,, and other new states. For a luminosity of 10 fo~! the Z§,, signalis aboutone
orderof magnitudebelown the 50 discorery limit for all the massrange,anda discovery is not possible.
Corversely if agreements foundwith the SM expectation,Z5,, massedetweer2.1and2.5 TeV can
be excluded(seeFig. 4.26).
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Fig. 4.26: 50 discovery limits (circles)and95% upperbounds(squaresfor resonancedecayingto two jets, as
a function of their mass. The luminosityis of 10 fo~! anda full simulationof the CMS detectoris used. The
predictionsof severalmodelsarealsoshown.

For resonancedecayingto t¢ preliminary studieshave beenperformedin Ref.[497]. With 300
fb—!, a500GeVresonanceouldbediscoeredfor acrosssection(includingbranchingatioto t£) of 1.5
ph. For masse®f 1 TeV and3 TeV, thenecessargignalcrosssectionsare650and11 fb, respectiely.

5 Newchargedgaugebosons

Extensionsof the SM gaugegroup including an additional SU(2) factorimply the existenceof new
bosonsiV'*+ (aswell asanextra Z’' boson,whosephenomenologjhasbeendescribedn the previous
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section). Two well-knovn examplesare left-right models,in which the electraveak gaugegroup is
SU(2) xSU(2)gx U(1), andlittlest Higgsmodels(thosewith group[SU(2) x U(1)]?). As for theneutral
casetheinteractionsof new W’ bosonsdependon the specificmodelconsidered For example,in left-
right modelsthe new chagedbosongcommonlydenotecasWg) have purelyright-handedcouplingsto
fermions,whereasn littlest Higgs modelsthey arepurelyleft-handedasthe ordinary W boson.Low-
eneqgy limits arecorrespondinghdifferent. In the former casethe kaonmassdifferencesetsa limit on
the Wy massof the orderof two TeV [498]. This stringentlimit is dueto anenhancementf the “LR”
box diagramcontritution involving W and Wi exchangd499], comparedo the“LL"” exchangeof two
chagedbosonswith left-handedcouplings. On the otherhand,in little Higgs models(especiallyin its
minimal versionslike the littlest Higgs model) precisionelectraveak dataare quite constraining,and
requirethe W’ masseso be of theorderof several TeV [500,501].

5.1 Discovery potential

Moststudiesfor W’ discavery potentialhave focusedona W’ bosonwith SM-like couplingsto fermions
andW Z, W h decayssuppressedrlhe presendirectlimit from Tevatronis my,, > 965 GeV with 95%
CL [502]. PreviousATLAS studieshave shavn thata W’ bosoncouldbe obseredin theleptonicdecay
channelW’ — fvy, £ = p, e, if it hasamassupto 6 TeV with 100fb~"! of integratediuminosity [503].

For CMStheexpectationsresimilar[504]. Herethepossibledetectiorof al¥’ signalin themuondecay
channels investigatedfocusingon masseén therangel — 2.5 TeV andusingthefull simulationof the
ATLAS detector The signalhasbeengeneratedvith Pythia using CTEQG6L structurefunctions. The
resultingcrosssectiongimesbranchingratio, aswell asthe W’ width for variousmassesaregivenin

Table4.8(left). The W’ canbeidentifiedasa smearedacobiarpeakin thetransersemasddistribution,

built with the muontransersemomentumandthetransersemissingenegy/pr. Figure4.27shavs the
smearingof theedgeafterfull simulationof the ATLAS detector

Table 4.8: Left: expectedcrosssectiontimesbranchingratio for theW’ — pv signal,andtotal W’ width. Right:
crosssectiontimesbranchingratio for the mainbackgroundsprocesses.

Signal:pp — W' — jv, + X SM Backgroundorocesses o x BR (nb)

myy (TeV) o x BR (pb) Ftot (Gev) pp — W — MYy, + X 15
L0 3.04 34.7 pp—= W —tvr — v + X 2.6
1.5 0.57 52.6 A
2.0 0.15 70.5 pp—Z 7T s pt+X 0.25
2'5 0 647 88.5 pp — tt — WbWb — lyy+ X 0.46

QCD (all di-jet processes) 5 x 10°

In additionto the signal, thereare contrikutions from the various SM backgroundsoriginating
from the processegivenin Table4.8 (right). The W backgrounds irreducible,but all the otherback-
groundscanbe reducedapplyingthe appropriateselections.In Table4.9the selectioncutsusedfor the
backgroundejectionareshavn.

The main signatureof the signalis the presencef an enegetic muontogethemwith a significant
missingtrans\ersemomentumin the event. Whensearchingor a W'’ with massof 1 TeV or heaier,
eventsthatcontainatleastonereconstructednuonwith pr > 100 GeV andmissingtransersemomen-
tumpr> 50 GeV areselected Thesecutsmainly eliminatethe t¢ backgroundwhich tendsto have less
enegetic muons,and Z production,which in generaldoesnot have significantmissingenegy. Muons
comingfrom W’ decaysareisolated,i.e. they do notbelongto a jet. Isolatedmuonsareidentified by
requiringthatthecalorimetricenegy depositednsidethedifferenceof asmallandabiggerconearound
the muontrackis lessthan E2 — EVL < 10 GeV, wherethe cones'01’ and‘02’ aredeterminedye-
spectvely, astheoneswhichhave AR = 0.1, 0.2. Thisdoubleconestrategy is adoptecbecausenuons
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Fig. 4.27: Generate@ndreconstructetrans\ersemasdistribution for asimulatedl TeV W', beforeary detector
effectsandafterfull simulationof the ATLAS detector

from W’ decaysarevery enegetic andthereforecan have significant,almostcollinearradiation. Fig-
ure 4.28 shaws the distribution of calorimetricenegy containedn the differenceof the two conesfor
both signalandbackground.lt is evidentthatthe abave cut reducesmainly the ¢tz background.Events
with exactly oneisolatedmuonareselected.Z backgroundeventscontainmostly two isolatedmuons,
exceptfor the casesvhereoneof themuonslies in aregion outsidethe muonspectromete(|n| > 2.7)
or is not reconstructed Thesecasesaccountfor aboutthe 30% of the high massZ eventsandremain
asirreduciblebackground QCD andtt backgroundgontainin mostcaseson-isolatednuonscoming
from jets. In orderto eliminatethe QCD di-jet backgroundwhich containsonejet misidentifiedasa
muon,eventswith additionalhigh enegy jets,with p; > 200 GeV, arerejected(Jet\eto). The ¢t back-
groundis further reducedby applyinga b-jet veto cut (in ATLAS the jet taggingis donefor jets with
pr > 15 GeV). Muonscomingfrom cosmicraysandb-decaysarerejectedwith track quality criteria,
whatensureshatthe muontrackis well reconstructedSpecifically cutsareappliedon the x? probabil-
ity overthenumberof degreesof freedomandthetrans\ersed, andlongitudinalz, perigeeparameters:
Prob(x?)/DoF > 0.001, dy/A(dp) < 10, z9 < 300 mm.

Table 4.9: Cross-sectiotimesbranchingratio to muonsandrelative efficienciesafter eachcut. The cutscorre-
spondto: (1) pr > 100 GeVandpr> 50 GeV, (2) b-jet Veto; (3) Jet\eto; (4) muonisolationandquality.

1TevW’ 2TevWwW’ W (off-shell) tt 7 (off-shell)
cut | o (pb) eff (%) | o (pb) eff (%) | o (pb) eff (%) | o (pb) eff (%) | o (pb) eff (%)
252 828 | 0.126 84.0 204 744 | 8.878 193 | 0.251 9.89
245 80.7 | 0.122 814 199 728 | 1.610 0.35 | 0.244 9.62
2.23 73.3 | 0.104 694 195 71.1 | 0.966 0.21 | 0.237 9.34
218 716 | 0.101 67.3 191 698 | 0.736 0.16 | 0.232 9.15

A WN PP

After the applicationof all the signal separatiorrequirementghe transersemassdistribution,
shawn in Fig. 4.29, hasbeenstatisticallyanalysedo determinethe significanceof the discovery. First,
for eachiW’ masghetransersemassintenal which givesthe bestdiscovery significanceds determined.
The correspondingiumberof signal and backgroundeventsfor 10 fo—! are presentedn Table 4.10.
The minimum luminosityto have a 5o significantdiscorery is alsocalculatedandshavn in Table4.11.
The significanceis calculatedassumingPoissonstatistics. The errorsin the luminosity correspondo
a 5% systematiauncertaintyin the signal(mainly dueto the variationof PDF’s) anda 20% systematic
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Fig. 4.28: Distribution of calorimetricenegy containedin the differenceof two coneswith AR = 0.1 and
AR = 0.2 for bothsignalandbackgroundevents.

uncertaintyin the background(dueto several different contritutions). The uncertaintiesn the NLO
correctiong(K factors)are expectedto influenceboth the signalandthe backgroundn a similar way.
Theexperimentakystematiaincertaintieareexpectedo bereducednly afterthefirst datatakingusing
the control samplesof Z and W events. A control samplewill alsobeformedin thetransersemass
region between200 and 400 GeV, which will provide the final checkfor the systematicuncertainties
collectiely, concerninghe scaleaswell asthe shapeof the background.

Table 4.10: Numberof signalandbackgrounceventsexpectedfor 10 fb—! of integratedluminosity, for various
W’ massesThebestsearchwindowsin thetrans\ersemassdistribution (M) arealsoshavn.

My 1.0TeV 1.5TeV 2.0TeV 2.5TeV
My (TeV) 0.6 —1.7 09-20 12-29 16-3.2
SignalEvents 15753 £ 787 3059 £153 603 +£30 225+11

SM Backgrouncevents 469 + 94 76+ 15 22+5 15+3

A nev W’ bosonwith SM-like couplingsto fermionscanbediscoreredwith low integratediumi-
nosity during theinitial LHC running. With 0.3fb~! integratedluminosity a W’ canbe discoveredin
the ATLAS experimentwith amassupto 2.5 TeV. Imposingthe additionalrequiremenbf observingat
least10 candidatesignaleventswould rise the minimumIuminosityto 0.5fb 1.

The presentstudyso far hasbeenperformedwithout pile-up and cavern backgroundconditions.
Both theseconditionsare not expectedto affect muchthe resultssincethe initial run will be at very
low luminosity and morewer the majority of the muonsof the signalconcentraten the barrelregion.
Neverthelessstudiesfor thefake reconstructiorwith bothkinds of backgroundareunderway.
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Fig. 4.29: Transersemassdistribution of the SM backgroundand W'’ signalscorrespondingo different W’
massesplottedon top of thebackgroundor anintegratedluminosityof 10fo—!.

Table 4.11: Minimum luminosity requiredin orderto have a5¢ discovery for variousiWW’ massesNg, Np stand
for thenumberof signalandbackgroundevents,respectiely, within the optimaltransersemasswindow.

My (TeV) Luminosity(fo~') Ng Np

1.0 3.0£0.3 4.7 0.14
15 146+£14 45 0.11
2.0 84+9 51 0.18
2.5 283 £ 31 6.4 0.42

Finally, we point out that the experimentalresolutionfor muonswith p; rangingfrom 0.5 to
1 TeV is about5 — 10%, giving an experimentalwidth larger thanthe intrinsic width, shavn in Table
4.8(left). Thereforeno furtherattempthasbeenmadefor discriminatingthe underlyingtheorybasedn
the W’ width. However, following the W’ discovery, the muonicdecaychannelcould provide valuable
informationconcerninghe FB asymmetrywhichin turn could be usedto discriminatebetweernvarious
theoreticaimodels.

6 Newscalars

Additional scalarsappearin theoriesbeyond the SM to solve someof the problemspresentedn the
introduction.A selectionof thesemodelsandtheir goalsare:

— 2 HiggsDoubletmodels:explain the origins of the CPasymmetry
— Little Higgsmodels:solve the hierarchyproblem
— Balu-Zeemodel: explainthe sourcesf the neutrinomasddifferences

The 2 Higgs DoubletModel (2HDM) containstwo Higgs fields, oneto give massto SM gauge
bosonsand the other one remainingwith CP violating terms[505]. The additional 2 neutralHiggs
particlesaimto solve the strongCP problemandexplainthe obseredbaryonasymmetryof theuniverse
with minimum impactto the SM. Sucha model can be easily investigatedat LHC via either direct
obsenration of thenon-SMHiggs particlesor indirectly via theenhancemernb the FCNCHiggsdecays
involving the top quark. The detailsof sucha discorery and of possiblediscriminationbetweenthe
modelscanbefoundin chapter2.3.2.
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Little Higgs models[389,393,394] aim to solve the hierarchyproblemarising from the rather
largeloop correctiondo thetreelevel Higgs masswithoutimposinga symmetrybetweerfermionsand
bosons.Instead the unwantedcontritutionsfrom the loopsareremored via the samespin counterparts
of theinvolved SM patrticles:top quark,W andZ bosonsandthe Higgsitself. The couplingcoeficients
of thesepredictedoarticlesareconnectedo their SM counterpartyia the symmetrieof thelargergroup
embeddinghe SM gaugegroup. Dependingon the selectionof the embeddinggroup, thesemodels
predictavarietyof new particles.Additional chage +2/3 quarks(studiedin subsectior2.1),anumberof
spinl bosonsanda numberof scalarswith masse¢essthan2,5 and10 TeV respectrely. Thesmallest
of thesesymmetrygroupsdefinesthe Littlest Higgs modelwhich predictsthreenearlydegeneratescalar
particleswith chages2, 1 and0. Experimentallythe doubly chagedscalaris the mostappealingone,
sinceits manifestatiowould betwo like-signleptonsor W bosonsvhenproducedsingly[276,408 506],
or two like-signlepton pairswith equalinvariant masswhen producedin pairs[278,408,507]. More
generally scalartriplets appeaiin varioustype Il seesa models.For scalartripletsin supersymmetric
modelsseechapter3.5.

The Balu-Zee model, independentlyproposedby Zee [508] and Balu [509], proposesa par
ticular radiatve massgenerationmechanism. This mechanismmight help understandinghe origin
of neutrinomassesand mixing angleswhich are firmly establishedy the neutrinooscillation exper
iments[510-513]. The modelintroducestwo new chaged scalarsh™ and k™, both singletsunder
SU(2) 1, which coupleonly to leptons.Neutrinomassesn this modelariseat thetwo-looplevel. Since
presenexperimentaheutrinodatarequiresat leastoneneutrinoto have a massof the orderof O(0.05)
eV [199] anestimationfor the valueof neutrinomassesn the modelindicatesthatfor couplingsf and
h of orderO(1) (seeEq. (4.30))the new scalarsshouldhave massesn therangeO(0.1 — 1) TeV (see
ref.[514]). The modelis thereforepotentiallytestableatthe LHC.

6.1 Scalartriplet seesawmodels

An importantopenissueto beaddresseih the context of little Higgsmodelg389,393,394]is theorigin

of neutrinomasse$438,515,516]. A neutrinomassgeneratiormechanisnwhich naturallyoccursin

thesemodelss typell seese [271,517 518], whichemplg/sascalamwith theSU(2),, x U(1)y quantum
numbers® ~ (3,2). The existenceof sucha multiplet in somelittle Higgs models[394,519] is a
directconsequencef theglobal [SU(2) x U(1)]? symmetrybreakingwhich makesthe SM Higgslight.

Although @ is predictedto be hearier thanthe SM Higgsboson thelittle Higgs philosophyimpliesthat
its masscould be of orderO(1) TeV. Dueto its specificquantumnumberghe triplet Higgs bosononly
couplego theleft-chiralleptondoublets’; ~ (2,—1), ¢ = e, u, 7, via Yukava interactionggivenby

Lo =iL§TY;(r - ®)L; +h.c., (4.21)

whereY;; areMajoranaYukawva couplings.Theinteractionsn Eq.(4.21)inducelLFV decaysf chaged
leptonswhich have not beenobsered. The moststringentconstrainton the Yukava couplingscomes
from theupperlimit onthetree-level decayu — eee [276,520]

YeeYeu < 3 x 107° (Mg++ /TeV)?, (4.22)

with Mg++ themasof thedoublychagedscalay constrainedby directTevatronsearcheto be Mg++ >
136 GeV[521,522]. Experimentaboundson thetau Yukava couplingsaremuchlessstringent.

Accordingto Eq. (4.21), the neutralcomponentof the triplet Higgs boson®” couplesto left-
handedeutrinos Whenit aquiresaVEV vg, it inducesnonzeroneutrinomassesn,, givenby themass
matrix

(my)ij = Yijvs . (4.23)

We assumethat the smallnesf neutrinomassess dueto the smallnesof vg. In this work the tau
Yukawacouplingistakento beY,., = 0.01, andtherestof couplingsarescaledaccordingly In particular
hierarchicaheutrinomassesmply Y., Y, < Y., consistentvith presenexperimentabounds.
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In this framework thereis a possibility to perform direct testsof the neutrinomassgeneration
mechanisnat LHC, via pair productionandsubsequerdecayf scalartriplets. Herethe Drell-Yanpair
productionof the doubly chagedcomponent

pp — OTTe—— (4.24)

is studied,followed by leptonic decays[276,278,507,523-526]. Notice that in this process(i) the
productioncrosssectiononly dependon Mg+ andknowvn SM parameters(ii) the smallnesf vg
in this scenario,dueto the smallnesof neutrinomassesijmplies that decays®*+* — WHTW™ are
negligible; (iii) the ®** leptonicdecaybranchingfractionsdo not dependon the size of the Yukava
couplingsbut only on their ratios,which areknowvn from neutrinooscillationexperiments.For normal
hierarchyof neutrinomassesand a very small value of the lightest neutrinomass,the triplet seesa
model predictsBR(®*+ — pTut) ~ BR(®TT — 777rt) ~ BR(®TH — ptrt) ~ 1/3. This
scenarids testableat LHC experiments.

The productionof the doubly-chaged scalarhasbeenimplementedn the Pythia Monte Carlo
generatof43]. Final andinitial stateinteractionsandhadronisatiorhave beentakeninto account.Four
leptonbackgroundswith high pr leptonsarisefrom three SM processestt, ¢t and ZZ production.
Pythia hasbeenusedto generateét andZ Z backgroundhile CompHep wasusedto generatehe ¢t
backgroundsia its Pythia interface[415,423]. CTEQSL partondistribution functionshave beenused.
Additional four-lepton backgroundsxist involving b-quarksin the final state,for example,bb produc-
tion. Chagedleptonsfrom suchprocessearevery soft, andthesebackgroundganbe eliminated[57].
Possibleébackgroungrocessefrom physicsbeyondthe SM arenot considered.

A clearexperimentalsignatureis obtainedfrom the peakin the invariantmassof two like-sign
muonsand/ortauleptons:

(mie,)? = (07, +p,)% (4.25)

wherep;. , arethefour-momenteof two like-signleptonsty", £, . Sincelike-signleptonsoriginatefrom

decayof a doubly chaged Higgs boson,their invariantmasspeaksaroundmgig, = Mg+=+ in thecase
of the signal. The four-muonfinal stateallows to obtaininvariantmassedglirectly from Eq. (4.25). In

channelsnvolving oneor severaltauleptons,which areseenasr-jets or secondarynuons(marked as
1’ belaw), the momenteof thelatterhasto be correctedaccordingto the equationsystem

Pr = Fibletjur » (4.26)
pro= > B, (4.27)
mi, = my,, (4.28)

wherei countsr leptons,(p,, )r is the vectorof transersemomentunof the producedqeutrinos,zp} is

thevectorof missingtransyersemomentunmmeasuredby thedetectorandk; > 1 arepositive constants.
Eq. (4.26) describeghe standardapproximationthat the the decayproductsof a highly boostedr are
collinear Eq.(4.27)assumesmissingtrans\erseenegy only to becomprisedf neutrinosrom 7 decays.
In generaljt is not a high-handedimplification,because¢he otherneutrinosin the eventaremuchless
enegetic andthe detectorerror in missingenegy is order of magnitudesmaller[3]. Using the first

two equationst is possibleto reconstrucup to two 7 leptonsper event. The additionalrequiremenof

Eq. (4.28)allows to reconstructthird 7, althoughvery smallmeasuremerdrrorsareneeded.

A clearsignalextractionfrom the SM backgroundcanbe achieved usinga setof selectionrules
imposedon areconstructe@ventin thefollowing order:

— S1 eventswith at leasttwo positve andtwo negatve muonsor jets which have || < 2.4 and
pr > 5 GeV areselected.
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— S2 Thescalarsumof transersemomentaof the two mostenegetic muonsor 7 jets hasto be
largerthana certainvalue(dependingon the ™+ massrangestudied).

— S3 If theinvariantmassof a pair of oppositechage muonsor 7 jetsis closeto the Z bosonmass
(85 — 95 GeV), thenthe particlesareeliminatedfrom theanalysis.

— S4 asd** areproducedn pairs,their reconstructednvariantmasse$have to be equal(in each
event). Thecondition
++ ==
0.8 <my ;. [my, <1.2. (4.29)

hasbeenused.If theinvariantmassesrein this rangethenthey areincludedin the histograms,
otherwiseit is assumedhat somemuonmay originatefrom ~ decay andit is attemptedo find
correctiongo theirmomentaaccordingto the methoddescribedhbore.

An exampleof invariantmassdistribution afterapplyingselectionrulesis shavn in Fig. 4.30for
Mg++ = 500 GeV. A talulatedexampleis givenfor Mg++ = 200, 500 and800 GeV in Table6.1,
correspondingo a luminosity L = 30 fo~!. The strengthof the S2 cut is clearly visible: almostno
decreasn signalwhile the numberof the backgroundeventsdescendsloseto its final minimumvalue.
A peculiarbehaior of S4— reducingthe backgroundwhile alsoincreasinghe signalin its peak— is
theeffect of applyingther — .’ correctionmethoddescribedabove.
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Fig. 4.30: Distribution of invariantmasse®f lik e-signpairsafterapplyingselectiorrules(S1-S4)Yor scalarmass
Mg++ = 500 GeV andthe SM backgroundL=30 fb—!). The histogramin the right panelis a zoomof the left
histogranto illustratethe effectsof the selectionrulesS2—-S4.

As it is seenin Table6.1, the SM backgrounccanbe practicallyeliminated. In suchanunusual
situationthe log-likelihood ratio (LLR) statisticalmethod[127,527] hasbeenusedto determinethe
50 discovery potential,demandinga significancdargerthan5c in 95% of “hypotheticalexperiments”,
generatedisinga Poissordistribution. With this criterion,® ™+ upto 300GeV canbediscoveredin the
firstyearof LHC (L = 1 fb—!) and®** upto 800GeV canbediscoreredfor theintegratedluminosity
L = 30 fo~!. Thereforethe origin of neutrinomasscanpossiblybedirectly testedat LHC.

6.2 Thediscovery potential of the Babu-Zee model
Thenew chagedscalarsof themodelintroducenewn gaugeinvariantYukavainteractionspnamely

L= fapeij(LYCLYRT + h5(el Ceg)k™ + hec. (4.30)

Here, L arethe standardnodel (left-handed)lepton doublets,e the chaged leptonsinglets,«, 8 are
generatiorindicesande;; is the completelyantisymmetridensor Notethat f is antisymmetriovhile 7’
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Table 4.12: Effectivenesf the selectionrulesfor the backgroundandsignal. All eventnumbersn thetableare
normalizedfor L = 30 fo—!. Thenumbersn bracketsmark errorsat 95% confidencdevel for Poissonstatistics.

Thesignalincreasesfter S4dueto thereconstructed — ' decays.

Process N of like-signpairs
Nof<I>|Sl |82 |S3 |S4
Enegy rangel50 — 250 GeV
Mgp=200GeV | 4670 | 1534 1488 1465 1539
tt — 40 - 1222(168) | 172(8.5) | 134(6.9) | 17.6(3.7)
ttz - 21.3(4.0) | 15.5(1.0) | 6.3(1.2) 2.2(1.2)
47 - 95.0(12.0) | 22.5(0.7) | 9.8(0.5) 1.7(0.2)
Enegy range375 — 625 GeV
Mgy=500GeV | 119.2 | 48.4 47.5 46.8 49.5
tt — 40 - 178(28) 2.1(0.9) 1.65(0.87)| 0.10(0.35)
ttz - 6.6(1.7) 2.3(1.0) 1.0(1.0) 0.00(0.1)
Z7 - 9.4(2.9) 1.4(0.2) 0.68(0.19) | 0.08(0.09)
Enegy range600 — 1000 GeV
Mgp=800GeV | 11.67 | 5.05 5.00 4.92 5.21
tt — 40 - 77(12) 0.00(0.22)| 0.00(0.22)| 0.00(0.07)
tt7 - 2.6(1.2) 0.39(0.4) | 0.39(0.4) | 0.00(0.1)
Z7 - 2.5(0.8) 0.34(0.16)| 0.17(0.09)| 0.00(0.02)

is symmetric. AssigningL. = 2 to A~ andk™—, eq. (4.30) conseresleptonnumber Leptonnumber
violationin themodelresidesonly in thefollowing termin the scalampotential

L=—phthtk™ +he. (4.31)
Vacuumstability agumentscanbe usedto derive an upperboundfor the leptonnumberviolating cou-

pling 12 [528], namely 1 < (6m2)1/4m,,. Thestructureof Eq. (4.30)andEq. (4.31)generate®ajorana
neutrinomassesitthetwo-looplevel (seeref. [514] and[528] for details).

Constrainton the parametespaceof the modelcomefrom neutrinophysicsexperimentaldata
andfrom the experimentalupperboundson leptonflavour violation (LFV) processesConstraintson
the antisymmetriccouplingsf,,, areentirely determinedoy neutrinomixing anglesanddependon the
hierarchyof the neutrinomassspectrum,which in this model can be normal or inverse. Analytical
expressionsaswell asnumericalupperandlower boundsfor theratiose = f13/ fa3 ande’ = fi2/ fo3
werecalculatedn reference$528] and[514].

Therequiremenbf having alarge atmospherienixing angleindicateshatthe symmetricYukava
couplingshy, (z,y = p,7) mustfollow the hierarchyh,, ~ (m,/m;)h,; ~ (m,/m.)*hy,. The
couplingshee, he, andh,, areconstrainedy LFV of thetypel, — I;l.l; andhave to be smallerthan
0.4, 4 -1073 and7 - 1072 [528]. The mostrelevant constrainton m,;, comefrom the LFV processes
T — 3u while for my, is derived from u© — evy. Lower boundsfor both scalarmassesanbe found
(seeref. [514]), theresultsarem,, = 770 GeV, m;, = 200 GeV (normalhierarchycase)andm,, = 900
GeV (inversehierarachycase).In [528] it hasbeenestimatedhatat the LHC discovery of k™ might
be possibleup to masse®f m;, < 1 TeV approximately In the following it will thereforebe assumed
thatm, < 1 TeV and,in addition,m; < 0.5 TeV. The notationBR(h™ — I, Zﬁ vg) = BRﬁla and

BR(kT — l,l) = BRij‘lﬁ will beused.h™ decaysaregovernedby the parameters ande’. Usingthe
current3c rangefor neutrinomixing angleqg199] it is possibleto predict

BR;, = [0.13,0.22], BR!=1[0.31,0.50, BR] = [0.18,0.35], (4.32)
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Fig. 4.31: Lines of constantBR(k** — h*h*), assumingto the left h,, = 1: BR!" = 0.1,0.2,0.3 and
0.4 for dotted, dash-dottedfull and dashedine. The vertical line correspondgo m;, = 208 GeV for which
BR(u — ey) = 1.2 x 10~ ! andhorizontalline to m;, = 743 GeV for whichBR(7 — 3u) = 1.9 x 1076, i.e.
parametecombinationgo the left/below this line areforbidden. Plot on theright assumes,,,, = 0.5. Linesare
for Bth =0.4,0.5,0.6 and0.7, dotted,dash-dottedfull anddashedine. Againthe shadedegionsareexcluded
by BR(x — ey) andBR(r — 3pu).

BR;, = [0.48,0.50], BR! =[0.17,0.34], BRj = [0.18,0.35]. (4.33)

For normalhierarchy(eq. (4.32))or inversehierarchy(eq. (4.33)).

Thedoublychagedscalardecayeitherto two same-sigieptonsor to two 4 final statesLepton
pair final statesdecaysare controlledby the k3 Yukava couplingswhile the leptonflavour violating
decayk™ — hTh* isgovernedby theu paramete(seekq.(4.31)). Thehierarchyamongthecouplings
Py, hyr andh.. resultin the prediction

BR." /BRI ~ (m,/m,)?, BRY /BRI ~ (m,/m,)*. (4.34)

Thus,theleptonicfinal statesof £+ decaysaremainly like-signmuonpairs.

Hereit is importantto remarkthatin generathedecaysk™ — e*l* (I = e, u, 7) arestrongly
suppressedue to the LVF constraintson the h.; parameters.However, if the Yukava coupling A
saturatedts upperlimit thenelectronpair final statescanbe possiblyobsered.

Thebranchingratio for theprocesst™ — h™h* reads

++ 1) ~ u’p

BR(K™™ — hth') ~ m%hiu 28 (4.35)
Here 5 is the usualphasespacesuppressiotiactor Fromeq.(4.35)it canbe notedthatif the process
is kinematicallyallowed the leptonviolating coupling . canbe measuredy measuringhis branching
ratio. Hereit shouldbe stressedhatfor h,, < 0.2 the currentlimit on BR(x — ev) rulesoutall
my, S 0.5 TeV, thusthis measuremernis possibleonly for 2, 2 0.2. Note that smallervaluesof 1
leadto smallerneutrinomassesthusupperboundson the branchingratio for BR’,gh canbeinterpreted
asupperlimit onthe neutrinomassn this model.Figure4.31shavs theresultingbranchingatiosfor 2
valuesof k.
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Chapter 5

Tools
F. Krauss,F. Moortgat,G. Polesello

1 Intr oduction

In the following, contrikutions highlighting the treatmenibf flavour aspectsn publicly available calcu-
lational tools usedin New Physicsstudiesat colliderswill belisted. Suchtools cover a wide rangeof
applicationsyoughly speakinghereareawide variety of computemprogramgdiscussedhere:

— Analytical precisioncalculations:
There,theresultsof analyticalprecisioncalculationgor specificobsenables,oftenatloop level,
are codedandthus madeavailable for the public. Theseobserablesusually are setsof single
numberssuchascrosssectionsdecaywidths, brancingratiosetc.,calculatedor a specificpoint
in the respectie modelsparametespace. Examplesfor suchtools coveredhereare HDECAY,
SDECAY, FCHDECAY andFEYNHIGGS.

— Toolshelpingin or performing(mostly) analyticalcalculations:
The best-knavn examplefor suchatool, the combinatinof FEYNARTS andFORMCALC andits
treatmentof flavour aspectss discussedere. In principle, FEYNARTS allows for a automated
constructionof Feynmandiagramsjncluding higherorder effects,andthe corresponding@ampli-
tude. FORMCALC canthenbeusedto evaluatethe loop integralsin a semi-automatethshion.

— RGEcodes:
There, the renormalisatiorgroup equationis solved numericallyin orderto obtainfrom high-
enegy inputsthe SUSY parametersat lower, physicalscales.Theseparametersisuallyare cou-
pling constantsparticle massesandwidths and mixing matrices. For this purpose a numberof
codesexist, hereSPHENO andSUSPECT arepresentedit shouldbenotedthatmary of theseRGE
codesalsoembeda numberof relevantcrosssectionspranchingratiosetc..

— Matrix elemenfgenerators/&tonlevel generators:
Thesecodescalculate,in a automatedashion,crosssectionsfor multi-leg tree-level processes.
Usually they are capableof generatingweightedor unweightedeventsat the partonlevel, i.e.
without shavering or hadronisation.This taskis usuallyleft for other programsthe neccessary
informationis passedy somestandardisedterfaceformat[529]. Exampledor thistypeof code
includeCaLcHEP andHVYN.

— Full-fledgedeventgenerators:
Thesegorogramsprovide fully shaveredandhadronisedvents.PrimaryexamplesncludePY THIA,
HERWIG, andSHERPA.

In additioninterfacesarenecessaryo transferdatabetweerthevariousprogramsaswill bediscussedn
thenext section.

2 A Brief Summary of The SUSY Les HouchesAccord 2

The statesandcouplingsappearingn thegeneraminimal supersymmetristandardnodel(MSSM) can
be definedin a numberof ways. Indeed,it is often advantageouso usedifferentchoicesfor different
applicationsandhenceno uniquesetof corventionsprevails at present.In principle, this is not a prob-
lem; translationdetweerdifferentcorventionscanusually be carriedout without ambiguity Fromthe
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point of view of practicalapplication,however, suchtranslationsare,at best,tedious,andat worstthey
introduceanunnecessargossibilityfor error.

To dealwith this problem,andto createa moretransparensituationfor non-eperts,the origi-
nal SUSY Les HouchesAccord (SLHA1) was proposed530]. This accorduniquely definesa setof
corventionsfor supersymmetrienodelstogetherwith a commoninterface betweencodes. However,
SLHAL1 was designedexclusively with the MSSM with real parameter@and R-parity conseration in
mind. Somerecentpublic codes[319,336,531-537] are eitherimplementingextensionsto this base
modelor areanticipatingsuchextensions.We thereforeherepreseniextensionsof the SLHAL relevant
for R-parityviolation (RPV), flavour violation,andCP-violation(CPV) in theminimal supersymmetric
standardnodel(MSSM). We alsoconsidemext-to-minimalmodelswhich we shallcollectively labelby
theacrorym NMSSM. Sincethe SLHA2 agreementiave not yet beenpublished this summaryshould
beregardedaspreliminary It is alsonecessarilyagueon a few pointswhich have not beendefinitely
settledyet.

For simplicity, we still limit the scopeof the SLHA2 in two regards:for the MSSM, we restrict
our attentionto either CPV or RPV, but not both. For the NMSSM, we defineonecatch-allmodeland
extendthe SLHA1 mixing only to includethe new stateswith CP, R-parity andflavour still assumed
consered. For brevity, this reportdoesnot include a discussionof the superPMNS basisfor lepton
flavour violation

The cornventionsdescribechereare a supersebf thoseof the original SLHA1L, unlessexplicitly
statedotherwise.We use ASCII text for input and output,all dimensionfulparametergaretakento be
in appropriatgpowersof GeV, andthe outputformatsfor SLHA2 dataBLOCKs follow thoseof SLHAL.
All anglesarein radians.In afew casest hasbeennecessaryo replacethe original corventions. This
is clearlyremarled uponin all placeswhereit occurs,andthe SLHA2 corventionsthensupersedéhe
SLHA1 ones.

2.1 The SLHA2 Conventions
2.1.1 Flavour Violation

The CKM basisis definedto bethe onein which the guarkmassmatrix is diagonal.In the superCKM
basis[170] the squarksarerotatedby exactly the sameamountastheir respectre quarksuperpartners,
regardlessof whetherthis makesthem(thatis, the squarks)Xiagonalor not. Misalignmentbetweerthe
quarkandsquarksectorghusresultsin flavour off-diagonaltermsremainingin the squarksector

In thisbasisthe6 x 6 squarkmassmatricesaredefinedas
Lrss = — o M3, — M2, (5.1)

whered,, = (ﬂL, Cr, EL, UR, CR, ER)T and®,; = (JL, Sp, EL, CZR, SR, Z;R)T. We diagonalisehe squark
massmatricesvia 6 x 6 unitary matricesR,, 4, suchthat iz, 4 Mi JRL, 4, arediagonalmatriceswith
increasingnasssquaredralues.We re-definethe existing PDG codesfor squarkg€o enumeratéhe mass
eigenstates ascendingrder:

(dy,ds,ds, dy, ds,dg) = (1000001, 1000003, 1000005, 2000001, 2000003, 2000005),
(&1,&2,123,&4,115,&6) = (1000002, 1000004, 1000006, 2000002, 2000004, 2000006).

Theflavour violating parametersf the modelarespecifiedin termsof the CKM matrix together
with five 3 x 3 matricesof soft SUSY-breakingparametergivenin thesuperCKM basis
My, 3, Ty, Ip. (5.2)

Analogousrotationsand definitionsare usedfor the leptonflavour violating parametersin this
caseusingthe superPMNS basis. Thiswill befurtherelaborateanin thejournalversionof thisreport.
Below, we referto the combinedbasisasthe superCKM/PMNS basis.

120



2.1.2 R-parity Violation
We write the R-parity violating superpotentiahs

1s
Wrpv = € /\UkLaLbEk-l-)\JkLabeDka; ’%iLgHg

)‘/jk€ UixDijkm (53)

wherez,y,z = 1,..., 3 arefundamentaBU(3)c indicesande** is thetotally antisymmetridensorin
3 dlmen3|on3N|th em +1. In eq.(5.3), \ijx, /\Z . and#g; breakleptonnumberwhereas\”k violate
baryonnumber As in the previoussection all quantitiesaregivenin thesupefCKM/superPMNS basis.
Note,thatin the R-parityviolating casethe PMNSis anoutputonceleptonnumberis violated.

Thetrilinear R-parityviolating termsin the soft SUSY-breakingpotentialare
L - 74 Tb ~* T 7a A T
VBRPV = €ab E(T)ijkLgLLl;LekR‘f'(T/)ijkLgLQ?‘LdkR

i ~Tx JYk Jak
+§(T’ ijk€ayUihd pdiy + hoc. (5.4)
Note thatwe do not factoroutthe \ couplings(e.g.asin Tjjx/A\ijx = Axiji)-
Whenleptonnumberis broken,additionalbilinearsoft SUS Y-breakingpotentialtermscanappeay

Vorpy = —ewDi LY HS + LmLmL u Hi +he. (5.5)

andthe sneutrinognay acquirevacuumexpectationvalues(VEVS) (7. ,, ) = Ve p.r/ V2. The SLHA1
definedthetree-leel VEV v to beequalto 2mz /+/ g2 + ¢'* ~ 246 GeV thisis now generalisedo

v:\/vf+v%+vg+vﬁ+vz. (5.6)

For tan 3 we maintainthe SLHA1 definition, tan 8 = vq /v;.
The Lagrangiarcontainghe (symmetric)neutrino/neutralinanassmatrix as

mass 1- 7
LIS = —§¢0TM W/JO +h.c., (5.7)

in the basisof 2—componenspinorsy’ = (v,, v, v,, —ib, —iw*, hy, hy)T. We definetheunitary 7 x 7
neutrino/neutralinanixing matrix N (block RVNMIX), suchthat:

1- ~ 1 - A
—§¢0TMJ}0¢O =3 POINT N* Mo NTNY© (5.8)

H/_/\v/
)ZOT 0

i X
dlag(mXO)

wherethe 7 (2—componentheutralleptonsy” aredefinedstrictly mass-ordered,e. with the 15,24 34
lightestcorrespondindo the massentriesfor the PDGcodesl 2, 14, and16, andthefour heariestto the
PDGcodes1000022, 1000023, 1000025, 1000035.

Chaginosandchagedleptonsmayalsomix in the caseof L-violation. The Lagrangiarcontains

1~ -
mass _ f_z/J—TMQ/}w + h.c. , (5.9)

xt+

in the basisof 2—componenspinorsy ™ = (et, ut, 7+, —iw™, k)T, = = (e, 7, —iw—, h7)T
wherew® = (w! +@?)/+/2. We definetheunitary5 x 5 chagedfermionmixing matrices/, V, blocks
RVUMIX, RVVMIX, suchthat:

—%&‘TMWZF = ;w Tyt M; Rl Vw (5.10)



wherethe generalisedchaged leptonsy™ are definedasstrictly massordered,i.e. with the 3 lightest
statescorrespondingo the PDG codesi11, 13, and 15, andthe two heaiest to the codes1000024,

1000037. For historicalreasonsgodest 1, 13, and15 pertainto thenegatively chagedfield while codes
1000024 and1000037 pertainto the oppositechage. Thecomponentsf x in “PDG notation”would

thusbe (-11,-13,-15,1000024, 1000037). In thelimit of CP conseration, U andV arechosernto

bereal.

R-parity violation via leptonnumberviolation impliesthatthe sneutrinoanmix with the Higgs
bosonsln thelimit of CPconserationthe CP-even(-odd)Higgsbosongamix with real(imaginary)parts
of the sneutrinosWe write the neutralscalarsas¢® = V2R (HY, HY, U,, 7, )T, with themassterm

L= —%(bOTMiO(bO , (5.11)

where M2, is ab x 5 symmetricmassmatrix. We definethe orthogonals x 5 mixing matrix X (block
&
RVHMIX) by
—¢OTM350¢0 - ¢0TNT NM@ONT N¢0 ,
S~ ——
diag(mio) @0

(5.12)

POT

whered' aretheneutralscalamasseigenstatem strictly increasingnassorderThestatesarenumbered
sequentiallyby thePDGcodes(25,35,1000012, 1000014, 1000016), regardlessof flavour content.

We write the neutralpseudoscalaras¢’ = 2S(HY, HY, Ue, 1y, 7)1, with themassterm
1- _
L= —§¢0TM%0¢0 : (5.13)
where/\/l%0 isa5 x 5 symmetricmassmaitrix. We definethe4 x 5 mixing matrix X (block RVAMIX) by

*QEOTMQ

200° = — "TRT RMZRT RGO (5.14)
SN—— ~~

POT PO

diag(méo)

where ®Y are the pseudoscalamasseigenstatesn increasingmassorder The statesare numbered
sequentiallyy thePDGcodes(36,1000017, 1000018,1000019), regardles®f flavour composition.
The GoldstonebosonG® hasbeenexplicitly left out andthe 4 rows of & form a setof orthonormal
vectors.

If theblocksRVHMIX, RVAMIX arepresentthey supersedéhe SLHAL ALPHA variable/block.

ThechagedsleptonsandchagedHiggsbosonsalsomix in the8 x 8 masssquarednatrix M2

¢:i:|
whichwe diagonalisdby a7 x 8 matrix C' (block RVLMIX):
Hy
—k + ~x % t 2 T H+*
L=—(H{ ,H, ,eLi,eRj)C' CMyC'C 2 , (5.15)
eLk
o+ diag(M? ) éR,

wherei, j, k,l € {1,2,3}, a, 8 € {1,...,6} andd* = o1 are the chaged scalarmasseigen-

statesarrangedn increasingmassorder Thesestatesare numberedsequentiallyby the PDG codes
(37,1000011,1000013,1000015, 2000011,2000013,2000015), regardles®f flavourcomposition.
The GoldstonébosonG~ hasbeenexplicitly left outandthe 7 rows of C form a setof orthonormalec-

tors.

129



2.1.3 CP Violation

When CP symmetryis broken, quantumcorrectionscausemixing betweenthe CP-azen and CP-odd
Higgs states.Writing the neutralscalarinteractioneigenstateas¢® = v2(RHY, RHY, SHY, SHI)T
we definethe3 x 4 mixing matrix S (block CVHMIX) by

" M3 = — 1S S* M3 ST 5S¢ (5.16)
S —

. 0
dlag(méo) o

HOT
where®? = (hY, hY, hY)T arethe masseigenstatesrrangedn ascendingnassorder; thesestatesare
numberedsequentiallyby the PDG codes(25, 35, 36), regardlesf flavour composition.

For the neutralinoandchagino mixing matricesthedefault corventionin SLHAL is thatthey be
real matrices. One or more masseigemvaluesmay thenhave an appareninegatie sign, which canbe
removed by a phasdransformatioron y; asexplainedin SLHA1 [530]. Whengoingto CPV, thereason
for introducingthe nggative-masscornventionin thefirst place,namelymaintainingthe mixing matrices
strictly real,disappearsWe thereforeheretake all massesealandpositive, with NV, U, andV comple.
This doesleadto a nominaldissimilarity with SLHAL in the limit of vanishingCP violation, but we
notethatthe explicit CPV switchin MODSEL canbe usedto decideunambiguouslyvhich conventionto
follow.

For theremainingMSSM parametersve usestraightforvard generalisationso thecomple case,
seesection2.2.4.

214 NMSSM

We shall heredefinethe next-to-minimal caseas having exactly the field contentof the MSSM with
the addition of onegaugesingletchiral superfield. As to couplingsand parameterisationgatherthan
adoptinga particularchoice,or treatingeachspecialcaseseparatelybelov we choosdnsteado work at
themostgeneralevel. Any particularspecialkcasecanthenbeobtainedby settingdifferentcombinations
of couplingsto zero. However, we do specialisdo the SLHA1-like casewithout CP violation, R-parity
violation, or flavour violation. Below, we shall usethe acrorym NMSSM for this classof models,but
we emphasis¢hatwe understandt to relateto field contentonly, andnotto the presencer absencef
specificcouplings.

In additionto the MSSM terms,the mostgeneralCP conservingNMSSM superpotentials (ex-
tendingthe notationof SLHAL):

1
Wiarssar = Warssar — NS HTHS + 5“53 + 4/ S% +€pS (5.17)

where Wisssar is the MSSM superpotentialin the corventionsof ref. [530, eq. (3)]. A non-zeroi
in combinationwith a VEV (S) of the singletgenerates contrikution to the effective p term peg =
A(S) + p, wherethe MSSM 1 term is normally assumedo be zero, yielding peg = A (S). The
remainingtermsrepresentigenerakubicpotentialfor thesinglet;x is dimensionlessy’ hasdimension
of massand¢ér hasdimensionof masssquaredThesoft SUSY-breakingtermsrelevantto theNMSSM
are

1
Viott = Varssy + Vaussar + m3|S|2 4 (—eapANANSHEHS + gﬁAnS?’ + B'p/S? + €3S + h.c.)(5.18)

whereV; rrssar arethe MSSM softterms,in the corventionsof ref. [530, egs.(5) and(7)].

At treelevel, therearethus 15 parametergin additionto m which fixesthe sumof the squared
HiggsVEVs) thatarerelevantfor the Higgs sector:

ta’nﬂa Ky m%—ha m%—lga m?ﬁa )\7 R, A/\a Afm //7 Bla §F: §S> A<S>a m% . (519)
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The minimisationof the effective potentialimposes3 conditionson theseparameterssuchthatonly 12
of themcanbe consideredndependentFor thetime being,we leave it up to eachspectrumcalculator
to decideonwhich combinationgo accept.For the purposeof thisaccord we noteonly thatto specifya
generalmodelexactly 12 parameterérom eq.(5.19)shouldbe providedin theinput, including explicit
zeroesfor parameterslesired‘switchedoff”. However, sincey = m2 = ' = B’ = &g = &g = 0
in the majority of phenomenologicatonstructionsfor conveniencewe alsoallow for a six-parameter
specificatiorin termsof thereducedparametelist:

tans3, m%{p m%[ga A, Ky Axy Ags )‘<S>v ’ITL% : (520)

To summarisein additionto m 2z, theinputto theaccordshouldcontaineither12 parameterfrom
thelist givenin eq.(5.19),includingzeroedor parametersot presenin the desiredmodel,or it should
contain6 parameterfrom thelist in eq.(5.20),in whichcaseheremaining6 “non-standardparameters,
iy m%, ', B', £p, andég, will be assumedo be zero;in both caseghe 3 unspecifiedbarametergas,
e.g.,qul, mf%, andmgs) areassumedo be determinedy the minimisationof the effective potential.

The CP-eren neutralscalarinteractioneigenstatesre ¢° = 2R(HY, HY, S)”. We definethe
orthogonaB x 3 mixing matrix S (block NMHMIX) by

—¢"T M3° = — °T ST M3 ST 540 (5.21)
S ——

0T 2 ) @0
$0

diag(m
where®® = (hY, h, hY) arethe masseigenstatesrderedin mass.Thesestatesare numberedsequen-
tially by the PDG codes(25,35,45). The format of BLOCK NMHMIX is the sameasfor the mixing
matricesin SLHAL.

The CP-oddsectorinteractioneigenstatesire ¢° = 23 (HY, HY, S)”. We definethe 2 x 3
mixing matrix P (block NMAMIX) by

" M2" = — " PT PM2, PT PO (5.22)

HOT PO

diag(m%o)

whered® = (A9, AY) arethe masseigenstatesrderedn mass.Thesestatesarenumberedsequentially
by the PDG codes(36,46). The GoldstonebosonG" hasbeenexplicitly left outandthe 2 rows of P
form a setof orthonormalectors.

If NMHMIX, NMAMIX blocksarepresentthey supersedéhe SLHAL ALPHA variable/block.
ThelLagrangiarcontainshe (symmetric)s x 5 neutralinomassmatrix as

mass 1- 7
L5 = —§¢0TM joP° +he., (5.23)

in thebasisof 2—componenspinorsy® = (—ib, —iw?, hi, ho, §)7. Wedefinetheunitary5 x 5 neutralino
mixing matrix N (block NMNMIX), suchthat:

1 - . 1 - -
50" Mot = —S 9T NT N Mg NT NG (5.24)

" diag(mg) X

X

wherethe 5 (2—componentheutralinosy; aredefinedsuchthatthe absolutevalue of their massesn-
creasavith i, cf. SLHA1 [530]. Thesestatesaarenumberedequentiallyoy thePDGcodes(1000022, 1000023, 1000025, 1(
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2.2 Explicit Proposalsfor SLHA2

Asin the SLHAL1 [530], for all runningparameterin the outputof the spectrunfile, we proposeo use
definitionsin the modifieddimensionafteduction(DR) scheme.

To definethe generalpropertiesof the model, we proposeto introduceglobal switchesin the
SLHA1 modeldefinition block MODSEL, asfollows. Note thatthe switchesdefinedherearein addition
to theonesin [530].

2.2.1 Model Selection
BLOCK MODSEL

Switchesandoptionsfor modelselection.The entriesin this block shouldconsistof anindex, identify-
ing the particularswitchin thelisting below, followed by anotherintegeror realnumbey specifyingthe
optionor valuechosen:

3 : (Default=0) Choiceof particlecontent.Switchesdefinedare:
0 : MSSM.This correspond$o SLHAL.
1 : NMSSM. As definedhere.

4 . (Default=0) R-parityviolation. Switchesdefinedare:
0 : R-parityconsered. This correspond$o the SLHAL.

1 : R-parityviolated.

5 : (Default=0) CPviolation. Switchesdefinedare:
0 : CPisconsered. No informationevenonthe CKM phasds used.This
correspondso the SLHA1.
1 : CPis violated,but only by the standardCKM phase.All otherphases

assumedaero.
2 : CPisviolated. CompletelygeneralCP phasesllowed.

6 : (Default=0) Flavour violation. Switchesdefinedare:
0 : No (SUSY)flavourviolation. This correspondso the SLHAL.

1 : Quarkflavouris violated.
2 : Leptonflavouris violated.
3 : Leptonandquarkflavouris violated.

2.2.2 Flavour Violation

— All input SUSY parametersregivenatthe scale)M;,,: asdefinedin the SLHA1 block EXTPAR,
exceptfor EXTPAR 26, which, if presentjs the pole pseudoscalaHiggs mass. If no Mi,put iS
presentthe GUT scaleis used.

— FortheSM inputparametersye take the Particle DataGroup(PDG)definition: leptonmassesire
all on-shell. Thelight quarkmassesn,, 4 s aregivenat 2 GeV in the MS schemeandthe heary

quark massesare given as m.(m.)M3, my(m;)MS andm$» 2!, The latter two quantitiesare
alreadyin the SLHAL. Theothersareaddedto SMINPUTS |n thefollowing manner:

8  :m,,, polemass.

11 : me, polemass.
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12 :m,,, polemass.

13 :my, polemass.

14 :m,,, polemass.

21 mg(2 GeV)MS, d quarkrunningmassin the MS scheme.
22 :m,(2 GeV)MS, 4 quarkrunningmassin the MS scheme.
23 :ms(2 GeV)MS, s quarkrunningmassin theMS scheme.
24 me(m)MS. ¢ quarkrunningmassin the MS scheme.

The FORTRAN formatis the sameasthatof SMINPUTS in SLHA1 [530].
— Ve theinput CKM matrix, in theblock VCKMIN in termsof the Wolfensteinparameterisation:

1 A
2 A
3 P
4 7

The FORTRAN formatis the sameasthatof SMINPUTS above.

— Upnmns: theinput PMNS matrix, in the block UPMNSIN. It shouldhave the PDG parameterisation
in termsof rotationangleq338] (all in radians):

1 0, (thesolarangle)
: O3 (theatmospherienixing angle)

: 613 (currentlyonly hasanupperbound)

2

3

4 43 (theDirac CP-violatingphase)

5 . a1 (thefirst MajoranaCP-violatingphase)
6

. ao (thesecondCP-violatingMajoranaphase)

The FORTRAN formatis the sameasthatof SMINPUTS above.

- (m%)gR, (mZ)5", (m2)Pr, (m%)g.R, (T E)DR thesquarkandsleptonsoft SUS Y-breakingnasses
attheinputscalein the superCKM/PMNS basis,asdefinedabove. They will begivenin the new
blocksMSQ21IN, MSU2IN, MSD2IN, MSL2IN, MSE2IN, with the sameformatasmatricesn SLHAL.
Only the “uppertriangle” of thesematricesshouldbe given. If diagonalentriesarepresentthese

supersedéhe parameterin the SLHAL block EXTPAR.

(TU)” : (TD)BR, and (TE)DR the squarkandsleptonsoft SUS Y-breakingtrilinear couplingsat
theinputscalein thesupe;CKM/PMNS basis.They will begivenin thenew blocksTUIN, TDIN,
TEIN, in the sameformatasmatricesin SLHAL. If diagonalentriesare presenthesesupersede

the A parameterspecifiedn the SLHA1 block EXTPAR [530].

For theoutput,the polemassesiregivenin blockMASS asin SLHA1, andthe DR andmixing parameters
asfollows:

— (Mm% )BR, (m%)??, (mg)g?, (m%)BR, (7 2)DR thesquarkandsleptonsoft SUS Y-breakingmasses
at scale@ in the superCKM/PMNS basis. Will be givenin the new blocksMSQ2 Q=.. ., MSU2

Q=...,MSD2 Q=...,MSL2 Q=...,MSE2 Q=...,with formatsasthecorrespondinginputblocks
MSX2IN above.

(TU)ZJ : (TD)BR, and(TE)??: Thesquarkandsleptonsoft SUS Y-breakingtrilinear couplingsin
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the superCKM/PMNS basis. Givenin thenew blocksTU Q=...,TD Q=..., TE Q=..., which
supersedéhe SLHAL blocksAD, AU, andAE, see[530].

— (Yu)PR, (Yp)PR, (Y)PR: thediagonalDR Yukawasin thesuperCKM/PMNS basis atthescale
Q. Givenin the SLHA1 blocksYU Q=...,YD Q=...,YE Q=..., see[530]. Notethatalthough
the SLHAL blocksprovide for off-diagonalelementspnly thediagonaloneswill berelevanthere,
dueto the CKM rotation.

— TheDR CKM matrix atthe scale@. Will begivenin thenew block(s)VCKM Q=. . ., with entries
definedasfor theinputblock VCXMIN above.

— Thenew blocks R, =USQMIX R; =DSQMIX, R, =SELMIX, and R, =SNUMIX connectthe par

ticle codes(=mass-orderetbasis)with the superCKM/PMNS basisaccordingto the following

definitions:
1000001 di dr,
1000003 da St
1000005 | | ds B br
2000001 | = | 4 = DSQMIX;; in ; (5.25)
2000003 ds, SR
2000005 dG mass—ordered bR super—CKM
1000002 iy ur,
1000004 iig cr
1000006 | | as _ |
soooo2 | = | 4 = USQMIX;; i (5.26)
2000004 s CR
2000006 U mass—ordered tr super—CKM
1000011 €1 er
1000013 €o AL
1000015 | | és _ 2
sooo0t1 | = | & = SELMIX;; én ; (5.27)
2000013 és AR
2000015 €6 mass—ordered R super—PMNS
1000012 o Ve
1000014 | = [ = SNUMIX;; | 7 : (5.28)
1000016 Vs mass—ordered vt super—PMNS

Note! A potentialfor inconsisteng arisesf themassesandmixingsarenotcalculatedn thesame
way, e.g.if radiatvely correctedmassesreusedwith tree-level mixing matrices.In this case,|jt
is possiblethatthe radiative correctiongo the masseshift the massorderingrelative to the tree-
level. Thisis especiallyrelevantwhenneardegeneratanasse®ccurin the spectrumand/orwhen
the radiative correctionsare large. In thesecasesgxplicit caremustbe taken especiallyby the
programwriting the spectrumput alsoby the onereadingit, to properlyarrangethe rows in the
orderof themassspectrumactuallyused.

2.2.3 R-Parity Violation

Thenamingcorventionfor inputblocksis BLOCK RV#IN, wherethe'#' characterepresentthenameof
therelevant outputblock given belon. Default inputsfor all R-parity violating couplingsarezero. The
inputsaregivenatscalel;, ¢, asdescribedn SLHAL (defaultis the GUT scale)andfollow the output
format given below (with the omissionof Q= ...). In addition,the knovn fermion masseshouldbe
givenin SMINPUTS asdefinedabove.
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Inputblock | Outputblock | data
RVLAMLLEIN | RVLAMLLE ijk >\ijk
RVLAMLQDIN | RVLAMLQD ik M,

ijk
RVLAMUDDIN | RVLAMUDD 17k Afljk
RVTLLEIN RVTLLE ik T%jk
RVTLQDIN RVTLQD 17k ,‘Z:z/]k
RVTUDDIN RVTUDD ijk Tl/; k

NB: Oneof thefollowing RV. . . IN blocksmustbeleft out:
(whichoneupto userandRGE code)

RVKAPPAIN | RVKAPPA ik
RVDIN RVD i D;
RVSNVEVIN | RVSNVEV iv;
RVM2LH1IN | RVM2LH1 i mi 0

Table 5.1: Summaryof R-parity violating SLHA2 datablocks. Only 3 out of the last4 blocksareindependent.
Which blockto leave out of theinputis in principleupto theuser with the caveatthata givenspectruncalculator
may notaccepiall combinations.

— The dimensionlesgouplings;jx, A}, and\”,, aregivenin BLOCK RVLAMLLE, RVLAMLQD,
RVLAMUDD Q= ... respectrely. Theoutputstandardghouldcorrespondo the FORTRAN format
(1x,12,1x,12,1x,12,3x,1P,E16.8,0P,3x, #’,1x,A) .
wherethe first threeintegersin the format correspondo i, j, and £ andthe double precision
numberis the coupling.

— ThesoftSUS Y-breakingcouplingsT}i, T}, and7}, shouldbegivenin BLOCK RVILLE, RVTLQD,
RVTUDD Q= ..., Iinthesameformatasthe A couplingsabore.

— The bilinear superpotentiahnd soft SUS ¥-breakingterms#;, D;, and miHl andthe sneutrino
VEVs aregiven in BLOCK RVKAPPA, RVD, RVM2LH1, RVSNVEV Q= ... respectiely, in the
sameformatasreal-valuedvectorsin the SLHAL.

— Theinput/outputblocksfor R-parityviolating couplingsaresummarisedn Tah 5.1.

— Thenew mixing matricesghatappeaiaredescribedn section2.1.2.

As for the R-conservingMSSM, the bilinear terms(both SUSY-breakingand SUSY-respectingones,
including 1) andthe VEVs arenot independenparameters.They becomerelatedby the condition of
electraveaksymmetrybreaking.This carriesover to the RPV case wherenot all the parameterin the
inputblocksRV. . .IN in Tah 5.1 canbe given simultaneously Specifically of the last4 blocksonly 3
areindependentOneblock is determinedy minimisingthe Higgs-sneutringotential. We do not here
insiston a particularchoicefor which of RVKAPPAIN, RVDIN, RVSNVEVIN, andRVM2LH1IN to leave out,
but leave it up to the spectruncalculatorgo acceptoneor morecombinations.

2.2.4 CP Violation

WhenaddingCP violation to the MSSM modelparameterandmixing matricesthe SLHA1 blocksare
understoodo containthe real partsof the relevant parametersTheimaginarypartsshouldbe provided
with exactly the sameformat,in a separatélock of the samenamebut prefacedby IM. Thedefaultsfor
all imaginaryparametersvill bezero.

Onespecialcasds the ; parameterWhentherealpartof u is givenin EXTPAR 23, theimaginary
partshouldbegivenin IMEXTPAR 23, asabove. However, when|u| is determinedy the conditionsfor
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electraveaksymmetrybreaking,only the phasep,, is takenasaninput parameterin this case SLHA2
generalisetheentryMINPAR 4 to containthecosineof thephasgasopposedo justsign(u) in SLHAL),
andwe furtherintroducea new block IMMINPAR whoseentry 4 givesthe sineof the phasethatis:

BLOCK MINPAR

4 :CPconsered:sign(u).
CPviolated:cos ¢, = Rpu/|pl.

BLOCK IMMINPAR

4 . CPconsered:n/a.
CPviolated:sin ¢, = S/ |pl.
Notethatcos ¢,, coincideswith sign(u) in the CP-conservingases.

The newv 3 x 4 block S =CVHMIX connectsthe particle codes(=mass-orderethasis)with the
interactionbasisaccordingto the following definition:

V2RH)
25 R L
2RHY

35 | = AY = CVHMIX;; V2R 2 (5.29)
3/ mass—ordered ﬂ%Hg

In orderto translatebetweenS andothercorventions thetree-level anglea maybeneededThis
shouldbegivenin the SLHAL outputBLOCK ALPHA:

BLOCK ALPHA

CPconsered: «; precisedefinitionup to spectruncalculatoy seeSLHAL.
CPviolated: atrec. Must be accompaniedby the matrix S, asdescribedabove, in the
block CVHMIX.

225 NMSSM

Firstly, asdescribedabore, BLOCK MODSEL shouldcontainthe switch 3 with value 1, correspondindo
the choiceof the NMSSM particlecontent.

Secondly for the parameterghat are also presentin the MSSM, we re-usethe corresponding
SLHAL entries. Thatis, mz shouldbe givenin SMINPUTS entry 4 andm%,] , mf% canbegivenin the
EXTPAR entries21 and22. tan 3 shouldeitherbe givenin MINPAR entry 3 (default) or EXTPAR entry 25
(userdefinedinputscale) asin SLHAL. If x shouldbedesirednon-zerojt canbegivenin EXTPAR entry
23. Thecorrespondingoftparametern3 canbegivenin EXTPAR entry24, in theform m3 /(cos 8 sin ),
see[530].

Further new entriesin BLOCK EXTPAR have beendefinedfor the NMSSM specificinput param-
eters,asfollows. As in the SLHA1L, theseparametersireall given at the commonscaleM;, ¢, which
caneitherbeleft up to the spectruncalculatoror givenexplicitly usingEXTPAR 0 (seg[530]):

BLOCK EXTPAR

Input parameterspecificto theNMSSM (i.e., in additionto the entriesdefinedin [530])
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61
62
63
64
65
66
67
68
69
70

. A. Superpotentidarilinear Higgs S Ho H, coupling.

. k. Superpotentiatubic S coupling.

. Ay. Softtrilinear Higgs S H2 H; coupling.

. A,. SoftcubicS coupling.

: A (S). Vacuumexpectatiorvalueof the singlet(scaledby ).
. &r. Superpotentidinear S coupling.

: £g. Softlinear S coupling.

. /. SuperpotentiafjuadraticS coupling.

. B’. SoftquadraticS coupling.

: m%. Softsingletmasssquared.

Important note: only 12 of the parameterdisted in eq. (5.19) shouldbe given asinput at ary
onetime (including explicit zeroesfor parameterslesired“switched off”), the remainingonesbeing
determinedy the minimisationof the effective potential. Which combinationgo accepts left upto the
individual spectruncalculatorprograms Alternatively, for minimal models,6 parametersf thoselisted
in eq.(5.20)shouldbegiven.

In the spectrumoutput, runningNMSSM parametergorrespondingo the EXTPAR entriesabove
canbegivenin theblock NMSSMRUN Q=...:

BLOCK NMSSMRUN Q=...

Outputparameterspecificto the NMSSM, givenin the DR schemeatthe scale. As in the SLHA1,
several of theseblocksmay be givensimultaneouslyn the output,eachthencorrespondingo a specific
scale,but atleastoneshouldalwaysbe present.Seecorrespondinggntriesin EXTPAR above for defini-

tions.

N O o b W

© o

10

Thenew 3 x 3 block S =NMHMIX connectghe particlecodes(=mass-orderebtasis)for the CP-
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evenHiggsbosonswith theinteractionbasisaccordingo thefollowing definition:

25 hY V2RHY
35 | = Y = NMHMIX;; | V2RHY | . (5.30)
45 hg mass—ordered ﬂﬁRS

Thenew 2 x 3 block.S =NMAMIX connectdheparticlecodeg=mass-orderedasis)for theCP-odd
Higgsbosonswith theinteractionbasisaccordingto the following definition:

0 VESHY
36 Al 170

)= = NMAMIX;; | V2SHY | . (5.31)
2/ mass—ordered \/E%S

Finally, the new 5 x 5 block NMNMIX gives the neutralinomixing matrix, with the fifth mass
eigenstatéabelled1000045 andthefifth interactioneigenstatdeingthe singlino, s.

3 SuSpect, HDECAY, SDECAY and SUSY-HIT
3.1 SuSpect

The FortrancodeSuSpect calculateghe supersymmetriandHiggs particlespectrumin the MSSM. It
dealswith the“phenomenologicalSSM” with 22 free parameterdefinedeitheratalow or highenegy
scale,with the possibility of renormalizatiorgroup evolution (RGE) to arbritary scales,andwith con-
strainedmodelswith universalboundaryconditionsat high scales.Thesearethe minimal supegravity
(mMSUGRA),the anomalymediatedSUSY breaking(AMSB) andthe gaugemediatedSUSY breaking
(GMSB) models. The basicassumption®f the mostgeneralpossibleMSSM scenariocare (a) minimal
gaugegroup, (b) minimal particlecontent,(c) minimal Yukawva interactionsandR-parity conseration,
(d) minimal setof soft SUSY breakingterms. Furthermore(i) all soft SUSY breakingparametersre
real (no CP-violation); (ii) the matricesfor sfermionmassesandtrilinear couplingsare diagonal;(iii)
first and secondsfermiongenerationuniversality is assumed.Hereandin the following we refer the
readerfor moredetailsto theusers manual[538] .

As for the calculationof the SUSY patrticle spectrumin constrainedMSSMs, in additionto the
choiceof theinput parametersthe generalalgorithmcontainsthreemain steps. Theseare (i) the RGE
of parameterbackandforth betweerthelow enegy scalessuchas M, andtheelectraveaksymmetry
breaking(EWSB) scale,andthe high-enegy scalecharacteristidor the variousmodels;(ii) the consis-
tentimplementatiorof (radiative) EWSB;(iii) thecalculationof thepolemassesf theHiggsbosonsand
the SUSY particles,including the mixing betweerthe currenteigenstateandthe radiatve corrections
whenthey areimportant. Herethe programmainly follows the contentand notationsof [539], andfor
theleadingtwo-loop correctiongo the Higgs massesheresultssummrizedn [540] aretaken.

The necessaryiles for the usein SuSpect arethe input file suspect2.in, the main routine
suspect2.f, theroutinetwoloophiggs.f, which calculateghe Higgs massesaswell asbsg.f for
the calculationof the b — sy branchingratio. The latter is neededn orderto checkif the results
arein agreementvith the experimentalmeasurmentsin the input file one canselectthe modelto be
investigatedtheaccurayg of thealgorithmandtheinputdata(Standardviodelfermionmassesndgauge
couplings).At eachrun SuSpect generateswo outputfiles: oneeasyto read,suspect2.out, andthe
otherin the SLHA format[530].

3.2 HDECAY

The FortrancodeHDECAY [541] calculateghe decaywidthsandbranchingratiosof the Standardviodel
Higgs boson,and of the neutraland chaged Higgs particlesof the MSSM accordingto the current
theoreticaknowledge(for reviews seerefs.[112,542-544]). It includes:

141



- All kinematicallyallowed decaychannelswith branchingratioslarger than10—*; apartfrom the
2-bodydecaysalsotheloop- mediatedthemostimportant3-bodydecaymodesandin theMSSM
thecascadendSUSY decaychannels.

- All relevant higherorder QCD correctionsto the decaysinto quark pairsandto the quarkloop
mediateddecaysnto gluonsareincorporated.

- Double off-shell decaysof the CP-even Higgs bosonsinto massve gaugebosons,subsequently
decayingnto four masslesgermions.

- All important3—bodydecays:with off-shell heary top quarks;with one off-shell gaugebosonas
well asheary neutralHiggsdecayswith oneoff-shell Higgsboson.

- IntheMSSMthecompleteradiative correctionsn theeffective potentialapproactwith full mixing
in thestopandsbottomsectorsijt usesheRGimprovedvaluesof theHiggsmassesndcouplings,
therelevantNLO correctionsareimplemented545,546].

- In theMSSM, all decaydnto SUSY particleswhenkinematicallyallowed.

- In theMSSM, all SUSY particlesareincludedin theloop mediatedyy andgg decaychannelsin
thegluonicdecaymodeshelarge QCD correctiondor quarkandsquarkioopsarealsoincluded.

HDECAY hasrecentlyundegonea majorupgrade We have implementedhe SLHA format,sothat
the programcannow readin ary inputfile in the SLHA formatandalsogive outthe Higgs decaywidths
andbranchingratiosin this accord.So, the programcannow be easilylinkedto arny spectrumor decay
calculator Two remarksarein order:

1) HDECAY calculateghe higherordercorrectiongo the Higgs bosondecaysn theMS schemewnhereas
all scaledependenparameterseadin from an SLHA input file provided by a spectrumcalculatorare

givenin the DR scheme Therefore HDECAY translatesheinput parameterfrom the SLHA file into the

MS schemewvhereneeded.

2) The SLHA parametemputfile only includesthe MSSM Higgsbosonmassvalues but notthe Higgs
self-interactionswhichareneededn HDECAY. For thetime being, HDECAY calculateshemissinginterac-
tionsinternallywithin the effective potentialapproachThis is not completelyconsistentvith thevalues
for the Higgs massessincethe spectruntalculatordoesnot necessarilylo it with the samemethodand
level of accurag asHDECAY. Thedifferences of higherorder though.

3.3 SDECAY

The FortrancodeSDECAY [547], which hasimplementedhe MSSM in the sameway asit is donein
SuSpect, calculateshedecaywidthsandbranchingatiosof all SUSY particlesin theMSSM, including
themostimportanthigherordereffects[548-550]:

— Theusual2-bodydecaydor sfermionsandgauginosarecalculatecattreelevel.

— A uniquefeatureis the possibility of calculatingthe SUSY-QCD correctiongo the decaysnvolv-
ing colouredparticles. They canamountup to severaltensof percentsin somecasesThebulk of
the EW correctionshasbeenaccountedor by takingrunningparametersvhereappropriate.

— In GMSB modelsthe 2-body decaysinto the lightest SUSY patrticle, the gravitino, have been
implemented.

— If the2-bodydecaysareclosedmultibodydecayswill bedominant.SDECAY calculateghe 3-body
decay=f thegauginosthegluino, the stopsandsbottoms.

— Moreover, loop-induceddecaysof the lighteststop,the next-to-lightestneutralinoandthe gluino
areincluded.

— If the 3-bodydecaysarekinematicallyforbidden,4-bodydecaysof thelighteststopcancompete
with theloop-induced; decayandhave thereforebeenimplemented.

— Finally, thetop decayswithin the MSSM have beenprogrammed.

Recently SDECAY hasbeenupdatedwith somemajor changesheing (other changegelatedto
SUSY-HIT arelistedbelaw): ¢) For reason®f shorteninghe outputfile, only non-zerdoranchingratios
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arewrittenoutin thenew version.ii) We have createccommonblocksfor the branchingratiosandtotal
widthsof thevariousSUSY particles.

3.4 SUSY-HIT

The previousthreeprogramshave beenlinked togetherin a programcalledSUSY-HIT [551]. Including
higherordereffectsin the calculationsthe packageallows the consistentalculationof MSSM particle
decayswith the presentlyhighestlevel of precision.Thefollowing files areneededo run SUSY-HIT:
Spectrunfiles: The spectrumcan either be taken from ary input file in the SLHA format or from
SuSpect. In thefirstcaseSUSY-HIT needsanSLHA inputfile whichhasto benamedslhaspectrum. in.
In thelattercasewe needthenecessarguSpect routines:suspect?2. in, suspect2.f, twoloophiggs.f
andbsg.f.

Decayfiles: SDECAY is themainprogramandnow readsin susyhit.in andcallsHDECAY whichis now
asubroutineand,in orderto keepthepackageassmallaspossible pnly oneroutinecalculatingtheHiggs
bosonmassesindHiggsself-couplingshasbeenretainedn HDECAY to extractthe Higgsself-interaction
strengthsot provided by the spectrumcalculators;also, HDECAY doesnot createary outputfile within
the packageSDECAY passeshenecessarparameterfrom susyhit.in to HDECAY via anewly created
commonblock calledSUSYHITIN. As before, it callsSuSpect in casethe spectrums takenfrom there.
TheSLHA parameteandspectruminputfile slhaspectrum. inisreadin by bothHDECAY andSDECAY.
Theoutputfile createdoy SDECAY ateachrunis calledsusyhit_slha.out if it isin the SLHA format
or simply susyhit.out if it isin anoutputformateasyto read.

Inputfile: The HDECAY andSDECAY inputfiles have beenmeigedinto oneinputfile susyhit.in. Here,
first of all theusercanchooseamongtwo SUSY-HIT relatedoptions:

1. ThethreeprogramssuSpect, HDECAY, SDECAY arelinkedandhenceSuSpect providesthespectrum
andthe soft SUSY breakingparameteratthe EWSBscale.

2. Thetwo programdsDECAY andSDECAY arelinked. The necessarynput parameteraretakenfrom a
file in the SLHA formatprovided by ary spectruncalculator

Furthermoreyariousoptionsfor runningthe SDECAY programcanbe chosensuchaswhetheror notto

include QCD correctionsto 2-body decaysthe multibody and/orloop decaysthe GMSB decaysand
the top decays. The scaleand numberof loops of the running couplingscanbe fixed. Finally, some
parameterselatedto HDECAY canbeset,like thecharmandstrangequarkmassesthe W, Z totalwidths,

someCKM matrix elementstc. All othernecessarparameterarereadin fromtheslhaspectrum.in

inputfile.

Changesindhow the packagevorks: SuSpect, HDECAY and SDECAY arelinked via the SLHA format.
Therefore the nameof the outputfile provided by SuSpect hasto bethe sameasthe SLHA input file

readin by HDECAY andSDECAY. We calledit slhaspectrum. in. Thisis oneof thechangesnadein the
programswith respecto theiroriginal version.Furthermajorchange$iave beenrmade.For thecomplete
list of changepleaseeferto theweb pagegivenbelow.

Webpage:We have createcaweb pageat thefollowing url address:
http://lappweb.in2p3.fr/~muehlleitner/SUSY-HIT/

Therethe usercan download all files necessaryor the programpackageas well as a makefile for

compilingthe programsWe usethe nenvestversionsof thevariousprogramswhichwill beupdatedeg-

ularly. Shortinstructionsaregivenhow to usetheprogramsA file with updatesandchangess provided.

Finally, someexamplesof outputfiles aregiven.

4 FeynHiggs

FeynHiggs is a programfor computingHiggs-bosommassesand relatedobserablesin the (NMFV)
MSSMwith realor complex parametersTheobserablescomprisemixing anglespranchingatios,and
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couplings,including state-of-the-arhigherordercontritutions. The centerpieceas a Fortranlibrary for
usewith Fortranand C/C++. Alternatively, FeynHiggs hasa command-line Mathematicaand Web
interface.FeynHiggs is availablefrom www.feynhiggs.de.

FeynHiggs [330-332552]is a Fortrancodefor the evaluationof the massesgecaysandproduc-
tion processesf Higgsbosonsn the (NMFV) MSSM with realor complex parametersThecalculation
of the higherorder correctionsis basedon the Feynman-diagrammati¢-D) approacH332,553-555].
At the one-looplevel, it consistsof a completeevaluation, including the full momentumand phase
dependenceand as a further option the full 6 x 6 non-minimalflavor violation (NMFV) contriku-
tions[116,123]. At thetwo-looplevel all availablecorrectiondrom therealMSSM have beenincluded.
They aresupplementetly theresummatiorof theleadingeffectsfrom the (scalar)b sectorincludingthe
full comple phasedependence.

In additionto the Higgs-bosommassesthe programalso provides resultsfor the effective cou-
plings andthe wave functionnormalizationfactorsfor externalHiggs bosong556], takinginto account
NMFV effectsfrom the Higgs-bosorself-enegies. Besidegshe computatiorof the Higgs-bosomasses,
effective couplingsandwave function normalizationfactors,the programalsoevaluatesan estimatefor
thetheoryuncertaintie®f thesequantitiesdueto unknavn higherordercorrections.

FurthermoreFeynHiggs containsthe evaluationof all relevant Higgs-bosordecaywidths'. In
particular the following quantitiesarecalculated:

— thetotalwidth for the neutralandchagedHiggs bosons,
— thebranchingratiosandeffective couplingsof thethreeneutralHiggsbosondo
— SM fermions(seealsoRef.[557]), h; — ff,
— SM gaugebosongpossiblyoff-shell), h; — v, ZZ*, WW*, gg,
— gaugeandHiggsbosonsh; — Zh;, h; — hjhy,
— scalarfermions,h; — fTf,
— gauginosf; — XX, hi — XX
— thebranchingratiosandeffective couplingsof the chagedHiggsbosonto
— SMfermions,H~ — ff/,
— agaugeandHiggsboson,H~ — bW,
— scalarfermions,H= — f1 /",
— gauginosH~ — i X7-
— the productioncrosssectionsof the neutralHiggs bosonsat the Tevatron andthe LHC in the
approximationwherethe correspondindSM crosssectionis rescaledby the ratios of the corre-

spondingpartialwidthsin the MSSM andthe SM or by the wave function normalizationfactors
for externalHiggsbosonsseeRef. [558] for furtherdetails.

For comparisonsvith the SM, the following quantitiesarealsoevaluatedfor SM Higgsbosonswith the
samemassasthethreeneutralMSSM Higgsbosons:

— thetotal decaywidth,

— thecouplingsandbranchingratiosof a SM Higgsbosonto SM fermions,

— thecouplingsandbranchingratiosof a SM Higgsbosonto SM gaugebosongpossiblyoff-shell).
— theproductioncrosssectionsat the Tevatronandthe LHC [558].

FeynHiggs furthermoreprovides resultsfor electraveak precisionobserablesthat give rise to con-
straintsonthe SUSY parametespace(seeRef. [555] andreferencesherein):

Theinclusionof flavor changingdecayss work in progress.
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— the quantity Ap up to the two-loop level that can be usedto indicatedisfavored scalartop and
bottommasscombinations,

— anevaluationof My, andsin® 6.4, wherethe SUSY contritutionsaretreatedin the Ap approxi-
mation(seee.g.Ref.[555]), takinginto accountattheone-looplevel theeffectsof complex phases
in the scalartop/bottomsectoraswell asNMFV effects[116],

— the anomalousmagneticmomentof the muon, including a full one-loopcalculationaswell as
leadingandsubleadingwo-loopcorrections,

— theevaluationof BR(b — sv) includingNMFV effects[123].
Finally, FeynHiggs possessesomefurtherfeatures:

— Transformatiorof theinput parameterfrom the DR to theon-shellschemefor the scalartop and
bottomparametersjncludingthefull Oa, andOa; ; corrections.

— Processingf SUSY LesHouchesAccord(SLHA 2) data[530,559 560]includingthefull NMFV
structure FeynHiggs readsthe outputof a spectrungeneratofile andevaluategshe Higgsboson
masseshranchingratiosetc. Theresultsarewrittenin the SLHA formatto a new outputfile.

— Predefinednputfilesfor the SPSbenchmarlscenario$244] andthe LesHouchesenchmark$or
Higgsbosonsearcheat hadroncolliders[322] areincluded.

— Detailedinformationaboutall thefeatureof FeynHiggs areprovidedin manpages.

FeynHiggs is availablefrom wuw. feynhiggs.de.

5 FchDecay

FCHDECAY is a computerprogramto computethe Flavor ChangingNeutral Current(FCNC) decay
branchingratios BR(h — bs) and BR(h — tc) in the flavor violating Minimal Supersymmetric
StandardMlodel (MSSM). The input/outputis performedin the SUSY Les HouchesAccord Il (SLHA)
[166,530,561] corvention (usingan extensionof SLHALIb [559]). This programis basedon the work
andresultsof Refs.[102,103,105,124,310].

Theapproximationsisedin the computatiorare:

— Thefull one-loopSUSY-QCD contributionsto the FCNC partial decaywidthsI'(h — bs, tc) is
included;

— The Higgs sectorparametergmassesand CP-ezen mixing anglea) have beentreatedusingthe
leadingm; andm,, tan 8 approximatiorto the one-loopresult;

— TheHiggsbosongotal decaywidthsT'(h — X') arecomputedat leadingorder includingall the
relevantchannels;

— A LeadingOrdercomputatiorof B(b — sv) (for checkingthe parametespacejs alsoincluded.

Thecodeimplementgheflavor violatingMSSM, it allows completantergenerationamixing in the Left-
Left andRight-Rightsquarksector(but it doesnot allow for intergenerationaixing in the Left-Right
sector).

The programincludesa (simplified) computatiorof the Higgsbosonmassesndtotal decaywidths,and
it will write themto the outputfile. However:

— If theinputfile containsthe Higgs sectormparametergmassesand CP-azenmixing anglea) it will
usethosevaluesinstead;

— If theinputfile containsHiggs bosondecaytables,it will justaddthe FCNC decaydo thattable
(insteadof computingthefull table).

145



Thissetupallowsto usethecomputation®f moresophisticategprogramdor theHiggsbosonparameters
and/ortotal decaywidths,andthenrun the FchDecay programon theresultingoutputfile to obtainthe
FCNC partialdecaywidths.

The programis availablefrom theweb pagehttp://fchdecay.googlepages . com, andcomeswith
acompletemanual(detailingtheincludedphysicsmodels,andrunninginstructions). Theauthorscanbe
reachedit f chdecay@gmail . com.

6 MSSM NMFV in FeynArts and FormCalc
6.1 ExtendedSquark Mixing

In the presencef non-minimalflavour violation (NMFV) the 2 x 2 mixing of the squarkwithin each
family is enlagedto afull 6 x 6 mixing amongall threegenerationssuchthatthe mixedstatesare

~ ~ ~ T ~ ~ >\
0 = (Ry)ij (UL cL, tL urR Cr tR)j ) (5.32)
7 S 7 5 . T
di = (Ra)ij (dL 51, b, dr SR bR)j .
ThematricesR, diagonalizeéhe massmatrices
M} M}
M2 — ( LL,q . LR7Q> + A , (533)
¢ (MgR,q) Ml%R,q !

2 I 1 2 2 2
MAA,q - dlag(MA,qla MA,qgv MA,q3)7
A=L,R

MI%R,q = diag(mquqn Mgy Xgy s mQ3Xq3)
whereq = {u,d}, {q1,¢2,q3} = {u,c,t} for theup-and{d, s, b} for thedown-squarkmassmatrixand
Mf,qi: M%yqi—l— mi_—l— cos 26 (T§ — Qqsty)m%,
MI%WZ: M(gj,u[i_ mii—l— c0s 28 Qusiym?%,
MIQ{,di: Ml%’di—l— mgi—l— cos 23 Qqshym%y
Xiudy:= Aqudy, — p{cot B, tan 5} . (5.34)

Theactualdimensionlesiput quantitiess are

N2 N?
Ay = ( rha LR,Q) Sq (5.35)
1 (NER,q) NFQ{R,q 1
9 MA:Ql MB7q1
Nip, Mag, | ® | MB,g,
4,B=L.R MA,qs MB,q3

6.2 FeynArts Model File

The new modelfile FVMSSM.mod generalizeshe squarkcouplingsin MSSM.mod to the NMFV case.lt
containsthe new objects

UASf [s,s’,t]1 thesquarkmixing matrix R,, 4
MASTE [s,t] thesquarkmasses,

with s, s’ =1...6, t=3(u),4(d).
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6.3 FormCalc Model Initialization

Theinitialization of MASf andUAST is alreadybuilt into FORMCALC’'Smodel_mssm. F but needdo be
turnedon by defininga preprocessaditagin run.F:

#define FLAVOUR_VIOLATION
TheNMFV parametersd; ),y arerepresentetdy thedeltaSf array:
double complex deltaSf(s,s’,t)

Sinced is a Hermitianmatrix, only the entrieson andabove the diagonalneedto befilled. For conve-
nience thefollowing abbreviationscanbe usedfor individual matrix elements:

deltalLuc = (J,)12 deltalRuc = (dy)15
deltaRLucC = (0y)24 deltaRRuc = (0, )45
deltalLct = (dy )23 deltaLRct = (0, )26
deltaRLctC = (0y)35 deltaRRct = (0, )56
deltalLut = ()13 deltalRut = (d,)16
deltaRLutC = (dy)34 deltaRRut = ()46

andanalogou€ntriesfor thedown sector

Notethespecialtreatmenbf the RL elementsOnehasto provide the complex conjugateof theelement.
Theoriginal lies belown the diagonalandwould beignoredby the eigemwalueroutine.

Theoff-diagonaltrilinear couplingsA acquirenon-zercentriesthroughtherelations

mqyi(Aq)Z-j == (M(?)Z'Jq_g 5 Z,] =1...3. (536)

6.4 Summary

NMFV effects(see[123]) canbe computedwith FEYNARTS [108,328,329] and FORMCALC [109].
Thesepackagegprovide a high level of automationfor perturbatie calculationsup to oneloop. Com-
paredto calculationsvith the MFV MSSM, only threeminor changesrerequired:

— choosingFVMSSM. mod insteadof MSSM.mod,
— settingFLAVOUR_VIOLATION in run.F,
— providing valuesfor thedeltaSf matrix.

Thesechangesrecontainedn FEYNARTS andFORMCALC, availablefrom www.feynarts.de.

7 SPheno

SPHENO is aprogramto calculatethespectrunof superymmetrienodels thedecaysof supersymmetric
particlesandHiggsbosonsaswell astheproductioncrosssectionof theseparticlesin e e~ annihilation.
Details of the algorithmusedfor the MSSM with real parameterand negglecting mixing betweenthe
(s)fermiongenerationganbefoundin [336]. This versioncanbefoundanddownloadedfrom

http://ific.uv.es/ porod/SPheno.html

In this contrikution the modelextensionsregardingflavour aspectsare described.In the contet of the
MSSM the mostgeneralflavour structureaswell asall CP-phaseareincludedin the RGE runningand
in the computationof SUSY massest tree-lerel aswell asat the one-looplevel. In the Higgs sector
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the completeflavour structureis includedfor the calculationof the massest the one-looplevel. At the
2-loop level thereis still the approximationusedthat the 3rd generationdoesnot mix with the other
ones.With respecto CP-phaseghe inducedmixing betweenscalarandpseudoscalafiggs bosonss
not yet taken into account.For the decaysof supersymmetriparticlesandHiggs bosonsthe complete
flavour structureis takeninto accountat tree-level usingrunningcouplingsto take into accounthe most
importantloop corrections A few examplesare

Xy — eTif, e uTXY, uér, uexy, ubXj; §— uér, ucyy, ubyy; (5.37)
H™ — be,biép; H® — &57F . (5.38)

Thecompletdist is givenin themanual.Also in the caseof productionin e™e~ annihilationall flavour

off diagonalchannelsaareavailable. Flavour andC' P violating termsarealreadyconstrainedy several
experimentaldata. For thesereason,the following obsenablesare calculatedtaking into accountall

parametersanomalousnagneticandelectricdipolementf leptons the mostimportantonesbeinga,,

andd,.; theraredecaysof leptons:l — 'y, | — 3I’; raredecaysof the Z-boson: Z — 1I'; b — s,

b— sutp~, Beg— ptp~, By — v, 6(Mp, ;) andAp

This versionof SPHENO alsoincludesextendedSUSY models:(a) the NMSSM and(b) leptonnumber
violationandthusR-parityviolation. In bothmodelclasseshe massesirecalculatecattree-level except
for theHiggssectomwhereradiative correctionsaretakeninto account.In bothcaseshe completdlavour
structureis taken into accountin the calculationof the massesthe decaysof supersymmetriparticles
andHiggs bosonsaswell asin the productionof theseparticlesin e™e~ annihilation. The low enegy

obserablesare not yet calculatedin thesemodelsbut the extensionof the correspondingoutinesto

includedthesemodelsis foreseerfor the nearfuture.

Concerninginput and output the currentversion of the SLHA2 accordis implementedas described
in [166]. The versiondescribedhereis currently underheary testingand the write-up of the corre-
spondingmanualhasjust started. As soonas the manualis in a useful stage,the programcan be

found on the web pagegiven abore. In the meantimea copy canbe obtainedbe sendingan email to

porod@physik.uni-wuerzburg.de.

8 SOFTSUSY

SoFTsusy [533] providesa SUSY spectrumin the MSSM consistenwith input low enegy data,and
a usersuppliedhigh-enegy constraint.It is written in C++ with an emphasin easygeneralisability
It canproduceSUSY LesHouchesAccord compliantoutput[530], andthereforelink to Monte-Carlos
(e.g.HERWIG [562]) or programghatcalculatesparticledecaysuchasSDECAY [547]. SOFTSUSY can
be obtainedrom URL

http://projects.hepforge.org/softsusy

SOFTsUSY currently incorporates3 family mixing in the limit of CP conseration. The high-enegy
constraintin SOFTSUSY uponthe supersymmetrpreakingtermsmay be completelynon-unversal,i.e.
canhave 3 by three-mily mixing incorporatedvithin them.All of therenormalisatiomroupequations
(RGEs)usedto evolve the MSSM betweenhigh-enegy scalesandthe weak scale Mz have the full
three-amily mixing effectsincorporatedat oneloop in all MSSM parameters.Two-loop termsin the
RGEsareincludedin the dominantthird family approximatiorfor speedf computatiorandso mixing
is ngglectedin the two-loop terms. Currently the smallerone-loopweak-scaléghresholdcorrectionso
sparticlemassesrealsocalculatedn the dominantthird-family Yukava approximationandso family
mixing is neglectedwithin them.

The usermay requestthat, at the weak scale,all of the quark mixing is incorporatedwithin a sym-
metric up quark Yukawva matrix (Y;)’, or alternatvely within a symmetricdown quark Yukava matrix
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(Yp)'. Thesearethenrelated(viathe SOFTsUSY corventions[533] for theLagrangianjo themass-basis
YukawamatricesYy, Yp via

(Yu) = Vérm Y ) WVera or (Yp) = VoY P )V (5.39)

whereby default Vo k3 containghe CKM matrixin thestandargarameterisatiowith centralempirical
valuesof theinputanglesexceptfor thecomplex phasewhichis setto zero.Evenif onestartsata high-
enegy scalewith acompletelyfamily-universalmodel(for example, mSUGRA),the off-diagonalquark
Yukawa matricesnducesquarkmixing throughRGE effects.

The secondSUSY Les HouchesAccord (SLHA?2) is expectedto be completedthis summer Oncea

definitive versionof the SLHAZ2 is available, its flavour mixing aspectwill beincorporatednto SoFT-
susy, allowing inputandoutputof flavour mixing parameterin acommonformatto otherprograms.

9 CalcHepfor beyond Standard Model Physics

CALCHEP is a packagdor the computatiornof Feynmandiagramsat tree-level, integrationover multi-
particlephasespaceandpartoniclevel eventgenerationThemainideaof CALCHEP is to make publicly
availablethepassingonfrom Lagrangiango final distributions. Thisis doneeffectively with ahighlevel
of automation. CALCHEP is a menu-diven systemwith help facilities, but it also can be usedin a
non-interactie batchmode.

In principle, CALCHEP is restrictedby treelevel calculationsbut thereit canbeappliedto any modelof

particleinteraction. CALCHEP is basedon the symbolic calculationof squareddiagrams.To perform
sucha calculationit containsa built-in symboliccalculator Calculateddiagramsaretransformednto a

C-codefor further numericalevaluations. Becausef the factorialincreaseof the numberof diagrams
with the numberof externallegs, CALCHEP is restrictedto 2— > 4 processes.

The Implementationof new modelsfor CALCHEP is rathersimple and can be donewith help of the
LANHEP package.Currently thereare publicly availablerealizationsof the StandardMiodel, MSSM,
NMSSM, CPVYMSSM,and Lepto-quarkmodel. Also thereare private realizationsof modelswith ex-
tra dimensionsandthe Little Higgs model. Modelswith flavour violation canalsobe implementedn
CALCHEP.

WWW destination:
http://theory.sinp.msu.ru/ pukhov/calchep.html
Thebasicreference$or ComPHEP canbefoundin [291,430].

10 HvyN

TheMonteCarloprogramivyN allows to studyheary neutrinoproductionprocesseathadroncolliders.
It canbedownloadedrom

http://www.to.infn.it/ pittau/ALPGEN_BSM.tar.gz
or
http://mlm.home.cern.ch/m/mlm/www/alpgen/

andit is basedon the ALPGEN packagd306], from which inheritsthe main featuresandthe interface
facilities.

The codeallows to studythe following threeprocesseswherea heary Neutrino N (of Dirac or
Majorananature)is producedn associatiorwith achagedlepton
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1) pp— 0N — b bW — 01 by f f';
2) pp— OLN — Lyvg, Z — b vy, f
3) ﬁBHleH&V@H — v, f f.

Thefull 2 — 4 matrix elementfor the completedecaychainis implementedso that spin correlations
andfinite width effectsarecorrectlytakeninto account.Theonly relevantsubprocess

q¢ — W* — (1N, (5.40)

followed by thefull decaychain. Theappropriatd_agrangiarcanbefoundin [450].

The above threeprocessesare selectedby settingan input variable(indec) to 1, 2 or 3, respec-
tively. The flavour of the outgoingleptons,not comingfrom the bosondecay is controlledby 2 other
variablesill andil2 (the valuesl, 2, 3 correspondo the fist, secondandthird leptonfamily). In
addition,the variableilnv shouldbe setto 0 (1) if a leptonnumberconserving(violating) processs
considered.Furthermorehe variableima shouldbe giventhevalueO (1) in caseof Dirac (Majorana)
heary neutrinos.

When indec= 1 and imode= 0,1 the W decaysinto e andv.. Other decayoptionscanbe
implementedhat the unweightingstageaccordingto the following options

e,
Ky,

TVr,

lﬂl(l =&, T)a
a7,
= fully inclusive.

o oo W N R
I

Whenindec= 2 thedecaymodeof the Z bosonshouldbe selectecht the eventgeneratiorevel
by settingthevariableidf to thefollowing values

= wu and cc,
= dd and s,
= bb,

11 = efe+,

13 = ppt,

15 = 7777,

Whenindec= 3 the following decaymodesof the H bosoncanbe selectedat the generation
level, by settingthevariableidf accordingto thefollowing scheme

1 = 7777,

2 = cc
4 = bb.
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11 Pythia for Flavour Physicsat the LHC

PYTHIA [410] is a general-purposeventgeneratoffor hadroniceventsin ete™, eh, andhh collisions
(whereh is ary hadronor photon). The currentversionis alwaysavailablefrom the Py THIA webpage,
wherealsoupdatenotesanda numberof usefulexamplemain programscanbe found. For recentbrief
overviewnsrelatingto SM, BSM, andHiggsphysics se€[563], [564], and[565], respeciiely. For flavour
physicsatthe LHC, themostrelevantprocesses PYTHIA canbe catejorisedasfollows:

— SUSYwith trilinear R-parity violation [532,534]:
Py THIA includesall massie tree-level matrix elementg531] for 2-bodysfermiondecaysand3-
body gaugino/higgsinalecays. (Note: RPV productioncrosssectionsare not included.) Also,
the Lund string fragmentatiormodelhasbeenextendedto handleantisymmetriccolour topolo-
gies [534], allowing a more correcttreatmentof baryonnumberflow when baryonnumberis
violated.

— OtherBSM:
Productionanddecay/hadronizatioof 1) ChagedHiggsin 2HDM andSUSY modelsvia gg —
dH™, g9/qq — tbH*, q¢ — H™H~ (including the possibility of a Z’ contritution with full
interference)qg — H*h°/H*H°, andt — bH™*, 2) a W' (without interferencewith the SM
W), 3) a horizontal(FCNC) gaugebosonR" coupling betweengenerationse.g.sd — R —
p~et, 4) LeptoquarksLq via gg — ¢Lg andgg/qq — LgLg. 5) compositenesge.g.u*), 6)
doublychagedHiggsbosondrom L-R symmetry 7) warpedextradimensionsand8) astravman
technicolomodel. Seg[410], SectionsB.5-8.7for details.

— Openheary-flavour production(c, b, t,b', t'):
Massvie matrix elementfor QCD 2 — 2 andresonantZ/W (andZ’/W’) heavy flavour produc-
tion. Also includesflavour excitationandgluonsplittingto massve quarksin theshaver evolution,
see[566].

— Closedheary-flavour production(J /v, T, xc.s):
Py THIA includesa substantiahumberof coloursingletand(morerecently)NRQCD colouroctet
mechanismskor details,se€[410], Section8.2.3.

— Hadrondecays:
A large numberof ¢ andb hadron(including -onia) decaysareimplementedIn both casesmost
channeldor which exclusive branchingractionsareknown areexplicitly listed. Fortheremaining
channelsgithereducatedjuessesr afragmentation-lik processleterminesheflavour composi-
tion of thedecayproducts With few exceptionshadronicdecaysarethendistributedaccordingto
phasespacewhile semileptoniconesincoporateasimplelV — A structurein thelimit of massless
decayprocucts.See[410], Section13.3for moredetails.

Additional userdefinedproductionprocessegan be interfacedvia the routinesUPINIT and UPEVNT
(see[410], Section9.9), usingthe commonLes Houchesstandard529]. Flavour violating resonance
decayscanalsobeintroducedad hoc via the routinePYSLHA, usingSUSY Les HouchesAccord decay
tableg[530].

12 Sherma for Flavour Physics

SHERPA [567]is amulti-purposeMonte Carloeventgeneratothatcansimulatehigh enepgeticcollisions
at leptonandhadroncolliders. SHERPA is publicly available andthe sourcecode,potentialbug-fixes,
documentatiomaterialandalsoa SherpaelatedWIKI canbefoundunder:

http://www.sherpa-mc.de

Theingredientsof SHERPA especiallyrelevant for flavour physicsat the LHC arethe matrix elements
for correspondindpardproductionprocesseandthe hadronizatioranddecayof flavoursproduced:
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— The matrix elementdor the hard productionand decayprocessesvithin SHERPA aredelivered
by its built-in matrix elementgeneratoAMEGIC++ [568]. At presentAMEGIC++ providestree-
level matrix elementswith up-to tenfinal stateparticlesin the framework of the SM [569], the
THDM, the MSSM [570] andthe ADD model[571]. In generalthe programallows all coupling
constantgo becomple.

TheStandardModelinteractionsmplementedllow for thefull CKM mixing of quarkgenerations
including the complex phase.The implementedsetof Feynmanrulesfor the MSSM [572,573]
alsoconsidersCKM mixing in the supersymmetrizedersionsof the SM weakinteractionsand
theinteractionswith chagedHiggsbosons A priori, AMEGIC++ allows for afully generainter
generationamixing of squarks,sleptonsand sneutrinosthereforeallowing for variousflavour
changinginteractions. However, the MSSM input parameterdeing obtainedfrom the SLHA-
conform files [530], only the mixing of the third generationscalarfermionsis consideredoer
default. An extensionof the SLHA inputsis straightforvard and shouldalsoallow to consider
compl mixing parameters.The implementatiorof bilinear R-parity violating supersymmetric
interactionstriggeringflavour violation effectsaswell, hascurrentlybeingstarted.

Within Sherpathe multi-leg matrix elementsof AMEGIC++ are attachedwith the ApPacic++
initial- and final-stateparton shavers [574] accordingto the meging algorithm of [575-578].
This procedureallows for the incorporationof partonshavering and, ultimately hadronization
andhadrondecaymodels,independentdf the enegy scaleof the hardprocess.

— Hadronizationwithin SHERPA is performedthroughaninterfaceto PYTHIA’s string fragmenta-
tion [579], the emeging unstablehadronscanthenbe treatedby Sherpas built-in hadrondecay
moduleHADRONS++. Thecurrentrelease SHERPA-1.0.9, includesan early developmentstage,
which alreadyfeaturescompleter-lepton decayswhereaghe versioncurrently underdevelop-
mentincludesdecaytablesof approximatelyl00 particles. Many of their decaychannelsgspe-
cially in theflavourrelevant K, D and B decaysgontainmatrix elementandform factormodels,
while the restaredecayedsotropicallyaccordingto phasespace.Throughoutthe event chainof
SHERPA spincorrelationdbetweersubsequendecaysareincluded.A propertreatmenof neutral
mesommixing phenomends alsobeingimplemented.

The structureof SHERPA andits hadrondecaymoduleHADRONS++ allows for an easyincorpo-
ration of additionalor customizeddecaymatrix elements.In addition,parameterdik e branching
ratiosor form factorparametrizationsanbe modifiedby theuser
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