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Abstract

A method is discussedor measuringthe tt crosssectionfrom tau + jets events in
early ATLAS data. Multiv ariant techniqueswere avoided in favour of simple cuts
and the analysiswas applied to 26.4pb of 2010data. A cut and court technique
was usedto estimate the number of tt everts in a window around the hadronic top
masspeak. Subtraction of QCD badground from data was performed by scaling
ewvents from a QCD enriched sample by the ratio of everts in a sidebandregion.
With the current dataseta statistical error is expected of the order of 400%and
a measuremenis not feasibleat this stage. The systematicerror on the tt selection
e ciency wasestimatedto be 50%. Simple luminosity scaling establishedthat a
measuremen should becomepossiblewithin the 2011-2013.HC run. OnceATLAS
has collected between1 fb ! and 3 fb ! of data a fractional error of 20% on the
expected number of signal everts could be adiieved. Suggestionsare made for

reducing the systematicuncertainty on the tt e ciency.
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Chapter 1

Top Quark and Tau Physics

1.1 Intro duction

Particle physicsstrivesto explain the fabric of the known universeby understanding
the smallest building blocks from which it is constructed. The Standard Model,
consideredone of the greatesttriumphs of 20" certury science,achieves this by
describing a seriesof elememary particles and how they interact. Futhermore, it
hasmadeaccuratepredictionswhich have subsequetty beenveri ed by experimert.
This chapter introducesthe Standard Model, togetherwith a more detailed coverage
of the properties of the top quark, the mostrecenly discoreredelememary particle.
The relationship betweenthe top quark and the tau lepton is also covered, notably

how it providesa possiblewindow on new physicsbeyond the Standard Model.



1.2 The Standard Mo del

The Standard Model is the label applied to the theory which descritesthe currert
understanding of particle physics. The theory comprisesa seriesof elemetary
particles and the forceswhich combine to produce the known matter seenin the

universe.

Elemertary particleswithin the Standard Model arereferedto asfermions. Fermions
have half-integer spin and are divided into two types, known as quarks and lep-
tons[1]. Both typesare currertly known to ead comprisesix fundamenal particles
which are separatedinto three groups of pairs of particles. Equivalent particles in
thesethree "generationshave idertical propertieswith the exceptionof their masses.
Generationl|| particles are more massie than generationl| particles, which in turn
are more massiwe than those in generation| (the constituerts of all known stable
matter in the universe). The arrangemen of the fermionswithin the generationsis

shawn in Fig. 1.1[2];

A distinction exists betweenthe arrangemen of the quarks and leptons within the
three generations.In the caseof quarks, six distinct versionsreferedto as avours
exist and are known asup (u), down (d), charm (c), strange(s), top (t) and bottom
(b [1]. The three "up type' quarks have an electric charge of +2=3 while the three
“down type' quarks have a chargeof 1=3[2]. In cortrast ead generationhasone
massiwe lepton of charge-1 and onelepton neutrino with zerocharge'. Consequetly

there are only three lepton avours which are labeled as electron), muon( ) and

LElectric chargeis de ned in units of the electron charge [2]
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Figure 1.1: The three generationsof quarks and leptons within the Standard Model [2]

tau( ) [2]. For both quarksand leptonsan equivalert setof antiparticles exist which
have the samepropertiesasthe particles but with the signof all charges,for example
the electric charge, plus certain other quartum numbersreversed[1]. Quarks carry
a property known as colour charge (red, greenor blue), whereasleptons do not.
Colour is a quartum number that allows for interactions with the strong force (in
an analogy to the interaction of the electric charge with electric elds) but which
is not obsened in nature. This requiresthat quarks can only exist in a composite
bound combination with overall zerocolour. Thesebound statescan either comprise
three quarks (one of eat colour), referedto asbaryons, or alternatively a quark and
antiquark pair (onewith colourand the other with anticolour), known asmesong2].

The leptons by corntrast only exist asisolated particles.

Of the four known fundamertal forces,the e ect of the electromagnetic,weak and
strong forceson the elemerary particles are fully included in the Standard Model.
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Theseforcesare modeledby quantum eld theorieswherethe interactions between
the particles are performed by the exdange of spin 1 gaugebosons[1]. For the
electromagneticforce, which actsonly on electrically chargedparticles, the exdhange
particle is the masslesgphoton and the relevant area of the theory is referedto as
Quantum Electrodynamics(QED) [2]. In the caseof the stronginteraction, the force
is carried by one of eight gluon states. While gluonsdo not carry electric charge,
they do possesgolour charge. Consequetly, gluonsinteract with quarks (it is the
gluonsthat bind the quarksinto baryonsand mesons)and can also self-couple but
do not coupleto leptons. The areaof strong interactions is descrited by Quantum
Chromodynamics (QCD) [2]. Finally, the weak force is accouried for within the
Standard Model by exdhangeof the massive Z° and W  bosons[1]. Thesecan self-
interact but unlike the gluon do not carry colour charge. All fermions do however
have weak charges. It is via excdhangeof the W bosonsthat quark avour changeis

allowed to take placeasoccursin beta deca [1].

The eld theory is structured around a gaugesymmetry descrited as being

SUB): SU(2). U(1)y [2]. Within this arrangememn QCD and the gluonsare
coveredby SU(3)c alone. In cortrast, QED and the weakforce(with their assaiated
bosons)aretogethercoveredby SU(2). U(1)y and soarethereforeusually refered
to asthe conbined electraveak force [2]. The theory as a whole is required to be

gaugeinvariant [3]

A currertly unresohed areaof the Standard Model is providing an explanation for

why the various particles have their obsened masses. This aspect of the theory



must explain why the Z° and W bosonsare massie but the photon is not, and
alsoaccommalate the masshierarchy seenin the fermions, while at the sametime
ensuring the theory remains gauge invariant. The part of the Standard Model
intendedto addressthis is the Higgs medanism. Within the Higgs medanism four
scalar elds areaddedto the theory which arearrangedsud that the scalarpotertial
has a non-zeroVacuum Expectation Value [1] (the starting point for calculations
made using perturbation theory). When combined with the rest of the theory, this
allows the bosonsand fermionsto aquire mass,whilst also requiring the existence
of an electrically neutral spin zero scalar particle; the Higgs boson. Unobsened to
date at the LEP and TeVatron collidersthe seard for the Higgsis a major goal of
the Large Hadron Collider, while its discovery (or otherwise)would be a signi cant

landmark in particle physics.

1.3 Top Quark Physics

The top quark is the heaviest within the Standard Model, forming the weak isospin
partner of the bottom quark in the third quark generation[4]. Fundamenal param-
eters of the Standard Model assaiated with the top quark are its massm, and the
CKM (Cabbibo-Kobayashi-Maslawa) mixing matrix elemers, Vi, Vis and Vg [5].
All other Standard Model top quark properties are xed becausethey must match

those of the up and charm quarksin the rst two generations.

Sincethe discovery of the top quark in March 1995,by the CDF and D teamsat



the Fermilab TeVatron proton-antiproton collider, all direct measuremets prior to
2010have usedthe 10* top quark ewerts recordedat that accelerator[6]. The rst
estimate of the top quark masscame from measuremets made on twelve ewvens
obsened in 1994([7], beforethe top discovery was con rmed. The ewens suggested

a top massof;

m, = 174 103 GeV (1.1)

and were fully analyzedin [8]. Subsequen analysis using the complete 100 pb ?!
Run | Fermilab TeVatron data combined with further data from Run Il setsthe

current value of the top quark massfrom direct obsenation as[9];

m;= 1720 09 13GeV: (1.2)

The matrix elemen Vy, is known lessaccurately Resultsfrom singletop obsenation

at CDF and D currently indicte a value for Vy, of [9];

Vi) = 0:88 0:.07: (1.3)

During 2010the ATLAS experimert at the LHC collected approximately 46 pb *
of data. Coupledto the estimated crosssection for tt pair production of 160 pb
(NLO) [1Q at a proton-proton certre-of-massenergyof 7 TeV, approximately 7300

tt everts should have been produced. Analysis of these data was ongoing at the



time of writing.

1.4 Standard Mo del Top Quark Pro duction at Hadron

Colliders

Within the Standard Model, top quarks are producedin two di erent ways at the
LHC. Theseare as a tt pair via QCD processegthe strong interaction), or singly
by electraveak processe$11]. For massmeasurementt pair production everts are
more corveniert. Singletop events are useful when measuringthe matrix elemen

Vip or examiningthe W-t-b vertex properties [6].

An important aspect of hadron colliders is that the colliding particles are quark
compositesbound together by gluons. As a consequencehe production medanism
obsenedin QCD processeslependson the type and energyof the colliding particles.
Within the parton model theory, hadronsare treated as being a collection of quasi-
free quarks and gluons[1]. Eacd parton i within the hadron is taken as carrying
a momerium p; in the prescribed longitudinal direction (this would be taken as
the beam direction in a hadron collider) and so possessa fraction x; = pj=p of
the overall momertium p of the hadron in that direction [1]. Parton Distribution
Functions (PDFs) are usedto descrike the probability density for nding a parton
within a hadron possessing momertum fraction x; [1], when consideredor a given
scaleQ? [3]. When dealing with tt production the scaleis often taken to be of

the order Q = my, wherem; is the top quark mass[1]. Fig. 1.2 shows the Parton



Distribution Functions (PDFs) of the valencequarks and gluonsfor Q2 of 175GeV-2.
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Figure 1.2: Pdf distributions of valencequarks and gluons for Q2 of 175 GeV? [12]

For a symmetrical collider, assumingthe colliding partons are of similar x;, the value
of x which is accessibleduring the collision can be expressedas x mt:p (s) [1].
For the LHC operating in 7 TeV mode this has a value of 0.05 (0.025 when in
14 TeV con guration). From Fig. 1.2it canthereforebe seenthat at the LHC QCD
top quark pair production typically occursfor up to small valuesof the momerium
fraction x [3] and sois dominated by gluon-gluonfusion processeg13. The three

lowest level Feynmandiagramsfor theseprocessesre givenin Fig. 1.3.

In cortrast, the Fermilab TeVatron 1.96 TeV cerire of massenergy collisions are

only able to probe down to valuesof x of approximately 0.2, which is above the



Figure 1.3: Diagrams for tt production by gluon-gluon fusion [3]

region wherethe gluon PDF beginsto dominate. When addedto the fact that the
TeVatron is a proton-antiproton madine, top quark pair production is dominated by

quark-artiquark annihilation asshawn in Fig. 1.4, cortributing 85% of everts [14].

Figure 1.4: Diagram of tt production by quark-antiquark anhilation [3]

Electroweaksingletop production occurswithin the Standard Model via three meth-
ods; s-dhannel, t-channel (or W-gluon reactions) and Wt production. The various
meansby which single top quarks are expected to be produced at the LHC are

shavn in Fig. 1.5.

A further aspectto considerwith regardsto top quark production is the variation of
the crosssectionasa function of the certre-of-massenergyof the collision. Fig. 1.6

shaws crosssectionsas a function of certre-of-massenergyfor a seriesof di erent
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Figure 1.5: Mechanismsfor singletop quark production [3]

processesFor tt production the crosssectionis predictedto be appraximately 160pb
for a proton-proton collision energyof 7 TeV [13], which risesto 833pbat 14 TeV

(at NLO) [3].
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1.5 Top Quark Decay within the Standard Mo del

Quark decas within the Standard Model occur via a vour changethrough the weak
interaction, by exchangeof W* and W bosons. A quark of charge+2=3 (u, c, t)
is always transformedto a quark of charge 1=3 (d, s, b) and vice versa. The top
guark candecy to any of the three charge 1=3 quarksvia W* bosonexdange,in
accordancewith the CKM mixing matrix [1]. The CKM matrix elemers alsode ne

the relationship betweenthe weak and massquark eigenstateq1].

The CKM matrix is de ned as being unitary (assumedfor three quark genera-
tions [3])and the elemens within it squaredare proportional to the probability of
the correspnding decg occuring[15. The matrix elemens de ne how strongly the
W bosoncouplesto the various quarks. Non zero matrix elemeits correspnd to
decygs that may occur, while matrix elemetts that are zero correspnd to decgs
which cannot (no non-zeroelemerts are known to exist, although someare very
small). Thereforethe matrix elemeis of the Standard Model de ne which decgs

can occur, which cannot and which are suppressed.

The allowed top quark decas;t! bW*,t! sW' andt! dW™, arerepreseted
in the CKM matrix by the elemets jVyj, jVisj and jVgj. Assuming jVyj = 1,
measuremets of the B2 combined with lattice QCD calculations give estimatesof
jVisj = (387 21) 10°%andjVgj= (84 0:6) 10 3 respectively [9]. A direct
measuremen without assumingunitarity gives a value of jVy,j = 0:88 0:07 [9].

Thet! bW* decy thereforedominates,whilethet! sW* andt! dW* decas
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are heavily suppressedpossessing@xpectedbranding ratios of approximately 0.1%
and 0.01%[6]. The top quark undergcesa weak decg and is expectedto do soas
an isolated quark becausethe top lifetime (approximately 10 24 s) is shorter than

the timescalerequiredin QCD for hadronsto form (in the order of 10 23 s [8]).

For QCD top production, wherea top and an antitop are produced,the antitop will
decya following the sameprocessasthe top, but with the relative antiparticles. The

antitop will thereforedeca to an antib ottom quark anda W boson.

Assuming100%deca of the top to a bottom quark and W boson,the deca sequence
of a tt pair is identied by the decy of the W* and W bosonsproduced by the
decyging top and antitop [8]. Fig. 1.7 shows the generalizedstandard deca of a tt

pair.

Figure 1.7: lllustration of the generaldeca for a tt pair, assuming100% branching ratio

fort! bw* [§]

Ead of the W bosonsn att event may deca to aqq pair or to alepton and neutrino.
Consequetly there are four classef tt pair decas; single lepton ewerts, dilepton

ewerts, fully hadronicevents and ‘tau plus X' ewverts. Di erencesin the behaviour of

12



the tau comparedto the electronand muon is the reasonthat tt evernts cortaining
taus are classi ed separately seel.7.2. The branching ratios for theseprocessesire
30%, 5%, 45% and 20% respectively [6]. The tau+X ewens are themsehesdivided

in a similar way into tau+jets, tau+lepton and ‘two tau' ewerts.

Irrespective of how the W* and W bosonsdecy, the bottom and antib ottom
quarks producedwill behave the sameway in eat case.The bottom quark lifetime
is longer than that required for hadronsto form by the strong interaction. Con-
sequetly, con nemert forcesthe bottom quark to undergohadronisation. One of
the hadrons produced cortains the original bottom quark, usually as a B-meson.
A coneof hadronsknown as a jet (in this particular casea b-jet) is formed, the
axis of which propagatesin the samedirection as the bottom quark was originally
travelling. Any quarksproducedfrom the W decgs hadronisein the sameway into

light quark jets.

1.6 Top Quark Physics at the LHC

The number of top quarksto be producedead year at the LHC will enablea wide
range of top quark physicsto be carried out. Key areasto be studied include mea-
suremen of the top quark mass,seartiesfor non Standard Model heary resonances,
study of electraveak single top production (including measuremen of the matrix
elemen Vy, and determination of the W-t-b vertex properties [6]), examination of

top quark decass, branching ratios and couplings,top quark charge determination,
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seardesfor avour changingneutral currents (FCNC) and examination of top quark

spin correlations. Thesehave beenfully descrilked elsewherefor examplein [1] and

3].

1.7 Relation to the Higgs

The electraveak gaugebosons Higgsbosonand the heavy quarksare all interlinked
through high order electroveak processesFig. 1.8 shovs how the top quark and the
Standard Model Higgsbosoncan occur in loop diagramsin relation to the W and Z
bosons[3 By making accuratemeasuremets of electraveak processesit is possible
to extract an estimate of the Standard Model Higgs mass. Adding in the measured
top quark and W bosonmassesllows the Higgsmassto be further re ned. Fig. 1.9
illustrates wherefour di erent valuesof the Standard Model Higgs bosonwould lie
in a plot of My, versusMy, and how the measuredquartities therefore suggestthe

presenceof a relatively light Higgs[3].

1.7.1 Imp ortance of Studying Taus in Top Events

Tau nal statesare predicted for a number of physics processesboth within and
beyond the Standard Model. Assumingthe Standard Model, measuremen of the
tt production cross-sectionwith tau+jets and tau+lepton eweris provides a cross
ched of measuremets madein the electronand muon channels. Tau production has

beenpredicted asa possiblesignaturefor certain beyond the Standard Model Higgs
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Figure 1.8: Electroweak loop correctionsto the W and Z propagators from the top quark

(a and b) and from the Higgs boson(c and d) [3]
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Figure 1.9: Plot of My versusM; shawing results from direct and indirect measuremets.

Lines are shavn corresponding to the location of four di erent Higgs massesn the plane[9]

bosonsvarioussupersymmetry (SUSY) modelsand other potertial newphysics[16].

The Standard Model Higgs metanism consistsof only one scalar eld doublet [1].
Extensionsto the Standard Model howewer can proposethe existenceof two Higgs
doublets, referedto as Two Higgs Doublet Models (THDM) [1], which comein two
types. Type | THDM only allow one doublet to coupleto fermions, but in type
Il THDM (the simplest of which is the Minimal Supersymmetric Standard Model
or MSSM) one doublet couplesto up type quarks or neutrinos, while the second
couplesto down type quarksor chargedleptons[1]. In both cases,v e Higgsbosons
are predicted as opposedto onein the Standard Model, comprising three neutral

Higgs' h°, H® and A°, plus a pair of chargedHiggs'H [1].

The massiwe nature of the tau lepton, whencomparedto electronand muon masses,
meansthat shoulda light chargedHiggsbosonexist, it would be expectedto couple
preferenially to the tau [17]. Fig. 1.10demonstrateshow sud a coupling can occur

in att deca, wherethe chargedHiggs(with masssmallerthan the di erence between
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the top and b quark massesyeplacesone of the two W bosonsin the deca. How
sud a chargedHiggswould decay dependson the value of tan , which is the ratio

of the vacuum expectation valuesin the two Higgs doublets[1];

Vi
tan — 1.4
v (1.4)

Sud a charged Higgs is predicted in the MSSM to couple strongly to the massie
top quark for valuesoftan & 70and. 1[1]. Fortan > 1theH" ! channel,
as shown for one of the top quarksin Fig. 1.10,is predicted to feature signi cantly
(rising to a branding fraction closeto 100% for tan > 5) thus making tops
decying to taus an ideal searh candidate [1]. For tan < 1 H" ! cs dominates
while the t! H*b production is minimised for tan  closeto 1. The existenceof a
chargedHiggsin the regionpreferablefor tau production would manifestitself asan

enhancedbrandhing fraction for t! b whencomparedto the Standard Model [4].

nt,C

Figure 1.10: lllustration of how a hypothetical charged Higgs bosoncould be obsened in

tt decay through couplingsto the top quark and tau lepton
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1.7.2 Tau Decay Classi cation

The tau is unique in the lepton sector of the Standard Model. Due to its mass
of m = 177699'%% MeV [18] it is the only one of the three leptons which is
allowed to decy either leptonically or hadronically [19]. Consequetly taus are
classi edin accordancewith whetherthey deca to leptons(with branching fractions
of (17.36 0:05)%°to , (17:84 0.05)%toe . ,(36 04)%to

and (1:75 0:18)%toe . [18]) or hadrons(with a combined branching fraction

of approximately 65%).

For the casewherethe taus decg into hadronsa further degreeof classi cation is
applied in relation to the number of charged mesons(dominated by pions) initially

produced. Decas where only one charged pion or kaon is produced are refered
to as 1-Prong and comprise mainly of ! and ! n % | accouring
for 22.4% and 73.5% of the decgs respectively [19]. Likewise,decas producing
three charged pions or kaons are referedto as 3-Prong and consist mainly of the
modes ! 3 and ! n °3 | which make up 61.6%and 33.7%of the total

number of 3-Prong taus [19]. Note that in both casesn ° signi es the production
of any number of neutral pions. Deca/s to 1-Prong and 3-Prong modesoccur with

relative fractions of appraximately 85% and 15% of the total hadronic branching
fraction respectively [9]. Further 5-Prong and 7-Prong hadronic decgs can also
occur with negligible branching ratios, but dueto their higher track multiplicit y are
moredi cult to distinguish from corvertional non-tau jets. The branching fraction

to modescontaining K is small, of the order of 1% in both 1-Prongand 3-Prong
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cases.Thesemodesareindistinguishableto the ATLAS detectorfrom the equivalert

decgs [19].

1.8 Conclusions

Within this chapter the Standard Model of particle physics has been introduced
and its main features descrited. Further detail was provided on the top quark,
including its decay medanism and the production methods accessibleat hadron
colliders. Current experimertally measuredvalues of the top quark massand the
CKM matrix elemen Vy, weregiven. The relationship betweenthe top quark andthe
asyet undiscovered Standard Model Higgsbosonwasalsonoted. A brief explanation
was then given as to why, for certain valuesof tan , top quarks decging to tau
leptons can provide a probe for light charged Higgs bosonsproposedby certain two
Higgs doublet models. Finally, the decay modes of the tau lepton were described

and their appropriate branding ratios quoted.
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Chapter 2

The LHC and the ATLAS detector

2.1 Intro duction

Constructed under the French-Swissborder and asserbled over a decade the Large
Hadron Collider (LHC) is often descrited as the largest madcine ever made. Com-
mencing operation in 2010the LHC is the world's most powerful particle collider,
producing data which are analysedby someof the most sophisticateddetectorspro-
ducedto date. Within this chapter can be found a brief overview of the LHC and
how it operates. The ATLAS detector is described together with its constituert
componerts, while the physicsgoalsand their demandsare mertioned. In addition

the ATLAS data structure is alsosummarised.
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2.2 The LHC

The Large Hadron Collider (LHC) acceleratesand collidesbeamsof protons or Pb
nuclei in the highest energyparticle collisionsever producedarti cially . The LHC
has been constructed at the CERN laboratory in the 27 km circumferencetunnel
formerly usedto housethe LEP and LEP Il electron - positron colliders between
1989and 2000. Designedto produce 14 TeV certre of massenergy proton-proton
(pp) collisionsat a luminosity of 10°* cm ?s * [20], during 2010the LHC operated
in proton-proton mode with a certre of massenergyof 7 TeV and up to a maximum
luminosity of appraximately 2 10°2 cm 2s . Comprising a mixture of commis-
sioningand physicsrunning, a total of appraximately 46 pb ! of proton-proton data
were collectedduring this period [21]. Fermilab's TeVatron proton-antiproton (pp)
collider, the most powerful madine previously available, hasa Run |1 certre of mass

energyof 1.96 TeV and luminosity of appraximately 10%? cm 2s ! [1].

2.2.1 LHC Machine Overview

At the LHC, counrter rotating beamsof protons are acceleratedto a maximum of
7 TeV (3.5 TeV during 2010) and brought together to collide at the certre of the
four LHC detectors. At the mimimum bunch spacingcon guration collisions are
producedewery 25 ns. Each bunch will cortain up to 1.15 10" protons and will
have an RMS length of 0.075m and a nominal diameter of approximately 1 mm.

Howe\er, the bunch diameteris further reducedto 16 m at the collision points. At
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full intensity and designenergy eatc LHC beamwill cortain 2808proton bundhes

25 ns apart and would hencehave a beamenergyof approximately 362 MJ.

In order to produce high energyproton beams,a seriesof di erent acceleratorsare
usedto provide and then ramp the particle energy up in stages,culminating in
the LHC main ring. To beginwith, the CERN Linac2 linear acceleratoris usedto
produce 50 MeV protons which are then fed into the Proton Syndrotron Booster
(PSB). The protons are acceleratedo 1.4 GeV in the Boosterand are then injected
into the Proton Syndrotron (PS) itself wherethey arefurther acceleratedo 26 GeV.
From the PS, the protons passinto the Super Proton Syndirotron (SPS) and are
taken up to an energyof 450GeV beforepassingdown two tunnels, built to link the
SPSandthe LHC, and lling the two separateLHC beampipes. Final acceleration
of eath beamto the desiredenergy of up to 7 TeV, occurswithin the LHC itself.

The chain of acceleratorsis show in Fig. 2.1

The two proton beamsare acceleratedwithin the LHC by strong electric elds
provided via radio frequency(RF) cavities (energyis transferedfrom the radio waves
in the cavity to the particlesin the beam) and steeredaround the ring by powerful
dipolemagnets. As a pp collider, both LHC beamspossesshe samecharge. To keep
two courter rotating proton beamstravelling around the LHC ring, the directions
of the magnetic elds applied to the two beamsmust be exactly opposite so that
eah beamis ben the correct way. Beamsare cortained in separatepipeswith a
magnetic eld appliedindependerly to eat one. The beamenergylimit obtainable

at the LHC is determinedby the maximum bending power of thesemagnetsto keep
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Figure 2.1: Scematic showing the acceleratorsusedto produce 7 TeV protons at the
LHC. 50 MeV protons are produced by the Linac2 and are acceleratedsequetially via

the PSB, PS and SPSbhefore nal injection and accelerationin the LHC main ring

protons travelling around the tunnel (of appraximately 4.5 km radius). To adieve
a maximum proton beam energyof 7 TeV, and hencea maximum certre of mass
energyfor a symmetrical collider of 14 TeV, 1232superconductingdipolesproducing
a eld of 8.4 T are required, the most powerful ever made. For the LHC special

two-in-one magnetshave beendeweloped which allow the two beamsof protons, in
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separatebeampipes,to be dealt with by oneunit [22]. In the design,there are two
magnetwindings, onefor eat beampipe, but there is a commonsupport and yoke,
and the whole ensenble is housedin a single cryostat. The magnetsare cooled
to 1.9 K using super uid helium and the superconductor usedis NbTi. Fig. 2.2
shows a crosssectionthrough one of the main acceleratordipoles. Manufacturing
the magnetsin this way was cheaper than producing separateitems for eathy beam
and alsotook up lessspacein the madine tunnel previously occupiedby the single

beampipe of LEP.
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Figure 2.2: Crosssectionthrough one of the LHC main dipole magnets[23]

In addition to the acceleratormagnets,there are a number of otherswhich add up to
morethan 1700overall. Most notable of theseare the eight setsof focusingmagnets

locatedin pairs either side of the four LHC collision points.

In generalthe LHC is descriked as a ring, howewer in practice it is comprised of
eight curved sectionsand eight straight sections.The eight LHC points are situated
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on the straight sections,which are ead 528 m long, with their locations as shavn
in Fig. 2.3.

LHC PROJECT UNDERGROUND WORKS

Emmmm Existing Structures

m LHC Project Structures

ST-CE/JLB-him
18/04/2003

Figure 2.3: lllustration of the eight LHC sectorsand the locations of the four major LHC

experiments

Four of the eight points (1, 2, 5and 8) housethe LHC experimerts asdiscussedater
and arethe only placeswherecollisionstake place. In addition to beingexperimertal
areas,points 2 and 8 are also where the two beamserter the LHC from the SPS.
At points 3 and 7 are located beam cleaningmagnetsto keepthe two LHC beams
collimated. Point 4 is wherethe LHC RF (radio frequency) beam cortrol system
is found, which has been covered in detail elsewhere[24]. Finally point 6 (the
former location of the LEP OPAL detector) is the site of the beam dump, where
the beamscan be removed from the LHC ring and disposedof in a cortrolled way

via a combination of "kicker' and septum magnets[20].
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2.2.2 The LHC detectors

The LHC hasfour principal experimerts situated around the acceleratorring. These
are ALICE [25], ATLAS [26], CMS [27] and LHCb [28] and their relative under-
ground locations are illustrated by Fig.2.3. In addition there are two further exper-

iments called TOTEM [29 and LHCf [30].

ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid) are
situated at points 1 and 5 on the LHC ring respectively. Housedin caverns built
from scratdh for the LHC they are the largest particle physics collider detectors
ewver built; ATLAS is the largest with respect to volume and CMS with respect to
mass. Both are general purposedetectorsintended to look at all aspects of LHC
physics [31] with a bias towards pp running but also someability to study Pb-Pb
collisions. ALICE (A Largelon Collider Experimert) is locatedat point 2 in the pit
which formerly cortained the LEP L3 experimert. The magnetfrom this experimert
is also usedas part of the ALICE detector, which has beendesignedto study the
heavy ion physics of the Pb-Pb LHC runs. The last of the big four experimerts,
LHCb (Large Hadron Collider beauty experimert) will cortinue the work of the B-
factoriesby examiningvarious aspectsof avour physics, notably the measuremen
of CP violation in B-mesondecgs. It is sited at LHC point 8 and usesthe pit which
previously held the DELPHI detector. TOTEM is primarily designedto measure
the total LHC pp cross-sectionn a way that doesnot dependon the luminosity and
consistsof detectorsplacedeat end of CMS at LHC point 5. Finally, LHCf (Large

Hadron Collider forward) is intendedto look at the forward regionof LHC collisions
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(very closeto the beam pipe) and is located either side of the ATLAS detector.

2.3 The ATLAS Physics Programme

The ATLAS physicsprogrammehasan extremely broad coverageby virtue of being
one of the two LHC general purpose detectors. This is covered in detail by vol-
ume Il of the ATLAS Detector and Physics PerformanceTednical Design Report
(TDR) [32] and alsoin the more recen studies coveredin [33. In summary the

main physicsaims of the ATLAS experimert can be stated asfollows:

Look for the presenceof the standard model or other possibleHiggs bosons
(such asthe MSSM Higgs) in the region betweenthe existing LEP and TeVa-

tron masslimits and the theroretical massconstrairt of approximately 1 TeV.

Carry out seardesfor supersymmetric (SUSY) particles or other alternative
new physicsoutside the current Standard Model. It is expectedthat particle
searbieswill be possibleup to around5 TeV over the lifetime of the experimert
(limited by the momertum fraction carried by the quarks and glouns which

make up the proton).

Make precisionmeasuremets of the top quark including its mass,decgs and
couplings. Studieswill cover both tt and singletop quark production scenar-
ios. In addition it will be possibleto look for the presenceof any additional

generationsof heary quarks (requiring assaiated heary neutrinos; studies at
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LEP and SLAC have producedresults consisten with there only being three

generationsof light neutrinos).

The electraveak gaugebosonscan be examinedto producenew precisionmea-
suremens of the W bosonmass,W andWZ production and their asseiated

Triple GaugeCouplings (TGC).

A whole array of QCD processewill be studied and precisionmeasuremets
made. This will provide both a test of QCD itself, and also allow the badk-
ground to other Standard Model (or otherwise) LHC processego be better

understood.

There will be a comprehensie B-physics programmeto complemen that of
LHCb. This will include work on B? oscillations, CP-violation and measure-

mert of B hadronsincluding their decas.

Seard for any additional new physicsoutside the Standard Model (including

the existenceof possiblenew gaugebosons,either chargedor neutral).

The ATLAS detector has beendesignedto perform well with respect to all these
physicsareas,in addition to beingableto operate successfullyn the high luminosity

environmert of the LHC, which is requiredto study them. To do this ATLAS must:

Have a high radiation resistanceand a high detector granularity, coupledto

fast readout electronics,to handle the LHC collision rate.
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Be able to work to high valuesof pseudorapidiy ( ) and cover the maximum

possibleregion of azimuthal angle( ). See2.4.1.

Posses®xcellen ability to identify, resolve and reconstruct charged particles,

plus recognisethe presenceof secondaryvertices (tracking detectors)

Have electromagneticcalorimetry which allows for good photon and electron
identi cation and which combined with comprehensie hadronic calorimetry
will allow suitable measuremets to be madeof transversejets energiesand the

accurateinferring of any missingtransverseenergyassaiated with neutrinos.

Identify muons, including the charge of those possessindigh transversemo-

mertum (pr).

Be ableto trigger on interesting LHC physicsprocessesincluding thosewhich
may producelow pr particles, while still rejecting enoughbadkground soasto

keepthe data rate for nal processingand storagewithin the desiredlimits.

ATLAS is descriled in section2.4.

2.4 ATLAS detector

It isintendedto give a generaloverviewof the ATLAS (A Toroidal LHC ApparatuS)

detector, illustrated in Fig.2.4. Further details canbefoundin the ATLAS Tednical

Proposal[34] and the ATLAS Detector and PhysicsPerformanceTDR volumel [35,
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or alternatively through the specic TDR's correspnding to the various detector
componerts. To accoun for speci cication changesmade during construction, up-
dated information on the key componerts is cortained within the ATLAS Detector

Paper [26].

2.4.1 Detector Overview

As stated previously ATLAS hasbeendesignedto analysethe physicsof the LHC
(primarily) pp collisions. Becausethe LHC beamsare symmetric, a cylindrical
geometrywas chosenfor the detectorsoasto allow the maximum spatial coverageof
the particles producedin ead collision. Furthermore, asa generalpurposedetector,
it is important that ATLAS is able to measurethe properties of all the particles
producedin ead evert. To do this ATLAS usesa seriesof di erent detector layers

arrangedradially around the beampipe.

Di erent typesof particles can be identied by the way they behave in the various
layers. Tracking chambersare usually housedwithin a magnetic eld (this is true for
all the ATLAS trackers) which allows the sign of charged particles to be identi ed

by observingthe direction in which they are bert by the eld. The momertum com-
ponent perpendicularto the eld canalsobe determinedfor chargedparticles from
the radius of curvature of their tracks. Energy possessetby electronsand photons
is measuredby an electromagneticcalorimeter, while a hadronic calorimeter when
conbined with the electromagneticcalorimeter providesthe energyand position of

hadronsand jets. In addition, the two calorimetersprovide information on whether
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Figure 2.4: The ATLAS Detector [26]
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any neutrinos or other weakly-interacting particles were presei in an evert. This is
doneby studying whether the total vector sum of the transversemomernium comes
to zero, (asit would be beforea collision took place) henceconservingmomertum,

or not. If transversemomertum, usually referedto astransverseenergy(E+), is not
consenred and someis seento be "missing'from the calculation, then this imbalance
is assumedto be dueto the presenceof one or more undetectedweakly interacting

particles (such as neutrinos). Consenation of total energycannot be usedas gaps
arerequiredin the detector for the beampipe and soit is not possibleto producean
accuratemeasureof the total longitudinal energyin an evert (someof the particles
will passthrough the gapin the detectorif they are producedvery closeto the beam
pipe). Finally, the muon system(also housedin a magnetic eld) provides explicit

muon identi cation and together with the tracker gives an enhancedmeasureof
muon momertum. Fig. 2.5 provides a sthematic illustration of how these layers

work together to allow the identi cation of di erent particle types.

Tracking Electromagnetic Hadronic Muon
chamber calorimeter calorimeter chamber

Innermost Layer ... > ... Outermost Layer

Figure 2.5: Schematic illustration of a slice through a general particle detector
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ATLAS measuret6 m in length (parallel to the beampipe), is 22m in diameterand
weighs7000t. Locatedin the UX15 pit at point 1 of the LHC, the z-axisis taken as
being parallel to the beam pipe and de nes the positive direction as towards point
8. The x-y planeis de ned asbeingperpendicularto the beampipe, with the origin
at the collision point in the certre of the detector. As a right handed co-ordinate
system, the positive x-direction points towards the certre of the LHC ring and the
positive y-direction points vertically upwards. In polar co-ordinates, is the angle
from the beampipeand the anglearoundit. The pseudorapidiy ( ) is de ned in
the usual way ! [35]. The physical body of the detector can be divided into three
main parts; the inner detector, the calorimetersand the muon spectrometer. These
are discussedhere with speci ¢ valuestaken from [26]. In addition there are also

trigger and data aquisition (TD AQ) which will be discussedseparatelyin chapter 3.

2.4.2 Inner Detector

The inner detector consistsof a seriesof di erent tracking devicesmounted inside
a solenoidmagnet5.3 m in length and of 2.46 m inner diameter [26]. This magnet

has been engineeredto producea 2 T nominal eld (2.6 T peak eld) and has

1The pseudorapidity is de ned in terms of the angle by = In tan(5) and for particles
travelling closeto the speedof light is approximately equalto the particle rapidity (de ned in terms
of the particle's energy and momertum in the direction along the beam axis). Pseudorapidity is
usedto de ne the position of particles in the detector instead of the angle becausethe separation
of particles in  doesnot depend on the lorentz boost of the particles along the beam axis. This

is not true for .
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also had to be designedso as to minimise the interference produced to particles
travelling through the solenoidand into the surrounding calorimeters. This requires
the amourt of material betweenthe tracking detectorsand the calorimetersto be
as small as possible. The solenoidsharesa vacuum chamber with the liquid argon
(LAr) calorimeter barrel for this reason. As the solenoidproducesa magnetic eld

parallel to the beam pipe, charged particles are bent in a plane perpendicular to
this. The inner detector itself is 5.5 m long and 2.5 m in diameter and is divided
into a certral barrel region 1.6 m long and two matching endcaps[35]. The barrel
consistsof a seriesof cylinders, ead consisting of a layer of detectors, wrapped
around the beam pipe (of 36 mm radius). For the endcapsa seriesof circular disks
are used perpendicular to the beam, with the detectors arranged radially. Both

the barrel and the endcapscortain layers of both silicon and gas lled straw tube
detectors. Fig. 2.6 shavs a cut-away view of the completeinner detector, minus the

surrounding solenoid.

- I Barrel SCT
Forward 5CT ‘

Pixel Detectors

Figure 2.6: Cut-away view of the ATLAS inner detector (certral solenoidnot showvn) [26]
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Three di erent typesof tracking detectorsare usedin the tracking region. These
are silicon pixel detectors,silicon strip detectorsand Transition Radiation Trackers

(TRT) in order of decreasinggranularity.

Pixel Detectors

The pixel detectorshave the nest granularity of the tracking detectors,eat mea-
suringa minimum of 50 400 m. In the barrel region, pixels are arrangedin three
layers betweenradii of 50.5mm and 122.5mm (O is de ned as being at the certre
of the beam pipe) and over a length of 802 mm. Ead end cap has three disks of
pixels at radii from 89 mm to 150 mm. The two pixel endcapsare found between
495 mm and 650 mm from the collision point at either end of the barrel [26]. In

total there are approximately 140 million pixels.

Strip Detectors (SCT)

Found outside the pixels, the silicon strip detectorsare approximately 12 cm long
by 80 m wide. The barrel has four layers situated between299 mm and 514 mm
radius and over a length of 1492mm. Each end cap has9 disks of between270mm
and 560 mm radius and theseare situated between847.5mm and 2727 mm from
the collision point in ead case[26]. Each layer consistsof two strip sets, with an
angle of 2.3 degreeshetweenead set. The stereoangle provides a measuremen of
z (and thus a value of ) in the barrel, whilst providing a measuremen of the radial

distancer in the endcaps. Barrel strips are parallel to the beam pipe and endcap
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strips arrangedradially.

Transition Radiation Tracker (TR T)

TRT are usedfor the outer layers of the tracking region. Each TRT sensorconsists
of a4 mm diametertube with athin wire running down the certre, lled with agas
mixture (mainly xenon). The barrel straws are 1.44m long and the end cap straws
0.37m long [26]. A large potertial di erence is maintained betweenthe metal tube
walls and the wire sothat when a particle passeghrough a tube, an output signal
is produced which also gives how far from the wire the particle passed(by use of
timing) as well as which tubes were traversed. Although the measuremen for a
singletube is not asaccurateasthat for a single pixel or strip detector, this can be
courtered by usingmany morelayers. The TRT barrel has73 planesof straws setat
radii between559mm and 1080mm over a length of 1430mm. The end capshave
160 straw planesat radii between 635 mm and 999 mm and in ead casebetween

847.5mm and 2727mm from the collision point [26].

In general,the combined tracking region covered by the pixels, SCT and TRT is

] j< 2.5.

2.4.3 Calorimetry

ATLAS usesa conbination of liquid argon (LAr) and tile scirtillator calorimeters.

Electromagnetic (EM) calorimetery is provided via a barrel (actually made of two
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jointed half barrels with a 6 mm gap at the collision point, z = 0) coveringj | <
1.475 and two endcapscovering 1.375 j j <3.2 [26]. All use LAr technology
There is alsoa LAr presamplerat j ] < 1.8. Hadronic calorimetery is performed
up to j j < 4.9 courtesyof a tile scirtillator barrel (j j < 1.0) and extendedbarrel
(0.8< j j <1.7), LAr hadronic endcaps(HEC) for 1.5< j j <3.2and nally a LAr
forward calorimeter (FCal) for 3.1< | j <4.9. The complete ATLAS calorimeter

systemis shown in Fig. 2.7.

Figure 2.7: Cut-away view showing the complete ATLAS calorimeter [26]

Electromagnetic Calorimeter

Both the EM calorimeter barrelsand endcapsusea sampling calorimeter consisting
of layers of lead absorker immersedin LAr to provide the active medium. The lead
absorbkers usedtake an "accordion'shape, intended to give complete, symmetrical,

coveragewith respectto  without the presenceof any gaps.
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The barrel assembly is taken to constitute the two main LAr half barrels and also
the presamplers.As statedin section2.4.2the LAr barrel asserbly sharesa cryostat
with the inner solenoidmagnet. This is made from aluminium and insulated via
a vacuum layer. The total length of the cryostat (when the two halvesare joined
together) is 6.8 m and the inner and outer radii are 1.15mm and 2.25m respectively
[36]. For eady EM calorimeter half barrel there are 1024 of the lead accordion
absorbers [26]. The thicknessof the lead rangesfrom 1.53mm to 2.2 mm on going
from zeroto 3.2 in pseudorapidily ( ); see[36]. To give structural rigidity, the lead
layersare actually trapped betweentwo sheetsof stainlesssteel0.2 mm thick. Lead
absorkers, approximately 4 mm apart, alternate with Kapton electradesrequiredto
read out the calorimeter signals. Presamplersare preser in front of the calorimeter
and inside the barrel cryostat in the form of a 1 cm layer of LAr [26], which is read
out by electrades perpendicular to the beam pipe. In generalthe barrel is divided
into three sampling layers alongits length, while being divided into 32 sectorsin

to be read out by 7808channels. There are approximately 110000channelsoverall.

A sectionof the EM calorimeter barrel can be seenin Fig. 2.8, indicating the three
samplinglayers. The radiation lengths of the samplingsare marked while the accor-
dion shape of the absorkersis alsoillustrated. For the barrel, the overall material
thicknessis > 24 radiation lengths. The nest granularity in the barrel is provided
by the strip layer of the rst sampling,socalledbecauseof the cell shapesin this re-
gion, which is usedto help identify the direction and width of showers (particularly

those producedby photons).
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Figure 2.8: A section of the ATLAS EM calorimeter barrel. The three depth samplings
can be seen,together with the accordion shape of the electrodes and the di erence in

granularity in the three layers [26]

For eath EM calorimeter endcap, eight wedge-shapd units are usedto produce
a wheel of 2098 mm radius and 632 mm thickness. Each of these endcapwheels
actually consist of an inner wheel (256 absorber plates) and an outer wheel (768
absorker plates) to cover 2.5-3.2and 1.375-2.5in  respectively [26]. The absorker
plates are arrangedradially, and are divided into two samplingslongitudinally. In
eat endcapthere is a 5 mm layer of LAr to act asthe presamplerwhich is read
out by electrodesparallel to the beampipe. The endcapshave approximately 64000
read out channels. Each aluminium end cap cryostat has an outer radius (warm
skin) of 2.25m and a length of 3.17m. In the endcapsthe material thicknessis >

24 radiation lengths exceptfor valuesof j j <1.475[26].

Athough both the barrel and endcapsuse lead-LAr calorimeters, a large gap is
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presemn in coverageat approximately j j = 1.4 wherethey meet. To try and reduce
the e ect of this for jets, photons and electrons, a slab of scirtillating plastic is
positionedin this region. Fig. 2.9 showns a cut-away view of one half of the complete
EM calorimeter system(the hadronic and forward LAr endcapsare alsoshown but

the gap scirtillator is not).
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Figure 2.9: Cut-away view shawing one half of the ATLAS EM calorimeter (together with

complete endcap)

For both the barrel and endcapthe number of calorimeterlayersand the granularity
vary asa function of . Table 2.1 summariseghis information for the completeEM

calorimeter [26].

Hadronic Calorimeter

The hadronic calorimeter barrel and extended barrel consistsof a tile sampling
calorimeter. The certral barrel wraps around the EM calorimeter barrel and has
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EM Calorimeter Barrel Endcap
Number of layersand j j coverage
Presampler 1 ] j<1.52 1 1.5<j j<1.8
Calorimeter 3 j j<1.35 2 1.37Xj j<1.5
2 1.35j j<1.475 3 1.5<j j<2.5
2 2.5<j j<3.2
Granularity 4 4 versusj |
Presampler 0.025 0.1 j j<1.52 0.025 0.1 15<j j<1.8
Calorimeter 1st layer | 0.0258 0.1 j j<1.40 0.050 0.1 1.37x]j j<1.425
0.025 0.025 1.40<j j<1.475| 0.025 0.1  1.42%j j<1.5
0.0258 0.1 1.5<j j<1.8
0.0256 0.1 1.8<j j<2.0
0.0254 0.1 2.0<j j<2.4
0.025 0.1 2.4<j j<2.5
0.1 0.1 2.5<j j<3.2

Calorimeter 2nd layer

0.025 0.025  j j<1.40

0.075 0.025 1.40<j j<1.475

0.050 0.025 1.375] j<1.425
0.025 0.025 1.425%j j<2.5

0.1 0.1 2.5<j j<3.2

Calorimeter 3rd layer

0.050 0.025 | j<1.35

0.050 0.025 1.5 j<2.5

Table 2.1: Coverageand granularity of the ATLAS EM calorimeter [26]
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an inner radius of 2.28 m. The outer radius is 4.25 m and the certral sectionis
5.8 m long, with ead of the two extendedbarrels being 2.6 m in length [26]. Each
tile consistsof a steelabsorker and a plastic scirtillator active medium 3 mm thick.
Layers of tiles are arrangedin planesparallel to the beam direction and theseare
staggeredover depth, making them periodic in z. Wavelength shifting bres are
usedto take the light from both sidesof the scirtillator for ead tile and, running
radially, transfer it to a photomultiplier tube to be read out. By grouping bres

togetherit is possibleto producea three dimensionaloutput.

Like the EM calorimeter barrel, the certral barrel sectionis alsodivided into three
radial layerswhich provide the three samplings.At = Otheselayersaredesignedo
be at radii which give them thicknesse®f 1.5,4.1and 1.8 interaction lengthsrespec-
tively [26]. The overall "thickness'of material found insidethe ATLAS muon system
(comprising the inner detector and solenoid/cryostat, electromagneticcalorimeter,
hadronic calorimeter and their assaiated support systems)in total at = 0is 11
interaction lengths. This enableshadronic shawers/jets to be con ned within the
hadronic calorimeter and hencerestricts passageof particles other than muons (or
neutrinos) out into the surrounding muon spectrometer [37]. Similarly the two ex-
tendedbarrels,intendedto study the j j regionbetween0.8and 1.7, are alsodivided
into the samethree samplingsasthe certral barrel. Both the certral and extended
barrels are divided into 64 sectorswith respectto , asshown in Fig. 2.10. This
producesan overall granularity of 0.1  0.1in exceptfor in the last radial

layer whereit is 0.2 0.1[3§.
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Figure 2.10: Schematic represenation of the hadronic tile calorimeter assenbly, with a

single module shown for comparison

The two hadronic end-capcalorimeters(HEC's) useLAr technology similar to the
EM calorimeters,but with a di erent metal absorker. Intendedto coveranj j range
between 1.5 and 3.2, ead end-caphastwo wheelsof 2.03 m external radius [26].
Both usecopper platesasthe absorker and LAr asthe active medium, with the inner
wheelusing 25 mm thick plates and the outer 50 mm thick plates [26]. read out is
provided via the certral one of three electrades found between eat set of plates,
which are spaced8.5 mm apart. A total of 5632read out channelsare presen [26).
Both wheelsare constructedfrom 32 units and split into two samplings. The wheels,
which sharethe end-capcryostat with the EM calorimeter end-capand the forward

calorimeter, weigh appraximately 67 and 90 tonnesrespectively.

Two forward calorimeter (FCal) end-caps,eat comprisingthree module units, are

designedo provide calorimetry in the region3.1< | j <4.9[26], overlapping slightly
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with the hadronic end-cap calorimeters. The FCal usesa metal matrix and LAr
design, which usesmetal rods certred inside metal tubes mounted between two
metal tub eplates. The gapsbetweenthe rods and the tubesare lled with the LAr
active medium. Of the three units which make up ead FCal, the innermost uses
copper as the metal and cortains 12000tubes and rods, ead rod being 4.75 mm
in diameter and the gap betweenthe rod and tube being 0.25 mm [36. For the
remaining two units, tungsten metal is used. The inner unit has 10000rods and
tubes with a rod diameter of 4.75 mm and a gap of 0.375 mm, while the outer
unit has8000elemers, eat rod being 5.5 mm in diameter and the LAr gap being
0.5 mm. Both FCals are read out by 11288channels. The designof the FCal was
formulated largely to try to limit the damageproducedby the high particle ux that
will be presen in the FCal region. For this reason,a copper plug' is alsolocated
behind eat of the FCalsto attempt to protect the forward muon chambers of the

detector. Fig. 2.11illustrated the generallayout of the FCal.

0in

é FCALY l:I:uJ/ FCALZ (W] FCOLS |wh gPlug ICul

7

FaL]iCu) FCALE (4] FLalZ |wh Flug [tul

Figure 2.11: General arrangemer of the LAr forward calorimeter
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2.4.4 Muon Spectrometer

The muon spectrometeris what de nes the overall sizeof the ATLAS detector. It
consistsof three superconductingair-cooled toroid magnet systems,one barrel and
two endcaps. Thesemagnetsare usedto bend the path travelled by muons, which
is recordedby a seriesof tracking chambersin both the barrel and endcapregions,

as per the inner detector.

All three of the toroid magnetsuse eight coils arrangedaround the beam axis. In
the barrel, ead coil that makes up the toroid is appraximately 25 m long, 5 m
wide and weighs 40 tonnes. They are comprisedof two double-pancak windings
of 20.5 kA NbTi superconducting wire, stabilised using aluminium [35], and are
contained inside an alloy outer shell. In addition, all the barrel coils have individual
cryostats to provide the cooling, weighing 40 tonnes ead, which are usedas part
of the structural support for the wholetoroid, together with additional alloy struts.
The eight coils are linked together and mounted on the detector feet as shown in
Fig. 2.12to produce a toroid with inner and outer diametersof 9.4 m and 20.1m
respectively [26]. The barrel toroid producesa peak eld of 3.9 T and in the region

for j j of 0.0-1.4the bending power producedis from 2to 6 Tm.

The two end-captoroid magnetsusethe samecoil winding type as for the barrel,
with ead of the eight coils per endcap measuringapproximately 4.5 4 m and
weighing 13 tonnes. The smaller size meansthat for ead end-capthe eight coils
are mounted into one single structure housedin a single cryostat. Each asserbled

magnet has an inner diameter of 1.65 m and an outer diameter of 10.7 m [26];
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Figure 2.12: lllustration of how the eight coils of the ATLAS barrel toroid magnet are

linked together and mounted on the detector feet

the complete asserbly including the cryostat is appraximately 5 m long, 11 m in
diameter and weighsroughly 240tonnes. A completeendcapunit is illustrated in
Fig 2.13. The peak eld for ead end-captoroid magnetis 4.1 T and the resultant
bending poweris 1to 8 Tm forj j from 1.6to 2.7. Each end-captoroid is mournted
within the relevant end of the main barrel toroid. To permit this and to maximise
the bending power possiblein the region1.4< j j <1.6whereoverlap of the two sets
of elds occurs,the coils of the barrel and end-capare o set relative to eat other

by 22.5 in . Despitethis, the bending power is still reducedin this region.

Measuremeh of muonsin the spectrometeris carried out using four di erent types
of tracking detectors. As with the other detector componerts, these are arranged
into a barrel regionand two setsof big wheelend-caps.The barrel providescoverage

for j j <1 and comprisesthree layers of chambers, wrapped around the beam pipe,
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Figure 2.13: View of one of the ATLAS end-captoroid magnets

at 5, 7.5 and 10 m radius [26]. End-cap coverageis for 1.0< j j <2.7, with eat
end-caphaving four big wheelsof radially arrangedchamberslocated perpendicular
to the beam pipe at distancesof 7.4 m, 10.8 m, 14 and 21-23m from the collision
point at the certre of the detector [26]. The spacingof the layers of muon chambers

is shown in Fig. 2.14

Precisionposition measuremenof the muon primary coordinates(in the main mag-
net bending plane) is mainly provided by 11088Monitored Drift Tubes (MDTS)

for j J <2.7, with 32 Cathode Strip Chambers (CSCs) replacing the inner endcap
layer of MDTs for 2.0< j j <2.7 [26]. These are read out by 339000and 30700
channelsrespectively [26. Measuremenh of the secondarymuon coordinate (in the
non-bendingplaneand perpendicularto the primary) and alsotriggering is provided
via 544 Resistive Plate Chambers (RPCs) for j j <1.05and 3588 ThinGap Cham-

bers (TGCs) for 1.05< | | <2.4[26]. Triggering is not provided for j j >2.4. These
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Figure 2.14: Sectionthrought the sideof the ATLAS detector illustrating the arrangemen

of the muon chambers [26]

chambers are read out by 359000channelsfor the RPCs and 318000channelsfor
the TGCs [26]. The location of the di erent chamber typesis summarisedin Fig.

2.15.

2.5 ATLAS analysis tools

Within the ATLAS experimert a standard framework exists for usein all ATLAS
physicsanalysis. This Athena framework is primarily designedto carry out analysis
on Analysis Object Data (AOD) les which are the format in which the majority
of the real data from the running ATLAS experimert are stored. Athena uses
algorithms written in C++, cortrolled by job option les written in python, to

carry out the desiredanalyses.
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Figure 2.15: Location of the di erent chamber typeswithin the muon spectrometer
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To comparethe real ATLAS data to theory and to evaluate di erent analysisstrate-
gies,it is necessaryto producearti cially setsof AOD les for a whole seriesof dif-
ferert processes.These Monte Carlo' datasetsare produced by a processreferred

to asrunning the ATLAS full chain, illustrated in Fig. 2.16.

Figure 2.16: Flow diagram shawing the stagesrequired to produce arti cially ATLAS

AOD datasets

Everts are produced by an ATLAS approved generator?, sudh as MC@NLO [39],

Pythia [4Q or Herwig [41], and passedthrough a full simulation of the ATLAS de-

2An event generator simulates the various stagesof a particle collision. It reproducesthe initial
state and any assa@iated radiation, the hard scatter, and the production and then subsequen decay
of particles in a given physics process. Final state showvering and radiation are also produced.

Generators can be tuned depending on the particular processand conditions being studied
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tector provided by GEANT4 [42]. Simulated detector hits (recording which sensors
within ATLAS red for a given event, together with the size of the recordedsig-
nals) are corverted into raw data objects (RDO) by the digitization stage. For real
ATLAS data the raw output of the readout ("bytestream’) is unpadked into RDO
format asthe rst stageof the reconstruction. The sameprocessis now followed
for simulated and real ATLAS data. RDO undergoan ewert reconstruction stage
to produce Evert Summary Data (ESD) les, which are a detailed output format.
Theseare then condensedo produce nally the AOD les for analysis. AOD consist
of collectionswhich contain the information relating to the di erent particle types;
for examplethe electron collection contains information onthe , , pr and soon
of ead electronrecordedin the even, togetherwith a summary of any quality cuts
applied. In addition to the various reconstructedparticle types,there are separate
collectionsfor jets, trigger information, truth information (for simulated data only)
and selectedinformation on tracks, calorimeter clusters and similar. Truth infor-
mation cortains the details about an event asproducedby the generatorbeforethe

detector simulation was applied.

2.6 Conclusions

An overview of the Large Hadron Collider at CERN hasbeenpreseted. The main
componerts of the acceleratorcomplex have beenbrie y descrited, together with
how they are usedto produce proton-proton collisionsat a given certre of massen-

ergy. Figureswere provided for the designbeam parametersand alsothose usedto
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collectatotal of 46 pb ! of proton-proton collisiondata (for a certre of massenergy
of 7 TeV) during 2010. The ATLAS experimert was introduced and the ATLAS
physicsprogrammewasbrie y covered,togetherwith the resulting detector require-
merts. An overview was given of the complete ATLAS detector and how it is used
to identify di erent experimertal signatures. A detailed description was provided of
the various ATLAS subdetectors,focusingin particular on the electromagneticand

hadronic calorimeters,while nally the ATLAS data format and analysisframework

was summarised.
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Chapter 3

The ATLAS Trigger System

3.1 Intro duction

Within this chapter is provided an overview of the ATLAS trigger system. The three
trigger levels are introducedand brie y described. Further detail is then provided
on the rst level calorimeter trigger, describinghow regionsof interest are formed

and how the trigger meru thresholdsare assigned.

3.2 ATLAS Trigger Overview

The ATLAS trigger systemis designedto reducethe ATLAS data rate su cien tly
that permanen storageis possible. In doing so, it must retain asfar asis possible

the maximum number of ATLAS ewerts which are likely to yield new physicsor are
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required for detailed study, while at the sametime discarding those everts which
are of minimal interest. When the LHC is running at the designluminosity of
10°** cm 2s ! the bundh crossingrate of 40 MHz producedwill corresmpnd to a pp
interaction rate of approximately 1 GHz. This had to be reducedin the 2009-2010
running to just 200 Hz for storageon disk [43]. From 2011storageof the complete
ESD (see2.5) wasto be dropped for most ewerts, allowing the nal data rate to be
raisedto 400Hz. The nal rate is limited by the amourt of data storageavailable,
together with the time requiredto analysethe data fully. In general,this is mainly

done by removal of the low pr QCD ewents producedby soft pp collisions.

The ATLAS trigger usesthree levels. Level 1 is hardware basedand reducesthe
1 GHz LHC interaction rate to 75 kHz. A maximum of 2.5 sis available for the
level 1 trigger decision,howewer a 2.2 s latency is actually usedfor caution. The
rate is then further reducedby the software basedlevel 2to 3.5 kHz, which takes
appraximately 40 ms (on average)[43. Finally the Evert Filter (EF) is applied
to reducethe overall rate to a few hundred hertz ready for storageon hard disk.
The di erence betweenlevel 2 and the evert Iter is descriked in 3.3.2and 3.3.3.
Approximately 4 s is required for the Event Filter stage,which is ableto useo ine
algorithms as part of the selectionprocess.Level 2 and the Evert Filter are jointly
referredto asthe higherlevel trigger (HLT). The three trigger levelsare summarised

in Fig. 3.1.
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Figure 3.1: Overview of the ATLAS trigger system [43]

3.3 Trigger Performance

3.3.1 Level 1 Trigger

At level 1 (LVL1), the speed of responserequired meansthat the whole ATLAS
detector is not read out. Instead, the LVL1 trigger decisionis made by accessing
only the calorimetersand muon detectors. In addition, the granularity usedat LVL1
from thesesystemss coarserthan what is actually possiblefor thesetwo subsystems.
For the calorimeters,reducedgranularity is usedin both the barrel and endcapsfor
both EM and hadronic parts. For the muon detectors, only the trigger RPCs and
TGCs are usedin the barrel and endcapsrespectively (seesections2.4.3and 2.4.4
for details of the calorimetersand muon spectrometer). While the LVL1 decisionis
awaited, ewerts are stored in the on detector pipeline memories. For those bunch

crossingswhich passLVL1 this is then read out from the detector and passedon
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to storagein the readout bu ers (ROBs). Everns not selectedare discardedand
cannot be recovered. The Certral Trigger Processor(CTP) is responsiblefor using
the LVL1 muon and LVL1 calorimeter data to producethe decision,basedupon a

trigger meru of various di erent items [43]. LVL1 muon and calorimeter triggers

together look for [44]:

High pr muons
High pr electronsand photons
Jets and taus decging to hadrons

Large missingand total E+

The LVL1 trigger hastwo main purposes.The rst isto deducewhethera particular
LHC bunch crossingis likely to cortain an evert which may be of interest for further
study, and hencewhether the correspnding information should be retained and
passedto the level 2 (LVL2) trigger or not. Secondly if an evernt is noted as being
of interest at LVL1, the LVL1 trigger also producesRegions-of-ltterest (Rol), in
termsof and coordinates,that mark the areasof the event which are of interest.
It is these areasthat are studied by LVL2 in order to make the LVL2 decision.

Information on the trigger thresholdspassedat LVL1 is also available.
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3.3.2 Level 2 Trigger

At LVL2 the full granularity information is available for the calorimetersand muon
chambers, plus the inner detectoris alsoused,againat full granularity. Howewer, the
LVL2 trigger is only allowedto usedata from the regionswhich have beenmarked by
a LVL1 Rol. By restricting the fraction of the detector read out available to LVL2,
the bandwidth and processingrequiremens neededare reduced. This is done by
the LVL2 trigger using the Rol information as a guide, so as to look only at the
speci ¢ parts of the data in the ROBs necessaryto make the LVL2 decision. LVL1
producestwo types of Rol, both of which can be studied by LVL2. Primary Rol
are those produced by signatureswithin an evert which were directly responsible
for the evert passingLVL1. SecondaryRol are produced for features of interest
that were not directly responsible for the event selection (these are little used at
presein). By useof the Rol system,the amourt of data which hasto be processed
at LVL2 before a decisionis made is appraximately 2% of the total readout [43],
and as a result the trigger latency is reducedaccordingly Everts which passthe
LVL2 trigger condition are moved from the ROBs on to the Event Filter via the
ewvert building stage. Evert building results in all the data for a particular evert
being stored as oneitem, rather than being split up asat earlier trigger stages.As

for LVL1, ewents which are not selectedby LVL2 are discardedcompletely
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3.3.3 Event Filter

The Event Filter (EF) usessophisticatedalgorithms, of the type normally usedfor
o ine analysis,which have beenadaptedto work online and provide the nal stage
of event rejection. Use of corvertional o ine algorithms that have been padkaged
up to work online removesthe needto dewelop software speci cally tailored to the
EF. Unlike LVL1 and LVL2, the EF hasthe ability to useall the data for ead event
which are receiwed via the evert builder. Howeer, the EF algorithms are expected
to be "'seededon what areasof the data to concetirate on by the results of LVL2.
In order to realisethe desireddata rate of 200 Hz for hard disk storage,the EF is

expectedto [45:

Reject any remaining everts which are not desiredfor physicsanalysis

Minimise storagesize (if possible)for everts which passthe EF

Apply somedata compression

For initial ATLAS running, LVL2 and the EF were switched o. Here, eweris
successfullyselectedby LVL1 e ectively passedstraight through the HLT and onto
permaner disk storage. The HLT was enabledwhen necessaryduring 2010, with
the selectionapplied depending on which signatureswere neededand validated at a
giventime. The EF will play an increasinglyimportant role asthe LHC luminosity

is ramped up.
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3.3.4 Trigger Menus, Chains and Event Selection

The ATLAS trigger decisionfor a given evert is made by referencinga set trigger
meru stored in a database. The meru comprisesa large number of items, eat of
which hasa particular signature for the three trigger levels. Each item comprisesa
chain of signatureswith the LVL2 signature building on from the LVL1 thresholds
and likewisethe EF signaturere ning that of LVL2. For a given ewen, the LVL1
trigger signaturesare rst cheded for eat chain. Shouldall chainsfail at this stage
then the ewvert is immediately rejected. Otherwise,the remaining chains progressto
LVL2 wherethe processis repeated. If any of the chains passall three levels, then

the ewvert is acceptedand written to storageon disk.

ATLAS trigger merus also allow for prescaling of the items. Prescalesare fac-
tors which can be applied to a given trigger signature to ensurethat only a pre-
determined fraction of the ewverts that would otherwise have passedthe signature
cando so. As a consequencethey allow the trigger to selectlower priority but still
interesting physics everts without compromisingthe overall trigger rate. All three
levels of the trigger have the capability for prescalingand a given trigger chain can

cortain a mixture of prescaledand non-prescaledsignatures.
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3.4 Level 1 Calorimeter Trigger

3.4.1 Overview

As descrited in 3.3.1the level 1 calorimeter (L1Calo) trigger usesa reducedgran-
ularity from the ATLAS calorimeters. This granularity varies depending on the

trigger being considered.

3.4.2 Cluster Triggers

For electron/photon and tau/hadron cluster triggers, the granularity usedis ap-
proximately 0.1 0.1in 4 4 1 and the calorimeter elemeits are arrangedinto

appraximately 7200trigger towers[43], which split into electromagnetic(EM) trig-

ger towers and hadronic trigger towers. L1Calo cluster triggers only coverj j <2.5,
the region correspnding to inner tracker and high granularity calorimetry coverage
[46]. The details of how the L1Calo electronicsare arranged have beendescrited
in a number of sources,sut as [26], and will not be discussedhere. The trigger
towersare grouped into EM and hadronic clusters,coresand isolation rings and are
analysedby an algorithm which usesa sliding 4 4 trigger tower window as shaovn

in Fig. 3.2[46].

EM clustersare formed by summing pairs of adjacert trigger towersin the 2 2 EM

core, in the certre of the algorithm window, over the depth of the EM calorime-

1 , — .
Actual granularity usedis 0:1 55 in 4 4
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Figure 3.2: Groupings of trigger towers usedin L1Calo electron/photon and tau/hadron

triggers [43]

ter. The equivalent 2 2 tower block, located behind the EM core, in the hadronic
calorimeter is de ned as the hadronic core. Hadronic clusters are also formed by
summing ead of EM clusters, with the hadronic core. The transverseenergiesde-
posited in theseregions(the ATLAS trigger works ertirely in E+) are de ned as
beingthe EM cluster energy EM core energy hadronic (or tau) cluster energyand
the hadronic coreenergy In addition, the 12 towersaroundthe EM coreare de ned
asthe EM isolation ring, and the equivalert 12 towersin the hadronic calorimeter
around the hadronic core are de ned as being the hadronic isolation ring. The en-
ergiesdeposited in theserings are de ned as being the EM isolation and hadronic
isolation energiegespectively. It is by setting limits onthe amourt of energyallowed

in thesedi erent regionsthat the trigger isolation thresholdsare de ned.
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Electron/Photon  Trigger

The electron/photon and hadron/tau triggers together have a total of 16 di erent
setsof programmablethresholds. Eight of theseare allocatedto the electron/photon
trigger only, with the remaining eight sharedbetweenthe two triggers as desired.
The electron/photon thresholds use cuts on the EM cluster energy and on three
di erent isolation energies(EM isolation ring, hadronic isolation ring and hadronic
core) to selectcandidates. To passthe electron/photon trigger, the most energetic
EM cluster must have an energylarger than the EM cluster threshold and the three

isolation sumsproduced must be lessthan or equalto the appropriate thresholds.

Hadron/T au Trigger

A maximum of eight threshold combinations exist for the hadron/tau trigger. The
thresholds are on the hadron/tau cluster energy plus the EM and hadronic ring
isolation energies. The most energetic hadron/tau cluster must have an energy
larger than the hadronic cluster threshold and the EM and hadronic isolation ring
energysumsmust be lessthan or equalto their assaiated thresholdsfor a particular

hadron/tau trigger to be passed.

In addition to the cluster and isolation conditions, a window can only produce an
Rol if the certral 2 2 “core'cluster (EM plus hadronic) is an Er maximum when
comparedto the eight other "cores'of the surrounding, overlapping windows. The

requiremen avoids multiple courting of, for example,a large energydeposit certred
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in only oneor two trigger towers[43. The cluster Rol consistsof the EM core(2 2
cluster region) addedto the hadronic core. Successfutluster trigger candidate Rol
are passedon to the LVL2 trigger, together with details of which trigger thresholds

have beenpassed.

3.4.3 Jet Trigger

The L1Calo jet trigger coversthe regionj j <3.2 and usesa lower granularity than
the cluster triggers. Instead of just using trigger towers alone, the jet trigger uses
jet elemens consistingof blocks of 2 2 towers and as a result eat elemen hasa
granularity of appraximately 0.2 0.2in 4 4 . A jet trigger Rol consistsof 2 2
jet elemens summedover the depth of the EM and hadronic calorimeters. Jet Et

can be measuredvia one of three di erent algorithm windows, and theseare shavn

in Fig. 3.3.
Window 0.4 x 0.4 Window 0.6 x 0.6 Window 0.8 x 0.8
W
N NN N
NN =r NN
De-cluster/Rol can be
in 4 possible positions De-cluster/Rol must

be in centre position
(to avoid 6x6, and 2 jets/window)

Figure 3.3: Groupings of jet elemeris usedin the L1Calo main jet trigger for jet Et

measuremeh (Jet Rol are hatched) [43]

There are eight threshold groups for the jet trigger, ead of which comprisesa

particular choice of algorithm window sizeand a value for the minimum jet E1. If
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the jet trigger is passeda jet trigger candidateis produced. For this to happen, the
Et of the jet window must exceedthe minimum jet Et threshold and the Et of the
jet Rol must be larger than that of the surrounding Rol. The jet trigger candidates

producedare passedon to LVL2.

In addition to the main jet trigger, there is alsoan ATLAS forward jet trigger that
coversj j <4.9. This makes use of the ATLAS forward calorimetersand has four
threshold groups. The granularity is also further reducedrelative to the main jet

trigger.

3.4.4 Missing Et and Total Et Triggers

The missing and total E; triggers usethe full calorimeter system, including the
forward calorimeters,and hencecover the regionj j <4.9. A summation over jet
elemerts (as usedfor the jet trigger) is carried out to producea map of the energy
coveragewhich hasa granularity of 0.2 0.2in 4 4 . The E, and E, vectors
are summedto produce a vector correspnding to the direction of any missingE+
presen in the evert. All the E+ valuesrecordedin the calorimeter are also simply
addedto produce a value for the total evert scalarEy. For details on how E, and
E, are obtained in the trigger hardware, see[46]. The missingE+ trigger haseigh
thresholdswhile in 2009-201Ghe total scalarE+ trigger had four thresholds. From
the 2011run the total E+ trigger will alsohave eight thresholds,and a new trigger

on missingE+ signi cance, proportional to missing ET/IO (SUmMET), will be added.
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3.5 Conclusions

An overview was provided of the ATLAS trigger system. The three trigger levels
wereintroduced,comprisingthe hardware basedlevel 1 and the software basedlevel
2 and ewent Iter (together known as the higher level trigger), and ead briey
descrited. This was followed by a note on how the levels are conmbined into trigger
chains and merus. Finally, more detail was provided on the level 1 calorimeter
trigger including information on how the cluster, jet and and missing/total E+

triggers are formed.
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Chapter 4

Level 1 Tau Trigger Performance

4.1 Intro duction

Contained within this chapter is a description of a study carried out into the per-
formance of the ATLAS level 1 tau trigger. O cial ATLAS simulated data were
usedfor samplesof tt and Z ! ewverts to make comparisonsbetweenthe Monte
Carlo truth taus presen and the Regionsof Interest (Rol, seechapter 3 for details)
producedwhen the generatedewens were passedthrough a complete simulation of
the ATLAS detector and trigger system. The aim of the study wasto look at the
level 1 tau trigger performancefor di erent processesirigger thresholds, isolation
cuts and over a rangeof pr. Z ! ewverts provided a very clean sourceof taus
which in principle are easyto trigger on, whereastt ewerts tested the trigger in a

much more complicatederviroment, but onewhich is normal at the LHC.
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4.2 Trigger analysis details

The work detailedin this chapter wasinitially carriedout in Athenareleasel1.0.41/12.0.6
for a certre of massenergyof 14 TeV prior to the commencemenof LHC running.
This was carried out as part of the ATLAS "CSC' (Computer SystemCommission-
ing) e ort which wasa collaboration wide exerciseo test the readinessof all analyses
prior to the plannedstart of data taking. The precisedetails covered herebeganas
an examination of the acceptanceof a proposedtau trigger meru for top physics,
which was extendedto examinethe performanceof LVL1 tau trigger isolation as a
function of pr and cluster cut value. As the LHC beamenergychangedbetweenthe
end of the CSC e ort and the beginning of data taking in 2010,these studieswere
subsequetty revisited in 2010when a more realistic set of trigger simulations were
available. Also presened in this chapter are the results of repeating this analysis
for releasel5.6.13.77 TeV certre of masssimulated data. Di erences producedasa
result of the certre of massenergychange,together with changesmadeto the trig-
ger calibration betweenthe two releasesare stated where necessary Analysis was

carried out on completesetsof AOD les without the application of any preselection.

To producethe results descrilked, datasetsof two evert typeswere consideredall of
which were producedcertrally by ATLAS. The rst wasthe tt dataset cortaining
semileptonicand dileptonic decging tt ewerts, with leptonic decgs of top quarks
to taus allowed to occur. The secondwasthe Z ! sample. For releasel2.0.6

the 14 TeV tt! and Z ! 2 samplesused formed part of the "CSC' production.

ISampletrigl _misall mc12.005200.TIMcAtNIo _Jimmy.recon.AOD.v12000604tid007900
2Sampletrigl _misall.csc11V2.005188.A3Ztautau _ lter.recon.A OD.v12000601tid008566
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The equivalert 7 TeVtt3and Z ! 4 samplesusedin releasel5.6.13.7weretaken

from the "mc09' production.

Within ATLAS data (for real and to a lesserextent simulated samples)the LVL1
trigger information can be accessedn a number of di erent ways. For this study
the LVLL1 trigger objects within the AOD were used. Details were obtained of LVL1
Rol producedby anything passingthe LVL1 EM or tau cluster triggersin an event
5. Theseincluded the and valuesof eat Rol produced, plus the values of
the various core, cluster and isolation energieg(for further details on how theseare
de ned, see3.4.2). Also usedwas the "Monte Carlo' truth information for the
ewerts, namelythe valuesfor , and py of ead truth particle. Information on the
parerts and daughters of ead truth particle was also usedto compute the visible

pr of the truth taus asdescriked in 4.4.1.

4.3 Truth matc hing of taus

The analysis used spatial matching between ead truth tau particle in eah ewert
and its assaiated Rol should one be presen. Whenewer a tau was found in the
truth particles, an algorithm would loop through the relevant Rol's for the ewvert

and compareead to the truth tau, calculating the separations4 and4 between

3Samplemc08.105200.TIMcAtNIo _Jimmy.merge.AOD.e357.5462r635153
4Samplemc08.106052.PythiaZtautau.merge.fO0D.e347_s462r635153
SAt the time of the CSC studies, information on LVL1 Rol wasto be found, in di ering formats,

inside two separate objects within the software. These were mergedinto a single object by the

time the later data were analysed
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the truth particle and eat Rol. The 4 R in ead casewasthereby calculatedusing
4.1.

4R:pm (4.1)

For ead truth tau the best matching Rol was assignedas giving the smallest4 R.
Fig. 4.1 shows the minimum j 4 Rj valuescorrespnding to the closestRol for ead

truth tau, inside the regionj j <2.5 coveredby the L1Calo cluster trigger.
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Figure 4.1: Minimum j4 Rj corresponding to the best matched Rol plotted on a log scale

for both tt and Z ! ewvents (14 TeV certre of massenergy)
The di erence in ervironment presen for the tt and Z ! everts can be seen
in Fig. 4.1. For Z ! ewerts, the * and  should generallybe producedbad

to bak in . Thus a peak correspnding to the mismatded taus in the Z !

plot occursat 4 R . For tt events cortaining one or more taus there are a
number of other items presen in ead evert which could producean Rol. Hencethe
tt distribution over 4 R is cortinuousfor the poorly matched taus rather than being
peaked asfor Z !
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4.4 Tau Trigger E ciencies

The LVL1 tau trigger e ciency was examinedin a variety of senarios. A value of
4 R = 0:3 was usedto determine whether the trigger had red correctly or not.
Truth taus lessthan 4 R = 0:3 away from the closestRol werereferredto asbeing
well spatially matched to an Rol and considereda trigger success.For truth taus
with 4 R > 0:3, the trigger was consideredo have failed. The tau cluster threshold,
EM isolation threshold and hadronic isolation thresholdswere varied, while the EM
cluster threshold was not used. Only taus within the real calorimeter coverage of

j ] < 2:5 wereconsidered.

Due to the complexnature of tt events, taus can be producedin di erent ways. It is
consideredimportant to trigger with high e ciency thosetaus which comedirectly
from the W-bosonproducedby the deceg of the top (referredto here-onas prompt
taus'). For the top sampleused, sut taus comprised 82% of the truth taus in
the rangej j < 2.5, as opposedto those from other sourcessud as B-mesons.
Consequetly, all aspects of the analysis were carried out initially for just those
prompt taus coming from the W from the top and then for all taus within the tt

sample.

4.4.1 Eciency without application of isolation

Initially the trigger e ciency, plotted versusthe truth tau visible pr, wasconsidered

without any isolation conditions being applied.
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The truth visible pr represeis what the trigger should seein an ideal calorimeter
with an ideal cluster. It was calculated by taking the truth tau pr and subtracting
from it the pr ass@iated with any muonsor neutrinos which are daugher particles
of the decyging tau. This was done componert by componert with the “visible pr'
being reconstructedat the end of the process. In all the samplesused, truth taus
can be seento radiate one or more photons beforeactually decging. The pr of the

tau wastaken at the point whereit decged into daughers.

A seriesof di erent tau cluster thresholdswas applied to the sampleswith values
chosento resenble an ATLAS LVL1 early trigger meru. Valuesof5, 6,9, 11,16, 25
and 40 GeV were applied. Fig. 4.2 shaws the e ciency asa function of the visible
pr for the prompt taus in the 14 TeV and 7 TeV tt samplesand for a tau cluster
threshold of 25 GeV. In Fig. 4.3the e ciency is shown versusthe visible pr for four
of the tau cluster thresholds, again for the prompt taus in the 14 TeV tt sample.

Fig. 4.4 shaws the equivalert plots for the 7 TeV tt sample.

From Fig. 4.2(a) it can be seenthat beforeisolation cuts are applied the trigger
performanceappearssatisfactorywith full e ciency beingreadedfor atruth visible
pr value of approximately 30 GeV and an e ciency at threshold of approximately
98%. The turn onis not assharpaswould be expectedfor an equivalert electronor
muon trigger. Fig. 4.3 illustrates this with the turn on curvesfor the four thresholds
overlapping despite comparatively large threshold spacings. Looking at Fig. 4.2(b)
it canbe seenthat for the 7 TeV tt samplefull e ciency is readed at appraximately

the samevalue of the tau visible pr as for the 14 TeV sample, but with a softer
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Figure 4.2: Trigger e ciency asa function of the truth visible pr for atau cluster threshold
of 25 GeV. The turn on curve is for prompt taus in tt events. No isolation condition is

applied
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thresholds. The turn on curvesare for prompt taus in tt everts. No isolation condition is

applied (7 TeV certre of massenergy)

turn on for the sametau cluster threshold of 25 GeV. The e ciency at threshold
is fractionally smaller for the 7 TeV sample, at appraximately 95%. Comparing
Fig. 4.3 and Fig. 4.4 it can be seenthat this behaviour is common acrossall four
thresholds,with the turn on beingsofter for the 7 TeV samplein eadh casebut with
maximum e ciency readed for appraximately the samevalue of the truth visible

pr of the tau.

The di erence obsened betweenthe 14 TeV and 7 TeV results is largely due to
changesmade, in the simulated L1Calo trigger calibration and tower noise cuts,
betweenthe production of the 14 TeV and 7 TeV samples.In the 14 TeV samples,
settings had beenusedwhich were intended to represeh a nalised tuning of the

trigger. The Et calibrations of the trigger towershad beenadjusted (by varying the

73



gains), to partially compensatefor the varying amourts of material locatedin front
of the calorimeter (dead material correction). This sened to provide as uniform a
response(i.e. trigger turn on) as possibleas a function of trigger tower . Gain
levels were also set so as to improve the hadronic responsein relatively energetic
jets, with tower noisecuts kept low to increasesensitivity to small signals. A more
realistic trigger con guration was applied for the 7 TeV Monte Carlo production,
soasto better descrile the detector performanceobsened during the commission-
ing of ATLAS. Trigger towers were calibrated by simply matching the E1 seenin
eadt tower to the raw E1 measuredfor the correspnding cellsin the readout. This
"EM scale' calibration does not correct for the variation in dead material in front
of the calorimeter, resulting in slightly lower signalsand the trigger e ciency turn
on dewloping a lessuniform  dependence(softer where more material is preser).
When averagedacrossthe whole calorimeter, the overall trigger turn on produced
was therefore lesssharp than for the older idealised calibration. Furthermore, to
match the commissioningdata, higher electronic noisethreshold cuts and lessuni-
form pedestalsubtractions were applied to trigger towersin the 7 TeV samples.All
thesefactors reducethe sensitivity of the trigger to small signals,comparedto the

14 TeV Monte Carlo, and so producea slower turn on for a given trigger threshold.

A chedk was carried out on the processdependenceof the LVL1 tau trigger before
the application of any isolation constrairts. In Fig. 4.5the e ciency versusvisible
tau pr is shown for both tt everts and Z ! samplesfor the 25 GeV tau cluster

threshold. No clear processdependenceis apparert as a function of the tau visible
pr.
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A further comparisonwas made between the turn on curves for the top sample
when consideringonly the prompt taus, to the turn on curveswhen all the truth

taus were used. Comparisonbetweenthe two casesasa function of the visible pr of
the tau is preserted in Fig. 4.6 whereno isolation was applied. What is obsened for
both 14 TeV and 7 TeV certre of massenergiess a softeningof the turn on curve
when all the taus in the sampleare included instead of just the prompt taus. The
e ciency turn on alsooccursearlierwhenall taus are consideredwith the e ciency

in eat bin beinglarger than for the prompt taus until the plateau is reated. This
is explained by the fact that the e ciency is plotted as a function of the visible pt

of the truth tau. For the prompt casethe tau is producedas an isolated object and

sothe energyseenby the L1 tau cluster is largely due to tau alone. When all the
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taus are taken into accourt, 20% of the truth taus originate from a B-mesonand
sowould be expectedto lie either inside, or in closeproximity to, a particle jet. If
an isolation constrairt is not applied, then in the latter casethe energyrecorded
by the L1 tau cluster would include energy from the jet, as opposedto just the
tau visible energy Consequetly, taus located within a jet can passthe L1 trigger
despite having an energy belov the tau threshold, whereasprompt taus cannot.
Thereforewhen the trigger e ciency is plotted asa function of the true visible tau
pr the turn on is softer than is seenfor the prompt taus alone. As the probability
of correctly reconstructinga tau producedfrom B-mesondecy is closeto zero, for

physics purposesit is the performanceof the trigger for the prompt taus that is

important.
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Figure 4.6: Trigger e ciency asa function of the truth visible py for atau cluster threshold
of 25 GeV. The turn on curve is shavn for both the prompt taus aloneand for all the taus

in the tt sample. No isolation condition is applied
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4.4.2 Eect of dieren t isolation cuts

The e ect of applying a seriesof EM and hadronic isolation cuts on the trigger
e ciency was studied as a function of the truth visible pr of the tau. The same
trigger condition and constrairts, as discussedn 4.4.1, were retained with a xed
tau cluster threshold of 25 GeV also being added. A seriesof new cuts were then
applied on the energyallowed in the Rol EM and hadronic isolation rings (de ned
in Fig. 3.2). Cuts were applied separatelyfor the EM and hadronic isolation cases.
Re nement of the cuts was carried out in order to focus on the region sensitive to

changesin the sizeof the isolation cut®. The nal valueschosenwere:

EM isolation cuts of 4, 5, 6, 7 and 8 GeV

Hadronic isolation cuts of 2, 3, 4, 5 and 6 GeV

Results for 14 TeV centre of mass energy

It was seenfor a certre of massenergyof 14 TeV that the smaller cuts produced
too drastic an e ect on the e ciency, but that the larger cuts o ered the potential

to be usedto improve the rejection againstfake taus. Fig. 4.7 demonstratesthis by
showing the results of applying 4 and 6 GeV EM isolation cuts and 2 and 5 GeV
hadronicisolation cuts on the trigger e ciencies for the prompt tausin the tt sample

respectively.

The cuts on the isolation were studied for a xed cut on the tau cluster pr of

80ptimised for the 14TeV sample
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Figure 4.7: Plots of tau trigger e ciency versustruth visible pt, with isolation applied,
for prompt taus in the tt processfor a certre of massenergyof 14 TeV. The left plot shavs
the e ects of 4 and 6 GeV cuts on EM isolation while the right plot shows the e ect of 2

and 5 GeV cuts on hadronic isolation

25 GeV. Fig. 4.7 shavs how the isolation cuts a ect the trigger e ciency as pr

increases.Above approximately 30 GeV, asthe truth visible py of the tau increases
there is a drop o in the e ciency obsened. Tightening the isolation cut causesa
more dramatic fall o in e ciency. This occursbecauseasthe tau pr increasesso
the level of leakageinto the isolation rings increasesand more everts becomeliable
to fail the isolation condition. In Fig. 4.7the 4 GeV EM isolation cut and the 2 GeV
hadronicisolation cut produceda very dramatic drop in the e ciency above around
40 GeV. By cortrast, the 6 GeV EM isolation cut and the 5 GeV hadronicisolation
cut have an e ect that is much lessdramatic for both samples. These isolation
cuts do not particularly damagethe trigger e ciency up to around 80 GeV. Thus

isolation cuts of this magnitude should be useableto reducethe number of events

being triggered by fake taus for a collision certre of massenergyof 14 TeV.
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The fall o in eciency obsened for values of the tau visible pr notably larger
than the cluster threshold meansthat care must be taken when tuning LVL1 tau
trigger merus. It isimportant to ensurethe changewer from oneisolatedthreshold
to the next occurs beforethe lower threshold trigger e ciency starts to fall away
from the plateau level. Furthermore, the drop in e ciency seenat high pr for
moderate isolation constrains demonstateswhy it is sensiblefor a meru to include
high pr non-isolatedtriggers. Thesemaintain highere ciency triggering whererate

reduction is not as critical asfor lower pr.

Results for 7 TeV centre of mass energy

Repeating the analysis, with the samecluster threshold and isolation cuts, for a
certre of massenergyof 7 TeV producedthe results shovn in Fig. 4.8. Again the

prompt taus in the tt samplewere used.

Comparisonof Fig. 4.8to Fig. 4.7 revealsa dramatic di erence. The softening of
the turn on curve was discussedn 4.4.1, however what is immediately apparen is
that for the 7 TeV samplethe e ect of applying the isolation constrairt has been
signi cantly reduced. Whilst a slight fall in e ciency is presen for the tighter of
the EM and hadronic isolation conditions, particularly at large valuesof the truth

visible pr of the tau, the 6 GeV EM isolation cut and the 5 GeV hadronic isolation
cuts have very little e ect on the trigger e ciency (whencomparedto the casewith

no isolation applied) as a function of the visible py. For EM isolation, the value

at which full e ciency is readed is moved to slightly larger pr than for the case
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Figure 4.8: Plots of tau trigger e ciency versustruth visible pt, with isolation applied,
for prompt taus in the tt processfor a certre of massenergyof 7 TeV. The left plot shavs
the e ects of 4 and 6 GeV cuts on EM isolation while the right plot shows the e ect of 2

and 5 GeV cuts on hadronic isolation

with no isolation applied, but there is then no notable fall-o in eciency. It is
expectedthat this is again largely due to the lowering of the calibration gainsand
in particular the increasein the trigger tower noise cuts. Combined, these mean
that for a cluster of given energy the sizeof the signalobsened by the trigger in the
isolation regionis smallerfor the revisedsettingsin the 7 TeV samples.Therefore,a
giventau is lesslikely to fail the sameisolation thesholdin the 7 TeV casethan in the
14 TeV case. Consequetly it would appear that for a given tau cluster threshold,
it is possibleto apply tighter isolation constrairts on LVL1 tau trigger for the more
recent sampleswith an LHC certre of massenergyof 7 TeV than was the casefor
the older sampleswith a certre of massenergyof 14 TeV. Indeed, asthe changesto

the trigger con guration will alsoreducethe isolation ring E+ sumsfor badkground

jets, tighter isolation cuts would thereforebe neededto equivalertly reject the same
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badgroundsin the newer samples.

4.4.3 Comparison of isolation eects for tt and Z !

events

An areaof particular interest was the comparisonof the e ect of the isolation cuts
on the cleanZ ! sampleand the complicatedtt sample. The sameisolation
cuts givenin 4.4.2wereusedand applied to both samplesin the sameway asbefore.
Initially , only the prompt truth taus in the tt samplewere used. The e ect of the
v e EM isolation and v e hadronic isolation cuts when applied to the two samples

is showvn by Fig. 4.9 for a certre of massenergyof 14 TeV.

Results for 14 TeV centre of mass energy

In order to idertify any di erences betweenthe samplesa cut by cut comparison
wascarried out. Herethe e ciency of the two sampleswasplotted on the sameaxes
independernly for eat of the EM and hadronic isolation cuts, thereby permitting
the Z ! and tt e ciency curvesto be compareddirectly for ead cut. The
EM isolation cut by cut plots are shavn by Fig. 4.10and the equivalert hadronic

isolation plots are showvn by Fig. 4.11.

The e ect of applying isolation on the trigger e ciency can be seento be slightly
larger for tt ewverts than for Z ! ewerts. The di erence betweenthe samples

is more noticable when consideringEM isolation, with the splitting largestin the
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region between approximately 25 and 40 GeV (in the early part of the e ciency

plateau regionfor a xed tau cluster threshold of 25 GeV). This appearsto become
smaller as pr is increasedabove 40 GeV, although the size of the error on the
e ciency also starts to grow signi cantly. Also clearly visible, for both EM and
hadronic cases,is that as the size of the isolation cut is increased,looseningthe
constrairt, the separation obsened betweenthe tt and Z ! e ciency traces
is reduced. This is consistem with the fact that when no isolation cuts are applied

there is no obvious processdependenceof the tau trigger, demonstratedby Fig. 4.5.

As descritedin 4.4, for the tt samplepossessed, 82%of the truth tausin the range
j ] < 2.5 which were well matched to an Rol were prompt taus. The analysiswas
re-run for the tt samplebut calculating the trigger e ciency versustruth visible pr
for all taus within the sample. The resulting cut by cut plots are shavn by Fig. 4.12

and Fig. 4.13for the EM isolation and hadronic isolation casesespectively.

It is apparert that the act of plotting all the truth taus in the tt samplereduces
the trigger e ciency obsened, further separatingthe performancefrom that seen
for the Z ! ewverts. This is not ertirely surprising as any taus producedfrom
B-mesonsin tt everts would be expectedto lie in the certre of a B-jet and as sud
are therefore unisolated. The reduction obsened is more signi cant for the case
of EM isolation as this is wherethe largest di erence was obsened previously As
before the discrepancyremains visible betweenthe two samplesfor EM isolation
cuts up to 8GeV. For hadronic isolation, the distinction is also increasedbetween

the Z ! and tt samples.
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Results for 7 TeV centre of mass energy

As seenin 4.4.2,the e ect of a xed isolation cut for a given cluster threshold on
the 7 TeV samplesis signi cantly reducedcomparedto the 14 TeV samples. This
is reinforced by the cut by cut comparisonfor the 7 TeV tt and Z ! samples
shown in Fig. 4.14and Fig. 4.15 (using the prompt taus in the tt case). Compared
to the equivalent 14 TeV plots in Fig. 4.10and Fig. 4.11 what is most striking is
that the signi cant splitting previously seenis no longer obsened for all values of
the EM and hadronic isolation cuts. While the turn on for the tt everts remains
softer than for Z ! , as can be seenfor visible pr between10 and 30 GeV, the
e ciency for prompt taus in tt evens in the plateau regionis well modelled by the
taus in the Z ! ewverts. Consequetly, LVL1 tau trigger e ciencies measured
from data for Z ! ewerts (for similar trigger conditions) should provide a good
estimate of the trigger e ciency in the plateau region for prompt taus in tt evens
for an LHC collision certre of massenergyof 7 TeV. This appliesfor both isolated
and non-isolatedtriggers (for the caseof 14 TeV samplestag and probe would allow
a good estimate of the non-isolatedtriggers only). A caveat is that it is likely the
reasonfor the reducedseparationis a consequencef the overall reducede ect of
the isolation cuts in the 7 TeV samples(as a consequencef the higher noise cuts
and adjusted calibration). Therefore,if a tightening of the isolation cuts is required
in order to cortrol trigger rates, it is possiblethat the splitting seenin the 14 TeV

samplescould return (more likely for very tight isolation cuts).
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4.4.4 Examining the eect of jets for tt events

A chek was made on whether the e ect of applying isolation hasa di erent e ect
on the tau trigger e ciency for fully leptonic tt everts when comparedto a mixture
of semileptonicand dileptonic tt ewverts. The dileptonic evernts cortain two fewer
light quark jets than the semileptonicones. There weretwo motivations behind this
comparison. Firstly, it was intendedto chedk whether overlap of the tau with light
guark jets wasthe reasonfor the reducede ciency in tt everts, comparedto Z !
ewverts, whenisolation wasapplied. If this werethe casethe trigger e ciency would
be expectedto be higher for the dileptonic only tt everts when running isolation.
Secondly looking at the di erence betweenthe two tt event typeswould test the
idea that dileptonic tt ewvernts could be usedto study the tau trigger e ciency in
semileptonicewents if the di erences betweenthe two wereto be small. Equivalert
e ciency plots were produced using taus coming from dileptonic tt events only,
both for the casewhere all the taus were consideredand for the casewhere only
the prompt taus were used. Again the equivalert cut by cut comparisonplots were
producedto examineany di erencesin the trigger e ciency curvesthat may have
beenproducedas a result of using the two di ering tt channels. Fig. 4.16 and Fig.
4.17 shav the results producedwhen the dileptonic tt event tau trigger e ciencies
were comparedto those for mixed semileptonicand dileptonic tt ewverts, using the

prompt taus only.

No di erence was obsened, within errors, betweenthe e ciencies produced when

only semileptonictt evernts were usedand those produced when only dileptonic tt
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ewverts were used. This wasthe casefor all valuesof the EM and hadronic isolation
cuts. Using all the taus produced irrespective of their origin alsoyielded the same

result. Equivalert results were alsoobsened whenusingthe 7 TeV tt sample.

445 Early Tau Trigger Menu

A preliminary study wascarriedout usingthe Level 1 sectionof a proposed10® cm ?s !
early data-taking trigger meru of ATLAS asit wasexpectedto be during 2008. Only
the 21 pure tau trigger items within the meru were examined. Table 4.1 shows the
proposedLVL1 tau trigger items together with their correspnding cuts on the tau
cluster energyand EM isolation energy where appropriate. No hadronic isolation
requiremen featuredin the meru. Similarly, table 4.2 shavs the 21 items for the
whole trigger meru that cortained pure tau componerts only at LVL1, together
with their LVL1 cortent and prescale.All the thresholdsand prescalesusedin this

meru were basedon 14 TeV Monte Carlo.

Using the samett samplesasbefore,the fraction of everts passingead of the LVL1
tau trigger thresholdswasobtained. This isillustrated in Figure 4.18for both 14 TeV
and 7 TeV, which doesnot take prescalinginto accourt. As would be reasonably
expected, the fractions passingthe low energy thresholds are similar for the two
di erent certre of massenergies. The acceptanceof L1_TAU25 and L1_TAU40 is
notably lower for the 7 TeV sample. As the turn on curvesfor the di erent trigger
thresholds overlap, this is again likely to be as a result of the softening and shift

in the turn on produced by the revisedcalibration usedin the 7 TeV samples. In
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Item name TauClus[GeV] Emisol[GeV]

L1_TAUS >5 O
L1_TAUG >6 O
L1_TAU9I >9 6
L1_TAU11lI >11 6
L1_TAU16I >16 6
L1.TAU25 >25 O
L1_TAU25I >25 6
L1_TAU40 >40 O

Table4.1: LVL1 trigger items

the trigger meru used during 2010 running this was accourted for by retaining
the lower thresholds studied here (L1_TAUS5, L1 TAU6 and L1_TAU11l), whilst

replacingL1_TAU25 and L1_TAU40 by L1_TAU20 and L1_TAU30 respectively.

12} 1 T T T . 12) 1f T .
= L No Prescale Applied = L No Prescale Applied
[} L = [ . =
g F 1 & F
5 08 EE-E 7
c 4 c
8 L L o L il
g 0.Gj ] g 0.Gj ]
w w
0.4; . 0_4; ]
ot z - - - e ot z - - - e
E 2 3 3 B g g g 3 3 3 g B g g g
Tau Threshold Tau Threshold
(a) 14 TeV (b) 7 TeVv

Figure 4.18: Fraction of ewverts passingthe eight LVL1 tau thresholds when running over

a mixture of dileptonic and semileptonictt events. No prescalinghas beenapplied
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Item name L1 Item content L1 Prescale
tauNoCut L1 TAUS 1 10
taulO L1 TAUG6 1500
taulOi L1 TAUG6 1500
tauls L1 TAUG6 1500
taulbi L1 TAUG6 1500
taul5i PT L1 TAUG6 1500
tau20i L1 TAU9I 1 1¢°
tau25i L1 TAU11l 1500
tau35i L1 TAUlGI 11
taud5 L1.TAU25 8
tau45i L1 TAU25I 4
tau60 L1 TAU40 1
taul00 L1 TAU40 1
twotaul5i L1 2TAUG6 100
twotau25i L1 2TAU9I 1
twotau25LPT L1 2TAU9I 1
twotau35i L1 2TAU1l6I 1
taul5i tau35i L1 2TAUG6_TAU16I 1
taul5itau35i.PT L1 2TAUG6_TAUL6I 1
taulOi taud5 L1 2TAUG_TAU25 1
taul5i taud5 L1 2TAUG_TAU25 1

Table 4.2: Pure tau trigger items
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By looking at the number of Rols passingead Level 1 threshold for ead ewen,

the overall fractional acceptancewas deducedfor the threshold conbination corre-
sponding to the Level 1 part of ead tau trigger item. Acceptanceswere calculated
both beforeand after the application of the appropriate Level 1 prescalesand these
two casesareillustrated in Fig. 4.19and Fig. 4.20for the 14and 7 TeV casegespec-
tively. It shouldbe noted that the prescalesstudied here can only be consideredan
exampleof a typical set (with large prescaledor the low E+ items and prescalefac-
tor reducingwith increasingE+) astrigger merus are under constart dewelopmern

at ATLAS, with both thresholdsand prescalesswlving over time.

For both setsof plots it can be seenthat when prescalesare applied the minimum
threshold which still acceptsewvens at Level 1 is tau45. Any triggers which have
a single LVL1 tau threshold below 25 GeV are almost completely removed by the
LVL1 prescales.This emphasiseshe needto useconbined LVL1 triggers, sud as
tau + missing E+, when low tau thresholdsare required for high luminosities. As
would be expected,the items cortaining the higher LVL1 thresholdsarelesse cien t

for the 7 TeV ewvents than for 14 TeV ewvents dueto the e ect of the tau py spectrum.

The acceptancesshown in Figures 4.18, 4.19 and 4.20 were calculated using Rol
producedfor all ewerts in the tt sampleknown to cortain a truth tau of any origin.
Acceptancesverealsocalculatedfor all events in the tt sampleregardlessof whether
a truth tau was actually presen. No signi cant alteration to the acceptancewas

obsened for thosethresholdswhich are unprescaledat Level 1.
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4.5 Conclusions

A study into the performanceof the ATLAS LVL1 tau trigger has beendescriked
using Monte Carlo truth information. Two sampleswere usedto allow the perfor-
mancein the complicated environment of tt evernts to be comparedto that seenin
cleanZ ! ewvernts. Performancewas comparedbefore and after the applica-
tion of a seriesof xed EM and hadronic isolation cuts. Using 14 TeV cerire of
massenergysamplesproducedin Athenareleasel2.0.6a processdependenceof the
tau trigger was obsened when isolation was applied. Repeating the analysis for
equivalent 7 TeV certre of massenergysamples,cortaining a more realistic trigger
simulation, in Athenareleasel5.6.13.7shaved this processdependenceo have been
almost completelyremoved for the samethreshold and isolation settings. It wasde-
ducedthat in sud a scenarioa measuremen of the tau trigger e ciency from data
(via tag and probe techniques)for Z ! ewvens could provide a good estimate of
the LVL1 tau trigger e ciency for prompt tausin tt everts. Similarly, a measureof
the e ciency in dileptonic tt evens, wherea tag and probe technique could be used,
was seento provide a way of estimating the LVL1 e ciency for tausin all tt everts.
Finally, an exampleof a typical ATLAS tau trigger meru was examinedfor both
certre of massenergies,revealing the needto use conbined triggers to selectlow

energytaus at LVL1 at the luminositiesthe LHC is expectedto read in 2011-2012.
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Chapter 5

Hadronic Tau ldenti cation for

Early ATLAS Data

5.1 Intro duction

Contained within this chapter are the details of an investigation into the various
possibilities for iderti cation of hadronic tau decgs in early ATLAS data. The
ATLAS tau physics working group designateda seriesof approved "SafeCuts' in-
tended to identify sud taus basedon a number of either calorimeter only or com-
bined calorimeter and tracking variables [47]. These cuts had been optimised on
a comparatively clean signal sample. The work covered here therefore evaluates
the suitability of the cuts for usein complicated top ewents, and comparestheir

performanceto two di erent singlevariable cuts.
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5.2 Good Tau Selection

Beforeconsideringthe details of making a tau selection,it is necessaryo note which
of the tau deca/s canbe realistically expectedto be obsened asdistinct objects with
the ATLAS detector. When a tau decgs to leptons, the only di erence to direct
lepton production is the presenceof the two neutrinos as detailed in 1.7.2. As the
neutrinos leave no signature in the ATLAS detector other than cortributing to a
level of missingenergy which is expectedto be presen alreadyin many interesting
LHC physicssignatures,it is generallyconsideredunrealistic to identify the leptonic
tau decay modes. The tau to lepton decy is therefore accourted for as part of
the electron and muon branching fractions for a given decg. For example, the
decy t! W ! I | isincluded in the caset ! W ! | in tt cross-section

measuremets [48].

Tau identi cation in ATLAS concertrates on idertifying the hadronic decay modes.
The key is to distinguish jets originating from a hadronically decging tau from
thoseoriginating from quarksor QCD. In a practical sensethis relieson identifying
taus asnarrow jets with a low track multipicit y. Jet width is usually determinedin
two ways. The rst involves measuringthe spreadof the shaver the jet produces
in the detector calorimeter, either in a particular layer, or by combining di erent
measuremets acrossthe various calorimeter layers. Alternativ ely, jet isolation can
be used. Here typically a coneis de ned of a chosenwidth to represenh the core
region of the jet (where the majority of the energywould be expected to lie). A

secondisolation cone (or other chosenregion) is then de ned around the jet core,
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asshawvn in Fig. 5.1. By measuringthe ratio of the energyfound in the two conesa
judgemen can be madeon the jet width, with wider jets having larger fractions of
their total energyfound in the isolation cone. Jet track multiplicit y comessimply

from looking at the number of chargedtracks assignedto the jet.

Figure 5.1: Hadronic tau decas produce a jet with an energy cluster which is typically
narrower than an equivalert QCD jet. Tau candidatescan in principle be distinguished
by measuringthe width of the shawer, the energyin somede ned isolation region around

the jet, and by the track multiplicit y within the jet

The key of suth a hadronictau selectionis to ensurea strong rejection againstQCD
jets, while retaining the maximum number of tau candidates. In order to ensure
the best possibleseparationbetweentaus and badkground jets, higher multiplicit y
tau decas of v e prongsand above are disregarded.Furthermore, the 1-Prongand
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3-Prong modes are also often consideredseparately and a wide range of di erent
calorimeter and track variables are usually conmbined together in ead case(often
using multiv ariant techniques)in order to producethe best discrimination between

signal taus and badground jets.

5.3 Tau Reconstruction in ATLAS

The ATLAS experimert usestwo di erent methods for reconstruction of possible
hadronic tau candidates. One algorithm starts from tracking information combined
with quality cuts, while the secondbuilds candidatesfrom calorimeter clustersvia a
conealgorithm [49]. Historically the two tau reconstructionalgorithms weredistinct
from ead other, with the possiblity that the sametau could be reconstructedvia
both algorithms independerlly. The primarily calorimeter based algorithm was
known as TauRecand the lead track basedalgorithm TaulP3P[50]. More recerily
the two tau reconstructionshave beenconbined from releasel4.0.00f the ATLAS
reconstruction software [51]. One set of reconstructedtau candidatesare therefore
now produced,but with ead tau candidate agged asbeing either “calo-seeded'ex.
TauRec), track-seeded{ex. TaulP3P)or "calo-and-trak-seeded'.The "calo-seeded’
candidatesare devisedfrom calorimetertopologicalclusters(thesesumneighbouring
calorimeter cells,basedon the signi cance of the energyfound within ead cell [52))
with Et > 10 GeV [47] while the track-seeded'candidatesoriginate from a track

possessingr > 10 GeV [49].
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5.4 Hadronic Tau ldentication by Safe Cuts

5.4.1 Safe Cuts

An assortmen of di erent techniqueshasbeendeweloped for tau iderti cation with
the ATLAS detector. Many of these uselarge numbers of variables conbined and
tuned via multivariant techniquesas summarisedin [49]. In early ATLAS comis-
sioning and running it is expectedthat the inputs into thesetools will not be fully
optimised, particularly with regardsto tracking variables. As sud a set of desig-
nated "SafeCuts' have beendewloped by the ATLAS tau physicsworking group for
hadronic tau identi cation. Theseare basedon a small number of so called ‘robust
variables'[47] which are expectedto be comparatively well understood in early LHC

running.

The safecuts were optimised using ATLAS datasetsproducedby the Pythia ewert
generator with a certre-of-massenergy of 14 TeV [47]. A relatively clean signal
sampleof taus wasusedin the form of two datasetscombined together,the rst being
Z! and the secondbbA! bb (with mA =800 GeV) [47], while a badkground

was provided via dijet samplesin an approximate equivalert pr region[47].

Two setsof safecuts were provided by the tau working group. The rst usedfour
calorimetervariablesonly and wasconsideredhe morerobust approad. The second
setuseda conbination of calorimeterand track variables. In the caseof the former,
the cuts were applicable to any calorimeter seededtau candidates, while for the

latter the cuts could be applied to the calorimeter and track seededaus only [47].
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5.4.2 Safe Variables

The calorimeteronly safecuts useda conbination of the variablesgivenbelow [53] [54];

Combined radius in whole EM calorimeter (EmRadius)

Isolation fraction in whole calorimeter (IsolationFraction)

Width in the strip layer of calorimeter (stripWidth2)

Ratio of EM to total calorimeterenergy(Et(EM)/ Et)

The combined calorimeter and track selection safe cuts relied on a total of nine

variables[53] [54;

The existing four calorimeter only variableslisted above

Angular spread of tracks, weighted by transverse momertum in multi-trac k

candidates(RWidth2T rk3P)

Ratio of the (Et) to the (pr) of the leadtrack in the candidate(etOverPtLead-

Track)

Ratio of the summed hadronic E1 to the summed pr of the (up to three)

highest pr tracks (etHadCalib/ptT rackl + 2+ 3)

Ratio of the summedEM E+ to the summedpr of the (up to three) highest

pr tracks (etEMCalib/ptT rackl + 2+ 3)
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Ratio of the summedpy of the (up to three) highestpy tracksto the total com-
bined calibrated summedEM and hadronicE+ (ptT rack1+2+3/(etEMCalib 1+

2+ 3etHadCalib))

5.4.3 Calorimeter Only Variable De nitions

Depending on the seedof the tau candidate, the variables possessedby the object
werede ned di erently. As the safecuts were designedfor the calo-seededaus, the
calorimeter only safecut variables were therefore de ned in accordancewith this.
The rst three variableswere taken directly from the reconstructedAOD cortainer

and are given as:

EmRadius: Uncalibrated Et weighted radiusin the Presampler+ EM1 + EM2

within dR < 0.4

IsolationFraction : Ratio of the uncalibrated E+ of cellswithin 0.1< dR < 0.2

and cellswithin 0< dR < 0.4

stripWidth2 : Uncalibrated E+ weighted width in the strip layer within dR < 0.4

The fourth variable was the ratio of the EM to the total calorimeter energywhich

was calculated by;

etEMCalib

Energy Ratio = SENCalib + etHadCalib

(5.1)
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where etEMCalib and etHadCalib are the calibrated EM E+ and hadronic Et re-
spectively. Fig. 5.2 illustrates the distributions producedfor thesefour variablesin
tt ewerts, plotted for both reconstrucedtau candidatesmatched to (1-Prong and
3-Prong) Monte Carlo truth taus (black) and fake candidateswhich are therefore
not matched to truth (in red). The matching de nition usedto make the plots
is descrited in 5.4.4. As can be seen,the separation between the good and fake
distributions is limited, with EmRadius and IsolationFraction appearing the better

discriminators.

5.4.4 Safe Cut Optimisation

Dewelopmen of the two setsof safecuts hasbeenfully descrited elsewherd53][54]
and so will not be descrited here. For both the calo. only and the calorimeter
plus track scenariosthe samebasictechnique was used. Using a genericalgorithm
to separatethe signal and the badkground distributions [53], cuts were produced
separatelyfor oneand three prong taus and in 5 discretepr bins of 10-25GeV, 25-
45 GeV, 45-70GeV, 70-100GeV and >100GeV [47]. Loose,medium and tight tau
selectionsverede ned asproducing signalselectione ciencies of 30%,50%and 70%
respectively, wherethe signal selectione ciency wasde ned asin equation5.2[47],
with Ny ., being the number of matched reconstructedn-prong tau candidates
passingthe cuts and N, 2@ the number of n-prong Monte Carlo tau leptons within

the pr rangewith stable daughters.
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Figure 5.2: Distribution of good and fake hadronic taus, normalised to unit area, for the
four variables of the calorimeter only “safecuts'. In these plots good taus are matched to

truth with dR < 0.2, fakeshave dR > 0.5 from the nearesttruth tau
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N Pass
n prong — Matc hed (5 2)

Total
N MC

Here ‘'matched' meansthat the separationbetweenthe reconstructedtau candidate
andthe true hadronictau hasa R valuesmallerthan 0.2, while the hadronic Monte
Carlo tau de nition excludedthosedecaing to nal state kaons(although the e ect
of thesebeing allowed was cheded and seento be tiny). The set of calo. only safe
cuts evaluated within this chapter are givenin Appendix A, with tablesA.1 and A.2

shawing the cut valuesapplied for one prong and three prong selectionsrespectively.

5.5 Evaluation of Calo. Only Safe Cut E ciencies

in tt Events

The remainderof this chapter will concertrate on an evaluation of the performance
of the calorimeter only safecuts with respect to the selectionof hadronic 1 and 3
prongtausin tt semileptonicand dileptonic everts for an LHC certre-of-massenergy
of 10 TeV. The study was carried out using releasel4.5.0of the ATLAS Athena
software and Monte Carlo simulated data samplesproducedin releasel4.2.25.6as
part of the mcO8collectionof 10 TeV samples.Calorimeter only cuts wereconsidered
for two reasons. Firstly, cuts were being examinedwith the intention to usethem
in the top physics area for the rst year of ATLAS data taking. Consequetly,
the extra simplicity of the calorimeter only cuts was preferable. Secondly with the

merging of the two tau reconstructiontypesasdiscussedn section5.3, someof the
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tracking variables usedin the calorimeter and track safecuts were to be replaced
from releasel5 of the ATLAS software [54]. Although this analysiswas carried out
in an earlier softwarereleaseasthe rst ATLAS collisiondata wasto be producedin
releasel5 it was sensibleto only considera selectionthat could be carried forwards

unchanged.

5.5.1 Eciency with respect to Monte Carlo

The rst stageof the study focusedon a direct comparisonof the signal selection
e ciency for the safecutsin tt * ewverts relative to that producedfor a combination
of Z | 2. and bbA! bb (mA =800 GeV) 3 ewerts. The purposeof this was
to evaluate how the hadronic tau selectione ciency wasa ected by the move to a
more jet dominated ervironment and to establishwhether it would be realistic to
usethe safecuts for tau identi cation in tt everts. The conbination of the latter
two datasetswasintendedto match asfar aspossiblefor 10 TeV samplesthe signal
datasetsusedat 14 TeV to optimise the safecuts [47]. At all stagesead set of cuts
was applied manually by hand for ead of the safecut pr bins, while for all three
samplessu cient dataset sizeswere usedto give negligible errors on the selection
e ciencies. Forthett andZ ! samples400,000ewents of ead were used,while
for the bbA! bb casethe entire available dataset was processedcomprising a

total of 90,400e\ernts.

1Samplemc08.105200.TIMcAtNIo _Jimmy.merge.AOD.e357.5462r63553
2Samplemc08.106052.PythiaZtautau.merge.f0D.e347_s462r635t53
3Samplemc08.106573.PythiabbAautauMA800TB35 .merge.AOD.e3475462r635.153
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As aninitial comparison,the tau selectione ciency in the sampleswascalculatedas
perthat givenin equation5.2 asusedto optimise the safecuts. Tau candidateswere
consideredto be well matched to truth hadronic taus if they produceda R value
lessthan 0.2. For conbining the Z ! and bbA! bb resultsthe e ciency was
formed by requiring both the denominator and numerator of the calculation to be
the sum of the number of events from the two samples.Fig. 5.3 shavs the resulting
tau selectione ciency for the tt sampleand mixed Z ! and bbA! bb sample.
The e ciency was calculated separatelyfor eat of the v e py bins (with the bins
de ned in term of the truth visible pr) and is shovn independerily for 1-Prongand

3-Prongtaus aswell asbeing divided into loose,medium and tight selections.

By examining the plots it can be seenthat for the e ciency de nition usedthe
values produced for the tt sample are slightly smaller (typically 5-10%) than for
the combined Z ! and bbA! bb sample. An exceptionis the >100 GeV
bin for the medium and tight caseswherethe cortrol samplee ciency is noteably
larger, howewer this is the regionwherethe bbA! bb ewers start to dominatethe
conbined sample. There will be very few taus producedin this bin by tt everts in
early 7 TeV ATLAS data, and thosethat arecanonly be producedby highly boosted
top quarks. This aside,the patterns match well for the two samplesthoughout for
both 1-Prong and 3-Prong taus and for eat of the cut levels. The cut hierarchy
alsoremainscorrect for the tt samplewith the loosecut e ciency higher than the
medium, which is in turn larger than for the looseselection. This is true for all the

pr binsin both 1-Prongand 3-Prong cases.
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Figure 5.3: Selectione ciency comparisonbetweentt and conmbined Z ! and A! ewvents for the calorimeter only tau safe cuts.
Comparisonsare split into loosemedium and tight cuts (shown by columns running from left to right), and 1-Prong and 3-Prong hadronic

taus



5.5.2 Eciency with respect to Reconstructed Taus

While de ning the e ciency as per 5.5.11is interesting becauseit shovs how the
overall tau selectionperforms, it is not necessarilythe best way of examining the
performanceof the tau selectioncuts themseles. This is becausehe cut e ciency

and the reconstructione ciency arefoldedin together (the reconstructione ciency

being the probability for a real tau to passthe loosecriteria usedto de ne a tau
candidate and so be found in the tau cortainer for the evert). To examinethe cut
e ciency alone (which also allows for easiercomparisonwith other techniques as
discussedn section5.7) it is possibleto de ne the signal selectione ciency in a dif-

ferert way, via equation5.3. Here N[5, , is the number of matched reconstructed
n-prong tau candidatespassingthe cuts (as before), while N o is the number of

matched reconstructedn-prong tau candidatespresen beforethe cuts.

N Pass
n prong — Matc hed (5 3)
N Total '
Matc hed

The sameprocedureasin section5.5.1wasfollowedto comparethe tt signalselection
e ciency to that for the conbined Z ! and bbA! bb sampleseparatelyfor
1-Prong and 3-Prong taus for the same v e pr bins, but wherethe e ciency was
now asde ned in 5.3. In addition, while the matched Monte Carlo truth taus were
still usedto de ne the prong of the candidate, the pr binning was now basedon
the reconstructedpr of the tau candidates. Table 5.1 shaws the resulting valuesfor

1-Prongtaus whilst table 5.2 shows the equivalent results for 3-Prong taus.
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Examining the two tables and comparingto Fig. 5.3, it can be seenthat in certain
pr bins the safecuts are actually carrying out little of the discrimination between
the actual and fake taus; for examplethe 1-Prong > 100 GeV bin wherethe loose
e ciency is 0.99and 0.98for the two samplesrespectively (although the conbined
cut and reconstructione ciency is alsovery high). In other areasthe cut e ciencies
relative to the reconstruction are much lower and so the safecuts are providing a
larger proportion of the discrimination, as demonstratedby the 1-Prong 10-25GeV

medium values.

Comparing the e ciencies, with respect to the reconstructedtaus, for tt ewens
versusthosefor the combined samplesa similar pattern is presen to that obsened
in 5.5.1. For the 45-70and 70-100GeV bins the tt selectione ciency is seento
be appraximately 10% lower than for the combined cortrol samplefor all cut levels
and for both for 1-Prongand 3-Prongtaus. In the other pr regionsthe performance
is not quite as stable. As would be expected the e ciencies for tt most closely
comparewith thosefor the cleanersamplein the loosecuts, with the tt performance
dropping as the cut level is tightened. Looking at the 10-25,25-45and > 100 GeV
bins for the 3-Prong casein table 5.2, it can be seenthat the e ciency for the
tight selectionis appraximately 10-15%lower than for the medium selection,which
is then lower than for the looseselectionby approximately the sameamourt. The
looseselectionfor the two low pr binsis againseento be appraximately 5-10%lower
for tt than for the clean sample,which increasedo around 15% for the >100 GeV
bin. By cortrast the 1-Prong casedoesnot behare in sud a predictable manner.

Examining the 25-45 GeV bin the loosecut e ciency for the tt sampleis only
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approximately 15%lower than for the cortrol sample. Performancefor the medium
and tight e ciencies is then approximately a further 10%worsefor the tt compared
to the combined Z ! and bbA! bb sample. The samepattern is repeatedfor
the 10-25GeV bin but with the starting point for the looseselectionhaving the tt
e ciency 30% lower than for Z ! and bbA! bb . In the >100GeV bin the
performanceis practically identical for the two sampleswhen looking at the loose
selection,with the tt falling away to 60% and 50% of the Z ! and bbA! bb

e ciency for the medium and tight cases.

For the purposeof top physics, the bins which are the most important are those
covering the pr range from 25-100GeV. Taking the gures in the two tables as a
whole, it can be seenthat the performanceof the safecut e ciency with respect
to the reconstruction for the tt sampleholds up well comparedto the Z ! and

bbA! bb samplein this region.

115



Tau e ciency forZand A Tau e ciency for tt

pr[GeV] CutLevel E ciency Ratio
TauRecBefore/After TauRecBefore/After
Loose 0.69 0.48 0.70
10-25 Medium 0.36 0.19 0.53
Tight 0.20 0.10 0.50
Loose 0.73 0.60 0.82
25-45  Medium 0.41 0.30 0.73
Tight 0.23 0.16 0.69
Loose 0.78 0.73 0.93
45-70  Medium 0.43 0.39 0.91
Tight 0.19 0.18 0.93
Loose 0.96 0.95 0.98
70-100 Medium 0.48 0.43 0.90
Tight 0.25 0.24 0.94
Loose 0.99 0.98 0.99
>100 Medium 0.63 0.36 0.58
Tight 0.32 0.16 0.49

Table 5.1: Hadronic 1-Prong tau selectione ciency with respect to reconstructed taus.

E ciencies are shown for a combined sampleof Z ! and A !

ewens
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Tau e ciency forZand A Tau e ciency for tt

pr[GeV] CutLevel E ciency Ratio
TauRecBefore/After TauRecBefore/After
Loose 0.95 0.92 0.97
10-25 Medium 0.74 0.64 0.86
Tight 0.32 0.20 0.64
Loose 0.89 0.84 0.93
25-45  Medium 0.48 0.37 0.77
Tight 0.26 0.17 0.64
Loose 0.75 0.72 0.96
45-70  Medium 0.43 0.39 0.90
Tight 0.18 0.16 0.89
Loose 0.99 0.97 0.99
70-100 Medium 0.49 0.42 0.86
Tight 0.27 0.22 0.82
Loose 0.91 0.75 0.83
>100 Medium 0.85 0.61 0.72
Tight 0.36 0.14 0.39

Table 5.2: Hadronic 3-Prong tau selectione ciency with respect to reconstructed taus.

E ciencies are shown for a combined sampleof Z ! and A !

ewens
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Background Rejection Factor

When consideringthe cut performancerelative to the reconstruction, it is also pos-
sible to obtain a measureof the rejection of the fake taus cortained within a given
sample. A rejection e ciency can be de ned as per equation 5.4, from which a
rejection factor can then be calculated by equation5.5. In the former, N33 .\ . is
the number of reconstructedcandidatesnot matchedto an n-prong Monte Carlo tau
remaining after the cuts, whereasN [%@ . is the number of reconstructedn-prong

candiatesnot matched to an n-prong Monte Carlo tau presen beforethe cuts were

applied.

N Pass
n prong _ Unmatc hed (5 4)
Fake N Total .
Unmatc hed

RejectionFactor = (5.5)

n prong
Fake

It is possibleto calculatethe rejection for any number of di erent samplesproviding
a sourceof fake taus. For the purposeof this study, wherethe aim was idertifying
taus in tt ewerts, the internal fakeswithin the tt samplewere usedas badkground.
Again using the calorimeter only safecuts, rejection factors were calculated for the
tt sample. The same v e pr bins were used as in 5.5.2 with numbers produced
separatelyfor 1-Prongand 3-Prongtaus for the loose,medium and tight selections.
The resulting rejection factors are shavn in table 5.3 for both the 1-Prong and

3-Prongtaus.

Examining the table, it canbe seenthat in generalthe rejection achieved is higherin
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the 1-Prongcasethan in the 3-Prongcase.Moving through the cut levelsfrom loose
to mediumto tight, the rejection increasesaswould be expectedfor both prongs. In
addition, asthe cuts are tightened, the rejection for the 1-Prongtt ewens increases

slightly relative to that for the 3-Prong.

Rejection for tt
pr[GeV] Cut Level

1-Prong Before/After 3-Prong Before/After

Loose 2.86 1.15
10-25 Medium 7.92 1.64
Tight 14.57 3.77
Loose 5.21 1.65
25-45 Medium 15.88 4.97
Tight 26.41 9.69
Loose 6.68 2.78
45-70 Medium 24.27 9.82
Tight 42.01 21.05
Loose 1.68 1.23
70-100 Medium 32.90 14.56
Tight 44.68 26.16
Loose 1.11 8.76
>100 Medium 51.48 13.74
Tight 77.55 62.08

Table5.3: Hadronic 1-Prong and 3-Prong jet rejection factors for inter samplebadground

ewens in tt evens
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Signicance in Top Events

A further examination of the performanceof the safecuts in the tt samplecan be
madeby de ning a signi cance. This wascalculatedvia equation5.6 whereN 2%,

Pass 1
and N2> . heq Wereasde ned previously

. ) N Pass
Signi cance= p = Matc“‘:'l — (5.6)
( Matc hed) + ( Unmatc hed

The signi cance was calculatedfor the arbitrary samplesize of 400,000evens and
consideredonly the “in sample'badkground provided by the possiblefake taus within
the tt everts. Newertheless,examiningthe valuesshown in table 5.4 it can be seen
that, whilst tightening the safe cut level increasesthe badground jet rejection as
descriked in 5.5.2, the correspnding drop in the tau selectione ciency is su -
cienctly large that proportion of signal to badkground in the sampledrops. The
only exceptionis the medium cut for 1 and 3-Prong taus in the 70-100GeV bin,
which hasa higher signi cance than the loosecut. Signi canceremainslower for the
tight cut than for the medium cut in this bin howewer. As an overall consequence,
depending on the size of the data sampleavailable, it may be preferableto run a
looserselectionthan may be optimal for badkground rejection in order to retain a

greater proportion of the real taus in tt evens.
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Signi cance
pr[GeV] Cut Level
1-Prong 3-Prong

Loose 36.60 24 .59
10-25 Medium 24.43 20.34

Tight 17.21 10.00

Loose 69.01 33.64
25-45 Medium 54.91 25.17

Tight 38.72  15.99

Loose 78.33 31.69
45-70 Medium 65.94 28.56

Tight 42.67 17.45

Loose 45.45 22.44
70-100 Medium 53.32 25.02

Tight 38.32 17.71

Loose 31.86 26.62
>100 Medium 41.05 25.21

Tight 25.27 12.19

Table 5.4: Signi cance valuesin tt events of the 1-Prong and 3-Prong hadronic safe cut

selections
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5.6 Calorimeter Only Safe Cut Correlations (T op

Events)

As wasdescritedin 5.4.1the calorimeteronly safecuts usedfour variables, of which
EmRadius, IsolationFraction and stripWidth2 ead provide a measuremen of the
width of the calorimeter cluster. The correlations betweenthe four variablesof the

calorimeteronly safecuts wereexaminedfor both real and fake tausin the tt sample.

As previously good taus were iderti ed by requiring that they were matchedto a
truth 1-Prongor 3-Pronghadronictau with a R value smallerthan 0.2, with the
prong being allocated basedon the truth tau. Correlationswereexaminedfor all six
conbinations of the four variablesand separatelyfor the 1-Pronggood taus, 3-Prong
good taus and the inter-sample badkground fakes. The resulting distributions are
showvn by gures 5.4,5.5and 5.6 respectively. From examiningthe plots it is appar-
ent that there is a signi cant correlation between EmRadius and IsolationFraction
for both good and fake taus. Clear correlations are also visible between EmRadius
and StripWidth2, and likewiselsolationFraction and StripWidth2. Although it is
not possibleto obsene a clear correlation in the plots which cortain the Energy-
Ratio, it is apparen that the distribution is principally enhancedfor valuesof the

energyratio closeto 1 and small valuesof the other variable.

Consideringthe 1-Prong and 3-Prong ‘signal' tau plots, the distributions are seen
to take a similar shape, but with ewverts concetrated at smallervaluesof EmRadius

and IsolationFraction in the caseof the 1-Prong taus. When these are compared
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to the plots for the fake taus, for the EmRadius versusisolationFraction plot the
fake taus are seento be conceirated at much larger valuesthan for the 1-Prong
good taus, with the 3-Pronggood taus in between. Sud a cleartrend is not seenin
the other distributions, thereforelooselysuggestingthat EmRadius and, to a lesser

extert, IsolationFraction are the two strongestdiscriminarts of the four variables.
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5.7 Performance Evaluation of a Single Cut Se-

lection

5.7.1 Motiv ation

Having evaluated the performanceof the calorimeteronly safecuts for tt everts, and
comparedthe safecut performancefor top evens to cleanerenvironmerts, the study
was extendedby consideringwhether it would be possibleto producean equivalert
simpler tau selectionvia the use of only one variable. As seen,the safecuts use
four variables,of which three are relatively well correlated as per section5.6, which
are conbined in varying ways for the di erent pr bins. For any given set of the
safecuts three of the variablesare doing little with regardsenhancingthe fake tau

discrimination.

It was hypothesizedthat one of thesevariablesalone could be usedto replacethe
safecut combination. To test this, the study was ewlved to look at how the safe
cut performancecomparedto a cut on a single variable optimised for selectionof
1-Prong or 3-Prong hadronic taus in the top sample. As per section5.5.2,the fake
taus produced by the extra jets within the top sample were usedto provide the
badground fakesfor both setsof cuts (i.e. allowing a direct comparisonto be made

betweenthe safecuts and the proposedsingle cut).

Two di erent singlevariable cuts were evaluated. The rst usedthe variable Isola-

tionFraction asthe discriminant asit was consideredto be the simplest of the four

127



variables, essetially being a variation on the isolation regionsalready usedat the
trigger level. Secondly a single variable selectionwas produced basedon EmRa-
dius asthis was consideredto be the single variable that o ered the best potertial

separationbetweenthe good and fake tau candidates.

5.7.2 Pro duction of cut values

In order to produce the single cut values1-Prong and 3-Prong hadronic taus were
consideredseparatelyasfor the safecuts. For eat variable two separateselections
were produced, a rst which was optimised in the same v e pr bins usedby the
safecuts, and a secondwhich had a single cut for the whole pr range. Again the
pr region usedwas that of the reconstructedcandidate. The selectedvariable was
plotted in the required pr region, with the distributions produced separately for
those reconstructedtaus matched (with 4 R < 0.2) to Monte Carlo truth hadronic
taus with the chosenprong (signal) and for those not matched to any Monte Carlo

tau.

Starting at the plot origin, the cut location was moved acrossthe distribution bin-
by-bin from low to high valuesof the cut, with the signal selectione ciency and
badkground rejection e ciency (and hencerejection factor) calculatedfor eat bin.
Selectedtaus weretakento be thosewith a valuelessthan the cut value. The signal
selectione ciency wasde ned asper equation 5.3 as previously The rejection e -

ciencywasde ned asin equation 5.7, wherethe variablesN %@ . . and N7

are as de ned previously with the rejection factor subsequetly calculated as per
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equation5.8.

L N Total N Pass
Rejection - Unmatc hed Unmatc hed (5 7)
Fake N Total .
Unmatc hed

— 1
RejectionFactor = —— = [ Rejecion (5.8)
Fake Fake

As per the badkground rejection factors shovn earlier in this chapter, only the
inter-signal badkground was considered. For tt ewens this is e ectively an n-jet

badkground, comprisingat leasttwo b-jets for the dileptonic channel.
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Figure 5.7: lllustration of setting the single variable cuts. Selectione ciencies are chosen
and then badkground rejection factors calculated for the samebin. The right hand plot
shows how the bin is selectedbasedon given signal selection values while the left hand

plot shavs where the resulting cut appear on the signal and badground distribtions
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E ciency de nition

The three tau safecut levels, loose medium and tight, had been chosenby their
authors to give nominal selectione ciencies of 70%, 50% and 30% respectively, as
stated in 5.4.4. Thesewere de ned relative to the Monte Carlo and not relative to
the reconstruction (aswasto be the casehere), while the measurede ciencies were
alsoseento uctuate slightly from the expectedvaluesfor the tt sample. Therefore,
to allow fair comparisonbetweenthe safecuts and a singlecut selection,two di erent

setsof cut valueswere produced.

Real cut values

Signal selection e ciencies of 70% (loose), 50% (medium) and 30% (tight) were
chosen. The badkground rejection factorsfor the allocated bins werethen calculated.
Figure 5.7 shaws an illustration of how this was carried out. The left hand plot
shaws the IsolationFraction distributions for the well matched (signal) and poorly
matched (fake) tau candidatesrespectively. In the right hand plot can be seen
the signal selectionand badkground rejection e ciencies produced when the cut
location is moved bin-by-bin from 0 to 1. Marked on the plots are the locations of
cuts producing signal e ciencies of 70%, 50% and 30%. The badkground rejection
is then calculated from the badground e ciency seenin the samebin, which can

simply bereado .

Equiv alent cut values

To allow direct comparisonto the safe cuts, the location of the loose, medium
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and tight cuts was arrangedso that the signal selectione ciency was matched to
that seenfor the equivalernt safecut with respect to the tau reconstruction. The
badkground rejection e ciencies were then read o and corverted into rejection
factors which could be compareddirectly with those in section 5.5.2 for the safe

cuts.

In the caseof the ‘real cuts', both py binned and global selectionswere produced
for eath of the two variables. In the caseof the relative e ciencies only pr binned

valueswere produced.

5.7.3 Isolation Fraction Single Cut

The distributions usedto producethe pr binned single IsolationFraction cuts for
1-Prong and 3-Prong hadronic taus are shavn in gures 5.8 and 5.9 respectively.
The two gures are ead divided into v e sub- gures correspnding to the v e pr
bins, with eat sub- gure showving on the left the IsolationFraction distributions
for matched and fake taus, and on the right the good tau selectionand fake tau
rejection e ciencies. The IsolationFraction distributions are normalised to unit
area. For both hadronic tau prongs, it can be seenthat as the pr is increased
(moving from (a) through to (e)) the discrimination between the good and fake
taus is increased. This occurs by the signal distribution becomingnarrower, with
the upper edgemoving towards smaller values of the IsolationFraction. The fake
tau distribution shape remains approximately constart throughout. A potential

negative e ect of this is that the selectione ciency turn on curve becomesvery
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sharp at high pr, and hencethe e ciency valuescan becomevery bin dependert.
As a consequencehe value will becomestongly sensitive to the modeling of both

the detector and the tau itself.

Readingo the selectione ciencies and calculating the rejection factorsasdescrited
previously producedthe resultsshavn in tables5.6to 5.9. The cut valuesthemsehes
are showvn in table 5.5. Tables5.6 and 5.7 comparethe IsolationFraction assigned
e ciencies to the safecut e ciencies for the 1-Prong and 3-Prong cases. What
can be seenfrom the tablesis that the IsolationFraction single cut only appearsto
perform better than the safecuts, with respect to badground rejection, when the
safecut selectione ciency is noteably looserthan that of the singlecut. When the
selectione ciency of the two setsof cuts is approximately equal,asfor the 1-Prong
or 3-Prongloosecuts in the 45-70GeV bin, the rejection for the safecuts is seento
be slightly superior. This is badked up by the equivalert e ciency resultsfor the two
prongsshown in tables 5.8 and 5.9. Here it can be seenthat the safecuts perform
better than the IsolationFraction almost exclusiely for the samesignal selection
e ciency value, with the exceptionof the 70-100GeV loosecuts. Furthermore, it
can be seenthat for the looseselectionsthe badkground rejection of the single cut
is appraximately equivalert to that for the safecuts. As the cut level is moved from
looseto mediumto tight the performanceof the singlecut degradesvhen compared
to the safe cuts. In addition, the discrepancybetweenthe two sets of rejection

gures for the medium and tight cuts increasesasthe py of the bin increases.
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Figure 5.8: IsolationFraction : Signal and badkground (fake tau) distributions and e -

cienciesfor 1-Prong taus in di erent pr regions
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1-Prong 3-Prong
pr[GeV] CutLevel

Real Cut Value Equivalert Cut Value Real Cut Value Equivalert Cut Value

Loose 0.355 0.255 0.385 0.545
10-25 Medium 0.255 0.115 0.305 0.365
Tight 0.165 0.075 0.235 0.205
Loose 0.235 0.195 0.325 0.405
25-45  Medium 0.155 0.105 0.255 0.205
Tight 0.095 0.065 0.185 0.145
Loose 0.165 0.175 0.245 0.255
45-70  Medium 0.105 0.095 0.185 0.165
Tight 0.065 0.055 0.145 0.115
Loose 0.125 0.305 0.195 0.405
70-100 Medium 0.085 0.075 0.155 0.135
Tight 0.055 0.055 0.115 0.105
Loose 0.105 0.495 0.165 0.175
>100 Medium 0.065 0.055 0.125 0.145
Tight 0.045 0.035 0.095 0.075

Table 5.5: IsolationFraction pr binned cut values usedto select 1-Prong and 3-Prong
hadronic taus in tt events. Real cuts give pre-set signal selection e ciencies, equivalent

cut valuesmatch the signal selectione ciency to that for the calorimeter only safecuts
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E ciency (Safecuts) E ciency (IsolFrac cut) Rejection

pr[GeV] CutLevel
TauRecBefore/After TauRecBefore/After SafeCuts IsolFrac Cut

Loose 0.48 0.70 2.86 1.46
10-25 Medium 0.19 0.48 7.92 2.26
Tight 0.10 0.28 14.57 4.67
Loose 0.60 0.69 5.21 2.66
25-45  Medium 0.30 0.48 15.88 5.60
Tight 0.16 0.28 26.41 12.98
Loose 0.73 0.69 6.68 5.18
45-70  Medium 0.39 0.47 24.27 11.56
Tight 0.18 0.26 42.01 21.57
Loose 0.95 0.69 1.68 8.73
70-100 Medium 0.43 0.47 32.90 15.97
Tight 0.24 0.26 44.68 25.39
Loose 0.98 0.67 1.11 10.98
>100 Medium 0.36 0.44 51.48 20.52
Tight 0.16 0.26 77.55 29.12

Table 5.6: Hadronic 1-Prong tau selectione ciency and rejection factors with respect to
reconstructedtaus. Valuesare shavn for a single cut on IsolationFraction and for the tau
calorimeter only safecuts for tt events. Real IsolationFraction cuts are shovn intended to

give selectione ciencies of 70%, 50% and 30%
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E ciency (Safecuts) E ciency (IsolFrac cut) Rejection

pr[GeV] CutLevel
TauRecBefore/After TauRecBefore/After SafeCuts IsolFrac Cut

Loose 0.92 0.69 1.15 1.36
10-25 Medium 0.64 0.49 1.64 1.80
Tight 0.20 0.29 3.77 2.72
Loose 0.84 0.70 1.65 1.72
25-45  Medium 0.37 0.51 4.97 2.51
Tight 0.17 0.30 9.69 4.45
Loose 0.72 0.70 2.78 271
45-70  Medium 0.39 0.49 9.82 4.60
Tight 0.16 0.30 21.05 7.29
Loose 0.97 0.68 1.23 4.14
70-100 Medium 0.42 0.51 14.56 6.91
Tight 0.22 0.30 26.16 12.97
Loose 0.75 0.70 8.76 5.48
>100 Medium 0.61 0.47 13.74 10.05
Tight 0.14 0.27 62.08 16.27

Table 5.7: Hadronic 3-Prong tau selectione ciency and rejection factors with respect to
reconstructedtaus. Valuesare shavn for a single cut on IsolationFraction and for the tau
calorimeter only safecuts for tt events. Real IsolationFraction cuts are shovn intended to

give selectione ciencies of 70%, 50% and 30%
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E ciency (Safecuts) E ciency (IsolFrac cut) Rejection

pr[GeV] CutLevel
TauRecBefore/After TauRecBefore/After SafeCuts IsolFrac Cut

Loose 0.48 0.48 2.86 2.26
10-25 Medium 0.19 0.18 7.92 8.39
Tight 0.10 0.11 14.57 13.74
Loose 0.60 0.59 5.21 3.67
25-45  Medium 0.30 0.31 15.88 11.09
Tight 0.16 0.17 26.41 20.32
Loose 0.73 0.72 6.68 4.60
45-70  Medium 0.39 0.42 24.27 13.60
Tight 0.18 0.20 42.01 25.21
Loose 0.95 0.95 1.68 1.77
70-100 Medium 0.43 0.40 32.90 18.82
Tight 0.24 0.26 44.68 25.39
Loose 0.98 0.98 1.11 1.11
>100 Medium 0.36 0.35 51.48 24.49
Tight 0.16 0.17 77.55 35.37

Table 5.8: Hadronic 1-Prong tau selectione ciency and rejection factors with respect to
reconstructed taus. Values are shavn for a single cut on IsolationFraction and for the
tau calorimeter only safecuts for tt events with the IsolationFraction selectione ciencies

matched to those of the equivalent safecuts
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E ciency (Safecuts) E ciency (IsolFrac cut) Rejection

pr[GeV] CutLevel
TauRecBefore/After TauRecBefore/After SafeCuts IsolFrac Cut

Loose 0.92 0.92 1.15 1.07
10-25 Medium 0.64 0.64 1.64 1.44
Tight 0.20 0.21 3.77 3.44
Loose 0.84 0.85 1.65 1.32
25-45  Medium 0.37 0.36 4.97 3.68
Tight 0.17 0.19 9.69 7.28
Loose 0.72 0.74 2.78 251
45-70  Medium 0.39 0.40 9.82 5.67
Tight 0.16 0.17 21.05 11.01
Loose 0.97 0.97 1.23 1.26
70-100 Medium 0.42 0.42 14.56 9.32
Tight 0.22 0.22 26.16 15.15
Loose 0.75 0.74 8.76 4.88
>100 Medium 0.61 0.60 13.74 7.50
Tight 0.14 0.13 62.08 22.80

Table 5.9: Hadronic 3-Prong tau selectione ciency and rejection factors with respect to
reconstructed taus. Values are shavn for a single cut on IsolationFraction and for the
tau calorimeter only safecuts for tt events with the IsolationFraction selectione ciencies

matched to those of the equivalent safecuts
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Global Pt Cut

Having noted that the performanceof a pr binned singlecut is in generalworse,and
at bestequivalert to, the safecuts, the global 1-Prongand 3-PronglsolationFraction
cuts were also produced. The advantage of producing a global cut of this nature is
that the performanceof the cut will vary more smaothly with py than will be the
casefor a discretely binned set of cuts. Figure 5.10shaows the IsolationFraction and
correspnding e ciency distributions for the 1-Prong (a) and 3-Prong (b) hadronic
taus. The resulting assignedsignal selectione ciencies and badkground rejection
factors are shown in table 5.10 for both 1-Prong and 3-Prong taus. Looking at
table 5.6 for the 1-Prong casebinned cut valuesand at table 5.7 for the 3-Prong
caseit can be seenthat the global pr cut is seento o er a rejection value on a par
with the binned cut for the 25-45GeV region. At higher pr, the global pr cut is
looserthan the binned cuts, and so as a consequencéehe rejection is lesspowerful

for the global cut (although the e ciency would also be expecterto be higher).
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Figure 5.10: IsolationFraction : Signal and badkground (fake tau) distributions and e -

cienciesfor hadronic taus over the ertire pt range

E ciency (IsolFrac) IsolFac
Deca type Cut Level Cut Value

TauRecBefore/After Rejection

Loose 0.235 0.71 2.44
1-Prong Medium 0.145 0.51 5.06
Tight 0.085 0.30 9.29
Loose 0.295 0.69 1.84
3-Prong Medium 0.215 0.49 2.92
Tight 0.155 0.29 4.82

Table 5.10: Hadronic tau selectione ciency and rejection factors with respect to recon-
structed taus. Valuesare shown for a single cut on IsolationFraction for tt everts. Single

cuts are produced for one bin covering the whole tau pt range
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5.7.4 lIsolationF raction Summary

It has beenseenthat for a single cut on the IsolationFraction of the tau, the dis-
crimination power for distinguishing good taus from fakesincreasesas pr increases.
Although it is dicult to make an exact comparisonbetweenthe pr binned Iso-
lationFraction cut and the calorimeter only safe cuts due to the variation in the
selectione ciencies of the latter, it hasbeenseenthat the safecuts generally give
better rejection for equivalernt e ciency values. The IsolationFraction singlecut was
seento perform better only whenthe safecut e ciency is excessiely large (relative
to the target e ciency). An IsolationFraction pr a global pr cut (in general)was
seento give a performanceakin to that for the binned single variable cut in the

25-45GeV pr region.

5.7.5 EmRadius Single Cut

It wasseenin 5.7.3that in generala singlecut, either pr dependen or for global pr,
on the IsolationFraction does not give better hadronic tau iderti cation than the
four variable calorimeter only safe cuts. Howewer, although IsolationFraction can
be consideredthe simplest of the four safe cut variables, EmRadius is potertially
the better discriminant. Therefore the processfollowed in 5.7.3 was repeated to
examinea single cut on the EmRadius. The pr binned EmRadius good and fake
tau distributions for tt ewerts, together with their equivalent signal selectionand
badkground rejection e ciencies, are shovn by gures 5.11and 5.12for the 1-Prong

and 3-Prong hadronic taus respectively. As for IsolationFraction, the gures show
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that the distinction betweenthe taus well matched to the Monte Carlo truth and
the fakesimproveswith increasingpr. Likewise,as for IsolationFraction the signal
selectione ciency turn-on curve becomessteepat high pr. This is againthe casefor
both prongs. As before,the badkground rejection factorswerecalculatedfor assigned
signalselectione ciencies, with respectto reconstructedtaus, of 70%,50%and 30%.
Theseare comparedto the safecutsin tables5.12and 5.13with the cut valuesshavn
in table 5.11. It is dicult to make a direct comparisonwith the safecuts for the
EmRadius assignede ciencies due to variance of the safe cut signal e ciencies,
but wherethey are similar in the 3-Prong 45-70GeV loosecase,the EmRadius cut
performs better than the safe cuts. Howewer, the EmRadius assignede ciencies
can be compareddirectly to the IsolationFraction assignede ciencies in tables 5.6
and 5.7. Making this direct comparisonof the two single variable pr binned cuts,
it can be seenthat the EmRadius cut performs better in almost every caseexcept
the tight 1-Prong 10-25GeV cut, wherethe rejection for the two variablesis almost
idertical. The advantage of using the EmRadius cut over the IsolationFraction cut
also becomesmore bene cial with increasingpr. This conclusiely supported the
hypothesisthat EmRadiusis a better good tau distinguishing variable for tt evers.
Furthermore, it suggestedthat EmRadius would perform better in an equivalent

e ciency comparisonwith the safecuts.

To allow better examination of the performance,equivalert EmRadius e ciencies
were again produced and are shown in tables 5.14 and 5.15. The cuts themsehes
are againshawvn in table 5.11. From examiningthese,it can be seenthat for all cut

levels, in all pr bins, and for both prongsthe EmRadius single cuts perform aswell
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or better than the safecuts with regardsto badground rejection for an equivalert
good tau selectione ciency. Consequetly, it is possibleto concludethat it is
possibleto produce a hadronic tau selectionthat for tt everts performs as well as

the calorimeter only safe cuts, using only the variable EmRadius for calorimeter

seededau candidates.
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Figure 5.11: EmRadius : Signal and badkground (fake tau) distributions and e ciencies

for 1-Prong taus in dierent pr regions
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for 3-Prong taus in di erent pr regions
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1-Prong 3-Prong
pr[GeV] CutLevel

Real Cut Value Equivalert Cut Value Real Cut Value Equivalert Cut Value

Loose 0.1377 0.1105 0.1547 0.2057
10-25 Medium 0.1139 0.0731 0.1309 0.1479
Tight 0.0901 0.0561 0.1105 0.0969
Loose 0.1037 0.0901 0.1207 0.1479
25-45  Medium 0.0799 0.0595 0.1003 0.0901
Tight 0.0595 0.0459 0.0833 0.0697
Loose 0.0765 0.0833 0.1003 0.1003
45-70  Medium 0.0595 0.0527 0.0799 0.0697
Tight 0.0459 0.0391 0.0663 0.0527
Loose 0.0629 0.1445 0.0833 0.1853
70-100 Medium 0.0493 0.0459 0.0663 0.0595
Tight 0.0391 0.0357 0.0527 0.0493
Loose 0.05270 0.2159 0.0697 0.0731
>100 Medium 0.0391 0.0357 0.0561 0.0629
Tight 0.0323 0.0289 0.0459 0.0391

Table5.11: EmRadius pr binned cut valuesusedto select1-Prong and 3-Prong hadronic
taus in tt events. Real cuts give pre-set signal selectione ciencies, equivalert cut values

match the signal selectione ciency to that for the calorimeter only safecuts
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E ciency (Safecuts) E ciency (EmRadius cut) Rejection
pr[GeV] CutLevel

TauRecBefore/After TauRecBefore/After SafeCuts EmRadius Cut

Loose 0.48 0.69 2.86 1.89
10-25  Medium 0.19 0.51 7.92 2.7
Tight 0.10 0.32 14.57 4.63
Loose 0.60 0.70 5.21 3.37
25-45  Medium 0.3 0.52 15.88 6.84
Tight 0.16 0.30 26.41 15.62
Loose 0.73 0.68 6.68 8.22
45-70  Medium 0.39 0.50 24.27 17.23
Tight 0.18 0.29 42.01 3181
Loose 0.95 0.69 1.68 13.95
70-100 Medium 0.43 0.50 32.90 26.15
Tight 0.24 0.30 44.68 42.80
Loose 0.98 0.69 111 22.35
>100 Medium 0.36 0.46 51.48 42.20
Tight 0.16 0.27 77.55 59.84

Table 5.12: Hadronic 1-Prong tau selection e ciency and rejection factors with respect
to reconstructed taus. Values are shawvn for a single cut on EmRadius and for the tau
calorimeter only safecuts for tt events. Real EmRadius cuts are shovn intended to give

selectione ciencies of 70%, 50% and 30%
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E ciency (Safecuts) E ciency (EmRadius cut) Rejection
pr[GeV] CutLevel

TauRecBefore/After TauRecBefore/After SafeCuts EmRadius Cut

Loose 0.92 0.69 1.15 1.60
10-25  Medium 0.64 0.49 1.64 2.07
Tight 0.20 0.31 3.77 2.86
Loose 0.84 0.69 1.65 2.43
25-45  Medium 0.37 0.50 4.97 3.77
Tight 0.17 0.30 9.69 6.12
Loose 0.72 0.71 2.78 3.81
45-70  Medium 0.39 0.50 9.82 6.87
Tight 0.16 0.32 21.05 11.36
Loose 0.97 0.71 1.23 6.43
70-100 Medium 0.42 0.51 14.56 12.52
Tight 0.22 0.29 26.16 26.41
Loose 0.75 0.70 8.76 10.72
>100 Medium 0.61 0.51 13.74 19.35
Tight 0.14 0.30 62.08 38.92

Table 5.13: Hadronic 3-Prong tau selection e ciency and rejection factors with respect
to reconstructed taus. Values are shawvn for a single cut on EmRadius and for the tau
calorimeter only safecuts for tt events. Real EmRadius cuts are shovn intended to give

selectione ciencies of 70%, 50% and 30%
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E ciency (Safecuts) E ciency (EmRadius cut) Rejection
pr[GeV] CutLevel

TauRecBefore/After TauRecBefore/After SafeCuts EmRadius Cut

Loose 0.48 0.48 2.86 2.88
10-25 Medium 0.19 0.20 7.92 8.01
Tight 0.10 0.10 14.57 14.49
Loose 0.60 0.61 521 4.85
25-45  Medium 0.30 0.30 15.88 15.62
Tight 0.16 0.15 26.41 27.08
Loose 0.73 0.74 6.68 6.28
45-70  Medium 0.39 0.41 24.27 23.37
Tight 0.18 0.19 42.01 40.98
Loose 0.95 0.95 1.68 1.79
70-100 Medium 0.43 0.43 32.90 31.40
Tight 0.24 0.22 44.68 50.26
Loose 0.98 0.98 1.11 1.14
>100 Medium 0.36 0.37 51.48 48.69
Tight 0.16 0.17 77.55 78.09

Table 5.14: Hadronic 1-Prong tau selection e ciency and rejection factors with respect
to reconstructed taus. Values are shawvn for a single cut on EmRadius and for the tau
calorimeter only safecuts for tt events with the EmRadius selectione ciencies matched

to those of the equivalent safecut
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E ciency (Safecuts) E ciency (EmRadius cut) Rejection
pr[GeV] CutLevel

TauRecBefore/After TauRecBefore/After SafeCuts EmRadius Cut

Loose 0.92 0.92 1.15 1.18
10-25 Medium 0.64 0.63 1.64 1.69
Tight 0.20 0.20 3.77 3.85
Loose 0.84 0.85 1.65 1.69
25-45  Medium 0.37 0.38 4.97 5.01
Tight 0.17 0.17 9.69 10.09
Loose 0.72 0.71 2.78 3.81
45-70  Medium 0.39 0.37 9.82 9.97
Tight 0.16 0.14 21.05 20.32
Loose 0.97 0.97 1.23 1.3
70-100 Medium 0.42 0.40 14.56 18.54
Tight 0.22 0.23 26.16 31.52
Loose 0.75 0.74 8.76 9.29
>100 Medium 0.61 0.64 13.74 14.49
Tight 0.14 0.17 62.08 53.29

Table 5.15: Hadronic 3-Prong tau selection e ciency and rejection factors with respect
to reconstructed taus. Values are shawvn for a single cut on EmRadius and for the tau
calorimeter only safecuts for tt events with the EmRadius selectione ciencies matched

to those of the equivalent safecut
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Global Pt Cut

Following the sameprocedureasfor IsolationFraction, a global py EmRadiussingle
variable selectionwas evaluated. Fig. 5.13 shavs the EmRadius distributions and
e ciency curvesfor the 1-Prong (a) and 3-Prong (b) taus, while the badkground
rejection factors for the assignedsignal selectione ciencies are givenin table 5.16.
Thesecan then be comparedbad to the pr binned EmRadius rejection factors in
tables5.12and 5.13. As for IsolationFraction, the global pr cut providesa rejection
akin to that of the pr binned cut for the 25-45GeV region, with the global cut
being looserat larger pr. Noting that the shape of the badkground distribution is
similar for ead of the pr bins but that the signal shape changes,it is possibleto
seehow tightening the cut via the useof a pr binned selectioncan provide a better
rejection at higher pr. This appliesfor both hadronic tau prongs. Comparing bad
to the IsolationFraction global cut in table 5.10the global EmRadius cut is seento

perform signi cantly better.

5.8 Overall Conclusions

Within this chapter a generalintroduction was given on tau iderti cation with
the ATLAS detector. The calorimeter only tau safe cuts were introduced and an
investigation was carried out to comparetheir performancefor tt evens to that for
a combined sampleof Z ! and bbA! bb ewerts. It wasconcludedthat with

regardsto good tau selectione ciencies the safecut performancecomparedwell
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Figure 5.13: EmRadius : Signal and badground (fake tau) distributions and e ciencies

for hadronic taus over the entire pt range

E ciency (EmRadius) EmRadius
Deca type Cut Level Cut Value

TauRecBefore/After  Rejection

Loose 0.1037 0.70 3.03
1-Prong Medium 0.0731 0.51 6.49
Tight 0.0527 0.32 11.63
Loose 0.1207 0.69 2.22
3-Prong Medium 0.0935 0.50 3.63
Tight 0.0731 0.31 6.11

Table 5.16: Hadronic tau selectione ciency and rejection factors with respect to recon-
structed taus. Valuesare shownn for a single cut on EmRadius for tt evernts. Single cuts

are producedin one bin for the whole tau pt range
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in top ewerts relative to the cleanersample,beharing in the sameway but with a
slightly lower e ciency. Two alternative selectionswere proposedbasedon a single
variable only, and it was concludedthat for the samepr binning asthe safecuts,
an equivalent performancecould be obtained using a single cut on the EmRadius.
A global pr selectionwas also studied and seento perform in a similar way to a pr

binned selectionin the p; range of 25-45GeV. 4

4Sincethis study was completed, a new safetau selection has been produced by the ATLAS
tau working group [55]. The new selectionusesonly 3 variables (of which EmRadius is the main

discriminant) and two pr bins covering 0-100GeV and > 100 GeV respectively.

154



Chapter 6

Measuremen t of the tt Cross

Section

6.1 Intro duction

Describedin this chapter is a proposedmethod for measuringthe tt production cross
sectionat the LHC, via the tau+jets channelwith the ATLAS detector. Intendedfor
usewith early LHC data, the analysisis basedon a seriesof simple cuts. Thesewere
designedto suppresshe various standard model badkgroundswhilst simultaneously
increasingthe purity of the desiredsection of the tt signal. The analysishas been
largely deweloped with Monte Carlo simulated ewverts, with a rst look being made

at the 2010ATLAS data.
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6.2 Signal

At the LHC tt pairs are producedreadily. The ewerts are classi ed by the top decy
products asdescritedin 1.5. Excluding the fully hadronictt ewverts, thesewere simu-
lated for a certre-of-massenergyof 7 TeV, at next to leadingorder (NLO), usingthe
MC@NLOVv3.41ewert generator[56] coupledto Herwig/Jimmy to provide the par-
ton shaver modelling [56]. A top massof 172.5GeV was assumedand the CTEQ66
NLO pdf setused[56). The samplewas simulated with a cross-sectiorof 80.201pb
for the non-hadronictt and then scaledto a more recen theoretical prediction by

Ulrich Husemann(Moch and Uwer) [57] by useof a "K-factor'of 1.11[58].

6.3 Backgrounds

For the purposesof the analysisdescribed, the fully hadronic tt deca (not includ-
ing taus) is consideredas part of the badground. This was also simulated using
Mc@NLO and Herwig/Jimmy with a cross-sectionof 64.064pb correctedby a K
factor of 1.17[58. The samepdf setwas also usedas for the signal sample. Single
top samplescortribute a small badkground and were generatedwith Mc@NLO cou-
pled to Herwig to provide the parton shawvering [58]. Cross-sectiondor the single

top samplesweretaken directly from the generatorat NLO [5§].

The primary badkgroundsfor top studiesare provided by W/ Z + jets (both light
quark and heary avour) and QCD ewernts. The primary badkground varies de-
pending on the particular top decg being studied. For tau+lepton ewens, the
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W/ Z +jets are more signi cant, whereascortrolling the QCD badkground is the key
factor for studiesin the tau+jets scenario.For W/ Z +jets a seriesof di erent Monte
Carlo sampleswas generatedwith Alpgen [58 with the parton shover modeled by
Herwig/Jimmy [58]. A pdf set basedon CTEQG6L1 was used. The sampleswere
generatedin the form W+Np(i) and Z+Np(i) wherei correspndsto the number
of additional partons producedin assaiation to the W boson. Sampleswere sepa-
rately producedfor the W or Z decaing to eat of the lepton avours. Likewise,
similar sampleswere produced of the form W/Z+ b+Np(i) which have a smaller
cross-sectiorbut nal state closerto the tt signal. As for the di erent top samples

K factors were usedto rescalethe crosssections.

QCD multijet sampleswere generatedwith Alpgen, again using Herwig/Jimmy to
provide the parton shover modelling [58]. Sampleswere split up into a seriesof
pr slicesand basedon the number of additional initial partons in the scatter. A
separateset of samplesof the sametype were producedin the sameway with the
addition of a b pair. K factors were not usedfor the QCD samples. In addition,
the very large crosssectionspresen for the low pr and low parton casesmeart
that it was not possibleto simulate a number of everts of similar magnitude to
that expectedin the data. Whilst scalefactors were usedto get an idea of the
QCD cortribution, ideally the QCD badground should be evaluated by data driven
techniques. From the Monte Carlo, a secondestimate of the QCD cortribution was
obtained by examining an inclusive dijet samplegeneratedby and with the parton
shower provided by Pythia [40]. This was divided into nine pr sliceslabeled JO

to J9, with large scalefactors again required for the lowest. The sample binning
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was classi ed acordingto the pr of the hard scatter, with the rangesde ned; JO =
10-17Ge/, J1 = 17-35GeV, J2 = 35-70Ge/, J3 = 70-140Ge/, J4 = 140-280GeV/,
J5 = 280-560GeV, J6 = 560-1120GeV, J7 = 1120-228056Vand J8 = 2280Gé/and
above [59]. As better statistics wereavailable for the Pythia samplesthesewereused
in preferenceto the Alpgen samplesto estimatethe regionsof phasespaceexpected
to be occupiedby QCD ewerts after a given selectionwas applied. Howewer, due
to both statistics and uncertainties in the cross-sectiong5g, it was necessaryto

estimate the true shape and normalisation of the QCD eerts from data.

6.4 LHC Data Periods

During 2010the ATLAS detector collecteda nominal 45.0 pb ! of proton-proton
physicsdata [21]. Thesedata weredivided into nine main luminosity periods labeled
A-l [60]. The bulk of the data were collectedin the last two of these periods, with

periods H and | together comprising a nominal 32.3pb * [60]. It is this sample
that was examinedby the analysisdescrited in this chapter. Data during thesetwo
periods were output into four inclusive data streams;egamma,jetT auEtMiss, muon
and minBias [61]. For the purposeof this analysisthe jetTauEtMiss stream was
used,with cheds for good data applied via the appropriate "good run lists' (GRL)

for periods H * and | 2 respectively [62]. After application of the GRL the total

ldatal0.7TeV.periodH.166466-166964 BSUMM _DetStatus-v03-pass1-analysis-

2010Htop_allchannels7TeV.xml
2datal0.7TeV.periodl.167575-167844 BSUMM _DetStatus-v03-pass1-analysis-

2010Ltop _allchannels7TeV.xml
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luminosity processedy the analysiswas 26.4pb ! [63].

6.5 Object Pre - Selections

6.5.1 Tau

The good tau selectionusedwas basedon the EmRadius single variable, global pr,
cut descrikedin 5.7.5. Tau candidateswere however requiredto be both calorimeter
and track seeded. This was then dewloped in a way consistemh with the electron
and muon selectionsusedby the ATLAS top physicsgroup. As sud, selectedtau
candidateswere required to passthe tight cut level (by possessingan EmRadius
< 0.05for the 1-Prong caseand < 0.07in the three prong case,where the prong
was de ned in terms of the number of reconstructedtracks. 1-Prong candidates
were required to have exactly onetrack and 3-Prong greater than or equalto two
tracks), have oine pr > 20 GeV and satisfy ) | <2.5(so asto lie within the real
calorimetercoverage). To improvethe discrimination betweengeruine taus and fakes
with a narrow jet topography, candidateswererequiredto have exactly oneor three
reconstructedtracks. Fig 6.1 shows the number of tracks for candidateswhich are
matchedto 1-Prongand 3-Pronghadronictausin the signalsample,comparedto the
non-matded candidates. Similarly, it was required that the charge of the selected
candidatesbe 1, with Fig. 6.2 shaving the chargeof truth matched and non truth

matched candidatesin the Monte Carlo signalsample. Finally, the calorimetercradk

regionthat was excludedfrom the selectedelectronswas alsoexcludedfrom the tau
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selection(seesection6.5.6). Any tau candidate found within 1:37< | j < 1:52was
therefore discarded. This was to prevert any electronsproducedin an ewvernt but
going into the cradk region from being incorrectly reconstructedas tau candidates
and not removed by overlap removal. As discussedpreviously 5.2, the good tau
selectionwas only intended to identify hadronic decaging taus. Any taus which

decared directly to either electronsor muonswere consideredas sud.
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Figure 6.1: Number of tracks assaiated with reconstructed tau candidates when either

matched to a Monte Carlo truth hadronic tau or not. Plots are normalisedto unit area

6.5.2 Jet

Jets were reconstructedvia the Anti-k, algorithm for a D sizeparameterof 0.4 [64]
and calibrated in accordancewith the H1 calibration at the hadronic scale [56].
Thesewerebuilt from uncalibrated calorimetertopologicalclustersat the EM scale[56].

Topologicalclusteringis the current ATLAS default strategy which sumsneighbour-
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Figure 6.2: Charge of reconstructedtau candidateswhen either matched to a Monte Carlo

truth hadronic tau or not. Plots are normalisedto unit area

ing calorimeter cellsbasedon their energysigni cance to build up the cluster, which
canbe of varying size[65]. This cortrasts to the alternative algorithm (formerly the
ATLAS default when usedwith calorimeter towers as an input) which useda xed

sizeconein . Jetswererequiredto have anoine pr > 20GeV (minimum jet
pr was set at this stageto allow overlap removal asper 6.5.6). It was alsorequired
that any jets lie within the combined ATLAS calorimeterand inner tracker coverage
of j j < 2:5. This was necessaryto allow the useof B-tagging, while tt evernts are

alsotypically producedat certral valuesof

6.5.3 Missing Et

Missing E+ in ead evert was calculatedvia the MET _RefFinal method (which uses
a re ned calibration). This takesinput cells, assaiates them with reconstructed
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objects (which are orderedelectron, photon, hadronic tau, jet and muon) and then
replacesthe original cell calibration with that from the relevant reconstructedobject
(which is consideredto be better known [66]). Cells are only assaiated with the
rst valid reconstructedobject (if they cortribute to seeral di erent objects) so
asto prevernt overlapsin the missing E+ calculation. The calculation carries out
separatesumsfor the Ex and Ey, componerts of the total missingE+, with all cells
beingincluded. Any cellswhich do not form part of any reconstructedobject have

a global calibration applied. A 20 GeV basemissingEt cut was required.

6.5.4 Electron

Electrons are reconstructedin ATLAS ewerts via three di erent algorithms. "Stan-
dard electrons' are produced via a cluster basedalgorithm used to identify high
energyisolated electronsin the EM calorimeter [67]. "Soft electrons'are produced
by an algorithm, seededfrom an inner detector track, intended to identify either
low energyelectronsor electronsoriginating from a hadronjet. The third algorithm
focuseson identifying electronsproducedin the forward region of the detector. For
the purposesof the selectionapplied here, electroncandidateswererequiredto origi-
nate from either the standard or soft algorithm. Candidateswererequiredto possess
an oine pr > 20 GeV and lie within j j < 2:5 but not in the calorimeter cradk
regionof 1:37< j j < 1:52. In addition, they wererequiredto passthe medium level
'iISEM' quality cuts comprisinga seriesof calorimeterisolation and showver shape cuts

together with limited tracking constrairts. Finally, a futher isolation requiremer
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was addedby requiring the etcone2((total E cortained within a coneof R <0.2
around the cluster [56]) variable to have avalue> 4 + 0.023 (candidateo ine pr),
while the track matchedto the calorimeter cluster was required to have a value for
E/ pr of the correct sizefor an electron plus a hit in the B-layer (rst layer of the

tracker pixels wherethe track should crossan active detector).

6.5.5 Muon

A number of di erent muon reconstruction algorithms are available within ATLAS
which are split into two groups. Theseare "standalone'muons which only usein-
formation from the muon spectrometer,and "conbined' muonswhich usethe muon
spectrometerin assaiation with the inner detectors. Here MulD' (Muon IDenti ca-

tion) muonsweretaken asthe starting point, which conbine the muon spectrometer
tracks with inner detector tracks and calorimeter deposits. Selectedmuons (with

author of 12) wererequiredto passthe tight quality cuts, whilst possessingn o ine

pr > 20GeVandj j < 2:5. In addition, two futher isolation constrairnts wereapplied
by requiring the variables Ptcone30(total track pr in a coneof R <0.3 around
the muon candidate excludingthe muon track) and Etcone30(total calorimeterE+

in aconeof R <0.3around the muon candidate) to be smallerthan 4 GeV.
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6.5.6 Overlap Removal

Ead aspect of the ATLAS reconstructionconsidershe detector signaturesindepen-
dertly. Consequetly, providing the relevant constrairts are passeda particular set
of signaturesin the detector could be simultaneously reconstructedas (for example)
an electron, tau and jet. To avoid double courting, a processof overlap removal
was carried out. For electrons-jetand muon-jet overlaps the sameprocedurewas
followed asper [56] with removal basedon spatial matching. Any selectedet located
within 4 R<0.2 of a selectedelectronwasremoved. Likewise,any selectedmuon lo-
catedwithing 4 R<0.4 of a selectedjet wasthen alsoremoved. In addition, further
overlaps were processedwith respect to the selectedtaus. Any selectedtau found
within 4 R<0.2 of a remaining selectedelectronwas removed. Then any remaining
selectedjet within 4 R<0.4 of the remaining good taus was removed. Finally, any

muonsremaining within 4 R<0.4 of a selectedtau were removed.

6.6 Event Selections

6.6.1 Choice of tt channel

As discussedn 1.5tt everts are characterisedby the decg of the W-bosonscoming
from the two top quarks. Consequetly there are three di erent classeof tt everts

featuring taus:

Tau + jets : One of the W-bosonsdeca/s to a hadronic tau and the sec-
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ond decas to a quark pair. The ewent is characterisedby the presenceof a
hadronic tau, four jets (of which two are b-jets) and signi cant missingE+ as

a consequencef the neutrino producedin the tau decy.

Tau + lepton : One W-bosondecgs to a hadronic tau with the secondde-
caying to either an electronor a muon. As sud the ewert signature comprises
a hadronic tau, single high energylepton, two b-jets and missing E; arising

from the neutrinos producedin both W decys.

Two tau ewerts : Both W-bosonsdeca to hadronictaus. Two b-jets are also

producedand large missingE+ obsened.

It should be noted that for the purposesof this analysisa tau was interpreted as
the hadronically decging casesonly. Taus decaing to leptons were lumped in
with the standard leptonic modes as they are virtually indistinguishable from an

experimertal viewpoint.

Of the three event topologies,the tau + jets and tau + lepton casesare the most
useful. Both have positive and negative points assaiated with them. The tau + jets
channel hasthe advantage that one of the top quarksin the tt pair decgs hadron-
ically and so can be fully reconstructed. This hasthe advantage that plotting the
invariant massof the hadronic top providesa method of verifying whether selected
ewvents do indeedcomefrom a tt pair. Howeer, the signature for this channel com-
prises a hadronic tau, four hadron jets and missing Et. Consequetly, it would
be expectedto su er badly from QCD badgroundsin the enviroment of a proton
collider. Consideringthe tau + lepton channel, the situations are largely reversed.
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In this casea hard lepton is producedin the ewvent, which both allows for easytrig-
gering and also acts as a powerful supressiomagainst QCD. Howewer, neither of the
top quarkscanbe fully reconstructed,thereby making it moredi cult to verify the
tt content of any ewerts passinga given selection. Furthermore, the tau + lepton
channelis known to su er a signi cant crosstalk badkground from the other deca
channelsof the tt pair which is di cult to remove [68]. Table 6.1 shavs the number
of everts which passbasic preselectionsfor tau + jets and tau + lepton channels
when a small test study was carried out for 1000tt ewens. For the former the
selectionto be described in 6.6.2was usedwhereasfor the latter exactly one good
selectedtau and lepton were required, together with two good jets and missingE+
greaterthan 20 GeV. As can be seen,for the tau + lepton selectionthe signal only

makesup 20% of the everts passing.

Channel Everts passing(tau + jets selection) Everts passing(tau + lepton selection)
Tau + jets 380 33
Tau + lepton 21 124
Double tau 6 7
Lepton + jets 265 513
Dilepton 7 74
S/B 1.27 0.2

Table 6.1: Comparison of the number of events in dierent tt signal channels passing

preselectionsfor tau + jets and tau + lepton events

Two tau events su er the samedisadvantagesas both of the other two channelsin
that they do not cortain a lepton for QCD supressiorand neither top quark can be

fully reconstructed.
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The remainder of this chapter descrikesa technique deweloped to allow a measure-
mert of the tt crosssectionfrom the tau + jets channel, including an estimate of
the QCD badkground to the channel from data. The analysiswas deliberately de-
veloped to use simple cuts which were consideredto be safein the early ATLAS

data. Multiv ariant techniqgueswere therefore deliberately avoided.

6.6.2 Tau + Jets Channel Preselection

As descriled above, the tau + jets channelin the decg of att decd is characterised
by the presenceof a hadronically decging tau lepton, two jets originating from b
quarks, two light quark jets (plus any additional jets producedby gluon radiation)
and a degreeof missing Et due to the presenceof neutrinos assaiated with the
W ! deca. An initial evert preselectionwasthereforeintroduced,in addition to
the object selectionsalready descriled, to discardany everts which did not t in to

the expectedtau + jets topology The cuts applied were as follows:

Requireexactly onegood 1-Prongtau, passingthe tight hadronictau selection

and with pr >20GeV.

Veto any event cortaining either a good electron or good muon (as descriked

in the object selections)with pr >20 GeV.

Demand at least four good jets with pr >20 GeV, of which at least three

posses®r >40 GeV.

Requirea minimum of 20 GeV missingE+.
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While the basepre-selectionalone removes a large proportion of the non top-like
badkgrounds, sud as low multiplicity QCD and W/ Z+jets ewens where the W
bosonsdecy to real leptonswithin coverage,seeral further cuts are requiredto aid

isolation of the signal channel.

6.6.3 Missing Et and event scalar E+

Two techniqueswhich can be usedto further suppressbhadkground from QCD mul-
tijet processesre by raising the cut on the evert missingE+ and by cutting on the

total scalarEt of the ewvert.

In a pure QCD process,energeticneutrinos are not expectedto be produced. As a
consequenceit would not be expected for large amourts of missing E; to feature
in such ewerts. Fig. 6.3 shavs missing E+ plotted versusthree jet mass (for the
conbination with the highestcombined pr, see6.7.1for details) for the Monte Carlo
tt datasetand the Pythia QCD samples.Requiring missingE+ > 50 GeV cuts out
a signi cant portion of the tt signal, but almost ertirely removesthe remaining low

energyQCD ewerts from the region where crosssectionsare expectedto be large.

The total scalarE of eah evert was formed by summing the individual Et's of
the selectedtau candidatewith that of the four highestpr jets and the missingE~+.
It can be seenfrom Fig. 6.4 how putting an upper cut on the total scalarE+ at
500 GeV cortrols the high energypart of the QCD spectrum without signi cantly

cutting into the tt signal region.
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Combining the two variables, candidate everts were requiredto have missingE >

50 GeV and an ewert scalarE+ < 500GeV.
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Figure 6.3: Correlation betweenthe missing E1 and the three jet massm;;; with the
highest conbined pt for Monte Carlo tt everts and Pythia QCD samples. Plots are

normalisedto 26.4pb 1!
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6.6.4 Transverse Mass Cut

It is possibleto calculate the transversemassof the tau candidate and the event
missingEt via;

q
mr = (E + Erl-ﬂss)2 ((pX + Er);ﬂss)z-" (py + Er)Tlﬂss)z): (61)

The main purpose of calculating the transverse masswas to provide a means of
reducingthe selfcontamination of the tau + jets channelfrom the other decay modes
of the tt pair. Fig. 6.5illustrates the transversemassplotted for the tau + jets case
when comparedto the other decass of the top pair which passthe preselection.In
the caseof the tau + jets channel the distribution is roughly constart from zero
up to around 70 GeV and then falls away for values above this. In corrast, for
the semileptonicdecas with no truth taus presen in the deca (and alsoto a less
extreme degreefor the dileptonic decygs), the distribution is seento be strongly
peaked at around 80 GeV. Consequetly, it was required that ewvents should have
a transversemassfor the tau and missingEt < 60 GeV. Whilst this increasegshe
signal purity, it also helpsto remove any other badkground where the transverse

massof the missingE+ and the tau candidate should fall above the cut value.

6.6.5 B Tagging

ATLAS makes use of a variety of algorithms designedto identify hadronic jets
originating from or cortaining b quarks/mesons. Of these methods the so called

"SVO' tagger usesthe long lifetime of b-quark to seart for b-jets. B-quark lifetimes
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are su ciently long that a b-hadron can travel for a few mm beforeit decass [56],
which can therefore produce a secondaryvertex displacedfrom the jet origin at the
point were the deca takes place. SVO is the simplest of the ATLAS secondary
vertex taggers[69] and was consideredsafefor usein the 2010data [56]. It returns a
weight for ead jet which is the signeddeca length signi cance [69] of the displaced
vertex relative to the main jet origin. The likelihood that a jet originated from a
b-quark can therefore be establishedby a cut on the SVO weight. Jets possessin@
weight > 5.72can be saidto have a 50% chanceof originating from a b [56]. As the
geruine tau + jets ewerts should cortain two b+jets, it was therefore required that
at leastone, but no morethan two, jets in a candidateevent possessn SVO weight
> 5.72. Approximately two thirds of geruine tau + jets events are expectedto pass

this cut.
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6.6.6 Trigger

During 2010running the trigger merus used ewlved with the ramping up of the
LHC madine luminosity. As a consequencetriggers varied between luminosity
periods and were di erent to thosethat had beenimplemerted within the Monte
Carlo productions. During periodsH and | the two lowest unprescaledriggers most
suitable for this analysiswere EF_xe4QnoMu and taul6_mediumxe22noMu. The
formeris chainedto L2 xe3QnoMu and L1 _XE25 asthe LVL2 and LVL1 componers
respectively. For the latter the chain was built from L1_XE25. It is expected that
any ewens remaining after the complete set of o ine selection cuts would have

passedeither oneor both of thesetriggers.

6.6.7 Cut ow and purit y

After application of the pre-selectionand the additional cuts, the overall semiand
dileptonic tt signal selectione ciency is seento be4 10 3, with a signal purity for
the tau + jets channel of 63% in tt everts (excluding the fully hadronic decas).
Fig. 6.6 shaws the cut ow for the di erent componerts of the tt sample. Table 6.2
shows the number of signal and badground evens expectedto passthe selection,
excluding QCD badkgrounds, for a range of integrated luminosities. Results from
the samplesgeneratedwith Pythia [4(), although scaledby large factors, shoved
that the sizeof the QCD badkground would be expectedto be of a similar order to

the signal.

172



Expected Everts

Process
10pb ' 26.4pb * 40pb * 100pb ! 200pb ! 1fb ?
tt 3.7 9.76 14.79 36.97 73.94 369.72
W+jets 0.19 0.49 0.75 1.87 3.75 18.73
Singletop 0.13 0.34 0.52 1.3 2.6 12.99
Z+jets 0.03 0.09 0.14 0.34 0.68 3.42
W-+bb+jets 0.02 0.07 0.1 0.25 0.49 2.47
Diboson 0 0.01 0.01 0.02 0.05 0.29
Hadronic top 0.17 0.45 0.68 1.71 3.42 17.11
Total badkground  0.55 1.45 2.2 5.5 10.99 55.01

Table 6.2: Number of Monte Carlo signal and badkground evernts expected to passthe

selectionfor a range of integrated luminosities (excluding QCD badkgrounds)
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6.7 Cross Section Measurement and QCD Back-

ground Estimation

The tt crosssection can be calculated via a courting experimert by use of the

equation;

N N
0 = Data _ LBackground (6.2)

where Npaia IS the number of everts obsened in a chosensignal region, N gackground
is the number of badkground events in that region (estimated via a combination of

Monte Carlo and data driven methods), " is the e ciency with which signal everts
are expectedto be selectedin that region (estimated from Monte Carlo) and L is

the integrated luminosity of the data sample.
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6.7.1 Hadronic Top Mass Reconstruction

Having selectedthe tau + jets channel ewerts, it is possibleto reconstruct the
top which decgs hadronically. A commontechnique for doing this is to form the
three jets in the evert which possesghe highest combined three jet py [70]. This
procedurehas beendemonstratedto nd the correct combination in approximately
35%o0f lepton + jets everts [70]. This distribution is shaovn in Fig. 6.7 for the Monte
Carlo tt signal and Monte Carlo badkgrounds (excluding QCD) when scaledto an

integrated luminosity of 26.4pb 1.
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Figure 6.7: m;;; distribution for the highest combined three jet pr in non-hadronic tt

everts and main badgrounds with the exception of QCD. Normalisedto 26.4pb 1
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6.7.2 Dening signal region and data driven estimate of

QCD background

By reconstructing the hadronic top in the selectedewerts, it was possibleto usea
window around the top mass(currently measuredasm; = 1720 0:9 1.3 GeV [9)])
to obtain a value for Npga. In order to estimate the QCD cortribution to this
region, the number of everts was examinedin the signal regionin a QCD enriched
sampleand then subtracted from Npa, after normalisingto a sidebandin the mass

distribution and correcting for any signalfound in the diluted sample.

To produce a samplecortaining a QCD enriched three jet mass(m;;;) distribution
it was necessaryto nd a variable which, when adjusted, would alter the propor-
tion of QCD and signal in the top m;;j; plot but without altering the shape of the
distributions. This was achieved through the SV0 b-tag usedasthe last step of the
selectionprocedure. Shovn in Fig. 6.8 arethe plots of m;;; for the signal, takenfrom
the Monte Carlo, for the usual descriked b-taggedselectionin 6.8(a), and for an anti
b-taggedselectionin 6.8(b). The anti-tagged selectionshown in 6.8(b) usedexactly
the samecuts, but with ewerts required to fail the nal b-tag cortraint. As canbe
seenthe shapes of the distributions are roughly consistem, with the ratio of arti-
taggedto tagged ewvens being appraximately 0.4. In order to chedk the samewas
true for the badkground, the equivalent plots were producedfor the data as shavn
in Fig. 6.9. The missingE+ selectionusedto producetheseplots was changedfrom
the standard > 50 GeV cut, to requiring missingE+ to lie in the window 20 < Ess

< 30 GeV soasto selecta sample highly populated by QCD. The fact that the
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taggedand anti-tagged badkground shapesshowvn in Fig. 6.9 are the sameis impor-
tant asit the assumptionthat the b-tag doesnot alter the shape which is usedin

the method proposedfor accouring for the QCD badkground in the signal.
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Figure 6.8: Monte Carlo distributions for mj;; possessinghe highest conmbined three jet
pr in non-hadronic tt everts for SVO b-tagged 6.8(a) and anti-tagged 6.8(b) selections.

Plots are normalisedto 26.4pb !

To calculatethe crosssectionand carry out the subtraction of the QCD badground,
plots of m;;; wereproducedfor the standardtaggedselectionand in addition for the
anti-tagged everts. A window around the top masspeak from 100GeV to 250 Ge/
was de ned to be usedto measureNpy, in the b-taggedplot. A sidebandregion,
wherethe tt cortribution is expectedto be negligiblewasalsode ned from 400GeV
to 500GeV. Although the cortribution of the signalin the sidebandswas expected
to be negligible, the strength of the cuts requiredto suppresshe QCD cortribution

before the btag meant that the cortribution from tt in the signal region of the

antitag distribution wasnon-negligible. This thereforehad to be takeninto accoun
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Figure 6.9: Data distributions for m;;; possessinghe highest combined three jet pr after

the complete SVO b-tagged6.9(a) and anti-tagged 6.9(b) selectionsbut for the requiremert

20< E’Tniss < 30 GeV. The integrated luminosity was 26.4pb 1

aspart of the badkground subtraction procedure. It waspossibleto parameterisethe

tt and QCD cortributions in the taggedand anti-tagged samplesas per Fig. 6.10.

(a) B-tagged

(b) Anti-tagged

Figure 6.10: Sdcematic diagrams illustrating the variable assignmen in the SVO B-

tagged 6.10(a) and anti-tagged 6.10(b) samplesfor the signal and sidebandregions
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HereTs, Tg, As and Ag are the number of everts obsened in the signal and side-
band regionsfor the taggedand anti-tagged samples. S is the number of tt events
presei in the signalregion of the taggeddistribution and B is the number of QCD
badkground ewents in the sameregion. A is the number of QCD ewerts in the signal
region of the anti-tagged sample.f represets the ratio of QCD in the signalregion
to the sidebandregion, which is the samefor both the taggedand anti-tagged cases.
Of the variables, Ts, Tg, As and Ag are measuredfrom the data plots, the ratios a,
b and ccan be extracted from the tt Monte Carlo and S, B, Aand f are unknowns.
The measureableds, Tg, As and Ag canbe expressedn tems of the other variables

by;

Ts=S+B (6.3)
Tg=aS+fB (6.4)
As=bS+ A (6.5)
Ag = ¢S+ fA: (6.6)

Fig. 6.8 shaws the distributions for the tagged and anti-tagged tt samples,given
by the tt Monte Carlo, normalisedto 26.4pb . Theseplots shov that the sig-
nal cortribution to the sidebandregionis expectedto be negligiblein both cases.
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Neglectingthe signal cortributions in the sidebandstherefore allows equations6.4

and 6.6 to be simpli ed to;

Te = fB (6.7)

Ag

fA: (6.8)

It is possibleto de ne a new variable, Ncac, Which is given as;

Ncac = Npata Nfﬁf}'e‘#agi (6.9)

Taking Npaa as Ts, the number of everts measuredin the signal region of the b-

taggedplot, and Nfﬁg'e‘#ag as the number of anti-tagged ewerts in the sameregion

scaledby the ratio of the ewverts seenin the sidebandsiit is possibleto write;

Ts fB
= — = + - + .
NCaIc TS ABAS (S B) fA (bS A) (6 10)
and thereforerearranging;
T B
Ncae = Ts A—BBAS =S 1 by : (6.11)

Consequetly, by using 6.7 and , the number of non-QCD ewents, S, in the signal
region of the b-taggedsamplecan be expresseds;
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Ts 22As
S= —A?r: (6.12)
1 bl

Running over the ATLAS data periods H and I, the m;;; distributions producedfor
the taggedand anti-tagged samplesare shovn in Fig. 6.11. Readingo the number
of everts in ead distribution for both the signaland sidebandregionsproducedthe

numbers shavn in table 6.3.
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Figure 6.11: Data distributions for m;j; possessinghe highestcomnbined three jet pr after
the complete SVO b-tagged 6.11(a) and anti-tagged 6.11(b) selections. The integrated

luminosity was 26.4pb !

The statistical errors were producedby taking ead of Ts, Tg, As and Ag to be the
mean value of a poissondistribution. The uncertairties were then formed using a

68% con dence interval on the meanvalue.

A value for b was produced by taking the ratio of the ewverts in the signal region

for the taggedand anti-tagged samples,via the non luminosity-scaledversionof the
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Region Evens

Ts  31%2
Te 392
As 463
As 6%

Table 6.3: Number of everts produced in data for the signal and sideband regions for

tagged and anti-tagged selections. Integrated luminosity totaled 26.4pb !

plots shavn in Fig. 6.8. This gave a value for b of 0:399 0:015.

In order to produce a value for S the measurednumbers from table 6.3 together
with the value for b were substituted into equation6.12,yielding a value for S of 10
ewvents. To estimate the statistical error on the value, a toy Monte Carlo was used
to carry out a large number of pseudo-exgrimerts whereTs, Tg, As and Ag were
all taken asinput mean valuesof four poissondistributions. A random generator
was usedin ead pseudo-exgrimert to produce new valuesfor Ts, Tg, As and Ag
which were conmbined with bto producea newvaluefor S. After many experimerts,
a 68% con dence band was applied to the resulting distribution for the generated
valuesof S. Readingo the upper and lower values of the interval resulted in a
measuremenof S of 10", ewverts. As canbe seen,a statistical error of the order of
between150and 300%is producedon S, which is a direct consequencef the small
number of events seenin the data in the sidebandregionfor both the b-taggedand

anti-tagged (badkground enriched) distributions.

The statistical error on S is sud that it is not possibleto produce a statistically
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signi cant measuremenof  via this channelwith the current ATLAS dataset. A
‘nominal’ value of the cross-sectiorwasstill calculatedhowewer, soasto demonstate
the method. The value S represeits the number of non-QCD eerts in the top signal
window. Consequetly, the equation for calculating the tt non all hadronic cross-

sectiongivenin 6.2 can be re-written as;

S N Non QCD

0 = IIBLackground (6.13)

where Ngot 200 is the sum of the non-QCD badkgrounds, which are small and

were taken from Monte Carlo for the signalregion. Theseare showvn in table 6.4.

Process ExpectedEverts / 26.4pb !
W+jets 0.12
Singletop 0.15
Z+tjets 0.09
W-+bb+jets 0.07
Diboson 0.01
Hadronic top 0.32
Total badkground 0.76

Table 6.4: Number of Monte Carlo non-QCD badkground events expected to passthe

selectionfor an integrated luminosities of 26.4pb *

The e ciency " for non-hadronictt ewverts to passthe selectioncuts and end up in
the signal region of the taggedm;;; plot was also calculated from Monte Carlo via
Fig. 6.8(a) and wasfoundto be3:1 103 0:1 10 3, wherea binomial error is
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assumed. The luminosity L was taken from macdine parameters[71] whererecen

measuremets have put the error on the luminosity scaleduring 2010at  3.4%[71].

Combining ewerything together, a value for the tt non-fully hadronic cross sec-

tion BF (whereBF is the branching fraction), was produced of;

tt BI:Non all hadronic = 113’-1389?(3pb (6-14)

It should be noted that this measuremen is taken for an e ciency that, while
enriched in tau + jets, is calculated for a mixture of tt channels. Ultimately, once
the measuremen becamestatistically valid it would be necessaryto subtract the
cortribution from the other modes (preferably via use of consisten measuremets

of thosechannels)and sohenceforth obtain a valuefor the puret!  crosssection.

Scaling the non-fully hadronic value produced here by the theoretical branching
fraction from the Monte Carlo of 0.543,a nominal value for the total tt cross-section

is found to be;

tw = 207 5pb (6.15)

As discussed,the statistical error on S meansthat it is not possibleto claim a
measuremenof . via this method with the 26.4pb ! of data taken during 2010.
Howewer, as the values calculated forS and ; produce an output of the correct

order expectedit is possibleto carry out a simple extrapolation to estimate whether
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a measuremen would becomeadievable in the near future for ATLAS. Table 6.5
givesan estimate of how the errorson S would be expectedto ewlve with luminosity.
HereS, Ts, Tg, As and Ag have beensimply scaledby appropriate factorsto accoun
for the luminosity scaling,with the statistical error on S againcalculatedin the form

of a 68% con dence band via the toy Monte Carlo.

Value Everts/26.4 pb ! Everts/200 pb ! Everts/500 pb ! Everts/1 fb ' Events/3 fb !

S 10'%, 76" 189} 379414 1135%2

Table6.5: Projected ewolution of S with increasingluminosity, assuminga simple upscaling

of the valuesfor Tg, Tg, As and Ag

It canbe seenthat once500pb !of data have beencollectedthe 68%con denceband
represeting the statistical uncertainty on S hasbecomeof appraximately the same
order of magnitude asthe signal. Thus, with an unimproved technique it is possible
to achieve an appraximate two standard deviation signi cance for 500 pb lof data.
Once 3 fb ! have been collected this uncertainty band reducesto appraximately
40% of the extrapolated value of S, thus correspnding to a fractional statistical
error of 20%. Thus a measuremen of ; via the method descrited would begin
to becomestatistically feasableonce ATLAS has collected of the order of 1 fb *!
to 3 fb ! of data. This is expectedto be achieved during the courseof the current
2011- 2013LHC run. With re nements to the analysistechniques,discussedn 6.7.4

it is possiblethat a result could be producedearlier.
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6.7.3 Systematic uncertain ty on the e ciency

As has beenseen,for the immediate future any attempted measuremen of the tt
crosssectionfrom the tau + jets decg channelis likely to belimited by the sizeof the

statistical error. Newertheless,asthe e ciency " is calculated directly from Monte
Carlo in this analysis,it is interesting to obtain a rst estimate of the magnitude of
the systematicerror on" for whenthe amourt of available data hasincreased.Some

of the expected main sourcesof systematicerror on" were therefore examined.

Jet Energy Scale

The analysisdescriled usesa selectionwhich relieson jet pr cuts, a scalarsumof jet
energiesand a large missingE+ cut. With the e ciency " beingtaken ertirely from
Monte Carlo, a potertial sourceof systematic uncertainty exists due to deviations
betweenthe simulated and actual jet energiesmeasuredby the ATLAS detector.
During 2010running, it wasestimatedthat the error on the ATLAS jet energyscale
lay in the region of 5%, with a slight variation obsened as a function of pr and

[72]. For the jet pr range of interest for this measuremen (approximately 20 Ge&v
to 80 Ge&V) this was expectedto be closerto the order of 5%. The e ects of a 5%

uncertairties in the jet energyscale(JES) was therefore considered.

One way of simulating a shift in the JES would be to fully rescaleall the jet can-
didates before any analysiswas carried out by  a chosenscalefactor, including

recalculating the missing Et. In this casethe energy scale shift was studied by
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simultaneously shifting of the cuts dependert on the jet energy This included as-
sumingthe hadronictau energyscaleto alsohave an uncertainty equivalernt to that

of the main JES. For example,to represen a 5% underestimation of the JES, the

jet pr, tau pr and missingE+ cuts were all lowered by 5%, as were the upper and
lower boundsof the top m;j; signalregion, while the scalarE; and transversemass
cut valueswere increasedby 5%. This adjustment included the cuts usedin the
object preselections.Table 6.6 shovsthe e ect of the 5% JES uncertainties on the

e ciency.

JES shift ="

+5% -33%

-5% +42%

Table 6.6: Fractional uncertainty on the e ciency asa result of a 5% shift in the jet

energy scale

It canbe seenthat a 5% shift in the JES asmodelled hereproducesa very signi cant
fractional erroron". Howeer, the scalingtechnique usedmeansthat this is possibly
a consenrative estimate (for examplemissingE+ is not calculatedertirely from jets
but is still scaledup by the sameamourt). Furthermore, while the current estimate
of the JES uncertainty is of the order of 5%, this will improve as the detector is
better understood, with the aim for ATLAS ultimately to have a JES uncertainty
of 1% [35. At the sametime aspects of the analysiscould be consideredso as to
try and reducethe sensitivity to the JES. One possibleway of doing this would be

to try and loosensomeof the jet basedcuts.
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Mon te Carlo Mo delling

The Monte Carlo tt datasetusedasthe default throughout the courseof this analysis
was as per that descriked in 6.2 where the generatorsused were MC@NLO (to

provide the matrix elemem) and Herwig/Jimmy to provide the parton shawvering.
The PDF CTEQ6.6 wasalsoused. To examinethe e ect of di erent generator/PDF
sets,the e ciency wasrecalculatedfor two newdatasets,both of which simulated the
non-fully hadronic tt with decgs to electons,muons and tau nal states allowed.
The rst sampleconsidered® useda matrix elemen provided by POWHEG [73]
with parton shawvering provided via Herwig [41] and PDF basedon CTEQG6L1 [74].
A fractional di erence for the e ciency calculated via this dataset comparedto
the default was seento be +6%. The secondcortrol sample considered* used
AcerMC [75]to provide the matrix elemen with Pythia [40]giving the parton shower
and the PDF usedwasbasedon the MRST [76] case.Recalculatingthe e ciency for
this sampleproduceda fractional di erence whencomparedto the main Monte Carlo
of +1%. Although there are many di erent PDF setsand generatorswhich could
be examined, thesetwo results showv that the systematic error on the tt e ciency

would be expectedto be of the order of 5%.

3mc09.7TeV.105860.TThar PowHeg Jimmy.merge.log.e540s765s767r1302r1306
4mc09.7TeV.105205.AcerMCttbar.merge.log.e52.5s765s767r1302r1306
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Matrix Element Parton Shover PDF Type ="

POWHEG Herwig CTEQ6L1 +6%

AcerMC Pythia MRST +1%

Table 6.7: Fractional uncertainty on the e ciency for two di erent generator and PDF

conbinations

Top Quark Mass

The tt e ciency is calculated basedon the fraction of everts endingup in the 100-
250GeV masswindow of the m;;; plot. As aconsequencef this it could be sensitive
to systematicshifts in the location of the top masspeak. In addition, many of the
cuts usedin the ewert preselectionwould alsobe sensitive to a shift in the top mass
as it would be expectedto have an e ect on the energy spectra of the top deca
products. To test this a seriesof sampleswere available which were simulated with

the samegeneratorsettings as per the standard samples,but for a rangeof di erent

top masses. Table 6.8 shavs the fractional changein the e ciency as a result of
changingthe top mass(comparedto the 172.5GevV massof the standardtt sample)
by *2° GeV. As the currert statistical and systematic errors on the measuredtop

massat the TeVatron are eat of the order of 1 Geév [9] this is a consenrative

estimate.

As the TeVatron experimerts have measuredhe real value of the top quark massto
an accuracyof the order 1-2GéV/, then it is unrealistic to usethe completefractional
error givenby the 5 GeV shift aspart of an overall systematicerror calculation. From

the sizeof the uncertainty producedby the +2.5 GéV shift, it would be reasonable
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Mass Shift =

+2.5 GeV  +7.5%

-5.0Gey -19%

Table 6.8: Fractional uncertainty on the e ciency asa result of a shift in the top quark
mass

to expect a variation on " to be of the order of 10%for a -2.5 GeV shift in the top

mass.

B-tagging e ciency

The SVO btag usedin the analysis as set was expected to give a b-jet e ciency
of 0.497. The e ciency was recalculatedfor SVO weights of 9.08 and 0.08 which
correspnd to b-jet e ciencies of 0.405and 0.576 respectively. In data, for 25
< pr(jet) < 85 GeV the b-jet tagging e ciency is expectedto vary from 40% to
60%[56]. Table 6.9 givesthe fractional errorson" asa result of the variation in the

b-jet tagging e ciency.

b-jet e ciency  Db-jet e ciency =

0.576 +7.9% +7.48%

0.405 -9.2% -14.76%

Table 6.9: Fractional uncertainty on the e ciency as a result of a shift in the b-tagging

e ciency
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Tau Identi cation

The tau ID usedrelied on a singlecut on the EmRadius of the tau candidate. This
was set to correspnd to a hadronic tau selectione ciency in Monte Carlo of 30%.
The EmRadius cuts the for 1-Prong candidates(3-Prong candidateswere not used)
werevaried soasthe tau selectione ciency variedby 10%This wasa deliberately

consenrative estimate. This resultedin a variation of the tt e ciency of;

TauID eciency tau ID e ciency ="

0.40 +10% +22.58%

0.20 -10% -26.82%

Table 6.10: Fractional uncertainty on the e ciency asaresult ofa 10% shift in the tau

selectione ciency

Mon te Carlo Statistics

Non-QCD badkgroundswere subtracted from S using Monte Carlo predictions only.
As sud there is a systematicuncertainty assaiated with the Monte Carlo statistics
available for thesesamples.Adding the uncertairties for the samplesin quadrature,
an overall uncertainty was produced of approximately 20% where the dominart
uncertainty wasonthe measuremenof the W +jets badkground. The overall system-
atic error on the non-QCD badground subtraction could be reducedby attempting

to estimate someof thesebadkgroundsfrom data.
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Overall Errors

In order to obtain a consenrative estimate for the total overall systematic on ",
the individual systematicswere combined by adding the positive uncertairnties in
guadrature and then repeating for the negative uncertainties. The valuesconbined,
togetherwith the total calculateduncertainty areshown in table 6.11. In addition to
the systematicuncertainty on", subtraction of Monte Carlo badkgroundscortribute
an uncertainty of 20%, while the ATLAS luminosity error during 2010was of the

order 3.4%[71].

Source Uncertainty (%)
JES v
Generator/PDF *e
Top Mass s
B-Tag "a
Tau ID e
Total uncertainty =

Table 6.11: Systematic uncertainties on the e ciency " for selectingtt ewvens via the

method described

As can be seen,the overall systematic uncertainty is large ( 50%) in the currert
analysisand is dominated by the uncertainties due to the jet energyscaleand the
tau identi cation. Howewer, there are ways in which it is beliewved that thesecould
be improved with time. Firstly, as mertioned reducing the size of the uncertainty

on the JES is a signi cant aim for ATLAS. It would be hoped that this would fall
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as ATLAS running progressesrom around 5% to appraximately the designtarget
value of 1%[35], leadingto an automatic drop in the sizeof the assaiated systematic
error. More sophisticatedanalysistechniquescould also be applied in time soasto
reducethe sensitivity to the JES. This would ervolve trying to identify those cuts
which were most sensitive to the JES and adjusting them sothat the e ect became
lessdrastic. Oncesu cient statistics becameavailable a logical way to do this would
be to look at tting the massdistributions. This would make better useof a given
set of statistics and also have the additional e ect of reducing the reliance on the
number of events in the sidebandregions. The 10% shift in the tau identi cation
e ciency applied is conserative, however one way in which the sensitivity to this
could be reducedwould be to useZ ! to try and measurethe tau identi cation
e ciency in data whensu cient luminosity becomesavailable. More sophisticated
methods of tau identi cation than the single variable cut usedhere would also be
likely to help reducethe systematicuncertainty, whilst hopefully alsoallowing some
of the other cuts to be loosened,improving the overall tt e ciency. Similarly, if a
way could be found to measuresomeof the other Monte Carlo badkgrounds, such
as the W+jets, from data then the uncertainty on the Monte Carlo badkground
subtraction could also hopefully be reduced. Over time it would alsobe reasonable
to assumethat the performanceof the available b-taggersshouldimprove and hence

reducethe systematicerror accordingly
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6.7.4 Future prosp ects

As wasdescribed in 6.7.1, statistics in the badground cortrol regionsmeart that it

was not possibleto make a signi cant measuremen of the tt crosssectionwith the
2010data. Howeer, table 6.5 when combined with the expected systematicerrors
on " and possibilitiesfor improving them show that a measuremenwill be possible
within the current 2011-2013.HC run. Advancemen in analysistechniquessud as
tting distributions and possiblyusing multiv ariant techniquesfor tau identi cation

could reducethe period of time this would take providing the systematicscould be
cortrolled. 1t is therefore possibleto considerhow the analysiscould be ewlved in
the near future. Firstly, this chapter discusseda method to measurethe overall tt
crosssection. Howewver a more interesting gure to study is the branching fraction
for tt to tau decgs asthis is wherethe presenceof any new physics,sud asa light

chargedHiggsboson,is likely to appear. Therefore,oncesu cien t data wasavailable
a usefulmeasuremento make would be to make a measuremenof the crosssection
times the branding fraction to taus. Comparing this to similar measuremets for
muons and electonsin tt evernts would therefore provide both a crossched of the

standard model and a probe for potential new physics.

6.8 Conclusion

Observingthe deca of a tt pair to tau + jets is a substartial challengeat a hadron

collider due to the nature of the nal state. A method was proposed, which de-
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liberately avoided sophiticated multivariant techniquesin favour of simple cuts, to
attempt to measurethe tt crosssectionvia this channel, using early data from the
ATLAS detectorat the LHC. The analysiswasdeweloped on Monte Carlo ewerts and
then appliedto 26.4pb 'of 2010ATLAS data. A seriesof deliberately simple cuts
were usedfor event selection,and a cut and count technique usedto estimate the
number of tt everts in a window around the hadronic top masspeak. A subtraction
of QCD badkground from data was performed by scalinga number of everts from
a QCD enriched sampleby the ratio of everts in a sidebandregion of the hadronic
top mass. It was establishedthat with the current available dataset a statistical
error is expected of the order of 400%and thus a measuremenis not feasibleat
this stage. The systematic error on the tt selectione ciency was consenatively
estimated to be of the order of 50%. Howewer, it was establishedvia a simple
luminosity scalingthat a measuremen should becomestatistically possiblewithin
the period of the current 2011-2013.HC run, while a few suggestionsvere madeas

to how the systematicuncertainty on the e ciency could be reduced.
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App endix A

pr[GeV] CutLevel EmRadius StripWidth2 IsolationFraction EnergyRatio

Loose 0.11 0.047 0.75 1.02
10-25 Medium 0.072 0.045 0.65 1.02
Tight 0.055 0.033 0.32 1.01
Loose 0.087 0.048 0.89 >0.0010
25-45  Medium 0.058 0.043 0.24 >0.0011
Tight 0.048 0.0030 0.20 >0.023
Loose 0.081 0.050 0.31 >0.00040
45-70  Medium 0.050 0.035 0.26 >0.00040
Tight 0.037 0.035 0.26 >0.0028
Loose 0.150 0.040 0.70 >0.0010
70-100 Medium 0.045 0.036 0.14 >0.029
Tight 0.045 0.015 0.058 >0.029
Loose 0.500 0.030 0.60 >0.00033
>100 Medium 0.034 0.030 0.60 >0.00033
Tight 0.034 0.00069 0.049 >0.0015

TableA.1: Calorimeter only safecut valuesfor identi cation of 1-prong hadronic taus [53]
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pr[GeV] CutLevel EmRadius StripWidth2 IsolationFraction EnergyRatio

Loose 0.21 0.057 0.96 1.02
10-25 Medium 0.15 0.056 0.90 1.02
Tight 0.096 0.048 0.62 1.01
Loose 0.15 0.045 0.79 1.01
25-45  Medium 0.088 0.044 0.68 1.01
Tight 0.068 0.044 0.42 1.01
Loose 0.25 0.031 0.25 1.08
45-70  Medium 0.071 0.031 0.25 1.03
Tight 0.053 0.026 0.25 1.01
Loose 0.23 0.036 0.50 1.02
70-100 Medium 0.061 0.035 0.20 1.01
Tight 0.048 0.035 0.18 1.00
Loose 0.071 0.038 0.47 1.00
>100 Medium 0.061 0.037 0.20 1.00
Tight 0.036 0.030 0.18 0.99

Table A.2: Calorimeter only safecut valuesfor identi cation of 3-prong hadronic taus [53]
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